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Chapter 1: Introduction

The fundamental value of all rotorcraft, when compared to their �xed wing counterparts,

is derived from their ability to hover. Because of this unique ability, helicopters can takeoff and

land in a variety of operational environments, from rugged mountains to urban centers. When

operating any rotorcraft, it is important to remember that any mechanism which affects the rotor

�ow�eld can also affect rotorcraft performance and handling qualities. An understanding of

hover in ground effect (HIGE) and hover out of ground effect (HOGE) performance in a variety

of operational environments is therefore essential to rotorcraft safety.

Chapter 1 is organized as follows. Section 1.1 provides an introduction to the fundamental

�ow structures responsible for ground effect. Section 1.2 presents a survey of classical ground

effect models. Section 1.3 discusses various non-ideal �ight conditions in which adverse ground

effect is possible. Section 1.4 outlines the organization of the thesis.

1.1 Rotor Wake in Ground Effect

Rotors generally experience a performance bene�t when hovering within one rotor diameter

of the ground, since the induced power required for a given thrust condition is reduced for

decreased in�ow through the rotor disk. This performance bene�t has been well documented

(Refs. 1– 6).
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Figure 1.1: Comparison between the OGE and IGE wake of a hovering rotor (from Ref. 7).

Though the underlying �ow structures are complex, ground interference effects are most

pronounced in hover and at low forward speeds. Ground effect is generally considered negligible

for advance ratios greater than 0.10 (Ref. 8. In addition to operational factors such as rotor

hub height above the ground, numerous design parameters can affect the rotor wake in ground

effect, including the number and position of rotors, blade loading, blade geometry, and number

of blades.

During hover, and in the absence of obstacles, the ground affects a rotor �ow�eld by turning

the wake radially outward into a wall jet and decreasing the magnitude of the induced velocity

through the rotor disk. Figure 1.1 shows a schematic of a characteristic rotor wake in and out of

ground effect. Fradenburgh (Ref. 9) employed early �ow visualization methods to investigate the

underlying ground-wake interaction, noting that the thickness of the jet boundary is a function of

rotor height above the ground and disk loading.
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Figure 1.2: Flow recirculation at deck edge (from Ref. 12).

Any obstacle to the �ow�eld may have additional effects on the rotor in�ow and resulting

IGE performance. During shipboard operations, water entrained in the �ow �eld can yield

visualization of �ow recirculation. Figure 1.2 shows an example of �ow recirculation from a

ship's deck. Timm (Ref. 11) employed �ow visualization techniques to show that �ow recirculation

is possible when a rotor in ground effect operates in close proximity to ground obstacles. The

primary requirement for �ow recirculation was that the obstacle height exceeded the height of

the radial wall jet induced by ground effect. Contrary to the reduction of in�ow associated with

obstacle-free ground effect, the presence of ground obstacles was shown to increase the in�ow

through the rotor disk and increase the resulting power required.

Transition to forward �ight may also cause recirculation in the form of a ground vortex.

Horn (Ref. 10) investigated recirculation induced by obstacles and transition to forward �ight

using Navier-Stokes computational �uid dynamics coupled with a helicopter �ight dynamics

model.
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1.2 Classical Ground Effect

The literature includes many classical ground effect models which predict the performance

of rotors parallel to a �at, in�nite ground plane with no obstacles affecting the rotor outwash.

Hover performance OGE is often considered as a worst-case reference �ight condition. Performance

bene�ts IGE are conceptualized as a power ratio, i.e.,P=POGE , less than one for �xed thrust, or

a thrust ratio, i.e.,T=TOGE , greater than one for �xed power.

Betz (Ref. 1) proposed a combination of a simple momentum theory approach for heights

less than one-quarter radius and an image sink potential �ow method for heights exceeding one-

quarter radius. To validate the theory, a rotor was moved closer to the ground and rotational speed

was reduced to matchTOGE at each test point.

