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1. Previous RAIDER Work  

This section notes the work done in past reports on RAIDER configuration along with main 

takeaways that were considered for the mockup design of RAIDER GMLRS.  

• The GMLRS missile was found to be generating maximum drag of 3530 lbf. at Mach 3 at 

sea level. The minimum bending frequency was found to be 1000 rad/s. The maximum 

lift-to-drag ratio at dynamic pressure of 130 psi.  

• For Mach 2.5, the Zero-lift drag coefficients were 0.336 and 0.326 for coast and powered 

conditions respectively and the body zero-lift wave drag coefficient was 0.162. GMLRS 

was found to be reaching the maximum lift-to-drag ratio of 2.19 at AOA of 15 degrees 

with lifting surfaces and reaches 1.5 at AOA of 20 degrees without the lifting surfaces.  

• With a flare stabilizer, the aerodynamic center of GMLRS was found to be 6.4 inches, 7.5 

inches and 11 inches from head for zero, 10 and 20 degrees of AOA respectively. Static 

margin was found to be of -8, -7.8 and -7.4 at zero, 10- and 20-degrees AOA 

respectively. The aerodynamic center stays at 25% of the chord for subsonic flight and 

shifts to 49.7% of the chord at transonic flight. Similarly, the aerodynamic center of the 

nose fin shifts to 48.6% chord during transonic flight. During the supersonic flight, the 

aerodynamic center shifts as it decreases as compared to the transonic flight but remains 

steady during Mach 5.  

• The total normal force coefficients were found to be 2.58 and 12.19 for AOA of 5 and 20 

degrees respectively with tailfins being the major contributors due to large surface area. 

For neutral stability, the required tail area at Mach 1 was calculated to be 38.4 in2 and 32 

in2 with the full fuel load and spent fuel load respectively. Similarly for Mach 2.5, this 

area was calculated to be 67.3 in2 and 56.2 in2 for full fuel load and spent fuel load 

respectively.  

• The maximum range for the RAIDER model was calculated to be 71.7 miles which is 

18% or 12.7 miles of improvement over the original GMLRS model. The maximum 

altitude of the RAIDER model was found to be 150,000 ft.  

• Recommendations suggested in the previous reports included the following for additional 

improvements in the design: The boattail be added to reduce drag in the midcourse and 

terminal phases thus allowing further increase in the range. The hinge line of the control 
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surfaces be moved forward of the aerodynamic center to avoid unstable feedback loop 

and jitters.  

• Some design decisions considered for the RAIDER GMLRS mockup are as follows:  

o The canard surfaces were removed to further simplify the geometry especially 

near the RAIDER inlet area. The tail area was slightly increased to account for the 

canard surfaces.  

o The tail fins were arranged in the X-configuration to have better static stability 

and high control authority in pitch and yaw. The X-tail configuration was also 

considered since it offers a higher lift-to-drag ratio as compared to the + (plus) tail 

configuration.  

 

 

Figure 1.1: Team with the RAIDER GMLRS mockup. 
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Figure 1.2: RAIDER GMLRS 
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2. General RAIDER Layout  

This section presents a generalized schematic of RAIDER GMLRS, the main components 

included are the quasi-isentropic inlet, two side ducts, combustor inlet throat, combustion 

chamber, and a nozzle. 

The quasi-isentropic inlet was located at the nose section, as the freestream would go into the 

cross-section at the front of the missile. The inlet at the front was connected to the combustor at 

the tail section, by the two side ducts. The combustor was located after the fuel section and 

connected with the nozzle at the tail. The whole schematic is as shown in Figure 2.1.  

 

Figure 2.1 General Schematic of RAIDER GMLRS 
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3. Flight Assumptions and Mission Profile  

In this section, the flight conditions and mission profile would be presented. 

For the fight conditions, the RAIDER GMLRS was assumed to be accelerated to Mach 4 by 

expulsion charge. Assumed the RAIDER GMLRS was launched at sea level, with launch angle 

of 45 degrees. The speed of sound was assumed to be 1116 ft/s, at sea level. With Equation 1, the 

maximum altitude was calculated to be 154,830 ft. With Equation 4, the maximum range was 

estimated to be 619,438 ft. With Equation 5, the time of flight was estimated to be 196 seconds. 

Then the mission profile was built with the information, as shown in Figure 3.1.  

