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Abstract

This paper uses the combined momentum theory and simple vortex theory (CMTSVT) multirotor inflow
model for hover performance predictions of coaxial rotor configurations. The CMTSVT inflow model is up-
dated with the wake contraction and decay functions, and their effects on performance predictions are
discussed. For comparison, wind tunnel measurements available in the literature are used to study the
effects of loading changes at the fixed axial separation distance and different axial separation distances at
fixed loading settings. Apart from the figure of merit, power, and thrust sharing ratio predictions, factors
such as the interference loss and rotor-rotor influence loss are determined to identify rotor-rotor inter-
action effects on the performance. Furthermore, the total, self, interference uniform inflow components
along with the lower rotor inflow distributions plots are provided for further insight. It has been shown
that additions of the wake contraction and decay functions tremendously improve the predictions of the
CMTSVT inflow model. With additions of these real-flow effects, the CMTSVT inflow model can capture the
effects of rotor-rotor interactions for different loading settings and axial separation distances.

NOMENCLATURE Np number of blades

N number of rotors
Symbols R

VA nondimensional total flow passin
C aerodynamic roll moment coefficient T through rotor P &
Cum aerodynamic pitch moment coefficient 7 nondimensional radial blade coordinate
Cp total power coefficient z axial separation distance m
Cp, induced power coefficient Greek Symbols
Co torque coefficient x wake skew angle rad
Cr aerodynamic thrust coefficient Kint interference loss factor

n

D rotor diameter m Ky, K  rotor-rotor influence loss factors
FM figure of merit Ao uniform inflow component
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Brwst linear blade twist

Superscripts
g rotor index

S, | show relation to the self and interference

inflow components, respectively
Subscripts

show relation to the coaxial rotor and the
single rotor, respectively

C, S

u, ! show relation to the upper rotor and the

lower rotor, respectively

1. INTRODUCTION

Current interest in Urban Air Mobility (UAM) and Ad-
vanced Air Mobility (AAM) markets has led to the
development of new vertical lift vehicles with mul-
tiple lifting rotors. The latest press release of the
Vertical Flight Society [1] revealed that more than
600 multirotor vehicle concepts with different ro-
tor arrangements and sizes are proposed. The vast
majority of these multirotor vehicles are subject to
rotor-rotor inflow interactions in one form or an-
other since they operate within a complex flow field
unique to the proposed configuration. Some vehi-
cles might be subject to more interaction in hover,
while others might suffer more from the interac-
tion effects in the transition phase of the flight. It is
crucial to predict the rotor-rotor interaction effects
as early as possible in the design and optimization
of vehicle aerodynamic performance and other as-
pects such as flight simulations and handling quali-
ties analyses.

To capture rotor-rotor interaction effects and pre-
dict flow fields of generic multirotor configura-
tions, high or mid-fidelity wake models based on
computational fluid dynamics (CFD) [2 3], free-
vortex wake [4H10], viscous vortex particle method
(VWPM) [11], and hybrid modeling approaches [12]
are frequently used. It is also possible to use mod-
els with relatively lower fidelity based on poten-
tial flow theory and rigid wake formulation. These
models employ the superposition approach to ar-
rive at analytical finite-state multirotor inflow mod-
els, such as the pressure potential superposition
inflow model (PPSIM) [13] and the velocity potential
superposition inflow model (VPSIM) [14]. These
models have previously been shown to capture fun-
damental rotor-rotor interaction effects among the
rotors. Guner and Prasad [15] proposed a simpler
model known as the combined momentum theory

and simple vortex theory (CMTSVT) multirotor in-
flow model by combining the extended momentum
theory inflow model with a rigid vortex wake theory.
The CMTSVT inflow model is one of the simplest in-
flow models considering the rotor-rotor interaction
effects of generic multirotor configurations. Refer-
ences [15H17 have shown some validation cases by
comparing the CMTSVT inflow model with experi-
mental data and other multirotor inflow models for
various configurations. More recently, the CMTSVT
inflow model has been reformulated into a state-
space form, which has made the time marching sim-
ulations possible [18].