Knight and Hefner (Ref. 2) modeled the effect of the ground on rotor in�ow as a cylindrical

vortex sheet. The effect was reported as torque ratios for �xed thrust, which is equivalent to power

ratios for �xed thrust and rotational speed. The Knight and Hefner model predicted a decrease in

torque as the rotor approached the ground. The predictions were in agreement with experimental

results for heights above one-half radius.

Zbrozek (Ref. 3) introduced an empirical model for rotor ground effect, which characterized

the increase in rotor thrust for a given power as a function of height above the ground. Empirical

methods were introduced for isolated rotors and the bene�ts of ground effect were documented

from experiments without thorough treatment of the underlying in�ow effects.

Hayden (Ref. 4) developed an empirical method for predicting HIGE power requirements

for full-scale helicopters on the basis of a series of tethered and free hover �ight tests reported by

Lewis (Ref. 5). Hover performance IGE was empirically predicted for a variety of single main
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rotor helicopters. Figure 1.3 demonstrates that for �xed power in hover, as a helicopter moves

closer towards the ground, i.e., z/R decreases, the thrust ratio,TIGE =TOGE , increases.

Cheeseman and Bennett (Ref. 6) developed an analytical method for predicting the HIGE

thrust bene�t for an isolated rotor over an ideal ground plane using a potential �ow method of

images, with an image source instead of the image sink used by Betz (Ref. 1). The effect of

the ground in hover was conceptualized as a thrust ratio relating IGE to OGE rotor thrust as a

function of hub height alone, expressed by the equation

� TIGE

TOGE

�

P =constant
=

1
1 � 1

16( z
R )2

; (1.1)

wherez is the hub height above the ground. In another model, HIGE effects were also predicted

as a function of hub height and blade loading, expressed by the equation

� TIGE

TOGE

�

P =constant
=

1

1 � �C l � � i

CT

1

16( z
R )2

: (1.2)

Cheeseman and Bennett's theoretical predictions were in good agreement with all existing

empirical models for hub heights above one-half rotor radius, but were presented in the form

of a simple, closed-form, analytical solution as opposed to the prior existing empirical curve-

�t methods. Hub heights below one-half rotor radius are not operationally relevant, as most

helicopter rotors are positioned more than one-half rotor radius above skids or landing gear.
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Figure 1.3: Cheeseman and Hayden thrust models over a range of hub heights for HIGE as
compared to �ight data for various helicopters from Lewis (data from Refs. 4–6).

1.3 Adverse Ground Effect

In contrast to classical ground effect performance models, operational experiences indicate

that the presence of the ground is not always bene�cial. As a helicopter transitions from hover

to a low forward speed at a low height above the ground, the induced velocity increases, leading

to an increase in power required as opposed to the typical decrease in power required associated

with transition to forward �ight far above the ground (Ref. 13). Heyson (Ref. 14) predicted the

effect of the ground in forward �ight by modeling the rotor as a directional source, concluding

that the positive effect of the ground decreases more rapidly with increasing hub heights at low

forward speeds when compared to hover. Increases in power required were discovered which

were caused by the onset of ground-induced vortex ring state and premature blade stall for rotors

6



Figure 1.4: Helicopter landing and encountering brownout conditions (from Ref. 17).

with a rearward tilt in low-speed forward �ight. In addition to the possibility of developing a

ground vortex in transition to forward �ight, shuddering on approach and loss of yaw control

are possible due to ground-wake-rotor interactions (Refs. 15, 16). At high speeds, ground effect

provides a smaller performance bene�t compared to hover.

Low altitude operations over sand or snow can introduce unique issues due to human

factors. Brownout is a potential threat due to aerodynamic interaction with ground sediment

which can lead to pilot disorientation and loss of visual awareness (Ref. 7,17). Figure 1.4 shows a

helicopter encountering brownout conditions during landing. Recent accidents involving vehicles

during the takeoff and landing phases of �ight (Ref. 18) have prompted research investigations to

understand the fundamental causes and effects of obstacle induced �ow recirculation.

