
Sizing and Performance-Prediction Method
for Rotary-Wing Ejector Nozzles

Alex M. Moodie,∗ Daniel P. Schrage,† and Lakshmi N. Sankar‡

Georgia Institute of Technology, Atlanta, Georgia 30332

and

Mark H. Waters§

California Polytechnic State University, San Luis Obispo, California 93407

DOI: 10.2514/1.39423

A reaction-drive rotor configuration including an ejector nozzle is studied to determine possible exhaust-jet

velocity reduction for the purpose of noise suppression. A vortex-wake rotor model is compared with an

experimental rotor test, determining themodel validity for a hovering rotor. A two-dimensional computational fluid

dynamic model of an ejector flow is compared with an experimental ejector-nozzle test to determine the appropriate

grid coarseness and turbulence model relevant to lift and drag predictions supporting the hovering-rotor

aerodynamic model. The reaction-drive-rotor tip-jet-ejector nozzle geometry is sized by the analysis method put

forward here, implementing coupled rotor aerodynamic, reaction-drive tip-jet-ejector thermodynamic, and

computational fluid dynamic models. A performance version of the proposed analysis method is developed to

characterize this rotor configuration over a range of blade collective pitch angles operating in a hovering-flight

condition.

Nomenclature

A = area
Cd = drag coefficient
Cl = lift coefficient
CP = power coefficient
CT = thrust coefficient
D = duct diameter
Deq = equivalent circular diameter
e = internal energy per unit mass
FN = net thrust
fme = mixing effectiveness
GW = gross weight
hl = head loss
hlobe = lobed-nozzle lobe height
hS = lobed-nozzle flap separation
i = iterate number
l = length of the duct section
_m = mass flow rate
P = rotor power
p = pressure
pN = lobed-nozzle perimeter
Q = torque
_q = heat rate per unit mass
R = blade radius
Re = Reynolds number
Rlobe = lobed-nozzle lobe radius
r = radial distance
T = temperature, rotor thrust

V = gas mean velocity
WN = lobed-nozzle width
x = residual variable
� = vortex filament strength
� = density
� = thrust-augmentation ratio
� = rotor rotational speed
1 = ambient, freestream

I. Introduction

S INCE the inception of the first practical rotorcraft in the early
20th century, there have been many variations explored to fulfill

evolving requirements. Although the pure helicopter has proven to
be a versatile machine in many respects, it still has limitations. The
most notable limitation is the maximum forward airspeed due to
compressibility effects and retreating blade stall resulting in high
vibratory loads [1,2]. One possible solution to expand the main rotor
limits is to compound the helicopter with a wing and auxiliary
propulsion, offloading the rotor, and slowing the rotational speed,
thereby increasing the forward-airspeed capabilities. Slowing the
main rotor of a conventional transmission-driven helicopter requires
multiple gear stages, increasing vehicle empty weight.

A reaction-drive rotor eliminates this problem by producing the
required rotor torque with thrusters located at the blade tip. The rotor
speed in forward flight may be controlled either by varying the thrust
generated by the tip thrusters or by allowing the rotor to autorotate.
There are two major types of reaction-drive systems: the pure tip-jet
drive, in which the engine is mounted at the blade tip, and the
pressure-jet drive, in which the engine is fixed to the fuselage and the
tip-jet thrusters are apart of the propulsion exhaust [3]. There have
been many flight-tested rotorcraft that have been powered by these
systems: most notably, the Fairey Rotodyne, McDonnell XV-1,
Hughes XV-9A, and, more recently, the X-50A Dragonfly canard
rotor/wing. Although there have been many successful examples of
this type of rotorcraft, none are currently in production. A major
drawback to reaction-drive rotors compared with conventional
helicopter rotors, other than lower overall efficiency, is the noise
generated by the high-speed gas exhausting from the tip jet [4]. There
are limited acoustic data available for prototype reaction-drive
vehicles. However, takeoff acoustic data for the Hughes XV-9A Hot
Cycle and Fairey Rotodyne are compared with the Sikorsky S-61 in
Fig. 1, taken from [5]. The reaction-drive-rotor concepts generate
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significantly more noise when comparing their gross weights. The
thrust produced by the tip-jet thruster and the associated noise are
strongly dependent on the velocity of the gas exiting the thruster
nozzle [3–7]. To maintain thrust and reduce the gas velocity, an
additional gas flow needs to be entrained into the primary gas flow,
trading mass for velocity while maintaining the fluid momentum. A
possible solution is the addition of an ejector nozzle to the blade-tip
thruster [8].

