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Abstract

Counter-rotating coaxial rotors (CCR) are ubiquitous in emerging next-generation config-

urations, demonstrating enhanced performance metrics such as increased forward-flight speed,

flight range, and payload capabilities compared to single-rotor configurations. At the same

time, multiple rotors in the CCR also result in high aerodynamic interactions that govern their

performance. Therefore, it is necessary to better understand the nature and influence of these

aerodynamic interactions. This dissertation seeks to address this knowledge gap by under-

taking experimental investigations into the impact of select aerodynamic interactions on the

performance of counter-rotating coaxial rotors. The primary focus is on studying the effects

of rotor-ground and blade-on-blade interactional effects, specifically in hovering flight in close

proximity to the ground.

The rotor-ground interactions significantly alter the hover performance of a rotor operating

in ground effect (IGE). In the case of the CCR, the individual rotors interact with each other

and the ground plane, leading to a complex aerodynamic environment. Through a rigorous

experimental investigation, this dissertation shows that the CCR behaves as a single rotor when

operating in IGE despite these interactional effects. However, the individual rotors in CCR

show very different performance behavior compared to a single rotor, contingent upon rotor

spacing and proximity to the ground plane. Similarly, the blade-on-blade interaction in CCR

occurs during the crossover between the upper and lower rotor blades. These periodic events

introduce transient excursions in airloads, resulting in vibratory loads and potential alterations

to the vehicle’s acoustic signature. This dissertation studies the fundamental physics of these

interactional effects, employing a canonical representation of the problem, i.e., a crossover

between two translating airfoils. The investigation identifies key non-dimensional parameters

influencing the problem and observes a significant analogy between blade crossover and gust

interaction problems. In particular, applying the Kussner model, commonly used to predict the
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response of airfoil lift to gusts, demonstrates promising predictive capabilities, especially in the

initial stages of blade crossover.
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Chapter 1

Introduction

Multi-rotor configurations, in general, have improved performance metrics, such as increased

forward-flight speed, flight range, and payload, compared to single-main rotor (SMR) heli-

copters. As such, the application of multi-rotor helicopters or unmanned aerial systems in

civilian and military scenarios and even for extra-planetary exploration has increased in recent

years. Common multi-rotor configurations being developed include the counter-rotating coax-

ial rotor (CCR), tandem, side-by-side configurations for full-scale helicopters, and quad and

coaxial rotor configurations at the smaller scales. Examples of full-scale multi-rotors are the V-

22 Osprey (side-by-side configuration), CH-47 Chinook (tandem configuration), and Sikorsky

S-97 (CCR), and Ingenuity, a CCR configuration that achieved the first extra-terrestrial flight

on Mars.

While the multi-rotor configurations find their applications in an ever-increasing range of

fields, our understanding of the interactional aerodynamics associated with the multiple rotors

is not well developed. Through experiments across different parametric spaces, this thesis

will study the effects of different aerodynamic interactions, such as rotor-on-rotor, blade-on-

blade, and rotor-ground interactions prevalent in CCR configuration multi-rotors. This chapter

gives an overview of counter-rotating coaxial rotors (CCR) and the aerodynamic interactions

that influence their performance. It includes an in-depth literature review on these interactional

effects, followed by the specific objectives of this dissertation and their underlying motivations.
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1.1 Single main rotor configuration helicopters

Helicopters offer a unique advantage with their ability to hover, making them distinct from

fixed-wing aircraft. Most helicopters today utilize a single main rotor for vertical take-off

and landing (VTOL) and hovering capabilities. A tail rotor is employed to balance the torque

generated by the main rotor. Igor Sikorsky is credited with pioneering these Single Main Ro-

tor (SMR) configurations, with the Vought-Sikorsky VS-300 achieving its first successful free

flight on May 13th, 1940 [12]. This groundbreaking achievement marked the first instance of a

helicopter using a single main rotor for thrust generation and a tail rotor for yaw control. Subse-

quently, the SMR configuration has been widely adopted in the helicopter industry. Prominent

contemporary examples of SMR helicopters include the Sikorsky UH-60 Black Hawk and the

Boeing AH-64 Apache, as shown in Fig. 1.1.

(a) Sikorsky UH-60 Black Hawk (b) Boeing AH-64 Apache

Figure 1.1: Examples of single rotor configuration helicopters [1, 2].

Although SMR helicopters have proven successful in various applications, these configu-

rations face limitations in meeting the growing demands for increased speed, range, and pay-

load capacity. Aerodynamic challenges such as retreating blade stall and compressibility ef-

fects constrain the operational capabilities of SMR helicopters. For example, during forward

flight, the dynamic pressure on the advancing side of the rotor blades is significantly higher

than on the retreating side. This pressure differential can lead to a rolling moment. To coun-

teract this effect, the angles of attack on the advancing side are reduced, while those on the
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retreating side are increased. Consequently, the retreating side may experience a stall, while

the advancing side encounters high compressibility effects. These factors limit the maximum

forward flight speed attainable by SMR helicopters. Payload capacity is also restricted by the

size of the main rotor, often necessitating an expanded physical footprint to enhance payload

capabilities. These limitations have ignited a renewed interest in multi-rotor configuration he-

licopters, which have the potential to extend the operational boundaries of modern helicopters

further.

1.2 Counter rotating coaxial rotors

Counter-rotating coaxial rotors (CCR) represent an innovative rotor configuration with two

main rotors mounted on a single shaft, rotating in opposite directions. This design eliminates

the need for a tail rotor to counter the main rotor torque. Consequently, the power that would

otherwise be consumed for torque balance in single-rotor configurations can be redirected to

generate additional lift and/or propulsion. This increased thrust capacity translates to higher

payload capabilities, all within a physical footprint similar to that of single-rotor helicopters.

Moreover, in place of a tail rotor, CCR helicopters incorporate a pusher propeller, enhancing

their forward flight speed compared to their single-rotor counterparts. In CCR setups, the

advancing blades on both sides of the vehicle bear the primary thrust load, reducing the thrust

requirements on the retreating blade side. This mitigates the risk of retreating blade stall,

allowing CCR vehicles to maintain their lifting capabilities even at high forward speeds.

The presence of two main rotors contributing to thrust production also results in greater

payload capacities within a footprint similar to that of single-main rotor (SMR) configuration

vehicles. Despite these advantages, two rotors on a single shaft can introduce mechanical

complexities, partly explaining why SMR configurations gained popularity in the early 1940s.

Numerous attempts were made before the 1950s to develop aerial vehicles using CCR

configurations. However, the concurrent popularity of SMR helicopters and limited technolog-

ical advancements to create two rotating main rotors on a single shaft hindered the progress of

CCR helicopter development. The first successful flight for CCR in the USA was achieved in

1944 by Stanlet Hiller, Jr., just at the age of 19. He built XH-44 (refer to Fig. 1.2a), the first
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helicopter to fly with all-metal rigid blades. Nevertheless, Hiller’s full-scale CCR designs did

not gain widespread acceptance [3].

A significant breakthrough in CCR configuration development came with the introduction

of the Advancing Blade Concept (ABC) rotor system by the U.S. Army and NASA in 1964.

This system featured two counter-rotating coaxial rotors with rigid blades measuring 12 meters

in diameter. In 1970, extensive wind tunnel tests at NASA Ames were conducted across dif-

ferent advance ratios, highlighting the advantages of CCR in forward flight. Consequently, in

December 1971, the U.S. Army contracted Sikorsky Aircraft to design, fabricate, and fly the

XH-59A. This effort aimed to showcase the capabilities of the CCR design and assess its han-

dling and maneuvering characteristics. The XH-59A program encountered setbacks, including

serious damage during the first flight, unrelated to the ABC concept. However, the second flight

achieved over 100 hours of flight time and set a speed record of 238 knots [13]. Despite these

achievements, the presence of rigid blades led to a high moment transfer at the hub, resulting

in increased vibrations within the vehicle. Ultimately, the program was discontinued in 1981.

In recent years, Sikorsky rekindled interest in CCR configuration, taking it to new heights

by introducing the X2 Technology Demonstrator (X2TD), as depicted in Fig. 1.2b. Building

on the legacy of the XH-59A, the X2TD incorporated active vibration control technology to

address the vibration issues that plagued its predecessor. In 2008, the X2TD made its first

flight and eventually broke records by reaching a speed of 250 knots. Drawing from the X2TD’s

success, Sikorsky developed the S-97 Raider and SB>1 DEFIANT helicopters, illustrated in

Fig. 1.2c and d, respectively. These cutting-edge helicopters were built to compete for contracts

in the U.S. Army’s Future Aircraft Reconnaissance Aircraft (FARA) and Future Long-Range

Assault Aircraft (FLRAA) programs, both integral components of the broader Future Vertical

Lift (FVL) initiative launched by the U.S. Department of Defense (DOD) in 2009. The FVL

program aims to replace the existing helicopter fleet with state-of-the-art Vertical Take-Off and

Landing (VTOL) aircraft.

The advances achieved in CCR configuration helicopters and the successful demonstra-

tions of their capabilities have reinvigorated interest in CCR designs across industrial and re-

search communities. Furthermore, CCR configurations have found applications in Unmanned
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(a) XH-44, 1944 (b) X2 Technology demonstrator, 2008

(c) S-97 Raider, 2015 (d) SB>1 DEFIANT, 2019

Figure 1.2: Evolution of counter-rotating coaxial rotors over the years [3, 1].

(a) DARPA TERN (b) Ingenuity

Figure 1.3: Examples of unmanned aerial vehicles with counter-rotating coaxial rotor configu-
ration [4].

Aerial Vehicles (UAVs), such as the DARPA TERN (refer to Fig. 1.3a), designed for launch

from littoral combat ships. In particular, Mars helicopter ingenuity (refer to Fig. 1.3b) adopted
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a CCR configuration and achieved a groundbreaking feat as the first aircraft to perform pow-

ered, controlled flight on an extraterrestrial planet. Since its maiden flight on April 19, 2021,

Ingenuity has completed an impressive 58 flights, totaling 104.2 flying minutes, far surpassing

its initial goal of just five successful flights. This accomplishment marks a historic milestone

in aerospace exploration.

1.2.1 Aerodynamic interactions

The combination of multiple rotors in CCR provides distinct advantages over its SMR config-

uration counterparts. As a result, the application of CCR has increased drastically, as illus-

trated in the previous section. However, the coaxial arrangement of two counter-rotating rotors

also leads to high aerodynamic interactions, which dictate the performance characteristics of

these vehicles. Some common interactions that persist in CCR configurations are rotor-on-

rotor, blade-on-blade, and blade-vortex interactions. When the CCR rotors operate near the

ground, interactions between the rotors and the ground plane also exist, which is categorized

as rotor-ground interactions. These interactions are illustrated in Fig. 1.4.

Figure 1.4: Summary of interactional aerodynamic effects in the counter-rotating coaxial rotor
configuration in hover; helicopter schematic adapted from [5] and modified

Rotor-on-rotor interactions arise from the interplay between the upper and lower rotors,

primarily driven by the effects of tip vortices and the bound circulation generated by the rotor

blades. As both rotors rotate, helical tip vortex structures form at the rotor tips due to finite

wing effects, and these vortices convect downwards along with the rotor’s wake. These helical
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vortex structures induce an inflow onto the rotors from which they originate, a phenomenon

known as self-induced inflow. Furthermore, the tip vortices generated by one rotor in a CCR

configuration also influence the other, introducing an inflow onto the second rotor. Therefore,

both rotors experience induced effects from each other, as well as self-induced effects. Addi-

tionally, the lower rotor in a CCR configuration operates within the wake of the upper rotor.

This combination of interactions, involving induced and inflow effects from both the adjacent

rotor and its tip vortices, collectively diminishes the performance of the upper and lower rotors

compared to their performance in isolated single rotor configuration1. These intricate interac-

tional effects are collectively referred to as rotor-on-rotor interactions.

Rotor-on-rotor interactions dictate the steady-state characteristics of the CCR, but the un-

steady interactions are also prevalent. Blade-vortex and blade-on-blade interactions are the two

common sources of unsteadiness in the CCR. Blade-vortex interactions result from the inter-

actions between the tip vortices and the blade. In SMR configuration helicopters, blade-vortex

interactions are commonly observed during forward flight conditions and moderate to high ad-

vance ratios. However, the blade-vortex interactions are observed even in hover conditions for

CCR due to the wake impingement of the upper rotor onto the lower rotor. These interactions

can add vibratory loads on the rotor blades and hubs. In addition to the blade-vortex interac-

tions, blade-on-blade interactions are also prevalent in CCR. Blade-on-blade interactions on

CCR result from blade crossover events between the upper and lower rotor blades. As the two

rotors rotate in opposite directions in CCR, the upper and lower rotor blades’ bound circulation

induces upwash and downwash onto each other, resulting in excursions in their loads. These

interactions are periodic in nature and are a major source of vibrations.

When rotors operate in in-ground effect (IGE) conditions, their performance is influenced

by the aerodynamic interactions with the ground plane. In IGE, several additional aerodynamic

effects come into play. Firstly, the rotor wake is deflected horizontally after impinging onto

the ground plane, resulting in a rotor outwash. Due to the wake impingement, the inflow

velocity distribution on the rotor plane is modified, resulting in a change in rotor characteristics.

1Even though the individual rotors in CCR have degraded performance compared to its isolated counterpart,
CCR as a whole still performs better when compared to isolated single rotor with same solidity, i.e., with twice
the number of blades.
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Additionally, the wake expansion in IGE causes the axial spacing between the helical vortex

structures in the near wake to increase. This increase in vortex spacing reduces the induced

effects on the rotor plane. Consequently, the rotor’s performance is improved when operating

near the ground, allowing the rotors to produce higher thrust for the same given torque.

In the context of CCR in IGE, ground effects enhance the performance of the upper and

lower rotors. However, rotor-on-rotor interactions, which are inherent to CCR configurations,

can simultaneously reduce the performance of both rotors. Depending on the proximity to the

ground plane, the rotor-on-rotor interactions or the rotor-ground interactions may dominate the

overall CCR performance characteristics. Moreover, it’s important to note that the effects of

blade-vortex interactions and blade-on-blade interactions can be amplified in IGE conditions

due to the improved performance of the individual rotors. Since the rotors produce higher thrust

for the same torque in IGE, the shed tip vortices could be stronger due to increased blade-bound

circulation. Consequently, the severity of blade-vortex interactions in IGE may also increase.

Furthermore, the increased blade-bound circulation in IGE can lead to larger load excursions

during blade-on-blade interactions, resulting in higher vibratory loads.

1.3 Literature review

The influence of rotor-on-rotor interactions on the CCR performance has been well character-

ized, with the blade-vortex interactional effects also extensively studied in the context of SMR

configurations. However, only a few studies focused on studying the blade-on-blade interac-

tional effects. The performance characteristics of CCR in in-ground effect (IGE) conditions

have also been limited. As such, this dissertation studies the effects of rotor-on-rotor inter-

actions in the proximity of the ground plane and the blade-on-blade interaction. This section

presents a comprehensive summary of the literature review on the aerodynamic interactions of

the CCR rotors in hover and some outstanding scientific questions that still need to be answered.

1.3.1 Rotor-on-rotor interactions

The first reported CCR study in the public domain was by Taylor [14], where a Balsa dust

technique was used to visualize the flowfield of a model-scale CCR system. Taylor observed
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no unsteady interactions between the upper and lower rotor tip vortices in out-of-ground ef-

fect (OGE) conditions for a fixed value of axial rotor separation of 35% of the rotor radius.

This was followed by an investigation of the performance of a full-scale CCR in out-of-ground

conditions [15]. In this investigation, the performance characteristics of a four-bladed CCR

rotor were compared with those of a two-bladed single rotor. The performance characteristics

were also compared with that from the rotor-hovering theory [16] to explore if the momen-

tum theories for a single rotor are adequate to predict the performance characteristics of CCR.

He concluded that for the tested range of rotor spacing of (16-19%) of the rotor radius, the

CCR performance can be predicted with the same level of accuracy as that of a single rotor by

assuming CCR as a single rotor of equal solidity.

Besides these two seminal investigations, there were a few more studies [17, 18, 19, 20, 21]

on CCR, scattered in the later part of the 20th century, as summarized in a detailed review by

Coleman [22]. The introduction of the Advancing Blade Rotor (ABC) by the U.S. Army and

NASA in the 1960s resulted in numerous small and large-scale wind tunnel testing of CCR

rotors. Cheney [23] provides a detailed summary of these test results. From the small-scale

tests, it was inferred that there was a beneficial effect on the total CCR performance, and it was

postulated that the swirl recovery could be the attributing factor. It was also concluded that the

spacing did not significantly impact the rotor performance for the tested range of 14% and 20%

of the rotor radius. The full-scale wind tunnel testing of XH-59A also showed that the CCR

rotor had performance benefits compared to the single rotor with equivalent solidity [17].

Nagashima [24] performed flow visualization to study the tip vortex characteristics of

CCR and compared that with a single rotor of an equivalent solidity. The tip vortex trajectory

for a single rotor followed a close trend with that suggested by Landgrebe [25]. However,

the tip vortices from the upper and lower rotor in the CCR configuration convected at higher

velocities than Landgrebe’s model. The collective pitch of the lower rotor was also varied to

study its effects in the wake. The change in the lower rotor collective was observed to have

significant effects on the wake structures. The optimal settings for the lower rotor collective

were determined to be where the tip vortices from the upper and lower rotor were evenly spaced

and did not interact. It was also theorized that these optimal conditions based on the flow field
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characteristics would correspond to the yaw-trimmed conditions, but this theory was never

tested.

In the late 1950s, a few lower-order models were also developed to predict the CCR per-

formance, and the one proposed by Nagashima and Nakanshi [20] was particularly interesting.

Here, the actuator disk and free wake analysis were used to model the rotor wakes and their

effects on rotor performance. The interesting aspect of this work was modeling the mutual

interactions between the upper and lower rotors by considering the axial velocities induced by

the two rotors onto each other. These interference factors were a function of the axial spacing

between the rotors. Analysis of these interference factors showed that the interactions between

the two rotors decreased with increasing rotor spacing. Although these studies in the 20th cen-

tury highlighted key features of the CCR rotors, important questions regarding the flow physics

behind the aerodynamic interactions between the rotors remained to be investigated.

It was only until the recent renewed interest in CCR that more research was conducted

to understand the influence of CCR aerodynamic interactions on its performance at different

conditions. Recent aerodynamic studies explored the effects of rotor-on-rotor interactions on

CCR through experimental studies where parameters such as the rotor spacing, blade planform,

thrust conditions, etc. were varied [26, 6, 27]. All of these studies showed that the upper rotor

outperformed the lower rotor. This is expected since the lower rotor operates in the wake

of the upper rotor, which results in higher inflow velocities (UP ) (refer to Fig. 1.5) on the

inboard portion of the lower rotor. Consequently, the lower rotor sectional effective angle of

attack (α) (refer to Fig. 1.5) reduces, resulting in reduced rotor performance.

Figure 1.5: Schematic representation of an airfoil section
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Likewise, the rotor spacing also significantly impacted the individual rotors, with the upper

rotor exhibiting reduced performance and the lower rotor exhibiting improved performance at

smaller rotor spacing [26, 6, 27]. As the rotor spacing reduced, the lower rotor imparted higher

inflow onto the upper rotor, reducing its performance and decreasing the wake impingement

onto the lower rotor. As a result, the lower rotor experienced reduced inflow (and a correspond-

ing increase in the effective angle of attack (α)), which improved its performance at smaller

rotor spacing [6]. Figure 1.6 shows the variation in the performance of the CCR and its rotors

with respect to rotor spacing at two thrust conditions. As discussed, the performance of the

upper rotor degraded while the lower rotor improved with the reduction in the rotor spacing.

In summary, these studies showed that the rotor-on-rotor interactions degrade the performance

of the individual rotors in CCR configuration compared to an isolated rotor operating under

similar conditions.

Figure 1.6: Variation in the performance of CCR and its rotors with respect to rotor spacing for
different thrust conditions. The figure is taken from a study by Ramasamy [6].

Additional flowfield studies of the CCR elucidated important near-wake characteristics,

corroborating the above-mentioned observations from the performance studies. Mortimer [28]

showed that the upper rotor tip vortices exhibited higher convection velocities and wake con-

traction compared to the lower rotor tip vortices, which agreed with the observations made by
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Silwal [29]. Consequently, the upper rotor exhibited improved performance as the self-induced

inflow was reduced due to increased vortex spacing. Silwal [29] also compared the inflow ve-

locity of the upper rotor in the CCR configuration with that of a single rotor producing the

same thrust. The comparison was carried out at different rotor spacing. They observed that

for a given thrust, the inflow distribution for the upper rotor was higher than that compared

with the single rotor. The upper rotor at minimum rotor spacing tested also had the highest

integrated inflow. These results suggest that the torque required to produce the same thrust for

the upper rotor is higher than that of the single rotor. The torque requirement also increases

with the reduction of the rotor spacing. These observations corroborate with the performance

measurements made by Ramasamy [6].

Numerous studies have also focused on characterizing the tip vortex interactions in the

near-wake of CCR. These investigations have yielded intriguing findings. Shukla [30] showed

that the tip vortices generated by the lower rotor exhibited two distinct trajectories in the CCR

near-wake, possibly due to the vortex interactions in the CCR near-wake. The characteristics

of these vortex interactions have been studied in detail by Konus [31], where different types of

long-wave vortex instabilities were identified.

In addition to experimental investigations, lower-order models have been developed to

accurately predict the performance of Counter-Rotating Coaxial Rotor (CCR) configurations.

These models include Blade Element Momentum Theory, Free Vortex, and Prescribed Wake

models, among others [32, 33, 34, 35, 8]. Leishman [36] introduced a lower-order model

based on Blade Element Momentum Theory. It assumed the upper and lower rotors were

adequately spaced apart for the upper rotor wake to fully develop before reaching the lower

rotor. Additionally, it considered that the lower rotor’s performance did not influence the upper

rotor. Landgrebe’s model [25] was incorporated to account for wake contraction, determining

the radial location in the lower rotor where the upper rotor’s wake impinges. The model’s

results were compared to experimental data from Harrington’s analysis [15], demonstrating a

favorable agreement. However, it’s important to note that this model’s assumptions may not

be universally valid, particularly in cases where the lower rotor significantly affects the upper

rotor’s performance.
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Lee [37] modified Leishman’s model to address non-linear interactions between the upper

and lower rotors. This modification introduced interference factors and coefficients to account

for these complex interactions. The results were compared with the experimental data by Ra-

masamy [6], and constant coefficients were introduced to match the experimental results. How-

ever, the fundamental understanding behind these coefficients remained elusive. These model

development efforts underscore the intricate nature of aerodynamic interactions in CCR con-

figurations. They emphasize the need for continued measurements and research to understand

the underlying physics, ultimately enhancing the predictive capabilities of these models.

1.3.2 Rotor-ground interactions

The previous section delved into the intricate aerodynamic interactions between the upper and

lower rotors in the CCR configuration. However, these interactions can evolve when the CCR

operates close to the ground, adding another layer of complexity to its performance. Unlike

the CCR, SMR performance near the ground has been extensively studied, while the CCR’s

performance in In-Ground Effect (IGE) conditions has received less attention.

In SMR IGE studies, experiments are typically conducted under either fixed-collective

(untrimmed) [38] or constant-thrust (trimmed) [39, 7] conditions. In fixed-collective experi-

ments, the collective pitch of the rotor blades remains constant while the rotor’s height above

the ground is gradually reduced. As the rotor gets closer to the ground, the thrust it generates

increases significantly, a phenomenon well-documented in the literature across various rotor

parameters and sizes [38, 40, 41, 42]. This thrust augmentation, as seen in Fig.1.7, occurs be-

cause of reduced inflow due to the proximity of the ground, leading to a higher effective angle

of attack (α) for a fixed collective pitch (θ◦) (see Fig.1.5).

Compared to fixed-collective experiments, constant-thrust experiments involve trimming

the collective pitch of the rotor blades to maintain a constant thrust while varying the rotor’s

height. As the ground effect results in reduced rotor inflow, the collective pitch of the rotors

is reduced to maintain constant thrust at lower rotor heights. Thus, the power requirement for

producing the same thrust reduces with the reduction in rotor height, which has also been well

reported in the literature [39, 7]. For both fixed collective and constant thrust experiments,
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Figure 1.7: Summary of thrust augmentation with the reduction in rotor height observed across
different studies. The figure is taken from a study by Tanner [7]

the performance of a single rotor typically improves as it gets closer to the ground due to

reduced induced inflow resulting from ground proximity. Various models have been introduced

to predict the performance changes in Coaxial Counter-Rotating (CCR) rotor systems in In-

Ground Effect (IGE) conditions.

Cheeseman [43] suggested the following equation to predict the thrust augmentation on

the single rotor when in IGE:
TIGE
TOGE

=
1

1− 15(R/z)2
(1.1)

where TIGE is the rotor thrust in IGE conditions, T∞ is the rotor thrust in out-of-ground con-

ditions (OGE), R is the rotor radius, and Z is the rotor distance from the ground plane. This

equation was based on the methods of image analysis carried out by Betz [44], where he con-

sidered the rotor to be the source and the image a sink. However, the results from this analysis

resulted in a decrease in rotor thrust with a reduction in the rotor height. This was due to the

additional inflow induced by the image sink. Cheeseman [43] modified this approach with both

the rotor and the image considered as a source, reducing the rotor inflow and increasing rotor

thrust while reducing rotor heights.
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The model proposed by Cheeseman [43] provided a good first-order estimate of the rotor

performance in IGE but tended to overpredict the performance. As such, Hayden [45] added

empirical corrections to this model, and the equation is given as:

TIGE
TOGE

= A+ 2B

(
1

z/R

)2

(1.2)

where A and B are empirical constants with values A = 0.9926, and B = 0.039. This model

provided an overall better estimation of the rotor performance in IGE, as seen in Fig. 1.7.

In addition to the performance, flowfield characteristics of SMR in In-Ground Effect (IGE)

conditions have been extensively studied, providing valuable insights into rotor performance

and wake behavior near the ground. Light [41] conducted flow visualization experiments and

observed that the spacing between the helical vortex structures for SMRs in IGE increases

compared to those in OGE conditions. This change directly affects the induced effects at the

rotor plane, influencing rotor performance.

Rauleder [46, 47] conducted comprehensive studies to better characterize the rotor wake

and outwash characteristics of SMRs to understand their role in brownout phenomena. Rauleder

measured turbulence intensity and shear stress distribution in the wake to quantify their con-

tributions to particle upliftment and entrainment in the flow. His observations suggested a

significant change in turbulence intensity due to entrained particles in the wake, indicating a

two-way coupling between the rotor wake and entrained particles. This finding challenged

existing models that did not account for such two-way coupling and emphasized the need for

more accurate predictions of brownout phenomena.

The outwash generated by rotor wakes, especially in IGE conditions, has been the subject

of extensive study for SMR [7, 48] and multi-rotor configurations like tandem rotors [49, 50].

This research is crucial due to the safety and environmental concerns of the high outwash

velocities. Peak outwash velocities for single rotors in IGE conditions have been reported to

reach values as high as 150% of the mean rotor velocity, posing significant safety risks for

ground personnel [49]. For instance, Schane [51] reported that different rotor configurations
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with varying disk loadings could result in peak outwash velocities of up to 28m/s for a CH-

47A configuration with a disk loading of 289N/m2. Such high velocities are hazardous to

personnel on the ground and can damage the surrounding environment and structures.

To mitigate these risks, Mehrabi [50] suggested a safe operating distance of three rotor

radii from the vehicle for the ground crew. Ramasamy [49] found that for tandem rotor config-

urations, the outwash displayed self-similar characteristics beyond a radial distance of one rotor

diameter away from the rotor tip. Understanding and controlling outwash behavior is essential

for improving the safety of rotorcraft operations in IGE conditions.

