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ABSTRACT
This paper presents an investigation of the
aerodynamic interactions between two UH-1H helicopter
rotors in forward flight. The wake flow structure and
performance characteristics of the rotors are investigated
when the rear rotor is operating within the wake of the
front rotor. A 3-D unsteady vortex-panel method potential
flow solver based on a free-vortex-wake methodology is
used for this purpose. The solver is validated using the
experimental data from the Caradonna-Tung experiments.
The interactional analyses are performed for 10 different
positions of the rear rotor with respect to the front rotor.
The wake of the front rotor, which is generated due to the
mutual interactions of the wake and tip vortices, is
significantly asymmetric and non-uniform. Therefore the
rear rotor operates within a complex and vortical freestream flow. The wake-rotor interactions cause substantial
variations in the forces generated by the rear rotor. The
asymmetries in the wake geometry in forward flight cause
changes in performance characteristics of the rear rotor
when it is operating at the retreating and advancing sides
of the front rotor. The decrease in vertical lifting is more
when the rear rotor is operating within the wake of the
advancing side. A frequency spectrum analysis of the force
and moment fluctuations of the rear rotor shows that for
the vertical force component the rear rotor experiences a
dominant peak at two times the blade passing frequency,
except when the rear rotor is operating within the wake of
the advancing side of the front rotor. Other peaks at
different harmonics are also observed and the location of
these peaks in the frequency spectrum depends on the
lateral position of the rear rotor with respect to the front
one. Moment fluctuations generally are similar for the
front and rear rotors except for the pitching moment which
show fluctuations at two times the blade passing frequency
illustrating that the pitching moment gets influenced by the
wake interactions more than the other two moment
components.

I. Introduction
Helicopter rotor flow fields with their threedimensional and unsteady nature are one of the most
complex and hard-to-predict flows in aerodynamics. The
interactions with other rotor systems or with non-rotating
components like the fuselage add to the complexity. The
wake of a helicopter rotor is dominated by concentrated
vortices trailing at the blade tips as well as vorticity shed
from the blade surfaces [1]. Accurate modeling of this
complex flow plays a crucial role for determining the
performance characteristics and predicting the loads on the
rotor blades.
Many different problems in interactional aerodynamics
in helicopters have been investigated both experimentally
and computationally by previous researchers. Experiments
by Bi and Leishman [2], Wilson and Mineck [3], Sheridan
and Smith [4], Smith and Betzina [5] and McMahon et al.
[6] have shown that the rotor wake induces pressure loads
on the fuselage. Wilby et al. [7] and Betzina et al. [8] have
shown that the airframe also affects the loads and
performance of the main rotor. Fletcher and Brown have
emphasized that the main rotor wake causes both
unsteadiness and nonlinearity to the tail rotor performance
[9]. Meakin has simulated the streakline patterns for the V22 Tiltrotor (operating in the helicopter mode) [10].
Akimov et al. [11] have emphasized the interacting wake
structure of a coaxial Kamov Ka-32 helicopter with smoke
injection near the tips of the rotor blades for different
advance ratios. Bagai and Leishman [12] have used this
experimental data to compare the wake prediction of their
free-wake code. Brown [13] has used both results to verify
his computational rotor wake model based on the
numerical solution of the unsteady fluid-dynamic
equations.
This paper presents an investigation of the
aerodynamic interactions between two UH-1H helicopter
rotors in forward flight. The impact of these interactions
on the performance characteristics of the two rotors is
investigated when the rear rotor is operating within the
wake of the front rotor. A 3-D unsteady vortex-panel

method potential flow solver based on a free-vortex-wake
methodology is used for this purpose. The solver is
validated using the experimental data from the CaradonnaTung experiments. The interactional analyses are
performed for 10 different positions of the rear rotor with
respect to the front rotor. The complex and asymmetric
wake flow structure due to the mutual interactions of wake
and tip vortices are demonstrated and the resultant
variations of the rotor forces and moments are presented.

