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Abstract 

Application area of multirotor-type Unmanned Aerial Vehicles have become popular and diverse in recent 
years. This trend makes it more important to obtain an optimally designed multirotor for a specific mission in 
the conceptual design phase. To this end, accurate prediction of a forward flight performance is essential, and 
one of the most influential factors on forward flight performance is drag force induced by the body frame. In 
this study, a practical drag estimation model for multirotor-type Unmanned Aerial Vehicles is developed for the 
conceptual design phase. The drag model is developed based on physical geometry of the body frame of the 
multirotors considering interference effect between the components. Therefore, the developed model is able 
to estimate a drag force depending on the variation of the multirotor geometry. The model estimates the drag 
force through regression equations derived from Computational Fluid Dynamics (CFD) analysis, which makes 
the model fast and accurate. The drag model is eventually embedded in a design optimization framework. For 
a generic filming mission, an optimization example is presented with comparative analysis depending on 
whether the drag model is applied or not. The optimization result shows that the significance of the drag 
coefficient on the design optimization 
 
 
 

NOMENCLATURE 

𝐴𝑚𝑎𝑥       Maximum allowable current of ESC [A] 
AR       Aspect ratio 

𝛼𝑖𝑛𝑐       Inclined angle of a supporting rod [deg] 
𝐶𝐷       Drag coefficient 
CFD       Computational Fluid Dynamics 

𝐷       Diameter [mm] 

𝐷𝑟𝑜𝑡𝑜𝑟       Rotor diameter [in] 
ESC       Electric Speed Controller 

𝜂𝑚       Motor efficiency [%] 

𝑓       Equivalent Parasite Drag Area [m2] 
ℎ𝑐𝑒𝑛𝑡𝑟𝑒       Height of a centre body [mm] 

𝐼𝑑       Drive current [A] 

𝐼𝑚       Motor current [A] 
𝐾𝑣       Motor speed constant 
𝜅𝑖𝑛𝑓       Interference factor 

𝐿       Length [mm] 

𝑁𝑐𝑒𝑙𝑙       The number of cells in a battery 

𝑁𝑟𝑜𝑡𝑜𝑟       The number of rotors 
𝛺𝑟𝑜𝑡𝑜𝑟       Rotational speed of rotor [RPM] 

𝑃𝑒𝑙𝑒𝑐       Electric power per motor [W] 
𝑃𝑚𝑒𝑐ℎ       Mechanical power per motor [W] 

𝑝𝑟𝑜𝑡𝑜𝑟       Rotor pitch [in] 

𝑅𝑒       Reynolds number 
𝜌       Density [kg/m3] 
𝑆𝑟𝑒𝑓       Reference area [m2] 

𝜃𝑝𝑖𝑡𝑐ℎ       Pitch angle of the vehicle [deg] 

𝑉∞       Freestream velocity [m/s] 

𝑊𝑡𝑜𝑡𝑎𝑙        Total weight [g] 
 
SUBSCRIPT 

centre       Centre body of the frame 
LGL       Landing Gear Leg 
LGF       Landing Gear Foot 
rod       Supporting rod of the frame 
 

1. INTRODUCTION 

A multirotor-type configuration is one of the most 
popular layouts of small-scale Unmanned Aerial 
Vehicles (UAVs) in civilian area targeting for leisure 
or commercial objectives. Moreover, due to 
superiorities of the multirotors in controllability and 
manufacturability over other UAVs, there are also 
increasing needs in industrial markets [1]. In light 
of their popularization, various multirotors have 
been developed in all around world, and many 
studies for the analysis and design of multirotors 
were carried out [2-8]. Despite many researches for 
advancement of the design methods for 
multirotors, one common limitation exists. Most of 
the precedent studies are mainly focused on 
estimating hovering time of multirotors. Although 
some of them also considered a forward flight, they 
didn’t make it clear how they estimated the drag 
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force acting on a body frame, or they used a 
constant drag coefficient of a specific vehicle model 
or nominal value because of lack of data. If a 
nominal value is applied to drag coefficient, it raises 
a question which value is appropriate in the design 
process. The problem is that the drag coefficient is 
one of the major parameters that affects the 
performance of the multirotors. Many analysis 
results provided by different tools such as EMST 
[3] or eCalc [8] show the endurance reduction up to 
50 % depending on the forward flight condition. 
One study [6] also investigated the effect of drag 
coefficient on endurance of the multirotors by using 
several nominal values for the drag coefficient. 
According to this study, the variation of the drag 
coefficient results in significant difference in 
endurance of multirotors. These facts support the 
importance of the consideration of the drag force 
acting on the body frame in analysis of multirotor.  
As mentioned first, the application area of the 
multirotors has been diversified and most of the 
mission include a forward flight. Therefore, it is 
necessary to estimate the drag force and its effect 
on flight performance in the analysis and design of 
the multirotors. Particularly, in the first stage of the 
design process, conceptual design phase, 
estimating drag force is much more essential in 
order to minimize the risk of undesirable results at 
the next phase and to avoid mission failure.  
Unlike full-scale manned rotorcraft and aircraft for 
which empirical data and models for drag force 
have been established for decades, drag data for 
the small-scale multirotors are lacking due to their 
shorter history. As such, a practical drag model for 
the multirotors is developed in this study for the 
sake of application to the performance analysis and 
the conceptual design phase. The developed drag 
model estimates drag force induced from a body 
frame of the multirotors by considering geometric 
variation. Hence, this model can be an answer to 
which value of drag coefficient is appropriate.  
The contents of this paper are mainly focused on 
the methodology of the developed drag model. In 
Section 2, the philosophy and analysis methods of 
the drag model is described. Then, the accuracy of 
the developed model is verified by comparing with 
Computational Fluid Dynamics (CFD) results. 
Finally, the developed drag model is embedded in 
conceptual design optimization framework, 
CLOUDS [2]. Using CLOUDS, an optimization 
example is presented for a generic mission profile.  
 

