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Abstract 
A coordinated experimental and computational study of multirotor configurations has been carried out at low 
Reynolds numbers. The configurations include coaxial rotors, horizontally spaced side-by-side rotors, and 
tandem rotors separated by horizontal and vertical spacing, both. The calculations have been done at a 
nominal total thrust coefficient of 0.008. Although rotor performance, tip vortex trajectories, and flow velocity 
distributions are all of interest, the present study has focused on the inflow velocity field at a number of planes 
immediately above and below the rotor disks, for the express purpose of developing reduced order inflow 
models. Test data and the computations for the time averaged inflow and outflow fields compare well with each 
other. Significant rotor-wake interaction phenomena are seen due to the close proximity of the rotor disk, even 
when the rotors are in hover. Dynamic inflow coefficients have been extracted for representative strong rotor-
vortex interaction scenarios.  
 
 
 
 
1. INTRODUCTION 

There has been a large body of work on wake 
characteristics and inflow flow field characteristics 
of large scale rotors. Experimental and 
computational data are available for single and 
coaxial rotors, and for tandem rotor configurations 

Ref. 1-12. Results are available for rotor 

performance in hover and forward flight, spanwise 
and azimuthal blade loading, and wake structures. 
These results are being used to improve dynamic 
inflow models and comprehensive aeroelastic 
analyses. 

A similar set of data is not available for small scale 
rotors that are in use in drones and other 
autonomous systems [Ref. 13-19]. The small rotor 
radius, combined with small chord, imply low 
Reynolds numbers. The aerodynamic 
characteristics of the blade sections at such 
Reynolds numbers differ significantly from 
conventional rotors at higher Reynolds numbers. 
Both the static and dynamic stall characteristics are 
widely different. The wake trajectories are also 
different both due to the increased diffusion at 
lower Reynolds numbers and the differences in the 
descent and contraction rates compared to large 
scale rotors. Interaction between closely spaced 
rotors in coaxial, tandem, or quadrotor 
configurations cause further complications. Work is 

urgently needed to characterize these effects 
through complementary experimental and 
computational studies, in order to develop reliable 
inflow models for use in flight dynamics 
simulations. 

The present work is motivated by this need for 
developing a good understanding of the inflow 
characteristics of multirotor configurations. The 
following approach is used: 

1. A series of experimental studies are done for 
single, coaxial and tandem rotor configurations 
at low Reynolds numbers in hover. Detailed 
measurements of the inflow velocity field and 
visualization of the wake structures are done. 

2. Guided by these experimental studies, 
computational fluid dynamics simulations are 
performed for the same configurations at low 
and high Reynolds numbers to determine how 
Reynolds number effects affect the 
performance (thrust vs. power), radial and 
azimuthal airloads, wake structure, and inflow at 
the rotor disk. 

3. The First three components of the dynamic 
inflow velocity (mean flow, longitudinal, and 
lateral variations) are extracted to assess how 
the spacing between adjacent rotors and the 
differences in Reynolds number (between large 
and small-scale rotors) affect the inflow. 
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2. EXPERIMENTAL SET-UP 

The hover experiments were conducted in the 
2.13m × 2.74m (7 ft × 9 ft) test section of the John 
Harper closed circuit low speed wind tunnel at the 
Georgia Institute of Technology [Ref. 20-23]. The 
upper rotor is suspended from the ceiling and the 
lower rotor is supported from the floor such that the 
rotors are approximately 1.5 meters above the 
floor. The support rods were in-line with the rotor 
axes to avoid their interaction with the rotor inflow 
and wake.  
 

The horizontal and vertical spacing between the 
two rotors may be changed to study a wide range 
of rotor configurations of interest. The rotors are 
powered by brushless DC motors (BLDC). The 
upper rotor rotates counter clockwise and the lower 
rotor clockwise. The collective pitch on both rotors 
may be adjusted independently during the test runs 
through variable pitch assemblies actuated using 
servos.  The rotor speeds are monitored and 
controlled within +/- 10 RPM of the set values using 
laser tachometers and a microcontroller that 
employs a proportional feedback loop control. The 
thrust and torque generated by the rotors are 
measured independently using load cells.  
 

For the torque measurements, the motor mounts 
are mounted on the support rods through friction-
less bearings. The rotation about the bearings is 
restricted by 0.1 kgf range load cells placed off-
centre such that the counter torque necessary to 
keep the motor mount from rotating about the 
bearing due to aerodynamic torque is provided 
through them. Thrust is measured using 1kgf range 
load cell placed along the rotor axis.  

 
Signals of all the load cells are passed through low-
pass filters set at 40 Hz and amplified before 
reading them using data acquisition device (DAQ). 
The thrust and the torque data has been collected 
at the rate of 1000 Hz for a span of 60 seconds and 
then averaged. Figure 1 shows the setup for a 
typical coaxial rotor configuration.  
 

