
 
 

University of Cincinnati 
College of Engineering and Applied Science 

 
 
 
 
Course Code  : MECH-3011 
Course Title  : Fluid Mechanics 
 
 
Date Submitted : August 6, 2016 
 
 
Group Members : STANG, Matt 
   : BRAIDICH, Alex 
   : ELLMAKER, Spencer 
   : WELLS, Zach 
 
 
 
Instructor  : Dr. Clarissa Belloni 
 
 
 
      

 

 

 

 

 

 

 

 

 



System Dynamics & Vibrations Final Project 
STANG, BRAIDICH, ELLMAKER, WELLS Page 2 
 

Table of Contents 

Table of Contents ..................................................................................................................................................................... 2 

1. Part A: Confirmation of Tutorial Completion .......................................................................................................... 3 

2. Part B: Designing an Aircraft .......................................................................................................................................... 3 

2.1 Problem Definition ..................................................................................................................................................... 3 

2.2 Airfoil Selection ............................................................................................................................................................ 3 

2.3 Airfoil Simulation ........................................................................................................................................................ 4 

2.3.1 At angle of attack = 0o ........................................................................................................................................ 4 

2.3.2 At angle of attack = 5o ........................................................................................................................................ 5 

2.3.3 At angle of attack = 10o ..................................................................................................................................... 6 

2.3.4 At angle of attack = 15o ..................................................................................................................................... 7 

2.3.5 General conclusions ........................................................................................................................................... 7 

2.4 Wing Design ................................................................................................................................................................... 8 

2.5 Drag Estimation ........................................................................................................................................................... 9 

2.6 Power Requirement and Propulsion Estimate ............................................................................................. 11 

3. Post-Project Analysis ....................................................................................................................................................... 11 

3.1 Experience with ANSYS Workbench and FLUENT ...................................................................................... 11 

3.2 General Conclusions ................................................................................................................................................. 11 

3.3 Team Contributions.................................................................................................................................................. 11 

APPENDICES ............................................................................................................................................................................ 12 

A – SCANNED HAND CALCULATIONS ...................................................................................................................... 12 

B – EXTERNAL REFERENCES ...................................................................................................................................... 18 

 

 



System Dynamics & Vibrations Final Project 
STANG, BRAIDICH, ELLMAKER, WELLS Page 3 
 

1. Part A: Confirmation of Tutorial Completion 

At the beginning of this project, a tutorial on the operation of FLUENT was conducted by each 
member of the group.  The below signatures verify that each member has confirmed their completion 
of Part A as well as their contribution to the overall output of the project. 

 

2. Part B: Designing an Aircraft 

2.1 Problem Definition 

The type of plane that was designed for was a small medium altitude aircraft.  It will be able 
to carry four passengers (including the pilot) and will cruise at a speed of 53.611 m/s (≈120mph) 
at an altitude of 1500m (≈4920 ft).  In order to determine an estimate for the weight of the 
aircraft, the following calculation was completed and then verified to seem logical through 
literature analysis: 

Weight = (# of people * kg/person) + (weight of frame) 

  = (4 people * 90.7185kg/person) + (640kg) 

Weight ≈ 1,000 kg 

Based on the literature review, the approximate sizing of the designed aircraft was 7.75m 
long with a 1.5m diameter fuselage shell.  The design was assumed to be modelled as a cylinder 
with a hemispherical nose cap, wings (chord and span to be determined after further analysis), 
and three small rear flaps (see Appendix A page 1 or Figure 7 for a detailed sketch of the designed 
plane’s sizing). 