2. DRAG ESTIMATION MODEL 

2.1. Model outline 

The developed drag model is intended to be 
applied in the conceptual design phase for the 
small-scale multirotors. The philosophy of this 

model is that total drag force is equivalent to the 
sum of each component drag force with 
consideration of interference effect. This method is 
inspired by the drag model for external attachments 
in Digital DATCOM [9]. Therefore, a body frame of 
the multirotors is broken down into each 
component. The total drag force is calculated by 

Eq. (1), where 𝑓 means Equivalent Parasite Drag 
Area (EPDA) defined as 𝑓 = 𝐶𝐷𝑆𝑟𝑒𝑓 . 𝜅𝑖𝑛𝑓  is a 

correlation factor for interference effect. 

(1)     𝐷𝑟𝑎𝑔 =
1

2
𝜌𝑉∞

2𝑓𝑡𝑜𝑡𝑎𝑙 ,      

           𝑤ℎ𝑒𝑟𝑒 𝑓𝑡𝑜𝑡𝑎𝑙 = 𝜅𝑖𝑛𝑓 ∑𝑓𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

The drag coefficient of each component for EPDA 
is obtained through CFD analysis. CFD solver used 
in this study is ANSYS FLUENT 19.2 version. All 
calculations were carried out under steady 
conditions. Governing equations are Reynolds 
Averaged Navier-Stokes (RANS) equations with k-

ω  SST turbulence model considering curvature 
correction [10, 11]. 

2.2. Geometry and attitude assumptions 

For the drag model, here are some assumptions 
about the frame geometry of the multirotors. Firstly, 
a body frame has a radial layout which is shown in 
Figure 1. Even though there exist numerous frame 
layouts of the multirotors in real life, the most 
representative layout is the radial structure. 
Commercially available body frame kits have this 
radial structure, for example Tarot FY650, DJI 
S800, DJI S900, and ARRIS M1050. This layout 
consists of a centre body, motor-supporting rods, 
and landing gear. The centre body consists of two 
plates. The supporting rods are evenly distributed 
depending on the number of rotors. The landing 
gear shape is T-shape that consists of two 
cylinders. 
 

 

Figure 1: Radial layout of a body frame of the multirotors 

For the CFD analyses, this radial layout is modelled 
using simple solid figures. The supporting rods and 
landing gear are cylindrical tube. The centre body 
is modelled as a single circular plate because the 
cavity between two plates is usually stuffed with 
electronics. Thus, the radial layout can be 
determined by 8 geometric variables related with 
the components (Table 1 and Figure 2). An 

attached angle of the landing gear is set 30° 
(Figure 3). 
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Table 1: Geometric input paramters 

Component Parameter 

Supporting rod 𝐷𝑟𝑜𝑑 , 𝐿𝑟𝑜𝑑 

Centre body 𝐷𝑐𝑒𝑛𝑡𝑟𝑒, ℎ𝑐𝑒𝑛𝑡𝑟𝑒 

Landing gear 𝐷𝐿𝐺𝐿, 𝐿𝐿𝐺𝐿, 𝐷𝐿𝐺𝐹, 𝐿𝐿𝐺𝐹 

 

 

Figure 2: 3D model of the radial layout 

 

Figure 3: Attached angle of the landing gear 

Secondly, flight attitude is assumed to X-position in 
the forward flight. When the multirotors aviate with 
X-position in the forward flight, two angles are 
defined with respect to flow direction: vehicle’s 

pitch angle 𝜃𝑝𝑖𝑡𝑐ℎ  and inclined angle 𝛼𝑖𝑛𝑐 . Their 

schematics is shown in Figure 4.  
 

 

Figure 4: Two angles defined concerning flow direction: 
vehicle’s pitch angle (top) and inclined angle (bottom) 

The 𝛼𝑖𝑛𝑐  is settled when the number of rotors is 
determined because the rotors are evenly 
distributed. For example, a quadrotor has the 

inclined angles of 45° and 135°, and a hexarotor 

has the inclined angles of 30°, 90°, and 150° for 
each rod. 

2.3. Supporting rods (Cylinder) 

The supporting rods of the multirotors are modelled 
as a cylindrical tube, so that CFD analyses were 
conducted to obtain a drag coefficient of a cylinder. 
Because the inclined angle has a specific value 
depending on the number of rotors, the calculation 
cases were set based on an inclined angle. Figure 
5 shows a variation of the drag coefficient of a 

cylinder by the 𝜃𝑝𝑖𝑡𝑐ℎ.  

