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Objectives

The aim of this dissertation is to develop and validate a numerical rotor model suitable for use
in modeling the exterior flow-field of a helicopter, including the rotor downwash. The model
should be suitable for simulations of the helicopter in hover, vertical and forward flight.
Objectives which need to be met during this process may be summarized as follows:
e Formulate and describe an appropriate numerical modeling methodology for
representing a rotor, or axial-fan, in a CFD code
e  Write a computer code based on the described modeling methodology
¢ Implement the coded rotor model in a CFD code, modeling both axially aligned and
non-aligned flow into an axial-flow fan, and validating the numerical results against
experimental data
¢ Implement the rotor model in the qualitative analysis of the flow field around a

helicopter
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Abstract

A numerical methodology is developed to model the effect of a rotor on the surrounding
flow-field. The model calculates the time-averaged aerodynamic forces exerted on the air by
the fan blades within the blade-swept region, and permits the user to specify blade properties
such as cross-sectional profile and orientation at a particular radial and azimuthal location. The
calculated forces are included as source terms within the Reynolds-averaged Navier-Stokes
equations for an incompressible fluid, which are solved by the commercial CFD solver,
FLUENT. The effects of turbulence are incorporated through the use of Launder and
Spalding’s k-g turbulence model. This method is selected as being the most efficient use of the
resources available, giving the economical advantages of a steady simulation, while allowing

radial and azimuthal variations of rotor characteristics.

In order to validate the accuracy of the numerical model for both aligned and non-aligned
inflow conditions, results are compared with experimental data reported for an axial flow fan.
Agreement between experimental and numerical results is excellent to good. Fan static
pressure rise is closely predicted by the numerical solution, while fan power consumption and
fan static efficiency are under and over-predicted respectively. This error may be attributed to
frictional losses not accounted for in the numerical model. These include physical rotational
instabilities, leading to increased mechanical losses, and tip effects due to the clearance
between the fan blade tips and the fan casing. Trends are nevertheless consistently predicted by
the numerical model for inflow angles up to 45°, and for the range of blade pitch settings used.
The adverse effect of off-axis inflow on the fan static pressure rise is numerically predicted,
while fan power consumption is found to remain independent of inflow angle, as had been

experimentally observed.

The rotor model is finally integrated with the fuselage of the CIRSTEL (Combined Infra-Red
Suppression and Tail rotor Elimination) prototype in an analysis of the helicopter exterior
flow-field. No experimental data for this configuration was available for validation purposes.
However, the model is used in the simulation of several common helicopter flight conditions.
Results are presented graphically, and generally indicate good agreement with physically

observed phenomena.
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1 AN OVERVIEW OF ROTARY-WING MODELLING
TECHNIQUES

During a development stretching back several decades. various techniques have been
suggested for the modeling of rotary-wing tlow fields. Early attempts to describe the
rotor characteristics were based on momentum theories. while the rotor wake was
usually approximated with various classical and prescribed vortex theories. In more
recent times, the availability of powerful computers has permitted the use of
Computational Fluid Dynamics (CFD) to solve increasingly complex flow problems.
At this time however, a complete solution of the rotor flow-tfield. using the unsteady,
turbulent. three dimensional Navier-Stokes equations. remains prohibitively expensive.
The present method therefore reduces the problem to a steady one. combining
momentum and blade element theories to model the rotor as an actuator disk. while
solving the steady. incompressible, viscous, Reynolds-averaged conservation equations

{for the exterior flow-field.

1.1 One Dimensional Momentum Methods

Larly attempts to model helicopter rotor characteristics were based on one dimensional
momentum theory developed tor aeroplane propellers. The rotor is considered to be an
infinitely thin actuator disk, generating a uniform induced velocity. v,. at the rotor disk
[1]. Although this method allowed basic simulation of rotor performance
characteristics such as thrust and torque. and was later improved by accounting for
rotation in the wake, it is deficient in two very important aspects: momentum theory
assumes uniform flow in the rotor wake, with no facility for defining azimuthal
variations: and it makes no provision for information about the characteristics of the
rotor blades. For these reasons, one dimensional (D) momentum theories are not

suitable for any but the most basic of simulations.

1.2 Wake Methods

Classic vortex theories were introduced in early attempts to model wakes induced by a

rotary wing. Potential flow is usually assumed. with the rotor blade being represented



by a svstem of bound and trailing vortices, and the wake by a rigid non-contracting
helical vortex sheet. According to Rajagopalan and Mathur | 2], results obtained by this
method were satistactory for cases such as an aeroplane in cruise. However, for cases
where the velocity induced by the rotor was much greater than the free-stream, such as

a helicopter in hover. the results were poor.

Prescribed wake methods were introduced in an attempt to improve the classical vortex
mcthods with the aid of experimental data. These methods use experimental
observations to relate the vortex structure to the rotor-blade geometry and rotor
performance coefticients. The limitation with this approach is that the flight conditions
being modelled need to be similar to the experimental conditions under which the

wake data was obtained.

A more recent approach is the use of free wake methods, which allow the wake to
develop iteratively, based on physical constraints. Rajagopalan and Mathur [2] state
that these methods do not have the limitations of prescribed wake methods, and may
thus be used in a greater range of problems. However. they also caution that for
conventional geometries, free wake methods provide no greater accuracy than

prescribed wake methods.

Recently, further developments in the field of wake prediction have allowed modelling
of unsteady wake effects in time-dependent rotor simulations. Le Bouar et al. [3]
reported the use of a relaxation method to compute the free wake geometry, coupled
with an unsteady lifting-line method. Lifting-line methods usually follow the quarter
chord line path of each blade, with aerodvnamic moments and loads being read

directly from 2D airfoil tables.

The major shortfall of wake methods in general, is the assumption of potential flow.
lmportant features of the flow, such as the tip vortices, cannot be easily described,
since vorticity cannot be defined within the governing transport equations. Despite
these limitations, wake methods remain valuable tools for rotor modelling, largely due

to their ability to predict major flow characteristics in a cost efficient manner.



1.3 Numerical Methods

Computational Fluid Dynamics describes a relatively new discipline in fluid dynamics,
made possible by the increasing power and availability of computing resources. The
basis of this technique is the use of some form of discretisation scheme to permit the
numerical solution of certain governing equations over the domain of interest. The

governing equations may be chosen to suit the problem under investigation.

At this time, the use of the full, unsteady Navier-Stokes equations for fluid flow
around the individual rotor blades is beyond the capacity of computing resources
available to most CFD users. The high grid density required to capture flow data
around the blades and in the wake, renders the process prohibitively expensive,

especially since the analysis is an unsteady one.

Various approaches have been demonstrated as means of modelling the effects of a
rotary-wing, without necessarily modelling the individual blades themselves. A
method recently attempted is the use of the lifting-line concept coupled with an
unsteady Euler or Navier-Stokes solver for the flow-field [4]. This approach permits
many unsteady effects of the flow to be captured, while reducing the need for an
overly dense mesh. However, the numerical cost of the analysis remains that of an

unsteady one.

The need for a more efficient solution, while still retaining the ability to predict the
characteristics of the rotor wake, has led many authors to use a time-averaged
approach to model rotary-wing flow-fields. This method is greatly favoured in cases
where the wake and its interactions are the primary focus for the investigation, with the

exact flow around the individual blades of no direct significance.

While several approaches exist for representing time-averaged rotor effects, the
fundamentals are commonly based on the calculation of aerodynamic loads directly
from 2D blade-element theory. The most common methods used for accounting for the
rotor’s influence on the flow-stream, are the application of either internal boundary

conditions, or momentum source terms, in the form of an actuator disk.



1.3.1  Iternal Boundary Conditions

Several authors have used internal boundary conditions to represent a rotor in a time-
averaged manner, commonly in the form of a disk-like pressure boundary, coupled
with an induced swirl velocity. This approach was used by Fetjek and Roberts [5] to
simulate the wing/rotor interaction for a tilt rotor in hover. using the thin-layer Navier-
Stokes equations to describe the flow-field. In the region of the rotor, the
computational domain was excluded from the implicit solution. with flow properties
being updated explicitly with values caleulated by an independent rotor model. This
model was able to incorporate the effects of blade-geometry, airfoil aerodynamic
characteristics, blade twist and piteh angles, and rotor rotational speed. These effects
were described by distributions ot local pressure rise through the actuator disk, and
focally induced swirl velocity, and incorporated in the tlow solution process at the

internal boundaries.

Chaftin and Berry [6] modified this approach to represent the rotor with a disk-
boundary of zero thickness (i.e. a disk-surface). Overset grids were used. permitting
the rotor and fuselage geometry to be generated independently. The incompressible
Navier-Stokes equations were solved for the tlow-field. with compressibility effects
included implicitly when determining the forces generated by the rotor-blades. The
effect of the rotor was imposed on the tflow solution using boundary conditions on the
rotor-surface. describing the difference in pressure and tangential velocities between
the upper and lower regions. This model included a trimming algorithm, matching the
total rotor thrust to a prescribed value, and allowing the moments on the rotor to be
balanced by adjusting the collective and cyclic pitch angles in an iterative manner

during the solution process.

