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Abstract

The aim of the MSc was to design a man portable tube launched Unmanned Aerial Vehicle (UAV). The resulting UAV has a vertically staggered wing layout and a V-tail. The UAV has folding wings and tail to allow the deployment from a tube and is small in size to allow it to be man portable. Several design variants were experimented with to verify the staggered wing configuration.

The outcome is that a small UAV suitable for tube launching is possible, although the UAV has yet to be launched from a tube.
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1. Introduction

1.1. Introduction

UAV have been used in military roles for many years. Recently, however, with an improvement in the miniaturization of technology the mini UAV has seen increased amounts of interest. A mini UAV is usually considered as having a wing span of 0.2m – 2.5m. The main use of the mini UAV in worldwide armed forces has been with mobile troops who require aerial surveillance and do not have the man power or security to use larger tactical UAVs.

In the interests of keeping the force using the UAV as mobile as possible, these mini UAVs are designed to be easily transportable and deployable. Typically they are transported in backpacks and launched with a bungee cord.
A good example of a mini UAV that is in service is the Dragon Eye (DE) this system according to [1] has the following specification:
· endurance: 45-60 minutes (single use battery)

· range: 5km

· speed: 35 kph

· operating Altitude: 100-500ft AGL

· wing Span: 1.1m

· length: 0.9m

· mass: 2.7kg

· launch Method: Bungee Launched

This UAV is considered to be the leader in its class and has been in use with the USMC for over two years [1].
There exists the need by many countries to procure a mini UAV system for their own use. Whilst the DE is viewed as a good system it can be improved upon. One such improvement is to reduce the time taken to launch (currently ≈ 10mins [1]) and another is to provide a less cumbersome transport method which includes the GCS.

The first improvement can be met by storing the UAV inside of a tube. This is how anti-tank weapons are carried and is a proven method of fast deployment and protection during storage.
The applications for a tube launched mini UAV are easy to see in the military context. With Zero-Time-to-Deploy it can be carried by combat troops and used, as and when required. Used in a static position such as a forward operating base it can be used to monitor the perimeter further out than foot patrols would usually cover and in a shorter time and with more fidelity. The tube in this situation would act as protection from the elements and allow it to be stored ‘ready to go’.  
The desire to launch a UAV from a tube is not a completely new idea:
Rafael [2] a defence company in Israel has developed the Skylite UAV; this is a mini UAV that has the capability of being launch from a tube. Information on this UAV is in appendix I. As can be seen from this information the UAV has a mass of 6kg and a wing span of 2m, the diameter given in appendix I refers to the fuselage diameter and not the launch tube diameter. This system is also capable of being launched from a catapult. Although it is a capable system it is still quite heavy to carry around and also has a cumbersome ground control station.

A different approach to and designed for a different application is a theoretical study carried out by Ott and Biezad from Cal Poly State University, San Luis Obispo, CA.[3]. This UAV was to be launched out of a sono buoy tube from a P-3 aircraft. The UAV would be launched at 150-200 knots airspeed. Although small, this UAV has not been taken past the concept stage. A solid model representation of this vehicle is in Appendix II
These two systems are currently the only know tube launched UAVs.  

1.2.  Aims and Objectives

Aims
1. Produce a small, flying UAV that is suitable for launching from a tube.
2. Ensure that the UAV is low in cost.
Objectives;
1. Design and experiment with UAV designs that can be launched from a tube.
2. Manufacture the UAV using low-cost methods and COTS parts.
3. Test fly and prove that the UAV can perform the aerial mission as specified in the design requirement.
4. Test the wing and tail folding devices.
1.3. Thesis Layout

This thesis is broken into sections covering the iteration of the design, the chronological nature of this layout is hoped to provide the reader with continuity and ease of reading.  
1.4. Design Specification

In order to expand on what has been done before, the UAV specification has to be aggressive and challenge what is possible. As already discussed a tube launched UAV would have great benefits. To see the maximum potential for this system, the package has to be compact; this refers to the UAV and its ground control unit. This arrives at the first specification point, current tubes that are carried by soldiers are rarely larger than 0.15m in diameter, and so designing the UAV around this will be required.
There is a standard in mini UAV’s that sets the endurance of the aircraft at around 1hr, in order to be competitive this will also be adhered to. Since the UAV will have to be carried it would be desirable if the whole system could be easily transported by a single person, and not restrict there mobility excessively. For this the UAV mass will be required to be about 2kg.

This leads to the following design targets:
· launch mechanism – tube launched;
· folded cross section diameter < 0.15m;
· total mass of UAV ≈2kg;
· flight duration ≥ 1hr.
To provide a name for the system an acronym will be used. Since the UAV is to be tube launched and man portable, this description provides a suitable acronym. TUbe Launched MAn Portable (TULMAP). This will be the name of the system from this point forward.

2. TULMAP I Design
2.1. Introduction

This section covers the design process of the first iteration of the TULMAP UAV. This design starts with a clean sheet and is the basis for the rest of the project. The process was started by looking at the sub systems required and the structural layout of the UAV. Designing the UAV from the ground up simply on what would provide the “best” solution would quite possibly result in more work to make the design suitable for manufacture. Therefore selecting production methods and choosing materials at the start will allow the UAV to be designed for manufacture, thereby saving time and money later on.

2.2. Airframe Systems and Structural Design

The approach chosen to be taken on the design of the UAV is important to the success of the project. It was decided to solve the most complex problem first and design the rest of the system parts around this solution. Quite clearly the most important part of the system is enabling the wings to be folded and deployed quickly and easily.

2.2.1. Wing Folding Device

The Wing Folding Device (WFD) has to allow the wings to rotate and lock into position and keep the wings locked when in the deployed position. How and where the wings are stored in the folded position has large implications for the size and therefore portability of the storage tube, these factors are very important for ground troops transporting the UAV. 

A study into the best method of storage was carried out based on the assumption that the rest of the system could be made to fit. The outcome of this was that the optimum position, based on a circular tube, was to have the wings located in their folded position across the diameter of the tube. Figure 2‑1 shows this more clearly, wing 1 has a larger chord than wing 2 which is offset from the diameter of the tube.
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Figure 2‑1 Wing Location Inside of the Tube
The advantages of keeping the wing as large as possible are clear; the low flying speed being suitable for observation is just one. Storing the wings in this position would present a problem in adding the tail to the UAV as there is no attachment point. 

The problem could be resolved by adding a supporting strut allowing sufficient room for the wings to fold in before it, and to then add the tail section onto it. As can be seen in Figure 2‑2 there would be a large cavity behind the deployed wing. This cavity would create very large amounts of drag, although is could be covered with a flexible cover. This presents problems with respect to the duration of flight that could be achieved.
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Figure 2‑2, Wing Space Cavity
At this point the conventional notion of folded wings has to be abandoned in the search for a suitable method. Considering the drag issue of the above concept it would be possible to remove the cavity by cutting the top parts of the fuselage off to leave just the WFD on the back of the front part of the fuselage, Figure 2‑3 shows this.
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Figure 2‑3, Fuselage and Cavity Removed
Although this presents the problem of a blunt fuselage end which will produce large amounts of drag also. There is also the problem of mounting the tail; it is possible that a tailless configuration could be adopted. The control of a tailless aircraft is significantly more complex than an aircraft with a tail. Therefore with the increased complexity, the Mean Time Between Failure (MTBF) resulting in crashes would most likely be reduced making it a poor choice due to the reliability and value of the UAV.
A solution that could solve these problems is a novel concept regarding the wing location. As already mentioned the best location for the wings is the middle of the tube. However by displacing each wing a distance from the centre, it would allow a structure to be passed beneath them for mounting a tail. This will then allow a tail to be mounted and result in a more conventional layout. This displacement of the wings would result in an asymmetric configuration, with one wing mounted high and the other mounted low, as shown in Figure 2‑4.
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Figure 2‑4, Staggered Wing Monoplane Configuration
This configuration would seem to be unrealistic on the basis of the position of the wings. Putting this issue aside for a moment, the advantages are that the wings are still close to the widest part of the tube and a tail can be mounted. The fuselage in front of the WFD can be used to store most of the payload and equipment, with the battery located to obtain the desired CG position, if necessary this can be in the structure aft of the WFD. This would now allow a major part of the problem to be solved; another important aspect is that having the wings separate would allow for a simpler WFD as each wing can be treated separately. There are of course disadvantages to this configuration, these will be discussed later. The device used to actually rotate the wings was designed in Pro/Engineer; Figure 2‑5 shows this device. This is based on using a radio control servo modified to move a linear actuated arm instead of the normal rotating disc. This will allow the servo to pull in a straight line rather than only a component of the force actually rotating the wings.
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Figure 2‑5, WFD Solid Model Assembly
The wing attachment is achieved by clamping a foam block bonded to the wing profile by epoxy, Figure 2‑6, shows this. The restraining mechanism responsible for holding the wing in place is compression of the foam between two polymer discs; this method is similar to that used for attaching propellers to hubs.
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Figure 2‑6, Wing Clamping
The WFD offers a mechanically simple and robust method of folding the wings and this is facilitated by having the wings staggered. Based on this discussion the chosen wing configuration is to have the staggered monoplane. Rectangular wings can be used to simplify the manufacture and reduce the cost; the tips of the wings will be under-cut to provide a simple method of reducing the strength of the wing tip vortices.

2.2.2. Wings

The wings will as usual, be required to transmit the lift force to the airframe, the conventional method of achieving this is to build the wing into the fuselage. This particular wing configuration does not lend itself so easily to this method and the fact that the wings are rotating all but prevents it.
From a WFD perspective, a single attachment point to the wing would be ideal, the wing itself has to be light and robust. A common form of wing construction on light model aircraft is foam covered in balsa wood; the foam has a very low density and very poor strength properties, with the balsa wood providing the strength when bonded with an epoxy resin system. This approach will be used on the wings of the UAV, however instead of relying on balsa wood alone glass fibre matting will be used underneath. Experiments were carried out to determine the potential of the reinforcing. Figure 2‑7 shows a simple rectangular piece of the blue Styrofoam that would be used in the real wing, laid over the top is a number of glass fiber tows bonded with epoxy. Blue Styrofoam was chosen for its very low density and compatibility with a range of adhesives. Glass fibre tows are bundles of individual glass fibres that are used to reinforce structures. 
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Figure 2‑7, Glass Fiber TOW
After the epoxy had cured the samples were tested, the tests were based on a worse case loading of the entire weight of the UAV applied at the wing tip. Although a very unlikely event it gives a good test. Figure 2‑9 shows a picture from this test. Calculating the deflection of the beam is carried out below with equations from [4].
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Where:

F = force applied (N)
L = length of beam (m)
E = Young’s modulus of beam (Pa)
I = second moment of area (m) 
Equation 2‑1
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Where:
D = total depth of beam (m)
d = composite free depth of beam (m)
Equation 2‑2
Performing these calculation gives:
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Figure 2‑8, Beam Dimensions
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Figure 2‑9, Bending Test of Reinforced Foam
As can be seen in Figure 2‑9 the deflection is small and was measured as 0.12m, this is considerably more than was predicted but is however still acceptable. The difference can be attributed to errors in measurement and the uniformity of the GRP. This experiment would show that a wing manufactured using this technique would have sufficient strength to react the steady state loads applied to it in flight.

2.2.3. Tail Folding Device

As with the wing the tail needs to be folded to allow the UAV to fit into the tube, this has a number of different problems than the wing does. The first being that there is a vertical and horizontal tail to fold; these will be smaller than the wing but still problematic. To reduce this problem slightly a V-tail can be used to reduce the surfaces to just two. Folding the tails can be accomplished in a similar manner to the wings, but with the angle of the rotation axis offset from the horizontal by the V-tail angle. The wing is actuated with servos; this has been decided against for the tail for the reason that the extra mass at the large moment arm can not be accommodated. Instead tension springs will be used and attached to a lever to provide a moment arm.

To enable the tail to stay in the deployed position, stops will be incorporated onto the rotating shaft so that it will stop the rotation mechanically. The spring at this point will still be under tension so that it would take a force (≈7 N from experimentation) to fold the tail back into the fuselage. This is felt to be adequate as the direction of folding into the fuselage, opposes the aerodynamic drag Figure 2‑10 shows this. The tail will be attached to the TFD by means of a strip inserted into the tail and pined into the TFD attachment plate.  
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Figure 2‑10, Tail Folding Device

2.2.4. Fuselage

The front end of the fuselage provides the housing for the motor and propeller, the sensor package and control items. It was decided that this should be circular in cross section with a removable nose. The nose would house the motor with a folding propeller and then the camera bay would be located behind the nose with the camera system mounted on a gimbal.
Deciding on materials and manufacture method was again decided before carrying out the detailed design. The material was chosen on the basis of the wing samples that had arrived from Foam Wings Ltd, the foam lying under the glass fibre/ balsa covering provides good shock absorbing capacity and is also simple to machine for the slots that the items fit into. The GRP covering also provides a hard surface for bolts to be secured too, so that an access panel can be added to install and remove components. The camera bay itself is made from glass fibre filament wound tube, wound by Dr M Carpenter of Cranfield Univeristy, this will provide a suitable structure for the gimbal to operate in.

The rear fuselage is constructed by having a circular section with the top and bottom removed then covered in glass fibre/balsa wood. An access panel and storage for the battery was provided behind the WFD. This then extends until the TFD which is attached by rods protruding into the fuselage.

2.3. Aerodynamic Design

The design of the aerodynamics of the UAV refers to the sizing of the wing and tail, selection of aerofoil sections for these and also drag estimates; the stability criteria will also be addressed. This design is to be carried out with respect to the techniques learnt previously using assumptions and modifications where necessary. The first item to comment on is the decision to use a staggered monoplane wing. One influential factor with regards to this will be the vortices coming of the nose. This will tend to circulate the flow and induce a vertical component of airflow at the root of the high wing. The effect of this will be to produce greater lift on the high wing and this would tend to lead to a rolling moment, high wing up this will likely to be more of a problem at high AoA where an unsymmetrical stall may occur. The magnitude of the effect that this moment may cause will be found by experiment, where the effect will probably be amplified by the highly turbulent and high speed airflow that is generated by the propeller, a method to compensate for this effect will be developed. The solution to this problem may be to simply trim with the ailerons or construct the root section of the high wing with a reduced AoA, with respect to the outer section and the lower wing. There is also the effect on roll stability to consider. Since a high wing is stabilizing in roll and a low wing is destabilizing in roll, the staggered monoplane has both a high and a low wing this will have a coupling effect that will make analyzing each wing individually difficult. It is imagined that when the aircraft is flying without any control input then it will tend to bank high wing up, in this motion the aircraft will be unstable as the bank angle will continue to increase. In this state when the controls are released the control surfaces will return to the trim postion and the aircraft will effectively stick-fixed. When the aircraft is subject to sideslip two cases are presented. The first is with the high wing in the direction of the sideslip and the second with the low wing in the direction of the sideslip. In both cases the aircraft will tend to be unstable as the lift produced in response to the side slip will cause the aircraft to roll with the side slip. The case of the high wing first may be less unstable than with the low wing first as the high wing in this case will see an increased AoA
2.3.1. Aerofoil Selection

The selection of the aerofoil section for the wing and tail has important implications for the size of these parts and the performance of the UAV.

Wing
The wing, because of the space available will be required to have a high loading, therefore in order to keep the cruise speed at a suitable value a high lift aerofoil needs to be used. Wing loading can be related to cruise speed for initial design purposes by Equation 2‑3. Using a value of 0.75 for the cruise lift coefficient is based on the assumption that this is near the maximum lift to drag point for a number of aerofoils. 
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Equation 2‑3

[image: image69.emf]W/S (N/m^2)V (m/s) Type

51 10.5021R/C Trainer

29 7.91936Small Foamie

57 11.1027Sport r/c model


Table 2‑1, Wing Loading values
Table 2‑1 shows the values for some typical R/C aircraft, the wing loading of TULMAP is expected to be significantly higher than these values, highlighting that problems on launch may be encountered. 

By searching through [5] a number of aerofoils used on UAV were found. These aerofoils all displayed the quality of a high, ≥ 1.2. From this a number of aerofoils were chosen as possibilities; the data from each is in Appendix III. The chosen aerofoil for the wing is the Wortman FX63-137; this aerofoil was chosen because of the high lift characteristics and the relatively flat profile that makes it more suitable for folding along the fuselage for tube storage of the aircraft.

Tail

The tail aerofoil has no special requirement for a particular shape and for this reason a commonly used aerofoil section, NACA 0012 is used.
2.3.2. Preliminary Sizing

Using a mass estimate of 1.6kg from the specification the wing can be sized based on the ability to lift the entire weight of the UAV.

The Aspect Ratio (AR) of the wing and therefore the lift curve slope is found below. An AR of 10.5 was chosen for a compromise between aerodynamic efficiency and stiffness based on the test carried out in section 2.2.2, from this AR and the aerofoil characteristics the wing lift curve slope is calculated;
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Equation 2‑4
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It is desirable to fly with the fuselage at an angle of zero incidence relative to the ground for the purpose of the camera looking down. To achieve this, the wing will have to be set at an angle suitable for cruise relative to the fuselage. From the data in Appendix I, the maximum lift/drag ratio occurs at around 5.5°; this would be the angle to mount the wing to reduce cruise drag and to gain maximum endurance. In order to simplify the use of the lift curve slope the zero-lift angle needs to be obtained. For the aerofoil in question this is -6° and adding the 5.5°, the Absolute Angle of Attack (AoAa) is 11.5°, giving a theoretical lift coefficient of;
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Equation 2‑5
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The desired speed of the UAV when carrying out surveillance is around 15 m/s, with this information the wing area can now be calculated,
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Equation 2‑6
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Since the aspect ratio is known and also the wing will be a simple rectangular shape, the chord has been limited to 0.12m for the purpose of fitting inside the tube. This gives a span of 1.1m or 0.55m per wing the wing loading is; 122 N/m^2.
A high driver on the overall length of the UAV is the wing storage, as the wings will be stored parallel to the main fuselage. It would be advantageous to minimize the length of the UAV by locating the tail just behind the folded position of the wings and since the semi wing span is 0.55m, it would follow that the rear portion of the fuselage be approximately 0.55m 
As discussed in section 2.2.3 a V-tail will be adopted for reasons other than aerodynamic. The area of the V-tail can be found by resolution of area; the first item in this process is the area of the horizontal tail. This can be found since the preliminary size of the wing is known.
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Figure 2‑11, Aircraft Longitudinal Moment Balance
To find the area of the horizontal tail Figure 2‑11 is used to find the lift required to trim the aircraft at a set CG position. The tail AR has been set at 5.5, this is because by keeping the AR low will result in a larger chord which will be beneficial in keeping the tail Reynolds number as high as possible;
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Equation 2‑7
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Equation 2‑8
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Equation 2‑9
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Where all the symbols are defined in the nomenclature. 
Now there is enough information to progress with the design, the aircraft layout so far is given in Figure 2‑12.
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Figure 2‑12, Aircraft Layout
2.3.3. Drag

The estimation of the drag of the UAV was carried out by using the methods in [6]. This method may result in some error due to the coefficients; however as a first estimate it will be acceptable and allow the selection of the propulsion components in section 2.4.
Figure 2‑13 shows the total calculated drag over the flight profile. The drag polar from this graph is given by;
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Equation 2‑10
This drag polar was calculated by the steps given in [6]. The value for the induced drag is low because of the high aspect ratio and undercut wing tips; the profile drag can be considered normal. This first estimate of the drag seems to be in the correct range and does present any surprises, this is based on the thrust produced by motor/propeller combinations which are suitable for this size of aircraft. The thrust required for different speeds for the UAV is obtained from Figure 2‑13.
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Figure 2‑13, Estimated Drag Vs Speed for TULMAP I
2.3.4. Stability

Longitudinal Stability
The stability of the aircraft will be considered first from the longitudinal axis, with the dimensions determined from section 2.3.2 being used to assess the stability of the aircraft


Equation 2‑11 
Where all the symbols are defined in nomenclature

The major criterion for the longitudinal stability is the gradient of the airplane moment slope, 
Equation 2‑11
 from [7] is used for this purpose:
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Figure 2‑14, Cm Slope for TULMAP I

Performing the calculation produced Figure 2‑14, the values used were taken from the sizing calculations and using a CG position of 25% chord and a down wash gradient of 0.5. As can be seen from the graph the aircraft has a negative gradient and a positive intercept, thereby indicating static stability in the longitudinal mode. The use of AoA on the x-axis of Figure 2‑14 has been done by converting the lift coefficient to AoA using the values calculated for the wing. 
An equation was found in [8], this an empirical equation for the area of the horizontal tail; 
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Equation 2‑12
Using this equation, with the tail moment arm and the wing dimensions known, gives the tail area to be 0.0228m². This equation, it was noticed is a rearrangement of the tail volume coefficient 
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 with this coefficient fixed at 2, typical values for the design of larger stable aircraft use a value in the region of 0.8 – 1.2. The experience of the author of [8] is in building radio control aircraft that are stable and the large value used compensates for the low Reynolds numbers in the application. This is quite interesting as tail size predicted by this method is more than double the size previously found using more conventional values of
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Lateral-Directional Dynamic Stability
The lateral-directional stability criteria for mini UAV is somewhat different and difficult to define. In the longitudinal mode the absolute need for the UAV to pitch back to its trimmed condition is clear. When considering the lateral-directional mode there are three distinct motions.

1. Spiral Mode

The spiral mode is the response of an aircraft due to a side wind in flight. The aircraft will tend to yaw into the wind because of the weather cock effect of the fin, at the same time it will tend to bank a little because of the dihedral effect. The trajectory of the aircraft now will be a curve. An aircraft that is stable in roll will correct itself and return to a wings level attitude although at a new heading. If the aircraft is not stable in roll (as maybe with the case of TULMAP) or if the gust was strong the aircraft will tend to continue to roll making the trajectory a spiral leading to a nose dive. Factors affecting the spiral mode stability are; wing location (high being better), the amount of dihedral and the fin size. The usual criterion for spiral stability is:
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Equation 2‑13

Equation 2‑13
 , from [7] is the criteria for full size aircraft and is for stick-free stability. And where the symbols have been defined in the nomenclature 
2. Roll Subsidence
Roll subsidence is the damping ability of an aircraft to cancel a disturbance in roll from an input from the pilot. An example of this can be seen in the response to moving the stick sideways and then back to the middle, the aircraft will remain at some roll angle that was different from the start angle. The only way to return to the start angle is to reverse the motion by moving the stick to the opposite side and then back to the centre by the required amount.
3. Dutch-Roll

The Dutch roll mode is a combination of roll and yaw, and occurs in an oscillatory form. If this motion were present in the UAV whilst the cameras were being used to identify targets on the ground, the interpretation of the video would be difficult.
The main factors to consider in the Dutch roll mode are now discussed. For a given aircraft shape and size increasing the fin area will increase the frequency of the Dutch roll and eventually cancel out the damping to drive the mode unstable. Having a larger fin is good for weathercock stability and so a trade off has to be established. Another important factor is the amount of roll stability, should the response to a bank result in a very high correcting roll moment then the frequency of the Dutch roll will again be increased. As a general rule [7] if the signs of 
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 are both negative then the damping in Dutch roll will be positive.
Summary of Stability Criteria 
In summary the proposed TULMAP design is calculated to be longitudinally statically stable. Table 2‑2, shows the lateral-directional derivatives. These were calculated by attempting to combine the staggered monoplane configuration within the stability derivatives. The previous discussion has resulted in the understanding that TULMAP will most likely be unstable in the lateral-directional mode. Flight testing will ultimately prove this.   
The ability of the UAV to initially tend to return to the trim condition is very important. The ability of the UAV to have rapid damping and convergence in its dynamic stability is less important. The reason for this is that it is proposed to use an active control system for the production UAV, whilst in the test flights it will under the control of a radio control pilot. In a full-scale aircraft the structure can become overloaded easily and the limits of the pilot reached; also in long duration flights constant attention of a pilot would make the aircraft very tiring to fly. In a radio control model and a mini UAV these conditions are not met and are not so important. Therefore dynamic instability can be tolerated, so long as it does not diverge too quickly and static stability is maintained.
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Table 2‑2, Stability Derivatives
The stability has been shown to be statically positive and will be sufficient for the current time.
2.4. Propulsion and Power
The selection of a power plant and method of propulsion will have a significant influence on the layout of the UAV. The first decision to make is the type of power plant, making this decision is quite simple as only an electric motor will have the attributes that fit in with the requirements of the UAV. Batteries are easier to transport than oil based fuels and motors produce a much lower acoustic signature than engines. The latest batteries being used in high capacity applications are Lithium-Polymer based batteries. These expand on the high capacity and lightweight properties of Lithium-Ion batteries the main difference is that the electrolyte is a proton conducting polymer.
Motor technology has increased dramatically in the last few years; the result is that small brushless D.C motors are available with efficiencies up to 85%. Among the most solidly built and efficient of these motors is the Hyperion line. A spreadsheet is available from [9] that will calculate the thrust of a chosen propeller and battery combination. This spreadsheet uses data from many tests of different small propellers, motors and batteries, the values it calculates are accurate to within ±5% in no wind conditions. The actual values will be different for the flight condition, and this will have to be tested separately.
From section 2.3.3, drag estimation the thrust required over a range of speeds can be obtained, this is the thrust once in flight. The tube launch will be different as the thrust/weight ratio will need to be increased. This condition will be handled later once the UAV has shown that it can fly under control.
From estimating various combinations of motor and propellers two motors have been selected as possible options for the UAV, these motors and there specifications are summarized in Table 2‑3.
	
	HP Z3013-14
	HP Z3013-16

	Dimensions
	37 x 37.8mm
	37 x 37.8mm

	Weight
	110g
	110g

	Max Current
	40A
	36A

	Max Voltage
	16.8V
	16.8V

	Io @ 8V
	2.5A
	2A

	Efficiency/Endurance @ 20W

1S-6P
	65%/88.2min
	68%/108.6min

	Efficiency, 3S-2P
S = Series

P = Parallel 
	80%
	80%


Table 2‑3, Motor Selection
It would appear that using 6 cells deployed in various configurations would provide the power required to fly a mission of duration greater than 1 hour. Based on the above table a sensible choice of motor for the TULMAP UAV would be the HP Z3013-16, because of its longer endurance than the HP Z3013-14
2.5. Sensors

In order to be of potential use the UAV must carry a payload of value in its operational environment. Since the UAV will be used to provide information on the enemy in a battle situation the most easily interpreted form of data will be pictures and video. Therefore the sensors for the UAV are desired to consist of an electro-optic camera fitted with a gimbal mechanism; the lens is to be of variable zoom.

2.5.1. Camera Selection

A number of different technologies exist in the electro-optics field, the most notable being the CCD camera. With its rapid access to imagery and robustness, this type of camera fits the requirement well. The disadvantage to this is the resolution, which is degraded slightly due to the pixel size in comparison to silver nitrate based film that conventional cameras use.

The manufacturer IMPERX has supplied cameras for use on a number of UAV systems, with customer feed-back being very positive. This is important for the project; TULMAP is a largely COTS vehicle requiring affordability combined with high performance and reliability.

The IMPERX cameras are, however, relatively heavy for the size of the UAV and the powered zoom lenses are far too heavy (≈300g). For this reason a very light weight camera and transmitter was chosen; information on this camera is in Appendix IV.
2.5.2. Lens Selection

The camera can be used with a standard C-Mount fitting, which provides easy attachment of a lens. The size and weight of the UAV now presents a problem: to obtain useable images and result in a practical system the lens needs have a long focal length and the camera/lens be on a gimbal. These two requirements are conflicting, from the perspective of weight and bulk.

The solution could be to keep the large lens and mount it and the camera further back in the fuselage this will help fix the CG at a desirable position. In the nose a fibre optic cable will be attached to the end of the lens. This cable has the advantage that it can be bent and still transmits the light it receives. Providing an actuator for the fibre optic cable will be simple and result in less mass than a variable zoom lens and gimbal. To find the focal length required for the lens Equation 2‑14 is used:
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Equation 2‑14

[image: image99.wmf]m

f

0315

.

0

2

10

42

.

0

*

150

3

=

´

=

-


Based on the operating altitude and taking the height of a person to be 2m, the image height can be set as 5% of the sensor area height, in a 1/3 inch sensor, the focal length is 32mm.

A lens fitting the specification below has to be found;

· Focal length: 32mm

· C-Mount fixing

· Field of view: 70°

Mounting the sensor looking straight down will give a 200m viewing field with a 70° lens and allow the objects inside of this field to remain in focus. Figure 2‑15 explains this;
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Figure 2‑15, Field of View
The length of the viewing field will allow a target to remain in view for an acceptable period of time, flying at the cruise speed of 15m/s a target will be in view for approximately 13s. The gimbal mechanism would have to be able to rotate the lens system by an amount equal to the largest bank angle to keep a target under constant surveillance in a banked turn. Investigating the mass and the complexity associated with a fibre optic lens, it was decided to use the standard 70° lens that comes with the PRO – X2 camera system. Due to the small size of this package the camera and lens can be mounted on a gimbal.
3. Prototyping
3.1. Programme Overview
In order to represent the production UAV, the prototype was to be constructed using the likely production methods where possible; there are a few items where this is unreasonable. The prototype programme consisted of a number of aircraft not all designed like the UAV. There are a number of hobby radio control aircraft that can be used to test various systems before going live on the UAV. The advantage of using hobby aircraft is the time in which they can be modified and flown; also they are typically low cost in comparison to building a custom test airframe. 
The most useful aircraft to use in an experimental programme are those that are already proven to be stable and reliable. These models are known as trainers as they are used to train new radio control pilots. A very stable and acknowledged aircraft of this type is the Irvine Tutor 40. As can be seen in fig 3-1, the aircraft is a high wing with a significant amount of dihedral and a tricycle layout. Propulsion is provided by a 6.47cm³ glow-plug engine driving a 10 inch’s Ø propeller with 6 inch’s of pitch.

Figure 3‑1, Irvine Tutor 40
The desired outcome of the prototype programme was four-fold:
1. Gain in-depth experience of flying small aircraft.
2. Experiment with different configurations of aircraft.
3. Explore the robustness of model aircraft construction techniques.
4. Construct the UAV design using model aircraft methods, as appropriate. 
3.2. Flying Model Aircraft
To start the programme, an Irvine Tutor 40 aircraft was procured. Learning to fly the Tutor 40 was initially undertaken at Swindon Model Aero Club (SMAC) but it came apparent after 2 sessions with the club instructors that the learning curve was shallow and it typically takes a long time to become proficient enough to fly the aircraft without supervision. To speed up the process a simulator was purchased – Real Flight 3 from Great Planes Ltd. This simulator is based on experimental data from radio control aircraft tests and is therefore quite realistic in the dynamic modelling of the various aircraft it has. The simulator provided a quick way to learn to fly which was confirmed by flying solo in a field near to the university a few weeks later.
Far from a futile exercise, the experience of flying the model airplane provided some insight as to how the control of a UAV may be accomplished in a military environment. The first observation was that having a hobby radio controller would not provide a good solution as they are fragile and do not provide any other use. The second was that the airplane needed constant attention both in flight and with maintenance on the ground. This is something that would probably not be available in a combat situation. 

Another outcome of flying this aircraft inadvertently provided a demonstration of the stability of the aircraft. During what became the final flight of the Tutor 40, communication was lost with the aircraft which consequently did not respond to control inputs.

When this happened the airplane was in a bank. It then lost a little altitude and returned to a wings level attitude. It then flew straight for around 300m before the left wing rose sharply, causing it to bank to the right which turned into a spiral, which turned into a nose dive at an altitude of about 100m. The aircraft it self was a complete write-off with only the engine, receiver and two servos being recoverable. It is believed that the reason for the sharp bank was a strong gust as the airplane cleared the tree line leaving the protection they offered to the flying field. Before the gust the aircraft demonstrated its static and dynamic stability. On investigation of the recovered parts, the failure of one cell in the receiver battery pack was decided as the cause of the crash. This was an important reliability and redundancy lesson.

3.3. TULMAP UAV Testing

As stated previously, the configuration of the UAV is unique, as such there are no data on how it will behave. As discussed in the section 2.3 there are concerns about the vortex state with the wing configuration, inducing a rolling moment. This has to be tested; using a wind tunnel would be the most obvious way of doing this. Wind tunnels are expensive to use, however. As the construction of the UAV would be cheap and relatively fast it was decided to build it and assess its characteristics in flight. Figure 4‑3 in chapter 4 shows the configuration of the UAV prior to the first test flight.
3.3.1. Test Flight 1

The procedure for the first test flight was to experiment with take-off and landing. Without this technique being tested, and hopefully refined, further tests would be susceptible to failure on take-off or crashing upon landing. As seen in Figure 4‑3, there was landing gear for this test; the aim was to bring the UAV up to take-off speed on a straight road, pitch up and fly close to the ground briefly before touching down. The result of this would be that the response to landing on the gear would be seen and the ease with which take-off was achieved demonstrated.

However when bringing the UAV up to speed it had a tendency to steer to the left such that sufficient speed for take-off could not be built up. The reason for this steering was found to be the nose wheel twisting in the foam where it was bonded. The nose wheel had not been made steerable to reduce mass, as the pilot was unable to counteract the problem on further attempts the landing gear was removed completely.

The next stage of the test was now to try to launch the UAV by hand; this involved two people, one to throw the UAV and the other to control it. The procedure of launching was decided as a run up followed by a throw whilst at maximum run up speed. There was some wind on the day and it was decided to launch into the wind to build up extra airspeed. On the first attempt at this technique the UAV climbed steeply and pitched up to a stall before landing hard. There was no damage of any real consequence and it was tried again with much the same result. After another two attempts one of the tails broke off and forced an end to the tests. Upon analysis of the video taken of these launches, it was apparent that the UAV was suffering a yaw and roll to the left when pitching up. The reasons for this were narrowed down to three:
· the alignment of the tails was not correct;
· or the high wing which was on the right was experiencing more lift;
· or the fuselage was rotating against the torque of the motor.
3.3.2. Test Flights 2 – 4 

Further test flights were carried out in the following days, in order to establish a repeatable pattern or trend in the UAV’s behaviour. All of the flights carried out demonstrated a roll-yaw or yaw-roll to the left. The problem of pitching was rectified by keeping the launch attitude low. The problem was still identified as a combination of the three listed in Section 3.3.1, so to try and find the exact cause a number of experiments were devised:
· wind tunnel testing;
· R/C trainer aircraft conversions.
The wind tunnel testing of the TULMAP I concept was undertaken in [10], the project was to be carried out separately but with the joint supervision of Proctor Aerospace.
Experimentation with radio control aircraft was decided upon primarily because they are a cheap and quick method of getting an aircraft in the air. The construction techniques used to manufacture them lend themselves to modification quite easily, the modifications made and the usefulness of them are discussed in the Sections 3.4.1 and 3.4.2, the lessons learnt and the conclusions are discussed in Section 3.5
3.4. Configuration Testing      
3.4.1. Finless Configuration 
There was concern in the early part of the design that the horizontal tail area was not sufficiently large to provide the stability required by the UAV. The problem with making the V-tail any larger was that it would not fit into the tube, however if the tail could be set at a zero degree angle relative to the horizontal, i.e. be a horizontal tail then the area would be much greater. Doing this though would result in a finless aircraft, and very complex active control systems are required to fly manned finless aircraft.
It was wondered just how much the removal of the fin would affect the flying qualities. The expectation was that the aircraft would be just about flyable by hand in low wind conditions. The loss of directional stability was expected to show itself as a slow roll when the wind was anything but head-on. When the attempt was made to fly the aircraft without the fin the roll that was induced developed very fast and it was uncontrollable even for short periods of time.   
3.4.2. Staggered Monoplane Wings
As mentioned in Section 3.3, the first prototype did not fly as expected. This section covers one of the experiments devised to determine what the cause or causes of the problem were. To test the staggered wing configuration an off – the – shelf model aircraft was modified to this configuration. The type of aircraft was changed to an Arising Star, because the wing mounting on this model lent itself more easily to the modifications that had to be made. This aircraft was also converted to electric power which made the total mass change zero when the extra structure in the wing was added. However the C.G had moved rearwards to approximately 35% chord but this was not expected to cause too many problems as the airframe stability was very high to begin with, when the C.G. was at 30% chord.
The flying of this converted model aircraft was carried under the minimum wind and gust speeds available based on the weather forecast. The first flight was to be hand launch followed by a short powered section ending in a glide and belly landing, all to be carried out about 1m above the ground. This way a crash would not be too damaging and the effects of the belly landing could be seen first-hand at low speed.

