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Abstract

Applicability of a numerical code to aerodynamic design
of a Prop-Fan is guaranteed by precise agreement of numer-
ical results with experimental data, i.e. not only integrated
performance indices, such as power coefficient, net efficiency
but also pressure distribution on the blade surface should
agree well between computed and experimental results. In
order for this purpose, an Euler Code using the TVD scheme
is developed. The numerical calculations are performed for
the SR-7L Prop-Fan at the freestream Mach number 0.5. The
computed power coefficient, Cp = 1.734 shows comparatively
good agreement with the experimental data, Cp = 1.440+0.080
if the measurement error of the blade twisted angle is consid-
ered and, furthermore, the computed pressure distributions
on the blade surfaces show also good agreement.

1. Introduction

During thirteen years since the Prop-Fan technology projects
started as a new conceptual propulsion system. Many exper-
imental investigations, such as wind tunnel tests and FTB
(Flying Test Bed), have been performed mainly in USA, and
the results were applied effectively to the real Prop-Fan de-
sign. However, there remain many problems still which must
be resolved.

At the same time, in the last decade we have seen so
fast progress of the computational aecrodynamics and many
papers about Prop-Fan aerodynamics through computations
were published. The authors also presented several kinds of
computational results by VLM(Vortex Lattice Method)(1],
potential analysis[2], Euler and Navier-Stokes analyses[2], [3]
for the Prop-Fan models. However, it is necessary now to ex-
amine the applicability of the numerical computation to the
aerodynamic design of real Prop-Fan. Especially, not only
integrated performance indices, such as efficiency and power
coefficient, but more precise phenomena on the blade, such
as pressure distribution and location of shock wave, should
be compared with each other. In other words, applicability
of a numerical code to aerodynamic design is guaranteed by
precise agreement of the numerical results with experimental
data for both cruising and takeoff conditions. Such a success-
ful code seems to enable us to make a design chart only by
numerical calculations without wind tunnel testing.

Recently, the experimental results of SR-7L Prop-Fan
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were published on the AIAA paper[4]. This paper confirms
whether the Euler Code by the authors is effectively applied
to the design of the real Prop-Fan. The objective of this pa-
per is to make an Euler Code which yields satisfactory results
for Prop-Fan design. In order for this purpose, we employed
the TVD(Total Variation Diminishing) scheme together with
the ADI(Alternating Direction Implicit) algorithm.

This code was used to calculate the flow around the SR-
7L Prop-Fan and for comparison with wind tunnel test re-
sults.

Nomenclature
b Blade chord
¢ Speed of sound

Crp  Design Lift Coefficient at each radial direction
Cp Power coefficient
¢ Pressure coefficient
D Diameter of the Prop-Fan
e Energy of unit volume
E,F,G,H Flux vectors
h Maximum thickness of an airfoil
J Transformation Jacobian
K Adjusting constant (Eq.(9))
p Pressure
Pe Corrected blade surface pressure
Po Tunnel static pressure
Q Vector of conserved quantities
r Section Radius

R Tip radius
Ri,R, Riemann invariants
S Entropy

u,v,w  Cylindrical velocity components
U,v,w Contravariant velocity components
v, Tunnel velocity
V; Tangential velocity at pressure tap radius
X,Y,Z Radial, transverse, and axial distances
X,Y,Z Coordinates of conformal mapping
z,r,¢  Cylindrical coordinates

¥ Ratio of specific heats
A¢  Blade twist angle at 0.75+/R
A Sweep angle at 50% chord
&n,¢ Coordinates of conformal mapping
g Air density
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) Cone angle
Q Angular velocity of rotation

superscript and subscript
1,5,k Grid point
n  Time level
oo Freestream

I- X\

Ert g
.+!,-jkAi+4jk + AT %jkA'-%Jb]

3. Numerical Method

The numerical algorithm used to solve the Euler equations in
computational space is the noniterative, ADI schemes. The
implicit procedure enhances the speed of convergence.