A very similar method was later developed by Lee and Kwon [7] to study rotor-
fuselage aerodynamic interactions, this time using a 3D Euler solver based on
unstructured meshes. The rotor effects were again imposed by use of internal boundary

conditions in the actuator-disk region.



1.3.2  Momentum Sources
The use of momentum source terms to represent a rotor is less complicated than the

application of internal boundary conditions. The region in which the rotor lies is
included within the computational domain like any other region, the only difference
being the inclusion of an additional term in each of the three momentum equations.
This source term has units of force per unit volume, and may be calculated directly
from the aerodynamic forces obtained using 2D airfoil look-up tables. The rotor is
therefore represented simply by an actuator disk of finite thickness, whereby the
rotor’s influence is modelled in terms of the momentum it imparts to the fluid flowing

though it.

Rajagopalan and Mathur [2] were early exponents of this theory in a rotary-wing
application, the three dimensional analysis of a rotor in forward flight. The steady,
incompressible, laminar Navier-Stokes equations were solved for the flow domain, the
momentum source terms being explicitly added to the appropriate cells in the region of
the actuator disk. Blade element theory was used to determine the aerodynamic loads
with respect to radial and azimuth location, with blade pitch harmonics explicitly

defined from experimental values, and with a constant blade cone angle.

Momentum source terms have also been used to represent the aerodynamic influence
of fans and rotors in other applications. Combes and Marie [8] applied this concept to
the study of a cross-flow fan, replacing the blade row action with a rotating force field
by including a momentum source term in the governing Navier-Stokes equations.
Further authors, who have used source terms to model the effect of various fans and
propellers, are Pericleous and Patel [9], Schetz et al. [10], Thiart and Von Backstrém
[11] and Lostedt [12]. More recently, Meyer and Kroger [13] modelled an axial flow
fan using momentum source terms, incorporating several important features which

form the basis for the present method.

Le Chuiton [14] investigated the use of both boundary condition and source term
methods for rotor modelling in helicopter analyses. A variety of boundary methods
were presented, all exhibiting degrees of numerical instability. A source term
formulation was finally adopted, despite reported problems with numerical fluctuations

in the region of the actuator disk, as providing the best compromise for study of the



helicopter exterior flow-field. These characteristics are notable in light of the findings
presented in Appendix A, where a possible reason for such numerical fluctuations is

discussed.

1.4 Present Method

The rotor model presented in this report is based on a representation of the rotor using
momentum sources. As the main area of interest is not the rotor itself. but rather the
downstrecam wake and its interaction with the helicopter fuselage. the problem is
simplified by the use of time-averaged equations. reducing the numerical cost of the

solution significantly.

The rotor model is coupled with a commercially available CFD code, Fluent, through
the use of user defined functions, written in the C programming language. The region
ot the computational domain in which the rotor lies is defined using a structured grid,
during construction of the geometry. Other regions may be meshed in an unstructured
manner. Given the geometric details of the rotor, the momentum source terms are
calculated by the rotor model, which receives tlow data from the solver. calculates the
aerodvnamic loads trom 2D blade element theory. and returns the source terms to the
Mlow solver. The steady. incompressible. viscous. Reynolds-averaged conservation

equations are solved.

At this stage. no rotor trimming algorithm is incorporated to achieve a pre-defined
thrust value. Rather, the pitch harmonics arc specified explicitly. as described by

Rajagopalan and Mathur [2]

The modelling procedure itself is similar to that ot Mever and Kroger [13], but
moditied to incorporate the effects of azimuthal variations of blade geometry present
in a helicopter rotor in forward flight. A feature of this model is the use of both
upstream and downstream tlow-field velocities to determine the relative velocity
vector at the actuator disk. The reason for this is to reproduce as closely as possible the
conditions under which the values in the 2D lift and drag airfoil tables are obtained.
This arrangement was found to yield better results than if the flow-tfield velocity within

the actuator disk was used to determine the relative velocity (see Appendix A).



Another feature of the model is the use of the lilt and drag characteristics of a flat plate
tor angles of attack which fall outside the documented range of the airfoil. This
permits the model to deal with reverse flow conditions over the rotor-blades. a realistic

expectation when studying a helicopter rotor in forward flight.

Since the solution in the vicinity of the rotor itself is of no direct consequence, the
present method is rather aimed at providing a realistic representation of the influence
rotor on the surrounding flow-tfield, particulfarly the downwash, without a prohibitive

investment of time and resources.



2 ROTOR MODEL FORMULATION

The present rotor model is greatly simplified by the use of a time averaged approach
with a combination of 2D blade element and actuator disk theory. Two aspects need to
be considered when implementing this technique. The regions in the computational
domain where the rotor’s influence is directly felt must be clearly specified, and the
momentum source terms at these locations must be determined from the rotor and
blade characteristics, and flow propetties. In this chapter. the mathematical

formulation of the rotor model, written in the C programming language, is described.

2.1 Rotor Discretisation

(n the computational domain, the rotor is represented by a disk of finite thickness,
corresponding to the physical dimensions of the disk described by a rotor-blade path.
The disk is discretised by a number of regular annuli. which are further divided into
clements. depicted in Figure 2-1. Blade properties. such as chord length, twist,
thickness, and lift and drag characteristics. at the centre ot each element. are assumed
constant throughout that element. The region containing the actuator disk is defined

during construction of the computational grid. and the particular elements to which the

momentum sources are to be applied are identified by a linking algorithm during the

solution initialisation process.

Figure 2-1: Rotor discretisation representation with shaded blade element and centroid shown



2.2 Coordinate systems

fn order to simplify calculation of the momentum source terms. four coordinate
svstems are used to describe the rotor and blade elements. The Cartesian coordinate
svstem 1.0\ Y.Z ). is the global coordinate system for the computational domain.
Two coordinate systems are then used based on the rotor-disk centre. A Cartesian
system 2 is defined,/x. ¥,z ), with Z pointing along the axis of rotation. in the
upstream direction., and X defined relative to the helicopter fuselage. A rotor based
cylindrical coordinate system, (7,7, Z ). is also used. with . the azimuth angle,
detined relative to X . During calculation of the blade element forces, a third Cartesian
coordinate system is defined for each element. (/.77 ). where 7 is tangential and

opposite to the direction of blade rotation. and 7 is a radial vector corresponding to the
rotor cylindrical system. 7 is an axial vector parallel to Z. This co-ordinate system is

shown in Figure 2-2.

Because 7 is perpendicular to 7. f may be easilv determined using the vector cross

product

[ =7 X r=iz (1)

Transtormation tensors are used to change the description of vectors from one

coordinate system to another as convenient.

Figure 2-2: Blade-Element based coordinate system



2.3 Calculation of Momentum Source Terms

Values for the momentum source terms are determined at the beginning of every
iteration of the flow-field solution. Blade element theory is used to determine the
forces imparted on the fluid by the rotor blades. which may. with little manipulation,

be directly substituted into the governing momentum equations as source terms.

According to Von Mises [1], the force exerted on the fluid stream at any location
within the actuator disk is a function of the fluid velocity vector relative to the rotor-
blade. v, . as well as the lift and drag characteristics of the blade cross-sectional
profile. Figure 2-3 depicts the relative velocity vector, as well as the resulting
elemental lift. L. and elemental drag force. 8D. on a blade element. at a blade radius

I

S

Figure 2-3: Blade element representation showing the relative velocity vector, v, , and the

resulting aerodynamic loads
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The lift and drag force are determined according to

2

Vol €)oot (2)

oL =4p

dD="Lpv, C, ¢ or (3)

where C| and Cy are the coefficients of lift and drag respectively. ¢ the rotor blade

chord length, v, the relative velocity, and dr the blade element radial thickness.

The lift and drag coefficients are determined from look-up tables based on the effective
angle of attack and Reynolds number. The first step in calculating the blade element

torces is therefore to determine the relative velocity vector.

The flow solver provides the flow-field velocity, relative to the global coordinate
system 1. at any prescribed location within the flow domain. The velocity vectors at
the actuator disk may therefore be known directly. However, this velocity field
encountered by the two-dimensional blade elements of the rotor model differs
considerably from the uniform velocity field tor which the lift and drag coefficients,
used in equations (2) and (3) respectively, are valid. The most notable difference is the
tangential velocity component of the velocity tield on the downstream side of the blade
element. In order to compensate for this discrepancy. the flow velocity vector at each

disk element. v, is calculated as the average of the trailing edge velocity vector, v

oul >
and the free-stream velocity vector upstream of the blade element, v, . This
arrangement is found to yield better results than when the free stream velocity vector

upstream ot blade element is used exclusively to determine v, (see Appendix A).

.I = I?( “m + vm// ) ( 4)

—



The relative velocity vector, ¥,, may now be calculated by accounting for the rotation
of the rotor, using the rotor and blade-element based coordinate systems previously

detined.

vy ,=ven (5)

K

where v e i1 is the component of the free-stream velocity normal to the blade path, and

is therefore the normal component of the relative velocity vector.

v, =Vel+(Fx 2 jel (6)

where T e/ is the component of the free-stream velocity parallel to the blade path, at

the element centroid. (Fx £ )ef is the velocity due to the blade rotation in the

direction paralle! to the blade path at the element centroid. where £ is the rotor

rotation vector.

