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Abstract

The flow field over a helicopter is exceedingly complex due to various aerodynamic phenomena occurring
simultaneously. The precise calculation of the boundary layer in three-dimensional, viscous flow is an old und
repeatedly sought-after goal in helicopter aerodynamics. Panel methods calculate frictionless flows including
interference effects through potential flow assumption with good accuracy. Since viscous drag cannot be pre-
dicted with panel methods alone, the panel methods have to be coupled with a boundary layer method. This
paper describes the newly implemented Truckenbrodt’'s boundary layer method for helicopter fuselages in
DLR’s unsteady 3D panel and free-wake code UPM, with the aim of improving friction forces and flow separa-
tion prediction accuracy. The focus of this paper is to validate the implementation with experimental wind tunnel
results of the DLR-internal project Fast Rescue. As an application example, UPM is used to simulate the aer-
odynamics of a medical personnel deployment vehicle. The results show that the boundary layer method is
able to provide reasonable force and moment coefficients and identify flow separation regions.

1. NOTATION CPACS Common Parametric Aircraft Configu-
ration Scheme

Symbols S o DNW German Dutch Wind Tunnels
Cf Skin friction coefficient, - ERF European Rotorcraft Forum
Cp Pressure coefficient, - IRIS Integrated Rotorcraft Initial Sizing
Es Integration constant, - NWB Low speed Wind-Tunnel Braun-
G Parameter, - schweig
H Form factor, - UPM Unsteady Panel Method
Re Reynolds number, -
s Arc length, m 2. INTRODUCTION
U Velocity distribution of the flow, m/s
N Parameter, - Viscous effects like attached boundary layers and
a Angle of attack, deg separated flow are very strong on helicopter fuse-
B Apgle of yaw, deg lages. Typical regions for flow separations are, for ex-
01 Displacement thickness, m ample, retreating blade stall or massive flow separa-
S, Momentum boundary layer thickness,

tions on blunt fuselage shapes. Since viscous effects

m -
cause friction forces, pressure drag and may cause

03 Energy loss thickness, m

v Kinematic velocity, m2/s lift breakdown, it is of great importance to consider
Acro- viscous effects in numerical prediction tools. Many
nyms: approximate methods have been developed to re-
BL Boundary layer solve the boundary layer close to the surface. Gold-
CFD Computational Fluid Dynamics schmied’s method, Head’s method, Cebeci-Smith
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method (Ref. 3) or Stratford’s method (Ref. 11) are
the example methods used for turbulent flows. Fur-
thermore, the CFD (Computational Fluid Dynamics)
method is an established high-fidelity numerical
method where viscous effects are inherently consid-
ered when solving the Navier-Stokes equations and
using a turbulence model. The flow calculations with
CFD are more accurate compared to boundary layer
methods but the computational effort is significantly
higher. In contrast, low-fidelity aerodynamic codes re-
lying on tabulated aerodynamic data like blade ele-
ment theory included in comprehensive codes are
faster but these methods do not deliver results about
the flow on surfaces. In opposition to comprehensive
codes, mid-fidelity panel methods consider interfer-
ence effects and deliver results about the surfaces
while the simulation effort is considerably lower than
for CFD. Panel methods calculate frictionless flows
including interference effects robustly through poten-
tial flow assumption. But the mid-fidelity panel meth-
ods require the explicit modeling of viscous effects
with boundary layer methods. UPM (Unsteady Panel
Method) (Ref 15) is a mid-fidelity panel-freewake
method developed by DLR. In UPM viscous effects
for arbitrary lifting bodies are predicted with a strip-
wise boundary layer analysis method, which compute
flows along the spanwise segments. For non-lifting
bodies like fuselages, a simplified boundary layer
analysis method is utilized in the original UPM-ver-
sion, which is based on local flow properties and the
flat plate analogy. Flow separation is detected with
simple flow separation criteria. In this paper, a more
accurate boundary layer method proposed by
Truckenbrodt (Refs. 8, 13, 14) is implemented.
Truckenbrodt's method is based on a range of exper-
iments executed by J. C. Rotta (Ref. 7), which are
very comprehensive in this field. It was incorporated
in UPM for helicopter fuselages. The aim of this
method is to determine the friction coefficient on the
fuselage surfaces and to estimate the flow separation
areas more accurately. The Truckenbrodt boundary
layer method for arbitrary non-lifting bodies is vali-
dated for a helicopter fuselage wind tunnel experi-
ment and is applied to an air taxi type emergency de-
ployment vehicle.

