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Abstract

Three-dimensional viscous flows around an advanced
counterrotating propeller are investigated by solving un-
steady Navier-Stokes equations. An efficient solution pro-
cedure has been developed and applied. The solver is orig-
inally based on an implicit finite difference method, and
also uses unsteady algorithm, block structured grid system
and sliding boundary technique in order to treat the rela-
tive motion between fore and aft rotors. Numerical results
are presented for transonic flow of cruise flight and low-
speed flow of take-off. Predicted aerodynamic loadings at
take-off are compared with experimental data.

Introduction

An advanced turboprop propulsion system is currently
of great interest since it offers higher propulsive efficiency
than conventional turbofans even at high subsonic Mach
numbers, leading to the potential savings of aircraft fuel
consumption. In addition, counterrotating propeller { CRP
) can afford to attain much higher propulsive efficiency than
a conventional single-rotation propeller ( SRP ) by recov-
ering swirl loss. However instead, the CRP flow field is
more complex than SRP due to the mutual motion of fore
and aft rotors. In order to understand such complex flow
field and ultimately find optimized CRP configurations, a
number of analytical and experimental studies have been
conducted!™3. In the National Aerospace Laboratory also,
basic low-speed wind tunnel test* is conducted for a pre-
liminary designed scale model shown in Figure 1.

Meanwhile, with the advent of high speed computers,
applications of computational fluid dynamics to CRP has
been popular in recent years. It not only overcomes the
limitations of classical propeller theories, but also provides
alarge amount of information not readily obtained by mea-
surements. Roughly speaking, two types of approaches to
solve the CRP flow field have emerged so far. One is a
quasi-steady method which pursues a time-averaged solu-
tion. Celestina et. al® solved the averaged-passage equa-
tion system proposed by Adamczyk®. The other is purely
unsteady approach which directly treats the relative mo-
tion of fore and aft rotors. So called zonal method using
a sliding grid can often be seen in turbomachinery rotor-
stator interaction problem, and Whitfield et al.” first ap-
plied that to CRP. Janus and Whitfield® proposed their
own locally distorted grid approach.
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Along these approaches, a number of computational ef-
forts concerning CRP have been made®™'?, but most of
them are focused upon inviscid flow or Euler analysis
mainly due to the computer power restriction. Although
such gives very useful information for design, its solution
is rather sensitive to grid distribution, thus a poor dis-
tributed grid sometimes leads to divergence of the compu-
tation. Especially in a low-speed or take-off condition sim-
ulation, since the inflow has a relatively large angle of at-
tack against each blade, Euler analysis sometimes predicts
an unphysical suction peak. Further, important viscous ef-
fects caused by vortex-blade or wake-blade interaction are
not predicted.

In order to predict the CRP flow field more accu-
rately and evaluate such viscous effects, viscous flow anal-
ysis which solves Navier-Stokes equations in some way is
required about CRP. The most formidable difficulty of
Navier-stokes computation is how to deal with increased
grid points necessary to resolve blade surface boundary lay-
ers. In turbomachinery application, Rai’s zonal approach!®
using sliding grid with O-type grid is famous, and a di-
rect extension of that method is one of the possible ways
to compute the CRP flow. But the original method is too
complicated to implement, and to make matters worse, thin
airfoil profiles of the CRP blade prevent using the O-type
grid topology around blade.

In this paper, an efficient approach to solve the vis-
cous flow field around CRP is presented. The Reynolds-
averaged Navier-Stokes equations are solved using finite
difference method, unsteady algorithm, block structured
grid with H-type topology and sliding grid technique. In
the following sections, solution procedures to solve the
CRP flow field are briefly described. Then, two representa-
tive results which correspond to different flow conditions,
one is for transonic cruise and the other is low-speed take-
off, are presented and discussed.

Solution Procedure

The actual flow through CRP is extremely complex, so it
seems impossible to completely handle such flow field even
by the current supercomputers. Therefore, suitable mathe-
matical modelings or physical simplifications should be in-
troduced to the computation. In this paper, it is assumed
that the inflow is uniform and parallel to the rotating axis,
the rotors’ rotating speed is both constant and that the
entire flow field is circumferentially periodic. Under these
assumptions, the present code for CRP has been developed.
It is based on the Navier-Stokes solver for SRP developed
by Matsuo et al. Since the numerical implementation is




described in detail in Ref. 14, the outline and additional
techniques are summarized hereafter.

Basic solver Basically the Reynolds-averaged Navier-
Stokes equations written for a generalized curvilinear coor-
dinate system fixed to a rotating system are solved by using
finite difference method with Baldwin-Lomax!® algebraic
turbulence model. The time integration uses Euler implicit
scheme and an approximate factorization technique®. The
use of the implicit method removes the stiffness problem
related to fine mesh and consequently reduces CPU time
to obtain a solution. As a spacial discretization formula,
an upwind biased TVD scheme!” is applied in order to en-
hance numerical accuracy.

Unsteady algorithm Even in the simplest case treated
here, the flow field is inherently unsteady. So a time-
accurate unsteady algorithm is added to the above solver.
In this paper, Newton subiterations are used at each time
level. At the same time, a constant time step is used in the
entire region instead of using a local time step. In addition,
in order to treat the relative motion of fore and aft rotors,
sliding grid technique is introduced in the same way as the
turbomachinery application!®. This algorithm is easily im-
plemented without serious changes of the original code.