While the performance and flowfield characteristics of the SMR and some multi-rotor

configurations like tandem rotors have been studied extensively, the CCR performance and

flowfield characteristics remain uninvestigated. The CCR performance is expected to show

improvement similar to that of SMR due to ground effects. However, the behavior could be

different because of rotor-on-rotor interaction effects. The rotor-on-rotor interactions could act

to negate some of the benefits of the ground plane. On the contrary, the ground effect could also

overcome the rotor-on-rotor interactional effects and improve the performance characteristics

of the individual rotors.

The only work that has attempted to understand the performance of CCR in IGE was by

McAlister [26]. In this study, the torque of the upper and lower rotor was matched by changing

the lower rotor collective pitch while that of the upper rotor was kept constant. The total thrust

of the system was observed to increase with reducing rotor height. The thrust produced by the

upper and lower rotor was also observed to increase, but the rate of increase was larger for the

lower rotor. But as the total thrust of the coaxial rotor system was allowed to vary with change

in rotor height, the aerodynamic environment that the rotors are subjected to also changes and

insights regarding the influence of interactions between the upper and lower rotor on CCR IGE

performance cannot be gained.

Thus, there is a need to conduct a comprehensive study of the CCR performance in IGE to

understand the influence of two opposing effects, rotor-on-rotor and rotor-ground interactions,

on CCR performance. As the rotor-on-rotor interactions result in degrading rotor performance,

some of the benefits due to ground proximity could be negated, which needs to be quantified.
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Understanding these interactional effects can help predict the outwash characteristics, which

have implications for the safety of the ground crew and the brownout phenomenon. Studying

the physics of the aerodynamic interactions of CCR in IGE can also assist in formulating a

lower-order modeling approach such as those for SMR [43, 45].

1.3.3 Blade-on-blade interactions

The literature review so far has presented the influence of rotor-on-rotor interactions on CCR

performance, providing insight into its steady-state characteristics. However, blade-on-blade

interactions are also dominant in the multi-rotor configurations, which can be a primary source

of unsteadiness. These interactions result from interactions between the blades of the two ro-

tors. For example, blade-on-blade interactions are observed in co-rotating coaxial rotor config-

urations, where the interaction between the bound circulation and wake from the two blades can

significantly impact rotor airloads and acoustics [52, 53]. Parameters such as the index angle

(azimuthal spacing) between the upper and lower rotors and axial spacing have been found to

have a substantial influence on rotor performance [52, 53]. Uehara [52] conducted performance

measurements on a model-scale co-rotating coaxial rotor and found that optimizing the index

angle could enhance rotor hover performance. Similarly, Tinney investigated how a combina-

tion of rotor index angle, axial spacing, and rotor rotational speed affected rotor performance

and acoustic signatures [53].

In CCR, the blade-on-blade interactions occur due to the blade crossover between the up-

per and lower rotor blades (refer to Fig. 1.8). These interactions are highly unsteady and induce

transient changes in the rotor loads. This behavior has been reported in some of the experimen-

tal and numerical studies, which showed that the blade crossover had a significant influence

on the rotor loads (thrust and torque) with observed transient excursions corresponding to the

number of blade crossovers per revolution [54, 55, 56, 8, 35]. These transient effects can induce

vibratory loads onto the CCR rotors and its hubs and alter its acoustic characteristics [57, 58].

Characterizing these vibratory loads on CCR blades and hubs is even more important as the

blades are rigid, and rotor hubs are hinge-less to avoid collision between the blades.
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Figure 1.8: Schematic two-dimensional representation of the blade-on-blade interactions due
to blade crossover

The experimental studies carried out so far have measured these transient loads at the

rotor hub, which is an integrated effect of rotation, induced, and blade-on-blade interactions.

Singh [56] conducted experiments in a Mach-scaled coaxial rotor thrust stand at UT Austin

to measure the loads experienced by the rotors. Numerical simulations were also performed

using RCAS and Helios to compare with the experimental data. As the rotors were two-bladed,

the blades experienced four excursions per revolution due to the blade-on-blade interactions.

In addition, peak-to-peak variations in the load measurements were observed when the exper-

imental data were compared with the simulation results. These variations were attributed to

the differences in the blades, which could be introduced due to manufacturing defects. Here,

it was also shown that the magnitude of the transient loads measured at the blades during the

blade crossover was less than that measured at the hub. This observation illustrates that the

hub measurements are inadequate to understand the true effects of blade crossover on the blade

loads. A translating wing facility is required because the blade measurements are challenging

in a rotating thrust stand setup.

Uehara [55] hypothesized that the observed excursions during the blade crossover are due

to the interaction between the bound circulation of the upper and lower rotor blades. As the

blades approach each other, the bound circulation of the blades introduces upwash on each

other, increasing the blades’ effective angle of attack. As a result, the sectional lift increases,

increasing the rotor thrust. Similarly, the bound circulation of the blades introduces downwash

on each other after the blade crossover, resulting in a reduced effective angle of attack and, thus,

reduced rotor thrust. After the blades are far apart, the blade-on-blade interactions reduce, and
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the load excursions disappear. However, the parameters that influence these effects have not

been quantified.

Lower-order models that account for the unsteadiness [59, 8] have been developed to study

blade-on-blade interactions. Singh [8] developed a numerical framework using the viscous

vortex particle method, simulated blade crossover, and studied the interactions. The results for

the blade crossover of the NACA0012 airfoil section at a spacing of 1c at different pitch angles

are shown in Fig. 1.9. At zero pitch angle, the upper airfoil experienced a positive increase in

the lift. In contrast, the lower airfoil experienced a negative increase due to the airfoil curvature

effects. At higher pitch angles, both the upper and lower airfoils showed a positive increase in

their lift, with the increase higher for the upper airfoil. However, these models have not been

validated using experimental data. As such, detailed studies are required to gain a fundamental

understanding of the blade crossover effects. These experiments become even more critical at

high-pitch angles where the flow separation can induce non-linear effects. At these conditions,

existing hypotheses for most lower-order models, such as the satisfaction of the Kutta condition

at the trailing edge, might not be valid [60].

Figure 1.9: Effects of blade crossover on the airfoil lift at different angles of attack. The figure
is taken from a study by Singh [8]. The solid lines represent the top blade, and the dashed lines
represent the bottom blade.

An analogy can be made between the blade crossover event and the crossover event in-

volving bluff bodies, such as trains. In a study by Ogawa [61], numerical simulations were

conducted to examine the crossover effects between two trains. The simulations revealed that
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as the trains approached each other, the pressure between them increased. During the crossover,

a low-pressure region developed between the trains due to airflow acceleration. The pressure

at the nose of the trains decreased as they passed each other. Following the crossover, the

pressure at the nose of the train gradually returned to its pre-crossover values. These pressure

fluctuations resulted in an increase in lift and a reduction in drag experienced by the trains. A

similar flowfield evolution can be anticipated during the blade crossover event, although there

may be differences because trains are inherently bluff bodies. The presence of bound circula-

tion on streamlined bodies like airfoils can lead to variations in the evolution of the flowfield.

However, such flowfield evolutions between airfoils have not been quantified under different

operational conditions.

Insights into the expected effects of the blade crossover event can also be drawn from

studies on interactions between lifting bodies and mutating ground conditions [9, 62, 63, 64].

For example, a study by Qu [9] involved numerical simulations investigating an airfoil’s loads

and flowfield characteristics in a mutating ground condition. The study observed that as the

airfoil approached the step-rise edge of the ground plane, the lift initially increased due to

upwash effects from the ground edge. As the airfoil entered the mutating ground plane, the

lift decreased due to reduced upwash effects. Eventually, the lift increased again and settled

steadily after the airfoil fully entered the static ground conditions. The flowfield evolution

during these phases is shown in Fig. 1.10. While this provides some parallels, it’s important

to note that blade crossover is a coupled event where changes in loads on one blade affect the

other. The detailed effects of these coupled interactions have not been extensively studied.

From this literature survey, it becomes clear that to study blade crossover, it’s crucial to

conduct measurements in an environment where these interactions can be isolated from other

complex effects, such as three-dimensional and rotational effects. The experimental facility

should be capable of measuring the loads and flowfield during the blade crossover event. Then,

the problem’s non-dimensional parameters must be established, followed by a parametric study

to determine their impact. The contribution of the unsteady effects on the total excursions

during the blade crossover also needs to be determined to augment the predicting capabilities
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Figure 1.10: Streamlines, velocity vector angle contours, and pressure contours while landing
onto a mutating ground. The figure is taken from a study by Qu [9].

of existing models. The effects of blade crossover at high angles of attack also need attention

to study the non-linear effects due to flow separation.

1.3.4 Literature review summary

The summary of the current literature review is provided in Fig. 1.11. The literature review

highlights the effects of rotor-on-rotor interaction on the performance of the CCR and its in-

dividual rotors in out-of-ground conditions (OGE) have been well-characterized. While the

effects of blade-on-blade interactions have been reported in some studies, a fundamental un-

derstanding of the blade crossover effects on the rotor load still needs to be explored due to the

associated experimental challenge of load measurements at the blade during rotor operation.
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Similarly, the competitive effects of rotor-on-rotor and rotor-ground interactions on the CCR

performance in IGE have not been explored. The key scientific questions that remain to be

answered are as follows:

1. How will the CCR and its individual rotors behave when operating in ground proximity

where rotor-on-rotor and rotor-ground interactional effects dominate?

2. What non-dimensional parameters dictate the load characteristics during the blade crossover?

3. What is the contribution of unsteadiness effects during the blade crossover event?

Figure 1.11: Summary of literature review

1.4 Motivation and objectives

The current dissertation will address the identified scientific questions through an experimental

approach. The overall goal of this dissertation will be to study the effects of rotor-on-rotor,
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rotor-ground, and blade-on-blade interactions on the performance and flowfield of the CCR and

its individual rotors during hover. The motivation for conducting these studies is summarized

below:

1. Understanding the CCR behavior in IGE is required to develop and validate lower-order

predictive tools.

2. Characterizing the performance characteristics of individual rotors in CCR configurations

during IGE is crucial, especially since yaw trimming relies on balancing torque between

the upper and lower rotors. This knowledge can contribute to developing effective control

strategies to prevent loss of vehicle control resulting from torque imbalances between the

two rotors in ground effect.

3. Conducting a fundamental study on blade crossover effects is essential to comprehen-

sively understanding the underlying flow physics. This knowledge will be crucial in

enhancing the predictive capabilities of tools developed for the lower rotor.

To facilitate a systematic investigation of these aerodynamic interactions in CCR, the re-

search plan for this dissertation is divided into two aims, which are discussed below:

1.4.1 Aim 1: Performance characteristics of counter-rotating coaxial rotors hovering in

ground effect

The aerodynamic interactions between the rotors and the ground plane are highly non-linear,

and the physics behind this phenomenon has not been understood. As such, the lower-order

prediction tools do not account for the aerodynamic interactional effects. Thus, a fundamental

understanding of the rotor-ground interactions is required to improve the efficacy of the avail-

able prediction tools. The experimental database for validating the computational models to

predict the CCR performance behavior in IGE is also scarce. Aim 1 of this thesis focuses on

understanding the physics behind the complex aerodynamic interactions between the CCR indi-

vidual rotors and the ground plane through experimental measures. The data collected are also

valuable for validating the current and future computational models. The specific objectives to

achieve this goal are listed below:
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Facility development and validation

1. Develop a thrust-scaled aerodynamic coaxial rotor thrust stand.

2. Establish baseline characteristics of the individual rotors in single rotor configuration

under out-of-ground (OGE) conditions.

3. Conduct performance and flowfield measurement of CCR in OGE conditions to compare

with literature.

CCR performance characterization in IGE conditions

1. Perform CCR IGE experiments at different rotor spacing and rotor heights.

2. Compare the performance of CCR and its individual rotors with a single rotor.

3. Assess the influence of ground proximity on the rotor-on-rotor interactions.

1.4.2 Aim 2: Quantify the influence of blade crossover on unsteady loading of counter-

rotating coaxial rotors

The blade crossover event in CCR is a transient effect contributing to blade vibrations and

modifications to the vehicle’s acoustic signature. Studies on the blade crossover event have

been scarce and are limited to a few numerical studies. Even so, the effects of different non-

dimensional parameters on the blade passage effects have not been established. Additionally,

the contribution of the unsteady effects during the blade crossover has not been determined.

A fundamental understanding of these flow physics is required to develop accurate prediction

tools. This will also be crucial for minimizing and/or modifying the CCR acoustic signatures.

As such, Aim 2 of this dissertation focuses on studying the fundamental flow physics behind

the blade crossover to augment our current understanding of the blade crossover effects. The

specific objectives followed for achieving this goal are presented as follows:
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Facility development and validation

1. Develop a hydrodynamic towing tank facility to measure loads and flowfield during the

blade crossover event.

2. Validate the efficacy of the facility by conducting baseline performance and flowfield

measurements for a single blade.

3. Compare the single-blade performance characteristics to existing literature.

Blade load characteristics during blade crossover

1. Establish the relevant non-dimensional parameters dictating the problem.

2. Conduct a parametric study to quantify the importance of the established non-dimensional

parameters.

3. Perform flowfield measurements to quantify the contributions of the unsteady effects.

1.5 Framework

The objectives of this research were pursued through experimental means involving the con-

struction of specialized facilities equipped with instrumentation for load and flowfield mea-

surements. A detailed description of these facilities can be found in Chapter 2. The validation

of the aerodynamic coaxial rotor thrust stand designed to achieve the first aim of this disser-

tation was presented in Chapter 3. Subsequently, Chapter 4 provided an in-depth discussion

on the performance study of counter-rotating coaxial rotors (CCR) in in-ground effect (IGE)

conditions using this thrust stand.

The dissertation’s focus then shifted toward achieving the second aim, for which a hydro-

dynamic towing tank facility was employed. Chapter 5 is dedicated to validating this towing

tank facility. Results and discussions related to blade crossover are extensively covered in

Chapter 6. Finally, the last chapter, Chapter 7, summarizes key conclusions drawn from this

dissertation, discusses their implications, and highlights directions for future work.

25



Chapter 2

Methodology

Aim 1 of this dissertation focuses on the performance characterization of counter-rotating coax-

ial rotor (CCR) in ground proximity. A static blade characterization rig and an aerodynamic

coaxial rotor thrust stand were developed to conduct this study. Aim 2 of this dissertation fo-

cused on studying blade-on-blade interactions during blade crossover. A hydrodynamic towing

tank facility was developed for Aim 2, and a control volume approach was used to analyze the

results. The details of these facilities and techniques are described in this chapter.

2.1 Static blade characterization rig

This rig was developed to characterize the static performance of the blades used in the CCR

performance study. The blade was untwisted with NACA0012 airfoil section, and the chord

length was 0.036 m. It was mounted between two transparent end plates, as shown in Fig. 2.1.

The distance between the end plate and the blade tip in the free end was maintained below

0.002m (≤ 0.05c) to avoid any tip effects. Two single-axis strain gauge-based loadcells with a

capacity of 10N were used to measure lift and drag forces simultaneously. The loadcell signal

was amplified using Tacuna amplifiers (EMBSGB200), and the data were acquired using an NI

USB-6341.

Flow visualization was also carried out at the wing mid-span. The images were cap-

tured using a 4MP (Vision Research VEO 640S) camera. The system was placed inside an

open circuit wind tunnel with 0.61m × 0.61m test section in the Aerodynamics Laboratory at

Auburn University. The wind tunnel was operated at the speed of 20m/s, which resulted in the

Reynolds number of Re = 46, 000. The speeds were limited to 20 m/s for the current study as
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the blades experienced structural vibrations when the airspeed was further increased inside the

test section. The air velocity inside the test section was calculated by measuring static pressures

at the wind tunnel settling chamber and the test section. Bernoulli’s equation was then used to

calculate the air velocity in the test section.

Figure 2.1: Schematic representation of the static blade characterization rig, a)Front view,
b)Top view

2.2 Aerodynamic coaxial rotor thrust stand

The aerodynamic coaxial rotor thrust stand was developed to be modular and easily config-

urable to transition between different multi-rotor configurations, as shown in Fig. 2.2. The

thrust stand was designed over a robust and rigid base frame and was reinforced with additional

struts to ensure high stability across different operational parameters. The continuous adjust-

ment of the axial (d) and lateral (dr) separation distance between the rotor centers was ensured

through vertical and horizontal t-slotted aluminum frames (Fig. 2.2b). The current full-scale,

operational coaxial rotorcrafts have axial separation distance between 0.1 ≤ d/R ≤ 0.2 ([6])

and the lateral separation distance (d) between the rotors for the full-scale operational side-by-

side rotor is dr/R ∼ 2.4 [65]. Thus, the current thrust stand is designed to be configured in this

range.

The thrust stand consisted of two identical rotors mounted at the end of a cantilevered t-

slotted framing. The cantilevered beam was further reinforced (Fig. 2.2a) to reduce the degrees

of freedom and avoid any vibration during operations. In addition, the rotors were placed
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Figure 2.2: Modular and reconfigurable multi-rotor thrust stand: a) isometric view, b) coaxial,
and c) tandem configurations. d and dr are axial and lateral separation distances between rotor
centers

on top of Sorbothane to dampen the rotor vibrations, primarily due to the natural frequency

resonance of the system, which was observed to be around 1000Hz. The three-bladed rotors

had a disc diameter of 0.79 m, a hub diameter of 0.105 m, and a root cutout of 0.133D. Each

rectangular blade had a chord length (c) of 0.036 m and a span b of 0.36 m with zero-twist

and a NACA0012 airfoil section. The specifications of the single rotor setup are summarized

in Table 2.1.

The rotor consisted of a three-point swashplate, which enabled both the rotor blades’ col-

lective and cyclic pitch control. The swashplate was controlled by three servo motors (torque

of 2.1 kg−cm at 4.8V ) through connecting rods, and signals to the servo motors were supplied

through ARDUINO MEGA interfaced with LabVIEW on a laptop computer. As the current

study is focused on the hover operating conditions, only the collective pitch was varied without

introducing a cyclic pitch. To calibrate and trim the servo motors, an empirical relationship

was developed between the angle input to the computer and the observed collective pitch of the

blades, shown in Fig.2.3a. After the calibration, the collective pitch angle for each blade was

measured using a digital pitch angle gauge with respect to the hub. The collective pitch angle
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Table 2.1: Specifications of a single rotor

Parameter Value Units

Rotor radius, R 0.395 m
Number of blades, Nb 3
Blade span, b 0.36 m
Blade chord, c 0.036 m
Rotor solidity, σ 0.087
Root cutout, 0.133D
Blade airfoil profile NACA0012

was measured at three azimuth angles of 120◦ apart for collective pitch angle input of 2◦, 4◦

and 6◦ and is summarized in Fig.2.3b, a maximum deviation of less than 0.2◦ was observed in

all the measurements across three different azimuthal angles.

Figure 2.3: Servo calibration curve and summary of collective output after the calibration

The operating thrust and torque conditions for the experiments in this thesis were achieved

by adjusting the collective pitch of each rotor using three servo motors. A digital pitch gauge

with a resolution of 0.1◦ was used to measure the collective pitch setting of each blade at static

conditions. The thrust and torque exerted by each rotor were measured simultaneously using a

combined thrust and torque load cell (FUTEK MBA500). The loadcells were factory calibrated

to Fz = 45N and Tz = 1.13N −m with an R2 ∼ 0.99. The calibrations were confirmed in the

laboratory settings as well.

The aerodynamic loads and RPM data were collected using LabVIEW software and an NI

USB-6341 acquisition device. Since the loadcell signals were in the millivolt range, they were

amplified using FUTEK amplifiers (IAA 200) before being connected to the analog input of

the NI USB-6341. The rotational speed of the rotors was measured using a Digiten Hall NPN

proximity sensor, which generates digital impulses when a magnet passes close by. A magnet
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was attached to the gearhead to capture these pulses, and the proximity sensor was placed just

below the gearhead on the rotor head. This setup provided digital signals with one pulse per

revolution resolution. The analog output from the proximity sensor was connected to the analog

input of the NI USB-6341, and the pulses were counted during post-processing to determine

the exact rotor rotating frequency. For a visual representation of the circuit diagram used in the

aerodynamic coaxial rotor thrust stand, please refer to Fig. 2.4.

Figure 2.4: Wiring diagram for the aerodynamic coaxial rotor thrust stand instrumentation.
Arrows represent the direction of the signals.

After acquiring the load and RPM measurements from LabVIEW, the data were post-

processed in MATLAB. The post-processing involved applying the calibration factor to the

raw data originally acquired in Volts. The data were then averaged over 40 seconds to remove

the temporal effects and analyze the steady-state rotor characteristics. For calculating the non-

dimensional rotor performance metrics (discussed in the later section), the tip Reynolds number

was calculated using the blade chord, and the rotor tip rotational speed as determined from the

RPM measurements.

2.3 Hydrodynamic towing tank facility

The experiments for the second aim of this dissertation were conducted in a hydrodynamic

towing tank facility with a 2.4× 0.6× 0.6 m dimension. The facility consisted of two identical
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linear actuators (actuation length – 1m) that were mechanically coupled and were driven by a

single AC servo motor (ECMA-C20807RS), as shown in Fig. 2.5. The AC servo motor was

controlled using a Delta servo motor controller (Delta ASD-B2-0721-B). The servo motor and

the controller were placed on a common ground to reduce electromagnetic interference on the

instrumentation.

The linear actuators were mechanically coupled using a bevel gear arrangement with a 1 :

1 gear ratio to achieve the opposite translation motion of the two blades at the same speed. The

blades were attached to the linear translation stage platform through an interface that housed

multi-axis loadcells for measuring the blade load (lift, drag, and pitching moment). The detailed

CAD drawing of the wing and the wing-loadcell adapter is shown in Fig. 2.5. The facility

had a bottom and a top plate at a separation distance equal to the blade span to avoid three-

dimensional and surface wave effects. To accommodate changing the spacing between the

blades, the top plate included multiple slots, each with a length of 1 m and width of 0.015 m.

Figure 2.5: CAD representation of the hydrodynamic towing tank facility.

The lift and drag were measured using a multi-axis force loadcell calibrated to 10N . Sim-

ilarly, the pitching moment was measured using a single-axis moment sensor calibrated to

0.12 N −m. These loadcells had a sensitivity of 0.2 mV/V . The loadcells were connected to

Tacuna EMBSGB200 amplifiers, which filtered, amplified, and converted the millivolt signal
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into (0 − 5) V output range. In addition to measuring the loads experienced by the blades,

the position of the wing was also measured. This was achieved through an encoder that was

embedded in the servo motor. The encoder had a resolution of 17 bits, which provided 131,072

discrete positions per revolution. However, the signal from this encoder had high-frequency

noise due to electromagnetic interference. Thus, the data wes filtered using a first-order low-

pass filter.

An additional limit switch was also placed at the cross-over location to confirm further

and quantify the exact location of the cross-over between the two wing sections. The cross-

over location was defined as where the wing’s quarter-chord location was aligned perpendicular

to the translation direction. The loadcell and encoder data were acquired through analog and

digital modules attached to a cDAQ-9174 chassis. The loadcell data was acquired through an

NI-9239 analog input module, while the encoder data was acquired through an NI-9401 digital

module. The schematic representation of the wiring diagram for the instrumentation of this

hydrodynamic towing tank facility is summarized in Fig. 2.6.

Figure 2.6: Wiring diagram for the hydrodynamic towing tank facility instrumentation. Arrows
represent the direction of the signals.

The servo drive’s speed control mode controlled the translation stage with analog com-

mand input. The desired motion profile was expressed as a waveform in the (±10) V voltage
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range, which was generated using a NI-9269 analog output module. The servo drive translated

the instantaneous voltage to a speed command and adjusted the motor’s speed through a closed

control loop. A sinusoidal velocity profile was fed into the drive to validate the system’s ability

to replicate the intended motion. The actual velocity of the translation stage was measured

using the motor’s encoder. Fig. 2.7 compares the input and actual velocity profiles. The results

affirm a close match between the two velocity profiles, showcasing the system’s capability to

faithfully realize the desired motion profile using the analog speed control mode.

Figure 2.7: Sinusoidal velocity profile fed into the servo motor drive.

The data obtained from the loadcells and the encoder underwent post-processing using

MATLAB. The first step involved applying calibration to the raw data initially acquired in

Volts. Subsequently, phase averaging and filtering were performed on the data. These processes

were particularly important for the current setup due to significant noise in the loadcell readings

caused by inherent system vibrations. These vibrations could be attributed to various sources

such as the motor, bevel gear, the translation belt in the linear actuator, or a combination of

these factors.

The noise from vibrations was most noticeable at lower angles of attack, primarily because

of the lower signal-to-noise ratio in these conditions. Fortunately, the vibrations typically oc-

curred at higher frequencies (> 50Hz) than the frequencies of interest (< 30Hz). A digital

low-pass filter with a cutoff frequency of less than 30 Hz and zero phase lag was applied to all
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the data obtained from the experimental setup to address this issue. This application of the low-

pass filter effectively improved the signal-to-noise ratio and produced meaningful and reliable

results.

2.4 Performance metrics

The lift, drag, and moment of the wings are presented in non-dimensional form as the lift

coefficient (CL), drag coefficient (CD), and coefficient of moment (CM ) given by

CL =
L

0.5ρ(v)2Ab
CD =

D

0.5ρ(v)2Ab
CM =

M

0.5ρ(v)2Abc
(2.1)

where, ρ in the fluid density, v in the freestream velocity, Ab is the blade area, and c is the blade

chord length.

The thrust and torque data for the individual rotors and the CCR as a whole are presented

in non-dimensional form as thrust coefficient (CT ) and torque coefficient (CQ) given by

CT =
T

ρ(ΩR)2Ad
CQ =

Q

ρ(ΩR)2RAd
(2.2)

where, ρ is the density of air, Ω is the rotation rate of the rotors, R is the rotor disk radius, Ad

is the rotor disk area given by πR2. The performance of the individual rotors was quantified

using the figure of merit (FM ), which represents the ratio of actual power (torque) to the ideal

induced power, as given by the following expression

FM =
(CT )3/2√

2CQ
(2.3)

where the CT and CQ are the thrust and torque coefficients for the specific individual rotors.

The performance of the whole CCR system was quantified using a modified definition of figure

of merit (FMCCR) as suggested by Leishman [36], given below

FMCCR =
(CTu

3/2 + CTl
3/2)√

2(CQu + CQl
)

(2.4)
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where CTu , CQu , CTl , and CQl
are the thrust and torque coefficients of the upper and lower

rotor, respectively.

2.5 Flow diagnostics

In the current research, flow measurements were a crucial aspect of both the aerodynamic

coaxial rotor thrust stand and the hydrodynamic towing tank facility studies. Planar Particle

Image Velocimetry (PIV) was employed for time-resolved flow measurements. A dual-head

Nd: YLF laser with a wavelength of 527nm and an energy output of 30mJ per pulse at 1kHz

was used to achieve proper illumination for PIV. High-speed cameras of the VEO 640L series,

capable of capturing images at 1400 frames per second (fps) with a resolution of 2560× 1600

pixels, were employed to record the flowfield images. A fixed focal length lens with a 50mm

focal length and an aperture setting of f/1.8 was utilized for the cameras. Data acquisition for

PIV was performed using DaVis software provided by LaVision Inc., and precise timing control

was achieved through a Programmable Timing Unit (PTU X) also provided by LaVision Inc.

For synchronization, external triggers from NI-DAQ devices were used to initiate data

acquisition via the PTU X. The wiring diagram for PIV, depicting the setup used for synchro-

nization, is illustrated in Fig. 2.8. Additionally, the current research accounted for the uncer-

tainties associated with the flow measurements conducted using PIV. These uncertainties were

evaluated for experiments conducted in both the aerodynamic coaxial rotor thrust stand and

the hydrodynamic towing tank facility. The method employed for uncertainty quantification

followed the approach described by Weineke [66].

