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1. INTRODUCTION 
 

Unmanned Aerial Vehicles (UAVs) have gained popularity over the past few years to become an indispensable part 
of aerial missions that include reconnaissance, surveillance, and communication [1]. As a result, advancements in 
small jet-engine performance are needed to increase the performance (range, payload and efficiency) of the UAV. 
These jet engines designed especially for UAV’s are characterized by thrust force on the order of 100N and due to 
their size and weight limitations, may lack advanced flow control devices such as IGV [2]. The goal of the current 
study was to present a conceptual design of an IGV smart-material based actuation mechanism that would be simple, 
compact and lightweight. 
 
The compressor section of an engine increases the pressure and conditions the flow before the air enters the 
combustion chamber [3]. The airflow entering the compressor is often turbulent due to the high angle of incidence 
between engine inlet and free-stream velocity, or existing atmospheric turbulence. Actuated IGV are used to help 
control the relative angle of incidence of the flow that enters the engine compressor, thereby preventing flow 
separation, compressor stall and thus extending the compressor’s operating envelope [4]. Turbine jet- engines which 
employ variable IGV were developed by Rolls Royce (Trent DR-900) and General Electric (J79). 
 

1.1 Literature Survey of Actuation Devices for Turbomachinery Vanes 
 

Turbomachinery vanes include both inlet guide vanes and compressor stator vanes.  Wanger [5] invented an-IGV 
angle-of-attack (AOA) control device that used using hydraulic actuation. The IGV control device consisted of a 
hydraulic piston (actuator), linkages and a crank--slider mechanism (see Figure 1). Groups of three linked vanes 
were controlled by a single hydraulic actuator. 
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Figure 1 Top View of IGV Actuation Mechanism 
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Patel et al. [6] invented variable-AOA stator vanes that were independently-controlled via electric actuation. 
This allowed for better compressor performance since it became possible to actively avoid stall occurring over 
the axial compressor sections due to flow separation by varying the AOA of each vane. The diagram showing a 
single pivoting stator vane is displayed in Figure 2 [6]. 
 

 
Figure 2 Electrically-Actuated Stator Vane 

1.2 Piezoelectric Inchworm Motors 

Piezoelectric inchworm motors have been developed and used in order to provide precise (nano- or micro-scale 
resolution) and larger displacements (millimeter or centimeter scale) than piezoceramic stack actuators.  There are 
many inchworm designs that have been used mainly for precise micropositioning applications [7], [8]. One of the 
most common inchworm designs employs three piezoceramic stack actuators contained in a casing and relies upon a 
simple principle of operation (Figure 3). The principle of operation is that the stack actuators are electrified in 
sequence to grip a shaft and move it in the horizontal direction.   The first (aft grip) stack’s axis lies perpendicular to 
the longitudinal axis of the shaft; the second (extensional) stack’s axis lies parallel to that of the shaft; and the third 
(fore grip) stack lies perpendicular to the shaft longitudinal axis. The fore and aft grip stacks alternatively grab and 
release the shaft, while the second stack alternatively expands and contracts. The inchworm moves the shaft via a 
six-step process: extension of the second stack; extension of the aft grip stack; relaxation of the fore grip stack; 
relaxation of the second stack; extension of the fore grip stack; relaxation of the aft grip stack 

 

.  

 

 

 

Figure 3 Schematic of Piezoelectric Inchworm Actuator 
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 Such piezoelectric inchworm motors are manufactured by many companies, including Physik InstrumenteTM. For 
example, the PITM N-310 NEXACT® OEM Miniature Linear Motor/Actuator exhibits linear push/pull force of 
maximum 10 N, while providing a maximum of 125 mm and a minimum of 20 mm of travel with 25 nm 
displacement resolution. The actuator has a block shape with 25mm x 25mm x 12mm dimensions. The voltage 
required for actuation is 40 V or less. The actuator has the ability to be self-locking. 