3. COMPUTATIONAL METHOD

3.1. Unsteady 3D Panel and Free-Wake Method
(UPM)

DLR’s unsteady panel and free-wake code UPM
(Refs. 1, 15) supports the development process of

helicopters. It is a research code initially meant for
aeroacoustic simulations of rotorcraft, in particular for
blade vortex interaction (BVI). It is currently being
modernized and enhanced for the aerodynamics of
complete helicopters (Ref.5). UPM was used for
many different components of the helicopter like iso-
lated fuselage (Ref. 5), isolated rotor (Ref. 1), main-
tail rotor interaction (Ref. 15), main and lateral rotor
interaction (Ref. 19), propeller-wing and engine ex-
haust interaction (Ref. 16). In addition, it has been
used for rotor blades’ performance optimization
(Ref. 20) and for investigating the effect of helicopter
wakes on an obstacle (Ref. 9). UPM utilizes the ve-
locity-based potential flow formulation with Neumann
boundary conditions, based on the work of Hess and
Smith (Ref. 4). UPM is able to calculate three-dimen-
sional, incompressible, inviscid potential flows quickly
and reliably.

Since viscous drag cannot be predicted using panel
methods alone, the panel method is coupled with
boundary layer methods. In UPM, structured panel
grids are used to discretize lifting bodies like wings or
rotors (Refs. 1,15), while unstructured grids are ap-
plied to simulate complex shaped non-lifting bodies,
e.g. fuselages. In UPM, the standard stripwise inte-
gration of the boundary layer equations along grid
lines is applied for structured grids. The viscous
boundary layer calculation for unstructured surface
panels is more demanding than for structured panels,
since the boundary layer flow doesn’t align with the
grid lines. Most other panel codes extract stream lines
on the body surfaces and compute the boundary layer
along these streamlines. The boundary layer data are
then mapped onto the fuselage surface. In UPM, in
contrast to other methods, for unstructured grids an
advancing front algorithm is applied to propagate
boundary layer data along the surface (Ref.5) in
streamwise direction. The advantage of this approach
is that no user interaction is required for the extraction
of streamlines. Two approaches are available in UPM
to predict boundary layers on unstructured surface
grids: a flat plate analogy and the newly implemented
method by Truckenbrodt.

3.2. Flat plate analogy

An often-used simplified approach for computing skin
friction is the flat plate analogy. In this case all stag-
nation points are detected on the surface and the arc
length in streamwise direction is propagated by the
advancing front algorithm. A Reynolds number is
computed based on the arc length and the local flow



velocity. Now, an equation proposed by Schlichting
for the flow about a flat plate is solved for the skin
friction (Refs. 5, 6) (Eq.(1)).

(1) ¢ = [2logyo(Re) — 0.65]7%%,  Re < 10°
Simple empirical criteria are used to predict separa-
tion onset. Angle and Stratford criterions are obtaina-
ble for estimation the flow separation areas in UPM.
According to the angle criterion, it is assumed that
flow separation will occur if the angle between the lo-
cal panel normal vector and the flow direction ex-
ceeds a certain critical value. The suggested angle for
bluff bodies is 20 degrees (Ref 6). For flow separation
estimation according to Stratford criterion the calcu-
lated factor fswatford (EQ. (2)) depends on the cpand lo-
cal Reynolds number Re. If this factor greater than
the empirical value of 0.39 the flow separation occurs.
If the factor is less than the value of 0.10 the reattach-
ment of the flow is assumed: If a flow separation is
detected, the skin friction coefficient set to zero. For
more detailed description, the reader is referred to
Ref. 5 and Ref. 11.

dc,
(2) o5 s

fstratford = m

3.3. Truckenbrodt’s boundary layer method

There are two calculation methods for turbulent
boundary layers: integral and differential. The differ-
ential method has a higher calculation effort and
larger storage space requirement than the integral
method (Ref. 13). For this reason, an integral method
was selected in this work.

Truckenbrodt's boundary layer method (Refs. 8, 13,
14) is an integral boundary layer method. It can be
used for both planar and rotationally symmetric turbu-
lent flows. It employs the calculated flow quantities to
compute skin friction on each individual panel, and to
identify flow separation.