Although the CMTSVT inflow model has previously
been compared against other inflow models and
some experimental data [15H17], the model has
not been validated in detail for different config-
uration parameters. In particular, rotor-rotor in-
teraction effects for varying axial separation dis-
tances in coaxial rotor configurations are not stud-
ied. Ramasamy conducted a series of hover experi-
ments to determine the performance of coaxial ro-
tor configurations [19]. He provided the figure of
merit and power measurements concerning vary-
ing thrust settings for a given coaxial rotor config-
uration at a fixed axial separation distance. Besides,
he varied the axial separation distance between the
rotors while maintaining the total thrust of the sys-
tem to analyze the effects of rotor-rotor interactions
in the coaxial rotor performance predictions. Fur-
thermore, Ramasamy [19] provided induced power
interference loss factors (k;,¢), load sharing ratios
(T;/Ty), and rotor-rotor influence loss factors (k,,
k) with respect to the axial separation distance. Ref-
erence |20 has used an iterative blade element mo-
mentum theory model and shown that analytical
models can capture general trends in coaxial rotors'
performance predictions using Ref[19. Other analyt-
ical models employ simple corrections to momen-
tum theory-based models for capturing some of the
rotor-rotor interaction effects in dual-rotor configu-
rations [21}122].

Despite the encouraging results of simple modeling
approaches [20H22], their applications are limited
to some instances and cannot be used as a gener-
alized tool. On the other hand, the CMTSVT inflow
model is a generic multirotor inflow model that can
be applied to any configuration, that is, coaxial, tan-
dem, or quad-rotor. It is a versatile model that can
be used in performance predictions, design trade-
off studies, flight simulations, and handling qualities
analyses. However, the model is based on poten-
tial flow theory and does not consider real-flow ef-
fects such as wake contraction and wake decay. This
paper introduces analytical wake contraction and



wake decay functions to the CMTSVT inflow model.
Along with the original formulation, these effects
are systematically studied and compared against
the data set provided in Ref. [19l The total, self, in-
terference uniform inflow components, and inflow
distributions for various axial separation distances
are also provided to gain further insight.

The paper is organized as follows: first, the formu-
lation of the CMTSVT inflow model is summarized.
Then, analytical wake contraction and wake decay
functions are introduced. After that, a few single ro-
tor performance predictions are provided to deter-
mine some of the rotor blade parameters. These are
followed by coaxial rotor performance predictions
and rotor-rotor interaction analyses. The wake con-
traction function, uniform inflow components, and
lower rotor inflow distributions as a function of ax-
ial separation distance are also provided for addi-
tional discussion. Finally, significant outcomes are
summarized, and recommendations are given.

2. COMBINED MOMENTUM THEORY AND SIM-
PLE VORTEX THEORY INFLOW MODEL

The CMTSVT inflow model is formulated by combin-
ing the extended momentum theory inflow model
with a simple vortex theory [15]. This model takes
advantage of the simplicity of the momentum the-
ory and a rigid wake vortex theory to arrive at a
model that includes fundamental rotor-rotor inter-
action effects.

In the CMTSVT inflow model, the total inflow on a
rotor is described as the summation of self-induced
inflow (A®) and interference inflow (A') compo-
nents due to other rotors, i.e., A(F, 9) = X\5(F, 9) +
M (7, 4). After approximating the inflow distribu-
tion with the first harmonic inflow expansion, the
inflow distribution of the jth rotor is expressed as:

