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SUMMARY

In this paper, a block incomplete lower—upper (BILU) decomposition method is incorporated with a multi-
block three-dimensional Euler/Navier—Stokes solver for simulation of hovering rotor tip vortices and rotor
wake convection. Results of both Euler and Navier—Stokes simulations are obtained and compared with
experimental observations. The comparisons include surface pressure distributions and tip vortex trajecto-
ries. The comparisons suggest that resolution of the boundary layer is important for the accurate evaluation
of the blade surface loading, but is less so for the correct prediction of the vortex trajectory. Numerical
tests show that, using Courant-Friedrichs-Lewy (CFL) number of 10 or 30 with the developed BILU
implicit scheme can be 6-7 times faster than an explicit scheme. The importance of solution acceleration
schemes that increase the permitted time-step is illustrated by comparing the evolving wake structures at
different stages of the calculation. In contrast to fixed wing simulations, the extent of the wake structures
is shown to require resolution of large physical time. This observation explains the poor performance
that is obtained when employing convergence acceleration strategies originally intended for solution of
equilibrium problems, such as the multigrid methods. Copyright © 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The aerodynamics of helicopter rotor blades at hover and in low-speed forward flight is dominated
by interactions with the trailed wake structures of preceding blades. The induced effects of such
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interactions have a substantial influence on the blade loading, aerodynamic performance, vibration
and aero-acoustics of the main rotor. The ability to accurately calculate the influence of the wake
generated by an isolated rotor and associated interactions in reasonable time is therefore of great
practical importance in understanding and improving blade aerodynamic design.

In hovering flight the rotor wake comprises two key physical elements: a sheet of trailed vorticity
associated with spanwise variations of blade loading and a pair of concentrated vortices trailed
from the tip and the root of the blade. The vortex sheet is a relatively weak feature of the flow that
descends in a tightening helical pattern below the rotor. The root and tip vortices follow contracting
helical trajectories below the rotor disc. The tip vortex is generally much stronger than the root
vortex due to the significant difference in dynamic head experienced at the tip and the hub. At
later wake ages, in the ‘far wake’, the tip vortex dominates the flow.

The importance of the wake in determining rotor inflow and hence rotor performance, vibration
and acoustics has motivated considerable efforts in the development of numerical methods for this
flow. However, despite the fact that various methods for the helicopter rotor flowfield simulation
have been developed, such as the lifting line/lifting surface theory, methods solving the full
potential equations and more recently the Euler and Navier—Stokes equations [1-8], accurate
numerical simulation of the rotor flowfield still poses considerable challenge. One of the major
problems is the computed vortex wake system diffuses too rapidly due to numerical dissipation.
Different techniques, including grid adaptation [9, 10], overset grids [11, 12] and unstructured grids
[13, 14], have been developed to improve the accuracy of the results. Typically, large grids have
to be used for simulating the evolution and the convection of the tip vortices and the vortical
wake.

The problem is further compounded by the evolutionary nature of the flow. While the tip vortices
generated by fixed wings and propellers are important in determining the induced velocity field and
hence performance, the convection speed of the vortices, which is approximately equal to the free
stream velocity, is sufficiently large that the tip vortices evolve rapidly. This behaviour has meant
that algorithms originally intended for solution of equilibrium problems, such as multigrid, can be
employed to accelerate convergence to the steady state, see, for example, Allen [15]. In contrast, the
tip vortices of rotors are convected slowly due to the low inflow velocities induced by the rotating
blades. As a consequence of this disparity in time scales, rotor simulations exhibit much slower
evolution to a ‘steady state’ than corresponding fixed wing and propeller calculations and require
numerical approaches that emphasize the need to run simulations to large physical times. This
explains the poor performance that is typically obtained when using multigrid for this problem,
see, for example, [15], and the surprising observation that unsteady time accurate simulations of
hovering rotor flows in the inertial frame of reference may be as efficient as calculations employing
local time-stepping solution acceleration strategies in a blade-attached non-inertial reference frame,
see Allen [16] and Shaw [17].