(2)     𝐶𝐷𝑟𝑜𝑑 = 𝑓(𝜃𝑝𝑖𝑡𝑐ℎ ,   𝛼𝑖𝑛𝑐),    

                                                        𝑤ℎ𝑒𝑟𝑒 𝑆𝑟𝑒𝑓 = 𝐿𝑟𝑜𝑑𝐷𝑟𝑜𝑑 

In flight environment where the multirotors 
generally aviate Reynolds number of a cylinder is 
between 3,400 and 300,000. In this region called 
as subcritical region, the drag coefficient of a 
cylinder remains almost constant, which means 
that Reynolds number has no effect on the drag 
coefficient [12]. According to Reference [12], the 
effect of an Aspect Ratio (AR) can be ignored 
between 10 and 15 of AR which is a typical value 
for a supporting rod of the multirotors. The 
reference geometry information for the calculations 

is as follows: 𝐷𝑟𝑜𝑑 = 15 𝑚𝑚, 𝑎𝑛𝑑 𝐿𝑟𝑜𝑑 = 150 𝑚𝑚 . 
For the drag model, regression functions are 
derived based on the CFD analysis results. 
 

 

Figure 5: Drag coefficient variation of a cylinder 
with 10 of AR 

 

 

Rod length
𝐿𝑟𝑜𝑑

Centre diameter
𝐷𝑐𝑒𝑛𝑡𝑒𝑟

Landing gear
foot diameter

𝐷𝐿𝐺𝐹

Landing gear
foot length

𝐿𝐿𝐺𝐹

Landing gear 
leg length
𝐿𝐿𝐺𝐿

Rod diameter
𝐷𝑟𝑜𝑑

Landing gear
leg diameter

𝐷𝐿𝐺𝐿

Center body height

ℎ𝑐𝑒𝑛𝑡𝑒𝑟

Supporting rodCenter

y

z

30°

𝑉∞

𝜃𝑝𝑖𝑡𝑐ℎ

𝛼𝑖𝑛𝑐

x

y

x

z

Center

(x-direction)

𝑉∞

(x-direction)


pitch

C
D

0 15 30 45 60 75 90
0.2

0.3

0.4

0.5

0.6

0.7

0.8

Regression

Calc.

Regression

Calc.

𝜃𝑝𝑖𝑡𝑐ℎ [deg]

𝐶
𝐷

𝛼𝑖𝑛𝑐

 0 

 5 



Page 4 of 12 

 

Presented at 45th European Rotorcraft Forum, Warsaw, Poland, 17-20 September, 2019  

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright ©  2019 by author(s). 

2.4. Centre body (Circular plate) 

The centre body is modelled as a circular plate. 
Unlike the drag coefficient of a cylinder, Reynolds 
number and AR of a circular plate affect the drag 
coefficient. Reynolds number effect can be found 
in Reference [14]. The range of Reynolds number 

considered here is between  . 0 × 104 and 1.5 ×
105. Between these two values, it is assumed that 
the drag coefficient changes in linear manner. This 
assumption is based on the fact that the drag 
coefficient of a flat plate varies in linear manner 
when the plate is placed parallel to flow direction 
[14]. 
As AR of a circular plate increases, the drag 
coefficient of a circular plate also increases under 

45° of the 𝜃𝑝𝑖𝑡𝑐ℎ . Similar to Reynolds number 

effect, it is assumed that the drag coefficient 
changes in linear manner. Reynolds number effect 
and AR effect is applied independently to each 
other. 

( )     𝐶𝐷𝑐𝑒𝑛𝑡𝑟𝑒 = 𝑓(𝜃𝑝𝑖𝑡𝑐ℎ , 𝑅𝑒, 𝐴𝑅),     

                                                    𝑤ℎ𝑒𝑟𝑒 𝑆𝑟𝑒𝑓 =
𝜋

 
𝐷𝑐𝑒𝑛𝑡𝑟𝑒
2  

For the drag model, regression functions are 
derived based on the CFD analysis results. 
 

 

Figure 6: Drag coefficient variation of a circular plate 

2.5. Landing gear (Cylinder) 

The landing gear is also modelled as a cylindrical 
tube like the supporting rods. As mentioned in 
Chapter 2.2, the landing gear has the T-shape 
configuration which is composed of a leg and foot. 
The drag coefficient of the landing gear leg can be 
obtained through the same equation for the 
supporting rods by the following reasons: 1) The 
landing gear leg has similar dimension to the 
supporting rods. 2) The attached angle of the 

landing gear is 30°. Thus, the equation for the drag 
coefficient of the landing gear leg is expressed as 
Eq. (4). 

( )    𝐶𝐷𝐿𝐺𝐿 = 𝑓(90 − 𝜃𝑝𝑖𝑡𝑐ℎ ,   𝛼𝑖𝑛𝑐 =  0 ), 

                                                     𝑤ℎ𝑒𝑟𝑒 𝑆𝑟𝑒𝑓 = 𝐿𝐿𝐺𝐿𝐷𝐿𝐺𝐿 

In contrast, additional CFD analyses were 
conducted for the landing gear foot. The landing 

gear foot has 0° of the 𝛼𝑖𝑛𝑐 . Its AR has a value 
generally between 20 and 30 where a higher drag 
coefficient is reported [13]. Figure 7 shows a 
variation of the drag coefficient of a cylinder with 23 
of AR. The reference geometry information for the 

calculation is as follows:  𝐷𝑟𝑜𝑑 =
15 𝑚𝑚, 𝑎𝑛𝑑 𝐿𝑟𝑜𝑑 =  50 𝑚𝑚. As can be seen, the 
drag coefficient is much higher than that of a 
cylinder with 10 of AR when the 𝜃𝑝𝑖𝑡𝑐ℎ has a high 

value. For the drag model, regression functions are 
derived based on the CFD analysis results. 

