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Abstract 

Within the challenging and fast-growing environment of urban air mobility, a hover-capable airship is currently 

under development to serve as a testbed for Positioning and Guidance Systems. The hover capabilities require 

a new approach towards 360 ° aerodynamics in the early design stage, to enable accurate model-based con-

troller design. In this paper, the recently developed flow solver FlightStream®, is used to obtain aerodynamic 

data for a 360° inflow analysis. Using MATLAB as interface, meshing, simulation and post-processing are 

unified in a framework for easy and quick application. The aerodynamic model is built successfully and inte-

grated in the existing Flight Dynamics Model of the airship. A way to reduce simulation effort by making use of 

symmetry is presented and employed. The aerodynamic data is found to be accurate in comparison to existing 

wind-tunnel test data. The solver can robustly handle the airship, and the results presented herein open new 

possibilities for future usage. 

 

1. NOTATION1 

Symbols  

X Axial force in body system, N 

Y Side force in body-system, N 

Z  Vertical force in body-system, N 

L Rolling moment, Nm 
M Pitching moment, Nm 

N Yawing Moment, Nm 

U∞ Free-stream velocity, 
𝑚

𝑠
 

Vref Reference volume, 𝑚3 
lref Reference length, m 
  
 

Acronyms: 

TUM 

FSD 

Technical University of Munich 

Institute of Flight System Dynamics of 

TUM 

ERF 

UAM 

European Rotorcraft Forum 

Urban Air Mobility 
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2. INTRODUCTION 

In the fast growing environment of Urban Air Mobility 

(UAM), new approaches are constantly introduced to 

overcome limitations and further push innovation. 

One of the latest projects at TUM-FSD, the AMI initi-

ative, is building an airship, the AMI-PGS. This hover-

capable airship is intended to serve as a testbed for 

Positioning and Guidance sensor Systems (PGS). 

Their performance in an urban environment shall be 

analyzed. Compared to other vehicles in the UAM en-

vironment, a certification for the airship for flight over 

populated areas can be achieved with ease. For the 

airship development, analyses must be carried out 

ahead and a suitable flight controller is to be built. 

Both these tasks rely on a precise modeling of the air-

ship. Due to the hover-capabilities in combination with 
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high sensitivity against wind, “classical” aerodynamic 

approaches are not valid anymore, marking the need 

for a new approach that can represent all possible 

flow directions. The implementation of such an ap-

proach is the focus of this work, which will present 

such a model readily for use. A short review on the 

possibilities currently available and why they are not 

applicable is given. Then, the software used herein, 

FlightStream® is introduced and its main features and 

working principle are described. The environment in 

which the simulation is carried out is shown briefly. 

Results are presented for two configurations of the 

airship, namely a cross-configuration with four fins 

and a lambda-configuration with three fins. Validation 

of results is carried out using wind-tunnel data. 

3. THE NEED FOR A NEW APPROACH 

Aerodynamic modeling of airships still mainly relies 

on results dating back to the 1920s. Maxwell M. Munk 

in Ref. 1 first introduced analytic formulations for the 

forces and moments on an airship’s hull, however un-

der the assumption of inviscid flow. Allen and Perkins 

extended his formulations to include viscous effects, 

described in various publications (Refs. 2, 3). In 1983, 

Jones and DeLaurier published their work on aerody-

namic estimation for airships (Ref. 4), which still 

serves as benchmark in today’s airship development. 

They focused on the influence of the fins and further-

more proposed methods to estimate the rotational 

damping. Their approach is used in the recent works 

of Mueller (Ref. 5) and Atyya (Ref. 6). However, this 

approach is still limited to small flow angles and there-

fore generally only valid in forward flight, making it un-

suitable for the specific requirements of the airship 

considered in this paper. Other authors recently tried 

with success to use a panel-method based inviscid 

flow solver on airship configurations (Refs. 7, 8), how-

ever this again brings up the limitation of not consid-

ering viscous effects. A wealth of research was also 

performed at the University of Stuttgart in Germany 

more recently, where besides the analytic model, also 

a simulation approach was presented that combines 

an inviscid flow solver with a boundary layer solver. 

This method enhances the inviscid solution with vis-

cous effects allowing for a more precise estimation 

(Ref. 9). This method is most promising besides using 

full-scale CFD simulations. The latter is usually no op-

tion in early design stages due to extensive numerical 

cost. Recent developments at Research in Flight LLC 

lead to the commercial software package 

FlightStream®, that makes use of the approach of 

coupling an inviscid flow solution with a boundary 

layer solution. Its general buildup and capabilities are 

introduced in the following. 