The boundary layer can be calculated using the basic
equations of momentum or mechanical energy. The
variables of the momentum method are denoted with
the index 2 and the energy method are denoted with
the index 3. Truckenbrodt's boundary layer method
uses the energy method (Refs. 8, 13). There are es-
sential parameters that make the description of the
boundary layer method easier: The boundary layer
thickness & and the velocity distribution of the flow U.

The boundary layer thicknesses & are calculated us-
ing displacement thickness 61, momentum &2 and en-
ergy loss thicknesses &s. Detailed derivation of the
formulas is shown in Schlichting (Ref. 8).

The local Reynolds number Re (Eq. (3)) is calculated
by the boundary layer thicknesses 0, velocity distribu-
tion U and kinematic velocity v .

62‘U 63‘U

3) Re, =

Re3 =

The shape parameters Hiz, Hz3, Haz are the ratio of
the boundary layer thicknesses (Eqg. (4)). They are di-
mensionless and they denote the velocity profile,
which strongly depends on the pressure gradient of
the external flow (Ref. 8).

8, 8, 83
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The relations between the form factors Hiz and Hzs
are approximated in Ref. 8 as given by the Eq. (5) and
(6). The relation between Hzz und Hasz is as in EqQ. (7).

o 465583 - 1072 113303
() 2= 3705788101
b 1.61239 - 1072 510871
(6) 237 x—-6.35881-10"1
(7) Hs; = 1/Hy3

According to this procedure, the local Reynolds num-
ber Res (Eq. (8)) is determined. Ez is the integration
constant (Eqg. (9)) where x is the coordinate in the flow
direction and it is dimensionless.

1 E3(x)
80 - v [U(x)]2(1+0152)

1/(140.152)
(8) Rez(x) = < >

X
(9) E3(x) = E3(x) + f [J3+2:0152 g,
X1

A modified shape parameter H is calculated with the
parameters G and N, which are influence functions of
the velocity distribution of the external flow (Eq. (10)-
(12)).

(10) HG) = UG) - 6(x) - [NGO)] 4



b
G(x) =G(xy) +J. U2(1+0.152) gy

X1

(11)

X
(12) N(x) — N(xl) + 4 f U2(1+0.152)+4— . G3dx

X1

The initial values of the integration constants for G
and N are calculated in Eqg. (13) and(14).

G(x;)=80-v-[H(x;)  U(x,) +>0152

(13) . Re3(x1)1+°'152)
GO
(14) N(xy) = [U(x1) : H(xy)

The wall shear stress coefficients ct (Eq. (15)) de-
pends on the Reynolds number and the form factor.

0.0245 - (1 — 2.007 - logH,,)"7%
Cf =

(15) Reé).268

Truckenbrodt (Ref. 12, 13) calculated the wall shear
stress with Res. The Reynolds numbers Rez and Res
are calculated the same since the coefficients re-
quired for calculating these numbers are the same.
Therefore, exchanging the Reynolds number defini-
tions do not cause any difference. Rotta (Ref. 7) and
Walz (Ref. 17) present the conditions depending on
the shape parameters when flow separation can oc-
cur in turbulent boundary layers. According to Rotta,
turbulent flow separation occurs when the shape pa-
rameter H equals approximately 0.723, and according
to Walz, when the shape parameter is between 0.723
and 0.761 (Ref. 8). On the contrary, Truckenbrodt
(Ref. 13) suggests that flow separation occurs when
the value of shape parameter H is less than or equal
to 0.723.

3.4. Implementation of Truckenbrodt’s method

in UPM

Flow conditions and the velocity distribution are the
input data for Truckenbrodt's boundary layer calcula-
tion.

In UPM, for each panel the flow variables such as lo-
cal velocities are determined according to potential
flow theory. The advancing front algorithm checks the
flow direction for each unstructured panel. If the flow
goes from a panel into all of its neighboring cells, this
panel is defined as a stagnation point. Therefore, this
surface panel has a velocity of approximately 0 m/s
and a pressure coefficient of approximately 1. The
stream arc length along a panel depends on the flow
direction, which is given by the local flow velocity.