The aim of the present work is to develop an accurate, robust and efficient multiblock Navier—
Stokes solver based on the Osher’s approximate Riemann solver and the block incomplete lower
and upper decomposition (BILU) technique for the simulation of hovering helicopter rotors, and to
gain an improved understanding of the rotor vortical flow. In this paper, an appropriate grid system
for simulating the vortical wake flow is generated in order that the vortical wake flow can be
simulated with minimum numerical dissipation. Accuracy and efficiency of the code are examined
and the importance of solution acceleration schemes that emphasize large time steps is demon-
strated by comparing the evolution of the computed flow at different points in the convergence
history.

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
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2. GOVERNING EQUATIONS

The governing equations of unsteady, viscous, iso-thermal flow are the three-dimensional Navier—
Stokes equations. These equations are commonly written in the fixed frame of reference of a
stationary observer. In this inertial formulation the blade rotates relative to the fixed co-ordinate
system and the equations must be solved using a time accurate approach. If the frame of reference
is adjusted to that of an observer moving with the rotating blade, the equations can be transformed
to a non-inertial system in which the problem is steady.

We assume that the blade frame of reference rotates around the z-axis with an angular velocity
o= (0,0, Q) and we define the absolute velocity q = (u, v, w), the relative velocity q, = (i, v, W)
and the rotational velocity qo = (&, 0, W) =w X r.

The Reynolds averaged Navier—Stokes equations can be written in terms of absolute variables
in the blade reference frame in the following non-dimensional form:

0 OE +EY) OF +F) G +G?
Q N (E' +EY) 4 (F' +F) n (G' +GY)
ot ox 0y 0z

where Q is the vector of conservative variables, E, F, G are the Cartesian flux vectors, and H is
a source term. The vector Q is defined as follows:

—H (1)

p
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and the corresponding Cartesian variable flux vectors are given by

pi po pw
pui + p puv puw
E = pvol , F=| pvi+p |, G = VW 3)
PWil WU pww + p
pEu + pu pEV + pv pEwW + pw

0 0 0
Trx Tyx Tax
E'=|" |, F'=|1,|. G'=|1, 4)
trz Tyz T2z
Oz 0, 0.
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The source term due to the contribution of the centrifugal forces and the Coriolis forces, when the
system rotates around the z-axis, becomes the following:

0
pQu
H=| —pQu )
0
0
The viscous stress tensor is given by
Tij = 2uS;j —|-/12Lx::5ij (6)
with the strain rate
=5 (5 +52) ™
2 \Ouj  Ox;

where pu is the molecular viscosity, 4 the second coefficient of viscosity which equals to —% U
when Stoke’s hypothesis is applied, and ¢;; is the Kronecker symbol.

For turbulent viscous flows the coefficient of viscosity p is computed as the sum of p; + 4,
where the laminar viscosity, , is estimated from temperature 7 through the Sutherland’s law
and the turbulent viscosity, y,, is evaluated using the Baldwin—-Lomax algebraic eddy viscosity
model [18].

3. NUMERICAL ALGORITHM

The computational domain is divided into multiple blocks. Each block has six faces, with its own
co-ordinate system (&, #, {) in the computational space. The grid for each block is then generated.

The conservation laws expressed by Equation (1) are re-written in an integral formulation and
solved using a finite-volume scheme. For each local discretized finite-volume cell labelled by
(i, j, k) the discretized form of Equation (1) becomes

0 - - - - -
P (VijkQijk) + Eivip2.jk —Eiciy2 ik + Fijr126 — Fij—10.k + Gi jk41/2

—Gijr—12+VijkH jx=0 (8

The convective fluxes at the cell interfaces are evaluated using Osher’s approximate Riemann
solver [19] given as, for example:

3 1 . 1 (Q|E
Eif1/2,jk= E[E(Q ,dSit1/2,5.0) FEQT,dSi 12,7001 — 2 ). 120 dQ O]
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where

E(Q.dSi41/2,j0) = (- dSit1/2,j0)E + (j- dSiv1/2,j,0)F + (k- dSit1/2,j,6)G (10)

The Q™ and Q™ values are calculated using a modified MUSCL [20] scheme proposed by Prince
et al. [21] to tackle the numerical phantom vorticity in Euler solutions on highly stretched grids.
The scheme uses the primitive variable vector q = (p, u, v, w, T)T - q* and q¥ are the primitive
forms of Q~ and QT, respectively, which can be written as

L o s di +di— — di +di11 _ —
45 12=4 + d+d dtdn [( 24, + KS> Ay + (720’;' ks JA—| (1la)
+
d; d;

