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Nomenclature 
 

𝑎  Non-dimensional length of the cavity minor axis  

              𝐶  Constant  

𝐶𝑑 =
𝐷

𝑞
  Drag coefficient for 1 m2 reference 

𝐶𝑝 =
𝑝

𝑞
  Pressure coefficient 

𝐶𝑓 =
𝜏

𝑞
  Skin friction coefficient  

𝐷  Drag         [N]  

𝐷  Maximum thickness of Nacelle      [m] 

𝛿𝑅𝐸  Estimation error from Richardson extrapolation 

𝑒𝑟  Relative error among iterations 

               𝜀  Variable difference between a coarse grid and a finer one 

𝐹𝑒𝑥 = 𝑇 − 𝐷 Net axial force, Excess Thrust     [N] 

𝐹𝑥  Axial component of force      [N] 

𝐹𝑦  Radial component of force      [N] 

𝐹𝑧  Tangential component of force      [N] 

𝐹𝑠  Security factor for the grid convergence index methodology 

𝐹𝑅𝑏𝑜𝑑𝑦  Nacelle-spinner fineness ratio 

𝐹𝑅𝑠𝑝𝑖𝑛𝑛𝑒𝑟 Spinner fineness ratio 

𝑓, 𝑓𝑒𝑥𝑠𝑐𝑡  Variable value for a given grid size; Zero grid spacing value  

ℎ  Representative grid element size; Non-dimensional Cavity depth 

𝐼𝑛  nth iteration number  

𝐽 = 𝑈/2𝑛𝑅 Propeller advance ratio 

𝑘  Turbulent kinetic energy     [m2/s2] 

𝑛  Rotational speed        [rad/s] 

𝑛  Rotational speed for advance ratio     [rev/s] 

𝑛𝑔  Number of grids 

𝜂𝑝  Propeller propulsive efficiency  

𝜂  Relative propeller efficiency in terms of the control variable (Original design)
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𝑝  Order of convergence 

𝑝  static pressure        [Pa] 

𝑄  Propeller Torque      [Nm] 

𝑄  Q criterion       [1/s2] 

              𝑞 =
1

2
𝜌𝑈∞

2 Free stream dynamic pressure      [Pa]  

𝑅  Propeller radius       [m] 

𝑅𝑐  Convergence ratio  

𝑟  Radial position relative to the propeller radius  

𝜌  Flow density at free stream      [kg/m3] 

𝑠  Distance from the boat tailed section to the groove major axis  

𝑇  Propeller thrust       [N] 

𝑡  Normalized extension of the groove from the major axis  

𝜏  Local wall shear stress       [Pa]  

𝑈  Velocity magnitude      [m/s] 

𝑈𝑥   Axial component of velocity     [m/s] 

𝑈𝑦  Radial component of velocity     [m/s] 

𝑈𝑧  Tangential component of velocity    [m/s] 

𝑈𝑠  Standard deviation 

𝑉∞, 𝑈∞  Inlet velocity, Freestream velocity     [m/s] 

𝜔  Specific rate of dissipation     [1/s] 

𝑦+  Dimensionless wall distance 
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1 Introduction 
 
 
In the transport industry the use of energy has reached very high efficiency values, which makes more 
difficult to continue improving propulsion methods that have been used for decades. One of this 
methods is the propeller. This can be observed either on maritime or in aerospace current designs. 
Independently of the specific requirements that every condition demands, there are two main groups 
in which the propeller can be designed: Tracker propeller or Pusher propeller. This research plan is 
focused on the latter one and one of its specific disadvantages.  
 
A strict technical definition of a pusher propeller would be the one found in scientific literature that 
describes it as the propeller in which the driving shaft is in compression; however, the inherent problem 
that is commonly associated with a pusher propeller is the interaction with the wake of any of the 
bodies that are located upstream of the rotor [1]. In most of the cases, the pusher propeller is located 
either behind the wing or behind the fuselage, making it in principle more prone to interact with the 
wake in a more significant way than its tracker counterpart. The propeller used as baseline for this 
thesis is mounted on a nacelle-spinner configuration in which the fore-body or nacelle will be 
represented as a static region while the spinner will be rotating together with the blades. Even when 
the rotor might be predicted to ingest less turbulent boundary layer (Depending on the turbulence 
modelling) developed over the nacelle, the spinner that is located behind the rotor would inevitably 
encounter highly turbulent wake of the lowest part of the blade. The wake to blade interaction triggers 
different problems, such as undesired aeroacoustics [2] or energy loss due to swirl motions induced by 
the rotation of the propeller which inevitably ends up in a reduction of the propeller efficiency.  
 
The interaction between the rotor and the upstream flow is especially different in the pusher propeller 
configuration because of the presence of a nacelle or a forebody. This particular difference influences 
the way in which the blade root is loaded and thus the interaction of the flow and the spinner 
downstream ahead. In a more specific way, the idea of the spinner modification is more related to the 
increment of the propeller efficiency by two means: Boundary layer separation delay and the reduction 
of swirls induced drag [3]. Given that the larger flow speeds are obviously observed at the tip of the 
blade, it can be expected that the tip vortices are larger than the ones encountered at the blade root 
[4]. This is one of the reasons, in the author´s opinion, of why most of the available research has been 
dedicated to the study of the tip vortex rather than to the hub one. This research will be performed 
under cruise conditions, meaning that both rotational speed and flight speed will remain constant. 
Since the rotor diameter is not changing either, the efficiency term can be expressed as the ratio of 
Excess Thrust (𝐹𝑒𝑥) over Torque (𝑄) for comparative purposes taking into account that a constant 
advance ratio would be assessed during the research.  
 

𝐹𝑒𝑥 = 𝑇𝐵𝑙𝑎𝑑𝑒 − 𝐷𝑛𝑎𝑐𝑒𝑙𝑙𝑒+𝑠𝑝𝑖𝑛𝑛𝑒𝑟 

 

𝜂𝑝 =
𝑤𝑜𝑟𝑘 𝑑𝑜𝑛𝑒

𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟
=

𝐹𝑒𝑥  𝑈∞

2𝜋𝑛𝑄
= 𝐶

𝑭𝒆𝒙

𝑸
 

 
As the spinner geometry is changed, the excess thrust and the Torque change as well. If the efficiency 
term (𝜂𝑝) is larger than the one of the control variable (Original design) then it could mean two things: 

That the increment of Excess thrust is larger than the increment of Torque or that the decrement in 
Excess thrust is lower than the decrement in Torque. Even when in both cases the efficiency would 
have been improved, values of torque that are lower than the one of the original design would not be 
considered as improved designs.   



       
 

2 
 

1.1 State of the art of spinner designs for efficiency improvement 
 
One of the problems that would be addressed along the present thesis is related to the vortices system 
that has been observed close to the hub, particularly due to the low pressure regions induced by certain 
swirl formations. In a more concrete way, the research aims for the reduction of the drag caused by 
the so-called hub vortex. This is considered as a detrimental feature mostly in marine pusher propeller 
designs. The hub vortex inevitably ends up increasing the propeller drag, thus reducing the efficiency 
[3]. Even when the vortex drag in pusher propellers is a topic that has been addressed by several 
authors, the ones dedicated to the maritime sector are the ones that have focused on the particular 
effects of the spinner design as a potential solution [5], even suggesting the placement of performance 
enhancing methods directly on the spinner section [6]. One of the reasons is the significantly lower 
aspect ratios and the lower rotor radius that marine propellers normally exhibit compared to the ones 
for aerial applications. This difference would evidently increase the chances for the formation of a hub 
vortex, especially due to the closer interaction of the trailing vortices. Another reason is the presence 
of cavitation due to the reduction of pressure induced by strong vortices/swirls. In the cases where the 
hub vortex was successfully reduced, pusher propeller of very large cargo ships showed improvements 
up to 2% in efficiency [7].    
 

 
Figure 1.1: Hub vortex reduction with propeller boss cap fins [6]. 

 
In figure 1.1 the low pressure region that was observed in a cargo ship pusher propeller was decreased 
by the means of propeller boss cap fins placed in the spinner [6]. The fins were reported to be the 
responsible for the 2% increment of the propeller efficiency. The use of methods that can potentially 
be applied on the spinner in order to interact with the vortex formation would require further 
understanding on how exactly would the spinner shape affect the propeller drag in a different fluid 
such as air; nevertheless, the effect of the spinner design has been studied before in marine podded 
propellers. One of these studies was carried out by M. Islam [5], where the hub taper angle was 
modified for a pusher and a puller configuration. Some of the conclusions derived from the experiment 
suggested that the propeller efficiency increased for a hub taper angle (Fig. 1.2) of 15° more than it did 
for the 20° case, both referring to a pusher configuration. However, it was observed that the 20° 
tapered hub increased the torque more than the one of 15° at the same time that both cases presented 
practically no variations on the thrust coefficient [5]. Following the schematic representation of the 
Figure 1.2, it can be interpreted that the hub with a less steep slope favored the efficiency improvement 
of the pusher propeller.  
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Figure 1.2: Hub taper angle of 15° and 20° in a marine podded propeller [5]. 

 
A tendency of having narrower hubs/spinners in pusher configurations has been repeatedly found to 
be beneficial. According to the results obtained by Shamsi [9], a pusher propeller with a moderate hub 
curvature, especially at the end,  showed that the flow separation observed around the spinner was 
significantly delayed in comparison with a sharped edge hub end. The more moderate pressure 
gradient induced by the curvature of the hub prevented the flow from a sudden deceleration allowing 
a better pressure recovery due to the relatively larger velocities. On the other hand, a steep curvature 
such as the one encountered on a cylinder induced rapid separation that increases the overall drag.  
 
While the maritime industry has been well aware of the potential benefits of reducing the propeller 
hub vortex, the aerospace industry has paid most of the attention to the tractor propellers where the 
detrimental effects of the hub vortex are not a recurrent issue. In fact, due to the current struggle that 
is being faced by the transport industry related to the reduction and eventual replacement of the fossil 
fuels, the electrical engines seemed to be commonly combined with pusher propellers, especially in 
small aircraft or UAV’s where the propeller has shown that it can delay the flow separation on the 
bodies acting upstream the rotor [10]. This also seemed to be the cases of the later versions of certain 
UAV produced by a worldwide manufacturer such as General atomics where not only electrical engines 
seemed to be preferred but also pusher propeller configurations. However, the lack of a low drag 
aftbody or spinner such as the one of Figure 1.3, seemed to be taken into account for the latest designs. 
In the experiment carried out by Hall [11], it has been pointed out the particularly large vorticity 
observed at the rotor hub of the US Army UAV RQ-7B. Despite being a relatively recent design (1991), 
the hub vortex seemed to be of very little importance for the UAV’s design efficiency back then. 
Nevertheless, later versions of the same manufacturer such as the RQ-11 Raven (2001) or MQ-1C Grey 
Eagle (2009) changed the spinner design into a design that resembled a low-drag aft body (Fig. 1.4).     
 
Figure 1.3 depicts another example of the aftbody design that was preferred for a mini-UAV test 
performed in the university of Sidney in Australia [12], where the flow separation was expected to be 
decreased due to the aftbody design.   
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Figure 1.3: Test rig aerodynamically design so the flow did not encounter a turn larger than 11° [12]. 

 
 

 
 

Figure 1.4: RQ-7B (Left) and MQ-1C Grey Eagle (Right). 

 
The importance of the spinner design seemed to be emphasized on the latest designs at the point that 
regional aircraft manufacturers such as Eviation, Joby Aviation and Piaggio seemed to come up with 
similar designs for their pusher propeller spinners respectively. The similitude might very well be 
related to the improvement of the pusher propeller performance since certain manufacturing 
companies such as Piaggio seem to be aware of the complex aerodynamics of the vortex-spinner 
interactions [13].  
 
In summary, the spinner design of the pusher propeller configurations has not been overlooked; 
however, the author has found that a large part of the research available has been made for maritime 
purposes in the sense of hub vortex explicit reduction. On the other hand, aerial industry has focused 
more on the implementation of low drag bodies in both tractor and pusher propellers. And even when 
the detrimental effects of the hub vortex have been observed in literature, most attention has been 
placed on the interference effects mainly due to the most common use of tractor propellers rather 
than pusher ones, at the point of being considered negligible effects [14]. Micro aerial vehicles and 
UAV´s, together with low capacity regional aircraft were found to concentrate an important part of the 
research made on pusher propeller spinner design. The designs that are currently in use did offer a 
starting point from which the original design can be modified.   
 
Based on the existing data it can be said that better aerodynamic spinner designs that might eventually 
reduce the drag associated with the hub vortex, could represent a valuable tool for future pusher 
propeller designs. The information provided by this research is expected to be use in order to generate 
a better understanding of the Blade root/Spinner interaction and its influence in the propeller 
efficiency.  
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1.2 Research objective  
 
The objective of the research is to provide a spinner aerodynamic design that can potentially increase 
the efficiency of a pusher propeller specifically for cruise conditions. The following goals describe in a 
broader way the steps followed to accomplish the objective.   
 

1. Obtain initial information about the propeller design used as control variable in order to give 
an idea of the current benefits, flaws and potential improvements through a reliable CFD 
simulation. 
 

2. Establish a relation between the spinner geometrical changes such as length and diameter and 
the variation of the performance variables through a series of CFD simulations.  
 

3. Prepare a set of blade-off experiments (Spinner designs) focused on the flow separation delay 
that low drag bodies tend to show in order to offer an idea of the pressure recovery of the 
nacelle-spinner configuration alone. 
 

4. Compare the efficiency changes of the blade-off designs with the ones of the blade-on 
conditions. Re-design the spinner based on the results obtained in points 2 and 3. Select the 
most efficient design of the extensive series of simulations (At the moment of the selection, a 
deep understanding of the cause-effect of the aerodynamics of that particular propeller is 
expected). 
 

5. Assess the effect of Baffles and Spinner Grooves (cavities) as passive boundary layer control 
method in order to improve the propeller efficiency. 
 

6. Establish a relation between the selected passive method applied to the new spinner and the 
variation of the performance variables through a series of CFD simulations. Based on the results 
obtained, prepare a set of experiments than combine an X spinner design + X passive 
performance enhancing method in order to select the most efficient design. 

1.3 Thesis outline 
 
The thesis is composed of four research stages from chapter 2 to the chapter 6 and culminates with a 
final 7th chapter dedicated to the summary and discussion of the results. The chapter 2 describes the 
given geometry that is used a control variable during the entire research; at the same time that it 
establishes the CFD setup followed for all the simulations. CFD elements necessary for the simulations 
such as the boundary conditions and turbulence models are discussed with an especial emphasis in the 
mesh independence study that was carried out following both the classic and the least squares grid 
convergence index (GCI) methodology. Chapter 3 provides an initial guess to the performance 
variations caused by simple length modifications where variables such as drag, nearby pressure 
coefficients, vortex visualization and propulsive efficiency are compared among each other as 
performance indicators. Chapter 3 ends up providing enough information to form a realistic idea of the 
performance improvement that might be achieved by changing the spinner design. Chapter 4 
approaches the aerodynamic design of the spinner as a whole axisymmetric body that included the 
nacelle and that was tested under blade-off conditions. Given that the pressure recovery observed in 
the spinner showed to be particularly important for the drag reduction and thus for the performance 
improvement, the design assessment carried out in chapter 4 led to the use of large fineness ratio 
spinners that encountered the largest values of pressure recovery.  
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In chapter 5, an extensive series of simulations are discussed in order to provide a spinner design that 
can potentially induce a significant improvement in efficiency. The discussion stats with the comparison 
of the results obtained in chapter 4 (Blade-off) and the Blade-on more realistic approach, followed by 
a spinner re-design that points out the benefits gained by a smoother geometrical transition such as 
tangency between the static part (Nacelle) and the rotational one (Spinner). Lastly in the chapter 6, two 
passive boundary layer control mechanisms are presented as a means of performance enhancement. 
The first of the mechanisms was the use of baffles as flow deflectors, mainly focused on the flow 
separation delay observed at the blade root suction side. The second one was the use of transversal 
spinner cavities or grooves, that based their effectiveness in the reduction of no slip condition of the 
incoming boundary layer of the spinner thanks to the “trapped vortex” generated inside the cavity. The 
conclusions derived from the research are presented in chapter 7 together with recommendations for 
future pusher propeller spinner designs.  
  



       
 

7 
 

2 Propeller simulation setup 
 
 

The thesis research that is being shown in the next chapters was performed under the assumption that 
no experimental data was available to validate the outcome of the simulations. This is why special 
importance was placed on the CFD setup. The selection of the setup and boundary conditions was 
based on the idea of capturing the aerodynamic interaction at the hub (Blade root and spinner) with 
no significant dependency on the size of the grid at the same time that relatively low computational 
power was used. The selection of CFD parameters such as the control volume characterization, 
boundary conditions for CFD simulation, the solver or the grid size will be described in the next chapter 
in order to establish the basis for a reliable simulation of the propeller that was given as the original 
design. In later chapters two out of the three components of the original configuration will be kept 
original (Nacelle and Blade) while the spinner design will be modified. This is why it is important to have 
a clear idea of the performance of the original design. In pursuance of the verification of the original 
simulation results, a mesh independence test was performed in order to select the grid size used for 
the entire research.  

2.1 Geometry and CFD setup 
 
The rotor was a six-bladed pusher propeller model with a diameter of roughly 2m. Both, nacelle and 
spinner were axisymmetric bodies of revolution which facilitated the posterior re-design using 2D 
sketches in CAD software. The rotor had a positive rotational sign in downstream direction.  
 

 
 

Figure 2.1: Spinner fineness ratio definition.  

    
The coordinate system established for the research had its origin at the intersection of the rotational 
axis of the propeller and the blade root airfoil center.    
  
The entire axisymmetric body (Nacelle + Spinner) fineness ratio (FRbody) was 4.7, where the FRbody was 
defined as the body length over the maximum thickness. Due to the spinner re-design, a local fineness 
ratio was defined for the spinner alone (Fig.2.1). The spinner fineness ratio (FRspinner) was defined as the 
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spinner length divided by the diameter both measured from and at the blade root center (0 x/R) and 
had a value of 1.02 for the original design. 
The CFD domain was defined according to the original model but also for the future geometrical 
changes of the new designs. Although steady state simulations were performed throughout the thesis, 
one comparison was made with a transient simulation. This brought the necessity of dividing the 
domain in 4 parts: The enclosure, the nacelle, the wake and the rotational parts. With the last one being 
the sub-domain where transient methods such as sliding mesh could be selected. Even for steady state 
propeller simulation methods such as moving reference frame (MRF) where the fluid is the one that 
moves around a static rotor, a sub-domain that contains the moving parts can be helpful in order to 
perform the simulations post-processing in a simpler manner.  
 
The largest section or enclosure was the one holding the previous 3 sub-domains within it and it was 
used to apply boundary conditions that impose freestream and periodicity conditions since only one 
blade was used for the simulations (Fig. 2.2). 
 

 
Figure 2.2: Control volume, sub-domains and boundaries. 

 
The control volume extended 10 blade radius (R) downstream the origin point, 5R upstream and 5R in 
radial direction, similar to the setup used in other propeller simulations [15]. The Nacelle, Rotational 
and Wake regions concentrated most of the mesh elements although the mesh was especially refined 
in the rotational zone. 
 
The solver used in this research was ANSYS fluent. This solver has shown good agreement with the 
experimental results of previous simulations of propellers [16] and particularly when solving the RANS 
equations [17]. An important part of the simulation setup was saving time and computational power 
without compromising the results of the simulations performed with a coarse grid. The tests were 
performed as a steady state type of simulations, not only because of the relative lower computational 
time compared to the transient methods but also because only cruise conditions were assessed during 
the spinner design.  
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As mentioned before the steady state method used was MRF or frozen rotor. This method has been 
used before with acceptable result agreement between propeller simulations carried out with sliding 
mesh (Transient) and MRF (Steady) methods [18]. In summary the simulations were performed with 
MRF, Pressure-Based couple solver, pseudo-transient method, Fluent multigrid Initialization (FMG) and 
upwind second order accuracy for all the equations as suggested by the commonly used solver settings 
[19]. The figure 2.3 depicts the rotational sub-domain that hosted the blade and spinner tested for 
cruise conditions (Table 2.1).   
 

Table 2.1: Cruise conditions for CFD simulation 

Inlet velocity (𝑽∞) 113.17 m/s 

Advance ratio (J) 1.724 

 

 
Figure 2.3: Contact/Interface regions between the 

 Two parts of the control volume. 

   

2.1.1 Turbulence model 

The k-ω SST turbulence model was used for the simulations carried out in the thesis. This approach 
modeled the turbulence with two equations, one equation for turbulent kinetic energy (TKE) and the 
one for turbulence dissipation rate. This model has been largely used to perform MRF simulations [20] 
and some of those previous propeller simulations have tended to use turbulence models that require 
the solution of the viscous sublayer; however, this would be related to an inherent increment in the 
computational power needed mostly due to the large number of elements encountered close to the 
wall [21]. The moderate refinement on the walls would tend to solve the boundary layer using the 
logarithmic region approach instead of a near wall approach mostly because of the larger values of y+. 
It is expected that the main difference would be observed at the regions where flow separation occurs 
or in regions with relatively large turbulent values such as TKE. Taking into account that one of the goals 
regarding the spinner design is the flow separation delay, the difference between both types of wall 
treatment should not represent a significant difference compared to simulations with low Reynolds 
flows [22].   
 
The version of solver used in the thesis used blended wall functions for the turbulence model k-ω SST 
that gave priority to a cell solving solution (Near wall approach) or a logarithmic region one (Wall 
functions) depending on the value of y+. This avoided the necessity of a large resolution mesh close to 
the wall. Since a fully turbulent approach was preferred over a transitional flow option, the automatic 
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wall functions will be used if the wall’s adjacent cell centroid lies within the logarithmic-law layer at a 
y+ < 30 [22]. As shown in Figure 2.4, the maximum Y+ value of one of the coarsest grids lied within 32, 
being this the highest value encountered only at the tip of the blade. On the other hand, y+ values 
below 1 were encountered on the region close to the end of the spinner where the flow was very likely 
to encounter separation.  
 
In order to keep track of the convergence of the simulation, the drag of different parts of the propeller 
was used as monitor. However, the oscillations of monitors such as drag has been observed before in 
simulations with presence of flow separation and  SST κ-ω turbulence models [23] together with the 
lack of accuracy of RANS equations to predict turbulent stresses in the detached shear layer emanating 
from the separation [24]. In other words, even when the simulation has converged at low residuals 
levels (1e-7) and the values of certain variables seemed to be stable, this might not be the case for the 
regions of the propeller where flow separation was occurring. This is why in order to obtain a final value 
of drag after the simulation converged, the average of the last 100 iterations was taken. An average of 
the last iterations would be expected to decrease the chances of getting a drag value that was outside 
of the converged error band, especially at regions such as the spinner where the flow separation 
produced larger oscillations for the monitor values of the converged solution.  
 

 
Figure 2.4: Values of y+ on the baseline propeller configuration with the coarsest grid. X axis values are 

positive in downstream direction.  

2.2 Mesh Independence study and grid selection 

The meshing environment of ANSYS Fluent was used in order to generate the grid for the propeller 
simulations. It is important to emphasize that due to the different spinner geometries that were tested, 
light meshes were preferred. The objective was then to ensure that the mesh selected was predicting 
a simulation outcome that had very low dependency on the grid sizing. Two different inflation layer 
values were given to the geometry, one for the blade and other for the spinner and nacelle, in order to 
keep similar y+ values. The first layer thickness method was used in compliance with the y+ of around 
17 with maximum values of 32 in the nacelle and spinner.  
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The results of the simulations that were performed depended of course on the domain discretization 
imposed by the mesh size. These mesh elements sizes are presented in table 2.2 and 2.3 and 
corresponded to a grid of 11.48 million elements that was refined at the spinner region. Despite the 
relatively small size of the grid elements next to the walls and at the inflation layers, it was necessary 
to assess the influence of the mesh sizing on the simulation results. This was done by the means of a 
mesh independence study. In order to produce different grid sizes, all the elements shown in tables 2.1 
and 2.2 were scaled using a factor of 1.3 with the exception of the number of inflation layers, the growth 
rate and the first layer thickness in order to maintain a similar y+ along all the walls. It is important to 
mention that the region around the spinner was refined prior to the grid scaling.   