(M NEP) = + X))+ (N2 + XN D)Fcos
+ (N2 + M DFsing

In Eq. (1), the superscript j refers to the rotor in-
dex. Unlike the single rotor configurations, the to-
tal flow passing through each rotor must be modi-
fied to account for interference inflow components,
which provide additional air mass to each rotor. This
additional air mass also affects the magnitude of the
self-induced inflow. The self-induced uniform inflow
of the jth rotor is calculated by Eq. (2).
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An iterative process is required to solve for the self-
induced uniform inflow component of each rotor
(A3) until all self-induced and interference uniform
inflow components converge. Once they converge,
the first harmonic inflow components of the jth ro-
tor are obtained from the modified dynamic inflow
formula of Pitt and Peters as follows [23]:
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The interference uniform and first harmonic in-
flow components (X', ML X!y of the jth rotor
are extracted from the interference inflow distri-
bution. This interference inflow distribution is ob-
tained from a rigid vortex theory based on simpli-
fied Biot-Savart law, formulated by Heyson [24]. Us-
ing Heyson's formula, interference inflow is calcu-

lated as:
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1 —(Xcosy + ysiny) + Rcsinx cosy
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In Eq. (5), X and ¥ represent Cartesian coordinates
normalized by rotor radius (R) corresponding to an



aerodynamic calculation point in polar coordinates
(Fand 'z/;). The vorticity variation around the azimuth
is described as F (). Here, uniform (), cosine
(71c) and sine (y15) parts of the vorticity are related
to Cr, Cpy, and C; using the following equations
[23].
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After finding the interference inflow distribution at
a rotor, the interference uniform, longitudinal and
lateral inflow components are approximated using
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To obtain the total interference inflow at each of
the individual rotors, interference inflow calcula-
tions are repeated for (Ng — 1) x Ng times for a
multirotor configuration with Ng being the number
of rotors. In Eq. (T2), indexing is provided for the jth
rotor.
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2.1. Wake Contraction and Exponential Wake
Decay Additions

The CMTSVT multirotor inflow model is based on the
potential flow theory and rigid wake formulation.
Like the PPSIM and VPSIM, it does not account for
the contraction and decay of the wake. For the lower

rotor of a coaxial rotor configuration, the wake con-
traction is significant as the lower rotor operates di-
rectly within the wake of the upper rotor in hover.
If it is ignored, then the tip regions of the lower ro-
tor blades receive higher wake velocities from the
upper rotor instead of upwash or downwash close
to zero. In addition to the wake contraction, a sim-
ple exponential wake decay function is introduced
to the CMTSVT inflow model to account for some of
the missing air viscosity effects. Reference(25/added
these real-flow effects into the Peters-He finite state
dynamic wake model and showed improved inter-
ference inflow predictions.

The wake contraction geometry can be obtained
from flow field measurements or higher-order
wake models for the selected configuration. Land-
grebe [26] wake geometry functions, derived from
the measurements of a rotor wake in isolation,
are preferred instead of configuration-specific func-
tions. The idea here is to capture the wake con-
traction effects somewhat while keeping the basic
model approach and its generality. Landgrebe pro-
vided the following equation for the radial location
of the tip vortex (7tp), which is normalized by the
rotor radius.

(13) Fip = 0.78 + (1 — 0.78)e™ ¥

Here, ¢, is the wake age, and A = 0.145 + 27C.
The wake age is obtained from the normalized ax-
ial location of the tip vortex (Z;;p) by equating it to
normalized axial separation distance (Z = z/R) be-
tween the rotors. Landgrebe [26] provided the fol-
lowing formula for the axial location of the tip vor-
tex:
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where
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Since Z;;p, is taken equal to the axial separation dis-
tance between rotors (Z), one can solve for the ¢,

using Eq. (T5).
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Once ¢, is obtained, it is straightforward to get the
normalized radial location of the tip vortex (7;;p) us-
ing Eq. (13). The 7, modifies the radial coordinates



of the blade by dividing it into the nondimensional
radial coordinate of the blade, i.e., 7 = F/Fjp.

Similar to the approach followed in Ref.[25] the wake
decay effect due to air viscosity is modeled as a sim-
ple exponential function, that is, wy = e "7/D |n
this study, the wake decay coefficient (n) is taken as
0.2, and wy is multiplied with X! (7, ) for the inclu-
sion of the decay effect in interference inflow distri-
bution. It should be noted that the wake contraction
and wake decay effects are only applied to the up-
per rotor downwash received by the lower rotor.