(5)    𝐶𝐷𝐿𝐺𝐹 = 𝑓(𝜃𝑝𝑖𝑡𝑐ℎ),   𝑤ℎ𝑒𝑟𝑒 𝑆𝑟𝑒𝑓 = 𝐿𝐿𝐺𝐹𝐷𝐿𝐺𝐹 

 

 

Figure 7: Drag coefficient variation of a cylinder 
with 23 of AR 
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2.6. Interference effect 

Because the components of the radial layout are 
the supporting rods, the centre plate, and the T-
shape landing gear, the sum of the components’ 
EPDA in Eq. (1) is expressed as below. 

(6)    ∑𝑓𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = ∑𝑓𝑟𝑜𝑑 + 𝑓𝑐𝑒𝑛𝑡𝑟𝑒 + 𝑓𝐿𝐺𝐿 + 𝑓𝐿𝐺𝐹 

By the regression equations obtained above, each 
EPDA can be calculated fast. The remaining is the 
𝜅𝑖𝑛𝑓  in Eq. (1) for consideration of interference 

effect between the components. In order to derive 
this factor, CFD analysis results of a whole body 
are compared with the sum of the components’ 
EPDA.  In this study, the 𝜅𝑖𝑛𝑓 is defined as Eq. (7), 

which is a ratio of the two calculated drag force. 

(7)    𝜅𝑖𝑛𝑓 ≡
𝐷𝑟𝑎𝑔 𝑏𝑦 𝐶𝐹𝐷

𝐷𝑟𝑎𝑔 𝑏𝑦 𝑠𝑢𝑚
=

𝑓𝑤ℎ𝑜𝑙𝑒
∑𝑓𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

 

A reference 3D model of a quadrotor and hexarotor 
configuration was set respectively for calculating 
the numerator of the 𝜅𝑖𝑛𝑓 . The denominator is 

obtained by the regression equations. The 
calculation results are tabulated in Table 2-a, 2-b, 
and the trend of the 𝜅𝑖𝑛𝑓 is displayed in Figure 8. 

The 𝜅𝑖𝑛𝑓  has values under 1, which means the 

interference effect decreases the drag force 
compared to that of an isolated condition. As the 
𝜃𝑝𝑖𝑡𝑐ℎ  increases the 𝜅𝑖𝑛𝑓  tends to increase, which 

implies that the interference effect is reduced. The 
𝜅𝑖𝑛𝑓 has the maximum value at 𝜃𝑝𝑖𝑡𝑐ℎ = 90 , which 

means the minimum interference effect. This 
phenomenon mainly results from the interference 
between the cylindrical tubes. When two cylinders 
are placed in abreast or staggered position, the 
drag coefficient of the downstream cylinder 
significantly decreases [15]. Although the 𝜅𝑖𝑛𝑓  is 

lower than 1 in both configuration, the trend of the 
𝜅𝑖𝑛𝑓 is slightly different to each other. The 𝜅𝑖𝑛𝑓 of 

the quadrotor remains nearly constant at 

approximately 0.94 after 30° of the 𝜃𝑝𝑖𝑡𝑐ℎ , which 

means the interference effect almost disappears. 
This result corresponds with the reference [15]. In 
contrast, the 𝜅𝑖𝑛𝑓  of the hexarotor keeps having 

lower value compared to the quadrotor case. This 
distinction might result from the different 
configuration (the number of rotors). One set of 
additional supporting rods in the middle of the body 
frame keeps causing the interference effect on the 
landing gear. For the drag model, regression 
functions for the 𝜅𝑖𝑛𝑓 are derived based on the CFD 

analysis results. 

(8)     𝜅𝑖𝑛𝑓 = 𝑓(𝜃𝑝𝑖𝑡𝑐ℎ ,   𝑁𝑟𝑜𝑡𝑜𝑟) 

(9)     𝑓𝑓𝑟𝑎𝑚𝑒 = 𝜅𝑖𝑛𝑓∑𝑓𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

 

 

Figure 8: Interference factor variation 

Table 2-a: Calculation condition and results of quadrotor 

Geometry 
[mm] 

𝑉∞ 
𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

Drag 
Sum 
[N] 

Drag 
CFD 
[N] 

𝜅𝑖𝑛𝑓 

𝐷𝑟𝑜𝑑  10 

15 

5 1.053 0.871 0.83 
𝐿𝑟𝑜𝑑 150 

𝐷𝑐𝑒𝑛𝑡𝑟𝑒 150 
10 1.226 1.043 0.85 

ℎ𝑐𝑒𝑛𝑡𝑟𝑒 14 

𝐷𝐿𝐺𝐿 10 
20 1.712 1.554 0.91 

𝐿𝐿𝐺𝐿 150 

𝐷𝐿𝐺𝐹 10 
90 3.956 3.748 0.95 

𝐿𝐿𝐺𝐹 200 

 

Table 2-b: Calculation condition and results of hexarotor 

Geometry 
[mm] 