Once the relative velocity vector is known. it only remains to calculate the coefficient
of lift and drag to resolve equations (2) and (3). Within a specified range of Mach
numbers. the lift and drag characteristics of a profile section is a function of the
Revnolds number and the effective angle ot attack. a.. alone. The effective angle of

attack is determined by the relative velocity vector. and the rotor geometric orientation.

During high advance ratios, a retreating blade may encounter reverse flow conditions
near the hub. In addition, modelling of right and left hand blade profiles, as well as
reverse rotations, may be desired. For this reason it is critical that the orientation of the

blade-element profile be correctly defined. This is accomplished by defining two

perpendicular vectors in the plane of the two-dimensional blade profile: B, . along the

profile chord in the direction of the leading edge. and B, . in the direction of the upper

surtface of the airfoil profile. These vectors are determined based on the rotor

characteristics. including the geometric angle ot attack. y . described according to



y=A,—A4 cosy - B, sim//—%a, (7)

where A4, is the collective pitch angle, A4, and B, define the cyclic pitch angle, r is the

element radial position, R is the rotor tip radius. and «, the angle of twist at the rotor

Lip.

Using the relative velocity components and blade orientation vectors. the effective

angle of attack may be calculated.

) o, =-a, if v,eB <0 (8)

n

a. =acos(—(v, B, )/)vl\,
The Revnolds number is calculated as

[D'\)\"(”

Re = (9)

where the density. p, and the dynamic viscosity. . are flow properties obtained

directly trom the flow solver. (v,( is the relative velocity magnitude. and ¢ is the

profile chord dimension.

Depending on the particular rotor being modelled. lift and drag profiles may be
experimentally obtained as a funetion of angle of attack. a. for a range of values of
both a and Reynolds number. For a values falling outside the range of experimental
data. lift and drag characteristics for a flat plate are used. According to Hoerner and
Borst [15]. and Hoerner [16], the dimensionless lift and drag coefficients for a flat
plate are given respectively as

Co=C

- §ina - cosa. (10)

o 1

and



Cc,=C,, . -sina (11)

d max

where Cy max = 1.98.

A smooth transition between the airfoil and flat plate lift and drag characteristics is
ensured with the introduction of fourth order polynomial and trigonometric functions
in the overlap regions. The resulting lift and drag curves are shown in Figure 3-4, as a
function of angle-of-attack, a. Linear interpolation is used to determine C; and Cq4

values at intermediate Reynolds numbers.

25
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Figure 2-4: An example of the lift and drag airfoil tables used to determine blade-element

aerodynamic loads [22]

With C; and C4 now known, in addition to the relative velocity magnitude, the
elemental lift and drag forces, dL and 0D, may now be calculated according to

equations (2) and (3). The direction of these vectors is determined relative to the blade-

element orientation vectors, B, and En , to obtain lift and drag vectors, dLand oD.
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From Figure 2-3, the blade element thrust. 87T, and torque. Q). are given as

o =oc (ol en + 6D en) (12)

5O =0(SLei+3Dei)-r (13)

The blade solidity factor, o, is defined as

(14)

where N is the number of rotor-blades.

The blade forces are expressed as momentum sources/sinks in the governing equations,
and the blade element thrust and torque need theretore to be expressed as force per unit

volume. [t follows that

or or
—_— (15)
oV oty
o0 00
‘; — \—‘ ( 16 )
OV e or -ty .,
where dr is the element radial dimension. and ¢, ,  the rotor-disk thickness.
Substitution of equations (2). (3), (12) and (13) into equations (15) and (16) yields
ST oy, ——
(‘ :M—"‘-(('/onJr('don) (17)
oV RV

Refisk



‘) . ARV : e _ - —
o‘é:w.(('].z+(fdol)~r (18)
oV 2"/«/,\/(

These expressions are defined relative to the blade-element. and must be transformed
back to the global coordinate system. The components of the momentum source vector

may then be substituted directly into the momentum equations within the flow solver.



3 NUMERICAL MODELLING STRATEGY FOR VALIDATION
OF THE ROTOR MODEL

The numerical modeling strategy used in validating the rotor model is described in the
following sections. The steady, time-averaged Navier-stokes governing equations
where used, combined with a standard k-g turbulence model. A second-order upwind
discretisation scheme was used for pressure and momentum convection terms, and a
first-order scheme for the convection terms of the turbulence model. It was found that
consistently accurate results were obtained for a variety of flow-rates and blade pitch
angles using 2500 to 3000 cells in the actuator disk. Flow-field velocity readings were

taken at positions 10mm upstream and downstream of the actuator disk centre-plane.

3.1 Governing Equations

The steady. incompressible, viscous, Reynolds-averaged conservation equations are
solved by the CFD solver, Fluent. in a Cartesian coordinate system. The equations may

be represented in vector notation as follows [17].

3.1.1 Conservation of mass

Mass conservation is expressed by
divy =0 (19)

3.1.2 Conservation of momentum

The Navier-Stokes equations for the conservation of momentum may be simplified for

the case ot incompressible viscous flow, with constant transport properties, to

D—v — _ —
pF‘[:_vp“‘V.TU“'S‘ (20)

where p is the fluid density, S the momentum source vector. and p the total

hvdrostatic pressure



Vp=Vp-pg (21)

Note that the total derivative is expanded by the expression

—=—+4+veVy (22)

For steady flows, the first term on the right hand side falls away.

The stress tensor, 7;;, may be written as follows:

avi avj ror
TU:/J g"‘g —pvivj (23)

7

where g is the molecular dynamic fluid viscosity. From this expression it is apparen
that mathematically, the turbulent inertia terms act as a combination of the Newtonian
viscous stresses, the first term, and a turbulent “Reynolds” stress tensor component,

the second term.

3.2 Turbulence Model

A standard k-g¢ turbulence model was used for the requirements of validation.
Widespread commercial use has shown the k-g turbulence model to provide a good
approximation of the effects of turbulence for a wide variety of flow conditions. The

values used in the standard k- € model in Fluent are given in Table 3-1 below.

Table 3-1: Values assigned to the standard k- € turbulence model coefficients

C, Ok o, C. C..
0.09 1.00 1.30 1.44 1.92
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3.3 Discretisation Practices

For a given computational grid, the choice of a particular discretisation scheme is a
compromise between numerical stability and accuracy. While first-order discretisation
is generally numerically more stable than the second-order scheme, it will usually
yield less accurate results, especially when the flow is not aligned with the grid. In this
situation numerical or false diffusion may arise, leading to inaccurate results. In
Fluent, several options are given for discretisation of the convection terms. Second-

order accuracy is automatically used for the viscous terms.

In the current investigation a second-order upwind difference scheme was selected in
Fluent for calculation of the momentum and pressure convection terms. This option is
in fact a blend of first-order upwind and central differencing schemes, in the
conventional sense of these terms. The QUICK scheme [22] was investigated for
discretisation of the momentum terms, with no significant improvement in accuracy.
This scheme is used to compute a higher-order value of the convected variable at a cell
face, and will typically be more accurate on structured grids aligned with the flow

direction.

Discretisation of the turbulence kinetic energy and turbulence dissipation rate terms
was accomplished using a first order upwind difference scheme. The k-& model is at
best an approximation of the effects of turbulence, while the rotor model itself is only a
representation of an axial flow fan. Detailed resolution of the turbulent flow was
therefore not deemed necessary for this investigation, provided the global

characteristics were captured with sufficient accuracy.

3.4 Boundary Conditions

Several flow boundary options are offered in Fluent, in addition to the impermeable wall
boundary. Flow boundaries, as described below, are generally surfaces through which flow
enters or exits the computational domain. Depending on the boundary type chosen, the
user is able to specify certain flow properties to flow crossing the boundary. The boundary
types used in the current investigation are the wall, velocity inlet, pressure inlet, pressure

outlet, and outflow boundaries. Each of these is briefly discussed below.
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3.4.1 Wall Boundary
Wall boundary conditions are used to define bounded limits for the flow in the

computational domain. In viscous flows, the no-slip boundary condition is applied at walls
by default. However, varying degrees of slip and/or wall-velocities may be specified by
the user. The shear stress and heat transfer between the fluid and wall are computed based

on the flow details in the local flow-field.

3.4.2 Velocity Inlet Boundary
Velocity Inlet boundary conditions are used to define the velocity vectors and scalar

properties of flow crossing the specified boundary. Generally, this condition is applied to
flow entering the computational domain, and in the present investigation, is used to define

a volumetric flow rate through the actuator disk.

3.4.3 Pressure Inlet Boundary
Pressure Inlet boundary conditions are used to define the total pressure and other scalar

quantities of flow entering through the boundary. The velocity direction may also be
specified. In the case of flow exiting through the boundary, the specified total pressure is

used as the static pressure.