3. RESULTS AND DISCUSSIONS

The CMTSVT inflow model can predict rotor per-
formance using the blade element and momentum
theory relations frequently used to predict the in-
duced, profile, and parasite power components of
conventional main/tail rotor configurations. These
relations can also predict the performance of mul-
tirotor configurations, given that the uniform inflow
component of each rotor includes rotor-rotor inflow
interactions. Then, the power (or torque) coefficient
in hover can be estimated as [15]

Ng ;

P -J
(16) Cp=Co = Y _KCEX) + %
j=1

c

where Ng is the number of rotors, the superscript j
is the rotor index, k is the induced power loss fac-
tor,and Cy = §g + 62a,2,q. The zero drag coefficient
is 0o, whereas the quadratic part of the drag coef-
ficient is described by d-. The term ¢ describes the
solidity of each rotor, ag is the lift curve slope, and
Qan, is the mean blade angle, which is calculated by
6C1/(ago). Table[l]shows values used in the perfor-
mance predictions of single and coaxial rotor config-
urations with untwisted blades at two different ro-
tational speeds.

Table 1: Untwisted Rotor Blade Parameters.

Parameters 800 RPM Case 1200 RPM Case

Np 3 3

K 1.16 1.16
o 0.0936 0.0936
dg 0.0123 0.0114
& 0.9 0.7
ag 5.73 5.73
Otwst 0° 0°
D 1.32m 1.32m

In this study, experimental measurements are taken
from Ref. [19, and these experimental values are
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Figure 1: Single Rotor Torque Predictions at Various
Thrust Settings (RPM = 800).
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Figure 2: Single Rotor Figure of Merit Predictions at
Various Thrust Settings (RPM = 800).

simply referred to as data throughout the paper.
Figure [1) shows the power predictions of 3-bladed
(Np = 3) and 6-bladed (N, = 6) rotors in isola-
tion at various thrust settings. The corresponding
hovering efficiency (figure of merit) curves are pro-
vided in Fig. The zero drag coefficient (§p) is deter-
mined from the data at the zero-thrust setting. The
induced power loss factor (k) and quadratic part of
the drag coefficient (§,) are adjusted to fit reason-
ably with the data shown in Figs. [T] and [2| No at-
tempt has been made to fine-tune these values. The
same values are also used in all coaxial rotor config-
uration cases. This study focuses on capturing the
performance trends of coaxial rotor configurations
with either varying thrust settings or axial separa-
tion distances while keeping the other constant. It
is always possible to fine-tune some parameters to



achieve better correlations. Nevertheless, dg and d»
should have different values depending on the ro-
tational speed of the rotor as it directly changes the
Reynolds number that affects drag coefficients.

During his experiments, Ramasamy [19] trimmed
the coaxial rotor configurations by balancing the ro-
tor torque, i.e., Q, + @; = 0. He either varied
the total thrust of the system (Ct, = Cr, + C7)
at a fixed axial separation distance (z/D) or fixed
the total system thrust to a selected value while
varying the axial separation distance. This study fol-
lows the same method, and coaxial rotor simula-
tions are always trimmed by balancing the torque.
The simulation predictions are labeled throughout
the paper as follows: CMTSVT refers to the original
theory without the wake contraction and decay ef-
fects. CMTSVT+WC represents the model with wake
contraction, while CMTSVT+WC+WD represents the
model with both wake contraction and decay addi-
tions.

3.1. Loading Setting Sweeps at Fixed Axial
Separation Distance

Performance measurements of a coaxial rotor con-
figuration with the axial separation distance of
0.07D are provided in Fig. (3| As seen, the CMTSVT
inflow model and its updated versions with only
the wake contraction and both the wake contrac-
tion and the wake decay have better correlations
with the data than the case without rotor-rotor in-
teraction. At this separation distance, the wake con-
traction has a little effect on the predictions. By the
same token, the wake decay effect is too small since
the rotors are reasonably close to each other.
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Figure 3: Performance Predictions of the Coaxial
Rotor System at Various Thrust Settings (RPM =
1200, z/D = 0.07).
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Figure 5: Performance Predictions of the Lower
Rotor at Various Thrust Settings (RPM = 1200,
z/D = 0.07).