The results of this flight were that the aircraft was controllable. On landing the lower wing clipped the ground causing a small cartwheel. The damage resulting from this was minor, a servo horn was damaged and needed replacing, this was carried out and the aircraft was ready for flight the next day.
For the second flight it was decided that full power would be maintained following the hand launch and a steep climb would be initiated to gain altitude. The aircraft would then be kept in the air as long as possible or until the handling had been checked and proof obtained that the configuration was flyable. After the initial drop in altitude from launch the aircraft climbed quickly to an altitude around 30m AGL. It was then flown in a circuit around the field keeping within the boundaries; this showed that the handling was very similar to the unmodified aircraft. After executing 4 laps of the flying field and having found that the aircraft was easily controllable it was flown low down the field and put into a straight and level flight attitude. When in this condition the controls were released to see how the aircraft behaved without input, the result was that it rolled slowly high wing up.
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Figure 3‑2, Arising Star Trainer Aircraft
3.5. Results of Flight Testing

The collection of experiments carried out with the model aircraft and the first prototype provided many valuable lessons and excellent experience was gained. 

The most apparent theme that presented itself was how stable the trainer aircraft were in flight. Once trimmed the handling was very forgiving and a pleasant experience, the flying also gave an insight into how the control may be accomplished with the UAV when used by soldiers and the issues that full-time control may present.

From the number of harder-than-normal landings that occurred during the flying the construction methods were not sufficient for an item that may see rough handling; the skin covering the wings for example was very easily broken. However there were some useful construction features, such as the use of rubber bands to attach the wings, this provided a super elastic material type of effect when the wings came into contact with the ground and saved the airframe from extensive damage. Going into the second design stage these observations can be incorporated    
3.5.1. Materials and Manufacturing Methods

The manufacturing methods and materials used will be discussed in Section 4.2. The methods used provided an easy and cheap way of building the aeroplane. Structural robustness was expected to be good because of the use of energy-absorbing material such as foam. However, due to the limitations of the hot-wire machine used to cut the foam profiles, the fuselage could not be made in one solid piece, instead it was made in three. These individual sections had to be glued together with epoxy. The interface between the parts remained mainly foam; the glass fibre sheet was very thin and did not provide any useful bondable area.
As seen in the test flight videos, the majority of the landings were nose first and this put shear and bending stresses into the joint. Although the stresses raised in the landings were below the UTS of the epoxy, it was above the UTS of the foam. After several landings, the inserts into which screws were used to secure the camera bay started to come loose; this was followed shortly after with the tapered part breaking away from the camera bay shoulder.


 (a)






(b)
Figure 3‑3, Carbon Rod Reinforcing
The solution to this in the short term was to insert carbon fibre tubes into the foam, bonded again with epoxy. This provided what again appeared to be a good fix but several flights later the rods were becoming loose in their holes, the cause of this being the foam behind the epoxy compressing and tearing away. Figure 3‑3 shows the carbon rods inserted. Clearly visible is the failure of the foam which the epoxy was bonded to. Also shown is the shoulder reattached on the carbon rods. In (a) the rods exposed after the shoulder has broken away, (b) the shoulder for the camera bay is bonded onto the carbon rods. 
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Figure 3‑4, TULMAP I after flight tests had ended the red dot highlights the camera bay
Seeing the effects of the materials under real test conditions forced a change in material choice and manufacture method also. Deciding on what method to use became a real issue; major delays because of material testing would force the project far behind schedule. Upon inspecting the UAV after all the tests had finished showed that one part was almost completely undamaged. This was the camera bay, highlighted by red dot in Figure 3‑4, which was a filament-wound tube made from glass fibre by Dr M Carpenter. The tube was chosen for the camera bay as it had a smooth inner that the camera gimbal was to rotate in. The tube had a wall thickness of 1mm making it very lightweight. The thought was now to use a filament-wound structure for the front of the fuselage, as this area will see most of the impact.

3.5.2. Control Methods

The control of the real UAV had been desired to be by waypoint navigation based on GPS coordinates, this being the way that most mini UAVs are controlled. The experience of flying the model aircraft and the converted trainers showed that manual flying is achievable and provides the extra control that GPS navigation would not allow. Dynamic updates of the flight plan can offer more flexibility to a mission but even then, can not provide a truly flexible control method.
Methods to be looked into for the control of the UAV include a combined map-referenced waypoint system, a semi-manual control system and full manual control. The waypoint navigation will be in essence the same as most mini UAV systems, waypoints will be selected and the UAV will fly to each of them in turn. Semi-manual means that the UAV will fly at a preset heading, altitude and speed until commanded to do otherwise. This system could be deployed when the UAV is over a point of interest and the operator can navigate manually but without having to control the UAV. This would allow more rapid course changing than selecting waypoints. It is imagined that this would work by pressing buttons on the controller to effectively move the video image and let the control system manoeuvre the UAV accordingly.
With full manual control, the operator will use the ground interface unit to fly the UAV manually. This would give advantages when landing and navigating around challenging terrain such as closed spaces and urban canyons.

4. Manufacturing

4.1. Introduction

The manufacturing and assembly of the UAVs will be carried out by various organizations. The majority of the parts made from metal and composite will be made on campus, the wings, tail and any other parts that need to be made from foam will be made by Foam Wings Ltd. Since the UAVs are being made as one off items the worry of finding suppliers for items in bulk is removed. This then means that local suppliers, such as Swindon Model Shop, can be used for items such as servos.

4.2. TULMAP I Manufacture and Assembly

The first prototype, TULMAP I, was built during December 2005 and January 2006, the wings were received first along with the fuselage and tails. The quality of the items from Foam Wings was first class, the glass fibre sheet and balsa were bonded uniformly and the surface finish was good. Installing the servos into the wings and tail did not present any problems. A rotary multi tool was used with a router bit to cut a slot along the wing length to house the servo power and signal wires, and a hole the same shape as the servo carved out of the foam for the servo to fit into. This was then covered in iron-on film to produce a very smooth surface finish. Figure 4‑1 shows the wing in its ‘as made’ state and one with the holes cut and partly covered, the tails followed much the same procedure. Covering the balsa wood covering with the iron-on film was simple to do and provides a waterproof smooth covering.
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Figure 4‑1, Wing Servo Mounting
The fuselage was required to be built up of three items because of limitations in the foam – cutting machine at Foam Wings Ltd. 
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Figure 4‑2, Fuselage Cut-outs, the dots indicate different parts of the fuselage assembly
The main section, highlighted with a red dot in Figure 4‑2, was just a simple tube with the top and bottom removed. The tapered part (green dot) was a conical tapered piece bonded to the main part by epoxy, as was the shoulder for the camera bay (highlighted with the blue dot).
Once these parts have been glued together the top was removed and can be seen lying by the side in Figure 4‑2. This was for use later as an access panel and to allow the running of servo extension cables for the motor controller housed in the camera bay. The motor battery fits into the cut-out in the front of fuselage and can be easily removed for recharging. The R/C receiver and its battery fit into the large cut out in the mid section of the fuselage allowing room for the bunching up of the servo wires.

The tail in this particular version of the UAV is attached permanently by gluing it in with rods and epoxy. The TFD and WFD were not used; as the main aim of this test was to determine if the concept would fly.
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Figure 4‑3, First Test Flight Configuration
The motor was fitted into the nose by using a turned piece of nylon, which was bonded into the foam nose cone. The wires were routed though the nose into the camera bay where the motor controller was housed for these test flights. This sub-assembly consisting of the nose cone and camera bay was pushed over the shoulder on the main fuselage and secured by some short screws into the shoulder via glued-in inserts.
Figure 4‑3 shows the final configuration for the first test flight. The wheels were added to make the take-off more controlled than a hand launch but for reasons explained in Section 3.3, this did not turn out to be the case and the wheels were removed for subsequent test flights.

5. TULMAP II
5.1. Conclusion of TULMAP I
The outcome of the first iteration of the design and the flight tests carried out with the radio control aircraft proved to be very useful. The lessons about materials, construction methods and control can be incorporated into the next iteration of the design. Also the insight that was provided into the differences between theory and practice will be useful in this next design.
5.2. Objectives of TULMAP II

The objectives of TULMAP II will fit in with the ultimate aim of the project: this will be to produce the final representative UAV for the project. The final aim has also been modified slightly; from analyzing the cost of the various parts of the UAV it is clear that a single-use UAV would be commercially feasible, this will have advantages that will become clear over this design iteration.
5.3. Layout Redesign

The experiences of TULMAP I have provided some valuable lessons with respect to the layout of the UAV. First, the wing configuration has been validated and this will remain the wing configuration used. The area that needs the most attention is the fuselage; the original fuselage constructed from reinforced foam did not give the required robustness demanded by military applications. There was also useless mass in the form of epoxy and glass fibre, the major dimension of the rear fuselage was also a concern. The main reason for this concern is that, although it provided a good storage space the effect on the CG prohibited items being placed in it. The tail also had to be folded into this fuselage making the attachment method heavy. The structural item that provided good promise from TULMAP I was the camera bay tube.

5.4. Configuration Design

The configuration of the UAV is to be changed because of the final mass of TULMAP I . From the analysis of the materials used in the first prototype it is apparent that a change has to be made. Using the filament-wound tube to store all the avionics and sensors would provide a compact solution and provide good strength and stiffness. Also by removing the need for a solid fuselage rear of the WFD, further mass saving can be made. This also offers the potential of increasing the tail size. The most critical areas that need improvement in this second iteration are; mass reduction, aerodynamic stability and payload space.  
5.5.   Longitudinal Stability
The major factor affecting the longitudinal stability is the size of the horizontal tail and previously on TULMAP I this was the largest size it could be with space available. Clearly this tail size has to be increased; the increase in area will be more effective if it is obtained from extra span rather than cord, this can be determined from the induced smoke flow in [10], in which the root of the tail was enveloped in separated airflow. As well as an increase in span, decreasing the V-tail angle would also benefit the stability as the resolved horizontal area would be increased.

According to the calculations carried out previously the tail should have been sufficient in size.  Analyzing the procedure that was used for determining the tail areas in the design of TULMAP I, presents some areas which cause concern. The first is the method of resolving the tail area to give an ‘effective’ area for the horizontal and vertical tails; this method will ultimately result in less total area. 
This presents a major problem in the design of the UAV, until now it was thought that it was possible that with some modifications the usual aerodynamic relations used for the design of aircraft flying at much greater Reynolds numbers could be used, but this turns out not to be the case. There are two possible solutions to this; the first would be to carry out extensive wind tunnel testing to determine the characteristics of high lift airfoils at low Reynolds numbers and also to determine a useful relation between conventional tails and a V-tail, the investigation into the coupling of the motion between the three axes of the aircraft with respect to the V-tail could be carried out.

The second solution would be to use relations established in the model aircraft sector, these types of aircraft have been flying for many years and the experience of how to design for very low Reynolds numbers has been built up, as has experience in V-tails. Of the two options, carrying out the wind tunnel testing would be the more effective in terms of understanding, and the data produced would be useful in the future. This option, however, has the disadvantage of taking longer to carry out and would incur a large expense. Since there is more pressure on having a flying aircraft at the end of the project, this extra time and cost cannot really be justified. Also there is no wind tunnel available on campus with a 6 degree-of-freedom mount which would be necessary for the most important part of the testing.

This leaves the second option, using empirical relations. The ‘know how’ of modellers cannot be thought of as an exact science but, with a suitably large sample of data, it can be rationalized and the underlying themes be expanded upon to try to achieve a reasonable design solution.

First a reference for the design of V-tail model aircraft was sought, but no documentation was found that defines a set procedure. There was, however, a discussion in [11] that attempts to explain the theory of how to size a V-tail based on the size of an appropriate conventional tail. The major theme in this discussion is that the total area of the V-tail needs to be at least that of a conventional tail. This provides a good base on which to build; as in [8], there is a method of estimating both the horizontal and vertical area of a tail. What is also needed is the angle at which to mount the V-tail at, resolving the area is not much use as that method has been attempted previously. The result of a search for data on a method for the calculation of this angle did not turn up any useful information. In [11] there is a method that is based on having a satisfactorily working conventional tail and then converting it. 
5.6. Construction
The UAV described in section 4 was constructed from parts and with materials that were readily available and cheap from the radio control modelling industry. These materials and manufacturing methods did not lend themselves that well to the desired design of the UAV and as a result the final mass was above the estimated value.

5.6.1. Lifting Surfaces

The wings and tail were construed from the lightest method possible by [12]. The issue here was not the mass but the cost associated with them and the turn-around time. In response to this the decision was taken to obtain a foam-cutting machine to manufacture and experiment with the construction of the wings.
Having this facility reduces the time from more than 2 weeks to 2 days. The machine is controlled by CNC code and as such is very accurate.
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Figure 5‑1, Hot wire cut wing core in EPP foam
The machine has the ability to cut a wide variety of foams, which is advantageous for the reason mentioned in Section 3.5.1 with respect to the weakness of the blue Styrofoam. In looking for an alternative foam to use for the wings, Expanded Polypropylene (EPP) was decided as the most suitable. EPP is manufactured by JSP and is available in varying densities. The significance of the density, apart from the mass is the physical properties and the surface quality; the lower densities being more porous. Since the wing is to be covered in GRP and the foam is not to be load bearing, the lowest density EPP that will provide a smooth finish after cutting can be chosen. This turns out to be the 25 g/litre version, Figure 5‑1 shows the profile of this foam when cut with the hotwire machine.

Experimenting with the quality of the surface finish after the wing has had the skin of GRP applied to it, provided some surprisingly good results. It was, however, very variable on the amount of epoxy that was applied to the glass fibre, and since this was laid up by hand controlling the epoxy application was difficult.
A number of different wings were built and a number of aerofoils trialled, the outcome of which was that aerofoils with a thin profile approaching the trailing edge, resulted in the trailing edge being melted away. This could be compensated for somewhat by increasing the chord of the aerofoil to factor in the ‘lost’ foam but the thickness/chord ratio is increased when this is done leaving an aerofoil of slightly different shape.
An aerofoil that proved to cut quite well was the NACA 6412; this aerofoil offers some similar aerodynamic characteristics to the FX163-37 as shown in Appendix I. The 
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is lower for the NACA aerofoil, but this disadvantage will more than likely even itself out with the more precise profile that can be cut.

Increasing the stiffness of the wings to a level that is satisfactory, can be achieved in a number of different ways. The first is to cover the whole wing with a composite material to result in a stressed skin construction. This method is used extensively in radio control model aircraft and provides a very stiff structure. Finding a suitable material and bonding system to cover the wings was aided by Dr M Carpeneter. The result, based on availability and ease of manufacture, was to use a woven fabric and an epoxy resin system. The fabric used initially was a woven glass fibre cloth, an experiment to determine the finish achievable was carried out on a small section. 


Figure 5‑2, GRP Test on EEP Foam
Figure 5‑2 shows a test piece, the cut-out on the trailing edge was added later for the purpose of experimenting with ailerons. The result of this experiment was that the sample was very stiff both span and chord-wise, also the sample possessed excellent impact resistance. Figure 5‑3 shows the effect of dropping a 10N weight onto the original wing construction method sample from a height of 1.3m. Upon impact the blue foam simply plastically deforms as its mechanism for absorbing the impact energy, the EPP elastically deforms and although the GRP skin is damaged there is very little change to the surface of the wing. The blue foam cored wing was left with a large dent in the surface which would affect the aerodynamics significantly. The outcome of this test has important consequences, the UAV will undoubtedly be subject to rough handling and hard landings, so constructing the UAV from a material that will withstand these conditions will increase the useful life of the system and reduce the in-service costs.
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Figure 5‑3, Impact Test, With Blue Foam
5.6.2. Fuselage

With the redesign discussion so far, there is the potential to reduce the mass to less than 1kg. The first area to consider is the fuselage; this is now to be made from a filament-wound tube of GRP. The minimum thickness winding gives a 0.6mm wall thickness with a wind angle of 55°. Testing the tube by applying forces in bending and in a radial direction showed that the tube was more than strong enough for the application. 
The result of the wing-testing in Section 5.6.1 opened up the possibility of using the same construction techniques for the fuselage, the advantage of using this is that the inside of the fuselage can now be shaped to house the power and control components much more quickly and easily than is possible by making an insert for the GRP tube. This also facilitates the ground handling of the UAV.

5.6.3. Common Problems

Throughout the stage of experimenting with the different types of construction methods attention was drawn to the mass of the resulting parts. The lifting surfaces were considered in mass per unit length and the fuselage in total mass. Using the stressed-skin technique it was found that ≈ 200g/m of epoxy was needed to achieve a smooth finish for the 130mm chord wings, when combined with the mass of the foam, mounting spar and glass, the total mass was near 320g/m. When combined with the fuselage, tail and other components the breakdown of mass is shown in Figure 5‑4; the total mass is close to 1.3kg for the listed items. Once the prototype was constructed the mass was near 1.6kg, due to the epoxy and fillers used in the construction.
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Figure 5‑4, Mass Breakdown
Clearly this mass is much too high; the launch speed of this is:
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Equation 5‑1
Trying to throw a 1.6kg object at 18m/s is not really achievable and will certainly not be reliably repeatable. This demands that a reduction in the mass is necessary.

5.7. Mass Reduction

When analyzing which parts of the UAV offer the possibility of significant mass savings it is apparent that with the current requirement of a very physically-robust airframe there is limited opportunity for any kind of mass saving. By making the airframe less robust to impact and rough handling items such as wings, tail and fuselage can be lightened by moving away from the stressed-skin approach.
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Figure 5‑5, Wing Mass Breakdown

The glass fibre cloth and epoxy required to bond it accounts for the majority of the mass, the foam accounts for only 10 grams of the total wing mass of 168 grams. Figure 5‑5 shows the wing breakdown in terms of mass and percentage.

If the GRP could be removed this would give a mass saving on both wings of about 220 grams and a saving based on the same methodology can be found on the tail and fuselage.

The problem now is one of providing the necessary strength and stiffness to a largely foam structure. The carbon tubes that have previously been terminated in the rear of the fuselage, can now be brought though to the nose, this would increase the stiffness of the UAV longitudinally. If the walls of the fuselage foam are left thick then they will not need to be reinforced and just simply bonded to the carbon tubes. This thickness from experimentation is around 8 – 10mm
The wings present different problems, although the span-wise stiffness can be increased by adding a full-length plywood/carbon spar, the foam is very flexible in the chord-wise direction. This affects not only the shape of the aerofoil but also the ability to add any kind of useful control surface. This is because of the extremely poor physical properties of the ultra-lightweight foam, consulting the table of foams offered by JSP it would make sense to use a slightly more dense grade of foam that offers more stiffness and strength. The aerofoil section used, the NACA 6412, already has a favourable profile to obtain decent stiffness. It was decided to trial the 30g/litre foam to see how well it performed. On inspection after the aerofoil was cut, the surface finish was a little smoother but not too different from the 20g/litre foam. There was, however, an increase in chord-wise stiffness and also less ‘lost’ foam at the trailing edge. This can be attributed to the capability to absorb more heat due to the higher density although the melting temperature is the same.
When a full-span plywood spar reinforced with a single layer of CRP is bonded into the wing, the properties are such that although not highly stiff chord-wise; there is enough stiffness to retain the aerofoil shape. The ailerons can be added by removing the portion that the aileron is required to occupy, and inserting a plastic butt hinge, this was made possible by utilizing rubber-compound-based glue. This glue did not dissolve the foam and remained rubbery after curing, thus limiting the stress applied to the foam. Figure 5‑6 shows a picture of the completed wing. The actuating rod is connected by inserting a tube into the wing and sliding a torque rod through it so that it is secured into the aileron by epoxy.
The mass of this wing when completed was 105 grams, which is a mass saving over both wings of 140 grams, the same process applied to the tail reduced the mass from 50 to 25 grams giving a total saving on the lifting surfaces of nearly 200 grams.
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Figure 5‑6, Lightweight Wing
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Figure 5‑7, Mass Savings
The fuselage can also benefit from this approach. In version 1 there were three plywood bulkheads, to which items such as the carbon tubes and motor were attached via epoxy. Having the carbon rods now run full length, less glue needs be used and this is the lower – density rubber glue; also only two bulkheads are now needed. The stiffness that the carbon tubes give to the entire airframe now removes the need to apply carbon fibre to it; this also translates into a further mass saving.

Experimenting with these techniques it became apparent that the mass will be significantly reduced and as such less thrust would be needed for the same thrust/weight ratio. This has the advantage of requiring a less powerful and therefore lighter motor and also since less power will be required the size of the battery can be reduced accordingly. Further to this there will be less current passing through the speed controller, thus the size of this item can be reduced. 
Once these new components were selected, it was found that the space they occupied allowed the fuselage diameter to be reduced from 105mm to 80mm, saving more mass. The final outcome of this mass saving exercise is shown in Figure 5‑7.
This new lightweight version was built and the final mass came to be near 850 grams, this is more than predicted but still much lower than the previous version. The launch speed is now:
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Equation 5‑2
This speed is still relatively high compared to model gliders, but is within reach of a realistic hand launch given the lower weight.
5.8. Aerodynamic Design

Now that a suitable method of reducing the mass has been devised the UAV can be designed aerodynamically. This will not be a clean sheet but will build on that of TULMAP I.

5.8.1. Operating conditions

The UAV will be operating at low airspeeds and due to the small chord of the wing the Reynolds number of operation will also be low:
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Equation 5‑3
At such a low Reynolds number the UAV will be more sensitive to adverse pressure gradients over the wings and also local disturbances in the air such as gusts and turbulent regions. Having laminar flow over the UAV would reduce the skin friction drag but also increase the chance of the flow separating early. Conversely, by inducing a turbulent boundary layer will resist any adverse pressure gradient for longer, and would increase the chances of the flow staying attached over the wing.
The natural finish of the hotwire-cut EPP foam is abrasive enough to trip the flow almost immediately and will serve an additional purpose of removing the need to smooth the wing surface; the same can be said about the tail.
The UAV will be operated in varied atmospheric conditions; the most hazardous of these conditions will be gusty weather. Determining the loads that can be expected in flight due to gusts will help to verify if the wing structure is suitable for the application. Figure 5‑8 shows the expected gust load envelope. The plywood/CRP spars were destructively tested via a three-point bend test and failed at a load of 1500N, this provides for far more than the anticipated load of around 6G due to gusts. 
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Figure 5‑8, Gust Load Diagram for TULMAP II

With respect to this and considering the power requirements, the manoeuvres carried out will be limited to be sufficient to carry out the task and consume a minimum of power. This limitation can be built into the control system to provide a method of conserving battery life.

5.8.2. Wings

As stated earlier the wing airfoil has been changed to a NACA 6412. It is desired to keep the wing span to 1.06m so that the launch tube length will not increase, also the chord would be best set to 0.11m for keeping the tube diameter to less than 0.15m. Having the wing at a set size and knowing quite accurately what the mass will be, enables the stall speed to be calculated, firstly the wing lift curve slope has to be found:
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Where all values are taken from the preceding text

Similarly the cruise speed with AoA = 5° for 
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This speed is close to the desired observation speed of 15m/s
The wing will be constructed from the same method as trialled in Section 5.7 to obtain the lowest mass. From the outcome of the testing carried out with the converted model aircraft in Section 3.4.2 it is decided to leave the wing as a simple rectangular shape with no twist. The flying tests carried out with the model aircraft showed that no significant deficiencies in handling were noticed, having the wing in this configuration will also reduce the manufacturing cost.   

5.8.3. Tail
The horizontal tail will be sized by using Equation 2‑12
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The size of the horizontal tail can be analyzed by using Equation 5‑1, from [7]
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Equation 5‑4
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Figure 5‑9, Aircraft moment plotted against absolute angle of attack for TULMAP II
When investigating what effect on the stability that using the model aircraft tail sizing equation will have, Figure 5‑9 is used to show the pitching moment of the aircraft for increasing AoA. This graph shows the zero – lift moment as positive and the trim angle as positive. Also the gradient of the line is negative therefore indicating that the UAV will have positive static longitudinal stability. Also the trim angle is at 10° absolute, this has been achieved by using a tail mounting angle of + 1.7° so that the UAV will trim with a fuselage angle of approximately zero relative to the ground when the wind direction is parallel to the ground. 
Figure 5‑9 was also prepared by using a 
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value of 10% chord with the CG at 35% chord. With data from [10] it was felt reasonable to incorporate an extra tail efficiency factor 
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 due to the separated airflow developed over the tails.

The neutral point and static margin that accompanies it, gives an indication of the degree of stability of the aircraft:
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Equation 5‑5
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Equation 5‑6
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This is a very large static margin and the neutral point is very far back, this indicates a very high degree of natural stability which could in it bring about problems in excessive control surface deflection, flight testing will prove this.

To size the vertical part of the tail a different method is used, this again is a radio control aircraft design method. The procedure is based on Centre of Lateral Area (CLA) and is from [8], which states that to be laterally stable:
· the models CLA must be at about 25% of the tail moment arm from the CG;
· the CLA and the CG must be at the same vertical height.
Rather than cutting out full – size paper profiles of the UAV a CAD package was used to determine what size the vertical tail needed to be to satisfy these two requirements. This came to be 
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 which is just larger than the horizontal tail area. The reason for the large size can be attributed to some degree to the absence of any lateral area rear of the wings as the rear fuselage has been replaced by two carbon tubes.

The V-tail can now be sized as follows;
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The angle for placing the two V panels was found from [11] as 110°. A cord of 0.09m was used for the tail based on the fitting of the tail into the fuselage, so that;
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This is the span to be used on the UAV, now the lifting surfaces have been specified and the fuselage has also been defined and built. 
The control surfaces can be added. For the wing a NACA – specified layout is used which is 40% semi – span and 25% chord located at the wing tip. This was used because the hinges could not be fitted with any width less than 25% chord. The ruddervators are full – length again at 25% chord, decided upon to give good control authority. 

5.8.4. Propulsion and Power
The power required to fly the UAV is related to the drag, which this section will cover as well. Firstly predicting the drag will be carried out, the method used in the first design is not used in this second design as the layout is different and there is a lack of data referring to the aerofoil drag characteristics. Instead the drag components will be built up individually to form the drag polar, using methods from [7].
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Equation 5‑7
First the effect of the wing is found, this comprises both profile and induced drag
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Equation 5‑8

Where:
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Equation 5‑9
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Equation 5‑10
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At such low Reynolds numbers, the profile drag of the wing will be low as the chances are high of the tripped boundary layer remaining attached.

The fuselage profile drag can also be expected to be small for the same reasons as the wing.
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Equation 5‑11
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Equation 5‑12
The fuselage base drag takes into account the nature in which the fuselage ends; in this case it is blunt.
The values for these equations are:

	Symbol 
	Value
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Equation 5‑13
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From the drag polar a graph of aircraft drag vs. lift can be plotted and also since in straight and level flight thrust must equal drag a graph of thrust required vs. airspeed could be plotted. However for propeller driven aircraft it is more useful to plot power vs. airspeed because the maximum endurance and range points can be taken from this graph.
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Figure 5‑10, TULMAP II Drag
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Figure 5‑11, Power Required
To launch the UAV by hand will require more thrust;
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Equation 5‑14
The hand launch is based on throwing the UAV at a flight angle of 30° at about 14 m/s, this would be required to effectively launch the UAV and allow it to climb safely. An important difference between the testing launch and the type of launch the UAV would see in operational conditions is that with the use of a rocket motor the launch thrust requirement will be removed allowing for a longer duration flight.  
The motor to be used on this version of the UAV is the HP3007/30. Testing this motor with the various sizes of propeller available in folding form showed that a propeller of size 8.5" diameter and with a 5" pitch consumed the least power and could provide the thrust required. Information on the Hyperion motors is available in Appendix V. A lower capacity battery could be chosen as the current drawn at half throttle was 2.2 Amps; the battery pack has a capacity of 2.1Ah which will provide for a good duration flight. This battery will also power the servos and radio receiver. 
Table 5‑1
 shows the energy budget for the battery in terms of phases of the flight mission, the power figures required to produce the thrust are from measurements with the motor/propeller combination. The drag measurements for the thrust required are from 
Figure 5‑10
. This table indicates that the mission duration will be about 58min. This flight duration is just about at the 1 hour that is standard in mini UAV’s.

[image: image165.emf]Mission ProfileThrust(N) Power(W) Time(s) Energy(J)

Dash 0.80 9.10 500.00 4550.00

Cruise 0.75 8.40 900.00 7560.00

Observe 0.75 8.40 2100.00 17640.00

0.97 2.98E+04

mAh Voltage maxVoltage minEnergy (J)

2100 13 9 3.02E+04


Table 5‑1, Battery Energy Budget
The time on station of the UAV has been increased by removing the need for the mission profile to include a return to operator phase. The UAV according to these calculations has the desired endurance; this will have to be tested. 
The desired cruise speed of 15m/s that was stated in the original specification was based on the reasoning that a low speed is better for observation, this is certainly true. The 15m/s was not however based on performance criteria. To achieve the maximum duration from the flight the UAV needs to fly at a speed where the least power is consumed, this is 
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On Figure 5‑11 there are lines drawn in to indicate the maximum endurance and range points. As can be seen in Figure 5‑11 the maximum endurance speed is very close to the stall speed. Flying at this speed would be unwise as the UAV would be very sensitive to changes in airspeed causing the UAV to stall. However flying at the maximum range speed is possible. This speed is about 13.5 m/s, this is lower than the desired cruise speed, and this will not present any problems as the lower speed will suit the surveillance better. 

5.9. Performance

5.9.1. Turns

Although the manoeuvre capability of the UAV will not be a high driver an understanding of the turn radius and forces experienced during a turn will help in specifying the system and in educating the operator. Starting with a simple banked turn:

[image: image167.wmf](

)

Rg

mgv

L

L

h

2

sin

=

=

f

 (a)


[image: image168.wmf](

)

mg

L

L

v

=

=

f

cos

 (b)

Equation 5‑15
Equation 5‑15, gives the lift required from the UAV to perform a banked turn at a bank angle of 
[image: image169.wmf]f

 in the horizontal (a) and vertical (b) directions.
The diameter of turn required by the primary application of the UAV can be expected to be in the range of 50m, which is based on observing a target at a distance of ≈100m. From tests carried out with the camera, the images at 100m are sufficient to see detail on the ground. Figure 5‑12 explains this, at this turn radius, completed at the observation speed of 15m/s the angle required can be found from;
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Equation 5‑16
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At this bank angle and speed the required lift coefficient can be found:
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Equation 5‑17
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Given that the maximum lift coefficient predicted in Section 5.8.2 is 1.2 and at the bank angle specified the lift coefficient is coming close to this value. Since the bank angle gives the required turn radius is will be sufficient.
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Figure 5‑12, Banked Turn
5.9.2. Climbing

The available power for the UAV has been limited to increase endurance; this will have the most noticeable effect on manoeuvres that require more thrust than normal. If the thrust is limited to 2N, which requires a power input of 25W, then the rate of climb that can be achieved is:
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Equation 5‑18, Climb Angle
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This calculation is carried out at a cruise speed (≈13.5m/s) which is where the drag value of 0.8 N is obtained from; the rate of climb is now simply:
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Equation 5‑19
Although this rate of climb is not very high there is no requirement on the rate of climb achievable. The primary factor affecting the rate of climb is the thrust/weight ratio; with a high-capacity battery installed the climb rate can be significantly improved should this be required.

6. TULMAP II Flight Testing
The testing of the redesigned UAV was carried out in much the same manner as the first set of flight tests, except that an undercarriage was never used.

6.1. Procedure

Based on the experience of the testing of TULMAP I and the modified model aircraft it was decided to launch at the highest speed possible and at a flight angle of ≈ 30°. The reason for this is to gain a compromise of altitude and speed at launch, to increase the chance of the flight being successful. Many of the previous flights of TULMAP I resulted in a crash before sufficient speed was built up for the aircraft to fly properly.
Once airborne the aim is to fly straight for about 100m and then land. Once this has been achieved longer duration flights and manoeuvres can be attempted. It has to be stated that when carrying out this flight testing the restrictions on thrust have been lifted since the endurance is not being tested at this stage, although the vehicle has the same configuration as the designed configuration.
6.2. Outcome
The first set of test flights showed more success than the testing of TULMAP I. The first two flights showed less of a tendency for the roll-yaw to become significant as in the previous launch attempts. There were however, still problems in the control of the UAV; these problems were identified as a lack of torsional stiffness in the wings. The result of this was seen as a tip stall causing a large rolling moment which was unrecoverable, some long duration flights were achieved at low speed and an altitude of about 35-40m AGL and lasted for about 2 minutes. 
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Figure 6‑1, Flight Testing Pictures
The pictures in Figure 6‑1, show some of the launch stages of the flight testing. As can be seen the UAV climbs away quickly on launch before settling to a level attitude. Once at altitude the UAV was easily controllable when the airspeed was kept low, turns were possible and the completion of a circuit by launching, gaining altitude, flying as far as possible whilst relying on eyes for the determining the UAV position and then turning through 180° before landing by flying belly first into the ground was accomplished.

As might be expected for an aircraft of such small size, knowing the orientation and attitude of the UAV during the flight was challenging at distances greater than 30m. This clearly indicates the need to install the control system and video system to provide a reference for longer – range flight testing.
The tendency for a large rolling moment to develop occurred in subsequent test flights when the banked turn part of the test was initiated. This rolling moment occurred regardless of the direction the bank was performed. The most likely cause of this is the twisting of the rising wing tip leading to a much increased roll moment. Once in the roll it was unrecoverable and the UAV crashed into the ground.
The airframe this time provided good impact resistance, through the use of the rubber – based glue. This allowed the fuselage to slide back a short distance on the carbon booms rather than buckling the fuselage and breaking the bulkheads.

