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Summarz.

An outline is presented of a computer code, used for the prediction of
quasi~steady and unsteady aerodynamic characteristics of rotor blade sections
in oscillatory and linear pitching motions. The code, named ULTRAN-V, is based
on unsteady transonic small perturbation theory, coupled in strong interaction
with an usteady version of Green's lag-entralnment method for a turbulent
boundary layer. Results are compared with experimental data for the NACAOQD12
airfoil and for actual rotor blade sections. Provided that the stall behaviour
1s not dominated by leading edge separation, a reasonably accurate prediction
of quasi-steady and unsteady ailrfoll characteristics up to stall conditions is
cbtained. '

1. Introduction

An important aspect of rotor aerodynamics is the influence of viscous
phenomena on rotor blade loading., A theoretical prediction of these effects is
difficult due to the three-dimensional, unsteady and periodic subsonic-
/transonic nature of the flow. In practice these effects are often accounted
for in an approximate way using two-dimensional viscoua blade sectiom data, in
combination with 3-D inviscid rotor aerodynamics prediction methods. For aero-
dynamic rotor design and analysis there 1is a strong need for efficient compu-~
tational methods to predict these 2-~D sectional properties. At separated flow
conditions, methods based on the Navier-Stokes equations are capable to give

"the most realistic prediction of these properties. Although the application of
such methods on a routine basis is becoming increasingly attractive in view of
the growing performance of nowadays computers, there still remains a continuing
interest in less sophisticated computer codes which can generate relatively
quick, inexpensive solutions, usually at the price of lower accuracy. Typical
examples are computer codes based on transonic small perturbation (TSP) theory
coupled with boundary layer methods, which are efficient tools to predict boun-
dary layer effects on unsteady airloads (Refs., 1 to 4}.

The present paper deals with the applicability of a computer code in the
latter category, named ULTRAN-V.* The code has been applied extensively to
predict steady and unsteady aerodynamic characteristics of airfoil sections,
including maximum 1ift., Recently also experience has been obtained in European
industrial helicopter projects. The code is based on a 2-D unsteady TSP method
and an integral method for the unsteady turbulent boundary layer. A strong
interaction coupling procedure allows the computation of attached as well as
separated flow,

*) The computer code has been developed under contract with the Netherlands

Agency for Aerospace Research NIVR.
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The present version of the code has been developed at NLR in various stages,
starting from the NASA~Ames code LTRAN2 (Ref. 5) which was based on low
frequency TSP theory. The aim of this development originally was to improve the
prediction of unsteady airlcads on oscillating transonic wing sections for
aeroelastic analyses, by taking into account boundary laver effects. Results of
an earlier version (LTRANZ-NLR)} of the present code with Green's lag-
entrainment method for the steady turbulent boundary layer (Ref. 6) were
reported in Refs. 7 to 9.

Besides an improved prediction of unsteady airloads in attached flow, the code
also appeared to give reasonably accurate predictions of maximum 1ift (Refs. 9,
10). In order to improve the predictions of strong unsteady viscous effects,
the present version of the code has been developed which includes a fully
unsteady model for the inviscid flow and the turbulent boundary layer.

In the present paper an outline is given of the ULTRAN-V code. The
applicability and limitations of the code for rotor blade sections are
demonstrated by examples of computed subsonic and transonic, attached and
separated flow characteristics of 2-D airfoils at constant pitch rate and in
harmonic plitching motion. Computed quasi-steady and unsteady airloads,
including maximum lift coefficients, are compared with experimental data for
the NACAQC12 airfoil (AGARD test cases) and for realistic rotor blade sections.
Because modifications to obtain a fully time-accurate coupling procedure in the
ULTRAN~V code were not completed yet at the time of the present applications,
the results presented here have been computed using the semi-time-accurate
version,

2. Computational method,

2.1. Inviscid outer flow

The ULTRAN~V code computes the development of two-dimensional unsteady
subsonic or transonic flow about an airfoil in steady or unsteady motion. The
inviscid outer flow method is a modified version of the NASA-Ames code LTRANZ
(Ref. 5). The present version is based on the unsteady transonic small
perturbation equation for the velocity potential, which 1is solved on a
rectangular grid using an Alternating Direction Implicit method. The flow
equation 1s given by:

M2 (yR1 M2 e - = 1
{l1-M- (v +1)Mmcpxlcpx}x+<pzz Mo MO =0 (1)

where Y*=2-(2—Y)Mi. The boundary conditions on airfoil z= h{x,t) and wake,
taking into account the displacement thickness effect d=8*(x,t), are given by:

airfoil: ® =h + h +4d +d (2)
z x t x t
wake Ao =d +d (3
zZ Z X t
A = 4
L@, +9) =0 (4)