R s diy1+d; = diy1+dit2 =
R gyl — ks | Ay 4 (ST G2 A
Q172 =i+t ¢H+¢+¢H+¢H[<2¢H P Tg, T

dit1 dit1

(11b)

where

X — 2d;(qi+1 — 9q;) - 2d;i(q; — qi-1)
- diy1+d; B di +di—y

)

_ 2di1+1(qi+2 — qi+1) 3 _ 2di1+1(qi+1 — q;)

K )
* dit2 +di1 dit1+d;

and d; 1 d;, di1+1, di 1> are the cell sizes of the cells (i — 1, j, k), (i, j, k), G+1, j, k), G+2, j, k)
in i direction, respectively. The parameter x determines the spatial accuracy of the interpolation
scheme, while the parameter s represents a limiter, which is used to eliminate spurious oscillations
close to discontinuities. The value of x was set to % in the present calculations, which results in
a third-order upwind scheme for the convective part of the equations. The s value is found using

the formulation of Anderson et al. [22] written as

2A+qA_q + ¢
S =
Ar@? +(A_q@? +e¢

(12)

where ¢ is a small constant preventing division by zero in regions of null gradients.

In order to improve the robustness of the resulting method, a transformation from the primitive
variables q=[p, u, v, w, p]T to the characteristic variables q=[c, U, V, W, z]T is made. The
transformation between the Cartesian velocities (u, v, w) and the contravariant velocities (U, V, W)
is as follows:

u—u
Vvii=m| v-9 (13)
w w—w
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where
81 812 813
M=| g1 82 &3 (14)
831 832 833

and i, U, w are the Cartesian components of the rotational velocity for the hovering rotor.

For the calculation of a fixed wing in a steady flow, the values of &, U, W are set to zero. For
unsteady flow calculation with a moving grid, &, U, w correspond to the grid speeds dx/dt, dy/d¢
and dz/dt, respectively.

From the finite-volume method point of view, the inviscid flux in i direction can be calculated as

oU
pUu + gi1p
E = pUv + gop (15)

pUw + g3p

| U(PE + p) + (g1 + g20 + g3w)p |

It should be noted that, due to the changes in the convective terms, for a hovering rotor calcu-
lation with an absolute velocity formulation, the eigenvalues of the flux matrix are changed to
M=l=23=u—i,4=u—iu+cand s =u — it — c. Hence, the positions of the sonic points,
which are important in the Osher’s scheme, are changed. The transformation (13) including the
rotational speed is crucial to ensure a correct implementation.

As mentioned by some researchers [3,23], in order that the general geometrical identities
deduced from the conservation laws can be satisfied, the geometric quantities involved in the
numerical flux calculation have to be properly calculated. An area moment vector is introduced
for each cell face as follows:

M= | rxndS (16)
v

If this vector is normalized by cell face area
M=M/S (17)
the normal contravariant velocity should be evaluated as follows:
U=g-u+g -v+g -w—o-M (18)
The calculation of the inviscid flux requires only that the normal velocity be accurately evaluated
while the tangential contravariant velocities can be determined arbitrarily, as long as the transfor-

mation and the inverse transformation can be properly carried out. Hence, instead of using the
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transformation of Equation (13), the following transformation will be used:

U u oM
Vii=M]|v |- 0 (19)
w w 0

and the inverse transformation is

u U+o-M
v [ =M"! 1% (20)
w w

The flux in i direction can then be calculated as

oU
pUu+g1p

E' pUv + g2p 21)

pUw + g3p

| UWE+p)+p-o-M]

where g1, g2, and g3 are the normals of the surface where the flux needs to be calculated.

3.1. Temporal discretization

After the spatial discretization, the Navier—Stokes equations can be written in a semi-discretized
form of Equation (8), which can be further expressed as
4 Q_ —R(Q) (22)
dr
where the right-hand side term is called the residual. The subscripts i, j, kK have been dropped here
for convenience.

Although we only consider steady flow in this paper, it is efficient to use time marching to drive
the residual towards a steady-state converged solution. The solution reaches the steady state when
the residual becomes zero.

There are commonly two methods available, namely the explicit method and the implicit method
to integrate Equation (22) in time.