An ejector nozzle is a fluid pump in which a high-speed gas flow
entrains a secondary flow into a mixing duct, reducing the exhaust
velocity for a given thrust. These devices are simplistic in the sense
that there are no moving parts required. However, they involve
coupledfluid dynamic processes that complicate analysis and design.
The ejector nozzle has been used for thrust and lift augmentation for
vertical and short takeoff and landing vehicles, engine nacelle
ventilation and exhaust cooling, and noise suppression [8–12].

II. Model Formulation

A. Rotor Aerodynamics

A blade element including a prescribed vortex-wake model based
on Landgrebe’s [13,14] work is used for this study. A general
schematic of the wake generated by a hovering-rotor blade is
presented in Fig. 2 [15]. The wake geometry is a function of the rotor
geometry, including twist and taper, and thrust. Reference [2]
contains a complete derivation of this prescribed vortex-wake ap-
proach to analytically model a hovering rotor.

The sectional lift and drag coefficients are compiled into tabular
format as functions of Mach number and angle of attack. The rotor
aerodynamic model can read different tables at any of the blade
elements, allowing for more complex rotor planforms. Gas flow of

high velocity and temperature is ejected from the tip region of a
reaction-drive rotor into the surroundingflowfield. Previous research
with jet flapped wings and jet wings has shown that a wing with
jet exhausting from the trailing edge alters the pressure distribution
and thus the lift and drag characteristics [16–18]. From this pre-
vious work, computational fluid dynamics (CFD) appears to be the
minimum level of analysis fidelity to compute the required airloads
needed for this type of rotor problem. To capture the three-
dimensional effects inherently present for a hovering rotor and any
interactions with the tip-jet-ejector exhaust flow requires a large
number of computational-grid points to adequately model the flow
around this complicated geometric configuration. This would place a
significant computational cost on themodeling effort; therefore, two-
dimensional CFD models are used to generate the sectional airloads
at the tip region.

B. Reaction-Drive Rotor Thermodynamics

To achieve a trimmed flight condition for a reaction-drive rotor,
the jet thrust produced at the tip multiplied by the rotor radius and the
number of blades must equal the torque generated by the rotor to
produce a given amount of rotor thrust. This additional degree of
freedom in the trim procedure requires a thermodynamic analysis to
determine the pressure, temperature, and Mach number at the exit
plane of the primary nozzle based on a compressed-air source. The
flow conditions computed using the thermodynamic model are then
supplied to the two-dimensional CFDmodel as boundary conditions
for the high-speed nozzle flow.

The reaction-drive rotor is analogous to a turbine, in which
compressed gas is expanded to produce work. In this case, com-
pressed gas travels up a fixed duct, transitioning to a rotating duct,
then turned 90 deg into a rotating duct. The gas travels to the end of
the rotating duct, turns 90 deg again, and is mixed with fuel,
combusted, and expanded through a nozzle to the atmosphere. The
basic operation of a reaction-drive rotor is presented in Fig. 3.
Reaction-drive rotor systems may be subdivided into several com-
ponents: rotor-head supply duct, blade duct, combustion chamber,
and converging-diverging nozzle.

The rotor-head supply duct provides the flowpath from the gas
source to the rotor hub. There may be varying cross-sectional areas
and shapes, baffles, turns, and other geometric features dictated by
the layout of the engines, airframe, and rotor. Relationships for the
frictional losses for these types of duct configurations applied
to reaction-drive rotors have been investigated by [19–21]. The
pressure drop due to the frictional losses, or head loss, for turbulent
ductflow is given in [22]. The friction factor can be found in thework
of [23] and empirically corrected for curved-duct sections relating
the duct l=D to r=D [22].

The duct inside the blade delivers air from the rotor head to the
blade tip. The first law of thermodynamics can be applied to the
control volume in a rotating reference frame, resulting in

Fig. 1 Vehicle noise comparison [5].

Fig. 2 Notional wake structure for single blade in hover [15]. Fig. 3 Reaction-drive-rotor schematic.
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where ��r�2=2 is the kinetic energy added to the fluid due to the
rotation, typically referred to as centrifugal pumping. Assuming the
flow is adiabatic, incompressible, and fully developed, the continuity
relation and Eq. (1) applied to the rotating control volume in Fig. 4
give the following relation:

0��2�r22 � r21�=2� �p2 � p1�=� � hl (2)

The gas flow at the end of the rotating duct inside the rotor blade can
be mixed with fuel and combusted or simply expanded through a
nozzle, depending on the configuration. One advantage to burning
additional fuel at the blade tip is that the increase in thermal energy
results in a lower gas-flow requirement for a given nozzle thrust,
reducing the diameter of the blade duct and associated rotor solidity.
The thrust produced by expanding the gas through a nozzle is given
by

FN � _m�Vjet ��R� (3)

where � _m�R is the force imparted on the rotor at the nozzle radial
location due to the acceleration of the gas transitioning from the body
reference frame to the blade rotating reference frame as it is ducted
down the blade to the tip.