𝑉∞ 
𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

Drag 
Sum 
[N] 

Drag 
CFD 
[N] 

𝜅𝑖𝑛𝑓 

𝐷𝑟𝑜𝑑  25 

15 

5 5.003 4.397 0.88 
𝐿𝑟𝑜𝑑 300 

𝐷𝑐𝑒𝑛𝑡𝑟𝑒 200 
10 5.389 4.664 0.88 

ℎ𝑐𝑒𝑛𝑡𝑟𝑒 29 

𝐷𝐿𝐺𝐿 25 
20 6.512 5.674 0.87 

𝐿𝐿𝐺𝐿 300 

𝐷𝐿𝐺𝐹 25 
90 12.18 11.63 0.95 

𝐿𝐿𝐺𝐹 400 
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2.7. Additional attachment (Payload) 

Drag by a payload should be separately given by a 
user because of two reasons. First, this model aims 
to reflect influence of a geometric difference of the 
multirotor frame in conceptual design phase. 
Second, payloads of the multirotors do not have 
standardized shape and dimension, which makes 
hard to do modelling them appropriately. Likewise, 
it is practically difficult to consider the interference 
effect between the body frame and payloads. 
Therefore, EPDA of a payload is another input 
parameter. 

2.8. Estimation flow of the Drag model 

Through a series of processes presented in Figure 
9, the drag force induced by the body frame at 
forward flight can be calculated. The EPDA of the 
each component is calculated by the geometric 
input parameters (Eq. (2) – Eq. (5)). Using the 𝜅𝑖𝑛𝑓 

determined by the 𝜃𝑝𝑖𝑡𝑐ℎ , the EPDA of the entire 

body frame is obtained (Eq. (6) – Eq. (8)). With 
EPDA of a payload added, the drag force is 
calculated by multiplying dynamic pressure to the 
total EPDA (Eq. (9)). 

(9)     𝐷𝑟𝑎𝑔 =
1

2
𝜌𝑉∞

2𝑓𝑡𝑜𝑡𝑎𝑙 ,   𝑤ℎ𝑒𝑟𝑒 

         𝑓𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑓𝑟𝑎𝑚𝑒 + 𝑓𝑝𝑎𝑦𝑙𝑜𝑎𝑑 , 
 

           𝑓𝑓𝑟𝑎𝑚𝑒 = 𝜅𝑖𝑛𝑓(∑𝑓𝑟𝑜𝑑 + 𝑓𝑐𝑒𝑛𝑡𝑟𝑒 + 𝑓𝐿𝐺𝐿 + 𝑓𝐿𝐺𝐹) 

2.9. Validation of the drag model 

Since the presented model estimates the drag 
force induced only from the body frame, it is difficult 
to find appropriate data for the validation from 
public domain. Hence, the developed drag model 
is validated by comparing CFD analysis results for 
3D models that have another dimension. The 
validation results are shown in Figure 10. The 
detailed information are tabulated in Table 3-a, and 
3-b, each for the quadrotor and the hexarotor. 

 

Figure 10: Drag model validation 
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Table 3-a: Validation case and results of quadrotor 

Geometry 
[mm] 

 
𝑉∞ 

𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

Drag 
model 

[N] 

Drag 
CFD 
[N] 

Err. 
[%] 

𝐷𝑟𝑜𝑑  15 C 
a 
s 
e 
1 

15 5 0.924 0.989 -6.6 
𝐿𝑟𝑜𝑑 120 

𝐷𝑐𝑒𝑛𝑡𝑟𝑒 100 

ℎ𝑐𝑒𝑛𝑡𝑟𝑒 19 

𝐷𝐿𝐺𝐿 15 C 
a 
s 
e 
2 

9 8 0.357 0.370 -3.1 
𝐿𝐿𝐺𝐿 120 

𝐷𝐿𝐺𝐹 15 

𝐿𝐿𝐺𝐹 133 

Table 3-b: Validation case and results of hexarotor 

Geometry 
[mm] 

 
𝑉∞ 

𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

Drag 
model 

[N] 

Drag 
CFD 
[N] 

Err. 
[%] 

𝐷𝑟𝑜𝑑  10 C 
a 
s 
e 
3 

15 10 1.160 1.190 -2.5 
𝐿𝑟𝑜𝑑 150 

𝐷𝑐𝑒𝑛𝑡𝑟𝑒 150 

ℎ𝑐𝑒𝑛𝑡𝑟𝑒 14 

𝐷𝐿𝐺𝐿 10 C 
a 
s 
e 
4 

10 5 0.469 0.460 2.0 
𝐿𝐿𝐺𝐿 150 

𝐷𝐿𝐺𝐹 10 

𝐿𝐿𝐺𝐹 200 

The developed drag model shows high accuracy 
comparable to CFD analysis. The averaged 
absolute error is 3.55 % in four cases. While 
achieving the accuracy, the calculation time 
required to obtain drag force is reduced 
significantly from 15 hours in CFD to a few seconds 
in the model on average. Thus, this model can be 
applied appropriately in the conceptual design 
phase where numerous calculations are required 
and short calculation time is desirable. 
Although the developed drag model shows 
satisfactory analysis results in terms of calculation 
time and accuracy compared to CFD analysis, 
there exist a few limitations in this model caused by 
the assumptions. 