6.3.  Modifications

There are some modifications that can be made to eliminate the wing twisting in the normal flight envelope. By resorting back to the stressed skin approach to the wing manufacture by using GRP would allow the wing to be stiffened. Using this method would only be feasible by using a lighter weight glass cloth.
7. Human Interface System
7.1. Introduction

The UAV has to be used by people in a very dynamic and dangerous environment; once the UAV is airborne the controller does not want to be burdened with the task of intensively controlling the UAV. The experience of flying the various aircraft in the prototyping period of the project has shown that manually flying requires the full concentration of the operator, something that would not be possible in a real military deployment.
Going to the other extreme and implementing a fully automatic system that is referenced from GPS coordinates has its disadvantages, although the controller does not have to worry about controlling the UAV and can just look at the video feed, the flexibility to rapidly change course to a constantly updating profile is not there. This flexibility is what gives the mini UAV much of its capability as an information – gathering asset.
GPS – referenced navigation requires the input of the waypoints of the flight plan; this is usually accomplished by using maps overlaid with GPS data. The data from these maps can contain either an aerial image or a topographic map. The image – based maps are very useful if the images are up-to date, images that are old and do not accurately reflect what is on the ground can be very misleading when trying to compare the images from the UAV. With the source of the confusion being the difference between the two images, it would make sense to have only the UAV video as this is the surveillance that will be used by the troops on the ground.

In response to the above argument and from some reports from [13], the control of the UAV will be semi-manual. Already stated is that the UAV will be a single-use vehicle to reduce the cost, as such the control system will have to be suitably low cost as well. 
The hardware for the control system will consist for this project of a laptop computer for the ground station and a self – built control unit for the UAV. It is expected that, due to time constraints a flying control system will not be ready in time, but a bench – tested circuit and ground control station software will be written ready for further development.
7.2. Hardware Layout

Choosing the hardware layout for the controller has to carried so that all of the sensory information and computing power is available while maintaining low system processing overheads, low cost, low mass and small volume. Since the UAV is to be semi-manual it was felt that the drift in the cheaper variety of 6-DOF Inertial Measurement Unit (IMU) can be tolerated. A small GPS receiver can be used to supplement the IMU data and to provide a location fix.
The processing for the controller is distributed utilizing 16 bit Programmable Integrated Circuits (PICs); these PICs are very cheap and come in various forms such that each can be tailored to a specific task within the controller such as analogue-digital conversion and servo control. Having the computing power distributed removes the need for a single power – hungry and heavy CPU.
Communications will be provided by a wireless modem which will transmit/receive only the telemetry, at this stage a separate system will be used for the video. Figure 7‑1 shows the layout of the hardware, while Figure 7‑2 shows the test circuit. The control PIC, receives information from the IMU, GPS and GCS at which point the algorithms send the appropriate new position to the servo PIC. When in fully manual mode the modem interface PIC sends information directly to the servo PIC to decrease the latency period. The servo control PIC is responsible for updating the servo position pulses at the required 20ms intervals.

The control algorithm will use a combination of a fuzzy logic rule base and a proportional convergence loop. Since there will be drift sufficient to render a Proportional, Integral and Differential (PID) loop ineffective, which would integrate the IMU output to give positional information such as bank angle, pitch angle etc.
There is no requirement for the control system to achieve highly accurate manoeuvres, all that is required is for the UAV to be stable and to fly roughly on a heading since the distances involved are not large. With this in mind the controller will have the heading, altitude, speed-over-ground and location refreshed at 1Hz from the GPS, the IMU can be sampled at up to 20Hz. The IMU is sufficient to give a good indication of the rate and acceleration of the UAV over all three axes, using the accelerometer data to indicate attitude of the UAV in roll and pitch, and the gyros to indicate how fast the divergence or convergence is, this will allow a response to keep the UAV some where near level. Level is defined as pitch and roll angles at zero. The GPS data will be used to check that the UAV is on the correct heading, speed and altitude.

To compensate for a difference in required parameter and measured parameter the controller will use the fuzzy logic rule base to decide the best way to correct the error using the controls available: ailerons, ruddervators and throttle.                     
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Figure 7‑1, Controller Hardware Layout

Figure 7‑2, Bench Control Circuit
7.3. Ground Control Software

The requirements on the ground control station are to provide a video image from the UAV and to provide simplified control of the UAV. This leads to having a large portion of the screen dedicated to displaying the video image. Since the desired operational handheld computer would have a touch screen and small built-in 4-way switch, the keyboard and a gaming joystick will be used in this version for test purposes to try to emulate the real GCS from a laptop.
The majority of the software has been written and is under going testing; currently the system under control is a bench circuit. The interface to the user is presented with a series of tabs rather than a traditional menu approach, this it was felt allowed a new user to understand the system and be able to use it in a shorter time than a menu system would allow. There is minimal setup required as the system components such as cameras, receivers and input devices are fixed. The option does exist though to configure new devices for these tasks.

8. Conclusion

This project set out to achieve the aims specified in Section 1.2, these aims have been accomplished and a low-cost tube-launched UAV concept has been proven. By utilizing tried and tested techniques from different sectors of technology-based industries, the technology required to construct the UAV is widely available as COTS items.

UAVs were originally seen as a new technology that offered much reduced costs and a way of protecting operators from high threats. Although the increased safety of operators vs. pilots of a manned vehicle that would carry out the same role is certainly true. The low cost aspect has yet to be fully realized. Although this aspect is usually associated with tactical UAVs it is also applicable to mini UAVs as well.

The outcome of this project has shown that a useful mini UAV can be produced for a fraction of the cost of similar systems that have been put into service. The cost estimate for the air vehicle part of the system including the payload is around £1700, the ground controller is priced at around £2000.

As can be seen this offers a very cheap way of accomplishing the dangerous task of reconnaissance in a battle field. This low cost also makes the system attractive for other non military users that require reconnaissance.

The specification of the UAV that has resulted from this project is shown in Table 8‑1.
	Parameter
	Value
	Unit

	Mass
	0.85
	kg

	Wing Span
	1.06
	m

	Length
	0.9
	m

	Cruise Speed
	14-15
	m/s

	Max Speed
	20
	m/s

	Max Load Factor
	3
	g’s

	Cruise Altitude
	150
	m AGL

	Sensor
	¼ CCD
	Inch

	Payload Mass
	200
	g

	Turn Radius
	50
	m

	Rate of Climb
	1.94
	m/s

	Endurance
	0.34
	hr

	Range(radius)
	8
	km


Table 8‑1, UAV Specification

Figure 8‑1 shows a three view drawing of the UAV with the specification as listed in Table 8‑1.


[image: image183]
Figure 8‑1, TULMAP II Drawing

9. Further Work

Although the UAV has been shown to fly there is more work that has to be carried out;

· enabling and testing the tube launch;
· testing the control system in the UAV;
· increasing the endurance of the UAV.
The tube launch is a unique part of the system and although the UAV is suited for this role it has not yet been tube launched. Work in this area needs to focus on mounting the UAV in the tube so that it can be launched easily without excessive friction. 
The control system has to be converted from the breadboard circuit into a PCB so that it can be mounted in the UAV for flight testing.

With more flight testing the endurance of the UAV can be assessed under real conditions, this will lead to being able to develop the manoeuvre envelope to obtain the best compromise of endurance and manoeuvrability.

10. Appendices

 Appendix I: Skylite B UAV
[image: image184.emf]
[image: image185.emf]
Skylite B is a mini UAV manufactured by RAFAEL Armament Development Authority Ltd.  The information on Skylite B was found at: 

http://www.rafael.co.il/marketing/area.aspx?FolderID=334&docID=919
Appendix II: Sono-Scout UAV
[image: image186.emf]
More information on this is available from: http://aerosim.calpoly.edu/files/AIAA-2004-6493.pdf
Appendix III: Aerofoil data
FX74MODSM Aerofoil
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MILEY Aerofoil
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S1210 Aerofoil
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FX63137 Aerofoil
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NACA 6412 Aerofoil
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Appendix IV: ProX-2 Specification

	CAMERA

	  Dimensions (with 73° lens)
	30mm(W) x 25mm(H) x 28.6mm(D)

	  Weight       (with 73° lens)
	29.7 g

	  Lenses Available (diag. angle of view)
	110°,  95°,  73°,  38°,  30°

	  Imaging System
	1/4" CCD (colour)

	  Available TV Formats
	PAL or NTSC

	  CCD Resolution
	380 lines

	  Minimum Illumination
	1.0 Lux @ F2.0

	  Voltage Requirement
	4.0 - 5.6 Volts DC

	  Current Consumption
	160mA @ 5V

	  Operating Temperature
	-10°C to +40°C (14°F to 104°F)

	  Operating Humidity
	80% or lower

	

  TRANSMITTER

	  Dimensions (excl. ant. socket & mic)
	37mm(W) x 30mm(H) x 11mm(D)

	  Weight including antenna (MV / HW)
	27.6g / 32.2g (+1.5g for hinged antenna)

	  RF Output Power
	200mW

	  Channel Frequencies (4)
	2.410, 2.430, 2.450, 2.470 GHz

	  Modulation Type
	FM

	  Video Input
	1 Volt p/p 75 Ohm composite

	  Audio
	Built-in microphone

	  Voltage Requirement
	4.2 - 5.6 Volts DC

	  Current Consumption
	250 mA (approx) @ 5V

	  Detachable Antenna
	Omni-directional (hinged version optional)

	  On-board Switches
	Dip switches for setting channel

	  Power Connector
	JR / HiTec (or Futaba on request)

	  Range (with our receiver)
	up to 2000' (dep. on local conditions)

	  Operating Temperature
	-10°C to +40°C (14°F to 104°F)

	  Operating Humidity
	80% or lower

	

  RECEIVER

	  Antenna Connector
	SMA, 50 Ohm

	  Video Output
	1 Volt p/p 75 Ohm composite

	  Audio Output
	Line Level

	  Channels & Modulation
	Same as transmitter

	  Sensitivity
	-85 dBm

	  Voltage Requirement
	12 Volts DC

	  Current Consumption
	300 mA (approx)

	  Detachable Antenna
	Patch, 8 dBi

	  AC Adaptor for Receiver
	Versions available for most countries

	  Operating Temperature
	-10°C to +40°C (14°F to 104°F)

	  Operating Humidity
	80% or lower


Hi-cam is an Australian company specializing in the production of low – cost video transmitters for airborne roles. More information can be found at, www.hicam.com.au    
Appendix V: Hyperion Motor Specifications

	Hyperion 22 Series Out runner Specifications
	 
	 
	 
	 
	
	
	
	
	
	
	
	

	 
	2205/34
	2205/38
	2209/26
	2209/32
	2213/20
	2213/24
	
	
	
	
	
	
	
	

	Max eff Current (A)
	5-8
	4-7
	6-11
	5-10
	8-14
	6-12
	
	
	
	
	
	
	
	

	Peak Current (A)
	9
	8
	14
	12
	18
	16
	
	
	
	
	
	
	
	

	Lipo Cells
	2~3
	2~3
	2~3
	2~3
	2~3
	2~3
	
	
	
	
	
	
	
	

	NiCD/NiMH Cells
	6~10
	6~10
	6~10
	6~10
	6~10
	6~10
	
	
	
	
	
	
	
	

	Weight (g)
	29.4
	29.4
	41.7
	41.7
	53
	53
	
	
	
	
	
	
	
	

	Resistance (Ω)
	0.250
	0.320 
	0.119
	0.180
	0.102
	0.135
	
	
	
	
	
	
	
	

	KV (rpm/v)
	1530
	1340
	1120
	910
	1025
	850
	
	
	
	
	
	
	
	

	No Load Current (IO)
	0.5
	0.4
	0.65
	0.55
	0.65
	0.6
	
	
	
	
	
	
	
	

	Wind
	34T
	38T
	26T
	32T
	20T
	24T
	
	
	
	
	
	
	
	

	Outside Diameter (mm)
	28
	28
	28
	28
	28
	28
	
	
	
	
	
	
	
	

	Length(mm)
	33
	33
	38
	38
	42
	42
	
	
	
	
	
	
	
	

	Shaft Dia (mm)
	3
	3
	3
	3
	3
	3
	
	
	
	
	
	
	
	

	Stator Dia (mm)
	22
	22
	22
	22
	22
	22
	
	
	
	
	
	
	
	

	Magnet Length (mm)
	5
	5
	9
	9
	13
	13
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Hyperion 30 Series Outrunner Specifications
	 
	 
	 
	 
	 
	 
	
	
	
	
	
	

	 
	3007/26
	3007/30
	3013/14
	3013/16
	3019/10
	3019/12
	3025/08
	3028/10
	
	
	
	
	
	

	Max eff Current (A)
	15-20
	13-18
	22-32
	17-27
	28-37
	24-33
	32-42
	27-37A
	
	
	
	
	
	

	Peak Current (A)
	28
	25
	40
	36
	46
	42
	52
	46A
	
	
	
	
	
	

	Lipo Cells
	2~3
	2~3
	2~4
	2~4
	2~4
	2~4
	2~4
	2~4
	
	
	
	
	
	

	NiCD/NiMH Cells
	6~10
	6~10
	6~12
	6~12
	6~12
	6~12
	6~12
	6~12
	
	
	
	
	
	

	Weight (g) 
	75
	75
	110
	110
	142
	142
	186
	186g
	
	
	
	
	
	

	Resistance (Ω)
	0.060
	0.070
	0.033
	0.04
	0.019
	0.026
	0.02
	0.025
	
	
	
	
	
	

	KV (rpm/v)
	1240
	1050
	1085
	985
	1070
	900
	985
	815
	
	
	
	
	
	

	No Load Current (IO)
	1.8
	1.2
	2.5
	2.0
	2.8
	2.3
	3.2
	2.3
	
	
	
	
	
	

	Wind
	26T
	30T
	14T
	16T
	10T
	12T
	8T
	10T
	
	
	
	
	
	

	Outside Diameter (mm)
	37
	37
	37
	37
	37
	37
	37
	37
	
	
	
	
	
	

	Length (mm)
	31.8
	31.8
	37.8
	37.8
	43.8
	43.8
	50
	50
	
	
	
	
	
	

	Shaft Dia (mm)
	4
	4
	5
	5
	5
	5
	5
	5
	
	
	
	
	
	

	Stator Dia (mm)
	30
	30
	30
	30
	30
	30
	30
	30
	
	
	
	
	
	

	Magnet Length (mm)
	7
	7
	13
	13
	19
	19
	19
	19
	
	
	
	
	
	


These motors are manufactured by Hyperion. The data above is taken from: http://robotbirds.com/catalog/images/rbirdhtml/HP-outrunnerspecs.htm
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		Fixed values
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		Load Factor		2				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1
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		90		0.029536091				90		0.0600698259				90		0.0112158501				70		0.3081351208										70		0.3551264733				70		0.0852171871

		100		0.0317392905				100		0.0656656626				100		0.0113834672				80		0.313420762										80		0.3604121144				80		0.0973910709

		110		0.0340353827				110		0.0713543921				110		0.0116439771				90		0.318888871										90		0.3658802235				90		0.1095649548

		120		0.0364011446				120		0.0771127911				120		0.0119741566				100		0.3244847077										100		0.3714760602				100		0.1217388387

		130		0.0388204984				130		0.0829247821				130		0.0123579281				110		0.3301734372										110		0.3771647896				110		0.1339127226

		140		0.0412819602				140		0.0887788812				140		0.0127838076				120		0.3359318362										120		0.3829231887				120		0.1460866064

		150		0.0437771084				150		0.0946666666				150		0.0132433735				130		0.3417438272										130		0.3887351797				130		0.1582604903

		160		0.0462996268				160		0.1005818222				160		0.0137303096				140		0.3475979263										140		0.3945892787				140		0.1704343742

		170		0.0488446854				170		0.106519518				170		0.0142397858				150		0.3534857117										150		0.4004770641				150		0.182608258

		180		0.0514085274				180		0.1124759972				180		0.0147680455				160		0.3594008673										160		0.4063922198				160		0.1947821419

		190		0.0539881871				190		0.1184482941				190		0.0153121229				170		0.3653385631										170		0.4123299155				170		0.2069560258

		200		0.0565812918				200		0.124434036				200		0.0158696452				180		0.3712950423										180		0.4182863948				180		0.2191299096

		210		0.0591859208				210		0.1304313022				210		0.0164386919				190		0.3772673392										190		0.4242586917				190		0.2313037935

		220		0.0618005026				220		0.1364385212				220		0.0170176914				200		0.3832530811										200		0.4302444336				200		0.2434776774

																				210		0.3892503473										210		0.4362416998				210		0.2556515612

																				220		0.3952575663										220		0.4422489188				220		0.2678254451





Constraint Analysis

		1		1		1		129.6780788337		1		1		1		0

		5		5		5		129.6780788337		5		5		5		220

		10		10		10				10		10		10

		15		15		15				15		15		15

		20		20		20				20		20		20

		30		30		30				30		30		30

		40		40		40				40		40		40

		50		50		50				50		50		50

		60		60		60				60		60		60

		70		70		70				70		70		70

		80		80		80				80		80		80

		90		90		90				90		90		90

		100		100		100				100		100		100

		110		110		110				110		110		110

		120		120		120				120		120		120

		130		130		130				130		130		130

		140		140		140				140		140		140

		150		150		150				150		150		150

		160		160		160				160		160		160

		170		170		170				170		170		170

		180		180		180				180		180		180

		190		190		190				190		190		190

		200		200		200				200		200		200

		210		210		210				210		210		210

		220		220		220				220		220		220



2 g Turn

3 g Turn

Cruise

RATO

Climb

Acceleration

Take-Off (CTL)

Tube Launch

Wing loading (Wto/S)

Thrust to Weight (Tsl/Wto)

Constraint Analysis for TULMAP

0.460090691

0.4604299547

0.4598871327

0

0.7192489998

0.7662403523

0.0012173884

1.2

0.0933209109

0.0950172295

0.0923031197

1.3

0.3538362746

0.400827627

0.0060869419

1.2

0.0486960378

0.052088675

0.0466604554

0.3109077201

0.3578990725

0.0121738839

0.0347257833

0.0398147391

0.0316724098

0.2986337842

0.3456251367

0.0182608258

0.0284191835

0.035204458

0.0243480189

0.2940235031

0.3410148555

0.0243477677

0.0234696386

0.0336475503

0.0173628917

0.2924665954

0.3394579478

0.0365216516

0.0223519211

0.0359224699

0.0142095918

0.294741515

0.3417328675

0.0486955355

0.0227669344

0.0397301205

0.0125890228

0.2985491656

0.3455405181

0.0608694193

0.0239483133

0.0443041366

0.0117348193

0.3031231817

0.3501145341

0.0730433032

0.0255676152

0.0493160757

0.011318539

0.3081351208

0.3551264733

0.0852171871

0.0274606192

0.0546017168

0.0111759605

0.313420762

0.3604121144

0.0973910709

0.029536091

0.0600698259

0.0112158501

0.318888871

0.3658802235

0.1095649548

0.0317392905

0.0656656626

0.0113834672

0.3244847077

0.3714760602

0.1217388387

0.0340353827

0.0713543921

0.0116439771

0.3301734372

0.3771647896

0.1339127226

0.0364011446

0.0771127911

0.0119741566

0.3359318362

0.3829231887

0.1460866064

0.0388204984

0.0829247821

0.0123579281

0.3417438272

0.3887351797

0.1582604903

0.0412819602

0.0887788812

0.0127838076

0.3475979263

0.3945892787

0.1704343742

0.0437771084

0.0946666666

0.0132433735

0.3534857117

0.4004770641

0.182608258

0.0462996268

0.1005818222

0.0137303096

0.3594008673

0.4063922198

0.1947821419

0.0488446854

0.106519518

0.0142397858

0.3653385631

0.4123299155

0.2069560258

0.0514085274

0.1124759972

0.0147680455

0.3712950423

0.4182863948

0.2191299096

0.0539881871

0.1184482941

0.0153121229

0.3772673392

0.4242586917

0.2313037935

0.0565812918

0.124434036

0.0158696452

0.3832530811

0.4302444336

0.2434776774

0.0591859208

0.1304313022

0.0164386919

0.3892503473

0.4362416998

0.2556515612

0.0618005026

0.1364385212

0.0170176914

0.3952575663

0.4422489188

0.2678254451



Gust n-V plot
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Stall Curve

Ve (m/s)

n (L/W)

Gust n-V Diagram For TULMAP

0

1

0.165283125

2.7887766129

0.6611325

5.4696772581

1.117313925

4.5757418065

1.2958197

-2.5757418065

1.487548125

-3.4696772581

1.910672925

-0.7887766129

3.0560849813

1

4.132078125

5.9501925



Gust n-V

		

										Gust n-V Diagram

		Gust alleviation factor (k)				0.79

		μ				46.39				σ		0.7812244898

				Gust EAS		Flight EAS

		Vr		20		5

		Vc		15		20

		Vd		8		30

		positive stall curve

		Ve		0		5		10		13		14.00		15		17.00		21.50		25.00		30.00

		n		0.000		0.165		0.661		1.117		1.296		1.488		1.911		3.056		4.132		5.950

		Gust Envelope										Data for plot

				Vr		Vc		Vd				V		n

		Raw		1.789		4.470		3.576				0		1

		Upper		2.789		5.470		4.576				5.00		2.789

		Lower		-0.789		-3.470		-2.576				20.00		5.470

												30.00		4.576

												30.00		-2.576

												20.00		-3.470

												5.00		-0.789

												0		1





Man n-V Plot
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Veas (m/s)

n

Manoeuvre n-V diagram for TULMAP

0

0.0264453

0.1057812

0.2380077

0.4231248

0.6611325

0.9520308

1.2958197

1.6924992

2.1420693

2.64453

2.915594325

3.0560849813

3.0560849813

0.1

-1.2396234375

-1.2396234375

-1.07984975

-0.9310949375

-0.793359

-0.6666419375

-0.55094375

-0.352604

-0.19833975

-0.088151

-0.02203775

0



Manoeuvre n-V

		Manoeuvre n-V

		Min Density		0.9570				n1		3

		Cl max		1.6800				n2		0.1

		(-)Cl max		-1.4000

		Wing Area		0.1028				n3		-1.2

		Weight		16.0000

		σ		0.7812

		factor		0.0066

		Factor (-)		-0.0055

		Veas		n

		0		0.00

		2		0.03

		4		0.11

		6		0.24

		8		0.42

		10		0.66

		12		0.95

		14		1.30

		16		1.69

		18		2.14

		20		2.64

		21		2.92

		21.5		3.06

		30		3.06

		30		0.10

		20		-1.24

		15		-1.24

		14		-1.08

		13		-0.93

		12		-0.79

		11		-0.67

		10		-0.55

		8		-0.35

		6		-0.20

		4		-0.09

		2		-0.02

		0		0.00





Turns And Climbs

		

		Banked Turn

		Wing Area		Bank Angle		Weight		Radius		Velocity		Lift		CL

		0.1563603232		24.6		16		50		15		17.6322248757		1.0474085056

		0.1563603232		22		16		50		15		19.5937911161		1.1639315865

		0.1563603232		19		16		50		15		22.5451110975		1.3392490902

		0.1563603232		49		16		20		15		24.3134964126		1.4442966287

		Turn Speed (m/s)		15

		Turn Radius (m)		20

		Correct Angle (deg)		49

		Lift Required (N)		24.34

		Unaccelerated Climbing

		Climb Angle		56

		Weight		16

		Drag (N)		1.937

		Lift Required (N)		8.875

		Thurst Required (N)		3.527

		Load Factor		0.55

		Accelerated Level Fligth

		Weight (N)		16

		Normal dv/dt		0

		Forward dv/dt		2.7

		Drag (N)		1.94												180		m

		Lift Required (N)		16

		Thrust Required (N)		6.34																				150		m

		Load Factor		1

		Accelerated Climbing Flight														100		m

		Weight		16

		Normal dv/dt		0												Time (s)		20

		Axial dv/dt		0.54												Angle (θ)		56

		Climb Angle (deg)		56												Start Speed		11.5

		Drag (N)		1.94												End Speed		15.5

		Lift Required (N)		8.88												Acceleration		0.54

		Thrust Required (N)		16.13

		Load Factor		0.55

		Pull Ups

		Weight		16

		Velocity		15

		Radius		40

		Angle		0

		Lift Required		25.17

		Load Factor		1.57																166		m

																										150		m

														20		m				70		m

																Angle (θ)		65

																Start Speed		11.5

																End Speed		15.5

																Acceleration		2.7



Misson profile 1:
After leaving tube UAV needs to be on station in <20s UAV climbs and accelerates to 150m AGL and 15.5m/s

θ

Misson profile 2:
After leaving tube UAV needs to be on station in <40s UAV accelerates to 15.5 m/s then climbs to 150m AGL

θ



Drag (2)

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		9.6

		t/c		0.1600																f(λ)		0.0077

		X		0.9906																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0385746707

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0385746707

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		3.0471183149		0.8838003398

		7		2.3532670713		0.5014671462

		8		1.9362709645		0.3159028227

		9		1.6844999336		0.2171467465

		10		1.5391594404		0.1607129814

		11		1.4668927116		0.1265844409

		12		1.4476317656		0.1049694592

		13		1.4687159714		0.0907441131

		14		1.5218378		0.0810736346

		15		1.6013628819		0.0743146757

		16		1.7033605179		0.0694758644

		17		1.8250209171		0.06593824

		18		1.964292404		0.0633036096

		19		2.1196485776		0.0613089685

		20		2.2899348238		0.0597764993

		21		2.4742647139		0.0585834467

		22		2.671948584		0.0576434655

		23		2.8824433581		0.0568947846

		24		3.1053166891		0.0562925292

		25		3.3402209315		0.0558036394

		26		3.5868739815		0.055403445

		27		3.8450449896		0.0550733183

		Stall Line

		11.2826255781		0

		11.2826255781		7





Drag (2)
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Velocity (m/s)

Drag (N)

Graph Of Drag For TULMAP
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Drag

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		10.5

		t/c		0.1600																f(λ)		0.0077

		X		0.9906																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0352494967

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0352494967

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		2.8002193908		0.8121886299

		7		2.1718719435		0.4628129287

		8		1.7973903198		0.2932444301

		9		1.5747670785		0.2030012236

		10		1.4502758277		0.1514321038

		11		1.3934351805		0.1202454767

		12		1.3859070346		0.1004937273

		13		1.4161221177		0.0874946199

		14		1.4764890181		0.078657746

		15		1.5618590541		0.072481416

		16		1.6686403567		0.0680597148

		17		1.7942653418		0.0648270371

		18		1.9368591902		0.0624195144

		19		2.0950270782		0.0605968133

		20		2.2677139206		0.0591964444

		21		2.4541096997		0.0581062342

		22		2.6535842012		0.0572472802

		23		2.8656411629		0.0565631363

		24		3.0898855064		0.0560127959

		25		3.3259995535		0.0555660489

		26		3.5737255181		0.0552003517

		27		3.8328524501		0.0548986823

		Stall Line

		11.2826255781		0

		11.2826255781		7



Cd = 0.053 + 0.0386Cl^2



Drag
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Velocity (m/s)

Drag (N)

Graph Of Drag For TULMAP
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Trim

		

		Straight, Level and Unaccelerated						Moment Balance

		Weight (N)		16

		lw (m)		-0.0061015284

		lt (m)		0.5

		Cmo		-0.11

		Flight Speed		15

		Air Density		1.225

		Moment (Mo)		-0.2892520769

		Mac		-0.2892520769

		L		16

		h-hac		-0.05

		lt		0.5

		Lt		-2.1785041539

		Density		1.225

		Velocity		15

		Tail Area		0.0245121

		Tail Cl		-0.6448953737

		Tail AoA		-6.7883723548



Stall Speed



Propulsion and power

		

		Prop		APC Slow Fly												Batteries And Power

		Diameter (m)		0.2286																								Props

		Pitch (m)		0.09652												Flight Case		Thrust		Power								Slow fly 8x6

		RPM		10000												Banked Turn		1.9368591902		30.0213174484								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Flight Speed		15.5												Unaccelerated Climbing		3.5274726335		54.6758258187								806		199.8		169		0.85		9100		18.00		27.00

		J		0.406824147												Unaccelerated Level Flight		1.7942653418		27.8111127976								450		74.93		63		0.84		6900		6.75		10.13

		Prop Efficiency (ηp)		0.8												Accelerated Level Flight		6.34		98.2781981823								289.7		36.08		30		0.83		5600		3.25		4.88

		δηp/δJ		1												Accelerated Climbing Flight		16.13		250.0211665909								228.1		23.87		20		0.84		5000		2.15		3.23

		Number of props, np		1												Pull Ups		1.9368591902		30.0213174484

		Moment Arm, Xp		0.01																								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Prop Disk Area Sp		0.0410433058												Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)				accelerate		6.34		199.80		15.00		2997.00

		Prop Force														accelerate		6.34		192.70		15.00		2890.54				Climb		3.53		74.93		15.00		1123.95

		Normal force coeffcicent, Cnp		0												Climb		3.53		107.21		15.00		1608.11				Dash		2.27		36.08		300.00		10824.00

		δCnp/δαp		0.9		Change in prop force coefficient with AoA										Dash		2.27		54.53		300.00		16359.48				Curise		1.79		23.87		900.00		21483.00

		δεp/δα		0.2		Rate of up from prop										Curise		1.79		54.53		900.00		49078.43				Observe		1.79		23.87		1800.00		42966.00

																Observe		1.79		54.53		1800.00		98156.87				Return		2.27		36.08		300.00		10824.00

																Return		2.27		54.53		300.00		16359.48										0.93		9.02E+04

																						0.93		1.84E+05

		Ducted Fan														Prop Efficieny		0.6

		Inlet Area (m^2)		0.0047												Motor Efficiency		0.85										Folding 8x5

		Exit Area (m^2)		0.0047																								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Inlet Air Density (kg/m^3)		1.2250												Battery Packs												806		166		139		0.84		7300		14.95		22.43

		Inlet Flow Velocity (m/s)		15												mAh		voltage		Energy								443		61.05		51		0.84		5500		5.50		8.25

		Mass Flow (kg/s)		0.09												2100		11.1		8.39E+04								284.3		29.7		25		0.84		4500		2.68		4.01

		Thrust (N)		10.0000												6400		11.1		2.56E+05								231.4		21.09		18		0.85		4100		1.90		2.85

		Exit Velocity (m/s)		116.7849113894												4000		11.1		1.60E+05

																5000		11.1		2.00E+05								Mission Profile		Thrust(N)		Power(W)		Time(s)		Energy(J)				Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Inlet Moment Arm		0.005												6000		11.1		2.40E+05								Dash		0.80		9.10		500.00		4550.00				Dash		0.80		25.00		300.00		7500.00

																7000		11.1		2.80E+05								Cruise		0.75		8.40		900.00		7560.00				Curise		1.50		8.40		900.00		7560.00

																8000		11.1		3.20E+05								Observe		0.75		8.40		2100.00		17640.00				Observe		1.50		8.40		0.00		0.00

																																		0.97		2.98E+04										0.33		1.51E+04

																														mAh		Voltage max		Voltage min		Energy (J)						mAh		voltage max		voltage min		Energy

																														2100		13		9		3.02E+04						2100		12.4		5		1.55E+04





Aircraft Layout

		

						AC						xm

						0.25		c				0.25		m

																		1.28		m

																				0.122		m

												CG

												0.2		c

																						Vh		0.6423257525

																						Xcg-Xacwf		-0.05

																						Xach-Xcg (m)		0.5

																						Xw		-0.05

						0.5		m

		Lf		0.85		m																Iyy		0.108

																						Ixx		0.02

																						Izz		0.108

																						Ixy		1

																						Sfs (m^2)		0.07992

																						xm (m)		0.3

				0.08		m

										0.306		m

				dfave		0.1199998597

																				Zw		0

																				Lv		0.53

						df		0.12												Zv		-0.0162246086

																				Zf		0.07

																				Lf		0.53

																				Г		0

																				εt		0

				tail ac length wise

																				Г		60

																				Zh		0.015

																60

				Zv		-0.0162246086

						Wing Span		1.28

						Wing Chord		0.122

						CG Location		0.2

						Tail Arm		0.5

						Tail Length		0.4

						Tail Chord		0.08

						V-Angle		50.00



θ

Zf

Aircraft Layout



Wing and Tail Info

		

		Wing		Re = 160k

		FX 63-137(B)		p 93		cord p 257

		Specifications

		Given:								To be found

		V Cruise		Vc		15.5000				Wing Area		S		0.1564

		Density @2500m		ρalt		0.9570				Wing Span		b		1.2813

		Density @ Sea Level		ρsl		1.2250				Wing Chord		c		0.1220

		Weight		W		16.0000				Lift curve Slope 3D		a		0.0774

		Lift Coeff. 2D		Cl		1.0000				Lift Coeff. 3D		CL		0.8902

		Lift curve slope 2D		a0		0.0910				Induced Drag		CDi		0.0267

		Viscosity		µ		1.7E-05				Stalling Speed		Vs		11.2826

		Oswald efficency Factor		e		0.9000				wetted area		Sw		0.3440

		Zero lift angle		α0		-6.0000				Drag coeff in cruise		Cd		0.0648

		Angle of Attack		AoA		5.5000				Drag force in cruise (wing)		D		1.7943

		Cl max		Clmax		1.6800				Wing loading				102.3277

		dynamic pressure		q		114.955				Constant		k		0.0337

		Aspect ratio		AR		10.5000				Basic Lift Coefficient		CL1		0.890

		Profile Drag Coefficient		Cdo Bar		0.0530				Mach Number (sea level)		Ms		0.046

		Mass		m		1.6000				Mach Number (alt)		Ma		0.047

		Cm (a/c)				-0.11				sweep angle		Λ		0

		Tail

		V-Tail Size

		Chord		c		0.0800

		Length		L		0.2000

		Angle		α		50.00				Hor %		0.1567667519

		Total Area		St		0.0320				Vert %		0.1315600959

		H Area		Sh		0.0245

		V Area		Sv		0.0206

		Section Lift Slope		at		0.095

		Down wash		de/da		0.5

		Aspect Ratio		AR		5





X-Derivatives

		Longitudinal X-Derivatives

																																		Ctx1		-0.0823340977

		Clawf		0.0774048899																				Clah		0.095

		Clah		0.095								q		114.95482										Sh		0.0245121

		Sh		0.0245121								S		0.1563603232										S		0.1563603232								Ctx1		-0.0823340977

		S		0.1563603232								Cdα		0.005324854										de/da		0.5								U		15.5

		de/da		0.5								CL1		0.8901562335										Cdih		0.0074464207								np		0.8

		CLα		0.0848513106								m		1.6																				nprps		166.6666666667

												Xα		9.9401806802																				δηp/δJ		1

																																		Ctxu		0.2374309543

																								Kb		0.675

		CL1		0.8901562335																				cld/cldth		0.74

		CLα		0.0848513106																				cldth		0.05

		k		0.0352494967																				K'		0.84

		CDα		0.005324854																				Clah		0.095

																								adCL/adcl		1.09								q		114.95482

																								ade		0.2407064211								S		0.1563603232

																																		Ctxu		0.2374309543

																																		Ctx1		-0.0823340977

		Cd0 Bar		0.0530474005																														m		1.6

		k		0.0336835858																				Cdih		0.0074464207								U		15.5

		CL1		0.8901562335																				ade		0.2407064211								Xtu		0.0527364901

		Cdo		0.0797375369																				Cdde		0.0017924013

		Cdo		0.0530474005

		CDα		0.005324854

		α		5.5																				q		114.95482

		CD1		0.0823340977																				S		0.1563603232

																								Cdde		0.0017924013

																								m		1.6

																								Xde		-0.0201358055

		q		114.95482

		S		0.1563603232

		CD1		0.0823340977

		m		1.6

		U1		15.5

		Xu		-0.119347078



p437 Part VI



Z-Derivatives

		

