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Abstract

Investigation of the Aerodynamic Characteristics
for the Low Aspect Ratio Launch Vehicle
with the External Structure

Younghoon Kim
School of Mechanical and Aerospace Engineering

The Graduate School
Seoul National University

The Korea Aerospace Research Institute(KARI) has developed the
Test Launch Vehicle(TLV) to confirm the performance of a 75 tonf
engine in the Korea Space Launch Vehicle(KSLV)-II. And the TLV
flight test was successful on November 28, 2018. In this paper, the
solutions using CFD of the problem related to the longitudinal control
of the launch vehicle due to the flow around the umbilical plate during
the development process of the TLV, which intends to use the second
and third stages of the KSLV-II with slight changes in configuration
has been summarized. Owing to the influence of the flow around the
umbilical plate, the normal force changed with the change in roll angle,
and the center of pressure shifted accordingly. The controllability of the
“Resemblant TLV” was verified by obtaining the Control Ratio(CR, the
ratio of control torque to aerodynamic torque), which is the control
requirement of the launch vehicle. Meanwhile, the height of the
umbilical plate is lowered and the aerodynamic characteristics are

predicted to confirm that the controllability increases compared to the



original umbilical plate. In addition, the section shape of the umbilical
plate is changed from one ellipse to two small circles to confirm that
the CR increases. Finally, the position of the umbilical plate moves
forward to Payload Fairing.

There are various possible approaches to increase the CR of the
“Resemblant TLV”, such as increasing the deviation angle of the nozzle
and increasing the thrust of the engine. However, the simplest way to
improve the controllability by increasing the CR is to reduce the height
of the protuberance such as the umbilical plate and minimize the
influence of the flow around the protuberance. And the section of this
plate is smaller circular shape rather than an elliptical shape to increase
the controllability.

When developing the low aspect ratio launch vehicle using some
stages and parts of the mother launch vehicle for the specific purpose
such as the engine performance testing during the development of the
mother launch vehicle, careful attention should be paid to the design of
the protuberance such as the umbilical plate owing to control problems.
This study confirmed that controllability can be a problem when the
umbilical plate is mounted in the aft body of the low aspect ratio
launch vehicle. It is expected that this paper could be used as a
reference material in the design of low aspect ratio launch vehicles by
providing an intuitive input for the design of the protuberance and

control device of this type of launch vehicle.

keywords : Korea Space Launch Vehicle, Test Launch Vehicle,
Aerodynamic Characteristics, Controllability, Low Aspect
Ratio, Protuberance, CFD
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1. Introduction

The Korea Aerospace Research Institute (KARI) is developing the
Korea space launch vehicle (KSLV)-II with the goal of launching in
2021 after the success of the KSLV-I launch in 2013. And the
KSLV-II is being developed considering the long term plan of Korean
government to possess the ability to launch the space vehicle without
any help of other countries. Korean government will build a base to
entry into the global launch service market by retaining reliability and
competitiveness for the KSLV-II launch service by 2025. Korean
government will also increase the reliability more by launching
KSLV-II to the moon for the exploration and transfer technologies
about the KSLV-II launch service such as the manufacture of sub-parts,
the system integration and the launch operation to the Korean industries
to achieve this plan.

The KSLV-II is a three-stage launch vehicle, approximately 47.2 m
in length, 3.5 m in diameter, and a weight of about 200 tonf. A 1500
kg payload will be placed on a low earth orbit of 600 to 800 km
using the KSLV-II. In order to verify the performance of the
turbo-pump type 75 tonf liquid engine developed by an independent
technology prior to the KSLV-II flight test in 2021, the test launch
vehicle(TLV), with a total length of 25.8m, a diameter of 2.6m, and at
total weight of 52.1 tonf, was developed. As the only objective of the
TLV is to verify the performance of the 75 tonf liquid engine, it will
not place a payload on the specified orbit; it will reach an altitude of
177 km and then freely fall to terminate the mission [1-4].

In order to reduce the development cost and to minimize the
development period in the TLV were directly used the second and third

stage of the KSLV-II, without changing its configuration as much as



possible, except for the first stage of KSLV-II, and utilizing the
technology and parts applied to the development of the KSLV-IL
However, the shape was changed for some parts since the modification
was inevitable (Fig. 1). First, the payload and 7 tonf engine system of
the KSLV-II 3rd stage were deleted, and the aftbody of the KSLV-II
2nd stage was changed from the cone shape to the cylinder shape
owing to an interference problem with the launch pad. In the
meantime, as the development purpose of TLV is the performance test
of the 75 tonf liquid engine, only the nozzle length is adjusted in order
to have the ground launch available.

For the charge and discharge of the propellant, the TLV uses the
umbilical plate mounted on this launch vehicle and the retraction device
on the launch pad that connects to the umbilical plate. This propellant
supply system is composed of the umbilical plate and retraction device,
and it is the same system used in the KSLV-II at the beginning of the
TLV development (Fig. 2). As the KSLV-II propellant supply system is
used, the umbilical plate protrudes significantly out the aft body of the
TLV.

Fig. 3 (A) shows the schematics of the connection between the
umbilical plate and the retraction device before launch. When the
second stage of the KSLV-II is connected to the launching pad, the
umbilical plate slightly from the aft body is “AA” in Fig. 3 because
the aft body has a frustum shape rather than a cylindrical shape.
However, the umbilical plate of the TLV on the cylindrical aft body
increases in thickness by the additional amount “BB” in Fig. 3 if the
same retraction device is used. Fig. 3 (B) shows the shape of the
umbilical plate on the aft body of the TLV after launch.

The umbilical plate is an essential component for the launch

vehicle using the liquid engine. The flow around the umbilical plate



has normally adverse effects on the aerodynamic characteristics in case
of the launch vehicle using the small aspect ratio and the large
umbilical plate like the TLV. Therefore, it is necessary to predict
clearly the aerodynamic characteristics around the large umbilical plate
since the aerodynamic characteristics affect the controllability of this

launch vehicle.
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Fig. 3. Configuration of umbilical plate and retraction device



2. Research objectives

The wind tunnel test, the empirical data base and the CFD analysis
are generally applied to predict the aerodynamic characteristics of the
launch vehicle.