Table 2.2: Element sizes for the mesh used as reference. (Values shown as a fraction of the propeller radius) 

Wall sizing (2D) Element size 

Pressure and suction sides 4.57 x10-3 R 

Trailing edge 4.57 x10-4 R 

Nacelle and hub 9.32 x10-3 R 

Leading edge 5.50 x10-4 R 

Body sizing (3D) Element size 

Wake and Rotational sub-domains 1.86 x10-2 R 

Nacelle sub-domain 2.28 x10-2 R 

Enclosure sub-domain 1.10 x10-1 R 

Vortex region (Blade root) 4.57 x10-3 R 
 

Table 2.3: Reference mesh characteristics in ANSYS meshing 

Mesh parameter Value/Option selected 

Sizing preference Proximity and curvature 

Relevance center Fine 

Transition Slow 

Smoothing High 

Span angle center Fine 

Minimum element size 1.06 x10-4 R 

Proximity minimum size 2.54 x10-4 R 

Maximum face size 1.02 x10-1 R 

Nodes 2 852 983 

Elements 11 486 668 

Nacelle inflation 
First layer thickness 

 

23 layers, 1.2 growth rate 
1.27 x10-4 R 

Blade inflation 
First layer thickness 

18 layers, 1.2 growth rate 
8.47 x10-5 R 

 

2.2.1 GCI mesh independence study   

As referred in literature [25] & [26], 1.3 was a common factor for scaling the mesh element size in order 
to produce a coarser or finer mesh and perform a mesh independence study using the grid convergent 
index methodology (GCI). The method relied on the Richardson extrapolation and the objective of the 
mesh independence study was to assess whether or not a given mesh is close to the theoretical zero 
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grid spacing value. A common way to perform the mesh dependence study is the classic GCI approach 
that is based on the comparison of 3 grids of different sizes (Coarse, Medium and Fine) in which an 
apparent order of convergence can be determined and thus a theoretical zero grid spacing value can 
be extrapolated. The table 2.4 shows 5 meshes that resulted from scaling the element size of the 
reference mesh (11.4 million elements). Two coarser grids were obtained as well as two finer ones.  
 

Table 2.4 Mesh sizes for the independence study 

Mesh designation Number of elements (Millions) 

Coarsest (5) 4.1 

Coarse (4) 6.6 

Reference (3) 11.4 

Fine (2) 21.9 

Finest (1) 43.2 

 
Given that there were more than three grids available for the classic GCI calculation, the apparent order 
of convergence was calculated using the combinations of three grids out of the five available ones. But 
also using a least squares approach of the CGI methodology [27].   
 
The excess thrust of the entire propeller (Nacelle + Spinner + Blade) was used as a reference for the 
assessment of the mesh size dependency. Given that different spinner shapes were going to be tested 
and there were regions of flow separation, the mesh independence test was carried out using local 
drag measurements in the blade root, the nacelle and the spinner. It is important to emphasize that in 
order to obtain the drag values that were compared, the simulations were run between 4.5 and 6 
thousand iterations with velocity residuals below 1E-7 and relatively stable values of propeller excess 
thrust that were relatively stable since the first 2.5 thousand iterations.  
 
The GCI methodology bases the assessment under the assumption that the error estimation between 
a given value obtained by a certain grid size and the theoretical zero grid spacing value can be predicted 
using a Richardson extrapolation (Eq. 2.1). The error estimation would then be calculated based on the 
apparent order of convergence which was then multiplied by a safety factor of typically 1.25 [25] [28].   
 
(2.1) 

𝐺𝐶𝐼 = 𝐹𝑠(𝛿𝑅𝐸) 
 
(2.2) 

𝛿𝑅𝐸 = 𝑓𝑖 − 𝑓𝑒𝑥𝑎𝑐𝑡 = 𝛼ℎ𝑖
𝑃 

 
Where 𝐹𝑠 is the safety factor and 𝛿𝑅𝐸 is the estimation error obtained from the Richardson 
extrapolation (Eq. 2.2). The estimation error is defined as the difference of the local scalar quantity of 
any given grid (𝑓𝑖) and the exact solution (𝑓𝑒𝑥𝑎𝑐𝑡). In equation 2.2 𝛼 is a constant and ℎ represents the 
mesh discretization understood as the average element size. The difference between the classic fit and 
a least squares one is of course the number of grids used to calculate the apparent order of 
convergence 𝑝. For the classic method the apparent order of convergence is calculated as shown in 
equation 2.3 and 2.4.  
 

(2.3) 𝑝 =
𝑙𝑜𝑔 |(

𝑓3 − 𝑓2
𝑓2 − 𝑓1

)| + 𝑞(𝑝)

log  𝑟21
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(2.4) 
𝑞(𝑝) = 𝑙𝑜𝑔 (

𝑟𝑃
21 − 𝑠

𝑟𝑃
32 − 𝑠

) 

 
In the GCI calculation 𝑟 represents the refinement ratio and the smaller subscripts are assigned to the 
finest grids. On the other side, the least squares fit requires minimizing the equation 2.5 in order to find 
the values of 𝑓𝑒𝑥𝑎𝑐𝑡, 𝛼.and 𝑝  
 
(2.5) 

𝑠(𝑓𝑒𝑥𝑎𝑐𝑡 , 𝛼, 𝑝) = √∑ (𝑓𝑖 − (𝑓𝑒𝑥𝑎𝑐𝑡 + 𝛼ℎ𝑖
𝑃))

2
𝑛𝑔

𝑖=1

 

 
(2.6) 

𝑈𝑠  = √
∑ (𝑓𝑖 − (𝑓𝑒𝑥𝑎𝑐𝑡 + 𝛼ℎ𝑖

𝑃))
2

𝑛𝑔
𝑖=1

𝑛𝑔 − 3
 

 
Where 𝑛𝑔 is the number of available grids. As it can be inferred from equation 2.6, the larger the 
number of the grids tested, the lower the uncertainty (𝑈𝑠) of the fit. Both the classic method and the 
least squares version might present different convergence conditions that can be evaluated either using 
the ratio of convergence (Classic fit) or the apparent order of convergence 𝑝 (Least squares fit) [27].   
 

1. 𝑝 > 0 for 𝑓  Monotonic Convergence 
2. 𝑝 < 0 for 𝑓  Monotonic Divergence 
3. 𝑝 * < 0 for 𝑓∗ Oscillatory Divergence 
Otherwise  Oscillatory convergence 

 
Where 𝑝 * was obtained with equation 2.5 by substituting 𝑓𝑖 for 𝑓𝑖

∗=|𝑓𝑖+1 − 𝑓𝑖|. Although the classic 
GCI method was carried out using a combination of 5 available grids, the apparent orders of 
convergence were either indicating divergence or monotonic convergence with values of 𝑝 that were 
considerably larger than the theoretical order of the model (Second) in most of the cases. The different 
orders of convergence were result of the combination of the grids. This indicated the presence of 
scattered data. The mesh independence study was then performed using the least squares version of 
the GCI methodology.  
 
For this type of GCI the error estimation based on the Richardson extrapolation can be used only when 
there is a monotonic convergence [27]. The grid convergence index is then defined in equation 2.7. 
 
(2.7) 

𝐺𝐶𝐼 = 1.25(𝛿𝑅𝐸) + 𝑈𝑠 
 
Eq. 2.7 is used when 𝑝 lies between 1 and 2; however, when  𝑝 < 1 then 𝛿𝑅𝐸 becomes over conservative 
and the points evaluated seem to be far away from the exact solution. On the other hand when 𝑝 is 
larger than the theoretical order of the model then the apparent order of convergence was set to two 
[27]. In this case equation 2.5 has to be minimized only for two variables 𝑓𝑒𝑥𝑎𝑐𝑡 and 𝛼.  
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Figure 2.5: GCI values for classic and least squares fits of propeller excess thrust and local drag values. The 

GCI values are shown for the finest and the coarsest grids. (Force coefficients were calculated for free 
stream dynamic pressure and 1 m2 surface reference).  
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In Figure 2.5 the first two comparisons made between the classic and the least squares methodologies 
showed agreement among each other for the overall excess thrust and the spinner drag. However, the 
later comparisons that assessed the drag values of the blade root suction side and the nacelle showed 
larger discrepancies between the classic and the least squares fit. All the cases showed convergence 
except for the one of the lower suction side and all the least square fits presented monotonic 
convergence.  
 
It was evident that the excess thrust presented lower GCI values than the ones showed by any other 
drag variable assessed in the mesh independence study. GCI values of 1.94 for the coarsest mesh 
indicated that the net axial force (Thrust – Drag) did not change significantly when compared to the 
theoretical zero grid spacing value. On the other hand, part of the total amount of excess trust was the 
spinner drag that exhibited significantly larger GCI values for the coarsest mesh (63.35%).  
 
The propeller excess thrust was at least two orders of magnitude larger than the spinner drag force 
with spinner drag values that represented around 1.5% of the propeller excess thrust. Regardless the 
low influence of the spinner contribution to the overall axial force of the propeller mostly produced by 
the blade, the calculated drag showed large dependency on the grid size (Figure 2.5). This would lead 
to think the finest grid would be more suitable in order to perform more reliable simulations for the 
new spinner designs. However, other way to approach the large dependency on the grid size for the 
spinner was to apply a refinement around the spinner region. This would be expected to resolve the 
simulation with less dependency on the size or in other words, the spinner drag would be closer to the 
theoretical zero grid spacing value calculated with the GCI.  
 
The local refinement would allow to use a coarser mesh than the finest one of 43 million elements and 
obviously reduce the computer power needed. Taking into consideration that both the excess thrust 
that was mostly produced by the blade (97%) and the nacelle drag showed values that were closer to 
the zero grid spacing one, only the spinner region was refined. Nevertheless, it was necessary to identify 
the part of the blade where the flow separation that was occurring at the spinner might have affected 
the blade loading and thus the mesh size dependency. In order to obtain more information about the 
influence that the blade root has on the overall drag, the blade was referred as a two sections blade, 
the lower region localized below 0.25 r/R and the upper part which comprised the rest of the blade.  
 
As it can be observed in the Figure 2.6 and 2.7, the grid refinement seemed to affect mostly the blade 
root but also the blade tip in a lesser extent. The blade root was the only region of the blade that 
produced drag instead of thrust and it was especially predicted by the finer grids. The two coarsest 
grids seemed to be over-predicting the blade root thrust while the 11.4 million, 21.9 elements and 43 
million element grids showed similar blade loading predictions. These observations led to the 
conclusion that the reference mesh (11.4 million) might present spinner drag values that were closer 
to the theoretical zero grid spacing value after a local refinement around the spinner region and the 
blade root one.  

2.2.2 Refinement of the reference mesh 

The 11.4 million grid was refined using the spherical refinement zone previously located at the blade 
root trailing edge. Through the extension of the sphere radius, the number of elements inside the local 
refinement was increased as shown in Figure 2.9. The new refinement decreased the size of the 
elements behind the spinner for later assessment of longer designs. Given that the refinement was 
extended inside the rotational region, the total number of elements of the grid was increased; however, 
the length of the domain where the wake was calculated was reduced since it was considered 
unnecessary long (Fig. 2.8).  
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Figure 2.6: Propeller blade thrust encountered on the five grid sizes simulations. 

 
 

 
Figure 2.7: Blade root thrust distribution encountered on the five grid sizes. 
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Figure 2.8: 11.4 million elements reference mesh (Up) and 13.1 million elements Original refined mesh 
(Down). 

 
The new refinement was expected to show a spinner drag value that was closer to the theoretical zero 
grid spacing value but also to capture more flow information due to the larger number of resolved cells. 
Even when this refined mesh, hereinafter called Original Refined, had a 64% shortened wake-sub 
domain, it predicted similar results especially close to the blade root.  
 

 
Figure 2.9: Mesh independence study domain layout (Up) and refined mesh domain layout (Down). 

 
The rotational zone had the smallest grid element size so its extension increased the total number of 
elements despite the reduction of the wake sub-domain. Table 2.6 shows the estimated GCI of every 
component of the propeller for the different mesh sizes. In addition to that, the Original refined GCI 
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was also computed using the same safety factor and the same uncertainty used for the reference mesh 
of 11.4 million elements together with the theoretical zero space grid calculated for the apparent order 
of convergence indicated in table 2.5. The GCI of the Original refined mesh showed in Table 2.5 was 
calculated using the same exact value obtained by the least squares fit, a safety factor of 1.25 and the 
same uncertainty of the reference mesh (11.4 million). The Original refined mesh showed values that 
were closer to the calculated exact value than the 11.4 million for all the locations, especially at the 
spinner where the prediction was similar to the one made by the finest grids.  
 
Table 2.5: Relative error with respect to the values for zero spacing grid including the original-refined mesh. 

 
Mesh size 

(Millions of 
elements) 

 
Excess thrust GCI 

with P=2 

 
Spinner Cd GCI 

with P=2 

 
Lower suction Cd 
GCI with P=1.72 

 
Nacelle Cd GCI 

P=1.08 

4.1 1.94% 63.35% 32.46% 17.42% 

6.6 1.12% 36.92% 25.60% 15.24% 

11.4 1.27% 33.00% 23.86% 13.88% 

21.9 0.53% 12.75% 13.37% 9.76% 

43.2 0.76% 15.69% 13.50% 9.41% 

 Original 
refined 

13.1 

 
1.13% 

 
16.84% 

 
21.83% 

 
13.50% 

 
The solution provided by the refined mesh was used as reference for all the solutions shown in the 
thesis. This is why, some flow variables were assessed in order to provide an idea of the performance 
of the original configuration of the propeller. Assuming that the spinner of any pusher propeller 
configuration is generally immersed in the propeller wake, the pressure field of the wake was likely to 
affect directly the spinner drag. In order to compare the flow characteristics encountered in the original 
spinner design, four YZ planes parallel to the propeller rotor disk were defined. The planes were located 
at 0.46, 0.55, 0.63 and 0.72 R respectively from the origin (Figure 2.10). The values of pressure 
coefficients were assessed and circumferentially averaged so they could be shown as function of the 
propeller radius. 
 

 
 

Figure 2.10: Propeller wake testing planes.  
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The pressure distribution behind the propeller rotor seemed to be more similar among the 6 grids when 
it was tested further downstream and showed larger differences when tested closer to the blade origin 
(Figure 2.11). The radial section that was depicted in Figure 2.11 remained below 0.4 r/R where the 
pressure drag was mostly related to the spinner flow separation and the interaction with the low 
pressure zones produced by vortical structures. The pressure distribution observed for the Original 
refined mesh seemed to have similar results to the ones of the finest grids, especially below the 0.1 r/R 
in fact, the more distant the plane is, the greater the resemblance among the Original refined and the 
finest grid pressure distribution of Figure 2.11. The resemblance in the pressure coefficients of the 
lowest radial locations was an indication of the presence of the so called hub vortex. Nevertheless, the 
prediction shifts away for the closest planes, especially at radial positions where the pressure field is 
mostly determined by the flow separation.  
 

 

 
Figure 2.11: Circumferentially averaged pressure distribution for five grid sizes and for the refined mesh. 

 
Given that the magnitude of the pressure coefficients was circumferentially averaged, the values shown 
at higher radial positions were averaged over longer circumferences. This did not represent a 
comparison problem for the Cp; however, it would be a problem for the depiction of the vortical 
structures. In order to look at the strength and position of localized flow characteristics such as vorticity, 
different radial positions and thus different circumference radius would mislead the results indicating, 
for example, that the tip vortex would be significantly weaker than the hub one. The Figure 2.12 depicts 
the maximum values Q criteria as a vortex method of visualization encountered at the testing planes. 
In a similar way as the pressure field, the Original refined grid predicted similar values of Q criteria than 
those obtained with the finest grid, especially at the last testing plane located further downstream. It 
was evident that the strongest swirl was encountered at the closest testing plane at a radial position 
around 0.2 r/R similar to the position of the blade root trailing edge.  
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Both the finest grid and the Original refined one showed stronger Q criterion peak values at the hub 
when compared to the other grids. The similar behavior of the Original refined grid and the finest one 
can also be observed when comparing the radial-averaged pressure values especially at the distant 
testing planes. Contrary to the fine grids, the coarsest grids did not predict swirl structures with the 
same strength neither at the blade root nor at the spinner end. The Q values of the refined mesh 
presented in Figure 2.12 are very similar to the ones of the finest mesh. This suggests that it is especially 
related to the blade root refinement. Speaking about the Q values encountered at the sample plane 
that was located closer to the blade root, both the Original refined grid and the finest grid exhibited 
the largest values. On the other hand, the coarsest grids seemed to under predict the swirl formation 
at that particular refined mesh, the blade root swirl seems to be stronger than the one at the spinner 
end, especially at the closest plane. This might be noticed on the pressure distribution location.   
 

 
 

 
Figure 2.12: Maximum Q vorticity encountered at every radial position for five grid sizes and for the refined 

mesh.      

2.3 Conclusions of mesh independence test 
 

A mesh independence study was carried out using both the classic and the least squares version of GCI 
in combination with 5 grid sizes that were scaled 1.3 times in the element size. Given that the classic fit 
that required only 3 grids predicted super convergent orders or even divergence, only the results of the 
least square approach were used in order to avoid scatter data. The excess thrust (Drag-Thrust) values 
of the entire propeller together with the nacelle and spinner drag were compared to the zero grid 
spacing values found with the least squares version of GCI. The coarsest grid presented a GCI value of 
1.94% while the two finest (21.9 and 43.2) showed 0.53% and 0.76% respectively. Finally, the Original 
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refined mesh chosen to be used in the following simulations showed a GCI value of 1.13% for the overall 
excess thrust.  
 
The Original refined mesh with 13.1 million elements decreased the GCI value measured for the spinner 
drag from 33% to 16.84% compared to the zero grid spacing value calculated using the least squares fit 
of the 5 initial grids. 
 
The Original refined mesh not only reduced the overall relative error of the predicted drag, but showed 
similar values between its pressure field behind the propeller and the ones obtained with a mesh that 
had 1.69 times smaller element length with more than 3 times the total number of elements. The 
similitudes in the flow solution was more evident further away from the rotor than closer to it, meaning 
that the rotor hub refinement influenced the wake characterization even when the elements of the 
wake region were no longer refined. 
 
The largest Q values were encountered at the three highly refined grids and also at the Original refined 
and similar to what was observed at the pressure field; the values of the Q criterion observed at the 
finest mesh were very similar to the ones observed using the Original refined grid at around 0.7 
propeller radius downstream ahead.  
 
Overall, the Original refined mesh showed similar results than the ones obtained with the finest grid of 
43.2 million elements. The simulations were performed using the TU Delft aerospace cluster mostly by 
nodes of 128 GB RAM where the time to solve an Original refined simulation was about 34% of the time 
used for the 43.2 million elements grid for equal number of iterations. Due to the similarity in results 
and the savings on computational time, the Original refined mesh simulation was used for the rest of 
the simulations performed throughout the thesis.  
 
Independently of how coarse was the spinner region of the mesh, the time of convergence of the 
spinner drag coefficient was longer than the one observed at the nacelle for every mesh tested. The 
last 100 iterations average got closer to a constant value when the drag was assessed at the nacelle 
unlike the more fluctuating values observed at the spinner. Separation was likely the cause of such 
oscillating yet convergent behavior at the spinner (Fig. 2.13).    

 
Figure 2.13: Convergence history of spinner and nacelle drag for the Original refined mesh (13.1 million).     
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3 Influence of the spinner 

design on the propeller 

performance 
 
 
The different propeller excess thrust (Fex) achieved by the spinner re-design was the result of multiple 
processes that changed the velocity field, the pressure field, the vortex formation and other variables 
that depended on geometrical changes. In order to have a better understanding of how some of these 
processes affected each other, a more complete assessment was performed. In the next chapter, it was 
intended to establish a correlation between the general effect of changes in spinner geometry and their 
contribution to the propeller performance due to quantitative values obtained directly by the 
simulations but also a more qualitative approach given by the CFD post processing and comparison 
between the original design and the new changes in the spinner.  
 
This chapter starts with a preliminary assessment of the simulation taken as reference where the 
original design was tested. Special attention was placed on the streamlines that were observed on the 
original design configuration of the propeller. The following part of the chapter comprises the effects 
that a shorter spinner design had on the propeller excess thrust, flow separation and vortex/swirl 
formation. As it can be expected, the boundary layer on a shorter spinner design in a pusher propeller 
will encounter steeper adverse pressure gradients if the diameter is kept constant. This is why this 
chapter included a comparison among different spinner diameters with constant length in order to 
assess the effect of the blade exposure in the propeller performance.  
 
Finally, the last section discussed the longer spinner designs and their effect on the propeller 
performance just as done for the shorter spinner geometries but in a more direct way.   
 
The first changes made on the original spinner geometry provided a first look to both the magnitude 
and the sensitivity of the variation of the performance variables. Either because of flow separation 
delay, changes in pressure coefficients, blade loading or the formation of vortices, flow field variables 
undoubtedly provided a broader picture that helped to establish an initial relation between the spinner 
geometry and the overall propeller performance, possibly applicable to other pusher propeller 
configurations. The geometrical modifications followed three main guideline patterns:   
 

 Length reduction, independently of the blade exposure 

 Blade exposure variation at a fixed length 

 Length extension, independently of the blade exposure 
 

3.1 First spinner geometrical variations 
 
As seen before, the original design showed separation at the spinner section. This seemed to be one of 
the causes of the poor pressure distribution that could potentially be improved (Figure 3.1). 
Nevertheless, the spinner drag represented only 1.66% of the entire propeller excess thrust, meaning 
that the thrust gain would represent a relatively small amount of similar order of magnitude. It is 
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important to mention that unless indicated otherwise, the post processing analysis was mostly taking 
into account the rotational frame of reference of the spinner and the rotor, especially for the velocity 
streamlines depiction.  
 

 
 

Figure 3.1: Original design spinner separation visualized at 20° tilted plane.   

  
The separation shown on the spinner baseline design started at around the blade root trailing edge. 
The separation can be observed in Figure 3.1 either by looking to the reverse flow shown by the 
streamlines or by looking at one of the turbulence indicators such as the turbulent kinetic energy (TKE) 
[29]. The TKE increased after the blade root which suggested that the root loading was influencing the 
spinner flow separation especially because of the suction side separation (Figure 2.11). So the root 
loading has to be taken into account in order to induce a more favorable pressure gradient on the 
spinner flow. 
 
Besides the evident flow separation, a low pressure zone was also encountered at the spinner end. The 
low pressure region seemed to confirmed the presence of the swirl that has been found before in 
several pusher propeller configurations and described as a hub vortex. [11] [30] 
 
The pressure drag seemed to be the main factor affecting the total spinner drag in the original design 
due to the high flow separation on the spinner. That is why the magnitude and location of the low 
pressure zones of the spinner needed to be identified as reference points for comparison. In the viscous 
forces contour shown in Fig. 3.2, the viscous forces encountered after the blade root were close to zero 
or even negative as part of flow reversal. On the other hand, there were larger viscous forces on the 
pressure side due to the relatively delayed flow separation (Fig. 2.11).  
 

 
Figure 3.2: Top view of original spinner pressure distribution (Left) & spinner axial viscous forces (Right). 
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The relation between the blade root loading and the spinner flow separation was discussed in further 
chapters as one of the main reasons for the spinner drag reduction and thus for the pusher propeller 
increment in efficiency. The other important part of the analysis was focused on the changes detected 
in the pressure field around the spinner where the location and magnitude depended mostly on how 
was the flow expanding. In the contours showed in Figure 3.2 particularly looking at the trailing edge it 
was possible to see positive values of Cp in a very similar location where there were negative axial shear 
stresses due to the reversed flow that was coming from the pressure side.  

3.2 Effect of spinner length reduction on the propeller performance 
 
All the new designs of spinners were axisymmetric bodies, so the changes in geometry were made by 
parametrizing a 2D profile of the original design (Figure 3.3). The goal of the first designs was assessing 
the effect of a shorter spinner design, so the independent variable among the parameters of the profile 
was the length. Neither the height nor the gradient of curvature was set to a specific value; nonetheless, 
given that at the hub the blade had to be connected to the shaft certain limits were defined in order 
not to expose the cylindrical part of the blade root.  
 

 
Figure 3.3: 2D projection of the original design of the spinner. 

 
In order to carry on the simulations of shorter spinner designs and any other spinner modifications, the 
spinner diameter was limited to host the blade root at least 60% of the amount of blade root hosted 
by the original design as shown in Figure 3.3. The limit was set considering that if less than 60% of the 
blade root is hosted (Measured in radial direction) the airfoil of the lowest r/R position would eventually 
become a circle. Common pusher propeller installations [31] suggested that the blades with cylindrical 
roots not only did not expose their lowest positions, but they even implemented blending surfaces in 
order to connect the root to the spinner. Hence, increasing the wet surface at the lowest radial 
positions would most likely end up with a decrement the propeller efficiency since there wouldn’t be 
distinction among pressure and suction side. 