1. CONCEPTUAL DESIGN 
 

The following section will present the steps undertaken in the conceptual design of the smart-material based active 
IGV. The first step was the determination of the IGV actuation requirements based on control-volume aerodynamic 
force and moment calculation. The second step was the design of a simple crank-slider type mechanism that would 
be able to transmit the actuation displacement and force to the IGV. The third step was the determination of the 
smart-material actuator that would be employed in this application. 

1.1 Preliminary Design Criteria 
 

The preliminary design criteria and assumptions were: 

1. The blade height (h) was 0.9 inches (2.28 cm). Each vane was radially oriented and spanned the distance 
between an interior circle of 1.2-inch (3.05 cm) diameter and an exterior circle of 3-inch diameter (7.6 cm).  

2. The number of blades was chosen to be twelve (12); a chord length (c) of 0.0239 m was assumed for each 
blade. 

3. Maximum turning angle of the IGV, β, was 450. 
4. IGV inlet Mach number was 0.4 for maximum turning angle. 
5. The flow was assumed to be incompressible for conceptual design purposes.  
6. Constant flow distribution was assumed within the control volume calculation. 
7. Trigonometric assumption of the average distance, L, between blades (or cascade pitch) was used to 

analyze a cuboid versus trapezoidal control volume. This meant that the distance L was defined to be 
0.014m for a 12 blade configuration. The cuboid control volume was also defined by unit vectors 𝚤̂, 𝚥̂, 𝑘�   
oriented in the axial (X), tangential (Y), and radial directions (Z) respectively. 

2.2 Derivation of Aerodynamic Forces and Moments Based On Preliminary Design Criteria 
 
A control volume formulation has been used to obtain the aerodynamic forces and moment acting on the IGV. These 
parameters determined directly the actuation requirements. The formulation led to useful relations among the 
parameters that determine performance.  
 
Assumptions used in the control volume formulation were that the flow was incompressible, steady, and that the 
boundary layer had a constant profile along the chord. Figure 4 describes important features of the control volume 
such as the inlet, outlet, trailing edge (TE), leading edge (LE), periodic zones, and pressure and suction sides of the 
blades. The steady control volume approach involves approximations for integrals over all surfaces that bound the 
interior. The flow that entered the control volume had a density ρ1, a mass flow rate of �̇�1 and a velocity 𝑉�⃑1 . The 
flow exiting the control volume had a density ρ2, a mass flow rate of �̇�2 and a velocity 𝑉�⃑2.  
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𝑉�⃑1 = 𝑈1𝚤̂ + 𝑉1𝚥̂ + 𝑊1𝑘�                                                                        (1) 
𝑉�⃑2 = 𝑈2𝚤̂ + 𝑉2𝚥̂ + 𝑊2𝑘�                                                                        (2) 

 
Incompressible flow was assumed, so that 𝜌1=𝜌2=𝜌. 

 
 

 
Figure 4: Diagram of the control volume 
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2.2.1. Continuity Equation  
 
The first step in analyzing the control volume has been to use the continuity equation to obtain a relationship 
between the average inlet and outlet flow rates, beginning with: 

         
�̇�1 = �̇�2 = ∫ ∫ 𝜌1𝑈1𝑑𝑦𝑑𝑧 = ∫ ∫ 𝜌2𝑈2𝑑𝑦𝑑𝑧

𝐿
0

ℎ
0

𝐿
0

ℎ
0                                                   (3) 

 
 

 
The inlet velocity components in the tangential and radial directions 𝑉1 and 𝑊1 were considered to vanish since the 
inlet velocity was approximated to be axial only. The exit velocity component in the radial direction 𝑊2, was also 
considered to be zero. For simplicity, the boundary layer velocity was assumed to be linear to its local thickness, 
denoted by δ. This assumption led to an estimate of the exit mass flow rate: 
 
 

                                            �̇�2 = ∫ ∫ 𝜌U2𝑑𝑦𝑑𝑧
𝛿
0 + ∫ ∫ 𝜌U2𝑑𝑦𝑑𝑧

𝐿−𝛿
𝛿 + ∫ ∫ 𝜌U2𝑑𝑦𝑑𝑧

𝐿
𝐿−𝛿

ℎ
0

ℎ
0

ℎ
0                       (4) 

 
By equating the inlet and outlet mass flow rates, the following approximations are obtained. 
 