1) The geometric layout is limited to a 
quadrotor and hexarotor that has the radial 
layout with the T-shape landing gear. 
Another configuration such as an octarotor 
can be estimated when 𝜅𝑖𝑛𝑓 is obtained by 

the presented method in Chapter 2.6. 

2) The data used in deriving the regression 
equations are based on the restricted 
range of Reynolds number and AR of the 
components. The Reynolds number region 
is subcritical region under approximately 
500,000. Thus, the developed drag model 
does not guarantee the result under 
conditions outside the Reynolds number 
and AR range. 

3) Although the additional drag for an external 
payload can be added by a form of EPDA, 
the interference between the payload and 
the body frame is not considered currently. 

4) This model is not for a dynamics analysis. 
This model is applicable to steady or quasi-
steady flight conditions. 

Despite these limitations, for the radial-layout quad 
and hexarotor, the developed drag model makes it 
possible to consider the drag force of the body 
frame according to geometric variation in the 
conceptual design phase. 

3. APPLICATION OF DRAG MODEL 

In Chapter 3, a design optimization example is 
presented. The developed drag model is 
embedded in a conceptual design optimization 
framework for the multirotors, CLOUDS [2]. 
CLOUDS is able to conduct a mission-oriented 
design optimization suggesting an optimal 
combination of a rotor, a motor, an Electric Speed 
Controller (ESC), and a battery. It consists of 
multidisciplinary analysis modules including 
attitude, aerodynamics, and electric propulsion 
system analysis. Among them, the developed drag 
model is applied in the attitude module. The overall 
design flow of CLOUDS is displayed in Figure 11. 
The detailed description about CLOUDS can be 
found in Reference [2]. 
 

 

Figure 11: Overall design procedure of CLOUDS [2] 
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3.1. Optimization outline 

3.1.1. Design variables 

Two multirotors are designed according to whether 
the drag model is applied or not. Design variables 
designated in the optimization are related with the 
main components of the multirotors such as a rotor, 
a motor and a battery. The design variables set are 
tabulated in Table 4.  

Table 4: Design variables 

Component Design variables 

Rotor 
𝐷𝑟𝑜𝑡𝑜𝑟 [in] Rotor diameter 

𝑝𝑟𝑜𝑡𝑜𝑟 [in] Rotor pitch 

Motor 𝐾𝑣 
Motor speed 

constant 

Battery 
𝑁𝑐𝑒𝑙𝑙 

The number of 
cells 

Capacity [Ah] 
Battery total 

capacity 

ESC 𝐴𝑚𝑎𝑥 [A] 
Max. allowable 

current 

Supporting 
rod 

𝐷𝑟𝑜𝑑 [mm] Rod diameter 

𝐿𝑟𝑜𝑑 [mm] Rod length 

 
Among the 8 input parameters concerning the body 
frame shown in Figure 3, there is a little difficulty in 

determining values for them except for 𝐷𝑟𝑜𝑑  and 

𝐿𝑟𝑜𝑑 in the optimization process. In order to handle 
this problem, 6 parameters are determined by a 

correlation with the 2 parameters: 𝐷𝑟𝑜𝑑, and 𝐿𝑟𝑜𝑑. 
The relations are listed as follow. 

   𝐷𝑐𝑒𝑛𝑡𝑟𝑒 = 0.65𝐷𝑟𝑜𝑡𝑜𝑟 
   ℎ𝑐𝑒𝑛𝑡𝑟𝑒 = 1. 𝐷𝑟𝑜𝑑 
   𝐷𝐿𝐺𝐿 = 𝐷𝑟𝑜𝑑 

   𝐿𝐿𝐺𝐿 = 0.818𝐿𝑟𝑜𝑑 

   𝐷𝐿𝐺𝐹 = 0.6𝐷𝑟𝑜𝑑 

   𝐿𝐿𝐺𝐹 = 1.6 6𝐷𝑟𝑜𝑡𝑜𝑟 

The numbers multiplied in the right hand side are 
obtained by investigating the commercially 
available frame kits: Tarot FY650, DJI S800, DJI 
S900, and ARRIS M1050.  

3.1.2. Misson profile and objectives 

Mission profile in this example is a generic mission 
of filming multirotors. The mission profile, shown in 
Figure 12, consists of 7 mission legs and total flight 
time is 24.3 minutes.  
The objective of the optimization is minimizing a 
total weight and remaining battery capacity after 
completing the mission. The constraints are set 
about motor throttle for control margin. Some 
parameter associated with the rotor and the battery 
is taken from Reference [2]. 

The optimization method used is NSGA-Ⅱ  [16], 

one of the global optimization schemes, because 
the design space shows highly nonlinear 
characteristics [2]. The design space is presented 
in Table 5. The upper and lower boundary value of 
each design variable is determined based on 
commercially available components of the 
multirotors. The EPDA of GoPro is given as an 
input. The optimization problem can be 
summarized as follows. 