II. Methodology
The computations are performed using a threedimensional unsteady free-wake vortex panel method
code, developed by the authors. This code allows any
number and any combination of fixed and/or rotating
wings as well as non-lifting bodies to be included in the
solution domain. All solid bodies in the domain are
discretized using quadrilateral panel elements, and vortex
ring elements are placed within each element. Once the
vortex strengths of each vortex ring are obtained as a result
of the solution at each time step, the blades are moved
according to their respective kinematic motion to the next
time step, and a row of wake panels are shed from the
blade trailing edges with vortex strengths being equal to
the difference between the suction and pressure side panels
at the trailing edge, hence satisfying the unsteady Kutta
condition at the trailing edge. These wake panels maintain
their strengths in time, they are allowed to deform freely
and interact with each other and are transported with the
local flow velocity at each time step. The vortex rings on
blade surfaces and in the wake panels, each one induces a
velocity on each other, the magnitude of which is
calculated also using the Biot-Savart law. Since the BiotSavart law is singular for r0, various vortex core models
are implemented in the code, such as the Rankine [14],
Vatistas [15], Scully [16] and Oseen-Lamb [17] models.
This code is previously validated against various test cases
including the Caradonna-Tung rotor test case [18, 19] as
well as the NREL Phase VI wind turbine experiments [20].
For a more accurate blade loading prediction in
forward flight, trim conditions are also implemented in the
code. The trim conditions are obtained through a flight
control system as explained in [21]. The blade flapping
motion is defined as
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each forward flight condition, the blade pitch and flapping
motions are computed as a function of the azimuth angle at
each time step of the solution and the wake shedding
process is performed according to the local position of the
blade at that azimuth angle.

III. Results
In the first part of this section, the results of the
simulations for the Caradonna-Tung rotor test case [22] are
presented for the validation of the solver. The second part
presents results from UH-1H rotor interaction simulations
in various forward flight conditions.
A. Simulations for Code Validation:
The Caradonna-Tung rotor has two blades with no
twist, no taper, 1.143 m radius and an aspect ratio of 6
with a NACA 0012 airfoil section operating in hover. The
collective angle is set to 8° and the rotational speed is 1250
rev/min, which results in a 0.44 Mach number at the tips.
The rotor blade surfaces are discretized by 40 chordwise
and 10 spanwise panels. The blade rotations are
impulsively started and the time increment is chosen such
that the rotor blades advance 6° at each time step therefore
one revolution is completed in 60 time steps. Figure 1
shows the structure of the wake behind the rotor and the
surface pressure distribution at 80% radius station after 30
rotor revolutions. There’s reasonable agreement with
experimental data. More comparisons can be found in [19].

a)

b) r/R =0.80
Figure 1. Caradonna-Tung rotor simulation a) wake
structure b) comparison of chordwise CP distribution on
r/R=0.80 [19]
B. Simulations of interactions between two UH1H Rotors:
The interaction analyses are performed for ten different
locations of the rear rotor as presented in Figure 2. In Case
1, the distance between the hub centers is 24.7 m, which
corresponds to the case where the hub center of the rear
rotor is 1 diameter away from the tail of the front

Figure 2. Top views of the two UH-1H rotors showing the computational cases for interactional analysis: Case 1-a  Case
1-e show 5 different locations of the rear rotor in y-direction (lateral direction) when the difference between hub centers is
24.7m, Case 2-a  Case 2-e show 5 different locations of the rear rotor in y-direction when the difference between hub
centers is 32 m. All dimensions are in meters.

	
  
Figure 3. Iso-vorticity surfaces showing tip and root vortex structures and the wake geometry behind UH-1H rotors
comparing 60 knots and 80 knots forward flight conditions after 10 rotor revolutions (Simulation of Case 1-c): (a) Top view,
(b) Side view [19]
helicopter. In case 2, the distance between the hub centers
is 32.0 m, in which the rear rotor is 1 additional radius
away from the front rotor. In all cases the rear rotor is
located slightly lower than the front rotor to make sure it
will be operating within the wake flow field of the front
rotor.
The aerodynamic interactions between the two rotors
cause complex wake-rotor interactions, the results of
which are presented in our previous publications [19].
Figure 3 presents a sample view of the flow structure using