𝑈1 = 𝑈2(1 − 𝜖) 
                                                                                     (5)                                                                          

𝑈2 = �𝑉2���⃑ � cos(𝛽) 
                                                                                       (6) 

𝑉2 = −�𝑉2���⃑ � sin(𝛽) 
                                                                                     (7) 

where: 𝜖 = 𝛿
𝐿
 is the ratio of the boundary layer to the length L. 

 

2.2.2. Momentum Equation 
  
The control volume form of the linear momentum equation for steady flow is in a general form: 
 

              ∫ 𝝆𝑽��⃑ �𝑽��⃑ ∙ 𝒏�� 𝒅𝑺 = ∫ 𝑭��⃑ 𝒔𝒅𝑺𝑪𝑺
 
𝑪𝑺                                                      (8) 

 
The control surfaces were denoted by CS, and �⃑�𝑠 represented all surface forces attributed to both pressure and 
viscous effects. The effect of gravity was taken to be negligible. The quantity 𝒏� denoted a normal to the control 
volume’s surface.  
This equation was applied to each surface of the control volume defined in Figure 4, resulting in: 
 

∫ 𝜌𝑉�⃑ �𝑽��⃑ ∙ 𝒏��𝑑𝑆1 + ∫ 𝜌𝑉�⃑ �𝑽��⃑ ∙ 𝒏��𝑑𝑆2 = ∫ �⃑�𝑆1𝑑𝑆1𝐶𝑆1
+ ∫ �⃑�𝑆2𝑑𝑆2𝐶𝑆2

+ ∫ �⃑�𝑆5𝑑𝑆5𝐶𝑆5
+ ∫ �⃑�𝑆6𝑑𝑆6𝐶𝑆6𝐶𝑆2𝐶𝑆1

            (9) 
 
Note that no contributions arose from surfaces 3 and 4. 
 
Approximations to these integrals employed several simplifications. First, the forces on inlet and exit surfaces 
consisted of average pressure contributions only, and axial viscous stresses were taken to be negligible there. 
Second, the net forces arising from suction and pressure surfaces were simply denoted to be �⃑�𝑠, and these were the 
results of both the pressure and shear stress integrals of surfaces 5 and 6. Third, the inlet velocity profile was 
uniform, whereas the exit profile consisted of a uniform core and two linear boundary layer regions, as was used in 
the earlier continuity equation. 
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Upon employment of these approximations, Equation (9) reduced to the following vector equation: 
 

−𝜌𝑈1𝐴𝑉�⃑1 + 𝜌𝑈2𝐴 �1 −
4
3
𝜖� 𝑉�⃑ 2 = 𝐴[𝑃1 − 𝑃2]𝚤̂ + �⃑�𝑠                                              (10) 

 
where the inlet and outlet areas were both assumed to be equal: 𝐴 = 𝐴1 = 𝐴2 = ℎ ∗ 𝐿 = 

 
The components of Eq. (10) provided expressions for the lift (FL) and drag (FD) on each blade, which were reactions 
to the vertical and horizontal net forces applied to the flow, respectively: 
 

𝐹𝐿 = 𝜌𝑈2𝐴 �1 −
4
3
𝜖� [−𝑉2]    ;   𝑎𝑛𝑑 𝑉2 < 0                                                               (11) 

𝐹𝐷 = 𝜌𝑈12𝐴 − 𝜌𝑈22𝐴 �1 −
4
3
𝜖� + 𝐴[𝑃1 − 𝑃2]                                                      (12) 

 
Next, since the flow in the core region was considered to be approximately inviscid and irrotational, and since the 
transverse pressure variations in the boundary layers were negligible, the Bernoulli equation was employed for the 
pressure drop: 