																												Clah		0.095

																						Clah		0.095				lh		0.5

		q		114.95482				q		114.95482						Clah		0.095				ηh		1				c		0.1220305673

		S		0.1563603232				S		0.1563603232						Sh		0.0245121				Vh		0.6423257525				ηh		1

		CL1		0.8901562335				Cla		0.0848513106						S		0.1563603232				de/da		0.5				Sh		0.0245121

		m		1.6				Cd1		0.0823340977						CLih		0.0148928414				Clad		0.0610209465				S		0.1563603232

		U1		15.5				m		1.6																		Clq		0.122041893

		Zu		-1.2903225806				Zα		-1.8781580357

																ade		0.2364837678

																Clih		0.0148928414

																Cdde		0.0035219153				q		114.95482				q		114.95482

																						S		0.1563603232				S		0.1563603232

																						c		0.1220305673				c		0.1220305673

																						Clad		0.0610209465				Clq		0.122041893

																						m		1.6				m		1.6

																						U		15.5				U		15.5

																q		114.95482				Zad		-0.0026984827				Zq		-0.0053969654

																S		0.1563603232

																Cdde		0.0035219153

																m		1.6

																Zde		-0.0395651361





M-Derivatives

		

																												ade		0.2364837678

		Clah		0.095																								Cmih		-0.0610209465				Kw		0.9																nj		1		Number of ducted fans

		Vh		0.6423257525												q		114.95482				q		114.95482				Cmde		-0.0144304633				Claw		0.0774048899																m		0.09		mass flow

		Cmih		-0.0610209465												S		0.1563603232				S		0.1563603232										A		10.5								Cmt1		0.2368151029						xj		0.005		Inlet Moment Arm

																c		0.1220305673				c		0.1220305673										Xw		-0.05																Ai		0.00466		Inlet Area

																Cma		-0.0075934549				Cma		-0.0075934549										c		0.1220305673																ρ		1.225		Inlet Density

																Iyy		0.108				Iyy		0.108										Cmqw, M=0		0.0086823505																q		114.95482

																U1		15.5				Ma		-0.1542190541				q		114.95482																						S		1.2813209566

																Mad		-0.0006070787										S		0.1563603232																						c		0.1220305673

		Cmacwb		-0.11																								c		0.1220305673														q		114.95482						dej/da		0.5		jet up wash gradient

		CLwf		0.8901562335																								Cmde		-0.0144304633														S		0.1563603232						Cmta		0.0005359349

		Xcg-Xac		-0.05																								Iyy		0.108				Cmqw, M=0		0.0086823505								c		0.1220305673

		Clah		0.095																								Mde		-0.2930750824				B		1								Cmt1		0.2368151029

		Sh		0.0245121																														Cmpw		0.0781411542								Iyy		0.108

		S		0.1563603232																																								U		15.5

		Xach-Xcg		0.5																																								Mtu		0.6205922011

		Eo		2.75																																																q		114.9548

		Cmo		-0.1340301547																																																S		0.1564

																																		Clah		0.095																c		0.1220

																																		nh		1																Cmta		0.0005

																																		Vh		0.6423257525																Iyy		0.1080

																																		Xach-Xcg		0.5																Mta		0.0109

																																		Cmqh		-0.0610209465

		Clawf		0.0774048899

		Xcg-Xacwb		-0.05

		Clah		0.095

		Sh		0.0245121																														Cmq		0.0171202077

		S		0.1563603232

		Xach-Xcg		0.5

		de/da		0.5

		Cmα		-0.0075934549

																																		q		114.95482

																																		S		0.1563603232

																																		c		0.1220305673

		Cmo		-0.1340301547																														Cmq		0.0171202077

		Cma		-0.0075934549																														Iyy		0.108

		α		5.5																														U1		15.5

		Cmih		-0.0610209465																														Mq		0.0013687199

		Cm1		-0.2368151029

		q		114.95482

		S		0.1563603232

		c		0.1220305673

		Cm1		-0.2368151029

		Iyy		0.108

		U1		15.5

		Mu		-0.3102961005





longitudinal

		

												Cmcg		AoAa

												-0.0352		0

												-0.1040		2

				Hac		0.2500						-0.1728		4

				H		0.2000						-0.2415		6

				Wing area		0.1564						-0.3103		8

				Wing cord		0.1220						-0.3791		10

				Down wash		0.5000						-0.4478		12

				Tail Area		0.0245						-0.5166		14

				Wing lift curve		0.0774						-0.5853		16

				Tail lift curve		0.0950

				Tail sep dist		0.5000

				Tail volume cof		0.6423

				Tail setting angle		1.2250

				Cmα		-0.0343807

				Hn		0.6442

				SM		0.4442

				Cmo		-0.0352

																Xu		-0.1193		Zu		-1.2903		Mu		-0.3103

				V-Tail Size												Xa		9.9402		Za		-1.8782		Mad		-0.000607

				Chord		0.0700										Xde		-0.0201		Zde		-0.0396		Ma		-0.1542

				Length		0.1500										Xtu		0.0527		Zad		-0.0027		Mde		-0.2931

				Angle		60.0000										U1		15		Zq		-0.0054		Mq		0.0014

				Total Area		0.0210										g		9.81						Mtu		0.6206

				H Area		0.0182										θ1		0						Mta		0.0109

				V Area		0.0105										θq		0

																								0.0821118624		0.2404794779

		A1		16.8782

		B1		2.8660650133																								0

		C1		15.1091570964																								45.6759698278

		D1		-0.4479374186																								-46.2493431578		0.3102961005

		E1		7.5314593173																								-0.0175552558		-149.0490633916

																												0.1429911672

																												-0.4479374186

		Au		-0.302091419

		Bu		-0.045507143

		Cu		4.800338874

		Du		5.3399717044

		Aa		-0.0395651361

		Ba		-4.3711441393

		Ca		-0.386442357

		Da		-3.8301997637

		Aθ		-4.3968930755

		Bθ		-0.9314034672

		Cθ		-0.7121053199



Lw

Lt

xt

Xcg

Xac

Xn



longitudinal

		0

		0

		0

		0

		0

		0

		0

		0

		0



0

0

0

0

0

0

0

0

0



roots

		Longitudinal

				Characteristic Equation

						16.8782		S^4		+		2.8660650133		S^3		+		15.1091570964		S^2		+		-0.4479374186		S		+		7.5314593173

		Routh-hurwitz

		A1		16.8782

		B1		2.8660650133

		C1		15.1091570964

		D1		-0.4479374186

		E1		7.5314593173

		Routh's Discriminant

				-84.6498538895

		Equation Roots

		X1		-0.3913457		0.8006865

		X2		-0.3913457		-0.8006865

		X3		0.3057921		0.7027259

		X4		0.3057921		-0.7027259

		Lateral-directional

		Characteristic Equation

						-734.2954226545		S^4		+		-22864.4457832771		S^3		+		340345.59283895		S^2		+		-12180.3115796007		S		+		38808.0580850907

		Routh-hurwitz

		A2		-734.2954

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Routh's Discriminant

				74605662969594.8

		Equation Roots

		X1		0.0122		0.3320

		X2		0.0122		-0.3320

		X3		10.8627		0.0000

		X4		-42.2506		0.0000

		Dutch Roll				Stable

		Spiral Divergance				Unstable

		Roll subsidance				Stable



Longitudinal Derivatives

Denominator

All values have to be >0 AND the equaltiy below has to be >0 in order for the system to be stable



roots

		0

		0

		0

		0



(n)

jw

Poles Of Ch Eq

0

0

0

0



Y-Derivatives

		0

		0

		0

		0



Graph to show poles of Lat-Dir Ch Eq

0

0

0

0



L-Derivatives

		

		Г		0																																		Clav		0.095

		Cybw		0																																		K'		0.8

																																						Kb		0.6

																																						adcl/adCL		1.05

																																						adCL		0.6

																																						Sv		0.0205707791

		Ki		1																																		S		0.1563603232

		So		0.01131																																		Cydr		0.0037794584

		S		0.1563603232

		Cybf		-0.144665856

																																						q		114.95482

		Sv		0.0205707791																																		S		0.1563603232

		S		0.1563603232																																		Cydr		0.0037794584

		Zw		0																																		m		1.6

		Zf		0.07																																		Ydr		0.0424583718

		A		10.5

		1+dσ/db		1.0197869467

		Clav		0.095

		1+(dσ/db)		1.02

		Sv		0.0205707791

		S		0.1563603232

		Cybv		-0.0127455105

		Cybw		0

		Cybf		-0.144665856

		Cybw		-0.0127455105

		Cyb		-0.1574113665

		q		114.95482

		S		0.1563603232

		Cyb		-0.1574113665

		m		1.6

		Yb		-1.7683566162



p383 part VI

Varation in airplane side force
due to roll rate

Varation in side force due to yaw rate

Side Force due to aileron

p461
Part VI



N-Derivatives

		

																																								Clw		0.8901562335																		Zv		-0.0162246086

																																								Clr/Cl,cl=0		0.175												q		114.95482				a		5.5

																						βClp/k		-0.35																A		10.5												S		0.1563603232				Lv		0.53

																						k		0.0758567921																Λ		0												b		1.2813209566				b		1.2813209566

																						β		0.98																Δclr/Г		0												Clda		0.8824				Cydr		0.0037794584

		CLwf		0.8901562335																		Claw/Claw0		1																Г		0												Ixx		0.02				Cldr		-0.0001974632

		Clb/Cl c/2		0																		Clp/Clp0		1																ΔClr/et		-0.0105												Lda		1016.1250976697

		Km		1																		Clp/cl^2		0																et		0

		Kf		0.5																		CLw		0.8901562335																ΔClr/adfdf		0.006

		Clb/Cl A		0.001																		Cdow		0.0530474005																Cld/Cldt		0.5

		Г		0																		ΔClpd		-0.0066309251																Cldt		0.0523

		Clb/Г		-0.0002																		Clpw		-0.0337226365																k'		0.7																		q		114.95482

		KmГ		1																																				df		20																		S		0.1563603232

		dclb/Г		-0.0000460474																																				ΔClr		0.3661																		b		1.2813209566

		ΔClbzw		0																																				adf		0.2364837678																		Cldr		-0.0001974632

		εt		1																																				Clrw		0.5218773409																		Ixx		0.02

		Λc/4		0.0001																		Zv		-0.0162246086																																				Ldr		-0.2273881658

		ΔClb		0																		b		1.2813209566

		Λc/2		0																		Cybv		-0.0127455105

		Clbwf		0.001																		Clpv		-0.0000040871

																																								b		1.2813209566

																																								Lv		0.53

																																								α		5.5

																																								Zv		-0.0162246086

																																								Cybv		-0.0127455105

																						bClp/k0		-0.35																Clrv		0.008166976

																						k		14.7

																						β		0.98

		CLh		-0.6448953737																		zh		0.015

		Clb/Cl c/2		0																		b		0.30640125																Clrw		0.5218773409

		Km		1																		Г		-60																Clrv		0.008166976

		Kf		1																		Clh		15																Clr		0.5300443168

		Clb/Cl A		-0.001																		Clah		0.095

		Г		-60																		Cdoh		0.002

		Clb/Г		-0.00015																		Clp/Clp0		1.1911562211

		KmГ		1																		Clp/cl^2		0

		dclb/Г		-8.0527E-04																		ΔClpd		-0.00025

		ΔClbzw		-0.0019476378																		clah/clh		1																q		114.95482

		εt		0.001																		Clph		-6.2538201607																S		0.1563603232

		Λc/4		0.0001																																				b		1.2813209566

		ΔClb		0																																				Clr		0.5300443168

		Λc/2		0																																				Ixx		0.02

		Clbh		0.0543684743																																				Lr		782.0810995721

																						Clpw		-0.0337226365

																						Clpv		-0.0000040871

																						Clph		-6.2538201607

																						Clp		-6.2875468844

		Cybv		-0.0127455105

		Zv		0.07

		α		5.5

		Lv		0.53

		b		1.2813209566

		Clbv		-0.0001877973																		q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Clp		-6.2875468844

																						Ixx		0.02

																						U		15.5

		Clbwf		0.001																		Lp		-299.2672210129

		Clbh		0.0543684743

		Clbv		-0.0001877973

		Clb		0.055180677

		q		114.95482

		S		0.1563603232

		b		1.2813209566

		Clb		0.055180677

		Ixx		0.02

		Lb		63.5431445758



p392 partVI

Rolling moment due to side slip

Rolling moment due to roll rate, p417 part VI

Rolling moment due to yaw rate



Lateral-Directional

		

																						A		10.5										Cnr/CL^2		0														Cydr		0.0037794584

																						x		0.2										Clw		0.8901562335						ka		-0.1						Lv		0.53

																						c		0.1220305673										Cnr/Cd0		-0.375						Clw		0.8901562335						a		5.5

																						Cnp/Clm0		-3.5745707508										Cdow		0.0530474005						Clda		0.8824						Zv		-0.0162246086

																																		Cnrw		-0.0198927752						Cnda		-0.078547386						b		1.2813209566

		Kn		0.0015																																														Cndr		-0.001551536

		Kr1		1

		Sfs		0.07992

		lf		0.85

		S		0.1563603232																		A		10.5										b		1.2813209566

		b		1.2813209566																		B		1										Lv		0.53						q		114.95482

		Cnbf		-0.0291431031																		Cnp/Clm0		-3.5745707508										a		5.5						S		0.1563603232						q		114.95482

																						Cnp/Cl		-3.5745707508										Zv		-0.0162246086						b		1.2813209566						S		0.1563603232

																																		Cybv		-0.0127455105						Cnda		-0.078547386						b		1.2813209566

																																		Cnrv		-0.0042958764						Izz		0.108						Cndr		-0.001551536

																																										Nda		-16.7501868458						Izz		0.108

		Cybv		-0.0127455105																																														Ndr		-0.3308641896

		Lv		0.53

		a		5.5																		Cnp/CL		-3.5745707508										Cnrw		-0.0198927752

		Zv		-0.0162246086																		Cl		0.8901562335										Cnrv		-0.0042958764

		b		1.2813209566																		Cnp/et		0.0008										Cnr		-0.0241886516

		Cnbv		0.0052322623																		et		0

																						dcnp/addf		0.0015

																						adf		0.2364837678

																						df		20

																						Cnpw		-3.1748319228

																																		q		114.95482

		Cnbw		0																														S		0.1563603232

		Cnbf		-0.0291431031																														b		1.2813209566

		Cnbv		0.0052322623																														Cnr		-0.0241886516

		Cnb		-0.0239108408																		b		1.2813209566										Izz		0.108

																						Lv		0.53										U		15.5

																						a		0.0774048899										Nr		-0.2132042281

																						Zv		-0.0162246086

																						Cybv		-0.0127455105

																						Cnpv		0.000127435

		q		114.95482

		S		0.1563603232

		b		1.2813209566																		Cnpw		-3.1748319228

		Cnb		-0.0239108408																		Cnpv		0.000127435

		Izz		0.108																		Cnp		-3.1747044878

		Nb		-5.098973648

																						q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Cnp		-3.1747044878

																						Izz		0.108

																						U		15.5

																						Np		-27.9825610806



Yawing moment due to sideslip
also called directional (weather cock) stability
p397 Part VI

Yawing moment due to thrust offset, can be ignored as moment arm will be <1cm

wing moment due to roll rate

Yaw Moment due to aileron



Camera&lens

		

		Derivatives

		Yb		-1.7683566162		Lb		63.5431445758		Nb		-5.098973648		U		15.5

		Yp		0		Lp		-299.2672210129		Ntb		0		θ		5.5

		Yr		0		Lr		782.0810995721		Np		-27.9825610806		g		9.81

		Yda		0		Lda		1016.1250976697		Nr		-0.2132042281		A1		16.8781580357

		Ydr		0.0424583718		Ldr		-0.2273881658		Nda		-16.7501868458		B1		2.8660650133

										Ndr		-0.3308641896

		transfer Functions

		Common Denomantor

		A2		-734.2954226545

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Aileron

		Ab		0

		Bb		-45399.977065978

		Cb		525583.410514384

		Db		-125804.015502806

		Rudder

		Ab		-2.0114185863

		Bb		-57.4288519786

		Cb		2311.2794212286

		Db		-2527.2499410809

		Aileron

		Aphi		11367.8983528579

		Bphi		-198395.18150681

		Cphi		-86593.330153612

		Rudder

		Aphi		-90.0823768261

		Bphi		-4022.8055538356

		Cphi		-282.5653262195

		Aileron

		Asi		44880.7212737588

		Bsi		-513301.419089816

		Csi		-59145.4535870857

		Dsi		-40200.2542753881

		Rudder

		Asi		-15.2298885696

		Bsi		-1430.3570689204

		Csi		-304.1299640892

		Dsi		216.6193526791





Recovery

		

		Main Sensor

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		1.25		8.47E-03		50		4.17E-04		460		4.92		23

		150		1.25		8.47E-03		60		5.00E-04		460		5.91		27

		150		1.25		8.47E-03		70		5.83E-04		460		6.89		32

		150		1.25		8.47E-03		80		6.67E-04		460		7.87		36

		150		1.25		8.47E-03		90		7.50E-04		460		8.86		41

		Spotter Camera

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		2		6.35E-03		12		1.60E-04		380		2.52		10

		150		1		8.47E-03		12		8.00E-05		380		0.94		4

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		Pixel Representation

		Scene Size (m)		Total Pixels		Size Per Pixel (m)

		5		379392		0.008

		7.5		379392		0.012

		10		379392		0.016

		15		379392		0.024

		5		7.86E+05		0.006

		7.5		7.86E+05		0.008

		10		7.86E+05		0.011

		15		7.86E+05		0.017

		5		1.40E+06		0.004

		7.5		1.40E+06		0.006

		10		1.40E+06		0.008

		15		1.40E+06		0.013





		

		Mass		1.6

		Air Density		1.225

		Cd		1.5

		Desent Velocity		3

		Diameter		1.5546392336



Cd
0.75 for flat sheet
1.5 for Dome
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		Constraint analysis

		Fixed values

		TOW		16				TOW		16				TOW		16				TOW		16				TOW		15				TOW		15				TOW		15

		Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02

		Load Factor		2				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1

		AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5

		K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039

																				V		17.5				Vend		14.667				V		17.5				Take of dist		15

		2 g Turn						3 g Turn						Curise						Climb angle		15				Vw		-1				acceleration		3

		wing loading		T/W				wing loading		T/W				wing loading		T/W				ROC		4.5293332893				Clmax		1.680

		1		0.460090691				1		0.4604299547				1		0.4598871327				Climb						Wing loading (max)		129.6780788337				Acceleration						Take-off						Self Powered TO

		5		0.0933209109				5		0.0950172295				5		0.0923031197				wing loading		T/W				RATO						wing loading		T/W				wing loading		T/W				W/S		T/W

		10		0.0486960378				10		0.052088675				10		0.0466604554				1		0.7192489998				wing loading		T/W				1		0.7662403523				1		0.0012173884				0		1.2

		15		0.0347257833				15		0.0398147391				15		0.0316724098				5		0.3538362746				129.6781		0				5		0.400827627				5		0.0060869419				220		1.2

		20		0.0284191835				20		0.035204458				20		0.0243480189				10		0.3109077201				129.6781		1.3				10		0.3578990725				10		0.0121738839

		30		0.0234696386				30		0.0336475503				30		0.0173628917				15		0.2986337842										15		0.3456251367				15		0.0182608258

		40		0.0223519211				40		0.0359224699				40		0.0142095918				20		0.2940235031										20		0.3410148555				20		0.0243477677

		50		0.0227669344				50		0.0397301205				50		0.0125890228				30		0.2924665954										30		0.3394579478				30		0.0365216516

		60		0.0239483133				60		0.0443041366				60		0.0117348193				40		0.294741515										40		0.3417328675				40		0.0486955355

		70		0.0255676152				70		0.0493160757				70		0.011318539				50		0.2985491656										50		0.3455405181				50		0.0608694193

		80		0.0274606192				80		0.0546017168				80		0.0111759605				60		0.3031231817										60		0.3501145341				60		0.0730433032

		90		0.029536091				90		0.0600698259				90		0.0112158501				70		0.3081351208										70		0.3551264733				70		0.0852171871

		100		0.0317392905				100		0.0656656626				100		0.0113834672				80		0.313420762										80		0.3604121144				80		0.0973910709

		110		0.0340353827				110		0.0713543921				110		0.0116439771				90		0.318888871										90		0.3658802235				90		0.1095649548

		120		0.0364011446				120		0.0771127911				120		0.0119741566				100		0.3244847077										100		0.3714760602				100		0.1217388387

		130		0.0388204984				130		0.0829247821				130		0.0123579281				110		0.3301734372										110		0.3771647896				110		0.1339127226

		140		0.0412819602				140		0.0887788812				140		0.0127838076				120		0.3359318362										120		0.3829231887				120		0.1460866064

		150		0.0437771084				150		0.0946666666				150		0.0132433735				130		0.3417438272										130		0.3887351797				130		0.1582604903

		160		0.0462996268				160		0.1005818222				160		0.0137303096				140		0.3475979263										140		0.3945892787				140		0.1704343742

		170		0.0488446854				170		0.106519518				170		0.0142397858				150		0.3534857117										150		0.4004770641				150		0.182608258

		180		0.0514085274				180		0.1124759972				180		0.0147680455				160		0.3594008673										160		0.4063922198				160		0.1947821419

		190		0.0539881871				190		0.1184482941				190		0.0153121229				170		0.3653385631										170		0.4123299155				170		0.2069560258

		200		0.0565812918				200		0.124434036				200		0.0158696452				180		0.3712950423										180		0.4182863948				180		0.2191299096

		210		0.0591859208				210		0.1304313022				210		0.0164386919				190		0.3772673392										190		0.4242586917				190		0.2313037935

		220		0.0618005026				220		0.1364385212				220		0.0170176914				200		0.3832530811										200		0.4302444336				200		0.2434776774

																				210		0.3892503473										210		0.4362416998				210		0.2556515612

																				220		0.3952575663										220		0.4422489188				220		0.2678254451





Constraint Analysis

		1		1		1		129.6780788337		1		1		1		0

		5		5		5		129.6780788337		5		5		5		220

		10		10		10				10		10		10

		15		15		15				15		15		15

		20		20		20				20		20		20

		30		30		30				30		30		30

		40		40		40				40		40		40

		50		50		50				50		50		50

		60		60		60				60		60		60

		70		70		70				70		70		70

		80		80		80				80		80		80

		90		90		90				90		90		90

		100		100		100				100		100		100

		110		110		110				110		110		110

		120		120		120				120		120		120

		130		130		130				130		130		130

		140		140		140				140		140		140

		150		150		150				150		150		150

		160		160		160				160		160		160

		170		170		170				170		170		170

		180		180		180				180		180		180

		190		190		190				190		190		190

		200		200		200				200		200		200

		210		210		210				210		210		210

		220		220		220				220		220		220



2 g Turn

3 g Turn

Cruise

RATO

Climb

Acceleration

Take-Off (CTL)

Tube Launch

Wing loading (Wto/S)

Thrust to Weight (Tsl/Wto)

Constraint Analysis for TULMAP
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Gust n-V plot
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Stall Curve

Ve (m/s)

n (L/W)

Gust n-V Diagram For TULMAP

0

1

0.165283125

2.7887766129

0.6611325

5.4696772581

1.117313925

4.5757418065

1.2958197

-2.5757418065
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-3.4696772581
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-0.7887766129
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1

4.132078125

5.9501925



Gust n-V

		

										Gust n-V Diagram

		Gust alleviation factor (k)				0.79

		μ				46.39				σ		0.7812244898

				Gust EAS		Flight EAS

		Vr		20		5

		Vc		15		20

		Vd		8		30

		positive stall curve

		Ve		0		5		10		13		14.00		15		17.00		21.50		25.00		30.00

		n		0.000		0.165		0.661		1.117		1.296		1.488		1.911		3.056		4.132		5.950

		Gust Envelope										Data for plot

				Vr		Vc		Vd				V		n

		Raw		1.789		4.470		3.576				0		1

		Upper		2.789		5.470		4.576				5.00		2.789

		Lower		-0.789		-3.470		-2.576				20.00		5.470

												30.00		4.576

												30.00		-2.576

												20.00		-3.470

												5.00		-0.789

												0		1





Man n-V Plot
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Veas (m/s)

n

Manoeuvre n-V diagram for TULMAP

0

0.0264453

0.1057812

0.2380077

0.4231248

0.6611325

0.9520308

1.2958197

1.6924992

2.1420693

2.64453

2.915594325

3.0560849813

3.0560849813

0.1

-1.2396234375

-1.2396234375

-1.07984975

-0.9310949375

-0.793359

-0.6666419375

-0.55094375

-0.352604

-0.19833975

-0.088151

-0.02203775

0



Manoeuvre n-V

		Manoeuvre n-V

		Min Density		0.9570				n1		3

		Cl max		1.6800				n2		0.1

		(-)Cl max		-1.4000

		Wing Area		0.1028				n3		-1.2

		Weight		16.0000

		σ		0.7812

		factor		0.0066

		Factor (-)		-0.0055

		Veas		n

		0		0.00

		2		0.03

		4		0.11

		6		0.24

		8		0.42

		10		0.66

		12		0.95

		14		1.30

		16		1.69

		18		2.14

		20		2.64

		21		2.92

		21.5		3.06

		30		3.06

		30		0.10

		20		-1.24

		15		-1.24

		14		-1.08

		13		-0.93

		12		-0.79

		11		-0.67

		10		-0.55

		8		-0.35

		6		-0.20

		4		-0.09

		2		-0.02

		0		0.00





Turns And Climbs

		

		Banked Turn

		Wing Area		Bank Angle		Weight		Radius		Velocity		Lift		CL

		0.1563603232		24.6		16		50		15		17.6322248757		1.0474085056

		0.1563603232		22		16		50		15		19.5937911161		1.1639315865

		0.1563603232		19		16		50		15		22.5451110975		1.3392490902

		0.1563603232		49		16		20		15		24.3134964126		1.4442966287

		Turn Speed (m/s)		15

		Turn Radius (m)		20

		Correct Angle (deg)		49

		Lift Required (N)		24.34

		Unaccelerated Climbing

		Climb Angle		56

		Weight		16

		Drag (N)		1.937

		Lift Required (N)		8.875

		Thurst Required (N)		3.527

		Load Factor		0.55

		Accelerated Level Fligth

		Weight (N)		16

		Normal dv/dt		0

		Forward dv/dt		2.7

		Drag (N)		1.94												180		m

		Lift Required (N)		16

		Thrust Required (N)		6.34																				150		m

		Load Factor		1

		Accelerated Climbing Flight														100		m

		Weight		16

		Normal dv/dt		0												Time (s)		20

		Axial dv/dt		0.54												Angle (θ)		56

		Climb Angle (deg)		56												Start Speed		11.5

		Drag (N)		1.94												End Speed		15.5

		Lift Required (N)		8.88												Acceleration		0.54

		Thrust Required (N)		16.13

		Load Factor		0.55

		Pull Ups

		Weight		16

		Velocity		15

		Radius		40

		Angle		0

		Lift Required		25.17

		Load Factor		1.57																166		m

																										150		m

														20		m				70		m

																Angle (θ)		65

																Start Speed		11.5

																End Speed		15.5

																Acceleration		2.7



Misson profile 1:
After leaving tube UAV needs to be on station in <20s UAV climbs and accelerates to 150m AGL and 15.5m/s

θ

Misson profile 2:
After leaving tube UAV needs to be on station in <40s UAV accelerates to 15.5 m/s then climbs to 150m AGL

θ
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Drag (2)

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		9.6

		t/c		0.1200																f(λ)		0.0077

		X		0.9906																t/c		0.12

																				Λ		0

																				Ne		0

																				K		0.0385476682

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0385476682

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		0.2148950885		0.0623291689

		7		0.2662123775		0.0567282664

		8		0.3352701113		0.0546993559

		9		0.4178325313		0.0538622608

		10		0.5121860089		0.0534804507

		11		0.6175594721		0.053291846				Cd		Cdo		K		Cl		V						Phase		Airspeed (m/s)		Cl		Cd		Thrust

		12		0.7335757393		0.0531924281				0.0203		0.0203		0.047		0		0						Launch

		13		0.8600374335		0.0531371182				0.0204175		0.0203		0.047		0.05		48.3233064577						Dash		25		0.2		0.037		1.6515296875

		14		0.9968353574		0.053104914				0.02077		0.0203		0.047		0.1		34.1697376856						Cruise		15		0.9		0.07

		15		1.1439062082		0.0530854186				0.0213575		0.0203		0.047		0.15		27.8994739915

		16		1.3012117976		0.0530732123				0.02218		0.0203		0.047		0.2		24.1616532288

		17		1.4687282826		0.0530653414				0.0232375		0.0203		0.047		0.25		21.6108396274

		18		1.6464403248		0.0530601327				0.02453		0.0203		0.047		0.3		19.7279072509

		19		1.834337793		0.0530566053				0.0260575		0.0203		0.047		0.35		18.2644930593

		20		2.0324138374		0.0530541669				0.02782		0.0203		0.047		0.4		17.0848688428

		21		2.2406637296		0.0530524497				0.0298175		0.0203		0.047		0.45		16.1077688192

		22		2.4590841434		0.0530512199				0.03205		0.0203		0.047		0.5		15.2811712477

		23		2.6876726993		0.0530503258				0.0345175		0.0203		0.047		0.55		14.5700251045

		24		2.9264276688		0.0530496665				0.03722		0.0203		0.047		0.6		13.9497369957

		25		3.1753477784		0.0530491743				0.0401575		0.0203		0.047		0.65		13.4024737872

		26		3.4344320777		0.0530488023				0.04333		0.0203		0.047		0.7		12.9149468972

		27		3.7036798492		0.0530485183				0.0467375		0.0203		0.047		0.75		12.4770240763

										0.05038		0.0203		0.047		0.8		12.0808266144

		Stall Line								0.0542575		0.0203		0.047		0.85		11.7201233355

		11.2826255781		0						0.05837		0.0203		0.047		0.9		11.3899125619

		11.2826255781		7						0.0627175		0.0203		0.047		0.95		11.086126814

										0.0673		0.0203		0.047		1		10.8054198137

										0.0721175		0.0203		0.047		1.05		10.5450099844

										0.07717		0.0203		0.047		1.1		10.3025635534

										0.0824575		0.0203		0.047		1.15		10.0761059313

										0.08798		0.0203		0.047		1.2		9.8639536255

										0.0937375		0.0203		0.047		1.25		9.6646612915

										0.09973		0.0203		0.047		1.3		9.4769800996
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Drag

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		10.5

		t/c		0.1600																f(λ)		0.0077

		X		0.9906																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0352494967

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0352494967

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		2.8002193908		0.8121886299

		7		2.1718719435		0.4628129287

		8		1.7973903198		0.2932444301

		9		1.5747670785		0.2030012236

		10		1.4502758277		0.1514321038

		11		1.3934351805		0.1202454767

		12		1.3859070346		0.1004937273

		13		1.4161221177		0.0874946199

		14		1.4764890181		0.078657746

		15		1.5618590541		0.072481416

		16		1.6686403567		0.0680597148

		17		1.7942653418		0.0648270371

		18		1.9368591902		0.0624195144

		19		2.0950270782		0.0605968133

		20		2.2677139206		0.0591964444

		21		2.4541096997		0.0581062342

		22		2.6535842012		0.0572472802

		23		2.8656411629		0.0565631363

		24		3.0898855064		0.0560127959

		25		3.3259995535		0.0555660489

		26		3.5737255181		0.0552003517

		27		3.8328524501		0.0548986823

		Stall Line

		11.2826255781		0

		11.2826255781		7



Cd = 0.053 + 0.0386Cl^2
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Trim

		

		Straight, Level and Unaccelerated						Moment Balance

		Weight (N)		16

		lw (m)		-0.0061015284

		lt (m)		0.5

		Cmo		-0.11

		Flight Speed		15

		Air Density		1.225

		Moment (Mo)		-0.2892520769

		Mac		-0.2892520769

		L		16

		h-hac		-0.05

		lt		0.5

		Lt		-2.1785041539

		Density		1.225

		Velocity		15

		Tail Area		0.0245121

		Tail Cl		-0.6448953737

		Tail AoA		-6.7883723548



Stall Speed



Propulsion and power

		

		Prop		APC Slow Fly												Batteries And Power

		Diameter (m)		0.2286																								Props

		Pitch (m)		0.09652												Flight Case		Thrust		Power								Slow fly 8x6

		RPM		10000												Banked Turn		1.9368591902		30.0213174484								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Flight Speed		15.5												Unaccelerated Climbing		3.5274726335		54.6758258187								806		199.8		169		0.85		9100		18.00		27.00

		J		0.406824147												Unaccelerated Level Flight		1.7942653418		27.8111127976								450		74.93		63		0.84		6900		6.75		10.13

		Prop Efficiency (ηp)		0.8												Accelerated Level Flight		6.34		98.2781981823								289.7		36.08		30		0.83		5600		3.25		4.88

		δηp/δJ		1												Accelerated Climbing Flight		16.13		250.0211665909								228.1		23.87		20		0.84		5000		2.15		3.23

		Number of props, np		1												Pull Ups		1.9368591902		30.0213174484

		Moment Arm, Xp		0.01																								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Prop Disk Area Sp		0.0410433058												Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)				accelerate		6.34		199.80		15.00		2997.00

		Prop Force														accelerate		6.34		192.70		15.00		2890.54				Climb		3.53		74.93		15.00		1123.95

		Normal force coeffcicent, Cnp		0												Climb		3.53		107.21		15.00		1608.11				Dash		2.27		36.08		300.00		10824.00

		δCnp/δαp		0.9		Change in prop force coefficient with AoA										Dash		2.27		54.53		300.00		16359.48				Curise		1.79		23.87		900.00		21483.00

		δεp/δα		0.2		Rate of up from prop										Curise		1.79		54.53		900.00		49078.43				Observe		1.79		23.87		1800.00		42966.00

																Observe		1.79		54.53		1800.00		98156.87				Return		2.27		36.08		300.00		10824.00

																Return		2.27		54.53		300.00		16359.48										0.93		9.02E+04

																						0.93		1.84E+05

		Ducted Fan														Prop Efficieny		0.6

		Inlet Area (m^2)		0.0047												Motor Efficiency		0.85										Folding 8x5

		Exit Area (m^2)		0.0047																								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Inlet Air Density (kg/m^3)		1.2250												Battery Packs												806		166		139		0.84		7300		14.95		22.43

		Inlet Flow Velocity (m/s)		15												mAh		voltage		Energy								443		61.05		51		0.84		5500		5.50		8.25

		Mass Flow (kg/s)		0.09												2100		11.1		8.39E+04								284.3		29.7		25		0.84		4500		2.68		4.01