3.2.1 Effect on thrust and propeller drag 

A gradual shortening from 5% to 35% of the original length was tested (Figure 3.4). Figure 3.5 depicts 
the propeller excess thrust of the shorter spinner designs. Seven designs shorter than the original were 
tested under the same cruise conditions using the same CFD setup and the same Original refined grid.  
As it can be seen from the graph, the greater excess thrust was observed at around 15% of the spinner 
length reduction. The thrust increment never exceeded 0.5% when compared to the original propeller 
thrust; however, when the comparison was made among the spinner drag then a larger difference was 
observed. The overall propeller excess thrust (Thrust-Drag) was a convenient way to measure the 
general impact that the spinner had on the propeller performance; however, the assessment of the 
individual contributions of the spinner, nacelle and blade root was also necessary in order to improve 
the overall propeller efficiency (Figure 3.6).  
 



       
 

25 
 

 
Figure 3.4: Shorter spinner group. 

 
 

 
Figure 3.5: Propeller excess thrust variation among shorter spinners. 

 
 

1) 5% shorter
2) 10% shorter
3) 15% shorter
4) 15.5% shorter
5) 20% shorter
6) 25% shorter
7) 30% shorter
8) 35% shorter

1 2 3

4 5 6

7 8
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Figure 3.6: Spinner shortening effect on spinner, nacelle and blade root drag. 
 
In most of the cases (7 out of 8) the shorter spinners reduced the spinner drag. At the same time the 
shorter spinner length had the effect of increasing the excess thrust in 5 out of 8 cases so, it can be said 
that the length reduction had an overall positive influence in the propeller performance although the 
magnitude was relatively small. Most of the spinner designs that induced a lower excess thrust also 
presented larger spinner drag; however, the shortest design showed lower values of excess thrust 
independently of the spinner drag reduction. The reason is that the blade root produced the largest 
negative component of thrust of all the cases due to the largest blade exposure where the flow was 
mostly separated in the suction side and the suction was actually produced in the pressure side. This is 
why the negative thrust that was produced in the pressure side seemed to be increased as the spinner 
length was reduced. 
 
In order to have a better understanding of the individual contribution of Nacelle, Spinner and Blade 
root they can be compared to the excess thrust reported for the whole propeller of the original design. 
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Table 3.1: Fraction of the excess thrust per component of the propeller (Original design) 

 
Propeller component 

 
Individual fraction (%)  

Summation of absolute axial forces  100% 

Spinner (Drag) 1.56% 

Nacelle (Drag) 0.65% 

Blade root (Negative thrust) 0.69% 

Rest of the blade (Thrust) 97.1% 

 
The part of the blade comprised beyond 0.3R, was the only part of the propeller that generated positive 
thrust, meaning that the spinner, the blade root and the nacelle induced axial forces that acted in 
opposite direction. Table 3.1 depicted the induced negative thrust forces as a percentage of the 
propeller excess thrust where the spinner drag represented the largest contribution with 1.66%. The 
second largest component of negative thrust was found at the blade root that represented 0.73% of 
the excess thrust, 0.04% more than the nacelle. The negative Cp values found in the pressure side of 
the blade root represented the largest contributor to the reversed thrust encountered on the blade 
root.  
 
Six out of the eight short spinner designs induced larger values of propeller excess thrust when 
compared to the original one. This indicated that even when all the shorter cases presented flow 
separation, the initial spinner design had a larger drag not only because of the separation but also 
because of a strong interaction with the hub vortex.      
 

 
Figure 3.7: Top view of Cp contours on shorter spinners. 
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As it can be appreciated from the Figure 3.7 a low pressure zone was generated on both suction (Right 
edge) and pressure side (Left edge) of the spinner wall but also towards the end of the spinner. The 
effect of a strong root vortex can also be observed on the original spinner design and on the 5% shorter 
as a low pressure trace that extends from left to right just after the trailing edge. On the original design 
it is also possible to see that the low pressure contour that crosses the spinner from left-up to right-
down comes from the previous blade. This also indicated that the low pressure trace observed 
downstream comes from two blades before.  
 
Other variables that influenced the spinner pressure recovery was the blade exposure as a result of 
spinner diameter variation. The blade loading played a very important role since its design seemed to 
be enhancing the vortex formation. This affected both the attached flow and the overall pressure 
distribution on the spinner. As the spinner became shorter, the height in radial direction got decreased 
in order to maintain a similar adverse pressure gradient by reducing the slope of the spinner. For this 
particular propeller configuration, it had to be taken into account that as the spinner diameter was 
reduced, then the lowest airfoil of the blade root started to be more similar to a cylinder than to an 
aerodynamically designed airfoil.   
 
Among the short spinner group, only the 5% shorter had the same blade exposure as the original design 
while the 10%, 15%, 20%, 25%, 30% and 35% shorter spinner design keep a similar blade exposure that 
was larger than the original design. On the other hand, the spinner that is 15.5% shorter than the 
original had the greatest blade exposure of all (See Figure 3.4). In theory, for similar spinner diameters 
but shorter lengths the pressure coefficients should be increased along the spinner for as long as the 
flow remained attached where positive pressure coefficients would be observed due to the greater 
expansion of the attached flow. When looking at the shortest spinner (35% shorter than the original) 
that has the steeper curvature and thus the greatest adverse pressure gradient, the boundary layer 
separates and most of the flow is detached, which explains the absence of the larger positive Cp values 
on the spinner (Figure 3.7).     

3.2.2 Effect on separation 

As the length was shortened the flow separated in a different way along the spinner thus changing the 
pressure distribution. Earlier flow separation produced by steeper adverse pressure gradients would 
explain why is that the pressure drag represented a more dominant effect when compared to the 
viscous drag (Table 3.2).  
 
Table 3.2 shows the pressure and viscous components of the drag of shorter spinners as part of their 
total drag respectively.  
 

Table 3.2: Pressure and viscous drag contributions for shorter spinners 

 
Spinner length  

 
Spinner pressure drag 

 
Spinner viscous drag 

5% shorter 97.1% 2.9% 

10% shorter 96.6% 3.4% 

15% shorter 96.3% 3.7% 

15.5% shorter 97.0% 3.0% 

20% shorter 96.7% 3.3% 

25% shorter 95.8% 4.2% 

30% shorter 95.4% 4.6% 

35% shorter 97.5% 2.5% 
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Flow separation was clear in all the designs including the original one where recirculation was observed 
for the entire group. Given that the flow separated in all cases close to the trailing edge of the blade 
root, it was evident that separation was largely induced by the blade root and not only because of the 
adverse pressure gradient imposed by the spinner curvature. The streamlines showed an initial hint for 
detachment towards the end of the suction side where the velocity field was clearly disturbed. The 
change in direction of the streamlines was followed by a concentrated recirculation region indicating 
that most of the flow was separated from the spinner wall. Outside of the recirculation region formed 
along the spinner, the flow that came from the blade root pressure side interacted with the one coming 
from the suction side, forming the main vortical structure or blade root vortex mostly due to rotational 
flow that was induced by opposite radial components of velocity like observed in the blade tip vortices 
(Fig 3.8). The main root vortex exhibited a positive rotational sign in axial direction (Downstream 
positive) and in some of the cases the rotational flow observed at the root vortex was found 
downstream ahead with similar magnitude towards the slipstream direction.  
 
The shear stresses shown on the 15.5% shorter spinner (Fig. 3.8) indicated that the flow separation for 
this design started in the portion of the spinner that was close to the blade root suction side. The 
recirculation was indicated by the direction of the shear stress vectors due to the negative axial 
component. The transverse flow coming from the blade root pressure side encountered flow with 
significantly larger axial velocity components outside from the recirculation region. This indicated that 
to favor the boundary layer detachment. A “separation” vortical structure was observed as a result of 
the crossflow generated in the blade root. This vortical structure extended in a more pronounced 
negative tangential direction when compared to the main blade root vortex, which emphasized the 
effect of the greater negative tangential velocity component of the flow that was coming from the 
recirculation region. Both the magnitude of the vortex structures and their effect on performance are 
discussed in further sections. 
 
The detached flow originated the swirl that interacted with the boundary layer coming from the nacelle. 
The spinner drag related to the vortex structures is discussed in further sections; however, the relation 
of the main root vortex with the low pressure region formed at the end of the spinner was evident, 
especially when looking at the pressure contours.  
 
The vortex-induced spinner drag was observed to be especially strong on the Original design but also 
at other cases such as 5%, 10% and 25% shorter spinners. The low pressure region generated at the 
end of the spinner represented the largest spinner drag contribution for cases such as the 5% shorter 
spinner despite its relatively low presence of reverse flow on the spinner wall.  
 

 
Figure 3.8 Shear stress vectors and Vortex structures visualization on 15.5% shorter spinner. (Q criterion 

isosurface of 470 000 s-1, X axis are positive in downstream direction)  
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The regions of reversed flow that were present among the short spinners (Blue contours of Figure 3.9a) 
varied in magnitude and location. This changed the way the flow expanded on the spinner and hence 
it modified the pressure drag of every design. Pressure recovery showed to be improved as the flow 
separation was delayed, so it can be inferred that the spinner designs with early flow separation would 
very likely induce a poorer performance. 
 
The separation observed in (Fig. 3.9 a) was occurring mainly in two different ways. The first one was 
the one showing a large recirculation region that extended along most of the spinner wall like the one 
observed at the 15%, 15.5% and 30% shorter spinners. There was separation in the three of them 
without any hint of reattachment; nevertheless, since the recirculation region was formed in a more 
flattened shape instead of growing from the spinner wall in the 15% and 15.5 % cases, the main flow 
still encountered a larger expansion as observed in certain two dimensional diffusers [32]. The 
increment of pressure coefficient values especially towards the spinner end meant larger normal 
outward components of force in direction of thrust which helped to decrease spinner drag. This is why 
the 15% and the 15.5% shorter spinners showed the best pressure recovery of the entire short group 
as well as the lowest spinner drag.   
 
A relatively greater spinner drag was observed for the original design and for the 5% shorter spinner in 
contrast to the one of the 15% or 15.5% shorter spinners. As mentioned before the difference relied 
mostly on how differently the flow separated in the spinner but also on whether or not there were 
strong negative pressure coefficients induced by the hub vortex at the end of the spinner. The second 
type of separation observed on most of the spinners and especially on the original one, was 
characterized by the thin and elongated recirculation region that didn’t reach the end of the spinner. 
Instead, the end of the spinner encountered reattached flow that induced positive axial shear stresses 
on the spinner wall in similar direction to the one of the propeller slipstream. Even when the spinners 
that encountered this type of separation seemed to show relatively large positive pressure coefficients 
mostly around the midsection of the spinner, the overall spinner drag was not reduced as much as for 
other designs. A large portion of the flow in the vicinities of the spinner end had a relatively low 
momentum, suggesting that the hub vortex formed at the end of the spinner resulted from the 
interaction of the negative tangential velocity of the separated flow and the main flow.   
 
When looking to the flow field of the 15.5% shorter spinner, the pressure contours were very similar to 
the one observed at 15% shorter meaning that even when the two designs had different blade exposure 
due to difference in diameters (See Figure 3.4), the similarities in length were predominant on the 
pressure field; however, the greatest reduction in drag was observed in the spinner with the lowest 
diameter. The lower diameter of the 15.5% shorter spinner seemed to reduce the drag because of the 
greater space that the main flow had to expand; however, other reason was the relatively larger flow 
velocities encountered close to the spinner in comparison with the rest of the tests. By looking to the 
axial velocity contours of Figure 3.9, it was possible to see that the 15.5% shorter spinner had the largest 
negative components nearby the spinner and also the lowest pressure coefficient within the 
recirculation region (Fig. 3.9b); nevertheless, the spinner drag was lower than the one of the original 
design emphasizing the importance of the pressure recovery towards the end of the spinner 
independently of the separated flow. 
 
In order to continue assessing the separation effect on the spinner drag it was necessary to take into 
account that the blade root influenced the spinner flow separation in a different way on the pressure 
side than it did in the suction side. In Table 3.2 the viscous forces produced by the axial shear stresses 
showed to be almost negligible in terms of its direct propeller axial force contribution (Excess thrust). 
Nonetheless, despite their small contribution, the contours of viscous forces worked as an indicative of 
where the separation started.  
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Figure 3.9: a) Separation streamlines on shorter spinners and negative axial velocity contours at 20° tilted 

plane. (See. Figure 3.1)  

Original 5% shorter 

10% shorter 15% shorter 

15.5% shorter 25% shorter 

30% shorter 35% shorter 
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Figure 3.9: b) Cp contours on shorter spinners at 20° tilted plane. (See. Figure 3.1)    
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By looking at the Figure 3.10 it was clear that the two zones with the highest negative shear stresses 
were at the stagnation point of the blade root and also at the rear part of the suction side of the blade 
root. This spotted the presence of reverse flow due to separation, enhancing the blade loading on the 
pressure side (Producing suction). Given the predominant influence of the pressure in the total spinner 
drag, the flow separation was obviously not wanted; however, even when shorter designs did not delay 
the flow separation in any way, the spinner drag was still decreased largely because shorter spinners 
kept their rear part further way from the low pressure zone generated by the hub vortex. 
 

 
Figure 3.10: Top view of axial friction coefficient contours on shorter spinners. 

 

3.2.3 Swirl formation at blade root and spinner 

The vortex structures formed at the blade root have shown to be a very important element that formed 
part of the flow separation by both triggering it and being originated by it. In other words, the flow 
separation observed at the blade root seemed to induce the formation of the separation vortex which 
at the same time produced earlier flow separation along the entire spinner. Its assessment might 
become complex due to the vortex breakdown happening at the blade root and thus at the hub vortex 
of the propeller [3]. As mentioned before, the pressure distribution offered an insight about certain 
flow-vortex interaction as well as the separation streamlines so a clear observation of the vortex system 
acting on the blade root and at the hub (Spinner rear end) was necessary. There were several methods 
for vortex visualization and in general any swirl structure visualization used in literature. Q criterion has 
shown to be one of the most common methods to visualize vortex structures [33] [34]. The Q criterion 
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method defines the vortex as the connected region where the second invariant of the velocity gradient 
is positive. The characteristic equation of the velocity gradient is given by: 
 
(3.1)  

𝜆3 + 𝑃λ2 + 𝑄λ + R = 0 
 
Then using the decomposition into symmetric and anti-symmetric parts of the velocity gradient tensor, 
the invariant Q can also be expressed as:  
 
(3.2) 

𝑄 =
1

2
[‖𝛺‖2 − ‖𝑆‖2] 

 
Where ‖𝛺‖ and ‖𝑆‖ are the Euclidean norms of the anti-symmetric and the symmetric parts of the 
velocity gradient respectively. According to the definition shown in equation 3.2, the Q criterion 
describes a vortex as the region where the rotating values are dominant over the straining ones. 
Vorticity understood as the curl of velocity has been used as well in order to visualize vortex structures 
but its relative inability to distinguish among swirling and shearing motions might not produce a 
visualization as defined as the Q criterion, especially failing close to the walls [35]. This is why other 
options were tested such as Lambda2 or Swirl strength methods as possible alternatives to Q criterion. 
The first one bases its vortex definition on the velocity gradient decomposition into symmetric and anti-
symmetric parts just as the Q criterion does; nevertheless, it focuses on the eigenvalues of  𝑆2 + 𝛺2, 
requiring at least two of them to be negative and it adds a pressure minima requirement to consider 
the vortex existence.  
 
The swirl strength method, on the other hand, relies on the imaginary parts of the complex eigenvalues 
of the velocity gradient tensor. The local swirl strength of the vortex is then quantified by the positive 
complex imaginary part of the eigenvalue. 
 
The four methods described above are the ones that the author has found to be the most used for 
current vortex visualization. The low pressure zone that some of the methods require due to its 
inherent vortex description seem to be a useful tool for the characterization of some of the vortex 
structures because the low pressure that acts on the spinner walls is directly affecting the propeller 
drag; nonetheless, small swirls that do not necessarily represent a strong low pressure region are 
important due to their interaction with the boundary layer and thus the flow separation of the spinner.  
 
Figure 3.11 shows the blade root vortex system acting on the original design of the spinner at around 
the same level of vorticity in their own scales. It was clear that Q-Criterion, Lambda2-Criterion and the 
Swirl Strength-Criterion had a similar definition of the vorticity field and that all of them showed the 
main vortex bodies with clarity. That is not the case for Vorticity-Criterion that although it depicted the 
four main vortex structures, there was a marked absence of clarity. Vorticity method did not depict the 
weaker swirls formed at the trailing edge and the suction side of the blade root. In addition, the hub 
vortex at the end of the spinner was missing only with the Vorticity method for the same relative level 
of depiction. At this point the terminology “Hub vortex” has been used in the thesis in the same way 
that has been used in literature that described the vortex-like structure that was mainly observed in 
marine propellers [6] [7]. However, the structure seemed to be formed by the interaction of the flow 
with both the blade root loading and the spinner early/delayed flow separation.      
 
The clearest identification of main vorticity structures and small swirl formation was given by the Q-
Criterion and the Swirl-Strength. Taking into account that Q-Criterion seemed to be the most common 
vortex definition used in literature and in CFD post-processing software, the vortex-related assessment 
was performed using Q-Criterion method.  
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The vortical structures identified at the root were different from the ones seen at the blade tip mostly 
because of the opposite sign of rotation. The blade tip vortex had a negative sign of rotation in 
downstream direction (X axis; Fig. 3.8), while the vortices coming from the blade root presented 
positive rotation signs with exception of the vortex formed at the end of the spinner. The different sign 
was a good indication that the structure identified as hub vortex was most likely a swirl that was formed 
by the interaction of the particular blade loading. Given that the blade loading will be obviously 
modified at the root with every spinner design, a clear depiction of the vortical structures was 
preferred, especially because in this particular blade design the blade root encountered flow separation 
on the root suction. This characteristic of the blade would likely decrease the kinetic energy of the 
boundary layer while increasing the vortex merging from blade to blade [3]. 
 

 
 

 
 

Figure 3.11: Original Blade root/hub vortex visualization with different methods (Isosurface shown at the 
same level on their own normalized scale; I.e. Q=470,000 s-2 and Vorticity=3060 s-1). 

 
In order to assess the influence of the vortex induced drag and any change in the spinner geometry, an 
efficiency term was introduced using the efficiency definition of chapter 1. 
 
 
(3.3) 

𝜂𝑝 = 𝐶
𝐹𝑒𝑥

𝑄
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(3.4) 

𝜂 =
𝜂𝑝;𝑛𝑒𝑤 𝑑𝑒𝑠𝑖𝑔𝑛

𝜂𝑝;𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙
= 𝑅𝑒𝑙𝑒𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

 
Where 𝐹𝑒𝑥 is the excess thrust of the propeller and 𝑄 is the torque of the propeller. As mentioned 
before, the research was made for cruise conditions and a fixed advanced ratio so the flight speed and 
the rotational speed were considered as a constant term that was neglected for comparison purposes, 
being the ratio of excess thrust over torque the one that has been compared throughout the research 
as a relative term with respect to the original propeller efficiency.  
 
The Figure 3.12 depicts the main vortical structures encountered on the original design of the spinner 
after the propeller simulation. The Q-criterion makes possible to observe four main structures: 
Horseshoe vortices, the blade root vortex, the separation vortex and the hub vortex.  
 
The horseshoe vortices (HSV) were located near the suction and pressure side of the blade root. These 
structures were shown to be repeatedly in the same position regardless the spinner case that was 
tested. Despite being vortices with large Q criterion values, neither of them represented a major 
contribution to the spinner drag. It was possible to see that the HSV of the pressure side dissipated in 
the same frame of the picture. This meant that there was no trace of it coming from the previous blade. 
On the other hand, the HSV from the suction side not only reached the next blade frame but also 
merged with the early phase of the separation vortex that suggested a possible contribution to the flow 
separation on the spinner. HSV showed to be very concentrated regions of stable vortices that were 
observed independently of the flow separation occurring at the spinner.  
 
 

 
 

Figure 3.12: Main vortical structures on original spinner (Tip vortex is not taken into account).  

(Q-criterion Isosurface of 470 000 𝒔−𝟐)   

 
The “separation vortex” is the vortical structure formed by the interaction of the disrupted boundary 
layer on the suction side. The effect of the vortex can be appreciated in Figure 3.9b as a concentrated 
low pressure region that was encountered before and after the trailing edge. Its formation was mostly 
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due to the crossflow produced by the negative components of radial and axial velocities of the flow 
that came from the root pressure side and reached the rear separated region of the root suction side, 
constantly indicating the separation point. The main flow remained close to the spinner wall where the 
flow recirculating in the spinner induced the crossflow that ended up originating the vortical structure. 
Due to the swirl magnitude, the separation vortex in the original design was shown to be present in the 
next periodical wedge, most likely interacting with the next blade. Among the short spinner cases, the 
spinner flow separation started at the same place where this vortex was formed.  
 
The main blade root vortex was one of the strongest among the structures acting at low radial position, 
only compared to the separation vortex. Both swirls carried along low pressure regions that inevitably 
end up increasing the spinner drag especially when they are closer to the spinner wall. The main blade 
root vortex was clearly observed among all the simulations made with shorter spinners, contrary to the 
separation one. 
 
The hub vortex or also called “forced vortex” by some authors [8], was the structure that was depicted 
with a relatively large Q criteria values at the end of the spinner. It was produced by the downwash 
induced by the each of the blade roots. This downwash was mainly produced by the negative pressure 
coefficients of the pressure side which explains the opposite sign in comparison with the main root 
vortex. The hub vortex presented a lower magnitude but in most of the cases it induced a lower 
pressure zone. Although the root vortex or the separation vortex induced larger negative pressure 
coefficients zones, the influence of the hub vortex was greater since it acted where the wall had its 
largest outer normal component in axial direction such as the case of the 5% shorter spinner design 
where the spinner drag was significantly increased (See Fig. 3.6). As observed in the Figure 3.13, the 
vortices encountered at low radial positions of the shorter spinners were depicted in relation with their 
sign of rotation with respect to the axial direction. Based on this, the hub vortex showed a constant 
negative sign of rotation regardless its position or its magnitude.  
 
In order to assess the differences of the vortical structures among the shorter spinner group, the 
maximum values of Q-criteria were extracted from a plane parallel to the rotor disk at 0.15 and 0.55 
propeller radiuses from the defined origin. For reference purposes, the maximum Q-criteria values 
encountered at the hub represented around half of the magnitude of the blade tip vortical structures.  
 
Both Figure 3.14 and 3.15 depicted the maximum values of Q-criterion measured close to the blade 
root and after the spinner respectively. The location of the planes was kept constant for all the designs 
tested among the short group. As a mean of comparison a 50% shorter spinner with the exact same 
diameter distribution was added.   
 
Contrary to what was observed for pressure coefficients or flow velocities, the Q values shown were 
not averaged circumferentially. Instead, the maximum values were depicted, allowing a more direct 
assessment of the vortical structures strength independently of the radial position that the 
measurement was taken at. In addition, if only the strongest vortical structures are been shown then 
the sample becomes clearer since it leaves out the weaker regions of the rotational flow.    
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Figure 3.13: Vortex structures of short group (Q-criterion Isosurface of 470 000 𝒔−𝟐). Vortical structures in 
red presented a positive sign of rotation respect to the X direction.  

 
 

 
 

Figure 3.14: Maximum Q criterion values for short spinners close to the blade at 0.15 propeller radius from 
origin. Relative propeller efficiency is shown in the legend. 
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Figure 3.15: Maximum Q criterion values for short spinners at 0.55 propeller radius from the origin. 
Relative propeller efficiency is shown in the legend. 

 
By looking at the pressure coefficient contours it becomes evident that the spinner end was significantly 
affected by a low pressure region. According values of Q-criterion (Figure 3.14), the magnitude of the 
structures at the early formation of the vortex system (Close to the blade) was considerably larger than 
the ones encountered at the end of the spinner further downstream. The main blade root vortex was 
found to be the vortical structure at low radial positions with the largest Q criterion magnitude that 
sometimes became two swirls instead of one. 
  
Most of the peaks of vorticity shown in the graphs of Figure 3.14 represented the first and the second 
part of the root vortex but in some cases the separation vortex presented a large Q-criterion value as 
well. According to the magnitude peaks it was possible to establish a correlation that connects the 
vortical structures of the lower part of the rotor with the formation of the hub vortex and thus its 
detrimental impact on the spinner drag.  
 
The maximum Q values read from the plane located at 0.15 R (0.18 m) were split in two observable 
groups. In most of the cases the peaks belonged to the upper and the lower part of the main root vortex 
but in the 5% shorter, the 35% shorter and the 50% shorter spinners, the peaks closer to the spinner 
wall represented the separation vortex. The Q criterion peaks reported in the graphs of Figure 3.15 
stopped abruptly at the radial position that coincided with the spinner wall, so proximity reference 
between the spinner wall and the nearest peak was read in r/R counts.  
 
