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Abstract

This thesis presents evidence on the ability of grid-based, Computational Fluid Dynamics

methods based on the Unsteady Reynolds Averaged Navier-Stokes equations to accurately predict

axial flight performance of rotors with modest computer resources. Three well-studied blades, the

B0-105, S-76, and PSP main rotor blades, are used and results are compared with experimental

data. Likewise, performance analyses of the JORP propeller and XV-15 tiltrotor blades are carried

out, respectively, aiming to validate the employed CFD method for such relevant flows.

Validation of the HMB3 CFD solver for complete tiltrotors is also presented. The aim is to

assess the capability of the present CFD method in predicting tiltrotor airloads at different flight

configurations. In this regard, three representative cases of the ERICA tiltrotor were selected,

corresponding to aeroplane, transition corridor, and helicopter modes, covering most modes of

tiltrotor flight.

Aerodynamic optimisation of tiltrotor blades with high-fidelity computational fluid dynam-

ics coupled with a discrete adjoint method is also carried out. This work shows how the main

blade shape parameters influence the optimal performance of the tiltrotor in helicopter and aero-

plane modes, and how a compromise blade shape can increase the overall tiltrotor performance.

Finally, the implementation and validation of an efficient, high-order, finite-volume scheme

(up to 4th-order of spatial accuracy) in the HMB3 CFD solver is presented. The scheme shows

a higher level of accuracy if compared with the standard-MUSCL, and 4th-order accuracy was

achieved on Cartesian grids. Furthermore, a significantly high spectral resolution (dispersion and

dissipation) of the new scheme is observed. Two-and three-dimensional test cases were considered

to demonstrate the new formulation. Results of the steady flow around the 7AD, S-76, JORP

propeller, and XV-15 blades showed a better preservation of the vorticity and higher resolution

of the vortical structures compared with the standard MUSCL solution. The method was also

demonstrated for three-dimensional unsteady flows using overset and moving grid computations

for the UH-60A rotor in forward flight and the ERICA tiltrotor in aeroplane mode. For medium

grids, the new high-order scheme adds CPU and memory overheads of 22% and 23%, respectively.

The parallel performance of the scheme is fair but can be further improved.
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CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER
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(a) r/R = 0.6. r/R = 0.9.

Figure 10.10: CP profile comparisons between experimental data [72] and MUSCL-2 and MUSCL-

4 schemes for the JORP propeller blade at radial stations r/R = 0.6 (left) and 0.9 (right).

Solutions were computed on 8 cores of the high performance cluster of Glasgow University Jupiter,

comprised of Intel Xeon E5620 processors. This case shows a smaller penalty compared to the S-

76, with a CPU overhead of about 13%. CPU overheads of 0.7% and 1.3% are reported to compute

first and second derivatives. Halo data exchanges require 1.6% and 4.17% for the first and second

derivatives, respectively. Computing the new residual Jacobian matrix with the high-order correc-

tion terms and resolving the linear systems add 4.1% and 1.3% CPU overheads, respectively. Like

the S-76, a memory overhead of 23% is added when the MUSCL-4 scheme is used. Nevertheless,

solutions obtained with MUSCL-4 provide better wake resolution with a small penalty on CPU

and memory for this medium mesh of 9 million cells.

Table 10.8: Computational run-time for the JORP propeller blade with MUSCL-2 and MUSCL-4

schemes.

Mesh Scheme CPU

work units/iteration

Medium Mesh MUSCL-2 1

MUSCL-4 1.13 (13%)
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CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER

(a) Wake flow using MUSCL-2 scheme.

(b) Wake flow using MUSCL-4 scheme.

Figure 10.11: Wake flowfield for the JORP propeller blade using Q̃-criterion (Q̃ = 0.1) obtained

with MUSCL-2 (top) and MUSCL-4 (bottom) schemes.
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CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER

10.6 XV-15 Tiltrotor Blade

This section demonstrates the performance of the MUSCL-4 scheme with the chimera technique

for a three-dimensional tiltrotor flow. This highly loaded rotor can produce strong wakes. The

resolution of which may benefit from a higher-order scheme.

The flow around the three-bladed hovering XV-15 rotor [87] is solved in steady-state by

casting the equations in a noninertial reference frame. The MUSCL-4 scheme is compared with

the scheme MUSCL-2 in terms of integrated airloads (FoM, CT , and CQ), visualisation of the wake

flow features, and wake structure (radial and vertical displacements of the vortex). All flow solu-

tions were computed using the RANS equations and Menter’s k-ω SST turbulence model [191].

The flow equations were integrated with the implicit dual-time stepping method of HMB.

The three-bladed XV-15 rotor geometry comprises NACA 6-series five-digit aerofoil sec-

tions, and its main geometric characteristics [87] are summarised in Table 10.9. Regarding the

test conditions, the blade-tip Mach number was set to 0.69, and five blade pitch angles were con-

sidered (θ75 = 3◦,5◦,7◦,10◦, and 13◦), corresponding to low, medium, and high disk loadings.