		Thrust (N)		10.0000												6400		11.1		2.56E+05								231.4		21.09		18		0.85		4100		1.90		2.85

		Exit Velocity (m/s)		116.7849113894												4000		11.1		1.60E+05

																5000		11.1		2.00E+05								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Inlet Moment Arm		0.005												6000		11.1		2.40E+05								Launch		7.40		136.90		30.00		4107.00

																7000		11.1		2.80E+05								Dash		3.50		55.70		300.00		16710.00

																8000		11.1		3.20E+05								Curise		1.50		15.30		900.00		13770.00

																												Observe		1.50		15.30		3500.00		53550.00

																																		1.31		8.81E+04

																																mAh		voltage		Energy

																																2100		11.1		8.39E+04





Aircraft Layout

		

						AC						xm

						0.25		c				0.25		m

																		1.28		m

																				0.122		m

												CG

												0.2		c

																						Vh		0.6423257525

																						Xcg-Xacwf		-0.05

																						Xach-Xcg (m)		0.5

																						Xw		-0.05

						0.5		m

		Lf		0.85		m																Iyy		0.108

																						Ixx		0.02

																						Izz		0.108

																						Ixy		1

																						Sfs (m^2)		0.07992

																						xm (m)		0.3

				0.08		m

										0.306		m

				dfave		0.1199998597

																				Zw		0

																				Lv		0.53

						df		0.12												Zv		-0.0162246086

																				Zf		0.07

																				Lf		0.53

																				Г		0

																				εt		0

				tail ac length wise

																				Г		60

																				Zh		0.015

																60

				Zv		-0.0162246086

						Wing Span		1.28

						Wing Chord		0.122

						CG Location		0.2

						Tail Arm		0.5

						Tail Length		0.4

						Tail Chord		0.08

						V-Angle		50.00



θ

Zf

Aircraft Layout



Wing and Tail Info

		

		Wing		Re = 160k

		FX 63-137(B)		p 93		cord p 257

		Specifications

		Given:								To be found

		V Cruise		Vc		15.5000				Wing Area		S		0.1564

		Density @2500m		ρalt		0.9570				Wing Span		b		1.2813

		Density @ Sea Level		ρsl		1.2250				Wing Chord		c		0.1220

		Weight		W		16.0000				Lift curve Slope 3D		a		0.0774

		Lift Coeff. 2D		Cl		1.0000				Lift Coeff. 3D		CL		0.8902

		Lift curve slope 2D		a0		0.0910				Induced Drag		CDi		0.0267

		Viscosity		µ		1.7E-05				Stalling Speed		Vs		11.2826

		Oswald efficency Factor		e		0.9000				wetted area		Sw		0.3440

		Zero lift angle		α0		-6.0000				Drag coeff in cruise		Cd		0.0648

		Angle of Attack		AoA		5.5000				Drag force in cruise (wing)		D		1.7943

		Cl max		Clmax		1.6800				Wing loading				102.3277

		dynamic pressure		q		114.955				Constant		k		0.0337

		Aspect ratio		AR		10.5000				Basic Lift Coefficient		CL1		0.890

		Profile Drag Coefficient		Cdo Bar		0.0530				Mach Number (sea level)		Ms		0.046

		Mass		m		1.6000				Mach Number (alt)		Ma		0.047

		Cm (a/c)				-0.11				sweep angle		Λ		0

		Tail

		V-Tail Size

		Chord		c		0.0800

		Length		L		0.2000

		Angle		α		50.00				Hor %		0.1567667519

		Total Area		St		0.0320				Vert %		0.1315600959

		H Area		Sh		0.0245

		V Area		Sv		0.0206

		Section Lift Slope		at		0.095

		Down wash		de/da		0.5

		Aspect Ratio		AR		5





X-Derivatives

		Longitudinal X-Derivatives

																																		Ctx1		-0.0823340977

		Clawf		0.0774048899																				Clah		0.095

		Clah		0.095								q		114.95482										Sh		0.0245121

		Sh		0.0245121								S		0.1563603232										S		0.1563603232								Ctx1		-0.0823340977

		S		0.1563603232								Cdα		0.005324854										de/da		0.5								U		15.5

		de/da		0.5								CL1		0.8901562335										Cdih		0.0074464207								np		0.8

		CLα		0.0848513106								m		1.6																				nprps		166.6666666667

												Xα		9.9401806802																				δηp/δJ		1

																																		Ctxu		0.2374309543

																								Kb		0.675

		CL1		0.8901562335																				cld/cldth		0.74

		CLα		0.0848513106																				cldth		0.05

		k		0.0352494967																				K'		0.84

		CDα		0.005324854																				Clah		0.095

																								adCL/adcl		1.09								q		114.95482

																								ade		0.2407064211								S		0.1563603232

																																		Ctxu		0.2374309543

																																		Ctx1		-0.0823340977

		Cd0 Bar		0.0530474005																														m		1.6

		k		0.0336835858																				Cdih		0.0074464207								U		15.5

		CL1		0.8901562335																				ade		0.2407064211								Xtu		0.0527364901

		Cdo		0.0797375369																				Cdde		0.0017924013

		Cdo		0.0530474005

		CDα		0.005324854

		α		5.5																				q		114.95482

		CD1		0.0823340977																				S		0.1563603232

																								Cdde		0.0017924013

																								m		1.6

																								Xde		-0.0201358055

		q		114.95482

		S		0.1563603232

		CD1		0.0823340977

		m		1.6

		U1		15.5

		Xu		-0.119347078



p437 Part VI



Z-Derivatives

		

																												Clah		0.095

																						Clah		0.095				lh		0.5

		q		114.95482				q		114.95482						Clah		0.095				ηh		1				c		0.1220305673

		S		0.1563603232				S		0.1563603232						Sh		0.0245121				Vh		0.6423257525				ηh		1

		CL1		0.8901562335				Cla		0.0848513106						S		0.1563603232				de/da		0.5				Sh		0.0245121

		m		1.6				Cd1		0.0823340977						CLih		0.0148928414				Clad		0.0610209465				S		0.1563603232

		U1		15.5				m		1.6																		Clq		0.122041893

		Zu		-1.2903225806				Zα		-1.8781580357

																ade		0.2364837678

																Clih		0.0148928414

																Cdde		0.0035219153				q		114.95482				q		114.95482

																						S		0.1563603232				S		0.1563603232

																						c		0.1220305673				c		0.1220305673

																						Clad		0.0610209465				Clq		0.122041893

																						m		1.6				m		1.6

																						U		15.5				U		15.5

																q		114.95482				Zad		-0.0026984827				Zq		-0.0053969654

																S		0.1563603232

																Cdde		0.0035219153

																m		1.6

																Zde		-0.0395651361





M-Derivatives

		

																												ade		0.2364837678

		Clah		0.095																								Cmih		-0.0610209465				Kw		0.9																nj		1		Number of ducted fans

		Vh		0.6423257525												q		114.95482				q		114.95482				Cmde		-0.0144304633				Claw		0.0774048899																m		0.09		mass flow

		Cmih		-0.0610209465												S		0.1563603232				S		0.1563603232										A		10.5								Cmt1		0.2368151029						xj		0.005		Inlet Moment Arm

																c		0.1220305673				c		0.1220305673										Xw		-0.05																Ai		0.00466		Inlet Area

																Cma		-0.0075934549				Cma		-0.0075934549										c		0.1220305673																ρ		1.225		Inlet Density

																Iyy		0.108				Iyy		0.108										Cmqw, M=0		0.0086823505																q		114.95482

																U1		15.5				Ma		-0.1542190541				q		114.95482																						S		1.2813209566

																Mad		-0.0006070787										S		0.1563603232																						c		0.1220305673

		Cmacwb		-0.11																								c		0.1220305673														q		114.95482						dej/da		0.5		jet up wash gradient

		CLwf		0.8901562335																								Cmde		-0.0144304633														S		0.1563603232						Cmta		0.0005359349

		Xcg-Xac		-0.05																								Iyy		0.108				Cmqw, M=0		0.0086823505								c		0.1220305673

		Clah		0.095																								Mde		-0.2930750824				B		1								Cmt1		0.2368151029

		Sh		0.0245121																														Cmpw		0.0781411542								Iyy		0.108

		S		0.1563603232																																								U		15.5

		Xach-Xcg		0.5																																								Mtu		0.6205922011

		Eo		2.75																																																q		114.9548

		Cmo		-0.1340301547																																																S		0.1564

																																		Clah		0.095																c		0.1220

																																		nh		1																Cmta		0.0005

																																		Vh		0.6423257525																Iyy		0.1080

																																		Xach-Xcg		0.5																Mta		0.0109

																																		Cmqh		-0.0610209465

		Clawf		0.0774048899

		Xcg-Xacwb		-0.05

		Clah		0.095

		Sh		0.0245121																														Cmq		0.0171202077

		S		0.1563603232

		Xach-Xcg		0.5

		de/da		0.5

		Cmα		-0.0075934549

																																		q		114.95482

																																		S		0.1563603232

																																		c		0.1220305673

		Cmo		-0.1340301547																														Cmq		0.0171202077

		Cma		-0.0075934549																														Iyy		0.108

		α		5.5																														U1		15.5

		Cmih		-0.0610209465																														Mq		0.0013687199

		Cm1		-0.2368151029

		q		114.95482

		S		0.1563603232

		c		0.1220305673

		Cm1		-0.2368151029

		Iyy		0.108

		U1		15.5

		Mu		-0.3102961005





longitudinal

		

												Cmcg		AoAa

												-0.0352		0

												-0.1040		2

				Hac		0.2500						-0.1728		4

				H		0.2000						-0.2415		6

				Wing area		0.1564						-0.3103		8

				Wing cord		0.1220						-0.3791		10

				Down wash		0.5000						-0.4478		12

				Tail Area		0.0245						-0.5166		14

				Wing lift curve		0.0774						-0.5853		16

				Tail lift curve		0.0950

				Tail sep dist		0.5000

				Tail volume cof		0.6423

				Tail setting angle		1.2250

				Cmα		-0.0343807

				Hn		0.6442

				SM		0.4442

				Cmo		-0.0352

																Xu		-0.1193		Zu		-1.2903		Mu		-0.3103

				V-Tail Size												Xa		9.9402		Za		-1.8782		Mad		-0.000607

				Chord		0.0700										Xde		-0.0201		Zde		-0.0396		Ma		-0.1542

				Length		0.1500										Xtu		0.0527		Zad		-0.0027		Mde		-0.2931

				Angle		60.0000										U1		15		Zq		-0.0054		Mq		0.0014

				Total Area		0.0210										g		9.81						Mtu		0.6206

				H Area		0.0182										θ1		0						Mta		0.0109

				V Area		0.0105										θq		0

																								0.0821118624		0.2404794779

		A1		16.8782

		B1		2.8660650133																								0

		C1		15.1091570964																								45.6759698278

		D1		-0.4479374186																								-46.2493431578		0.3102961005

		E1		7.5314593173																								-0.0175552558		-149.0490633916

																												0.1429911672

																												-0.4479374186

		Au		-0.302091419

		Bu		-0.045507143

		Cu		4.800338874

		Du		5.3399717044

		Aa		-0.0395651361

		Ba		-4.3711441393

		Ca		-0.386442357

		Da		-3.8301997637

		Aθ		-4.3968930755

		Bθ		-0.9314034672

		Cθ		-0.7121053199



Lw

Lt

xt

Xcg

Xac

Xn



longitudinal

		0

		0

		0

		0

		0

		0

		0

		0

		0



0

0

0

0

0

0

0

0

0



roots

		Longitudinal

				Characteristic Equation

						16.8782		S^4		+		2.8660650133		S^3		+		15.1091570964		S^2		+		-0.4479374186		S		+		7.5314593173

		Routh-hurwitz

		A1		16.8782

		B1		2.8660650133

		C1		15.1091570964

		D1		-0.4479374186

		E1		7.5314593173

		Routh's Discriminant

				-84.6498538895

		Equation Roots

		X1		-0.3913457		0.8006865

		X2		-0.3913457		-0.8006865

		X3		0.3057921		0.7027259

		X4		0.3057921		-0.7027259

		Lateral-directional

		Characteristic Equation

						-734.2954226545		S^4		+		-22864.4457832771		S^3		+		340345.59283895		S^2		+		-12180.3115796007		S		+		38808.0580850907

		Routh-hurwitz

		A2		-734.2954

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Routh's Discriminant

				74605662969594.8

		Equation Roots

		X1		0.0122		0.3320

		X2		0.0122		-0.3320

		X3		10.8627		0.0000

		X4		-42.2506		0.0000

		Dutch Roll				Stable

		Spiral Divergance				Unstable

		Roll subsidance				Stable



Longitudinal Derivatives

Denominator

All values have to be >0 AND the equaltiy below has to be >0 in order for the system to be stable



roots

		0

		0

		0

		0



(n)

jw

Poles Of Ch Eq

0

0

0

0



Y-Derivatives

		0

		0

		0

		0



Graph to show poles of Lat-Dir Ch Eq

0

0

0

0



L-Derivatives

		

		Г		0																																		Clav		0.095

		Cybw		0																																		K'		0.8

																																						Kb		0.6

																																						adcl/adCL		1.05

																																						adCL		0.6

																																						Sv		0.0205707791

		Ki		1																																		S		0.1563603232

		So		0.01131																																		Cydr		0.0037794584

		S		0.1563603232

		Cybf		-0.144665856

																																						q		114.95482

		Sv		0.0205707791																																		S		0.1563603232

		S		0.1563603232																																		Cydr		0.0037794584

		Zw		0																																		m		1.6

		Zf		0.07																																		Ydr		0.0424583718

		A		10.5

		1+dσ/db		1.0197869467

		Clav		0.095

		1+(dσ/db)		1.02

		Sv		0.0205707791

		S		0.1563603232

		Cybv		-0.0127455105

		Cybw		0

		Cybf		-0.144665856

		Cybw		-0.0127455105

		Cyb		-0.1574113665

		q		114.95482

		S		0.1563603232

		Cyb		-0.1574113665

		m		1.6

		Yb		-1.7683566162



p383 part VI

Varation in airplane side force
due to roll rate

Varation in side force due to yaw rate

Side Force due to aileron

p461
Part VI



N-Derivatives

		

																																								Clw		0.8901562335																		Zv		-0.0162246086

																																								Clr/Cl,cl=0		0.175												q		114.95482				a		5.5

																						βClp/k		-0.35																A		10.5												S		0.1563603232				Lv		0.53

																						k		0.0758567921																Λ		0												b		1.2813209566				b		1.2813209566

																						β		0.98																Δclr/Г		0												Clda		0.8824				Cydr		0.0037794584

		CLwf		0.8901562335																		Claw/Claw0		1																Г		0												Ixx		0.02				Cldr		-0.0001974632

		Clb/Cl c/2		0																		Clp/Clp0		1																ΔClr/et		-0.0105												Lda		1016.1250976697

		Km		1																		Clp/cl^2		0																et		0

		Kf		0.5																		CLw		0.8901562335																ΔClr/adfdf		0.006

		Clb/Cl A		0.001																		Cdow		0.0530474005																Cld/Cldt		0.5

		Г		0																		ΔClpd		-0.0066309251																Cldt		0.0523

		Clb/Г		-0.0002																		Clpw		-0.0337226365																k'		0.7																		q		114.95482

		KmГ		1																																				df		20																		S		0.1563603232

		dclb/Г		-0.0000460474																																				ΔClr		0.3661																		b		1.2813209566

		ΔClbzw		0																																				adf		0.2364837678																		Cldr		-0.0001974632

		εt		1																																				Clrw		0.5218773409																		Ixx		0.02

		Λc/4		0.0001																		Zv		-0.0162246086																																				Ldr		-0.2273881658

		ΔClb		0																		b		1.2813209566

		Λc/2		0																		Cybv		-0.0127455105

		Clbwf		0.001																		Clpv		-0.0000040871

																																								b		1.2813209566

																																								Lv		0.53

																																								α		5.5

																																								Zv		-0.0162246086

																																								Cybv		-0.0127455105

																						bClp/k0		-0.35																Clrv		0.008166976

																						k		14.7

																						β		0.98

		CLh		-0.6448953737																		zh		0.015

		Clb/Cl c/2		0																		b		0.30640125																Clrw		0.5218773409

		Km		1																		Г		-60																Clrv		0.008166976

		Kf		1																		Clh		15																Clr		0.5300443168

		Clb/Cl A		-0.001																		Clah		0.095

		Г		-60																		Cdoh		0.002

		Clb/Г		-0.00015																		Clp/Clp0		1.1911562211

		KmГ		1																		Clp/cl^2		0

		dclb/Г		-8.0527E-04																		ΔClpd		-0.00025

		ΔClbzw		-0.0019476378																		clah/clh		1																q		114.95482

		εt		0.001																		Clph		-6.2538201607																S		0.1563603232

		Λc/4		0.0001																																				b		1.2813209566

		ΔClb		0																																				Clr		0.5300443168

		Λc/2		0																																				Ixx		0.02

		Clbh		0.0543684743																																				Lr		782.0810995721

																						Clpw		-0.0337226365

																						Clpv		-0.0000040871

																						Clph		-6.2538201607

																						Clp		-6.2875468844

		Cybv		-0.0127455105

		Zv		0.07

		α		5.5

		Lv		0.53

		b		1.2813209566

		Clbv		-0.0001877973																		q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Clp		-6.2875468844

																						Ixx		0.02

																						U		15.5

		Clbwf		0.001																		Lp		-299.2672210129

		Clbh		0.0543684743

		Clbv		-0.0001877973

		Clb		0.055180677

		q		114.95482

		S		0.1563603232

		b		1.2813209566

		Clb		0.055180677

		Ixx		0.02

		Lb		63.5431445758



p392 partVI

Rolling moment due to side slip

Rolling moment due to roll rate, p417 part VI

Rolling moment due to yaw rate



Lateral-Directional

		

																						A		10.5										Cnr/CL^2		0														Cydr		0.0037794584

																						x		0.2										Clw		0.8901562335						ka		-0.1						Lv		0.53

																						c		0.1220305673										Cnr/Cd0		-0.375						Clw		0.8901562335						a		5.5

																						Cnp/Clm0		-3.5745707508										Cdow		0.0530474005						Clda		0.8824						Zv		-0.0162246086

																																		Cnrw		-0.0198927752						Cnda		-0.078547386						b		1.2813209566

		Kn		0.0015																																														Cndr		-0.001551536

		Kr1		1

		Sfs		0.07992

		lf		0.85

		S		0.1563603232																		A		10.5										b		1.2813209566

		b		1.2813209566																		B		1										Lv		0.53						q		114.95482

		Cnbf		-0.0291431031																		Cnp/Clm0		-3.5745707508										a		5.5						S		0.1563603232						q		114.95482

																						Cnp/Cl		-3.5745707508										Zv		-0.0162246086						b		1.2813209566						S		0.1563603232

																																		Cybv		-0.0127455105						Cnda		-0.078547386						b		1.2813209566

																																		Cnrv		-0.0042958764						Izz		0.108						Cndr		-0.001551536

																																										Nda		-16.7501868458						Izz		0.108

		Cybv		-0.0127455105																																														Ndr		-0.3308641896

		Lv		0.53

		a		5.5																		Cnp/CL		-3.5745707508										Cnrw		-0.0198927752

		Zv		-0.0162246086																		Cl		0.8901562335										Cnrv		-0.0042958764

		b		1.2813209566																		Cnp/et		0.0008										Cnr		-0.0241886516

		Cnbv		0.0052322623																		et		0

																						dcnp/addf		0.0015

																						adf		0.2364837678

																						df		20

																						Cnpw		-3.1748319228

																																		q		114.95482

		Cnbw		0																														S		0.1563603232

		Cnbf		-0.0291431031																														b		1.2813209566

		Cnbv		0.0052322623																														Cnr		-0.0241886516

		Cnb		-0.0239108408																		b		1.2813209566										Izz		0.108

																						Lv		0.53										U		15.5

																						a		0.0774048899										Nr		-0.2132042281

																						Zv		-0.0162246086

																						Cybv		-0.0127455105

																						Cnpv		0.000127435

		q		114.95482

		S		0.1563603232

		b		1.2813209566																		Cnpw		-3.1748319228

		Cnb		-0.0239108408																		Cnpv		0.000127435

		Izz		0.108																		Cnp		-3.1747044878

		Nb		-5.098973648

																						q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Cnp		-3.1747044878

																						Izz		0.108

																						U		15.5

																						Np		-27.9825610806



Yawing moment due to sideslip
also called directional (weather cock) stability
p397 Part VI

Yawing moment due to thrust offset, can be ignored as moment arm will be <1cm

wing moment due to roll rate

Yaw Moment due to aileron



Camera&lens

		

		Derivatives

		Yb		-1.7683566162		Lb		63.5431445758		Nb		-5.098973648		U		15.5

		Yp		0		Lp		-299.2672210129		Ntb		0		θ		5.5

		Yr		0		Lr		782.0810995721		Np		-27.9825610806		g		9.81

		Yda		0		Lda		1016.1250976697		Nr		-0.2132042281		A1		16.8781580357

		Ydr		0.0424583718		Ldr		-0.2273881658		Nda		-16.7501868458		B1		2.8660650133

										Ndr		-0.3308641896

		transfer Functions

		Common Denomantor

		A2		-734.2954226545

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Aileron

		Ab		0

		Bb		-45399.977065978

		Cb		525583.410514384

		Db		-125804.015502806

		Rudder

		Ab		-2.0114185863

		Bb		-57.4288519786

		Cb		2311.2794212286

		Db		-2527.2499410809

		Aileron

		Aphi		11367.8983528579

		Bphi		-198395.18150681

		Cphi		-86593.330153612

		Rudder

		Aphi		-90.0823768261

		Bphi		-4022.8055538356

		Cphi		-282.5653262195

		Aileron

		Asi		44880.7212737588

		Bsi		-513301.419089816

		Csi		-59145.4535870857

		Dsi		-40200.2542753881

		Rudder

		Asi		-15.2298885696

		Bsi		-1430.3570689204

		Csi		-304.1299640892

		Dsi		216.6193526791





Recovery

		

		Main Sensor

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		1.25		8.47E-03		50		4.17E-04		460		4.92		23

		150		1.25		8.47E-03		60		5.00E-04		460		5.91		27

		150		1.25		8.47E-03		70		5.83E-04		460		6.89		32

		150		1.25		8.47E-03		80		6.67E-04		460		7.87		36

		150		1.25		8.47E-03		90		7.50E-04		460		8.86		41

		Spotter Camera

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		2		6.35E-03		12		1.60E-04		380		2.52		10

		150		1		8.47E-03		12		8.00E-05		380		0.94		4

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		Pixel Representation

		Scene Size (m)		Total Pixels		Size Per Pixel (m)

		5		379392		0.008

		7.5		379392		0.012

		10		379392		0.016

		15		379392		0.024

		5		7.86E+05		0.006

		7.5		7.86E+05		0.008

		10		7.86E+05		0.011

		15		7.86E+05		0.017

		5		1.40E+06		0.004

		7.5		1.40E+06		0.006

		10		1.40E+06		0.008

		15		1.40E+06		0.013





		

		Mass		1.6

		Air Density		1.225

		Cd		1.5

		Desent Velocity		3

		Diameter		1.5546392336



Cd
0.75 for flat sheet
1.5 for Dome
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		Structure
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		Constraint analysis

		Fixed values

		TOW		16				TOW		16				TOW		16				TOW		16				TOW		15				TOW		15				TOW		15

		Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02

		Load Factor		2				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1

		AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5

		K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039

																				V		17.5				Vend		14.667				V		17.5				Take of dist		15

		2 g Turn						3 g Turn						Curise						Climb angle		15				Vw		-1				acceleration		3

		wing loading		T/W				wing loading		T/W				wing loading		T/W				ROC		4.5293332893				Clmax		1.680

		1		0.460090691				1		0.4604299547				1		0.4598871327				Climb						Wing loading (max)		129.6780788337				Acceleration						Take-off						Self Powered TO

		5		0.0933209109				5		0.0950172295				5		0.0923031197				wing loading		T/W				RATO						wing loading		T/W				wing loading		T/W				W/S		T/W

		10		0.0486960378				10		0.052088675				10		0.0466604554				1		0.7192489998				wing loading		T/W				1		0.7662403523				1		0.0012173884				0		1.2

		15		0.0347257833				15		0.0398147391				15		0.0316724098				5		0.3538362746				129.6781		0				5		0.400827627				5		0.0060869419				220		1.2

		20		0.0284191835				20		0.035204458				20		0.0243480189				10		0.3109077201				129.6781		1.3				10		0.3578990725				10		0.0121738839

		30		0.0234696386				30		0.0336475503				30		0.0173628917				15		0.2986337842										15		0.3456251367				15		0.0182608258

		40		0.0223519211				40		0.0359224699				40		0.0142095918				20		0.2940235031										20		0.3410148555				20		0.0243477677

		50		0.0227669344				50		0.0397301205				50		0.0125890228				30		0.2924665954										30		0.3394579478				30		0.0365216516

		60		0.0239483133				60		0.0443041366				60		0.0117348193				40		0.294741515										40		0.3417328675				40		0.0486955355

		70		0.0255676152				70		0.0493160757				70		0.011318539				50		0.2985491656										50		0.3455405181				50		0.0608694193

		80		0.0274606192				80		0.0546017168				80		0.0111759605				60		0.3031231817										60		0.3501145341				60		0.0730433032

		90		0.029536091				90		0.0600698259				90		0.0112158501				70		0.3081351208										70		0.3551264733				70		0.0852171871

		100		0.0317392905				100		0.0656656626				100		0.0113834672				80		0.313420762										80		0.3604121144				80		0.0973910709
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		220		0.0618005026				220		0.1364385212				220		0.0170176914				200		0.3832530811										200		0.4302444336				200		0.2434776774

																				210		0.3892503473										210		0.4362416998				210		0.2556515612

																				220		0.3952575663										220		0.4422489188				220		0.2678254451





Constraint Analysis

		1		1		1		129.6780788337		1		1		1		0

		5		5		5		129.6780788337		5		5		5		220

		10		10		10				10		10		10

		15		15		15				15		15		15

		20		20		20				20		20		20

		30		30		30				30		30		30

		40		40		40				40		40		40

		50		50		50				50		50		50

		60		60		60				60		60		60

		70		70		70				70		70		70

		80		80		80				80		80		80

		90		90		90				90		90		90

		100		100		100				100		100		100

		110		110		110				110		110		110

		120		120		120				120		120		120

		130		130		130				130		130		130

		140		140		140				140		140		140

		150		150		150				150		150		150

		160		160		160				160		160		160

		170		170		170				170		170		170

		180		180		180				180		180		180

		190		190		190				190		190		190

		200		200		200				200		200		200

		210		210		210				210		210		210

		220		220		220				220		220		220



2 g Turn

3 g Turn

Cruise

RATO

Climb

Acceleration

Take-Off (CTL)

Tube Launch

Wing loading (Wto/S)

Thrust to Weight (Tsl/Wto)

Constraint Analysis for TULMAP

0.460090691

0.4604299547

0.4598871327

0

0.7192489998

0.7662403523

0.0012173884

1.2

0.0933209109

0.0950172295

0.0923031197

1.3

0.3538362746

0.400827627

0.0060869419

1.2

0.0486960378

0.052088675

0.0466604554

0.3109077201

0.3578990725

0.0121738839

0.0347257833

0.0398147391

0.0316724098

0.2986337842

0.3456251367

0.0182608258

0.0284191835

0.035204458

0.0243480189

0.2940235031

0.3410148555

0.0243477677

0.0234696386

0.0336475503

0.0173628917

0.2924665954

0.3394579478

0.0365216516

0.0223519211

0.0359224699

0.0142095918

0.294741515

0.3417328675

0.0486955355

0.0227669344

0.0397301205

0.0125890228

0.2985491656

0.3455405181

0.0608694193

0.0239483133

0.0443041366

0.0117348193

0.3031231817

0.3501145341

0.0730433032

0.0255676152

0.0493160757

0.011318539

0.3081351208

0.3551264733

0.0852171871

0.0274606192

0.0546017168

0.0111759605

0.313420762

0.3604121144

0.0973910709

0.029536091

0.0600698259

0.0112158501

0.318888871

0.3658802235

0.1095649548

0.0317392905

0.0656656626

0.0113834672

0.3244847077

0.3714760602

0.1217388387

0.0340353827

0.0713543921

0.0116439771

0.3301734372

0.3771647896

0.1339127226

0.0364011446

0.0771127911

0.0119741566

0.3359318362

0.3829231887

0.1460866064

0.0388204984

0.0829247821

0.0123579281

0.3417438272

0.3887351797

0.1582604903

0.0412819602

0.0887788812

0.0127838076

0.3475979263

0.3945892787

0.1704343742

0.0437771084

0.0946666666

0.0132433735

0.3534857117

0.4004770641

0.182608258

0.0462996268

0.1005818222

0.0137303096

0.3594008673

0.4063922198

0.1947821419

0.0488446854

0.106519518

0.0142397858

0.3653385631

0.4123299155

0.2069560258

0.0514085274

0.1124759972

0.0147680455

0.3712950423

0.4182863948

0.2191299096

0.0539881871

0.1184482941

0.0153121229

0.3772673392

0.4242586917

0.2313037935

0.0565812918

0.124434036

0.0158696452

0.3832530811

0.4302444336

0.2434776774

0.0591859208

0.1304313022

0.0164386919

0.3892503473

0.4362416998

0.2556515612

0.0618005026

0.1364385212

0.0170176914

0.3952575663

0.4422489188

0.2678254451



Gust n-V plot
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Stall Curve

Ve (m/s)

n (L/W)

Gust n-V Diagram For TULMAP

0

1

0.165283125

2.7887766129

0.6611325

5.4696772581

1.117313925

4.5757418065

1.2958197

-2.5757418065

1.487548125

-3.4696772581

1.910672925

-0.7887766129

3.0560849813

1

4.132078125

5.9501925



Gust n-V

		

										Gust n-V Diagram

		Gust alleviation factor (k)				0.79

		μ				46.39				σ		0.7812244898

				Gust EAS		Flight EAS

		Vr		20		5

		Vc		15		20

		Vd		8		30

		positive stall curve

		Ve		0		5		10		13		14.00		15		17.00		21.50		25.00		30.00

		n		0.000		0.165		0.661		1.117		1.296		1.488		1.911		3.056		4.132		5.950

		Gust Envelope										Data for plot

				Vr		Vc		Vd				V		n

		Raw		1.789		4.470		3.576				0		1

		Upper		2.789		5.470		4.576				5.00		2.789

		Lower		-0.789		-3.470		-2.576				20.00		5.470

												30.00		4.576

												30.00		-2.576

												20.00		-3.470

												5.00		-0.789

												0		1





Man n-V Plot

		0
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Veas (m/s)

n

Manoeuvre n-V diagram for TULMAP

0

0.0264453

0.1057812

0.2380077

0.4231248

0.6611325

0.9520308

1.2958197

1.6924992

2.1420693

2.64453

2.915594325

3.0560849813

3.0560849813

0.1

-1.2396234375

-1.2396234375

-1.07984975

-0.9310949375

-0.793359

-0.6666419375

-0.55094375

-0.352604

-0.19833975

-0.088151

-0.02203775

0



Manoeuvre n-V

		Manoeuvre n-V

		Min Density		0.9570				n1		3

		Cl max		1.6800				n2		0.1

		(-)Cl max		-1.4000

		Wing Area		0.1028				n3		-1.2

		Weight		16.0000

		σ		0.7812

		factor		0.0066

		Factor (-)		-0.0055

		Veas		n

		0		0.00

		2		0.03

		4		0.11

		6		0.24

		8		0.42

		10		0.66

		12		0.95

		14		1.30

		16		1.69

		18		2.14

		20		2.64

		21		2.92

		21.5		3.06

		30		3.06

		30		0.10

		20		-1.24

		15		-1.24

		14		-1.08

		13		-0.93

		12		-0.79

		11		-0.67

		10		-0.55

		8		-0.35

		6		-0.20

		4		-0.09

		2		-0.02

		0		0.00





Turns And Climbs

		

		Banked Turn

		Wing Area		Bank Angle		Weight		Radius		Velocity		Lift		CL

		0.1563603232		24.6		16		50		15		17.6322248757		1.0474085056

		0.1563603232		22		16		50		15		19.5937911161		1.1639315865

		0.1563603232		19		16		50		15		22.5451110975		1.3392490902

		0.1563603232		49		16		20		15		24.3134964126		1.4442966287

		Turn Speed (m/s)		15

		Turn Radius (m)		20

		Correct Angle (deg)		49

		Lift Required (N)		24.34

		Unaccelerated Climbing

		Climb Angle		56

		Weight		16

		Drag (N)		1.937

		Lift Required (N)		8.875

		Thurst Required (N)		3.527

		Load Factor		0.55

		Accelerated Level Fligth

		Weight (N)		16

		Normal dv/dt		0

		Forward dv/dt		2.7

		Drag (N)		1.94												180		m

		Lift Required (N)		16

		Thrust Required (N)		6.34																				150		m

		Load Factor		1

		Accelerated Climbing Flight														100		m

		Weight		16

		Normal dv/dt		0												Time (s)		20

		Axial dv/dt		0.54												Angle (θ)		56

		Climb Angle (deg)		56												Start Speed		11.5

		Drag (N)		1.94												End Speed		15.5

		Lift Required (N)		8.88												Acceleration		0.54

		Thrust Required (N)		16.13

		Load Factor		0.55

		Pull Ups

		Weight		16

		Velocity		15

		Radius		40

		Angle		0

		Lift Required		25.17

		Load Factor		1.57																166		m

																										150		m

														20		m				70		m

																Angle (θ)		65

																Start Speed		11.5

																End Speed		15.5

																Acceleration		2.7



Misson profile 1:
After leaving tube UAV needs to be on station in <20s UAV climbs and accelerates to 150m AGL and 15.5m/s

θ

Misson profile 2:
After leaving tube UAV needs to be on station in <40s UAV accelerates to 15.5 m/s then climbs to 150m AGL

θ



Chart1
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Chart5

		19.7279072509

		18.2644930593

		17.0848688428

		16.1077688192

		15.2811712477

		14.5700251045

		13.9497369957

		13.4024737872

		12.9149468972

		12.4770240763

		12.0808266144

		11.7201233355

		11.3899125619

		11.086126814

		10.8054198137

		10.5450099844

		10.3025635534

		10.0761059313

		9.8639536255

		9.6646612915

		9.4769800996

		9.2998246638

		9.1322465297

		8.9734127345

		8.8225883334

		8.6791220513

		8.5424344214

		8.4120079162

		8.2873786869

		8.168129611

		8.0538844096

		7.9443026449

		7.8390754473

		7.7379218488

		7.6405856238



AirSpeed (m/s)

Power (W)

13.4507110754

11.3386214917

9.9082445387

8.8998366421

8.1677531774

7.6247371586

7.2157100096

6.9044042463

6.6660905231

6.4834051401

6.3438478823

6.2382240463

6.1596425031

6.1028529898

6.0637968367

6.0392956746

6.0268315128

6.0243886387

6.0303381595

6.0433524757

6.0623411003

6.0864019213

6.1147837863

6.1468574914

6.1820930751

6.220041896

6.2603223716

6.3026085478

6.3466208707

6.3921186913

6.4388941381

6.4867670802

6.5355809649

6.5851993603

6.6355030688



Drag (2)