In this technique, the uncertainty is proportional to the residual positional disparity be-

tween the matched correlation peaks, and it’s a standard feature within the DaVis software.

Weineke [66] argued that various error sources, such as particle image size and shape, camera

noise, seeding density, illumination intensity variation, particle motion, and image interroga-

tion, are encoded in the images themselves, and quantifying these sources provides insight

into the associated uncertainties. However, it’s important to note that the method proposed by

Weineke [66, 67] doesn’t account for uncertainties linked to tracer particle response, perspec-

tive errors, and calibration errors. As such, the current research also evaluated these errors for
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each experimental condition to provide a comprehensive assessment of measurement uncer-

tainties.

Figure 2.8: Wiring diagram for the particle image velocimetry system. Arrows represent the
direction of the signals.

2.5.1 Aerodynamic coaxial rotor thrust stand

The flow measurements here were carried out in air with smoke particles used as a seeding

material. The size of the particles varied between 2 − 10 µm. The particle Stokes number

was quantified to determine the potential lead/lag error in the measurements due to the current

particle size. First, the relaxation time (τp) for the maximum particle size was determined.

The particle relaxation time provides a measure for the settling time of the particle to a sudden

change in the fluid medium. The relaxation time is given as:

τp =
dp

2(ρp − ρf )
18µf

(2.5)

where dp is the maximum particle size considered, i.e., 10 µm, ρp is the particle density, i.e.,

1000 kg/m3, ρf is the fluid density, i.e., 1 kg/m3, and µf is the dynamic viscosity of air,

i.e., 1.81e − 5kg/(m.s). The particle relaxation time was calculated to be τp = 0.0005s.

The characteristic time scale for the particle in the velocity field has been determined to be
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τflow = 0.037s from the measured velocity field. The particle Stokes number is then given as:

Sk =
τp
τflow

(2.6)

The particle Stokes number was calculated to be Sk = 0.013, much less than the recom-

mended limit for negligible lead/lag error, i.e., S ≤ 0.05 [68]. This calculation suggests that

these measurements’ lead/lag error is minimal.

Another potential source of error is peak locking. This occurs when the particle image

is small compared to the pixel size, i.e., a particle image covering less than one pixel. In

this scenario, the particle displacement biases towards an integer value and results in either

underestimation or overestimation of the particle displacement [69]. The occurrence of errors

due to peak locking was also checked by monitoring the probability distribution of the pixel

shift. No biasing was observed in the histogram, suggesting the peak locking did not occur for

the current measurements.

The near wake flowfield was measured using planar PIV with the 4MP (Vision Research

VEO 640S with 1400 fps) camera viewing approximately (0.45×0.28)m, i.e., (1.12R×0.7R)

of the field of view. Two thousand image pairs were acquired in frame-straddled mode at14 the

rate of 700Hz with an optimized time difference (δt) between the frames for each experiment.

A standard calibration plate provided by LaVision was used to calibrate the field of view. The

resulting reprojection error for the calibration process was < 0.4 pixel for all the experimental

acquisitions.

The raw PIV images were acquired and processed using DaVis 10.0.3. Image processing

included background noise reduction by subtracting the sliding average from the raw image.

The velocity fields were then obtained by processing the images using the multi-grid, multi-

pass cross-correlation technique with an initial and final interrogation window of size 64 ×

64 pixels and 32 × 32 pixels, respectively, each with an overlap of 14%. The vector fields

were post-processed to remove spurious vectors, which were then stitched together to obtain

the final flowfield with a 1.19mm (0.0015D) vector spacing resolution. The uncertainties in

the velocity measurements were quantified using the correlation statistics method [66]. The
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resulting uncertainty in the velocity across the flowfield for all cases was ≤ 1% of the average

velocity in the flow field.

2.5.2 Hydrodynamic towing tank facility

The blade flowfield was measured using time-resolved particle image velocimetry (PIV). The

laser sheet was located mid-span of the blade and was parallel to the translation direction. The

cameras were placed below the towing tank, as shown in Fig. 2.5. VEO 640L high-speed cam-

eras, which can capture the images at 1400 fps at 2560× 1600 pixels, were used to capture the

flowfield images. These cameras were placed side-by-side to maximize the field of view (FOV).

Each camera covered a FOV of (10.4× 6.5)c, and with an overlap of 14% between the FOV of

the two cameras, the resultant FOV was (18.2 × 6.5)c. The calibration for PIV measurements

was carried out simultaneously for both cameras with the same calibration plate that covered

the entire field of view. Each case’s magnification and calibration factors were around 0.068

and 6.85 pixel/mm, respectively. The reprojection error for the calibration process using the

custom calibration plate was ≤ 0.4 pixel for all the cases.

The current study used polyamide spheres with a mean particle diameter of 55 µm as

seeding particles. The relaxation time (τp) for these particles in water was calculated to be

τp = 0.43s using Eq. 2.5. Similarly, the time scale of the fluid was determined to be τflow =

12s by evaluating the flowfield. The particle Stokes number then comes out to be Stk =

0.035, less than the recommended value of Sk ≤ 0.05. This confirms that the lead/lag error

did not exist in the current measurements. The occurrence of errors due to peak locking was

also checked by monitoring the probability distribution of the pixel shift. No biasing was

observed in the histogram, suggesting the peak locking did not occur for the measurements in

the hydrodynamic towing tank.

The raw PIV images were acquired and processed using DaVis 10.2. The flowfield data

was acquired at 400 Hz in time-series mode. The velocity fields were then obtained by pro-

cessing the images using the multi-grid, multi-pass sliding sum-of-correlation cross-correlation

technique with an initial and final interrogation window of size 64×64 pixels and 24×24 pixels,

respectively, each with an overlap of 50%. The filter length for the sliding sum-of-correlation
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was set to 4. The vector fields were post-processed to remove spurious vectors, which were

then stitched together to obtain the final flowfield with a 1.75 mm (0.048 c) vector spacing res-

olution. The uncertainties in the velocity measurements were quantified using the correlation

statistics method [66]. The resulting uncertainty in the velocity across the flowfield for all cases

was observed to be ≤ 1% of the average velocity in the flow field.

2.6 Control volume analysis

The contributions of the non-circulatory and circulatory effects on a body submerged in a fluid

medium can be determined by evaluating the temporal and convective acceleration terms in the

Navier-Stokes equation. A control volume (CV) (refer to Fig. 2.9) approach has been used to

extract blade load from the velocity field obtained from the PIV measurements. The total force

acting on a body(FB = FB1 +FB2) immersed in an incompressible flow is given by the integral

form of the N-S equation:

Figure 2.9: Graphical representation of the control volume approach to analyze load on a body
submerged in a fluid medium.

FB︸︷︷︸
Load cell

= −ρ
∫∫∫

A

∂

∂t
(u)d

A

︸ ︷︷ ︸
Temporal acceleration

−
∫∫

∑ u(u · n) dS︸ ︷︷ ︸
Convective acceleration

−
∫∫

∑(pn)ds+

∫∫
∑(¯̄τ · n)ds (2.7)

where p is the pressure, τ is the surface shear stress, u is the velocity, and n is the normal vector

to the control surfaces. The inertial and pressure term in the above equation from the PIV data

can be evaluated through the derivative moment transformation (DMT) formulation, which
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transforms these components to the surface integral of the spatial derivatives of the velocity

along the control surface (
∑

). The DMT formulation has been used in multiple studies to

evaluate the unsteady forces experienced by a single body undergoing an unsteady motion

when immersed in an incompressible fluid [70, 71]. From the DMT formulation and Leibniz

integral theorem, the first term can be transformed as:

ρ

∫∫∫

A

∂

∂t
(u)d

A

= ρ
∂

∂t

(
��

���
���

��:0∫∫∫

Ax(∇ · u) d

A

+

∫∫
∑ x(u · n)ds

)
(2.8)

where, x is the position vector measured from any fixed origin. Similarly, the pressure term

in Equation 2.7 can be replaced by the acceleration term using the DMT identity and the local

momentum balance, which are given below:∫∫
∑(pn)dS = − 1

n− 1

∫∫
∑ x× (n×∇p)dS, ∇p = −ρa− µ∇× ω (2.9)

where, n is the spatial dimension and ω in the vorticity. Now, Equation 2.7 can be written as:

FB︸︷︷︸
Load cell

= −ρ ∂
∂t

∫∫
∑(x)(u · n)dS︸ ︷︷ ︸

Temporal acceleration

−
∫∫

∑ u(u · n) dS︸ ︷︷ ︸
Convective acceleration

+

1

n− 1

∫∫
∑ x× (n× (−ρa− µ∇× ω))ds+

∫∫
∑(¯̄τ · n)ds

(2.10)

Here, all the components on the right-hand side have been expressed in terms of the surface

integral of the spatial derivatives of the velocity along the control surface. This allows us to

evaluate the contribution of temporal and convective components on the blade airload from the

PIV measurements.
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Chapter 3

Characterization of the aerodynamic coaxial rotor thrust stand

The coaxial rotor thrust stand utilized modified rotors originally sourced from a commercially

available unmanned aerial vehicle, the Blade 360. These rotors were equipped with symmetric

airfoil profile section blades. On the thrust stand, these rotors were outfitted with instrumenta-

tion to measure critical operational parameters, including rotational speed, thrust, and torque.

To initiate the research process, it was imperative first to evaluate and compare the perfor-

mance characteristics of the commercially available symmetric blade and the modified rotors.

This comparative analysis was essential to ensure the system could conduct rigorous scientific

investigations in line with established literature. Moreover, assessing and recording the flow-

field characteristics near the rotor was necessary. This step was crucial to establish the thrust

stand’s competence for executing scientific inquiries effectively. This chapter presents the re-

sults from the performance and flowfield measurements to validate the aerodynamic coaxial

rotor thrust stand.

3.1 Objectives

The objectives of this study are summarized below:

1. To characterize the static performance of the blades used in the aerodynamic coaxial rotor

thrust stand rotors and compare with the literature.

2. To measure the performance and flowfield behavior of the rotor in the single rotor and

CCR configuration and compare with the literature.
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3.2 Approach

The static blade characteristics were investigated using the static blade characterization rig, the

development of which is detailed in Section 2.1. This involved measuring the blade coefficient

of lift (CL) and coefficient of drag (CD) variation with changes in the blade’s angle of attack.

The data was then compared with existing literature for validation. Similarly, the performance

of the individual rotors was methodically assessed within the aerodynamic coaxial rotor thrust

stand, the specifics of which can be found in Section 2.2. Key performance metrics such as the

rotor coefficient of thrust (CT ), coefficient of torque (CQ), and figure of merit (FM ), as outlined

in Section 2.4, were employed for rotor characterization. These metrics were subsequently

compared with data available in relevant literature. Moreover, the performance characteristics

of the CCR were measured under varying rotor spacings, with findings compared to previous

research conducted by Ramasamy [6]. The time-averaged flowfield characteristics in the CCR

near wake were also analyzed. The flow field measurements were carried out in thrust-matched

conditions to isolate the effects of rotor spacing in the near wake characteristics.

3.3 Operating conditions

This section describes the operating conditions for the performance and flowfield measurement

of CCR under out-of-ground conditions (OGE).

3.3.1 Performance measurements

The aerodynamic characteristics (lift and drag) of the blades used in the rotor were measured

at an angle of attack (AOA) ranging from 0◦ to 12◦ for Reynolds number of 46,000 with an

increment of 2◦ (Table 3.1). Smoke flow visualization was also carried out to substantiate the

observations from the airload measurements. The out-of-ground (OGE) hover performance of

each rotor currently used in the aerodynamic coaxial rotor thrust stand was characterized in

single rotor configuration for three different Retip of 64000, 84000, and 98000 corresponding

to RPMs of 650, 850, and 1000 respectively. The blade collective pitch was varied from 0◦ to

12◦ at an increment of 2◦ (Table 3.1).
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Table 3.1: Experimental matrix for validation of the aerodynamic coaxial rotor thrust stand

Measurements Test α or θ◦ Retip d/R

Performance
Static blade α = (0◦ − 12◦) 46000 -

Single rotor θ◦ = (0◦ − 12◦)
64000,

84000, 98000 -

CCR θ◦ (Upper rotor) = 6◦, 10◦
64000,

84000, 98000
0.52, 0.42,

0.32, 0.23, 0.14

Flowfield
Single rotor

(CT = 0.006) - 64000

Thrust-matched CCR
((CT )CCR = 0.012) - 64000 0.352, 0.24, 0.14

After the characterization of the single rotor, the OGE hover characteristics of counter-

rotating coaxial rotor (CCR) were studied at different axial separation distances of d/R =

0.52, 0.42, 0.32, 0.23, 0.14. The non-dimensional axial separation distance of d/R = 0.14 cor-

responds to the current full-scale operational coaxial rotor helicopter spacing. The Reynolds

number effect was studied by varying the tip Reynolds number as Re = 64000, 84000, and

98000. The experiments for these spacings and Reynolds number were carried out for high and

low thrust settings by adjusting the rotor collective. Torque-matched trim condition at the same

RPM was imposed for the CCR study, and the trim condition was achieved by setting the upper

rotor collective pitch constant and changing that of the lower rotor to match the torque. The

operating conditions for this study are summarized in Table 3.1. The thrust and torque were

acquired at the rate of 1KHz using a USB-6341 data acquisition device through LabVIEW

software for all cases. Data were taken and averaged for over 40 seconds for a time-averaged

study.

3.3.2 Flowfield measurements

The near wake flowfield was studied using PIV in thrust-matched trim condition at tip Reynolds

number (Retip)∼ 64,000. Each rotor was operated at a thrust coefficient (CT) of 0.006 within a

5% uncertainty between the rotors for all cases. For comparison, single-rotor experiments were

also carried out with the single rotor’s thrust coefficient matched that of the individual rotors in

CCR, i.e., CT = 0.006. The operating conditions for this study are summarized in Table 3.1. It
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should be noted that the CCR, in reality, operates in thrust-offset, torque-matched conditions for

yaw trimming. However, the difference in thrust between the upper and lower rotor results in

varying inflow distribution and tip vortex strengths. Matching the thrust between the upper and

lower rotor ensured the production of tip vortices with equal strength. The thrust-matched trim

condition also allows for comparing the inflow distribution with the single rotor. Any difference

in the inflow can then be attributed to the interactional effects in CCR configuration. For these

studies, the axial separation distance between the rotors was set at d/R = 0.352, 0.24, 0.14.

The lower rotor was taken as a reference plane while changing the rotor spacing.

The near wake flowfield was measured using planar PIV with the 4MP (Vision Research

VEO 640S with 1400 fps) camera viewing approximately (0.45×0.28)m, i.e., (1.12R×0.7R)

of the field of view. As shown in Fig. 3.1, the field of view was kept constant for all the cases.

A Photonics dual head laser (527 nm wavelength with pulse energy of 30mJ/pulse at 1kHz)

operating in peer mode was used to produce the laser sheet by combining a collimator and

cylindrical lenses. A total of 2000 images were acquired at 700Hz, and the time difference (δt)

between the pulses was optimized for each case. A standard calibration plate provided by

LaVision was used to calibrate the field of view, and the images were processed in DaVis 10

software, also provided by LaVision.

Figure 3.1: Hypothesized flowfield for coaxial rotor configuration in hover.
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3.4 Results and Discussion

First, the results from the static blade characterization study are discussed. Then, the time-

averaged performance characteristics of the rotors are presented, followed by the unsteady

airload rotor characteristics.

3.4.1 Static blade performance characterization

The static blade performance characterization results are summarized in Fig. 3.2. From the

figure, the lift produced by the blade was observed to follow the thin airfoil theory lift-curve

slope, with blade stall marked at a nominally lower angle of attack of 7.5◦. Flow visualization

at an AOA of 5◦, (Fig. 3.2a) showed no signs of separation, with the smoke trail observed

to follow the airfoil curvature. At an AOA of 7.5◦, (Fig. 3.2b), the separation was close to

the leading edge, and at an AOA of 10◦, (Fig. 3.2c), the flow was separated which further

confirmed the airload measurements.

The findings from this study were also compared with a similar investigation conducted by

Wang [72]. Wang’s research examined NACA0012 airfoil sectioned blades at a low Reynolds

number of 20,000. In Wang’s study, the blades were observed to stall at approximately 13◦ with

a maximum coefficient of lift (CL) of 0.95. In contrast, the blades used in this study exhibited

stalling at a lower angle of attack and achieved a lower CLmax value. This divergence in results

is likely attributed to variations in the freestream turbulence intensity, with Wang [72] reporting

a higher value of 0.6%, whereas measurements in the wind tunnel at Auburn University yielded

turbulence intensities in the range of 0.1-0.2%. Furthermore, the drag coefficient obtained in

the current research was marginally lower when compared to Wang [72]. Specifically, Wang

reported a drag coefficient of around 0.15 at 10◦ for a Reynolds number of 20,000. At the

same time, the measurements conducted in this study indicated a value of 0.12 for a Reynolds

number of 46,000 at the same angle of attack.

45



Figure 3.2: Performance characterization of the blade in static condition, Flow visualization
for (a) α = 5◦, (b) α = 7.5◦, (c) α = 10◦, (d)Variation of lift coefficient, CL with an angle of
attack, α, (e)Variation of drag coefficient, CD with an angle of attack, α.

3.4.2 Single rotor performance characteristics

As the rotor blades consisted of NACA0012 symmetric airfoil, both the rotors produced zero

thrusts at 0◦ collective pitch ( see Fig. 3.3). The torque at zero thrusts corresponds to the rotor

profile power. The torque loading (CQ/σ) at zero thrusts was observed to be slightly higher for

Retip of 64000 when compared to the higher Retip of 84000 and 98000. The higher viscous

induced profile drag at low speed (low Reynolds number) could be attributed to the observed

variation in the torque loading.

The performance of the individual upper and lower rotors was evaluated using the Figure

of Merit (FM) to assess their hover capabilities. A comparative analysis of the two rotors’

performance is presented in Fig. 3.4. It was observed that the upper rotor’s performance closely

resembled that of the lower rotor across all Reynolds numbers tested. Furthermore, both the

upper and lower rotors exhibited stalling behavior at angles of attack ranging from 8◦ to 10◦
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Figure 3.3: Performance characterization of the upper and lower rotor in single rotor configu-
ration, CT vs. CQ, (a) Retip 64000, (b)Retip 84000, (c) Retip 98000

Figure 3.4: Performance characterization of the upper and lower rotor in single rotor con-
figuration, CT vs. FM , compared with Bohorquez [10] at Retip 27000 (a) Retip 64000,
(b)Retip 84000, (c) Retip 98000

across all Reynolds number cases. These results confirm the identical nature of the two rotors

used in the aerodynamic coaxial rotor thrust stand.

The obtained performance curves were also compared to data reported by Bohorquez [10],

where a double-bladed rotor with NACA0012 airfoil profiles was employed. Bohorquez’s study

showed that the maximum FM reached approximately 0.36 at a tip Reynolds number of 27000,

as depicted in Fig. 3.4. In contrast, the maximum FM observed in the present study at the
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lowest Reynolds number, most similar to Bohorquez’s conditions, was around 0.3. At higher

Reynolds numbers (with tip Reynolds numbers of 84000 and 98000), the maximum FM did

increase to approximately 0.34 but remained lower than Bohorquez’s findings.

The disparity in the number of blades used in the two studies (2 blades in the current

study vs. 3 blades in Bohorquez’s study) could contribute to the observed differences in the

maximum FM. The additional blade in the present study introduced added profile drag, re-

ducing rotor efficiency. After assessing the performance of each independent rotor in out-of-

ground (OGE) hover conditions, further investigations were conducted to analyze their per-

formance in a counter-rotating coaxial rotor configuration. The study explored the effects of

varying axial separation distance, Reynolds number, and thrust conditions and compared the

results with existing literature.

3.4.3 Time-averaged coaxial rotor performance characteristics

The effects of axial separation distance and tip Reynolds number on the performance of counter-

rotating coaxial rotors were studied at two different thrust conditions. The collective pitch of

the upper rotor was fixed at 10◦ for the higher thrust setting and was set at 6◦ for the lower thrust

setting. The collective of the lower rotor was adjusted to achieve torque matching between the

two rotors. The thrust and torque data were measured at the rate of 1kHz and averaged over 40

seconds for this time-averaged study.

Performance characterization of the rotor at low thrust settings

The upper rotor was set at a collective pitch of 6◦, corresponding to the average CT of 0.0038 at

a single rotor configuration. The axial separation distance was changed from d/R = (0.52R−

0.14R) at three Retip of 64000, 84000, and 98000. The results are summarized in Fig. 3.5 and

Fig. 3.6, which illustrate the variation of thrust loading coefficient and figure of merit for the

CCR as a function of axial separation distance (d/R).

The impact of reducing the axial separation distance on rotor performance was investi-

gated across various Reynolds number cases, revealing highly non-linear changes, as illustrated

in Figure 3.6. As the rotor spacing was reduced from d/R = 0.52 to d/R = 0.32, the lower

48



Figure 3.5: Variation of thrust coefficient, CT with respect to axial separation distance at low
thrust settings, (a) Retip 64000, (b)Retip 84000, (c) Retip 98000

rotor’s performance exhibited a notable increase, with gains of 19.9%, 9.5%, and 8% observed

for Retip values of 64000, 84000, and 98000, respectively. Conversely, when the rotor spacing

was further reduced from d/R = 0.32 to d/R = 0.14, the lower rotor’s performance experi-

enced declines of 6%, 4.2%, and 3.4% for Retip = 64000, 84000, and 98000, respectively. In

summary, the overall performance of the lower rotor was enhanced as the spacing was reduced

from d/R = 0.52 to d/R = 0.14, resulting in performance increases of 16%, 5%, and 4.7% for

Retip values of 64000, 84000, and 98000, respectively.

For the upper rotor, a decreasing trend in the performance was observed with the decrease

in the axial separation distance for all Retip. This suggests an increasing effect of the lower

rotor on the upper rotor, which is consistent with the observations made by Ramasamy [6]. The

upper rotor performance initially increased by 5.7% for Retip of 84000 and by 3.7% for Retip

of 98000 but remained almost identical for Retip of 64000 when the rotor spacing was reduced

from d/R = 0.52 to d/R = 0.432. The upper rotor’s performance decreased when spacing was

below 0.864R for all Retip. The upper rotor’s overall performance reduced with a decreased

axial separation distance from d/R = 0.52 to d/R = 0.14. The reduction in FM was measured

to be 23%, 16.5%, and 12.5% for Retip = 64000, 84000, and 98000, respectively.
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Figure 3.6: Variation of Figure of Merit, FM with respect to axial separation distance at low
thrust settings, (a) Retip 64000, (b)Retip 84000, (c) Retip 98000

Figure 3.7: Change in torque coefficient of the upper rotor with respect to axial separation
distance, (a)At low thrust conditions with a collective pitch of upper rotor at 6◦, (b)At high
thrust conditions with a collective pitch of upper rotor at 10◦.

Blade Element Momentum Theory (BEMT) was used by Ramasamy [6] to explain the

increasing and decreasing trend of the lower and upper rotor performance, respectively, with

decreasing axial separation distance. The BEMT assumes that each blade section acts as a

quasi-2D airfoil to produce sectional aerodynamic forces and moments [73]. The schematic
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representation of the sectional blade profile with the incident velocities and associated flow

angles are shown in Fig. 1.8 where U is the resultant velocity at the blade element, φ is the

inflow angle and, dL and dD are lift and drag per unit span. U is given as:

U =
√
UT

2 + UP
2 (3.1)

where UT is the velocity component tangential to the tip path plane due to blade rotation and

UP is the velocity component normal to the tip path plane due to induced inflow. φ is given as:

α = θ◦ − φ where φ = tan−1
(
UP
UT

)
≈ UP
UT

for small angle (3.2)

The effective angle of attack, α, then defines the sectional lift and drag force as

dL =
1

2
ρU2cCl(α)dy dD =

1

2
ρU2cCd(α)dy (3.3)

With reducing axial separation distance, the lower rotor induces higher inflow (UP ) on

the upper rotor, which reduces the effective angle of attack of the upper rotor (α). Thus, the

upper rotor lift (and hence, upper rotor thrust) decreases, and the induced upper rotor torque

increases for a fixed collective pitch (θ◦)—the reduction in the upper rotor thrust results in

reduced downwash velocity. The decrease in the downwash velocity implies that the induced

angle of the lower rotor is reduced, and the effective angle of attack increases. As such, the

lower rotor thrust increases with reduced induced torque for a fixed collective pitch.

The non-linear variations in upper rotor torque at different rotor spacings, as depicted in

Fig. 3.7a, provide valuable insights into the rotor performance. Initially, there is an increase

in torque from a spacing of d/R = 0.52 to d/R = 0.432, consistent with Blade Element

Momentum Theory (BEMT). However, as the axial separation distance falls below d/R =

0.432, a decrease in torque exerted by the upper rotor is observed. This intriguing behavior

can be attributed to the torque-matched trim condition established between the upper and lower

rotors in this study. To achieve this trim condition, the collective pitch of the upper rotor

was set as a constant, and the collective pitch of the lower rotor was adjusted to match the
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torque with that of the upper rotor. Consequently, as the rotor spacing decreased, the collective

pitch of the lower rotor was reduced to minimize the induced inflow on the upper rotor, as

evidenced in Fig. 3.5a, b, and c, where the lower rotor’s thrust decreased within the spacing

range of d/R = 0.23 to d/R = 0.14. As the lower rotor’s collective pitch (and, by extension,

its thrust) decreased, the induced inflow on the upper rotor also decreased, ultimately leading

to the observed torque reduction in the upper rotor as the axial separation distance decreased.

This complex interplay between rotor spacing, collective pitch adjustments, and induced inflow

highlights the intricate dynamics of coaxial rotor systems.

Performance characterization of the rotor at high thrust settings

The upper rotor was set at a collective pitch of 10◦, corresponding to the average CT of 0.0068

at single rotor configuration for the three givenRetip. The collective pitch of the lower rotor was

varied to match the torque between the two rotors. The spacing was changed from d/R = 0.52

to d/R = 0.14, and the results are summarized in CT vs. CQ plots in Fig. 3.8 and CT vs. FM

plots in Fig. 3.9. Like the low thrust conditions, the upper rotor performance decreased while

the lower rotor increased with reducing axial separation distance.

Figure 3.8: Variation of thrust coefficient, CT with respect to axial separation distance at high
thrust settings, (a) Retip 64000, (b)Retip 84000, (c) Retip 98000
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For the case with Retip = 64, 000, changing the axial separation distance from d/R =

0.52 to d/R = 0.32 increased the performance of the lower rotor. Subsequently, a decrease

in performance was observed for the spacing of 0.23R, followed by another increase for the

spacing of d/R = 0.14. Conversely, a similar but mirrored trend was observed for the upper

rotor at this thrust setting and Retip = 64000. In contrast, the lower rotor’s performance

increased for higher Retip values of 84000 and 98000, while that of the upper rotor gradually

decreased as the axial separation distance was reduced. Specifically, the figure of merit (FM)

for the lower rotor decreased by 8.4% for the case with Retip = 84000 and by 4.3% for the

case with Retip = 98000 when the spacing was reduced from d/R = 0.52 to d/R = 0.14.

Furthermore, the performance trend observed for the lower rotor exhibited more similarities

between the cases with Retip values of 84,000 and 98,000 compared to that of the Retip =

64000 case. This result is consistent with the observation made for low thrust setting.

