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RESEARCH ARTICLE

A simple solution method for the blade element momentum
equations with guaranteed convergence
S. Andrew Ning

National Renewable Energy Laboratory, Golden, CO, 80401

ABSTRACT

The blade element momentum equations, though conceptually simple, can be challenging to solve reliably and efficiently

with high precision. These requirements are particularly important for efficient rotor blade optimization that utilizes

gradient-based algorithms. Many solution approaches exist for numerically converging the axial and tangential induction

factors. These methods all generally suffer from a lack of robustness in some regions of the rotor blade design space,

or require significantly increased complexity to promote convergence. The approach described here allows for the blade

element momentum equations to be parameterized by one variable: the local inflow angle. This reduction is mathematically

equivalent, but greatly simplifies the solution approach. Namely, it allows for the use of one-dimensional root-finding

algorithms for which very robust and efficient algorithms exist. This paper also discusses an appropriate arrangement

of the equation and corresponding bounds for the one-dimensional search—intervals that bracket the solution and over

which the function is well-behaved. The result is a methodology for solving the blade element momentum equations with

guaranteed convergence and at a superlinear rate.
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NOMENCLATURE

@ local angle of attack (¢ — 6)

Yi parameters used in Glauert/Buhl correction
K nondimensional axial parameter

K nondimensional tangential parameter

Ar local tip-speed ratio

Q rotor rotation speed

10} local inflow angle

o’ local solidity (Bc/(2nr))
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Guaranteed Solution of the BEM Equations A. Ning

0 local twist angle

a axial induction factor

a tangential induction factor
B number of blades

c local chord

cd drag coefficient

c lift coefficient

Cn normal force coefficient
Cr thrust coefficient

ct tangential force coefficient
F tip/hub loss factor

f(9) residual equation

fpre(¢)  residual equation simplified for the propeller brake region

r local radial position
Re Reynolds number
U freestream velocity
w local inflow velocity

1. INTRODUCTION

Blade element momentum (BEM) theory is still heavily used in wind turbine conceptual design and initial aerodynamic
analysis. It combines a control volume conservation of momentum analysis with a blade sectional analysis [1-3]. Various
additions have been used to augment BEM theory and account for neglected physics, such as the effect of a finite
number of blades and skewed wakes. However, the fundamental methodology remains largely the same between various
implementations. Except in a few restrictive cases, the BEM equations require a numerical solution. The most common
approach is to form the BEM equations as a function of two variables, the axial and tangential induction factors, and
solve the fixed-point problem (a,a’) = f(a,a’). This equation is solved through an iterative approach, typically a simple
fixed-point iteration scheme or Newton’s method. A related approach is to use numerical optimization to minimize the
sum of the square of the errors in the induction factors (or in the axial and tangential forces). This can be more robust, but
generally converges much slower than a quadratically convergent method like Newton’s method.

Recent publications highlight the still existing difficulties in solving the BEM equations. McWilliam and Crawford
compared Newton’s method to fixed-point iteration using a simplified form of the BEM equations that only included the
axial induction factor. They showed that Newton’s method was consistently more effective than fixed-point iteration [4].
However, even with Newton’s method they demonstrated that every airfoil tested failed to converge in small regions of the
design space. Masters et al. proposed a method that combines an initial Monte Carlo simulation with sequential quadratic
programming [5]. This approach is more robust, although it is still not guaranteed to always converge and is certainly more

computationally complex. Maniaci investigated sources for the convergence issues in the National Renewable Energy
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Laboratory (NREL) BEM code WT_Perf [6]. He demonstrated that the singularity that exists at an axial induction factor of
a = 11is a cause of convergence difficulty, and developed a heuristic smoothing approach that maintains continuity. Since
that modification was incorporated, WT_Perf has undergone continual improvements in robustness [7], but the complexity
has increased tremendously and still results in occasional convergence failure reports from its users [8]. Figure 1 diagrams
the current convergence strategy in WT_Perf, which relies on a complicated combination of Newton’s method, a one-

dimensional bounds search, binary search, and careful management of bounds.

use Parameters y
use ProgGen —< Converg ~——— Skew correction
use WTP_Data ~L
l - nl CALL GetCoefs
Declaiauons reset induction l
I . IConverg &  REtUIN
Initialize induction vars "< Max: fe,
— 1 CALL FindZC C CALL NewtRaph reset induction
Initial guess (AxInd / TanInd) l l
n

CALL NewtRaph
CRELLAD) ZFound Converg CALL BinSearch

h v]
AxIndLo = AxInd - 1
AxIndHi = AxInd + 1

\Converg &
< Maxlter

= n
AxIndLo =-0.3 CALL BinSearch ¢——<_ Converg

AxIndHi = 0.6
\

Skew correction

n Se
Converg ~——| CALL BinSearch 2}323;‘: _ 53 1
vl CALL ietCoefs
n _
Converg ~—— CALL BinSearch ﬁﬁﬁz;? - 2559 Return

2%
y
Converg ~—— Skew correction — CALL GetCoefs — Return

|

CALL BinSearch

!

y
Converg —~——— Skew correction — CALL GetCoefs — Return

|

Return

AxIndLo = -1.0
AxIndHi = 2.5

Figure 1. Flowchart of the complex convergence strategy currently used in WT_Perf [7].

While failure to find a solution in certain cases may only be an inconvenience for analysis sweeps or rotor optimization
using direct-search algorithms, robustness in solution convergence is critical for other applications such as rotor
optimization using gradient-based algorithms. This paper presents a simple yet guaranteed to converge method to solve the
BEM equations. This is accomplished by converting the two-variable, two-equation fixed-point problem into an equivalent

one-variable, root-finding problem for which robust algorithms already exist.