2.2 Airfoil Selection 

For the airfoil analysis, the NACA 2412 airfoil was selected.  This conclusion was reached 
after investigating the airfoil of a similarly sized small aircraft, the Cessna 170B, and its airfoil 
styling.  The NACA 2412 airfoil possesses a relatively symmetric cross section (at 40% of the 
chord length a maximum camber of 2% exists) which will be functional for the low stress flying 
operation that the proposed airplane design will be regularly performing.  Page 1 of Appendix B 
shows the geometry of the NACA 2412 airfoil and page 2 shows information for the lift and drag 
coefficients with respect to a Reynolds number in the magnitude of 106 plotted against varying 
angles of attack.  In addition, a published journal on a wind tunnel analysis of the NACA 2412 
airfoil at various Reynold’s numbers was obtained that was also used for reference throughout 
this project (see Appendix B page 3). 
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2.3 Airfoil Simulation 

2.3.1 At angle of attack = 0o 

For the initial CFD analysis of the NACA 2412 airfoil, an angle of attack of zero degrees was 
used.  As in the tutorial of part A, the airfoil was analyzed against inviscid flow for a large C-style 
boundary region.  Figures 1 and 2 below illustrate the results of the initial CFD simulation. 

 

 
Figure 1. Countered Pressure at 𝜶 = 0° 

 

 
Figure 2. Velocity Magnitudes at 𝜶 = 0° 

 

Source Lift Coefficient Drag Coefficient Lift to Drag Ratio 
CFD Analysis (𝛼 = 0°) 0.20769527 0.00096447976 215.3443 
Airfoiltools.com 0.25 0.005 50 
IJERG journal 0.261 0.012 21.75 

Table 1. Lift and Drag Data at 𝜶 = 0° 
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2.3.2 At angle of attack = 5o 
For the second CFD analysis of the NACA 2412 airfoil, an angle of attack of five degrees was 

used.  Again, the airfoil was analyzed against inviscid flow for a large C-style boundary region.  
Figures 3 and 4 below illustrate the results of the second CFD simulation. 

 

 
Figure 3. Countered Pressure at 𝜶 = 5° 

 

 
Figure 4. Velocity Magnitudes at 𝜶 = 5° 

 

Source Lift Coefficient Drag Coefficient Lift to Drag Ratio 
CFD Analysis (𝛼 = 5°) 0.59296891 0.003935708 150.6638 
Airfoiltools.com 0.75 0.008 93.75 
IJERG journal 0.733 0.0148 49.527 

Table 2. Lift and Drag Data at 𝜶 = 5° 
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2.3.3 At angle of attack = 10o 
For the second CFD analysis of the NACA 2412 airfoil, an angle of attack of five degrees was 

used.  Again, the airfoil was analyzed against inviscid flow for a large C-style boundary region.  
Figures 3 and 4 below illustrate the results of the second CFD simulation. 

 

 
Figure 5. Countered Pressure at 𝜶 = 10° 

 

 
Figure 6. Velocity Magnitudes at 𝜶 = 10° 

 

Source Lift Coefficient Drag Coefficient Lift to Drag Ratio 
CFD Analysis (𝛼 = 10°) 1.2772977 0.012827562 99.5745 
Airfoiltools.com 1.25 0.018 69.44 
IJERG journal 1.139 0.024 47.458 

Table 3. Lift and Drag Data at 𝜶 = 10° 

 



System Dynamics & Vibrations Final Project 
STANG, BRAIDICH, ELLMAKER, WELLS Page 7 
 

2.3.4 At angle of attack = 15o 

For the final attempted CFD analysis of the NACA 2412 airfoil, an angle of attack of fifteen 
degrees was used.  This value was originally desired to be analyzed as an interview that our group 
conducted with a professional pilot concerning the similarly styled Cessna 170B stated that an 
angle of attack of fifteen degrees was ideal.  However, when the airfoil was analyzed against 
inviscid flow for a large C-style boundary region the simulation would not converge.  The main 
assumption for why this simulation was unsuccessful is that due to the modelling of the flowing 
fluid as inviscid that at this angle of attack the airfoil was actually stalling. 

 
 
 

 Reynolds number general for airplane design body 

o Re = 
𝑉𝐷

𝜈
 = 

53.611
𝑚

𝑠
 ∗ 1.5𝑚

1.5𝑒−5 
𝑚2

𝑠

 = 5.36e6 

 
 

