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ABSTRACT

PARAMETRIC STUDY OF THE EFFECT OF SWEEP AND WINGLET ON
HELICOPTER ROTOR BLADE IN HOVERING CONDITION
USING CFD

Sharif, Hweda
Ph.D., Department of Mechanical and Aeronautical Engineering
Thesis Supervisor: Assist. Prof. Dr. Munir Elfarra
-2018, 90 pages

The objective of the study is to carry parametric analysis on the effect of different
helicopter blade configurations on the rotor performance. The configurations include
different sweep angles at different span locations, different winglets and maple shapes.
The study was implemented on two different test cases which are, the Caradonna-Tung
and UHG60A rotor blades. The rotor performance parameters that are studied in this
thesis are the thrust, torque and figure of merit. All the computations are obtained using
CFD by solving the RANS equations. Three different turbulence models have been
used and compared; the Spalart-Allmaras k-epsilon and k-omega SST. The SA has
shown the best agreement with measurements at different rotational speeds under
different collective pitch angles.

The results of the study shows that, the effect of different sweep angles and locations
on the untapered and untwisted Caradonna-Tung (C-T) blade is more that their effect
on the twisted UH60A blade. Moreover, the effect on torque was much more
pronounced than the effect on thrust. A decrease of around 7 % in torque was possible
for the C-T blade while a decreases in torque of around 4% was noticed in the UH60A
case. The winglet effect was studied for the UH60A rotor blade and an increase of
about 2% in thrust was attained. However, the torque also increases in all the studied
cases.

The maple shape resulted in a decrease of almost 5% in torque but also it decreases
the thrust.

Keywords: Helicopter rotor blade, CFD, Sweep angle, winglet, maple shape, hovering



OZET

YASAM VE KANATLAYIN ETKiSININ PARAMETRIK CALISMASI
KONUT DURUMDA HELiKOPTER ROTOR BICAKLI
CFD KULLANIMI

Calisma amaci, farklr helikopter bigak bi¢imlerinin déneg ( rotor) performansina etkisi
Uzerine parametrik analiz yapmaktir. Bicimler, farkli kanatgiklar ve akgaagac
sekillerinde farkli tarama agilar1 igerir.Calisma, Caradonna — Tung ve UH60A ddneg
kanatlar1 olmak iizere iki farkli olay iizerinde uygulanmistir. Bu tezde, iizerinde
calisilan done¢ performans parametreleri; itme, tork ve liyakat figurtddr. Tum
hesaplamalar, RANS denklemleri ¢oziilerek CFD kullanilarak elde edilir. Ug farkli
tirbiilans modeli kullanilmig ve karsilagtirilmistir; Spalart-Allmaras k- epsilon k-
omega SST; SA, farkli kolektif a¢i1 agilarinda farkli doniis hizlarinda yapilan
Olctimlerle en 1yi uyumu gostermistir.

Calismanin  sonuglari, farkli siiplirme agilarinin konumlarinin tempersiz ve
biikiilmemis Caradonna- Tung (C-T) bigagi tizerindeki etkisinin, biikiilmiis UH60A
bicag1 lizerindeki etkisinden daha fazla oldugunu gostermektedir. Dahasi tork
uzerindeki etki, itme Gzerindeki etkisinden daha belirgindi. C-T bigag: igin torkta
yaklasik % 7 lik bir azalmas1 miimkiinken, UH60A olayinda, torkta % 4 liik bir azalma
fark edildi. Kanat etkisi UH60A donec¢ bigagi i¢in c¢alisildi ve baskida yaklasik % 2
lik bir artis elde edildi.Tork tiim olaylarda artma gostermistir. Akcaagag sekli, torkta

neredeyse% 5'lik bir azalmayla sonuglandi, fakat ayn1 zamanda itisi de azaltt1.

Anahtar kelimeler: helikopter done¢ bicagi, CFD, siiplirme, ag1, kanatcik akcaagac
sekli, ugmak.
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CHAPTER 1

INTRODUCTION

It has been a challenge for designers and engineers to enhance the aircraft
rotor efficiency keeping in view the fact that a rotor faces variations in the flight
conditions. Experts have been consistently finding newer and better solutions to this
problem. During the previous 15 years, large numbers of experts and researchers have
suggested different measures and their aerodynamics effects on a helicopter, which
became popular on global level in the wake of growing popularity of helicopters in
today's society. Many publications have been published, which discuss the historical

development of a rotorcraft [1, 2, 3, 4].

Every helicopter is a rotorcraft, which performs despite facing aerodynamic
forces such as weight, thrust, lift and drag. Rotors apply lift and thrust as Figure 1.1
shows. Rotors enable a helicopter to land vertically, take off, hover in the air, and fly
vertically, forward or backward. Some studies give comprehensive information on

aerodynamics of a helicopter [2-4].

Figure 1. 1: Four forces acting on a helicopter [3]



The requirements of the next generation of rotor aircraft include more payload, range,
endurance, and reduction in fuel consumption without compromising advanced

features of post-modern rotary-wing vehicles.

These requirements show that the rotor should have maximum available thrust
with higher efficiency. Existing rotors are designed to provide balance between
forward flight conditions and hovering performance, since hovering is a unique

capability of a rotorcraft.

Helicopters can hover in the air at any selected point, which is impossible for
aircrafts. The supply lift should be equal to the helicopter's total weight to make

hovering possible as Figure 1.2 indicates.

Figure 1. 2: Hovering Condition [2]

Figure 1.3 shows a flight in the forward direction while both air and vertical speeds

are constant while weight, lift, drag and thrust should be balanced.



Figure 1. 3: Forward flight, more lift and thrust [3]

Some factors limit rotor efficiency that further limits the forward motion and
hovering. For hovering at high altitudes and for taking off, the rotor must provide the
maximum lift. On the other hand, a rotor encounters different flow environments while
retreating, sideway movements and advancing. The advancing rotor blade moves in
the direction of the helicopter while the retreating blade moves in the opposite

direction as shown in Figure 1.4.

Direction of Flight

‘v‘\

wind

Figure 1. 4: Advancing blade and Retreating blade Side [2]



1.2 Literature Survey

The helicopter rotor blades have specific aerodynamic design and geometry that
depends on twist distribution, number of blades, sweep function, aerofoil selection and
the aerodynamic coefficients.

There are two established approaches, which provide such understanding including,
Blade Element Momentum theory (BEM) and Computational Fluid Dynamics (CFD)
and Blade Element Momentum Theory BEMT.

1.2.1 Blade Element Momentum Theory

BEM is a hybrid process presented by Gustafson and Gessow (1946) and
Gessow (1948). It defines the concepts pertaining to blade elements and momentum.
The BEM aerodynamics includes a mathematical rotor model that is amalgamation of
the simple momentum theory, and the classical blade element theory; therefore, a
majority of the sophisticated helicopter rotors are designed according to it. It utilizes

2-D aerofoil analysis and several other mechanical design tools [5, 6].

These analyses sometimes capture the unsteady flow effects through dynamic stall
models and the unsteady potential flow theory [7]. Despite simplicity of this
aerodynamic model, it shows considerable mathematical parsimoniousness [8], which
makes it a reasonable choice for predicting the performances of helicopter rotors,
aircraft propellers and prop rotors [9, 10, 11].

BEMT - Unswept blads
CFD - Unswapt blade
CFD - Swapt biade
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0.6

0z

T I T I I L 11 1
006  0WE  0a0 Qa2 Qs 046
Cio

FY ] R B A
.00 002 D04

Figure 1. 5: Comparison between unswept and swept configuration at hovering flight

[9]



Generally, BEM methods facilitate rotorcraft analysis and design because of their
computational efficiency and usefulness. The BEM combined with the genetic

algorithm was used during the optimization of a proprotor of a tilt-rotor aircraft [12].

075 —
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o 065

Design point:
C,=0.0215
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— — — — CFD - Unswept blade
—-—-—-— CFD - Swept blade
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Figure 1. 6: Effect of the sweep angle on the blade performance comparison between
BEMT prediction and CFD calculations [12]

Some researchers applied the momentum theory for experiments on the coaxial rotor
performance [13, 14]. Later, [15] the BEM variations in the coaxial rotors showed
better comparative results when the coaxial rotor performance was analyzed during a
hovering flight, and when highly-twisted blades and their performances were
compared [16,17] with the performance of straight/untwisted blades while using basic
BEM.

1.2.2 Computational Fluid Dynamics; Navier-Stokes Solvers

The Computational Fluid Dynamics (CFD) has been extensively used in
advanced aerodynamics that helps analyzing complex flow features. During the recent
years, computational methods are increasingly becoming popular for determining the
performances of the latest tip designs or CFD. They provide numerical simulations of
the fluid flows. This technology has state-of-the-art capabilities, which minimize risk
and assure low cost solutions to the existing challenges that aeronautical industry is
confronting. However, the main drawback of CFD methods is the high computational
time cost. Navier-Stokes solver help finding a direct solution to the governing

equations of the flow, and besides, it predicts the correct flow field even without



requiring the airfoil load characteristics. It is applicable to all the helicopter speeds,
and it helps predicting 3-D flow characteristics. This process is robust and it has high

CPU consumption.

Still, it is difficult to analyze a rotor blade using CFD as compared to utilizing CFD
for analyzing fixed wings [18, 26]. T. Alan Egolf and S. Patrick Sparks [18] used
mathematical equations in simplified forms including potential flow equations for

understanding the flow field of a complicated lifting helicopter rotor.

J. E. Deesef and R. K. Agarwal [19] solved Euler's equations pertaining to the rotating
coordinate system based on the blades' body-conforming curvilinear grids, and
discussed them during the hovering condition.

The adaptive CFD technique computes rotor-blade aerodynamics. Mustafa et al. have
thrown light on it in their study [20]. Mark Potsdam et al. [21] experimented with fluid
dynamic code and the rotorcraft computational structural dynamics (CSD) that
calculates helicopter rotor air-loads under varying flight conditions.