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		9.6

		t/c		0.1200																f(λ)		0.0077

		X		0.9906																t/c		0.12

																				Λ		0

																				Ne		0

																				K		0.0385476682

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0385476682

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		0.2148950885		0.0623291689

		7		0.2662123775		0.0567282664

		8		0.3352701113		0.0546993559

		9		0.4178325313		0.0538622608

		10		0.5121860089		0.0534804507

		11		0.6175594721		0.053291846				Cd		Cdo		K		Cl		V		D		P		Phase		Airspeed (m/s)		Cl		Cd		Thrust

		12		0.7335757393		0.0531924281				0.0203		0.0203		0.047		0		0		0		0		Launch

		13		0.8600374335		0.0531371182				0.0204175		0.0203		0.047		0.05		48.3233064577		3.405026475		164.5421378479		Dash		25		0.2		0.037		1.6515296875

		14		0.9968353574		0.053104914				0.02077		0.0203		0.047		0.1		34.1697376856		1.73190645		59.1787890925		Cruise		15		0.9		0.07

		15		1.1439062082		0.0530854186				0.0213575		0.0203		0.047		0.15		27.8994739915		1.187263425		33.1240250468

		16		1.3012117976		0.0530732123				0.02218		0.0203		0.047		0.2		24.1616532288		0.92473965		22.3432387503

		17		1.4687282826		0.0530653414				0.0232375		0.0203		0.047		0.25		21.6108396274		0.775063575		16.7497746203

		18		1.6464403248		0.0530601327				0.02453		0.0203		0.047		0.3		19.7279072509		0.68181135		13.4507110754

		19		1.834337793		0.0530566053				0.0260575		0.0203		0.047		0.35		18.2644930593		0.620801325		11.3386214917

		20		2.0324138374		0.0530541669				0.02782		0.0203		0.047		0.4		17.0848688428		0.579942675		9.9082445387

		21		2.2406637296		0.0530524497				0.0298175		0.0203		0.047		0.45		16.1077688192		0.552518275		8.8998366421

		22		2.4590841434		0.0530512199				0.03205		0.0203		0.047		0.5		15.2811712477		0.53449785		8.1677531774

		23		2.6876726993		0.0530503258				0.0345175		0.0203		0.047		0.55		14.5700251045		0.5233166795		7.6247371586

		24		2.9264276688		0.0530496665				0.03722		0.0203		0.047		0.6		13.9497369957		0.51726495		7.2157100096

		25		3.1753477784		0.0530491743				0.0401575		0.0203		0.047		0.65		13.4024737872		0.5151589442		6.9044042463

		26		3.4344320777		0.0530488023				0.04333		0.0203		0.047		0.7		12.9149468972		0.51615315		6.6660905231

		27		3.7036798492		0.0530485183				0.0467375		0.0203		0.047		0.75		12.4770240763		0.519627525		6.4834051401

										0.05038		0.0203		0.047		0.8		12.0808266144		0.5251170375		6.3438478823

		Stall Line								0.0542575		0.0203		0.047		0.85		11.7201233355		0.532266075		6.2382240463

		11.2826255781		0						0.05837		0.0203		0.047		0.9		11.3899125619		0.54079805		6.1596425031

		11.2826255781		7						0.0627175		0.0203		0.047		0.95		11.086126814		0.5504946039		6.1028529898

										0.0673		0.0203		0.047		1		10.8054198137		0.56118105		6.0637968367

										0.0721175		0.0203		0.047		1.05		10.5450099844		0.572715975		6.0392956746

										0.07717		0.0203		0.047		1.1		10.3025635534		0.5849836773		6.0268315128

										0.0824575		0.0203		0.047		1.15		10.0761059313		0.5978885772		6.0243886387

										0.08798		0.0203		0.047		1.2		9.8639536255		0.611351025		6.0303381595

										0.0937375		0.0203		0.047		1.25		9.6646612915		0.625304115		6.0433524757

										0.09973		0.0203		0.047		1.3		9.4769800996		0.6396912346		6.0623411003

										0.1059575		0.0203		0.047		1.35		9.2998246638		0.6544641583		6.0864019213

										0.11242		0.0203		0.047		1.4		9.1322465297		0.66958155		6.1147837863

										0.1191175		0.0203		0.047		1.45		8.9734127345		0.685007775		6.1468574914

										0.12605		0.0203		0.047		1.5		8.8225883334		0.70071195		6.1820930751

										0.1332175		0.0203		0.047		1.55		8.6791220513		0.7166671766		6.220041896

										0.14062		0.0203		0.047		1.6		8.5424344214		0.7328499188		6.2603223716

										0.1482575		0.0203		0.047		1.65		8.4120079162		0.7492394932		6.3026085478

										0.15613		0.0203		0.047		1.7		8.2873786869		0.76581765		6.3466208707

										0.1642375		0.0203		0.047		1.75		8.168129611		0.782568225		6.3921186913

										0.17258		0.0203		0.047		1.8		8.0538844096		0.79947685		6.4388941381

										0.1811575		0.0203		0.047		1.85		7.9443026449		0.8165307101		6.4867670802

										0.18997		0.0203		0.047		1.9		7.8390754473		0.8337183395		6.5355809649

										0.1990175		0.0203		0.047		1.95		7.7379218488		0.8510294481		6.5851993603

										0.2083		0.0203		0.047		2		7.6405856238		0.868454775		6.6355030688





Drag (2)

		



Velocity (m/s)

Drag (N)

Graph Of Drag For TULMAP



Drag

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		10.5

		t/c		0.1600																f(λ)		0.0077

		X		0.9906																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0352494967

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0352494967

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		2.8002193908		0.8121886299

		7		2.1718719435		0.4628129287

		8		1.7973903198		0.2932444301

		9		1.5747670785		0.2030012236

		10		1.4502758277		0.1514321038

		11		1.3934351805		0.1202454767

		12		1.3859070346		0.1004937273

		13		1.4161221177		0.0874946199

		14		1.4764890181		0.078657746

		15		1.5618590541		0.072481416

		16		1.6686403567		0.0680597148

		17		1.7942653418		0.0648270371

		18		1.9368591902		0.0624195144

		19		2.0950270782		0.0605968133

		20		2.2677139206		0.0591964444

		21		2.4541096997		0.0581062342

		22		2.6535842012		0.0572472802

		23		2.8656411629		0.0565631363

		24		3.0898855064		0.0560127959

		25		3.3259995535		0.0555660489

		26		3.5737255181		0.0552003517

		27		3.8328524501		0.0548986823

		Stall Line

		11.2826255781		0

		11.2826255781		7



Cd = 0.053 + 0.0386Cl^2
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		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0
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Velocity (m/s)

Drag (N)

Graph Of Drag For TULMAP
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Trim

		

		Straight, Level and Unaccelerated						Moment Balance

		Weight (N)		16

		lw (m)		-0.0061015284

		lt (m)		0.5

		Cmo		-0.11

		Flight Speed		15

		Air Density		1.225

		Moment (Mo)		-0.2892520769

		Mac		-0.2892520769

		L		16

		h-hac		-0.05

		lt		0.5

		Lt		-2.1785041539

		Density		1.225

		Velocity		15

		Tail Area		0.0245121

		Tail Cl		-0.6448953737

		Tail AoA		-6.7883723548



Stall Speed



Propulsion and power

		

		Prop		APC Slow Fly												Batteries And Power

		Diameter (m)		0.2286																								Props

		Pitch (m)		0.09652												Flight Case		Thrust		Power								Slow fly 8x6

		RPM		10000												Banked Turn		1.9368591902		30.0213174484								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Flight Speed		15.5												Unaccelerated Climbing		3.5274726335		54.6758258187								806		199.8		169		0.85		9100		18.00		27.00

		J		0.406824147												Unaccelerated Level Flight		1.7942653418		27.8111127976								450		74.93		63		0.84		6900		6.75		10.13

		Prop Efficiency (ηp)		0.8												Accelerated Level Flight		6.34		98.2781981823								289.7		36.08		30		0.83		5600		3.25		4.88

		δηp/δJ		1												Accelerated Climbing Flight		16.13		250.0211665909								228.1		23.87		20		0.84		5000		2.15		3.23

		Number of props, np		1												Pull Ups		1.9368591902		30.0213174484

		Moment Arm, Xp		0.01																								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Prop Disk Area Sp		0.0410433058												Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)				accelerate		6.34		199.80		15.00		2997.00

		Prop Force														accelerate		6.34		192.70		15.00		2890.54				Climb		3.53		74.93		15.00		1123.95

		Normal force coeffcicent, Cnp		0												Climb		3.53		107.21		15.00		1608.11				Dash		2.27		36.08		300.00		10824.00

		δCnp/δαp		0.9		Change in prop force coefficient with AoA										Dash		2.27		54.53		300.00		16359.48				Curise		1.79		23.87		900.00		21483.00

		δεp/δα		0.2		Rate of up from prop										Curise		1.79		54.53		900.00		49078.43				Observe		1.79		23.87		1800.00		42966.00

																Observe		1.79		54.53		1800.00		98156.87				Return		2.27		36.08		300.00		10824.00

																Return		2.27		54.53		300.00		16359.48										0.93		9.02E+04

																						0.93		1.84E+05

		Ducted Fan														Prop Efficieny		0.6

		Inlet Area (m^2)		0.0047												Motor Efficiency		0.85										Folding 8x5

		Exit Area (m^2)		0.0047																								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Inlet Air Density (kg/m^3)		1.2250												Battery Packs												806		166		139		0.84		7300		14.95		22.43

		Inlet Flow Velocity (m/s)		15												mAh		voltage		Energy								443		61.05		51		0.84		5500		5.50		8.25

		Mass Flow (kg/s)		0.09												2100		11.1		8.39E+04								284.3		29.7		25		0.84		4500		2.68		4.01

		Thrust (N)		10.0000												6400		11.1		2.56E+05								231.4		21.09		18		0.85		4100		1.90		2.85

		Exit Velocity (m/s)		116.7849113894												4000		11.1		1.60E+05

																5000		11.1		2.00E+05								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Inlet Moment Arm		0.005												6000		11.1		2.40E+05								Launch		7.40		136.90		30.00		4107.00

																7000		11.1		2.80E+05								Dash		3.50		55.70		300.00		16710.00

																8000		11.1		3.20E+05								Curise		1.50		15.30		900.00		13770.00

																												Observe		1.50		15.30		3500.00		53550.00

																																		1.31		8.81E+04

																																mAh		voltage		Energy

																																2100		11.1		8.39E+04





Aircraft Layout

		

						AC						xm

						0.25		c				0.25		m

																		1.28		m

																				0.122		m

												CG

												0.2		c

																						Vh		0.6423257525

																						Xcg-Xacwf		-0.05

																						Xach-Xcg (m)		0.5

																						Xw		-0.05

						0.5		m

		Lf		0.85		m																Iyy		0.108

																						Ixx		0.02

																						Izz		0.108

																						Ixy		1

																						Sfs (m^2)		0.07992

																						xm (m)		0.3

				0.08		m

										0.306		m

				dfave		0.1199998597

																				Zw		0

																				Lv		0.53

						df		0.12												Zv		-0.0162246086

																				Zf		0.07

																				Lf		0.53

																				Г		0

																				εt		0

				tail ac length wise

																				Г		60

																				Zh		0.015

																60

				Zv		-0.0162246086

						Wing Span		1.28

						Wing Chord		0.122

						CG Location		0.2

						Tail Arm		0.5

						Tail Length		0.4

						Tail Chord		0.08

						V-Angle		50.00



θ

Zf

Aircraft Layout



Wing and Tail Info

		

		Wing		Re = 160k

		FX 63-137(B)		p 93		cord p 257

		Specifications

		Given:								To be found

		V Cruise		Vc		15.5000				Wing Area		S		0.1564

		Density @2500m		ρalt		0.9570				Wing Span		b		1.2813

		Density @ Sea Level		ρsl		1.2250				Wing Chord		c		0.1220

		Weight		W		16.0000				Lift curve Slope 3D		a		0.0774

		Lift Coeff. 2D		Cl		1.0000				Lift Coeff. 3D		CL		0.8902

		Lift curve slope 2D		a0		0.0910				Induced Drag		CDi		0.0267

		Viscosity		µ		1.7E-05				Stalling Speed		Vs		11.2826

		Oswald efficency Factor		e		0.9000				wetted area		Sw		0.3440

		Zero lift angle		α0		-6.0000				Drag coeff in cruise		Cd		0.0648

		Angle of Attack		AoA		5.5000				Drag force in cruise (wing)		D		1.7943

		Cl max		Clmax		1.6800				Wing loading				102.3277

		dynamic pressure		q		114.955				Constant		k		0.0337

		Aspect ratio		AR		10.5000				Basic Lift Coefficient		CL1		0.890

		Profile Drag Coefficient		Cdo Bar		0.0530				Mach Number (sea level)		Ms		0.046

		Mass		m		1.6000				Mach Number (alt)		Ma		0.047

		Cm (a/c)				-0.11				sweep angle		Λ		0

		Tail

		V-Tail Size

		Chord		c		0.0800

		Length		L		0.2000

		Angle		α		50.00				Hor %		0.1567667519

		Total Area		St		0.0320				Vert %		0.1315600959

		H Area		Sh		0.0245

		V Area		Sv		0.0206

		Section Lift Slope		at		0.095

		Down wash		de/da		0.5

		Aspect Ratio		AR		5





X-Derivatives

		Longitudinal X-Derivatives

																																		Ctx1		-0.0823340977

		Clawf		0.0774048899																				Clah		0.095

		Clah		0.095								q		114.95482										Sh		0.0245121

		Sh		0.0245121								S		0.1563603232										S		0.1563603232								Ctx1		-0.0823340977

		S		0.1563603232								Cdα		0.005324854										de/da		0.5								U		15.5

		de/da		0.5								CL1		0.8901562335										Cdih		0.0074464207								np		0.8

		CLα		0.0848513106								m		1.6																				nprps		166.6666666667

												Xα		9.9401806802																				δηp/δJ		1

																																		Ctxu		0.2374309543

																								Kb		0.675

		CL1		0.8901562335																				cld/cldth		0.74

		CLα		0.0848513106																				cldth		0.05

		k		0.0352494967																				K'		0.84

		CDα		0.005324854																				Clah		0.095

																								adCL/adcl		1.09								q		114.95482

																								ade		0.2407064211								S		0.1563603232

																																		Ctxu		0.2374309543

																																		Ctx1		-0.0823340977

		Cd0 Bar		0.0530474005																														m		1.6

		k		0.0336835858																				Cdih		0.0074464207								U		15.5

		CL1		0.8901562335																				ade		0.2407064211								Xtu		0.0527364901

		Cdo		0.0797375369																				Cdde		0.0017924013

		Cdo		0.0530474005

		CDα		0.005324854

		α		5.5																				q		114.95482

		CD1		0.0823340977																				S		0.1563603232

																								Cdde		0.0017924013

																								m		1.6

																								Xde		-0.0201358055

		q		114.95482

		S		0.1563603232

		CD1		0.0823340977

		m		1.6

		U1		15.5

		Xu		-0.119347078



p437 Part VI



Z-Derivatives

		

																												Clah		0.095

																						Clah		0.095				lh		0.5

		q		114.95482				q		114.95482						Clah		0.095				ηh		1				c		0.1220305673

		S		0.1563603232				S		0.1563603232						Sh		0.0245121				Vh		0.6423257525				ηh		1

		CL1		0.8901562335				Cla		0.0848513106						S		0.1563603232				de/da		0.5				Sh		0.0245121

		m		1.6				Cd1		0.0823340977						CLih		0.0148928414				Clad		0.0610209465				S		0.1563603232

		U1		15.5				m		1.6																		Clq		0.122041893

		Zu		-1.2903225806				Zα		-1.8781580357

																ade		0.2364837678

																Clih		0.0148928414

																Cdde		0.0035219153				q		114.95482				q		114.95482

																						S		0.1563603232				S		0.1563603232

																						c		0.1220305673				c		0.1220305673

																						Clad		0.0610209465				Clq		0.122041893

																						m		1.6				m		1.6

																						U		15.5				U		15.5

																q		114.95482				Zad		-0.0026984827				Zq		-0.0053969654

																S		0.1563603232

																Cdde		0.0035219153

																m		1.6

																Zde		-0.0395651361





M-Derivatives

		

																												ade		0.2364837678

		Clah		0.095																								Cmih		-0.0610209465				Kw		0.9																nj		1		Number of ducted fans

		Vh		0.6423257525												q		114.95482				q		114.95482				Cmde		-0.0144304633				Claw		0.0774048899																m		0.09		mass flow

		Cmih		-0.0610209465												S		0.1563603232				S		0.1563603232										A		10.5								Cmt1		0.2368151029						xj		0.005		Inlet Moment Arm

																c		0.1220305673				c		0.1220305673										Xw		-0.05																Ai		0.00466		Inlet Area

																Cma		-0.0075934549				Cma		-0.0075934549										c		0.1220305673																ρ		1.225		Inlet Density

																Iyy		0.108				Iyy		0.108										Cmqw, M=0		0.0086823505																q		114.95482

																U1		15.5				Ma		-0.1542190541				q		114.95482																						S		1.2813209566

																Mad		-0.0006070787										S		0.1563603232																						c		0.1220305673

		Cmacwb		-0.11																								c		0.1220305673														q		114.95482						dej/da		0.5		jet up wash gradient

		CLwf		0.8901562335																								Cmde		-0.0144304633														S		0.1563603232						Cmta		0.0005359349

		Xcg-Xac		-0.05																								Iyy		0.108				Cmqw, M=0		0.0086823505								c		0.1220305673

		Clah		0.095																								Mde		-0.2930750824				B		1								Cmt1		0.2368151029

		Sh		0.0245121																														Cmpw		0.0781411542								Iyy		0.108

		S		0.1563603232																																								U		15.5

		Xach-Xcg		0.5																																								Mtu		0.6205922011

		Eo		2.75																																																q		114.9548

		Cmo		-0.1340301547																																																S		0.1564

																																		Clah		0.095																c		0.1220

																																		nh		1																Cmta		0.0005

																																		Vh		0.6423257525																Iyy		0.1080

																																		Xach-Xcg		0.5																Mta		0.0109

																																		Cmqh		-0.0610209465

		Clawf		0.0774048899

		Xcg-Xacwb		-0.05

		Clah		0.095

		Sh		0.0245121																														Cmq		0.0171202077

		S		0.1563603232

		Xach-Xcg		0.5

		de/da		0.5

		Cmα		-0.0075934549

																																		q		114.95482

																																		S		0.1563603232

																																		c		0.1220305673

		Cmo		-0.1340301547																														Cmq		0.0171202077

		Cma		-0.0075934549																														Iyy		0.108

		α		5.5																														U1		15.5

		Cmih		-0.0610209465																														Mq		0.0013687199

		Cm1		-0.2368151029

		q		114.95482

		S		0.1563603232

		c		0.1220305673

		Cm1		-0.2368151029

		Iyy		0.108

		U1		15.5

		Mu		-0.3102961005





longitudinal

		

												Cmcg		AoAa

												-0.0352		0

												-0.1040		2

				Hac		0.2500						-0.1728		4

				H		0.2000						-0.2415		6

				Wing area		0.1564						-0.3103		8

				Wing cord		0.1220						-0.3791		10

				Down wash		0.5000						-0.4478		12

				Tail Area		0.0245						-0.5166		14

				Wing lift curve		0.0774						-0.5853		16

				Tail lift curve		0.0950

				Tail sep dist		0.5000

				Tail volume cof		0.6423

				Tail setting angle		1.2250

				Cmα		-0.0343807

				Hn		0.6442

				SM		0.4442

				Cmo		-0.0352

																Xu		-0.1193		Zu		-1.2903		Mu		-0.3103

				V-Tail Size												Xa		9.9402		Za		-1.8782		Mad		-0.000607

				Chord		0.0700										Xde		-0.0201		Zde		-0.0396		Ma		-0.1542

				Length		0.1500										Xtu		0.0527		Zad		-0.0027		Mde		-0.2931

				Angle		60.0000										U1		15		Zq		-0.0054		Mq		0.0014

				Total Area		0.0210										g		9.81						Mtu		0.6206

				H Area		0.0182										θ1		0						Mta		0.0109

				V Area		0.0105										θq		0

																								0.0821118624		0.2404794779

		A1		16.8782

		B1		2.8660650133																								0

		C1		15.1091570964																								45.6759698278

		D1		-0.4479374186																								-46.2493431578		0.3102961005

		E1		7.5314593173																								-0.0175552558		-149.0490633916

																												0.1429911672

																												-0.4479374186

		Au		-0.302091419

		Bu		-0.045507143

		Cu		4.800338874

		Du		5.3399717044

		Aa		-0.0395651361

		Ba		-4.3711441393

		Ca		-0.386442357

		Da		-3.8301997637

		Aθ		-4.3968930755

		Bθ		-0.9314034672

		Cθ		-0.7121053199



Lw

Lt

xt

Xcg

Xac

Xn



longitudinal

		0

		0

		0

		0

		0

		0

		0

		0

		0



0

0

0

0

0

0

0

0

0



roots

		Longitudinal

				Characteristic Equation

						16.8782		S^4		+		2.8660650133		S^3		+		15.1091570964		S^2		+		-0.4479374186		S		+		7.5314593173

		Routh-hurwitz

		A1		16.8782

		B1		2.8660650133

		C1		15.1091570964

		D1		-0.4479374186

		E1		7.5314593173

		Routh's Discriminant

				-84.6498538895

		Equation Roots

		X1		-0.3913457		0.8006865

		X2		-0.3913457		-0.8006865

		X3		0.3057921		0.7027259

		X4		0.3057921		-0.7027259

		Lateral-directional

		Characteristic Equation

						-734.2954226545		S^4		+		-22864.4457832771		S^3		+		340345.59283895		S^2		+		-12180.3115796007		S		+		38808.0580850907

		Routh-hurwitz

		A2		-734.2954

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Routh's Discriminant

				74605662969594.8

		Equation Roots

		X1		0.0122		0.3320

		X2		0.0122		-0.3320

		X3		10.8627		0.0000

		X4		-42.2506		0.0000

		Dutch Roll				Stable

		Spiral Divergance				Unstable

		Roll subsidance				Stable



Longitudinal Derivatives

Denominator

All values have to be >0 AND the equaltiy below has to be >0 in order for the system to be stable



roots

		0

		0

		0

		0



(n)

jw

Poles Of Ch Eq

0

0

0

0



Y-Derivatives

		0

		0

		0

		0



Graph to show poles of Lat-Dir Ch Eq

0

0

0

0



L-Derivatives

		

		Г		0																																		Clav		0.095

		Cybw		0																																		K'		0.8

																																						Kb		0.6

																																						adcl/adCL		1.05

																																						adCL		0.6

																																						Sv		0.0205707791

		Ki		1																																		S		0.1563603232

		So		0.01131																																		Cydr		0.0037794584

		S		0.1563603232

		Cybf		-0.144665856

																																						q		114.95482

		Sv		0.0205707791																																		S		0.1563603232

		S		0.1563603232																																		Cydr		0.0037794584

		Zw		0																																		m		1.6

		Zf		0.07																																		Ydr		0.0424583718

		A		10.5

		1+dσ/db		1.0197869467

		Clav		0.095

		1+(dσ/db)		1.02

		Sv		0.0205707791

		S		0.1563603232

		Cybv		-0.0127455105

		Cybw		0

		Cybf		-0.144665856

		Cybw		-0.0127455105

		Cyb		-0.1574113665

		q		114.95482

		S		0.1563603232

		Cyb		-0.1574113665

		m		1.6

		Yb		-1.7683566162



p383 part VI

Varation in airplane side force
due to roll rate

Varation in side force due to yaw rate

Side Force due to aileron

p461
Part VI



N-Derivatives

		

																																								Clw		0.8901562335																		Zv		-0.0162246086

																																								Clr/Cl,cl=0		0.175												q		114.95482				a		5.5

																						βClp/k		-0.35																A		10.5												S		0.1563603232				Lv		0.53

																						k		0.0758567921																Λ		0												b		1.2813209566				b		1.2813209566

																						β		0.98																Δclr/Г		0												Clda		0.8824				Cydr		0.0037794584

		CLwf		0.8901562335																		Claw/Claw0		1																Г		0												Ixx		0.02				Cldr		-0.0001974632

		Clb/Cl c/2		0																		Clp/Clp0		1																ΔClr/et		-0.0105												Lda		1016.1250976697

		Km		1																		Clp/cl^2		0																et		0

		Kf		0.5																		CLw		0.8901562335																ΔClr/adfdf		0.006

		Clb/Cl A		0.001																		Cdow		0.0530474005																Cld/Cldt		0.5

		Г		0																		ΔClpd		-0.0066309251																Cldt		0.0523

		Clb/Г		-0.0002																		Clpw		-0.0337226365																k'		0.7																		q		114.95482

		KmГ		1																																				df		20																		S		0.1563603232

		dclb/Г		-0.0000460474																																				ΔClr		0.3661																		b		1.2813209566

		ΔClbzw		0																																				adf		0.2364837678																		Cldr		-0.0001974632

		εt		1																																				Clrw		0.5218773409																		Ixx		0.02

		Λc/4		0.0001																		Zv		-0.0162246086																																				Ldr		-0.2273881658

		ΔClb		0																		b		1.2813209566

		Λc/2		0																		Cybv		-0.0127455105

		Clbwf		0.001																		Clpv		-0.0000040871

																																								b		1.2813209566

																																								Lv		0.53

																																								α		5.5

																																								Zv		-0.0162246086

																																								Cybv		-0.0127455105

																						bClp/k0		-0.35																Clrv		0.008166976

																						k		14.7

																						β		0.98

		CLh		-0.6448953737																		zh		0.015

		Clb/Cl c/2		0																		b		0.30640125																Clrw		0.5218773409

		Km		1																		Г		-60																Clrv		0.008166976

		Kf		1																		Clh		15																Clr		0.5300443168

		Clb/Cl A		-0.001																		Clah		0.095

		Г		-60																		Cdoh		0.002

		Clb/Г		-0.00015																		Clp/Clp0		1.1911562211

		KmГ		1																		Clp/cl^2		0

		dclb/Г		-8.0527E-04																		ΔClpd		-0.00025

		ΔClbzw		-0.0019476378																		clah/clh		1																q		114.95482

		εt		0.001																		Clph		-6.2538201607																S		0.1563603232

		Λc/4		0.0001																																				b		1.2813209566

		ΔClb		0																																				Clr		0.5300443168

		Λc/2		0																																				Ixx		0.02

		Clbh		0.0543684743																																				Lr		782.0810995721

																						Clpw		-0.0337226365

																						Clpv		-0.0000040871

																						Clph		-6.2538201607

																						Clp		-6.2875468844

		Cybv		-0.0127455105

		Zv		0.07

		α		5.5

		Lv		0.53

		b		1.2813209566

		Clbv		-0.0001877973																		q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Clp		-6.2875468844

																						Ixx		0.02

																						U		15.5

		Clbwf		0.001																		Lp		-299.2672210129

		Clbh		0.0543684743

		Clbv		-0.0001877973

		Clb		0.055180677

		q		114.95482

		S		0.1563603232

		b		1.2813209566

		Clb		0.055180677

		Ixx		0.02

		Lb		63.5431445758



p392 partVI

Rolling moment due to side slip

Rolling moment due to roll rate, p417 part VI

Rolling moment due to yaw rate



Lateral-Directional

		

																						A		10.5										Cnr/CL^2		0														Cydr		0.0037794584

																						x		0.2										Clw		0.8901562335						ka		-0.1						Lv		0.53

																						c		0.1220305673										Cnr/Cd0		-0.375						Clw		0.8901562335						a		5.5

																						Cnp/Clm0		-3.5745707508										Cdow		0.0530474005						Clda		0.8824						Zv		-0.0162246086

																																		Cnrw		-0.0198927752						Cnda		-0.078547386						b		1.2813209566

		Kn		0.0015																																														Cndr		-0.001551536

		Kr1		1

		Sfs		0.07992

		lf		0.85

		S		0.1563603232																		A		10.5										b		1.2813209566

		b		1.2813209566																		B		1										Lv		0.53						q		114.95482

		Cnbf		-0.0291431031																		Cnp/Clm0		-3.5745707508										a		5.5						S		0.1563603232						q		114.95482

																						Cnp/Cl		-3.5745707508										Zv		-0.0162246086						b		1.2813209566						S		0.1563603232

																																		Cybv		-0.0127455105						Cnda		-0.078547386						b		1.2813209566

																																		Cnrv		-0.0042958764						Izz		0.108						Cndr		-0.001551536

																																										Nda		-16.7501868458						Izz		0.108

		Cybv		-0.0127455105																																														Ndr		-0.3308641896

		Lv		0.53

		a		5.5																		Cnp/CL		-3.5745707508										Cnrw		-0.0198927752

		Zv		-0.0162246086																		Cl		0.8901562335										Cnrv		-0.0042958764

		b		1.2813209566																		Cnp/et		0.0008										Cnr		-0.0241886516

		Cnbv		0.0052322623																		et		0

																						dcnp/addf		0.0015

																						adf		0.2364837678

																						df		20

																						Cnpw		-3.1748319228

																																		q		114.95482

		Cnbw		0																														S		0.1563603232

		Cnbf		-0.0291431031																														b		1.2813209566

		Cnbv		0.0052322623																														Cnr		-0.0241886516

		Cnb		-0.0239108408																		b		1.2813209566										Izz		0.108

																						Lv		0.53										U		15.5

																						a		0.0774048899										Nr		-0.2132042281

																						Zv		-0.0162246086

																						Cybv		-0.0127455105

																						Cnpv		0.000127435

		q		114.95482

		S		0.1563603232

		b		1.2813209566																		Cnpw		-3.1748319228

		Cnb		-0.0239108408																		Cnpv		0.000127435

		Izz		0.108																		Cnp		-3.1747044878

		Nb		-5.098973648

																						q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Cnp		-3.1747044878

																						Izz		0.108

																						U		15.5

																						Np		-27.9825610806



Yawing moment due to sideslip
also called directional (weather cock) stability
p397 Part VI

Yawing moment due to thrust offset, can be ignored as moment arm will be <1cm

wing moment due to roll rate

Yaw Moment due to aileron



Camera&lens

		

		Derivatives

		Yb		-1.7683566162		Lb		63.5431445758		Nb		-5.098973648		U		15.5

		Yp		0		Lp		-299.2672210129		Ntb		0		θ		5.5

		Yr		0		Lr		782.0810995721		Np		-27.9825610806		g		9.81

		Yda		0		Lda		1016.1250976697		Nr		-0.2132042281		A1		16.8781580357

		Ydr		0.0424583718		Ldr		-0.2273881658		Nda		-16.7501868458		B1		2.8660650133

										Ndr		-0.3308641896

		transfer Functions

		Common Denomantor

		A2		-734.2954226545

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Aileron

		Ab		0

		Bb		-45399.977065978

		Cb		525583.410514384

		Db		-125804.015502806

		Rudder

		Ab		-2.0114185863

		Bb		-57.4288519786

		Cb		2311.2794212286

		Db		-2527.2499410809

		Aileron

		Aphi		11367.8983528579

		Bphi		-198395.18150681

		Cphi		-86593.330153612

		Rudder

		Aphi		-90.0823768261

		Bphi		-4022.8055538356

		Cphi		-282.5653262195

		Aileron

		Asi		44880.7212737588

		Bsi		-513301.419089816

		Csi		-59145.4535870857

		Dsi		-40200.2542753881

		Rudder

		Asi		-15.2298885696

		Bsi		-1430.3570689204

		Csi		-304.1299640892

		Dsi		216.6193526791





Recovery

		

		Main Sensor

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		1.25		8.47E-03		50		4.17E-04		460		4.92		23

		150		1.25		8.47E-03		60		5.00E-04		460		5.91		27

		150		1.25		8.47E-03		70		5.83E-04		460		6.89		32

		150		1.25		8.47E-03		80		6.67E-04		460		7.87		36

		150		1.25		8.47E-03		90		7.50E-04		460		8.86		41

		Spotter Camera

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		2		6.35E-03		12		1.60E-04		380		2.52		10

		150		1		8.47E-03		12		8.00E-05		380		0.94		4

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		Pixel Representation

		Scene Size (m)		Total Pixels		Size Per Pixel (m)

		5		379392		0.008

		7.5		379392		0.012

		10		379392		0.016

		15		379392		0.024

		5		7.86E+05		0.006

		7.5		7.86E+05		0.008

		10		7.86E+05		0.011

		15		7.86E+05		0.017

		5		1.40E+06		0.004

		7.5		1.40E+06		0.006

		10		1.40E+06		0.008

		15		1.40E+06		0.013





		

		Mass		1.6

		Air Density		1.225

		Cd		1.5

		Desent Velocity		3

		Diameter		1.5546392336



Cd
0.75 for flat sheet
1.5 for Dome
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0.0657148723

0.14541169

0.0178967817

0.4042307351

0.4512220876

0.2678254451



Gust n-V plot
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Stall Curve

Ve (m/s)

n (L/W)

Gust n-V Diagram For TULMAP

0

1

0.165283125

2.7887766129

0.6611325

5.4696772581

1.117313925

4.5757418065

1.2958197

-2.5757418065

1.487548125

-3.4696772581

1.910672925

-0.7887766129

3.0560849813

1

4.132078125

5.9501925



Gust n-V

		

										Gust n-V Diagram

		Gust alleviation factor (k)				0.79

		μ				46.39				σ		0.7812244898

				Gust EAS		Flight EAS

		Vr		20		5

		Vc		15		20

		Vd		8		30

		positive stall curve

		Ve		0		5		10		13		14.00		15		17.00		21.50		25.00		30.00

		n		0.000		0.165		0.661		1.117		1.296		1.488		1.911		3.056		4.132		5.950

		Gust Envelope										Data for plot

				Vr		Vc		Vd				V		n

		Raw		1.789		4.470		3.576				0		1

		Upper		2.789		5.470		4.576				5.00		2.789

		Lower		-0.789		-3.470		-2.576				20.00		5.470

												30.00		4.576

												30.00		-2.576

												20.00		-3.470

												5.00		-0.789

												0		1





Man n-V Plot
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Veas (m/s)

n

Manoeuvre n-V diagram for TULMAP

0

0.0264453

0.1057812

0.2380077

0.4231248

0.6611325

0.9520308

1.2958197

1.6924992

2.1420693

2.64453

2.915594325

3.0560849813

3.0560849813

0.1

-1.2396234375

-1.2396234375

-1.07984975

-0.9310949375

-0.793359

-0.6666419375

-0.55094375

-0.352604

-0.19833975

-0.088151

-0.02203775

0



Manoeuvre n-V

		Manoeuvre n-V

		Min Density		0.9570				n1		3

		Cl max		1.6800				n2		0.1

		(-)Cl max		-1.4000

		Wing Area		0.1028				n3		-1.2

		Weight		16.0000

		σ		0.7812

		factor		0.0066

		Factor (-)		-0.0055

		Veas		n

		0		0

		2		0.0264453

		4		0.1057812

		6		0.2380077

		8		0.4231248

		10		0.6611325

		12		0.9520308

		14		1.2958197

		16		1.6924992

		18		2.1420693

		20		2.64453

		21		2.915594325

		21.5		3.0560849813

		30		3.0560849813

		30		0.1

		20		-1.2396234375

		15		-1.2396234375

		14		-1.07984975

		13		-0.9310949375

		12		-0.793359

		11		-0.6666419375

		10		-0.55094375

		8		-0.352604

		6		-0.19833975

		4		-0.088151

		2		-0.02203775

		0		0





Turns And Climbs

		