Table 3.3 depicts the vortical structures formed at the blade root with the lowest radial positions, 
showing the largest spinner drag and hub vortex Q criterion values that exceeded 0.3 million. The 15.5% 
shorter spinner case showed the lowest spinner drag and the lowest Q criterion value for the hub 
vortex. While the spinner drag increased in most of the cases when the hub vortex was stronger, the 
influence on the spinner drag seemed to depend on whether or not the hub vortex was close enough 
to the spinner wall. The pressure coefficients depicted in Figure 3.16 showed larger Cp values for the 
15.5% shorter spinner, the 30% shorter spinner and the 15% shorter spinner, even when the last one 
had a relatively strong hub vortex. Given that the hub vortex was formed only at very low radial 
positions of the 15% shorter spinner, its influence was limited to the very last part of the spinner which 
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prevented it from affecting the spinner pressure drag as much as it did for other designs such as the 
5% shorter. 
 

Table 3.3: Effect of proximity among the blade root vortex and the hub vortex (Measured at 0.55 R plane). 

 
Shorter spinner 

length  
(%) 

Radial position of the 
largest Q criterion value of 

any blade root vortex 
between 0.1 and 0.25 r/R. 

 
Hub vortex strength 

(Q criterion in millions of 
s-2) 

 
Spinner drag 

relative to the 
original design 

Original 0.17 R 0.30 1 

5 0.17 R 0.33 1.13 

10 0.18 R 0.30 0.79 

15 0.19 R 0.28 0.74 

15.5 0.21 R 0.15 0.69 

25 0.19 R 0.29 0.83 

30 0.19 R 0.23 0.80 

35 0.19 R 0.35 0.87 

50 0.17 R 0.34 1.05 

 

 
Figure 3.16: Pressure coefficients at 0.55 R downstream from origin (Plane after the spinner end).  

Relative propeller efficiency is shown in the legend. 

 
It is important to recall that even when the 5% shorter spinner design exhibited a strong hub vortex, 
the only geometrical difference compared with the original spinner was at the tip and not at the 
diameter distribution; nevertheless, the stronger hub vortex in combination with the flow separation 
ended up decreasing the relative propeller efficiency significantly. The poorer performance induced by 
the 5% shorter spinner was observed to be the result of the flow separation produced by the steeped 
curvature of the shorter length even when it induced an increment in Cp due to the flow expansion 
after the point of separation. The larger adverse pressure gradient encountered only at the spinner end 
seemed to induce earlier separation on the suction side as well.   
 
As the loading of the pressure side increased, the magnitude of the transverse jet flow coming from 
the pressure side did as well. This not only strengthened the separation vortex but also enlarged the 
separation bubble size causing flow acceleration at first and then flow deceleration due to its expansion. 
As mentioned before, the flow deceleration induced a positive Cp after the recirculation created by the 
separation vortex which could have been initially inferred as beneficial; however, the increased 
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negative tangential component of the velocity field, together with the larger pressure coefficients 
contributed to the formation of the strong hub vortex observed at the 5% spinner length reduction. 
 
Figure 3.17 shows the axial component of the force produced by pressure and viscous effects which 
was expressed as a fraction of the propeller excess thrust (Fex). Larger values are observed in the 5% 
shorter spinner even when the only change in design was at the spinner end.  
 

 
Figure 3.17: Hub vortex effect at the spinner end. 

 
The low Cp induced by the separation vortex of the 5% shorter spinner was clearly observed in the 
Figure 3.17; however, spinner drag related produced by the flow separation was significantly lower 
when compared to the one induced by the hub vortex one.  
 
While the original spinner’s drag represented 1.66% of the excess thrust, the 5% shorter spinner 
produced a drag force as large as 1.89% of the excess thrust. It was clear that the increment of the 
spinner drag was the main factor that caused the poorer performance; nevertheless, it is important to 
know how relevant the contribution of the last part of the spinner was. Taking into account that only 
the last portion of the spinner was affected by the hub vortex, the drag force produced by the spinner 
area between the 90% and the 100% of the spinner length was found to be 5.2% of the total spinner 
drag while in the 5% shorter spinner 9.5% of the spinner drag was produced.       

 

 
Figure 3.18: Blade root loading comparison.  
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Figure 3.18 depicts the blade loading with the 5% shorter spinner. Even when the blade exposure was 
kept constant for both designs, the blade root region below 0.25 R encountered larger values of 
negative thrust. The reduction of thrust was the result of the increased negative Cp observed in the 
pressure side of the blade root. As the spinner got reduced in length, the blade root produced larger 
amounts of negative thrust that were observed only at the blade root.  
 

 
 

Figure 3.19: Circumferentially averaged velocity magnitude and velocity components of shorter spinners 
(Relative propeller efficiency increments are indicated in their respective labels). Values displayed in the 
graphs were averaged at a plane located at 0.46 R. 

 
Contrary to the 5% shorter spinner, the 15.5% shorter one showed the largest performance 
improvements among the shorter spinners group, despite the negative thrust encountered at the blade 
root. The relative propeller efficiency was increased due to a more significant reduction in the spinner 
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drag that could also be observed at the recirculation region of the 15.5% shorter. As the flow separated 
in this spinner design, the negative axial velocities showed some of the largest values inside the 
recirculation region at the same time that the recirculation region was extended in axial direction. 
Figure 3.19 depicts the circumferentially averaged velocity magnitude among the shorter spinners as 
well as its components and it can be appreciated that for both, 15% and 15.5% shorter spinners, the 
magnitude of the velocity was relatively larger compared to the rest of the cases. Below 0.15 r/R, the 
velocity magnitude started to decrease relatively faster and around the radial position of 0.08 r/R, the 
velocity magnitude of the 15.5% shorter spinner became the lowest among the group. The velocity 
magnitude reduction obeys an evident flow deceleration that increased the Cp towards the end of the 
spinner regardless the longer recirculation region.  
 
On the other hand, the velocity magnitude of the 5% shorter spinner increased at low radial positions 
with the difference that the component of velocity that was enlarged was not the axial but the 
tangential one. Figure 3.19 shows the large negative tangential velocity observed for the 5% shorter 
spinner. This ended up forming a hub vortex with a very large Q criterion value. In other words, the 
blade positive downwash was only produced at radial locations higher than the blade root, hence the 
negative rotational sign of the hub vortex.  
 
The different ways in which flow separation occurred among the spinners, affected directly the flow 
expansion and thus the pressure coefficient distribution. So, it can be inferred that the spinner 
geometrical design affected mostly the spinner pressure drag; however, the hub vortex formation was 
mostly affected by the direction of the outflow at the blade root section.  

3.2.4 Effect of blade exposure on the performance of short spinners 

Figure 3.20 showed that in terms of the propeller excess thrust (Thrust - Drag), most of the designed 
geometries that were tested showed an improvement when compared to the original design. Due to 
the larger flow expansion induced by a “Flattened” recirculation region instead of a thick in combination 
with a relatively weak hub vortex, the propeller exhibited larger excess thrust for the 15.5% shorter 
spinner; nevertheless, even when the propeller thrust increased 0.6% for a 15.5% shorter spinner, the 
greater blade exposure increased the blade root torque.  
 
Given that the torque variations not only depended on the spinner flow separation but more directly 
on the blade exposure, the efficiency term defined before was used when referring to the performance 
of the propeller. 
 
When the efficiency term is taken into account, the gain in excess thrust that the propeller had was not 
as meaningful as it seemed at first. As mentioned before, the variations in the blade root exposure 
changed the blade root loading which at the same time changed both, the magnitude of the force that 
acted in axial direction and the torque. One of the problems that have been addressed throughout the 
research was that the significant changes caused by the spinner represented a very small order of 
magnitude when compared to the values for the entire propeller, which is why the variations in blade 
loading were mainly assessed at the blade root where they were proportionally more significant.   
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Figure 3.20: Relative propeller efficiency of shorter spinners relative to the original design. 

 
Despite that the excess thrust and the torque have been computed for the entire propeller 
configuration (Including nacelle and spinner) with acceptable convergence criteria, the performance 
comparisons relied on the average of the results over the last iterations in order to decrease the small 
fluctuations in the resolved flow, especially inside regions of clear separation.  
 
The flow separation occurring on the spinner changed the blade loading mainly below 0.25 r/R, so it 
can be said that the main variations of torque occurred at the blade root. The torque induced by the 
spinner alone was observed to be around one order of magnitude lower than the one produced by the 
blade root. This was expected since it is a body of revolution. The 5% shorter and the 50% shorter 
spinner suffered no changes in blade exposure compared to the original; however, both spinners 
changed the length and curvature. Both original and 5% shorter designs exhibited similar values of 
torque, while the 50% shorter had around 0.1% lower torque.      
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Figure 3.21: Pressure distribution of the blade root of shorter spinners. 

 
As observed in Figure 3.21, at around 0 x/R the blade root suction side showed more negative pressure 
coefficients when the propeller was simulated with shorter spinners, especially for the 15% and 15.5 
%. The lower Cp values were maintained further downstream up to 0.02 x/R due to the flow separation 
delay occurring on the rear part of the suction side.  
 
The pressure side of the blade root showed negative pressure coefficients as shown in Figure 3.21. Even 
when the flow seemed to be separated at a relatively same axial location for all the cases, the suction 
side loading was clearly larger for the 15%, 25% and 30% shorter spinners. Nevertheless, the 15.5% 
shorter one did not induce a pressure side loading as large as the one observed for similar spinner 
lengths due to its larger blade exposure. Given that both 15% and 15.5% shorter spinners showed the 
largest increment on the suction side loading, not only the thrust but also the torque was increased, 
especially when the flow separation was delayed; however, the largest increment in efficiency was 
induced by the 15.5% shorter mostly due to the lower pressure side loading. In order to isolate the 
effect that the blade exposure had on the torque, on blade loading and on the spinner performance, a 
series of constant length cases were simulated.  
 

 
Figure 3.22: Blade exposure test with spinners 20% shorter than the original.  

a) Less blade exposure than the original (FR=0.7); b) Same blade exposure than the original (FR=0.72);  
c) Larger blade exposure than the original (FR=0.75); d) Narrowest spinner with the largest blade 

exposure (FR=0.78). 
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The increment in blade exposure at a fixed length decreased the curvature steepness (Fig. 3.22), so the 
variations that occurred in the propeller performance were no longer related to the spinner length but 
only to the variation of its own curvature and the blade exposure. The boundary layer clearly 
encountered less adverse pressure gradients at a higher blade exposure; however, the hub vortex was 
formed at similar axial positions regardless the point of flow separation.  
 
It is important to recall that the blade root was defined as the part of the blade where the spinner re-
designs had most of their influence (Below 0.25 r/R). As the spinner designs exposed longer portions of 
the blade root, the negative thrust component was increased in a larger percentage compared to the 
thrust component of the blade root (Fig. 3.23). This increment indicated that as the blade exposure 
increased, the blade design tended to favor the pressure blade loading rather than the suction one.  
      

 
 

 
 

 
 

Figure 3.23: Blade exposure variation effect on performance at a constant length 20% shorter than the 
original. 
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It is necessary to take into account that the magnitude of the increment in the propeller performance 
that was achieved by modifying only the spinner and not the blade was expected to be relatively small. 
This meant that the efficiency improvements would most likely be achieved by both the spinner re-
design and the blade loading modification. Especially due to the similar order of magnitude of their 
respective efficiency variations.  
 
The change in torque among the different designs depended mostly on the blade root loading, since 
the spinner contribution was two orders of magnitude smaller than the one of the blade root. On the 
other side, the changes in propeller net axial force were mostly related to the separation/vortex effects 
acting on the spinner. The torque values for the entire propeller shown in Figure 3.23 did not present 
significant variations on the overall value; nonetheless, Figure 3.25 depicts the torque variations 
observed at the root loading, where the difference in loading became more evident. 
 

 
Figure 3.24: Blade root (y=0.2 R) pressure distribution for the 20% shorter spinners at different blade 

exposures.  
 

As it can be observed in Figure 3.24, the spinner fineness ratio was increased and the blade root was 
more exposed. This more positive values of Cp on the pressure side most likely due to the lower velocity 
magnitude caused by the larger flow expansion. The spinners with the largest fineness ratios induced a 
less abrupt flow separation in the suction side of 0.2R, causing the decrement of the pressure 
coefficients towards the trailing edge. In a similar way, the pressure side encountered larger pressure 
coefficients when the blade exposure was increased due to finer spinner designs. It is important to 
notice that the suction side of the blade root was clearly more affected in terms of flow separation 
when compared to the pressure side of the blade root.  
 

 
Figure 3.25: Effect of blade root exposure on tangential force distribution.  
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As the blade was more exposed, the 20% shorter spinner designs showed blade root resultant forces 
with positive axial components (Positive in downstream direction). This meant that those components 
acted against the propeller thrust; however, after looking to the tangential force produced at the blade 
root of the four spinner designs with different blade exposure, it was possible to see that all of them 
presented a tendency to reduce the torque due to the positive tangential force of the blade root 
(Negative pressure coefficients in the pressure side). In figure 3.25 the tangential force at the blade 
root was compared among the four tested spinner designs. Each of the tests showed a peak of 
maximum positive torque (In direction of rotation); however, the distance in radial direction at which 
the maximum value was observed was different. This distance seemed to have the largest influence in 
the blade root torque, even more than the magnitude of the maximum value. The spinner with the 
least blade exposure (FR=0.70) exhibited its maximum peak of positive tangential force at around 0.2 
R, while the one with the largest blade exposure (Fr=0.78) exhibited the maximum peak of positive 
tangential force at around 0.18 R. The shorter lever arm observed in the cases with more blade 
exposure seemed to prevent them from reducing the torque in a more significant way.  
    
Independently of the disadvantage of having higher torques with larger blade exposures, the largest 
increment in excess thrust was found with spinners of relatively smaller diameter or larger fineness 
ratios. So in order to improve the relative propeller efficiency while modifying the spinner, the torque 
was kept as low as possible or at a moderate increment justified by a significant reduction of the spinner 
drag.  

3.3 Effect of spinner length increment on the propeller performance 
 
In principle longer spinners with larger fineness ratios (FRspinner) would mean that the curvature 
steepness could be decreased and the flow separation would be delayed. A second test made on a 
group of longer spinner designs was performed in order to assess their impact on the propeller 
performance. After assessing the effect that shorter spinners had on the propeller performance it 
became evident that the improvement on efficiency was driven by two main factors: The increment of 
propeller excess thrust and the decrement of torque, as long as the first one remained at least the same 
as the one for the original design.  
 
The longer designs were expected to decrease the spinner drag due to the relaxation of the adverse 
pressure gradient that should induce a delay in flow separation. Contrary to short designs, the longer 
ones could maintain similar adverse pressure gradients as the length was increased at a very low blade 
exposure variation. This would mean that the blade exposure would influence the relative propeller 
efficiency less than in the short designs. 
 

 
Figure 3.26: Testing group longer spinner design.  
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a) 10% longer; b) 20% longer; c) 25% longer; d) 30% longer; e) 35% longer; f) 40% longer 

As it can be seen from Figure 3.26, the group of long spinners maintained a similar blade exposure in 
order to decrease the effect of blade root loading variation due to exposure. In this way, the blade 
loading variations would be originated mostly by the difference in spinner geometry and not by the 
blade exposure. Given that both, blade exposure and flow separation were expected to exhibit similar 
values as the spinner length was increased, the hub vortex strength was expected to present similar Q 
criterion values.  
 
The performance of longer spinners is shown in Figure 3.27. The spinner drag was reduced in all the 
tests; nonetheless, only 5 out of 6 designs increased both the efficiency and the propeller thrust, being 
the shortest spinner the one with lowest propeller efficiency. Despite the increment in propeller excess 
thrust, none of the long spinners improved the thrust as much as it was improved among the short 
spinners group. At first glance and given the reduced the spinner drag of longer designs, this could have 
been attributed to the blade root loading; however, large blade exposure increased the blade loading 
at higher radial positions as well. While this increment was evident, its contribution to the propeller 
efficiency was negligible, especially because less blade exposure would also induce a lower torque.  
 
In terms of efficiency, the 30% longer spinner showed the best results of the group. It also showed the 
lowest spinner drag of all the tests (Around 64% of the original) at this point of the research. The 
streamlines of Figure 3.28 indicated that the separation point was shifted further downstream for all 
the cases when compared to the shorter spinners group and with the exception of the 10% longer 
spinner, all cases showed only positive axial velocities downstream ahead the blade root section. Both, 
streamlines direction and positive axial velocity contours indicated that recirculated flow was not as 
common as it was with shorter designs. The variations of the propeller torque were negligible since the 
blade exposure was very similar among the tests. This emphasized the relevance of the spinner drag 
reduction in order to improve the propeller efficiency.  
 

Table 3.4: Pressure and viscous drag contributions for longer spinners 

Spinner length compared to the 
original 

 
Spinner pressure drag 

 
Spinner viscous drag 

Original 96.9% 3.1% 

+10% 95.4% 4.6% 

+20% 92.9% 7.1% 

+25% 92.9% 7.1% 

+30% 90.6% 9.4% 

+35% 92.8% 7.2% 

+40% 93.4% 6.6% 

 
The larger wetted area of the longer spinners, together with delayed flow separation increased the 
percentage of the spinner viscous drag when compared to the original design (Table 3.4); however, the 
largest part of the spinner drag was still due to the pressure drag. In cases of relatively large efficiency 
increments (+0.29%) such as the 30% longer, the pressure drag represented 90% of the spinner drag. 
On the other hand, the simulations made with longer spinners showed a clearer correlation between 
spinners with earlier flow separation and their predominant pressure drag compared to the ones that 
maintained attached flow over most of the spinner wall in which the influence of the viscous drag was 
as big as 9.4%.  
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Figure 3.27: Performance graphs of longer spinner group. 
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Figure 3.28: Streamlines and negative axial velocity contours among the long spinner group (20° tilted plane 
of Figure 3.1). Projection of the lower suction side is shown at every picture. 

 
Figure 3.29 portrays the pressure coefficient contours observed at the same testing plane used for 
short spinners. The plane goes through the spinner portion that lies ahead of the suction side of the 
blade, where the flow separation has constantly showed to be triggered. Contrary to what was 
observed for shorter designs, longer ones showed larger positive values of Cp closer to the spinner wall; 
however, the pressure coefficients decreased in all cases towards the last portion of the geometry at 
the point of streamlines separation.  
 
Just as the flow separation, the region of low pressure coefficients seemed to start at the same axial 
location for the 30%, 35% and 40% longer spinners. This suggested that independently of increasing 
the spinner fineness ratio, spinner designs with the same blade exposure would not result in shifted 
separation points. In fact, the two longest designs increased the spinner drag mostly because a larger 
portion of the spinner was inside the region of low pressure coefficients. 
 
 
 
 
 
 
 

10% longer 20% longer 

25% longer 30% longer 

35% longer 40% longer 
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Figure 3.29: Cp contours among the long spinner group (20° tilted plane).  
Projection of the lower suction side is shown at every picture. 

 
 

 
Figure 3.30: Variation of FRspinner (L/H) compared to the variation of spinner drag for longer spinners. 

 

10% longer 20% longer 

25% longer 30% longer 

35% longer 40% longer 
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The blade root suction side kept exhibiting flow separation regardless the delay in flow separation. In 
can be said that although the negative tangential component of the outflow velocity was not as large 
as it was for shorter designs, the velocity field still showed negative tangential velocities at low radial 
positions, which helped to the hub swirl formation.    
 
As mentioned before, the blade exposure was kept very similar among the tests. This allowed to 
establish a correlation between the spinner drag and its fineness ratio (L/H). Where L was the maximum 
length of the spinner measured from the center of the blade root profile (Stacking axis) to the spinner 
end and H was the spinner diameter also measured at the center of the blade root profile. Figure 3.30 
shows the fineness ratio of longer spinners and their spinner drag variations. It was possible to see a 
decreasing trend in the spinner drag as the FRspinner got increased; nonetheless, once the flow separation 
was delayed, the gain in performance depended mostly on the spinner pressure recovery 
improvement. 
 
The vortical structures depicted as a Q criterion isosurface of 470 000 s-2 (Figure 3.31) showed an 
evident reduction of the hub vortex in comparison with the original and shorter spinner designs. In fact, 
for the level of Q criterion shown in the picture, the only recognizable hub vortex structure was 
encountered on the 30% longer spinner.  
 
It was important to recognize the vortex system after the blade root because the identification of the 
vortical structures formed close to the spinner offered a hint about the propeller performance related 
to the particular spinner design. In a similar manner it has been shown that the hub vortex induced a 
detrimental effect for the performance in most of the cases tested so far; however, other vortical 
structures such as the separation vortex have served as indication of how and where was the separation 
initiated.  
 
This was the case of the separation vortex in the 30% longer spinner that contrary to the strong hub 
vortex encountered on this simulation, it showed the weakest separation vortex structure. None of the 
other long cases showed less strength or extension for the separation vortex than the 30% longer one; 
so judging by the Q criterion isosurface inspection, the relative absence of a separation vortex at the 
blade root could indicate a potentially better propeller performance in terms of attainable pressure 
recovery. In general, longer spinners were expected to decrease the influence of the hub vortex on the 
spinner pressure recovery, mostly because the hub vortex formation showed to be enhanced by the 
larger tangential direction of the blade root outflow that was mostly produced when large amount of 
flow was separated.  
 
The strongest separation vortex among the long spinners test, was observed at both 10% and 40% 
longer cases. Although the first one decreased the original propeller efficiency, the longest case did not 
show a significant improvement in efficiency either.   
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Figure 3.31: Vortex structures of longer spinners (Positive rotational sign in axial direction shown in red; Q-

criterion Isosurface of 470 000 𝒔−𝟐). 
 

As it can be observed at the Figure 3.32, the location and strength were very similar among the vortices. 
Regarding the magnitude, the differences among the structures at a same radial location hardly 
exceeded 0.1 million s-2; however, at lower radial positions, the 30% longer spinner did show a much 
larger difference between maximum Q criterion values.  
 
The peaks observed at the Figure 3.32 between 0.21-0.23 r/R and between 0.19-0.15 r/R belonged to 
root vortices that were induced by the difference in radial velocity directions from the suction and the 
pressure side. The grouped peaks with the highest radial position corresponded to the previous blade 
passage while the second highest radial group of peaks corresponded to the blade of 2 passages before.     
 
When looking to the pressure distribution encountered at the spinner wall of the longer designs (Fig. 
3.33), it can be noticed that positive values of Cp were rarely encountered among the spinners. In fact, 
the original spinner geometry did not show positive values at all, similar to the pressure distribution on 
shorter spinners. Positive values of Cp were mostly encountered around 0.25 propeller radius 
downstream the origin where most of the tests showed attached flow.  

40% Longer 

Original 10% Longer 20% Longer 

25% Longer 30% Longer 35% Longer 

Separation Vortex 



       
 

55 
 

 

       
 

Figure 3.32: Maximum values of Q criterion observed for longer spinner designs at low radial positions at 
0.64 x/R plane. Relative propeller efficiency is shown in the legend. 

 
 

 
Figure 3.33: Pressure coefficients on longer spinners along the intersection of a 20° tilted longitudinal plane.  
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Figure 3.34: Cp contours on 30% longer spinner and 20° tilted sampling line.  

 
Figure 3.34 depicts the Cp distribution of the 30% longer spinner and the line on which the sample of 
Figure 3.33 was taken. As the sampling line crosses both regions of attached and separated flow, the 
pressure distribution of Figure 3.33 varies accordingly. From left to right, the large negative values of 
Cp were mostly induced by the suction side of the blade root followed by an increment of static 
pressure due to the merging of both suction and pressure side flows. As the flow that is coming from 
the suction side separates, the one coming from the pressure side remains attached and expands 
immediately after it leaves the trailing edge (Fig. 3.35). Downstream ahead, the pressure coefficient 
alternates along the testing line between positive and negative pressure coefficients that belonged to 
the attached flow form pressure side and to the separated one from the suction part respectively.   
 
 

 
Figure 3.35: Velocity streamlines expansion close to the trailing edge on the 30% longer spinner.  
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Finally, at the end of the spinner, no traces of attached flow were found among the long spinners. 
However, around 0.42 x/R the 3 longest spinners (30%, 35% and 40% longer) did show larger pressure 
coefficients very likely related to the expansion of attached flow. 
 
It is necessary to emphasize that the direction of the attached flow that eventually expanded was 
greatly determined by the blade root outflow angle. In other words, the downwash induced by the 
blade (Tangential velocity in the same direction of the rotation) depended on the particular blade 
loading at each of its radial positions. In the case of the root (Below 0.3 R), the downwash was no longer 
inducing a positive tangential velocity but the opposite for both shorter and longer tests. 
 

 
Figure 3.36: Pressure distribution of the blade root at 0.22 R (Original, 10% and 30% longer spinners shown).  