The Navier-Stokes solver directly solves the governing equations of the flow and
correctly predicts the flow fields without requiring characteristics of the airfoil load. It
is useful for all the helicopter speeds and it accurately determines/predicts the 3-D flow
characteristics. Reynolds-averaged Navier-Stokes (RANS) has been effectively
utilized for simulating a helicopter rotors' flow fields both during hovering and
forwards flying [22- 25].

A new interface design has been presented to perform as Navier-Stokes flow solver
that was applied to assess the isolated-rotor flow fields during hovering conditions.

Terry L. and Thomas H. Conducted this study [22]. Strawn and Ahmad [23] used a
RANS solver and OVERFLOW. Pomin and Wagner [24] studied a 7A helicopter rotor
blade when it was hovering. They utilized RANS solver using FEM (finite element

modelling following Timoshenko beam theory for assessing aero-elastic effects.

Juho llkko et al. [25] conducted simulations based on Reynolds-averaged Navier-
Stokes equations, which they solved based on the available data of the UH-60A

helicopter.

The computations were conducted for validating FINFLO flow solver applying several

turbulence models.



Chen et al. developed 3D Euler's solver following the finite volume upwind scheme
for calculating the flow fields of the helicopter rotor blade during a forward flight [26].

In conclusion, the CFD was found for simulations, validation and design.

While predicting the wake contraction of a hybrid CFD solver called Helix-1A, a near-
body RANS solver is used, which is coupled with a vorticity embedding potential flow
solver for the wake flow field [27]. The results were in agreement with experiments.
The present study focuses on the effect of parametric factors on the helicopter rotor

blade (sweep, winglet and shape of blade) using CFD.

Note: There are some problems in the conventional helicopter blades including lift
dissymmetry between the blades, retreating blade stalls, and shock waves, which cause

compression.

It studies the effects of sweep, winglet and change in the blade shape from

conventional shape into a maple seed shape.

Most of the published works focus on the numerical RANS valuation, simulation and
optimization of hovering rotors for different helicopter blades. Such efforts are

mentioned in some studies [28-37].

Many studies use Caradonna-Tung rotor blade as a baseline [28-32]. Piotr D and Oskar
S [28] have proven that a numerical method implemented in the SPARC code is
capable of predicting flow field of a hovering Caradonna-Tung rotor during the

transonic conditions.

Hamid F., Ahmad [29] used a latest free-wake CFD process to calculate the
aerodynamic loads for two-bladed helicopter rotors during a hovering flight and
compared their numerical calculations with the experimental data pertaining to the

pressure distribution of the Caradonna-Tung UH-60 blade.

Elfarra M.et al. [30] studied the effect of parabolic chord distribution and the taper
stacking point location along the span of a helicopter rotor blade, which was analyzed
in terms of the rotor thrust, torque and the figure of merit of the baseline Caradonna-
Tung [30].

The rotor hover performance was predicted using CFD methods and simulations for
the Helicopter Multi-block (HMB2), and it was validated for the Caradonna and Tung

rotor during the hovering position. The overall results show excellent agreement with



the experimental data, which means that the CFD is adequate for resolving the loads
and handling the wake structure [32].

During the recent years, M. Imiela and G. Wilke conducted investigations using multi-
fidelity approach on various design parameters such as chord, twist, anhedral and
sweep. Increase in twist was found at the design point Ct /o= 0:093, the FM increased
by 3.5% in comparison to the baseline rotor [33 and 34], and the best FM shifted in

the direction of the higher thrust coefficient.

To create numerical optimization procedures to boost the aerodynamic helicopter rotor
performance during the hovering condition, Le Pape and Beaumier [35] modified
7A/7TAD rotor's chord distribution, linear aerodynamic twist, sweep, and anhedral
distributions, which exhibited reasonable capability to reach new rotor geometries and

planforms with high aerodynamic performance.

A study on blade twist geometric modifications shows that certain modification
improve a rotorcraft's aerodynamic performance. J.W.Lee and N.A.Vu [34] improved
to the airfoil characteristics to a certain range of drag, lift and moment coefficients,
which are significant for the performance of a helicopter rotor blade, which increased
by 4.3% (0.7 to 0.73).

Researchers conducted a systematic investigation to understand the impact of factors
such as anehdral, tip sweep, and planform taper on the rotor blade response; therefore,
structural analysis was carried out for loading while a 3D FDA (finite difference

aerodynamic) analysis was also conducted [37].

Seokkwan et al. [38] conducted unsteady turbulent flow simulations for investigating
the turbulence models and their impact on the predicting efficiency of the isolated XV-

15 hovering rotor.

Many previous literature studies used UH-60 helicopter rotor for the research. The
validation of its 3D CFD framework was accomplished through comparing the
predictions pertaining to a baseline UH-60A rotor with the experimental data.
Yashwanth R. [39] tested slatted UH-60A rotor blade with 40% span-slatted airfoil

section and a couple of varying slat configurations.

Patrick M. Shinoda [40] evaluated NASA Ames 80x120 feet wind tunnel for hover

testing. He compared the rotor performance data with the predicted data, flight data of



UH-60 aircraft and UH-60 model-scale data, and all the data showed good agreement

when compared to the full-scale data.

Choi et al. [41] used time-spectral and discrete adjoint-based methods for optimization

of UH-60 rotor blade reducing torque without losing thrust.

1.3 Objective of the Study

As mentioned before, a helicopter rotor needs maximum power during a hover
flight; therefore, it needs a blade design to reduce the power consumption during

hovering without compromising the thrust needed for hovering.

The main objective behind this thesis is to run a parametric study on a helicopter blade
by changing the sweep angle, adding different winglets and changing the shape into a
maple-shaped blade using CFD and see their effects on the blade performance. The

following steps were conducted:

e For validation or simulation, two test cases were analyzed; Caradonna-Tung
and UH-60Ablack hawk helicopter rotors were chosen to validate the CFD

software used.

e Study the sweep angle and location effect in case of Caradonna-Tung blade
(untwisted and untapered) at different rotation speeds.

e Study the effect of sweep angle, sweep location, winglet and maple shape on
thrust increase and torque reduction during the hovering conditions for the
twisted and tapered UH-60Ablack hawk helicopter blade.

1.4 Outline of Thesis
This is thesis have five chapters.

Chapter 2: Governing equations and numerical processes applied for simulation
are given in this chapter, which also describes many turbulence models applied

for the RANS solver. The boundary conditions are also described in this chapter.

Chapter 3: Two test cases are taken, investigated, simulated and analyzed in this
chapter. The Caradonna-Tung as well as UH-60A Black Hawk was observed



during the hovering flight. The outcomes were compared with the results obtained
after experiments, and turbulence models were applied. This chapter validates the
solver and hence throws light on the credibility of the whole study. It shows how

a suitable turbulence model was chosen for simulations.

Chapter 4: Different winglets, sweep angles, locations and configurations were
studied for both Caradonna-Tung and UH-60A Black Hawk, and their effects on
the thrust output and figure of merit of the helicopter were investigated during the

hovering state and mentioned in this chapter.

Chapter 5: This chapter includes concluding remarks as well as
recommendations for further research.
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CHAPTER 2

METHODOLOGY

The Computational Fluid Dynamics (CFD) acts as a powerful tool to analyze
both existing and new rotorcraft or helicopter configurations, and it is used for detailed
flow visualization and performance prediction studies around such configurations.
Before using a CFD solver to analyze a new configuration, it should be validated in
the light of existing experimental studies for establishing confidence in the predicted
values. Since CFD helps understanding the local flow field, the wake is necessary for
accurately computing the induced drag. This chapter explains the details regarding the

CFD solution methodology used for validation and parametric study.

2.1 Navier-Stokes Equations

In this case, the governing equations represent conservation of mass,
momentum and energy. Since basically, the Navier-Stokes equations discuss turbulent
as well as laminar flows. The engineering devices such as compressors and wind

turbines have prevalent turbulent flows, which require simulation [42].

This chapter describes the numerical processes chosen and applied in the thesis.
Navier-Stokes equations are explained first, after which, RANS equations are given.

Later, the turbulence models and boundary conditions are mentioned and explained.

The standard 3D Navier-Stokes equation for a surface-bound space volume is as

follows:
0
ELQdV +{.(F.n)ds—{ (F,.n)ds = s, dv (2.1)
Where:
Q Is the vector of conservative variables given by?
p
puy
Q = {PUz (2.2)
pus

kpeoj
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In the above mentioned vector ©, U;and €, represent density, Cartesian velocity
component, and total energy respectively.

F represents invicid flux while F, represents viscous flux, which are given below:

(P4 (0
| puqu; + pdy;j | | Ty I
F={pwu 405yt = o } 23)
| pusu; + pds; | L J
phou; J Tu qj

Here, index, j = 1, 2, 3 are coordinate components while P and ho represent pressure

and the total enthalpy respectively.
s, consists of the source terms defined by:
(P
pfel
Sy =4 Pfez (2.4)
| pfe3 |

\w; )

Where: fel, fe2 and feg are external force components and W, is the work

performed by the mentioned external forces.
Wy = pfe-u (2.5)

The total enthalpy D, is as follows

p

hyo =ey +— 2.6
0= €t (2.6)

Total energy €, is as follows

1
ep=e+ o Witk (2.7)
Consequently
1 p

ho = h+ Euiui And h=e +; (2.8)

In this case, € represents internal energy while h shows enthalpy.
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Heat flux (; is given in the energy equation (Eg. 2.3) with the help of thermal
conduction according to the Fourier's Law:

4y =Ko (2.9)

de

Here K is the thermal conductivity coefficient while T represents temperature. As

for Newtonian fluid, viscous stress tensor 7;; in Eq.(2.3) will be:
a

Where:
u : Dynamic viscosity.
A+ Second coefficient of viscosity.

8;; - Kronecker delta and S;; is the strain-rate tensor.