Figure 1 shows three neighboring panels which are
numbered 1, 2 and 3. It is assumed that the stream
arc length of panel 1 and 3 are computed from a pre-
vious iteration of the advancing front algorithm, while
the arc length of panel 2 is unknown. The interpolated
velocities at the panel boundaries are shown with
black arrows. The flux over the relative panel bound-
aries is depicted with orange arrows. The flux is de-
termined by the multiplication of the length of the
panel boundaries and the interpolated velocity com-
ponent perpendicular to the panel boundaries. Then,
the stream arc length along the panel 2 is computed
based on the arc length of the neighbor panel with the
largest incoming flux. In this case the incoming flux
from panel 1 is greater than the incoming flux from
panel 3, thus the arc length along panel 2 is calcu-
lated based on the known arc length of panel 1. The
arc length is given by projecting the coordinates of
panel centers 1 and 2 onto the normalized vector
V1, . In addition, all boundary layer data required by
Truckenbrodt's method are computed from the known
values in panels 1 and 2. The advancing front algo-
rithm is iteratively repeated until the boundary layer
data are computed for all surface panels.

Figure 1: Flux direction of the neighboring panels

The skin friction coefficient ctis calculated according
to Truckenbrodt’s wall shear stress cr (Eq. (15)). Flow
separation occurs, if the form factor H is smaller than
a user provided critical value. In this work a form fac-
tor H=0.723, as recommended by Truckenbrodt and
H=0.82 are used and compared. If the form factor is
greater than 0.9 the flow is reattached. Due to the fact
that UPM only calculates attached flow, the friction
coefficient ct is set to zero when the Truckenbrodt’'s
separation criterion is met. The surface pressure co-
efficient ¢p is corrected for separated flow areas and
its value is set to zero.

4., TESTCASES & RESULTS

The newly implemented integral boundary layer
method is first tested and validated with wind tunnel



results obtained within DLR’s Fast Rescue project.
Later, the aerodynamic calculations of a medical per-
sonnel deployment vehicle will be presented.

4.1. Fast Rescue wind tunnel experiment

The DLR-internal project Fast Rescue seeks for new
helicopter configuration designs, where next to other
configurations a future rescue helicopter was de-
signed. The power and flight envelope limitation are
considered in the design. The wind tunnel experiment
for the conventional helicopter fuselage featuring a
streamlined body and V-tail was carried out in the
DNW-NWB low-speed wind tunnel in Braunschweig
(Figure 2, (Ref. 10)). The fuselage was fixed with a
strut in the wind tunnel and it is scaled by 1 /6 with
respect to the potential full-scale vehicle. The original
design employs a Fenestron-type tail rotor below the
V-tail, which was replaced with a closed casing in the
experiment. The components are created using a 3D
printing process. Table 1 shows the measurement
settings used for validation in this paper.

Figure 2: Wind tunnel components

Table 1: Measurement settings of Fast Rescue pro-
ject in the wind tunnel.

Properties

Mach number 0.205

Reynolds number 4.1-108 1/m |
Wind speed 70 m/s
Reference temperature 288 K

The numerical model features the fuselage, V-tail and
the support strut, which are based on the original
CAD geometry in CATIA of the wind tunnel model. An
unstructured mesh with quadrilateral and triangular
panels is used for the fuselage. A structured mesh
with quadrilateral panels is used for the V-tail and the
strut. The computational meshes are created with the

Pointwise mesh generator. The meshes have around
20000 nodes (Figure 3).

The flow is considered fully turbulent for the fuselage;
while being laminar and turbulent for the tail surfaces.
The boundary layer analysis is performed firstly using
the Truckenbrodt's boundary layer method and the
flat plate analogy with separation Stratford criterion
for the fuselage. Eppler's boundary layer method is
used for tails and strut. Eppler is the standard setting
for wings in UPM (Ref. 5). The results of the strut are
not taken in account in the postprocessing.

Figure 3: Mesh of Fast Rescue fuselage & tails

At first a polar was computed for the angle of attacks
ranging from -15° to 15° with 2.5° steps. A compari-
son of the results using Truckenbrodt's boundary
layer method and the flat plate analogy with Stratford
criterion is shown for the surface pressure coefficients
(Figure 4, Figure 5) and skin friction coefficients (Fig-
ure 6, Figure 7, Figure 8) for forward flight at the angle
of attack of « = 0° and a = 15°. Because there is a
minimal difference, surface pressure coefficient is
presented only for the case form factor H<0.723 for
Truckenbrodt’s method. From the figures the stagna-
tion point can be identified, which is on the nose of
the fuselage. A symmetrical flow behavior can be ob-
served from these figures. A positive angle of attack
means that the flow is coming towards the bottom of
the fuselage or the nose of the fuselage has moved
upwards. With a positive angle of attack, the stagna-
tion point was moved down and the suction area on
the stabilizer increases. Truckenbrodt's boundary
layer methods and the flat plate analogy with Strat-
ford’s criterion show very similar results. Minor differ-
ences between them are observed on engine cowling
and fenestron.