3.4.4 Pressure Outlet Boundary
Pressure Outlet boundary conditions are used to define the static pressure at flow

boundaries. Generally, this condition is applied to flow exiting the computational domain,
but for flows entering through the boundary, the specified static pressure is again used. An
advantage of the Pressure Outlet condition is that it allows the user to define scalar
quantities such as turbulence variables, as well as velocity direction, in the case of

backflow.

3.4.5 Outflow Boundary
Outflow boundary conditions are used to model flow boundaries where details of the

velocity and pressure of flow exiting the computational domain are not known prior to
solution of the flow problem. The Outflow boundary assumes a zero normal gradient for
all flow variables except pressure, and therefore is most suited to exit flow close to a fully
developed condition. Importantly, any re-circulation across the boundary may lead to
inaccurate results, since when flow enters the domain through an outflow boundary, scalar

properties of the flow are not defined.
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4 EXPERIMENTAL DATA USED FOR VALIDATION OF THE
ROTOR MODEL

The experimental data against which the current model has been validated was

obtained from Bruneau [18] and Stinnes and von Backstrom [19].

These authors

measured flow variables for the axial-tflow condition for the so called B-tfan, an axial-

flow fan with characteristics described in Table 4-1. The hub-to-tip ratio describes the

ratio of the hub diameter to the fan casing diameter. The root blade pitch angle is the

geometric angle of attack of the fan blades at their root on the hub diameter. This is

measured as the included angle between the profile chord and the plane of rotation.

Table 4-1: B-Fan characteristics

Fan Casing Rotational Hub-to-tip diameter
Diameter, d=c (mm)| No. of blades Speed (rpm) ratio, den/dec Blade profile Root stagger angle ( °)
1542 8 750 0.40 NASA-LS 28-32

Figure 5: Schematic representation of the B-fan

In addition. Stinnes and von Backstrom [19] investigated the effect of off-axis

upstream conditions on this tan. This data was used to validate the ability of the

current model to deal with an angled upstream flow component. the condition

encountered by a helicopter rotor in forward flight.
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The experimental model with which these results were obtained is represented in

Figure 4-1 below, with the physical details of the duct sections given in Table 4-2.

This data was used to reproduce the experimental model within the computational grid.

Plenum chamber

v ﬁl = Test fan in shroud

Frontal view of test fan

Round i.rLet to test

] section (

Upstream Flow Direction -

Transformation
from round inlet to
elliptical pipe

Elliptical cross-section
onto fan

Figure 4-6: Plan view of the experimental fan inlet section (00° and 45° pipe angle) [19]

Table 4-2: Inlet pipe sections |19]

Cross-flow component to on-flow component (%) 0 12.5 25 50 100
Pipe angle (nominal) ( °) 00 7 14 27 45
Length of transformation section (mm) 1840
Length of elliptical section at centreline (mm) 1542

Shortest side of elliptica duct section (mm)

1542 | 1446 [ 1355 | 1197 | 997
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5 MODEL VALIDATION FOR UPSTREAM FLOW ALIGNED
WITH THE FAN AXIS

The initial validation process was carried out for the case of axially aligned upstream
flow conditions. The computational grid used for the simulations is presented below,
followed by a description of the method used to calculate the fan performance
characteristics. Finally, a comparison between the numerical results and experimental

data is presented

5.1 Computational Grid

A structured grid was used throughout the validation process, the grid density being
determined primarily by the grid structure used for the actuator disk. If too few cells
were specified in the disk, the fan characteristics were not accurately captured, as the
model assumes uniform properties throughout each element, based on the cell-centroid
values. For a course disk-mesh, convergence problems were experienced for this
reason. In the opposite extreme though, a very fine disk-mesh would require
computing and time resources beyond those which were available for this

investigation.

It was found that using 2500 to 3000 elements in the actuator disk, using incrementally
increasing spacing in the radial direction, provided consistently accurate results. The
difference between this grid geometry, and results obtained using a 7000-cell actuator
disk, were negligible. An example of the rotor disk computation grid is shown in

Figure 5-1 below.
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Figure 5-1: Actuator disk computation grid, comprising 2592 cells

In the axial direction, the grid refinement was increased incrementally towards the
actuator disk region, with the smallest spacing corresponding with the actuator disk
thickness of 5 mm. The computational grid for the rotor disk with annular outlet duct is

shown in Figure 5-2 below.

Actuator Disk Region

Figure 5-2: Axial mesh refinement in the region of the actuator disk
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Meyer and Kroger [13] reported fan performance characteristics for an actuator disk
fan model very similar to the present model. They had earlier demonstrated that the
addition of an annular section downstream of the fan did not affect the performance
characteristics of the fan in any way, and that this configuration could indeed be used
to model the fan according to the specification set in BS 848 [20]. Significantly, the
use of this outlet duct, as opposed to modelling a region of atmosphere downstream of
the fan, greatly reduced the size of the computational domain. An Outflow boundary
was specified at the downstream end of the outlet duct. The upstream boundary was

specified with a Velocity Inlet condition, determining the flow rate through the fan.

Based on the reported success of this model, a similar configuration was used for
validation of the present model for the axially aligned upstream flow condition. The
computational grid included the actuator disk, with axial thickness 5 mm, in which the
momentum source terms were applied. Spaced 20 mm upstream and downstream,
identical disks were defined in which the upstream and downstream flow velocity
vectors were obtained. The upstream duct length was 1542 mm, or one fan casing
diameter, with a downstream duct length of two fan casing diameters, or 3084 mm, as

depicted in figures 5-3 to 5-5 below.

Axial flow fan

/ Annular centre section

ey

Air flow

e =

4———>| le- N
d I 2dec 1

FC

Figure 5-3: Geometry modelled by Meyer and Kroger {20]
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Figure 5-4: Computational grid used for the annular-ducted downstream flow configuration
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Figure 5-5: Computational grid used for the annular-ducted downstream flow configuration

(Cross-section on the YZ-Plane)
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5.2 Calculation of Fan Performance Characteristics

The fan performance characteristics were determined according to specifications set in
BS848 [20] of the British Standards Organisation, for a type A (free inlet, free outlet)
installation. The fan performance characteristics include fan static pressure rise, 4py;,
fan power consumption, P, and the fan static efficiency, 775, plotted as a function of

the volumetric flow rate, V. The definition of these fan parameters is given below.

Fan static pressure rise is calculated as

App =p,—(p+05pv %), @4)

where the inlet and outlet static pressures are taken as area-weighted averages over the
upstream and downstream flow boundaries respectively. The volumetric flow rate, V,
is specified by choosing the upstream flow boundary condition as a Velocity Inlet

boundary, and specifying an inlet velocity, v;, with respect to a known inlet area.

Fan power consumption is calculated as

27
P, = — Ni 25
* =60 o (25)

where the fan torque, Q, is obtained from the UDF, while the rotational speed of the
fan, N, is specified in rpm. The symbol Q is used for torque, as T will be used later for

rotor thrust.

Fan static efficiency is calculated as

APV
Np =———*100 (26)

R

where V is the volumetric flow rate.
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5.3 Results and discussion

Results obtained for axially aligned upstream flow. using the annular outlet duct. are

represented below. together with experimental data obtained from Bruneau [18] and

Stinnes and von Backstrom [19].

5.3.1  Fan static pressure rise
The correlation between numerical and experimental results for fan static pressure rise

was excellent over the range of flow rates and blade angles tested. The results are

given below in graphic form, and numerically in Appendix B.
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Figure 5-6: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 29°
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Figure 5-7: I‘an static pressure rise vs. Volume flow rate for a blade root pitch angle of 30°
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Figure 5-8: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 31°
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Figure 5-9: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 32°

3.3.2  Fum poswer consumption

The fan power consumption is under-predicted by the numerical model. This may be

attributed to frictional losses not accounted for in the numerical model. These include

physical rotational instabilities, leading to increased mechanical losses, and tip effects

due to the clearance between the fan blade tips and the fan casing. Power consumption

trends are nevertheless consistently predicted by the numerical model for pitch angles

ranging from 29° to 32°, and for flow rates between 10 and 20 m’/s.
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Figure 5-10: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 29°
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Figure 5-12: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 31°
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Figure 5-13: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 32°

333 Funstatic efficiency

Due to the low fan power consumption values predicted by the rotor model, the
numerically predicted fan static efficiency is slightly elevated. However, comparison
with experimental data demonstrates that the global trends are consistently well

predicted over the range of flow rates and blade angles tested.
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Figure 5-14: Fan static efficiency vs. Volume flow rate for a blade root pitch angle of 29°
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Figure 5-17: Fan static efficiency vs. Volume flow rate for a blade root pitch angle of 32°
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6 MODEL VALIDATION FOR UPSTREAM FLOW NOT
ALIGNED WITH THE FAN AXIS

A critical test of the rotor model’s suitability to model a helicopter in forward flight
was its performance when subjected to an off-axis upstream flow component. A
variety of angled upstream ducts were used to create off-axis inflow conditions, and
the predicted fan performance characteristics were compared with experimental data

reported by Stinnes and von Backstrom [19] for similar flow conditions.

