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Abstract; Refueling docking at different velocities is simulated by using computational fluid dynamics (CFD) meth-

od. The Osher scheme and S-A turbulence model are used to solve the compressible Navier-Stokes equations, and

the Delaunay mapping dynamic grid method is also employed. All the numerical results show that the velocity of

refueling docking is very important for aerial refueling. When the velocity is lower than 3 m/s, the refueling

drogue will move upward with obvious cycle staggering, while moving upward with slight cycle staggering at the

speed of 3 m/s. The results can be referenced by aerial refueling design.
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0 Introduction

Aerial refueling is the process of transferring
fuel from one aircraft (the tanker) to another
(the receiver) during flight. The procedure al-
lows the receiver aircraft to extend its range and
combat radius. Generally, the combat radius of a
bomber, a fighter and a transport aircraft can be
increased by 25%—30%, 30%—40% and 100% ,

[ A combat aircraft after extending

respectively
its range can shift fast over a long distance, and
make a sudden strike or strategic defence. Aerial
refueling also allows aircrafts to take off with the
maximum payload by carrying less fuel and top-
ping up once airborne. Alternatively, a shorter
takeoff roll can be achieved because takeoff can be
at a lighter weight before refueling once airborne.
While increasing the cruise duration, aerial refue-
ling can greatly reduce the number and use inten-
sity of aircrafts, which will relieve potential con-
tradiction and the demand for air force or naval
aviation in battle.

The two main refueling systems are probe-

and-drogue and the flying boom. Generally, the
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U. S. Air Force uses flying booms, while the Na-
vy and Marines mostly use probe-and-drogue.
Each method has its advantages and disadvanta-
ges. The probe-and-drogue has simple design and
good security whereas the refueling quantity is
smaller. The flying boom has higher fuel flow
rates but with higher technology requirement and
relatively poor security. The probe-and-drogue
method is more common in modern air refueling.

The probe-and-drogue method employs a
trailing hose with a drogue attachment from the
tanker aircraft, the receiver has a probe placed on
the aircraft’s nose or fuselage to make the connec-
tion. This method is subject to turbulence and
aerodynamic forces of the approaching aircraft,
which directly affects the aviation safety. There-
fore, the analyses of steady aerodynamic charac-
teristics are far from enough. There are a grow-
ing number of researches and flight tests on the
flow field of the probe-and-drogue at home and
abroad, and some results have been achieved*® .
Kapseong and James" developed a dynamic model
of a hose-paradrogue assembly for aerial refueling

using the finite-segment approach and studied the
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effects of atmospheric turbulence on paradrogue
motion by incorporating the Dryden turbulence
model into the hose-paradrogue dynamic model.
Sriram et al.” investigated an improved and
more natural method of incorporating the trailing
vortex effect associated with aircraft flying in
close proximities, including the effect of time-
varying mass and inertia properties associated
with the fuel transfer, the tanker’ s vortex in-
duced wind effect and atmospheric turbulence.
Eichler'™ presented the derivation and solution of
the nonlinear partial differential equation in
closed form for sine-wave gust disturbances and
numerically for both sine wave, pulse-type verti-
cal gusts and wing vibration, besides, the antici-
pated effect of vortex from the wingtip on the
hose-drogue system was calculated. Hu et al. ['**
modeled the trailing refueling hose-drogue by u-
sing an array of discrete point mass nodes that repre-
sented the physical properties of the hose-drogue, and
analyzed the influence of air turbulence on hose-
drogue’s motion following the simulation of the mo-
tion in the cloudless air turbulence.

By utilizing numerical simulation methods,
the motion of the refueling drogue in the docking
phase of an aerial refueling is simulated and ana-
lyzed in this paper, and the movements of the re-
fueling drogue at different velocities are covered

as well, which is followed by the generalization of

the motion characteristics.