2. ONE EQUATION

The main goal of this paper is to reduce the two equations developed from BEM theory into one equation. Equation
reduction is a commonly used technique when seeking an analytical solution, but for a large set of equations that are
solved numerically, there may not be any advantage to doing so. However, reducing a set of two nonlinear equations to one
equation is enormously beneficial. Solving one-dimensional problems is much easier than solving n-dimensional problems

(even if n is only two). The key to this reduction is that although two unknowns are always required to specify the inflow
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conditions, a great simplification in procedure is possible if the local inflow angle (¢) and the magnitude of the local inflow
(W) are used as unknowns, rather than the traditional axial and tangential induction factors. Because of the dependence
between the variables, this choice allows for a simplification in the solution procedure, whereas using the induction factors
does not. If one of the induction factors is used as an unknown, then the local inflow angle cannot be updated without
first computing the lift and drag coefficients. However, the lift and drag coefficients are functions of the local inflow angle,
thus creating the need for an iterative solution method. Instead, if the local inflow angle is chosen as an unknown, the lift
and drag coefficients can be updated without any knowledge of the induction factors. An overview of the algorithm is as

follows:

1. Specify the local inflow angle

Compute the local angle of attack

Estimate the lift and drag coefficients

Rotate to rotor plane (compute normal and tangential force coefficients)
Compute the induction factors

Check the error in the governing equation

NS n kL

Try another value of the local inflow angle until the residual approaches zero (using a root-finding method).

The first four steps are straightforward and follow those of the standard method—except for one small potential
modification that is discussed in Section 4.1. The fifth step is to estimate the induction factors from the normal and

tangential force coefficients. Following the typical procedure, we equate the local thrust coefficient of an annulus of the

o — 1-a\? , o
= sin ¢ en@

to that predicted by momentum theory (with a hub/tip loss correction added)

rotor predicted by sectional theory

Cr =4a(l —a)F @)
We then solve for the axial induction factor é)
K
= 3
“9) = T4 o @
where & is a convenience parameter defined as
a'cn(9)
=——5— 4
w(¢) 4F () sin? & @

Note that the induction factor is strictly a function of ¢. Of course momentum theory is not applicable across all induction
factors. If we let 5 represent the maximum value of the induction factor for which momentum theory is valid (typically
between 0.3-0.5 [9]), then equation (3) is valid only for —1 < k < 8/(1 — 3).

For axial induction factors between /3 and 1.0, momentum theory is invalid and empirical formulas must be used (e.g.,
Glauert’s method). Because one of the goals of this methodology is to allow for use in gradient-based optimization,” the
standard Glauert correction is not sufficient when tip/hub loss corrections are used. Buhl [9] derived an approach that
maintains C'* continuity between momentum theory and the empirical correction for cases with tip/hub loss corrections.

The thrust coefficient in this range is given by

_ (99 _ 2 (40 8
CT_(9 4F)a (9 4F>a—|—9 Q)

*If allowing gradient-based optimization is desired, then the lift and drag coefficients should also be parameterized with C'* continuity. This is typically achieved using
spline interpolation in one, two, or three dimensions (i.e., angle of attack, Reynolds number, and thickness-to-chord ratio).
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Note that the coefficients reported in Buhl’s derivation were for an assumed value of 8 = 0.4, although the derivation could
be generalized to allow for an arbitrary transition location between the momentum and empirical regions. Including this
generality does not affect the conclusions of the following derivation, but it does make the equations more cumbersome.
For simplicity, the remainder of the paper uses Buhl’s correction with 5 = 0.4. It is important to note that the following
derivation is only an example and the methodology is not restricted to this particular correction choice. In fact, any
description of the axial induction factor can be used as long as it can be parameterized as a(¢).

Similar to the momentum region, equation (5) is equated to the thrust coefficient predicted by section analysis (1), which

yields after simplification

Y1 — /Y
a(p) = —¥2 ©)
Y3
where
T =2Fk — (% —F), 7252F1~;—F(§ —F), v3 = 2Fk — (%5 —2F) (@)

This form of the thrust coefficient is valid for 0.4 < a < 1.0 (x > 2/3). Care should be taken to avoid the point singularity
where the denominator is zero (k = 25/(18F') — 1). For that value of «, the numerator is also exactly zero and the
expression is indeterminate. However, if a small number (e.g., 1 X 107°) is added or subtracted from & for this case, then
the predicted value for a(¢) remains finite and introduces negligible error.

The final potential region of interest is for induction factors larger than 1.0, the so-called propeller brake state (see

Figure 2). In this region, momentum theory is used with a change in sign

Cr =4a(a—1)F ®
and equating this with sectional theory (1) and solving for a yields

a(¢p) = —~—— ©)

which is valid for £ > 1.

20 I I I I I
irical
15l empirical —s
1.0F
N
AN
<& 0.5F momentum \
(windmill) \
oO0OF-fp--—-=-=-=-=--- Mo -
momentum propeller
—0.5}f /< (propeller) brake A
-1.0

-0.20.0 0.2 04 0.6 0.8 1.0 1.2 1.4

a

Figure 2. Variation in thrust coefficient with the axial induction factor.

The calculation of the tangential induction factor follows the same procedure by equating torque predicted by

momentum and sectional theory. The result is the standard one (but written with a variable substitution for simplification
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and to parallel the previous derivation)

/ _ Hl(d’)
a(¢) = T— (@) (10)
where , - e )
K(¢):4Fsin¢cos¢ an

Now that the induction factors are specified as functions of the local inflow angle, we can relate the three variables using

the geometric relationship between them (Figure 3)

l1—a

tan¢ = 7(1 T a/))\r

(12)
This equation can be arranged many different ways to form a residual function, but not all will lead to a reliably
convergent method. Singularities in the residual function are unavoidable, but it is convenient to have the quantities
(1 —a)and (1 + a’) in the denominator so that singularities occur at the predefined locations: ¢ = 0, 7. These locations
are particularly convenient because they also separate regions where the physics change (e.g., ¢ < 0 corresponds to the
propeller brake region). Note that forcing the singularities to the boundaries, and using the bracketing approach discussed
in the following section, avoids the convergence issues associated with singularities that Maniaci demonstrated in the

traditional two-dimensional problem [6]. A good choice for forming the residual function is

sin ¢ cos ¢

f(o) = (13)

T l-a )\T(l—l—a’):

-
-
-

plane of rotation
Us(l—a)
Figure 3. Inflow parameters for a rotating blade section.

We have now reduced the solution approach of the BEM equations from a two-dimensional fixed-point algorithm to
a one-dimensional root-finding algorithm. Although the derivation here follows a specific parameterization of the axial
induction factor (Glauert/Buhl correction), any method that can be parameterized as a(¢) will result in a one-equation
problem in the same manner. Furthermore, nothing specific to wind turbines has been introduced, and the same fundamental

reduction to a one-equation model can be applied to propellers.