Figure 3.9: Variation of Figure of Merit, FM with respect to axial separation distance at high
thrust settings, (a) Retip 64000, (b)Retip 84000, (c) Retip 98000

The performance of the upper rotor exhibited a consistent gradual decrease in FM when

the rotor spacing was reduced, for Retip values of 84000 and 98000. This trend was more

pronounced and similar between the cases with Retip of 84000 and 98000 compared to that

with Retip = 64, 000. Specifically, a reduction in FM of 6% and 4.4% was observed for

the upper rotor for cases with Retip of 84000 and 98000, respectively, when the spacing was

decreased from d/R = 0.52 to d/R = 0.14.
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Notably, for low thrust conditions, the FM exhibited a slight increase for the upper rotor

within the spacing range of d/R = 0.52 to d/R = 0.432, a trend not observed for higher

thrust settings. However, the variation in torque (CQ) with respect to axial separation distance

for higher thrust conditions suggested that the upper rotor’s torque followed a trend similar to

that of low thrust conditions. Initially, the torque increased for spacing from d/R = 0.52 to

d/R = 0.432 and gradually decreased with a further reduction in axial separation distance.

This behavior is attributed to the imposed torque-matched trim condition, as discussed in the

previous section.

3.4.4 Time-averaged flowfield study

After the performance characterization of the rotors, the time-averaged and temporal charac-

teristics of the CCR and single rotor were characterized. The single and CCR flowfields were

averaged over 30 rotor revolutions for the time average study. Fig. 3.10a shows the time av-

erage flowfield for the CCR with rotor spacing of d/R = 0.14. The radial and axial distances

were normalized using the rotor diameter (D), and the velocities were normalized using the

hover-induced velocity calculated for CT of 0.006, which is given by:

Vh = DΩ

√
CT
8

(3.4)

The rotor rotational axis of the lower rotor was taken as the reference center for normalizing the

distances. The black solid line in Fig. 3.10a represents the two rotor planes. The time-averaged

inflow was extracted from the time-averaged velocity field to study the effect of rotor spacing

on the inflow velocity. The velocity distribution was studied at the axial location of 0.02D

below the rotor plane for both the upper and lower rotor, represented by the red dashed line in

Fig. 3.10a. The inflow velocities below the upper and lower rotor are illustrated in Fig. 3.10b

& c. The inflow distribution below the rotor plane for the single rotor, as seen in Fig. 3.10b,

exhibits triangular distribution with axial velocity increasing with the radial distance. A similar

observation for the inflow distribution was made by Shukla [30] in his studies of multi-rotors

operating at low Reynolds numbers. The axial velocity was observed to quickly reduce to zero
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near the tip due to the tip effects. The inflow velocity distribution observed in the current study

is atypical to the sectional blade loading distribution for untwisted blade geometry ([74]).

Figure 3.10: a. Time-averaged velocity field for coaxial rotor with rotor spacing d/R = 0.14,
b. Inflow velocity for the upper rotor, c. Inflow velocity for the lower rotor.

Upper rotor inflow: The inflow velocity distribution for the upper rotor at different rotor

spacings was compared with that of the single rotor as illustrated in Fig. 3.10b. Although

the magnitude of the peak axial velocities was observed to be different for single and coaxial

rotor configurations, the variation in the overall inflow (integrated over the span of the blade)

was quantified (and summarized in Table 3.2) to understand the effects of the lower rotor on

the upper rotor. The overall inflow for a single rotor had the lowest value when compared to

any of the coaxial rotor configurations, with overall inflow increasing by 13% for larger rotor

spacing (0.176D and 0.12D) and by 20% for smaller rotor spacing (0.07D). It is to be noted

that both rotors were operating in thrust-matched conditions (CT = 0.006). Thus, it would be

expected that the sectional integration of the inflow velocity for all the cases is equal as given

by the Blade Element Momentum Theory (BEMT) for a single rotor (Johnson [74]) given by

the Eq. 3.5 below:

CTBEMT
=

∫
4Fλ(r)2rdr (3.5)
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Table 3.2: Radial integration of the inflow velocity for the upper rotor

Rotor configuration Integrated inflow

Single -0.3096
Coaxial, d/R = 0.352 -0.3570
Coaxial, d/R = 0.24 -0.3554
Coaxial, d/R = 0.14 -0.389

where F is the Prandtl tip-loss function and λ is the non-dimensional inflow velocity. However,

the BEMT model does not account for the additional inflow that the upper rotor experiences

due to the presence of the lower rotor. Compared to the single-rotor configuration, the upper

rotor in the coaxial configuration requires higher power to produce the same thrust. The torque

coefficient, as given by BEMT, is shown by the equation below:

CQBEMT
=

∫
λ(r)dCT (3.6)

The above equation suggests that for the same thrust condition, the coaxial upper rotor’s in-

flow velocity should be higher than the single rotor (agreeing with the PIV measurements),

especially because the torque for the coaxial upper rotor is higher. Table 3.2 shows that the

integrated inflow for the coaxial rotor at rotor spacing of 0.07D is higher when compared to

that of 0.12D and 0.176D. This is not surprising; as the axial separation distance between the

rotors reduces, the influence of the lower rotor on the upper increases.

Lower rotor inflow: The inflow velocity distribution below the lower rotor at different

rotor spacing was also compared with that of the single rotor shown in Fig. 3.10c. The lower

rotor is operating under the inflow of the upper rotor, which reduces the performance of the

lower rotor [6]. Thus, the wake below the lower rotor consists of the inflow from both the

upper and the lower rotor. The influence of the upper rotor and the rotor spacing was apparent

in the inflow velocity distribution below the lower rotor, with inflow velocity being higher for

the lower rotor than that of the single rotor configuration (Fig. 3.10c). As opposed to the single

rotor velocity distribution, which only had one peak, the velocity distribution for the coaxial

lower rotor was observed to have two peaks. Although the second velocity peak in the inflow

distribution was observed around the same radial location of 0.44D for both single and coaxial
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lower rotors, the location of the first velocity peak with respect to the rotor rotational axis

varied. Since the upper rotor wake contracts before it impinges on the lower rotor plane with

the contraction ratio dependent on the rotor spacing, the additional peak observed in the inflow

velocity distribution at the lower rotor plane is due to the upper rotor inflow. These observations

from the flowfield study clearly demonstrate that the current results are on par with the literature

and corroborate well with the blade element momentum theory.

3.5 Chapter summary

The motivation of this study was to validate the rotors used in the aerodynamic coaxial rotor

thrust stand for conducting a scientific investigation of CCR performance. The lift and drag

characteristics of the rotor blade were studied in a wind tunnel and were compared with the

literature. Flow visualization was also carried out to substantiate the airload measurements.

The hover performance characteristics of the individual rotors were also measured under out-of-

ground conditions for varying collective pitch at different Reynolds numbers. The current rotor

performance was compared with the literature. The performance of the CCR was also carried

out by varying the axial separation distance at three Reynolds numbers for high and low thrust

loading conditions. Time-averaged and instantaneous data analysis was carried out to study the

characteristics of the rotors in CCR configuration. The near-wake flowfield characteristics of

the CCR were also measured and compared with the literature.

The findings from this study are summarized below:

1. The current blades stalled at an angle of attack of 8◦ at the Reynolds number of 46,000,

as evident from the wind tunnel experiments. The rotors also showed stall characteristics

at a collective pitch of around 8◦.

2. The overall performance of the upper rotor in CCR was reduced. In contrast, that of the

lower rotor in CCR increased with the reduction in the rotor spacing, consistent with the

observations made in the literature.
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3. Time-averaged flow measurements showed that the upper rotor required higher torque

to produce the same thrust as the single rotor. The torque requirement increased with

reducing rotor spacing.

4. The observations show that the current results are on par with the literature and confirm

the efficacy of the aerodynamic coaxial rotor thrust stand to conduct further studies.
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Chapter 4

Performance characteristics of counter-rotating coaxial
rotors hovering in ground effect

Aim 1 of this dissertation focuses on quantifying the performance characteristics of the counter-

rotating coaxial rotor (CCR) and its rotors when operating in in-ground effect (IGE) conditions.

The performance of CCR and its rotors in IGE is dictated by two major effects: rotor-on-rotor

interactions and rotor-ground interactions. The literature on single rotors in IGE shows that the

rotor-ground interactions improve the rotor performance, with the effect increasing with closer

ground proximity. This is attributed to the reduction in the rotor-induced inflow due to ground

effects resulting in improved rotor performance. Similarly, the rotor-on-rotor interactions re-

duce the rotor performance as the rotors induce additional inflow onto each other. The presence

of these two competitive effects could result in CCR experiencing reduced improvement in its

performance when compared to the single rotor. This chapter presents a parametric study on

the performance characteristics of CCR when hovering in ground proximity.

4.1 Objectives

The competitive effects of rotor-on-rotor interactions vs. rotor-ground interactions on the CCR

performance during IGE operation are studied through the following objectives:

1. Quantify the competitive influence of rotor-on-rotor interactions and rotor-ground inter-

actions on the performance of the CCR and its rotors.

2. Compare the CCR performance with the isolated single rotor operating at similar thrust

and IGE conditions.
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4.2 Approach

The IGE effects on the CCR performance in hover were studied by varying the axial distance

between the CCR and the ground plane, referred to as rotor heights. The experiments were car-

ried out using the aerodynamic coaxial rotor thrust stand (Section 2.2), where thrust and torque

produced by individual rotors were measured. The literature on CCR in out-of-ground (OGE)

conditions has shown that the interactional effects between the upper and lower rotor strongly

depend on the rotor spacing [6]. As such, the axial spacing between the two rotors was also

varied. As a control case, the IGE characteristics of a single rotor were also measured and

compared with those of the CCR and its individual rotors. These comparisons provided in-

sights into the effects of aerodynamic interactions on CCR performance in IGE compared to

that of a single rotor.

Experiments were carried out in untrimmed and trimmed conditions. Untrimmed exper-

iments emulate the single rotor fixed-collective experimental condition [38]. Here, the upper

and lower rotors in CCR were set to a torque-matched trim condition in OGE by varying the

rotor collectives. Then, the collective pitch of the rotors was held constant, and the distance

between the rotors and the ground plane was reduced. As the collective pitch of the rotors did

not change, the variation in the rotor performance was mainly due to the change in induced

angles. As such, this experimental setting provided insights into the change in induced effects

at different rotor heights.

For trimmed experiments, the total thrust of the CCR system is held constant, in addition to

matching the upper and lower rotor torques for all rotor heights by adjusting the rotor collective

pitch. While the untrimmed conditions provide insights into the change in induced effects in

IGE, the total thrust of the CCR also changes, resulting in modification of the aerodynamic

environment at different rotor heights. Holding the total CCR thrust constant ensures that the

changes in the rotor-on-rotor interactions are due to the IGE effects and not because of the

change in rotor thrust conditions. The coupled analysis of the results from the untrimmed and

trimmed conditions provides an overall understanding of the CCR performance behavior in

IGE conditions.
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The effects of rotor-on-rotor interactions on CCR individual rotor performance were quan-

tified by conducting thrust-matched single-rotor experiments. Here, the single rotor was placed

at the rotor height and trimmed to produce the same thrust as the CCR upper rotor. The differ-

ence in torque requirement to produce the same thrust between the upper rotor in CCR and a

single rotor provided the quantitative measure of the rotor-on-rotor interactions in IGE.

4.3 Operating conditions

The influence of IGE conditions was studied for CCR at tip Reynolds number of Retip =

ΩRc/ν ∼ 1.52 × 105 and tip Mach number of Mtip ∼ 0.19 at ambient room tempera-

ture (Ta = 293K) corresponding to a rotor operating speed of 1,500 RPM. The IGE conditions

were achieved using the square, smooth, plane ground of side length 4.36R such that the ro-

tor axis passed through the center of the square. The square ground itself was at an elevated

position from the actual laboratory ground. The experimental arrangement has schematically

shown in Fig. 4.1a. The CCR lower rotor was placed at the rotor height of (z/R)l = z/R

above the ground plane, and the upper rotor was placed at the distance of d/R above the lower

rotor resulting in the rotor height for the upper rotor of (z/R)u = z/R + d/R. Similarly, the

normalized rotor height for CCR has been defined as (z/R)CCR which is the distance between

the ground plane and the center between the CCR upper and lower rotor (Fig. 4.1a) and is given

as (z/R)CCR = z/R + 0.5d/R.

The rotor height conditions for the current study have been varied between z/R = 0.82−

3.16 (summarized in Table 4.1). The current experimental set-up allowed the highest ground

height of z/R = 3.16. This was assumed to be sufficient to be considered an OGE condition.

This is a reasonable approximation since it has been reported in Leishman [73] that the effects

of the ground plane are negligible for rotor height greater than three rotor radii. Furthermore,

analytical models such as Cheesemann & Bennett [43] and Hayden [45] show that the differ-

ence in rotor thrust for constant torque between the rotor height of z/R = 3 and a nominally

larger value of z/R = 8 is 0.6% and 1.4% respectively. The observed differences are within

the expected experimental error, and thus, the rotor height of z/R = 3.16 is acceptable as OGE

for this study.
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Figure 4.1: Schematic of the experimental setup (a) CCR system, (b) Single rotor at same
effective height and thrust-matched with the CCR upper rotor.

The axial spacing between the upper and lower rotor was varied to study the effects of

rotor-to-rotor interactions and their combined interactions with the ground plane. Two axial

spacing conditions were chosen as d/R = 0.14, similar to Sikorsky X2 technology demonstra-

tor [6], and a higher value of d/R = 0.34, representative of a larger coaxial helicopter. The

experiments for both rotor spacing were carried out under untrimmed and trimmed conditions

similar to the single rotor tests. These experimental conditions differ from McAlister’s [26]

case where only torque-match trim condition between the upper and lower rotor was imposed

at different rotor heights by adjusting the lower rotor collective for a fixed upper rotor col-

lective. As a result, the total thrust of the CCR varied with the change in rotor height during

McAlister’s [26] experiments.

For the current study, trimmed experiments were carried out to maintain the same total

CCR thrust (CT = 0.0081) at all rotor heights while also matching the torque between the

upper and lower rotor by adjusting the rotor collective pitch. Maintaining constant CCR total

thrust ensures a similar aerodynamic environment between the rotors at different rotor heights,

providing better insights into the interactional aerodynamics between the CCR individual ro-

tors. Similarly, untrimmed experiments were conducted by fixing the collective pitch for both

rotors corresponding to the OGE torque-balance trim at CT = 0.0081. In this case, the torque

balance trim condition was not imposed, and the thrust was allowed to increase due to IGE,

62



similar to an untrimmed single rotor. With this combination of untrimmed and trimmed exper-

iments, this study aims to provide a comprehensive, physics-based understanding of the CCR

behavior in IGE.

Table 4.1: Summary of the operating conditions for the IGE experiments

Condition Configuration d/R Rotor height z/R
Thrust-matched

single rotor

Untrimmed
Single - Single = z/R

Lower, (z/R)l = z/R
Upper, (z/R)u = z/R + d/R
(z/R)CCR = z/R + 0.5d/R

0.82, 1.03, 1.3,
1.56, 1.76, 1.92,

3.16
Coaxial 0.14, 0.34

Trimmed
Single - 0.82 + d/R

3.16 + d/RCoaxial 0.14, 0.34

Single rotor experiments were carried out for untrimmed and trimmed conditions as a

control case to compare IGE performance with the CCR and its individual rotors. Since the

single rotor’s solidity is half that of the CCR, the single rotor was set at the same blade load-

ing (CT/σ = 0.046) as that of the CCR to facilitate the performance comparison between

rotors of different solidity [73]. For the trimmed experiments, the rotor thrust was set to

CT = 0.00405. The collective pitch was held constant at the OGE trimmed value for the

untrimmed experiments. The rotor height was varied between z/R = 3.16 and z/R = 0.82,

similar to the lower rotor in CCR.

Additional single-rotor experiments were also carried out to understand better the inter-

action of the lower rotor on the upper rotor. This was done by setting the single rotor at the

same height from the ground and trimming it to the same thrust as the upper rotor in the CCR

configuration as illustrated in Fig. 4.1b. These experiments were performed at the extreme ro-

tor heights: one closest to the ground and the other farthest, corresponding to OGE. The upper

rotor position differed for the two rotor separation cases, corresponding to z/R + d/R. These

experiments used torque measurements to understand the influence of the lower rotor on the

upper rotor during IGE operations.

The experiments for each condition summarized in Table 4.1 were performed six times to

ensure repeatability. The tests were performed as two sets of three instances, with a two-week

interval between the sets. During each set, the system was shut down for 15 minutes and reset

before repeating each experiment. A similar procedure was repeated after two weeks for the
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second set of experiments. All the results presented in this paper have been averaged over these

six runs, with the symbols in the plot denoting the mean value and the error bar denoting the

standard deviation across these six runs.

4.4 Results and Discussion

First, the performance of the single rotor under OGE and IGE is presented. Second, the per-

formance behavior of the CCR under untrimmed and trimmed conditions during IGE operation

is evaluated and compared with the single rotor. Third, the discussion on the performance of

the CCR individual rotors under untrimmed and trimmed conditions is presented. For all these

discussions, the influence of rotor spacing on the performance of the CCR and individual rotors

is also assessed.

4.4.1 Single rotor performance

For a baseline comparison, the performance of a single rotor was quantified in OGE by varying

the rotor collective pitch from θ◦ = 0◦ to θ◦ = 10◦. The currently available power supply

limited the settings for the maximum collective pitch to θ◦ = 10◦ for the rotor RPM of 1500.

Similarly, the performance of the single rotor was also measured during IGE operations for both

untrimmed and trimmed cases. These results are shown in two forms in Fig. 4.2. Figure. 4.2a

shows the FM as a function of rotor thrust, and Fig. 4.2b shows the FM as a function of rotor

height from the ground starting from the OGE case with θ◦ = 6.2◦ and CT = 0.00405. The

collective pitch was held constant for the untrimmed case, whereas for the trimmed case, the

collective pitch was adjusted to maintain a constant thrust coefficient.

Equation 2.3 can provide insight into the observed FM behavior in Fig. 4.2a. The total

rotor torque, CQ, comprises induced torque (due to lift/thrust) and profile torque (due to drag).

The profile torque is nearly constant at lower collectives, similar to the airfoil drag at low

angles of attack, whereas the induced torque increases somewhat linearly. As a result, the FM

increases monotonically at low thrusts and appears to reach a maximum at the highest thrust

value, in this case at θ◦ = 10◦. If the collective increases, the FM will decrease as parts of the

rotor blade sections experience stall.
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Figure 4.2: Single rotor baseline performance.

The current rotor behavior resembles the three-bladed rotor used by Ramasamy [6] for

his coaxial rotor studies. However, the rotors used by Ramasamy [6] had higher perfor-

mance than the current rotors. The differences can be attributed to the difference in the tip

Reynolds number between the two studies. The Reynolds number for the current study was set

to Retip = 150, 000, while for Ramasamy’s case, it was set to Retip ∼ 215, 000. The lower

Reynolds number for the current case could result in higher profile drag and lower rotor perfor-

mance compared to Ramasamy’s case. The measurements also suggest that the rotor does not

exhibit stall characteristics until θ◦ = 10◦. Thus, the IGE investigation was conducted at lower

collective values to avoid stall effects on rotor performance.

Similarly, the rotor FM variation with the rotor height (Fig. 4.2b) showed that the rotor

performance increased with a reduction in rotor height, which is attributed to the reduced rotor

inflow due to ground proximity. The reduction in the rotor inflow in IGE results from mod-

ifications in the rotor wake and tip vortex characteristics due to the proximity of the ground.

Light [41], in his experiments, showed that the axial vortex spacing in IGE is larger compared

to OGE case (Fig. 4.3), which resulted in reduced induced inflow at the rotor plane in IGE.

The effects of this reduction in induced rotor inflow on the rotor performance can be explained

using Blade Element Theory (BET) as discussed in Section 3.4.3.
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As evident from the formulation, reducing induced inflow due to the proximity of the

ground plane will increase the blade sectional effective angle of attack for a fixed rotor col-

lective. Consequently, the blade sectional lift increases and results in increased rotor thrust

under similar torque conditions, which explains the observed improvement in single rotor per-

formance under IGE for untrimmed (fixed-collective) conditions (Fig. 4.2b).

Similarly, for the trimmed case, the torque required to produce the same thrust will re-

duce due to the reduction in rotor inflow, which results in the observed rotor performance

improvement (Fig. 4.2b). The differences in the rotor inherent characteristics for untrimmed

and trimmed cases are also highlighted in Fig. 4.2a. Here, the thrust and figure of merit for the

single rotor increased for the IGE untrimmed case. As the collective pitch for the untrimmed

conditions is held constant, the ground effects reduce the rotor inflow and increase the rotor’s

effective angle of attack, resulting in increased rotor thrust and figure of merit.

On the other hand, only the rotor figure of merit increased for the trimmed IGE case

because the collective pitch of the rotors was reduced to maintain the constant total thrust. In

addition, the single rotor under trimmed conditions was observed to under-perform (lower FM )

compared to the untrimmed case. This is primarily due to the imposed trim condition where

the collective pitch angle of the rotor is decreased as the rotor height is reduced, resulting in

rotors operating at a lower lift-to-drag ratio.

Figure 4.3: Schematic representation of conceptual flowfield comparison between OGE and
IGE case.
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Figure 4.4: Thrust coefficient, torque coefficient, and figure of merit variation for CCR with
CCR rotor height ((z/R)CCR).

4.4.2 Counter-rotating coaxial rotor performance

The variation of total CCR thrust and torque with rotor height under untrimmed and trimmed

conditions for both rotor spacing of d/R = 0.14 & 0.34 is summarized in Fig. 4.4a and 4.4b
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respectively. For the trimmed case, the total thrust of the CCR was held constant at CT =

0.0081, and the torque was matched between the upper and lower rotor for all rotor heights

and both rotor spacing by trimming the collective pitch angle of the rotors as summarized in

Fig. 4.5. Similarly, for the untrimmed case, the total CCR thrust was set at CT = 0.0081, rotors

were torque matched at OGE, and rotor height was reduced while maintaining the constant

collective pitch of both rotors.

The untrimmed results showed that the total thrust and torque of the CCR for both rotor

spacing increased with the reduction in rotor height. However, closest to the ground, the effec-

tive increase in torque of 6.4% relative to OGE (in this case (z/R)CCR = 3.23) was noticeably

lower than that for the CCR thrust (18.2%), suggesting a performance benefit in-ground effect.

A similar observation has been reported by Lim [32] where the CCR torque increased for rotor

height (z/R)CCR . 1.2. The increase in CCR thrust with reduction of rotor height is expected

as the proximity of the ground plane reduces the inflow experienced by the rotors, increasing

the rotor thrust for the same collective pitch similar to the single rotor (from BET discussed in

Section 3.4.3).

The observed increase in CCR torque for the untrimmed conditions can be attributed to

the rise in induced drag associated with increased blade sectional lift due to reduced rotor

inflow. Similarly, the trimmed results showed that the torque required to produce the same CCR

thrust was reduced at smaller rotor heights. As the IGE conditions reduce the rotor inflow, the

collective pitch of the rotors is reduced to maintain the constant total thrust. Reducing rotor

inflow also reduces the torque required to produce the same thrust that is observed currently.

The CCR performance was also quantified using the figure of merit (FMCCR given by

Equation 2.4) variation at all rotor heights for both rotor spacing of d/R = 0.14 & 0.34 under

untrimmed and trimmed conditions (Fig. 4.4). Rotor spacing was observed to have minimal

influence on FMCCR variation with rotor height under both untrimmed and trimmed experi-

mental conditions. Only the CCR torque for the untrimmed case shows a small effect of rotor

spacing in IGE. As discussed by Ramasamy [6], the torque demand for coaxial rotors in out-of-

ground effect (OGE) conditions tends to increase with smaller rotor spacing. This aligns with

the observations made in the present study, where the torque requirements were higher for CCR
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Figure 4.5: Collective angle for upper and lower rotor for trimmed CCR experiments. Average
standard deviation is ±0.22◦.

with smaller spacing. This difference in torque was observed to persist under IGE conditions

when the collective pitch of the CCR individual rotors was held constant under untrimmed

cases.

Additionally, the CCR was observed to under-perform (lower FM ) for the trimmed case

when compared to that for untrimmed case (Fig. 4.4), which is primarily due to the imposed

trim condition where the collective pitch angle of both the upper and lower rotor is decreased as

the rotor height is reduced (Fig. 4.5). As discussed in the previous section, the constant thrust

trim condition requires reducing the rotor collective pitch angle. This results in the blades

operating at a lower lift-to-drag ratio, leading to a smaller rise in FMCCR.

4.4.3 Comparison with a single rotor

A comparison of performance ratio (IGE-to-OGE) between a single rotor, the CCR, and its

individual rotors along with Hayden’s [45] empirical model for IGE as a reference is illustrated

in Fig. 4.7 for untrimmed or fixed-collective conditions. Hayden’s model is a semi-empirical

model which gives the ratio (IGE-to-OGE) for the Figure of Merit as:

FMIGE

FMOGE

= A+ 2B

(
1

z/R

)2

(4.1)
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where A and B are empirical constants with values A = 0.9926, and B = 0.0379. The

ratio (IGE-to-OGE) of Figure of Merit accounted for the net effect of IGE on the rotor perfor-

mance since the ground proximity affects both the rotor thrust and torque for the untrimmed

case. The performance ratio for both the single rotor and CCR at both rotor spacing followed

Hayden’s model closely. This further confirms the previous observation that the effects of rotor

spacing on CCR performance under IGE are minimal.
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Figure 4.6: Mean performance ratio (IGE-to-OGE) variation for CCR and its individual rotors
with their effective height from the ground under untrimmed conditions.

However, the individual performance of the upper and lower rotor in the CCR shows some

differences when compared to the single rotor, as seen in Fig. 4.6b. The lower rotor experienced

larger gains in its performance than the single rotor for both rotor spacing, with the effect more

pronounced at smaller rotor heights. On the other hand, the gain in the upper rotor performance

ratio was less when compared to a single rotor for both rotor spacing, with the effect being more

pronounced for the higher rotor spacing.

The results for the trimmed experimental conditions are also shown in Fig. 4.7b. As in the

untrimmed case, the CCR was observed to follow a single rotor trend closely, and the effects of

rotor spacing were not apparent. However, the ratio (IGE-to-OGE) of Figure of Merit for the

trimmed case was lower than that predicted by Hayden’s model. As discussed earlier, this is

due to the imposed trim condition where the collective pitch of the rotors is reduced to maintain

constant total thrust. The individual rotors also exhibited similar trends as those observed under
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untrimmed conditions. The performance benefits for the lower rotor were larger than the single

rotor, and the effects were pronounced with reduced rotor spacing. These results highlight the

influence of rotor-to-rotor interactions on the performance of individual rotors of CCR during

IGE operations, which has been further explored in the upcoming sections.
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Figure 4.7: Mean performance ratio (IGE-to-OGE) variation for CCR and its individual rotors
with their effective height from the ground under trimmed conditions.

4.4.4 Individual rotor performance

This section quantifies upper and lower rotor performance in IGE for untrimmed and trimmed

conditions. To decouple the rotor-to-rotor interactions during IGE operations, the influence of

the lower rotor on the upper rotor is also quantified and discussed.

Effects of rotor spacing

The individual rotor thrust coefficient, torque coefficient, and figure of merit (FM) variation

with respect to rotor height for the untrimmed and trimmed case is presented in Fig. 4.8. At

OGE (z/R = 3.16), the upper rotor has a larger thrust share than the lower rotor for both

untrimmed and trimmed conditions, and this observation has been well documented in the

literature [32, 6]. As the rotor height was reduced, the FM of both the rotors for untrimmed

and trimmed conditions was observed to increase with a reduction in rotor height due to the

influence of the ground.
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Figure 4.8: Individual rotor CT , CQ, and FM plotted against their height from the ground.