There is a considerable area behind the rotor head,
where the friction coefficient is almost zero. This is an
area were flow separation occurs. Figure 6 and Fig-
ure 7 show the Truckenbrodt's boundary layer meth-
ods with a form factor of H<0.723 and H<0.82. The
latter value predicts flow separation more upstream
and is larger than the recommended value by
Truckenbrodt but has been calibrated to better match
some of the experimental data used in this work. The
separated flow areas increase with increasing form
factor H value. Especially the separated flow areas on
the rotor head and engine cowling are enhanced.

The Truckenbrodt's boundary layer methods and flat
plate analogy with Stratford’s criterion have salient
differences in surface friction coefficients. At a = 0°,
the Stratford criterion shows larger separation areas
at the rotor head and on the engine cowling side com-
pared to the Truckenbrodt’s method. The separated
flow areas are spread out. The area of the separated
flow at @ = 15°is larger with the Stratford criterion. It
is observed that there is separation especially in the
tail rotor region. The Stratford criterion leads to earlier
flow separation.

Figure 5: Surface pressure coefficient on UPM with flat plate analogy and Stratford’s criterion (a = 0° left; a =

15° right)



Figure 6: Skin friction coefficient on UPM with Truckenbrodt’'s BL (H<0.723) (a = 0° left; « = 15° right)

Figure 7: Skin friction coefficient on UPM with Truckenbrodt's BL (H<0.82) (a = 0° left; a« = 15° right)

Figure 8: Skin friction coefficient on UPM with Stratford criterion (« = 0° left; « = 15° right)

Figure 9, Figure 10 and Figure 11 present the pres-  green curves show the UPM top and bottom section
sure coefficient ¢p in the symmetry plane of the fuse-  results. Blue and black points represent wind tunnel
lage at three different angles of attack for top and bottom sensor results.

Truckenbrodt’s boundary layer methods and with flat

plate analogy including Stratford’s criterion. Red and



The Truckenbrodt methods coincide well with the ex-
periment in the top section of the fuselage at
— 15. But some deviation can be noticed on the
engine cowling with Truckenbrodt's method with
H< 0.723. The reason for the deviation of the surface
pressure coefficient on the bottom section is not
known yet. Comparison with future CFD analysis
should be carried out to explain this deviation. The
flow detaches with H< 0.82 on the bottom side of the
engine cowling earlier.

a =

At a = 0° the results of Truckenbrodt's method with
H< 0.723 show good agreement with the experiment.
But there is earlier flow separation with H< 0.82. The
flow separation behind the rotor head on the top of
the fuselage at @ = 15 has been already shown in
Figure 6 and Figure 7. When flow separation occurs,
the skin friction coefficients ¢t and the surface pres-
sure coefficients cp are set to zero, which is also
clearly seen in Figure 6 and Figure 7.

Using the Stratford criterion method, the flow was
separated at « = — 15° and a = 0° on the bottom
section of the fuselage (Figure 11), but the flow pre-
sumably didn’t separate for wind tunnel results. At
a = 15° as shown in Figure 8, the flow on the upper
side of the fuselage was partially separated, which is
also be seen in Figure 11 in the cp distribution.

Overall, the Truckenbrodt's boundary layer method
with H< 0.723 provides more reasonably accurate re-
sults compared to the flat plate analogy with Stratford
criterion. The agreement between numerical and ex-
perimental is good.

The drag (cad), lift (c1) and pitching moment (Cmy) coef-
ficients in dependency of the angle of attack are plot-
ted in Figure 12. The flat plate analogy with Stratford
criterion (UPM St) and Truckenbrodt’s methods
(H< 0.723 and H< 0.82) were compared with the ex-
perimental results.