  
By looking to the Figure 3.36 it is easily noticed that the pressure side loading at that particular radial 
position of the blade root was inverted. In fact, due to the apparent flow separation on the suction side, 
the three tests sustained lower Cp values on the pressure than in the suction side, especially towards 
the trailing edge. The relatively early flow separation observed on the suction side of the 10% longer 
spinner together with a lower Cp at the end of the pressure side contributes to the decrement in 
efficiency due to the reduction of blade root thrust. However, the axial component of the resultant 
force is the one that affects the entire propeller excess thrust. 
 
The thrust contribution of the blade root at 0.22 R is shown in Figure 3.37. The thrust distribution 
showed similar values in the suction side, while the pressure side exhibited some differences among 
the spinners shown especially towards the railing edge. Figure 3.38 shows the trailing edge at 0.22 R 
for the simulation that had a 30% longer spinner. The shear stress vectors in combination with the 
thrust distribution of Figure 3.37 indicated that either because of the expansion of the attached flow 
(0.22 R) or because of flow separation (0.20 R), the 30% longer spinner decreased the amount of 
negative thrust produced near the trailing edge in comparison to the 10% longer spinner, thus 
explaining the increment in the relative propeller efficiency when the simulation was made with a 30% 
longer spinner. 
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Figure 3.37: Thrust distribution of the blade root at 0.22 R for Original spinner, 10% longer spinner and 30% 

longer spinner. 
 
 
 

 
Figure 3.38: Shear stresses near the blade root trailing edge of pressure side for the 30% longer spinner. 

 

The length modifications made on the spinner geometries indicated that the relative propeller 
efficiency was improved. Although the efficiency gain remained relatively small (+ 0.29% for the 30% 
longer), the propeller performance showed to be sensitive enough to very simple changes in the 
spinner geometry. The reduction of the hub vortex seemed to be a common factor in order to induce 
a gain in performance; however, the flow separation delay that was observed with longer spinners, not 
only decreased the magnitude of the hub vortex but also decreased the total drag of the spinner mostly 
due to larger pressure coefficients around the spinner (Larger pressure recovery).  
 
Under the assumption that the flow separation could be delayed on the spinner, it was necessary to 
provide an idea of how was the actual shape of the spinner affecting the pressure recovery in order to 
continue decreasing the spinner total drag. Despite that the blade loading seemed to be a very 
important variable to take into account in order to improve the relative propeller efficiency though a 
different spinner design, the spinner axisymmetric shape was assessed for blade-off conditions that 
allowed to assess the effect of the spinner shape when the effect of the rotor was not taken into 
account.   
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4 Blade-off spinner 

assessment 
 
 
 
The influence that the spinner design had on the propeller excess thrust had been assessed using 3D 
RANS CFD simulations and although the blade loading was one of the factors that determined the 
performance of the propeller, flow separation has shown to be the greatest contributor to the relative 
propeller efficiency variations. At the same time the 3D propeller simulations have shown that the 
boundary layer separation interacted with the vortical structures formation changing the components 
of both pressure and viscous drag. In general, it has been observed that spinners with higher fineness 
ratio (FRspinner) delayed flow separation which resulted in better pressure recovery and thus less 
pressure drag. So, in order to expand the assessment of the nacelle-spinner configuration and its 
relation with the boundary layer separation, a series of 2D RANS CFD simulations for an axisymmetric 
flow reference frame were carried out due to the simplicity of the axisymmetric nacelle-spinner 
modelling. The blade effect was ignored in order to isolate the axisymmetric body contribution from 
the rotor one so a low drag spinner design could potentially be tested later as a mean to improve the 
propeller efficiency.    

4.1 The boat tail effect 
 
The blade-off effect was simulated in both 3D and 2D configurations, showing a strong agreement on 
the pressure distribution along the nacelle-spinner, except for the rear section where the pressure 
distribution shows discrepancy at the region that exhibited flow separation (Figure 4.1).  

 
Figure 4.1: Original spinner pressure distribution among 3D and 2D simulations without the blade effect. 
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The inflation, the turbulence model and the minimum element size of the mesh was kept the same on 
the 2D and 3D simulations; nevertheless, the agreement decreased at the highly separated region. Even 
when there was a small discrepancy among the 2D and the 3D results the study was carried out taking 
into account that any drag improvement would most likely be achieved by delaying separation before 
and not after the blade.  
 
 
The axisymmetric body drag has been studied before in numerous cases and for different flow 
conditions so the separation can be avoided and thus the drag can be minimized for a certain design 
regime. One of the main resources used in order to decrease the drag is the boat tail shape that typically 
increases the pressure at the end of the axisymmetric body especially when the boundary layer remains 
attached until the edge of the body. As shown by Reubush [36], the Reynolds number (Based on length) 
of the axisymmetric body had not significant effect on the pressure distribution of the boat tail section 
even when it was varied from 6.9 to 43.2 million; in fact, the typical pressure distribution of a boat 
tailed body looked very similar to the one encountered on the original nacelle-spinner configuration of 
the propeller used for this research. The pressure coefficients on the original blade-off configuration 
decreased at the fore section and then it keeps an almost constant negative value throughout the 
nacelle until it decreases again when the spinner section is reached just like the pressure distribution 
when it reaches the edge of the boat tail section [36]. As encountered on the original configuration and 
best efficiency spinners found so far, the last part of the pressure distribution has shown to have 
positive pressure coefficients which counterbalance the enlarged negative ones that a boat tail shape 
produces right after the flow encounters the spinner/boat tail section. 
 
As shown before, avoiding separation improved the pressure recovery because of the larger positive 
pressure coefficients; nevertheless, even when the spinner redesign did not modify the magnitude of 
the pressure distribution in a significant way, the thrust could still be improved if the pressure recovery 
reaches its maximum value over a highly steep portion of the spinner where the axial force component 
is larger.   
 
The optimal shape for minimum drag of a revolution body has been found in several studies. An 
optimized revolution body has most of the time a large portion of natural laminar boundary layer (NLF) 
[11]. This moved the transition point downstream ahead which facilitated the flow expansion on the 
aft-body decreasing the drag. Since the 2D spinner study carried out in this thesis was restricted to 
make changes only on the spinner section and only for cruise conditions, the tendency of the optimized 
axisymmetric bodies of having narrow ends was constantly observed. Reynolds number is one of the 
most influential parameters on the optimal drag shape of an axisymmetric body [37]. Several authors 
concur on a defined trend for the optimal drag shape at around the same range of Reynolds number 
but also coincide on certain aspects of the pressure distribution encountered on those optimized bodies 
[38] [37] [39]. The pressure distribution of many drag optimized axisymmetric bodies for similar 
fineness ratio (FRbody) and similar Reynolds number depicted a small favorable pressure gradient along 
most of the body because the maximum thickness is located at around 0.75% of the length. The 
minimum Cp was mostly located a bit after the leading edge in order to decrease the initial diameter 
so the turbulent skin friction could act over a smaller wetted area, thus reducing the viscous drag [37].  
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Figure 4.2: Optimized pressure distribution for an axisymmetric body at ReV= [1e6… 3.16e6] and  

fineness ratio FRbody ≈4.5 [37]. 

 
Figure 4.2 depicts an optimized pressure distribution for a similar axisymmetric body under similar 
conditions as the ones of the original nacelle-spinner configuration FRbody = 4.7 and a volumetric 
Reynolds number of 2.7 million. If the body shape of the Figure 4.2 is compared to the one of the 
original nacelle-spinner configuration it is noted that the maximum thickness is not located around 
0.75% of the body length as shown by Dodbele [38] , Lutz [37] or Parsons [39] but at around 50% of the 
body, additionally thickness of the forebody is similar to the one of the maximum thickness for the 
original case, meaning that the strongest  favorable pressure gradient was not encountered at 75% or 
50% of the body length but more upstream at around 20%. The difference can be noticed on the 
pressure distribution of the original configuration where the minimum Cp is found at the beginning and 
not at the region where the body starts to decrease its thickness in order to induce a moderate adverse 
pressure gradient over most of the length. In a similar way as the optimal configuration, the original 
pressure distribution presented a second peak of negative Cp downstream ahead where the thickness 
started to decrease; nevertheless, the negative peak was not as strong as the one encountered 
upstream contrary to the results obtained for the optimized bodies. 
 
Figure 4.3 depicts the pressure distribution of the original nacelle-spinner configuration with and 
without the effect of the rotor. The pressure distribution did not change greatly along the nacelle 
although the pressure seems to be slightly lower most likely due to the induced acceleration of the 
rotor disk. The main change of the pressure distribution is located after the blade, at the spinner 
section. The Cp value at around -0.1 x/R is similar to the strength of the minimum Cp due to the low 
pressure region created by the root suction side. Right after the negative pressure peak the pressure 
increases and keeps a more constant value that remained negative most likely indicating flow 
separation. 
 
When the blade effect was taking into account, the earlier flow separation avoided a better pressure 
recovery, so no positive values of Cp were observed as suggested by their corresponding blade-off 
configurations; however, due to the simplicity of the 2D simulations for axisymmetric bodies with no 
blade effect, several simulations were carried out following the similar shapes found on optimized 
bodies. A blade-off design with a relatively low drag can be used asa potential baseline in order to 
redesign a low drag spinner that takes into account the effect of the rotor.  
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Figure 4.3: Blade-on and blade-off pressure distribution for original spinner. (The blade-on pressure 

distribution has been sampled at 20° from the blade opposite to the direction of rotation) 

4.2 Blade-off spinner design 
 
As seen before, the axisymmetric bodies that were optimized for minimum drag for similar Reynolds 
number regimes, showed a relatively flat pressure distribution unlike the original design. So the first 
three changes on the spinner geometry were related to the reduction of the initial spinner diameter so 
a flatter pressure distribution could be achieved. The spinner geometries were connected to the nacelle 
by a convex section that eventually became concave downstream ahead.  
 
Figure 4.4 shows three design cases with larger spinner diameters than the original one. Nevertheless, 
a small diameter reduction has been made at each one of the tests (Denoted by the letter b) in order 
to observe the influence that the maximum spinner thickness had on the spinner drag.  Even with a 
small diameter reduction made before the inflection point, the spinner drag of the b tests decreased 
according to the blade-off simulations results. The first variation (t1b) had a slightly larger diameter 
after the inflection point while second and third, t2b and t3b respectively, had shorter diameters after 
the inflection point, close to the spinner end. All three variations have a spinner length that is 35% 
larger than the one of the original design. 
 
The viscous component of the spinner drag did not seem to change as much as the pressure 
component. Even when both presented the same order of magnitude, the pressure component varied 
considerably more after the diameter reduction. This might suggest that there is no separation acting 
on the axisymmetric body. The blade-off effect was tested on other spinner designs as well. Figure 4.5 
portrays the entire group of the spinners tested. The spinner geometrical modifications were mainly 
focused on the increment or decrement of the convex or concave depth as well as length modification 
aiming for a spinner drag reduction. Every design was modified in order to reduce its predecessor drag 
in a trial and error approach.  
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Figure 4.4: Sketches of the modifications of Test 1, Test 2 and Test 3 with their Blade-off spinner drag 
components. 

 

 

 

 

                
 

Figure 4.5: Blade-off tested spinner designs layout.  

 

1 1b 2 2b 3 

3b 4 5 6 7 

8 9 10 11 12 

13 14 15 16 17 

18 19 20 Original 

Test 1   
Test 1b ------ 

Test 2   
Test 2b ------ 

Test 3   
Test 3b ------ 
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Figure 4.7 shows the drag variations at every nacelle-spinner configuration which decreased in a more 
noticeable way after the test 9. The blade-off spinner drag reduction was particularly noticeable when 
the maximum diameter of the spinner was equal or lower than the one at the start of the spinner or in 
other words, when the spinner did not induce an adverse pressure gradient in the transition from 
nacelle to spinner.  
 
Some of the designs that were similar to the ones shown on the second half of Figure 4.5 have been 
used not only in pusher propeller configurations of relatively new Electrical Regional Aircraft companies 
such as Eviation and Joby Aviation, but also in the Business Jets and UAV’s markets by companies like 
Piaggio Aero [13]; in fact, the second half of spinners showed a similar shape to the one of one of the 
Piaggio spinner design (Fig. 4.6). A similar spinner fineness ratio was also observed among the spinner 
designed by Piaggio and the test 2 and 3 with values of 1.4, 1.37 and 1.45 respectively. 
 
 

 
Figure 4.6: Piaggio pusher propeller spinner; Lateral view of the mesh used by Yin & Stuermer [13].  

 
Figure 4.7 shows the axisymmetric body drag with different spinners, including the blade-off results of 
the 30% longer spinner that previously improved the relative propeller efficiency by 0.29%. The viscous 
drag obtained for the test group represented on average 80% of the drag of the entire body (Nacelle + 
Spinner). The 30% longer spinner showed the largest viscous drag while test 19 and 20 presented the 
lowest one; nonetheless, pressure exhibited larger changes like the one observed at test 10, where the 
pressure drag accounted for only 50% of the original axisymmetric body one. 
 
The last tests showed the lowest drag of the blade-off simulations accounting for a maximum total drag 
reduction of around 22% of the original axisymmetric body (Nacelle + Spinner).     
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Figure 4.7: Total drag of the Blade-off axisymmetric bodies with different spinner designs.  

 

4.3 Blade-off flow separation assessment 
 
As the spinner thickness was decreased, the axisymmetric body drag was reduced. In a similar way as 
for blade-on cases, the largest drag reduction came from the spinner pressure component that not only 
got decreased, but it changed its sign acting as thrust instead of drag from test 10 onwards (Fig. 4.8).  



       
 

66 
 

 

 
Figure 4.8: Total drag of the Blade-off spinners group. 

 
Even when the pressure drag of the spinner changed its sign since test 10, the total drag of the spinner 
remained positive up to the test 17 where the negative axial force due to pressure became larger than 
the viscous positive one. On the other hand, the viscous drag changed in a less severe way. Figure 4.8 
shows that viscous drag got especially reduced after test 9. The viscous drag reduction was clearly 
related to the lower velocities of flow expansion and not to flow separation because of the pressure 
recovery was improved.   



       
 

67 
 

 

 

  
Figure 4.9: Pressure and shear stress distributions of tests 1, 5, 10 and 20. 

 
Test 1 and 5 showed large negative pressure coefficients due to the larger diameter observed at around 
-0.1 x/R (Fig. 4.9); nonetheless, the velocity contours of Figure 4.10 showed that only test 1 presented 
negative values of axial velocities along the spinner wall. The spinner maximum diameter of test 1 
clearly larger than the one at the nacelle-spinner transition. This caused the flow to encounter a steeper 
adverse pressure gradient at the moment that flow expanded further downstream. As a result, lower 
axial velocities were encountered and possibly earlier flow separation, indicated by the sudden drop of 
shear stresses on the spinner with eventual reverse flow after 0.2 x/R (Fig. 4.9 and 4.10).  
 
On the other hand the pressure distribution of the narrowest spinners showed a large negative pressure 
coefficient right at the beginning of the spinner; however, the suction peak on the pressure distribution 
was formed by the localized acceleration of the flow outside the boundary layer due to the convex 
curvature of the streamlines, similar to the effect seen on boat tailed bodies [40], [41]. This was 
accentuated by the relatively low radius of curvature of the rear edge of the nacelle that has been 
observed before on similar boat tailed bodies [42]. Despite that the negative Cp spiking value of test 20 
was even larger than any other case, the pressure distribution showed positive values of Cp more 
upstream than any of the other cases. This explains the significant spinner drag reduction as a result of 
the pressure recovery due to the deceleration of the flow and that sustained negative Cp values such 
as the ones observed for the test 1 increased the total drag of the nacelle-spinner configuration even 
when there were no clear signs of flow separation.  
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Figure 4.10: Axial velocity contours on spinner section.  

 
Out of the 20 designs only the last 4 presented negative pressure drag that acted as thrust on the 
spinner. Although the test 20 induced the lowest total drag on the entire axisymmetric body, the lowest 
pressure drag was found at test 10 (Fig. 4.7). This is because the pressure drag of the nacelle was 
decreased in test 10 mostly due to its flatter pressure distribution. The maximum thickness of the body 
is located at the nacelle, relatively far from the spinner compared to the optimized bodies found in 
literature, so the gradual diameter reduction of the nacelle induces a convex curvature that causes the 
boundary layer to get thicker because of the adverse pressure gradient but more important, that 
transforms the suction created at the nacelle-spinner transition (-0.2 x/R) into direct nacelle pressure 
drag. This leads to an increment in nacelle drag every time that the spinner drag is decreased (Fig. 4.11) 
even when the overall axisymmetric body drag was still reduced. 
 
 
 
 
 
 

Test 1 Test 5 

Test 10 Test 20 
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Figure 4.11: Nacelle and Spinner contributions for the blade-off axisymmetric body drag. 

 
In order to know the effect of the low drag axisymmetric body on the propeller performance, the last 
spinner design with the reduction of 18% of the nacelle-spinner drag should be assessed in blade-on 
conditions. However, design that induced the largest reduction in total drag (Test 20) would have 
required the blade to be moved from the original position because it would have exposed the entire 
blade root. In order to carry on with the blade-on simulation, the test 16 was selected instead because 
it induced a drag reduction of 16% while keeping a blade exposure that fell into the defined boundaries 
(Fig. 4.12). It is important to recall that both the blade and the nacelle design parameters were kept 
constant.  
 

 
Figure 4.12: Spinner sketch of blade exposure for test 16 (Left) and test 20(Right). 

 
The pressure distribution for test 16 was similar to the one observed at the test 20 in the sense that 
both presented a large suction peak before the flow started to expand (Fig. 4.10 & Fig 4.13). However, 
in order to perform a 3D simulation that takes into account the effect of the blade, test 16 was selected. 
The spinner design that corresponded to the test 16, exhibited positive values of Cp close to the spinner 
with no evidence of early separation. These characteristics will be evaluated in the next chapter with 
blade-on 3D simulations just as the simulations performed on shorter and longer spinners.  
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Figure 4.13: Blade-off test 16 pressure distribution and spinner axial velocity contours.  

 
  

Test 16 
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5 Spinner re-design  
 
 
In order to enhance the efficiency of the propeller through a new spinner design, the following 
considerations have to be made. The influence of a low drag axisymmetric body is expected to be 
reflected in the overall propeller performance. Spinner modifications in length and height had direct 
impact on the blade root loading and thus on the torque and thrust of the rotor. The maximum 
performance improvement was achieved by spinner designs that delayed flow separation on the 
spinner, mostly related to designs with high fineness ratios.  

5.1 Low drag axisymmetric body effect on propeller efficiency 
 
In general, the nacelle-spinner body drag was reduced by narrow spinner designs with high aspect 
ratios that kept their maximum diameter at the nacelle-spinner transition and below an imaginary 
nacelle extension line. It was determined throughout a blade-off series of simulations that the 16th 
spinner design that reduced the original nacelle-spinner body about 16% would be a starting point for 
a redesign; nevertheless, the axisymmetric drag represents less than 2.5% of propeller excess thrust 
(Fex) for the original configuration. The same CFD setup for shorter and longer spinners was used in 
order to carry on the blade-on simulations. The mesh parameters and the turbulence model were kept 
the same so the results could be compared. The low drag body effect was immediately observed since 
the relative propeller efficiency improved 0.56% from the original design which turned out to be the 
maximum increment out of all the spinner designs.  
 

 
 

Figure 5.1: Blade-on pressure distribution and axial friction coefficients for test 16 spinner. (Sample taken at 
20° of spinner; only positive contours of axial friction coefficients are shown) 

 

The pressure distribution of the test 16 (Fig 5.1) was only similar to its corresponding blade-off one 
along the nacelle section. After the dotted line which indicates the nacelle-spinner transition, the Cp 
distribution dropped at around -0.2 x/R in a similar way as without the blade effect; nevertheless, a 
stronger pressure coefficient drop could be observed right before 0 x/R that corresponded to the low 
pressure region induced by the blade root suction side. Unlike the blade-off simulation, the rotor 
produced a sudden drop of the axial shear stresses indicating separation at around 0 x/R. This axial 
location corresponds to the formation of the separation vortex shown in other spinner designs before. 
Although there was early flow separation on the suction side of the test 16, there was still favorable 
pressure recovery further downstream indicating flow reattachment. The Cp distribution observed 
along test 16 reached its maximum value when the axial shear stresses began to increase at the spinner 
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end (Fig. 5.1). This increment of axial friction coefficient indicated that most of the flow reattached was 
coming from the root pressure side of previous blades (Fig. 5.2). Similar to the way that flow separation 
started on shorter spinners, the highly loaded pressure side of the blade root changed the outflow 
angle at the trailing edge contributing to the flow separation even when the test 16 seemed to delay 
flow separation under blade-off conditions.  

 
Figure 5.2: Test 16 stationary frame velocity streamlines and axial friction coefficients contours.  

 
Since flow separation was observed on test 16 as well, it could be said that the gain in efficiency and 
excess thrust depended mostly on the pressure recovery rather than on the flow separation delay. 
However, the second best efficiency improvement (0.29%) was achieved by the 30% longer spinner 
that increased the pressure recovery mostly because of the reduction of separation at the same time 
that kept a similar torque than the one for the original spinner design.   
 

 
Figure 5.3: Blade-on pressure distribution and axial friction coefficients for 30% longer design. (Sample taken 

at 20° of spinner; only positive contours of axial friction coefficients are shown) 
 

When the Cp distribution is compared it is possible to see that the one belonging to the 30% longer 
spinner was not as good as the one for the test 16 in the sense that few portions of the spinner 
presented positive Cp values. The result was a lower spinner drag for the test 16 despite presenting 
early flow separation and a defined recirculation bubble.     
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Table 5.1: Performance comparison among the two most efficient designs 

Parameter for comparison 30% longer compared to the 
original  

Test 16 compared to the 
original 

Relative propeller efficiency 100.29% 100.56% 

Torque 99.97% 100.36% 

Relative Excess thrust (Thrust-
Drag) 100.27% 100.93% 

Nacelle drag 103.90% 123.58% 

Spinner drag 64.05% 48.89% 

 
Table 5.1 presents the main propeller performance indicators for the 2 designs cases with the largest 
efficiency improvements compared to the original baseline design. In total, the relative propeller 
efficiency has been improved by test 16 0.56% even when the spinner drag was reduced more than 
50%. Despite the spinner drag reduction induced by test 16, the nacelle drag was enlarged by 23.58% 
as explained below.  
 
Given that the improvements in performance did not exceed 1%, the reduction of nacelle drag and 
propeller torque had to be considered as important as the spinner drag reduction. The propeller torque 
has shown a direct dependence on the blade exposure. This means that the spinner should not expose 
the blade root in order to prevent the torque from increasing, even when the increment of torque is 
very low. On the other hand, the increased diameter of the spinners with the fewer blade exposures 
induced strong adverse pressure gradients at the nacelle-spinner transition causing the nacelle drag to 
increase. The increment of nacelle drag was observed as a detrimental effect; however, in the 30% 
longer spinner, the increment of nacelle drag was only 3.9% compared to the 23.6% obtained for the 
test 16. 
 
The cause of the low nacelle drag of the 30% longer spinner design was the absence of a strong suction 
peak at the nacelle-spinner intersection, contrary to the ones observed for most of the blade-off 
simulations with large spinner diameters. It can be said that besides the relatively lower spinner drag, 
the 30% longer spinner improved efficiency mainly due to the reduction of torque and to the reduction 
of the nacelle drag at an acceptable flow expansion, while the test 16 improved efficiency mainly due 
to a significantly better flow expansion that decreased the spinner drag considerably. As a result, the 
flow expansion has been observed to be the most influential parameter in order to improve the 
efficiency of the pusher propeller when only the spinner is redesigned. 
 
Taking into account these considerations, a potentially better spinner design would be such that the 
portion of the spinner that is located prior to the blade acts as a tangential extension of the nacelle in 
order to suppress the suction peak created by any local flow acceleration produced by a curvature 
different from the one of the last portion of the nacelle. In this way, the blade exposure could be fixed 
in order to have a constant low value of torque. In addition, the portion of the spinner over which the 
flow expansion has been observed would maintain certain resemblance with the test 16 or with the 
Piaggio’s convex-concave designs as a means of achieving a proper pressure recovery.   
 