The Reynolds number, based on the reference blade chord of 14 inches and on the tip speed, was

4.95×106.

Table 10.9: Geometric properties of the full-scale XV-15 rotor [87].

Parameter Value

Number of blades, Nb 3

Rotor radius, R 150 inches

Reference blade chord, cref 14 inches

Aspect ratio, R/cref 10.71

Rotor solidity, σ 0.089

Non-linear twist, Θ -40.25◦

The computational domain was composed by a cylindrical off-body mesh used as a back-

ground (Figure 10.12 (a)), and a body-fitted mesh for the blade with a C-H topology (Figure 10.12

(b)). Table 10.10 lists the grids used and the breakdown of cells per blade. Coarse and medium

meshes have 6.2 and 9.6 million cells per blade (equivalent to 18.6 and 28.8 million cells for three

blades), with the same grid resolution for the body-fitted mesh (3.6 million cells). The background

278



CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER

mesh, however, was refined at the wake and near-body regions, increasing the grid size from 2.6 to

6 million cells. Solutions were obtained with the MUSCL-2 scheme using the coarse and medium

grids, whilst the MUSCL-4 was only employed with the coarse grid. Like all cases using chimera,

MUSCL-2 and MUSCL-4 schemes were activated at the foreground and background levels, re-

spectively.

Far−field

Far−field

Far−field

(a) Computational domain.

(b) XV-15 rotor mesh.

Figure 10.12: Computational domain and boundary conditions employed (top) and detailed view

of the body-fitted XV-15 rotor mesh (bottom).

279



CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER

Table 10.10: Mesh size in million cells for the XV-15 rotor mesh.

Coarse Mesh Medium Mesh

Background mesh size 2.6 million 6.0 million

Blade mesh size 3.6 million 3.6 million

Overall mesh size 6.2 million 9.6 million

Wall distance 1.0×10−5cref 1.0×10−5cref

Regarding the stability of MUSCL-4 scheme, Figure 10.13 shows the residual of the flow

solution (ρ ,u,v,w,P) corresponding to the XV-15 tiltrotor blade with the coarse mesh as function

of the number of iterations for the MUSCL-2 and MUSCL-4 schemes. A similar behaviour was

found between both schemes, without any sign of lack of stability for the MUSCL-4 scheme. This

support the idea that with the introduction of low dissipation δ , the robustness of the standard

HMB solver is maintained when high-order schemes are used.
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Figure 10.13: Residual of the flow solution of the XV-15 tiltrotor blade (coarse mesh) as function

of the number of iterations for the MUSCL-2 and MUSCL-4 schemes.

Figure 10.14 shows the influence of the MUSCL-2 and MUSCL-4 schemes on the predicted

figure of merit and torque coefficient for the full-scale XV-15 rotor. Experimental data is also

280
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shown, carried out by Felker et al. [84] at OARF, and by Light [86] and Betzina [87] at the NASA

80×120ft wind tunnel. Vertical lines labelled as empty (4,574 kg, CT = 0.0073) and maximum

gross (6,000 kg, CT = 0.0096) weight, define the hover range of the XV-15 in helicopter mode [73].

Momentum-based estimates of the figure of merit are also included, where an induced power factor

ki of 1.1 and overall profile drag coefficient CDO of 0.01 were used. Polynomial fit curves were

computed using the obtained CFD results and shown with solid lines and squares (MUSCL-2 with

a coarse grid), deltas (MUSCL-2 with a medium grid), and triangles (MUSCL-4 with a coarse

grid). The CFD results obtained with the MUSCL-2 scheme present are in good agreement with

the test data of Betzina [87] for all blade pitch angles. Moreover, the grid size has a mild effect

on the overall performance at low thrust, and a small influence at high thrust. Regarding the

results obtained with the MUSCL-4 scheme, good agreement was obtained, when compared to the

MUSCL-2 scheme, and using a medium grid, with the experimental data of Betzina.

To assess the ability of the MUSCL-4 scheme to accurately predict the loads when a coarse

mesh is employed, a comparison between predicted and measured [88, 98] FoM at a blade pitch

angle of 10◦ is reported in Table 10.11. Predictions with the MUSCL-2 scheme using the coarse

and medium grids show good correlation with experiments (1.5 and 0.8 counts of FoM differ-

ences, respectively). Results obtained with the MUSCL-4 scheme on a coarse grid present a small

discrepancy of 0.5 counts of FoM, which highlights the benefit of using higher-order numerical

scheme in accurately predicting integrated airloads.

Table 10.11: Predicted and experimental [88, 98] figure of merit at blade pitch angle of 10◦.