Figures |4 and |5| illustrate the performance predic-
tions of the upper and lower rotors, respectively, for
the same coaxial rotor configuration. At the upper
rotor, isolated and coaxial rotor data correlate well.
At the same time, they are closely followed by the
CMTSVT inflow model, especially at the lower thrust
conditions. Surprisingly, the wake contraction addi-
tion slightly degrades the upper rotor torque pre-
diction (Fig. [4). This deterioration might be due to
the thrust sharing ratio change, which is explained
in the next section. In contrast, the wake contrac-
tion addition significantly improved the lower rotor
torque prediction (Fig.[5). The effects of inflow inter-
action in power predictions become apparent with
increasing thrust settings. In this case, isolated rotor



torque measurements are less than the lower rotor
torque measurements due to missing interaction ef-
fects indicating the importance of the rotor-rotor in-
teractions in performance predictions.

3.2. Axial Separation Distance Sweep at Fixed
Loading Setting

Figure [6] shows figure of merit predictions at thrust
coefficients of 0.007 and 0.014 as a function of axial
separation distance. The figure of merit of the coax-
ial rotor system is calculated as

3/2 3/2
o+

(17) FM =
v2(Co, + Ca))

It should be noted that thrust coefficients of individ-
ual rotors are used in the calculation of the figure of
merit instead of the total coaxial rotor thrust coef-
ficient. Detailed discussion on this selection is avail-
able in Refs.[19land 21l In both thrust setting cases,
predictions of the CMTSVT inflow model with the
wake contraction and wake decay show a better cor-
relation with the measurements of the coaxial ro-
tor systems. Predictions are significantly improved
compared to the original CMTSVT inflow model
without any real-flow effect additions. At smaller ax-
ial separation distances (z < 0.5D), the wake decay
effectis small as expected. The CMTSVT+WC+WD in-
flow model agrees well with the case only having the
wake contraction effect, viz.,, CMTSVT+WC.

CMTSVT+WC and CMTSVT+WC+WD inflow models
figure of merit predictions correlate even better at
the lower rotor than the overall coaxial rotor system
figure of merit predictions. The CMTSVT+WC+WD
model predictions improve with the axial separation
distance as the decay effect grows considerably. On
the other hand, ignoring the real-flow effects, es-
pecially the wake contraction, result in pessimistic
performance predictions at the lower rotor. This is
because the entire lower rotor disk area receives
downwash from the upper rotor, resulting in poor
performance predictions. In reality, the lower rotor
blades receive either upwash or a small amount of
downwash near the blade tip due to the wake con-
traction. Without the wake contraction, the lower ro-
tor receives excessive downwash from the upper ro-
tor and generates higher torque values than to be
expected.

Despite the significant improvements in the coaxial
rotor system and the lower rotor figure of merit pre-
dictions, the CMTSVT inflow model has a better fig-
ure of merit correlation at the upper rotor. The addi-
tion of the wake contraction somewhat leads to an