Figure 5.4 depicts the pressure distribution of the first tangential spinner geometry that was designed 
as an extension of the nacelle and that follows a straight line tangent to the last portion of the nacelle. 
The inclination respect to a horizontal reference that resulted from a tangent line to the last portion of 
the nacelle was 4.51°. The pressure distribution seemed to be more constant at the nacelle-spinner 
transition (Dotted line) until the section where the spinner reduced its diameter in order to induce flow 
expansion, similar to the pressure distributions encountered in optimized axisymmetric bodies. No 
suction peak was observed at the nacelle-spinner transition, suggesting a relatively low nacelle drag. 
The pressure distribution of figure 5.4 showed positive values for the axial friction coefficients 
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encountered along most of the tangent spinner indicating the presence of attached flow over most of 
the spinner surface; however, the pressure recovery was not large enough to reduce the spinner drag 
as much as the test 16. While test 16 reduced the spinner drag to only 49% of the original one, the 
tangent design exhibited a spinner drag of 59% of the original one.  

 
Figure 5.4: Pressure and axial shear stress distribution for the tangent spinner design. (Sample taken at 20° 

of spinner; only positive contours of axial friction coefficients are shown) 
 

 
Figure 5.5: Stationary frame velocity streamlines (3D left and 2D right) and axial friction coefficient contours 

of Tangent design (T1). 

 
The direction of the slipstream corresponding to the part of the flow that was still attached to the 
spinner was clearly dependent on the blade root loading, not only on the tangent design but also on 
longer spinners that delayed the flow separation. This dependency can be observed on the contours of 
axial shear stresses of Figure 5.5 where the red stripes located downstream ahead the blade root 
indicated the parts of the spinner where the velocity field was formed by both suction and pressure 
outflows. The positive values of axial shear stresses were mostly induced by the suction side outflow 
since the direction of the pressure one was mainly tangential. Similar to the test with long spinners, the 
tangent design maintained attached flow along most of the lower part of the root pressure side. This 
resulted in the large negative tangential velocity component that not only helped to the formation of 
the separation vortex but also induced a negative tangential velocity component on the suction side 
outflow. The induced direction affected directly the pressure recovery mostly because the flow that 
was still attached traveled a longer distance on the spinner at a relatively lower pressure gradient, 
especially when compared to the pressure gradient that flow would have encountered along a more 
axial trajectory. The larger component of axial velocity was reflected in the red elongated contours of 
axial shear stress of Figure 5.5 and this was the reason why those presented the largest values of Cp.  
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Figure 5.6: Nacelle-Spinner drag contributions and relative propeller efficiency for the tangent spinner 

design compared to previous spinners. 

 
The tangent spinner design that acted as a nacelle extension reduced the nacelle drag (Fig. 5.6) when 
compared to the test 16. However, the spinner drag was not as reduced as it was for the test 16 or for 
the 30% longer spinner. This resulted in a 0.29% relative propeller efficiency improvement, same as the 
30% longer spinner. By looking to the efficiency, it seems that the nacelle drag reduction had no effect 
whatsoever on the propeller performance. Nevertheless, the efficiency of the tangent design might 
have been affected by the low pressure region of the hub vortex, especially because the spinner had a 
larger diameter than the one of test 16, meaning that higher velocities were acting closer to the spinner 
wall increasing the influence of vortical structures. The detrimental effect of the hub vortex was already 
observed at other tests; nevertheless, it showed that it can be countered with a narrower spinner that 
enlarge the pressure raise due to flow expansion and at the same time would reduce the vortex 
formation.   

5.2 Nacelle-Spinner tangency as a propeller efficiency enhancer 
 
Even when the tangent spinner design presented the second best efficiency improvement and 
decreased the nacelle drag, the part of the spinner where the flow expands still needed to be modified 
so the pressure recovery was increased. A group of spinners that extend the nacelle (Tangent) were 
tested under the same conditions of the original propeller configuration. The spinners were identified 
with a capital letter T standing for tangent followed by the number of simulation.  
 

 

 

 
 

Figure 5.7: Tangent spinner designs (Tangent section of the spinner in red and expansion section in blue)  

T1 T2 T2b T3 T4 

T4b T4c T4d T5 T5b 

T6 UT7 T8 T9 T10 
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As it can be seen in Figure 5.7, the expansion part of the spinner was modified in order to find the 
maximum relative propeller efficiency achieved by the spinners tested. The sub-tests denoted with 
lowercase letters, are result of mainly tip variations of their base design. This is why they share the 
same tangent extension among them.  
 
Test T4c changed the curvature but still has the same nacelle extension than the T4 (Fig. 5.8). The 
spinner part that acted as a nacelle extension was initially extended up to the intersection of the 
tangent line at 4.51° towards the rotational axis and the end of the trailing edge of the blade root. This 
first tangent extension (T1) represented 44% of the original spinner length, same as the extension for 
T2, T3, and T6 spinner designs. On the other hand, T9, T4, T8, T10 and T5 have tangent sections that 
extend up to 49%, 56%, 56%, 66% and 70% of the original spinner length respectively.   
 
 
 

 
 
 

 
 

Figure 5.8: Expansion section Sub-variations of tangent spinner group. 

 

T2   
T2b ----- 

T4   
T4b ----- 
T4c 
T4d ······ 

T5   
T5b ----- 

T1   
UT7 ----- 



       
 

77 
 

 
Figure 5.9: Drag and efficiency of tangent spinner design group. 

 
Despite the different diameter distribution at the spinner expansion section, the tangential extension 
or the spinner length, the tangent experimental group followed an improving trend in efficiency. When 
the series of tests of the experimental group reached the T6, all the spinners from the group had shown 
higher efficiency than the original propeller configuration, suggesting that a steeper adverse pressure 
gradient might increase the pressure without flow separation. This is why the one of the spinner case 
was designed to have a straight similar to the tangent one but with a larger angle in such a way that 
the spinner geometry would remain under the tangent line of the nacelle extension (Under tangent 
design UT7). UT7 resulted in a decrement of the relative propeller efficiency compared to the original 
design, pointing out the importance of the constant pressure distribution achieved among the tangent 
group due to the nacelle extension. The effect of the tangent designs was observed at their relatively 
constant nacelle drag independently of the spinner drag reduction (Fig. 5.9); however, 4 out of the 5 
cases with the lowest nacelle drag were the spinners that had longer tangent portions T5, T10 and T4.  
 
The relative propeller efficiency was improved 0.88% using the T2 and 0.74% with the T4c (Fig. 5.9).  

5.2.1 Flow separation among tangent spinners.  

Since the blade exposure was kept constant, with the exception of UT7, it could be said that the 
improvements on the propeller performance were related to the significant reduction in spinner drag 
observed in spinners such as the T2. This case, for example, showed a spinner drag reduction of around 
70% compared to the original one.  
 
Figure 5.10 depicts the pressure and axial shear stress distributions for the two spinners that showed 
the largest improvement in efficiency (T2, T4c) and the two spinners with the worst results (UT7, T3). 
It was evident that T2 and T4c had larger positive pressure coefficients on the spinner than their counter 
parts of low efficiency; nevertheless, relatively early flow separation was observed on both designs. T4c 
showed a maximum Cp value further downstream than the T2 and it did it over a longer distance in 
axial direction. Similar to what was observed with blade-off tests, the pressure distribution of the T4c 
was preceded by a pressure drop at the tangent-expansion transition. Both T2 and T4c presented 
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negative pressure coefficients at the end of the spinner indicating separation and possible presence of 
a hub vortex.   
 
The axial shear stresses distribution depicted in Figure 5.10 indicated that the design T4c encountered 
larger values than the other designs compared in the same picture. The reason of the increment was 
the larger velocities that were produced due to the longer tangent portion of the spinner that 
postponed the full flow expansion.   

  

 
Figure 5.10: Pressure and shear stress distribution of T2 and T4c spinner designs with efficiency gains of 

+0.88% and +0.74% respectively (Above). Low efficiency designs T3 and UT7 (Down) with efficiency gains of 
+0.04% and -0.26% respectively. (Sample taken at 20° of spinner) 

 
Figure 5.11 shows the velocity streamlines of the two most efficient spinners compared to the UT7 that 
induced a reduction in propeller efficiency. The flow that remained attached along the spinner was 
largely influenced by the tangential velocity component of the outflow from the lower part of the 
pressure side in the same way that happened for test 16 and the first tangent design (T1). The designs 
with a greater efficiency also showed larger axial shear stresses, especially prior to the separation point. 
By looking at the axial friction coefficient contours of T2 and T4c, it is clear that the first one showed a 
larger area of reversed flow around the blade root, while T4c showed mostly positive values of axial 
shear stresses around the blade root especially close to the suctions side. This suggests that the longer 
tangent portion of the spinner not only benefitted the nacelle performance but also the blade root 
loading in the sense that it delayed the flow separation at the lowest radial positions of the blade root 
suction side.   
 
For the most efficient designs, the flow separation started closer to the spinner end than for less 
efficient spinners such as the UT7. As the streamlines approached to the separation point it was 
possible to see the change in direction of the flow close to the spinner wall, where a predominantly 
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tangential direction was depicted. Once again, the separation occurring at the blade root suction side 
of UT7 seemed to affect the outflow angle at the lowest radial positions, thus changing the trajectory 
followed by the streamlines. 
 

 

 

 
 

Figure 5.11: Stationary frame velocity streamlines and axial friction coefficient contours for T2, T4c and UT7 
spinners (Only positive friction coefficients values are shown).  

T2 

UT7 

T4c 
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5.2.2 Vortex formation and blade root loading.  

The flow separation delay showed to be the most significant parameter in order to improve the relative 
propeller efficiency since attached flow over the spinner would inevitably increase the pressure 
recovery. However, the spinner drag has shown to be also dependent on whether or not is the hub 
vortex formation strong enough to counter the flow expansion and the positive pressure coefficients 
at the rear part of the spinner.  

 

 
 

Figure 5.12: Spinner vortex strength for the tangent group tested at a plane located 0.72R downstream 
ahead. (Corresponding relative propeller efficiency variations are shown in the legend).  

 
The Figure 5.12 shows the maximum values of Q criterion encountered along the circumferences of 
radius r/R. The testing plane is normal to the axis of rotation and it was located at 0.72 x/R from the 
origin. As observed for the shorter and longer spinners, the hub vortex (Around 0.03 r/R) had lower 
magnitudes when a second relatively large peak was observed at higher radial position. Spinner designs 
that have narrow shapes or that extend the nacelle not further than the blade root such as T6, test 16, 
T3 and UT7 have all Q values below 0.2 million at the hub vortex radial position. On the other hand, 
spinners that prolonged further the nacelle extension such as T10, T4b, T4d and especially T5, had Q 
criterion values that exceeded 0.4 million at the hub vortex radial position (0.03 r/R).  
 
Figure 5.13 depicts contours of the axial force acting on the spinners of the tangent group as a fraction 
of the propeller excess thrust. The areas in red indicate that the axial force component has a drag 
direction while the blue contours indicated thrust direction.                                                             
 

The pressure recovery indicated by the blue contours of axial forces in direction of thrust was produced 
mostly by the flow expansion coming from the blade root, especially from the pressure side. The blue 
contours followed a negative tangent direction that indicated the trajectory of the attached flow. On 
the other side, the red contours that represented the axial force induced by a region of low pressure 
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coefficients seemed to be exhibited mostly at the end of the spinner. This indicated the presence of a 
hub vortex: however, cases such as T6 showed positive axial forces (Drag direction) with similar strength 
at the beginning of the expansion section of the spinner.   
 

 

 
Figure 5.13: Contours of axial component of the force acting on Tangent spinners and test 16. 

 Axial force coefficient calculated for 1 m2 area reference. 

 
 
The contours of axial forces that acted in drag direction observed in T6 were induced by a strong 
separation vortex. This suggested that early separation occurred at the blade root suction side and that 
the large negative component of tangential velocity coming from the pressure side was most likely 
separated as well. The flow separation was reflected in both, the low velocities and the low Q criterion 
values encountered at low radial positions.   
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Figure 5.14: Circumferentially averaged axial and tangential velocities for the spinners of the tangent group. 
Corresponding relative propeller efficiency variations are shown in the legend.  

 
Figure 5.14 depicts the axial and tangential velocities averaged circumferentially at the blade root and 
spinner zones. By looking to the velocity plots it comes into sight that the spinners that extended the 
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nacelle further downstream presented the highest velocities for the same radial position and at the 
same plane of reference. The larger values of velocity were observed in both axial and tangential 
components, especially in T2, T5, T4b and T4c at radial positions between 0.11-0.16 R. Despite of 
similarities of the velocity profiles measured close to the spinner, T5, T4b and T4c did not produce the 
same improvement on propeller efficiency than the T2. Unlike the other spinners with relatively high 
efficiency, T2 showed practically no evident traces of low pressure (Fig. 5.13). 
 

Table 5.2: Hub vortex strength among tangent spinner group (Sample taken at 0.72 x/R plane) 

 
Spinner design 

 
Hub vortex (Max. Q value) / Original tip vortex (Max. 

Q value) 

Original 22.4% 

T1 29.9% 

T2 25.7% 

T2b 37.4% 

T3 16.8% 

T4 34.6% 

T4b 48.6% 

T4c 36.4% 

T4d 52.3% 

T5 74.8% 

T5b 41.1% 

T6 9.3% 

UT7 20.6% 

T8 30.8% 

T9 34.6% 

T10 41.1% 

 
The tangent group of spinners permitted a gradual flow expansion that delayed the separation due to 
the less steep adverse pressure gradient. This explains the generalized tendency to improve the 
propeller performance. If any, flow separation was encountered only at the end of the spinner which 
allowed encountering greater static pressure over longer portions of the spinner wall. However, 
independently of the spinner design that was tested, relatively strong vortical structures were observed 
at the lower radial positions. Table 5.2 shows a comparison among the largest Q criterion values found 
at the hub vortex region as a percentage of the original tip vortex where the three largest percentages 
are highlighted in red. From the same table it can be derived that all of the spinner designs that had 
longer nacelle extensions (Spinner tangential part) exhibited a hub vortex that represented at least 30% 
of the tip vortex strength. In a similar way, the results depicted in the tangential velocity graph of the 
Figure 5.14 showed that T4b, T4d and T5 displayed not only the largest negative tangential components 
of velocity, but also at the lowest radial positions closer to the hub vortex formation.  
 
It can be said that by increasing the tangential part of the spinner, the flow expansion started at a very 
moderate adverse pressure gradient which helped maintaining part of the flow attached to the spinner. 
Nonetheless, the separation delay permitted larger velocities induced by the propeller rotor to be 
closer to the spinner wall since the streamlines were following the spinner curvature in a similar way 
as for the blade-off tests. For most of the tangent designs that were tested, this was the reason of 
stronger vortices since the larger velocities found closer to the wall interacted with the low ones 
encountered in the separated region.  
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However, the low pressure region observed in the spinner case T5 started before the formation of the 
hub vortex. In fact, the hub vortex was formed downstream ahead of the spinner since no separation 
was observed for this design. The low pressure region of T5 was induced by a swirl motion that took 
place inside the boundary layer. The swirls close to the T5 spinner wall were caused by the difference 
in tangential velocity components among the upper and lower part of the boundary layer. Eventually 
these swirls coming from each of the rotor blades merged towards the end of the spinner which caused 
the low pressure region observed in Figure 5.15 and 5.16. 
 
The relative propeller efficiency was improved by the spinners that induced a sustained flow 
deceleration with flow separation occurring late in the spinner or not happening at all. Nevertheless, 
either the hub vortex or the merging of boundary layer vortices carried a local decrement of the 
pressure coefficients. Given that the detrimental effect of vortical structures was also observed in 
designs with no evidence of early flow separation, the importance of the tangential component of the 
blade root outflow velocity was highlighted as an inherent cause of vortex induced drag. In the same 
way, the adverse effects could also be alleviated by tuning the blade root loading. It is known that large 
magnitudes of crossflow can be typically observed at surface mounted objects as horseshoe vortices 
due to the interaction of a laminar boundary layer and a transverse jet [43]. This was the case for the 
vortical structures found at low radial positions with the different spinner geometries; nevertheless, 
the hub vortex and the boundary layer ones observed in T5 showed high dependency on the separation 
vortex, which at the same time depended on the blade root loading, especially on the outflow direction 
and magnitude of the stream coming from the root pressure side.  
 
A recirculation bubble at the end of the spinner can be observed in Figure 5.15 as a vortical structure 
in the shape of a ring. The ring shape was also observed on most of the tangent designs that exhibited 
flow separation. While all of the vortical structures were formed mostly due to the difference in 
tangential velocity, the ring vortex was formed mainly due to the difference in axial velocities that 
created the swirling motion (Fig. 5.15). The pressure coefficient contours that are shown in Figure 5.16 
were an indication of why the T2 spinner design presented the best of the efficiency improvements. 
The spinner wall of T2 was surrounded by positive pressure coefficients more than any of the other 
spinners of the picture; moreover, the streamlines showed that the flow separated only at a very small 
section at the spinner end. 
 

 
 Figure 5.15: ‘Ring Vortex’ formation at T2 spinner end.  
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Figure 5.16: Streamlines, pressure coefficients and Q-criterion Isosurface (470000 s-2) on most efficient 

spinners.  
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Figure 5.17: Axial friction coefficient contours at the blade root of the tangent most efficient spinner 

designs.  

 
Figure 5.17 depicts the axial friction coefficient observed at the blade root of the 5 most efficient 
spinners where T2 and T4c can be distinguished because of their wider blue area on the pressure side, 
indicating lower axial shear stresses acting close to the trailing edge. This effect was also reflected on 
the suction side, where the opposite happened and larger axial shear stresses were observed over 
longer portions of the suction side, especially close to the spinner wall. The largest values of hub vortex 
Q criterion were observed at the T4b, T4d and T5 models that also showed the earliest flow separation 
on the blade root suction side. The flow separation not only occurred upstream ahead but also closer 
to the spinner wall, increasing the chances of interaction between the boundary layer of the blade and 
the one of the spinner.  
 
The gain in propeller efficiency that was achieved with the modification of the spinner shape was 
limited to the improvement of the pressure recovery obtained by tuning the slope and curvature of the 
expansion section of the spinner; however, the direction followed by the flow depended on the root 
blade loading. This suggested that by modifying the blade root loads, the pressure recovery might be 
improved and so the propeller efficiency.  
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6 Passive boundary layer 

separation control 
 
 
The efficiency of the pusher propeller studied in this research has been improved by means of a spinner 
aerodynamic design. Several spinner shapes have been simulated according to the required boundary 
conditions and they were built from axisymmetric sketches as solids of revolution; however, despite 
the gains in flow separation delay, it is the author’s opinion that the spinner performance could be 
increased by inducing localized boundary layer control. The objective of the manipulation of the 
boundary layer would be changing the root blade loading in a way that propeller performance would 
be improved. Not only the vortex system could be influenced but also the blade thrust, torque and the 
pressure recovery for a given spinner design. Only passive boundary control methods were reviewed in 
order to obtain the largest efficiency improvements without the need of added energy.  

6.1 Baffle concept as a flow interaction tool  
 
The passive boundary layer control has been used widely as a simple and effective tool in fluid 
dynamics. One example is shown in the study performed by Liu and Xiong [44], where a physical barrier 
was used in order to break the core of a typical horse shoe vortex formed on a junction of a wall and 
an airfoil. Liu and Xiong showed that the wake that a submarine propeller (Pusher) encounters can 
show a more uniform velocity field if the core of the horse shoe vortex formed at its sail (Dorsal fin) 
was broken. The expenses of having baffles that dissipate the vortex energy in quicker manner were 
found to be negligible in terms of added trimming forces. The apparent uniformity of the wake velocity 
field resulted in lower velocities for the same radial position when compared to the model without the 
junction baffle. The concept of uniformity in the wake field was especially important for the spinner 
design of a pusher propeller configuration because the improvements in efficiency depended mostly 
on the flow expansion after the rotor with relatively low gradient of tangential velocity so the unwanted 
effects of the vortices can be reduced.   
 
The baffles were rectangular shapes placed inside of the horseshoe vortices. Their height was matched 
to be the same of the vortex core, while the longitude was set to be around 60% of the height. The 
intention was breaking the horseshoe vortices at its transition from transverse to longitudinal.  
 
The concept of baffle as a boundary layer control device was tested on the original design of the spinner 
in first instance, followed by tests made on the spinner designs that presented the largest efficiency so 
far. 

6.1.1 Effect of the baffle concept on the original design.  

The first test of the baffle as a passive vortex control tool was made on the original spinner design given 
for this research. Two baffles were placed on each of the horseshoe vortices observed in the original 
blade-spinner configuration. The objective, was to induce a more uniform wake just as suggested by 
Xiong in order to assess its effect on the flow separation and thus on the spinner pressure recovery. 
The geometrical parameters for the baffle design are depicted in Figure 6.1 as well as the vortical 
structures formed due to the interaction of the baffles.       
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The height of the HSV core was around 11mm and 7mm for the suction and pressure vortical structure 
respectively. This is why the baffle located in the vortex formed on the suction side was designed slightly 
higher than the one at the pressure side. The height of the baffles was designed so it matched the 
height of their respective vortex core. The vortices had an axial core length of around 26mm and 19mm 
for the suction and pressure one respectively. As indicated by Xiong [44], the HSV baffles were located 
close to the point where the HSV changed from a transverse to longitudinal structure. For this test the 
height of both baffles was kept constant in axial direction. The vortex core was measured using a Q 
criterion isosurface of 470 000 s-2. The HSV dimensions did not show significant changes at the 
measurement point when different values of Q criterion were plotted.  
 

 

 
 

Figure 6.1: Baffles dimensions for HSV and Q criteria Isosurface at 470 000 S-2. 
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Figure 6.1 depicts the effect of the baffles on the HSV. Two different vortical structures appeared as 
trailing vortices that come from each of the baffles. In principle, the baffle effect could be inferred as 
positive since the baffle trailing vortices were formed further from the spinner wall thus preventing the 
boundary layer from directly interacting to the HSV. However, traces of a HSV were observed in the 
pressure side due to the presence of transverse flow that went in between of the blade root leading 
edge and the lower part of the pressure baffle.   
 
Since the pressure side baffle continued showing the formation of the horseshoe vortex, other baffle 
configurations were tested on the original spinner design. The second test was made using only the 
baffle that was located at the suction side since it was the one that induced a significant change in the 
HSV, followed by two more baffle configurations. The first one included a baffle placed in the side of 
the suction side close to the trailing edge (Trailing baffle) in order to interrupt the separation vortex 
instead of the HSV. The second configuration combined the HSV of the suctions side and the trailing 
baffle.  
 
As observed in Figure 5.17, the spinner designs that induced the best relative propeller efficiency 
showed lower axial shear stresses on the pressure side, especially close to the trailing edge due to the 
earlier flow separation. This led to the design of a baffle whose function was to spoil the boundary layer 
of the root pressure side. Figure 6.2 shows the design of the spoiler.  
 
 
 

 
Figure 6.2: Pressure side spoiler sketch and dimensions. 
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Figure 6.3: Trailing baffle sketch and dimensions. 

 
The sketch of Figure 6.3 portrays the dimensions of the trailing baffle that was designed in order to 
match the separation vortex core. The trailing baffle was placed close to the trailing edge in order to 
prevent the transverse flow from interacting with the spinner boundary layer as a separation vortex. 
The baffle shape was designed to have less influence in the large shear stress area of the suction side 
(Upstream) which is why it became higher in axial direction.  
 
In a similar way, the spoiler depicted in Figure 6.2 was designed to interact with the blade root pressure 
side boundary layer. Instead of deflecting the transverse flow coming from the pressure side, as done 
with the trailing baffle, the purpose of the spoiler was to induce an early detachment of the boundary 
layer of the pressure side, thus avoiding the formation of the separation vortex.  
 
Figure 6.4 shows the axial force coefficient acting along the baffle-spinner configurations. Favorable 
values of axial force coefficient were especially observed at the configurations with baffles located at 
the suction side HSV, at the separation vortex and at the combination of both. The flow separation was 
delayed for most of the test except for the one that incorporates a spoiler.  
 
The concept of the baffle seemed to work fine especially on the suction side, either breaking the HSV 
or deflecting the transverse flow coming from the pressure side in the trailing edge. 
 
Figure 6.5 shows the influence that the different baffle configurations had on the flow expansion, being 
the trailing edge one the baffle design that induced the largest values of pressure coefficients. Even 
when the pressure distribution corresponding to the trailing baffle maintained a positive averaged Cp 
over most of the plot, a sudden decrement could be observed towards the lowest radial positions. The 
pressure drop was caused by the hub vortex that despite being formed at the ending part of the spinner 
(0.025 r/R) it was strong enough to decrease the pressure in a significant way.    
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Figure 6.4: Axial force coefficient contours and flow separation streamlines at 20° plane.   

 

 
Figure 6.5: Pressure distribution of the original spinner design and the different baffle configurations 

(Relative propeller efficiency variations are shown in the legend).   