Case FoM Difference [absolute] Difference [%]

Experiment 0.760 - -

MUSCL-2 coarse grid 0.775 0.015 1.97%

MUSCL-2 medium grid 0.768 0.008 1.05%

MUSCL-4 coarse grid 0.765 0.005 0.65%

Despite that the lower-order numerical scheme is sufficient to predict the loads over the

blades [170], it did not preserve the near-blade and wake flow features. In hover, to ensure re-

alistic predictions of the wake-induced effects and therefore induced-drag, the radial and vertical
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Figure 10.14: Effect of the MUSCL-2 and MUSCL-4 schemes on the figure of merit (top) and

torque coefficient (bottom) for the full-scale XV-15 rotor.
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displacements of the vortex core should be resolved, at least for the first and second wake passages.

Figure 10.15 shows the wake flowfield for the full-scale XV-15 rotor using iso-surfaces of Q̃-

criterion obtained with MUSCL-2 (a) and MUSCL-4 (b) with the same coarse grid of Table 10.10.

It should be mentioned that, a blade pitch angle of 10◦ degrees was selected for the comparison.

It is observed that the MUSCL-4 scheme preserves better the helical vortex filaments that trail

from each of the blade tips, and the wake sheets trailed along the trailing edge of the blade when

compared to the MUSCL-2 solution. Therefore, the lower dissipation of the MUSCL-4 scheme

results in an improved preservation of the rotor wake structures. In this regard, if the MUSCL-2 is

employed, the vorticity of the vortex cores (computed using the local vorticity maximum criterion)

is significantly dissipated at a wake age of 2π/3 (or Ψ=120◦) (first blade passage in Figure 10.16)

when compared to MUSCL-4 results. Likewise, at wake ages of 4π/3 (second blade passage) and

2π (third blade passage) a reduction of vorticity by 42.8% and 45.2% is observed when MUSCL-2

is employed.

Figure 10.17 shows a comparison of the radial (a) and vertical (b) displacements of the tip

vortices, as functions of the wake age (in degrees), with the prescribed wake-models of Kocurek

and Tangler [20] and Landgrebe [19]. Like for the previous plots, the MUSCL-2 and MUSCL-4

schemes with the coarse grid at blade pitch angle of 10◦ degrees were selected for comparison. It

is seen that the radial displacement is less sensitive to changes on the prescribed wake-models than

the vertical displacement. Until the first passage (wake age of 120◦), a slow convection of the tip

vortices is seen in vertical displacement (-z/R), which compares very well with Landgrebe model.

The MUSCL-2 scheme showed a higher dissipation rate.

10.6.1 CPU and Memory Overheads

As dicussed earlier, solutions obtained with the MUSCL-4 scheme on the coarse grid show better

predicted loads and rotor wake structures. Table 10.12 reports the relative computational run-time

in work units per implicit iteration for the XV-15 tiltrotor blade when MUSCL-2 and MUSCL-4

schemes are used on the coarse grid. Solutions were computed on 8 cores of the high performance
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(a) Wake flow using MUSCL-2 scheme.

(b) Wake flow using MUSCL-4 scheme.

Figure 10.15: Wake flowfield for the full-scale XV-15 rotor using Q̃-criterion (Q̃=0.05). Results

with the MUSCL-2 (top) and MUSCL-4 (bottom) schemes. Vortex A has wake age of Ψ=30◦.
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the MUSCL-2 and MUSCL-4 schemes on the coarse grid.
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Figure 10.17: Comparison between the radial (left) and vertical (right) tip vortex displacements

computed with the MUSCL-2 and MUSCL-4 schemes.

cluster of Glasgow University Jupiter, comprised of Intel Xeon E5620 processors. This case shows

similar CPU overheads compared to the S-76 and JORP blades, with a penalty of about 16%. CPU

overheads of 0.5% and 0.95% are reported to compute first and second derivatives. Halo data
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exchanges require 1.71% and 4.4% for the first and second derivatives, respectively, and 6.4% and

2% for computing the new residual Jacobian matrix with the high-order correction terms and solve

the linear system. Like the previous cases, a memory overhead of 23% is paid when the MUSCL-4

scheme is used.

Table 10.12: Computational run-time for the XV-15 tiltrotor blade with MUSCL-2 and MUSCL-4

schemes on the coarse mesh.

Mesh Scheme CPU

work units/iteration

Coarse Mesh MUSCL-2 1

MUSCL-4 1.16 (16%)

10.7 UH-60A Rotor in Forward Flight

To validate the present high-order scheme for a three-dimensional unsteady flow with overset and

moving grids, the UH-60A rotor in forward flight was considered. The UH-60A is a four-bladed

rotor made of two aerofoil profiles; the SC-1095 and SC-1095R [227]. The planform of the UH-

60A rotor features a 20◦ swept tip which covers 6% of the blade’s radius, with a -16◦ of non-linear

twist. The main geometric characteristics of the UH-60A blade [33, 265, 266] are summarised in

Table 10.13.

Table 10.13: Geometric properties of the UH-60A rotor [33, 265, 266].