2.3.5 General conclusions 

The optimized angle of attack used for this discussion was five degrees as the Reynolds 
number from Airfoiltools.com (1e6) was more representative of the Reynolds number for the 
proposed plane design (5.36e6 – see section 2.4 for calculation) than the International Journal of 
Engineering Research and General Science article (1e5).  At the angle of five degrees is where the 
maximum lift to drag ratio occurred for the Airfoiltools.com data as seen in Table 2.  As a general 
trend it was noted that the lift coefficients calculated from the CFD simulation were either close 
or slightly under (within twenty percent) the charted values from each of the literature sources.  
On the other hand, the drag coefficients from CFD were always significantly less than reported in 
the literature.  To understand this phenomenon, the flow condition in each source of information 
was considered.  As the CFD simulation was the only source where the flow was modeled as 
inviscid, this was investigated as the potential source for this discrepancy.  It can be concluded 
that the inviscid flow model is in fact the source of error between the simulated and reported 
data by further considering the operation of an airfoil in general.  An airfoil is designed to be 
streamlined, therefore implying that friction drag will dominate over pressure drag as the leading 
opposing force to the motion of the wing.  By definition, inviscid flow neglects interactions due to 
viscous (friction) forces thus explaining why all of the CFD values were lower.  Additionally, it can 
be concluded that as the drag coefficient was already a relatively small number compared to the 
lift coefficient, the modelling error in the drag coefficient resulted in the unrealistic lift to drag 
ratios reported for the CFD simulations. 

Although not required by the questions in this project, running the CFD analysis at a range of 
angle of attacks allowed the observation of how the velocity magnitudes and pressure 
differentials changed as a function of the angle of attack.  Comparing Figures 1, 3, and 5, it made 
logical sense that as the pressure differential increased (as seen by larger changes in color) the 
lift coefficient increased.  This observation is also highlighted in the comparison of Figures 2, 4, 
and 6 with respect to velocity magnitude (again seen by larger changes in color).  Finally, as the 
input velocity vector changed direction it was noted that the point of lowest velocity/highest 
pressure moved along the surface of the airfoil to remain perpendicular to the input velocity 
vector. 
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2.4 Wing Design 
In order to determine the require chord length and span of each wing, an aspect ratio of 7.5 was 

assumed and the required lifting force at cruising velocity was calculated using Newton’s second 

law. 

 Free body diagram for airplane at cruising velocity 

 

Cruising: FW = FL 

1,000 kg * 9.81 m/s2 = FL 

FL = 9810 N  or   9.81 kN 

 Calculate the chord and span of the wing 

FL = 
1

2
𝜌𝑣2𝐴𝑐𝐿 

From Airfoiltools.com at an angle of attack of five degrees: CL = 0.75    CD = 0.008 

0.5(9810N) = 0.5(1.225 kg/m3)(53.611 m/s)2(c * 7.5c)(0.75) 

4905 N = 9902.3081c2 N 

∴ c = 0.7038m 

∴ s = 5.2785m 

 

 

 

 

 

 

 

FL 

FW 
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2.5 Drag Estimation 
In order to determine the drag opposing the motion of the airplane, each section of the 

proposed airplane design was analyzed against both pressure and friction drag. 

 

Figure 7. Assembly Outline of Proposed Airplane Design 

 

 Hemispherical nose analysis 
A = 𝜋(0.75m)2 = 1.7671 m2 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(1.7671 m2)(0.38) 

FD Nose = 1182.1427 N  (pressure) 

 Cylindrical body analysis 

ReL = 
53.611𝑚

𝑠
∗7𝑚

1.5𝑒−5 𝑚2/𝑠
 = 2.502e7 

CD = 
0.455

(log 𝑅𝑒𝐿)2.58 −  
1610

𝑅𝑒𝐿
 = 0.0025 

A = 𝜋(7m)(1.5m) = 32.9867 m2 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(32.9867 m2)(0.0025) 

FD Body = 147.4833 N  (friction) 
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 Side tail wing analysis 

ReL = 
53.611𝑚

𝑠
∗0.25𝑚

1.5𝑒−5 𝑚2/𝑠
 = 8.935e5 

CD = 
0.455

(log 𝑅𝑒𝐿)2.58 −  
1610

𝑅𝑒𝐿
 = 0.0028 

A = (0.25m)(0.5m) = 0.125 m2 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(0.125 m2)(0.0028) 

FD Side Tail = 0.6083 N  (friction) 