The findings indicate that the drag coefficient cq in
UPM with Truckenbrodt’s methods with positive angle
of attack represents good alignment with the experi-
ments. The larger form factor value H indicates better
agreement of the drag friction with the experiment. On
the other hand, the Stratford method shows a good
agreement between -10° and 7.5° angle of attack with

the experiment. Both methods establish that the nu-
merical results differ from the experimental results as
the angle of attack increases. The flat plate analogy
with Stratford method depicts good alignment with the
experiment for the lift coefficient results while the
Truckenbrodt's method with H< 0.723 deviates from
the experiment. Truckenbrodt's method with H< 0.82
has small deviation from the experiment and the flat
plate analogy with Stratford results in the negative an-
gle of attack. However, Truckenbrodt's method with
H< 0.723 shows better results than the flat plate-
Stratford method for the pitching moment, especially
at the negative angles of attack. In conclusion, both
methods reveal an overall good alignment with the
experiment and can be used for the forward flight.

The wind tunnel tests also included measurements
for yaw angles of the configuration in the range from
-15° to +15°.

Figure 13 and Figure 14 depict the surface pressure
coefficient, Figure 15, Figure 16 and Figure 17 show
skin friction coefficient at an angle of yaw of g = 15°
with Truckenbrodt’s boundary layer methods and flat
plate analogy with Stratford criterion. There is a mini-
mal difference between two Truckenbrodt’'s boundary
layer methods, surface pressure coefficient is pre-
sented only for the case form factor H<0.723. Be-
cause of the sideway flight, one side of the fuselage
surface has higher pressure coefficients than the
other side. A higher friction coefficient can be easily
seen on the areas where the pressure coefficients are
low because of high local velocities. The UPM results
are in line with the expectations.

When the two methods are compared for the surface
pressure coefficient, it can be seen from Figure 13
that Truckenbrodt’'s method shows bigger suction ar-
eas at the rotor head and at the tail-rotor area. But
both methods show significant differences in skin fric-
tion coefficient results. The difference of the results
due to this different computation can be seen in Fig-
ure 15, Figure 16 and Figure 17. As in the forward
flight results, the Stratford method shows a dispersed
separated flow area around the rotor head and behind
the rotor head. At the same time, the suction area is
larger on the tail-rotor. Truckenbrodt’s method with
H< 0.82 shows the flow separation on the rotor head
compared to Truckenbrodt’'s method with H< 0.723.
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Figure 9: Surface pressure coefficient on UPM (Truckenbrodt (H<0.723)) and Experiment in center cross
section in dependency of angle of attack
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Figure 10: Surface pressure coefficient on UPM (Truckenbrodt (H<0.82)) and Experiment in center cross
section in dependency of angle of attack
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Figure 11: Surface pressure coefficient on UPM (Stratford) and Experiment in center cross section in de-

pendency of angle of attack
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Figure 13: Surface pressure coefficient at § = 15°in Truckenbrodt BL (H<0.723)

Figure 14: Surface pressure coefficient at § = 15°in flat plate analogy with Stratford criterion




Figure 15: Skin friction coefficient on UPM at § = 15° by Truckenbrodt BL (H<0.723)

Figure 16: Skin friction coefficient on UPM at g = 15° by Truckenbrodt BL (H<0.82)

0.01

0.009
0.008
0.007
0.008
0.005

0.003
0.002
0.001

Figure 17: Skin friction coefficient on UPM at g = 15° by flat plate analogy with Stratford criterion



Figure 18, Figure 19 and Figure 20 present the pres-
sure coefficient ¢p in the symmetry plane of the fuse-
lage at three angles of yaw g = 0°, 5°,15° simulated
with Truckenbrodt's boundary layer methods and flat
plate analogy with Stratford criterion. Only positive
angles are plotted because the positive and negative
yaw angles have the same behavior due to the sym-
metry of the fuselage. As seen in the previous figures,
with the Truckenbrodt’'s boundary layer method, flow
separation is not seen behind the rotor head at
B = 15°. At a lower angle of g = 5°, flow separation
is not observed. With Stratford criterion, flow separa-
tion was observed behind the rotor head in all three
cases. The surface pressure coefficient cp in UPM in
the center section shows a good agreement with the
experiment with Truckenbrodt's boundary layer meth-
ods. The force coefficients (drag (cd), lift (c) and lat-
eral (cs)) and moment coefficients (roll (cmx), pitch
(cmy) and yaw (c mz)) in dependency of the angle of
yaw are plotted in Figure 21 and Figure 22. In these
figures, Truckenbrodt’s boundary layer methods and