Parameter Value

Number of blades, Nb 4

Rotor radius, R 321.96 inches

Reference blade chord, cref 20.76 inches

Aspect ratio, R/cref 15.5

Rotor solidity, σ 0.0821

Non-linear twist, Θ -16◦
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The multi-block structured grid for the full rotor has a total of 39.3 million cells with 2,064

blocks, with 31.1 and 8.2 million cells for the background and body-fitted grids, respectively. A

hub was also included in the computational domain and modelled as a generic ellipsoidal surface.

The case selected for validation corresponds to the UH-60A main rotor at high-speed for-

ward flight. Flight test data corresponding to this demanding configuration (flight C8534) was

acquired by the U.S. Army/NASA UH-60A Airloads Program [267]. The rotor advance ratio was

µ= 0.368, and the freestream Mach number to 0.236. To meet the target thrust coefficient CT/σ=

0.08 while having zero roll and pitching moments, a matrix trimming method is used in HMB [6],

which uses the blade element theory to compute the sensitivity matrix of loads to control angles.

The flow solutions corresponding to MUSCL-2 and MUSCL-4 schemes were computed by solv-

ing the URANS equations, coupled with Menter’s k-ω SST turbulence model [191]. The time

step corresponds to 0.25 deg in the azimuthal direction and was based on the experience gained

with previous rotor computations in forward flight [174]. The trim state is specified in Table 10.14

and the comparison of the blade normal force and pitch moment (mean removed) at three radial

stations is show in Figure 10.18. Good agreement is found between experimental and predicted

load with similar trends between MUSCL-2 and MUSCL-4 results.

Table 10.14: Trim state for the UH-60A forward flight case using MUSCL-2 and MUSCL-4

schemes.

Parameter Value

MUSCL-2 MUSCL-4

µ 0.368 0.368

Mtip 0.648 0.648

θshaft 7.30◦ 7.30◦

θ0 12.13◦ 11.97◦

θ1s 8.58◦ 8.35◦

θ1c −2.27◦ −2.17◦

β0 3.43◦ 3.43◦

β1s −1.0◦ −1.0◦

β1c −0.70◦ −0.70◦
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Figure 10.18: Comparison between experimental data and predictions using MUSCL-2 and

MUSCL-4 schemes for the UH-60A blade normal force and pitching moment (mean removed)

at advance ratio (µ= 0.368) at three radial stations.
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Figures 10.19 and 10.20 show vorticity contours at the planes x/R= 0.5 and 1, respectively,

of the blade 1 (Ψ= 0) for the MUSCL-2 and MUSCL-4 schemes. Results with MUSCL-4 show a

higher resolution of the rotor wake structures at the advancing and retreating sides when compared

to the MUSCL-2. In fact, the vortex C (Ψ = 270◦) computed with MUSCL-2 in Figures 10.19 and

10.20 shows a reduction of the core maximum vorticity by almost 20% compared to the MUSCL-4

results (see Table 10.15).

Table 10.15: Comparison of core maximum vorticity for the UH-60A forward flight case using

MUSCL-2 and MUSCL-4 schemes.

Plane Value

MUSCL-2 MUSCL-4

x/R= 0.5, Vortex C 342.2 rad/s 403.4 rad/s

x/R= 1, Vortex C 68.46 rad/s 85.2 rad/s

Visualisation of the flowfield of the UH-60A rotor using the Q̃-criterion [206] is presented

in Figure 10.21 for the MUSCL-2 and MUSCL-4 approaches. The wake obtained with MUSCL-4

solution is preserved for much longer than the one obtained with MUSCL-2. Figure 10.22 shows

vorticity contours at the plane x/R= 2 (dashed lines in Figure 10.21), which highlights the capacity

of the MUSCL-4 scheme in preserving the vortex cores and rotor wake structures (A, and B in

Figure 10.22).

10.7.1 CPU and Memory Overheads

Table 10.16 reports the computational run-time in work units per implicit iteration for the UH-

60A rotor in forward flight when MUSCL-2 and MUSCL-4 schemes are used on the same grid.

The multi-block structured grid for this case has a total of 39.3 million cells with 2,064 blocks,

with 31.1 and 8.2 million cells for the background and body-fitted grids, respectively. Due to the

large mesh, this case needs to be computed using parallel executions, so solutions were computed

on 48 cores of the high performance cluster of Glasgow University Jupiter. For the S-76, JORP

propeller, and XV-15 blades, results with MUSCL-4 show CPU penalties of 22%, 13%, and 16%,

respectively, where the computational cost associated with the halo data of the first and second
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derivatives is less than 5%. This is not the case when larger meshes are used, mainly due to the

poor parallelisation of both exchanges, so a CPU overheads of about 130% is added when MUSCL-

4 is used for the UH-60A rotor in forward flight. CPU overheads of 0.69% and 1.52% are reported

to compute first and second derivatives and 39.95% and 79.98% for halo data exchanges for the

first and second derivatives, respectively. This calls for some improvement on the parallelisation

of the scheme in order to obtain CPU overheads of the order of the medium grids. Regarding the

memory overhead,of 23% is added when MUSCL-4 scheme is used.