6.1 Computational grid

Due to the expectation of off-axis tlow downstream ot the fan for angled upstream
tlow conditions, the use of a duct downstream of the fan was no longer desirable. A
rcgion of atmosphere was therefore created downstream of the actuator disk, replacing
the annular duct in modelling a tree exit in the computational domain. In order to
determine the effect of this modification, a series of simulations were carried out with

this new configuration, coupled with the axially aligned upstream duct.

6.1 Validation of the computational model with a free downstream exit

Simulations were carried out using a free exit atmospheric region downstream of the
tan. with sufficiently distant boundaries that their effect on the solution should be
minimal. The upstream duct and actuator disk regions were retained from previous
simulations. The atmospheric free exit region was created with dimensions of 10 fan

casing diameters length, and an outside diameter 5.6 times the fan casing diameter.

As before, a Velocity Inlet boundary condition was imposed on the upstream flow
boundary. On the atmospheric boundaries, a Pressure Inlet boundary was defined to
model the re-circulating flows expected in the region of the fan. However, a Pressure
Outlet boundary condition was found to produce almost identical results. The

computational grid is shown in figures 6-1 to 6-3 below.
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Once again, the fan performance characteristics of interest were fan static pressure rise,
fan power consumption, and fan static efficiency. The results shown below, in figures
6-4 to 6-9, were obtained as described in section 5.2 Calculation of Fan Performance
Characteristics, and are once again presented together with experimental data obtained

from Bruneau [18] and Stinnes and von Backstrém [19].
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Figure 6-4: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 30°
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Figure 6-5: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 31°
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Figure 6-6: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 30°
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Figure 6-7: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 31°
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Figure 6-8: Fan static efficiency vs. Volume flow rate for a blade root pitch angle of 30°
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Figure 6-9: Fan static efficiency vs. Volume flow rate for a blade root pitch angle of 31°

6.1.2 Computational grid for angled upstream flow ducts of 0°, 14°, 27° and 45°
The computational grid used to model off-axis upstream flow conditions was based on

the physical model of Stinnes and von Backstrom [19]. This experimental model is
described in Chapter 4 of this report. Upstream inlet ducts, similar to those used
experimentally, were used to create the cross-flow component into the fan. An
atmospheric free exit region was specified downstream of the fan, as described earlier
in this chapter. The computational grid used for the simulations is depicted in figures

6-10 to 6-12 below.
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Figure 6-11: 45° Upstream duct geometry, showing boundary conditions assigned in the region of
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Figure 6-12: Computational grid in the region of the actuator disk

6.2 Results and discussion

The numerical results for simulations with off-axis upstream conditions are shown in
the following sections in graphic form, together with experimental data from Stinnes
and von Backstrom [19]. The results indicate characteristics consistent with those
predicted for upstream flows aligned with the fan axis. Fan static pressure rise is
accurately predicted, with fan power consumption and fan static efficiency low and

high respectively.

6.2.1 Fan static pressure rise
As noted earlier for the axial flow upstream condition, numerical agreement with

experimental data for the fan static pressure is excellent over the range of flow-rates
tested. In figures 6-13 and 6-19, the adverse effect on fan static pressure created by off-
axis flow is shown experimentally for flow rates between 10 and 20 m*/s, for blade
pitch angles of 30 and 31 degrees. In figures 6-14 and 6-20, this trend is confirmed by
the numerical results. In addition, the accuracy of the numerical predictions for static

pressure rise is demonstrated graphically in figures 6-15 to 6-18, and 6-21 to 6-24.
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Figure 6-13: Experimental data for Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-14: Numerical results for Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-15: Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 00°
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Figure 6-17: Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 27°
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Figure 6-18: Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 45°
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Figure 6-19: Experimental data for Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-20: Numerical results for Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angles of 00°, 14°, 27° and 45°

APEs (Nm?)

400
350 —e— Stinnes 00°
300 - —¥— Numerical 00°
250 i
200 .| BS848: Type A

'| B-Fan: 8 bladed
150 Fan Casing Diameter: 1.542 m
100 | Blade root pitch angle: 31°

Rotational Speed: 750 rpm
50 H nflow angle: 00°
| -

0 -

10 12 14 16 18 20
V (m¥/s)

Figure 6-21: Fan static pressure rise vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 00°
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Figure 6-23: Fan static pressure rise vs. Volume flow rate for a
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Figure 6-24: Fan static pressure rise vs. Volume flow rate for a
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6.2.2  Fan power consumption
Consistent with results for axially aligned upstream flow, fan power consumption is

under predicted by the model for cross-flow upstream conditions. As noted by Stinnes
and von Backstrém [19], and demonstrated graphically in figures 6-25 and 6-31, off-
axis upstream flow-angles of up to 45° have no measurable effect on fan power
characteristics. This trend was confirmed by the computational model, with numerical
results shown in figures 6-26 and 6-32. A comparison of individual curves for different

cross-flow angles is shown in figures 6-27 to 6-30, and 6-33 to 6-36.
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Figure 6-25: Experimental data for Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-26: Numerical results for Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-28: Fan power consumption vs. Volume flow rate for a
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Figure 6-30: Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 45°
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Figure 6-31: Experimental data for Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-32: Numerical results for Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-33: Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 00°
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Figure 6-34: Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 14°
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Figure 6-35: Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 27°
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Figure 6-36: Fan power consumption vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 45°

6.2.3  Fan static efficiency
Once again, characteristics of the rotor model for axial flow upstream conditions are

carried over to off-axis upstream flows, with the static efficiency being over-predicted.

However, a comparison between Figure 6-37, showing experimental data, and Figure

6-38, displaying numerical results, indicates that flow trends are well represented for

the various upstream duct-angles. The same comparison may be made between figures

6-43 and 6-44, for a blade root pitch angle of 31°, while in the remaining figures

individual comparisons are made for each of the off-axis flows simulated.
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Figure 6-37: Experimental data for Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-38: Numerical results for Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-39: Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 0°
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Figure 6-40: Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 30° and inlet angle of 14°
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Figure 6-41: Fan static efficiency vs. Volume flow rate for a
blade root pitch angle of 30° and inlet angle of 27°
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Figure 6-42: Fan static efficiency vs. Volume flow rate for a
blade root pitch angle of 30° and inlet angle of 45°
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Figure 6-43: Experimental data for Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angles of 00°, 14°, 27° and 45°
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Figure 6-44: Numerical results for Fan static efficiency vs. Volume flow rate for a
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Figure 6-45: Fan static efficiency vs. Volume flow rate for a
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Figure 6-46: Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 14°
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Figure 6-47: Fan static efficiency vs. Volume flow rate for a

blade root pitch angle of 31° and inlet angle of 27°
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Figure 6-48: Fan static efficiency vs. Volume flow rate for a
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7 APPLICATION OF THE ROTOR MODEL TO ANALYSIS OF
AN HELICOPTER EXTERIOR FLOWFIELD

In previous chapters, the validity of using the developed rotor model to simulate the
flow-field in the vicinity of a fan or rotor has been clearly demonstrated. [ts ability to
produce accurate downstream flow characteristics corresponding to {low-rate. angle of
attack. and upstream approach angle. will allow the application of this model to the

analysis of helicopter exterior flow-fields.

A series of numerical simulations, integrating the rotor-model with the CIRSTEL
(Combined Infra-Red Suppression and Tail rotor Elimination) helicopter fuselage,
were carried out to demonstrate the capabilities of the model. No experimental data
was available for validation purposes. However. the model was used to produce flow
characteristics for a series of helicopter flight conditions. which are shown in graphical
terms. The flight conditions investigated were hover with no ground effect, hover close

to the ground, take-off. vertical ascent, and level forward flight.

In this chapter. the CIRSTEL project is briefly described. together with a description
of the rotor mode! configuration, computational grid. and boundary conditions used for
this investigation. The results for each simulation are discussed. with the

characteristics of the exterior flow-field around the helicopter presented graphically.

7.1 Description of the CIRSTEL Helicopter prototype

In order to determine the performance of the rotor model when coupled with an
helicopter geometry, the rotor-model was integrated with the fuselage of a modified
Alouette 111 helicopter, the CIRSTEL prototype, developed by Denel Aviation. The
reasons for choosing this particular helicopter were related to the reported poor
performance of the air intake openings cut into the modified Alouette 111 structure.
Simulations were carried out focusing on the external flow-field characteristics around
the helicopter fuselage, with the expectation that this information would aid in the
synthesis of more eftective air intake designs. A contfiguration of the prototype
heticopter is shown in Figure 7-1 below, followed by a brief explanation of the

CIRSTEL concept.



Air Intake Opening
/

/ Circulation Control Boom
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Figure 7-1: A configuration of the CIRSTEL prototype helicopter [21]

The CIRSTEL prototype incorporates the use of a specially modified tail-boom system
to eliminate the need for a tail rotor. Slots along the length of the tail-boom blow air
tangentially along the boom surface, relying on what is known as the Coanda eftfect to
create circulation around the boom (The Coanda effect describes the tendency of fluid
to follow a solid surface which is slightly curved away from the stream). When
subjected to downwash from the rotor, the aerodynamic interactions along the tail-
boom result in an horizontal lift vector, countering the main rotor torque. Manoeuvring

adjustments are controlled through the use of tail thruster vents.