3.2. Explicit method
One possible explicit temporal discretization of Equation (22) is

n+1 _ oy
VQ Q

L =—RQ) (23)

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
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The update of the dependent variables is straightforward since the residual vector only depends
on the current value of the vector Q.

A
Q' =Q - 7’R<Q”) (24)

For unsteady flow calculations global time accuracy is required and the time step that may be used
for each cell is limited by the maximum allowed by stability at any point in the solution domain.
However, for steady flow calculation, time accuracy is not required and a time step based on local
stability analysis may be used to accelerate convergence towards the steady-state solution. Due
to the numerical stability reasons, the time step is restricted for the explicit method. Hence, the
explicit method is simple to implement but not efficient.

3.3. Implicit method

In an implicit method, the residual vector is evaluated at the future time level and hence the
discretization of the equation becomes

n+l _ oy
VQ Q

_ n+1
= RQD (25)

where the spatial indexing (7, j, k) is omitted for simplicity. Employing a first-order linearization of
the flux residual R(Q"t!) Equation (25) can be written as the following system of linear equations:

V. RQYN i oo
(A_ﬁ 0 )AQ— R(Q" (26)

In the calculation, the primitive variables q = [p, u, v, w, p]Tare used. With this change of variables
the implicit scheme becomes

(Z Q " JR(Q")
At dq 0q

) Aq" = -R(Q") 27)
Once this linear system is solved, the update is simply

qn+l zqn + Aqn (28)
3.4. Structure of flux Jacobian matrix

The linear system that must be solved at each time step can be written in the form

Vv 0Q 6R;‘)
RA) Aq’ = —R” 29
<At oa  oq )0 ! 29

where [=1,2,..., (in— 1) x (jn — 1) x (kn — 1).
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The linear system will be of the following form:

roQ; 0Q 0Qq 7] R, OJR; 0R| 7
oqr  oqp oq oqr  O0qa oq Aq) T "R, ]
0 0 0 JR OR: OR
2 N T S SO 8 | I %
aqr  0qp aq aqr  Oq aq
14 + _
At -
Q 0Q oQ R, OR Ry LA LR
Logi o2 77 oqd Loq  oqo oq;

(30)

In the above equation, only the right-hand side carries the physics of the problem. Provided the
solution has converged, Aq =0, the Jacobians do not have to be computed accurately as the terms
on the left-hand side are always equal to zero. In the calculation, the Jacobian of residual vector
GRZ ik /04;, ;. « on the left-hand side of the equation will only involve first-order accuracy. It means
that the MUSCL scheme is not used there and the residual vector RZ jx on the left-hand side is a
function of the state variables of the neighbouring seven stencils:

k=L @ik i1, ks Qim1, ks Qi jot 1,k G, j— 1,k Qi j k15 Qi jk—1) (31)

Using first-order accuracy, the difficulty of evaluating the Jacobians and the computer memory
requirements are reduced dramatically.

If (I, m,n) is not part of the above seven stencils aRﬁj’k/ﬁql,m,n =0. The Jacobian matrix
becomes a block-banded matrix of seven bands of blocks.

3.5. Evaluation of flux Jacobians

The flux Jacobian can be obtained using a finite difference approximation. However, it is compu-
tationally expensive. In the code, a more efficient method proposed by Sperijse [23] is employed.
Badcock [24, 25] employed this method for Navier—Stokes solution and Shaw and Qin [26, 27]
implemented it in an implicit solver for solving the parabolized Navier—Stokes equations. The
procedure has been described in Shaw and Qin [26, 27].

In Sperijse’s method, the chain rule is used to obtain the flux Jacobians analytically:

JE 0K 0qp n JE 0q;

—=— (32)
q; 0qo 0q;  0q 0q;

where q is the value of the primitive variables [p, u, v, w, p]T at the cell centre, JE/dqq and 0E/0q
are the Jacobians of the flux vector with respect to the left and right states used in the approximate
Riemann solver. The terms dqo/dq; and dq1/0q;, arising from the MUSCL interpolation of the
primitive variables, are the derivative of the state variables with respect to the variables on the
computational stencils. The expressions of JE/dqp and JE/dq; can be deduced from Osher’s
approximate Riemann solver [23].

The whole procedure for calculating the convective flux Jacobian can be found in [8, 26, 27].