 

4. THE FLIGHSTREAM SOLVER 

FlightStream® is a highly efficient compressible-flow, 

viscous, surface-vorticity panel-method flow solver 

(Ref. 10). It allows for rapid analysis of unconventional 

aircraft using a unique surface vorticity, flow-separa-

tion & viscous analysis capability for both powered 

and unpowered configurations. As part of prior NASA 

and AFWERX SBIR/STTR 2018-23 funded activities 

(Refs. 11, 12, 13, 14, 15) Research in Flight has de-

veloped the FlightStream® flow solver to make use of 

surface vorticity on an unstructured surface. The 

solver utilizes the Fast Multipole Method (FMM) (Ref. 

11).  Originally developed for the generalized 𝑛 −

𝑏𝑜𝑑𝑦 problem in gravitational fields (Ref. 11), it has 

been applied in other potential-driven mathematical 

problems as well, such as in electro-static and poten-

tial-flow methods (Ref. 11).  The general implementa-

tion of FMM in any problem revolves around the coa-

lescing of far-field potential inviscid source/doublet 

bodies into a single body for evaluation of the net ef-

fect on a near-field body (Ref. 11). The algorithm 

evaluates the inductive effect of near-field bodies 

identically to the 𝑂(𝑛2)-numerical implementation but 

converts the large number of far-field bodies into a 

reduced number of clustered bodies inducing an ef-

fect based on the sum of their field strengths. In 

FlightStream®, FMM implementation coalesces far-

field vorticity into localized three-dimensional point 

doublets encompassing the net vorticity strengths of 

all the coalesced far-field vorticity panels. For viscous 

analysis, FlightStream® offers laminar and turbulent 

boundary layer models.  The turbulent boundary layer 

model developed by Standen (Ref. 11) is used. For 

the fluid properties outside the boundary layer, the 

flow is assumed to be isentropic and subsonic, but 

compressible. The presence of both laminar and tur-

bulent separation models in FlightStream® allow for 

the possibility to model complex transitional separa-

tion physics along a given surface streamline. A suit-

able transition model is required to determine the lo-

cation where a switch between the laminar and turbu-

lent separation models can be performed. 

FlightStream® includes the model created by Dvorak 

et.al. (Ref. 11)  as the transition model. A robust 

model for computing attachment lines and critical 

points on the inviscid surface velocity fields is used to 

compute flow separation. Using the inviscid surface 

velocity field, the method developed by Kenwright 



(Refs. 12, 13) is used to locate the attachment lines. 

To perform viscous-coupled flow solutions, the 

boundary layer models are integrated with the inviscid 

solver via displacement of the inviscid boundary 

equal to the displacement thicknesses of the local 

boundary layers. Loads are computed by summing up 

the pressure distributions (forces and moments) and 

using the vorticity distributions for drag computations 

(Ref. 11). The viscous loads are accounted for using 

momentum deficit calculations in the boundary layer 

tangential to the surface panels underneath them. 

FlightStream® offers a variety of other features. How-

ever, those are not considered within the scope of this 

paper. 

5. SIMULATION ENVIRONMENT 

At TUM-FSD, most simulation tasks are carried out in 

MATLAB Simulink. A detailed flight dynamics model 

of the airship is implemented. It allows to simulate the 

complete non-linear dynamics, as well as implement-

ing all physical phenomena ranging from aerodynam-

ics and propulsion models to subsystem dynamics. 

The underlaying equations of motion for this particular 

case are solved at an arbitrary point for a rigid body 

with added masses, derived from Refs. 16–18. For 

Open-Loop analysis purposes, an in-house trimming 

an linearization tool (Ref. 19) is employed. Aerody-

namics are typically introduced into this model via 

look-up tables. This is where the data obtained by 

FlightStream® simulations is to be embedded. Also, 

pre- and post-processing is carried out using in-house 

MATLAB toolboxes, building an agile and self-con-

tained aerodynamics analysis toolchain. The geome-

try definition is generated within a MATLAB toolbox, 

but in principle any CAD model can be used in 

FlightStream. The approach taken, however allows 

for a quicker adaption to new designs, a great ad-

vantage in early development stages. Since 

FlightStream is scriptable, the simulation runs do not 

have to be manually started but can also be controlled 

out of MATLAB. 