This concept, often termed NOTAR, for “NO TAil Rotor”, is shown schematically
below. In addition to the elimination of the tail rotor, CIRSTEL introduces several
unique features aimed at in increased efficiency and control of the circulation boom

system, as well as reduction of the infra-red signature of the exhaust gases.
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NOTAR SYSTEM

Main Rotor
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Circul ation
Control T
Boom Tail Thruster

Direction of
MNet Thrust

Figure 7-2: A schematic representation of the NOTAR concept employed on the CIRSTEL

prototype |21]

7.2 Rotor Model Configuration

[n order to use the rotor model successfully as a representation of the CIRSTEL main

rotor, critical information about the rotor system was required. This

rotational speed, blade profiles and dimensions, and number of

included the
blades. The

characteristics used in this investigation for the prototype Alouette III CIRSTEL main

rotor are given in Table 7-1 below. These values were used as inputs in the rotor model

code, as well as defining the construction of the actuator disk within the computational

domain.

Table 7-1: Main rotor characteristics for the Alouette [11 CIRSTEL prototype [21]

Rotational | Number of Blade Blade .Rotor . Hub Blade a_ngle
speed (rpm)|  blades profile chord diameter diameter of twist
(m) (m) (m) (deg/m)
350 3 NACA 0012 0.265 11.02 2.30 -1.66
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Lift and drag characteristics for the rotor blades are described as a function of effective
angle of attack for angles from -180° to 180°, shown in Figure 7-3 below. For small
angles of attack, these curves were obtained from experimentally generated airfoil lift
and drag characteristics for the NACA 0012 profile. For the range of attack angles for
which experimental data was not available, the aerodynamic characteristics of a flat
plate were used, being smoothly integrated with the airfoil data to produce continuous

lift and drag curves.
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Figure 7-3: Lift and drag coefficients as a function of angle of attack, used for calculation of the

aerodynamic forces at the blade elements defined in the rotor model [21]

A subroutine was included in the rotor model to define the cyclic pitch profile of the
rotor in forward flight. It is necessary in helicopters to vary the blade pitch angles as a
function of azimuth angle, to account for the free-stream velocity component in
forward flight. Controlling the geometric angle of attack of the blades serves to keep
the effective angle of attack constant for advancing and retreating blades. This is to
prevent pitching moments being created by unequal aerodynamic load characteristics

along diametrically opposing blades. In the current simulations, the relationship
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between the geometric angle of attack and the rotor azimuth angle is described by the

equation

/

y=A,—A cosw - B, siny — %a, (27)

where A, is the collective pitch angle. 4, and B, define the cyclic pitch angle. r is the

element radial position, R is the rotor tip radius. and ¢, the angle of twist at the rotor

tip.

[n this investigation, the cyclic pitch coefficients 4, and B, were not optimised. Values
for these coefficients were estimated based on values reported by Chaffin and Berry
[6]. for similar rotor characteristics and advance ratios. An example of the coefficients
used for an advance ratio of 0.15 is given in Table 7-2 below. (The advance ratio is a
commonly used value used to describe the velocity of a helicopter with respect to its
rotor speed. It is defined as the ratio of free-stream velocity and rotor blade tip-

speed. g = 1",,/1*’, = "’:,;/QR )

Table 7-2: Cyelic pitch values used for forward flight at an advance ratio of 0.15 [6]

f

Advance ratio, A0 Al B1 r/R Y ((deg)
L 0.15 12.0 -1 3.23 0.75 -7.24

Figure 7-4 shows the corresponding geometric angle of incidence as a function of
azimuth angle. The azimuth angle is measured clockwise when viewed from above,
with the zero—angle vector pointing rearwards along the helicopter fuselage, the global

negative X-axis.
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Figure 7-4: Geometric angle of attack shown as a function of rotor azimuth angle

7.3 Computational Grid

The fuselage structure of the CIRSTEL helicopter was obtained in a solid model
tormat from a postgraduate student who had completed some previous work on the
CIRSTEL. Mr. René Heise, of the University ot Stellenbosch [21]. The geometry
model used in this investigation did not include any of Mr. Heise’s modifications to

the air intakes, being the original CIRSTEL prototype structure shown in Figure 7-1.

The computation grids for this investigation were created in the Fluent pre-processor,
Gambit. Apart from the structured actuator disk region. the computational domain was
meshed using an unstructured grid. This allowed relatively simple manipulation of the

erid density around the non-regular shape of the helicopter fuselage.

In order to simplify the process of modifying the shape and size of the atmospheric
region modelled for the various flight conditions, a block containing just the helicopter
and actuator disk. as well as closely surrounding atmosphere, was created and meshed.
With this geometry retained, only the surrounding region ot atmosphere modelled in

the computational domain need be changed for difterent simulation scenarios.
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Figure 7-5: Plan view of the actuator disk grid used to model the rotor for simulations of the

CIRSTEL helicopter exterior flow-field

As required by the rotor model code, the actuator disk region was meshed using a
regular structured grid, shown in Figure 7-5 above. 30 elements were used in the radial
direction, spaced at a progressive size ratio of 1.02 to keep the proportions of the cells
regular. 120 equally spaced elements were used around the circumference, to make up
an actuator disk containing 3600 cells. A thickness of 40mm was used for the actuator
disk, upstream and downstream disks, with an axial spacing of 160mm between zones.
The dimensions of the actuator disk were based on the Alouette Tl main rotor
dimensions, described in Table 7-1. In Figure 7-6 below, a section through the actuator

disk region shows the different zones used in the rotor model.
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Upstream Disk

Actuator Disk /

Downstreaim Disk

Figure 7-6: A section view through the actuator disk region, showing the disk-zones used in the

rotor code

In the region surrounding the helicopter and actuator disk, sharp gradients in flow
properties were expected due to the rotor downwash and flow interactions around the
body-structure. A sizing function was used to refine the unstructured mesh size in this
critical region, and to control the rate at which the grid would become progressively

courser moving outwards towards the domain boundaries.

An initial grid size of 120mm was specified for meshing the helicopter fuselage, using
a growth rate of 1.05 (The growth rate defines the size ratio of the current row of
elements to the previous row’s elements). Other size function values used for
controlling the grid structure are given in Table 7-3 below, with the meshed fuselage

of the CIRSTEL shown in Figure 7-7.
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Table 7-3: Size function values used to refine the computational grid in the region of the helicopter

Initial element size| Element growth Maximum element
(mm) rate size (mm)
Helicopter body 120 1.05 400
Actuator disk region:

Up/Downstream faces 160 1.05 400

Actuator disk region: 40 192 400
Edge faces

Helicopter r_eglon 240 11 1000
boundaries

Figure 7-7: Computation grid describing the CIRSTEL helicopter fuselage

The use of size functions allowed greater control over the computational grid. This
permitted the total number of grid elements to be reduced significantly, without
necessarily sacrificing computational accuracy and stability, since the grid could be
refined in critical regions, while retaining a course structure in the majority of the

computational domain. This is demonstrated in figures 7-8 to 7-11, showing the
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CIRSTEL fuselage and structured actuator disk region embedded in an unstructured
mesh. Mesh refinement in the locality of the helicopter is evident, with the grid

becoming increasingly course towards the domain boundaries.

Refined grid near the
helicopter body and
actuator disk \

e I = Y

ﬁ'i%‘{gﬁwilu
AN
PR

N
A e el R
SIS

SO

S )
Pgrasd

pa IFAWEAN
TASNAEAY WA s
i eAT/ T4V, AVEAY) Al

PSRN AN
AL | 2T AR A% ,

Figure 7-8: Computational grid around the helicopter fuselage
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Figure 7-9: Computational grid around the helicopter fuselage
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Figure 7-10: Detailed view of the computational grid around the helicopter fuselage, showing the

structured actuator disk region embedded within an unstructured grid
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Figure 7-11: Plan view of the computational grid in the region of the actuator disk
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On average, between 1.7 and 2.1 million grid elements were used in each simulation,

depending on the size and shape of the atmospheric region used. This information,

together with dimensions for each computational domain, is summarized in Table 7-4

below.

Table 7-4: Computation domain sizes for the CIRSTEL flight conditions investigated

Flight condition

Computational domain: X,

Number of grid elements

Y,Z (m)
Hover, no ground effect 35x35x35 1875230
Hover, 15m 35x35x35 1875230
Hover, 5m 50x50x25 2048369
Take-off 40x40x15 1730166
Vertical ascent 30x30x50 2092668
Level forward flight 60x30x40 1897602
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7.4 Boundary conditions

A combination of different boundary conditions were used for each flight condition
simulated. A full comparative study of different boundary condition options was not
possible however, as no experimental data was available for validation purposes. The
primary concern was therefore numerical stability and convergence of the solution.
Residuals for the wvelocity, turbulence and continuity equations were used in
establishing convergence. The boundary conditions referred to here are described more

fully in section 3.4 of this report.

For both cases of hover, and take-off, the flow within the computational domain was
generated entirely by the rotor itself. Initial simulations were carried out for the
conditions of hover, first with no ground effect, and then with a Wall boundary added
[5m below the helicopter. All boundaries, besides that directly below the helicopter,
were defined as Pressure Inlet boundaries. The boundary conditions used for the hover

condition are represented in Figure 7-12 below.