𝑃1 − 𝑃2 = 1
2
𝜌[�𝑉�⃑ 2�

2
− 𝑈12]                                                                           (13) 

A combination of these equations provided the lift and drag approximations: 

𝐹𝐿 = 𝜌𝑈12𝐴𝑡𝑎𝑛(𝛽) �1 − 4
3
𝜖� / [1 − 𝜖]2                                                               (14) 

𝐹𝐷 = 1
2
𝜌𝑈12𝐴 �tan2(𝛽) + 2

3
𝜖 + 𝜖2� /[1 − 𝜖]2                                                        (15) 

It is of interest to note that the lift-to-drag ratio (𝐹𝐿/𝐹𝐷), as obtained in this approximation, depended only on the 
flow turning angle, β, and on the boundary layer development along the blade, 𝜖 : 

𝐹𝐿
𝐹𝐷

=
2 tan(𝛽)�1−43𝜖�

𝑡𝑎𝑛2(𝛽)+23𝜖+𝜖
2                                                                                      (16) 

A parametric graph depicting the relationship amongst drag force and lift force as a function ε  is shown in Figure 5. 
It must also be noted that whenever the desired turning angle, β, became large enough for stall to occur, then the 
effective value for β drops dramatically, and the corresponding value for ε increases by a large amount. 
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Figure 5: Lift force-to-Drag Force Ratio versus turning angle 

 

2.2.3. Pitching Moment Estimate 
 

The aerodynamic pitching moment of each blade was estimated from the lift (FL) and drag (FD) forces, and from the 
assumed pivot point position (s), along the chord. The chord length, c, was defined as the straight line distance from 
the leading edge of the blade to the trailing edge (see Figure 6).

                             
 

 
Figure 6: Moment Diagram 

The actual moment experienced by each blade depends on the location of the pivot point, which was placed along 
the mean camber line. The aerodynamic moment also depended on the AOA, α, as it varied according to required 
flight conditions. Here, it was noted that for cases of positive lift, the maximum positive MZ (nose down) would 
occur if the pivot point were to be placed at the leading edge. Similarly, the maximum negative MZ (nose up) would 
occur with the pivot at the trailing edge. For every AOA, there would be a corresponding location on the mean 
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camber line at which MZ would vanish. However, this location would change as α was varied. The IGV were 
considered to be set initially at an AOA where the aerodynamic moment would be zero. 
 
As a simplified estimate of pitching moment behavior, an arbitrary location was chosen along the chord line at a 
distance, s, from the leading edge. It was assumed that both lift and drag distributions were uniform along the chord 
line. Although this assumption was clearly an over-simplification it was expected that maximum and minimum 
estimates for MZ should be reasonably accurate for conceptual design purposes. 
 
With varying force distributions, the net moment was expressed by: 
 

𝑀𝑍(𝑠,𝛼) = ∫ [𝐹𝐿(𝜉,𝛼) cos(𝛼) + 𝐹𝐷(𝜉,𝛼)sin (𝛼)] �𝜉−𝑠
𝑐
� 𝑑𝜉𝐶

0                                             (17) 

 
For uniform lift and drag force distributions, the moment was found to be: 
 

𝑀𝑍(𝑠,𝛼) =  [𝐹𝐿(𝛼)cos (𝛼) + 𝐹𝐷(𝛼) sin(𝛼)] �1
2
𝑐 − 𝑠�

                                                  
 (18)

  
 
In the case of a cambered airfoil, non-vanishing lift (which corresponded to a turning angle β > 0) occurred even 
when α = 0. As α were increased, β would also increase monotonically in some fashion until stall occurred. A 
typical value at vanishing lift (β=0) for highly cambered airfoils was taken to be α = -100. The relation between α 
and β was then assumed to be: 
 

𝛽 =  𝛼 + 10°                                                                               (19)  
 

The pitching moment on a blade was then be estimated by using Equations. (14), (15), (18), and (19). 