Condition (4) results from the requirement that the linearized pressure
coefficient is continuous accross the wake. Boundary conditions upstream and at
upper and lower edges of the computational grid are specified by prescribing
the perturbation potential distribution due to a vortex at the quarter chord
point, having the circulation G of the airfoil:
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@ = p(G) (5)

At the downstream boundary the condition is

¢_ =0 (6)

Instantaneous lift and moment (positive nose~up) coeffients C and C are
computed by integration of the instantaneous pressure coeffictent ¢ Tover the
airfoil surface. C_ is determined using the full potential expressign,
neglecting the conPribution of the w, term. This choice has appeared to give
the best agreement of inviscid resulfs with full potential theory. The drag
coefficient C, is derived from the boundary layer momentum thickness in the far
wake, At transonic flow conditions, C, is increased by the shock wave drag.
This drag is determined approximately, using normal shock relations for the
local Mach numbers upstream of the shock points. The finite differemnce
approximations and the numerical solution technique are largely similar to that
of the original LTRANZ code. Main modifications concern the addition of the
term in Eq.(l) following Ref.(ll), implementation of the Engquist-Osher sonictt
and shock-point operators following Ref.(l2) and modification of the z~sweeps
of the ADI method. In the ADI method, at each time step a prelimimary solution
p(x) is computed in x-sweeps for all grid lines z= constant, using the "old"
boundary conditioms of the previous time level, In the subsequent z-sweeps the
final solution ¢(z) is computed for all lines x= constant in a downstream
marching procedure, using the boundary conditions wvalid for the new time level,
For each streamwise station, a z-sweep involves the solution of a tridiagonal
system of linear equations for the new potential ((z). In the ULTRAN-V code the
z—sweep 1g reorganized such that it can be interrupted on airfoil surface or
wake, In such a point the z-sweep yields coefficients a and b of a linear
relation between the new potential and the local boundary condition:

= * *
@ =a+b(h +h +sk +¢§*) (7

In case of inviscid flow (§*=0) or weak interaction coupling procedure

(6* computed at a previous time level) the right hand side of Eq.(7) is known,
and the z-sweep can be completed., In the strong interaction procedure, however,
¢ and §* have to be computed by simultaneous solution of Eq.(7) and the
boundary layer equations (Section 2.2). To prepare for this solution. Eq.(7) is
recast in the following form using finite difference approximations to the
veloelty gradient ux - and to the derivatives 5*x and a*t:

(8)

u, = ¢y + c2.5;
This equation has the same form as used for the steady bounary layer. It can be
considered as an inviscid "interaction law", which is needed to allow
integration of the boundary layer equations wihout numerical problems at
separation, discussed in the next section.

After computation of u, and g§*, Eq.(7) can be solved for ¢ and the z-sweep is
completed like in inciscid or weak interaction computations.



2.2 Boundary layer and wake.

The initial part of the boundary layer is computed using a compressible
flow version of the laminar boundary layer method of Thwailtes (Ref.l12) and the
transition prediction method of Granville (Ref.l13). The turbulent boundary
layer and wake are modeled according to a modified version of Green's
lag-entrainment method. The modifications concern extension of the shape factor
relation H, (H) to separated flow (Ref.7), the strong interaction formulation
and the unsteady formulation of the turbulent boundary layer. The objective of
the latter modification was to improve the prediction of the bounary layer
effect at unsteady separated flow conditions, The capability of such strongly
interacting inviscid-flow/unsteady boundary layer methods has been demonstrated
by Le Balleur (Ref.l). The turbulent boundary layer equations used in the
ULTRAN-V code can be written in terms of entrainment coefficient C_, momentum
thickness 8, displacement thickness 6%, gskin friction coefficlent E and shape
factors H, and B as follows (dimensional quantities scaled by chord and free
stream quantities):

1 = 1
entraimment : EG [D(Hl + H)93t+ o (puﬁle)x - CE 0 (9)
L (ofio L 29 & Ly + e: 0 (10)
momentum e (oH )t+ Eﬁz(pu ) 5 ( 5 Ye ux) 5

1 1

a(Cple * (Cgly ~ f5m £(Gug +u) =0 (11)
Here u and p are velocity and density at the edge of the boundary layer. The
unsteady entrainment and momentum equations were derived in a straightforward
way, starting from the 2-D unsteady compressible turbulent boundary layer
equations. Apart from the time derivatives the above equations correspond to
Green's lag-entrainment method.