 

6. SIMULATION SETUP 

6.1. General reference settings 

All simulations are carried out at a defined reference 

speed of 𝑈∞ = 8 
𝑚

𝑠
, which is the design cruise speed 

of the airship. Unsteady aerodynamics are not con-

sidered. ISA-conditions at mean sea level (MSL) are 

applied. The definition of the reference geometry dif-

fers from classical fixed-wing cases. Herein the 

reference area is defined to be 𝑆𝑟𝑒𝑓 = 𝑉
2

3 = 16.98 𝑚2, 

with 𝑉 being the hulls volume. This is a common 

choice for airships (Ref. 20). As reference length, the 

airships overall length is used, 𝑙𝑟𝑒𝑓 = 15 𝑚, another 

common choice would be 𝑙𝑟𝑒𝑓 = 𝑉
1

3. The non-dimen-

sional coefficients are calculated as for fixed wing ap-

plications (Ref. 20). As mentioned, a fully turbulent 

boundary layer model is used, leaning on more recent 

wind-tunnel tests of similar airships (Ref. 21) and 

work conducted in FlightStream® before (Ref. 22). 

The forces and moments or their respective coeffi-

cients are represented in the body fixed coordinate 

frame of the airship. The frame is defined at a refer-

ence point, which is the volume center, with the x-axis 

pointing towards the hulls bow, the z-axis points 

downwards and the y-axis forming an orthonormal 

base. 

6.2. Meshing of the Configuration 

Meshing and subsequently the total number of faces 

have a great impact on the performance of numerical 

solvers. Wrong meshing can even result in diver-

gence of the solution. Within FlightStream®, the 

meshing of the configuration can be set inde-

pendently of the geometry definition via a built-in 

meshing tool. This allows to define the geometry very 

precisely without generating a dense mesh. 

Figure 1: Convergence of coefficients with mesh ad-
aptation 

Figure 2: Mesh Configuration of the airship 



Variations of the mesh can also be tested this way. 

Some basic, but by no means exhaustive studies are 

conducted on the airship to find a reasonable balance 

between performance and ensuring robust conver-

gence. Similar considerations within the 

FlightStream® solver have been made by Fei in Ref. 

23. For the airship, the simulation is found to be par-

ticularly sensitive towards the number of axial mesh 

faces. A too low number of faces results in a rather 

pointy and uneven shape within the solver. Viscous 

effect can no longer be calculated properly, leading to 

divergence of the entire solution. On the other side, a 

very high number of faces results in extensive simu-

lation time, which is also not affordable. Figure 1 

shows the change in some basic coefficients with the 

number of faces used. Note that the number of axial 

mesh points corresponds to the number of mesh 

faces but is the way meshing is named in 

FlightStream®. Convergence can be observed from 

around 80 mesh point towards increasing numbers. 

Using this result, a mesh is finalized with a total of 

13,824 faces, depicted in Figure 2. This corresponds 

to a simulation time of around 2 minutes per data-

point, which is deemed reasonable for the scope 

herein, though potential for further reduction is clearly 

given and may be investigated in further research. 

6.3. Symmetry of the Simulation 

For most flying configurations, further reduction of 

simulation time can be achieved by making use of 

symmetry considerations. The airship considered is 

at least symmetric around the xz-plane of the body 

frame, in case of a cross configuration also around 

the xy-plane. Using this, only half, respectively a 

quarter of the desired datapoints needs to be simu-

lated.  Around the body frame xz-plane, data for 

forces and moments can be mirrored as follows, cre-

ating opposite sideslip angle data: 
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The considerations around the xy-plane for the cross-

configuration are similar. 

6.4. Post-processing of Aerodynamic Data 

Naturally to numerical solvers, the raw output data 

may be peaky due to numerical deviations. This es-

pecially poses a problem with very small coefficient 

values. To reduce the influence of such peaks, a 

smoothing is applied. A local quadratic regression 

method is chosen as fitting method. In case of diver-

gence at a single datapoint, though unlikely, the 

smoothing also “replaces” the missing data by 

Figure 3 : Body-fixed force coefficients of the airship in cross configuration 

Figure 4 : Body-fixed moment coefficients of the airship in cross-configuration 



interpolation of its neighboring points. This makes the 

results of post-processing more robust against solver 

divergence, contributing to the overall reliability of the 

toolchain. 