Pressure inlet
houndries

Pressure inlet

boundries \

Pressure outlet
boundary

Figure 7-12: Boundary conditions applied to the hover simulations with no ground effect
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The boundary conditions applied to the helicopter take-off simulation are shown in

Figure 7-13 below. These were similar to the hover conditions, the difference being the

close proximity of a Wall boundary directly below the helicopter fuselage. Other
boundaries were specified as Pressure Inlet boundaries.

Pressure inlet
boundaries

i\ ""-“
4
\_.
|
|
!
\
\
e \
\\ k
o) 4
"\\ \\\. ",
\ N\, ‘\\(
\\ Pressure inlet
N boundaries
Wall boundary
>'F’J

Figure 7-13: Boundary conditions applied to helicopter take-off simulations

In simulations where the helicopter was not stationary, such as vertical ascent and
forward flight, a Velocity Inlet boundary was used, defining the magnitude and
direction of the free-stream velocity. Directly downstream of the Velocity Inlet faces, a
Pressure Outlet boundary was used. Wall boundaries with zero shear (i.e. no viscous
friction at the wall) were used on the sides of the computational domain, parallel to the

free-stream direction. Boundaries for both vertical and forward flight are shown in
figures 7-14 and 7-15 respectively.
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—" boundary

Free shear wall
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Pressure outlet
boundary

Figure 7-14: Boundary conditions applied to the vertical ascent simulations

Velocity inlet
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3

free shear wall

boundaries ”\ T

Q&\j Pressure outlet ps
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Figure 7-15: Boundary conditions applied to the forward flight simulations
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7.5 Numerical results and discussion

The following sections describe numerical results obtained for simulations using the
CIRSTEL helicopter fuselage, integrated with the developed rotor model. As
previously mentioned, the thrust and pitching moments of the main rotor were not
optimised due to the lack of sufficient physical data for this helicopter. This is of
consequence particularly in forward flight, due to the interaction between free-stream

veloeity. and advancing and retreating rotor-blades.

Results are reported chiefly in graphic terms, with the aim being a realistic
representation of the helicopter external flow-field, and a demonstration of the
potential of the current rotor model for application to more detailed analyses. The
results of simulations of the CIRSTEL fuselage with coupled rotor model are presented
below. including, hover, with and without ground effect, take-off, vertical ascent and

level forward flight.

5.1 Hover (no ground interaction)

Simulations completed for the condition of hover. with no ground effect, yielded the
graphic results shown in the following figures. Static pressure contours on the fuselage
surface are shown in figure 7-16 and 7-17. The asymmetry of the contours is due to the
swirl created by the rotating rotor blades. High pressure regions are clearly visible on
upper portions of the fuselage, directly below the rotor. while on the sides of the
fuselage. near the root of the tail-boom, low pressure regions are evident. It is in this

arca that the circulation control fan air intakes were cut for the CIRSTEL prototype.
Figure 7-18 demonstrates the velocity magnitude contours around the helicopter

fuselage and rotor. The rotor downwash is evident by the higher velocities produced

beneath the actuator disk, on either side of and below the fuselage.
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Figure 7-16: Contours of static pressure on the helicopter fuselage surface (Pa)
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Figure 7-17: Side and Top views of fuselage surface static pressure contours (Pa)
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Figure 7-18: Contours of velocity magnitude surrounding the helicopter, shown on the transverse

centre-plane of the rotor (m/s)

7.5.2  Hover (15m above the ground plane)
In hover, 15m above the ground, static pressure contours on an XZ plane along the

helicopter longitudinal axis are shown in Figure 7-19 below. Static pressure is elevated
in the regions between the rotor and the fuselage, with the effect of the ground shown

by elevated pressure contours rising from the ground surface below the helicopter.
In Figure 7-20, path-lines are shown for flow through the rotor, initiated above the

transverse centre-line of the rotor. The swirl induced by the rotor is demonstrated by

the rotation of the path-lines by the time the ground is reached.
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Figure 7-19: Contours of static pressure surrounding the helicopter, shown on the helicopter

longitudinal centre-plane (Pa)

Figure 7-20: Particle path-lines, coloured according to particle, released within the transverse

centre-plane of the rotor
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7.5.3  Hover (5m above the ground plane)
In hover close to the ground, the interactions between the rotor downwash and the

ground are significant. In Figure 7-21, static pressure contours over the fuselage
surface are shown. Again, a low pressure region is evident in the region of the

CIRSTEL tail-boom fan air-intakes.

Figure 7-22 displays the orientation of the helicopter with respect to the ground,
demonstrating the high pressure region created on the ground by the rotor downwash.
Figure 7-23 shows the velocity magnitude contours surrounding the helicopter, again
on a vertical plane corresponding with the aircraft’s longitudinal axis. Path-lines are
shown in Figure 7-24 on the same plane. The effects of vortices formed near the rotor

hub may be noted in both these figures.
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Figure 7-21: Side and Top views of fuselage surface static pressure contours (Pa)
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Figure 7-23: Contours of velocity magnitude surrounding the helicopter, shown on the helicopter

Jongitudinal centre-plane (m/s)
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Figure 7-24: Particle pathlines, coloured according to particle, released within the longitudinal

centre-plane of the rotor

7.5.4 Take-off
During take-off, the interaction between rotor, fuselage and ground is extremely

complex. In Figure 7-25, contours of static pressure on the fuselage surface show
elevated pressures caused by the downwash, both directly from the rotor, and
indirectly via the ground. Air static pressure contours, displayed in Figure 7-26 on the
helicopter longitudinal centre-plane, also show the higher pressures below the rotor

being reflected by the ground-plane.
Figures 7-27 and 7-28 display velocity magnitude contours in the helicopter external

flow-field. The effects of vortices created near the rotor hub are clearly seen, with

Figure 7-29 demonstrating strong flow re-circulation in this region.
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Figure 7-25: Contours of static pressure over the helicopter fuselage surface (Pa)
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Figure 7-26: Contours of static pressure surrounding the helicopter, shown on the helicopter

longitudinal centre-plane (Pa)
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Figure 7-27: Contours of velocity magnitude surrounding the helicopter, shown on the helicopter

longitudinal centre-plane (m/s)
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Figure 7-28: Contours of velocity magnitude surrounding the helicopter, shown on the rotor

transverse centre-plane (m/s)
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Figure 7-29: Particle pathlines, coloured according to particle, released within the transverse

centre-plane of the rotor

7.5.5 Vertical ascent

Ascent velocities of 2 and 4m/s were simulated, with results obtained for the helicopter

climbing at 4m/s shown in figures 7-30 and 7-31.
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Figure 7-30: Contours of static pressure surrounding the helicopter, shown on the helicopter

longitudinal centre-plane (Pa)
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Figure 7-31: Contours of velocity magnitude surrounding the helicopter, shown on the helicopter

—N

longitudinal centre-plane (m/s)

7.5.6  Forward flight
With the helicopter in forward flight, the main rotor is subjected to proportionately

large off-axis flow components. In addition, the rotor’s rotation relative to the free-
stream may result in reversed flow over the inboard sections of the retreating blades,
particularly at high advance ratios. These factors, combined with the interactions
between the rotor wake and fuselage, make forward flight an extremely complex

aerodynamic problem to model.

In validating the rotor model, the accuracy and numerical stability of the code was
demonstrated for the B-fan in chapters 5 and 6 of this report. In the current application
as an helicopter rotor, the model again proved to be numerically stable for a wide
range of off-axis upstream flow conditions. Advance ratios between 0.01 and 0.15

were simulated, with results using an advance ratio of 0.05 given graphically below.

In figures 7-32 and 7-33, static pressure contours are given over the surface of the
CIRSTEL fuselage. Contours of velocity magnitude around the helicopter are shown in

Figure 7-34, while the path-lines in figures 7-35, 7-36 and 7-37 demonstrate the flow
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characteristics of the rotor-wake. The vortices created by interactions between the rotor
blades and the free-stream are clearly evident in figures 7-35 and 7-36. Figure 7-37

shows the helicopter fuselage almost entirely submerged in the rotor wake.
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Figure 7-32: Contours of static pressure on the helicopter fuselage surface (Pa), p = 0.05
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Figure 7-33: Side and Top views of fuselage surface static pressure contours (Pa), u=0.05
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Figure 7-34: Contours of velocity magnitude surrounding the helicopter, shown on the rotor

longitudinal centre-plane (m/s) , p = 0.05
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Figure 7-35: Particle pathlines coloured according to particle, p = 0.05
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Figure 7-36: Particle pathlines coloured according to particle, p = 0.05

Figure 7-37: Particle pathlines coloured according to particle, p = 0.05
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8 CONCLUSIONS AND RECOMMENDATIONS

This report has presented the development, validation and application of a numerical
rotor model, developed for use in simulations of an helicopter exterior flow-field. The
report has demonstrated the suitability of using the rotor model for analysis of flow-
fields in the vicinity of a fan or rotor, including helicopter flow-fields where the rotor

downwash is of aerodynamic importance.