3. SOLVING THE REDUCED EQUATION

The advantage of reducing the problem to one dimension is that very robust and efficient one-dimensional root-finding
algorithms already exist. For example, Brent’s method is one of the best root-finding algorithms for one-dimensional
nonlinear functions. It retains the guaranteed convergence properties of bisection (assuming that an initial bracket is given),
but converges much faster (superlinearly in most cases) [10]. Thus, if we can bracket a zero of f(¢) without including any
singularities in the interior, then we have solved the problem. This task is made easier by the choice of residual function,

which restricts the singularities to the known locations ¢ = 0, £7. Any suitable approach can be used to determine a
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bracket, and the best approach may differ depending on the application. At the very least, a marching algorithm can be
implemented that simply checks for a change of sign. However, this section discusses a more efficient approach where
the bracket is determined a priori. The following discussion is specific to the formulations for the axial induction factor
introduced in the previous section, and is focused on wind turbine applications. Although the specific results of this section
are not generally applicable to other parameterization choices of the axial and tangential induction factors, the approach
is. It is also worth emphasizing that this discussion is of secondary importance compared to the more general conclusion
already stated—namely that the blade element momentum equations can be reduced to a one-dimensional equation.
Guaranteed convergence for the one-dimensional search depends on bracketing a region that does not contain any
singularities in its interior. The residual equation (13) contains singularities at the boundaries between the two solution
regions: the momentum/empirical region and the propeller brake region (see Figure 4). Appropriate brackets for solving

the BEM equations in each of these two regions are explored in the following sections.

Propeller Brake

Qr(l+a)
¢ Uso(l —a)
Momentum/Empirical

Figure 4. Two half-planes for different solution regions. The momentum/empirical region corresponds to ¢ € C(0, 7), and the
propeller brake region corresponds to ¢ € C(—m, 0).

3.1. Momentum/Empirical Region

The momentum/empirical region corresponds to local flow angles in the range ¢ € C(0,7) (note that this is an open
range to prevent evaluating right at the singularities). The vast majority of solutions for wind turbines are in this range, in
particular, most solutions occur in the more restrictive range (0, /2]. Solutions yielding local flow angles larger than /2
are mathematically possible, but do not typically occur as they correspond to locally reversed tangential flow (a’ < —1).
As discussed previously, the axial induction factor can be parameterized by x = o’c,, /(4F sin® $). Figure 5 shows
the range where the different parameterizations of the axial induction factor apply. The propeller brake region does not
apply for the range currently being examined. Note that exploring values of x less than —1 is unnecessary, as a consistent
solution to the BEM equations will not be found in that region (other than the trivial solution ¢ = 0, a = 1, which is always
a solution). This can be understood by observing that if « is negative, then the normal force coefficient must be negative and
thus, by (1), the thrust is negative (since F' > 0). Negative thrust is only predicted by the momentum equation. However,
equations (1) and (2) never intersect for x < 1 (again excluding the trivial solution). This is not to say that negative thrust
solutions (negative from the viewpoint of a wind turbine) are not admitted as solutions to this equation. On the contrary, the
full domain of the propeller region is captured across the range —1 < x < 0. (This curiosity does not occur when using a
physical parameter like the axial induction factor. However, for the mathematically convenient parameter x, not all values

are consistent with the physics.)
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propeller
brake
<—no solution—+—momentum —+——empirical —>
K t +—t
-0 -1 2/3 1 0

Figure 5. The appropriate method for calculating the axial induction factor based on the value of .

There are two possibilities for dealing with the region « < —1. The first is to restrict the search for a bracket in the
region where x > —1. An alternative is to continue using a formulation that does not introduce any artificial solutions. A
convenient choice is to continue to use the standard momentum equation for values of x < —1. This will lead to predictions
of a > 1 (propeller brake state) in this region. Because we have limited our range of ¢ from O to , these predictions are
not consistent with the BEM equations and do not introduce any artificial solutions (an assertion that is proved below).

Figure 6 shows a typical plot of f(¢) across the range (0, /2] (the function f(¢) is usually monotonic or very nearly
so in this range. The possibility of multiple solutions is explored in Section 4.3.) The solution point ¢*, where f(¢*) = 0,
is indicated in the figure. Also noted is point L, which is defined as the location where x = —1 in the range (0, 7r/2]. This
point represents a lower bound on the feasible region. Values for ¢ below ¢, fall in the no-solution region, though we have
chosen to continue using the momentum method in that region for convenience. First, we prove that using the momentum
method in the no-solution region does not introduce any artificial solutions. Next, we demonstrate that the lower limits of
f(¢) are always negative (both at 0 and at point L, because the values for f(¢) between 0 and L are artificial). Finally, we
discuss the location of an upper bound, such that f(¢) is positive at the upper bound and thus brackets a zero of f(¢).

2.0 T T T T T T T

1.5

1.0

0.5

S 0.0
-0.5
-1.0

_2.0 | | | | | | |
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6

¢

Figure 6. Typical variation in f(¢) across the range (0, 7 /2]. The solution point ¢ is shown (where f(¢*) = 0). Point L corresponds
to the point where k = —1, and is a lower bound on feasible solutions. The function values f(¢) for ¢ < ¢, are artificially generated
by continuing to use momentum theory.

Theorem 1
No artificial solutions to the residual equation (13) are introduced by continuing to evaluate in the no-solution region;
provided that the formulation used in this region always produces axial induction factors larger than 1 (which is true using
the momentum method).

fl@)<0 forp e (0,7/2] ifk<—1,a>1 (14)
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Proof
The no-solution region corresponds to
K< —1 (15)

Because x = o’ ¢, /(4F sin® ¢), a negative value for « implies

cn <0 (16)
Using the definition of the normal force coefficient ¢,, = ¢; cos ¢ + cq4 sin ¢ and the chosen range implies

a<0 a7
In turn, using the definition of the tangential force coefficient c¢; = ¢; sin ¢ — ¢4 cos ¢ implies

et <0 (18)

Using these facts, we can determine a bound on «’ in the no-solution region. The inequality x < —1 for the no-solution

region can be expressed as

o —sin ¢

4F sin ¢ Cn

19)

where the direction of the inequality is switched because ¢,, < 0. Then, using the definition of " = ¢’c;/(4F sin ¢ cos ¢)

and the fact that c; is negative, we can bound ' as

—ct sin ¢

K < PRy (20)
Then, equation (17) can be identically expanded to
a (cos2 & + sin® @) + ca(cos ¢psin ¢ — cos psin @) < 0 21)
which can be rearranged as
cos ¢(c1 cos ¢ + cqsin @) < — sin ¢(c; sin ¢ — cq cos @) (22)