 
The trailing baffle tested on the original spinner design improved the relative propeller efficiency 
regardless the strong hub vortex formed at the spinner end (Table 6.1). The hub vortex core had a 
relatively smaller size compared to the other baffle configurations, especially when compared to the 
one with baffles at both of the HSV.  
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Figure 6.6 shows the axial component of the shear stress acting on the blade root pressure and suctions 
sides. Just as observed for the most efficient spinners of the tangent group, the spinners with the largest 
efficiency were the ones that presented positive values of axial shear stress further downstream in the 
blade root suction side. Fig. 6.6 shows negative axial shear stresses repeatedly on the pressure side of 
the designs with the best efficiency such as the Trailing baffle and the last one that combines a suction 
HSV baffle and the trailing one. Even when large areas of negative axial shear stresses acting on the 
pressure side were also observed at the spoiler configuration, the suction side exhibited large negative 
axial shear stresses as well.  
 
Table 6.1: Baffle configuration effect on hub vortex strength and relative propeller efficiency (Sample taken 

at 0.72 x/R plane) 

 
Spinner 
design 

Baffle design 
and location 

Hub vortex (Max. Q value) / Original 
tip vortex (Max. Q value) 

Relative 
Propeller 

efficiency (η) 

Original No baffle 22.4% 100.00% 

Original Pressure and suction 
HSV 

 
36.4% 

 
98.69% 

Original Suction HSV 46.3% 100.47% 

Original Spoiler in pressure side 2.3% 99.51% 

Original Trailing 55.1% 101.34% 

Original Suction HSV + Trailing 
baffle 

 
20.1% 

 
101.05% 

 
 

 
Figure 6.6: Axial friction coefficient contours on the blade root pressure and suction sides.  
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Figure 6.7: Shear stress vectors on spinner with different baffle configurations and separation streamlines at 

20°.  

 
Independently on the baffle configuration tested and whether or not it delayed the flow separation on 
the spinner, the direction of the shear stresses was modified. As showed in Figure 6.7, the original 
configuration without any type of baffle and the spoiler configuration, showed early flow separation 
and reverse flow which inevitably increased the spinner drag. On the other hand, the cases where only 
one baffle was located in the suction side, either breaking the HSV or the separation vortex, exhibited 
attached flow over practically all the length. The shear stress vectors of both cases followed a more 
axial direction compared to the rest of the cases. In addition to the different direction of shear stresses, 
the magnitude of the stress vectors was clearly higher on the most efficient designs. However, when 
both suction HSV baffle and the baffle located at the separation vortex were placed in the same spinner, 
the efficiency decreased compared to the one obtained with only the separation baffle.   
 
With the exception of the tests where a device was placed in the pressure side, spinner early flow 
separation was delayed by means of the baffle configurations and two of them managed to exceed 1% 
of improvement in the propeller efficiency. However, the baffle configurations were tested on the 
original spinner design that encountered separated flow over most of the spinner wall, so the concept 
of the boundary layer control was tested on the spinner designs that caused the relative propeller 
efficiency to increase.  

6.1.2 Effect of the baffle concept on efficient spinner designs.  

The relative propeller efficiency was improved by delaying flow separation at the spinner. The use of 
one or two baffles located at the spinner, demonstrated that flow separation could be delayed as much 
or even more than by solely modifying the spinner geometry. This is why the more baffle tests were 
performed in combination with some of the spinners that previously increased the propeller 
performance. Different designs and locations of the baffles were evaluated. 
  
Given that the baffle located close to the trailing edge (Inside the separation vortex) induced the largest 
improvement in propeller efficiency, more designs of trailing baffles were tested on tangent designs 
such as T2, T4c and test 16. The location of each of the baffle was determined accordingly to the 
location of the separation vortex formed at the spinner geometry. The height was set to barely exceed 
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the size of the vortex core, in the same manner as for the original configuration, and the thickness was 
kept as 1mm. Besides the spinners from the tangent group (T2 and T4c), the test 16 was also tested in 
combination with a trailing baffle since it had a larger blade exposure than the one shown by the 
tangent spinner group and the original spinner design.  
 
Table 6.2: Baffle configuration effect on hub vortex strength and relative propeller efficiency (Sample taken 

at 0.72 x/R plane) 

 
Spinner 
design 

 
Baffle type 

Hub vortex (Max. Q value) / Original 
tip vortex (Max. Q value) 

Relative 
Propeller 

efficiency (η) 

T2 No baffle 25.7% 100.88% 

T2 Matching separation 
vortex 

24.3% 100.54% 

T4c No baffle 36.4% 100.74% 

T4c Matching separation 
vortex 

50.5% 100.57% 

Test 16 No baffle 11.7% 100.56% 

Test 16 Matching separation 
vortex 

18.2% 100.48% 

 
As depicted in the Table 6.2, despite that the relative propeller efficiency was kept larger than the one 
observed at the control group (Original design), all the baffle cases decreased the efficiency of their 
spinner alone.   
 

 
Figure 6.8: Trailing baffle placement and Q-criterion isosurface (470000s-2) for T2 spinner. 
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Figure 6.8 depicts the blade root suction side axial shear stress distribution of spinner T2 before and 
after the placement of a trailing baffle. Unlike the original design, T2 showed detrimental consequences 
when the baffle was located. Not only negative axial shear stresses were observed over a larger area, 
but also the separation vortex was increased triggering early flow separation.  
 
The location of the trailing baffle was based on the same concept than the one used for HSV baffles of 
interrupting the vortex core, thus dissipating the energy of the vortex that induced separation when it 
was interacting with the boundary layer coming from the nacelle. The same approach was followed in 
order to find a location of the trailing baffle; however, the flow separation occurring close to the blade 
root trailing edge of most of the spinner designs, was not produced by the separation vortex but the 
other way around. The separation vortex was the swirling motion that was produced by the transverse 
flow jet coming from the pressure side that was particularly pronounced when the suction side 
presented early flow separation. Nevertheless, the trailing baffle brought an efficiency improvement as 
large as 1.34% suggesting that the success of the trailing baffle on the original designed spinner was 
due to the flow deflection more than the separation vortex interruption.  
 
Based on the assumption that the trailing baffle should not be designed as a vortex breaker but more 
as flow deflector, the baffle was located where the flow separation occurring at the blade root suction 
side has its maximum.  
      
 

 
Figure 6.9: Trailing baffle flow deflection acting on original spinner and T2.  

Axial shear stress contours and streamlines velocity are shown.  

 
Picture 6.9 depicts the flow deflection as a result of the trailing baffle placed at the T2 and the original 
spinner design. It can be observed that in the case of the middle, the velocity streamlines increased 
their magnitude at both the entrance and at the exit of the baffle location. The baffle changed the 
outflow angle close to the trailing edge. This reduced the tangential component (Z direction) of velocity 
and increased the axial one (X). On the other hand, the velocity streamlines depicted for the tangent 
case T2 showed a decrement in velocity magnitude, especially towards the trailing edge. Despite the 
high efficiency of the T2, the trailing baffle did not prevent flow form detaching in the blade root suction 
side. The baffle location that matches the position and height of the separation vortex core, proved to 
be ineffective in terms of avoidance of the separation vortex formation, thus decreasing the spinner 
drag.  
 
By changing the geometrical parameters of the original spinner used as a control variable, 36 spinner 
designs have been put to test. During the experiments, 23 out of those spinner designs managed to 
improve the relative propeller efficiency without the usage of any baffle; however, the trailing baffle 
located on the control spinner increased the efficiency of the propeller more than any of the 23 spinner 
designs alone, which emphasized the importance of delaying the flow separation in the suction side in 
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order to delay it in the spinner as well. Figure 6.9 showed that the trailing baffle of the T2 not only did 
not deflect the flow in the same way than for the original spinner but increased the velocity of the 
transverse jet flow coming from the pressure side, which also increased the strength of the separation 
vortex and decreased the relative propeller efficiency compared to the same configuration with no 
baffles.  
 

 
Figure 6.10: Turbulent kinetic energy contours for the original spinner alone and with the trailing baffle.   

 
As it can be seen in Figure 6.10, the turbulent kinetic energy (TKE) was plotted on planes that cut the 
blade in the lowest radial locations, showing the contours for the original spinner design with and 
without the trailing baffle. As the boundary layer thickened or separated, the production of eddies 
increases and so did the TKE. This turbulence production allowed the highlight of boundary layer 
interaction between the blade root and the spinner. The larger values of TKE observed in the suctions 
side worked as an indicator of flow separation which was more evident after 0.24 R. The TKE contours 
were initially very similar to each other, especially at the highest radial positions shown in the picture; 
however, as the plane intersected the blade in lower positions, the TKE contours showed larger values 
that were less scattered in the image due to the more axial direction of the outflow that regardless of 
being fully turbulent showed no evidence of early flow separation.  
 
Around 0.2 R the TKE values close to the blade wall were higher for the baffle configuration than for 
the spinner alone, especially the ones located nearby the pressure side. The increased TKE observed at 
the pressure side was an indication of separated flow that decreased the interaction between the blade 
root boundary layer and the spinner one by changing the outflow angle of the transverse jet flow that 
was coming from the pressure side. For lower radial locations, the values of TKE became larger but less 
scattered because of the still attached boundary layer that followed an outflow path more aligned with 
the axial direction.  
 
The trailing baffle used in combination with the original spinner, induced an increment of the axial shear 
stresses especially observed at the lowest part of the blade root (Fig. 6.11). The increment of the axial 
shear stress was caused by the attached flow induced by the trailing baffle, especially at the upstream 
edge located at 10 mm from the blade suction side.   
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Figure 6.11: Effect of trailing edge baffle on the blade root shear stress of the suction side (Original spinner).  

 
The trailing baffle showed performance benefits mostly because of the delay in flow separation 
observed on the spinner. This decreased its pressure drag; however, despite the flow separation delay, 
the pressure drag reduction depended directly on the pressure recovery achieved by the flow 
expansion. Test 16 can be taken as an example of spinner drag reduction for attached flow. When flow 
separation took place at the very end of the blade-off spinner tests, or was not observed at all, the flow 
expansion at the end of the spinner was increased, always favored by a narrow section at the expansion 
section of the spinner.  
 
Considering that similar designs of the trailing baffle might have beneficial effects on the propeller 
performance such as flow separation delay and the change in the trajectory that was followed by the 
attached flow, the design of the trailing baffle was tested with the most efficient spinner designs. This 
is why a new experimental set up was conducted in order to assess the effects of a baffle as flow 
deflector in combination with relatively highly efficient spinner design.  
 
The set of simulations combined two types of baffles. The baffle type (a) was tested on tangent designs. 
Due to the relatively higher radial position that tangent spinners had compared to the original one, the 
design of the baffle used with tangent spinners was similar to the one used with the original spinner 
but with an increment in height. The second type (b) comprehended the trailing baffles that were 
designed so they could be used with the test 16 spinner. Given that test 16 exposed the blade root the 
most, the trailing baffles of this type were designed to match the area of the suction side that showed 
separated flow (Based on the shear stresses). Each of the baffle types added a tilted version of the 
design. The positive angle of baffle rotation was measured respect to the free stream axial direction 
around the radial axis that positioned the rear edge of the baffle closer to the suction wall. The baffle 
designs are shown in Table 6.3. 
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Table 6.3: Description of the baffle designs. 

 
 

Table 6.4: Relative propeller efficiency variation (Efficiency values below the one of the spinner without a 
baffle are shown in red).  

 
  
As expected, the combination of a baffle acting as flow deflector and an efficient tangent spinner 
resulted in even larger efficiency improvements. Table 6.4 depicts the efficiency variations throughout 
the set of simulations that combined a trailing baffle and a spinner design with high efficiency. The first 
baffle design (a1) was tested in combination with T2 and T4c spinners where the relative propeller 
efficiency was increased up to 1.71% and 1.47% more than the control efficiency respectively. After 
tilting the baffle 6° an even larger increment on the relative propeller efficiency was produced on the 
T2 and T4c spinners where the a2 baffle increased their efficiencies in 1.88% and 1.55% respectively, 
compared to the original designs used as control.  
 
Given the results obtained with the a2, the same baffle was tested on the other tangent spinner designs 
that exhibited large efficiencies as well. The a2 baffle produced the largest increment in efficiency 
(1.89%) when combined with the spinner T5. Even when T5 had an efficiency of 0.59% without the 
baffle, it seemed that not only the separation was delayed but also the negative effect of the low 
pressure region caused by the hub vortex. 
 
The baffle type a3 showed that the height extension of the tilted baffle decreased the efficiency for 
both T2 and T4c compared to the a2 type; however, the use of the baffle maintained efficiency values 
larger than the ones without any baffle.  
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Despite being tested with spinner cases that presented already large values of efficiency without any 
device for boundary layer control, baffle a2 consistently increased the relative propeller efficiency when 
tested with tangent designs. However, when tested in combination with a spinner design of large blade 
exposure such as the test 16, the propeller performance was affected instead of being improved (-
1.36%). The objective of using a baffle was to prevent the boundary layer from separating in the blade 
root suction side; nevertheless, a different blade exposure required a specific baffle design. When the 
test 16 was simulated in combination of baffles designed for its specific blade root loading, both baffles 
b1 and b2 induced efficiency values of +0.81% and +0.46% respectively. It was evident that the baffles 
that were designed to match the areas of low axial shear stresses of test 16 performed significantly 
better than the ones designed for tangent spinners.  
 

 
Figure 6.12: T2 spinner isosurface of Q criterion 470000 s-2 with different baffle designs.  

 
Although the axial shear stresses were increased on the last three spinners of Figure 6.12, a2 baffle was 
the only case that showed relatively large values of axial shear stresses close to the trailing edge on the 
suction side. The Q criterion isosurface of 470000 s-2 was another indication of the flow separation 
delay that caused the increment of axial shear stress especially around the region of the spinner close 
to the baffle. The absence of the separation vortex suggested a weaker interaction among the 
transverse flow coming from the blade root pressure side and the spinner boundary layer.  
 

 
Figure 6.13: Blade root suction side axial shear vectors and pressure distribution due to a trailing baffle.   
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As observed in Figure 6.13, both a2 and a3 trailing baffles increased the viscous shear forces of the 
lowest part of the suction side. However, as soon as the baffle got increased in height (a3), the 
beneficial contribution decayed in a significant way despite that it kept the flow attached further 
downstream over a larger area compared to the a2; in fact, baffle a2 seemed to keep attached flow 
longer than the a3 only at the junction of the root suction side and the spinner. In part, the baffle a3 
decreased the relative propeller efficiency because independently of the separation delay, the lowest 
part of the blade still faced separated flow most likely due to the accelerated flow that passed 
throughout the channel between the blade and the baffle. In addition, the negative Cp values that 
resulted from the attached flow did not produce effective thrust but more an increment in torque. 
 

 
Figure 6.14: Baffle height (a2 and a3) compared to the spinner boundary layer thickness of an axial plane 
tilted 20° around the rotational axis. Very low values of TKE are shown in order to depict the boundary 

layer. 

 
The relatively low values of turbulent kinetic energy shown in Figure 6.14 helped to depict the boundary 
layer thickness and its displacement thickness. Both baffles seemed to be acting within a radial location 
that matched the size of the boundary layer thickness observed at the spinner, especially on the suction 
side of the blade. While the height of the baffle a3 might have surpassed the boundary layer thickness, 
a more significant indication of its poorer performance was the increment of turbulent kinetic energy 
observed in the shear layer of the external part of the baffle a3.  
 
Similar to the efficiency improvement found in T2, baffle a2 in combination with the spinner T5 resulted 
in the largest relative propeller efficiency found throughout the research and the performance upturn 
was also related to the delay in flow separation occurring at the lowest radial position of the suction 
side and hence also occurring over the entire spinner wall (Fig. 6.15).     
 

 
Figure 6.15: Blade root suction side axial shear vectors and pressure distribution due to a2 trailing baffle. 
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Figure 6.16: Effect of the trailing baffles on pressure and Q criterion of the most efficient spinner designs.  
 

The positive effect that the baffle had on the propeller performance was observed in Figure 6.16. This 
was especially noticeable on the pressure depicted by both T5 a2 and T2 a2 (Spinners with baffles) 
where only positive values of Cp were encountered behind the spinner. Independently of the maximum 
increment in efficiency achieved at the end, T5 showed the largest improvement when comparing the 
spinner alone and the spinner with the baffle (T5 a2). The reason is that despite the large efficiency 
showed in a no-baffle configuration, T5 started to have negative pressure coefficients at a relatively 
early radial position which gave more room for improving the efficiency once that the pressure recovery 
was enhanced by one of the baffles.  
 
The low values of pressure were cause by both the early flow separation and the vortices formed by it. 
As the flow encountered a straighter path induced by the baffle a2, the pressure recovery improved 
showing only positive values of Cp at all radial positions of the plane for both T2 and T5. As a result, the 
maximum Q criterion values for low radial positions got decreased, indicating that the vortex strength 
and formation was also diminished.  
 

 
Figure 6.17: Vortical structures sign of rotation behind the T5 blade root with and without the a2 baffle.  
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Figure 6.17 shows the vortical structures and their rotational sign observed when the a2 baffle was 
tested on the spinner T5. It was clear that the crossed flow formed mostly due the flow separation on 
either pressure or suction side of the blade root was the reason of the vortical structures observed with 
an isosurface of Q criteria of 470 000 s-1. Even when 4 relatively strong vortices were formed due to the 
different signs and magnitude of tangential velocities, the positive values that was observed close to 
the spinner wall seemed to be the main cause of the performance improvement because it indicated 
an evident change in direction of the shear layer.  
 

 
Figure 6.18: Schematic blade force representation of the T5 spinner with and without a2 baffle at 0.22 R.  

 
Despite the propeller improvements in terms of efficiency after combining the tangent spinner T5 with 
the baffle a2, the lower part of the blade still showed a negative thrust component as shown in Figure 
6.18; however, the negative thrust component was decreased after placing the baffle. The large 
negative thrust or the reversed lift were repeatedly observed among the tests without a baffle 
indicating their relatively poorer performance. The large pressure side loading altogether with the flow 
separation occurring at the suction side explained inverted lift direction.  

 
Figure 6.19: Baffle effect on the blade root negative thrust component and the propeller torque (Most 

efficient cases).  
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The most efficient cases of baffle-spinner combinations decreased significantly the negative thrust 
component induced by the blade root (Below 0.254 R). Figure 6.19 depicts the magnitude of the thrust 
component integrated over the blade root surface in both pressure and suction sides. The direction of 
the thrust was not changed, but the baffles reduced the negative thrust component when combined 
with T2, T4c and T5 tangent spinner designs. Just as observed among the spinners that were modified 
in length and height, the larger propeller efficiencies were found among the spinner-baffle 
configurations that decreased the spinner drag regardless the increment of torque that typically came 
after delaying flow separation in the spinner. This was clearly related to the almost negligible amount 
of torque increased by the blade root, compared to the torque contribution of the rest of the blade.  

 
Figure 6.20: Baffle effect on spinner drag and propeller excess thrust (Most efficient cases). 

 
As observed with shorter and longer spinner tests (Fig. 6.20), the spinner drag reduction was directly 
reflected on the propeller excess thrust; however, the largest efficiencies were observed on spinner 
designs that not necessarily presented the largest excess thrust. If the T2a1 is taken as an example, it 
is possible to see that even when the negative component of the thrust was reduced to a value close 
to zero, the spinner induced an increment of the total propeller torque of barely 0.5%. On the other 
hand, the relative spinner drag reduction of 105% increased the propeller excess thrust around 2.3%. 
In other words, the performance improvement of the spinner T2 with the baffle a1 was based on the 
larger relative increment of excess thrust that outweighs the gain in propeller torque.  
 
T5 in combination with baffle a2 presented the largest relative propeller efficiency not only by 
decreasing the spinner drag nearly as much as the T2, but also because it kept lower values of propeller 
torque.  

6.2 Spinner grooves and their effect on the propeller performance 
 
The utilization of passive boundary layer control methods such as the baffles represented a relatively 
large improvement in the relative propeller efficiency when compared to the one obtained by re-
designing only the spinner geometry. This emphasized the relevance of studying mechanisms that can 
prevent the boundary layer separation not only by straightening the flow as the baffles did, but also 
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maintaining larger velocities close to the spinner wall due to the increased momentum of the boundary 
layer. 
 
Commonly, features such as longitudinal vortices are repeatedly chosen among passive boundary layer 
control methods due its relative simplicity to energize the low momentum wall flow since 1950 [45]. 
Passive methods tent to use the energy of the rotating flow such as vortical structures to exchange 
momentum with the boundary layer as shown by G. Godard [46] or earlier by Lin [47]. However, the 
vortical structures that were formed at the blade root of the pusher propeller used for this research 
were reducing the momentum of the boundary layer instead of increasing it. This induced early flow 
separation on the spinner until the baffles were used as flow deflectors. New vortical structures were 
formed because the direction of the blade root outflow jet changed direction, especially close to the 
wall.  
 
The most efficient cases found in this research exhibited attached flow over most of the path followed 
by the boundary layer; however, given that the flow has to be inevitably detached, the longer that the 
flow separation delay is, the largest pressure recovery that could be encountered. Besides the 
longitudinal vortices, the cavity method has been used before as a mechanism to decrease pressure 
drag, using the same boundary-layer-energizing concept that delays separation or increase the 
momentum of the attached flow [45].  
 
The cavity concept in the form of a contoured transversal groove has also proved to work as a boundary 
layer control tool according to A. Mariotti [48]. Due to the axisymmetric boat-tailed body setup of 
Mariotti’s experiment, the concept was adapted to the pusher propeller configuration of the present 
research. The grooves worked under the concept of ‘Trapped vortex’, where a steady structure with a 
constant vorticity creates a recirculation region separated from the outer flow that might increase the 
downstream boundary layer momentum. Although the transverse groove technique uses the concept 
of rotating flow, there is no momentum exchange among the boundary layer and longitudinal vortices, 
instead, the benefit should come from the relaxation of the no-slip condition in the region close to the 
wall that would reduce momentum losses around the edge of the recirculation region [48].  
 

 
Figure 6.21: Groove dimensions nomenclature, Mariotti [48]. 

 
Four parameters were taken into account in order to designate the position and size of the contoured 
grooves. Figure 6.21 shows Mariotti’s experiment designation of the geometry where the main cavity 
was an ellipse with a minor axis a and a major axis h. The major axis or cavity depth equals one third of 
the boundary layer thickness; while the minor one represents 2/3 of h. The letters s and t, indicated 
the distances prior and after the cavity respectively, where s/D and t/D had values of 0.107 and 0.129 
respectively for Mariotti’s configuration. The maximum thickness of the axisymmetric body was 
represented with the letter D.  
 
The groove location was suggested to be slightly upstream the boat-tailed geometry. In order to use 
the groove concept in the propeller configuration, the groove was located in the spinner since it was 
the region where the thickness decreased rapidly (Boat-tail). Both configurations, before the blade and 
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after the blade, were simulated in order to obtain a broader perspective of the cavity effect on the 
boundary layer (Figure 6.22). 

 
Figure 6.22: Groove positioning in tangent spinner T5. 

 
Table 6.5: Effect of grooves on relative propeller efficiency  

Groove type 
in T5 with 
baffle a2 

Axial position respect to blade 
origin 
x/D 

Groove 
depth 
h/D 

Depth/Boundary 
layer thickness  

Relative 
efficiency  

variations (η) 

a1 -0.287 0.0087 0.28 +1.92% 

a2 -0.287 0.0131 0.41 +1.81% 

a3 -0.287 0.0175 0.55 +1.82% 

b1 0.238 0.0087 0.20 +1.90% 

b2 0.238 0.0131 0.30 +1.72% 

b3 0.238 0.0175 0.40 +1.74% 

c1 0.508 0.0087 0.10 +1.79% 

c2 0.508 0.0131 0.15 +1.76% 

c3 0.508 0.0175 0.20 +1.82% 

 
Table 6.5 shows the effect of grooves on the relative propeller efficiency when tested on spinner T5a2 
where the propeller performance was mainly improved when the cavities were located before the 
expansion section of the spinner (Grooves a, b). Taking into account that the relative propeller 
efficiency with the spinner T5 and baffle a2 was already 1.89% higher than the original one, only the 
addition of Grooves a1 and b1 managed to improve the performance beyond the no-groove value.  
 
Just as observed for the baffles, the efficiency increment induced by the grooves was related to the 
increased pressure coefficients reached at the spinner tip. Figure 6.23 shows the axial velocity contours 
of the T5 spinner at the three different locations of the grooves with minimum depth. Groove a1 
showed larger axial velocities close to the spinner end than the spinner without groove or than any of 
the other groove positions tested. Despite the flow separation encountered in the spinner end of all of 
the cases, the increased velocities allowed a larger pressure recovery as the flow expanded.  
 