1.3.1 Laboratory Investigations of Adverse Ground Effect

The complex turbulent �ow structures which are inherent to recirculating �ow have necessitated

increased understanding of rotor wake �ows out of ground effect. The structure and strength of

7



Figure 1.5: PIV �ow�eld measurements indicative of �ow recirculation for different rotor
positions relative to a single-walled obstacle (from Ref. 24).

the wake is known to be affected by parameters such as disk loading, number of rotor blades,

number and placement of rotors, blade geometry, fuselage shape, and rotor height (Ref. 19).

Particle image velocimetry (PIV) �ow�eld measurements for a hovering rotor in classical, obstacle-

free ground effect characterized the aerodynamic interaction between blade tip vortices and the

ground and showed a correlation between rotor height and the resulting wall jet height (Ref. 20).

A GARTEUR Action Group was formed to investigate rotor-obstacle interactions (Refs. 21–

24). Recent PIV �ow�eld measurements for a hovering rotor in close proximity to a cube

structure indicates pronounced �ow recirculation when the rotor plane is aligned with and just

below the top of the obstacle (Refs. 23, 24). Figure 1.5 shows the �ow�eld at three rotor hub

heights and �xed spacing from the obstacle. Locations where �ow recirculation occurred were

associated with signi�cant thrust reduction as well as pitching and rolling moments due to asymmetric

rotor in�ow.

Negative effects of the ground can occur in a variety of operationally relevant circumstances.

Performance penalties can exist for rotors hovering over inclined and moving surfaces (Refs. 25, 26)

which depend on the rotor-ground angle, the rate and direction of heaving motions, and rotor

blade loading. Additionally, the nature of non-ideal ground effect is often non-monotonic with

8



Figure 1.6: PTV visualization of �ow recirculation due to obstacle (right), compared with a
mirrored proprotor wake in obstacle-free ground effect (left) (from Ref. 12).

respect to hub height, but low test matrix resolution can lead to misleading, monotonic results

(Ref. 27).

Vehicles with higher disk loading and induced in�ow may be more susceptible to non-

ideal recirculation effects. The combination of high disk loading, rotor-on-rotor interactions,

complicated proprotor geometry, and shipboard environmental concerns including ship-wake

interactions and partial ground effect approaches make tiltrotors particularly susceptible to non-

intuitive performance effects. A recent laboratory-scale study investigated tiltrotor-obstacle interactions

in zero-wind conditions through an extensive set of hover performance measurements and particle

tracking velocimetry (PTV) �ow�eld measurements which speci�cally targeted test cases with

�ow recirculation (Ref. 12). Figure 1.6 shows a case of recirculation which was associated with

a rotor torque increase of 7% above OGE torque for a �xed thrust.
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Another case that results in performance penalties which may be due to �ow recirculation

is hover in con�ned spaces, where there is more than one obstacle interacting with the wake

�ow�eld. Konuş (Ref. 28) investigated the con�ned area �ow�eld for a rotor in a water tank.

Flow visualization and PIV measurements were conducted for wake interactions with a pair of

walls forming a corner. With a small tip clearance of1=32R, Konuş noted a bunching up of vortex

�laments at the walls not unlike vortex ring state and a periodic excursion of vortex �laments

upstream of the rotor disk (i.e., �ow recirculation). Iboshi (Ref. 29) investigated con�ned area

performance effects for a teetering rotor con�ned between a set of parallel walls. The con�ned

area geometry was altered by varying wall spacing and wall height to achieve a comprehensive

set of performance data in two-walled con�ned spaces. Figure 1.8 shows the results for varying

hub heights and wall spacing. For a large wall-spacing, the performance effects closely matched

what is expected of classical, obstacle-free ground effect. As wall spacing was decreased, a

distinct performance penalty became apparent. For a wall spacing of2:5 – 3:0R, the change in

power ratio with hub height became non-monotonic. A 10% increase in power required above

POGE was recorded for a wall spacing of2:5 – 3:0R just below the top of the walls. The power

at z = 2:2R approachedPOGE for most cases aside from a wall spacing equal to5:0R, which

induced a 5% power penalty atz = 2:2R.