Dividing this inequality through by ¢,, cos ¢ and switching directions of the inequality because c,, is negative (16) yields

LSIW <1 (23)
Cn, COS @
and thus from (20) we see that
K <1 (24)

The second term of the residual equation (13) can always be expressed as

_ cosP(1 —w)

v (25)

which for & < 1 will always be negative. The first term of the residual equation, sin ¢/(1 — a), will be negative for any
formulation that results in a value of @ > 1 (e.g., set a = 1.5). However, using the momentum calculation is convenient

because it allows for a smooth variation in a as a function of x, which should generally allow for a more efficient solution
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of f(¢) = 0. The momentum calculation always predicts values of a > 1 for x < —1. Thus, the no-solution region will
always evaluate to
f(@) <0 forge (0,7/2] ifr<-—1 (26)

Because no change of sign in the residual function can occur in the no-solution region using this methodology, no artificial

solutions can be introduced. O
Theorem 2
The value of the residual function at the boundary between the no-solution region and the momentum region is always
negative
f(ér) <0 27

Proof
At point L (see Figure 6), kK = —1. Because sin ¢ is finite at point L, the first term in the residual function (13) is zero

?n¢:sm¢ﬂ+m)20 (28)

—a

Borrowing the results of the previous proof, at point L the inequality from (20) results in the equality

W — —ct sin ¢ 29)
Cp, COS ¢
and thus by equation (23)
K <1 (30)

This makes the second term in the residual function (13) negative

_ cosp(l —w')

0 31
< 31
and thus
f(or) <0 (32)
O
Theorem 3
At the lower bound of 0, the residual function is always negative.
lim f(¢) = —oc (33)

¢—0+

Proof
The previous two proofs show that the residual function is negative both at point L and between point L and the lower
boundary 0. However, point L does not always exist (i.e., £ does not always go below —1 in the range ¢ € (0,7/2]). In
this case, we can prove that the residual function is still negative at the lower bound (¢ — 0™). If point L does not exist,
then

lim k(¢) = 400 (34)

»—0

(If k were approaching —oo, then point L would exist). For this value of x, the empirical (Glauert/Buhl) correction applies

(6). Even after simplification the first term in the residual function (13) yields an indeterminate form 0/0 at the lower limit.

10
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Using L’Hopital’s rule

lim sin ¢ . cos ¢ 1

dm e T M e T Zdada(0) (33)

At ¢ = 0, da/d¢ is finite and negative for the empirical region. Thus, the first term in the residual equation is positive and
finite.

Using the definition of x’ (11), we can show that

. ’ U/Cd
lim " = —

- 36
e iFsing 0 (36)

since cq 18 always positive. Thus, the second in the residual function (13) approaches

. cos ¢ , (1-x")
1 - =1 — = 37
Pt Ar(1+a/) Pt Ar > G7
Adding these two terms, we see that
lim f(¢) = —o0 (38)
¢—0t

This limit still holds even if ¢ = 0 falls into the no-solution region x < —1. The first term in the residual equation

evaluates to

sing . . o . o'cn _
Jim, 0= ¢lir§]1+ sing(l+ k) = ¢1Lr(r)1+ (smqb + ) = —00 (39)

4F sin ¢

(because c;, is negative for k < —1). The second term in the residual function is unchanged and approaches —oo. Thus, in

either case, the lower limit always holds for this formulation

lim f(¢) =—o0 (40)

¢—0+

These three proofs demonstrate that f(0) is always negative. Furthermore, the first proof demonstrates that continuing
to use the momentum method into the no-solution region has no effect on the solution, but is more efficient because it does
not require solving a second one-dimensional equation to determine a new lower limit.

At the upper limit, f(7/2) is almost always positive. However, because some exceptions exist, a rigorous proof is not
available. The value of « at the upper boundary is

o'cq
K(p=7/2) = — 41
(6 =m/2) =5 (1)
which is always positive and finite. Thus, depending on the magnitude of x, either the momentum region or empirical
region applies (Figure 5). The smallest value f(m/2) can reach is in the momentum region (in the empirical region the first
term is even larger and positive), and after simplification has the value
o2 /Cd g /Cl

P2 =1+ 75 + o

(42)

Both force coefficients are evaluated at the angle of attack o = w/2 — 6. For positive twist angles, the lift coefficient
should be positive, and thus f(7/2) is positive. Even for modest negative twist angles the angle of attack is still close to
90°, where the drag coefficient is near its maximum and the lift coefficient is small in magnitude. In these cases, the sum of

the second and third term may be slightly negative, but still generally much smaller than 1. For the vast majority of cases,

1"
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f(m/2) is close to 1. However, it is possible for f(¢) to be negative, for example, if « is in the momentum region and
4F
(<A (—, " cd> “3)
o

This could occur, for example, for sections with low tip-speed ratios and significant negative twist angles. For these cases,
a solution does not exist in the range of (0, /2] (but a solution does exist in a different range, as discussed below).

We can test if a solution will exist in the range (0, 7v/2] simply by evaluating f(¢) at 7w /2. If the value is positive, then
we can safely use the bounds (0, 7r/2]. If the value is not positive, then two alternatives exist: search for a solution in
the range ¢ € [r/2, ), or search for a solution in the propeller brake region. Let us first consider solutions in the range
¢ € [r/2,m). The behavior of f(¢) in this range will not be described with the same rigor as what was described for
the main range of (0, 7r/2]. This is primarily because these solutions are generally of little interest as they correspond to
locally reversed tangential flow, but also because the rigorous proofs shown earlier in this section do not hold for all cases
in this region. However, we can easily show that if a solution does not exist in the range ¢ € (0, 7/2], then a solution is
guaranteed to exist in ¢ € [r/2, 7). This is proven by showing that the upper boundary of this region produces a positive

residual value.

Theorem 4
If x passes into the no-solution region as ¢ — 7 (let us define point U as the point where x = —1 in the range [7/2, 7))
then

f(éu) >0 (44
The proof follows the procedure outlined for Theorem 2. Values of f(¢) for ¢ > ¢y are artificial.