1 Numerical Methods

The numerical methods consist of two parts,
one is numerical simulations for unsteady flows.,

and the other is dynamic grid technique.
1.1 Numerical methods for unsteady flows

The governing equations are Reynolds-aver-
aged Navier-Stokes equations which are solved
using finite volume method based on unstructured
grids. In addition, S-A one equation turbulence
model™® is adopted. The computing software
employed in this paper has own intellectual prop-
erty right and is verified by many numerical case,

which guarantees reliable and rational computa-

tion results.
1.1.1

The three-dimensional compressible Reyn-

Governing equations

olds-averaged Navier-Stokes equations can be ex-
pressed as

U F, _M_\y 3G,
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where U is the conservative variable vector, F; the
inviscid flux vector, and G; the viscous flux vec-

tor. They are defined by
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where p, p,e, T and k denote the density, the pres-
sure, the total energy per unit volume, the tem-
perature, and the thermal conductivity coeffi-
cient. u; is the velocity component in x; direction and
0. the components of the viscous stress tensor.
1.1.2 Spacial and temporal discretization

The spatial flux terms are discretized by
using Osher scheme™*,

Osher’s approach assumes that there exist

vector-valued functions F™ (U) and F~ (U) satis-

fying
FWU) =F WU +F W@U) 3
and
oFT dF
U =A" (U); U =A" ) €]

Given the initial dataU, =U, , U, =Uy , then the
corresponding numerical flux on the £-th face can

be expressed as
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where the integrals are evaluated along each of
the partial integration paths U, ,U,,;,U,,; ,U;.

The set of equations is then discretized in
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time by using a fully implicit time discretisation
to give

1 9Q 4 IR@QD IR(QY
At IP apP

where n denotes the time level, R the flux residual

]AP:—R(Q“) 6)

after discretisation that contains all of the terms
arising from the spatial discretisation, P = (p,u,
v,w,p), the primitive variable, and P""
P" +"AP.
1.1.3 Turbulence model

The turbulence model employs the following

S-A one-equation turbulence model

D - 2
Dl; Cp1 SlJ Col fw (5) +
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While the left hand side term represents the
advection along a streamline, the terms on the
right hand side are defined using the following

functions
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where v is the molecular viscosity, v the working
variable, d the distance to the closest wall, and S
the magnitude of the vorticity.

S=lw|=|V X (ud +vj +wk) |
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with the following values for the constants
Cp1 =0.135 596:2/3 s Cp2 =0.622
k=0.41,cp =cp /R + (1 4cp) /S (11D

Co2 =0. 39('1&,3 :276'111 :7 1
1.2 Dynamic grid technique

There is flexible deformation of the hose in
the numerical implementation in addition to
drogue oscillation, which requires the new mesh
maintain the same topology and density distribu-
tion as the original mesh. Since most dynamic
grid deformation techniques are iterative based
on the spring analogy without maintaining the
another dynamic

primary qualities of the grid,

grid deformation technique based on Delaunay

graph™ is employed in this paper, within
which the original grid is mapped back onto the
deformed Delaunay graph to provide the new
mesh for the new time step or the new design cy-
cle. The method consists of four steps: (1)
(2) Locating
(3) Moving the

Delaunay graph according to the specified geo-

Generating the Delaunay graph;
the mesh points in the graph;

metric change; (4) Relocating the mesh points
in the new graph. The mapping guarantees that
the original mesh topology and density distribu-
tion are maintained without mesh crossing or
overlapping cells. Besides, it is much more effi-
cient, as it requires only non-iterative algebraic
Figs. 1,2

graphs and meshes before and after movement,

calculations. show the Delaunay

respectively.
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(a) Before movement

ot

(b) After movement

Fig. 1 Delaunay graphs

(a) Original mesh

(b) Moved mesh

Fig.2 Meshes before and after movement

2 Simulation of Refueling Drogue
Movement

In the process of air refueling, the flow field
around the receiver aircraft suffers from intense
airflow turbulence from both the wing and refue-

ling drogue of the tanker aircraft. When approac-
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hing to the refueling drogue, the forward pres-
sure from the receiver aircraft breaks the balance
of the drogue and make it oscillate. The interac-
tion exacerbates the oscillation and wake influence
of refueling drogue on the receiver aircraft, which
makes the turbulence from the receiver aircraft
winglet couple with the strong airflow between
the wing of the tanker aircraft and refueling
drogue, thus leading to the drogue to oscillate
substantially. The closer the drogue is to the
probe on the receiver aircraft, the greater the os-
cillation amplitude is and the faster the oscillation
velocity is. Parameters related to refueling doc-
king. such as docking velocity, distance from the
drogue to the probe, oscillation amplitude, oscil-
lation velocity, reel frequency and so on, provide
references for pilots to correct and improve flight
operations and control over the relative velocity
between the two aircrafts. The results of air refu-
eling flight tests indicate that in the docking
phase, with the receiver aircraft gradually ap-
proaching to the refueling drogue, it is normal for
the drogue to escape away from the receiver air-
craft due to the effect of forward airflow. There-
fore, the docking process should be as short as
possible, in addition, right adjustments of both
docking velocity and stable flight are critical fac-
tors to guarantee the success of refueling doc-
king.