1.3.2 Flight Test Investigations of Adverse Ground Effect

Adverse ground effect studies have also been investigated at full-scale. Flight testing of

a UH-72A Lakota examined hover performance over sloped terrain, which was compared to

laboratory analysis of a rotor over an inclined platform (Ref. 30). Figure 1.9 shows power

10



Figure 1.7: Snapshot of a rotor �ow�eld in the corner of water tank with tip clearance of1=32R
(from Ref. 28). Top view (a) shows bunching up of vortices. Side view (b) shows upstream
excursion of vortex �lament at wall.

Figure 1.8: Effect of wall spacing on the power ratio of the rotor between parallel walls (data
from Ref. 29).
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ratios for hover over sloped and level terrain at various rotor hub heights and thrust conditions.

Hovering over sloped terrain resulted in performance effects which were signi�cant enough to

avoid being masked by the typical variation seen in �ight test data. For some conditions (i.e.,

certain combinations of hub height and blade loading), the effect of sloped terrain was observed

to increase power requirements above those associated with OGE hover power requirements.

A series of �ight tests of a V-22 and three single-main-rotor helicopters (Ref. 31) investigated

hover performance in close proximity to an Elevated Fixed Platform (EFP). The V-22 tests

included a series of approaches and hover test points and the helicopters were tested in hover.

Figure 1.10 shows a photograph taken during the test. While these �ight tests bridge the gap

between full-scale and laboratory tests for inclined surfaces and �ows around obstacles, there

have been no such full-scale studies to investigate the effects of con�ned areas on helicopter

performance. As such, the present study includes �ight test data collected at the United States

Naval Test Pilot School (USNTPS) that will be useful to continue the characterization of con�ned

area rotor performance. The results will provide a data set for investigating the scalability

of laboratory experiments and validating computational models of single main rotor helicopter

performance in con�ned areas.

1.4 Thesis Organization

The current chapter provided an introduction into the effects of the ground on hover performance.

The fundamental �ow mechanics were discussed, and a survey of existing theoretical and experimental

models for classical ground effect was conducted. Additionally, a literature review of various

non-ideal ground effect experiments has shown that adverse performance effects are possible in

12



Figure 1.9: Power ratios for a UH-72 hovering over level ground and sloped terrain as a function
of hub height and blade loading (Ref. 30).

Figure 1.10: V-22 EFP �ight test (Ref. 31).
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a variety of �ight conditions including transition to forward �ight, hover over sloped terrain or

a moving ground plane, and hover near various �ow�eld obstacles. These experiments included

both laboratory and full-scale �ight tests with performance and �ow�eld measurements.

Chapter 2 presents the methodology of the current work, including the equipment used and

test techniques. Processing methods for extracting useful records from instrumentation data time

histories are also discussed.

Chapter 3 presents the resulting hover performance inside of a con�ned area, including the

analysis and comparison of handwritten data with instrumentation data. The effect of con�ned

areas on variation of collective blade pitch is also investigated.

Chapter 4 presents the conclusions as well as recommendations for future work.
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Chapter 2: Methodology

2.1 Introduction

A Bell OH-58C Kiowa helicopter was tested through a series of �ights to collect hover

performance data in close proximity to a three-walled structure. This chapter provides a comprehensive

description of the experiment, including details of the aircraft and the con�ned area, as well as

test techniques and challenges.