The Euler equations, Eq.(1) is changed into the following
form using AF(Approximate Factorization) method.

IT=MNJ5 yBisg + /\”Jf_%,,As'i—%k]

3] 3

x [I - '\(KGH,}A.‘;'Hg + ACKTk_%Aij,,_é} AQY, = —X [E?+§jk - E?_,}jk]

3 4

N F = B ga] = (G — Clacy) — StH

2. Euler Equations

In the same way as other papers, non-orthogonal coordinate
transformations of the governing equations are employed. It
maps the surface of the nacelle and both sides of the blade
onto constant coordinate surfaces. The basic orthogonal co-
ordinaté system is cylindrical with z oriented along the rota-
tional axis, r extending radially outward from the z-axis, and
¢ the meridional angle measured from a vertical plane. This
is illustrated in Fig.1. The cylindrical coordinate system is
easier to apply for the rotating blade boundary conditions
than the cartesian coordinate system.

Under the assumption of inviscid compressible flow, the
governing partial differential equation in the weak conserva-
tion law form is given by

Q+E+F,+G +H=0, (1

where
p U v
1| P pulU + p€, puV + pn,
Q=7 vl E== pvU + ptr F== pvV + pr, »
pw pwU + plg/r pwV +pyy/r
€ (e+p)U —p: (e+p)V —pm
1274 pv
| W, puv
G:7 va+p<r ’H:_J—T‘ p(,vz__wZ) )
pwW + pls/r 2pvw
(e+ )W — p(: (e+p)V
e= —p-—+£(u2+v2+w2).

vy—1 2
In the above equations, H contains centrifugal and Corio-
lis force terms due to the blade rotation. U, vV, and W are
contravariant velocity components, and J is the transforma-
tion Jacobian. The unknown variables, pressure p, density
p, cylindrical velocity components u, v, and w are nondimen-
sionalized by pe, peo, and cwo/\/7, respectively, where ¢, is
the free-stream speed of sound and 7 is the ratio of specific
heats. Other quantities, time t and angular velocity Q are
nondimensionalized by ¢ /(D\/7) and D\/7/cs,, respectively.

Precise expressions for U, vV, W, J and metrics are found in
Refs.[5] and [6].

@

The relations between Jacobian matrices in non-orthogonal
coordinates and the cylindrical coordinates are described pre-
cisely in Ref. [5]. In the above equation, the TVD scheme{7]
is employed. The detailed expression of these schemes will
be given in the next section.

The solution of Eq.(2) is obtained by sequential inversion
procedures. At first, the right-hand side term (explicit part)
is calculated at each grid point. Each of the implicit operators
represents block-tridiagonal matrix. After LU-decomposition
for each operator sequential inversion processes are performed
and AQY, = QUt' - @Qny, is obtained at the final stage. In this
calculation, the steady state condition is required and then
AQ?J r — 0.

4. TVD Scheme[7]

Undesirable oscillations in the solution are suppressed and
resolution is improved by the TVD scheme. In this case,
Eq.(2), Harten’s TVD scheme is used. The detailed expres-
sions of the TVD scheme for the rotating blades are given in
this section.

Eiygin Fijyyns and Gijrys, are called the numerical fluxes,
and, for example, £;,4;; is defined by

1
Eigie = 3 [Eijx + Eip1jx) +

5
1
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Here, A;1Q = Qi+1 — Qi, and a$+% and R§+§ denote the ith
eigenvalue and right eigenvector of Jacobian matrix, 4F(Q;, 3/
0Q; 44, respectively. To calculate o + and B[, ,, we use Roe’s
averaging. For simplicity we omitted the indices 4,k in the
above definition, and F;;, 4, and G, are defined in a similar
manner.

5. Boundary Conditions

In order to obtain an accurate solution, the boundary condi-

tions are carefully specified. The following boundary condi-

tions should be imposed.
i. Conditions along the ¢-direction : inflow and outflow con-
ditions.
ii. Conditions along the 5-direction : impermeable condition
on the nacelle and outer boundary condition.

iii. Conditions along the ¢-direction : impermeable condition
on the blades (including blade tip and trailing edge), and
periodic condition.