underestimated hover efficiency. It should be noted
that the wake contraction and decay effects are
added to the upper rotor downwash received by the
lower rotor. Perhaps, additions of these real-flow ef-
fects disturbed the existing interaction balance in
the rigid wake formulation and induced some dete-
rioration to the upper rotor figure of merit results.
Since the lower rotor operates within the presence
and the wake of the upper rotor, some other flow ef-
fects might be needed the improve the interaction
effects on the upper rotor due to the lower rotor.
References [27| and 28 showed that the finite state
multirotor inflow models (PPSIM and VPSIM) tend
to overestimate the interaction effects of the lower
rotor on the upper rotor compared to the viscous
vortex particle method predictions. Understanding
the cause of this difference between the rigid wake
models and high/mid-fidelity models might lead to
the identification of new missing real-flow effects.
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Figure[7]shows the thrust sharing ratio between the
lower and upper rotors of the investigated coaxial
rotor configurations as a function of vertical sep-
aration distance at two different thrust settings.
Differences between the low and high thrust set-
tings predictions are most likely due to the selec-
tion of simulation parameters such as &, dp, and d-.
While having a trend similar to the experiment, the
CMTSVT inflow model predictions significantly un-
derestimate the lower rotor thrust due to excessive
downwash received from the upper rotor. The wake
contraction and decay effects make thrust sharing
ratio predictions significantly better. The wake de-
cay shows a visible effect for separation distances
greater than 0.5D. Without wake contraction and
decay, the thrust sharing ratio settles after the axial
separation distance becomes more than one diam-
eter, and the upper rotor produces thrust roughly

two times larger than the lower rotor. With the real-
flow effect additions, the thrust sharing ratio settles
at a shorter distance while predicting a more realis-
tic thrust sharing ratio between the rotors.

Next, the effects of the rotor-rotor interactions on
the induced power predictions are studied. The in-
terference loss factor (x;,¢) describes the necessary
increase in the coaxial rotor induced power com-
pared to the case with two rotors in isolation. While
Kint designates the overall system loss, rotor-rotor
influence loss factors (k, & k;) provide information
on the required increase in the induced power of
individual rotors compared to a rotor in isolation
at the same thrust condition. The interference and
rotor-rotor influence loss factors are calculated us-
ing the following equations.

Ce,
(18) Kint = 2Ch,

Cp Cp,
19) Ky = —2, k= —
( )K'u CP,-S K CP,-S

Figure [8| exhibits the interference loss factor (xn¢)
predictions at different axial separation distances.
The CMTSVT inflow model predicts an increase in
the ki, contrary to the decrease in the data and
predictions of the CMTSVT inflow model with real-
flow effects. The interference inflow received by the
lower rotor increases with the separation distance
since the wake accelerates and contracts to satisfy
continuity. In rigid wake models, induced velocity in-
creases along with the distance. In fact, its magni-
tude doubles when the flow becomes fully devel-
oped. This increase in the induced velocity magni-
tude is distributed over the entire lower rotor re-
sulting in less efficient (overestimated Cp,) rotor
predictions. On the other hand, the introduction of
the wake contraction to the CMTSVT inflow model
adjusts the interference area accordingly, causing
a decrease in the effect brought by the interfer-
ence inflow. As axial separation distance increases
further, the wake decay effect becomes significant.
Thus, the interference loss factor continues to de-
crease with the distance. This trend is expected be-
cause vortices should lose all of their strength and
completely diffuse with the atmosphere at extreme
separation distances. At such extreme distances, all
interaction effects will disappear.

Rotor-rotor influence factors of the upper (k) and
lower (k) rotors are provided in Fig.[9} At the up-
per rotor, the CMTSVT inflow model has slightly bet-
ter agreement with the measurements compared to
other cases. As seen, the effect of the lower rotor



on the upper rotor quickly diminishes with the sep-
aration distance. In fact, it would be a fair assump-
tion to neglect the lower rotor interaction effect on
the upper rotor after the distances longer than the
quarter diameter (z > 0.25D) where K, almost re-
duces to 1. Contrary to k,, Ky increases first and
then almost settles when the flow becomes fully de-
veloped. The wake contraction has a substantial ef-
fect on k; at all axial separation distances. Ignoring
it leads to highly inefficient lower rotor performance
predictions. The addition of the wake decay further
improves the correlation at the higher axial separa-
tion distances (z > 0.5D).
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Figure 8: Interference Loss Factor Predictions at
Various Axial Separation Distances (RPM = 800,
Ct. =0.014).