C. Ejector-Nozzle Thermodynamics

Considering an ejector nozzle integrated with the tip jet includes
additional variables associated with the ejector-nozzle geometry
(cross-sectional areas and length) and flow conditions (temperature,
pressure, Mach number, etc.). A basic schematic of an ideal ejector
nozzle assuming constant area mixing is presented in Fig. 5. Ejector
nozzles are typically composed of two physical components: a
primary nozzle and a duct or shroud. A quasi-one-dimensional ther-
modynamic representation of this system is subdivided into three
components: secondary inlets, primary nozzle, and ejector-exit
nozzle.

The secondary inlets provide a flowpath from the freestream to
the mixing plane and, for this study, diffuse the flow to a specified
velocity. The primary nozzle is assumed to be either convergent or
convergent–divergent, depending on the nozzle-exit Mach number.
The ejector-exit gas flowwill be a sum of primary and secondary gas
flows represented by the following form of the continuity equation:

_m 1P � _m1Su � _m1Sl � _m2 (4)

The subscripts u and l denote the upper and lower secondary flows,
which are assumed to be asymmetric for this ejector application.
Similarly, the momentum through the control volume in Fig. 5,
assuming steady-state, quasi-one-dimensional, and ideal gas,
reduces to the following relation:

�� _mV � p�A�1Su � �� _mV � p�A�1Sl � �� _mV � p�A�1P
� �� _mV � p�A�2 (5)

Conservation of energy applied to the control volume, assuming
adiabatic flow in addition to the assumptions listed for Eq. (5), gives

����e� V2=2� � p�VA�1Su � ����e� V2=2� � p�VA�1Sl
� ����e� V2=2� � p�VA�1P � ����e� V2=2� � p�VA�2 (6)

Equations (4–6) represent a system of three equations with the
ejector-exit Mach number, ejector-exit pressure, and secondary-inlet
mass flow rate as the three unknowns.

A major assumption is that the secondary and primary flows are
fully mixed at the ejector exit. This assumption is necessary to close
Eqs. (4–6) for the control volume shown in Fig. 5. The reality of this
problem is that there will not be sufficient length to completely mix
the primary and secondary flows. A forced-mixing nozzle is one
option to increase themixing between the primary and secondary gas
flows, shown in Fig. 6. An empirical relationship for a lobed forced-
mixing nozzle relating the partially mixed thrust to the fully mixed
and unmixed ideal thrust, taken from [24], is given by

FNjet;par mix � fme�FNjet;full mix � FNjet;unmix� � FNjet;unmix (7)

Themixing effectiveness is empirically related to the primary-nozzle
geometry and ejector shroud length and is presented in Fig. 7. The
lobed forced-mixing nozzle perimeter is determined by

pN � 4Nlobe��Rlobe � �hlobe � 2Rlobe�� � hS (8)

The equivalent circular diameter of the lobed forced-mixing nozzle is
calculated by

Fig. 4 Schematic of a rotating duct.
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Fig. 5 Ideal ejector control volume. Fig. 6 Lobed forced-mixing nozzle.
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Deq � �4�2Nlobe�A1 � A2 � A3� � hSWN�=��1=2 (9)

D. Computational Fluid Dynamics

The analysis of the reaction-drive tip-jet-ejector rotor relies on the
prediction of the two-dimensional sectional lift and drag of the blade.
The CFD tool used in this study is CFL3D, a Reynolds-averaged
thin-layer Navier–Stokes multiblock flow solver for structured grids
with parallel processing capabilities. A semidiscrete finite volume
approach is used for spatial discretization, upwind biasing for
convective and pressure terms, central differencing for shear stress,
and implicit time advancement for steady and unsteady flows,
including a handful of turbulence models ranging from zero-
equation to two-equation [25]. Multigrid convergence acceleration
is also available, including V-cycle and W-cycle formulations,
requiring grid dimensions such that when every other grid point is
removed, the dimensions still maintain an integer value.

The structured grids are generated using Gridgen® [26,27]. For
high-Reynolds-number flows, the viscous effects are predominately
confined near surfaces and in the body wakes, including tip vortices.
The thin-layer approximation allows for the grid points to be
concentrated in the normal direction to the surfaces, greatly reducing
the computational time. CFL3D is a multiblock solver; therefore, the
gridmay be split intomany smaller grids to take advantage of parallel
processing, further reducing computational time.