6.5. Performance Simulations 

Once the aerodynamic model is integrated in the 

FDM, the open-loop performance of the whole system 

can be assessed. The propulsion system of the air-

ship consists of 4 tiltable propellers, placed four me-

ters in front and behind the aircrafts’ reference point 

and two meters to each side of the x-axis. The pro-

peller aerodynamics are calculated with an in-house 

tool based on Blade Element Momentum Theory as 

explained in Ref. 24 and not further discussed in this 

paper. Through the trim routine the behavior inside 

the whole envelope can be analyzed (Ref. 19). The 

rotational speed of all propellers as well as their tilting 

angle are considered to be solver variables. A 

possible strategy to define a unique solution to the 

trim problem is to inlcude a cost function. The chosen 

cost function for the presented analysis is 

𝐽 = ∑𝜔𝑖
4

𝑖

. 

With 𝜔𝑖 the rotational speed of each propeller. The 

varying trim parameters shown here are the forward 

an lateral airspeed in the control frame (𝑢𝐴
𝐺)𝐶

𝐸 , (𝑣𝐴
𝐺)𝐶

𝐸 

and the course change  𝜒̇𝐴
𝐺 .  

7. SIMULATION RESULTS 

7.1. Cross Configuration 

A cross configuration with four fins serves as the first 

reference case. Figure 3 shows the results for all aer-

odynamic force coefficients. The solver indeed 

proved to be very robust, divergence was only de-

tected at a single data point. No dedicated reason for 

this failure could be found. Due to the smoothing, the 

single failure point does not affect the overall result. 

The shapes for the axial force and vertical force in-

deed look very smooth. Expected behavior like mini-

mal axial force at zero angle of attack and zero angle 

of sideslip. For the side-force coefficient the shape is 

remarkable tough. Surprisingly, there is almost no de-

pendency of the crossforce coefficient Cy on the an-

gle of attack. For the moment coefficients, depicted in 

Figure 4, shapes also match the intuitive expectation 

for pitching and yawing moment. It can be observed 

that the rolling moment coefficient is generally very 

small, as expected for a symmetric configuration. The 

fact that it is not exactly zero and exhibits some peaks 

is attributed to numerical residuums of the solver. It 

should be noted that the values do not compare easily 

to known dimension for fixed-wing configurations due 

to the different reference parameters used, as dis-

cussed earlier. 

To validate the results, a comparison to existing data 

is appropriate. Using data from the described analytic 

models in Section 3 however is of course useless as 

of their inherent drawbacks. Wind-tunnel data is 

therefore the only reliable source. For comparison, 

available wind-tunnel data obtained on a 1/40 scale 

model of the airship USS Akron is used from Ref. 25. 

For USS Akron, unlike all other sources openly avail-

able (Refs. 26–28), data in a range more similar to the 

one considered herein was recorded. Figure 5 shows 

Figure 6 : Comparison of moment coefficients of 
cross-configuration with wind-tunnel data of USS 
Akron 

Figure 5 : Comparison of force coefficients of 
cross-configuration with wind-tunnel data of USS 
Akron 



the comparison between the vertical force coefficients 

Cz measured and simulated, respectively. As for all 

following figures, the flow angle along which a coeffi-

cient primarily changes is varied, while the second 

one is kept zero. The side force coefficient of the sim-

ulated data is also included, as it should be equal to 

the vertical force coefficient due to the symmetry con-

siderations made earlier. The match between all val-

ues is excellent over the entire range of flow angles. 

This also indicates that despite the odd shape for the 

side-force coefficient discussed above, the force is 

correctly calculated. For the moments, the compari-

son is depicted in Figure 6. The pitching moment is 

inverted to adhere to a different coordinate frame 

used for USS Akron (Ref. 25). Again, the yawing mo-

ment is also depicted for comparison due to its equiv-

alence in symmetric configurations. The match in the 

data is not as good as for the force coefficients, but 

still magnitude and qualitative behavior are similar. 

The only remarkable difference is the fact that the mo-

ment coefficients for low absolute flow angles in a 

range of around -30 to 30 degrees have opposite 

signs. However, it is a well-known fact that airship ex-

hibit an unstable pitching moment for low angles, sta-

bilizing only with increasing angles (Ref. 29). While 

this effect is captured in the proper direction in the 

simulated data, it is not depicted correctly in the wind-

tunnel data. This observation is deemed an 

acceptable deviation, because the absolute numeri-

cal deviation is not very large. 