Table 10.16: Computational run-time for the UH-60A rotor in forward flight with MUSCL-2 and

MUSCL-4 schemes on the same mesh.

Mesh Scheme CPU

work units/iteration

Fine Mesh MUSCL-2 1

MUSCL-4 2.3 (130%)
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(a) MUSCL-2 scheme. (b) MUSCL-4 scheme.

Figure 10.19: Vorticity contours at the plane x/R= 0.5 of the blade 1 (Ψ= 0) for the MUSCL-2 and

MUSCL-4 schemes.

(a) MUSCL-2 scheme. (b) MUSCL-4 scheme.

Figure 10.20: Vorticity contours at the plane x/R= 1 of the blade 1 (Ψ= 0) for the MUSCL-2 and

MUSCL-4 schemes.
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Figure 10.21: Wake-visualisation of the UH-60A rotor in forward flight using Q̃-criterion

(Q̃=0.0007). Results with the MUSCL-2 (top) and MUSCL-4 (bottom) schemes.

(a) MUSCL-2 scheme. (b) MUSCL-4 scheme.

Figure 10.22: Vorticity contours at the plane x/R= 2 of the blade 1 (Ψ= 0) for the MUSCL-2 and

MUSCL-4 schemes.
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10.8 Complete Tiltrotor Computation

To demonstrate that the current scheme can deliver on complex cases, a complete tiltrotor is simu-

lated. Numerical simulations of the ERICA tiltrotor using the MUSCL-2 and MUSCL-4 schemes

were performed and are presented here.

The chimera method was employed to ease the generation of the different structured multi-

block grids. Self-contained component grids for the main fuselage and the nacelle-tiltable wing

were built, while four ADYN blades were embedded in the nacelle mesh component. A Cartesian

off-body mesh was used as the background to capture the convection of the tip vortex generated by

the blades. Table 10.17 compares the mesh size used here for CFD computation. The multi-block

overset arrangement of the ERICA tiltrotor for the aeroplane mode is shown in Figure 10.23.

Table 10.17: ERICA model-scale component mesh sizes, given as million nodes.

Components Aeroplane Mode

Fuselage and fixed wing 9.9

Nacelle and tiltable wing 30.3

Rotor blades (x4) 11.4

Wind tunnel 4.6

Total 56.2

Table 10.18 summarises the test conditions employed for computations. The aeroplane mode

is labelled as AC1 (aeroplane configuration), and refers to a very low speed aeroplane-mode M∞=

0.168, along with a large aircraft AoA of δFU= 10.02 degrees. Neither the nacelles nor the tiltable

wings were tilted with respect to the fuselage (δFU= δNAC= δTW). The Reynolds numbers, based

on the reference length Lref and on the freestream velocity V∞, was 1.70×106.

Eight cross-sections were selected for CP profile comparisons between CFD and experi-

ments [91, 92] (see Table 10.19). One section was selected on the top symmetry plane of the

fuselage (labelled with SYM-TOP), one section on the fixed wing (labelled with FW), two on the

tiltable wing (labelled with TW) which define the zone of aerodynamic interaction between the

tiltable wing and the blades, and four on the fuselage (labelled with FU).
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(a) Multi-block grid.

(b) Cross section of the multi-block grid.

Figure 10.23: Details of the multi-block overset arrangement of the ERICA tiltrotor in aeroplane

mode configuration. Blue line=background component; purple line=fuselage component; green

line=nacelle component; grey line=blade component.
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Table 10.18: Test conditions for the aeroplane mode AC1 [251, 252].

Parameters Aeroplane Mode

AC1

M∞ 0.168

Mtip 0.470

µ = M∞/Mtip 0.357

Reref 1.70×106

δFU [deg] 10.02◦

δNAC [deg] 10.02◦

δTW [deg] 10.02◦

RPM blade rotor 2,130

θ75 [deg] 27.36◦

Table 10.19: Nomenclature of the stations selected for CP profile comparisons.

Nomenclature Description

SYM-TOP Fuselage symmetry plane (top), station y=0 mm.

FW-A Fixed wing, station y=490 mm.

TW-A Tiltable wing, station y=855 mm.

TW-B Tiltable wing, station y=1117.5 mm.

FU-A Fuselage, station x=260 mm.

FU-B Fuselage, station x=1163 mm.

FU-C Fuselage, station x=1810 mm.

FU-D Fuselage, station x=2760 mm.

FU=Fuselage; FW=Fixed Wing; TW=Tiltable Wing; SYM=Symmetry.