A Richardson extrapolation is implemented to determine if the
grid is fine enough for the problem at hand [28]. Three grid-
coarseness levels are required to estimate the solution at the zero-grid
spacing and estimate the error associated with the CFD predictions.
The grid convergence is achieved when the solution asymp-
totically approaches the zero-grid solution through refining the grid
coarseness. Using the multigrid feature within CFL3D allows for a
grid convergence study using one grid. The global drag is used as
the metric to determine grid convergence and is therefore reported
at each grid-coarseness level. A derivation of the procedure to
determine the grid convergence and model error is described in [29].

E. Tip-Jet-Ejector Sizing Method

The first step in predicting the performance of a tip-jet ejector
nozzle integrated with a reaction-drive rotor is to size the ejector
geometry based on a given rotor configuration. This requires the
integration of the rotor aerodynamic model, reaction-drive
thermodynamic model, ejector thermodynamic model, and two-
dimensional CFD model. A basic ejector layout is selected for this
study, with upper and lower shrouds trailing aft of the blade tip, as
shown in Fig. 8. The two-dimensional geometric configuration of
this ejector nozzle allows for a computational grid divided into three
primary blocks: an inner and outer C-grid and an exhaust grid. The
geometric definition of this blade section is based on a NACA 0012
airfoil. To determine the upper and lower inlet areas, mixing section
area, and exit area of the ejector nozzle, both the chordwise position
and length of the ejector are assumed. In addition, the chordwise

length of the ejector inlets and width of the ejector nozzle in the rotor
blade radial direction are assumed to be known. The three-
dimensional effects of the forced-mixing nozzle, shown in Fig. 6, and
the nozzle radial end plates are neglected in the two-dimensional
CFD model. The primary nozzle is replaced with an equivalent-area
rectangular nozzle, allowing for symmetry in the radial direction,
thereby reducing dimensionality.

To begin the sizing procedure for this ejector nozzle, a first guess
of the lift, drag, upper and lower inlet pressures, temperature, and
Mach number are required. As an initial starting point, the sectional
lift and drag coefficients are taken from the clean unmodified blade
airfoil. The secondary-inlet pressure, temperature, andMach number
are initially equal to the freestream conditions at the rotor blade
tip. The lift and drag of the blade-tip section are used in the rotor
aerodynamic model to predict the required torque to hover and
subsequent tip-jet-ejector thrust. The reaction-drive and ejector-
nozzle thermodynamicmodels balance the flow conditions and areas
needed to produce the required thrust. With the tip-jet-ejector nozzle
geometry defined, a computational grid can be generated. CFL3D is
used to compute the lift and drag over a range of angles of attack and
freestream Mach numbers. Data collected from the CFD model
sweeps provide updated sectional lift and drag coefficients for the
rotor aerodynamic model and the upper and lower inlet flow
conditions for the ejector-nozzle thermodynamic model. After the
ejector solution has been updated, it is compared with the previous
solution to determine the relative change in ejector geometry and
flow conditions, which are metrics for convergence. A graphical
representation of the tip-jet-ejector sizing method is presented in
Fig. 9.

Fig. 7 Mixing effectiveness [24].

Fig. 8 Tip-jet-ejector nozzle layout.

Fig. 9 Tip-jet-ejector sizing-procedure flowchart.
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F. Tip-Jet-Ejector Performance-Prediction Method

Offdesign reaction-drive and ejector-nozzle thermodynamic
models have been developed to predict the performance for a range of
hovering- and forward-flight conditions. The current study is focused
on a hovering-rotor model; however, forward flight could be
analyzed by simply replacing the rotor aerodynamic model and
computing the tip-jet-ejector sectional lift and drag over a broader
range of angles of attack and Mach numbers. The use of CFL3D is
similar to the tip-jet-ejector sizing procedure, computing the sec-
tional lift and drag and the secondary-inlet temperature, pressure,
Mach number, and mass flow as a function of angle of attack, free-
stream Mach number, and primary-nozzle flow conditions.

The hovering-rotor model computes the required torque for given
rotor collective pitch angles, using the CFD-generated data. The
torque required is then passed to the reaction-drive and ejector
offdesign thermodynamic models. The primary-nozzle and ejector-
exit areas are then used to update the two-dimensional computational
grid used by CFL3D to update sectional airloads and the secondary-
inlet conditions. This procedure is iterated until the change in the
ejector-nozzle exit area and primary-nozzle flow conditions for
each blade collective pitch has reached a given set of convergence
criteria. The tip-jet-ejector performance-prediction method allows
for varying rotor thrusts and flight conditions. A graphical repre-
sentation of the tip-jet-ejector rotor-performance-analysis method
described is presented in Fig. 10.