An approach using the empirical data base can produce the
aerodynamic data base quickly, but this approach is less accurate while
the wind tunnel test can produce more accurate data, but cost and time
are increased. Therefore, CFD analysis is mainly used to predict the
aerodynamic characteristics of the launch vehicle.

The CFD analysis for the launch vehicle with the external and
complex protuberances is so much time consuming process because of
the increase of the number of the mesh around the launch vehicle.
Therefore, at the beginning of the development process for the launch
vehicle, the configuration of all external protuberances were ignored
since the configuration of the protuberances was not determined
precisely and the simple shape of the launch vehicle as the body of
revolution shape was considered to predict the aerodynamic
characteristics quickly. The CFD analysis for this simple body of
revolution was firstly performed to make the aerodynamic data. The
influence of the external protuberances was added using the correction
factors from the wind tunnel test after the CFD analysis. This approach
has the simplicity of analysis, but the accuracy is poor and the
influence of each protuberance cannot be accurately reflected. As the
method of constructing the unstructured grid system in the boundary
layer develops, it is possible to quickly construct the unstructured grid
system around a small and complex protuberance. And due to the

growth of the parallel computation technique and the improvement of



the performance of the computing power, the CFD approach can be
applied to the aerodynamic analysis for the launch vehicle considering
all external structures while it is difficult to realistically model the
shape of all protuberances due to the difficulty of manufacturing the
wind tunnel model in case of the wind tunnel test [5-15].

For the calculation of the aerodynamic characteristics of the TLV,
the structured grid system was applied to the body of revolution at the
beginning of the TLV development and the effect of the external
protuberances from the wind tunnel test was corrected after the CFD
analysis. The direct CFD analysis for the TLV considering all external
protuberances is applied without compensating the effect of the external
structures from the wind tunnel test as the improvement of the CFD
analysis skill which can predict the aerodynamic characteristics around
the complex geometry in the late of the TLV development. At the
beginning of the TLV development, as it was not possible to predict
the exact effect of the external structures, the effect of the roll angle
was also not be ignored. If the external structures are properly
positioned in the circumferential direction of the launch vehicle, the
effect of the roll angle may be negligible. However, if a large structure
such as an umbilical plate is attached asymmetrically in the
circumferential direction, the effect of the roll angle can not be ignored.
In particular, in case of the launch vehicle with the low aspect ratio,
the influence of the flow around the large structure on the overall
aerodynamic characteristics is greater than that of the launch vehicle
with the large aspect ratio.

Even during the TLV development, the aerodynamic data with the
initial TLV body of revolution shape and the correction of the external
protuberance effect were applied by the late of the TLV development.
But the aerodynamic prediction for the final configuration of the TLV



must be performed before the TLV flight test to confirm finally the
flight performance of the flight model. And the CFD prediction was
conducted considering the configuration of the TLV with all external
protuberances for the first time for the TLV development. For the
analysis of the aerodynamic characteristics of the final TLV
configuration, it was confirmed that the change in the normal force was
very large according to the wvariation of the roll angle under the
maximum dynamic pressure condition. As the normal force changes, the
center of pressure changes accordingly, which affects the flight stability
of the TLV. As a result of performing the aerodynamic characteristics
analysis on the final configuration and analyzing the flight stability, it
was confirmed that the flight test for the designated trajectory can be
fail due to insufficient flight control power. While analyzing the cause
of the normal force change, it was discovered that the flow around the
umbilical plate on the rear part of the TLV caused a change in the
normal force at the rear part of the TLV to affect flight stability.
Afterwards, the umbilical plate shape of the TLV was changed rapidly,
and the aerodynamic characteristics analysis was performed on the new
shape of the umbilical plate to confirm flight stability again. On
November 28, 2018, The TLV flight test with the modified umbilical
plate was performed and the flight test was successfully completed
without any flight stability problem. When using existing systems such
as the launch vehicle such as the TLV for a simple flight test, the
unusual external structure can be attached to the launch vehicle. In
particular, the smaller the aspect ratio, the greater the impact of these
protuberances on the overall aerodynamic properties of the launch
vehicle. The effect of the protuberance on the overall aerodynamic
characteristics decreases as the aspect ratio increases for the launch

vehicle which has the same diameter and protuberance. In addition, the



overall weight of the launch vehicle increases as the aspect ratio
increases for the same diameter. Therefore the engine thrust should also
grows to launch the heavier vehicle. The control torque by the engine
thrust to make the reverse moment to remove the aerodynamic torque
fully increases as the engine thrust increases. And the possibility to
yield the lack of the controllability of the launch vehicle decreases
during the flight.

The specification of the launch vehicles in the world can be
obtained in Reference [11]. In this book, the minimum aspect ratio of
the launch vehicles is about 5.5 and the maximum aspect ratio of the
launch vehicles is approximately 20. And the averaged aspect ratio is
about 14. The aspect ratio for 90% of the launch vehicles is more than
10. Therefore, the low aspect ratio launch vehicle mentioned in this
paper can be the launch vehicle which has the aspect ratio of
approximately 10 or less than 10 including KSLV-II TLV.

The studies related to the TLV predicted the heat flux of its
engine plume and analyzed the performance of the heat shield by
conducting a CFD analysis and a thermal analysis [16, 17]. The vent
valve was designed by analyzing the external aerodynamic
characteristics of the TLV during the flight using a CFD analysis and
the vent characteristics of the internal compartment inside the TLV [18,
19]. Previous studies on the TLV did not include the prediction of
aerodynamic characteristics for the full configuration of the TLV during
the flight.