2.2 Equipment

2.2.1 Description of the Aircraft

The OH-58C has a teetering rotor with a NACA 0012 airfoil section throughout. Additionally,

the blades are untwisted and rectangular. The combination of a simple rotor design and the ability

to vary thrust coef�cient through a wide range via fuel burn alone makes the aircraft well suited

for academic studies. Table 2.1 shows relevant aircraft characteristics.
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Table 2.1: Bell OH-58C Kiowa characteristics.

Parameter Units Value

Vehicle Characteristics

Minimum gross weight lb 2,500
Maximum gross weight lb 3,200
Minimum CT =� — 0.066
MaximumCT =� — 0.083

Main Rotor Characteristics

Airfoil — NACA 0012
Rotor radius,R ft 17.65
Chord,c in 13
Number of blades,Nb — 2
Rotor solidity,� — 0.039
Nominal angular speed,! RPM 354
Nominal tip speed,Vtip ft=s 655

Tail Rotor Characteristics

Airfoil — NACA 0012
Rotor radius,R ft 2.71
Chord,c in 5.3
Number of blades,Nb — 2
Rotor solidity,� — 0.104
Nominal angular speed,! RPM 2626
Nominal tip speed,Vtip ft=s 745

Engine Characteristics

Maximum continuous torque % 85
Maximum intermittent torque (5 min) % 100
Maximum rated power hp 420
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The �ight control system of the OH-58C consists of dual conventional mechanical controls,

with no stability augmentation system. The helicopter was instrumented for �ying qualities and

performance testing, and data were recorded via instrumentation as well as with hand-recorded

data cards. The instrumentation consisted of a boom to measure airspeed and vehicle attitude

as well as an interface with the production aircraft data to record engine parameters, fuel burn,

rotor speed, and �ight control positions. A radar altimeter was used to measure fuselage height

above ground level (AGL). Two cockpit displays allowed for real time monitoring of a subset of

the recorded parameters, and analog tapes of all parameters were digitized at1:67Hz for analysis

purposes.

2.2.2 Description of the Con�ned Area

The EFP was originally constructed from shipping containers to simulate the �ight deck of

an LPD-17 class ship (Ref. 31). The EFP was a four-walled cube with a �at top and was used

for a series of hover and approach tests. After these tests, the EFP was partially deconstructed to

create a three-walled structure suited for Con�ned Area Landing (CAL) tests. Figure 2.3 shows

the EFP from the original test and its deconstruction. Figure 2.4 shows the OH-58C operating

inside of the con�ned area resulting from the partial deconstruction of the EFP.

The con�ned area consisted of a front wall of length,l fw = 4:73R, and two side walls of

length,lsw = 4:50R, where R= 17:65ft. The position of the helicopter within the con�ned area

was de�ned by the longitudinal distance between the hub and the front wall,xw, and the lateral

distance between the hub and each side wall,yw.

Two longitudinal stations within the con�ned area were tested as well as a level ground
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Figure 2.1: Simulated LPD-17 �ight deck. Figure 2.2: Preparation for CAL testing.

Figure 2.3: The Elevated Fixed Platform (EFP).

position far from any obstacles. Performance measurements were collected for multiple target

hub heights at the entrance (xw;e = 4:50R) and the center (xw;c = 2:25R) of the structure, where

yw;e = yw;c = � 2:36R. Performance measurements were also obtained at an additional position

far from the structure (xw;f = yw;f = �1 ), so that the performance effects of hovering in the

con�ned area could be compared to classic, obstacle-free ground effect. For the present work, the

stations far from the structure, at the entrance of the structure, and at the center of the structure are

referred to as Free, Edge, and Center, respectively. Figure 2.5 shows a top view of the con�ned

area with depictions of the Edge and Center stations.

2.3 Test Techniques

2.3.1 Safety

Safety considerations in the test �ights included the de�nition of “knock-it-off” torque

limits as well as a “build-up” philosophy to the sequencing of test points. Test-speci�c risks

such as loss of yaw control inside of the con�ned area were identi�ed and mitigated. Weather
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