Theorem 5

If point U does not exist, then the upper boundary approaches +oo

lim f(¢) =+oo, ife(mr—06)<0 (45)

p—T
The steps of this proof are the same as for Theorem 3.

In either case, the residual function at the upper boundary is positive. Thus, if the first bracket does not contain a solution
(i.e., f(m/2) < 0), then the bracket [7/2, ¢rr) (or [w/2, ) if point U does not exist) is guaranteed to bracket a solution to
7 (). In practice, using 7 as an upper limit for this bracket works well, but because a proof analogous to that for Theorem
1 does not hold, one should find point U (by solving the one-dimensional equation x(¢) = —1) and use ¢y as an upper
boundary (to be safe).

The second (and typically better) option for when the main bracket does not contain a solution (f (7w /2) < 0), is to search
for a solution in the propeller brake region. Although we are mathematically guaranteed to find a solution in ¢ € C/(0, 7),

the more physically likely solution may exist in the propeller brake region. This region is discussed in the following section.

3.2. Propeller Brake Region

The propeller brake region corresponds to local flow angles in the range ¢ € C(—m,0). Similar to the
momentum/empirical region, physically realizable solutions are likely to occur in a much more restrictive range. We will
focus on solutions within the range [—7 /4, 0) for wind turbines, but like the previous section we can extend the bracket
all the way to the lower boundary if necessary.

For this range of local flow angles, the momentum and empirical regions can be ignored. Because only the propeller

brake calculation for the axial induction factor applies, the residual equation can be simplified as follows

fre(¢) =sing(l — k) — )\i cos ¢(1 — k') (46)
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where this equation is applicable for £ > 1. Following the same logic as the previous section, we will continue to use the
propeller brake calculation even for x < 1 as long as it does not introduce artificial solutions. A typical curve for frpg,
shown for a wind turbine with significant negative pitch, is shown in Figure 7. Below point M, the propeller brake equation
no longer applies (i.e., & < 1). To bracket a solution, we need to show that the function is negative at the lower bound and
at point M, and that the function is positive as ¢ — 0.

2.0
1.5
1.0
0.5
0.0

-0.5

~1.0

-15

—2%8 06 —04 -o02 0.0

¢

Figure 7. Characteristic plot of fp5(¢$) across the range [—m /4, 0). The solution point ¢* is shown (where fpp(¢*) = 0). Point
M corresponds to the point where x = 1, and is a lower bound on feasible solutions. The function values fpg(¢) for ¢ < ¢ are
artificial and only used for convenience.

frp(9)

Theorem 6
Point M is defined as the location where = 1 in the range ¢ € [—m/4,0). If this point exists, then

fre(pm) <0 47)

Proof
The first steps of the proof are omitted, as they parallel the proof of Theorem 2. Following the outlined steps, we can show
that

fre(pm) <0, ifc > —cqtan(2¢nr) 48)

However, we also know that at point M, ¢,, > 0 (since £ = 1). This implies that
c > —cgqtan quM (49)
Across the range [—7 /4, 0), tan ¢ is always larger than tan(2¢). Thus, if point M exists in this range, then

fre(pm) <0 (50)
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The upper and lower limit are not subject to a mathematical proof as their sign may change according to the conditions.
At the upper limit of ¢ =0
/
. o cd 1
1 - _ e 51
Jim fre(9) =~ TFans @) T Gb
As we approach zero from below, the term sin ¢ is very small and negative. Thus, the function approaches +oo if the term

in parenthesis is positive, namely if
ca(=0)
A

Searching for a solution in the propeller brake region implies that a solution in the main region could not be found. This

61(79) > — (52)

occurs only if ¢; is strongly negative at ¢ = 7/2 (see equation (42)). The aerodynamics of an airfoil suggest that the lift
coefficient changes sign approximately every 90 degrees. Because the lift coefficient of this section is strongly negative
at ¢ = m/2, then the lift coefficient at ¢ = 0 is almost certainly positive. Thus, this upper limit should be positive (i.e.,
ci(—=0) > 0 = lim,_,o— fpp(¢) = +00). However, this is not a mathematical proof, and there is no harm in simply
checking the sign of fpp(¢) at the upper bound numerically.

At the chosen lower limit (¢ = —7r/4), the function evaluates to
1 V2 o 1— A
fee(—m/4) ( +>\T) { 5 +4F <Cl+Cd(1+)\T)):| (53)

The —+/2/2 term tends to dominate in magnitude over the other two terms in the bracket, leading to a negative value for
the function. The lower limit of —7/4 was chosen somewhat arbitrarily, though it is a physically realistic range and is
necessary to prove Theorem 6. A more negative lower bound can certainly be used, however, any solutions would need to

be numerically verified to not be artificial (i.e., ensure that £ > 1).

3.3. Solution Algorithm

The presented proofs have shown that, for the chosen residual function and implementation of a(¢), a suitable root-
finding algorithm will always converge to a solution of the BEM equations. Furthermore, the appropriate bracket can be
determined simply—with only one function call for the vast majority of cases. The specific details of this section are based
on a particular choice for the parameterization of a(¢) and other corrections to the BEM model. Other parameterizations
will still allow for a one-dimensional root-finding algorithm, but not all theorems of this section may be valid. This just
means that, for an arbitrary parameterization, appropriate brackets may need to be found numerically (e.g., check that
f(0) < 0 rather than rely on the mathematical proof). However, the general behavior of f(¢), the bracketing strategy, and
the priority of which ranges to search first should be broadly applicable for wind turbine applications.

An algorithm for solving the BEM equations using the chosen formulation of a(¢) is summarized below. In this
algorithm, it is assumed that the most likely solution falls in the range (0,7 /2], and indeed this is almost always the
case. If such a solution does not exist, then one is sought in the propeller brake region. As was discussed in the previous
section, the mathematics along with the airfoil aerodynamics suggest (not a mathematical proof) that if a solution does
not exist for ¢ € (0, /2], then one almost certainly exists in the propeller brake region. As a last resort, the solution
for ¢ € [n/2, ) is found. Here, a mathematical proof is available, suggesting that if a solution could not be found for
¢ € (0,7/2], then a solution is guaranteed to exist for ¢ € [7/2, 7).