In a previous study on the aerodynamic characteristics of the low
aspect ratio launch vehicle, the aerodynamic characteristics of Epsilon at
max Mach 1.5 near the maximum dynamic pressure are predicted by
CFD analysis and wind tunnel test [20]. The flow characteristics around

the protrusions of the low aspect ratio launch vehicle were analyzed
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according to the change in Reynolds number. In a prior study [21], it
was investigated how the aerodynamic coefficient changes owing to the
change in flow characteristics around the fin by using the flow around
the small attitude control device of a low-aspect ratio missile, not of
the launch vehicle. Previous researchers on aerodynamic characteristics
of the low aspect ratio launch vehicle presented only the effects of
small protuberances such as stringers, flanges, cable ducts and the
attitude control device on the aerodynamic characteristics of the launch
vehicle. And the prior researches for the single external structure on the
plate were conducted [22-24]. Although many researchers have studied
aerodynamic characteristics for the low aspect ratio launch vehicle with
these protuberances, these researches have not been conducted on how
the control ability of this launch vehicle changes due to the
aerodynamic characteristics around the large protrusion such as
umbilical plates.

In fact, the single umbilical plate of an elliptical shape of which
the height was relatively high in the initial development stage of the
TLV was applied. After the calculation of the control ratio, the height
of an elliptical umbilical plate was reduced in the middle of the
development stage because of the problem of the controllability. But a
lower elliptical umbilical plate was changed to two round-type umbilical
plates in the final development stage because of the manufacturing
difficulty without the change of the height.

In this study, using a CFD analysis, we investigate the effect of
the wumbilical plate on the aerodynamic characteristics when the
umbilical plate is exposed outside of the low aspect ratio launch
vehicle as the TLV aft body. Furthermore, when the existing
mechanical design of the KSLV-II is used, as in the case of the TLV

umbilical plate, the influence of the flow characteristics around the
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existing umbilical plate on the controllability of the launch vehicle is
analyzed, enabling its consideration when designing the low aspect ratio

launch vehicle based on the same concept, such as the TLV.
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3. Method and Validation

3.1. Simulation methods

The wind tunnel test and CFD analysis are normally applied to
predict the aerodynamic characteristics of the launch vehicle [25-27].
CFD analysis is mostly used to get the aerodynamic data because this
approach can obtain the reliable aerodynamic data of the launch vehicle
relatively easily compared with the wind tunnel test.

In this study, A CFD analysis was applied to predict the
aerodynamic characteristics of the low aspect ratio launch vehicle. The
CFD analysis was performed using the commercial software
STAR-CCM+. The governing equations satisfying the mass, momentum
and energy conservation to analysis the aerodynamic characteristics of

the launch vehicle in this study are as follows [28-31].

- Conservation of Mass

op

—+V o =0

P (pv) (H

v : the continuum velocity

- Conservation of Linear Momentum
0
aL.tV+V c (pv®V)=V * o+f, 2

f, : the resultant of the body forces per unit volume

o : the stress tensor, o =—pl[+T

T : the viscous stress tensor
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- Conservation of Energy

0
g—f+v-(pEv)=fb-v+v-(v-a)—v-q+SE 3)

E : the total energy per unit mass
q : the heat flux

S; : an energy source per unit volume

Compressible Reynolds-averaged Navier-Stokes equations are solved
numerically in a finite volume framework with the second order
Advection Upstream Splitting Method(AUSM)+ flux-vector splitting
scheme and the k-w Shear Stress Transport(SST) turbulence model for
steady state [32-34].
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3.2. Validation case

Numerical approach above mentioned is validated for the TLV with
various cowls, cable ducts and stringers for structural reinforcement.
Fig. 4 shows the scaled wind tunnel model with external attachments
around the initial configuration of the TLV. The wind tunnel test was
carried out in the transonic region and the CFD analysis was performed
using STAR-CCM+ for the same wind tunnel test model and flow
conditions (Fig. 5). Fig. 6 to Fig. 9 show the comparison of the axial
force coefficient (CA), the normal force coefficient (CN), the pitching
moment coefficient (CM) from the base of the TLV and the
non-dimensional center of pressure (XCP/D) as Eq. (4) between the
wind tunnel test results and the numerical analysis results. The
maximum error of the aerodynamic coefficients is approximately 5%
and the discrepancy of the center of pressure is less than 0.5 caliber.
Therefore, the two results are empirically in good agreement [20,
35-39].

OM
XCP/D= Yo €]

Based on the results of the wind-tunnel test model, aimed at
verifying the TLV configuration considering both the protrusions and
stringers, this study confirms that the CFD analysis using STAR-CCM+
is able to analyze the aerodynamic characteristics of the shape that
considers only one umbilical plate on the low aspect ratio launch

vehicle.
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Fig. 4. TLV wind tunnel test model

Mach Number

o

[

Fig. 5. Mach number contour of TLV wind tunnel test model (M«=1.2,
a=5°)
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4. Simulation results and analysis

4.1. Effects of flight trajectories regard to aerodynamic

characteristics

4.1.1 Aerodynamic characteristics for flight trajectory using

constant Reynolds number and temperature

The exact shape of the KSLV-II TLV was not disclosed owing to
a confidentiality problem, and thus, the analysis was performed for the
“Resemblant TLV,” which has a similar configuration to that of the
TLV (Fig. 10). The radius of the “Resemblant TLV” is 2.5 m and its
aspect ratio is 10. The shape of the umbilical plate was simply
modeled as shown in Fig. 10. The initial shape of the umbilical plate
for the TLV was elliptical at the beginning of development, but it
changed into two small round-type plates of which the height is lower
than that of the elliptical umbilical plate in the final flight model of
the TLV during the system integration (Fig. 2). In this work, the
elliptical-type umbilical plate is modeled and analyzed since the effect
of the aerodynamic characteristics around the -elliptical-type umbilical
plate is larger than that around two round-type umbilical plates.

The polyhedral type grid system, including the “Resemblant TLV”
umbilical plate, is composed of 30 prism layers inside the boundary
layer. The first-normal grid point in the wall unit, y + is under 1.0
and the spherical far field with the diameter of 100 Resemblant TLV
lengths is applied in this study. The total number of grids in the
system is 5,880,000.

It is known that complex vortex structure around a large protrusion
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may never give grid convergence [20]. However, the grid convergence
study around the umbilical plate was performed as shown in Fig. 11,
and the optimal grid was applied in this study.

And the efficiency of computation is increased by using the parallel
processing method because the number of grids increases excessively
when considering the protrusion outside the “Resemblant TLV”. It took
approximately 1.45 second per iteration in case of using 200 cores for
each case. And the aerodynamic force and moment coefficients are
considered to be converged if there is no change in three decimal place
(Fig. 12).