Link between u and A is

2
K=2u+A (211)

According to the Stokes’ hypothesis, for incompressible and /or low Mach number
flows:

K =0.
Thus Eq. (2.11) will be:

-_Z 212
A 3 u ( )

The strain-rate tensor, S;;, will be:
Sy = o (L ) 2 213
b 2 ax] axi ( . )

Substituting Eq. 2.12 and Eq. 2.13 in Eq. 2.10, the viscous stress tensor will become:

13



= (2 2 22y, 210
=k dx;  0x;) 3\ox,/) Y '

For closing Navier-Stokes equations, we have to find the link between the
thermodynamic variables (p,p,T,e, h).

Using the perfect relations:
C R R
e=C,,T,h=CpT,y=C—Z,Cv=yfl,6p=yyfl (2.15)

So, the pressure will be:

1
p=(r = Dpe = (r = Dp (e - Fusu) (2.16)

2.2 Reynolds Averaged Navier-Stokes (RANS) Equations

We derived RANS equations by decomposing flow variables into mean and

fluctuating components as given below:

p=¢+9¢ (2.17)

Here, the average of the viscous conservation laws is used for time T :

t+T

1
¢>=}1$Tft b (x, t) dt (2.18)

The time interval must be adequately large with respect to the time scales of the
turbulent fluctuations; however, it should be small enough to suit all the other time-

dependent factors. Here, the relations and correlation will be as follows:

d=¢ .0 =0, ¢Pp=0¢p+ Y (2.19)

Eq.(2.1) becomes:

% [[Qav +{ (F.n)ds—{ (F.n)ds =] s, dv (2.20)
Where:

14



( piy+p'y )

p

'

i P+ Py
°" 4| i } o B =\ PRl + POy + pp'y + plupTy
P Us UL + D — S | T T
Uz, + pods; + uzp'u; + p'usu;
kﬁ_o + (p'e’ + k)) p_ 37 pf% 3p% P 3 (2.21)
\ P hotty + Eop"uy + (p'e" + k)i, )
( 0
T1j — Taj
ij = T2j ng (2.22)
| T3 ng |
\@7; — q; +07)

In this case, the kinetic energy is produced because of turbulent fluctuations (K),

and the Reynolds stress tensor riTj They are given below:

1
K = 2 P 2.23)
T} = puuj (2.24)

Here, GJ-T has a turbulent heat flux tensor q]T while other turbulent terms are as follows:

O] =w/ —q] — k] —E (2.25)
wl = -] + Ty, (2.26)
q}" = ph—’u]’ (2.27)

K = Epu{—u{uj’ (2.28)

(2.29)

T _ = Zri
E; =upuu;

For solving the above equations, all the turbulent terms should be modelled.
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The weighted average of density:

With the decomposition:

And the relations:
¢=¢ and pp =0

The Favre-averaged RANS equations will be:

2 [,Qav +{ (F.n)jds—{ (.. n)ds = s, av

(7 (. PH )
l pii;, | p Uyt + Py
Q:{ p iy } F; = p Uyt + poy;
k_!?173) lﬁ~3ﬁ1 +Z7531J
péo + Kk p hotl; + ki,
0
( . \
T1j — Tyj
~ _ T

With,

T __ ” ”
T = pu' U’

o=t ) aai+aaj 2(6ﬁk>6
Ty =t dx;  0x; 3 \0xy b

e
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(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)



9
q=—(K+ Kt)y (2.39)

0] =w/ —qj —k/ (2.40)
wi = —mtf; + wr, (2.41)
q; = ph'y (2.42)

! (2.43)

K" = Epululuj
When the Reynold's average of the Navier-Stokes equations is taken, it adds several
extra terms, which are modelled for closing the RANS equation system. Section 2.3
shows turbulence models, which were studied and their conditions were met.

Comprehensive information pertaining to the Navier-Stokes as well as the RANS

equations has been provided in the references [43 and 44].

2.3 Rotation and Velocity Triangle

For helicopter rotors, the far field shouldn't have rotation and only the flow near
the helicopter rotor gets affected by the rotation. The velocity triangle is shown in
Figure (2.1).

Uz wr

Uz =u
3 Wa

plane of rotation

Wi

Figure 2. 1: Velocity triangle for a section of the rotor blade

17



Where:

u: Axial velocity.

U:  Absolute velocity.

uz2:  Azimuthal component of the (absolute velocity).
uz:  axial velocity component of the (absolute velocity).
W1 Relative velocity upstream of a blade.

W,:  Relative velocity downstream of a blade.

2.4 Turbulence Models

Modelling turbulent terms in RANS equations is essential for solving them.
This study shows that three turbulence models are under investigation including the
Spalart-Allmaras [45 , 46], Shear Stress Transport (SST) and the K-¢ Launder—
Sharma [47]. They o: Rotational velocity.

are based on RANS. They are also called as linear turbulent viscosity models.

2.4.1 Spalart-Allmaras Model

The Spalart-Allmaras model has a single equation but it is very popular because
it is robust and facilitates complex flows. Its most significant advantage over the SST

model is robustness. Other advantages include less CPU/memory use.

This model applies through resolving a single additional transport equation. This

equation has one each of advective, diffusive and source term.

The turbulent viscosity is given by:

U = 17fvl (248)
Here, ¥ is a turbulent variable while f,,; is a function:

X3

for = (2.49)

S a3+
In this case, x represents ratio between the working variable 7 and the molecular
viscosity v .

. (2.50)

S|

The turbulent working variable follows the transport equation:
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dv 1 "
d_: =~ {V.[(v + VI + Cp2 (W) + CpaST(L ~ fi2)
(2.51)

o (L
Where:

U represents working variable and v represents molecular viscosity.

The constants and functions given in equations (2.43) to (2.45) are presented below:

3 v X 2.52)
S=S+—f f,=1- (
k2d? vz 1+ xf,

Here d represents distance to the wall, k represents Von Karman constant while
S shows the magnitude of the vorticity.

The function fW is given below:

1+c8, \'"*
fo, = g(—gﬁ " é“‘; J (2.53)
w3
Where;
v
g:r+CW2(r6—r) and r= L (2.54)

The functions fu and ftz are given by:

2
W,
f,= ctlgtexp{— Ct{A_EJ (d 2+92d? )} , f,= ctsexp(— C.s X 4) (2.55)

Where:

W, :  The wall vortices at the trip.

d, : The field point-trip distance

Aq : The velocity difference between the trip and the field point.

0,:g, = min [1-0, Aq/WtAX], with X being the grid spacing along the wall at
the trip.
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The constants used so far are:

(,:% , €, =01355 c,=01355 k=041,

Cop = 82 4 (1+ ¢, )/b=2.5093

wil
k2

¢,=03, ¢,=20 ,c,=71, ¢,=10 c,=20, c,=11 ¢,=20

w2 ' w3 1 ]

2.4.2 k — & Model

In this model, Launder-Sharma and low Reynold's Number are utilized. The low
Reynolds number model has advantage over a standard model that a standard model
uses numerically unstable values when the integration with the wall takes place. On
the other hand, the low Reynolds number k — & facilitates direct integration of the
viscous sub layer to the wall [48]. This low Reynolds number model has been
expressed using turbulent kinetic energy and turbulent dissipation rate equations,

which are given below:

LDK_ 0 KWLAJ‘S_?} P.—rc+ L, (2.56)

And

2
De 0 U, | O¢ &£ E
A | T R S L 2.57
p Dt 8)(] |:(’u GS J axl :| Cgl f]_ Pk K CgZ f Zp k Lk ( )

Where: p_ is the turbulent production defined as.

aui
Pk = TUE (258)
]

The turbulent viscosity u; is computed as:

2

U = pfﬂcﬂ? (259)

The coefficients of the K — & € model are presented in Table (2.1):
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Table 2. 1: Coefficients of the K-¢ models

K — & model Launder-Sharma
u 0.09
Cet 1.44
Cea 1.92
(4% 10
Oc¢ 13
—3.4
fu e[(1+Ret/50)2]
fi 1.0
f2 1 —0.3e"Re?
kZ
Ret = E
Lk a\/E 2
—2u|—=——
an
Le Bt (9%
—2u— >
p \0x;

2.4.3 Mode k —@ Shear Stress Transport (SST)

The k — @ turbulence model consists of a two-equation model. The first equation
expresses the kinetic turbulent energy k and the second shows specific turbulent
dissipation rate ®. Just like k—& , k- model has been presented in several

Versions.

The SST model's transport equations are given below:

dk

d ok
P = o l(ﬂ + Oxhe) al + Py — B pwk (2.60)

]
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dw 0 dw ) 5
Par = a—xj[(u + 0wHt) a_le +YPep — Bpw (2.61)
1 0k dw
+2(1 = F)pogy, @0z, 0x;

Here, the constant * = 0.09 . T The last right-side term in the Eq. (2.61) represents

cross diffusion, which is only activated outside the boundary layer. Moreover, F;

represents blending function, which blends the coefficients of the genuine k-

model within the boundary-layer zone.

Equations (2.60) and (2.61) have constants, which are expressed below in the

compact form:

¢ =Fid— (A =Fo, (2.62)

Where:

@, Constants of the k — w model (when F; = 1)

And
@, Constants of the k — & model (when F; =0)

Now, pB,y,o0, and gy are defined in terms of blending coefficients:
¢ Inner model constants p; = 0.075,y, = 0.5532 , g,, = 0.5, o, = 0.5

«  Outer model constants 8, = 0.082,y, = 0.4403 , o,,, = 0.856, gy, = 1.0

The blending function F;is defined by:

_ Vi 500v\ 4po,,k
F, = tanh{ min |max <ﬁ*wd' YT )'CDkde (2.63)
Where:
1 0k dw 20
CDa)k = max ZpO'wz Za—xja, 1.0e (264)

Note, d being the distance to the nearest surface.
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2.5 Boundary Conditions

The boundary conditions have two types, which can be simulated through the
CFD simulation of a helicopter rotor blade. They can be classified as solid wall and

external (or farfield) boundary conditions.