7.2. Lambda Configuration 

The cross-configuration discussed just above is a 

suitable testing case for the solver and embedding. A 

second common design is now considered, a lambda 

configuration with three fins distributed equally at the 

hull with one pointing upwards. For this design, no ref-

erence data is available tough. This means that the 

validation must rely solely on the encouraging results 

of the cross-configuration. For the lambda-configura-

tion, three smaller fins are mounted at the hull, with 

the first one pointing upwards and the other two being 

symmetrically distributed on the lower hull. The mesh-

ing of the hull is unaffected by this. The solver again 

performed very robust, this time without a failure at 

any data point is registered. Figure 7 shows the re-

sults for the force coefficients, whilst Figure 8 displays 

the moment coefficients. The shapes are very similar 

to the cross-configuration, as most of the aerodynam-

ics is primarily influenced by the hull, which has not 

been changed. Only the pitching moment coefficient 

is remarkably smaller. This can be explained due to 

the reduced number of fins. Also, the axial force 

Figure 7 : Body-fixed force coefficients of the airship in lambda-configuration 

 

Figure 8 : Body-fixed moment coefficients of the airship in lambda-configuration 



coefficient is slightly reduced, indicating lower drag on 

the fin profile due to smaller fins. 

7.3. Simulation of Control Surfaces 

To analyze the effect of the control surfaces, 

FlightStream® offers a functionality of defining and ro-

tating small surfaces as part of the fins. This makes 

simulation of control derivatives possible without hav-

ing to redefine the entire geometry. A slightly refined 

mesh is applied to the fins due to larger gradients in 

the geometry resulting from the deflections. Unfortu-

nately, FlightStream® is rather sensitive with respect 

to deflected surfaces, simulations diverge quickly, es-

pecially for increasing flow angles. This is expected 

to improve with a future version of FlightStream®. 

However, for zero angle of attack, the delta in the 

pitching moment coefficient due to control surface de-

flection is found to match values from wind-tunnel 

testing of other airships (Ref. 21). Since the control 

surfaces are only used in forward flight at moderate 

angles, this value serves as a good initial estimate, as 

wind-tunnel data also suggests the delta stays con-

stant up to certain flow angles a certain angle range. 

7.4. Performance Simulations 

As explained in Sections 5 and 6.5, the performance 

of both configurations is compared with an exemplary 

2D trim. Figure 9 and Figure 10 show the resulting 

minimum roll angle for both configurations over the 

forward and lateral speed. Both configurations pre-

sent a similar and symmetric behavior for low speed. 

This highlights the advantage of the 360° aerody-

namic model. However, in the high-speed phase, dif-

ferences in the performance between both configura-

tions can be identified. Figure 11 and Figure 12 depict 

the total mechanical power over the forward speed 

and course change envelope. For the lambda 

Figure 9 : Minimum Roll angle over horizontal 
velocity plane for the lambda configuration 

Figure 10 : Minimum Roll angle over horizontal 
velocity plane for cross-configuration 

Figure 11 : Total mechanical power consumption 
over forward speed and course change for the 
lambda-configuration 

Figure 12 : Total mechanical power consumption 
over forward speed and course change for the 
cross-configuration 



configuration, a slightly lower cruise power at (𝑢𝐴
𝐺)𝐶

𝐸 =

8 
𝑚

𝑠
 is obtained. Moreover, the maximum achievable 

speed as well as the maximum turn performance is 

higher for the lambda configuration. This might be ex-

plained by a higher total drag for the cross configura-

tion. 

The results prove that with the implemented routine, 

the influence of the aerodynamic characteristics of a 

given configuration on the open-loop performance 

can be analyzed and compared in an automatized 

manner.  

8. CONCLUSIONS 

1. A simulation environment is successfully built, in-

cluding numerous tools to quickly adapt, execute and 

post-process numerical aerodynamic simulations in 

the FlightStream® solver. The capabilities of the 

solver in handling aerodynamics beyond attached 

flow have been demonstrated 

2. Aerodynamic data is successfully simulated for two 

distinct configurations and comparison with wind-tun-

nel data shows the validity of the concept presented. 

Usage of the configuration for performance analysis 

has been introduced. 

3. Future adaptions can be easily integrated into the 

toolchain, making it a fast and versatile tool in early 

design stages, by no means restricted to airship 

cases. 
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