III. Results and Discussion

A. Rotor Model Validation

The rotor selected for this study is based on the configuration
tested by [30]. The lift coefficient was computed from pressure
measurements taken in the radial and chordwise directions along the
rotor blade surface, serving as the primary metric for comparison.
The rotor parameters taken from [30] are presented in Table 1. The
rotor thrust and power, in coefficient form, are given using

CT � T=�A��R�2; CP � P=�A��R�3 (10)

A comparison between the experiment and the blade-element
prescribed vortex-wake model is presented in Table 2. The
experimental value for the rotor power required was not available in
[30]. However, [31] analytically computed the power coefficient,
which is tabulated for comparative purposes. The radial load
distribution provides a good benchmark for comparison and is shown
in Fig. 11, in which it is clear that the rotor model is capturing the
nonuniform trend in the radial load distribution. The blade-element

prescribed vortex-wake model used for this study shows a good
overall agreement with the data available in [30].

B. CFD Model Verification

The ejector experiment selected to correlate the two-dimensional
CFD model was conducted by [32]. The ejector configuration
includes a high-aspect-ratio rectangular nozzle enclosed by a duct
with a bell-mouth inlet and exhaust diffuser. This experimental
ejector study was selected because of the large volume of data
available, especially the mixing section traverse data, in which the
primary mechanism for the mixing of the high- and low-speed
flows is through the turbulent shear layer. Turbulent mixing in an
inherently unsteady process; however, the data recorded in the
experiment only include the mean flow components. Therefore, the
flow is assumed to be steady, further simplifying the problem.
Several turbulence models are applied to determine which is
appropriate, including k-", Spalart–Allmaras, k-!, andMenter’s k-!
shear stress transport (SST).

The computational grid is presented in Fig. 12, with every fourth
point shown for clarity. The grid contains 93,144 points, with 60,258
points used for the mixing section. The grid is split into four blocks.
The first two blocks are the upper and lower inlet sections up to the
primary-nozzle exhaust. The third block is the convergent primary
nozzle, and the fourth block contains the mixing section. Each block

Fig. 10 Tip-jet-ejector rotor-performance-analysis flowchart.

Table 1 Rotor parameters

Radius, ft 3.75
Mean chord, ft 0.5
Root cutout, ft 0.75
Number of blades 2
Rotor rpm 1250
Tip speed, ft=s 491
Collective pitch angle, deg 12

Table 2 Thrust and power comparison

CT CP

Experiment [30] 7:90E � 3 ——

Prediction [31] 8:30E � 3 0:958E � 3
Vortex-wake model 7:84E � 3 0:830E � 3
Error, % 0.77 ——

Table 3 Two-dimensional ejector boundary conditions

p=p1 T=T1 p1, lb=ft
2 T1, R

Secondary inlet 1.00 1.00 2131.20 547.00
Primary nozzle 2.42 1.19 2131.20 547.00

Outlet 1.06 1.00 2131.20 547.00

Fig. 11 Radial lift coefficient distribution.
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is multigridable to four coarseness levels to accelerate convergence.
Additionally, the blocks are split into smaller equal-sized blocks to
take advantage of parallel processing.

The high-speed flow exhausting from the nozzle will draw the
ambient air into the ejector. This fluid entrainment results in a
positive flow at the entrance of the bell mouth. The boundary
condition at this location is assumed to be an inflow. The ejector-
exhaust pressure ratio is subsequently adjusted to match the mea-
sured mass flow rate. The shroud walls are assumed to be adiabatic
with the no-slip condition. The flow boundary conditions for this
model are summarized in the Table 3.

The data used for correlation purposes from [32] include mass
flow rates, velocity traverse data, and the shroud wall pressure. Grid
convergence for this model is determined by comparing the mass
flow rates for varying grid-coarseness levels and is presented in
Table 4 using the Spalart–Allmaras turbulencemodel. Table 4 shows
a very good agreement between the ejector mass flow rates,
indicating that the fluid-entrainment process is captured. Both the
extrapolated and fine-grid mass flow rates are within �1:5% of
the experimental values, indicating good grid convergence. The
estimated uncertainty in the experimental value of the exit mass-
flow-rate calculation is	4% [32]. The error computed in Table 4 is
well within that range. The calculated error in the mass flow rate of
the primary nozzle was at least 	1%, with an estimated increase in
nozzle area of 0.33%when pressurized [32]. The error in the primary
mass flow rate between the experimental value and CFD value is
slightly over experimental error.