iso-vorticity surfaces after both rotors have completed ten
revolutions.
In this paper we concentrate more on the effect of
wake-rotor interactions on the performance characteristics
of the rear rotor, i.e. the unsteady force and moment
variations. As a part of the computation, time histories of
all forces (FX, FY, FZ,) and all moments (MX, MY, MZ) are
calculated. Figure 4 shows the time history of only the
vertical force (FZ) for both the rear and the front rotor over
ten rotor revolutions for 60 knots forward flight speed. As
is evident the rear rotor experiences a significant drop in

the vertical force component due to its interaction with the
complex wake flow structures. The asymmetry of the wake
flow field also gets reflected on the aerodynamic loads.
When the rear rotor is within the wake of the advancing
side of the front rotor, significantly higher amplitude
oscillations are observed in the vertical force compared to
the case when the rear rotor is within the wake of the
retreating side of the front rotor.
Using the time histories of the computed forces and
moments, average values are calculated using the periodic
data obtained after about five revolutions. After having the

arithmetical mean of all the forces and moments for both
front and rear rotors, the amount of change in the rear rotor
with respect to the front rotor is calculated and shown in
Figures 5 and 6. The first columns show the results of 60
knots forward flight condition. The results of 80 knots
forward flight simulations are presented in the second
columns. In each plot, both the effect of the proximity of
the rotors and the lateral position of the rear rotor are
discussed (case 1 and case 2 simulations which are
previously described in Figure 2).

Figure 4. Vertical force (FZ) variations for 10 rotor revolutions in 60 knots forward flight when the distance between the hub
centers is 24.7 m (a) case 1c (b) case 1b (c) case 1d (d) case 1a (e)case 1e (The cases are described in Figure 1).

Figure 5. Percentage change in forces of the rear rotor with respect to the front rotor (a) at 60 knots (b) 80knots
As can be seen in Figures 5 and 6, case 1 and case 2
simulations produce similar results. The dissimilarities
occur due to the intensity of the interactions which differs
by the longitudinal distance between the hub centers. As
can be seen in Figure 5, FX of the rear rotor increases with
respect to the front rotor. Due to the interactions with the
front rotor wake, the velocity field of the rear rotor
changes. The rear rotor blades encounter a higher and a
complex flow field. The maximum increment in FX is seen
in case 1d. Nearly in all cases FY (the side force) of the
rear rotor decreases. In 60 knots forward flight the
maximum decrease is seen for case 1c simulation. On the
other hand, in 80 knots forward flight the maximum
decrease is seen for case 1d simulation. The vertical
component of the force, FZ, shows degradation due to the
influence of the front rotor wake. For both 60 knots and 80
knots forward flight conditions, maximum decrease occurs

in case 1c simulation where the interactions are severe.
The decrements are more when the rear rotor is operating
at the advancing side rather than the retreating side. Figure
6 shows the amount of changes in moments of the rear
rotor. The rolling moment (MX) decreases in case 1a, 1b
and 1c simulations. The amount of decrement is more
when the rotors are operating in 80 knots forward flight
condition. When the rear rotor operates at the starboard of
the front rotor the rolling moments increase. The pitching
moment (MY) decreases at case 1a, 1b and 1c simulations
in 80 knots forward flight. Maximum decrease is seen in
case 1a simulation. The rolling moment of the rear rotor
increases when operating at the starboard side of the front
rotor. Maximum increment is seen in case 1e simulation.
On the other hand, at 60 knots forward flight the rolling
moment decreases 2% in case 1d and 12% in case 2d.
There is an increment in pitching moment in case 1e and

case 2e simulations. The yawing moment of the rear rotor
slightly changes in all simulation cases for both 60 knots
and 80 knots forward flight as seen in Figure 6.
A frequency analysis of force and moment oscillations
is also performed as shown in Figures 7, 8, 9 and 10. The
rotational speed of the UH-1H rotor is 324 rpm. Therefore,
the rotational and the blade passing frequencies are 5.4 Hz
and 10.8 Hz, respectively (UH-1H rotor has two blades).

Knowing that the blade advances 6° at each time step
during the computations, and therefore, one revolution is
completed in 60 time steps (i.e. 60 sample solutions are
obtained in one revolution) the sampling rate comes out to
be 324 Hz. The frequency axis in these figures extends
from zero to half the sampling rate (160 Hz), which was
used in performing the Fourier transforms.