		Banked Turn

		Wing Area		Bank Angle		Weight		Radius		Velocity		Lift		CL

		0.1669580785		24.6		16		50		15		17.6322248757		0.9809236785

		0.1669580785		22		16		50		15		19.5937911161		1.0900503932

		0.1669580785		19		16		50		15		22.5451110975		1.2542395226

		0.1669580785		16.5		16		50		15		25.8435865675		1.4377417587

		Turn Speed (m/s)		15

		Turn Radius (m)		100

		Correct Angle (deg)		13

		Lift Required (N)		16.42

		Unaccelerated Climbing

		Climb Angle		56

		Weight		16

		Drag (N)		1.486

		Lift Required (N)		8.875

		Thurst Required (N)		3.076

		Load Factor		0.55

		Accelerated Level Fligth

		Weight (N)		16

		Normal dv/dt		0

		Forward dv/dt		2.7

		Drag (N)		1.49												180		m

		Lift Required (N)		16

		Thrust Required (N)		5.89																				150		m

		Load Factor		1

		Accelerated Climbing Flight														100		m

		Weight		16

		Normal dv/dt		0												Time (s)		20

		Axial dv/dt		0.54												Angle (θ)		56

		Climb Angle (deg)		56												Start Speed		11.5

		Drag (N)		1.49												End Speed		15.5

		Lift Required (N)		8.88												Acceleration		0.54

		Thrust Required (N)		15.68

		Load Factor		0.55

		Pull Ups

		Weight		16

		Velocity		15

		Radius		40

		Angle		0

		Lift Required		25.17

		Load Factor		1.57																166		m

																										150		m

														20		m				70		m

																Angle (θ)		65

																Start Speed		11.5

																End Speed		15.5

																Acceleration		2.7



Misson profile 1:
After leaving tube UAV needs to be on station in <20s UAV climbs and accelerates to 150m AGL and 15.5m/s

θ

Misson profile 2:
After leaving tube UAV needs to be on station in <40s UAV accelerates to 15.5 m/s then climbs to 150m AGL

θ



Drag

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0455						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.0454545455

		Af		0.9300						τ		1.0324								A		10.5

		t/c		0.1600																f(λ)		0.0077

		X		0.9909																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0352494967

		Cl		0.2

		Rw		5.0000

		τ		1.0324

		X		0.9909

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0435879801

		Drag

		Cdo		0.0435879801

		q		0.6125

		S		0.1669580785

		k		0.0352494967

		W		16

		Drag (N)

		Velocity		Drag

		4		5.586494127

		5		3.6411472631

		6		2.6116552163

		7		2.0192857072

		8		1.66406671

		9		1.4504657614

		10		1.3281667818

		11		1.2686232067

		12		1.2546609551

		13		1.2754451205

		14		1.3238661601

		15		1.3951022078

		16		1.4857893904

		17		1.5935231025

		18		1.7165475301

		19		1.8535563868

		20		2.0035615593

		21		2.1658044464

		22		2.339694837

		23		2.5247679693

		24		2.7206538428

		25		2.927054944

		Stall Line

		10.9186699143		0

		10.9186699143		7





Drag
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Velocity (m/s)

Thrust (N)

Graph Of Thrust For TULMAP
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Trim

		

		Straight, Level and Unaccelerated						Moment Balance

		Weight (N)		16

		lw (m)		0.0037829476

		lt (m)		1.5

		Cmo		-0.11

		Flight Speed		15

		Air Density		1.225

		Moment (Mo)		-0.3191521713

		Mac		-0.3191521713

		L		16

		h-hac		0.03

		lt		1.5

		Lt		0.1072318858

		Density		1.225

		Velocity		15

		Tail Area		0.0181857235

		Tail Cl		0.0427863016

		Tail AoA		0.450382122





Propulsion and power

		

		Prop		APC Slow Fly												Batteries

		Diameter (m)		0.2286												Li-pol

		Pitch (m)		0.09652

		RPM		10000

		Flight Speed		15

		J		0.3937007874

		Prop Efficiency (ηp)		0.8

		δηp/δJ		1

		Number of props, np		1

		Moment Arm, Xp		0.01

		Prop Disk Area Sp		0.0410433058

		Prop Force

		Normal force coeffcicent, Cnp		0

		δCnp/δαp		0.9		Change in prop force coefficient with AoA

		δεp/δα		0.2		Rate of up from prop

		Ducted Fan

		Inlet Area (m^2)		0.0047

		Exit Area (m^2)		0.0047

		Inlet Air Density (kg/m^3)		1.2250

		Inlet Flow Velocity (m/s)		15

		Mass Flow (kg/s)		0.09

		Thrust (N)		10.0000

		Exit Velocity (m/s)		116.7849113894

		Inlet Moment Arm		0.005





Aircraft Layout

		

						AC						xm

						0.25		c				0.3		m

																		1.32		m

																				0.126		m

												CG

												0.28		c

																						Vh		0.1633858365

																						Xcg-Xacwf		0.03

																						Xach-Xcg (m)		1.5

																						Xw		0.03

						1.5		m

		Lf		0.85		m																Iyy		0.108

																						Ixx		0.02

																						Izz		0.108

																						Ixy		1

																						Sfs (m^2)		0.07992

																						xm (m)		0.3

				0.07		m

										0.260		m

				dfave		0.1199998597

																				Zw		0

																				Lv		0.53

						df		0.12												Zv		-0.0137567625

																				Zf		0.07

																				Lf		0.53

																				Г		0

																				εt		0

				tail ac length wise

																				Г		60

																				Zh		0.015

																60

				Zv		-0.0137567625



θ

Zf



Wing and Tail Info

		

		Wing		Re = 160k

		FX 63-137(B)		p 93		cord p 257

		Specifications

		Given:								To be found

		V Cruise		Vc		15.0000				Wing Area		S		0.1670

		Density @2500m		ρalt		0.9570				Wing Span		b		1.3240

		Density @ Sea Level		ρsl		1.2250				Wing Chord		c		0.1261

		Weight		W		16.0000				Lift curve Slope 3D		a		0.0774

		Lift Coeff. 2D		Cl		1.0000				Lift Coeff. 3D		CL		0.8902

		Lift curve slope 2D		a0		0.0910				Induced Drag		CDi		0.0267

		Viscosity		µ		0.0000				Stalling Speed		Vs		10.9187

		Oswald efficency Factor		e		0.9000				wetted area		Sw		0.3673

		Zero lift angle		α0		-6.0000				Drag coeff in cruise		Cd		0.0180

		Angle of Attack		AoA		5.5000				Drag force in cruise (wing)		D		1.7672

		Cl max		Clmax		1.6800				Wing loading				95.8324

		dynamic pressure		q		107.6580				Constant		k		0.0337

		Aspect ratio		AR		10.5000				Basic Lift Coefficient		CL1		0.8901562335

		Profile Drag Coefficient		Cdo Bar		0.0200				Mach Number (sea level)		Ms		0.0441176471

		Mass		m		1.4000				Mach Number (alt)		Ma		0.0454545455

		Cm (a/c)				-0.11				sweep angle		Λ		0

		Tail

		V-Tail Size

		Chord		c		0.0700

		Length		L		0.1500

		Angle		α		60.00

		Total Area		St		0.0210

		H Area		Sh		0.0182

		V Area		Sv		0.0105

		Section Lift Slope		at		0.095

		Down wash		de/da		0.5

		Aspect Ratio		AR		4.2857142857





X-Derivatives

		Longitudinal X-Derivatives

																																		Ctx1		-0.0720903043

		Clawf		0.0774048899																				Clah		0.095

		Clah		0.095								q		107.658										Sh		0.0181857235

		Sh		0.0181857235								S		0.1669580785										S		0.1669580785								Ctx1		-0.0720903043

		S		0.1669580785								Cdα		0.0051822408										de/da		0.5								U		15

		de/da		0.5								CL1		0.8901562335										Cdih		0.0051738848								np		0.8

		CLα		0.0825787747								m		1.4																				nprps		166.6666666667

												Xα		11.3620374802																				δηp/δJ		1

																																		Ctxu		0.2081607538

																								Kb		0.675

		CL1		0.8901562335																				cld/cldth		0.74

		CLα		0.0825787747																				cldth		0.05

		k		0.0352494967																				K'		0.84

		CDα		0.0051822408																				Clah		0.095

																								adCL/adcl		1.09								q		107.658

																								ade		0.2407064211								S		0.1669580785

																																		Ctxu		0.2081607538

																																		Ctx1		-0.0720903043

		Cd0 Bar		0.02																														m		1.4

		k		0.0336835858																				Cdih		0.0051738848								U		15

		CL1		0.8901562335																				ade		0.2407064211								Xtu		0.0547620467

		Cdo		0.0466901364																				Cdde		0.0012453873

		Cdo		0.0435879801

		CDα		0.0051822408

		α		5.5																				q		107.658

		CD1		0.0720903043																				S		0.1669580785

																								Cdde		0.0012453873

																								m		1.4

																								Xde		-0.0159893254

		q		107.658

		S		0.1669580785

		CD1		0.0720903043

		m		1.4

		U1		15

		Xu		-0.1234074292



p437 Part VI



Z-Derivatives

		

																												Clah		0.095

																						Clah		0.095				lh		1.5

		q		107.658				q		107.658						Clah		0.095				ηh		1				c		0.1260982529

		S		0.1669580785				S		0.1669580785						Sh		0.0181857235				Vh		0.1633858365				ηh		1

		CL1		0.8901562335				Cla		0.0825787747						S		0.1669580785				de/da		0.5				Sh		0.0181857235

		m		1.4				Cd1		0.0720903043						CLih		0.0103477696				Clad		0.0155216545				S		0.1669580785

		U1		15				m		1.4																		Clq		0.2461834976

		Zu		-1.5238095238				Zα		-1.9857712063

																ade		0.2364837678

																Clih		0.0103477696

																Cdde		0.0024470796				q		107.658				q		107.658

																						S		0.1669580785				S		0.1669580785

																						c		0.1260982529				c		0.1260982529

																						Clad		0.0155216545				Clq		0.2461834976

																						m		1.4				m		1.4

																						U		15				U		15

																q		107.658				Zad		-0.0008376287				Zq		-0.0132853335

																S		0.1669580785

																Cdde		0.0024470796

																m		1.4

																Zde		-0.0314176573





M-Derivatives

		

																												ade		0.2364837678

		Clah		0.095																								Cmih		-0.0155216545				Kw		0.9																nj		1		Number of ducted fans

		Vh		0.1633858365												q		107.658				q		107.658				Cmde		-0.0036706193				Claw		0.0774048899																m		0.09		mass flow

		Cmih		-0.0155216545												S		0.1669580785				S		0.1669580785										A		10.5								Cmt1		0.0860451606						xj		0.005		Inlet Moment Arm

																c		0.1260982529				c		0.1260982529										Xw		0.03																Ai		0.00466		Inlet Area

																Cma		-0.0054386805				Cma		-0.0054386805										c		0.1260982529																ρ		1.225		Inlet Density

																Iyy		0.108				Iyy		0.108										Cmqw, M=0		0.0039751384																q		107.658

																U1		15				Ma		-0.1141386177				q		107.658																						S		1.3240316551

																Mad		-0.000479756										S		0.1669580785																						c		0.1260982529

		Cmacwb		-0.11																								c		0.1260982529														q		107.658						dej/da		0.5		jet up wash gradient

		CLwf		0.8901562335																								Cmde		-0.0036706193														S		0.1669580785						Cmta		0.0005359349

		Xcg-Xac		0.03																								Iyy		0.108				Cmqw, M=0		0.0039751384								c		0.1260982529

		Clah		0.095																								Mde		-0.0770332829				B		1								Cmt1		0.0860451606

		Sh		0.0181857235																														Cmpw		0.0357762452								Iyy		0.108

		S		0.1669580785																																								U		15

		Xach-Xcg		1.5																																								Mtu		0.2407710382

		Eo		2.75																																																q		107.6580

		Cmo		-0.0406107632																																																S		0.1670

																																		Clah		0.095																c		0.1261

																																		nh		1																Cmta		0.0005

																																		Vh		0.1633858365																Iyy		0.1080

																																		Xach-Xcg		1.5																Mta		0.0112

																																		Cmqh		-0.0465649634

		Clawf		0.0774048899

		Xcg-Xacwb		0.03

		Clah		0.095

		Sh		0.0181857235																														Cmq		-0.0107887182

		S		0.1669580785

		Xach-Xcg		1.5

		de/da		0.5

		Cmα		-0.0054386805

																																		q		107.658

																																		S		0.1669580785

																																		c		0.1260982529

		Cmo		-0.0406107632																														Cmq		-0.0107887182

		Cma		-0.0054386805																														Iyy		0.108

		α		5.5																														U1		15

		Cmih		-0.0155216545																														Mq		-0.0009516927

		Cm1		-0.0860451606

		q		107.658

		S		0.1669580785

		c		0.1260982529

		Cm1		-0.0860451606

		Iyy		0.108

		U1		15

		Mu		-0.1203855191





longitudinal

		

												Cmcg		AoAa

												-0.0910		0

												-0.1019		2

				Hac		0.2500						-0.1127		4

				H		0.2800						-0.1236		6

				Wing area		0.1670						-0.1345		8

				Wing cord		0.1261						-0.1454		10

				Down wash		0.5000						-0.1563		12

				Tail Area		0.0182						-0.1671		14

				Wing lift curve		0.0774						-0.1780		16

				Tail lift curve		0.0950

				Tail sep dist		1.5000

				Tail volume cof		0.1634

				Tail setting angle		1.2250

				Cmα		-0.0054387

				Hn		0.3503

				SM		0.0703

				Cmo		-0.0910

																Xu		-0.1234		Zu		-1.5238		Mu		-0.1204

				V-Tail Size												Xa		11.3620		Za		-1.9858		Mad		-0.000480

				Chord		0.0700										Xde		-0.0160		Zde		-0.0314		Ma		-0.1141

				Length		0.1500										Xtu		0.0548		Zad		-0.0008		Mde		-0.0770

				Angle		60.0000										U1		15		Zq		-0.0133		Mq		-0.0010

				Total Area		0.0210										g		9.81						Mtu		0.2408

				H Area		0.0182										θ1		0						Mta		0.0112

				V Area		0.0105										θq		0

																								0.0574782318		0.0790029969

		A1		16.9858

		B1		3.0369755966																								0

		C1		19.0192578289																								17.7228900249

		D1		-2.6538514303																								-20.4991996905		0.1203855191

		E1		3.8832370555																								0.0164772081		-170.2796137448

																												0.1059810272

																												-2.6538514303

		Au		-0.2398532745

		Bu		-0.0378020585

		Cu		-0.3062830915

		Du		1.465462015

		Aa		-0.0314176573

		Ba		-1.1322977213

		Ca		-0.1080759757

		Da		-1.1886412177

		Aθ		-1.1555486959

		Bθ		-0.2579475055

		Cθ		0.0225919623



Lw

Lt

xt

Xcg

Xac

Xn



longitudinal

		0

		0

		0

		0

		0

		0

		0

		0

		0



0

0

0

0

0

0

0

0

0



roots

		Longitudinal

				Characteristic Equation

						16.9858		S^4		+		3.0369755966		S^3		+		19.0192578289		S^2		+		-2.6538514303		S		+		3.8832370555

		Routh-hurwitz

		A1		16.9858

		B1		3.0369755966

		C1		19.0192578289

		D1		-2.6538514303

		E1		3.8832370555

		Routh's Discriminant

				-308.7346769263

		Equation Roots

		X1		-0.2167658		0.9771395

		X2		-0.2167658		-0.9771395

		X3		0.1272487		0.4603301

		X4		0.1272487		-0.4603301

		Lateral-directional

		Characteristic Equation

						-758.7805896391		S^4		+		-22006.7567655681		S^3		+		517206.990943546		S^2		+		36372.9249657096		S		+		43156.3736771258

		Routh-hurwitz

		A2		-758.7806

		B2		-22006.7567655681

		C2		517206.990943546

		D2		36372.9249657096

		E2		43156.3736771258

		Routh's Discriminant

				-433895052361770

		Equation Roots

		X1		-0.0368		0.2611

		X2		-0.0368		-0.2611

		X3		1.1853		0.0000

		X4		-0.8668		0.0000

		Dutch Roll				Stable

		Spiral Divergance				Stable

		Roll subsidance				Unstable



Longitudinal Derivatives

Denominator

All values have to be >0 AND the equaltiy below has to be >0 in order for the system to be stable



roots

		0

		0

		0

		0



(n)

jw

Poles Of Ch Eq

0

0

0

0



Y-Derivatives

		0

		0

		0

		0



Graph to show poles of Lat-Dir Ch Eq

0

0

0

0



L-Derivatives

		

		Г		0																																		Clav		0.095

		Cybw		0																																		K'		0.8

																																						Kb		0.6

																																						adcl/adCL		1.05

																																						adCL		0.6

																																						Sv		0.0105014027

		Ki		1																																		S		0.1669580785

		So		0.01131																																		Cydr		0.0018069464

		S		0.1669580785

		Cybf		-0.1354831117

																																						q		107.658

		Sv		0.0105014027																																		S		0.1669580785

		S		0.1669580785																																		Cydr		0.0018069464

		Zw		0																																		m		1.4

		Zf		0.07																																		Ydr		0.0231990915

		A		10.5

		1+dσ/db		0.9147346137

		Clav		0.095

		1+(dσ/db)		0.91

		Sv		0.0105014027

		S		0.1669580785

		Cybv		-0.0054658612

		Cybw		0

		Cybf		-0.1354831117

		Cybw		-0.0054658612

		Cyb		-0.1409489729

		q		107.658

		S		0.1669580785

		Cyb		-0.1409489729

		m		1.4

		Yb		-1.80962099



p383 part VI

Varation in airplane side force
due to roll rate

Varation in side force due to yaw rate

Side Force due to aileron

p461
Part VI



N-Derivatives

		

																																								Clw		0.8901562335																		Zv		-0.0137567625

																																								Clr/Cl,cl=0		0.175												q		107.658				a		5.5

																						βClp/k		-0.35																A		10.5												S		0.1669580785				Lv		0.53

																						k		0.0758567921																Λ		0												b		1.3240316551				b		1.3240316551

																						β		0.98																Δclr/Г		0												Clda		0.8824				Cydr		0.0018069464

		CLwf		0.8901562335																		Claw/Claw0		1																Г		0												Ixx		0.02				Cldr		-0.0000880087

		Clb/Cl c/4		0																		Clp/Clp0		1																ΔClr/et		-0.0105												Lda		1049.9959342587

		Km		1																		Clp/cl^2		0																et		0

		Kf		0.5																		CLw		0.8901562335																ΔClr/adfdf		0.006

		Clb/Cl A		0.001																		Cdow		0.02																Cld/Cldt		0.5

		Г		0																		ΔClpd		-0.0025																Cldt		0.0523

		Clb/Г		-0.0002																		Clpw		-0.0295917115																k'		0.7																		q		107.658

		KmГ		1																																				df		20																		S		0.1669580785

		dclb/Г		-0.0000431245																																				ΔClr		0.3661																		b		1.3240316551

		ΔClbzw		0																																				adf		0.2364837678																		Cldr		-0.0000880087

		εt		1																																				Clrw		0.5218773409																		Ixx		0.02

		Λc/4		1																		Zv		-0.0137567625																																				Ldr		-0.1047243415

		ΔClb		1																		b		1.3240316551

		Λc/2		1																		Cybv		-0.0054658612

		Clbwf		1.001																		Clpv		-0.0000011801

																																								b		1.3240316551

																																								Lv		0.53

																																								α		5.5

																																								Zv		-0.0137567625

																																								Cybv		-0.0054658612

																						bClp/k0		-0.35																Clrv		0.0032815346

																						k		14.7

																						β		0.98

		CLh		0.095																		zh		0.015

		Clb/Cl c/4		1																		b		0.2597960505																Clrw		0.5218773409

		Km		1																		Г		-60																Clrv		0.0032815346

		Kf		1																		Clh		15																Clr		0.5251588755

		Clb/Cl A		-0.001																		Clah		0.095

		Г		-60																		Cdoh		0.002

		Clb/Г		-0.00015																		Clp/Clp0		1.2300115798

		KmГ		1																		Clp/cl^2		0

		dclb/Г		-1.1201E-03																		ΔClpd		-0.00025

		ΔClbzw		-0.0021266342																		clah/clh		1																q		107.658

		εt		0.001																		Clph		-6.4578107938																S		0.1669580785

		Λc/4		0																																				b		1.3240316551

		ΔClb		0																																				Clr		0.5251588755

		Λc/2		0																																				Ixx		0.02

		Clbh		0																																				Lr		827.3917688945

																						Clpw		-0.0295917115

																						Clpv		-0.0000011801

																						Clph		-6.4578107938

																						Clp		-6.4874036854

		Cybv		-0.0054658612

		Zv		0.07

		α		5.5

		Lv		0.53

		b		1.3240316551

		Clbv		-0.0000779382																		q		107.658

																						S		0.1669580785

																						b		1.3240316551

																						Clp		-6.4874036854

																						Ixx		0.02

																						U		15

		Clbwf		1.001																		Lp		-340.6984477264

		Clbh		0

		Clbv		-0.0000779382

		Clb		-0.0000779382

		q		107.658

		S		0.1669580785

		b		1.3240316551

		Clb		-0.0000779382

		Ixx		0.02

		Lb		-0.0927411526



p392 partVI

Rolling moment due to side slip

Rolling moment due to roll rate, p417 part VI

Rolling moment due to yaw rate



Lateral-Directional

		

																						A		10.5										Cnr/CL^2		0														Cydr		0.0018069464

																						x		0.28										Clw		0.8901562335						ka		-0.1						Lv		0.53

																						c		0.1260982529										Cnr/Cd0		-0.375						Clw		0.8901562335						a		5.5

																						Cnp/Clm0		-4.8429668237										Cdow		0.02						Clda		0.8824						Zv		-0.0137567625

																																		Cnrw		-0.0075						Cnda		-0.078547386						b		1.3240316551

		Kn		0.0015																																														Cndr		-0.0007181784

		Kr1		1

		Sfs		0.07992

		lf		0.85

		S		0.1669580785																		A		10.5										b		1.3240316551

		b		1.3240316551																		B		1										Lv		0.53						q		107.658

		Cnbf		-0.026412802																		Cnp/Clm0		-4.8429668237										a		5.5						S		0.1669580785						q		107.658

																						Cnp/Cl		-4.8429668237										Zv		-0.0137567625						b		1.3240316551						S		0.1669580785

																																		Cybv		-0.0054658612						Cnda		-0.078547386						b		1.3240316551

																																		Cnrv		-0.0017268822						Izz		0.108						Cndr		-0.0007181784

																																										Nda		-17.3085264073						Izz		0.108

		Cybv		-0.0054658612																																														Ndr		-0.1582561857

		Lv		0.53

		a		5.5																		Cnp/CL		-4.8429668237										Cnrw		-0.0075

		Zv		-0.0137567625																		Cl		0.8901562335										Cnrv		-0.0017268822

		b		1.3240316551																		Cnp/et		0.0008										Cnr		-0.0092268822

		Cnbv		0.0021724294																		et		0

																						dcnp/addf		0.0015

																						adf		0.2364837678

																						df		20

																						Cnpw		-4.3039025935

																																		q		107.658

		Cnbw		0																														S		0.1669580785

		Cnbf		-0.026412802																														b		1.3240316551

		Cnbv		0.0021724294																														Cnr		-0.0092268822

		Cnb		-0.0242403727																		b		1.3240316551										Izz		0.108

																						Lv		0.53										U		15

																						a		0.0774048899										Nr		-0.0897347072

																						Zv		-0.0137567625

																						Cybv		-0.0054658612

																						Cnpv		0.0000430365

		q		107.658

		S		0.1669580785

		b		1.3240316551																		Cnpw		-4.3039025935

		Cnb		-0.0242403727																		Cnpv		0.0000430365

		Izz		0.108																		Cnp		-4.303859557

		Nb		-5.3415543316

																						q		107.658

																						S		0.1669580785

																						b		1.3240316551

																						Cnp		-4.303859557

																						Izz		0.108

																						U		15

																						Np		-41.8565629021



Yawing moment due to sideslip
also called directional (weather cock) stability
p397 Part VI

Yawing moment due to thrust offset, can be ignored as moment arm will be <1cm

wing moment due to roll rate

Yaw Moment due to aileron



		

		Derivatives

		Yb		-1.80962099		Lb		-0.0927411526		Nb		-5.3415543316		U		15

		Yp		0		Lp		-340.6984477264		Ntb		0		θ		5.5

		Yr		0		Lr		827.3917688945		Np		-41.8565629021		g		9.81

		Yda		0		Lda		1049.9959342587		Nr		-0.0897347072		A1		16.9857712063

		Ydr		0.0231990915		Ldr		-0.1047243415		Nda		-17.3085264073		B1		3.0369755966

										Ndr		-0.1582561857

		transfer Functions

		Common Denomantor

		A2		-758.7805896391

		B2		-22006.7567655681

		C2		517206.990943546

		D2		36372.9249657096

		E2		43156.3736771258

		Aileron

		Ab		0

		Bb		-48091.8083287283

		Cb		755075.32909577

		Db		-138921.606339483

		Rudder

		Ab		-1.17353469

		Bb		-31.4973711737

		Cb		1519.8769984263

		Db		-1278.6990389112

		Aileron

		Aphi		11339.9589717766

		Bphi		-212032.599531708

		Cphi		-109898.18836571

		Rudder

		Aphi		-41.8924155589

		Bphi		-1971.3999170476

		Cphi		-331.3277518282

		Aileron

		Asi		47572.5525365091

		Bsi		-741953.914921301

		Csi		-90202.7459875213

		Dsi		-54782.8759630885

		Rudder

		Asi		-7.1445218284

		Bsi		-744.0059157956

		Csi		-131.7672198002

		Dsi		5.3190458956
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		Constraint analysis

		Fixed values

		TOW		16				TOW		16				TOW		16				TOW		16				TOW		15				TOW		15				TOW		15

		Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02				Cdo		0.02

		Load Factor		2				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1				Load Factor		3				Load Factor		1

		AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5				AoA		5

		K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039				K		0.039

																				V		17.5				Vend		14.667				V		17.5				Take of dist		15

		2 g Turn						3 g Turn						Curise						Climb angle		15				Vw		-1				acceleration		3

		wing loading		T/W				wing loading		T/W				wing loading		T/W				ROC		4.5293332893				Clmax		1.680

		1		0.460090691				1		0.4604299547				1		0.4598871327				Climb						Wing loading (max)		129.6780788337				Acceleration						Take-off						Self Powered TO

		5		0.0933209109				5		0.0950172295				5		0.0923031197				wing loading		T/W				RATO						wing loading		T/W				wing loading		T/W				W/S		T/W

		10		0.0486960378				10		0.052088675				10		0.0466604554				1		0.7192489998				wing loading		T/W				1		0.7662403523				1		0.0012173884				0		1.2

		15		0.0347257833				15		0.0398147391				15		0.0316724098				5		0.3538362746				129.6781		0				5		0.400827627				5		0.0060869419				220		1.2

		20		0.0284191835				20		0.035204458				20		0.0243480189				10		0.3109077201				129.6781		1.3				10		0.3578990725				10		0.0121738839

		30		0.0234696386				30		0.0336475503				30		0.0173628917				15		0.2986337842										15		0.3456251367				15		0.0182608258

		40		0.0223519211				40		0.0359224699				40		0.0142095918				20		0.2940235031										20		0.3410148555				20		0.0243477677

		50		0.0227669344				50		0.0397301205				50		0.0125890228				30		0.2924665954										30		0.3394579478				30		0.0365216516

		60		0.0239483133				60		0.0443041366				60		0.0117348193				40		0.294741515										40		0.3417328675				40		0.0486955355

		70		0.0255676152				70		0.0493160757				70		0.011318539				50		0.2985491656										50		0.3455405181				50		0.0608694193

		80		0.0274606192				80		0.0546017168				80		0.0111759605				60		0.3031231817										60		0.3501145341				60		0.0730433032

		90		0.029536091				90		0.0600698259				90		0.0112158501				70		0.3081351208										70		0.3551264733				70		0.0852171871

		100		0.0317392905				100		0.0656656626				100		0.0113834672				80		0.313420762										80		0.3604121144				80		0.0973910709

		110		0.0340353827				110		0.0713543921				110		0.0116439771				90		0.318888871										90		0.3658802235				90		0.1095649548

		120		0.0364011446				120		0.0771127911				120		0.0119741566				100		0.3244847077										100		0.3714760602				100		0.1217388387

		130		0.0388204984				130		0.0829247821				130		0.0123579281				110		0.3301734372										110		0.3771647896				110		0.1339127226

		140		0.0412819602				140		0.0887788812				140		0.0127838076				120		0.3359318362										120		0.3829231887				120		0.1460866064

		150		0.0437771084				150		0.0946666666				150		0.0132433735				130		0.3417438272										130		0.3887351797				130		0.1582604903

		160		0.0462996268				160		0.1005818222				160		0.0137303096				140		0.3475979263										140		0.3945892787				140		0.1704343742

		170		0.0488446854				170		0.106519518				170		0.0142397858				150		0.3534857117										150		0.4004770641				150		0.182608258

		180		0.0514085274				180		0.1124759972				180		0.0147680455				160		0.3594008673										160		0.4063922198				160		0.1947821419

		190		0.0539881871				190		0.1184482941				190		0.0153121229				170		0.3653385631										170		0.4123299155				170		0.2069560258

		200		0.0565812918				200		0.124434036				200		0.0158696452				180		0.3712950423										180		0.4182863948				180		0.2191299096

		210		0.0591859208				210		0.1304313022				210		0.0164386919				190		0.3772673392										190		0.4242586917				190		0.2313037935

		220		0.0618005026				220		0.1364385212				220		0.0170176914				200		0.3832530811										200		0.4302444336				200		0.2434776774

																				210		0.3892503473										210		0.4362416998				210		0.2556515612

																				220		0.3952575663										220		0.4422489188				220		0.2678254451





Constraint Analysis

		1		1		1		129.6780788337		1		1		1		0

		5		5		5		129.6780788337		5		5		5		220

		10		10		10				10		10		10

		15		15		15				15		15		15

		20		20		20				20		20		20

		30		30		30				30		30		30

		40		40		40				40		40		40

		50		50		50				50		50		50

		60		60		60				60		60		60

		70		70		70				70		70		70

		80		80		80				80		80		80

		90		90		90				90		90		90

		100		100		100				100		100		100

		110		110		110				110		110		110

		120		120		120				120		120		120

		130		130		130				130		130		130

		140		140		140				140		140		140

		150		150		150				150		150		150

		160		160		160				160		160		160

		170		170		170				170		170		170

		180		180		180				180		180		180

		190		190		190				190		190		190

		200		200		200				200		200		200

		210		210		210				210		210		210

		220		220		220				220		220		220



2 g Turn

3 g Turn

Cruise

RATO

Climb

Acceleration

Take-Off (CTL)

Tube Launch

Wing loading (Wto/S)

Thrust to Weight (Tsl/Wto)

Constraint Analysis for TULMAP
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Gust n-V plot
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Stall Curve

Ve (m/s)

n (L/W)

0

1

0.2426690452

2.7887766129

0.9706761808

5.4696772581

1.6404427455

4.5757418065

1.9025253143

-2.5757418065

2.1840214067

-3.4696772581

2.8052541624

-0.7887766129

4.4869506456

1

6.0667261298



Gust n-V

		

										Gust n-V Diagram

		Gust alleviation factor (k)				0.79

		μ				46.39				σ		1

				Gust EAS		Flight EAS

		Vr		20		5

		Vc		15		20

		Vd		8		30

		positive stall curve

		Ve		0		5		10		13		14.00		15		17.00		21.50		25.00		30.00

		n		0.000		0.243		0.971		1.640		1.903		2.184		2.805		4.487		6.067		8.736

		Gust Envelope										Data for plot

				Vr		Vc		Vd				V		n

		Raw		1.789		4.470		3.576				0		1

		Upper		2.789		5.470		4.576				5.00		2.789

		Lower		-0.789		-3.470		-2.576				20.00		5.470

												30.00		4.576

												30.00		-2.576

												20.00		-3.470

												5.00		-0.789

												0		1





Man n-V Plot
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Veas (m/s)

n

Manoeuvre n-V diagram for TULMAP II
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0.6212327557

0.9706761808

1.3977737003

1.9025253143

2.4849310228

2.5004861086

2.5

0

-0.9

-0.9

-0.6341751048

-0.5468142485

-0.4659245668

-0.2070775852

-0.1164811417

-0.0517693963

-0.0129423491

0



Manoeuvre n-V

		Manoeuvre n-V

		Min Density		1.2250				n1		2.5

		Cl max		1.2000				n2		0.25

		(-)Cl max		-0.4000

		Wing Area		0.1166				n3		-0.9

		Weight		8.8290

		σ		1.0000

		factor		0.0097

		Factor (-)		-0.0032

		Veas		n

		0		0.00

		2		0.04

		4		0.16

		6		0.35

		8		0.62

		10		0.97

		12		1.40

		14		1.90

		16		2.48

		16.05		2.50

		20		2.50

		20		0.00

		16		-0.90

		15		-0.90

		14		-0.63

		13		-0.55

		12		-0.47

		8		-0.21

		6		-0.12

		4		-0.05

		2		-0.01

		0		0.00

		-2		-0.01

		-4		-0.05

		-6		-0.12

		-8		-0.21

		-10		-0.32





Turns And Climbs

		

		Banked Turn

		Wing Area		Bank Angle		Weight		Radius		Velocity		Lift		CL

		0.1563603232		24.6		16		50		15		17.6322248757		1.0474085056

		0.1563603232		22		16		50		15		19.5937911161		1.1639315865

		0.1563603232		19		16		50		15		22.5451110975		1.3392490902

		0.1563603232		49		16		20		15		24.3134964126		1.4442966287

		Turn Speed (m/s)		15

		Turn Radius (m)		20

		Correct Angle (deg)		49

		Lift Required (N)		24.34

		Unaccelerated Climbing

		Climb Angle		56

		Weight		16

		Drag (N)		1.937

		Lift Required (N)		8.875

		Thurst Required (N)		3.527

		Load Factor		0.55

		Accelerated Level Fligth

		Weight (N)		16

		Normal dv/dt		0

		Forward dv/dt		2.7

		Drag (N)		1.94												180		m

		Lift Required (N)		16

		Thrust Required (N)		6.34																				150		m

		Load Factor		1

		Accelerated Climbing Flight														100		m

		Weight		16

		Normal dv/dt		0												Time (s)		20

		Axial dv/dt		0.54												Angle (θ)		56

		Climb Angle (deg)		56												Start Speed		11.5

		Drag (N)		1.94												End Speed		15.5

		Lift Required (N)		8.88												Acceleration		0.54

		Thrust Required (N)		16.13

		Load Factor		0.55

		Pull Ups

		Weight		16

		Velocity		15

		Radius		40

		Angle		0

		Lift Required		25.17

		Load Factor		1.57																166		m

																										150		m

														20		m				70		m

																Angle (θ)		65

																Start Speed		11.5

																End Speed		15.5

																Acceleration		2.7



Misson profile 1:
After leaving tube UAV needs to be on station in <20s UAV climbs and accelerates to 150m AGL and 15.5m/s