Brief descriptions for the above conditions are given be-
low. Free-stream values are used at the outer and inflow
boundaries. On the nacelle surface and on the blade sur-
faces, tangency should be satisfied. This is accomplished by
specifying the appropriate contravariant velocities, vV and W
to zero, in the case of the nacelle surface and the blades sur-
faces, respectively. The cylindrical components of velocity,
u,v, and w are obtained by solving

u 1| e —nele)/r
v = T ~(n:Cp — neCz)/T
w ("zCr - anz)

In order to solve this system, contravariant velocities V and
W are approximated by the adjacent grid points of the solid
boundaries. Along the intersection of nacelle and blade, both
V and W are set to zero. The pressure and density on the
solid surfaces are also approximated from the interior points.
However, along the tip, leading edge and trailing edge of the
blades, variables on the upper and lower surfaces are aver-
aged.

For a subsonic outflow condition, the generalized Rie-

mann invariants are used to determine the variables. The
generalized Riemann invariants are given by
2c 2c
Ri=U-— nd Ry = .
1 -1 a 2 =U + pogg (5)

Since R, and R, are associated with the two characteristic ve-
locities U+c, and U—c, U+2¢/(y-1),S,V, and W are determined
from the free-stream values and U — 2¢/(y — 1) are linearly ex-
trapolated from the interior, where ¢ = \/yp/p, S = In(p/p")
and U, vV and W in the free stream are calculated by

Uoo €t 62 €r {d)/ r Uoo
Voo |=1m|+1m. o mg/rj| 0] (6)
Weo ¢ ¢ & <¢/ r 0

For a supersonic outflow condition, linearly extrapolated val-
ues from the interior are used.

The free-stream condition is specified previously to the
start up of calculations.

-'(fqus - f¢<r)/"
(€:Cp — €4Ca) /T
~(&:6r — &C2)

6. Grid System

A computational grid for calculating the flowfield around the
Prop-Fan is generated by using an algebraic method. Gener-
ally, the Prop-Fan has many identical blades which are dis-
tributed with equal angles around the rotating axis. When
the flight direction is parallel to this axis, and the nacelle are
axisymmetric, the flowfield around all blades are the same,
i.e. the flowfield is circumferentially periodic. Consequently,
the domain between two neighboring blades is usually em-
ployed for the calculations.

The basic blade geometry for the SR-TL Prop-Fan is
shown in Figs.2 and 3. Fig.2 shows the thickness, h/b, blade
planform or chord ratio, 5/D, sectional design lift coefficient
Crp, twist angle A8 and cone angle ¢ as a function of frac-
tional radius, »/R. The airfoils used at each radial location
are also indicated in Fig.2. It can be seen that NACA Series
65 Circular Arc (CA) are used from the root of the blade at
r/R = 0.2 to the 0.36r/R station. At locations between 0.563r/R
and the tip of the blade, NACA Series 16 airfoils are used. In
the region between 0.367/R and 0.563r/R, transition airfoils are
used to blend the characteristics of the Circular Arc and Se-
ries 16 airfoils. Fig.3 defines the spatial location of the blade.
This definition requires the X,Y and Z dimension and sweep
angle as a function of fractional radius.

_‘(Eznqb - 7h£¢)/r V—mn
'_(52”" - "zfr) W"Ct

(fr% - T]r§¢)/7' U-§&
“

In order to generate a grid system around such a com-
plicated configuration, the procedure consists of three steps.
Step one is composed of dividing the domain into many ax-
isymmetric parts. Step two consists of generating a two-
dimensional H-type grid around the airfoil which is the cross
sectional form of the blade. Step three consists of connecting
the above two-dimensional grids radially and the generation
of the three-dimensional grid system is completed.

To avoid a discontinuity of grid lines in the outer region
of the blade, a hypothetical blade is formed. This hypothet-
ical blade has zero thickness and constant chord length. In
the calculation, the grid points of this hypothetical blade are
treated as flow points.