2.2.4 REYNOLDS NUMBER CALCULATION 
 
Using the preliminary specifications, a typical Reynolds Number was calculated for the IGV.  The Reynolds number 
at the trailing edge was calculated as: 
 

𝑅𝑒𝐶 = 𝜌𝑉𝑐
𝜇

=
1.225∗�0.4∗�(1.4∗287∗293)�∗0.9426∗2.54

100
1.789∗10−5

≈  225,000                                  (20) 

 
 
where the viscosity and the density of air (µ) had values corresponding to standard conditions. At a Reynolds 
number of approximately 225,000, the flow was assumed to be laminar. Therefore the boundary layer thickness at 
the trailing edge was 
 

𝛿 = 5.2∗𝐶
�𝑅𝑒𝑐

=
5.2�0.94256∗2.54

100 �

�𝑅𝑒𝑐
= 2.62 ∗ 10−4𝑚                                                          (21) 

 
where 𝜖 = 𝛿

𝐿
= 0.0187. 

 
 

Proc. of SPIE Vol. 7981  79813F-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/17/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



2.3 Computational Results  
 
Numerical estimates results were gained using the preliminary specifications outlined.  These conditions were 
applied to a NACA 65-(21)10 airfoil [9], which was chosen in this work as a representative airfoil for IGV. The 
actual flow turning angle, β, was considered to be 100 at vanishing angle of attack α, in line with data for cambered 
airfoils. 
 

2.3.1 Lift and Drag Estimates 
 
As modeled in Equations (14), (15) and (18), lift, drag, and moment on a blade vary with turning angle, β, and with 
relative boundary layer thickness. Here, the results of a typical case are shown in Figures (7) – (9). The dynamic 
pressure acting on the inlet area pdyn was: 
 

𝑝𝑑𝑦𝑛 = 1
2
𝜌𝑈12 = 11.54 𝑘𝑃𝑎                                                                 (22) 

 
In Figures (7 – 9), as expected, the aerodynamic quantities increased with the turning angle β, which was directly 
related to the geometrical AOA. However, it is also of interest to note that the viscous boundary layer also produced 
a secondary effect, which was most notable in the drag increase (Figure 8).  

Another important observation was that the onset of stall was not modeled within this formulation. At some large 
turning angle β, flow would separate from the suction surface, resulting in unsteady buffeting accompanied by a loss 
in lift and an increase in drag. Within the present model, this was viewed as a sudden decrease in β and a 
corresponding large increase in ε. 

As computed with the current model, typical maximum values for lift FL MAX , drag FD MAX, and moment MMAX   
(about the ¼ chord point) at β=450 turning angle, for a single IGV, would be at 7.5N, 3.75N, and 0.05N*m 
respectively. 

 

 
Figure 7: Lift Force vs. Turning Angle β 
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Figure 8: Drag Force vs. Turning Angle β 

 

 
Figure 9: Aerodynamic Moment vs. Turning Angle β 

2. ACTUATION DEVICE CALCULATION AND DESIGN 
 

This section presents the mechanism and actuator choice, as well as the calculations performed for the IGV 
actuation device design.  

3.1 Mechanism  
The mechanism employed for IGV actuation was chosen to be, for conceptual design purposes, of crank-slider type; 
this choice was inspired by Reference [5] (see Figure 10). The optimization of the mechanism was not undertaken 
fully in this current study. Link AD (D’) was assumed to move linearly under the action of actuator force FA from D’ 
to D. The link CB rotated around the pivot point at C; this link was considered to move the IGV. 
 As mentioned in Section 2, the IGV were set initially at an angle of attack corresponding to a null aerodynamic 
moment. The actuator and the mechanism would then rotate the IGV by a maximum angle of 100. The aerodynamic 
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moment would then change to be non-null, as calculated in Section 2.   By considering that the IGV pivot point was 
fixed at the ¼ chord position, the required actuator force and displacement was calculated using the theoretical 
moment values found in Section 2. The crank slider mechanism was assumed to feature two equal-lengths, 2.67-cm 
long, links (CB and BD).  
 