	
  

	
  
Figure 6. Percentage change in moments of the rear rotor with respect to the front rotor (a) at 60 knots (b) 80knots

	
  
	
  
	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  

	
  
a) Case 1a

b) Case 1c

c) Case 1e

	
  

	
  

	
  
Figure 7. Frequency spectrum of the vertical force (FZ) for cases 1a, 1c and 1e.
Figure 7 shows the frequency analysis of the vertical
forces (FZ) for Case 1a, 1c and 1e simulations. Case 1a
simulation corresponds to the case when the rear rotor is
operating at the retreating side of the front rotor while case
1e simulation corresponds to the case when the rear rotor
is operating at the advancing side of the front rotor. The
computed performance data showed that in vertical force
(FZ) of the front rotor, the dominant peak occurs at the
blade passing frequency which is 10.8 Hz, showing that
the interactions have little influence on the performance
characteristics of the front rotor. However, due to the
effects of interactions, the rear rotor has a dominant peak
at the 21.6 Hz, two times the blade passing frequency in
case 1a and 1c simulations. It means that the rear rotor is
also under the influence of the blade passing frequency of
the front rotor. In addition, in Case 1a, a dominant peak is
also observed at the fourth harmonic of 43.2 Hz. This
harmonic peak is not observed in Cases 1c and 1e. In case
1e simulation, both rotors have a dominant frequency at
the blade passing frequency. However, the rear rotor is

affected by the interactions, has bigger peaks at the
harmonics and unlike Case 1a a peak in the third harmonic
is observed instead of the fourth.
Figures 8, 9 and 10 show the frequency spectrum of the
rolling (MX), pitching (MY) and yawing (MZ) moments for
both the front and rear rotors. For the rolling moment MX,
both rotors have very similar characteristics, having a
dominant peak at the blade passing frequency and less
dominant peaks at the harmonics. The pitching moment
characteristics on the other hand show significant
variations in the sense that the dominant peaks occur at
different harmonics and the variations are asymmetric with
respect to the centerline. For Cases 1a and 1c the rear rotor
dominant peak occurs at two times the blade passing
frequency, whereas for Case 1e the dominant peak is at the
blade passing frequency. For the yawing moment MZ the
variations are again similar and most of the time the
dominant peak only occurs at the blade passing frequency.

a) Case 1a

	
  
b) Case 1c

	
  
c) Case 1e
Figure 8. Frequency spectrum of MX for cases 1a, 1c and 1e.

	
  	
  	
  	
  

	
  
a) Case 1a

b) Case 1c

	
  
c) Case 1e
Figure 9. Frequency spectrum of MY for cases 1a, 1c and 1e.

	
  
	
  
	
  
	
  
	
  

	
  
a) Case 1a

	
  
b) Case 1c

	
  
c) Case 1e
Figure 10. Frequency spectrum of MZ for cases 1a, 1c and 1e.

IV. Conclusions
A 3-D unsteady vortex-panel solver based on a freevortex-wake methodology is used to investigate the rotorrotor wake interactions of two UH-1H rotors, one
operating in the wake flow field of the other, in forward
flight. The performance characteristics are analyzed in
terms of computed forces and moments on each rotor and
their frequency analysis. The rear rotor operates within a
complex and vortical free-stream flow due to the
interaction of the incoming wake flow. Therefore, wakerotor interactions cause substantial variations in
aerodynamic loads generated by the rear rotor. The
asymmetries in the wake geometry in forward flight cause
changes in performance characteristics of the rear rotor
when it is operating at port and starboard sides of the front
rotor. The decrease in vertical lifting is more when the rear
rotor is operating within the wake of the advancing side. A
frequency spectrum analysis of the force and moment
fluctuations of the rear rotor shows that for the vertical

force component the rear rotor experiences a dominant
peak at two times the blade passing frequency, except
when the rear rotor is operating within the wake of the
advancing side of the front rotor. Other peaks at different
harmonics are also observed and the location of these
peaks in the frequency spectrum depends on the lateral
position of the rear rotor with respect to the front one.
Moment fluctuations generally are similar for the front and
rear rotors except for the pitching moment which show
fluctuations at two times the blade passing frequency
illustrating that the pitching moment gets influenced by the
wake interactions more than the other two moment
components.
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