CP profile comparisons between CFD and experiments [91, 92] on the fuselage, fixed and

tiltable wings of the ERICA tiltrotor are given in Figure 10.24. They correspond to the top fuselage

centre-line and inner, middle, and outer tiltable and fixed wing sections. The CFD results were not

averaged in phase, like the test data, which could lead to a source of error in the comparison. Re-

garding the CP profile at the centre-line of the fuselage (Figure 10.24 (a)), a zone of recirculation

is seen by both sets of experiments (Modane and DNW experiments are denoted by squares and

triangles, respectively) represented by a pressure plateau after the wing leading edge suction peak.

The HMB predictions (MUSCL-2=red line, MUSCL-4=green line) overestimate the suction peak

and do not capture the region of recirculation. This can be due to a failure of the employed turbu-

lence model, wind tunnel effects, and lack of the exact trim conditions employed during the wind

tunnel tests.

295



CHAPTER 10. VALIDATION OF HIGH-ORDER METHODS IN THE HMB CFD SOLVER

In the middle fixed and tiltable wing sections (Figures 10.24 (c) and 10.24 (d)), wind tunnel

experiments show a good agreement to each other, with small differences of 9% for the suction

peak. Note that the differences between the two sets of experiments were always larger than the

differences between the MUSCL-2 and MUSCL-4 results.

Figure 10.25 presents CP comparisons on the ERICA fuselage at four cross-sections. As can

been seen, all CFD curves are close to the experimental data. Better agreement is obtained at the

front of the fuselage, where the flowfield is attached. Both solutions appear to capture well all

features shown the experiments. Even for stations located behind the fixed wing, the agreement is

still fair near the sponsons and the fin of the model.

Regarding the MUSCL-2 solution, the wake behind the rotor disk (see Figure 10.26 (a)) is

preserved for more than one rotor diameter downstream. This informative plot shows the interac-

tion of the rotor wake with the nacelle and tiltable wings. From these iso-surfaces it can be seen

that the rotor wake does not directly interact with the fuselage and the fixed part of the wings. Iso-

surface contours of Q̃-criterion are shown from the CFD simulations using the MUSCL-4 scheme

in Figure 10.26 (b), which reveals that detailed wake characteristics can be easily identified when

using high-order schemes.

10.8.1 CPU and Memory Overheads

Table 10.20 reports the computational run-time in work units per implicit iteration for the ERICA

tiltrotor when MUSCL-2 and MUSCL-4 schemes are used on the same grid. Solutions were com-

puted on 48 cores of the cluster Jupiter. Like the UH-60 in forward flight, a large penalty is paid

when the halo data of the first and second derivatives are exchanged for parallel execution. So, this

case shows a CPU overhead of about 144%. CPU overheads of 0.13% and 0.26% are reported to

compute first and second derivatives, showing a small penalty of 0.39%. However, halo data ex-

changes require 48.2% and 96.31% for the first and second derivatives, respectively. Despite that

the results obtained with MUSCL-4 are promising showing the ability of the scheme in preserving

the wake much better, a more efficient parallelisation of the halo data need is needed.
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Figure 10.24: CP profile comparisons between CFD and experiments [92, 91] on the fixed and

tiltable wings of the ERICA tiltrotor for the aeroplane mode configuration AC1.
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(a) FU-A, section x=260 mm. (b) FU-B, section x=1163 mm.

(c) FU-C, section x=1810 mm. (d) FU-D, section x=2760 mm.

Figure 10.25: CP profile comparisons between CFD and experiments [92, 91] on the fuselage of

the ERICA tiltrotor for the aeroplane mode configuration AC1.
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(a) Wake of the MUSCL-2 solution.

(b) Wake of the MUSCL-4 solution.

Figure 10.26: Wake-visualisation of the ERICA tiltrotor in aeroplane mode configuration using

Q̃-criterion (Q̃=0.007) shaded by contour of Mach numbers. Results with the MUSCL-2 (top) and

MUSCL-4 (bottom) schemes.
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Table 10.20: Computational run-time for the ERICA tiltrotor with MUSCL-2 and MUSCL-4

schemes on the same mesh.

Mesh Scheme CPU

work units/iteration

Fine Mesh MUSCL-2 1

MUSCL-4 2.44 (144%)

10.9 Summary of Findings

The implementation of a high-order finite-volume scheme in the HMB CFD solver was evaluated.

The scheme showed a higher level of accuracy when compared to the standard MUSCL, and 4th-

order accuracy was achieved on Cartesian grids. Furthermore, the significantly higher spectral

resolution (dispersion and dissipation) of the new scheme was demonstrated for several flows.