High-speed stereo particle image velocimetry 
(SPIV) has been used to quantify the inflow velocity 
distributions and for tracking the streamlines 
through the rotors. SPIV captured the flow field on 
a vertical plane in the region between the two 
rotors. 

 
Figure 1. Experiment setup for the coaxial rotor 

3. COMPUTATIONAL METHODOLOGY 

An in-house solver named GT-Hybrid has been 
used, the schematic view of the hybrid method is 
shown in Figure 2. GT-Hybrid employs a hybrid 
wake methodology, meaning that the flow field is 
only resolved within a small structured grid domain 
surrounding a single reference rotor blade. Within 
this grid, the discretized from of Navier-Stokes 
equations are solved using a third order accurate 
flux-limited monotone upwind scalar conservation 
law (MUSCL) scheme. A fully implicit first order 
accurate temporal marching scheme has been 
used. Outside of this small gridded domain, the 
self-generated wake as well as the wake from other 
blades is efficiently modelled with a grid-free field 
of vorticity elements. The loading and the flow field 
on the other blades are assumed to lag the current 
blade. The flow is assumed to be laminar, since the 
Reynolds number based on the tip speed and the 
tip chord is around 80,000. 
 
All the simulations in this study were analysed after 
10 rotor revolutions to eliminate impulsive start 
effects. The wake generated by each rotor blade is 
modeled as 15 trailers, and resolved for 15 
revolutions of wake age. Because the bound 
circulation over the rotor varies with time, shed 
wake filaments are generated once every 5 
degrees of azimuth. 
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Figure 2. Schematic View of the Hybrid Method 

 

4. ROTOR CONFIGURATIONS 

A two bladed untwisted rotor with a rectangular 
planform, made of NACA 0010 airfoil sections, has 
been studied in the present work. The rotor 
characteristics are given below in Table 1. 
 

Table 1. Rotor Geometry and Characteristics 

Rotor Characteristic 

Number of rotors, b 2 

Number of blades 2 blades per rotor 

Chord length, c 0.019m (0.062 ft.) 

Rotor radius (R) 0.136m (0.446 ft.) 

Solidity bc/(R) 0.0890 

Root cutout radius 0.021m (0.069 ft.) 

Tip speed 61.5 m/s (201.8 ft./s) 

Tip Reynolds 

Number 
80,000 

 
In the experimental set up, the axial spacing (AS) 
and vertical spacing (VS) between the two rotors 
may be readily varied to model coaxial and tandem 
rotor configurations as shown in Figure 3.  

 
Figure 3. Rotor configuration 

 

Table 2 below gives details of the configurations 
that have been analysed experimentally and 
computationally. 
 

Table 2. Rotor Configurations 

Rotor 

Configuration 

Axial 

Separation 

(AS) 

Vertical 

Separation 

(VS) 

Coaxial Rotor 0 0.25R/0.40R 

Side-by-Side Rotor 
2.1R/2.2R/ 

2.3R/2.4R 
0 

Tandem Rotor 

0.25R/0.5R/

0.75R/1.0R/

1.25R/1.5R 

0.25R/0.40R 

 
The rotor separation of 0.25R and 0.40R shown in 
Table 2 was chosen based on the range of rotor 
separations found in commercially available 
coaxial rotor UAVs such as HAK303, HAK787, 
SpriteTM, and WorkFlyTM. For a complete 
experimental study of these configurations, the 
reader is referred to Ref. 22. 

5. RESULTS AND DISCUSSION 

The available test data included rotor performance 
(thrust vs. power), tip vortex trajectories, and PIV 
data. The primary focus of the computational 
studies is the development of inflow models that 
may be used in helicopter and UAV/drone flight 
dynamics simulations. For this reason, much of the 
comparisons in this section are limited to velocity 
field comparisons. Prior work on rotor performance 
and wake trajectories may be found in Ref. 24 and 
25.  

The total thrust coefficient CT of the two-rotor setup 
was kept constant at 0.008 for all cases. The rotors 
were trimmed in the experiments until the total 
target thrust was met and the rotor torques 
equalized.  The calculations directly used the 
collective pitch sittings from the experiment, 
without additional trim. 
 

5.1. Coaxial Rotor 

The hi-speed PIV was performed on a plane 32 mm 
offset from the rotor centre to avoid motor mount 
shadows. Given that the rotor wake is symmetric in 
hover, data was collected only over the right half of 
the rotor setup as shown in Figure 1. 
 