The increase in thrust of the lower rotor with a reduction in rotor height was higher when

compared to that of the upper rotor for the untrimmed conditions (Fig. 4.8a). This suggests that

the ground has a larger effect on the lower rotor that could be partially attributable to its closer
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proximity to the ground. At the same time, the effects of rotor-to-rotor interactions cannot be

neglected, as highlighted by the untrimmed results for rotor spacing of d/R = 0.14, where

the lower rotor showed significant improvement in its performance when its distance from the

ground plane was (z/R)l . 1.8 (Fig. 4.8a).

In contrast, significant improvement in the upper rotor performance was observed only

when it was even closer to the ground (z/R)u . 1.44 (Fig. 4.8a). At the larger rotor spacing of

d/R = 0.34, a similar behavior was observed, with the lower rotor showing IGE performance

improvements at larger heights above ground compared to the upper rotor. These observations

suggest that the aerodynamic interactions between the lower and upper rotors are modified as

the rotor height is reduced. For the untrimmed case, the total CCR thrust varied with the rotor

height, influencing the aerodynamic interactions between the two rotors.

The behavior of individual rotors under trimmed conditions was investigated to further

our understanding of CCR rotor-to-rotor interactional effects in IGE. The trimmed experiments

showed that the lower rotor thrust increased while the upper rotor thrust decreased with the

reduction in rotor height for both rotor spacing (Fig. 4.8b). This is partly because of the larger

ground effect experienced by the lower rotor due to its proximity. This phenomenon can be

further elucidated through a detailed examination using Blade Element Momentum Theory

(BEMT). For a comprehensive understanding, the reader should refer to the accompanying

flowchart in Fig. 4.9 for enhanced clarity.

As the lower rotor thrust increases, it induces a higher inflow onto the upper rotor. This re-

sults in reduced upper rotor thrust and increased torque requirement for the upper rotor. BEMT

dictates that the reduction follows the reduction in the upper rotor thrust in the upper rotor

inflow that impinges onto the lower rotor. Consequently, the lower rotor thrust increases even

more, and the torque reduces. This cycle continues until equilibrium is reached. To impose the

torque-matched trim constant at a constant total CCR thrust, the collective pitch of the lower

rotor has to be increased, and that of the upper rotor has to be decreased. The effects get pro-

nounced with the reduction in the rotor heights; thus, we see a decrease in the upper rotor thrust

and an increase in the lower rotor thrust with the reduction in the rotor height. This ultimately

results in a near-equivalent distribution of thrust between the two rotors closest to the ground

73



Figure 4.9: Schematic summary explaining the physics behind the observed thrust trend of
CCR individual rotor in trimmed experimental conditions.

These observations confirm that the ground has a greater impact on the lower rotor, and

the interactions between the two rotors are altered as the lower rotor’s influence on the upper

rotor is heightened due to their proximity to the ground. Thus, a decoupled measure of the

lower rotor influence onto the upper rotor at both the rotor spacing is needed and was studied

by comparing to a single rotor at the same effective height and trimmed to the same thrust as

the upper rotor in the corresponding CCR configuration (Fig. 4.1b). These experiments were

carried out only for the extreme rotor height cases of z/R = 3.16 & 0.82, and the results are

discussed in the next section.

Effect of the lower rotor on the upper rotor during IGE

The results for the comparison of the torque requirement between the upper rotor in CCR (d/R =

0.14) and the equivalent thrust-matched single rotor is summarized in Fig. 4.10 along with the

percentage differences in torque computed relative to the single rotor torque. At OGE condi-

tion (z/R = 3.16), the upper rotor in CCR configuration required 18.9% more torque than the

equivalent single rotor to produce the same thrust due to the additional inflow induced by the

lower rotor onto the upper rotor. When the rotor height was reduced to z/R = 0.82, the torque
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requirement of both the upper and single rotor was reduced. In addition, the upper rotor in the

CCR configuration still required more torque than the equivalent single rotor to produce the

same thrust, which is again due to the influence of the lower rotor on the upper rotor. Still, the

difference in magnitude was larger (39.9%).
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Figure 4.10: Comparison of torque coefficient of the upper and thrust-matched single rotor at
the same effective height as the CCR upper rotor for rotor spacing of d/R = 0.14.

In other words, the reduction in upper rotor torque when the rotor height was reduced was

significantly less than the single rotor, which illustrates that the influence of the lower rotor onto

the upper rotor increases with a reduction in rotor height. The increased influence of the lower

rotor is because the lower rotor thrust increases drastically with the reduction in rotor height,

which induces higher inflow onto the upper rotor compared to the OGE case, thereby negating

some beneficial effects of ground proximity. An increase in rotor spacing (from d/R = 0.14 to

0.34) resulted in a significantly lesser influence of the lower rotor onto the upper rotor in IGE

compared to the smaller rotor spacing case of d/R = 0.14. The rotor spacing of d/R = 0.34

results are shown in Fig. 4.11. In this case, the performance decrease for the upper lower due

to lower rotor interactions was 17.6% OGE and 25.9% IGE. These results are expected as the

induced inflow from the lower rotor onto the upper rotor reduces with increasing rotor spacing

as dictated by Biot-Savart law.
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Figure 4.11: Comparison of torque coefficient of the upper and thrust-matched single rotor at
the same effective height as the CCR upper rotor for rotor spacing of d/R = 0.34.

4.4.5 Summary of rotor-on-rotor interactions

The observations made from the untrimmed experiments showed that, in general, the net thrust

of both the upper and lower rotor increased when the rotor height was reduced from z/R =

3.16 to 0.82 (Fig. 4.8). However, there are some intricacies in the performance variation as

rotor height varies, where the individual rotor thrust shows varying trends. In particular, the

upper rotor thrust at different rotor heights can either increase, stay nominally constant, or

even decrease with decreasing rotor height. It is important to note that although the intricate

variations in individual rotor thrust and torque under IGE are relatively small, they are not

simply due to scattering in experimental data. Instead, it is argued that these are physical

variations driven by the combination of rotor-to-rotor interactions and ground effect. This

section discusses possible physical phenomena contributing to these observed behaviors for

the individual rotor thrust and torque with the reduction of the rotor height for untrimmed

conditions. The discussion is complimented by a schematic summary with cases corresponding

to different ground conditions, as shown in Fig. 4.12.

‘Case 1’ in Fig. 4.12 corresponds to the OGE case where the rotor-to-rotor interaction ef-

fects have a degrading effect on the performance of the individual rotors in CCR as compared

76



to single rotors [6, 32]. On the other hand, ‘Case 3’ in Fig. 4.12 corresponds to the extreme

case of IGE where the ground effects are the predominant influence on the performance of

CCR and the individual rotors. As discussed previously, the ground has an augmenting ef-

fect, and a drastic increase in rotor performance is observed, for example, at rotor height of

(z/R)u ≤ 1.44 for rotor spacing of d/R = 0.14 (Fig. 4.8). In between these two extremes,

where either rotor-to-rotor interactional effects or ground effects dominate, there exists an aero-

dynamic regime where these two opposing effects are of a similar order of magnitude leading

to intricate variations in individual rotor performance.

Figure 4.12: Schematic summary explaining the variation of the thrust of a CCR hovering in
ground effect for untrimmed conditions.

This regime, called ’Case 2’, is where the lower rotor exhibits a slow monotonic increase

in thrust with decreasing ground height. The upper rotor, however, shows some interesting

variations with its thrust increasing, remaining constant, or even decreasing. These changes in

rotor thrust are represented by dT in Fig. 4.12. ‘Case 2’ is further divided into three subsets:

1. ‘Case 2a’ in Fig. 4.12 corresponds to an instance where the influence of ground is larger

than the interactional effects for the upper rotor. Under these conditions, the upper rotor

thrust is expected to increase ((dTu)IGE ↑) with the reduction in rotor height, where

(dTu)IGE in Fig. 4.12 denotes the change in upper rotor thrust with respect to reduction

in rotor height. Example of this was observed in the experimental data as illustrated in

Fig. 4.8 for upper rotor heights of 1.9 ≤ (z/R)u ≤ 2.06 and 2.1 ≤ (z/R)u ≤ 2.26 for

rotor spacing of d/R = 0.14 & 0.34, respectively.

2. ‘Case 2b’ corresponds to an instance where the effects of ground on the upper rotor are

smaller than that of the interactional effects. Under this scenario, the upper rotor thrust is
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expected to reduce with a reduction in rotor height ((dTu)IGE ↓). Such a scenario is pos-

sible at rotor heights where the lower rotor experiences a larger influence of the ground,

resulting in a drastic increase in its thrust compared to the upper rotor. This will induce

additional inflow onto the upper rotor, which could result in increased interactional ef-

fects that exceed the effects of the ground. These effects can also result in the lower rotor

thrust exceeding that of the upper rotor. Such effects were observed experimentally for

the rotor spacing of d/R = 0.34 at rotor heights of 1.64 ≤ (z/R)u ≤ 1.9 (Fig. 4.8).

3. ‘Case 2c’ corresponds to an instance where the interactional and ground effects are equal

to and negate each other. Under this scenario, the upper rotor thrust is expected to be

invariant with the reduction in rotor height ((dTu)IGE ≈ 0). Such scenario was observed

experimentally for the rotor spacing of d/R = 0.14 at rotor heights of 1.44 ≤ (z/R)u ≤

1.9 (Fig. 4.8).

It should also be noted that depending on the configuration of the CCR and the operating

conditions, Cases ‘2a’, ‘2b’, and ‘2c’ may not all be realized or realized in any specific order.

There is limited evidence in the measurements that a similar interplay of interaction effects

and ground effect is seen on the lower rotor as well, e.g., decreasing dT for d/R = 0.34 from

(z/R)l = 1.76 to (z/R)l = 1.56 (Fig. 4.8). Finally, from the current experimental data, the

specific factors contributing to the individual rotors behaving in such a manner at different rotor

heights are still unknown and require additional studies. Simultaneous flowfield measurements

would prove to be useful in understanding these behaviors as it is known that the ground prox-

imity modifies the wake characteristics of the rotors, which affects their performance. Different

factors, such as the variation in the number of blades, blade profile, and operating thrust con-

ditions, among others, might yield different results, which also need to be explored to gain a

more comprehensive understanding of the CCR behavior under the influence of ground.

4.5 Chapter summary

The current work focused on the performance measurements of a counter-rotating coaxial ro-

tor (CCR) operating in the presence of a ground plane. The performance of both CCR as a
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system and individual rotors was assessed by varying the rotor height above the ground from

z/R = 3.16 (approximated as OGE) to z/R = 0.82. The effects of rotor spacing on the CCR

and individual rotor performance were also studied at d/R = 0.14 & 0.34. Untrimmed experi-

ments were conducted where the rotor height was varied at fixed rotor collectives correspond-

ing to OGE trim of equal upper and lower rotor torque and the total CCR thrust coefficient of

CT = 0.0081. Trimmed experiments were also carried out with the same trim condition main-

tained for all rotor heights by adjusting the rotor collectives. To better understand the interplay

between rotor-to-rotor interactions and ground effect, single-rotor experiments were carried out

where the single rotor was placed at the same height and trimmed to the same thrust as the up-

per rotor in the CCR configuration. These experiments helped characterize the influence of the

lower rotor onto the upper rotor in the presence of ground. The conclusions drawn from this

study are summarized below:

1. Comparison of the performance ratio (IGE-to-OGE) of the CCR with the single rotor

showed that the ground had a similar influence for both the single rotor and CCR. The

difference in CCR performance in IGE between rotor spacing of d/R = 0.14 & 0.34 was

also minimal.

2. The variation in thrust and torque of individual rotors in CCR exhibited varying trends

based on rotor height and the relative magnitude of two competitive effects – the degrad-

ing influence of rotor-to-rotor interactions versus the augmenting influence of ground

effects. These effects were more pronounced for the upper rotor when compared to that

of the lower rotor.

3. The individual rotor data showed that the effects of ground were stronger for the lower

rotor when compared to that for the upper rotor, as the lower rotor showed a rela-

tively higher increase in its performance with the reduction of rotor height for both the

untrimmed and trimmed conditions. The lower rotor also showed a larger increase in

thrust further from the ground than the upper rotor, even after accounting for its relative

proximity due to rotor separation.
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4. Comparison with the single rotor at the same rotor height and same thrust showed that

in the CCR configuration, the influence of the lower rotor on the upper rotor increased

with ground proximity. The upper rotor required more power in close IGE than OGE to

generate the same thrust as a single rotor due to the increased interference of the lower

rotor operating in IGE. A similar observation was made for both the rotor separation

distances measured.
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Chapter 5

Characterization of the hydrodynamic towing tank facility

A hydrodynamic towing tank facility was developed to address Aim 2 of this dissertation, which

aimed to quantify the influence of blade-on-blade interactions, specifically blade passage, on

the unsteady loading of counter-rotating coaxial rotors. This facility enables the translation of

two blades in opposite directions, effectively creating a single-blade passage event. The blades

used in this study were custom-built from aluminum. The facility has load cells and flow field

measurement capabilities to assess blade loads during blade passage. Blade loads can also be

extracted from flow measurements using a control volume approach [70, 71]. As an initial step,

the effectiveness of the facility to conduct scientific studies had to be established. The facility’s

validation involved studying blade performance characteristics under various motion profiles,

including steady translation and surging conditions at varying angles of attack. Performance

measurements were complemented with flow measurements to gain insights into the underlying

physics of the observed phenomena. Furthermore, verifying the validity of the control volume

approach for extracting loads in a translating wing configuration was crucial.

5.1 Objectives

This chapter aims to provide confidence in the capability of the hydrodynamic towing tank fa-

cility to perform scientific measurements through experiments involving well-established fluid

flow problems. The specific objectives of this chapter are summarized below:

1. To characterize the load characteristics of the blades translating in single wing configu-

ration.
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2. To quantify the wake characteristics of the single wing at relevant Reynolds number

conditions.

3. To validate the control volume approach to extract blade loads from the flow measure-

ments for a translating wing system.

5.2 Approach

Validation tests were conducted using a NACA0012 airfoil section wing for steady translation

and surging wing cases. Flow measurements were used to extract loads via the control volume

approach, and these results were compared with load cell measurements and existing literature.

The blades were rapidly accelerated to a constant translation speed for the steady translation

case, and loads were measured. The impact of initial acceleration on the steady-state char-

acteristics was investigated. The study covered a range of operating Reynolds numbers from

Re = 15000 − 35000. At these low Reynolds numbers, the formation of laminar separation

bubbles and periodic vortex shedding is anticipated, even at low angles of attack [75, 76]. Force

and flow field measurements were used to understand and characterize the effects of these low

Reynolds number phenomena on blade load characteristics.

The loads were also extracted using a control volume (CV) approach as discussed in Sec-

tion 2.6. These loads were compared with load cell measurements to validate the CV approach.

Furthermore, a blade at a 6◦ angle of attack, featuring a NACA0012 airfoil section, under-

went translation with a sinusoidally varying surging velocity profile. The resulting loads were

measured using load cells, extracted using the CV approach, and compared with Greenberg’s

model [77]. These surging wing experiments provided confidence in the translation system’s

capability to execute custom motion profiles and affirmed its efficacy in conducting experiments

involving unsteady flow conditions.

For the control volume analysis, a two-dimensional control volume centered around the

airfoil and having a size of (6c × 3c) was generated. Mohebbian [71] has shown that the size

of the CV does not significantly influence the results. This was verified for the current study by

changing the CV from (4c× 2c) to (6c× 3c). The current size of the CV was chosen to ensure
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the CV is farther away from the edge of the FOV and from the blades such that the viscous

effects are not significant. As the fluid is quiescent and the wing is translating, the control

volume was also translated with a steady translation velocity, as shown in Fig. 5.1. This results

in a moving control volume problem, where the relative velocity between the CV and the blade

would equal the perturbations in the steady translation velocities. For example, the relative

velocity between the blade and the control volume would be zero for a steady translation case

and would equal the perturbations to the base velocity of vo for surging cases. Equation 5.1 for

the moving control volume problem is modified to the form given below:

FB︸︷︷︸
Load cell

= −ρ ∂
∂t

∫∫
∑(x)((u + U∞) · n)dS︸ ︷︷ ︸
Temporal acceleration

−
∫∫

∑ (u + U∞)((u + U∞) · n) dS︸ ︷︷ ︸
Convective acceleration

+

1

n− 1

∫∫
∑ x× (n× (−ρa− µ∇× ω))ds+

∫∫
∑(¯̄τ · n)ds

(5.1)

where U∞ is the steady translation velocity of the control volume.

Figure 5.1: Representation of a lifting body immersed in a fluid and bounded by a control
volume (

A

).

5.3 Operating conditions

The experiments were carried out at low angles of attack (AOA) to establish the benchmark

of the current system at regimes before stalling. The blade with the NACA0012 airfoil profile

section had a chord length and a span of 0.036 m and 0.254 m, respectively. The experiments

were carried out at steady translation and surging conditions, and the summary of the operating

conditions is provided in Table 5.1. The velocity profiles for the steady translation and surging
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Table 5.1: Summary of the operating conditions for the validation of the hydrodynamic towing
tank facility

Test conditions
Pitch angle

(α)
Reynolds number

(Re)
Acceleration distance (sa)

Steady translation (Fig. 5.2(a))
(NACA0012)

0◦, 2◦, 4◦,
6◦, 8◦, 10◦, 12◦, 14◦

15000, 25000, 35000 1c, 2c, 4c, 8c

Surging (Fig. 5.2(b))
(NACA0012) 6◦ 15000 -

cases are shown in Fig. 5.2. Initially, the blade was set to an AOA of 6◦ and was translated with

varying initial acceleration distances of 1c, 2c, 4c, and 8c at three Reynolds number conditions

of Re = 15000, 25000 and 35000. Using a constant acceleration rate, the linear actuator was

accelerated to a uniform speed. The effects of this initial acceleration distance on the blade

load steady-state characteristics were studied. Then, the steady-state characteristics of each

blade were studied by placing them on both translation stages. This arrangement was used to

quantify the potential differences between the blades and the translation stages. Here, the AOA

of the blades was changed as 0◦ − 14◦ at an increment of 2◦ and the lift, drag, and moment

experienced by the blades were studied. Particle image velocimetry (PIV) was also used to

quantify the blade wake characteristics for specific AOA and Reynolds number cases.

Figure 5.2: Comparison between the input and measured velocity profiles.

After establishing the steady-state characteristics of the blade, the blade load characteris-

tics under surging motion were studied. Here, the blade AOA was set at 6◦ and subjected to the

surging motion as shown in Fig. 5.2a. The velocity profile for the surging motion was defined
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as:

v(t) = vo

[
1 + λsin

(
2kvo
c
t

)]
(5.2)

where vo = 0.5 m/s is the base velocity, k = 0.309 is the reduced velocity, λ = 0.25 is the

amplitude to the sinusoidal expressed as the ratio to the average velocity, and c is the chord

length. These values were taken from one of the test cases of a study by Kirk [78].

5.4 Results and Discussion

Initially, the steady-state characteristics of the NACA0012 airfoil profile blade were explored.

Here, the effects of initial acceleration on the steady state have been quantified. The steady-

state loads were then extracted at three Reynolds number conditions and compared with the

literature. The flow field of the blades at these Reynolds numbers was also measured using

PIV.

5.4.1 Effects of initial acceleration on the steady-state characteristics

The temporal characteristics of the blade lift coefficient (Cl) at 6◦ angle of attack were mea-

sured. Using a constant acceleration rate, the linear actuator was accelerated to a uniform

speed. First, the initial acceleration distance was between 1c − 8c, and the results are summa-

rized in Fig. 5.3. The data were also compared with Wagner’s function, represented by the black

dashed line in Fig. 5.3. Wagner’s function accounts for the delay in circulation development on

an impulsively started flat plate [79]. Jones’ [80] approximation provides an expression for lift

production by an impulsively started wing with finite aspect ratio (AR) as

Cl = 2παφ
AR

AR + 2
(5.3)

where,

φ = 1.0− 0.165e−0.0455s − 0.335e−0.3s (5.4)

with s being the normalized blade translation distance.
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Figure 5.3: Effects of initial acceleration distance on the temporal variation in the coefficient
of lift (Cl) for a single wing section at α = 6◦ and Re = 25000.

Figure 5.3 shows the temporal load characteristics for different initial accelerations at the

Reynolds number of Re − 25000. For the acceleration distance of 8c, the steady state is only

reached after the translation distance of 12c, which limits the steady translation distance to

11c. Reducing the initial acceleration distance to 4c, 2c, and 1c resulted in the steady state

being reached by 10c. However, the initial acceleration of 1c resulted in a high initial impulse,

which can ultimately damage the system. Thus, initial accelerations of 2c and 4c proved a safe

choice for maximizing the steady-state translation length and ensuring safe operations. For

current studies, the initial acceleration distance of 2c was chosen for characterizing the blade’s

steady-state behavior.

The effects of the Reynolds number on the temporal load characteristics were also ex-

plored by setting the initial acceleration distance to 2c. The results are shown in Fig. 5.4.

Here, the steady state in the lift was achieved within 10c for all Reynolds number cases. The

steady-state lift characteristics followed a close trend with Wagner’s function for all Reynolds

numbers. In addition, the experiments were repeated over three runs and were averaged. The

shaded region in Fig. 5.4 shows the standard deviation across these three repetitions. The

variability between runs was observed to be small, confirming the repeatability of the current

measurements.
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Figure 5.4: Effects of Reynolds number on the temporal variation in the coefficient of lift (Cl)
for a single wing section at 6◦ angle of attack..

5.4.2 Steady-state characteristics of the loads

After studying the blade temporal load behavior, its steady-state characteristics were explored.

The loads were averaged between the translation distance of (10 − 22)c to extract the steady-

state characteristics. These measurements were again averaged over three repetitions to con-

firm the repeatability of the measurements. These measurements were carried out for two

blades (Blades 1 and 2), each placed in both the translation stages (T1 & T2). These measure-

ments were carried out to ensure that both the blades and the translation stages were identical

in nature.

The variation in the lift coefficient with angles of attack for Blade 1 and Blade 2, placed

in positions T1 and T2, is summarized in Fig. 5.5. Additionally, for comparison, results from

a study conducted by Ohtake [11] on a NACA0012 airfoil profile wing at a Reynolds number

of Re = 40000 are also presented. Notably, the coefficient of lift exhibited non-linear behavior

even at low pitch angles when compared to the potential flow lift. This observation aligns

with findings in the literature [11]. As anticipated, the lift coefficient began to deviate from

the potential lift at higher angles of attack, and both wings were observed to stall at an angle

of attack of 12◦. These consistent results for both the wings and translation stages affirm the

identical nature of the blades and translation stages.
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(a) Blade 1 (b) Blade 2

Figure 5.5: Coefficient of lift variation with angle of attack for (a) Blade 1 placed in both
translation stages (T1 & T2), and (b) Blade 2 placed in both translation stages (T1 & T2). The
results are compared with Ohtake [11], where experiments were done at Re − 40000 for the
NACA0012 airfoil section wing.

The observed non-linearities in the lift characteristics can likely be attributed to the forma-

tion of laminar separation bubbles and vortex shedding, primarily due to low Reynolds number

effects. Such flow phenomena have been reported in prior literature [75, 76]. A laminar sep-

aration bubble occurs when the laminar boundary layer separates from the surface due to an

adverse pressure gradient. This separated shear layer eventually transitions into turbulent flow,

and the turbulent mixing leads to the reattachment of the flow. The presence of a separation

bubble between the separated and reattached flow regions alters the pressure distribution on the

suction side, resulting in a reduction in lift. The adverse impact of a laminar separation bubble

is more prominent at low Reynolds numbers because the shear layer takes a longer time to tran-

sition to turbulent flow, thereby resulting in a larger laminar separation bubble. The occurrence

of these separations towards the trailing edge also causes the periodic vortex shedding in the

wake.

The onset of these flow phenomena is highly dependent on the Reynolds number, and

consequently, variations in the Reynolds number can significantly affect the aerodynamic force

behavior. As demonstrated in Fig. 5.5, the influence of Reynolds number conditions on steady-

state lift characteristics is clearly noticeable. For instance, the lift coefficient at a pitch angle

of α = 2◦ was nearly zero at the Reynolds number case of Re = 15000, which suggests the
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presence of a laminar separation bubble at these low Reynolds number conditions. In contrast,

at higher Reynolds number cases, the lift coefficients were notably higher.

At higher angles of attack, where the lift coefficient appeared similar across the three

Reynolds number cases, the effects of the Reynolds number were less apparent. While it’s

important to note that flowfield measurements were not conducted, the force measurements

strongly indicate the presence of these flow phenomena under the current experimental con-

ditions. It’s crucial to acknowledge that the potential effects of these low Reynolds number

phenomena are encompassed in the results of the blade crossover study presented in the fol-

lowing chapter.

The loadcell measurements have also been compared with the results from the control

volume analysis for AOA cases of α = 0◦, 4◦, 8◦, 10◦, 12◦ and 14◦. For brevity, only the results

for the Reynolds number case ofRe = 35000 are shown in Fig. 5.5a. These measurements were

only taken for Blade 1 in translation stage T1. The lift coefficient (Cl) from the control volume

approach was obtained by averaging the load measurements between the translation distance

of (11 − 16)c. This range of translation distance was the limitation posed by the current field

of view.

The results from the control volume approach followed a close trend with the loadcell

measurements at all pitch angles. As the wings were translating at a steady velocity, the ex-

pectation is that the contribution of the unsteady term from the CV analysis should be close to

zero. To confirm this, the decomposition of the measured loads from the CV approach is shown

in Fig 5.6. The decomposition was performed for the pitch angles of α = 0◦, 4◦, 8◦, 10◦, 12◦

and 14◦. For pitch angles below α = 12◦, the contribution of the unsteady term is close to zero,

which is expected.

The pressure term also has negligible contributions as the flow is attached. The contribu-

tion from the pressure term is only expected under separated flow conditions with strong shear

layers and vortical structures. As a result, the contribution to the total lift is purely from the

convective term. For the pitch angle case of α = 12◦, the unsteady term showed a negative

influence on the total lift. These effects are amplified for the post-stall case of α = 14◦, where

both the convective and unsteady terms significantly influence the total lift. This is expected
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(a) α = 0o (b) α = 4o

(c) α = 8o (d) α = 10o

(e) α = 12o (f) α = 14o

Figure 5.6: Force decomposition using control volume analysis for a steady translation case at
the Reynolds number of Re = 35000.

as the flow conditions are no longer steady in the separated conditions. These observations

provide confidence in the CV approach to studying steady translating wing cases.

The coefficient of drag and moment for Blade 1 is shown in Fig. 5.7. The low Reynolds

number case results of Re = 15000 were unreliable due to the low signal-to-noise ratio for

these small magnitudes of forces. Thus, the results for Re = 15000 have not been shown.

Similarly, the control volume analysis results are also not shown, as the drag and moment were
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not resolved by the control volume approach either. The limited spatial resolution of the PIV

measurements could be the limiting factor for the calculations for the drag and moment for a

streamlined body at low angles of attack.

The results for the Reynolds number cases of Re = 25000 and 35000 follow a close trend

with the literature [11]. As expected, the moment coefficient about the quarter chord location

was close to zero for a thin symmetric airfoil. The stall characteristics were also apparent as

both the drag and moment were observed to show a sudden rise after the AOA of 12o. An

interesting observation was that the drag coefficient decreased when the AOA was increased

from 0o to 4o. This could result from vortex shedding in the wake due to low Reynolds number

flow separation at an AOA of 0o. With an increase in the AOA to 4o, the separation point could

move towards the trailing edge, reducing the wake deficit and, thus, the drag. The blade wake

characteristics have been analyzed using PIV to confirm the differences in wake characteristics

at low angles of attack.

(a) Drag (b) Moment

Figure 5.7: Variation in coefficient of (a) drag and (b) moment with the angle of attack for
Blade 1 placed in the translation stage 1 (T1). The results are compared with Ohtake [11],
where experiments were done at Re− 40000 for the NACA0012 airfoil section wing.