Block structured grid Once the unsteady algorithm
is established, the next problem is how to reduce the com-
putational time increased by many grid points. If the above
unsteady algorithm is applied to the whole computational
region, it takes a long time to obtain a solution because
the subiterations are also used for entire region. However,
considering that the flow field is almost steady except near
rotors, it can be found that the unsteady algorithm is not
always necessary for the far field from the rotors. There-
fore, in this approach the whole grid is at first divided
into four independent blocks. The first block is in front of
the fore rotor and stationary, the second around the fore
rotor and rotating, the third around the aft rotor and ro-
tating, and the forth behind the aft rotor and stationary.
Next, the Newton subiterations are applied only to the two
blocks rotating with rotors. In all blocks H-type grid topol-
ogy is utilized, and each is connected through sliding zonal
boundaries. If doing so, grid points can be efficiently used
even by using inefficient H-grid, and as a result the in-
crease of the computational time is not so serious. Figure
2 shows a typical computational grid used here. On the
assumption of flow periodicity in the circumferential direc-
tion, the computational domain contains only one blade
passage. These H-type grids can easily be generated by us-
ing algebraic interpolation technique, and grid points are
clustered in the vicinity of the walls so as to resolve viscous
boundary layers.

Boundary conditions Final important issue in com-
puting the CRP flow field is boundary conditions. Several
types of boundaries are encountered in the CRP flow field.
On the blade surfaces, non-slip and adiabatic conditions
are imposed, whereas on the spinner surface slip conditions
are imposed for simplicity. On upstream and downstream
periodic boundaries, the values of two points which corre-
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spond to each other is set equal by using the averaged value
of two interior points. For inflow and far field boundaries,
free stream values are specified. At the exit boundary, only
static pressure is fixed by solving radial equilibrium, and
other flow variables are extrapolated from inside. On the
sliding boundaries, special attention should be paid. First,
the relative position of adjacent blocks is defined at each
time level, and then linear interpolation is used to transfer
information across the boundary. Although this treatment
is nonconservative, it is used for computational simplicity
and reduction of the CPU time. Instead, small area of ad-
jacent blocks is overlapped as shown in Figure 2 in order to
maintain the numerical accuracy on the sliding boundaries.

Results and Discussion

Two sets of viscous flow computations at different flow
speeds are executed for the scale model shown in Figure 1.
The configuration is an eight bladed, pusher type, counter-
rotating propeller, and experimentally studied in the NAL.
Parameters of the computations are listed on Table 1.

Transonic Flow Case The first results shown here is
for transonic flow of cruise flight condition. The grid con-
tains axially 174 points, radially 51 points and circumfer-
entially 21, 41, 101 and 41 points with four blocks respec-
tively. Note that the third grid is fine enough to resolve the
interaction between fore rotor wakes and aft rotor blades,
and that the overall distribution is determined after pre-
liminary grid study investigating total number of points,
minimum grid size and distance to the far field boundary.

Figure 3 shows time histories of aerodynamic loadings of
both fore and aft rotors. In this case, time step is selected
so that each rotor rotates by one passage ( 45 degrees )
per 400 iterations, and in total 2000 iterations are carried
out. As can be seen, the loading coefficients show a little
irregular behaviour in their initial stages, but after about
1200 iterations they reach to sinusoidal mode. Therefore
this iteration number is quite reasonable to get the un-
steady solutions, and also the CPU time is not so long.
This shows the present code is efficient enough to obtain
unsteady viscous flow solutions of CRP.

Figure 4 shows time histories of pressure contours on a
midspan section in a cyclic manner. In spite of the noncon-
servative treatment on the sliding boundaries, the shock
system looks smoothly going through the boundaries. It
can be seen that shock strength of the aft rotor changes
periodically while that of the fore rotor don’t change dras-
tically. Unfortunately, since no data is available in this
case, any comparison with experiment can’t be made here.

Low-speed Flow Case To verify the present numeri-
cal method and compare with the experiment, the calcu-
lation at the take-off condition, namely at the low-speed
condition (Mach No.=0.2), was carried out. In this case ,
the grid is the same as the previous case, but the time step
is set half in case of divergence.

Figure 5 shows the computational result. In this figure,
the total thrust coeflicient is compared with the experi-
mental data. The result carried out by the present method
shows the reasonable agreement with the experiment.




Concluding Remarks

In this paper, an efficient solution procedure to analyze
three-dimensional viscous and unsteady flows around CRP
are described and its preliminary computational results are
shown. Results show the present code gives plausible un-
steady solutions with clear shock system. Note that the so-
Iutions are efficiently obtained within the reasonable com-
putational time. However, in order to verify the accuracy
and reliability of the code, parameter study by varying time
step, grid size and flow conditions are required, further de-
tailed comparison with experiment should be systemati-
cally performed. These points are concerned with future
work.
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Table 1. Parameters of the computations.
CASEI | CASEII

Free stream Mach number | 0.75 0.20

Advance ratio 3.2 1.0

Fore rotor blade angle 58° 36°

Aft rotor blade angle 56° 32°
Reynolds number 1x10% | 5x 10°




(2) Side view

Fig. 1. Schematic of a counterrotating propeller.

(b) Section view

Fig. 2. Computational grid.
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Fig. 3. Time histories of aerodynamic loadings of rotors in Case 1.
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Fig. 5. Comparison of thrust coefficient with experiment in Case II
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