14
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Algorithm 1 determine solution ¢* to BEM equations

function zero(f, Ib, ub) > e.g., Brent’s method
return z* where f(z*) = 0 for Ib < & < uband f(Ib) f(ub) <0

function a(¢) > only used for f(¢)
if k < 2/3 then
a+rk/(1+k)
else
a< (1 —"2)/7s
return a
function f(¢)

return sin ¢/ (1 — a(¢)) — cos p(1 — &' (¢))/Ar

function fpp(¢)
return sin ¢(1 — k(p)) — cos d(1 — £'(P))/Ar

function BEMSOLVE

e+ 1x107° > or some other suitably small value

if f(m/2) > 0 then > this is almost always true
¢* < zero(f(¢),e,m/2)

elseif fpp(—m/4) < 0and fpp(ec) > O then > propeller brake region
@ < zero(fpe(¢), —m/4, —€)

else > if all else fails, this is guaranteed to contain a solution
6"  zero(f(¢),7/2,m)

a <+ a(¢")

a' « a'(¢*)

4. ADDITIONAL CONSIDERATIONS

4.1. Reynolds Number

Section 2 introduced the idea of specifying the inflow through the local inflow angle (¢) and the local inflow velocity
(W), as opposed to the traditional induction factors. The benefit of this approach is that in each step of the algorithm the
equations can be specified strictly as a function of ¢, whereas the other unknown W is not directly needed. However,
there is a case where the magnitude of the local inflow velocity is directly needed, and that occurs when Reynolds number
dependence is included in the airfoil model. Fortunately, the methodology allows for precise Reynolds number dependence
to be included by adding one modification.

In the computation of a(¢) and a’(¢), the inflow velocity must be computed in order to estimate the local Reynolds

number. The inflow velocity is given by

W =UZ( —a)? + (Qr)2(1 + a')? (54)

However, the induction factors are not yet known and so the inflow velocity cannot be directly computed. The simplest
option to resolve this is to ignore the induction factors for the purpose of computing the Reynolds number (W =
\/W). However, if desired, the Reynolds number can also be computed exactly (within a given tolerance)
through internal iteration. After the initial computation, the newly computed induction factors can be used again in
Equation (54) to re-compute the inflow velocity and subsequently re-compute the induction factors. As discussed below, at
most only one additional iteration is necessary to achieve high accuracy, but additional iterations could be used as desired
to ensure a specified convergence tolerance for the Reynolds number. This iteration loop happens internally within the

computation of a(¢) and a’(¢$) and does not change the overall algorithm.
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The impact of converging the Reynolds number exactly versus using an approximation to avoid extra iterations was
assessed using the S815 Clean airfoil [11]. The BEM equations were solved repeatedly on a 200 x 200 x 200 grid for tip-
speed ratios from 0.5 to 12, local solidities from 0.005 to 0.1, and local twist angles from -5 to 25 degrees. The freestream
Reynolds number was set such that the local Reynolds number spanned the variation in Reynolds number defined for the
S815 airfoil. The approximate solutions considered the cases of using only one iteration (assuming W = \/W ),
as well as using two and three iterations with the updated induction factors. The “exact” solution was found by iterating
until the Reynolds number was converged to the nearest whole number (at least 6 or 7 significant figures). Errors were
reported relative to the magnitude of the terms used in the inflow velocity calculation ((1 — a) and (1 + a’) or equivalently
the error in axial and tangential velocity) so as not to exaggerate small differences between very small numbers. Figure 8
shows both the mean and maximum errors in the 8 million simulations as a function of the number of internal iterations on
Reynolds number. Even when the induction factors are ignored in the Reynolds number calculation, the average error in
the axial component of velocity is only 0.0048%. In all cases, the error in the tangential component of velocity is less than
the error in the axial component. Figure 8b shows that the maximum error can be significant with only one iteration (2.3%
for (1 — a)), but it turns out that such significant errors are extremely rare. Table | summarizes what percentage of the 8
million simulations achieve certain error levels. We see that even if no additional iterations on Reynolds number are used,
99.96% of the simulations produced less than 1% error for the axial component of velocity. Adding just one additional

iteration achieves an error level less than 0.01% for 99.55% of the samples.

0.005 T 2.5 T
e (1-a)
0.004 ® @ (1+a) 20
= 0.003 R = 1.5F
] o
=) &
5] o
= 0.002 g S 1o
0.001 R 0.5F
~
0.000 o — — — 0.0
1 2 3
number of iterations number of iterations
(a) Mean percent error in (1 — a) and (1 + a’). (b) Maximum percent errorin (1 — a) and (1 + a’).

Figure 8. Mean and maximum errors in the velocity components across 8 million simulations as a function of the number of internal
iterations.

Table I. Percent error in (1 — a) relative to using an exact value for the Reynolds number across 8 million simulation cases.

1 iteration 2 iterations 3 iterations

% of simulations that have less than 1% error 99.96% 100% 100%
% of simulations that have less than 0.1% error 98.94% 99.92% 99.998%
% of simulations that have less than 0.01% error 95.42% 99.55% 99.90%

The data suggests that ignoring extra iterations on Reynolds number entirely, or even better, using the induction factors
from the previous section, should be sufficient for most applications. The sensitivity of airfoil performance to Reynolds
number generally operates on a significantly larger scale than the uncertainty of the inflow velocity due to neglecting the
induction factors (especially given the level of uncertainty already inherent in including viscous effects in a strip-wise
manner). But, if capturing many significant figures in the Reynolds number is crucial for the application, this can certainly

be accomplished and generally with only one additional internal iteration.
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4.2. Excluding Drag

Whether or not drag should be included in the prediction of the induction factors is debatable. Wilson et al. argued that
drag has little, if any, effect on induced forces, and thus should not be included in computing the induction factors [12].
The discussion on bracketing a solution to the BEM equations in Section 3 is applicable for ¢4 = 0, with one modification.
Theorem 3 (lim_, o+ f(¢) = —oc) depends on cq being nonzero (see equation (36)). If ¢4 = 0 and point L does not exist

(see Figure 6), then
1 1 J/Cl
li = —(1+ —= 55
JAm F(9) = =Ga7a60) " N ( T uF > 3
The sum of these two terms is generally negative, but is not guaranteed to be so. If drag is excluded from computing

the induction factors, then the lower limit of 0 cannot be relied upon a priori. Instead, a bracket should be determined

numerically.