2.5.1 Solid Wall Boundary Conditions

The boundary conditions of the turbulent wall are handled using the following
models:

a) Spalart-Allmaras Model:

This turbulence model assumes the turbulent working variable as fixed at zero:

v=0 (2. 65)
b) k —w Model:

For the k — @ model, the boundary condition on the solid wall is as follow:

Opan = ivz (2 66)
p,d
kWaII =0 (2.67)

2.5.2 External Boundary Conditions, (Farfield B.C)

The farfield boundary conditions need application of the Riemann invariants or
the non-reflective boundary conditions. Their details have been provided in the
references section [49, 50, 66].

These boundary conditions are uniform at the farfield because at that position, their
velocities remain unaffected by the blade rotation. The blocks, which are closer to the
blades, their flow is influenced by the rotational movement. The code handles
interaction between the stationary and rotating blocks.

The temperature, static pressure, and axial velocity define the external boundary

conditions, which are obtained through the experimental data while the turbulent

kinetic energy K the turbulent viscosity V; and the turbulent dissipation rate € can

be computed as follows:
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The computation of the dynamic viscosity can be done using Sutherland’s law [51]:

3/2
T T +S
= 2.68
,Ll :uref [Tref ] T + S ( )

Where:

e - Viscosity at T

T, : Reference temperature
S : Sutherland temperature

Since air is treated as perfect gas in this study, the calculated coefficients according to

Sutherland’s law are given in Table (2.2):

Table 2. 2: Sutherland’s law Coefficient

Gas S
:uref (kg/ms) Tref (K) (k)
Air 1.716 x10° 273.15 120
Using Eq. (2.69), the kinematic viscosity was computed:
v=ulp (2.69)

Consequently, the turbulent viscosity is computed for external flows [52].

VT external — Vexterenal (2-70)

The turbulent kinetic energy is computed using the turbulent intensity by the following
formula:

N2
T, =24 2.72)
Uref

In case of external flow, the turbulent intensity is decreased to 1% [43], so:
3, —
K = _( az) (2.72)

Using the turbulent dissipation value, € can be computed using the formula given
below:
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H Pref k2 (2.73)

Here C# = 0.09 .

2.6 Figure OF Merit (FM)

The Figure of Merit is a concept that is very popular for measuring the rotor's
hovering efficiency, which is actually the ratio between the least possible power
requirement for hovering and the actual power needed for hovering. Further

information on Figure of Merit (FM) has been provided in the references section [53].

In the nutshell, the Figure of Merit helps comparing the actual rotor performance with

the ideal rotor performance.

B Ideal Induced Power

Actual Power

Hence the figure of merit is given by:

Ct3/2

" 2.

FM (2.75)

Consequently, Equation 2.75 shows FM value for a given rotor that increases when
the CT increases. It means that the researchers should be careful while using the FM
to compare. Generally, 0.75 is a good value for Figure of Merit while the profile-drag

accounts for approximately ¥4 of the overall rotor power.
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CHAPTER 3

VALIDATION STUDY

This chapter discusses the outcomes of the simulations of 3-D steady state
Computational Fluid Dynamics (CFD) by presenting two test cases. The first case is
Caradonna-Tung, which was used in the testing facility of the Army Aero-mechanics
Lab for conducting hovering tests. At the facility area, there was a large wind tunnel
that was specifically designed with ducts to eliminate the re-circulation of air. The
second case was the UH-60A Black Hawk helicopter rotor, which was used for testing
in the hovering conditions. Both the test cases were considered for validating the
commercial NUMECA CFD software. Moreover, three other turbulence models were
tested and tne results were compared with the experimental data. Choosing the best
available turbulence model is essential for finding the most accurate solution that will

be further utilized during the remaining part of this thesis.

3.1 Test Case I: Caradonna —Tung Helicopter Rotor Blade

3.1.1 Experimental Data and Blade Description

In the first case, Caradonna-Tung (1981) [31] was used to carry out an
experimental study, during which, the model helicopter rotor was operated and
analyzed during the hovering condition. The Army Aeromechanics Lab maintained
the database, which was collected during the hovering test. Later, many European
research labs contributed to this database, and the laboratory documented it for
offering the results to the researchers.

In the studied case, the rotor used a couple of cantilever-mounted blades with
manual adjustment options. Those blades had NACA 0012 profile with untwisted as
well as untapered shape as shown in Figure 3.1. The aspect ratio AR = 6, the model
rotor diameter was 2.286m (7.5 feet), and the length of fixed chord along the span was
0.1905m (0.625 feet) as Figure 3.2 shows.
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Figure 3. 1: NACA 0012 Airfoil Geometry
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Figure 3. 2: Caradonna-Tung two-blade model rotor while hovering [31]

No details are available about the tip shape or the hub geometry in this experiment.
Piotr and Oskar [28] have used Caradonna — Tung for computing flat-tip surfaces as
well as sharp trailing edges of all the blades. Artificial-hub cylindrical surface with
radius Rahub = 0.5¢ replaced the shaft's real shape as Figure 3.3 shows. The inner rotor

radius was assumed as Rin = c.
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Figure 3. 3: Geometry of Caradonna-Tung rotor, [28]

Table 3. 1: The real blade of Caradonna-Tung

Airfoil section

NACA 0012

Number Of Blades

2 rectangular

Collective Pitch Angle 8 degrees
Rotor Diameter 2.286 m
Blade Chord Length 0.1905 m
Aspect Ratio AR 6

Rotation speed RPM

1250-1750-2500 rpm

Ambient Pressure Patm

103 027 Pa

Ambient Temperature Tatm

289.75 K

Ambient Density Patm

1.2389 [Kg/M?]

Untwisted & Untapered

0 degrees along the span




Experiments were repeated with many rotation rates and collective pitch settings.
Collective pitch angles of 5° and 8° with tip Mach numbers 0.439, 0.612, 0.794 and
0.877at rotor speeds 1250, 1750and 2500 rpm were tested.

In order to assure the computational efficiency, just one blade was used with the rotor.

During the Caradonna-Tung experiments, the surface pressure distribution was
calculated in 5 span-wise sections: r/R = 50%, 68%, 80%, 89% and 96%.

3.1.2 Aerodynamic pressure coefficient

Using Eq. 3.1, the pressure coefficient can be calculated as:

P-P,

“ = 05 (U2 + @D G
Where:
U, :The wind speed [m/sec]
P The free stream density [Kg/m®]
r : Radial distance between the hub center and the blade section [m]

Q : The rotational speed [rad/sec]

During hovering condition u_, the wind speed remained zero; therefore, the equation

of pressure coefficient can be expressed as:

P-P,

& = 0.5 po, (Qr)?2

(3.2)
3.2 Simulation and Results for Caradonna-Tung Blade

3.2.1 Geometric Blade

The geometric blade of Caradonna-Tung was generated using the AutoBlade
[55] software of NUMECA. The geometric blade is shown in figures 3.4 and 3.5.
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Figure 3. 4:3D Caradonna-Tung blade geometry generated by
AutoBlade
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Figure 3. 5:3D view

3.2.2 Mesh Generation

The calculations in this study were performed with the help of CFD package
called as FINE/Turbo solver [56], which was developed by NUMECA International.
That FINE/Turbo solver offers 3D structured, density-based, multi-blocked finite

volume code. In this case, mesh generation is performed through O4H grid topology.
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The IGG/AutoGrid-5 software was used for generating grid [57], which was developed
by Numeca International. The 5-block mesh schematic diagram is presented below as

Figure 3.6 shows.

Periodicity Boundary

(4)

(5)

Figure 3. 6:(O4H ) grid block structure used

1. The block around-the-blade O-block is called as the skin block.

2. The H-block above the blade's leading edge is called as the inlet block.
3. The H-block below the trailing edge is termed as the outlet block.

4. The H-block on the blade section is called as the up block.

5. The H-block closer to the blade section is called as the down block.

The hovering rotor's mesh was generated for single blade while the periodic conditions
were applied to account for the other blade. This decreases the simulation time. The
first cell's width was found using the Blasius Equation.

3.2.3 Estimate the width of the first cell at the wall

The first cell width should be selected carefully because the flow solution
quality generally depends on capturing the flow phenomena taking place within the
boundary layers that develops along the solid walls.

Depending on the selected turbulence model, NUMECA recommends finding the
closest grid point along the wall having a distance corresponding with the parietal

coordinate y+ that ranges between 1 and 5 (Low Reynold's number model).
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The Blasius Equation helps finding the link between the first cell's width and the
parietal coordinate y+. Here, Blasius Equation drives y+ [57], which is expressed for

turbulent flows as given below:

V 8 /L
Ywan = 6( Lef) ( M) Y, (3.1)

Here:
e Ywall represents the distance between the nearest grid point and the wall (in
meters).
e Vref represents the flow's reference velocity or the inlet velocity (m/s).
e v shows the fluid's kinematic viscosity (m2/s) that is obtained by dividing the
dynamic viscosity by the density.
e Lref shows the test case's reference length (in meters) while Y:i* is a

dimensionless value.

In the present case, we can estimate that Vref = 299 m/s; Lref =0.1905 m, v = 1.7e-5
m2/s. Assuming that if we want to get Y* around 1 at the wall, it turns out that

Ywai = 2.11 x 10-6 m.

The hovering simulation in this case study is carried out on coarse, fine, and finer 3D
meshes. The CFD mesh pertaining to high and low resolution below as well as closer
to the rotor tip was initiated for finding its impact on the tip-vortex visualization. Using
Navier-Stokes calculations, the coarse mesh sizes were found adequate for predicting
blade loading; however, in order to carry out correct predictions of wake and
trajectory, there is a need for fine mesh resolution because it decreases diffusion and
dispersion issues taking place in the coarse mesh. The computational body-fitted
structured grid is semi-automatically generated with the help of parameterised python
scripts of the IGG/AutoGrid5 software.