The experimental velocity-profile data were calculated through
the isentropic relations for compressible flows from the measured
static and stagnation pressures and the stagnation temperature.
Because the mass flow rate is computed from the traverse data, the
associated uncertainty is assumed to be derived directly from the
transverse data measurements [32]. For brevity, the velocity-profile
comparisons are only shown for two traverse positions downstream
of the nozzle: 3 and 10.5 in. It is apparent fromFigs. 13 and 14 that the
velocity-profile trends are captured. Menter’s k-! SST and Spalart–
Allmaras both show good agreement with the experimental data.
Abid’s k-" underpredicts the mixing between the high- and low-
speed flows, indicated by the increased peak and reduced spread of
the velocity profile.Wilcox’s k-!, on the other hand, overpredicts the
mixing compared with the experimental data, indicated by the
reduction in the peak velocity and the increased spread of the profile.
The static pressure was measured through pressure ports at various
locations downstream of the nozzle. There is only a small error

associated with this experimental data, amounting to approximately
0.4% [32]. Figure 15 shows a good agreement of the wall static
pressure between the experiment and the two-dimensional CFD
models.

Overall, the CFD model of this ejector shows promising results.
Based on the results, the Spalart–Allmaras and Menter’s k-! SST

Table 4 Ejector mass-flow-rate comparison

Mass flow rate, lb=s

Inlet Nozzle Outlet

Experiment [32] 2.77 0.71 3.47
Coarse grid 3.17 0.72 3.89
Medium grid 2.74 0.72 3.45
Fine grid 2.74 0.72 3.45
Richardson extrapolation 2.74 0.72 3.45
Error, % 0.85 �1:42 0.52

Fig. 12 Two-dimensional ejector grid.
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Fig. 13 Velocity profile 3 in. downstream of nozzle.

Fig. 14 Velocity profile 10.5 in. downstream of nozzle.

Fig. 15 Shroud wall static pressure.
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turbulence models give a better overall prediction of the two-
dimensional ejector flow. Spalart–Allmaras is a one-equation tur-
bulence model, whereas Menter’s k-! SST is a two-equation tur-
bulence model. Spalart–Allmaras requires the least computer
resources between the two turbulence models and is selected for
all of the subsequent two-dimensional CFD modeling.

C. Tip-Jet-Ejector Sizing

The tip-jet-ejector sizing procedure begins with the basic rotor
parameters presented in Table 1 and sectional lift and drag values
obtained from [33] for a NACA 0012 airfoil. The subsequent sizing
iterations rely on the lift and drag predicted using two-dimensional
CFD modeling on the geometric configuration presented in Fig. 8
for the tip-jet-ejector section of the blade. Overall convergence is
determined both geometrically and thermodynamically through the
change in flow areas and flow parameters within the ejector nozzle.

The two-dimensional structured grid generated for the rotor blade
tip-jet-ejector section, shown in Fig. 8 with every fourth point
displayed for clarity, contains 841,854 points and is multigridable to
four grid-coarseness levels. Only the final three grid-coarseness
levels are used to determine grid convergence. There are a total of 33
two-dimensional CFD models run for each iteration, representing 8
angles of attack ranging from 0 to 14 deg and 3 Mach numbers
ranging from 0.3 to 0.5. For brevity, a sample of these models is
selected to examine the two-dimensional CFD model grid conver-
gence using the drag coefficient as a metric, presented in Fig. 16.

Geometric convergence of the tip-jet-ejector sizing procedure is
determined by the change in the upper and lower inlet and ejector-
exit areas relative to the previous iteration and is generally defined by

residual �
�X

j

�
xj;i�1 � xj;i

xj;i

�
2
�
1=2

(11)

The convergence criterion for the ejector geometry is 10�3, which
was achieved after 10 iterations, as shown in Fig. 17. The ejectorflow
convergence history of the tip-jet-ejector sizing procedure is
composed of the residuals of continuity, momentum, energy, and
their respective sum. The resulting convergence history for the
ejector exhaust flow after 10 iterations is presented in Fig. 18. The
convergence criterion represents less than 0:005=in:2 in area, 1
R,
and 0.0001/lb of air per second. More stringent convergence can be
achieved by increasing the number of iterations before convergence.
The current procedure requires a manual grid generation for each
step, prohibiting the full automation and increasing the overall
workload of the sizing procedure.

The sized-ejector nozzle for the rotor described in Table 1 is
presented in Table 5. The trust-augmentation ratio is a performance
metric for ejector nozzles and is defined by

�� FNejector=FNprimary nozzle (12)

The thrust-augmentation ratio indicates the amount of energy
transferred from the primary-nozzle thrust generation to the ejector
fluid entrainment. The ejector nozzle is traveling through the air at
approximately Mach 0.4. The forward-speed effect tends to reduce
the thrust-augmentation ratio, primarily due to ram drag [34].
The reduction in thrust generated by the ejector nozzle due to this
transfer of energy requires the addition of energy from the primary
nozzle (in this case, additional fuel) to meet the tip-jet-ejector thrust
requirement of the hovering rotor.

A comparison of the radial load distribution is presented in Fig. 19.
The tip-jet-ejector rotor shows a reduced amount of lift along the

Fig. 16 Drag coefficient convergence.