For the closure relations the steady formulation was maintained. In the steady
method, prior to integration, Eqs (9) to (11) without time derivatives were
recast in the following form (Ref.3):

lag equation:

* = 12

s X fl + f2 Uy (12)

= 13

o =f,+f, u (13)

= 14

(CE)x f5 + f6 u, (14)
The coefficients f. to f, are functions of boundary layer and edge flow

quantities, which éave tg be determined bij integration of Eqs. (12} to (l4). Im

the steady method a 2nd order accurate Runge-Rutta method is used. Because this
steady formulation appeared to be very well suited for a strong interaction
procedure, for the present unsteady method the same form (12) to (14) was
derived from Egs.(9) to (11). In addition to the closure relations and a one-
dimensional isentropic flow relation for the demsity, this also required
elimination of the time derivatives using finite difference approximations to
time and space derivatives. As a result the integration method for the steady
boundary laver could be maintained.
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In the case of attached flow, Eqs. (12) to (14) can be integrated on
airfoll and wake directly for prescribed velocity distribution. However, near
separation the coefficient f, in Eq. (12) becomes infinite and changes sign,
which inevitably leads to a bGreakdown of direct integration. In order to avoid
this numerical problem, Eq.(l2) is recast in the following form:

= *
ux dl + d2.<5 . (15)
Here d; = 1/f_ becomes zero near separation. By adding the interaction
law Eq.(8), 6* and 4 can be computed simultaneously, provided that c. #d.. In
practice this Conditon appears to be guaranteed in general for attached afid
separated flow using a central difference approximation to u .
b4

2.3 Coupling procedure and iteration process.

The coupling procedure and iteration process of the ULTRAN-V code are
gshown schematically in Fig.l. At each time step a weak interaction coupling
procedure is applied for the initial laminar and turbulent part of the boundary
layer up to a station x__. Downstream of this station the strong Interaction
procedure is applied foE turbulent boundary layer and wake.

Before beginning a new time step, the initial part of the boundary layer up~
gtream of X, is computed in direct mode, for given velocity distribution from
the previous time level. After performing th x-sweeps, for the subsequent
z-sweeps up to the station x ., the boundary conditions are updated using the
displacement thickness distr?éutien computed In direct mode:

ntl = Fon n
dx,t = rﬁx’t + (1-r) d X, t (16)

Here r 1s a relaxation factor which iIn the present applications has the value
r=0.5, and n indicates the previoug time level.

Downstream of x 1 the displacement thickness 1s considered as unknown, and the
strong-interact?on procedure is carried out. By simultanecus solution of
Eqs.(8) and (15), the singularity encountered in direct mode is now generally
avoided. Solution of Eqs.(8) and (i15) and subsequent integration of the
boundary layer equations requires an iteration process, in which the
coefficients d. and d, are updated until convergence. Finally the potential ¢
at the new time level®is computed using Eq.(7}, and the z-sweep is continued
until the next streamwise step. In the present computations, a relaxation
factor r=0.5 has also been applied in the strong-interaction region. Because
the z-sweeps are carried ocut in a downstream marching process, the central
difference approximation to u_ contains an "old" downstream value of the
potential., As a result the £f18w solution is not fully time-accurate, unless an
additional iteration process (Fig.l) is carried out to update the downstream
potential and, consequently, the coefficient c¢. in Eq.(8). At present the fully
time-accurate iteration process is being compléted and tested. In the present
computations this option has not yet been applied., Both due to the relaxation
factor r=0.5 and the non~iterative z-sweeps the results presented in the
following sections are not fully time-accurate, However, because the essential
effects of the unsteady boundary layer are modeled, dynamic effects can be
expected to be predicted more accurately than using the steady boundary layer
model.
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The above coupling process allows the computation of attached and
separated flow in a natural way, without any special modeling of strong
viscous/inviscid interaction at shock-waves, trailing edge, and separation or
reattachment points. Taking into account the effect of the boundary layer and
wake in the present computations increases the computational effort by about
507 as compared to an inviscid computation. In fully time accurate mode this
increase will be considerably larger.

3. Computations and results.

3.1, NACAOO12 airfoil (AGARD test cases).