flat plate analogy with Stratford criterion are com-
pared with the experimental results. The lift force co-
efficient of the Stratford criterion shows a better per-
formance than the Truckenbrodt's boundary layer
methods and the results are closer to the experiment.
However, this method is quite insufficient for the drag
force coefficient. Observation of early flow separation
may be considered as the reason for this.
Truckenbrodt’s boundary layer method with H< 0.82
has larger drag force coefficients compared to with
H< 0.723. Truckenbrodt’s boundary layer methods
and the flat plate analogy with Stratford criterion show
similar results in lateral force coefficient and moment
coefficients. Both force and moment coefficients have
symmetrical behavior with respect to the angle of
yaw. The agreement between the numerical results
and the experiment is good for force and moment co-
efficients. In conclusion, the validation of UPM with
Truckenbrodt’s boundary layer method shows that
the approach is an effective way of calculating the
drag coefficient of the fuselage with good accuracy.
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Figure 18: Surface pressure coefficient on UPM (Truckenbrodt (H<0.723)) and Experiment in center cross

section in dependency of angle of yaw
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Figure 19: Surface pressure coefficient on UPM (Truckenbrodt (H<0.82)) and Experiment in center cross

section in dependency of angle of yaw
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Figure 20: Surface pressure coefficient on UPM (Stratford) and Experiment in center cross section in de-

pendency of angle of yaw
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Figure 21: Force coefficients on UPM and experiment in dependency of angle of yaw
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Figure 22: Moment coefficients on UPM and experiment in dependency of angle of yaw




4.2. Medical personnel deployment vehicle

As an application example, UPM was used to simu-
late the aerodynamics of a medical personnel deploy-
ment vehicle similar to an air taxi. The configuration
is the outcome of a preliminary design study involving
several DLR institutes using DLR’s rotorcraft design
environment IRIS (Integrated Rotorcraft Initial Siz-
ing) (Ref. 18). For the UPM simulations, the required
surface meshes for the air taxi were automatically
created from the predesign data stored in the CPACS
(Common Parametric Aircraft Configuration Scheme)
data format (Ref. 2). Itis an XML based format for de-
scribing aircraft configurations. The air taxi configura-
tion has 4 main rotors, 2 pusher propellers and 6
booms (Figure 23). The concept was constructed for
2 passengers. Initial design weight is around 1 ton.
The rotors are powered electrically. The rotor blades
have a fixed pitch. Table 2 shows the flow condition
of the preliminary design of the air taxi.

Figure 23: Medical personnel deployment vehicle

For the initial assessment of the configurations UPM
was applied to compute polars for the isolated fuse-
lage. Thus, the lifting rotors and the pusher propellers
were not considered in the following calculation using
UPM. The geometry consists of the fuselage and the
six booms as shown in Figure 24. A structured mesh
was used for meshing the fuselage and the booms.
The booms are calculated as lifting surfaces. The
meshes have around 15000 nodes. UPM was applied
with  Truckenbrodt’'s boundary layer methods
(H< 0.723. and H< 0.82) and is compared with the
flat plate analogy with Stratford criterion.

Figure 24: Medical personnel deployment vehicle in
UPM

Table 2: Settings of medical personnel deployment
vehicle

Properties

Reynolds number 2.8-106 1/ml
Wind speed ~ 42 m/s
Reference temperature 273 K

The study focuses on surface pressure, force and
moments coefficients. The computations cover an an-
gle of attack and an angle of yaw range between -15°
and 15° with 2.5° steps for subsonic flow. Because no
experimental results are available, the results are
only shown for UPM.

Figure 25 and Figure 26 show the effect of increasing
the angle of attack on the surface pressure coefficient
with Truckenbrodt’s boundary layer method and flat
plate analogy with Stratford criterion. There is a mini-
mal difference between the two Truckenbrodt's
boundary layer methods. Therefore, the surface pres-
sure coefficient is presented only for the case form
factor H<0.723. The stagnation point at « = 0° is on
the nose of the fuselage. With a positive angle of at-
tack a = 15°, the stagnation point moves down and
the suction areas on the booms increase. Both meth-
ods show the similar surface pressure coefficients.