Two-and three-dimensional test cases were considered. Results of the steady flow around the

7AD, S-76, JORP propeller, and XV-15 blades showed a better wake and higher resolution of the

vortical structures compared to the standard MUSCL solution, with a small CPU and memory

overhead. The method was also demonstrated for three-dimensional unsteady flows using overset

and moving grid computations for the UH-60A rotor in forward flight and the ERICA tiltrotor in

aeroplane mode. The computational expense associated with the parallelisation of the halo data

exchange between processors for the first and second derivatives makes this scheme less efficient

for larger meshes (above 50 million cells). Nevertheless, the method showed promising results in

capturing and preserving the rotor wake along with a small penalty in terms of CPU and memory

when compared to the MUSCL-2 scheme for medium grid sizes (up to 10 million cells). Similar

penalties can be obtained for larger grids with improvements of the parallelisation process.
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Chapter 11

Conclusions and Future Work

11.1 Summary and Conclusions

The present thesis investigated some aspects of helicopters, propellers, and tiltrotors using Com-

putational Fluid Dynamics based on the Unsteady Reynolds Averaged Navier-Stokes (URANS)

equations. Firstly, the acoustic solver BENP of Leonardo Helicopters was integrated with the

HMB3 solver, and a description of the inputs required was presented. An implementation of an

efficient, high-order, finite-volume scheme (up to 4th-order of spatial accuracy) in the HMB CFD

solver was later introduced.

The second part of this thesis shows the ability of HMB3 CFD methods to accurately predict

hover performance of rotors with modest computer resources. Three well-studied blades, the B0-

105, S-76, and PSP main rotor blades, were used and results are compared with experimental data.

Likewise, performance analyses of the JORP propeller and XV-15 tiltrotor blades were presented,

aiming to validate the employed CFD method for such flows.

The third part of this thesis was devoted to numerical simulations of complete tiltrotor air-

craft. The aim of this section was to assess the capability of the present CFD method for predicting

airloads on the tiltrotor at different flight configurations. In this regard, three representative flight

configurations of the ERICA tiltrotor were selected, corresponding to aeroplane, transition corri-

dor, and helicopter modes, thus covering most modes of tiltrotor flight.
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Aerodynamic optimisation of tiltrotor blades with high-fidelity computational fluid dynam-

ics was also carried out. This research showed how the main blade shape parameters influence

the optimal performance of the tiltrotor in helicopter and aeroplane modes, and how a compro-

mise blade shape can increase the overall tiltrotor performance. Finally, the underlying high-order

method is demonstrated for a variety of problems, including two-and three-dimensional test cases

are presented.

The main conclusions of the thesis are:

• For axial flight, a second-order accurate CFD method using steady-state computations

and nine million cells per blade was enough to predict rotor performance at low and

high disk loadings. This was the case for the investigated helicopter, propeller, and

tiltrotor blades.

• Transition affected the distribution of the skin friction coefficient on the blade but not

so much the overall performance of the blade. This is the case since most power re-

quired in hover is due to the induced flow. If more laminarity on the blades is obtained,

then this may have a stronger effect on the overall performance of the blade.

• The acoustics predicted with the HFWH aeroacoustic code agreed with theory for the

rotor tip-path plane where thickness noise dominates. At the same thrust coefficient,

anhedral tips showed a reduction of the total noise due to the blade being off-loaded

near the anhedral part. More work is needed to validate the acoustics at other directions

where loading noise is dominant.

• For complete tiltrotors, the surface pressure coefficient was well predicted, but this

is not the same for the lift and drag coefficients. For all cases studied, the aerody-

namic interactions in the region of the nacelle and tiltable wing were captured by the

fully resolved blade results, and the CFD with uniform and non-uniform rotor actuator

disk models also produced adequate estimates of the wing loads. Computations with

resolved blades are nevertheless necessary if all flow details must be accurately cap-
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tured. In aeroplane mode, the region of recirculation at the centre-line of the fuselage

is not well reproduced. Most CFD solvers in Europe did not capture this phenomenon

either and this can be due to a failure of the employed turbulence model, wind tunnel

effects, and lack of information about the exact trimmed conditions used during tunnel

tests. Nevertheless, the overset grid method was found to be a good tool for easing

mesh generation for such cases.

• Optimisation of the XV-15 blade showed that single-point optimisations of the twist

distribution resulted in 1.99% increase of the FoM, and a 6.59% increase in propeller

propulsive efficiency at the selected design conditions. The inclusion of optimal chord

and sweep resulted in limited improvements for the helicopter mode performance, but

it allowed an 8.18% increase of the propeller propulsive efficiency over the baseline,

thanks to reduction of the adverse compressibility effects at the blade tip. Results

of the multi-point optimisations for the pure twist case and for the case with optimal

chord and sweep showed that a compromise blade shape can be obtained. Neverthe-

less, multi-point optimisations are mandatory for tiltrotor blades due to the completely

different aerodynamic characteristics of aeroplane and helicopter modes. Overall,

gradient-based optimisation is a useful and efficient tool for modern tiltrotor design.