3.2.4 Mesh Study and Validation Results

The Numeca AutoGrid mesh generator was used for generating the mesh, and
it was generated for a single blade under periodic conditions, which are similar to the

conditions as if the other blade has been used. The study was conducted in this case at
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high rotation speed (2500 rpm) from coarse to fine and then finer meshes with
resolutions of 131427, 965334 and 7391004 nodes respectively.
Table 3.2 summarizes the different grid levels used in the mesh study and the time

taken for one convergent solution.

Table 3. 2: Different grid system for Caradonna-Tung rotor at 2500 rpm

Number of
Mesh name at
Grid 3D FM Time work
hover
mesh

Coarse 131427 0.420 1 hr

Fine 965334 0.538 3hr
Finer 7391004 0.553 12 hr

The properties of the computer used :

Intel (R) Core (TM) i5 — 3210M CPU @ 2.50 GHz 2.50 GHz / RAM 8GB / 64BT/
name VAIO.

In Figure 3.7, a cut through the grid at r/R=0.5has been projected on z has been
presented showing orthogonal shape and smoothness of the 2D mesh.
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Figure 3. 7:2D mesh at blade mid-span of Caradonna-Tung rotor

The computational domain, which stands for the blade mesh, and the external field of
Caradonna-Tung rotor, showed the total number of the block structures, which are

illustrated in Figure3.8.
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Figure 3. 8:3D Mesh block structure for Caradonna-Tung rotor

The hovering rotor flow simulations were calculated and the calculations were
performed assuming that the wake shed is periodic with respect to time and space, and

the flow closer to the hovering rotor is considered as a steady-state problem.

The Fine/Turbo solver is used to solve the 3D steady-state RANS equations with three
turbulence models [56]. Those turbulence models include Spalart-Allmaras, Shear
Stress Transport (SST), and the K - € Launder-Sharma Model, which were applied with
the help of local time stepping for every cell.

The validation case is the experimental data for the total pitch angle of 8 degrees at the
rotational speed of 2500rpm.

The Figure 3.9 shows the comparison between the experimental pressure coefficient
distribution and the computed CFD pressure coefficient distribution solved using
Sparart-Allmaras at different mesh values for Caradonna-Tung rotor at three span-wise

sections; 50%, 80%, and 96% with maximum 4000 iterations.

By looking at the previous results, it was found that the fine mesh passes through the
experimental solution points more conveniently as compared to the other forms. From
this observation, it was concluded that the fine grid or mesh is closer to the
experimental solution, and it also serves as a solution to other problems pertaining to

the rotation speed.
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Figure 3. 9: Pressure coefficient distribution comparison between
experimental and CFD calculated at 50%, 80%, 96% span-wise at different
mesh levels.

The Y* value located between 1 and 3 in the wall blade. Such range of is suitable for

the tested Spalart-Allmaras turbulence model, the figure 3.10 is show that.

Suction Side y.}. Pressure Side

—_

Figure 3. 10:Y+ Value for Caradonna - Tung at 2500 rpm
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Figure 3. 11:Pressure coefficient distribution comparison between experimental and
CFD using different turbulence models

Figure 3.11 illustrates the distribution of pressure coefficients in several turbulence
model solutions such as Spalart-Allmaras, the K - € model and the Shear Stress
Transport (SST) model with the experimental data for Caradonna-Tung [ 31] rotor
craft at spanwise locations of r/R= 0.5, 0.68, 0.8, and 0.96

The 3-D gauge pressure contours on both pressure and suction sides of the blade are

shown in Figure 3.12 using the Spalart-Allmalas turbulence model at rotation speed:
Q =2500 rpm.
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The static stream pressure difference is equal to the gauge pressure, which can be

mathematically expressed as:

Pstatic — Poo = Pgauge

Suction Side Static Pressure (Pa) Pressure Side

100000

80000

60000

40000

20000

Figure 3. 12;Gauge pressure contours for Caradonna - Tung at
2500 rpm

Figure 3.12 shows considerable pressure variation in both the span-wise and chord-
wise directions at 2500rpm. This variation becomes higher closer to the blade tip.

Figures 3.13 to 3.16 show the gauge pressure contours' results both on pressure and
suction sides of the blade at 1250 RPM and 1750 RPM respectively.
Computed coefficient of pressure distributions at five span-wise blade sections of r/R

= 0.5, 0.68, 0.80, 0.89 and 0.96 at different rotation speeds: 1250rpm and 1750rpm.

The results at 0.5, 0.80 and 0.96 span-wise are shown in Figures 3.13 and 3.16 below.
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Figure 3. 13:Gauge pressure contours for Caradonna - Tung at
1250 rpm
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Figure 3. 14:Gauge pressure contours for Caradonna -Tung at 1750
rpm
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Figure 3. 15: Comparison between Numerical (SA) and
experimental at different span-wise sections at 1250 rpm

At 1250 and 1750 rpm, the CFD pressure coefficient distribution at every section along
the blade span shows good agreement with the experimental data. These rotational

speeds allow the flow to be fully attached to the blade without any separation.

At high rotation speed 2500 rpm, a great discrepancy emerged between the
experimental and computed pressure distributions on the pressure side with inboard
spans 68%, 80% and 96%. At these points, the rotational speed separation has
occurred, which strengthened the formed vorticity that is stronger near the root as

shown in Figure 3.11.
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Figure 3. 16:Comparison between Numerical (SA) and experimental at
different span-wise sections at 1750 rpm

The figure below shows the results of the experimental data and CFD computations
for thrust force and the thrust coefficients at each rotation speed Q= 1250, 1750, 2250,

and 2500rpm with different turbulence models.

3000
2500
Z£2000
o+
(%]
21500
<
= —X%—T SA
1000
—X—T_SST
500 O T EXP.
—4A— K-e
0
0 500 1000 1500 2000 2500 3000

Rotation speed (RPM)

Figure 3. 17:Comparison of experimental Thrust with different
turbulence models Thrust for Caradonna -Tung
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Figure 3.17 shows that all the considered models exhibited reasonable agreement with
the experimental data; however, it was noted that the results obtained through Spalart-
Allmaras were the closest to the experimental data as compared to the other two
turbulence models; therefore, we excluded them from further discussion. All the
models showed similar behaviours regarding the prediction of thrust at different
rotational speeds.

The calculated span-wise distributions pertaining to the lift coefficient at Q= 1250rpm,
1750rpm and Q= 2500rpm were compared to the experimental data as the Figure 3.18
shows.

The experimental results are plotted in two different ways; one way is directly obtained
from the lift coefficient data of Caradonna—Tung experiment report, and the second is
obtained by integrating the pressure coefficients of the experiment conducted along
the chord in the corresponding section [32].

The computational results for sectional lift coefficient at three rotation speeds showed
agreement with the experimental data.
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Figure 3. 18:Comparison of sectional lift coefficient for Cardonna-
Tung
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3.2.5 Validation Results at 5° Collective Pitch Angle

In this section, the distributions of pressure coefficient Cp at low collective pitch
angle (5 degrees) and two rotational speeds of 1250 and 1750 rpm are computed and

compared with the experimental data.

The outcomes for pressure coefficient exhibited reasonable agreement with the
experimental data, and they are shown in the following graphs.
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Figure 3. 19:Comparison between Numerical (SA) and experimental data at
different span-wise sections on Caradonna—Tung at 1250 rpm at 5° collective
angle
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Figure 3. 20:Comparison between Numerical (SA) and experimental
data at different span-wise sections on Caradonna—Tung at 1750 rpm at
5° collective angle

At collective angle of 8 degrees and at rotational speeds of 1250 rpm and 1750 RPM,
the computed pressure distribution shows agreement with the experimental data at all
blade sections, which is shown in Figures 3.15 and 3.16. At higher rotational speed of
2500 RPM, there was discrepancy between the experimental and the computed
pressure coefficient distribution specially at the outboard span sections (80% and
96%). This happened because of the strong vortices at this high rotational speed as

shown in Figure 3.11.
At 5 degrees and 1250 as well as 1750rpm rotation speeds, the calculated pressure

coefficient distribution on all the blade sections showed good agreement with the

experimental data, which is obvious in figures 3.19and 3.20.
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3.3 Test Case 2: UH-60A Black Hawk Helicopter Blade

In this case, the UH-60A Black Hawk helicopter rotor is used for validation.
This rotor consists of four twisted blades with sweep. The UH-60A rotor has been
extensively studied, and the results are given in many publications [58-63]. Besides

experimental results, different research groups conducted several simulations.

In this study, both of the zero-thrust and the high-thrust cases of UH-60A are studied

as shown in the following sections.

3.3.1 Blade Description and the Experimental Data

Because of the flow-field periodicity, just a single blade was considered and the

periodic boundary condition was implemented on the other blades.

The blade features and geometric dimensions were taken using a scale of (1: 5:73) as
shown in [58].

The data was acquired for a 9:4ft 2.9 m diameter, four-blade scale (1: 5:73) of UH-
60A rotor. A UH-60A rotor blade consists of two different airfoils distributed as
follow: SC1095 airfoil in the root and tip regions and the SC1094R8 airfoil in the mid-

span region as shown in Figure 3.20.

The mentioned blade possesses unique twist distribution as Figure 3.21 shows.
The blade twist distribution has a linear shape as r/R < 0.75 while it is non-linear on
the tip. The blade has a built-in twist that linearly varies in the 80% blade radius, and
it has hook-like non-linear twist closer to the tip, which is part of the model. Moreover,

the blade's elastic twist applies the measured defections [58].

A Dblade pitch distribution having a built-in, collective, and elastic twist can be plotted
against the radius and compared to the experimental results as shown in Figure3.22. In
addition, there is also a 20° rearward sweep beginning at r/R = 0:93.