The configurations of nacelle are determined by their ra-
dius distribution rg(z) along the axis of rotation. In order to
avoid the singular point at the top of the spinner, a circular
cylinder with small radius is extended to the inflow boundary.
The following transformation is introduced.

R—

r* =7 —[ra(z) - Ra E—_;(T)’ (ra(z)<r<R), (7)
where ry is nacelle radius and Ry is its maximum value. After
transformation the area between the nacelle and the blade tip
is transformed into the regions between cylinders from rg to
R. The outer part of the blade tip is transformed identically,
ie.

r™=r (r>R) (8)
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The region of ry < »* < R is divided into equidistant parts,
and the region of r* > R is divided into exponentially ex-
tending parts. Consequently, several cylindrical surfaces are
made. The intersections of the blade surfaces with these
cylindrical surfaces can be obtained by interpolations of some
sample points of the blade surface. These form airfoils on the
developed cylindrical surfaces. Then, H-type periodical grids
are generated. For this grid generation a conformal map-
ping is used for the leading edge of the airfoil. The mapping
function is given by

Z =ich + K¢, ©
where K is adjusting constant and

Z=X+i¥, (=&+iy (10)
In Egs.(9), and (10) the origin of the coordinate axes occurs
at the leading edge. This mapping function is effective for an
airfoil with large leading edge curvature such as the case being
considered in this paper(NACA 16 and NACA 65/CA series
airfoil sections). Fig.4 shows the generated grids around the

SR-TL.

7. Wind Tunnel Test Results

The data used for comparison with the Euler Code calcu-
lations was obtained on a specially instrumented blade of
the SR-7 Prop-Fan which was designed for flight test on a
modified Lockheed Jetstar in the NASA funded Large Scale
Advanced Prop-Fan (LAP) test program.

In the geometry of the SR-7L, it should be noted that
the thickness h/b shown in Fig.3 is only correct for the non-
instrumented blades of the SR-7L Prop-Fan. For the instru-
mented blade a skin cladding 0.64mm (0.25 inch) thick was
bonded to both surfaces of blade. Transition from the leading
edge to the cladding was accomplished by a smooth blend.

Pressure taps were distributed at 13 radial stations on
the instrumented blade on both the face and camber side as
shown in Fig.5. It should be noted that the radial locations
were oriented along the predicted streamlines for the design
cruise condition. On the face side, 16 pressure taps were
distributed across the chord at each radial station. On the
pressure side 20 taps were distributed across the chord at
each radial station except at radial stations 12 and 13 where
only 19 and 18 taps, respectively, were installed, due to space
limitations. ‘

The pressure tap system consists of plastic skins with
radial channels bonded to each side of the blades. Each of
the radial channels are connected to a tube at the root of the
blade which is led out to the blade shank. In operation the
pressure taps at only one radial location are active. All of the
other taps are sealed off with tape. Therefore, 13 runs at the
same operating condition were required to obtain a complete
blade surface pressure map for one test condition.

The pressure signals from each pressure tap on the blade
were transmitted through a Scanivalve mounted on the nose
of the Prop-Fan spinner shown in Fig.6. This system allowed
transmission of the pressure signals on the rotating blade to
the stationary field for monitoring and recording. The Scani-

valve had the capacity to transmit 36 channels of informa-
tion. In operation each tube leading from a radial channel on
the instrumented blade was connected to one channel of the
Scanivalve. On the stationary side the Scanivalve had one
pressure transducer which monitored one channel at a time.
Smooth air flow to the Prop-Fan was insured by mounting
the Scanivalve in an aerodynamic housing and enclosing the
unbilical attached to the nose of the Scanivalve in an airfoil
shaped housing.