4.3. Multiple Solutions

This discussion has implicitly assumed that f(¢) monotonically increases across the various ranges of interest. The
derivative of f(¢) is

df _ cos¢ sing da dk sin ¢ cos¢  da’ dr’
dp 1—a (1—a)2dede  M(1+a) N(1+a)2dr do

(56)

A term-by-term examination suggests that the gradient is almost always positive across the primary range of (0,7 /2].
However, for some airfoils, the gradient can reverse signs near f(0) and introduce multiple solutions. McWilliam and
Crawford demonstrated the existence of multiple solutions for several airfoil types [4]. One of the more egregious cases
was for the rough S815 airfoil. However, the existence of multiple nearby solutions can generally be eliminated by fitting
the airfoil data with a spline using a small amount of smoothing. The raw data and spline fits for the S815 airfoil at a
Reynolds number of 1 x 10° [11] are compared in Figure 9. Agreement is high except in areas of high-frequency variation.
Using this airfoil section, a three-dimensional sweep was conducted on the same 200 x 200 x 200 grid used earlier where
the local tip-speed ratio varies from 0.5 to 12, the local solidity from 0.005 to 0.1, and the twist from —5 to 25 degrees.
Consistent with the findings in McWilliam and Crawford’s paper, if the raw data is used with linear interpolation, then
three solutions exist across some sections of the design space. However, when the simulation was repeated using a two-
dimensional spline interpolation of the lift and drag coefficients, only one solution existed for every point sampled in the
parameter space (specifically a bivariate B-spline interpolation across Reynolds number and angle of attack was used, with
a smoothing factor of 0.1 for the lift and 0.001 for the drag).

Although some of the variation missed by using a spline may be physical, usually most of it is not and is introduced by
other experimental sources or numerical noise. High-frequency variation that is physics-based resides in regions of high
uncertainty, and the existence of multiple solutions in these regions is not surprising given the limitations of the BEM
model. To be clear, it is not necessary to fit the airfoil data for applications where that would be undesirable. The method
described in this paper is still guaranteed to find a solution, but in the case of multiple solutions, there is no guarantee
which solution is found. However, for the purposes of gradient-based optimization, a C' continuous spline interpolation
is necessary anyway, and a slight approximation in airfoil data is consistent with the goals of conceptual design. This

smoothing of airfoil data can be useful in removing many of the occurrences of multiple solutions.
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Figure 9. Lift and drag curves for the rough S815 airfoil as a function of angle of attack, showing both the raw data and a spline
interpolation.

4.4. Comparison with Traditional Root-Finding Methods

The robustness and convergence speed of the present method was compared with several alternatives that are typically used
for general root-finding or fixed-point problems. Five alternative approaches were examined: basic fixed-point iteration,
Newton’s method, Steffensen’s method, Powell’s hybrid algorithm, and the Levenberg-Marquardt algorithm.

All of the alternative algorithms utilize the BEM equations in the form where the induction factors are treated as the
unknowns and are updated as

(@new, Gnew) = fBEM(0,a") 67

Fixed-point iteration is the most straightforward method and simply uses the updated values of the induction factor as the
starting point for the next iteration.

(ait1,ai11) = feem(ai, a;) ©8)

Iteration is repeated until a convergence criteria is met. The next three methods are all different approaches to finding the

roots of the vector function

(59)

f’uector - |: (anew B a)2 :|

(@new —a')?

Newton’s method requires the Jacobian, which in this case was estimated using one-sided finite differences with a step size
of 1 x 1078, Steffensen’s method is similar to Newton’s method and also converges quadratically, but has the advantage
of not requiring derivatives. Powell’s method is also similar to Newton’s method but uses a rank-1 method to update the
Jacobian rather than finite-differencing. A forward-difference approximation is used only to initialize the Jacobian or for
steps where the rank-1 method performs poorly. Powell’s method also does not necessarily take a full Newton step but
uses a combination of the Newton step and a scaled gradient step. The implementation used in this simulation came from
MINPACK." Finally, the Levenberg-Marquardt algorithm is an optimization approach that minimizes || fycctor||2 by using
a combination of gradient-descent and a modified version of Newton’s method for minimization. Its implementation was
also contained in MINPACK.

All six methods were compared across a wide range of local tip-speed ratios (0.5 to 12), local solidities (0.005 to 0.1),
and local twist angles (-5 to 25 degrees) on a 20 x 20 x 20 grid. Furthermore, evaluation on this full grid was repeated
for each of the 20 airfoils whose names, experimental data sources, and tested Reynolds numbers are summarized in
Table II. The first six airfoils came from a Dutch Offshore Wind Energy Converter (DOWEC) 6-MW design [13] (the

fMore J, Garbow B, Hillstrom K. MINPACK, http://www.netlib.org/minpack/, March 1980, accessed January 2013.
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same airfoils used in the NREL 5-MW reference model [14]). Five of these airfoils (DU-W-405LM, DU-W-350, DU-97-
W-300LM, DU-91-W2-250LM, DU-93-W-210LM) came from two-dimensional experimental data obtained at the Delft
University of Technology [13]. The sixth airfoil is a NACA 64-618, for which experimental data came from Abbott and Von
Doenhoff [15]. The next four airfoils came from Risg’s Wind Turbine Airfoil Catalogue [16] and include the NACA 63-
215, Risg-A1-18, Risg-A1-21, and the Risg-A1-24. Data for these airfoils were obtained in the Velux wind tunnel [17,18].
The final 10 airfoils included the S801, S810, S813, S815, and S825, which were each tested both with and without
leading-edge grit roughness (LEGR) to simulate surface irregularities. Their experimental data were collected at The Ohio
State University Aeronautical and Astronautical Research Laboratory [11, 19-22]. For all 20 airfoils, three-dimensional
rotational corrections were applied using the Du-Selig method [23] for lift and the Eggers method [24] for drag. The force
coefficients were then extrapolated to £180°, using Viterna’s method [25].

For each combination of tip-speed ratio, solidity, and twist angle, the freestream velocity and chord were set such that
the freestream Reynolds number was 0.75 x 10°. This value was chosen so that the local Reynolds number would range
from about 0.5 to 9 million, and thus cover the span of Reynolds numbers included in the airfoil data. It was assumed in
each simulation that the radial station of interest was near the middle of the blade, or in other words, hub and tip losses

were assumed negligible so that each simulation would be more directly comparable.

Table . List of airfoils used in convergence comparison study.