Figure 4 shows the rotor inflow for the coaxial rotor 
at a vertical spacing of 0.25 R. The inflow and 
outflow data presented here are extracted at a 
distance 0.1 R above and below the rotors 
respectively for both the rotors.  
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The velocity field above the upper rotor is smooth 
as expected. The comparisons between the test 
data and the simulations are in very good 
agreement. At the plane just below the upper rotor, 
the outflow (axial) velocity distribution linearly 
varies from the root cut-out to 80%R. The hybrid 
method used in this study predicted a more rapid 
contraction of the tip vortex structure from the 
upper rotor compared to test data. The velocity 
gradient outboard of the tip vortex trajectory was 
captured in magnitude and slope, although there 
was 0.05 R difference in the tip vortex trajectory 
radial position passing through the measurement 
plane. This difference is likely due to the vortex line 
representation of the tip vortex and inner wake, 
with an assumed vortex core. Small changes to 
these parameters can dramatically change the 
velocity field in the immediate vicinity of the strong 
tip vortex structure, influencing its radial contraction 
and axial descent rate, both. 
 
The predicted inflow through the lower rotor 
compares well with the measurements, except in 
the immediate vicinity of the tip vortex passage.  
The outflow below the lower rotor was under 
predicted in the calculations compared to test data, 
although other features such as the velocity jumps 
near the tip vortices from the top and bottom rotors 
were reasonably well resolved.      
  

 

 
Figure 4. Inflow and outflow velocity profiles 

comparison for the coaxial rotor with VS=0.25R 
 

5.2. Side-by-side Rotor in Hover 

This case is of interest, since many drone 
configurations are compact, and the rotors are 

placed very close to each other. Again, the total 
thrust coefficient was trimmed to 0.008 in the 
experiments, with zero net torque.  The measured 
collective pitch was used to perform the 
simulations.    
 

 
Figure 5. Inflow and outflow velocity profiles 
comparison for the side-by-side rotor with 

AS=2.1/2.2/2.3/2.4R 
 

In Figure 5, the inflow and outflow velocity fields are 
shown for four representative axial spacing, 
ranging from 2.1R to 2.4 R. The comparisons 
between the text data and measurement are, in 
general, very good.  
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The inflow and outflow profile plots in Figure 5 
contain some common features. Outflow profiles 
underneath both rotors are wedge-shaped with a 
linear increase in the magnitude of velocity as r 
varies from hub to tip, before dropping back to zero 
steeply just before the tip. Such a linear variation is 
common for simple untwisted rotors of rectangular 
planform. The peak in the outflow velocity profile 
consistently occurs near 90%R.  
 

5.3. Tandem Rotor 

The tandem rotor SPIV and performance tests 
were conducted at two vertical separations, and a 
range of axis shifts (AS) as listed in Table 2.  

The time-averaged flow fields were computed 
using 200 instantaneous PIV frames. The average 
velocity fields were found to be within 2% of those 
obtained using 150 frames and within 0.5% of 
those obtained using 175 frames for all cases. 

Figures 6-9 show comparisons of the computations 
with time averaged PIV data. The agreement is 
very good except in the immediate vicinity of the 
vortex blade interactions. The inflow and outflow 
data presented here are extracted on planes that 
are 0.1R above and below the rotors, respectively, 
for both rotors.  
 

6. DYNAMIC INFLOW MODELS 

The previous comparisons between the 
measurements and predictions were all made at a 
single azimuthal location (ψ=0 degree for the front 
rotor and 180 degrees for the aft rotor). The 
numerical calculations give velocity field over the 
over the entire rotor disk as shown in Figures 10-
13.  It is seen that the inflow distribution is highly 
three dimensional and unsteady. An actuator disk 
model that assumes that the inflow is axisymmetric 
and uniform would yield inaccurate results in flight 
dynamics simulations of the drone. 
 

The CFD simulations shown in the previous are 
functions of non-dimensional radial (𝑟)  and 
azimuthal locations(𝜓). They are not directly useful 
in flight simulations, which rely on efficient dynamic 
inflow models for rapid, real-time simulations. The 
following methodology based on Ref. 26 is being 
used to reduce the data from the CFD results. 
 