In order to verify the applicability of the present method for typical
rotor conditions, two types of AGARD test cases (Ref.l5) were selected.
Experimental data were obtained by ARA. The first type is an oscillatory
piching motion about 0.25 chord, at a reduced frequency based on semi-chord
k=0.081. Amplitudes are & = 2.44 and 5 deg about a mean incidence of
Gma 4.86 deg. The nominal®Mach number is M=(3.57 and Reynolds number is
Re=4.6*%10" based on chord length. The second type is a linear pitching motion
over an incidence range from 0 to 15 deg approximately. In addition to pitch
rates of 425 and 1380 deg/s (AGARD cases CT 7 and 8) also an almost quasi-
steady motion was considered,

The oscillatory pitching motions were computed during four cycleg of
motion, at the effective Mach number M=0.6 and Reynolds nuber Re=4,8%10°. A
downstream limit of transition was prescribed at 0.1 chord., All computations
were carried out onm a 79%58 grid with 2%33 points on the airfoil, and taking
120 time steps per c¢ycle. In all cases the unsteady boundary layer model was
used on the airfoil; in the wake the steady model was used. As discussed in
section 2.2 in all cases the z-sweeps of the ADI method were carried out only
once per time step.

A comparison of the computed 1ift and moment coefficients with experi-
mental data is shown in Fig.2. In both cases the 1ift coefficient is rather
well predicted. At the lower amplitude the upper sharp edge in the C, loop is
associated with the temporary presence of a small region of separated flow at
the foot of the shock wave, as Indicated by the skin friction distribution not
shown here. Taking into account the formal limitations of the code, the realis-
tic prediction of the dynamic stall lcop at the larger amplitude is surprising.
The predicted moment coefficients are somewhat less accurate, but show a rather
similar behavior in particular at the lower amplitude. The qualitative disa-
greement in C_ near the maximum angle of attack is due probably to the effect
of unsteady vOrtex flow, which is not modeled in the present method. Correspon—
ding distributions of computed pressure, skin friction coefficient and displace-
ment thickness during the fourth cycle are shown in Fig.3 for the larger ampli-
tude. The pressure distributions show the development of a shock wave, causing
flow separation at the larger angles of attack. In the down stroke the flow
reattaches and becomes subsoniec again. The skin friction coefficilent C_. indica-
tes the development of a shock~induced separation bubble, followed by a second
separation at the trailing edge. In the down stroke, the flow reattaches sud-
denly, which explains the temporarily constant lift coefficient at decreasing
angle of attack (Fig.2). With the development of the flow separation, the dis-
placement thickness shows a strong increase until a maximum of 9% chord at the
beginning of the down stroke. The jump at the shock wave is clearly visible.
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The computations for the linear ramp motions were carried out at the
same flow conditions, using the same configuration of the computer code. The
quasi-steady motion was approximated by an unsteady motion of 100 deg/s. In all
cases the same time step size of 0,2 chord was take, which gives a consistent
basis for comparison of the ramp motion results,

The computed lift and moment coefficients are shown in Fig.4, in
comparison with the ARA experimental data. The development of the 1lift
coefficient with increasing incidence 1s predicted reasonably well up to and
including maximum 1ift, The effect of rotational velocity, which yields a
higher maximum 1ift is also well predicted. At higher angles of attack,
however,the computed 1ift guickly decreases slgnificantly below the
experimental values,

The moment coefficients are predicted with less accuracy, in particular
at the higher pitch rate. More insight is obtained by comparing the time his-
tory of computed and measured pressure distributions, shown in Fig.5. The
development of measured pressures up to about 9 deg is approximately similar to
the computed results up to about 11 deg. The predicted downstream motion of the
shock wave seems to be retarded, and the leading edge pressures are reaching
too high values compared to the experimental data. The latter observation is
rather common for TSP results. At higher angles of attack, the shock wave is
forced upstream due to the interaction with the separating boundary layer. The
measured upper surface pressures show a wavy behavior, which may be associated
with the effect of vortices separating from the leading edge, or with secondary
shock waves, These phenomena are not predicted by the present method. At
maximum angle of attack the flow is fully separated, and the pressure
distributions are rather similar, except for a difference in level on the upper
side. In contrast, the lower surface pressureas are predicted very well for the
complete range of incidences.

The sbove observations indicate that the present method can be a useful
tool to predict unsteady 1ift at separated flow conditions. The prediction of
moment coefficlents and pressure distributons in the present examples, however,
is less accurate. This indicates a limitation of the present theory for the
prediction of leading edge separation., It is not known, to what extent wall
interference effects contribute to the observed (dis)agreement between
experimental and theoretical data.