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
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The diffusive flux Jacobians can be evaluated relatively straightforwardly since the fluxes are
calculated using central difference scheme. The procedure can be found in [26, 27].

3.6. Block incomplete lower—upper method

We can see that the implicit method results in a sparse linear system (27), which can be expressed
in a more general form as

Ax=b (33)

As mentioned before, only the right-hand side of the above equation carries the physics of the
problem, hence, matrix A on the left-hand side does not have to be accurate. The matrix A is
approximated by a BILU decomposition method:

A~ LU (34)

where L is a lower triangular matrix whilst U is an upper triangular matrix. The matrices L and
U are required to keep the same pattern as the lower and upper parts of the original matrix A,
respectively, and each non-zero element in A is equal to the element of the product LU in the
same location. Hence, LU can only be an approximation of the original matrix A.

Instead of solving the original linear system (33), we solve the following system:

LUx=b (35)

Since the matrices L. and U are triangular, their inversions are much simpler. The linear system
can then be solved as follows:

x=U""L"p (36)

4. GRID GENERATION FOR ROTOR

Caradonna and Tung’s 2-bladed model helicopter rotor [28] is selected for the computation.
The rotor is constructed by constant NACAOQO12 airfoil sections, untwisted and untapered with
an aspect ratio of 6. C-H cylindrical-type grids were generated using the commercial software
Gridgen [29].

The grid topology is shown in Figure 1. The grids at the periodic, top and bottom planes
are shown. As the grid points on both periodic planes are identical, there is no need to do any
interpolation in enforcing the periodic boundary conditions. The grid is split into 12 blocks for the
calculations. Figure 2 shows the block boundaries and the interfaces. The angles at upstream and
downstream were chosen to be unequal so that the C-type grid at the upstream region is easier to
control.

The fine grid used here has 321 grid points in the wraparound chordwise direction with 241
grids on the body, 63 points in the normal direction, and 65 points in the spanwise direction with
35 points on the blade surface. The coarse grid used in the calculation is of 161 x 32 x 65 points,
obtained by eliminating every second line of the fine mesh in the chordwise and normal directions.
The grid points along spanwise direction were kept the same as that of the fine grid. Figure 3
shows the grids and the close-up view of the grids near the blade surface at section k =26. It
shows that the grids near the wall boundary are well controlled.

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
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Figure 1. Grids at the periodic, top and bottom boundaries for the C-H cylindrical grid.

5. BOUNDARY AND INITIAL CONDITIONS

Part of the boundary conditions used for rotor calculations are similar to those for wing calcula-
tions. However, due to the rotating system, differences in the velocity formulations of the governing
equations, grid topologies and methodologies used for the rotor calculations and boundary condi-
tions become quite complicated and required particular attention. In general, the boundary condi-
tions for the rotor calculations can also be divided into two major categories: (1) physical boundary,
e.g. inflow, outflow, body surface, periodic boundary and (2) block interface boundaries. In the first
category, the physical boundary conditions are applied. In the far-field boundaries, non-reflecting
boundary conditions based on Riemann invariants are used. For the absolute velocity formulation,
the unperturbed velocity is zero for hovering rotor. At the plane containing the blade root, a slip
condition similar to the inviscid flow wall condition is implemented. The treatment of the second
category of boundary conditions has no difference as those applied in the inertial system.

6. NUMERICAL RESULTS

All the calculations are based on the application of the multiblock implicit code. Euler and Navier—
Stokes simulations with C-H cylindrical grid are performed on one subsonic and two transonic

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
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79\ NN

™

Figure 2. The block boundaries and interfaces for the C-H cylindrical grid.

N

lifting cases:

(1) Tip Mach number =0.44, collective pitch angle =8°, Re =1.9 million
(2) Tip Mach number = 0.794, collective pitch angle = 8°, Re = 3.5 million
(3) Tip Mach number =0.877, collective pitch angle =8°, Re = 3.9 million

Figure 4 shows the evolution and the convection of the vortex wake system of the Euler solution
in the case that the tip Mach number is 0.794. Figure 4(a) shows the tip vortex is formed on
the upper surface of the blade and the tip vortices from this blade and the preceding blade go
underneath the blade. Figure 4(b) shows the whole vortex wake system including a vortex sheet
formed behind the blade. Figure 4(c)—(f) shows the interaction and the evolution of the tip vortices
and vortex sheet. It shows that the tip vortex core can be identified up to about 400° of vortex age.
Beyond this, the tip vortex cores are diffused forming a weak vortex under the rotor disk. These
figures also show that the strength of the vortex sheet diffused even quicker than the tip vortices.
This is because the grid is even coarser in the regions where the vortex sheet is located, hence the
numerical dissipation is also larger there.