It is expected that the flow conditions of the launch vehicle range
from the Mach number of 0.2 to 3.0. As the exact flight path of the
TLV cannot be disclosed, the Reynolds numbers is estimated to be
10,000,000. The angle of attack is 5 degrees. The pitching moment was
calculated from the base of the “Resemblant TLV.”
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Mach Number
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1.675

Fig. 10. Configuration of “Resemblant TLV” and numerical simulation
result (Me=1.5, o=5°, ¢$=0°)
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Fig. 13 to Fig. 16 show the aerodynamic coefficients predicted for
a deviation of 30° in roll angle according to the Mach number. The
axial force coefficient (CA) does not change significantly with changes
in roll angle. However, it can be seen that the normal force coefficient
(CN) greatly changes with the variation in roll angle. The difference
between the maximum and minimum CN with changes in roll angle is
large in the subsonic region and increases up to Mach number 1.
However, this difference suddenly decreases beyond Mach 1 to a
minimum at Mach 1.5; from Mach 1.5, this difference increases and
remains almost constant above Mach 2.

Fig. 17 shows that in the case of Mach 0.8 and roll angle 0° there
is a pressure drop zone in the large area behind the umbilical plate on
the windward side. As a result, a negative normal force is generated in
this region and the overall normal force is decreased. On the contrary,
when Mach number is 0.8 and roll angle is 180°, the umbilical plate is
on the leeward side and a positive normal force is generated owing to
the influence of the low pressure area around the rear region of the
umbilical plate (Fig. 18). However, when the umbilical plate is on the
leeward side, the influence of the wind is reduced compared to the
situation when the umbilical plate is on the windward side, and the
low-pressure areca of the umbilical plate is reduced. As a result, the
amount of added vertical force is not particularly large. Fig. 19 shows
the result of comparing the normal forces of divided component of the
“Resemblant TLV,” except for the payload fairing and nozzle, in half
(dividing it into the front and rear of the cylindrical body). It can be
seen that a negative normal force acts on the rear part of the
cylindrical body at the roll angle of 0° and a positive normal force
acts at the roll angle of 180°. Fig. 20 shows that, as the roll angle

increases, the negative normal force at roll angle 0° changes gradually
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to a positive normal force.

The supersonic region shows a positive normal force owing to the
increase in pressure as a result of the effect of shock waves in front of
the umbilical plate on the windward side at Mach 1.5 and roll of 0°.
Of course, there is a region where the pressure drops owing to the
expansion wave behind the umbilical plate, but this pressure decrease is
smaller than the pressure increase at the rear end of the shock wave,
and thus, the overall normal force increases. However, if there is an
umbilical plate in the leeward, a negative normal force of about 100 N
occurs in the rear part of the body (Fig. 21 to Fig. 23).

Meanwhile, regarding the pitching moment coefficient (CM), its
sensitivity to changes in roll angle is low, as in the case of the axial
force coefficient. The center of the pitching moment is the base of the
“Resemblant TLV” and the distance to the umbilical plate from the
base is short; hence, a large change in moment by the umbilical plate
does not exist. Therefore, the change in pitching moment by the normal
force difference owing to the change in pressure around the umbilical
plate is small.

However, the non-dimensional center of pressure (XCP/D), which is
the value obtained by dividing the pitching moment coefficient by the
normal force coefficient, is greatly influenced by the changes in roll
angle with a given Mach number owing to the change in normal force
coefficient. The difference of the non-dimensional center of pressure
was larger in the transonic region than that in the supersonic region in
Fig. 16.

Fig. 24 to Fig. 27 show the aerodynamic coefficient according to
the change in roll angle change and predicted by deviations of 15° in
roll angle. The overall change pattern is similar to that in Fig. 13 to

Fig. 16, where the change in roll angle is shown by decrements of
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15°. In the case of 0° roll angle, which is the nominal flight attitude
condition, the change in the center of pressure is the largest, and it is
the smallest at a roll angle of 75°.

If the center of pressure moves forward to the payload fairing in
accordance with the change in roll angle, it may cause problems in
longitudinal controllability. The control ratio (CR), which is the
controllability design requirement used in the launch vehicle design, is
expressed as the ratio of control torque (CT) by thrust to aerodynamic
torque (AT) (Fig. 28 and Eq. (5)). The control ratio is set at the initial
design status of the launch vehicle, and the NASA Marshall Space
Flight Center (MSFC) empirically designs the CT to be 1.5 times, or
more, the AT [40]. Given that the TLV is controlled using the thrust
vector control, if the nozzle deflection angle for the thrust vector
control (TVC) is set to 6°, the thrust of the “Resemblant TLV” is set
to 75 tonf, the center of gravity is set to the center of the cylinder
body and the gimbal point is set to 0.5 m from the base of the
“Resemblant TLV”, the CR is obtained as in Fig. 29. It can be seen
that, under many conditions, the CR is less than 1.5 when applying the
design requirements of the NASA MSFC to the CR obtained here. In
many cases, even with a Mach number of 1.5, the CR is less than 1.5
near the maximum dynamic pressure condition, which is considered an
important variable in the launch vehicle control design. In this case,
there is no margin in the control moment capable of canceling the
moment owing to the aerodynamic force, which may cause problems in
the launch vehicle control. In extreme cases, the launch vehicle could
not fly with a designed trajectory. To obtain a CR higher than 1.5 for
all the Mach number and roll angle conditions, with the configuration
and flow conditions used in this work, the nozzle deflection angle

should increase to at least 17° or the thrust should raise to more than
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200 tonf. In this case, the size and/or weight of the TVC related
equipment or engine will increase, and the entire design should be
renewed. Therefore, to take advantage of the existing large
protuberances on the launch vehicle, such as the umbilical plate, to
minimize the TLV development costs, considerable attention is needed.
If the umbilical plate is on the aft body of a launch vehicle such as
the TLV, the height of the umbilical plate should be reduced to
decrease the effect of aerodynamic characteristics near the umbilical

plate on the launch vehicle controllability.