 

b/h = (0.5m / 0.05m) = 10  therefore CD ≈ 1.25 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(0.125 m2)(1.25) 

FD Side Tail = 55.0128 N  (pressure) 

 Up tail wing analysis 

ReL = 
53.611𝑚

𝑠
∗0.25𝑚

1.5𝑒−5 𝑚2/𝑠
 = 8.935e5 

CD = 
0.455

(log 𝑅𝑒𝐿)2.58 −  
1610

𝑅𝑒𝐿
 = 0.0028 

A = (0.25m)(0.75m) = 0.1875 m2 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(0.1875 m2)(0.0028) 

FD Up Tail = 0.9124 N  (friction) 

 

b/h = (0.75m / 0.05m) = 15  therefore CD ≈ 1.4 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(0.1875 m2)(1.4) 

FD Up Tail = 92.4215 N  (pressure) 

 Wing analysis 

A = (0.7038m)(5.2785m) = 3.7150 m2 

FD = 
1

2
𝜌𝑣2𝐴𝑐𝐷 = 

1

2
(1.225 kg/m3)(53.611 m/s)2(3.7150 m2)(0.008) 

FD Wing = 52.32 N  (friction) 

FD Wing = 0 N  (pressure – assumed zero as an airfoil is a streamlined surface) 

 

 Total drag analysis 

FD Totsl = (147.4833N + 2(0.6083N) + 0.9124N + 2(52.32)N) +  

(1182.1427N + 2(55.0128N) +92.4215N) 

FD Total = 1638.8421 N 
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2.6 Power Requirement and Propulsion Estimate 
 Power requirement 

P = FD Total * v = 1638.8421N * 53.611 m/s = 87.86 kW  or  117.82hp 

 Propulsion and Fuel Consumption  

In order to propel the proposed airplane design a 130hp D-Motor LF39 gas engine 
has been selected that will also use the UL-1900 x 1100 propeller.  The following 
assumptions and calculations were utilized to determine the final fuel consumption: 

Average gasoline engine efficiency = 30% 

Heating value of gasoline = 47.0 kJ/g 

Propeller efficiency rule of thumb: J = 
𝑉

𝑁𝐷
 = 

53.611 𝑚/𝑠

(2800 𝑟𝑒𝑣/𝑠)(1.9 𝑚)
 = 0.6046 

∴ Propeller efficiency ≈ 0.79 (See Appendix B “Propeller Efficiency”) 

Total efficiency = Engine efficiency * Propeller efficiency = 0.237 

Prequired = Pcalculated / Total efficiency = 87.86 kW / 0.237 = 370.72 kW 

𝑚̇ = Preqiured / Heating value = 370.72 kW / 47kJ/g = 0.007888 kg/s 

Q = 𝑚̇ / density of gasoline = 0.007888 kg/s / 719.7 kg/m3 = 0.000001096 m3/s 

∴ Fuel consumption = 10.42 gallons/hour 

3. Post-Project Analysis 

3.1 Experience with ANSYS Workbench and FLUENT 

This project served as a nice introduction into the applications of ANSYS Workbench and 
FLUENT.  As our team chose to run the CFD simulations against a number of angle of attacks, we 
did become quite proficient at the basic program functions.  However, due to ANSYS Workbench’s 
inability to properly connect to and open FLUENT, we did not fully utilize this program’s 
capabilities.  Overall, our group enjoyed and appreciated this opportunity to work with a new 
software package. 

3.2 General Conclusions 

After completing this design project, it was concluded that our plane design would need 
revised before a more serious proposal would be considered.  For example, the Cessna 170B 
illustrated a more feasible design concerning body proportions and streamlining considerations.  
However, for simplification of the drag estimates the approach shown is acceptable.  The 
importance of modelling the flow correctly in CFD was heavily emphasized by the illogical drag 
ratios. 

3.3 Team Contributions 

Our team embraced a collaborative approach to this project and made a concerted effort to 
ensure that all members were involved, especially during the actual CFD simulations.  At times, 
certain calculations were divided in order to increase group efficiency, but all members reviewed 
the results before submission.    
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APPENDICES 

A – SCANNED HAND CALCULATIONS 
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B – EXTERNAL REFERENCES 
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