The average chord is 3.64in (0.0924m) that produces a 15:3 blade aspect ratio and
0.0825 solidity ratio.
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Figure 3. 21:Blade and airfoil shape of UH-60A black hawk rotor [63]
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Figure 3. 22:The twist distribution of UH-60 blade [60]

We chose a couple of flow-field conditions for studying the CFD simulation solution
procedure suitable for this blade. First, UH-60A blade was studied at zero thrust. The
second case was studied at high thrust. Both the cases were compared with the

experimental data. The description of both the cases has been summarized in Table

3.3.
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Table 3. 3: UH-60A Black Hawk Blade Description for Both the Cases

Cases At zero Thrust At high
Thrust

Two different airfoil sections SC1095 — SC1094R8
Number Of Blades 4
Average Chord Length 0.0924 m
Rotor Diameter 29m
Aspect Ratio AR 153
Ambient Pressure P___ 101300 Pa
Ambient Temperature T, 288.15K
Ambient Density P, 1.225 kg/m3
Sweep at 92% 20 degrees
Collective at 6 0.75 & coning f3 - 10.47 &-2.31
Thrust coefficient Ct/c 0.0 0.085
Rotor speed 1427 rpm 1425 rpm

3.4 Simulation and results for UH-60 blade in Hover Condition
3.4.1 Geometric Blade

This case is different as compared to the first case because it contains two
airfoils, which are asymmetrical, and besides, there is a twist and sweep back after

92%. The geometric blade was generated using AutoBlade software of NUMECA.

The collective pitch angle for the zero-thrust case is 6 0.75 = 0.110 and the cone angle
is p=-200 while, the collective angle for the high-thrust case is 6 0.75= 10.470 and the
corresponding cone angle is = -2.310. However, the chord length C = 0.0924m in
both cases. The number of sections in the geometric blade was 17, which are

mentioned in Table 3.4.

The 2D and 3D blade section shapes are shown in Figure 3.23.
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Table 3. 4: Twist variations along the UH-60 rotor geometric blade at a high thrust

value
No. of | Section Span Twist | Location
Section | location | station r/R | (degree) | of airfoil
Hup (m) | (r/1.432)m

10.186233 0.13 | 21.25794

2| 0.327069 | 0.228311 | 19.2586 | SC1095

310573459 | 0.400304 | 15.7608

41 0.673303 0.47 | 14.41985

51 0.701954 0.49 | 14.03505

6| 0.787144 | 0.549467 | 12.8909

710.963762 | 0.672755| 10.4395 | SC1094R

8]1.105491 | 0.771689 | 8.75037

9| 1.174699 0.82 | 8.210038

10 | 1.217676 0.85 | 7.874504

11| 1.236319 | 0.863014 | 7.72895

12 | 1.289304 0.9 | 6.242261

13| 1.314453 | 0.917555 | 5.53662 | SC1095

14| 1.348976 | 0.941654 | 5.28749

15| 1.376232 0.96068 | 5.81066

16 | 1.414389 | 0.987316 | 7.08122

17 | 1.43256 1| 7.08122

b

20 deg.—l ?
I 0.92R |
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Hub ——
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Figure 3. 23:3D UH-60A helicopter blade geometry drawn using
AutoBlade
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3.4.2 Mesh Generation

3D structured mesh was generated with the help of NUMECA AutoGrid mesh
generator. The mesh for a single blade was generated with the periodic condition that
artificially creates the conditions as if other blades are working. The entire mesh has

around 9 million cells as shown in Table 3.5.

The thickness from the first grid point to the wall was estimated when Vyef = 213 m/s,
Lref = 0.0924 m and v =1.7e-5 m?/s.

Assuming that if we wish to get y* around 1 at the wall, it turns out that Y = 2 x 10
m. The range y* is appropriate for the tested turbulence models.

Table 3. 5: Mesh quality of UH-60 Blade

Entire Mesh 8,939,898
Around the blade 5,724,243
Far Field 3,215,655

At mid-span, the 2D mesh of the blade has been illustrated in Figure 3.24, which has
16 blocks, and all of them stand together for the blade and the external field mesh. It

has been illustrated in Figure 3.25.

Figure 3. 24:The 2D mesh at blade mid-span
of UH-60 helicopter rotor blade
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Flow direction

Figure 3. 25:The 3D mesh for UH-60 helicopter
blade

Pressure Side Suction side

Figure 3. 26:Y+ Value for UH-60A helicopter
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3.4.3 Valuation Results of Two Cases
3.43.1 Atlow Thrust Cr/o=0.0

After computations, both the pressure coefficient distributions were compared with
the corresponding values available in the experimental data for the finer initial grid
(8,939,898) at four spanwise blade sections such as 55%, 77%, 92% and 94.5% at 1427
rpm in Figure 3.27. The turbulence model used was the Spalart-Allmalas and the

results were stored after 5000 iterations.

The computed pressure coefficient distribution of every blade section shows good
agreement when the values were compared with the experimental data as Figure 3.27

shows.
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Figure 3. 27:Comparison between CFD and experimental data at different
span-wise sections on UH-60A at 1427 rpm

The 3D gauge pressure contours on the pressure and suction sides of the UH-60 blade

are illustrated in Figure 3.28.
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Figure 3. 28:Gauge pressure contours for UH-60A blade at 1427 rpm

3.4.3.2 Observations at high Thrust

Both the pressure coefficient distributions were compared with the experimental
data for the finer initial grid at four span-wise sections of the blade 77.5%, 92%,
94.5%, and 96.5% at 1425 rpm. Again the results were stored after 5000 iterations.

In case of high thrust, a noticeable discrepancy exists between the experimental and
computed pressure coefficient distribution both in the suction and pressure sides at the
outboard span 94.5% and 96.5% have been illustrated in Figure 3.29. This is so
because of strong vortices at high rotational speed; so, it causes large separation in the

concerned section.

In case of sectional outboard span77.5% and 92%, discrepancy exists (pressure side)
between the experimental and computed pressure coefficient distributions.

The 3D gauge pressure contours on suction and pressure sides of UH-60 blade have
been illustrated in Figure 3.30 using the Spalart-Allmalas turbulence model at

1425rpm rotational speed.
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Figure 3. 29;Pressure coefficient distribution comparison between the
Numerical (SA) and the experimental values at different span-wise
sections for UH-60A blade at 1425rpm
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Figure 3. 30:Gauge pressure contours for UH-60A blade
at 1425 RPM
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CHAPTER 4

PARAMETRIC STUDY

As mentioned before, the Caradonna-Tung blade and the UH-60 Black Hawk
helicopter blades were chosen for the parametric study. The shape of blade and its tip
are significant for the helicopter's aerodynamic performance. The blade tips encounter
the peak pressure and high Mach number while strong trailing tip vortices are
produced. A poor tip design causes serious implications for the performance of a rotor.
In this chapter, the changes in the shape of the blades will be discussed in three parts;
first part will analyze the effect of the blades' sweepback angle on the thrust production
of the rotor and how to improve the figure of merit of the rotor blade. The second
segment will throw light on adding a winglet to the blade tip and study its impact on
the rotor thrust and torque. The third segment will show the effect of a maple seed
shaped blade on the trust production of the UH-60 black hawk helicopter rotor. All

those studies are conducted under the hovering condition.

4.1 Study of Sweep angle and location

Sweeping the leading edge of blade decreases the Mach number allowing the
rotor to attain a higher advance ratio. The advance ratio is the ratio of the freestream
speed to the rotor tip speed. This decreases the compressibility effects and hence
decreases both of the drag and the need for net rotor power. Figure 4.1 shows the shape
of the sweep angle.

SWEEP LOCATION

— 4 sweep
AMGLE

SWEPT-TIP BLADE

Figure 4. 1: Swept-back blade-tip
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At Mary-land, Chopra and Kim [65] analyzed the aero-elastic responses of various
blade shapes such as rectangular, anhedral, UH-60 type blades, and tapered-tip blades.
The use of sweep also affects the tip vortex formation, and its location after it has been
trailing from the blade; however, there is a definitive impact of rotor-tip vortex
formation issue as well as the impact of tip shape on the vortex characteristics
including the velocity profile and the diffusive characteristics.

It is likely, however, that this area of research might lead towards improving the tip

shapes and rotor blades, which were optimized for lower induced drag.

This chapter will throw light on different effects of sweep angle on the blade tip
(backward) with different locations of sweep along with the blade span on the thrust

production and improvement in the figure of merit.

4.1.1 Sweep angle Configurations of the Caradonna — Tung Rotor blade

The tilting direction has been tested for many sweep configurations to find an

ideal configuration to produce thrust.

Different location of sweep were considered; 80%, 90%, 92%, 94%, 95% and 96%
spanwise at different sweepback angles 30, 40, 50, 60 and 80 degrees. Two cases are
shown in Figure 4.2.

40" . -

0.94R
0.92R

Figure 4. 2: Locational of sweep angle of 40 deg. And 30
deg. At 92% and 94%
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4.1.2 CFD Simulations During the Hovering Condition

We applied the mesh topology, which is used in Section 3.2 (shown in Figure
4.3) with the same RANS settings used for the flowfield computations of the baseline
blade.

The analysis were carried out under three rotation speeds 1250, 1750 and 2500rpm at

8-degree collective pitch angle during the hovering condition.

R=1143m 0.94R

Figure 4. 3: 2D and 3D mesh of 30 degrees and
94%

Calculating the percentage of increase in thrust and the percentage of decrease in
torque and also the figure of merit (FM) for sweepback angle configurations is
significant in determining the rotor performance. The FM is an indication of both the
thrust and torque as given in Equation 2.75. The helicopter rotor blade efficiency
during the hovering condition is usually expressed in terms of FM.

Higher thrust generation is better for the hovering condition. However, more torque
generation means that more power is needed to attain that thrust, which makes the

helicopter less efficient.