Figure 5 shows the convergence history for Euler calculation with the C-H cylindrical coarse
grid. Figure 5(a) shows the comparison of the convergence histories using an explicit scheme with a
Courant-Friedrichs—Lewy (CFL) number of 0.15 and an implicit scheme with a CFL number of 10.
It is found that the computational speed-up is about an order. Figure 5(b) shows the comparison of
the convergence histories using an implicit scheme with CFL numbers 10, 30 and 50. It shows that
quicker converged solution can be obtained with a CFL number 30. However, with a CFL number

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:509-536
DOI: 10.1002/fid



BILU IMPLICIT MULTIBLOCK EULER/NAVIER-STOKES SIMULATION 521

]

et

;
|
i

== Eail

4%

- f 1 [ 1 1 1 1 1

I===="

Imiwis

(b)

ic) ' @

Figure 3. (a) The grid of k =26 for the C-H cylindrical grid; (b) close-up view of the grid at k =26;
(c) close-up view of the grid near the leading edge of the airfoil at k =26; and (d) close-up view of
the grid near the trailing edge of the airfoil at k =26.

50 the residual may go up at a certain point and a converged solution may not be achievable.
These figures also show that, for this subsonic case with a coarse grid, a converged solution can
be obtained in less than 30h CPU time with a DEC Alpha EV6 workstation.

Figure 6 shows the convergence history for the transonic tip Mach number case (Mach number
0.877). Figure 6(a) shows again that substantial improvement has been achieved with the developed
BILU implicit scheme when compared to the explicit scheme. Figure 6(b) shows the comparison
of the convergence histories with CFL number of 10, 30 and 50. It shows that converged solutions
can be obtained using CFL number of 10 and 30. However, for this case, the convergence rate
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(a) {h)

<) (dy

() (f)

Figure 4. Tip vortex shadings with C-H cylindrical grid (collective pitch angle = 8°, Mtip =0.794, Euler
solution): (a) ¥ = 6.9°; (b) ¥ = 11.2°; (¢) Y = 28.9°; (d) ¥ = 50.1°; (e) ¥ = 72.4°; and (f) = 78.2°.
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Figure 5. Convergence history with C-H cylindrical coarse grid (collective
pitch angle = 8°, Mtip = 0.44, Euler solution).
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Figure 6. Convergence history with C-H cylindrical coarse grid (collective
pitch angle = 8°, Mtip =0.877, Euler solution).

with CFL number 30 is not any quicker than that with a CFL number of 10. The residual with a
CFL number of 50 has gone up at a certain point and may possibly cause the process to blow up
eventually. These figure show that a converged solution can be obtained within 40 h CPU time of
a DEC Alpha machine.

Figure 7 shows the convergence history with a C-H cylindrical fine grid when the BILU implicit
scheme is employed with a CFL number of 10 in the case that the tip Mach number is 0.877. It
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Figure 7. Convergence history with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip =0.877, Euler solution).

shows that, for a fine grid with over 1.2 million grid points, a converged Euler solution can be
obtained with 80 h CPU time.

Figure 8 shows the convergence history with a fine grid in the case that the tip Mach number is
0.794. The jump shown in the middle is due to a restarted process with changes of the parameters
used.

Figure 9 gives the comparison of the calculated trajectory of the tip vortex up to 360° of
vortex age with the experimental data provided by Caradonna and Tung [28] and the results
obtained by using Kocurek and Tangler’s [30] prescribed wake model in the case that the tip Mach
number is 0.44. It shows that, up to about a hundred degrees of vortex age, the vertical descent
of the tip vortex matches the experimental data very well, while the contraction of the tip vortex
follows the data obtained using prescribed wake model instead of the experimental data. Similar
phenomena can be observed in the case that the tip Mach number is 0.794, which is shown in
Figure 10. Kocurek and Tangler’s prescribed wake model is an empirical model based upon a
large database of sub-scale rotor experiments. The apparent discrepancy between the experiment
of Caradonna and Tung and the prescribed wake model suggests that there may be problems
with their experimental method. In the experiment, a suction device was employed in the wind
tunnel to prevent wake recirculation. This device may have introduced a small vertical velocity
that would change the trajectory of the vortex. There is insufficient information in experimental
report to develop an appropriate boundary condition to represent this effect in the computational
simulation.