The following simplification is made for the
simulation: the refueling hose is flexible and does
not expected to generate the greater stiff force.
The displacement of refueling drogue of a fighter
at different docking velocities is then simulated.
For convenience, the real-time display is conduc-
ted by setting the refueling drogue moving toward
the receiver aircraft, and x-axis being docking ve-
locity. Besides, the distances before movement
between the receiver and the drogue are 3, 0 and
0 m in x , y and z directions, respectively. The
simulations are carried out with docking veloci-
ties of 0. 6, 1.2, 2.0 and 3. 0 m/s. The re-
sults are displayed in Figs. 3—7, wherex , y and
z stand for the central locations of the refueling

drogue.

(1) 0.6 m/s

The trajectory path of the refueling drogue at
the docking velocity of 0. 6 m/s is shown in
Fig. 3.
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(c) x-y-z displacement

Fig.3 Trajectory path of drogue at 0.6 m/s

From the results above, it is clear that when
docking at the velocity of 0. 6 m/s, the refueling
drogue oscillates with an amplitude of 0. 6 m and
a frequency of 0. 5 Hz accompanied with an up-
ward movement, as shown in Fig. 4.

(2) 1.2 m/s

Here is the trajectory path of the refueling
drogue at the docking velocity of 1. 2 m/s (See
Fig. 5).
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(a) Coupled flow field

s

(b) Drogue movement between the receiver and drogue

Fig. 4 Trajectory path of refueling drogue

It is known from the results that when doc-
king at the velocity of 1. 2 m/s, the refueling
drogue still oscillates at the frequency of 0.5 Hz
with an upward movement. Since the docking ve-
locity has doubled, the period of oscillations re-
duces to one from two. However, there are still
many difficulties in the refueling docking because
of periodical oscillations.

(3) 2m/s

The results for the refueling drogue at the
docking velocity of 2 m/s are displayed in Fig. 6.

It is clear that the refueling drogue still oscil-
lates at the frequency of 0.5 Hz with an upward
movement, but the period of oscillations reduces
to a half because the docking velocity is three
times faster than that of the first case. Besides,
the technical difficulties still remain the same
with the oscillations of the drogue.

(4) 3 m/s

Fig. 7 depicts the trajectory path of the refue-
ling drogue at the docking velocity of 3 m/s.

As can be seen from the above results, the
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Fig.5 Trajectory path of drogue at 1.2 m/s

refueling drogue will move upward with a drift
distance of about 0. 6 m at the speed of 3 m/s.,
whereas the periodic oscillation is slight. This is
mainly because the periodic oscillation is only just
beginning after increasing the speed, but does not
yet go through 1/4 cycle, which makes the oscil-
lation very slight. Therefore, in aerodynamic
terms, it is much easier to dock and refuel when
the docking velocity is no less than 3 m/s. But if
the velocity is too fast, the hose will float upward
due to the aerodynamic forces, which will break
the probe owning to sudden bending moment.
Thus, various factors need to be balanced when

determining the docking velocity.
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Fig. 6 Trajectory path of drogue at 2 m/s

3 Conclusions

The CFD method and the Delaunay mapping
dynamic grid technique are applied to simulate the
dynamic behavior of the refueling docking at dif-
ferent velocities varying from 0.6 m/s to 3 m/s.
Compared with other numerical simulation meth-
ods, this paper directly simulates the motion between
the receiver and the drogue around the coupled flow
field, thus being more effective and general. Conclu-
sions can be drawn from numerical simulations and a-
nalysis as follows:

(1) When docking at lower velocity, the re-

fueling drogue exhibits periodical oscillations,

0.8 L ) ) )
-1.0 -0.5 0.0 0.5
x/m

(b) x-z-displacement

1.0 15 20
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1.5
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Fig. 7 Trajectory path of the drogue at 3 m/s

which makes the refueling docking quite difficult.

(2) When the docking velocity increases to a
certain value, the refueling drogue has little oscil-
lation except upward float, it is then much easier
to refuel.

The aerodynamic force transmission and the
following response after the instant contact will
cause the hose to exhibit interactive coupling phe-
nomenon and backward transverse wave oscilla-
tion, which will leave the probe to subject to
great bending moment. For this reason, the fu-
ture work on this research will be carried out

combining with structural dynamics.
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