Contol Torque (CT) ) . Thrust X sin (6) < L Gimpar

Cr= Aerodynamic Torque (AT) "~ Normal Force X Lep

)

Normal Force = CN X DynamicPressure X Re ference Area

29 A =ZTH



0.8
0.6
< -
o |
0.4 ——=—— Roll=0deg ]
B ——=—— Roll=30deg
i Roll = 60deg
B | Roll = 90deg
02 = = Roll=120deg | |
- —=—— Roll=150deg
B —=—— Roll=180deg
07\'\\\\\\\\\\\\'\\\i\'\\\i\'\\‘\i\'\\‘\
0 0.5 1 1.5 2 2.5 3 3.5

Fig. 13. Axial force coefficient of “Resemblant TLV” (0.2<M.=<3.0,
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Fig. 17. Comparison of surface pressure for “Resemblant TLV”
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Fig. 18. Comparison of surface pressure for “Resemblant TLV”
(Me=0.8, a=5°, ¢=180°)
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Fig. 21. Comparison of surface pressure for “Resemblant TLV”
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Fig. 22. Comparison of surface pressure for “Resemblant TLV”
(Meo=1.5, a=5°, ¢=180°)

3 ;Jrfh-rJ '}‘:I qul E-I-

SECHIL MATICMAL



70000
60000
50000
40000
30000
20000
10000
0
-10000

FM [N]

Payload Fairing  Body Front Body Rear

HRoll Angle = 0° MRoll Angle = 180°

Total
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a=5°, Ad=15°)

42




CM

25

1.5

= - PERISR Revere. s I N
6 e N B
R . — — M=0.5
B —=— M=0.8
B M=0.9
M=1.0
- —=— M=1.2
B —— M=1.5
g e - M=2.0
g . M=3.0
L i i i i
0 30 60 90 120 150 180
Roll

Fig. 26. Pitching moment coefficient of “Resemblant TLV”
(0.2=<Mw=<3.0, o=5° Ap=15°)

43




14 - = M=0.2
- —=— M=0.5
- — - M=038
a M=0.9
12 M=1.0
i M=1.2
B M=1.5
[ M=2.0
10 -
o § M=3.0
S B
X B
8 o
B R ERREY
B e R
6 = ‘
4 |
I N I I I I I I | I | Ll
0 30 60 90 120 150 180
Roll

Fig. 27. Center of pressure of “Resemblant TLV” (0.2<M.<3.0,
a=5°, Ad=15°)

44 <



Force
Gimbal Center of Center of
Point Gravity Pressure |
| D
><

8 \
v
Thrust

Fig. 28. Schematics to calculate control ratio (CR)

15
| /// e M=02
i /// e M=05
s e M=08

12 - M=0.9 [
| o .// ; M=1.0
LA e M=12
i e M=15

9 e~ M=20 |
g . M=3.0

CR

" 1CR<1.

--.----.5
{
",

A — A A A A

S A b A

PSSP} |k | ol

120 150 180

Fig. 29. Variation of control ratio of “Resemblat TLV” (0.2<M.=<3.0,
o=5°, Ap=15°)

45 -':lx_i -I'l::'.l. :




4.1.2 Aerodynamic characteristics for TLV flight trajectory

At the beginning of this study, The TLV was under development,
so the flight trajectory of this launch vehicle was not disclosed due to
the confidentiality issue. After the flight test in November 2018, The
flight trajectory of the TLV was released, and the aerodynamic analysis
of the “Resemblant TLV” is conducted again using this actual flight
trajectory of the TLV [41-45].

The inflow condition by changing only Mach number for the same
Reynolds number and temperature is different from that by the actual
flight trajectory of the TLV. In particular, since the dynamic pressure is
different, the difference for the normal force used to obtain the CR is
large. The aerodynamic coefficients using this actual flight trajectory are
as shown in Fig. 30 to Fig. 33, and the overall tendency in the
aerodynamic coefficients is similar to that of the previous analysis. In
addition, the phenomenon that causes a change in the aerodynamic
coefficients according to the change of the roll angle is similar to that
of the previous study (Fig. 34 to Fig. 40). The CR in the previous
study is very large in the subsonic region and decreases as the Mach
number increases. And it shows a value less than 1.5 of the CR in the
transonic region and a lower value of the CR in the supersonic region
in the previous study.

However, when the analysis using the actual flight trajectory is
performed, the pattern of change from subsonic to low transonic range
is similar, but in the supersonic region, the CR values are over 1.5
(Fig. 41). When the actual flight trajectory is applied, the dynamic
pressure is low in the supersonic region, so it is possible to sufficiently
control with the 75 tonf engine. The CR value reflecting this is also

increased, so there is no problem in the flight controllability in the
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supersonic region using the 75 tonf engine. Meanwhile to achieve the
CR of 1.5 or higher in this case for all Mach number range, the
nozzle rotation angle must be 7° or higher, or the thrust must be
increased to 87 tonf or higher.

In addition, comparing the normal forces of each section, even if
the flight trajectory is changed, the normal force having a negative
value occurs around the umbilical plate, thereby reducing the normal
force. For this reason, it was confirmed once again that the CR

decreased in some cases.

47 47 B :'l: g



CA

0.8
0.6
04 ———=—— Roll = 0deg ]
B ——=—— Roll = 30deg
I Roll = 60deg
B Roll = 90deg
0.2 ——=—— Roll=120deg | ]
- ———=—— Roll =150deg
B ———— Roll =180deg
ol b e
0 0.5 1 1.5 2 2.5 3 3.5

Fig. 30. Axial force coefficient for the actual flight trajectory
(0.2=<Mw=<3.0, o=5° Ap=30°)

48 A




0.5

0.4

0.3

CN

0.2

0.1

——=—— Roll =0deg

—=—— Roll =30deg
Roll = 60deg
Roll = 90deg

——=—— Roll =120deg
——=—— Roll =150deg
——=—— Roll =180deg

0.5

1

1.5

2 25 3
M

3.5

Fig. 31. Normal force coefficient for the actual flight trajectory

(0.2=<Mw=<3.0, o=5° Ap=30°)