The percentage of computed thrust increase and the torque decrease as compared to
baseline blade geometry were obtained for each configuration at three rotational
speeds 1250, 1750 and 2500rpm at 8-degree collective pitch angle. All the analysed

cases are summarized in tables 4.1, 4.2 and 4.3.
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Table 4. 1: The percentage of Thrust, Torque and FM for the different cases for
rotational speed 2500 rpm

Sweepback Swee_:p Increase | Decrease
angle Location | F.M Thrust | Torque
r'R (%) (%)
Baseline 0.368 0 0
94% 0.401 0.760 6.985
30 degree

96% 0.394 0.253 6.123
92% 0.402 1.171 6.551
40 degree 94% 0.398 0.984 6.049
96% 0.390 0.228 5.169
92% 0.395 1.034 5.268

S0degree o oo | 0392 | 0.673 | 4.880
80% | 0369 | -0.929 | 1.354
90% | 0373 | -3.001 | 5572
60 cegree | 92% | 0.388 | 0567 | 4.083
94% | 0385 | 0231 | 3.914
95% | 0381 | -0281 | 3.615
96% | 0381 | -0.284 | 3615
30 degres | 0% | 0375 | 0482 | 2492

94% 0.375 | -0.649 2.591

Table 4. 2: The percentage of Thrust, Torque and FM for the different cases for
rotational speed 1750 rpm.

Sweepback | Sweep Increase | Decrease
angle Location | F.M Thrust | Torque
r'R (%) (%)
Baseline 0.42 0 0
94% 0.418 | -1.648 1.898
30 degree

96% 0.419 | -1.557 1.974
92% 0422 | -1.374 2.354
40 degree 94% 0.422 | -1.190 2.202
96% 0.423 | -1.282 2.354
92% 0.424 | -1.099 2.354

S0degree o o 0424 | -1.007 | 2.354
80% | 0429 | -1.190 | 3.721

90% | 0401 | -5403 | 3417

60 dearee | 92% | 0425 | -1.007 | 2430
g 94% | 0425 | -1.007 | 2.430
95% | 0424 | -1.099 | 2.506

96% | 0424 | -1.190 | 2.582

80 cegree | 0% | 0425 | -0916 | 2430

94% 0.424 | -1.099 2.506
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Table 4. 3: The percentage of Thrust, Torque and FM for the different cases for
rotational speed 1250 rpm.

Sweepback | Sweep Increase | Decrease
angle Location F.M Thrust | Torque
r/R (%) (%)
Baseline 0.439 0 0
30 degree 94% 0.430 -1.784 0.615
96% 0.431 -1.729 0.615
92% 0.433 -1.636 1.077
40 degree 94% 0.435 -1.338 0.923
96% 0.435 -1.431 1.077
50 degree 92% 0.436 -1.283 1.231
94% 0.436 -1.190 1.077
80% 0.446 -1.264 3.231
90% 0.395 -9.126 3.631
60 degree 92% 0.437 -1.171 1.092
94% 0.437 -1.152 1.077
95% 0.437 -1.227 1.231
96% 0.436 -1.264 1.154
80 degree 90% 0.438 -0.929 1.077
94% 0.437 -1.190 1.123

It is obvious in the tables above that the sweep back angle at high rotational speeds has
a greater and more pronounced effect as compared to the lower rotational speeds. In
Table 4.1, at 2500rpm rotational speed, the best results for the efficiency of the blade
are found in the case of 30-degree angle at 94% and 40-degree angle at 92%.

At his point, the thrust increase and torque reduction gave the best value of figure of
merit. The minimum torque in this study at 2500 RPM was attained at sweptback of

30-degrees angle located at 94% span.

For this configuration the torque has decreased by around 7%. The effect of sweptback
on the thrust is less pronounced. The maximum increase in thrust was only 1.2% above

the baseline value.

At low rotational speeds such as 1250 and 1750rpm, we find the sweep back angle that
has lower effect on the blade torque and thrust values. There was no increase in thrust

but the torque has decreased by around 3%.
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Table 4.4 provides the best cases of thrust and the figure of merit with the least torque

that also shows the maximum value at all the rotational speeds.

Table 4. 4: Optimum Cases for thrust, torque and FM

RPM Increase Thrust (%) | Decrease Torque (%) FM
1250 | 80 deg./90% | -0.929 | 60 deg./90% | 3.63 | 60 deg./80% | 0.445
1750 | 80 deg./90% | -0.916 | 60 deg./80% | 3.721 | 60 deg./80% | 0.429
2500 | 40 deg./92% | 1.17 | 30deg./94% | 6.984 | 40 deg./92% | 0.402

The pressure coefficient at different spanwise locations was plot for the sweptback

angles of 30° and 40° located at 94% and 92% span respectively and compared with
the baseline blade at 2500 RPM as shown in Figure 4.4.

Span Location r/R=0.68 Q =2500 RPM
1.5 1.5
-1
g o)
@5 D.
g g
E= ©
8 ° 8
%.5 —a—Baseline %_5
A blade &
(0] —
a1 —o—30deg. At o
94% s
15 Non- dimensional Chord X/C 15
15 Span Location r/R=0.89 Q =2500RPM | -15
&1 1
= S
[
8.5 #5
9 2
& S
(] E0
O G
S
m
5 5 .5
g —=— Baseline %
<l Blade 31
. —o— 30deg. At o
1.5 4% 15

Non-Dimensional x/C

Span Location r/R=0.8

Q =2500 RPM

—»— Baseline

Blade

—0o—30deg. At

94%

Non-Dimensional chord X/C

Span Location r/R=0.96 Q= 2500RPM

—— Baseline
Blade
—o— 30deg. At
94%
Non-Dimensional chord X/C

Figure 4. 4: Pressure coefficient distribution comparison between Baseline and
Optimum Cases at different span-wise sections at 2500rpm and 8 degrees collective

pitch angle.
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At 2500 rpm, the pressure coefficient was found to be different as compared to the
baseline blade. It was found that the pressure rose towards the suction, and was high
on the pressure side as well, which resulted in higher relative thrust at the outboard

blade in the direction of the tip region.

With changing pressure distribution, the thrust increased and the torque decreased,

therefore, increase in the figure of merit was observed.

4.1.3 Sweep angle Configurations of UH-60A

Different configurations were tested with different tilting directions in order to

find the best thrust production configuration.

The baseline blade with the same geometry but different sweep locations (span-wise
80%, 90% 92% and 94%) were taken with different sweep angles (5, 10, 15, 20, 25

and 30 degrees) at the same collective pitch angle, as Figure 4.5 shows.

10 deg

| 092 R

15 deg

f 0.92R

25 deg

|

20 deg

094 R

Figure 4. 5: Different sweep angles and sweep locationals of
UH-60A

4.1.4 CFD Simulations and Results of UH-60A

The mesh topology, which was used in Section 3.3, has been applied in this case.

RANS equations were solved to find the results using the Spalart-Allmalas as a
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turbulence model. These results are obtained at the rotation speed 1425rpm at
Collective 0 0.75 = 10.47 degrees and coning 3 = -2.31 degrees.

Calculating the percentages of torque, thrust, and FM is important for finding

increase/decrease that has taken place because of different sweep configurations.

The thrust and torque percentages, which were closer to the results of the original blade

geometry, are given below:

Table 4. 5: The percentage of thrust, torque and figure of merit for different cases at
the rotational speed 1425rpm

Sweenback Sweep Increase | Decrease
An Iep Location | F.M Thrust | Torque
g /R (%) (%)

0 0 0.730 |-0.466 |0.036
90% 0.698 |-0.699 |-4.173
5 degree 92% 0.732 |-0.513 |0.468
94% 0.733 |-0.559 |0.540
90% 0.732 | -0.466 |0.288
10 degree | 92% 0.709 |-2.657 |0.468
94% 0.733 | -0.466 |0.432
90% 0.735 | 0.047 -0.036
15 degree | 92% 0.736 | 0.047 0.072
94% 0.737 | 0.047 0.216
90% 0.729 | -0.466 |-0.072
20 degree | 92% 0.735 baseline
94% 0.731 |-0.420 ]0.180
90% 0.732 | -0.093 |-0.252
25 degree | 92% 0.733 | -0.047 |-0.216
94% 0.734 |-0.093 |0.000
30 degree 80% 0.734 | 0.420 -0.719
90% 0.730 |-0.233 |-0.288

From the results mentioned above, there is a little change in the thrust and figure of

merit for the different sweep and location angles.

4.2 Winglet Study

This study was started in July 1976, when Whitcomb [66 , 67], NASA Langley

Research Centre published a study that mentioned some design approaches, which
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briefly mentioned and explained the aerodynamic technology called as the winglet

design.

The study mentioned that some little but vertically arranged fins should be installed on
the KC-135A aircraft wings. They were tested during the years 1979 and 1980. The
winglet was capable of carrying aerodynamic loads.

The vortex was caused when the winglet spread out that decreased the downwash,
which resulted in further reduction in the induced drag as compared to the area increase

in the profile drag.

Whitcomb proved that the tiny winglets had the capacity to raise an aircraft’s range by
up to 7% of the cruise speeds. This process reduced the induced drag and increased

the profile drag when the airspeed increased.

In 1980s, a NASA contract [68] reassessed winglets as well as other drag reducing
devices, and discovered that wingtip devices including winglet, sails and feathers were
effective for improving drag as the lift efficiency increased 10-15% in case when those

wingtip devices are integrated with the wing design.

Mark D. [69] proposed a new winglet design and predicted their performance
(SAILPLANES) as they had good agreement with the results of the flight-test;
however, the designs were tested for very limited time.

Monier ElFarra conducted a study [70], in which, he pointed out that if a winglet is
added to a wind turbine blade, which points towards the blade's suction side; it will

generate more power.

For understanding the process of reducing the drag with the help of the winglet, the

difference between the induced drag and the profile drag must be understood.