Airfoil Name Wind Tunnel Data Source Re (x10°)
DU-W-405LM Delft University of Technology 7

DU-W-350 Delft University of Technology 7
DU-97-W-300LM Delft University of Technology 7
DU-91-W2-250LM  Delft University of Technology 7
DU-93-W-210LM Delft University of Technology 7

NACA 64-418 Abbott and Von Doenhoff 6

NACA 63-215 Risg National Laboratory 1.1

Risg-A1-18 Risg National Laboratory 1.6

Risg-A1-21 Risg National Laboratory 1.6

Risg-A1-24 Risg National Laboratory 1.6

S801 Clean The Ohio State University 0.75,1.0,1.25,1.5
S801 LEGR The Ohio State University 0.75,1.0, 1.25, 1.5
S810 Clean The Ohio State University 0.75,1.0,1.25,1.5
S810 LEGR The Ohio State University 0.75,1.0,1.25,1.5
S813 Clean The Ohio State University 0.75,1.0,1.25, 1.4
S813 LEGR The Ohio State University 0.75,1.0,1.25, 1.4
S815 Clean The Ohio State University 0.75,1.0,1.25, 1.4
S815 LEGR The Ohio State University 0.75,1.0, 1.25, 1.4
S825 Clean The Ohio State University 0.75,1.0, 1.25
S825 LEGR The Ohio State University 0.75,1.0, 1.25

All algorithms were considered converged when both induction factors were found to within 1 x 1078 (or for the
present one-dimensional method, when the local flow angle was found to within that same tolerance). For the present
one-dimensional method, the initial bounds were set at ¢ € (0, 7w/2]. Because some of the two-dimensional methods are
particularly sensitive to the starting point, each of these simulations was repeated using five judiciously-chosen starting
points. The first starting point assumed no knowledge: a = 0,a’ = 0. The second starting point set the axial induction
factor to the optimal value for maximum power production (a = 1/3,a’ = 0). The third starting point added the optimal

tangential induction factor assuming no losses [3]

a==, d= (60)
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The fourth starting point reset the tangential induction factor to zero and used an approximate analytic solution for the
axial induction factor using the specific blade geometry and operational point (ignoring losses and using a small angle
approximation) [26]

a= % [2 + 70’ — /4 —dn o' + X207 (86 + WU’)] (61)

The final starting point used the same axial induction factor, and with the same approximations, estimated the tangential
induction factor as

W= (62)

wo’ (1/\7—7“ - 9)

Table III compares the speed and robustness of the various algorithms used during this study. Speed was quantified as
the average number of function calls across the 800,000 (160,000 for the present method because only one starting point is
necessary) simulations for the particular algorithm. Only simulations that were successful in converging were included in
the average function call total. The failure rate denotes the percentage of simulations that did not converge. Arguably, the
failure rate for some of the unbounded methods like Newton’s method should be even higher because widely unrealistic
values were still considered successful as long as the algorithm converged. The only difference between each method is
the solution approach; the blade-element momentum formulation is identical. The results show that the present method is
much more robust than the other methods (0 failures). As a secondary benefit, the present method is also the fastest of all
tested methods (1.45X faster than the next fastest method, and 7.0X faster than the next most robust method). Iteration
on the Reynolds number was not used in the present methodology. Its inclusion would approximately double the function
calls for airfoils whose data included Reynolds number variation (actually slightly less than that because only a portion of
the function is iterated on internally). Even in that case, the present algorithm’s speed would be on par with the next fastest
method. For the two-dimensional method, no one starting point was superior across all methods, but in general the second
and third starting points that assumed optimal designs failed at a slightly higher rate than the others. For practical designs,
the failure rate of the conventional methods would be much lower than these reported values, as simultaneous extremes
in the parameters would be unlikely (e.g., low tip-speed ratio, low solidity, and large twist angle), and the inclusion of
hub/tip losses tends to decrease the failure rates for most of the methods. However, such extreme combinations are likely
to occur in the process of an optimization, thus these failure rates are more representative of the robustness of the methods
for optimization applications.

Table Ill. Comparison in convergence speed and failure rate of several algorithms used to solve the BEM equations.

Algorithm Avg. Function Calls  Failure Rate (%)
Fixed-Point 31.8 12.6
Newton 79.0 5.8
Steffensen 16.4 16.3
Powell Hybrid 72.3 16.2
Levenberg-Marquardt 92.3 8.8
Present Method 11.3 0.0

To further test the robustness of the present method, the clean S813 airfoil was studied on the same range of tip-speed
ratios, solidities, and twist angles, but with a finer grid (200 x 200 x 200). This airfoil was chosen because, in the study by
McWilliam and Crawford [4], they showed that the clean S813 airfoil [21] was particularly problematic for convergence.
They conducted a three-dimensional parameter sweep across the same limits and noted that significant regions of the
parameter space exhibited convergence instabilities when using Newton’s method (fixed-point iteration showed even larger
regions of instability). On the other hand, when using the proposed methodology of this paper every point in the design
space converged to a solution. Perfect convergence for the present method was observed whether or not the airfoil data
was used with linear interpolation or with a smooth spline fit. For the two-dimensional methods, using linear interpolation

generally increased the failure rate slightly as compared to the reported values in Table III. Interestingly, when using the
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present method for the studies in this section, the main bracket (0, 7/2] was valid for every simulation. The alternative

brackets are generally only needed in extreme cases (e.g., large negative pitch, or extremely small tip-speed ratios).

5. CONCLUSION

This paper demonstrated a solution approach for the blade element momentum (BEM) equations that simplifies the
typical two-dimensional fixed-point problem to a one-dimensional root-finding problem. This approach is equally valid
for propellers or wind turbines, and allows any parameterization of the axial induction factor as long as it can be expressed
as a function of the local inflow angle (¢). Although the implementation details may differ depending on the application and
the different corrections to the BEM equations that are used, as long as a bracket can be found in a well-behaved region of
the one-dimensional residual function, a solution to the BEM equations is guaranteed. For wind turbines applications and
a typical BEM formulation, appropriate brackets were identified, and a provably convergent approach was demonstrated.
Bounds bracketing the zero can be determined easily through one function call, and is for the vast majority of cases
(0, 7 /2]. With a bracket determined, a suitable root-finding algorithm (e.g., Brent’s method) will allow the BEM equations

to be solved robustly (guaranteed convergence) and efficiently (with superlinear convergence).
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