The cavities that induced greater efficiencies at the shortest depth represented around 0.28 times the 
thickness of the boundary layer formed at the nacelle-spinner junction. As their depth increased, the 
cavities induced lower overall efficiency than the least deep cases that represented 0.41 and 0.55 times 
the boundary layer thickness; however, the groove at position c showed larger improvement at the 
deepest cavity, contrary to the results observed for the other groove locations. It has to be emphasized 
that the boundary layer thickness at the expansion section of the spinner had gotten around 2.6 times 
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thicker than the boundary layer encountered at the other groove positions. This changed the depth to 
boundary-layer-thickness ratio to 0.1, 0.15 and 0.2 respectively, being the last of them the one 
corresponding to the deepest cavity of groove c and the closest to the ratio suggested by Mariotti.    
 

 
Figure 6.23: Groove effect on the axial velocity of the T5 spinner end. 

 
From a stability perspective, the shear layer perturbations are unwanted since those typically affect the 
stability of the vortex formed in the cavity, as suggested by Zannetti [49]; however, the simulations 
carried out showed a recirculation region for all the grooves even when secondary separation was 
present, especially at the deeper cavities (Fig. 6.24). 
 

 
Figure 6.24: Recirculation regions for Groove types a and c.  
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A region of secondary separation was observed in both a and c types of grooves (Fig. 6.24) but it was 
certainly larger in deepest cavities of type a. Even when both types presented the same depth for the 
three variations, their different depth to boundary-layer ratio seemed to prevent secondary separation 
from happening inside the groove cavity. The cavity method effectiveness relied on the concept of 
relaxing the no-slip condition of the shear stress layer; hence, the secondary separation would 
represent unwanted effects not only from a stability perspective but also from an energetic one since 
the momentum that could potentially be transferred to the boundary layer would be decreased as the 
region of secondary recirculation grows.  
  

 
Figure 6.25: Effect of the groove depth on the pressure coefficient of T5 spinner end (After 97% of its 

length).   

 
The pressure distribution along the spinner T5 and the baffle a2 was improved only at the very last part 
of the spinner when combined with the groove design placed at the most upstream position. Figure 
6.25 shows the pressure coefficients distribution for each one of the groove designs where only case 
a1 exhibited larger Cp values along the last 5% of the spinner which decreased the spinner drag at the 
same time that extended the gain in propeller efficiency; however, the gain in efficiency was as much 
as 0.03% since most of the attached flow was already expanded. Larger pressure coefficients have been 
repeatedly observed on spinner designs that performed relatively better than others accompanied of 
a negative tangential direction of the shear stresses (Opposite to the spinner direction of rotation); 
however, the apparent negative tangential direction was observed in the spinner rotational frame of 
reference. This is important because in order to extrapolate the beneficial effects caused by the grooves 
to other pusher propeller designs with more flow separation, not only the pressure distribution have 
to be assessed but also the change in direction that was induced on the shear layer.  
 
Figure 6.26 depicts the shear stress contours that maintained a diagonal-like path in a negative 
tangential direction and that got straightened towards the spinner tip downstream ahead, especially 
for the spinner with the largest efficiency. This apparent change in direction was observed because the 
shear stress vectors were the result of the interaction between the rotating spinner and the straight 
velocity streamlines of the flow that was relatively unaffected by the blade downwash and by the 
positive tangential velocity induced by the spinner rotation. In other words, the direction of the blade 
root outflow would seem to be relatively aligned with the free stream direction for a stationary 
observer when compared to the rest of the flow coming from other parts of the blade. Nonetheless, at 
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the spinner tip the tangential velocity due to the spinner rotation was negligible and the direction 
followed by both the shear stresses and the velocity streamlines was similar independently of the 
reference frame used to look at them. Hence, given that the effect of the groove was mainly observed 
at the spinner end, a shear stress contour that is aligned with the free stream direction would inevitably 
mean larger pressure coefficients produced by the steeper curvature encountered by the attached 
flow.          

 
Figure 6.26: Comparison of best and worst groove-induced relative propeller efficiency and their respective 

shear stress coefficient contours (Spinner T5 with baffle a2 shown in both images).   

 
Since the spinner T5 in combination with baffle a2 showed attached flow over almost the entire spinner, 
the transversal grooves based their effectiveness on the pressure recovery that was especially achieved 
at the end of the spinner due to the redirection of the boundary layer. However, the method of cavities 
found in literature was mostly focused on the delay of flow separation. This can be observed better in 
less efficient cases in Figure 6.27.      
 

 
Figure 6.27: Groove a1 effect on friction and pressure coefficient contours of 30% longer and T2 spinners 

(Relative propeller efficiency induced by each of the spinner is shown at the upper right corner).   
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The results obtained when the groove a1 was tested on spinner designs that were not as efficient as 
the T5 were mostly positive and the pressure coefficients observed in the vicinities of the spinner 
surfaces were either larger or spread more evenly along the spinner. However; the second most 
efficient spinner (T2 with the baffle a2) decreased the efficiency regardless the larger values of pressure 
coefficients observed in Figure 6.27. The decrement in efficiency was related to the location at which 
the flow expansion took place. For the case without a groove, the maximum values of Cp were shifted 
further downstream in the spinner compared to the maximum values observed in the spinner with the 
groove (Fig. 6.28). The addition of the groove to an already efficient design such as the T2 did not induce 
significant changes in the way the flow separated; nevertheless, the direction of the velocity 
streamlines looked from a stationary perspective were aligned with the rotational axis due to the small 
blade root loading changes. This alignment increased the adverse pressure gradient encountered by 
the boundary layer increasing the Cp values locally at the expense of decreased values at the spinner 
tip.    

 
Figure 6.28: T5a2 and T2a2 pressure distributions with and without groove a1 (Sample taken at 20°).  

 
Part of the blade root loading modification caused by the groove started in the root leading edge with 
a different pressure distribution at the stagnation point (Figure 6.29). For most of the cases, the cavities 
decreased the blade root loading especially at the suction side. However, the reduction of the blade 
loading seemed to be produced by a large pressure region that pushed part of the flow away from the 
blade root. The large pressure region shown in Figure 6.29 extends from the stagnation point as the 
result of the expansion encountered by the flow after passing over a well formed trapped vortex.  
 

 
Figure 6.29: Groove effect on pressure contours of T2 a2 spinner design and stationary frame velocity streamlines. 
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The concept of the grooved cavities enhanced the spinner efficiency due to a beneficial redirect of the 
flow passing between the blades at the lowest radial positions. In fact, the change in direction was the 
same concept used by the baffle addition in order to improve the spinner efficiency. Although a small 
increment in the relative propeller efficiency was observed, such small amounts would very likely be 
within the uncertainty range. This is why further analysis need be made in order to find a better design 
for the cavities and maximize the pressure recovery increment achieved by them, especially because 
the transversal groove was placed in the 360° of the spinner as encountered in literature.  
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7 Conclusions and 

recommendations 
 
The present work has placed particular importance on the spinner aerodynamic design in order to 
enhance the performance of a pusher propeller configuration. The research has been focused on the 
aerodynamic shaping of the spinner in order to provide a better understanding of the nacelle-blade-
spinner interaction in cruise conditions. The set of experiments were carried out by performing a series 
of steady-state Reynolds-averaged Navier-Stokes (RANS) CFD simulations.  
 
The model tested was composed of nacelle and spinner that hosted 6 blades. Due to the axisymmetric 
nature of the model, the simulations were performed using periodic boundary conditions that 
replicated the results obtained for one blade saving significant computational power. The mesh was 
selected by means of a grid dependence study that followed both, classic and least squares approaches 
to the grid convergence index methodology (GCI). The order of convergence exhibited far more realistic 
values with the least squares approach in comparison with the classic fit that suggested super 
convergent orders, pointing out the greater accuracy of comparing four or more grids using the least 
squares approach when moderate refinement/coarsening ratios are available. The volumetric and wall 
refinement did not show a significant effect on the excess thrust of the entire propeller; however, the 
hub region certainly presented the variations that induced most of the changes in propeller 
performance. In order to accurately capture the information around the rotor hub, the mesh was 
especially refined close to the spinner and blade root. Comparing the zero grid-spacing values obtained 
with the GCI, the local hub refinement reduced the spinner drag relative error of the finest grid by one 
order of magnitude, going from 7%-8% to 0.5% without major changes in thrust prediction. The hub 
refinement allowed a reliable assessment of the spinner-induced propeller performance variations 
using 3.3 times less number of elements in the mesh with negligible information loss in the slipstream 
wake.  
 
The setup was simulated for different spinner designs in order to assess their effect on the propeller 
performance. In order to isolate the spinner effect, neither the blades nor the nacelle were modified 
whatsoever. The first of the series of simulations was focused on the effect of spinner shortening where 
the flow separation observed originally on the control design was mostly aggravated as the spinner 
length was shortened and the fineness ratio was decreased. Given that the percentage of reduction in 
length exceeded the reduction in spinner diameter, shorter spinner induced steeper adverse pressure 
gradients; however, out of 7 cases that reduced the spinner length from 5% to 35%, 5 increased the 
propeller thrust, 6 decreased the spinner drag of the original design and 3 cases increased the overall 
relative propeller efficiency by a maximum of +0.27%. Spinner length reduction had an overall relative 
efficiency improvement on the propeller performance mostly due to the reduction of the spinner drag. 
Considering that flow separation was encountered for all the spinners with reduced length and even in 
the original one, it can be concluded that the performance enhancement of shorter spinner was mostly 
related to the reduction of pressure drag that was very sensitive to the formation of a hub vortex at the 
rear part of the spinner. As the spinner length was decreased, the low Cp region caused by the hub 
vortex started to be further away since the part of the hub vortex that showed similar Q criterion values 
was formed at approximately the same axial position independently of the spinner tested. The 
detrimental performance effects, especially among shorter spinners, emphasized the hub vortex effect 
on the last portion of the spinner. It was observed that the last 10% of the spinner length went from 
representing only 5.2% of the original spinner drag to 9.5% in the worst cases that exhibited the largest 
Q criterion values for the hub vortex. This meant that for designs with noticeable hub vortex influence 
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such as the 5% shorter spinner case, even when the flow was mostly separated, the increment in 
spinner drag was 80% due to the last tenth of the length, leading to an overall relative propeller 
efficiency reduction (-0.33%).  
The propeller efficiency variation observed for shorter spinners not only depended on the spinner itself, 
but also on the blade portion that was hosted by the spinner. As the spinner diameter decreased for a 
fixed length, so its fineness ratio; however, despite the benefits showed in terms of pressure recovery, 
a lower spinner diameter also meant larger blade root exposure. This was not an optimal aerodynamic 
condition since the blade was not being redesigned together with the spinner. The torque variation was 
assessed among 4 spinners with fineness ratios between 0.7 and 0.78 and a constant length of 20% 
shorter than the original. Despite the negative thrust generated at the blade root, lower diameter 
spinners showed the largest propeller efficiency. This emphasized the importance of low spinner drag 
in the propeller performance. Larger blade root exposure seemed to affect more the suction side of 
the blade than the pressure one in terms of flow separation thus increasing wetted surface and the 
aerodynamic loading of the root pressure side. Larger blade root exposure resulted in increased torque 
values, since both the magnitude and the lever arm of the positive tangential force component were 
reduced at low radial positions of the blade. Torque variations assessment was limited to the blade root 
since the spinner contribution showed to be almost negligible (One order of magnitude lower).      
 
Longer spinners improved the propeller performance in a more significant way compared to the short 
ones, mostly because the flow separation over the spinner was notably delayed. In 6 out of 6 cases 
where the propeller was tested with longer spinners (10% to 40% longer) the spinner drag was reduced 
compared to the one of the original design and in 5 out of 6 cases it showed larger relative propeller 
efficiency than the original design with a maximum efficiency improvement of +0.29%. The blade 
exposure was lower than the one of the original spinner; nevertheless, it was very similar among longer 
spinners. This is why the torque variations were considered negligible. The spinners with larger fineness 
ratios allowed maintaining less steep curvature thus decreasing the adverse pressure gradients induced 
by the attached flow. This was independently of the few reverse flow that was observed at the very last 
portion of the spinner or not observed at all.    

 
Relation between spinner fineness ratio and spinner drag. 
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Generally speaking, the pressure drag reduction was related to large values of Cp nearby the spinner 
wall; however, the pressure drag of shorter spinners depended mostly on the formation of the hub 
vortex, while the pressure drag improvement on the longer ones depended on the pressure recovery 
at the spinner. Both shorter and longer spinners exhibited early flow separation on the suction side of 
the blade root portion, which was consistently observed regardless the efficiency variations of the 
propeller. This early separation caused the blade root to induce a negative component of thrust and a 
positive moment (In direction of the rotation). Given that the relative propeller efficiency was improved 
in many of the test cases, it is important to emphasize that the largest contributions to the propeller 
performance came from spinner drag reductions rather than from propeller torque ones. This became 
more evident after looking to the standard deviation of the thrust and torque differences respect to 
the control values throughout the design cases tested. While the excess thrust values deviated 0.25% 
from the control value, the torque varied only 0.12% after the simulation of shorter and longer spinners.  
 
A series of 2D simulations were performed in order to assess the aerodynamic loads and pressure 
distribution of multiple spinner designs when the effect of the blades was not taken into account. As 
the spinner design was modified in order to improve the observed pressure recovery, the spinner 
geometry and the pressure distribution quickly resembled the one of the low drag optimal axisymmetric 
bodies found in literature. As the blade-off cases were tested, the total drag of the body was reduced 
by a maximum of 18% from the original nacelle-spinner configuration. 
 
By isolating the nacelle-spinner configuration from the blade, the relation between a high spinner 
fineness ratio and a decrement in drag became much more evident. After several blade-off simulations 
where more than 35 design cases were tested under a trial and error approach, the point of flow 
separation was considerably shifted for most of the cases, including some that previously showed early 
flow separation under blade-on conditions.  
 
As an example the design test 16 represented 48% of the original blade-on spinner drag whilst in the 
blade-off simulation the same design accounted for only 9% of the spinner drag. Based on the 
observations made by the author, it needs to be emphasized that even if the axisymmetric body is 
optimized for blade-off conditions, the influence of the blade will definitely affect the pressure recovery 
in the sense that If an optimal spinner design is wanted, special attention should be payed to the 
interaction of the spinner and the blade root. Independently of the relatively imprecise prediction 
offered by the blade-off simulations, the test 16 increased the relative propeller efficiency up to 0.56%. 
This increment suggested that blade-off simulations, although less representative, might be used as an 
initial guess of low computational cost in order to design an efficient spinner in a pusher propeller 
configuration, especially due to the relatively lower complexity of a nacelle-spinner axisymmetric 
construction.    
 
A tangent spinner design was introduced to reduce the peaks of the pressure distribution observed at 
the nacelle-spinner transition, at the same time that moved the expansion section of the spinner 
downstream ahead the blade root thus improving the pressure recovery. The tangent cases induced an 
average increment in the nacelle drag of 5.77% compared to the original value, while the torque was 
reduced by only 0.05%. The spinner drag was reduced by 47.82% on average and the relative propeller 
efficiency was improved at a maximum value of 0.88%. Longer tangent portions of the spinner 
constantly reduced the nacelle drag due to the larger values of Cp that were observed at the nacelle-
spinner transition and helped delaying flow separation on the cases with the largest extensions. Given 
that the expansion section of the spinner was moved further downstream relatively to the blade 
location, a certain part of the flow that was separated in the suction side of the blade root ended up 
reattaching to the spinner which contributed to the spinner overall delay in separation. Relatively 
strong hub vortices were formed mostly due to the difference in tangential velocities between the 
separated flow and the larger velocity magnitude observed close to the spinner wall, but also because 
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of the boundary layer swirls coming from each one of the rotor blades; nonetheless, hub vortex induced 
drag did not represent a major concern among the tangent spinner designs.  

 
 

Tangent designs certainly induced the largest propulsive efficiencies related to the spinner geometry; 
however, two passive boundary layer control methods were tested based on the observation that some 
factors such as flow separation, vortex formation and a greater pressure recovery depended greatly on 
the blade root loading. The first of the methods was the use of baffles that deflected the flow at very 
low radial positions nearby the blade root. In an attempt to induce a more uniform velocity profile on 
the rotor wake, the horse shoe vortices (HSV) were interrupted at the core. The test was performed 
initially on the original spinner used as control variable and the best baffle location was found to be the 
interruption of the HSV of the root suction side. The relative propeller efficiency was improved 0.47% 
with no modifications whatsoever to the original spinner geometry. Nevertheless, the largest 
performance efficiency was induced by a deflection baffle that avoided the formation of the separation 
vortex. The efficiency of the original configuration was improved 1.34% while the spinner drag was 
reduced 93.5%. The following baffle designs were located close to the trailing edge of the blade root 
suction side with the intention of delaying separation in the suction side among tangent spinners. The 
results were similar: The relative propeller efficiency was improved at a maximum of 1.89% and the 
spinner drag reduced 122.3% turning the spinner drag into a thrust component. The spinner-baffle 
configurations with the largest efficiencies often showed similitude among the outflow angle of the 
streamlines that came from the blade root. The direction of the flow was significantly more aligned 
with the rotational axis (From a stationary perspective), especially close to the spinner wall. While the 
gain in excess thrust provided by the reduction of spinner drag was the main reason of the propeller 
performance enhancement, the relatively low torque variation caused by tangent spinner altogether 
with a negligible nacelle drag increment were key factors in the propeller enhancement.  
 
The second passive boundary layer control method consisted of a series of ellipse-shaped transversal 
cavities placed around the spinner with the intention to increase the momentum of the boundary layer 
due to the local relaxation of the no-slip condition provided by the trapped vortex formed inside the 
cavities. Out of the multiple locations and depths tested, only 4 cases out of 13 tests improved the 
relative propeller efficiency by a very small percentage; however, the efficiency enhancement was 
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achieved on spinners that were relatively efficient already. As an example, the cavity design located 
upstream ahead the blade root of the tangent spinner T5 with a depth equal to one third of the 
incoming boundary layer thickness, induced an additional efficiency increment of 0.03% (Possibly 
within the uncertainty error) so the propeller maximum efficiency went from 1.89% to 1.92% compared 
to the original design. The additional performance improvement was especially observed in the cavities 
with a depth value equal or lower than one third of the boundary layer thickness that were located 
upstream the expansion section of the tangent spinner T5.   
 

 
The use of passive BL control methods to avoid flow separation, especially the use of baffles, increased 
in a significant way the maximum values of relative propeller efficiency obtained from the spinner 
modifications. While the overall propulsive efficiency was improved due to the delay in separation 
encountered in most of the spinners after the 20th simulation, the maximum values of efficiency were 
attained when the combination of the spinner design and the passive BL control methods caused the 
straightening of the flow that was coming from the blade root. From a stationary perspective, the 
straightening of the velocity streamlines meant that as the flow reached the expansion section of the 
spinner, larger adverse pressure gradients were encountered by the attached flow. This increased the 
positive pressure coefficients close to the spinner wall.  
 
It is the belief of the author that independently of the inverted blade root loading encountered in the 
original configuration used for this research, the blade loading has to be taken into consideration for 
the optimal aerodynamic design of a pusher propeller spinner, even more than commonly used 
parametric variables such as fineness ratio. In particular, the specific blade root loading observed along 
the research not only decreased the maximum thrust that could possibly be obtained when the spinner 
was re-designed, but also induced a strong hub vortex with an opposite sign of rotation than the one 
of the rotor. Future recommendations for pusher propeller spinner designs would definitely include a 
synergic approach that tackles the spinner design as the interaction between blade loading and the 
flow separation induced by its geometry.  
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The spinner designs were drawn in CAD software using splines. In order to offer a simple way to 
approximate the spinner geometries tested in this thesis, the appendix contains a table that describes 
the spinner geometry as a combination of two sections. Each of the section is depicted as a polynomial 
function that extends as long as indicated by the table. The order of the polynomial and the coefficients 
are also contained in the appendix table.   
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Appendix 

 
 

 
Streamlines in shorter spinners with tangential velocity contours. 

Original 5% shorter 10% shorter 15% shorter

15.5% shorter 20% shorter 25% shorter 30% shorter

35% shorter

𝑈𝑧/𝑈∞
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Streamlines in long and tangent spinners with tangential velocity contours. 

𝑈𝑧/𝑈∞
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Turbulent kinetic energy contours and efficiency increments. 
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Spinner geometries described by two curves with polynomial fit. The geometry sample was taken at 20 
degrees tilted plane.  

 

 
  

Spinner design Spinner length portion of the 2 sections Polynomial  order of the geometry equation FR Relative length 

50% 3 0.172 -0.404 -0.191 0.214

50% 4 -43.181 51.826 -23.564 4.351 -0.113

50% 3 0.054 -0.430 -0.187 0.215

50% 4 -74.415 82.646 -34.929 6.174 -0.220

50% 3 -0.446 -0.366 -0.217 0.201

50% 4 -48.680 51.452 -20.968 3.340 -0.024

50% 3 -0.520 -0.432 -0.233 0.200

50% 4 -50.996 47.245 -17.205 2.319 0.059

50% 3 -0.589 -0.498 -0.251 0.199

50% 4 -93.296 78.488 -25.738 3.257 0.020

50% 3 -0.372 -0.648 -0.261 0.205

50% 4 -111.830 97.986 -33.094 4.417 -0.042

50% 3 -0.911 -0.627 -0.186 0.215

50% 4 -130.080 113.200 -38.868 5.470 -0.094

50% 3 -1.021 -0.645 -0.162 0.220

50% 4 -146.200 126.690 -43.470 6.207 -0.131

50% 3 -0.910 -0.598 -0.246 0.201

50% 4 -236.040 185.120 -55.901 6.965 -0.145

50% 3 -1.603 -0.864 -0.264 0.203

50% 4 -255.300 173.480 -46.223 4.856 -0.009

50% 3 -2.288 -1.054 -0.269 0.204

50% 4 -574.830 333.510 -75.609 6.970 -0.054

50% 3 -0.254 -0.288 -0.114 0.221

50% 4 -6.844 8.615 -4.866 0.945 0.131

50% 3 -0.423 -0.163 -0.088 0.220

50% 4 -14.539 23.504 -14.602 3.692 -0.143

50% 3 -0.338 -0.148 -0.089 0.219

50% 4 -17.929 32.262 -21.971 6.287 -0.467

50% 3 -0.266 -0.136 -0.091 0.219

50% 4 -15.174 28.445 -20.090 5.950 -0.453

50% 3 -0.244 -0.123 -0.089 0.219

50% 4 -6.299 12.274 -9.241 2.799 -0.117

50% 3 -0.186 -0.124 -0.093 0.219

50% 4 -4.102 8.357 -6.634 2.063 -0.043

50% 3 0.160 -0.300 -0.256 0.193

50% 4 -1.958 3.874 -2.459 0.313 0.133

22% 1 -0.074 0.219

78% 4 -0.096 0.218 -0.307 -0.157 0.228

22% 1 -0.074 0.219

78% 4 -0.212 0.748 -0.665 -0.132 0.227

21% 1 -0.074 0.219

79% 4 -0.477 1.467 -1.116 -0.079 0.225

31% 1 -0.074 0.219

69% 4 -0.752 1.960 -1.626 0.151 0.218

42% 1 -0.074 0.219

58% 4 -5.633 11.337 -8.360 2.287 -0.005

24% 1 -0.074 0.219

76% 4 -0.244 0.490 -0.267 -0.303 0.239

24% 1 -0.115 0.210

76% 4 -0.587 1.610 -1.319 0.051 0.204

27% 1 -0.074 0.219

73% 5 -3.605 7.285 -4.580 0.835 -0.281 0.247

25% 1 -0.074 0.219

75% 4 -0.604 1.928 -1.694 0.176 0.209

34% 1 -0.074 0.219

66% 4 -0.444 1.622 -1.612 0.218 0.218

134.00%

159.00%

147.00%

153.00%

Spinner geometry coefficients @ 20 degrees sample l ine

140.00%

140.00%

138.00%

138.00%

140.00%

135.00%

120.00%

125.00%

130.00%

135.00%

140.00%

135.00%

80.00%

80.00%

75.00%

70.00%

65.00%

110.00%

100.00%

95.00%

90.00%

85.00%

80.00%

80.00%

1.56

1.85

1.68

1.76

Test 16 1.71

1.58

1.58

1.55

1.55

1.58

1.51

1.13

1.29

1.36

1.43

1.51

1.58

Tangent 5

Tangent 6

Tangent 7

Tangent 8

Tangent 9

30% longer

35% longer

40% longer

Tangent 1

Tangent 2

Tangent 3

0.72

0.70

0.69

0.61

0.52

10% longer

25% shorter

30% shorter

35% shorter

1.02

0.94

0.93

0.85

0.78

0.75

Original 

5% shorter

10% shorter

15% shorter

20% shorter

20% shorter

20% shorter

20% shorter

Tangent 10

Tangent 4

20% longer

25% shorter
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