3.2. Quasgi-steady characteristics of blade sections

In this section some results are presented of the application to a
representative family of helicopter blade sections. In order to calculate
2D-1ift curves a quasi-steady approach has been used, in which unsteady terms
in boundary layer and boundary conditions were switched off. The calculation
procedure starts with a 2D-profile at a negative angle of attack and rotates at
a constant (small) pitch rate to its maximum value well beyond C ax This
procedure uses less computer time, as compared to steady calcula&?oné, whereas
the effect on maximum 1ift i1s rather small. It is possible to obtain "steady"
values by extrapolation using different pitch rates.

In order to categorize helicopter profiles, use is quite often made of
the maximum-1ift coefficient at M = 0.40 (which is an iImportant parameter for
maneuver conditions), versus the grag divergence Mach number (M a- which is an
important parameter with respect to forward flight conditions ag high speeds).
When characteristics of various helicopter blade sections are compared, use is
quite often made of data obtained from different windtunnel tests.
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With the ULTRAN-V code the possibility exists to create a theoretical data base
for various airfoils, without differences often present in windtunnel condi~
tions (Reynolds numbers, wall interference effects),

In Figure 6 the calculated lift-curves are presented for a "family" of
profiles in comparison with measured values for C This "family" of pro-
files has been developed for helicopter applicatio%gxby Aerospatilale and ONERA,
and the difference between these profiles (0A 309, 0A 312 and OA 313) is mainly
a thickness variation. A fairly good agreement exists between the predicted
C and test-data.

For the same profiles drag at zero 1ift conditions is presented, in Fig., 7 as a
function of Mach number. From the drag curves M,  can be obtained using the
definition that M.,  is the Mach number for whicgddc /dM_ = 0.1. Again the wind-
tunnel results are added, indicating a good prediction.

3.2. Unsteady characteristics of RAE 9645 airfoil

RAE 9645 1is one of the BERP main rotor blade airfoil sections (Ref.16).
It represents an advanced high performance blade section. The thickness/chord
ratio 1s 12%Z, The airfoil exhibits very good low speed high lift characteris-
tics and reasonable high Mach number performances. Dynamic tests have been per-
formed at ARA (Bedford) and test results have been reported by P.G. Wilby
(Ref.17), Ramp motion characteristics have been calculated with the ULTRAN-V
code and some of the low speed results will be discusased below,

For M_ = 0.3 calculated and measured results are compared in figures 8,
9 and 10. Figure 8 compares C,-Alpha dnd C_-Alpha curves at low pitch rate, and
reasonable correlation is found up to the %oint of gross flow separation,
Results at high pitch rate are shown in Fig. 9. In this case the computations
fail to predict the strong overshoot in C,, probably because vortices separa-
ting from the leading edge are not modeleé in the present theory. In Ref, (16)
it is concluded that, most probably, the RAE 9645 stall behavior at low pitch
rates is triggered by a rear separation while at a pitch rate of 1200 deg/sec
this rear separation is suppressed and the leading edge pressure distribution
becomes the stall trigger. Finally Fig.(10) compares predicted and measured
angles for moment break as function of pitch rates and a reasonable correlation
is found for moderate pitch rates,

From this example it 1s concluded that dynamic airfoil characteristics
are reasonably well predicted as long as rear separation triggers the stall
behavior, Due to the nature of the TSP method and due to the lack of modeling
vortex shedding effects, correlation becomes increasingly poor for conditions
at which leading edge separation determines the unsteady characteristics., At
the same time the RAE 9645 results show that rear separation might play a
significant role in the dynamic behaviour of advanced rotor blad sectioms. Then
the application of the ULTRAN-V code may be useful to support interpretation of
airfoil characteristics and to obtain insight into (some of) the flow pheno-
mena,
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4. Concluding remarks.

Using unsteady transonic small perturbation theory coupled in strong
interaction with an unsteady boundary layer method, an efficient prediction of
subsonic and transonic aerodynamic characteristics can be obtained for rotor
blade sections in quasi-steady and unsteady motion.

The predicted effects of pitch rate, amplitude, and airfoil thickness
agree reasonably well with experimental data provided that incipilent stall is
not dominated by leading edge separation., Further investigation 1s neccessary
to establisch the accuracy of the fully time accurate version of the present
code.

Because the applications considered are well outside the formal range of
applicability of the theory used, the accuracy can be expected to depend on the
type of airfoil and flow conditions. Consequently, interpretation of results
for new airfoils should preferably be supported by verification of the code for
comparable known airfoil and flow conditioms,
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Fig. 6 Calculated lift curves
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Fig. 7 Calculated drag curves showing drag-
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