Figures[6H9 show that performance predictions are
fairly associated with the wake contraction. In this
study, the Landgrebe tip vortex locations [26] are
used to determine the wake contraction ratio, which
is provided in Fig. As seen, the wake contrac-
tion ratio rapidly changes with the axial separa-
tion distance and reaches the wake contraction limit
(fully developed flow). Typically, the wake geome-
try changes due to interaction effects. Reference |2
showed that the upper rotor wake contracts more
than the rotor in isolation. Perhaps, the usage of a
better wake contraction formulation, which can be
identified from an experiment or higher-order wake
model, might further improve the correlations. Nev-
ertheless, the presented simple wake contraction
formulation has already improved the results signif-
icantly.

Figures [11] and [12] show the total, self, and inter-
ference uniform inflow components as a function
of axial separation distance at the upper rotor and
lower rotor, respectively. The interference uniform
inflow component at the upper rotor quickly weak-
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Figure 9: Rotor-Rotor Influence Factors Predictions
at Various Axial Separation Distances (RPM = 800,
Ct, = 0.014).

No Wake Contraction

Wake contraction ratio

07k Landarebe Wake Contraction Limit

0.6 . .
0 0.5 1 1.5

Axial separation distance, z/D

Figure 10: Landgrebe Wake Contraction Ratio ver-
sus Axial Separation Distance (RPM = 800, Cr. =
0.014).

ens with the axial separation distance, and the up-
per rotor is practically free from interference effects
of the lower rotor at distances longer than 0.5D. At
the lower rotor (Fig. , the self-induced uniform
inflow components of all CMTSVT cases decrease
with the axial separation distance as the magni-
tude of downwash impingement from the upper ro-
tor to the lower rotor increases. In the CMTSVT in-
flow model with wake contraction and decay, this
increase in the downwash magnitude stops at a sep-
aration distance of 0.85D. It then decreases due to
substantial wake decay effects. On the other hand,
interference inflow predictions of the CMTSVT and
CMTSVT+WC increase with the axial separation dis-
tance until the flow reaches the fully developed con-



dition. Nevertheless, ignoring the wake contraction
effect again leads to high interference inflow predic-
tions on the lower rotor, as shown in Fig.[12]
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The difference between the model with and with-
out wake contraction can be seen in the inflow dis-
tribution plots of the lower rotor provided in Fig.
When the wake contraction is included, the tip
region of the lower rotor operates under a small
amount of downwash in contrast to the case with-
out wake contraction. As seen in Fig.[13] the magni-
tude of the downwash increases with the axial sepa-
ration distance for both cases. The wake contraction
region also becomes larger with the axial separation
distance until it settles at 0.78, the theoretical limit
of the Landgrebe tip vortex equations.

4. CONCLUSIONS

The wake contraction and decay effects are incor-
porated into the combined momentum theory and
simple vortex theory (CMTSVT) multirotor inflow
model. The original CMTSVT formulation and its up-
dated versions are compared against the wind tun-
nel measurements to study the effects of loading
changes at a fixed axial separation distance and dif-
ferent axial separation distances at fixed loading
settings. It has been shown, despite the lack of tun-
ing effort, that the wake contraction and decay addi-
tions tremendously improve the predictions of the
CMTSVT inflow model, especially for the varying ax-
ial separation distance cases. The following conclu-
sions are drawn from this work:

1. The wake contraction effect is significant in
hover for coaxial rotor configurations and
should be included at moderate and large sep-
aration distances.

2. The wake decay effect grows with the separa-
tion distance and should be included for sepa-
ration distances greater than half the rotor di-
ameter.

3. Ignoring the real-flow effects, especially the
wake contraction, leads to an overestimation
of interaction effects resulting in poorer perfor-
mance predictions than to be expected at the
lower rotor.

4. The incorporation of the wake contraction and
wake decay functions slightly degraded the up-
per rotor predictions despite the significant
improvements in the lower rotor and overall
coaxial system performance predictions.

5. The interference effect on the upper rotor due
to the lower rotor diminishes quickly and can
be practically ignored after the separation dis-
tances greater than half the rotor diameter.
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