 Objective:  
    Minimize total weight with 0.7 kg payload 
    Minimize a remaining battery capacity 

 Constraint:  
    Under 65 % of motor throttle at hover 
    Under 80 % of motor throttle at inbound flight 

 Optimization scheme: 

    NSGA-Ⅱ 
 

Table 5: Design space 

  Upper Lower 

𝐷𝑟𝑜𝑡𝑜𝑟 [in] 7 30 

𝑝𝑟𝑜𝑡𝑜𝑟 [in] 3 10 

𝐾𝑣  100 1000 

𝑁𝑐𝑒𝑙𝑙  2 12 

Capacity [Ah] 1 20 

𝐴𝑚𝑎𝑥 [A] 10 60 

𝐷𝑟𝑜𝑑 [mm] 10 30 

𝐿𝑟𝑜𝑑 [mm] 100 500 

Figure 12: Fliming mission profile 
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3.2. Optimization results 

After approximately 7,000 iterative calculations, an 
optimal component combination of the two vehicle 
is obtained respectively. Vehicle1 is the case 
where the developed drag model is applied, and 
Vehicle 2 is the case where a constant drag value 
is given. Constant value of 1.1 is given for a drag 
coefficient of Vehicle 2. The optimal values of the 
design variables are tabulated in Table 6. As can 
be seen, a rotor-motor-battery set is different to 
each other. This result might be caused from the 
drag model since all analysis methods are the 
same except for the drag force calculation.  
 

Table 6: Optimal design variables 

  
Vehicle 1 

(Drag model) 

Vehicle 2 
(Constant  

𝐶𝐷 = 1.1) 

𝐷𝑟𝑜𝑡𝑜𝑟 [in] 16 13 

𝑝𝑟𝑜𝑡𝑜𝑟 [in] 3 2 

𝐾𝑣  360 370 

𝑁𝑐𝑒𝑙𝑙  6 10 

Capacity [Ah] 12.62 9.52 

𝐴𝑚𝑎𝑥 [A] 36 30 

𝐷𝑟𝑜𝑑 [mm] 10 10 

𝐿𝑟𝑜𝑑 [mm] 230 192 

 

3.2.1. Dimension and weight 

Using a top-view schematics diagram, the overall 
dimension of the optimized multirotors is displayed 
in Figure 13 on the same scale. For simplicity, the 
landing gear is erased in the schematics diagram. 
Because of the bigger rotor and longer rod length 
in Vehicle 1, overall dimension is larger than that of 
Vehicle 2. 
 

 

Figure 13: Schematics of the designed multirotors 

The weight information of the designed multirotors 
is shown in Figure 14. Equations for the weight 
estimation are summarized in Appendix 1 and the 
description about them can be found in Reference 
[2]. The weight of the avionics indicating a flight 
control computer is given as 50 g. The weight of the 
additional includes GPS and communication 

system that is also given as 91.6 g. The weight of 
rotors, motors and ESCs indicates the all-up weight 
by multiplying the number of rotors to a single 
weight. Even though Vehicle 1 has a larger 
dimension and rotor diameter, the total weight of 
Vehicle 1 is 200 g lower than that of Vehicle 2. 
Among the component weights, the battery weight 
makes major difference between two vehicles. The 
heavier battery in Vehicle 2 results in heavier total 
weight despite the lighter single components.  
 

Table 7: Single component weight & Total weight 

Component 
Weigth [g] 

Vehcle 1 Vehicle 2 

Single rotor 27.88 16.69 

Single motor 286.73 277.82 

Single ESC 39.95 32.96 

Total weight 5187.25 5383.31 

 

 

Figure 14: Weight information by the components 

3.2.2. Performance 

The performance parameters of the optimal 
multirotors while carrying out the mission are 
presented in Table 8-a, and 8-b. First, the 𝜃𝑝𝑖𝑡𝑐ℎ 

and drag force by the frame in the forward flight is 
different to each other. Since the drag model  is 
applied to Vehicle 1, the drag force incurred from 
the body frame is estimated by geomtric 
information. In Vehicle 2, the given constant drag 
coefficient is used. When a reference area is 
defined as sum of components‘ frontal area 
(cylinders, circular plate, and payload), the drag 
coefficient of the overall multirotor can be 
calculated as follow. 
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Vehicle 1 
Climb 𝐶𝐷 = 0.979 

𝑆𝑟𝑒𝑓 = 0.079  𝑚2 
Forward 𝐶𝐷 = 0.289 

Vehicle 2 
Climb 𝐶𝐷 = 1.100 

𝑆𝑟𝑒𝑓 = 0.061  𝑚2 
Forward 𝐶𝐷 = 1.100 

 
The drag coefficient of Vehicle 1 is calculated by 
the drag model depending on the flight condision. 
The given constant drag coefficient for Vehicle 2 is 
much higher compared to the drag coefficient of 
Vehicle 1 especially in the forward flight. The larger 
drag coefficient of Vehicle 2 requires as possible as 
the reduced dimension to obtain smaller drag force 
in the forward flight. The dimension of a multirotor 
depends on the rotor diameter, so that Vehicle 2 
has smaller rotor diameter.  
The smaller rotor induces higher mechanical power 
and electric power in the same flight condition 
(Table 8-a and 8-b). That means a battery with the 
larger energy is eventually required. The energy of 
the battery in each designed multirotor is calculated 
as follows: 280 Wh in Vehicel 1, and 352 Wh in 
Vehicle 2. 
 