The profile drag takes place because of the viscosity caused by the air that
moves on the airfoil surface and also because of the pressure drag. When the wind
turbine blades move in that viscous air, some air sticks to the blades while the
remaining continues its motion. The air requires the blade's energy to rotate with the
blade, so when this energy transfers from the blade to the air, it causes the profile drag.
Moreover, some other factors also result in the profile drag such as the blade's wetted

area, the attack angle and the blade's airfoil shape [71 and 72].
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The induced drag also occurs because of the lift caused by the blade. When the
lift exists, the blade sides should have pressure difference. These sides are
distinguished based on the pressure such as the pressure side and the suction side
(lower pressure side). The pressure difference causes span-wise flow from the pressure
side towards the suction side, which can be felt all along the trailing edge because the
flow that leaves the suction side shifts inwards. On the other hand, the flow coming
from the pressure side shows an outward movement. These are two opposing flows
but when they meet each other on the trailing edge, their collision results in a swirling
motion, which is concentrated on the known tip vortices. The vortices are generated
with the help of energy, which transfers from the blade to the air. This energy transfer
is called as induced drag that can be decreased when the span-wise flow is reduced.

The winglets help reducing it [66].

When a winglet is added to a helicopter blade, it produces a flow that opposes
the airflow generated by the blade. Hence, it cancels or at least weakens the blade's
main flow reducing the spanwise flow, which, consequently, reduces the induced drag.
A winglet's function is to diffuse the tip vortex effect; so, it decreases the induced drag;
however, adding a winglet increases the wetted area that further increases the profile
drag.

Every wing designer should focus on reducing the induced drag but for that,
he/she should first assure minimum/negligible profile drag increase. A majority of
commercial aircraft designs include winglets for reducing the induced drag; so, it helps
saving fuel. Interestingly, birds have this feature that helps them fly but their winglets

(tiny feathers) are not fixed; however, the winglet is fixed in conventional aircrafts.

It is possible to design a winglet in many geometrical shapes/variations, which might
result in optimizing the aerodynamic efficiency of a wing during varying flight

conditions in addition to reducing fuel consumption and pollution.

4.2.1 Geometrical shapes for a Winglet

For adding a winglet, the blade tip is 92% extended with respect to the blade
radius, and then, it is tilted at different angles (10, 20, 30, 40, 50 and 80 degrees). The
direction of the tilting angle and the winglet direction are very significant. For finding

ideal winglet configuration for maximum thrust production, nine configurations were
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tested. The configurations of the 9 cases are shown in Figure 4.3. Table 4.6 shows the
winglet classification and results in CFD.

_L 80 deg. -UP

ﬁ 30 deg- UP

T P P N E— ——— =" ] (] J2g [P

Figure 4. 6: Different winglet configurations

Figure 4. 7: Winglet at 80 degrees in case of UH-60A

4.2.2 CFD Simulations and Results

Just like the sweep study and the mash topology applied in Section 3.3, the RANS
equations were solved to obtain the results using Spalart-Allmalas as a turbulence
model. The results are obtained for the rotation speed 1425rpm at Collective 6 o.75 =

10.47 degree and coning § = -2.31 degree.

Calculating figure of merit increase is important because that happens because
of varying winglet configurations, and it also helps calculating the thrust
increase/increment percentage as well as torque reduction percentage for comparing
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results with the original blade geometry. Every considered configuration has been
listed in Table 4.6.

Table 4. 6: The percentage of Thrust, Torque and Figure of Merit for the different
cases at 1425 rpm rotational speed

Cant Increase | Decrease
angle FM Thrust Torque
(deg.) (%) (%)
10-up | 0.742 1.911 -1.906
20-down | 0.722 0.000 -1.763
20-up | 0.740 2.051 -2.338
30-down | 0.693 -1.538 -3.633
30-up | 0.721 1.678 -4.424
40-up | 0.720 1.399 -4.137
50-up | 0.705 1.305 -6.259
80-down | 0.588 -5.734 -14.424
80-up | 0.649 0.886 -14.676

It is clear from the previous table that using a winglet of 20-deg tilted towards the
upper surface increases the thrust by around 2% and at the same time the torque
decreased by 2.3 %. For this case, the chord distribution along the span of this winglet

has been changed to see the effect of winglet taper ratio on the rotor performance.

Table 4. 7:Compared between untapered and tapered winglet

Cases Thrust (N) | Torque (N.m)
Untapered 2189 284.5
Tapered 1915 331.8

It is noticed that, the tapered winglet has degraded the rotor performance as it has

increased the torque by about 16 % and decreased the thrust by around 13 %.

4.3 A Study on Maple-shaped Blade

Maple shape or samaras are interesting specimens for a biological aerodynamic
study.lt is not just an interesting exercise to analyze and understand the computational

fluid dynamics but this investigation on the autorotation of maple seed-shaped blade

64



gave new insights and unique exposure to the wind. This design is very important for
designing wind turbines, biomimicry, and renewable energy technology.

Biomimicry is a science of finding suitable solutions of the technological problems
through finding solutions from the nature including both plants and animals by using

their shapes and mimicking their geometry in real life [73].

4.3.1 Maple shape configuration of UH-60

Maple shape is made by tilting the blade at different angles (10, 20, 30, 40 and 50
degrees) as well as turning the wings in the direction of the towards the trailing edge
of the blade. In addition to that, there is no sweep angle blade for the purpose of
obtaining maximum thrust and minimum torque. The following shapes illustrate the

geometric shape of the maple-shaped blades.

Figure 4. 8: Maple shape at 50 degrees

4.3.2 CFD Simulations and Results

For this study, a similar mesh girt was used, which was utilized for the previous
cases of UH-60 as well as the one, which was used for solving the RANS equations
with the help of Spalart-Allmalas as a turbulence model.

The results have been obtained at 1425rpm rotational speed at 10.47° collective angle.
Table 4.8 shows the percentages of thrust, torque and FM of different cases at 1425rpm
rotational speed.
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Table 4. 8:The percentage of Thrust, Torque and Figure of Merit for the different
cases at 1425rpm rotational speed

Increase | Decrease
Angle-maple FM Thrust | Torque
(%) (%)
maple-10-TE | 0.737 1.865 -2.446
maple-20-TE | 0.736 1.445 -1.978
maple-30-TE | 0.733 0.233 -0.540
maple-40-TE | 0.713 | -2.191 0.360
maple-50-TE | 0.717 | -5.361 5.612

The results given above clearly indicate that placing the maple shape at 10 degrees
gives the best shape that increases thrust and provides the best figure of merit value

at 10 and 20 degrees but the 50-degree angle gives the desirable low torque value.

In this chapter, the parametric of untwisted and un-tapered blade of Cardonna-Tung
helicopter was tested at rotational speed 2500rpm at 8 degrees pitching angle with a
twisted and un-tapered blade of UH-60A rotors at high thrust using CFD predictions.
The parametrics included sweepback angle, location sweep angle, addition of a
winglet, and creation of maple shape, after which, the detailed analysis of the actions
of aerodynamic forces on a blade was carried out. Some specific observations are listed

below.

The effects of the sweepback angle on pressure distribution and the efficiency of blade
for Cardonna-Tung were compared with the results of the original blade at different
span-wise sections. The effects were very clear at a high rotation speed. The effects
of the parametric sweepback angle at 92% span-wise direction, winglet and maple
shape were small on the UH-60 rotor helicopter because the blade of UH-60 already

has the optimum design.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Concluding Remarks

This study focuses on the parametrics of two blades (twisted and untwisted) for a
helicopter rotor blade using CFD for more thrust and maximum figure of

merit/minimum torque. During the study, many issues were considered and analyzed.

Mash study, Cardonna-Tung blade and UH-60A Black Hawk helicopter blade for
validation, Turbulence models, Different sweep back angle and location sweep,

different winglet, and maple shape blades configurations.

Based on the parametric study outcomes and other important factors, the following

conclusions have been reported:

At first, three levels of grid resolution were evaluated for Cardonna-Tung. The
number of grid points for coarse, fine and finer grids was approximately 131 thousand,
965 thousand, and 7 million respectively, so, it requires robust code to assure good
agreement with correct results. Most results were used on the fine grid of the rotor

blade because they were close to the real outcomes.

Investigations were focused on two test cases to check the validity of the
RANS solver. Those tests were conducted on Cardonna-Tung and UH-60A Black
Hawk. Their validation was tested through different turbulence models. The Spalart-
Allmalas one-equation model has given better results in comparison with the other
models in both the test cases. In fact, the SST two-equation model was expected to
give better results because it combines the advantages of the K-¢ and the SA models.
The results showed agreement with previous conclusions/results. The Spalart-
Allmalas (SA) model can accurately predict the thrust as compared to the SST model.
For assessing this issue, the study of several different meshes was conducted, and this
was mentioned at the beginning of the section; however, the Spalart-Alimalas (SA)
was found to be sufficiently accurate and suitable for selection as a turbulence model

to carry out further calculations and a parametric study.
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The RANS solver was used to compare the computed pressure coefficient
distribution for two cases using the experimental data. It was noticed that for all the
rational speeds, the results were close to the experimental data with the exception of
small deviation on LE on the blade's pressure side for both the cases at a high speed.
When the rotation speed exceeds the stall value, it increases the deviation specifically
pertaining to the blade's pressure side at the place of vortices formation. These vortices
have more strength closer to the root; so, great deviation exists between the computed
and measured data in the location closer to the root. The computational results for both
the pressure coefficient and the sectional lift coefficient at three rotation speeds
showed reasonable agreement with the experimental data.

Many parametric configurations have been proposed in the study including
sweep angle, location sweep, winglet and maple-shaped blade for Cardonna-Tung and
UH-60A Black Hawk helicopter. The results of these experiments were compared with
the original blade results. It was noticed that adding a sweep back angle and location
to the Caradonna -Tung blade, or creating its shape that points towards the direction
of the flow resulted in greater thrust and better value of figure of merit at high
rotational speed. The effect of sweepback angle, winglet pointing towards the suction
side and maple-shaped UH-60A blades were tested for thrust. Experiments show that
the mentioned changes had a small impact on the thrust production, torque and figure
of merit indicating that the UH-60A blade has an ideal design.

5.2 Recommendations and Future Work

Recommendations:
Studies should be conducted on other parameters of Cardona —Tung helicopters

including the twist-linear blade Cardonna-Tung and Winglet design. The thrust largely

depends on the twist angles, and they are a very important parameter.
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