49




3
25
e -
o 2
E Roll = 0deg
B Roll = 30deg
B Roll = 60deg
B ' ' o Roll = 90deg
1.5 Roll =120deg —]
B —=—— Roll =150deg
| , , [ —=—— Roll =180deg
1 7\ - I I I I I I
0 0.5 1 1.5 2 25 3 3.5

Fig. 32. Pitching moment coefficient for the actual flight trajectory
(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 33. Center of pressure for the actual flight trajectory
(0.2=<Mw=<3.0, o=5° Ap=30°)
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Leeward

Fig. 34. Comparison of surface pressure for the actual flight trajectory
(Mw=0.8, a=5°, $=0°)
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Fig. 35. Comparison of surface pressure for the actual flight trajectory
(Mo=0.8, a=5°, ¢=180°)
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Fig. 36. Comparison of component normal force for the actual flight

trajectory (M«=0.8, ot=5°)
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Fig. 37. Variation of normal force for body rear for the actual flight
trajectory (M«=0.8, o=5°, $=0°)
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Windward

Leeward

Fig. 38. Comparison of surface pressure for the actual flight trajectory

(Me=1.5, a=5°, ¢=0°)
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Fig. 39. Comparison of surface pressure for the actual flight trajectory

(Me=1.5, a=5°, ¢=180°)
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Fig. 40. Comparison of component normal force for the actual flight

trajectory (M«=1.5, a=5°)
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Fig. 41. Variation of control ratio of the actual flight trajectory
(0.2=<Mw=<3.0, o=5° Ap=30°)
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4.2. Effects of configurations of the wumbilical plate

regard to aerodynamic characteristics

4.2.1 Aerodynamic characteristics for LV without the umbilical

plate

In order to investigate the effect of the shape of the umbilical
plate on the CR, the prediction of the aerodynamic coefficients is first
performed in the case where the umbilical plate is not present (Fig. 42
to Fig.45). In case of the absence of the umbilical plate, there is no
change in the aerodynamic characteristics due to the change in the roll
angle, so the analysis of the change in the roll angle is not conducted.

There is loss of the normal force in case of the umbilical plate for
some cases but there is no loss of the normal force for the
“Resemblant TLV” without the umbilical plate (Fig. 46 to Fig. 51).
And the center of pressures moves to the nozzle in case of no
umbilical plate than that in the case of the umbilical plate, The CRs
for all Mach number range are 1.5 or more (Fig. 52).

The CR is reduced by about 14% due to the influence of the
umbilical plate, compared with the minimum value of CR.

(CR, — =1502, CR =1.307)

MiN giiitical Aate

Meanwhile, when comparing the normal force of each section, the
CR value is not reduced because the positive normal force is generated
even around the Body Rear section and the total normal force is not

lowered.
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Fig. 42. Axial force coefficient for no umbilical plate (0.2<M.=<3.0,
o=5°)
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Fig. 43. Normal force coefficient for no umbilical plate (0.2=<Maw=<3.0,
o=5°)
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Fig. 44. Pitching moment coefficient for no umbilical plate

(0.2=Mw=<3.0, 0=5°)
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Fig. 45. Center of pressure for no umbilical plate (0.2=<Mc=<3.0,
o=5°)

64




Z

I"—.x Pressure Coefficient
-1.700 -1.120 -0.5400 0.04000

Windward

e Pressure Coefficient
fﬁ,?oa -0.5400 0.04000

Leeward

Fig. 46. Comparison of surface pressure for no umbilical plate

(M«=0.8, o=5°, Rear Part)
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Fig. 47. Comparison of surface pressure for no umbilical plate

(Ms=0.8, o=5°, Front Part)

e & HEW

DL MATICOM AL

1‘ 1r\.T"~

_-!"'



30000

25000

20000

15000

FN [N]

10000

5000

Payload
Fairing

M=0.8

Body Front Body Rear

Total

@ Roll Angle= 0

® Roll Angle = 180°

o

Fig. 48. Comparison of component normal force for no umbilical plate

(M..=0.8, 0=5°)
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Fig. 49. Comparison of surface pressure for no umbilical plate

(M«=1.5, o.=5°, Rear Part)
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Fig. 50. Comparison of surface pressure for no umbilical plate

(Ms=1.5, o=5° Front Part)
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Fig. 51. Comparison of component normal force for no umbilical plate

(Me=1.5, a=5°)
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Fig. 52. Variation of control ratio of no umbilical plate (0.2<M.=<3.0,
o=5°)
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4.2.2 Aerodynamic characteristics for LV with half umbilical

plate

In this section, the aerodynamic analysis is conducted in case of
the lower height of the umbilical plate in half to investigate the CR
changes. Before the prediction of the CR, the normal force coefficients
and the axial force coefficients on the section including the
protuberance, Body Rear are presented to analysis the effect of the
configuration of the protuberance for the angle of attack of 0° and the
roll angle of 0° in Fig. 53 and Fig. 54. And the effect of the
protuberance for the angle of attack, 5° is also presented in Fig. 53. It
is shown that the negative normal force is acted on the body in the
transonic region although the angle of attack is 0°. However the
magnitude of the negative normal force is reduced for half umbilical
plate. And the minimum normal force appears when half cylindrical
umbilical plates of which the CR is predicted in the next part are
applied. The local axial force coefficients are reduced when the height
of the external structure is lowered and the protuberance is separated to
the smaller structures.

Fig. 55 through 65 represent the changes in the aerodynamic
coefficients and the aerodynamic characteristics in some cases. The
controllability increases when the present CR is compared to that of the
original umbilical plate, but the CRs are under 1.5 in some conditions
(Fig. 66). In these conditions, the TVC angle should be 6.4 ° or more,
or the thrust should be increased to about 80 tonf to make the CR 1.5
or more.