Tests were conducted in the S1-MA Large Wind Tun-
nel at the Modane-Avrieux Aerothermodynamic Test Center
operated by the Office National D’Etudes et des Recherches
Aerospatiales (ONERA) in France. The Prop-Fan was driven
by Twin Turbomeca gas turbine engines driving a common
gearbox. Due to power limitations of the drive engines, the
SR-7L could be tested with only two of the eight blades nor-
mally installed. This allowed operation at power loadings per
blade similar to those that would occur at takeoff and cruise
conditions in an eight blade configuration.

Tests were conducted at the 13 operating conditions in
Table 1. Condition 1 thru 4 represent static conditions (no
tunnel power although the Prop-Fan induces some flow) with
various levels of power. This series was designed to provide
information on leading edge vortex flow. Conditions 5 and
6 represent takeoff conditions. Conditions 7 thru 9 were de-
signed to bracket the design cruise power loading of the SR-
7L. Conditions 10 thru 13 were designed to investigate tran-
sonic flow effects.

For this paper the data obtained at test condition 8 are
used. It is the condition which most closely approximates the
design cruise condition of the SR-7L. At this design condition
viscous effects should be a minimum so Euler Code results
have the potential for good agreement.

It is expected that Navier-Stokes Codes will be required
to accurately calculate the off design conditions particularly
takeoff where a strong leading edge vortex has been observed.
Furhtermore, the SR-7L has been designed to deflect to the
aerodynamically defined shape shown in Figs.2 and 3 at the
design condition. At other conditions the deflections will be
different so calculations using the geometry of Figs.2 and 3
may be in error.

Fig.7 shows the data from test condition 8. Pressure co-
efficient as a function of chord is shown for five radial stations
on the blade. The equation for the pressure coeflicient plotted
in Fig.7 is as follows:

Pe — Po

= 05V VD )

where the symbols are as defined in the Nomenclature. It
should be noted that p. , the corrected pressure on the blade
includes a correction for the centrifugal pumping through the

tubes and channels between the Scanivalve and each pressure
tap [3]. It can be seen in Fig.7 that the blade is operating well
at this condition since the chordwise pressure distribution is
fairly flat at each radial station. Some evidence of a leading
edge vortex can be seen at radial stations 10 and 13 but this
probably affects the performance very little.
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8. Results and Discussions

For the numerical simulation the flowfield around the SR-7L
Prop-Fan is calculated through the analysis described in 2
to 6. In this calculation the numerical results and the ex-
perimental data are compared with each other at the Test
Condition No. 8. As described in 7, free stream Mach num-
ber is 0.5, advance ratio is 3.055, and blade twisted angle at
three quarter of the blade tip radius is 54.95 degree.

The experiment was conducted by using 2 bladed Prop-
Fan model, however, the calculation is performed for 8 blades.
Table 1 shows that the power coefficient of the experiment is
Cp = 0.360 £ 0.020, but for the 8 bladed Prop-Fan, this value
should be increased 4 times, i.e. Cp = 1.440 + 0.080.

Space for the computation is taken as follows: the inflow
and outflow boundaries are located at 5 tip radii for upstream
and downstream direction, respectively, and the outer bound-
ary is 2.5 radius in the radial direction. A total of 101 points
in the axial direction, 30 points in the radial direction, and
31 points between adjacent blades in the circumferential di-
rection were used for the calculations. On the blade 61 points
in the chordwise direction and 16 points in the spanwise di-
rection were used.

The blade should be deformed due to centrifugal loads
during operation in the experiment. In the calculation such
deformation was considered in its geometry parameter distri-
butions shown in Fig.2.

Pressure distributions on the blade at 4 stations (Radial
Stations 1, 3, 5, and 10 in Fig.6) are compared between the
calculated and experimental values in Fig.8. The lines of
the calculated distribution are coincident with the pressure
tap lines in the experiment. The computed power coefficient
is, Cp = 1.734 while the experimental result is Cp = 1.440 £
0.080, and the computed net efficiency is 0.730. The computed
power coeflicient is relatively different from the experimental
one, however, some measurement error might occur in the
blade twisted angle 54.95 degree. Therefore, including this
fact, this value shows a good agreement.