Figure 11 shows comparisons of the pressure distributions obtained solving Navier—Stokes
and Euler equations in the case that the tip Mach number is 0.44 with a C-H cylindrical fine
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Figure 8. Convergence history with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip =0.794, Euler solution).
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Figure 9. Tip vortex age with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip = 0.44, Euler solution).
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Figure 10. Tip vortex age with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip =0.794, Euler solution).

grid. It shows that the results obtained by solving Navier—Stokes equations match the exper-
imental data very well whilst the Euler results do not. Figures 12 and 13 show the pressure
distributions of Navier—Stokes solutions compared with Euler solutions and experimental data at
tip Mach numbers of 0.794 and 0.877, respectively. The differences between Euler and Navier—
Stokes results can clearly be identified. Overall, the Navier—Stokes solutions give much better
results than the Euler solutions, especially at those stations where strong shock waves appear.
The shock positions and strengths predicted by solving the Navier—Stokes equations are partic-
ularly good when compared to that obtained from Euler solutions. It shows that Euler solutions
predicted stronger shocks and the positions of these shocks are too far away from the lead-
ing edge. These figures also show that the Baldwin—-Lomax model can handle the mild shock-
induced separations well, which appeared in the cases that the tip Mach numbers are 0.794
and 0.877.

Figure 14 shows the evolution and convection of the vortex wake system obtained from the
Navier—Stokes solution in the case that the tip Mach number is 0.794. Compared to the results
obtained from the Euler solution (Figure 4), the vortex wake system is diffused quicker in the
Navier—Stokes solution, despite the fact that the near wake in the Navier—Stokes solution appears
to be much stronger.

Figure 15 gives the vortex trajectories of the Navier—Stokes solution in the case where the
tip Mach numbers is 0.44. The vertical descent of the tip vortex in the Navier—Stokes solution
matches the experimental data very well before 300° of vortex age. Compared to the Euler solution
(Figure 9), the vertical descent of the tip vortex of the Navier—Stokes solution gives better agree-
ment with the experimental data than that in Euler solution. The contractions of the tip vortices in
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Figure 11. Surface pressure distributions with C-H cylindrical grid
(collective pitch angle = 8°, Mtip =0.44).

Navier—Stokes and Euler solutions are quite similar. It is interesting to note that, instead of matching
the experimental data, the contractions seem to follow the data obtained from Kocurek and Tangler’s
[30] prescribed wake model.

Figure 16 shows the vortex trajectories for the case that the tip Mach number is 0.794. In this
case, the vertical descent of the tip vortices in the Navier—Stokes solution gives good agreement
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Figure 12. Surface pressure distributions with C-H cylindrical grid

(collective pitch angle = 8°, Mtip = 0.794).

with experiment data before 300° of vortex age and is slightly better than that in the Euler solution,
see Figure 10. The contraction in the Navier—Stokes solution appears to be slightly stronger than
that in the Euler solution.
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Figure 13. Surface pressure distributions with C-H cylindrical grid
(collective pitch angle = 8°, Mtip =0.877).

The importance of solution acceleration schemes that emphasize large time steps can be
demonstrated by considering the solution at different stages of the convergence history. This
is done in Figures 17 and 18, which present visualizations of the computed wake structure us-
ing iso-surfaces of vorticity, for the case with a tip Mach number of 0.794 and a collective
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{c) (d)
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Figure 14. Tip vortex shadings with C-H cylindrical finer grid (collective pitch
angle = 8°, Mtip =0.794, NS solution): (a) ¥ = 6.9°; (b) = 11.2°; (c) Y = 28.9°%;
(d) ¥ =50.1°; (e) Yy = 72.4°; and (f) y = 78.2°.
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Figure 15. Tip vortex age with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip =0.44, NS solution).
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Figure 16. Tip vortex age with C-H cylindrical fine grid (collective pitch
angle = 8°, Mtip =0.794, NS solution).
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td)