The wake behavior for angles of attack of α = 0o, 4o, 8o and α = 10o at the Reynolds

number of Re = 35000 are shown in Fig. 5.8. All cases show a periodic vortex shedding in

the wake, which suggests the presence of laminar separation. However, the vorticity of these

vortices reduced when the AOA was increased from α = 0o and α = 4o. This observation
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was consistent over the entire blade translation span for all Reynolds numbers currently tested.

These wake measurements show that the minimum drag observed at the AOA of α = 4o from

the force measurements results from a reduction in wake deficit, possibly due to the movement

of the separation point towards the trailing edge. As a reference, the wake characteristics of

AOA cases of α = 8o and α = 10o have also been shown. The data shows an increase in the

strength of the shed vortices in the wake with an increase in AOA. This observation is consistent

with the force measurements, which also showed an increasing trend in drag beyond AOA of

6o.

These measurements show that the initial acceleration distance of 2c is a safe choice for

the current system, and it doesn’t affect the steady-state load characteristics of the blades. The

results also show that the two translation stages are identical, with minimal manufacturing de-

fects in the used blades. The system’s efficacy in accurately measuring the blade loads and

flowfield was also established. Next, the surging wing case was explored to establish the facil-

ity’s capability to conduct unsteady measurements.

(a) α = 0o (b) α = 4o

(c) α = 8o (d) α = 10o

(e) α = 12o (f) α = 14o

Figure 5.8: Comparison of the Wake characteristics of the blade at Reynolds number of Re =
35000. The data were down-sampled for demonstration purposes.
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5.4.3 Surging wing case

The NACA0012 airfoil profile wing set at 6◦ of AOA was translated in a surging velocity

profile as shown in Fig. 5.2b. The loads were measured from the loadcell and extracted using

the moving CV approach. The results are summarized in Fig. 5.9. As a reference, the dashed

black line also shows the result from Greenberg’s model [77]. Greenberg’s model provides

closed-form expressions for the lift and moment of an aerofoil in attached flow undergoing

sinusoidal pitch, surge, and plunge. Greenberg’s model for the total force per unit span F for a

surging wing can be simplified to an expression given below:

F = − c
2
πρα

( c
2
v̇ + 2vvo + (2vvoλ)<{C(k)eiωvt}

)
(5.5)

where ωv is the circular frequency of the velocity cycle and is given as ωv = 2kvo/c. The chord

length (c), density (ρ), and pitch angle (α) were taken as 0.036m, 1000 kg/m3 and 0.10472 rad,

respectively. Theodorsen’s function,C(k), depends only on reduced frequency. For the reduced

frequency of k = 0.309, Theodorsen’s function is given as C(k) = {0.6606 − 0.1781i}.

These values of pitch reduced frequency and ω were a test case in the gust interaction study by

Smith [81]. These specific values were chosen to ensure that a complete cycle of the surging

profile can be achieved in the current setup with a limited translation distance.

The Cl was normalized by its steady-state component for the AOA of α = 6o. For Green-

berg’s model, the steady-state Cl was the value when λ = 0, i.e., F = cπvo
2ρα. The temporal

range for analyzing the loadcell measurements is shown in the inset in Fig. 5.9. The results

from the CV analysis did not cover the entire measurement range of the loadcell measurements

because of the limitation of the total field of view covering the blade motion. The inset in

Fig. 5.10 shows the total temporal range for the moving CV analysis. From Fig. 5.9, it is ob-

served that the loadcell measurements and the loads from the moving CV approach follow a

close trend with Greenberg’s model, with the CV approach showing slightly more deviation.

This could possibly be due to the accumulation of errors in the flowfield measurements.

As a next step, the total force obtained from the moving CV approach was further de-

composed into the unsteady, convective, and pressure contributions. The results are shown in
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Figure 5.9: Comparison between the coefficient of lift (Cl) obtained from loadcell measure-
ments, moving control volume approach, and Greenberg’s model; the Cl normalized by the
steady-state value when the λ = 0. The insets represent the surging wing velocity profile and
the temporal range for plotting the loadcell data.

Figure 5.10: Decomposition of the unsteady and convective effects using the control volume
approach during surging motion. The insets represent the surging wing velocity profile and
show the temporal range over which the control volume analysis was carried out.

Fig. 5.10. The reduced frequency for the current case was chosen to be k = 0.309, which falls

under a highly unsteady regime (k > 0.2) as stated by Lieshman [73]. Here, the total lift is

expected to be highly dominated by the unsteady effects.

The results show that the unsteady effects are dominant, with the contribution of the un-

steady effects exceeding that of the convective effects during the initial acceleration phase.
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Additionally, the contributions from the pressure term were near zero. Mohebbian [71] ob-

served that the contributions from the pressure term were only important when strong leading

and trailing edge vortices from a flapping flat plate reached the control surfaces. Here, as the

wake is not dominated by strong vortices at these low angles of attack, the contribution from

the pressure term is expected to be minimal. Overall, the results from the moving CV approach

are encouraging and suggest that this approach can be applied to study the translating wing

cases.

5.5 Chapter summary

A translating wing facility was developed to facilitate canonical studies of blade crossover. Two

test cases were considered to validate the facility: the steady translation wing and the surging

wing. The blade loads were measured, and the results were compared with the literature. Sim-

ilarly, the flowfield was measured for the steady translation and surging wing cases to explore

the efficacy of using a moving control volume approach to extract blade loads from the flow-

field measurements of a translating blade. The steady translation experiments were carried out

for the NACA0012 profile section blade at Reynolds number ranging from Re = 15000 to

35000. The angles of attack were varied from α = 0◦ − 14◦ at an increment of 2◦ for the load

measurements. Similarly, the flowfield was measured for the specific angles of attack cases of

α = 0◦, 4◦, 8◦, 10◦, 12◦ and 14◦. Similarly, the surging wing experiments were carried out for

the base Reynolds number of Re◦ = 15000 for an angle of attack of α = 6◦. Some of the

conclusions that can be drawn from this study are summarized below:

1. The lift variation with angle of attack for NACA0012 airfoil blades showed non-linearities

due to flow separations at low Reynolds number cases.

2. Minimum drag was observed at an angle of attack of around α = 4◦ for the blade with

symmetric airfoil section of NACA0012. This is attributed to higher pressure drag at 0◦

due to periodic vortex shedding in the wake.

95



3. The loads extracted from the moving control volume approach for the steady translat-

ing wing matched well with the loadcell measurements, with only the convective term

contributing to the total lift.

4. For the surging wing case, the load measurements from the loadcells and the moving

control volume approach followed a close trend with Greenberg’s model. The unsteady

term significantly contributed to the total lift during the accelerating and decelerating

phases.

5. The results demonstrate that the proposed moving control volume approach can be ap-

plied to studying the unsteady flows for a translating wing.
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Chapter 6

Blade load characteristics during blade crossover

The second aim of this dissertation is to understand the intricate physics of blade crossover

events. The term ”blade crossover event” denotes a specific phase in operating a counter-

rotating coaxial rotor (CCR) system where the blades of the upper and lower rotors intersect

during flight. This occurrence introduces transient excursions in the loads experienced by the

rotor blades. Although some studies have acknowledged the presence of these temporary fluc-

tuations in blade loads during the crossover event, the precise nature of these changes and the

multitude of factors that affect them remain largely unquantified.

Various parameters, including blade profile, spacing, and blade-bound circulation, among

others, can substantially impact the characteristics of blade loads. To study the influence of

these parameters, a facility capable of conducting a parametric study under different condi-

tions is required. Subsequently, it becomes essential to determine the relevant non-dimensional

parameters that influence the problem, followed by experiments that must be conducted to

determine their influence. Simultaneous flowfield measurements must also be carried out to

understand the underlying physics. Quantifying the influence of these non-dimensional param-

eters is crucial for understanding the physics of the problem and ultimately developing accurate

models to predict load characteristics during blade crossover.

As blade cross-over events are transient in nature, the unsteady effects can also dominate

the transient load excursion characteristics. The magnitude of the influence of these unsteady

effects also needs to be determined to assist future modeling approaches. This holistic approach

is instrumental in improving our understanding of the intricate dynamics of blade crossover

events in CCR.
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6.1 Objectives

As the problem has not been studied yet, the aim is to establish the relevant non-dimensional

parameters that pertain to the problem and identify all the areas that would need detailed inves-

tigation to fully comprehend the physics of the problem. The chapter also provides essential

considerations that need to be made for existing/future models to improve the accuracy of their

predictions. The objectives of the study presented in this chapter can be summarized as below:

1. Determine the relevant non-dimensional parameters that govern the load characteristics

during blade crossover.

2. Conduct experiments to understand the influence and importance of each of these non-

dimensional parameters.

3. Quantify the unsteady effects on load excursions during blade crossover.

6.2 Approach

The effects of blade crossover were studied in the hydrodynamic towing tank facility (Sec-

tion 2.3). Two infinite blades were translated in equal and opposite directions to simulate a

singular blade crossover event. The load and flowfield characteristics were measured during

the blade crossover event. Blade loads were measured using strain gauge load cells and the

flow field was measured using particle image velocimetry (PIV).

The relevant non-dimensional parameters influencing the blade crossover problem were

determined using Buckingham’s π theorem. A total of eight variables with three fundamental

dimensions were chosen. The variables considered are: blade chord (c), blade span (b), blade

spacing (d), translation speed (U∞), steady-state lift (L), blade thickness (th), fluid density (ρ),

speed of sound (cs) and fluid viscosity (µ). The analysis using Buckingham’s π theorem shows

that the excursion in the lift coefficient (δCl) is a function of five known non-dimensional

parameters: Reynolds number (Re), blade thickness to chord ratio (βh), steady-state lift coef-

ficient (Cl), normalized blade spacing (dN ), aspect ratio (AR), and match number (M∞). The
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relationship is defined as:

δCl = f(Re, th, Cl, dN , AR,M∞) (6.1)

where,

δCl =
δL

0.5ρU2
∞cb

(6.2)

Re =
U∞c

ν
(6.3)

βh =
th
c

(6.4)

Cl =
L

0.5ρU2
∞cb

(6.5)

dN =
d

c
(6.6)

AR =
b

c
(6.7)

M∞ =
U∞
cs

(6.8)

Here, the experiments are done in infinite wing conditions, and thus, the three-dimensional

effects can be neglected. As such, the effects of the aspect ratio (AR) do not need to be con-

sidered for the current conditions. The effects of Mach number (M∞) can also be neglected as

the experiments were done in incompressible flow conditions. As such, Eq. 6.1 becomes:

δCl = f(Re, βh, Cl, dN) (6.9)
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Experiments were then carried out to determine the effects of these non-dimensional parame-

ters. Here, it is important to mention that the effects of airfoil shape could also play a significant

role in the load characteristics during the blade passage, and thus, the effects of blade curvature

were also explored under the same section that discusses the effects of blade thickness effects.

The potential lower-order modeling approach for the blade crossover event was also ex-

plored by providing an analogy between the gust interaction problem and the blade crossover

problem. The gust induced by a single translating blade at a specific spacing was extracted

from the flowfield measurements for this analysis. These extracted velocity profiles were fitted

to the Kussner function to model the blade lift response. Kussner function is a modification

of Theodorsen’s function for pitching, plunging, and surging wings, the analysis of which is

based on unsteady linear aerodynamic theory. The Kussner function provides an analytical lift

response of a thin airfoil translated through a sharp-edged gust. These functions are used in

convolution schemes to model blade interactions with arbitrary gust profiles. The lift buildup

to an arbitrary gust is given as:

L = πρU∞c

[
wg(0)ψ(S) +

∫
0

S
dwg(σ)

dσ
ψ(S − σ)dσ

]
(6.10)

where wg = v/U∞, S = 2tU∞/c is the non-dimensional time, i.e., the length traveled in

semi-chords from the leading edge, and ψ(S) is the Kussner function approximated as:

ψ(S) ≈ 1− 0.5e−0.13S − 0.5e−S (6.11)

Further details on the derivation involving the Kussner function are provided in Lieshman [73].

The integral form of the Kussner function in Eq. 6.10 is complicated, as it involves a

convolution operation and can be computationally expensive when evaluated over extended pe-

riods of time. As such, Zaide [82] identified a parametric model for gust response. Zaide [82]

proposed an autoregressive-moving-average (ARMA) model to relate the aerodynamic lift co-

efficient to the gust input at the current and previous time steps and to the previous time-step

values of the lift coefficient. These models were shown to perfectly capture the gust response
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under incompressible and inviscid regimes. The ARMA model assumes the following model

structure:

Cl(n) = −a1Cl(n− 1)− a2Cl(n− 2)− ...− anaCl(n− na)+

b◦wg(n) + b1wg(n− 1) + ...+ bnb
wg(n− nb)

(6.12)

where Cl(n) is the time-dependent lift coefficient, and wg(n) is the gust input value at the

leading edge at discrete time n. na and nb are model orders determined by the user. ana and bna

are model parameters to be estimated. Zaide [82] states that the Kussner function in Eq. 6.11

can be written as an ARMA model of the order na = 2, nb = 1 and its parameters a1, a2 and

b◦, b1 can be calculated exactly for various values of discrete time steps, ∆S, as follows:

a1 = − 1.13∆S + 2

0.13∆S2 + 1.13∆S + 1
(6.13)

a2 =
1

0.13∆S2 + 1.13∆S + 1
(6.14)

b◦ =
0.13∆S2 + 0.565∆S

0.13∆S2 + 1.13∆S + 1
(6.15)

b1 =
0.565∆S

0.13∆S2 + 1.13∆S + 1
(6.16)

The lift response from this model and that from the experiments were compared to studying the

analogy between the blade crossover and gust interaction problem. The unsteady effects were

then quantified by applying the moving control volume approach, as discussed in the previous

section (Section 5.2). The control volume approach assisted in decomposing the unsteady and

convective effects, providing insights into the physics of the problem and better informing the

modeling efforts.
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6.3 Operating conditions

The experiments were carried out for flat plates and blades with NACA0012 and NACA0018

airfoil profile sections. The two blades under investigation were called Blade 1 and Blade 2.

Blade 1 occupied the lower position, while Blade 2 was placed above it. Both blades had a

span of 0.254 meters. The chord length was varied for the NACA0012 profile blade sections

as c = 0.036m and c = 0.072m. For the blade with a smaller chord length, experiments were

carried out at translation speeds ranging between U∞ = (0.41 − 0.97)m/s, at pitch angles

ranging between α = 0◦ − 14◦ and blade spacing ranging between d/c = 1.4 − 3. Flowfield

measurements were also carried out for some of the specific cases. For blades with larger chord

lengths of c = 0.072m, experiments were carried out at a fixed blade spacing of d/c = 1.4 and

a pitch angle of α = 0◦. The translation speed was varied as U∞ = (0.209− 0.69)m/s.

For flat plates and blades with NACA0018 airfoil profile, the experiments were carried

out at a pitch angle of α = 0◦, blade spacing of d/c = 1.4, and translation speeds ranging as

U∞ = (0.41− 0.97)m/s. For flat plates and NACA0012 airfoil blades, additional experiments

were carried out at a pitch angle of α = 4◦ to develop an analogy to gust interaction studies. In

these experiments, the bottom blade (Blade 1) was set at α = 4◦, and the top blade at α = 0◦.

A detailed summary of these operating conditions is provided in Table 6.1.

6.4 Results and Discussion

The blade crossover event results in transient excursions in the blade loads. The characteris-

tics of the excursions in the loads experienced by each blade during the blade crossover are

demonstrated through a test case of blade crossover at a pitch angle of α = 0◦ for the Reynolds

number case of Re = 25000. The lift coefficient excursion (δCl) is plotted against the non-

dimensional translation distance (s/c) in Fig. 6.1. The lift coefficient excursion (δCl) is calcu-

lated by subtracting the lift coefficient of a single blade from that undergoing a crossover event.

The translation distance of s/c = 0 represents a distance when the quarter chord of the two

blades is aligned (shown in the inset of Fig. 6.1) and is represented by a gray dashed line in this

chapter.
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Table 6.1: Experimental matrix for blade crossover study

Blade section Configuration Blade spacing (d/c) α (Blade 1) α (Blade 2) Re

NACA0012
(Chord - 0.036m)

Isolated single -
0◦, 2◦,4◦,
6◦,8◦,10◦

12◦,14◦

0◦, 2◦, 4◦,
6◦, 8◦, 10◦

12◦, 14◦

15000, 25000, 35000
Blade crossover

1.4

0◦ 0◦

2◦ 2◦

4◦ 4◦

6◦ 6◦

8◦ 8◦

10◦ 10◦

12◦ 12◦

14◦ 14◦

4◦ 0◦

2, 3
0◦ 0◦

8◦ 8◦

Flat plate
(Chord - 0.036m)

Isolated single - 0◦,4◦ 0◦

Blade crossover 1.4
0◦ 0◦

4◦ 0◦

NACA0018
(Chord - 0.036m)

Isolated single 1.4 0◦ 0◦

Blade crossover 1.4 0◦ 0◦

NACA0012
(Chord - 0.072m)

Isolated single - 0◦ 0◦ 15000, 20000, 25000,
30000, 35000, 50000Blade crossover 1.4 0◦ 0◦

When the blades were far apart, the difference between the single blade and those under-

going crossover was zero. As the quarter-chord location of the blades was approximately 1c

away, the effects of the blade crossover event became evident. The blades began to experi-

ence an outward force relative to each other, which peaked slightly before the quarter-chord

positions aligned, indicated as s/c = 0. Beyond this point, the load excursions decreased

rapidly, changed direction, and reached a peak value similar to what was observed before the

crossover. As the blades moved farther apart, the loads gradually returned to a value close to

zero. The system’s response influenced the characteristics of loads post-crossover. An impulse

test determined that the current system exhibited an underdamped response with a frequency

of approximately 10Hz. A similar response frequency was observed in the post-crossover

behavior of the blades.

Figure 6.2 provides an overview of the flowfield changes during the blade crossover event

of a counter-rotating coaxial rotor system. When the rotor blades are initially far apart (Fig.

6.2a), the flowfield surrounding the blades exhibits symmetry, resulting in zero net lift. As
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Figure 6.1: Normalized coefficient of lift during blade crossover at α = 0◦ and Reynolds
number case of Re = 25000. The data were down-sampled for demonstration purposes.

the blades translated closer to each other (Fig. 6.2b), Blade 1 experiences a downwash caused

by Blade 2, while Blade 2 experiences an upwash due to Blade 1, primarily influenced by the

thickness of the blades. During this time, the interactions of the flowfield between the two

blades resulted in a small region between the blades where the flow was quiescent. This region

is termed a stagnation point, contributing to the increased pressure towards the leading edge of

the two blades.

The combination of these effects creates an outward force between the blades as they ap-

proach each other. This finding aligns with the results reported in studies examining crossovers

between two trains [61, 83]. Simulations of train crossovers revealed the formation of a high-

pressure region as the trains approached each other, primarily near the trains’ noses. Although

pressure measurements were not conducted in the present study, the presence of a stagnation

point suggests that pressure between the blades might have increased in this area. This supports

the observed outward force experienced by the two blades.

As the blades undergo crossover, the stagnation point persists and stays in the same loca-

tion(Fig. 6.2b, c, and d). Although the formation of a stagnation point results in a local increase

in static pressure, it also results in other flow phenomena that contribute to the inward force

experienced by each blade after s/c = 0. First, the thickness-induced upwash and downwash
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Figure 6.2: Flowfield evolution between the blades during blade crossover event for α = 0◦

and Re = 25000.

from Blade 1 and Blade 2, respectively, flow around the stagnation point. This leads to addi-

tional upwash toward the upper blade’s trailing edge and downwash on the lower blade. Second,

as the blades align with each other, the space between them decreases, causing an increase in

velocity on the suction side of Blade 1 and the pressure side of Blade 2. These effects result

in higher dynamic pressure on the suction and pressure sides of Blades 1 and 2, generating an

inward force.

These observations also align with the train crossover literature. These studies [61, 83]

have shown that as the trains that cross each other align with each other, the pressure between

the trains drops significantly due to flow acceleration. Similar phenomena could be present in

current conditions, which would result in the blades to experience inward force as they align

against each other. After the blades move apart (Fig. 6.2d), the flowfield reverts to a symmetric

state and any shed vortices in the wake of the blades have minimal impact on the loads or

flowfield characteristics following the crossover event.

To further explore the phenomena discussed above, the velocity profiles at a location of

0.5c above and below the chord line of the two blades were extracted at four instances: (1) when

the blades were far apart (s/c = −4), (2) approaching each other (s/c = −0.5), (3) quarter
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(a) u-velocity above Blade 2 (b) v-velocity above Blade 2

(c) u-velocity below Blade 2 (d) v-velocity below of Blade 2

Figure 6.3: Extracted velocity profiles above and below Blade 2 before, during, and after the
blade crossover at the Reynolds number case of Re = 25000.

chord aligned against each other (s/c = 0) and (4) traveling away from each other (s/c = 0.5).

The distance of 0.5c above and below the blades was chosen to ensure that velocity vectors

were extracted in regions where the effects of reflections from the blade were minimal on the

PIV cross-correlation algorithm. Although the velocity profile extracted at these locations does

not provide a complete understanding of the velocity profile close to the airfoil surface, these

velocity profiles could provide some explanation for the observed force measurements. The

results from top blade (Blade 2) are shown in Fig. 6.3 and for the bother blade (Blade 1) are

shown in Fig. 6.4. The x-axis represents the normalized horizontal distance by referencing the

blade quarter-chord location.

For locations above the top blade (Blade 2) (Fig. 6.3a and b) and below the bottom

blade (Blade 1) (Fig. 6.4c and d), the differences in the x and y components of the velocities
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(a) u-velocity above Blade 1 (b) v-velocity above Blade 1

(c) u-velocity below Blade 1 (d) v-velocity below Blade 1

Figure 6.4: Extracted velocity profiles above and below Blade 1 before, during, and after the
blade crossover at the Reynolds number case of Re = 25000.
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were largely invariant to the blade crossover event. However, the velocity profiles below the

top blade and above the bottom blade showed significant variation with respect to the crossover

location. This observation suggests that the observed excursions in blade loads are largely

due to variations in flowfield on the pressure and suction sides of the top and bottom blades,

respectively.

The observed variations in the velocities between the two blades in different crossover

stages corroborated with the observed load characteristics. As the blades approach each other

(s/c = −0.5), reduction in the magnitude of the x and y-components of velocities were ob-

served (Fig.6.3b and c, and Fig. 6.4a and b). As discussed earlier, this results from the com-

bination of upwash and downwash effects of the two blades on each other and the stagnation

flow region between the two blades (stagnation point). These effects result in an increase in

static pressure on the pressure and suction sides of the top and bottom blades, respectively, and

result in the observed outward forces. As the quarter-chord location of the blades aligned, a

significant increase in velocity magnitude was observed for both the top (Fig. 6.3d) and bottom

blades (Fig. 6.4b). This increase in velocity on the pressure and suction sides of the top and

bottom blades indicates increased dynamic pressures at these locations. As a result, the blades

experience an inward force as they align with each other.

Different operating and geometric variables could influence the magnitude of the observed

upwash and downwash effects. As such, the relevant non-dimensional parameters were deter-

mined using Buckingham’s π theorem to facilitate a systemic study of the effects of different

variables. These non-dimensional parameters are presented in Section 6.2. The effects of these

non-dimensional parameters on the loads during the blade passage are discussed in the next

section.

6.4.1 Reynolds number effects

The Reynolds number (Re) is defined based on the blade chord length. The Reynolds number

can be varied by changing the blade chord length or the translation velocity. To assess the po-

tential effects of changing characteristic lengths and translation velocities, the reduced time (sr)
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was quantified. The reduced time is defined by [73] as:

sr =
2

c

∫ t

0

udt (6.17)

The reduced time represents the relative distance traveled by the airfoil through the flow in

terms of semi-chords for a time interval of t. Here, the time interval (t) for the blade crossover

event is defined as the time that the airfoils travel from a configuration where their leading

edges are aligned to a configuration where their trailing edges are aligned. The airfoils travel

one chord length in this interval; thus, the time interval is t = c/u. Substituting this in Eq. 6.17

results in a constant reduced time of sr = 2.

The calculation shows that the value of the reduced time is always constant, regardless

of the translation velocity and the characteristic length. As such, the translation velocity, the

characteristic length, and ultimately, the Reynolds number do not seem to influence the cur-

rent problem. To explore this hypothesis, the Reynolds number was changed by changing the

translation velocity and the blade chord length by keeping all the other parameters constant.

The thickness to chord ratio was set to 12%, the initial bound circulation was set to zero with

the pitch angle set to 0◦, and the non-dimensional blade spacing was set to d/c = 1.4. The

parametric space for this study is summarized in Table 6.1. The chord length has been varied

as c = 0.036, 0.072 m, and the translation velocities for these blades have been varied between

u = (0.2 − 0.97) m/s. The resulting Reynolds number of these combinations ranged from

Re = (15000− 50000).

The lift variation at these Reynolds number cases was averaged, and the mean and standard

deviation are shown in Fig. 6.5. The maximum excursion in the lift coefficient (δCl) and its

location (sδClmax) is also shown in the insets of Fig. 6.5. Variations in the coefficient of lift

behavior between the different Reynolds number cases were minimal, as shown by the standard

deviation. Variation in the maximum coefficient of lift excursions and their locations was also

minimal, as shown in Fig. 6.6. These results suggest that the effects of the Reynolds number

on the lift behavior are not significant for the range tested in the current studies.
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Figure 6.5: Normalized coefficient of lift across different Reynolds number cases. The shaded
region represents the standard deviation. The data were down-sampled for demonstration pur-
poses.

Figure 6.6: The box plots represent the variation in the peak excursion in the lift coeffi-
cient ((δCl)max) and the location of the peak excursion in the lift coefficient ((s/c)(δCl)max).
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(a) At s/c = −4 (b) At s/c = 0

Figure 6.7: Extracted velocity profiles above Blade 1 before and during the blade crossover at
three Reynolds number cases of Re = 15000, 25000, and 35000.

The y-component of velocity was extracted at the location of 0.5c above the bottom

blade (Blade 1) chord line for the three Reynolds numbers of Re = 15000, 25000, and 35000.

The location above the bottom blade was chosen as the velocity profile below Blade 1 was

observed to be invariant to the blade crossover event. The velocity profiles for the upper blade

were not presented here for the sake of brevity. The results are summarized in Fig 6.7, with

Fig 6.7a illustrating velocity profiles at s/c = −4 and Fig 6.7b at s/c = 0. When normalized

by their respective translation velocities (U∞), it was evident that there was minimal variation

in the velocity profiles with respect to the Reynolds number. This finding aligns with the load

measurements, reinforcing the idea that the load variations during the blade crossover event are

largely independent of Reynolds number effects.

In the current Reynolds number range, it is expected that phenomena like the formation of

laminar separation bubbles and periodic vortex shedding in the wake would occur, as indicated

in previous studies [75]. However, it is important to note that the behavior of these phenomena

can significantly differ as the Reynolds number transitions from Re = 15000 to Re = 50000.

This study underscores that these phenomena had minimal impact on the lift excursions of the

blades during the blade crossover event. Furthermore, it is worth noting that quantifying the

reduced time for blade crossover suggests that these results might apply to a broader range
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of Reynolds numbers that haven’t been tested yet. To confirm this, additional experiments

spanning different Reynolds number ranges are necessary.

However, the effects of the Reynolds number can be substantial when considering the

drag characteristics of the blades. The formation of laminar separation bubbles and vortex

shedding in the wake can potentially alter the pressure drag experienced by the blades. Ad-

ditionally, a change in the Reynolds number can influence skin friction drag. These factors

collectively contribute to variations in drag characteristics during the blade crossover. It is cru-

cial to acknowledge that the current load cells used in this study lacked the sensitivity required

to measure these drag coefficient variations, particularly at low angles of attack. As a result,

conducting further experiments with more sensitive load cells is imperative to comprehensively

understand the drag variations during blade crossover at different Reynolds numbers.