At the Radial Station 1 the computed pressure distribu-
tion is different from the experimental values. This is due
to the cascade effect in the numerical calculation. The flow
velocity is accelerated in the narrow pathway between the
blades, while no such effect occurred for 2 bladed Prop-Fan.
At the Radial Stations 3, 5, and 10 the computed pressure dis-
tributions agree with the experimental values approximately.

Isobars on the camber and face sides of the blade are
shown in Fig.9. Steep change of the pressure is seen near
the leading edge on the camber side. Since the flowfield is
subsonic everywhere, consequently no shock is observed on
both sides of the blade.

Vector plots of the flow velocities just after the trailing
edge are depicted in Fig.10. Tip vortex from the blade is
clearly seen in this figure.

By the present calculations it can be said that approx-
imate agreement of the power coefficient and the pressure
distributions on the blade between the calculation and the
experiment shows the validity of the present Euler Code to
the aerodynamic design of the Prop-Fan.

However, the comparison was done for only one Test
Condition 8, therefore, the calculation must be performed
for other Test Conditions and compared with each experi-
ment. Particularly, for the higher Mach number Test Condi-
tion (Test Condition No. 12) the present Euler Code must
be valid because the TVD scheme used in this analysis is
excellent to capture shock wave accurately.

Furthermore, the numerical analysis to the aerodynamic
design of the Prop-Fan must be accomplished by the Navier-
Stokes analysis which can afford applicability to the takeoff
conditions (Test Condition Nos. 2 and 6). However, it must
be very difficult due to the lack of good turbulence model.

9. Concluding Remarks

In order to verify the applicability of the Euler Code to
the Prop-Fan aerodynamic design, the flowfield around the
8 bladed SR-7L Prop-Fan at freestream Mach number 0.5
was calculated. The algorithm used in the present analysis
was the TVD scheme which is excellent in shock capturing.
Furthermore, an ADI algorithm was adopted together with
the TVD scheme.

The calculated values were compared with the experi-
mental data which were got by the wind tunnel tests in the
S1-MA Large Wind Tunnel at the Modane-Avrieux Aerother-
modynamic Test Center (ONERA) in France. The important
point in the verification is agreement of both results not only
in the integrated performance indices, such as power coeffi-
cient, net efficiency but also in the pressure distributions on
the blade surfaces.

The computed power coeflicient by the present analysis
(Cp = 1.734) shows relatively good agreement with that by
the experiment (Cp = 1.44040.080) including the measurement
error of the blade twisted angle. The computed pressure dis-
tributions on the blade surfaces also show good agreement
with those of the experiment.

The validity of the present Euler Code to the aerody-
namic design of the Prop-Fan is verified for this case, how-
ever, other Test Conditions, such as higher Mach number
condition, takeoff condition, are expected to be compared
with each other. In order for this purpose, an extension to
Navier-Stokes Code from the Euler Code must be required
for the latter case.
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Table 1 Wind tunnel test conditions.

PRESSURE COEFFICIENT, .,

PRESSURE COEFFICIENT, ¢,

M J B8 Cp N
Condition | Mach | Advance Ratio | Blade Angle | Power Coefficient | RPM
No. No. *1.00° +.02 +10
1 .01 .08 13.80° .079 1200
2 .02 14 16.70° 093 1200
3 .02 .15 18.78° 152 1200
4 .03 .18 21.60° .204 1200
5 .20 .88 25.65° .098 1665
6 .20 .88 30.40° 251 1651
7 .50 3.065 57.51° .649 1188
8 .50 3.0585 54,95° .360 1190
9 .50 3.083 50.86° .108 1185
10 .60 3.066 54.98° .226 1436
11 .70 3.055 55.00° .229 1685
12 .78 3.07 64.97° 223 1840
13 .78 3.20 54.98° Jg12 1782
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Fig.8 Comparison of pressure distributions.



camber side face side

Fig.9 Isobars on blade surfaces.

Fig.10 Vector plots of flow velocities.
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