Table 8-a: Performance of the vehicle 1 (Drag model) 

Miss-
ion 

leg # 

𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

𝛺𝑟𝑜𝑡𝑜𝑟 
[RPM] 

𝑃𝑚𝑒𝑐ℎ 
[W] 

𝑃𝑒𝑙𝑒𝑐 
[W] 

𝜂𝑚 
[%] 

𝐼𝑑 
[A] 

1 0 5116 116.2 137.9 84.28 22.18 

2 1.6 3658 121.5 146.1 83.19 24.91 

3 0 4425 110.4 131.3 84.11 23.12 

4 0 4603 111.6 132.5 84.18 23.52 

5 0 4842 112.9 134.1 84.20 23.98 

6 1.6 3658 121.5 146.0 83.24 26.64 

7 0 4423 110.4 131.2 84.11 24.34 

Drag force at the forward flight: 1.40 N 

 

Table 8-b: Performance of the vehicle 2 (Constant 𝐶𝐷) 

Miss-
ion 

leg # 

𝜃𝑝𝑖𝑡𝑐ℎ 

[deg] 

𝛺𝑟𝑜𝑡𝑜𝑟 
[RPM] 

𝑃𝑚𝑒𝑐ℎ 
[W] 

𝑃𝑒𝑙𝑒𝑐 
[W] 

𝜂𝑚 
[%] 

𝐼𝑑 
[A] 

1 0 7806 152.4 180.0 84.65 17.38 

2 10.9 5850 153.2 179.0 85.58 18.30 

3 0 6891 141.4 166.9 84.74 17.62 

4 0 7141 143.6 169.6 84.68 18.06 

5 0 7423 146.2 172.8 84.60 18.55 

6 10.9 5850 153.2 179.0 85.58 19.58 

7 0 6887 141.3 166.8 84.73 18.45 

Drag force at the forward flight: 4.13 N 

 
Among various performance parameters, a drive 
current and motor efficiency is plotted by the 
mission leg in Figure 15. The drive current is 
obtained by summing all motor current (Eq.(9)). 

(9)    𝐼𝑑 =∑ 𝐼𝑚𝑛

𝑁𝑟𝑜𝑡𝑜𝑟

𝑛=1
 

When seeing the motor efficieny, the optimal 
combination of the two multirotors has comparable 
efficiency except for the forward flight. On the other 
hand, in the forward flight the discrepancy of the 
motor efficiency gets larger. This is because that 
the drag force causes a shift of the operating 
condition. In Vehicle 1, the variation of mechanical 
power in the first two leg (Climb and forward flight) 
is relatively larger, showing 10 % of variation from 
116.4 W to 121.5 W. In contrast, the variation of 
mechanical power of Vehicle 2 during the same 
mission leg is negligible from 152.4 W to 153.2 W 
because of the same drag coefficient regardless of 
the flight condition. 
Similarly, the variation of the drive current is much 
severe in Vehicle 1. Since the drive current 
determined the required capacity of the battery, the 
prediction of the drive current is essential. As can 
be seen, the variation of the drive current is 
affected by the drag force, the drag force plays the 
important role in the design process. 
 

 

Figure 15: Drive current and motor efficiency 

4. CONCLUSION 

In this paper developed is the practical drag 
estimation model for the multirotor configuration for 
the purpose of the application to the conceptual 
design phase. In order to apply the drag model in 
design process, the model are based on some 
assumptions about a geometric layout and flight 
status: a radial layout and steady flight status. 
Furthermore, the components of multirotors’ frame 
are modelled as the simple solid figures: cylindrical 
tube and circular plate. By using CFD analyses, 
drag coefficient of each component and 
interference factor are obtained. Then, the 
regression equations are derived for rapid 
calculation in the conceptual design phase. 
Through this drag model, the geometric variation of 
the multirotors can be considered in the design 
process. 
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After embedding the drag model in the conceptual 
design optimization framework, the optimization 
results for the generic mission profile are presented 
as an example. In the optimization example, the 
different multirotors are designed depending on the 
drag coefficient. The drag force incurred by the 
body frame has effect on the performance variation 
of the multirotors, eventually resulting in the 
different components combination of the optimized 
multirotors. As a next step for drag estimation for a 
complete multirotor, a few things should be 
modelled and added such as external attachments, 
rotor wake effect, and horizontal force of the rotor 
in forward flight. 
. 
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APPENDIX 

1) WEIGHT ESTIMATION EQUATIONS 

Rotor 
[2] 

𝑊𝑅 = {𝑝1(𝐷𝑟𝑜𝑡𝑜𝑟)
2 + 𝑝2𝐷𝑟𝑜𝑡𝑜𝑟 + 𝑝3}𝑁𝑏 

 

𝑝1 = 0.091 , 𝑝2 = −0.78 , 𝑝3 =  .098 

Motor 
[2] 

𝑊𝑚 = 252,5 8(𝐾𝑣)
−1.152 

Battery 
[3] 

𝑊𝐵 = (𝑝1𝑁𝑐𝑒𝑙𝑙 + 𝑝2)𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 
 

𝑝1 = 0.026 7, 𝑝2 = 2.0 ∗ 10−5 

ESC 
[2] 

𝑊𝐸𝑆𝐶 = 1.1652𝐴𝑚𝑎𝑥 − 2 

Wiring 
[3] 

5 % of propulsion system 

Frame 
[2] 

𝑊𝐹𝑟𝑎𝑚𝑒 = 1.79(𝑊𝑐𝑒𝑛𝑡𝑒𝑟 +𝑊𝑟𝑜𝑑 +𝑊𝐿𝐺 ) 
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