The effects of Reynolds number on airfoils undergoing unsteady motion have attracted

interest due to the increased application of micro air vehicles, which operate at relatively

low Reynolds number conditions. Badrya [84] showed that the lift response of a pitching

NACA0012 airfoil at low Reynolds number conditions of Re = 10000 follows a close trend

with the predictions made by Theodorsen’s [85] inviscid formulation. Although some high-

frequency oscillations occurred during the acceleration and deceleration peaks, the general

trend was closely matched. These observations suggest that, at low Reynolds numbers, while

the general trend in the blade crossover events resembles that of high Reynolds number con-

ditions, it might exhibit additional high-frequency oscillations. These oscillations might be

important during the post-crossover phase, where the system responds to the impulsive pertur-

bations imparted to the system by the blade crossover event. A further detailed analysis of the

system response due to blade crossover event is required to fully understand these effects.

6.4.2 Effects of blade thickness to chord ratio and airfoil curvature effects

The effects of blade thickness and airfoil shape on load characteristics during unsteady flow

conditions, such as pitching airfoil and gust interactions, have been studied in a few litera-

tures [86, 87, 88]. These studies have highlighted a strong dependence of airfoil thickness and
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shape on the unsteady load response. For example, Motta [87] numerically studied the influ-

ence of blade thickness on the load response of a pitching airfoil at low angles of attack. He

considered NACA symmetric airfoil with a thickness ranging from 4% to 24% of the blade

chord. The results were compared with Theodorsen’s [85] lower-order unsteady aerodynamic

model, which predicts the loads for a thin flat plate undergoing unsteady maneuvers. Some of

the assumptions associated with this model are that the perturbations are of small amplitude,

the flow is attached, and the Kutta condition at the trailing edge is satisfied.

Motta [87] observed that the results from the NACA0004 airfoil matched well with the

predictions made by Theodorsen’s function. However, the deviations from the theoretical pre-

dictions increased with increasing the airfoil thickness. These variations were attributed to the

change in the circulatory component of the lift, which implies that the blade thickness mostly

affects the circulatory aspect of the total lift. For current conditions, as the blade thickness to

chord ratio increases, the fluid displaced by the translating blades increases. This could re-

sult in higher downwash and upwash effects for blades 1 and 2, respectively. These variations

could ultimately modify the circulatory lift experienced by the other blade and vary the load

characteristics.

Similarly, Lysak [88] numerically studied the variation in the lift response of a flat plate

and NACA 65 series airfoils with an elliptical leading edge to the step gust input. He observed

that the flat plate experienced an abrupt change in its lift response as the gust interacted with its

leading edge. This abrupt change in lift response was smoothed out for NACA 65 series airfoil

due to the leading edge curvature effects. As a result, the NACA 65 series airfoil experienced

an earlier onset of the gust interaction effects. Similar effects can also be expected for the blade

crossover event when the airfoil shape varies.

To explore all of these effects, three blade sections were considered: (1) flat plate, (2)

NACA0012, and (3) NACA0018. These blades had the same chord length of c = 0.036m. The

flat plate had a blade thickness ratio of 6%. This was due to the manufacturing challenges of

producing flat plates with lower thicknesses and the decreased aerodynamic efficiency linked to

thicker flat plates, particularly under these low Reynolds number conditions. Figure. 6.8 shows

the variation in the excursion in the coefficient of lift (δCl) for these three cases. These plots

113



Figure 6.8: The variation in the lift coefficient for a flat plate, NACA0012 airfoil profile blades,
and NACA0018 airfoil profile blades.

were averaged between the Reynolds number of Re = 15000, 25000, and 35000 for each case.

The results show that the blades with symmetric NACA airfoil profiles do, in fact, experience

an earlier onset of blade crossover effects similar to the observations made by Lysak [88] in his

gust interaction study. In addition, the comparison shows that an increase in thickness results

in higher excursions. To further quantify excursions due to thickness effects, the magnitude

of maximum excursion in the coefficient of lift (δClmax) and its location were extracted from

all of these Reynolds number cases for both blades. The box plot in Fig. 6.9 summarizes the

results.

(a) Maximum excursion (b) Location of the maximum excursions

Figure 6.9: Variation in the magnitude of the maximum excursions in the coefficient of lift and
its location relative to the crossover location.
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The mean value of δClmax showed a nearly two-fold increase, rising from 0.019 to 0.045,

when the blade thickness ratio increased from 12% to 18%. This suggests a clear dependence

of the load excursion characteristics on blade thickness. This is on par with the earlier discus-

sion about the increased upwash and downwash effects due to an increased blade thickness.

Increased lift excursions with blade thickness could be due to the change in the circulatory

component, similar to the observations made for pitching airfoil by Motta [87]. The quantifica-

tion of the circulatory and non-circulatory components on these observed load excursions will

require further experimentation and analysis in the future. Despite the differences in maximum

blade thickness between NACA0012 and flat plate blades, the magnitudes of excursions ex-

perienced by the flat plates were similar to NACA0012 airfoil blades. More experiments are

required to explore this phenomenon.

The effects of airfoil curvature were also apparent in Fig. 6.9b, which shows the location

of the initial peak excursions. For NACA0012 and NACA0018 cases, the peak occurred before

the point where the quarter chords of the two blades aligned (s/c = 0), and the location of

δClmax didn’t show significant changes between these two cases. This observation could be

attributed to the symmetric nature of both blades, with their maximum thickness occurring at

30% of the chord length. However, δClmax for the flat plate was located aft of s/c = 0. These

differences can be attributed to curvature effects, suggesting that blade curvature also plays a

significant role in shaping load characteristics during blade crossover events.

The results emphasize the fact that the effects of blade thickness and curvature effects

are important considerations for modeling tools that predict the lift response during the blade

crossover event. While developing a lower-order analytical model based on Theodorsen’s

formulation is possible, the underlying assumption of an infinitesimally thin flat plate could

be problematic, as the rotorcraft employ airfoils with a finite thickness. However, it has

been shown that the effects of blade thickness can be accounted for by adding corrections

to Theodorsen’s flat plate formulation. For instance, using a conformal mapping technique,

Kussner [89] computed a set of modified Theodorsen’s functions for Joukowsky airfoils.

Recently, Motta [87] observed that Theodorsen’s function scaled with the blade thickness

as the blade thickness varied from 4% to 24% for NACA symmetric airfoil. These empirical
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scaling factors resulted in excellent agreement between Theodorsen’s predictions and the nu-

merical results. Lysak [88] also showed that an exponential correction to the flat plate gust

response function, i.e., Sears function [90] (modified from Theodorsen’s function), improved

the theoretical predictions of the NACA 65 series airfoils. These results from the past litera-

ture show overwhelming evidence that the effects of blade thickness and airfoil shape can be

accounted for through modifications to the lower-order models formulated for infinitesimally

thin flat plates. This reduces the complexity of modeling approaches for blade crossover prob-

lems and potentially reduces the computational cost significantly.

6.4.3 Effects of steady-state lift coefficient

The preceding results have demonstrated that the blade profile and thickness significantly influ-

ence blade loads during blade crossovers. However, when the steady-state lift coefficient was

zero, these load characteristics were symmetric for both the bottom and top blades (Blades 1

and 2). However, these load characteristics are expected to exhibit different behaviors when

introducing a steady-state lift. The introduction of blade-bound circulation leads to additional

upwash and downwash effects between the blades, potentially resulting in varying load charac-

teristics. A close analogy can be drawn to airfoil interactions with vortical gusts to predict the

load behaviors during blade crossover at finite steady-state lift conditions.

Many studies focusing on airfoil interactions with vortical gusts have established that when

a counter-rotating vortex approaches an airfoil, it induces upwash onto the airfoil [91, 92, 93].

Hufstedler conducted an experiment in which he measured the lift response of a NACA0012

airfoil in the presence of a translating vortex in close proximity [93]. This vortex had clockwise

and counterclockwise rotational directions, and the pitch angle of the blades was varied. The

vortex was positioned at a finite distance above the airfoil. Notably, the interactions with a

counter-rotating vortex could have analogous effects as the interactions between translating

blades with finite pitch angles, as the bound circulation of the blades can be effectively modeled

as a counter-rotating vortex.

In Hufstedler’s experiment [93], as the vortex approached the blades, it caused an increase

in their lift. However, as the vortex passed above the blades, the lift decreased to values below
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(a) α = 0◦ (b) α = 4◦

(c) α = 8◦ (d) α = 10◦

(e) α = 12◦ (f) α = 14◦

Figure 6.10: Variation in the coefficient of lift for Blade 1 and Blade 2 during the blade
crossover at different angles of attack and the Reynolds number of Re = 25000.
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the steady-state lift. Subsequently, the lift gradually recovered to the steady-state level as the

vortex moved farther away from the blades. These influences were consistent across all blade

pitch angles. The rate of lift recovery was contingent on the strength of the vortex, with a

stronger vortex resulting in a longer recovery period. Given these findings, it is reasonable to

expect similar influences and lift behavior during the blade crossover between blades with finite

pitch angles. To investigate these effects, the pitch angle of the two blades was varied within

the range of α = 0◦, 4◦, 8◦, 10◦, 12◦ and 14◦ and the resulting load characteristics during blade

crossover are summarized in Fig. 6.10.

During the blade crossover at non-zero pitch conditions, both blades experienced an initial

increase in the lift coefficient before s/c = 0. This was followed by a decrease in the lift

coefficient in both blades close to and after s/c = 0. These behaviors were similar to the airfoil

interactions with a translating vortex rotating counterclockwise and suggest that there is some

analogy between the blade crossover problem and the vortical gust interaction problem. To

better understand the underlying flow phenomena responsible for these load characteristics, the

flow characteristics during the blade crossover test case of α = 8◦ at the Reynolds number

case of Re = 25000 were analyzed. Figure 6.11 provides an overview of the flowfield before,

during, and after the blade crossover.

The initial increase in the lift coefficient in both blades before the crossover can be at-

tributed to the strong upwash induced by each blade’s bound circulation effects on the other

blade. This phenomenon is clearly visible in Figure 6.11a and results in an increase in the ef-

fective angle of attack, consequently increasing the lift. These upwash effects are also visible in

the velocity profiles extracted at 0.5c distance above and below the two blades at an instance of

s/c = −0.5. The results are shown in Fig. 6.14 and Fig. 6.13. Here, significant increases in the

x and y-component of velocities were observed towards the leading edge of the two blades (re-

fer to Fig. 6.14c and d and Fig. 6.13a and b). These effects are schematically represented in

Fig.6.12, which shows the induced upwash effects due to the presence of bound circulation.

As the blades start aligning against each other, it is assumed that the top blade effects on the

bottom blade are mainly concentrated on the bottom blade suction side. Similarly, the effects of

the lower blade are concentrated on the pressure side of the top blade. This is a fair assumption
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(a) s/c = −0.5

(b) s/c = 0

(c) s/c = 1

Figure 6.11: Flowfield evolution between the blades during blade crossover event for α = 8◦

and Reynolds number of Re = 25000.
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Figure 6.12: Schematic representation of the bound circulation effects of the blades during
blade crossover. The bound circulation of the other blade is represented as a vortex, which is
analogous to the vortical gust interaction of the blades. The velocity vectors are not to scale.

given the no penetration boundary condition due to the blades’ presence. The velocity profiles

above and below the two blades were examined to further confirm this. The velocity profiles

above the top blade (Blade 2) and below the bottom blade (Blade 1) were largely invariant

with respect to the blade crossover event (refer to Fig. 6.14a and b and Fig. 6.13c and d).

The changes in velocities below the top blade and above the bottom blade were much more

significant, suggesting that the changes in blade loads during the blade crossover are majorly

due to the changes in flowfield in the pressure and suction sides of the top and bottom blades,

respectively. The contribution of these variations on the lift characteristics is discussed next.

As the blades get closer, the upwash effects due to the bound circulation start to reduce, as

shown in Fig.6.12.

As the quarter chords of the blades align (at s/c = 0), the bound circulation of the upper

blade (Blade 2) induces downwash on the lower blade (Blade 1). These effects are also reflected

in the extracted velocity profiles at 0.5c distance above Blade 1. The magnitude of the x and

y-component of velocities was observed to increase in a rightward and downward direction,
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(a) u-velocity above Blade 1 (b) v-velocity above Blade 1

(c) u-velocity below Blade 1 (d) v-velocity below Blade 1

Figure 6.13: Extracted velocity profiles above and below Blade 1 before, during, and after the
blade crossover at the Reynolds number case of Re = 25000 and the pitch angle of α = 8◦.
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(a) u-velocity above Blade 2 (b) v-velocity above Blade 2

(c) u-velocity below Blade 2 (d) v-velocity below of Blade 2

Figure 6.14: Extracted velocity profiles above and below Blade 2 before, during, and after the
blade crossover at the Reynolds number case of Re = 25000 and the pitch angle of α = 8◦.
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respectively. These effects result in a reduced effective angle of attack of the bottom blade,

resulting in decreased lift. These effects persist and become more pronounced as the blades

continue translating, as seen in Figure 6.11c. This leads to the observed minimum peak in lift

coefficient for Blade 1 right after the s/c = 0 location. Figure 6.12 shows a conceptualized

schematic of how the downwash from the bound circulation from the top blades results in

reduced blade angle of attack.

Additionally, as the blades aligned, the bottom blade-bound circulation-induced effects

also induced downwash on the top blade. This concept is illustrated in Fig. 6.12. This is further

substantiated by the velocities extracted at the location of 0.5c below the top blade. As seen in

Fig. 6.14c, the x-component of velocity does increase in the translation direction, and the blade

experiences additional downwash as the blades align against each other. The consequence is

that the lift produced by the top blade also started to reduce as the blades aligned. As the

blades travel further from each other, these effects reduce, and the lift starts to recover to the

steady-state value.

The same mechanism contributes to the observed load behavior at all the pitch angles

above α = 0◦ and below stall. While the mechanisms remain the same, some differences were

observed between these cases. For instance, the lower blade (Blade 2) at α = 4◦ did not show

significant influence from the crossover event compared to the other pitch angle cases. Simi-

larly, for α = 0◦, 4◦, 8◦ and 10◦, the lift coefficient values after the crossover slowly returned

to the initial values. However, after the crossover, a significant drop in the lift coefficient was

observed for the α = 12◦ case. This is indicative of an induced stall due to the blade crossover

event. The upcoming sections provide a discussion on these observed effects.

Peak load excursions and their behavior

The peak excursions from the steady lift during the blade crossover event were extracted for

each blade with the NACA0012 airfoil profile section at different angles of attack to quan-

tify the variations. The results were averaged between the Reynolds number cases of Re =

15000, 25000. The δClpeak and (s/cδClpeak) were extracted, and the results are plotted in Fig. 6.15.

123



Figure 6.15: Variation in the (a) peak excursion values in the coefficient of lift and (b) loca-
tion of the peak excursions at different angles of attack. Shaded markers represent the peak
excursions and their location before the crossover, and non-shaded markers represent peak ex-
cursions and their location post-crossover.

The filled markers in this figure represent the properties of the peak excursions before s/c = 0,

and non-filled markers represent peak excursion properties aft of s/c = 0.

The δClpeak at α = 0◦ for the two blades were equal and opposite. This signifies the sym-

metric interactions between the blades with zero steady state-lift. As the pitch angle increased,

the magnitude of the peak excursions before and after s/c = 0 was observed to increase linearly

with the increase in the pitch angle. This is attributed to the increase in blade-bound circulation

with increasing pitch angle. This result suggests that there might be a linear supposition of the

pitch angle effect on the load characteristics during blade crossover. A simple linear superpo-

sition of the pitch angle effects simplifies the modeling approach, as the existing lower-order

models are currently based on the linear superposition theory (for example, Theodorsen’s for-

mulation [85]). Some modifications of these linear unsteady theories can be used for modeling

the blade crossover effects with a linear superposition of the pitch angle effects.

Despite the linear increase in peak excursions with pitch angle, notable differences were

observed between the two blades and the peak excursion properties before and after s/c = 0.

For instance, at α = 4◦, the magnitude of the peak excursions before s/c = 0 differed between

Blade 1 and Blade 2, while the differences were minimal for higher pitch angles of α = 8◦, 10◦

and 12◦.
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At α = 4◦, the peak excursion values for the bottom blade (Blade 1) were lower than

for the top blade (Blade 2). Here, the effects of bound circulation might not have been strong

enough to counteract the blade thickness effects. As discussed earlier, blade thickness effects

contribute upwash to the upper blade and downwash to the lower blade as they approach each

other, resulting in an initial outward force on both blades. For the top blade (Blade 2), the

upwash due to the lower blade’s bound circulation added to the upwash due to thickness ef-

fects, increasing the effective angle of attack. However, the downwash from the upper blade’s

thickness to the lower blade counteracted the upper blade’s bound circulation effects. This is

why a difference in δClmax was observed between the two blades at α = 4◦. As the pitch

angle increased towards the stall angle of α = 12◦, the influence of bound circulation became

dominant. Consequently, the differences in peak excursion magnitudes between the two blades

decreased before s/c = 0.

The magnitude of (sδClpeak) before s/c = 0 initially increased when pitch angle increased

from α = 0◦ to α = 4◦. The induced upwash effects due to the blade-bound circulation result in

the blades experiencing the effects to each other earlier than the crossover case at α = 0◦. This

results in the earlier peak excursions during a crossover with an initial condition of finite bound

circulation. As the pitch angle increased, the location of this peak excursion before s/c = 0

did not change significantly, suggesting that the increase in bound circulation only increases

the magnitude of the upwash effects but not the region of influence of one blade to the other.

A significant difference in the peak excursion behavior after the s/c = 0 location was ob-

served between the two blades. The magnitude of the peaks was higher for the top blade (Blade

2) than the bottom blade (Blade 1). The location of the peak for the top blade (Blade 2) was

also closer to the s/c = 0 location compared to that bottom blade (Blade 1). As the blades

aligned against each other, the upwash effects began to diminish. Concurrently, the top blade

induced a substantial downwash on the suction side of the bottom blade, while the bottom blade

effects act to reduce the net dynamic pressure of the flow. The current observations suggest that

among these two influences, the effect of the bottom blade on the top blade is stronger than the

influence of the top blade on the bottom. To confirm this, the drag and moment coefficient of

the two blades were also analyzed for the crossover case at α = 8◦.
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(a) Drag coefficient excursions (b) Moment coefficient excursions

Figure 6.16: Excursions in the drag and moment coefficient during the crossover at α = 8◦.
The insets represent the operating conditions and the directions of the drag and moment for
each blade.

Figure 6.16 shows the excursions in the drag and moment coefficient of the two blades,

which were extracted by subtracting the isolated blade results. While the drag of the bottom

blade (Blade 1) did not show any measurable change during the crossover, the top blade (Blade

2) showed an initial reduction in the drag before s/c = 0, followed by a rise after s/c = 0.

The changes in the moment coefficient were also more pronounced for the top blade (Blade

2) than for the bottom one. Before s/c = 0, the bottom blade (Blade 1) experienced a slight

pitch-up moment about the quarter chord, followed by a pitch-down moment after s/c = 0. On

the contrary, the top blade (Blade 2) experienced an initial pitch-down moment before s/c = 0,

which was followed by a pitch-up moment after s/c = 0. These observations were consistent

for both α = 4◦ and α = 10◦ cases, suggesting that the effects of the bottom blade on the top

is more significant for cases with initial finite bound circulation.

Induced stall effects

The lift coefficient for the blade crossover at α = 12◦ (Fig. 6.15e) showed a significant drop in

the lift coefficient after the crossover compared to other cases, which is indicative of induced

stall. This is a plausible explanation, as the upwash effects induced by the blade-bound circula-

tion might lead to a momentary stall effect, particularly at these high angles of attack. As such,

the drag and moment characteristics of the blades were examined to study this phenomenon
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(a) δCd Blade 1 (b) δCd Blade 2

(c) δCm Blade 1 (d) δCm Blade 2

Figure 6.17: Excursions in the drag and moment coefficient during the crossover at α = 8◦, 10◦

and 12◦. The insets represent the operating conditions and the directions of the drag and mo-
ment for each blade.

further. Figure 6.17 shows the excursions in the drag and moment coefficient for Blades 1 and

2 at α = 8◦, 10◦ and 12◦ blade crossover cases.

The behavior of the drag and moment coefficients for the top blade during the crossover at

α = 12◦ in Figure 6.17 differs from that at α = 8◦ and 10◦. For instance, at α = 8◦ and 10◦, the

drag for the top blade decreased before s/c = 0, then began to increase after s/c = 0. However,

at α = 12◦, the drag substantially increased before s/c = 0, then decreased after s/c = 0.

The moment at α = 8◦ and 10◦ exhibited an initial pitch-down before s/c = 0, followed by

an increase in the pitch-up moment peaking after s/c = 0. In contrast, at α = 12◦, the top

blade experienced a significant pitch-down moment, even greater than that at smaller angles

of attack. After s/c = 0, the top blade experienced a high pitch-up moment, surpassing those

at smaller angles of attack. These observations clearly indicate that the top blade experiences

induced stall effects due to the bottom blade. These effects were only observed at a spacing of

d/c = 1.4. Further studies are needed to investigate whether similar induced stall effects occur
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(a) α = 0◦ (b) α = 8◦

Figure 6.18: Variation in the blade loads at varying blade spacing.

at other blade spacings where the magnitude of the induced effects of the two blades on each

other change.

At α = 8◦ and 10◦, the changes in the bottom blade (Blade 1) drag coefficient coefficients

were not significant enough to be registered by the loadcells. However, the increase in the drag

experienced by the bottom blade was more substantial for α = 12◦. The drag coefficient (δCd)

initially increased before s/c = 0 and reduced again to zero after the crossover. The pitch-

down moment experienced by the bottom blade after s/c = 0 was also higher for the case of

α = 12◦ when compared to that at α = 8◦ and 10◦. These results are indicative of induced

stall characteristics for the bottom blade but are not substantial enough to claim that the bottom

blade does, in fact, stall due to the top blade effects. The changes in the drag and moment of the

bottom blade were not as significant as that of the top blade. Thus, further research is required

to confirm if the bottom blade does, in fact, stall during the blade crossover when both blades

were set at a pitch angle corresponding to the maximum lift coefficient (α = 12◦).

6.4.4 Effects of normalized blade spacing

As the spacing between the blades increases, the influence of the blades on each other is also

expected to decrease. This section presents the influence of normalized blade spacing on the

load characteristics. The spacing was changed as d/c = 1.4, 2 and 3. For brevity, only two
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Figure 6.19: Variation in the (a) peak excursion values in the coefficient of lift and (b) location
of the peak excursions at different blade spacing. Shaded markers represent the peak excursions
and their location before the crossover, and non-shaded markers represent peak excursions and
their location post-crossover.

cases of pitch angle, i.e., α = 0◦, 8◦ were considered. Figure 6.18 shows the characteristics of

the excursions in the lift coefficient for the bottom and top blades at different blade spacing.

These plots were averaged over the Reynolds number cases of Re = 15000, 25000, and 35000.

The effects of two blades onto each other do, in fact, reduce with increased blade spacing. This

is consistent for α = 0◦ and α = 8◦. The peaks of the excursions before and after s/c = 0 and

their locations were extracted from these plots for further analysis. The results are shown in

Fig. 6.19.

The values of the peak excursions for both blades reduced as the spacing between the

blades increased. As discussed earlier, the excursions observed before s/c = 0 during the

crossover at α = 0◦ are due to the upwash and downwash effects of Blade 1 and 2 onto each

other due to their thickness effects. The magnitude of these effects reduces as the spacing

between the blades increases, mainly due to dissipation. Naturally, the magnitude of excursions

would also reduce. However, the spacing doesn’t influence the location of this peak excursion at

α = 0◦ (refer to Fig. 6.19b). This is mainly because the location of the peak excursions depends

on the curvature effects, as discussed earlier. Similar effects were observed for the higher pitch

angle of α = 8◦ case. The magnitude of the peak excursions reduced with increasing blade

spacing, but the excursions’ location did not change significantly.
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Figure 6.20: Summary of the observed load characteristics and contributing mechanisms for a
symmetric airfoil.

6.4.5 Summary of the interactions during blade crossover

The findings thus far have revealed that the upwash and downwash effects induced by one blade

strongly influence the load characteristics of the other during the blade crossover. Additionally,

the flowfield behavior between the blades differed significantly between crossover cases with

zero pitch angles and those with non-zero pitch angles. Specifically, a stagnation point was ob-

served between the blades in the crossover case with a zero pitch angle, a feature not observed

in cases with higher pitch angles. In such zero-pitch angle cases, the blade thickness effects

were the dominant contributors to the load characteristics during the crossover. However, in
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cases with higher pitch angles, the effects of bound circulation took precedence. This led to a

substantial variation in the lift response of the blades during the crossover between the zero-

pitch angle and the non-zero-pitch angle cases. While shed vortices in the wake were noted

to interact with the blades after the crossover, these interactions were generally too subtle for

the load cells to detect. This section summarizes the mechanisms contributing to the observed

airload characteristics during the blade crossover as determined from the analysis so far. Fig-

ure 6.20 provides a schematic representation of the key mechanisms governing the lift response

during the crossover.

The figure shows that at zero initial lift conditions, the two blades experienced an outward

force compared to each other as they approached each other. This was due to the upper blade

inducing downwash on the bottom blade and the bottom blade inducing upwash on the top

blade. As the quarter chord of the blades aligned, the dynamic pressure of the suction side of

the bottom blade and the pressure side of the top blade increased, resulting in inward force.

This effect continued as the blades aligned against each other. As the blades translated farther

away, the blades’ interactions reduced, and the lift produced by each blade slowly recovered to

the initial values.

For finite steady-state lift conditions, both blades experienced upward force as they ap-

proached each other. This was due to the induced upwash by the bound circulation of one

blade to the other. As the blades aligned against each other, the blade-bound circulation re-

duced the effective angle of attack of the two blades. These effects resulted in both blades

experiencing reduced lift as they aligned against each other. The lift slowly recovered to its

steady state value as the blades translated farther away from each other.

The flowfield evolution between the blades was measured, and the velocity profiles near

the top and bottom blades were extracted to understand these mechanisms. It was shown that

the induced effects between the blades depended on factors like the blade’s profile section,

thickness, and spacing. Surprisingly, the Reynolds number effects were determined to be min-

imal on the general airload characteristics during the blade crossover. It was also shown that

an analogy existed between the blade crossover problems and the problem with blade interac-

tions with vortical gusts. Here, the lift response of the blades during the crossover and vortical
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gust interactions exhibited similar characteristics. This observation suggests possibly modeling

the blade crossover problem as a gust interaction problem. Further discussion on the matter is

presented in the upcoming section.

6.4.6 Modelling approach for blade crossover

The findings thus far have highlighted the significance of blade thickness and bound circulation

in influencing the blade load characteristics during blade crossover. These factors induce spe-

cific velocity profiles at the translation plane of the other blade, as illustrated in Figure 6.22a.

These velocity profiles depend on blade thickness, airfoil curvature, and blade-bound circula-

tion. This leads to a compelling question: can the blade crossover event be effectively modeled

as a gust interaction problem, in which a translating blade interacts with the gust induced by

the other blade? This section delves into the possibility of modeling the blade crossover and

gust interaction problems.

First, it is assessed whether the unsteady effects play an important role during the blade

crossover effects. Then, the potential use of the existing gust interaction model in the context

of the blade crossover problem is explored.