Fig. 17 Geometric convergence history.

Fig. 18 Ejector flow residual.

Table 5 Sized-ejector parameters

Ejector geometry

Upper secondary-inlet area, in:2 0.37
Lower secondary-inlet area, in:2 0.35
Primary-nozzle area, in:2 0.83
Exit area, in:2 1.79
Mixing section L=De 1.22

Ejector flow parameters

Primary-nozzle mass flow rate, lb=s 0.31
Upper secondary mass flow rate, lb=s 0.09
Lower secondary mass flow rate, lb=s 0.09
Total mass flow rate, lb=s 0.49
Exit Mach number 0.70
Exit velocity, ft=s 1165.33
Exit stagnation temperature, R 1282.88
Ejector-nozzle thrust, lb 21.40
Thrust-augmentation ratio, � 0.97

Rotor and tip-jet parameters

Power required, hp 18.00
Blade collective pitch angle, deg 12.00
Fuel flow: jet propellant 8, gal=h 4.69
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majority of the blade, with a pronounced increase at the tip region. It
is difficult to determine whether this behavior is physical or may be
the result of the rotor aerodynamicmodel. The increased lift at the tip
region increases the strength of the tip vortex filament, which results
in a greater contribution to the downward vertical component of the
velocity vector at each blade element. An increase in the downward
velocity, or inflow, reduces the local angle of attack and, therefore,
the lift produced by the respective blade element.

The increased drag of the tip-jet-ejector nozzle blade section,
shown in Fig. 20, is expected due to the geometry and jet exhaust.
The maximum lift coefficient is slightly greater for the tip-jet-ejector
element. A closer inspection of the CFD results shows some re-
circulation of the airfoil upper surface separated flow into the upper
inlet at the higher angles of attack, shown in Fig. 21. Figure 22 shows
that the local angle of attack of the tip-jet-ejector section of the rotor
blade is not greater than 5 deg, which is well below the flow-
separation condition due to stall. The discontinuous break in the
radial distribution of the local angle of attack indicates the change
from the NACA 0012 airfoil section to the tip-jet-ejector section
within the rotor aerodynamic model. A comparison of the thrust and
power between the tip-jet-ejector rotor and clean rotor is presented in
Table 6. The resulting rotor thrust coefficient is significantly less for
the same collective pitch angle and has a higher power requirement.
Trimming the blade collective pitch angle to match the rotor thrust
will further increase the power required above the baseline rotor
configuration, as shown in Table 6.

D. Tip-Jet-Ejector Performance

The tip-jet-ejector performance analysis, shown in Fig. 10, is
applied to a range of rotor blade collective pitch angles from 8 to
14 deg. At each collective pitch angle, the primary-nozzle flow
conditions are computed based on the rotor aerodynamic model,
which is dependent on the blade-tip CFD-predicted airloads. The
blade-tip sectional airloads are dependent on the nozzle flow
conditions, thus requiring an iterative procedure. An initial run of
each collective pitch angle is performed using the tip-jet-ejector
airload data from thefinal sizing solution at a collective pitch angle of
12 deg. The CFD models recompute the tip-jet-ejector sectional lift
and drag using the updated tip-jet-ejector thermodynamic solution
for each collective pitch angle. This procedure is repeated iteratively
until the relative change in convergence metrics is below the
specified threshold.

There are 168 CFD model cases per iteration for the selected
collective-pitch-angle performance sweep. The collective pitch

Fig. 19 Radial lift coefficient distribution.

Fig. 20 Drag polar comparison.

Fig. 21 Two-dimensional CFD flow visualization.

Fig. 22 Radial distribution of angle of attack.

Table 6 Rotor thrust and power comparison

Collective,
deg

CT CP

Clean rotor 12.00 7:97E � 03 8:27E � 04
Tip-jet-ejector rotor 12.00 6:87E � 03 8:53E � 04
Tip-jet-ejector rotor 13.33 7:97E � 03 1:01E � 03
Constant collective pitch
angle, % —— �13:80 3.14

Constant thrust, % 9.94 —— 17.87
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selected for the sizing procedure is repeated during the performance
sweep to check that the performance version of the model matches
the sizing version. The accuracy of thismatch is presented in Table 7.
The performance version of the tip-jet-ejector model shows good
agreement with the sizing version. The difference between the initial
iteration and the final iteration for the range of collective pitch angles
is shown in Fig. 23 in terms of the ejector-exhaust-flow total residual.
Increasing the number of iterations for the collective-pitch-angle
cases will improve the overall convergence. The maximum residual
of 3% occurs at the lowest collective pitch angle analyzed. This is a
relatively low residual and therefore the computational cost is traded
against the increase in model accuracy.