θ

Misson profile 2:
After leaving tube UAV needs to be on station in <40s UAV accelerates to 15.5 m/s then climbs to 150m AGL

θ
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AirSpeed (m/s)

Thrust (N)

Thrust Vs Airspeed For TULMAP II
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Drag (2)

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		9.6

		t/c		0.1200																f(λ)		0.0077

		X		0.9906																t/c		0.12

																				Λ		0

																				Ne		0

																				K		0.0385476682

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0385476682

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		0.2148950885		0.0623291689

		7		0.2662123775		0.0567282664

		8		0.3352701113		0.0546993559

		9		0.4178325313		0.0538622608

		10		0.5121860089		0.0534804507

		11		0.6175594721		0.053291846				Cd		Cdo		K		Cl		V		D				Phase		Airspeed (m/s)		Cl		Cd		Thrust

		12		0.7335757393		0.0531924281				0.0295		0.0295		0.047		0		0		0				Launch

		13		0.8600374335		0.0531371182				0.0296175		0.0295		0.047		0.05		48.3233064577		4.939310475				Dash		25		0.2		0.037		1.6515296875

		14		0.9968353574		0.053104914				0.02997		0.0295		0.047		0.1		34.1697376856		2.49904845				Cruise		15		0.9		0.07

		15		1.1439062082		0.0530854186				0.0305575		0.0295		0.047		0.15		27.8994739915		1.698691425

		16		1.3012117976		0.0530732123				0.03138		0.0295		0.047		0.2		24.1616532288		1.30831065

		17		1.4687282826		0.0530653414				0.0324375		0.0295		0.047		0.25		21.6108396274		1.081920375

		18		1.6464403248		0.0530601327				0.03373		0.0295		0.047		0.3		19.7279072509		0.93752535

		19		1.834337793		0.0530566053				0.0352575		0.0295		0.047		0.35		18.2644930593		0.8399847536

		20		2.0324138374		0.0530541669				0.03702		0.0295		0.047		0.4		17.0848688428		0.771728175

		21		2.2406637296		0.0530524497				0.0390175		0.0295		0.047		0.45		16.1077688192		0.722994275

		22		2.4590841434		0.0530512199				0.04125		0.0295		0.047		0.5		15.2811712477		0.68792625

		23		2.6876726993		0.0530503258				0.0437175		0.0295		0.047		0.55		14.5700251045		0.6627970432

		24		2.9264276688		0.0530496665				0.04642		0.0295		0.047		0.6		13.9497369957		0.64512195

		25		3.1753477784		0.0530491743				0.0493575		0.0295		0.047		0.65		13.4024737872		0.6331807904

		26		3.4344320777		0.0530488023				0.05253		0.0295		0.047		0.7		12.9149468972		0.6257448643

		27		3.7036798492		0.0530485183				0.0559375		0.0295		0.047		0.75		12.4770240763		0.621913125

										0.05958		0.0295		0.047		0.8		12.0808266144		0.6210097875

		Stall Line								0.0634575		0.0295		0.047		0.85		11.7201233355		0.622518075

		11.2826255781		0						0.06757		0.0295		0.047		0.9		11.3899125619		0.62603605

		11.2826255781		7						0.0719175		0.0295		0.047		0.95		11.086126814		0.6312463934

										0.0765		0.0295		0.047		1		10.8054198137		0.63789525

										0.0813175		0.0295		0.047		1.05		10.5450099844		0.6457771179

										0.08637		0.0295		0.047		1.1		10.3025635534		0.6547238591

										0.0916575		0.0295		0.047		1.15		10.0761059313		0.6645965772

										0.09718		0.0295		0.047		1.2		9.8639536255		0.675279525

										0.1029375		0.0295		0.047		1.25		9.6646612915		0.686675475

										0.10893		0.0295		0.047		1.3		9.4769800996		0.6987021577

										0.1151575		0.0295		0.047		1.35		9.2998246638		0.7112894917

										0.12162		0.0295		0.047		1.4		9.1322465297		0.7243774071

										0.1283175		0.0295		0.047		1.45		8.9734127345		0.7379141198

										0.13525		0.0295		0.047		1.5		8.8225883334		0.75185475

										0.1424175		0.0295		0.047		1.55		8.6791220513		0.7661602089

										0.14982		0.0295		0.047		1.6		8.5424344214		0.7807962938

										0.1574575		0.0295		0.047		1.65		8.4120079162		0.7957329477

										0.16533		0.0295		0.047		1.7		8.2873786869		0.81094365

										0.1734375		0.0295		0.047		1.75		8.168129611		0.8264049107

										0.18178		0.0295		0.047		1.8		8.0538844096		0.84209585

										0.1903575		0.0295		0.047		1.85		7.9443026449		0.8579978453

										0.19917		0.0295		0.047		1.9		7.8390754473		0.8740942342

										0.2082175		0.0295		0.047		1.95		7.7379218488		0.8903700635

										0.2175		0.0295		0.047		2		7.6405856238		0.906811875
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Drag

		

		Airplane Drag

		Drag Polar

		Profile and parasite																		λ		0

																				f(λ)		0.0077

		M		0.0470						Rw		5.0000

		Λ c/4		0.0000						t/c		0.1600								M		0.046969697

		Af		0.9300						τ		1.0324								A		10.5

		t/c		0.1600																f(λ)		0.0077

		X		0.9906																t/c		0.16

																				Λ		0

																				Ne		0

																				K		0.0352494967

		Cl		0.2

		Rw		6.0000

		τ		1.0324

		X		0.9906

		Tf		1.95

		S^-0.1		0.95

		Cdo		0.0530474005

		Drag

		Cdo		0.0530474005

		q		0.6125

		S		0.1563603232

		k		0.0352494967

		W		16

		Velocity (m/s)		Drag (N)		Cd

		6		2.8002193908		0.8121886299

		7		2.1718719435		0.4628129287

		8		1.7973903198		0.2932444301

		9		1.5747670785		0.2030012236

		10		1.4502758277		0.1514321038

		11		1.3934351805		0.1202454767

		12		1.3859070346		0.1004937273

		13		1.4161221177		0.0874946199

		14		1.4764890181		0.078657746

		15		1.5618590541		0.072481416

		16		1.6686403567		0.0680597148

		17		1.7942653418		0.0648270371

		18		1.9368591902		0.0624195144

		19		2.0950270782		0.0605968133

		20		2.2677139206		0.0591964444

		21		2.4541096997		0.0581062342

		22		2.6535842012		0.0572472802

		23		2.8656411629		0.0565631363

		24		3.0898855064		0.0560127959

		25		3.3259995535		0.0555660489

		26		3.5737255181		0.0552003517

		27		3.8328524501		0.0548986823

		Stall Line

		11.2826255781		0

		11.2826255781		7



Cd = 0.053 + 0.0386Cl^2
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Trim

		

		Straight, Level and Unaccelerated						Moment Balance

		Weight (N)		16

		lw (m)		-0.0061015284

		lt (m)		0.5

		Cmo		-0.11

		Flight Speed		15

		Air Density		1.225

		Moment (Mo)		-0.2892520769

		Mac		-0.2892520769

		L		16

		h-hac		-0.05

		lt		0.5

		Lt		-2.1785041539

		Density		1.225

		Velocity		15

		Tail Area		0.0245121

		Tail Cl		-0.6448953737

		Tail AoA		-6.7883723548



Stall Speed



Propulsion and power

		

		Prop		APC Slow Fly												Batteries And Power

		Diameter (m)		0.2286																								Props

		Pitch (m)		0.09652												Flight Case		Thrust		Power								Slow fly 8x6

		RPM		10000												Banked Turn		1.9368591902		30.0213174484								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Flight Speed		15.5												Unaccelerated Climbing		3.5274726335		54.6758258187								806		199.8		169		0.85		9100		18.00		27.00

		J		0.406824147												Unaccelerated Level Flight		1.7942653418		27.8111127976								450		74.93		63		0.84		6900		6.75		10.13

		Prop Efficiency (ηp)		0.8												Accelerated Level Flight		6.34		98.2781981823								289.7		36.08		30		0.83		5600		3.25		4.88

		δηp/δJ		1												Accelerated Climbing Flight		16.13		250.0211665909								228.1		23.87		20		0.84		5000		2.15		3.23

		Number of props, np		1												Pull Ups		1.9368591902		30.0213174484

		Moment Arm, Xp		0.01																								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Prop Disk Area Sp		0.0410433058												Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)				accelerate		6.34		199.80		15.00		2997.00

		Prop Force														accelerate		6.34		192.70		15.00		2890.54				Climb		3.53		74.93		15.00		1123.95

		Normal force coeffcicent, Cnp		0												Climb		3.53		107.21		15.00		1608.11				Dash		2.27		36.08		300.00		10824.00

		δCnp/δαp		0.9		Change in prop force coefficient with AoA										Dash		2.27		54.53		300.00		16359.48				Curise		1.79		23.87		900.00		21483.00

		δεp/δα		0.2		Rate of up from prop										Curise		1.79		54.53		900.00		49078.43				Observe		1.79		23.87		1800.00		42966.00

																Observe		1.79		54.53		1800.00		98156.87				Return		2.27		36.08		300.00		10824.00

																Return		2.27		54.53		300.00		16359.48										0.93		9.02E+04

																						0.93		1.84E+05

		Ducted Fan														Prop Efficieny		0.6

		Inlet Area (m^2)		0.0047												Motor Efficiency		0.85										Folding 8x5

		Exit Area (m^2)		0.0047																								Thrust (g)		Power in		Power out		efficiency		RPM		Amps@11.1		Amps@7.4

		Inlet Air Density (kg/m^3)		1.2250												Battery Packs												806		166		139		0.84		7300		14.95		22.43

		Inlet Flow Velocity (m/s)		15												mAh		voltage		Energy								443		61.05		51		0.84		5500		5.50		8.25

		Mass Flow (kg/s)		0.09												2100		11.1		8.39E+04								284.3		29.7		25		0.84		4500		2.68		4.01

		Thrust (N)		10.0000												6400		11.1		2.56E+05								231.4		21.09		18		0.85		4100		1.90		2.85

		Exit Velocity (m/s)		116.7849113894												4000		11.1		1.60E+05

																5000		11.1		2.00E+05								Mission Profile		Thurst(N)		Power(W)		Time(s)		Energy(J)

		Inlet Moment Arm		0.005												6000		11.1		2.40E+05								Launch		7.40		136.90		30.00		4107.00

																7000		11.1		2.80E+05								Dash		3.50		55.70		300.00		16710.00

																8000		11.1		3.20E+05								Curise		1.50		15.30		900.00		13770.00

																												Observe		1.50		15.30		3500.00		53550.00

																																		1.31		8.81E+04

																																mAh		voltage		Energy

																																2100		11.1		8.39E+04





Aircraft Layout

		

						AC						xm

						0.25		c				0.25		m

																		1.28		m

																				0.122		m

												CG

												0.2		c

																						Vh		0.6423257525

																						Xcg-Xacwf		-0.05

																						Xach-Xcg (m)		0.5

																						Xw		-0.05

						0.5		m

		Lf		0.85		m																Iyy		0.108

																						Ixx		0.02

																						Izz		0.108

																						Ixy		1

																						Sfs (m^2)		0.07992

																						xm (m)		0.3

				0.08		m

										0.306		m

				dfave		0.1199998597

																				Zw		0

																				Lv		0.53

						df		0.12												Zv		-0.0162246086

																				Zf		0.07

																				Lf		0.53

																				Г		0

																				εt		0

				tail ac length wise

																				Г		60

																				Zh		0.015

																60

				Zv		-0.0162246086

						Wing Span		1.28

						Wing Chord		0.122

						CG Location		0.2

						Tail Arm		0.5

						Tail Length		0.4

						Tail Chord		0.08

						V-Angle		50.00



θ

Zf

Aircraft Layout



Wing and Tail Info

		

		Wing		Re = 160k

		FX 63-137(B)		p 93		cord p 257

		Specifications

		Given:								To be found

		V Cruise		Vc		15.5000				Wing Area		S		0.1564

		Density @2500m		ρalt		0.9570				Wing Span		b		1.2813

		Density @ Sea Level		ρsl		1.2250				Wing Chord		c		0.1220

		Weight		W		16.0000				Lift curve Slope 3D		a		0.0774

		Lift Coeff. 2D		Cl		1.0000				Lift Coeff. 3D		CL		0.8902

		Lift curve slope 2D		a0		0.0910				Induced Drag		CDi		0.0267

		Viscosity		µ		1.7E-05				Stalling Speed		Vs		11.2826

		Oswald efficency Factor		e		0.9000				wetted area		Sw		0.3440

		Zero lift angle		α0		-6.0000				Drag coeff in cruise		Cd		0.0648

		Angle of Attack		AoA		5.5000				Drag force in cruise (wing)		D		1.7943

		Cl max		Clmax		1.6800				Wing loading				102.3277

		dynamic pressure		q		114.955				Constant		k		0.0337

		Aspect ratio		AR		10.5000				Basic Lift Coefficient		CL1		0.890

		Profile Drag Coefficient		Cdo Bar		0.0530				Mach Number (sea level)		Ms		0.046

		Mass		m		1.6000				Mach Number (alt)		Ma		0.047

		Cm (a/c)				-0.11				sweep angle		Λ		0

		Tail

		V-Tail Size

		Chord		c		0.0800

		Length		L		0.2000

		Angle		α		50.00				Hor %		0.1567667519

		Total Area		St		0.0320				Vert %		0.1315600959

		H Area		Sh		0.0245

		V Area		Sv		0.0206

		Section Lift Slope		at		0.095

		Down wash		de/da		0.5

		Aspect Ratio		AR		5





X-Derivatives

		Longitudinal X-Derivatives

																																		Ctx1		-0.0823340977

		Clawf		0.0774048899																				Clah		0.095

		Clah		0.095								q		114.95482										Sh		0.0245121

		Sh		0.0245121								S		0.1563603232										S		0.1563603232								Ctx1		-0.0823340977

		S		0.1563603232								Cdα		0.005324854										de/da		0.5								U		15.5

		de/da		0.5								CL1		0.8901562335										Cdih		0.0074464207								np		0.8

		CLα		0.0848513106								m		1.6																				nprps		166.6666666667

												Xα		9.9401806802																				δηp/δJ		1

																																		Ctxu		0.2374309543

																								Kb		0.675

		CL1		0.8901562335																				cld/cldth		0.74

		CLα		0.0848513106																				cldth		0.05

		k		0.0352494967																				K'		0.84

		CDα		0.005324854																				Clah		0.095

																								adCL/adcl		1.09								q		114.95482

																								ade		0.2407064211								S		0.1563603232

																																		Ctxu		0.2374309543

																																		Ctx1		-0.0823340977

		Cd0 Bar		0.0530474005																														m		1.6

		k		0.0336835858																				Cdih		0.0074464207								U		15.5

		CL1		0.8901562335																				ade		0.2407064211								Xtu		0.0527364901

		Cdo		0.0797375369																				Cdde		0.0017924013

		Cdo		0.0530474005

		CDα		0.005324854

		α		5.5																				q		114.95482

		CD1		0.0823340977																				S		0.1563603232

																								Cdde		0.0017924013

																								m		1.6

																								Xde		-0.0201358055

		q		114.95482

		S		0.1563603232

		CD1		0.0823340977

		m		1.6

		U1		15.5

		Xu		-0.119347078



p437 Part VI



Z-Derivatives

		

																												Clah		0.095

																						Clah		0.095				lh		0.5

		q		114.95482				q		114.95482						Clah		0.095				ηh		1				c		0.1220305673

		S		0.1563603232				S		0.1563603232						Sh		0.0245121				Vh		0.6423257525				ηh		1

		CL1		0.8901562335				Cla		0.0848513106						S		0.1563603232				de/da		0.5				Sh		0.0245121

		m		1.6				Cd1		0.0823340977						CLih		0.0148928414				Clad		0.0610209465				S		0.1563603232

		U1		15.5				m		1.6																		Clq		0.122041893

		Zu		-1.2903225806				Zα		-1.8781580357

																ade		0.2364837678

																Clih		0.0148928414

																Cdde		0.0035219153				q		114.95482				q		114.95482

																						S		0.1563603232				S		0.1563603232

																						c		0.1220305673				c		0.1220305673

																						Clad		0.0610209465				Clq		0.122041893

																						m		1.6				m		1.6

																						U		15.5				U		15.5

																q		114.95482				Zad		-0.0026984827				Zq		-0.0053969654

																S		0.1563603232

																Cdde		0.0035219153

																m		1.6

																Zde		-0.0395651361





M-Derivatives

		

																												ade		0.2364837678

		Clah		0.095																								Cmih		-0.0610209465				Kw		0.9																nj		1		Number of ducted fans

		Vh		0.6423257525												q		114.95482				q		114.95482				Cmde		-0.0144304633				Claw		0.0774048899																m		0.09		mass flow

		Cmih		-0.0610209465												S		0.1563603232				S		0.1563603232										A		10.5								Cmt1		0.2368151029						xj		0.005		Inlet Moment Arm

																c		0.1220305673				c		0.1220305673										Xw		-0.05																Ai		0.00466		Inlet Area

																Cma		-0.0075934549				Cma		-0.0075934549										c		0.1220305673																ρ		1.225		Inlet Density

																Iyy		0.108				Iyy		0.108										Cmqw, M=0		0.0086823505																q		114.95482

																U1		15.5				Ma		-0.1542190541				q		114.95482																						S		1.2813209566

																Mad		-0.0006070787										S		0.1563603232																						c		0.1220305673

		Cmacwb		-0.11																								c		0.1220305673														q		114.95482						dej/da		0.5		jet up wash gradient

		CLwf		0.8901562335																								Cmde		-0.0144304633														S		0.1563603232						Cmta		0.0005359349

		Xcg-Xac		-0.05																								Iyy		0.108				Cmqw, M=0		0.0086823505								c		0.1220305673

		Clah		0.095																								Mde		-0.2930750824				B		1								Cmt1		0.2368151029

		Sh		0.0245121																														Cmpw		0.0781411542								Iyy		0.108

		S		0.1563603232																																								U		15.5

		Xach-Xcg		0.5																																								Mtu		0.6205922011

		Eo		2.75																																																q		114.9548

		Cmo		-0.1340301547																																																S		0.1564

																																		Clah		0.095																c		0.1220

																																		nh		1																Cmta		0.0005

																																		Vh		0.6423257525																Iyy		0.1080

																																		Xach-Xcg		0.5																Mta		0.0109

																																		Cmqh		-0.0610209465

		Clawf		0.0774048899

		Xcg-Xacwb		-0.05

		Clah		0.095

		Sh		0.0245121																														Cmq		0.0171202077

		S		0.1563603232

		Xach-Xcg		0.5

		de/da		0.5

		Cmα		-0.0075934549

																																		q		114.95482

																																		S		0.1563603232

																																		c		0.1220305673

		Cmo		-0.1340301547																														Cmq		0.0171202077

		Cma		-0.0075934549																														Iyy		0.108

		α		5.5																														U1		15.5

		Cmih		-0.0610209465																														Mq		0.0013687199

		Cm1		-0.2368151029

		q		114.95482

		S		0.1563603232

		c		0.1220305673

		Cm1		-0.2368151029

		Iyy		0.108

		U1		15.5

		Mu		-0.3102961005





longitudinal

		

												Cmcg		AoAa

												-0.0352		0

												-0.1040		2

				Hac		0.2500						-0.1728		4

				H		0.2000						-0.2415		6

				Wing area		0.1564						-0.3103		8

				Wing cord		0.1220						-0.3791		10

				Down wash		0.5000						-0.4478		12

				Tail Area		0.0245						-0.5166		14

				Wing lift curve		0.0774						-0.5853		16

				Tail lift curve		0.0950

				Tail sep dist		0.5000

				Tail volume cof		0.6423

				Tail setting angle		1.2250

				Cmα		-0.0343807

				Hn		0.6442

				SM		0.4442

				Cmo		-0.0352

																Xu		-0.1193		Zu		-1.2903		Mu		-0.3103

				V-Tail Size												Xa		9.9402		Za		-1.8782		Mad		-0.000607

				Chord		0.0700										Xde		-0.0201		Zde		-0.0396		Ma		-0.1542

				Length		0.1500										Xtu		0.0527		Zad		-0.0027		Mde		-0.2931

				Angle		60.0000										U1		15		Zq		-0.0054		Mq		0.0014

				Total Area		0.0210										g		9.81						Mtu		0.6206

				H Area		0.0182										θ1		0						Mta		0.0109

				V Area		0.0105										θq		0

																								0.0821118624		0.2404794779

		A1		16.8782

		B1		2.8660650133																								0

		C1		15.1091570964																								45.6759698278

		D1		-0.4479374186																								-46.2493431578		0.3102961005

		E1		7.5314593173																								-0.0175552558		-149.0490633916

																												0.1429911672

																												-0.4479374186

		Au		-0.302091419

		Bu		-0.045507143

		Cu		4.800338874

		Du		5.3399717044

		Aa		-0.0395651361

		Ba		-4.3711441393

		Ca		-0.386442357

		Da		-3.8301997637

		Aθ		-4.3968930755

		Bθ		-0.9314034672

		Cθ		-0.7121053199



Lw

Lt

xt

Xcg

Xac

Xn



longitudinal

		0

		0

		0

		0

		0

		0

		0

		0

		0



0

0

0

0

0

0

0

0

0



roots

		Longitudinal

				Characteristic Equation

						16.8782		S^4		+		2.8660650133		S^3		+		15.1091570964		S^2		+		-0.4479374186		S		+		7.5314593173

		Routh-hurwitz

		A1		16.8782

		B1		2.8660650133

		C1		15.1091570964

		D1		-0.4479374186

		E1		7.5314593173

		Routh's Discriminant

				-84.6498538895

		Equation Roots

		X1		-0.3913457		0.8006865

		X2		-0.3913457		-0.8006865

		X3		0.3057921		0.7027259

		X4		0.3057921		-0.7027259

		Lateral-directional

		Characteristic Equation

						-734.2954226545		S^4		+		-22864.4457832771		S^3		+		340345.59283895		S^2		+		-12180.3115796007		S		+		38808.0580850907

		Routh-hurwitz

		A2		-734.2954

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Routh's Discriminant

				74605662969594.8

		Equation Roots

		X1		0.0122		0.3320

		X2		0.0122		-0.3320

		X3		10.8627		0.0000

		X4		-42.2506		0.0000

		Dutch Roll				Stable

		Spiral Divergance				Unstable

		Roll subsidance				Stable



Longitudinal Derivatives

Denominator

All values have to be >0 AND the equaltiy below has to be >0 in order for the system to be stable



roots

		0

		0

		0

		0



(n)

jw

Poles Of Ch Eq

0

0

0

0



Y-Derivatives

		0

		0

		0

		0



Graph to show poles of Lat-Dir Ch Eq

0

0

0

0



L-Derivatives

		

		Г		0																																		Clav		0.095

		Cybw		0																																		K'		0.8

																																						Kb		0.6

																																						adcl/adCL		1.05

																																						adCL		0.6

																																						Sv		0.0205707791

		Ki		1																																		S		0.1563603232

		So		0.01131																																		Cydr		0.0037794584

		S		0.1563603232

		Cybf		-0.144665856

																																						q		114.95482

		Sv		0.0205707791																																		S		0.1563603232

		S		0.1563603232																																		Cydr		0.0037794584

		Zw		0																																		m		1.6

		Zf		0.07																																		Ydr		0.0424583718

		A		10.5

		1+dσ/db		1.0197869467

		Clav		0.095

		1+(dσ/db)		1.02

		Sv		0.0205707791

		S		0.1563603232

		Cybv		-0.0127455105

		Cybw		0

		Cybf		-0.144665856

		Cybw		-0.0127455105

		Cyb		-0.1574113665

		q		114.95482

		S		0.1563603232

		Cyb		-0.1574113665

		m		1.6

		Yb		-1.7683566162



p383 part VI

Varation in airplane side force
due to roll rate

Varation in side force due to yaw rate

Side Force due to aileron

p461
Part VI



N-Derivatives

		

																																								Clw		0.8901562335																		Zv		-0.0162246086

																																								Clr/Cl,cl=0		0.175												q		114.95482				a		5.5

																						βClp/k		-0.35																A		10.5												S		0.1563603232				Lv		0.53

																						k		0.0758567921																Λ		0												b		1.2813209566				b		1.2813209566

																						β		0.98																Δclr/Г		0												Clda		0.8824				Cydr		0.0037794584

		CLwf		0.8901562335																		Claw/Claw0		1																Г		0												Ixx		0.02				Cldr		-0.0001974632

		Clb/Cl c/2		0																		Clp/Clp0		1																ΔClr/et		-0.0105												Lda		1016.1250976697

		Km		1																		Clp/cl^2		0																et		0

		Kf		0.5																		CLw		0.8901562335																ΔClr/adfdf		0.006

		Clb/Cl A		0.001																		Cdow		0.0530474005																Cld/Cldt		0.5

		Г		0																		ΔClpd		-0.0066309251																Cldt		0.0523

		Clb/Г		-0.0002																		Clpw		-0.0337226365																k'		0.7																		q		114.95482

		KmГ		1																																				df		20																		S		0.1563603232

		dclb/Г		-0.0000460474																																				ΔClr		0.3661																		b		1.2813209566

		ΔClbzw		0																																				adf		0.2364837678																		Cldr		-0.0001974632

		εt		1																																				Clrw		0.5218773409																		Ixx		0.02

		Λc/4		0.0001																		Zv		-0.0162246086																																				Ldr		-0.2273881658

		ΔClb		0																		b		1.2813209566

		Λc/2		0																		Cybv		-0.0127455105

		Clbwf		0.001																		Clpv		-0.0000040871

																																								b		1.2813209566

																																								Lv		0.53

																																								α		5.5

																																								Zv		-0.0162246086

																																								Cybv		-0.0127455105

																						bClp/k0		-0.35																Clrv		0.008166976

																						k		14.7

																						β		0.98

		CLh		-0.6448953737																		zh		0.015

		Clb/Cl c/2		0																		b		0.30640125																Clrw		0.5218773409

		Km		1																		Г		-60																Clrv		0.008166976

		Kf		1																		Clh		15																Clr		0.5300443168

		Clb/Cl A		-0.001																		Clah		0.095

		Г		-60																		Cdoh		0.002

		Clb/Г		-0.00015																		Clp/Clp0		1.1911562211

		KmГ		1																		Clp/cl^2		0

		dclb/Г		-8.0527E-04																		ΔClpd		-0.00025

		ΔClbzw		-0.0019476378																		clah/clh		1																q		114.95482

		εt		0.001																		Clph		-6.2538201607																S		0.1563603232

		Λc/4		0.0001																																				b		1.2813209566

		ΔClb		0																																				Clr		0.5300443168

		Λc/2		0																																				Ixx		0.02

		Clbh		0.0543684743																																				Lr		782.0810995721

																						Clpw		-0.0337226365

																						Clpv		-0.0000040871

																						Clph		-6.2538201607

																						Clp		-6.2875468844

		Cybv		-0.0127455105

		Zv		0.07

		α		5.5

		Lv		0.53

		b		1.2813209566

		Clbv		-0.0001877973																		q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Clp		-6.2875468844

																						Ixx		0.02

																						U		15.5

		Clbwf		0.001																		Lp		-299.2672210129

		Clbh		0.0543684743

		Clbv		-0.0001877973

		Clb		0.055180677

		q		114.95482

		S		0.1563603232

		b		1.2813209566

		Clb		0.055180677

		Ixx		0.02

		Lb		63.5431445758



p392 partVI

Rolling moment due to side slip

Rolling moment due to roll rate, p417 part VI

Rolling moment due to yaw rate



Lateral-Directional

		

																						A		10.5										Cnr/CL^2		0														Cydr		0.0037794584

																						x		0.2										Clw		0.8901562335						ka		-0.1						Lv		0.53

																						c		0.1220305673										Cnr/Cd0		-0.375						Clw		0.8901562335						a		5.5

																						Cnp/Clm0		-3.5745707508										Cdow		0.0530474005						Clda		0.8824						Zv		-0.0162246086

																																		Cnrw		-0.0198927752						Cnda		-0.078547386						b		1.2813209566

		Kn		0.0015																																														Cndr		-0.001551536

		Kr1		1

		Sfs		0.07992

		lf		0.85

		S		0.1563603232																		A		10.5										b		1.2813209566

		b		1.2813209566																		B		1										Lv		0.53						q		114.95482

		Cnbf		-0.0291431031																		Cnp/Clm0		-3.5745707508										a		5.5						S		0.1563603232						q		114.95482

																						Cnp/Cl		-3.5745707508										Zv		-0.0162246086						b		1.2813209566						S		0.1563603232

																																		Cybv		-0.0127455105						Cnda		-0.078547386						b		1.2813209566

																																		Cnrv		-0.0042958764						Izz		0.108						Cndr		-0.001551536

																																										Nda		-16.7501868458						Izz		0.108

		Cybv		-0.0127455105																																														Ndr		-0.3308641896

		Lv		0.53

		a		5.5																		Cnp/CL		-3.5745707508										Cnrw		-0.0198927752

		Zv		-0.0162246086																		Cl		0.8901562335										Cnrv		-0.0042958764

		b		1.2813209566																		Cnp/et		0.0008										Cnr		-0.0241886516

		Cnbv		0.0052322623																		et		0

																						dcnp/addf		0.0015

																						adf		0.2364837678

																						df		20

																						Cnpw		-3.1748319228

																																		q		114.95482

		Cnbw		0																														S		0.1563603232

		Cnbf		-0.0291431031																														b		1.2813209566

		Cnbv		0.0052322623																														Cnr		-0.0241886516

		Cnb		-0.0239108408																		b		1.2813209566										Izz		0.108

																						Lv		0.53										U		15.5

																						a		0.0774048899										Nr		-0.2132042281

																						Zv		-0.0162246086

																						Cybv		-0.0127455105

																						Cnpv		0.000127435

		q		114.95482

		S		0.1563603232

		b		1.2813209566																		Cnpw		-3.1748319228

		Cnb		-0.0239108408																		Cnpv		0.000127435

		Izz		0.108																		Cnp		-3.1747044878

		Nb		-5.098973648

																						q		114.95482

																						S		0.1563603232

																						b		1.2813209566

																						Cnp		-3.1747044878

																						Izz		0.108

																						U		15.5

																						Np		-27.9825610806



Yawing moment due to sideslip
also called directional (weather cock) stability
p397 Part VI

Yawing moment due to thrust offset, can be ignored as moment arm will be <1cm

wing moment due to roll rate

Yaw Moment due to aileron



Camera&lens

		

		Derivatives

		Yb		-1.7683566162		Lb		63.5431445758		Nb		-5.098973648		U		15.5

		Yp		0		Lp		-299.2672210129		Ntb		0		θ		5.5

		Yr		0		Lr		782.0810995721		Np		-27.9825610806		g		9.81

		Yda		0		Lda		1016.1250976697		Nr		-0.2132042281		A1		16.8781580357

		Ydr		0.0424583718		Ldr		-0.2273881658		Nda		-16.7501868458		B1		2.8660650133

										Ndr		-0.3308641896

		transfer Functions

		Common Denomantor

		A2		-734.2954226545

		B2		-22864.4457832771

		C2		340345.59283895

		D2		-12180.3115796007

		E2		38808.0580850907

		Aileron

		Ab		0

		Bb		-45399.977065978

		Cb		525583.410514384

		Db		-125804.015502806

		Rudder

		Ab		-2.0114185863

		Bb		-57.4288519786

		Cb		2311.2794212286

		Db		-2527.2499410809

		Aileron

		Aphi		11367.8983528579

		Bphi		-198395.18150681

		Cphi		-86593.330153612

		Rudder

		Aphi		-90.0823768261

		Bphi		-4022.8055538356

		Cphi		-282.5653262195

		Aileron

		Asi		44880.7212737588

		Bsi		-513301.419089816

		Csi		-59145.4535870857

		Dsi		-40200.2542753881

		Rudder

		Asi		-15.2298885696

		Bsi		-1430.3570689204

		Csi		-304.1299640892

		Dsi		216.6193526791





Recovery

		

		Main Sensor

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		1.25		8.47E-03		50		4.17E-04		460		4.92		23

		150		1.25		8.47E-03		60		5.00E-04		460		5.91		27

		150		1.25		8.47E-03		70		5.83E-04		460		6.89		32

		150		1.25		8.47E-03		80		6.67E-04		460		7.87		36

		150		1.25		8.47E-03		90		7.50E-04		460		8.86		41

		Spotter Camera

		AGL(m)		Object Height(m)		Sensor Size (m)		Focal Length (mm)		Image Height		TV Lines		% image		Image Lines

		150		2		6.35E-03		12		1.60E-04		380		2.52		10

		150		1		8.47E-03		12		8.00E-05		380		0.94		4

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		150		0.5		8.47E-03		12		4.00E-05		380		0.47		2

		Pixel Representation

		Scene Size (m)		Total Pixels		Size Per Pixel (m)

		5		379392		0.008

		7.5		379392		0.012

		10		379392		0.016

		15		379392		0.024

		5		7.86E+05		0.006

		7.5		7.86E+05		0.008

		10		7.86E+05		0.011

		15		7.86E+05		0.017

		5		1.40E+06		0.004

		7.5		1.40E+06		0.006

		10		1.40E+06		0.008

		15		1.40E+06		0.013





		

		Mass		1.6

		Air Density		1.225

		Cd		1.5

		Desent Velocity		3

		Diameter		1.5546392336



Cd
0.75 for flat sheet
1.5 for Dome
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				Mass (kg)		Qty		Sub System Mass

		wing		0.124		2		0.248

		Tail		0.0415		2		0.083

		Airframe		0.198		1		0.198

		Motor + Prop		0.058		1		0.058

		Batt + ESC		0.201		1		0.201

		FCS		0.15		1		0.15

		camera + Tx		0.2		1		0.2

		Total Mass						1.138

		Structure

		R Wing		127.8		118						wings

		L Wing		128		118						Foam		10

		R Tail		50		50						Spar		45.6

		L Tail		47		47						Glass		36.7

		Airframe		102								Epoxy		75.7

		Wing Mount		43.4		43.4								168

		Tail Mount		58

				556.2		376.4

		Power

		Battery		178		178

		Motor		58		58

		Prop		12		12

		Rx		17.7		17.7

		ESC		23		23						V 1		V 2

				288.7		288.7				Wings		336		200

										Tails		110		50

				844.9						Fuselage		350		200

										Power Train		427		254

										Total		1223		704
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