• For the investigated helicopter, propeller, and tiltrotor blades, high-order spatial dis-

cretisation substantially improved the resolution of the wake and of the vortical struc-

tures when compared to the second order method, but did not affect blade loads in

a significant way. For medium-size grids, MUSCL-4 solutions add CPU and memory

overheads of 22% and 23%, respectively. CPU overhead increases to 100% for grids of

more than 50 million cells due to additional data exchange necessary for this scheme.
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11.2 Future Work

Based on the current thesis and the aforementioned conclusions, the following future steps are

suggested:

• Unsteady hover computations combined with transition turbulence models, blade de-

formation, and high-order spatial discretisation need to be performed in OGE and IGE

conditions for helicopter, propeller, and tiltrotor blades. The effect of the quadrapole

terms of the HFWH aeroacoustic code should also be evaluated at high blade-tip Mach

numbers.

• The effect of transition needs to be assessed for the XV-15 tiltrotor in propeller mode.

• Unsteady pressure is needed to assess the capability of the present CFD method in

predicting the acoustics and performance on the ERICA tiltrotor at different flight con-

figurations.

• The blade sections and the blade anhedral tip need to be included in the optimisation

of tiltrotor blades.

• More work on computations and measurements is needed to compare CFD predictions

with detailed wake data to completely validate the present high-order CFD method.

• For fine grids, the halo data exchanges for the first and second derivatives need to be

optimised to lower CPU overheads for the investigated MUSCL-4 scheme.

• Data from tests at full-scale for blades or complete vehicles would be useful to enhance

the level of confidence in CFD tools.
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Appendix A

Matlab Program for the Theoretical Noise

1 function Theoretical Noise (n)

2

3 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

4 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

5 rho = 1.225; % air density in kg/mˆ3 %

6 ao = 340.30; % sound speed in m/s %

7 R = 1.4234; % rotor radius in m %

8 rh = n∗R; % observer distance from rotor hub in m %

9 Ae = 0.06588∗(3.092∗0.0254)ˆ2;% aerofoil cross sectional area in mˆ2 (75%R) %

10 A = pi∗Rˆ2; % rotor disk area in mˆ2 %

11 Mh = 0.65; % tip Mach number %

12 Nb = 4; % number of blades %

13 omega = Mh∗ao/R; % rotor rotational speed rad/ s %

14 CT s = 0.06; % blade loading coefficient (US) %

15 sigma = 0.07043; % rotor solidity %

16 T=(CT s∗sigma)∗rho∗A∗(Mh∗ao)ˆ2; % rotor thrust in Newton %

17 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

18 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

19

20

21 Fh=R/rh;

22 Fe=Ae/A;

23 Ft=1/(60∗sqrt(2)∗Nb)∗(T/(rho∗(aoˆ2)∗A))ˆ(1.5);

24

25 psi=linspace(0,2∗pi ,180) ;

26

27

28 for i=1:length( psi )

29

30 %Thickness noise%

31 a( i )=−(3−Mh∗sin(psi(i)))∗sin(psi( i ) )/(1−Mh∗sin(psi(i)) ) ˆ3;

32

33

34 b( i )=Mh∗cos(psi(i))ˆ2/(10∗(1−Mh∗sin(psi(i)) ) ˆ4) ;

35

36

37 c( i )=50+39∗Mhˆ2−45∗Mh∗sin(psi(i))−11∗(Mhˆ2)∗sin(psi(i))ˆ2+12∗(Mhˆ3)∗sin(psi(i))−18∗(Mhˆ3)∗sin(psi(i))ˆ3;

38

39 Tm(i)=(Mhˆ3)/12∗(a(i)+b(i )∗c(i ) ) ;

40

41

42 PT(i)=rho∗(aoˆ2)/2∗Fh∗Fe∗Tm(i);

43 %Thickness noise&

44

45

46 %Loading noise%

47 d( i )=60+30∗(Mhˆ2)∗cos(psi(i))ˆ2−120∗Mh∗sin(psi(i));

48

49 e( i )=−30∗(Mhˆ3)∗sin(psi(i))∗cos(psi( i ) )ˆ2+80∗(Mhˆ2)∗sin(psi(i) ) ˆ2;

50

51

52 f( i )=9∗(Mhˆ4)∗(sin(psi(i ) ) ˆ2)∗(cos(psi ( i ) ) ˆ2)−20∗(Mhˆ3)∗sin(psi(i)) ˆ3;

53

54

55 Lm(i)=cos(psi ( i ) )∗((1−Mh∗sin(psi(i)))ˆ(−3))∗(d(i )+e(i )+f( i ) ) ;

56

57

58 PL(i)=rho∗(aoˆ2)/2∗Fh∗Ft∗Lm(i);

59

60 t ( i )=(psi ( i )+Mh∗(cos(psi(i))−1))/omega;

61

62 end

63

64

65 Thickness=[t∗omega∗180/pi; PT]’;

66 Loading =[t∗omega∗180/pi; PL]’;

67 Total =[t∗omega∗180/pi; (PT+PL)]’;
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APPENDIX A. MATLAB PROGRAM FOR THE THEORETICAL NOISE

68

69 save PT.dat Thickness −ascii

70 save PL.dat Loading −ascii

71 save PTL.dat Total −ascii
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