In Chapter 1, an overview was given of some past and present modeling techniques
used in the analysis of rotary-wing flow-fields. A numerical modeling methodology
was selected, based on a combination of actuator disk and blade element theories, with
the influence of the rotor being applied through the use of momentum source terms in
the governing flow equations. Chapter 2 presented a mathematical description of this
methodology, which was implemented through the use of user-defined functions,
written in the C programming language, in the commercially available CFD code,

Fluent.

The numerical modeling strategy for validating the rotor model was described in
Chapter 3. This included a description of the governing equations, the discretisation
practices and boundary conditions used, and the computational grid. Chapter 4 briefly
described the sources of experimental fan-data used for validation purposes in this

investigation.

The successful validation of the rotor model was described in chapters 5 and 6, in
which the numerical results were presented and discussed, including results for
analyses with axially aligned and off-axis upstream flow inlets. The measured fan
parameters used in the validation process were fan static pressure rise, fan power
consumption, and fan static efficiency, in accordance with BS 848 [20]. In general, the
rotor model was demonstrated to predict fan characteristic trends consistently over the
range of flow-rates and fan geometries tested, for both axial and off-axis upstream
flow conditions. Numerical values for the fan static efficiency were in excellent
agreement with the physical data, while fan power consumption and fan static

efficiency were under and over-predicted respectively.
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Based on the successtul validation of the numerical rotor model. the code was used to
model the exterior flow-field ot the CIRSTEL helicopter. Chapter 7 described the
integration of the rotor model with the CIRSTEL fuselage, presenting graphic
representations of the flow-field solution. The interactions between rotor downwash,

fuselage. and the ground. were successfully captured by the numerical solution.

It is recommended that this rotor model fulfills the aims of this investigation, and may
be suitably applied in analyses involving the effects of a fan or rotor on the
suwrrounding flow-field. This would include the analysis of helicopter external flow-

fields.
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APPENDIX A:
Analysis and discussion of the modeling methodology for determining

the relative velocity vector

As described in the modelling methodology for this rotor model, the flow velocity
vector used by the code is obtained as an average of the solver flow velocity at
specified points upstream and downstream of the actuator disk. This technique is used
to determine an appropriate relative velocity vector for use with the airfoil tables. In
most rotor codes however, the relative velocity vector is obtained from the solver at a
position within the actuator disk itself. There are several fundamental problems
associated with this approach, which are highlighted in this section. Also in this
section, a comparison is made between results generated with the current rotor model
using an upstream-downstream averaged velocity, and those generated using the same

model, but reading the relative velocity vector within the actuator disk.

The fundamental problem with reading the velocity vector within the actuator disk
relates to the use of 2-D airfoil tables to calculate the lift and drag coefficients. This lift
and drag data is generated relative to a free-stream velocity measured well away from
the airfoil itself. Logically, a similar approach should be taken for the reverse process,
by which blade forces are obtained from the airfoil data. In the case of a rotating blade
however, it is not good enough to merely obtain a velocity vector far upstream of the
actuator disk, since the induced swirl at the fan must change the velocities
significantly. It has been found that taking an average of upstream and downstream

velocity vectors yields excellent results.

The axial position at which the velocity vectors are obtained is also critical, affecting
both the numerical stability of the model, and the accuracy of the results. Through a
process of trial and error, it was found that increasing the axial distance between the
position at which velocity was measured, and the actuator disk, led to increased
stability, while compromising the accuracy of the results. As this distance tended
towards zero, the accuracy of the results again decreased, and was accompanied by
increasing numerical instability. A compromise was eventually found, with the

velocity readings taken at an axial position 4.5 times the actuator disk thickness from

86



the disk centre. This position was found to be more critical for the upstream velocity

reading.

With the actuator disk geometry correctly adjusted, it was found that in simulations
with an averaged velocity vector, numerical stability was extremely high, for a wide
range of grid geometries. The results are the subject of this validation report. In
contrast, on attempting to use the velocity vector from within the actuator disk,
numerical stability problems were experienced in the region of the actuator disk.
Results were only obtained by gradually increasing the momentum relaxation factor
from 0.2 until the stability threshold was reached, typically 0.5 for axial inflow
conditions. Simulations for off-axis upstream flows at 45° were attempted, but again

numerical instabilities prevented a full investigation.

For the axial upstream flow condition, with an annular outlet duct, results were
obtained using the flow velocities within the actuator disk, and are displayed in the
figures below. The results are poor, being under predicted by as much as 50% in the
case of fan static pressure rise. Fan power consumption and fan static efficiency are

also well under-predicted.

From the results presented below, it is clear that the theoretical reasons for not reading
the flow-field velocity within the actuator disk are supported by the numerical
analysis. The upstream-downstream velocity-averaging technique used by the current
model has proven to be numerically more robust, as well as producing more accurate

results.
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Figure a: Fan static pressure rise vs. Volume flow rate for a blade root pitch angle of 30°
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Figure b: Fan power consumption vs. Volume flow rate for a blade root pitch angle of 30°
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APPENDIX B:

Numerical results presented in tabular form

The numerical results generated during the validation process are given below in
tabular form. These values correspond to simulations run for the b-fan, with
characteristics given in Table 2 of this report, and repeated here for convenience. Air

density was nominally set at 1.2 kg/m”.

Table a: B-Fan characteristics

Fan Casing Rotational Hub-to-tip diameter
Diameter (mm) No. of blades Speed (rpm) ratio, den/drc Blade profile Root stagger angle ( °)
1542 8 750 0.40 NASA-LS 28-32

Table b: Numerical results for the annular outlet duct with an axial inlet

Geometry 1: Annular Outlet Duct with Axial Inlet

Blade root pitch angle \") APgg Pr TEs
m’ls N/m? w -

10.000 311.51 4787.8 65.063

og° 12.500 273.55 4992.3 68.493
15.000 209.52 4846.4 64.847

17.500 119.58 4197.2 49.859

10.000 316.94 5098.7 62.162

12.500 287.64 5403.8 66.535

30° " 15.000 235.51 5436.6 64.979
‘ 17.500 154.36 4936.3 54.722

20.000 59.16 3971.0 29.796

12.500 297.56 5803.6 64.088

31° 15.000 254.53 5951.5 64.152
17.500 180.88 55497 57.037

20.000 93.64 4838.2 38.707

12.500 305.26 6198.0 61.565

39° \ 15.000 267.79 6481.9 61.970
L 17.500 209.57 6288.2 58.324

| 20000 127.41 5651.0 45,093
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Table c: Numerical results for the atmospheric outlet with an axial inlet

Geometry 2: Atmospheric Outlet Duct with Axial Inlet

Blade root pitch angle \' APk Pr ks
| m’/s N/m® w -
12.500 284.94 5302.6 67.171
30° 15.000 238.89 5300.3 67.607
17.500 164.11 4865.7 59.022
20.000 66.66 3876.0 34.397
12.500 299.55 | 5696.1 65.735
3¢ 15.000 258.38 57937 66.896
17.500 197.61 5561.7 62.178
20.000 104 .80 47252 44 357

Table d: Numerical results for the atmospheric outlet with an off-axis inlet

Geometry 3;: Atmospheric Qutlet Duct with Off-Axis Inlet

Fan Inlet
Blade root pitch angle \') APgg Pr NEs Angle

m’ls N/m’ w -

11.205 304.51 5189.0 65.754
12.500 284.94 5302.6 67.171
15.000 238.89 5300.3 67.607 0°
17.500 164.11 4865.7 59.022
18.675 121.47 44531 50.940

11.205 301.44 5166.4 65.377
13.072 277.36 53121 68.255
14.940 242.20 5311.9 68.120 14°
16.807 186.14 5025.1 62.257
18.675 115.91 4429.5 48.866

30°
11.205 291.27 5139.9 63.497
13.072 269.63 5303.8 66.456
14.940 226.56 5244 .1 64.544 27°
16.807 173.42 4985.5 58.466
18.675 102.29 4397 .4 43.439
11.205 27550 5132.4 60.148
13.072 253.13 5313.1 62.281
14.940 201.15 5240.0 57.349 45°
16.807 136.98 4938.7 46.618
18.675 58.83 43793 25.085
11.205 306.71 5521.1 62.245
31 13.072 299.55 5696.1 65.735 0°

14.940 258.38 5793.7 66.896
16.807 197.61 5561.7 62.178
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31°

18.675 155.73 5230.7 55.599 0°
11.205 305.99 5511.9 62.203
13.072 287.48 5720.7 65.693
14.940 257.34 5793.4 66.362 14°
16.807 213.76 5665.7 63.412
18.675 149.94 5198.9 53.860
11.205 295.36 5490.0 60.282
13.072 277.86 5697.2 63.757
14.940 250.32 57931 64.555 27°
16.807 199.35 5611.3 59.711
18.675 135.67 5164.2 49.061
11.205 279.36 5487 .4 57.044
13.072 260.70 5704.9 59.739
14.940 219.87 5745.4 57174 45°
16.807 165.37 5578.3 49.828
18.675 93.76 5146.7 34.020
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