Figure 27 illustrates the force and moment coeffi-
cients for a range of angle of attack. The difference
between the three methods can only be seen in the
drag coefficients. The outcomes are reasonable.



[

Figure 25: Surface pressure coefficient on UPM Truckenbrodt (H<0.723) for the air taxi (a = 0°left;

a = 15°right)

Figure 26: Surface pressure coefficient on UPM Stratford for the air taxi (¢ = 0° left; @ = 15° right)
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Figure 27: Drag, lift and pitch moment coefficients on UPM in dependency of angle of attack for the air taxi

Figure 28 and Figure 29 present the surface pressure
coefficient at an angle of yaw of g = 15° with
Truckenbrodt’s boundary layer method and flat plate
analogy with Stratford criterion. As there is only a min-
imal difference between the two Truckenbrodt's
boundary layer methods, surface pressure coefficient

is presented only for the case using form factor
H<0.723. Because of the sideway flight, one side of
the fuselage surface has higher pressure coefficient
than and the other side. These UPM results are in line
with the expectations. Figure 30 and Figure 31 depict
the force coefficients and moment coefficients in



dependency of the angle of yaw with the three meth-  with Stratford criterion show similar behavior. The dif-
ods. Both force and moment coefficients have sym- ferences between the methods are very small for
metrical behavior with respect to the angle of yaw. other results. In conclusion UPM results are reasona-
Drag and lift coefficients with Truckenbrodt's bound-  ble.

ary layer method of H<0.82 and flat plate analogy

<

Figure 29: Surface pressure coefficient on UPM Stratford for the air taxi at § = 15°
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Figure 30: Force coefficients on UPM in dependency of angle of yaw for the air taxi



Roll Pitch Yaw
02 moment 002 moment 02 moment
05| 00sf 05|
b e @
01| é_-g 0.04f 01| &
E Py o 8-6-8
0.05F & 0.05F B B 0.05F
x | - > é CN N p
E of - £ 008 g % E of p-g
© o S o e H P
0.05F & & 007 /8 8 0.05F /
e £ a e
E o 005g 8 '°’1¢5—.' & & UPMTr0.723
& E i o UPMTros82
018F -0.00f 015 o UPM St
0 "31-5 -110 g .3 Is 1‘0 1‘5 01 T 0 1‘0 0 "31-5 -110 l5 5 rli 1‘0 1‘5
angle of yaw angle of yaw angle of yaw

Figure 31: Moment coefficients on UPM in dependency of angle of yaw for the air taxi

5. CONCLUSIONS

In this paper the panel-free wake method UPM was
extended with Truckenbrodt's boundary layer meth-
ods for predicting the viscous flow for non-lifting bod-
ies. The newly implemented method is compared with
the simpler flate plate analogy with Stratford’s sepa-
ration criterion. Both methods are validated for the
helicopter fuselage of DLR’s Fast Rescue project. Af-
ter validation the Truckenbrodt’'s boundary layer
methodology is applied for the prediction of the flow
about a generic medical personnel deployment vehi-
cle. The main findings are:

1. The predicted fuselage surface pressure coeffi-
cients and as well as forces and moments agree
well with the wind tunnel results in forward flight
with both methods.

2. Predicted areas with flow separations are more
reasonable with the Truckenbrodt's boundary
layer method compared to using Stratford’s sep-
aration criterion.

3. Truckenbrodt's boundary layer method shows
better agreement than Stratford criterion with the
wind tunnel results in the side-slip flight for drag
force coefficients.

4. The critical form factor H=0.723 wused in
Truckenbrodt’'s method to detect flow separations
gives good results for the pressure distributions,
while results using a fom factor H=0.82 agree bet-
ter with measured loads.

5. Applications to a medical personnel deployment
vehicle gives also reasonable results.

6. In all simulations the Truckenbrodt’s boundary
layer method worked resilient and reliably.

7. UPM code is a useful tool for aerodynamic heli-
copter simulation and it is a valuable for fast anal-
ysis and preliminary design.

In the future, UPM will be also compared to CFD sim-
ulations for the same configurations using CODA, the
next generation CFD solver commonly developed by
Airbus, DLR and ONERA. This will provide additional
information about the accuracy of UPM results.

More advanced methods for separated flows will be
implemented into UPM. Flow simulations of the med-
ical personnel deployment vehicle in UPM will be cal-
culated including the lifting rotors and pusher propel-
lers.
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