The induced velocity 𝑣𝑧⃑⃑ ⃑⃑ (𝑟, 𝜓)  at the rotor disk, 
normalized by the tip speed, is related to the mean 
thrust, and the rolling and pitching moments 
generated by the rotor at the hub. We may view the 
induced velocity as series in terms of the non-
dimensional radial location (𝑟) and the azimuthal 

location(𝜓). The first few terms of this series are:  
 

𝑣𝑧⃑⃑ ⃑⃑ (𝑟, 𝜓) = 𝜆0 + 𝜆1𝑐𝑟cos(𝜓) + 𝜆1𝑠𝑟sin(𝜓) 

Once the induced velocity is available from 
experimental CFD simulations, we may 
compute𝜆0,𝜆1𝑐 and 𝜆1𝑠as: 
 

𝜆0 =
1

𝜋
∫ ∫ 𝑣𝑧⃑⃑ ⃑⃑ (𝑟, 𝜓)𝑟𝑑𝑟𝑑𝜓

1

0

2𝜋

0

 

𝜆1𝑐 =
4

𝜋
∫ ∫ 𝑣𝑧⃑⃑ ⃑⃑ (𝑟, 𝜓)𝑟

2𝑐𝑜𝑠(𝜓)𝑑𝑟𝑑𝜓
1

0

2𝜋

0

 

𝜆1𝑠 =
4

𝜋
∫ ∫ 𝑣𝑧⃑⃑ ⃑⃑ (𝑟, 𝜓)𝑟

2𝑠𝑖𝑛(𝜓)𝑑𝑟𝑑𝜓
1

0

2𝜋

0

 

 

Figures 14 and 15 show the extracted𝜆0,𝜆1𝑐 and 

𝜆1𝑠as a function of the axial spacing, at a vertical 
spacing VS of 0.25R and 0.40 R, respectively.  For 
the left rotor, it is seen that the time averaged 
quantity 𝜆0 decreases slowly with increased axial 
spacing. For the right rotor, initially varies rapidly 
with the axial spacing due to the interaction of the 
left rotor wake with the right rotor disk. As the axial 
separation increases beyond 0.5R, 𝜆0  becomes 
less sensitive to axial separation.  As may be 
expected, the rotor on the right, which operates 
partially in the outflow of the left rotor experiences 
higher 𝜆0 . This, in practice, would translate into 
higher power consumption for ther right rotor 

compared to the left. The coefficient 0 for the two 
rotors will be expected to approach each other as 
the axial separation AS as a fraction of the rotor 
radius R goes to infinity. 
 

It is also seen that 𝜆1𝑠 is nearly zero, indicating that 
inflow through the left and right rotors experiences 
very little lateral asymmetry for all the cases 
considered. 
 

As may be expected, there is significant fore and 
aft asymmetry, and 𝜆1𝑐  is nonzero. The aft rotor 
experiences an upward directed flow (upwash) 
rather than a downwash due to the interaction of 
the tip vortices from the left rotor interacting with 
the right rotor. These 𝜆1𝑐  values will be expected 
to approach zero as AS approaches infinitely 
 

7.  CONCLUDING REMARKS 

This work has explored low Reynolds number 
multirotor aerodynamic interactions for a broad 
variety of configurations of interest in UAV and 
drone applications. A coordinated experimental 
and computational study has been done to uncover 
and understand important flow interaction 
phenomena relevant to small size multirotor. The 
configurations studied in this work were chosen 
such that the findings are applicable to a large 
class of multirotor vehicle configurations.  
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Figure 6. Inflow and outflow velocity profiles 
comparison for the tandem rotor with VS=0.25R 

AS=0.25R 
 
 

 
 

Figure 7. Inflow and outflow velocity profiles 
comparison for the tandem rotor with VS=0.25R 

AS=1.25R 
 
 
 
 

 
 

 
 

Figure 8. Inflow and outflow velocity profiles 
comparison for the tandem rotor with VS=0.40R 

AS=0.25R 
 
 

 

 
 

Figure 9. Inflow and outflow velocity profiles 
comparison for the tandem rotor with VS=0.40R 

AS=1.25R 
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Figure 10. Induced velocity distribution at the rotor 

disk for tandem rotor of VS=0.25R AS=0.25R 
 

 
Figure 11. Induced velocity distribution at the rotor 

disk for tandem rotor of VS=0.25R AS=1.25R 

 
Figure 12. Induced velocity distribution at the rotor 

disk for tandem rotor of VS=0.40R AS=0.25R 
 

 
Figure 13. Induced velocity distribution at the rotor 

disk for tandem rotor of VS=0.40R AS=1.25R 
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Figure 14. Inflow coefficients varies with axial 
spacing for the tandem rotor with VS=0.25R at 

Re=80k 

 

Figure 15. Inflow coefficients varies with axial 
spacing for the tandem rotor with VS=0.40R at 

Re=80k 
 
The following additional work is in progress. A zero 
equation transition model is being incorporated into 
the Spalart-Allmaras model available within the 
hybrid solver. This would allow larger rotors 
operating under transition Reynolds number 
regimes to be modeled properly. Reduced order 

curve fits for the inflow coefficients 0, 1c, and 1s 
are being developed as a function of the rotor 
thrust, axial, and vertical spacing. Indicial response 
of the inflow due to step changes to the collective 
pitch are also being studied.  
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