Compared to the minimum CR when there is no umbilical plate
and the minimum value of the present CRs when umbilical plate height

is halved, 6.9% of CR is reduced due to the influence of the umbilical

1 &
72 N =



plate. However, it can be seen that the controllability increases by
about 7% if CR of the original umbilical plate is compared.
(CRminp _=1415, CR =1.307, CR =1.520)

M (hiitica e MU N Gbitical e

In addition, although the normal force around the umbilical plate is
negative when the height of the umbilical plate is lowered, the absolute
value of the negative normal force decreases, so the overall normal

force does not decrease significantly.
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Fig. 53. Normal force coefficient for a=0°, 5° and ¢=0°
(0.2=Mx=3.0)
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Fig. 54. Axial force coefficient for a=0° and ¢$=0° (0.2<M.=<3.0)
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Fig. 55. Axial force coefficient for half umbilical plate (0.2<M.=<3.0,
a=5°, Ad=30°)
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Fig. 56. Normal force coefficient for half umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 57. Pitching moment coefficient for half umbilical plate
(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 58. Center of pressure for half umbilical plate (0.2<Mos=<3.0,
a=5°, Ad=30°)
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Windward

Leeward

Fig. 59. Comparison of surface pressure for half umbilical plate
(M«=0.8, a=5°, ¢=0°)
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Fig. 60. Comparison of surface pressure for half umbilical plate
(Me=0.8, a=5°, ¢=180°)
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Fig. 61. Comparison of component normal force for half umbilical

plate (M«=0.8, o.=5°)
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Fig. 62. Variation of normal force for body rear for half umbilical

plate (M«=0.8, a=5°, ¢$=0°)
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Fig. 63. Comparison of surface pressure for half umbilical plate
(Me=1.5, a=5°, ¢=0°)
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Windward

Leeward

Fig. 64. Comparison of surface pressure for half umbilical plate
(Mo=1.5, a=5°, ¢=180°)
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Fig. 65. Comparison of component normal force for half umbilical

plate (M«=1.5, o=5°)
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Fig. 66. Variation of control ratio of half umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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4.2.3 Aerodynamic characteristics for LV with half cylindrical

umbilical plate

For the actual flight trajectory, two smaller circular umbilical plates
instead of an elliptical umbilical plate are applied to compare the
results in this part (Fig. 67 to Fig. 70). In these two small cylindrical
umbilical plates, there is additional flow between the two umbilical
plates, resulting in the loss of the less normal force. Through this, the
controllability increases (Fig. 71 to Fig. 77). However, there are some
conditions in which the CR wvalue is 1.5 or less, TVC angle should be
6.1° or more, or the thrust should be increased to about 76 tonf to get
more than 1.5 of CR (Fig. 78).

Compared to the minimum value of CR when there is no umbilical
plate and the minimum value of the present CRs when two cylindrical
umbilical plates are considered, 2.5% of CR is reduced due to the
influence of half cylindrical umbilical plate. However, it can be seen
that the controllability increases by about 11.5% if CR of the original
umbilical plate is compared and by about 4.4% if CR of the half
umbilical plate is compared.

(C’Rminpﬁw =1482, CR

MUN gmbilical Aate

=1307, CR

MUNN, Uinbilical Aate

=1.520,

= 1.415)

N g pebitica Aate
In addition, although the normal force around the umbilical plate is
positive, the normal force is reduced compared to the case where there
is no umbilical plate, and the total normal force is reduced. However,
the normal force around the umbilical plate is higher than that of the
elliptical umbilical plate, and the overall normal force increases when

the circular umbilical plate is applied.
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Fig. 67. Axial force coefficient for half cylindrical umbilical plate
(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 68. Normal force coefficient for half cylindrical umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 69. Pitching moment coefficient for half cylindrical umbilical plate
(0.2=<Mw=<3.0, o=5° Ap=30°)

91




XCP/D

14

B ———— Roll = 0deg
i ‘ ‘ o ——=—— Roll =30deg

12 ‘ ‘ . Roll = 60deg
B Roll = 90deg

, , o Roll =120deg

Roll = 150deg

Roll = 180deg

4\\\‘\\\‘\\\\‘\\'\‘\\\\\\'\\\\\‘\\'\\
0 0.5 1 1.5 2 2.5 3 35

Fig. 70. Center of pressure for half cylindrical umbilical plate
(0.2=<Mw=<3.0, o=5° Ap=30°)
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Windward

Fig. 71. Comparison of surface pressure for half cylindrical umbilical
plate (M«=0.8, a=5°, $=0°)
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Windward

Fig. 72. Comparison of surface pressure for half cylindrical umbilical
plate (M=0.8, o=5° $=180°)
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Fig. 73. Comparison of component normal force for half cylindrical

umbilical plate (M«=0.8, o=5°)
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Fig. 74. Variation of normal force for body rear for half cylindrical

umbilical plate (M«=0.8, a=5°, $=0°)
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Windward

Leeward

Fig. 75. Comparison of surface pressure for half cylindrical umbilical
plate (M«=1.5, a=5°, ¢$=0°)
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Windward

Leeward

Fig. 76. Comparison of surface pressure for half cylindrical umbilical
plate (M=1.5, o=5° $=180°)
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Fig. 77. Comparison of component normal force for half cylindrical

umbilical plate (M«=1.5, o=5°)
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Fig. 78. Variation of control ratio of half cylindrical umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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4.3. Effects of location of the umbilical plate regard to

aerodynamic characteristics

In this part, the aerodynamic characteristics is predicted when the
umbilical plate moves forward to Payload Fairing. Fig. 79 through Fig.
82 show the changes of the aerodynamic coefficients according to
Mach number and roll angle change. The change in the axial
coefficient is small whether the position of the umbilical plate is
forward or backward. However, the normal force coefficient and the
pitching moment coefficient show that there are many differences.

Even if the umbilical plate is positioned forward, the normal force
loss at a specific roll angle occurs (Fig. 83 to Fig. 89). There are
some conditions in which the CR value is 1.5 or less, TVC angle
should be 6.2° or more, or the thrust should be increased to about 78
tonf to get more than 1.5 of CR (Fig. 90).

Compared to the minimum value of CR when there is no umbilical
plate and the minimum value of the present CRs when the umbilical
plate moves forward, 3.9% of the CR is reduced due to the influence
of the umbilical plate. However, it can be seen that the controllability

increases by about 10.1% if the CR of the original umbilical plate is

compared.
(CR_.~ =1460, CR_ =1.307, CR_ = 1.520)
Present Unbilical Alate MIN N, Uinbilical Aate

The CR in this case is similar to CR in case of the half and
cylindrical umbilical plate. However, it should be confirmed that the
controllability always increase when the protuberance moves forward.
the further research on the effect of the aerodynamic characteristics
when the external structure settles on the changed location will be

conducted by analyzing the flow field around the protuberance in detail.