Figure 17. Evolution of the tip vortex with iteration number: (a) iteration number = 500; (b) iteration
number = 1000; (c¢) iteration number =2000; (d) iteration number = 3000; (e) iteration number =
5000; and (f) iteration number = 7000.

pitch angle of 8°. In this case, a CFL number of 10 is used. Early in the convergence history
very little wake structure is captured. There is some evidence of the wake sheet and the tip
vortex is resolved to approximately 90° wake age. After a further 500 iterations the tip vor-
tex has developed further, now extending to a wake age corresponding to 180°. There is also
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Figure 18. Evolution of the tip vortex with iteration number: (a) iteration number = 500; (b) iteration
number = 1000; (c¢) iteration number =2000; (d) iteration number = 3000; (e) iteration number =
5000; and (f) iteration number = 7000.

evidence of considerable noise in the solution, which is thought to be due to the use of local time
stepping.

As the calculation proceeds further, more of the wake structure is revealed and the noise in
the solution is reduced as the calculation converges. By 5000 iterations the visualized tip vortex
extends to approximately 300° of wake age, and the wake structure does not appear to evolve
significantly when further iterations are performed. Beyond this wake age numerical viscosity
due to discretization error appears to overwhelm the computed flow structures causing them to
be rapidly dissipated. Finer grid should demonstrate this evolutionary nature better as longer tip
vortex can be captured by the simulation and longer stimulation time will be required for allowing
the tip vortex to evolve.

These results help to explain the earlier observations by Allen [15] concerning the poor perfor-
mance of the multigrid algorithm for the rotor problem when compared to earlier computations for
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fixed wings. The rapid convection of the tip vortex (at approximately the freestream velocity) is
such that the fixed wing calculation shares many of the characteristics of the equilibrium problems
for which multigrid was originally developed, allowing the full potential of the method to be
developed. For the rotor problem, where the convection speed is related to the inflow velocity,
the computation is dominated by the evolutionary nature of the flowfield rendering approaches
developed for equilibrium problems ineffective. Indeed Allen [15] reported speed-ups are more
consistent with grid sequencing than multigrid. Instead algorithms developed for evolutionary
problems, such as implicit time-marching schemes, should be favoured for an efficient solution of
a steady-state problem by following a physical process of the flow evolution. Further evidence for
this conclusion is provided by the comparisons of the relative costs of time-marching computations
performed using local time stepping in a blade-attached non-inertial reference frame and global
time stepping in an unsteady calculation in an inertial frame of reference, see, for example, Allen
[16] and unpublished work by Shaw [17], which show that there is little benefit in employing local
time stepping as a solution acceleration scheme.

7. CONCLUSIONS

A three-dimensional implicit multiblock Navier-Stokes solver for hovering rotor simulations has
been developed. The convective fluxes are discretized by using Osher’s approximate Riemann solver
while the viscous fluxes by a central difference scheme. A modified MUSCL scheme is employed
for improving the accuracy of the discretization for the inviscid fluxes. A block incomplete lower
and upper decomposition (BILU) is employed to solve the linear system. The accuracy of the
solver and the efficiency of the developed BILU implicit scheme have been examined for fixed
wing calculations [8]. Numerical tests show that, to achieve a converged solution, the implicit
scheme, using a CFL number of 30, can be 6-7 times faster compared to the time spent when
using an explicit scheme. For hovering rotor simulation, despite the changes made in the governing
equations and the numerical scheme, numerical simulations demonstrate similar improvements with
the BILU implicit scheme.

The fidelity of the solutions is demonstrated by comparing results from Euler and Navier—Stokes
solutions, including surface pressure distributions and vortex trajectories, with the corresponding
experimental measurements. The comparisons suggest that resolution of the boundary layer is
important for the accurate evaluation of the blade surface loading, but is less important for the
correct prediction of the vortex trajectory.

The importance of discretization approaches that consider the development of the tip vortex
was demonstrated by comparing computed data at several points in the convergence history. Such
comparisons explain the ineffectiveness of algorithms rooted in equilibrium problems, such as
multigrid and observations concerning the use of global and local time stepping for this problem.
Efficient computation of flow problems related to hovering rotors requires algorithms, such as the
implicit time-marching algorithm presented in this paper, that emphasize the evolutionary nature
of the problem.
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