Unsteady effects

The blade crossover problem is transient; thus, the unsteady effects are expected to influence

the total blade load characteristics. But if the contribution of these unsteady effects is small,

the blade crossover event can essentially be modeled as a quasi-steady problem by neglect-

ing the unsteady effects. This reduces the computational complexity of solving the governing

equation involving the temporal terms. A non-dimensional parameter called the reduced fre-

quency (k = ωc
2U∞

) is usually calculated to get an indication of the unsteady effects on unsteady

periodic aerodynamic problems. However, such a parameter does not currently exist for impul-

sive events such as blade crossover, which indicates the expected contribution of the unsteady

effects. As such, the moving control volume approach, as discussed in the previous chapter, was

employed to decompose the unsteady and convective effects from the total airloads experienced

by the blades during the blade crossover problem.
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(a) Flat plate, α = 0◦ (b) NACA0012, α = 8◦

Figure 6.21: Decomposition of unsteady and convective effects for Blade 1 during a crossover
between blades at pitch angles of α = 0◦, 8◦. The inset represents the conditions under which
the decomposition was carried out.

This analysis considered the crossover between the blades with the NACA0012 airfoil

profile section. Two test cases were taken with pitch angles of α = 0◦ and α = 8◦. The moving

control volume was applied to the bottom blade. The results are summarized in Fig. 6.21. The

total lift response of the blades was a close match to the load measurements that have been

reported previously. The results of the blade crossover case of α = 0◦ show that the unsteady

effects significantly contributed to the total lift. The unsteady effects acted in the direction of

the excursions, and the convective effect was always in the opposite direction to that of the

unsteady effects. As expected, only the unsteady and convective terms contributed to the total

lift, with near zero contribution from the pressure term.

Similar observations were made for the case of α = 8◦. However, the magnitude of change

in the convective and unsteady terms was much higher compared to the case of α = 0◦. These

observations show that the unsteady effects significantly contribute to the lift response during

the blade crossover, and quasi-steady formulations will not be reliable.

Fortunately, Kussner’s model, which predicts the load response of a thin airfoil interacting

with a gust, is based on the unsteady aerodynamic theory and, thus, accounts for the unsteady

effects. The upcoming part of this section describes the potential use of the Kussner model to

predict loads during blade crossover.
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Figure 6.22: (a) Schematic representation of the interaction of a translating wing with gust
induced by the other wing translating in the opposite direction. Normalized vertical velocity
profile extracted at a distance of 1.4c above a translating wing (Flat plate and NACA0012) at
angles of attack of (b) α = 0◦, and (c) α = 4◦. The insets in (b) and (c) show the schematic
representation of the location where the velocities were extracted.

Kussner’s model for blade crossover problem

Flowfield measurements were carried out for isolated translating flat plates and blades with the

NACA0012 profile section for this analysis. The pitch angles of these blades were set at α = 0◦

and 4◦. Then, the velocity profile generated by these blades was extracted from the flowfield

measurements at a vertical spacing of d/c = 1.4 above the blade chord line. These velocity

profiles were extracted for a horizontal distance of 4c in front and behind the blade quarter

chord location. Figure 6.22b and c show the extracted velocity profiles for these blades, and

the insets represent the conditions under which these profiles were extracted. These velocity

profiles were extracted for three Reynolds number cases of Re = 15000, 25000, and 35000 and

were normalized by the translation velocity for each case, i.e., U∞ = 0.41, 0.69, and 0.97 m/s

to find the gust ratio. As the normalized velocity profile variations between the three Reynolds

numbers were minimal, the velocity profile shown in Figure 6.22b and c were averaged for the

three given Reynolds numbers.
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These velocity profiles were then treated as gusts interacting with a translating wing. The

extracted gust profiles shown in Fig. 6.22 were fitted into a parameterized Kunnser’s model to

extract the lift response. These results were compared with the experimental data. A total of

four experiments were carried out for comparison with the parameterized Kussner model:

1. Crossover between flat plates - both at α = 0◦.

2. Crossover between flat plates - bottom blade (Blade 1) at α = 4◦ and top blade (Blade 2)

at α = 0◦.

3. Crossover between blades with NACA0012 airfoil profiles - both at α = 0◦.

4. Crossover between blades with NACA0012 airfoil profiles - bottom blade (Blade 1) at

α = 4◦ and top blade (Blade 2) at α = 0◦.

These conditions were chosen to vary the gust profile by changing the blade curvature and the

bound circulation. As the Kussner model is developed for thin airfoils operating at small angles

of attack, the current analysis was only carried out for a flat plate and NACA0012 thin airfoil

operating at low angles of attack. The results are summarized in Fig. 6.23.

The general load characteristics predicted by the Kussner model fall within the experimen-

tal results’ standard deviation for α = 0◦ and 4◦. The model even captures the differences in the

location of the first lift excursion peaks between the flat plate and NACA0012 airfoil blades for

α = 0◦ crossover case. For the flat plate crossover case, the first peak in lift excursion occurred

after s/c = 0, while that for the NACA0012 airfoil profile crossover case occurred before

s/c = 0. The magnitude of the first lift excursion peaks during the crossover also matched

quite well between that predicted by the Kussner model and that from the experiments. This

was true for both α = 0◦ and 4◦. However, the differences between the predicted loads and

those from the experiments were apparent after s/c = 0.

These differences result from the Kussner model not accounting for the flow coupling

between the gust and the body. Here, as the blades start to align against each other, the modifi-

cation of the flowfield between the blades affects the load characteristics of both blades. This, in

turn, would further modify the flowfield characteristics between the blades. As these effects are
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(a) Flat plate, α = 0◦ (b) NACA0012, α = 0◦

(c) Flat plate, α = 4◦ (d) NACA0012, α = 4◦

Figure 6.23: Comparison of the excursions in the lift coefficient between the experiments and
results predicted by the Kussner model for predicting the gust interaction problems.
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not accounted for in the Kussner model, its predictions start to fail as the blades align against

each other during the crossover. The current Kussner model also does not model the system

response to impulsive perturbations such as a blade crossover event. These factors also add to

the deviation of Kussner’s prediction from the experiments. However, the similarities between

the results from the Kussner model and the experiments before s/c = 0 provide a possibility

of modifying the Kussner model to adapt to the blade crossover problems. The modifications

could either be empirical or a formulation of a new lower-order model based on Theodorsen’s

unsteady aerodynamic theory.

6.4.7 Future modeling considerations

The previous section showed that the Kussner model for the gust interaction problem provided

close predictions of the lift response for the crossover problem, especially during the initial

stages of the blade crossover. Kussner’s model showed a good prediction of the initial peak

experienced by the blades during blade crossover. While the predictions of the initial peaks

provide useful information, these models might not be helpful in cases where the prediction

of the post-crossover behavior is also required. In addition, there were also some limitations

to using the existing gust interaction theories to model the blade crossover problem. These

limitations are summarized below:

1. The extraction of the gust profile to model the blade crossover problem relied on ex-

perimental flowfield measurements. This is problematic as the gust profiles depend on

blade geometric characteristics and suggests that this approach would require a database

of induced gust profiles for various blade sections. This might not be computationally

efficient.

2. The gust interaction model also doesn’t account for the changes in the lift characteristics

of the two blades during crossover due to their coupled interactions. These effects were

shown to deviate the predictions from the actual measurements as the blades got closer

to each other.
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Despite these limitations, the previous section did exhibit that the lower-order unsteady

aerodynamic theories, such as that developed by Theodorsen [85], do have a potential to pre-

dict the force responses. A similar approach can be followed to devise a solution for two thin

airfoils translating in opposite directions and undergoing blade crossover. The non-circulatory

contributions can be calculated by solving the unsteady Bernoulli’s equation in the circle plane

using conformal mapping. Similarly, the circulatory contributions can be calculated by im-

posing the Kutta condition at the trailing edge and solving the unsteady Bernoulli’s equation.

This formulation negates the need to extract gust profiles through experimental or numerical

methods and could also capture the coupled interactions between the two blades. However,

the underlying assumptions of this formulation could lead to unsatisfactory results. As such,

this section discusses the implications of these underlying assumptions and important consid-

erations to be accounted for to ensure the success of the potential prediction tool based on

unsteady aerodynamic theory.

Blade geometric properties

The section on the discussion regarding the blade thickness and curvature effects (Section 6.4.2)

has clearly shown that these parameters significantly influence the blade load characteristics

during blade crossover. Given that real-world aerial vehicles with CCR employ blades with

specific airfoil shapes and finite thicknesses, the modeling tool should have the capability of

incorporating a custom airfoil profile. However, the proposed lower-order model based on the

linear unsteady aerodynamic theory is for infinitesimally thin airfoils. Nevertheless, this model

could serve as a starting point to obtain initial solutions, and modifications can be made to

account for different blade sections. Examples of modifications to Theodorsen’s formulation

to account for different airfoil shapes have already been discussed in Section 6.4.2. A similar

approach can also be followed for the blade crossover problem.

High pitch angle considerations

The success of the proposed lower-order model relies on satisfying Kutta conditions at the

trailing edge. While this might be a fair assumption at low-pitch angles, these might not be
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valid at higher-pitch angles close to stall [60]. The current analysis also shows that the blade

crossover induces stall characteristics on the blades when blades operate at pitch angles close

to the stall. The blade crossover event between blades that are already in a dynamic stall state,

where there is a presence of a leading edge vortex, could yield different load characteristics. All

these effects will result in a significant deviation of the predicted loads from the actual loads.

These effects are highly non-linear in nature and are significantly harder to model. As such,

while the proposed model could provide accurate predictions at low angles of attack, significant

modifications will be required to improve the model’s accuracy at high-pitch angles.

6.5 Summary

The effects of blade crossover were investigated in a hydrodynamic towing tank facility. This

experimental setup involved translating two infinite blades in opposite directions, simulating a

single-blade crossover event. The blade loads and flowfield were measured during the blade

crossover. The loads were measured using strain gauge load cells, while particle image ve-

locimetry was employed for flowfield measurements. To systematically explore the problem,

Buckingham’s π theorem was utilized to identify the relevant non-dimensional parameters that

influenced the blade crossover event. The experiment’s parametric study involved varying key

factors, such as blade airfoil section, blade thickness, translation velocity, and pitch angles, to

discern the impact of these non-dimensional parameters on the load characteristics.

Furthermore, the study explored the potential of modeling the blade crossover problem by

drawing an analogy with the gust interaction problem. This approach sought to assess whether

the complex interactions during blade crossover could be effectively understood and modeled

through a comparison with the dynamics of a blade in a gust. The results of this comprehensive

analysis are summarized as follows:

1. The blade airfoil profile section, blade thickness to chord ratio, non-dimensional blade

spacing, and the blade steady-state lift were the important non-dimensional parameters

that govern the blade crossover problem.
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2. For zero pitch angles cases, where the steady-state lift is zero, the blade airfoil profile

shape and blade thickness induced upwash and downwash on each other. These effects

resulted in the observed load excursions.

3. The blade thickness mainly increased the magnitude of the excursions during the crossover,

while the blade airfoil profile section affected the locations of the observed peak excur-

sions.

4. For higher values of non-zero steady-state lift conditions, the bound circulation effects

dominated the load excursion characteristics.

5. During the crossover at a pitch angle corresponding to the maximum steady-state lift

coefficient, the upwash effects due to bound circulation resulted in induced stall effects

on the blades.

6. Analogy to the gust interaction problem showed that the Kussner model predicted the

general load characteristics only during the initial phase when the blades approached

each other. After the blades aligned against each other, the model failed to capture the

coupled interactions, and the predictions deviated.

7. The unsteady effects had a significant influence on the load characteristics during the

blade crossover, which suggests that unsteady effects should be accounted for in the

modeling approaches.
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Chapter 7

Conclusions and future work

7.1 Conclusions and implications

In this thesis, two studies were carried out: (1) the investigation of the performance character-

istics of counter-rotating coaxial rotor (CCR) hovering in in-ground effect (IGE) conditions,

and (2) a fundamental study of the blade crossover effects on the blade airloads. The first study

delved into the performance characteristics of counter-rotating coaxial rotors (CCR) when hov-

ering near the ground. Analysis of the experimental data provided insights into the intricate

aerodynamic interactions between the rotors and the ground. The second study focused on a

fundamental examination of the effects of blade crossover on blade airloads. This study aimed

to isolate the unsteady effects of blade crossover from other rotational and three-dimensional

factors, allowing for an in-depth understanding of the underlying physics.

Here are some key conclusions and implications of these studies for the rotorcraft com-

munity:

7.1.1 Conclusions from CCR IGE study

1. The performance characteristics of the CCR in IGE closely mirrored those of a single,

isolated rotor. Surprisingly, changes in rotor spacing, a key parameter, had a limited

impact on the CCR’s performance trend in IGE.

2. While the overall performance of CCR followed a trend close to the single rotor, further

analysis revealed variations in the performance of the individual rotors. Although the

general trend of individual rotor performance resembled that of a single rotor, distinct
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deviations were evident, dependent upon the axial spacing between the rotors. In par-

ticular, these interactions resulted in the lower rotor experiencing a greater influence of

ground proximity than the upper rotor. Consequently, the lower rotor negated some of

the performance benefits the upper rotor would experience from the ground plane.

These observations have significant implications for the rotorcraft community, which are

summarized below:

1. The current results suggest that the CCR performance varies similarly to a single ro-

tor when operating in IGE. While this observation is intuitive, the current experimental

results provide conclusive evidence for any future reference.

2. These findings simplify the complexity associated with modeling and predicting the over-

all performance behavior of CCR systems near the ground. By utilizing well-established

single-rotor models, engineers and researchers can better understand and predict the per-

formance of CCR systems in IGE, which is beneficial for rotorcraft design, optimization,

and safety considerations.

3. The current comprehension of the interactions between the upper and lower rotors in

CCR under IGE conditions serves as a foundational element for developing physics-

based models to predict the performance characteristics of individual rotors in CCR when

operating in IGE.

4. Comprehending these interactional effects is crucial for enhancing the handling capabili-

ties of CCR configurations and mitigating the potential risks of accidents when operating

in diverse in-ground effect (IGE) conditions. Due to the distinct influences of the ground

on the upper and lower rotors, continuous adjustment to the yaw trimming for the CCR

rotors becomes necessary during hovering in IGE. Neglecting this adjustment can lead to

a momentary loss of vehicle control, which poses significant risks.
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7.1.2 Conclusions from blade crossover study

1. The current study showed that the relevant non-dimensional parameters for the blade

crossover problem were blade thickness-to-chord ratio, steady-state lift coefficient, and

non-dimensional blade spacing. The thickness of the blade was found to influence the

magnitude of airload excursions, while variations in the airfoil shape altered the loca-

tions of the peak excursions. As the initial steady-state lift coefficient of the blades was

increased, the airload characteristics were dominated by the effects of bound circulation.

In particular, altering blade spacing for a given blade only affected the magnitudes of

blade airload excursion peaks without significantly changing overall airload characteris-

tics.

2. The results from the crossover between blades at a pitch angle of 12◦ (corresponding to

the maximum Cl) revealed that the interactions between the blades during the crossover

event induced a stall on the top blade.

3. Using Kussner’s model, which is designed to predict the lift response to a gust, the study

aimed to evaluate the applicability of this model to the blade crossover problem. The

results indicated good agreement between the Kussner model and the experimental data

during the initial phase of the crossover event, with the model providing excellent pre-

diction of the initial load peaks. However, as the blades aligned against each other,

deviations between the model predictions and experiments became apparent. This devi-

ation in the later stages of the crossover event suggests that coupling effects significantly

influence blade airloads during this critical phase.

The importance of these findings and observations is summarized below:

1. By establishing these non-dimensional parameters, the study laid the foundation for sys-

tematic investigations across diverse operational conditions, mirroring the operational

regimes of different Counter-Rotating Coaxial Rotor (CCR) vehicles. This characteri-

zation of parameters informs modeling approaches for the blade crossover problem in
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full-scale CCR configurations. These induced stall effects can have substantial implica-

tions for CCR configuration vehicles, particularly in their vibrational and acoustic char-

acteristics, especially when operating under high thrust conditions. Understanding and

mitigating these effects is essential for improving the performance and safety of CCR

vehicles in practical applications.

2. The findings indicate that lower-order unsteady models hold promise in accurately pre-

dicting the load behavior during the crossover event. Specifically, if the main objective is

to forecast the initial peak excursions and pinpoint their locations in the crossover event,

even Kussner’s model demonstrates a close approximation.

3. Although Kussner’s model provides a reliable estimate in the initial phases of the crossover

event, there is still a requirement for enhanced lower-order models that can predict the

load response consistently across the entire blade crossover phase. The results under-

score the potential for modifying existing lower-order unsteady models to better capture

the coupled interactions between blades throughout the crossover. This approach simpli-

fies the need to develop complex and computationally expensive predictive tools.

7.2 Recommendations for future work

1. Counter-rotating coaxial rotors in ground effect

(a) The study utilized a three-bladed aerodynamic coaxial rotor thrust stand, and it’s

important to note that variations in parameters, such as the number of blades and

blade twist, could potentially lead to different effects compared to those observed

in the current study. Consequently, further experiments are necessary to accurately

quantify the influence of these parameters on the characteristics of counter-rotating

coaxial rotors when operating in ground effect. Expanding the scope of research to

investigate these additional factors will contribute to a more comprehensive under-

standing of CCR behavior in ground effect conditions.
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(b) To gain deeper insights into the underlying physics of these complex aerodynamic

interactions, it’s imperative to conduct simultaneous flow measurements alongside

performance measurements. These flowfield measurements can provide valuable

data on the aerodynamic characteristics and behavior of counter-rotating coaxial

rotors when operating near the ground. This holistic approach will contribute to a

more comprehensive understanding of the system’s behavior and enable the devel-

opment of more accurate predictive models.

(c) Indeed, it’s crucial to investigate the influence of rotor-on-rotor interactions on out-

wash characteristics thoroughly. The outwash from a counter-rotating coaxial rotor

system, especially when operating in ground proximity, can pose potential hazards

to surrounding structures and objects. Understanding these interactions and their

effects on outwash will be essential for safety assessments and design considera-

tions.

2. Blade crossover studies

(a) While the experiments conducted under hover conditions with both rotor blades

set at identical pitch angles are foundational, it’s crucial to extend this research

to explore how operational conditions in actual flight scenarios can influence the

blade crossover phenomenon. Specifically, the impact of thrust offset and varia-

tions in collective pitch settings between the upper and lower rotors, common in

counter-rotating coaxial rotor systems, should be a focus of future investigations.

In addition, the influence of helical vortex structure shed in the wake of the CCR

also needs to be considered for future studies.

(b) The experimental setup involved translating the two blades at equal and opposite

velocities to mimic CCR hover conditions. However, replicating forward flight sce-

narios requires the blades to move at different velocities. This change in boundary

conditions might introduce variations in airload characteristics, which warrant fur-

ther exploration to comprehensively address the blade crossover effects on CCR

systems in different flight modes.
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(c) The observation of induced stall effects during blade crossover at high-pitch an-

gles raises the need for in-depth investigation, particularly in scenarios where rotor

blades could encounter dynamic stall. The interaction between blades from differ-

ent rotors might significantly impact the dynamic stall behavior within the CCR

configuration. This aspect requires further, detailed examination to better under-

stand the complexities of rotor dynamics in various operating conditions.

(d) An enhanced model that effectively captures the substantial coupling between the

upper and lower blades is necessary to provide precise predictions of blade crossover

effects. These models could be developed based on linearized unsteady aerody-

namic theories, possibly incorporating empirical corrections to better account for

the intricate interactions involved in blade crossover events. Such an improved

modeling approach is pivotal for advancing the understanding and prediction of

these phenomena.
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Appendix A

Facility fabrication considerations

The facilities used in this study were constructed for the first time in this department and re-

quired substantial efforts to develop and benchmark. As future work, it’s essential to maintain

and enhance the capabilities of these facilities to ensure their ongoing utility. In this context, the

subsequent section outlines key factors and considerations for the maintenance and improve-

ment of these facilities.

A.1 Aerodynamic coaxial rotor thrust stand

Constructing a facility of this nature necessitates careful consideration of potential challenges,

one of the most critical being the issue of vibrations. Resonance between the rotational fre-

quency of the rotor and the thrust stand can lead to damaging vibrations that affect not only

the facility’s operation but also its structural integrity. During the construction of this facility,

resonance was encountered at a rotational frequency of 1000 RPM, which initially seemed to

jeopardize the ability to reach the desired operational RPM of 1500. Fortunately, a solution

was identified: using dampers located beneath the rotor hubs.

The selection of the dampers is of paramount importance. In this context, the most ef-

fective dampers were found to be those offered by a company named Sorbothane1. These

dampers, when correctly employed, significantly reduced the severity of vibrations during res-

onance. Although some vibrations remained, they were substantially mitigated, enabling the

facility to operate above the resonant frequency and achieve the desired operational conditions.

1Link to the company website: https://www.sorbothane.com/
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It’s essential to emphasize that vibrations can be highly detrimental to the load cells uti-

lized to measure rotor performance. Vibrations may introduce additional, unwanted loads to

the strain gauges, potentially causing damage that cannot be rectified. To address this issue,

a mock-up load cell was manufactured to conduct preliminary tests under various operating

conditions. Only after confirming that vibrations had minimal impact on the facility were the

actual load cells mounted for data collection. This precaution was vital in preserving the in-

tegrity of the load cells and the reliability of the experimental results. After the load cells were

installed for data collection, it remained crucial to verify that the measurements obtained were

not tainted by any inherent vibrations that could introduce noise into the data. To achieve this,

a Fast Fourier Transformation (FFT) was conducted on the thrust measurements. The results

of this analysis are presented in the following section.

A.1.1 Characterization of the unsteady effects

Figure A.1: Instantaneous variation in the thrust of the counter-rotating coaxial rotor at an axial
separation distance of d/R = 0.14 and high thrust settings: (a) Lower Rotor at Retip 64000, (b)
Lower Rotor at Retip 98000, (c) Upper Rotor at Retip 64000, (d) Upper Rotor at Retip 98000

First, the instantaneous variation in thrust produced by both the upper and lower rotors

was examined for three cycles of rotation, and the results are summarized in Fig. A.1. For this

comparison, an arbitrary case of CCR at a rotor spacing of d/R = 0.14 and high thrust settings

was considered. The analysis revealed periodic variations in the instantaneous thrust produced

by the rotor, with one cycle corresponding to one rotor revolution. Notably, for the low Retip

condition, the mean sinusoidal path exhibited higher fluctuations in thrust (see Fig.A.1 a & c).
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These fluctuations were reduced for the case of highRetip of 98000, as observed in Fig.A.1 b &

d. To further explore these variations, frequency spectrum analysis of the instantaneous thrust

data was conducted using Fourier Transform analysis. MATLAB was employed to compute the

FFT of the instantaneous thrust data for upper and lower rotors under higher thrust conditions

in single and CCR configurations, with a rotor spacing of d/R = 0.14.

Figure A.2: FFT for the upper and lower rotor at coaxial rotor configuration for a collec-
tive pitch of 10◦ at d/R = 0.14 spacing, (a) Lower rotor at Retip 64000, (b) Lower rotor at
Retip 98000, (c) Upper rotor at Retip 64000, (d) Upper rotor at Retip 98000

Figure A.2 presents an overview of the frequency content of the instantaneous thrust for

both the upper and lower rotors in a single rotor configuration during hover. When comparing

the frequency spectrum between the upper and lower rotors in the single rotor configuration at

Retip of 64000, it was evident that the lower rotor exhibited a higher number of frequency
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modes (Fig.A.2a) compared to the upper rotor(Fig. A.2c). The most dominant frequency

mode observed for both rotors corresponded to the rotational speed of the rotor. Increasing

the Reynolds number dampened the higher frequency modes while augmenting the lower fre-

quency mode, as clearly seen in Fig. A.2.

Figure A.3: FFT for the upper and lower rotor at coaxial rotor configuration for the collec-
tive pitch of 10◦ at d/R = 0.14 spacing, (a) Lower rotor at Retip 64000, (b) Lower rotor at
Retip 84000, (c) Lower rotor at Retip 98000, (d) Upper rotor at Retip 64000, (e) Upper rotor at
Retip 84000, (f)Upper rotor at Retip 98000

Figure A.3 provides an overview of the frequency content of the instantaneous thrust in a

coaxial configuration with an axial separation distance of d/R = 0.14 while operating under

high thrust hover conditions. This analysis compares two different Reynolds number conditions

for the CCR at the specified axial separation distance. One of the notable observations from

this analysis is the distinct difference in the frequency content of the thrust produced by the
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upper and lower rotors. Specifically, in the higher frequency modes, the upper rotor exhibits

much lower amplitudes than the lower rotor, as evident in Fig. A.3.

This phenomenon can be attributed to the influence of rotor interactions, particularly be-

cause the lower rotor operates within the wake of the upper rotor. This wake interaction likely

contributes to the dampening of higher frequency modes observed in the thrust produced by the

lower rotor, as compared to the higher frequency modes observed in the single rotor configura-

tion for the lower rotor. Furthermore, the change in Reynolds number significantly impacts the

higher frequency modes for both the upper and lower rotors. While there were subtle differ-

ences in the frequency content between single and CCR configurations and different Reynolds

numbers, the dominant frequency for all these cases still corresponded to the rotor rotational

frequency. This suggests that the loadcell measurements are free from any inherent vibrations

induced by the thrust stand.

A.2 Hydrodynamic towing tank facility

One important consideration for this facility was the use of transformers. The motor and driver

were procured from China, and they were designed for use with 220V outlets. To operate the

motor in the United States, a step-up transformer had to be acquired. During the initial devel-

opment of this facility, significant challenges related to electromagnetic interference (EMI) and

vibrations were encountered. The following section provides an overview of how these issues

were addressed.

A.2.1 Electromagnetic interference

The facility incorporates a high-powered AC servo motor with a 750 Watts capacity. The sys-

tem comprises a motor and a driver, with two cables connecting them, one for communication

and the other for powering the motor. In the initial setup, the driver was placed on the floor, and

the motor was elevated to actuate the linear actuators. This configuration resulted in a dangling

power cable, which was a major source of EMI. This EMI issue arose due to poor grounding
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(a) Raw data (b) After applying digital filtering

Figure A.4: Sample data to show the difference between the raw data and post-processing using
a frequency filter. A specific case of blade crossover at α = 0◦ and Re = 15000 was used for
demonstration purposes.

between the driver and the motor. The consequences of this EMI could be significant, espe-

cially for the load cell measurements, given that the load cell signals are in the millivolt range.

Therefore, it was imperative to minimize the impact of EMI.

To address this issue, the driver and the motor were placed on the same platform, estab-

lishing a common ground for both the motor and the driver. This reduced the EMI induced by

the power cable to a considerable extent. Additionally, an EMI filter was inserted between the

power connection and the driver to prevent motor-generated EMI from interfering with other

circuits. These measures significantly mitigated the effects of EMI on the load measurements.

A.2.2 Vibrations

Vibrations induced by various system components, including the bevel gear, the motor, and the

teeth of the belt driving the linear actuators, significantly affected the load cell measurements.

These vibrations introduced high-frequency noise into the load cell data. Identifying and miti-

gating the source of these vibrations proved challenging. To address this issue, digital filtering

was employed as a post-processing method to eliminate the high-frequency noise in the data.

The specific filter used was the Butterworth filter, a low-pass frequency filter. This filter can be

designed in MATLAB using the built-in function ”butter.” The designed filter was then applied
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to the data using another MATLAB function, ”filtfilt,” which ensured no phase differences were

introduced into the data.

For all cases, a low-pass frequency of 30Hz was used in the filtering process. This fre-

quency was chosen based on the determination that the frequency of the blade crossover event,

occurring at a maximum velocity of U∞ = 0.97m/s was less than 20Hz. The effectiveness

of the digital filtering process in dealing with noisy data is highlighted in Fig. A.4. This fig-

ure illustrates the comparison between raw data and data subjected to post-processing through

digital frequency filtering.
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