 
 
 
 
 
 

 

 

Figure 10: Crank-Slider Mechanism Diagram 

The links were considered to be both positioned initially to form an angle ψ= 350 degree angle measured from 
horizontal. The links were then moved to form an angle ψ=450 to the horizontal. When the links were positioned at 
an angle ψ of 450, the mechanism will provide maximum moment arm with respect to the pivot point at C. 
 
Assuming both link CB and BD were equal and that angle ψ varied from 35 ̊ to 45 ̊ the maximum linear 
displacement ∆x was calculated in equation (22). 
 

𝐷𝐷′ = ∆𝑥 = ��𝐶𝐵 ∗ 𝑐𝑜𝑠 �45∗𝜋
180

� + 𝐵𝐷 ∗ 𝑐𝑜𝑠(45∗𝜋
180

)� − � 𝐶𝐵 ∗ 𝑐𝑜𝑠 �35∗𝜋
180

� + 𝐵𝐷 ∗ 𝑐𝑜𝑠 �35∗𝜋
180

��� = 𝐶𝐵 ∗ 0.224                      
(22) 

   
 

 
If the links CB and BD were 2.67-cm long, then the actuation distance that needed to be provided by the actuator 
was: 
 

 ∆𝑥 = 0.0267 ∗ 0.224 = 6 𝑚𝑚      (23) 
 
Maximum linear force that an actuator would have to exert per blade for conditions outlined in Section 2 was 
calculated in Equation (23). 
 

𝐹𝐴 =  − �𝑀𝑚𝑎𝑥
𝐶𝐵

� ∗ cos �45∗𝜋
180

� = 1.58𝑁                                           (23) 

 
 
Therefore for all 12 blades in an inter-linked system the total theoretical force required by a linear actuator to meet 
system requirements would be 19 N.  

3.2 Smart Actuator Selection   
 

In existing, large-scale jet engines such as the Trent DR-900, IGV actuation is accomplished via hydraulic and 
servomotor actuation. One of the goals of this study was to investigate the possibility of changing the current 
actuation method to one based on smart-material actuation. Smart-material actuators are generally simpler, less 
prone to failure and more compact than hydraulic ones. The small-dimension, high-displacement (from 20 mm to 
125 mm linear travel) and good push-pull force (10 N) of the N-310 Physik Instrumente inchworm actuator made it 
a suitable candidate for the IGV actuation task. Two N-310 actuators would be used to provide the necessary 
actuation force of 19 N. 
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3.3 CAD Design of Piezo-Inchworm Actuated IGV Stage 
 

While Figure 11 does not show a complete miniature jet engine, it does display a top view of the conceptual design 
of the piezoelectric inchworm-actuated IGV stage. The crank-slider mechanism and one of the two N-310 inchworm 
actuators are displayed in Figure 11. The mechanism’s links and connecting pins were not optimized for weight and 
stresses.  

The principle of operation was designed as follows: 

1. Two piezoelectric inchworm actuators (only one is shown in Figure 11) pushed the sliding ring 
longitudinally along guides.  

2. Links of the crank-slider mechanism, connected by pins, acted to turn the IGV. A vane was designed to 
pivot on journal bearings, at both its ends.    

 

 

Figure 11: Actuation Mechanism for IGV 
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6.0 Conclusions and Recommendations 
 

The conceptual design calculations showed the feasibility of having IGV actuation performed by an actuation 
mechanism based on a small, compact smart-material based piezoelectric inchworm-actuator. The optimization 
(weight, size, power), construction and testing of such device will be conducted in the future. Additional 
computational fluid dynamic studies will be conducted in order to more precisely determine the aerodynamic forces 
and moments acting on the IGV cascade, by taking into account compressibility and viscosity effects. The 
determination of aerodynamic moment and forces is extremely important for actuator and mechanism design, as 
actuator weight, size and power requirements are the main optimization target parameters.  These main optimization 
targets dictate whether the technology would a good candidate for implementation or the costs would outweigh the 
benefits.   
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