101 - _--i I 5 !-. :E



TR

0.6 P~
< -
(&) -
0.4 ———=—— Roll = 0deg ]
B ——=—— Roll = 30deg
i ' ' e Roll = 60deg
| Roll = 90deg
0.2 ——=—— Roll=120deg ||
- ———=—— Roll =150deg
B ———— Roll =180deg

ol b e
0 0.5 1 1.5 2 25 3 3.5
M

Fig. 79. Axial force coefficient for front umbilical plate (0.2<Ma=<3.0,
a=5°, Ad=30°)
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Fig. 80. Normal force coefficient for front umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 81. Pitching moment coefficient for front umbilical plate

(0.2=<Mw=<3.0, o=5° Ap=30°)
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Fig. 82. Center of pressure for front umbilical plate (0.2<M.=<3.0,
a=5°, Ad=30°)
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Leeward

Fig. 83. Comparison of surface pressure for front umbilical plate

(Me=0.8, a=5°, $=0°)
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Windward
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Fig. 84. Comparison of surface pressure for front umbilical plate

(M=0.8, a=5°, ¢=180°)
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Fig. 85. Comparison of component normal force for front umbilical

plate (M«=0.8, 0.=5°)
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Fig. 86. Variation of normal force for body for front umbilical plate
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5. Conclusions

The KARI has developed the TLV to confirm the performance of a
75 tonf engine in the KSLV-II. In this paper, the solutions of the
problem related to the longitudinal control of the launch vehicle by the
flow around the umbilical plate during the development process of the
TLV, which intends to use the second and third stages of the KSLV-II
with slight changes in configuration has been summarized. Owing to
the influence of the flow around the umbilical plate, the normal force
changed with the change in roll angle, and the center of pressure
shifted accordingly. The controllability of the “Resemblant TLV” was
verified by obtaining the Control Ratio(CR, the ratio of control torque
to aerodynamic torque), which is the control requirement of the launch
vehicle. Furthermore, when the CR design specification of the NASA
MSFC was applied, the “Resemblant TLV” CR showed a value of less
than 1.5 under some conditions.

After the TLV flight test was successful on November 28, 2018,
the flight trajectory was released and applied to the aerodynamic
analysis of the Resemblant TLV. The overall characteristics are similar
to those of the previous analysis, but the CR in the supersonic region
increases. Meanwhile, the height of the umbilical plate is lowered and
the aerodynamic characteristics are predicted to confirm that the
controllability increases compared to the original umbilical plate. In
addition, the section shape of the umbilical plate is changed from one
ellipse to two small circles to confirm that the CR increases. Finally,
the position of the umbilical plate moves forward to Payload Fairing,
and it is confirmed that the CR value increases as much as CR of the
half and circular umbilical plate. However, the further research will be

conducted for this change of the protuberance location.
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There are various possible approaches to increase the CR of the
“Resemblant TLV”, such as increasing the deviation angle of the nozzle
and increasing the thrust of the engine. However, the simplest way to
improve the controllability by increasing the CR is to reduce the height
of the protuberance such as the umbilical plate and minimize the
influence of the flow around the protuberance. And the section of this
plate is smaller circular shape rather than an elliptical shape to increase
the controllability. These are also reflected in the initial design state of
the launch vehicle.

When developing the low aspect ratio launch vehicle, e.g., the
TLV, using some stages and parts of the mother launch vehicle, the
KSLV-II, for the specific purpose such as the engine performance
testing during the development of the mother launch vehicle, careful
attention should be paid to the design of the protuberance such as the
umbilical plate owing to control problems. This study confirmed that
controllability can be a problem when the umbilical plate is mounted in
the aft body of the low aspect ratio launch vehicle. It is expected that
this paper could be used as a reference material in the design of low
aspect ratio launch vehicles by providing an intuitive input for the
design of the protuberance and control device of this type of launch
vehicle.

In the privately led New Space Era, the design, the manufacturing
and the operation of the launch vehicle include the reusability and the
low cost, etc. [46-48]. Using an existing launch system such as the
sub-parts and the launch complex is important in order to reduce the
cost. In this era, the launch vehicle with the low aspect ratio depending
on the specific mission objective such as the space tourism will be
developed such as Blue Origin's launch vehicle New Shepherd (Fig. 91)
for the visit to the space of the mankind. When developing this kind
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of the launch vehicle, the design of this launch vehicle should include
the guides in this study in order to secure the sufficient controllability
of the launch vehicle. And this paper will help to reduce the number
of trial and error in the design of the launch vehicle with the low
aspect ratio in the New Space Era.

The further research for the configuration of the protuberance will
be conducted to improve the aerodynamic characteristics of the external
structure to obtain the proper controllability of the launch vehicle. This
work will also be done in consideration of the overall system design
including the aerodynamic design such as the change of the weight, the
structural reinforcement, the leakage during the charge or discharge of
the propellant and the configuration of the retraction device in case of

the umbilical plate and so forth for the newly designed protuberance.
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Blue Origin New Shepard [47]
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Appendix. The aerodynamic prediction

using the empirical approach

In this part, the empirical approach using MISSILE DATCOM]9,
49] is applied. And the results using this method are compared to the
numerically predicted data. Fig. A.1 to Fig. A.4 show the comparison
of the CFD results and the empirical results. A good agreement for a
number of Mach numbers between the CFD results and the empirical
results is presented. However, there is remarkable difference for some
Mach numbers. Especially, the illogical aspect appears in Mach number
of 1.2 which is near Mach number where the dynamic pressure is
maximum. Fig. A.5 shows the axial force coefficients for the various
protuberances. these results represent the effect of the different external
structures. But the CR can not be obtained unfortunately since the
normal force coefficients and the pitching moment coefficients
considering the protuberances are not presented in this empirical

method.
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