A comparison of the rotor power required and figure of merit as a
function of thrust between the tip-jet-ejector rotor and a clean rotor of
similar configuration is presented in Figs. 24 and 25, respectively.
The tip-jet-ejector rotor shows the expected increase in power and
reduction in efficiency due to the added geometry and tip-jet-ejector

nozzle flow. Additionally, the rotor thrust is reduced for a given
collective pitch angle, indicated by the horizontal shift of the curve to
the left, compared with the clean rotor configuration. The amount of
fuel used by the tip jet over the range of collective pitch angles is
presented in Fig. 26. This trend follows the power curve trend, as
expected for a tip-jet-driven rotor. Figure 27 shows a comparison of
themean nozzle exit velocity between the primary nozzle and ejector
nozzle computed by the tip-jet-ejector thermodynamic model. There
is a significant reduction in the mean ejector-nozzle exit velocity.
This reduction will likely result in lower noise generation by the
tip-jet ejector nozzle, compared with the tip-jet nozzle alone. The
ejector-exit velocity profile will likely have shapes similar to the
profiles shown in Fig. 14, in which there is a clear peak in velocity
magnitude near the ejector centerline. Using the peak velocity will
increase the noise estimation, compared with the mean velocity
computed by the thermodynamic model. A prediction of the velocity
profile at the exit plane of the ejector nozzle including a forced-

Table 7 Sizing and performance model comparison

Sizing version Performance version Difference, %

Ejector flow parameters

Primary-nozzle mass flow rate, lb=s 0.31 0.31 �0:47
Upper secondary mass flow rate, lb=s 0.09 0.09 0.66
Lower secondary mass flow rate, lb=s 0.09 0.09 �0:27
Total mass flow rate, lb=s 0.49 0.49 �0:43
Exit Mach number 0.70 0.70 �0:50
Exit mean velocity, ft=s 1165.33 1166.87 �0:13
Exit stagnation temperature, R 1282.88 1279.97 0.23
Ejector-nozzle thrust, lb 21.40 21.20 0.93

Rotor and tip-jet parameters

Power required, hp 18.00 17.88 0.67
Blade collective pitch angle, deg 12.00 12.00 ——

Fuel flow: jet propellant 8, gal=h 4.69 4.72 �0:65

Fig. 23 Ejector-exhaust-flow total residual.

Fig. 24 Rotor power versus thrust comparison.

Fig. 25 Rotor figure of merit versus thrust comparison.

Fig. 26 Tip-jet fuel flow versus rotor thrust.
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mixing nozzle requires a three-dimensional CFD model. There are
other factors that may contribute to the noise generated by the tip-jet
ejector nozzle in addition to the jet noise, including shock-associated
noise generated in the supersonic nozzle flow, noise generated by the
turbulentmixing of the low-speed secondary and high-speed primary
flows, and noise generated by acoustic resonance interactions within
the ejector shroud.

IV. Conclusions

The primary focus of this study identifies the cross-disciplinary
coupling and presents an analytical method to address sizing and
performance of a tip-jet-ejector-driven rotor. The study also provides
some insight into the aerodynamic and thermodynamic character-
istics of this tip-jet-ejector rotor configuration in the hovering-flight
condition. Although the primary motivation for this study is based
on the reduction of the noise generated by a reaction-drive rotor
configuration, only the basic aerodynamic and thermodynamic
aspects are investigated, with the intent of providing a foundation for
both higher-fidelity aerodynamicmodeling and acoustic predictions.

It is recognized that not all of the fluid dynamic processes and
interactions are captured under the present assumptions. However,
the reduced computational modeling effort allows for design
tradeoffs and basic performance trends to be performed for this rotor
configuration in an early stage of design that may lack detailed
knowledge of the rotor. Full integration of the grid generation and
CFDmodeling into both the sizing and performance procedures will
reduce the modeler’s effort and the possibility of human error. The
solver within the thermodynamic model iteratively solves for the
unknowns in the system, requiring reasonable initial values to
successfully achieve the solution. Additionally, it was discovered
that the amount of fuel burned in the tip jet needed to be increased
over the value required by the tip jet alone (without the ejector) for the
thermodynamic model to reach a feasible solution. In fact, the
percentage of increase in the amount of fuel burned by the tip-jet
ejector may be treated as a design variable, due to its influence on the
final thermodynamic solution.

Future efforts to improve the utility of this analytical process
include adding forward-flight capability and acoustic model cou-
pling to address the potential noise-reduction benefits for a broad
range of flight conditions. Additionally, three-dimensional modeling
of a hovering rotor with a tip-jet ejector nozzle will remove some of
the assumptions, providing a more detailed analysis of the flow
interactions at the blade-tip region.
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