 

ℎ𝑚𝑎𝑥 =
𝑉2(sin 𝜃𝑖)

2

2𝑔
=
(4 ∗ 1116𝑓𝑡/𝑠)2 ∗ sin⁡(45)2

2 ∗ 32.2
= 154,830⁡𝑓𝑡 

 (Ref. 1) Equation 1 

𝑉𝑥 = 𝑉 ∗ cos(𝜃𝑖) = 4 ∗ 1116𝑓𝑡/𝑠 ∗ cos(45) = 3158𝑓𝑡/𝑠 

 (Ref. 1) Equation 2 

𝑉𝑦𝑚 = 𝑉 ∗ sin(𝜃𝑖) = 4 ∗ 1116𝑓𝑡/𝑠 ∗ sin(45) = 3158𝑓𝑡/𝑠 

 (Ref. 1) Equation 3 

𝑅 =
𝑉𝑥
𝑔
∗ (𝑉𝑦𝑚 +√𝑉𝑦𝑚

2 + 2𝑔ℎ) =
3158 (

𝑓𝑡
𝑠
)

32.2
∗

(

 3158 (
𝑓𝑡

𝑠
) + √(3898 (

𝑓𝑡

𝑠
))

2

+ 0

)

 

= 619,438𝑓𝑡 

 (Ref. 1) Equation 4 

𝑇𝑂𝐹 =
1

𝑔
∗ (𝑉𝑦𝑚 +√𝑉𝑦𝑚

2 + 2𝑔ℎ) =
1

32.2
∗

(

 3158 (
𝑓𝑡

𝑠
) + √(3158 (

𝑓𝑡

𝑠
))

2

+ 0

)

 = 196𝑠 

 (Ref. 1) Equation 5 
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Figure 3.1 RAIDER GMLRS Mission Profile (Ref.5) (Ref.6) 
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4. RAIDER Design for Mach 4 at Burnout Altitude, Cruise Initiation 

Point  

4.1.Determination of required thrust at Cruise Initiation Point  

In this section, the L/D, weights, and cruise angle of RAIDER GMLRS was calculated, at Mach 

4 flight condition and altitude determined in Chapter 3.  

𝑇 = 𝐼𝑠𝑝 ∗
𝑊𝑓𝑢𝑒𝑙

𝑇𝑂𝐹
= 230𝑠 ∗

201𝑙𝑏𝑓

196𝑠
= 235𝑙𝑏𝑓 

(Ref. 1) Equation 4.1 

𝐿

𝐷
~
𝑊

𝑇
=
666⁡𝑙𝑏𝑓 − 201⁡𝑙𝑏𝑓

235⁡𝑙𝑏𝑓
= 1.98 

(Ref. 1) Equation 4.2  

 

4.2 Assumptions  

This section presents the assumptions used for the areas, pressures, temperatures used in the 

fellow sections. 

As the previous sections stated, the RAIDER GMLRS reach the altitude of 154,830 ft at cruising. 

Therefore, the properties of the freestream to going into the engine would be at 155,000 ft. The 

specific heat ratio was assumed remained constant, as 1.4. The free stream flow area, A0, was 

assumed to be almost the same as the inlet capture area.  

Table 4.1: Assumed Values for Calculation 

Temperature 282 K (508 R)  

Pressure 2.55 lb/ft2 

Density 2.92*10-6 slug/ft3 

Specific Heat Ratio 1.4 

Weight 465 lbs 

A0 62.8in2 
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4.3 Calculate A0 and AIT 

In this section, the steps taken to calculate free stream flow area into the inlet (A0), inlet throat 

area (AIT), mass flow rate of air, and the combined flow rate of fuel and air are described. At 

Mach 4, the required thrust was calculated to be 277 lbf or 8864 lbm. To calculate the value for 

A0, the combustor exit temperature (T4) was calculated using Equation 4.3. The liquid propellant 

was assumed to be RJ-5, which has a fuel heating value (Hf) of 17,900 BTU/lb. A stoichiometric 

fuel-to-air ratio of 0.067 was assumed for this calculation. The free stream temperature (T0) was 

obtained from Ref. 3 for the altitude calculated in section 3. The combustor exit temperature was 

calculated to be 5819 R. 

𝑇4 = 𝑇0 {1 + [
𝛾0 − 1

2
]𝑀0

2} + (
𝐻𝑓

𝑐𝑝
)(
𝑓

𝑎
) 

  (Ref. 2) Equation 4.3 

 Then, using Equation 4.4 and rearranging to solve for A0, the free stream flow area into the inlet 

was calculated to be 2.53(107) in2. 

𝑇

𝑝0𝐴0
= 𝛾0𝑀0{{

𝑇4 𝑇0⁄

1 + [
𝛾0 − 1
2 ]𝑀0

2
}

1
2

− 1 

  (Ref. 2) Equation 4.4 

Since, the A0 value is significantly larger than the cross-sectional area of the missile, the A0 value 

is assumed to be 62.8 in2. Thus, the mass flow rate of air (ṁair) was calculated using Equation 

4.5. Here, ρair is the density of air at cruise altitude of 154,830 ft, and V is the cruise speed of 

Mach 4. 

𝑚̇𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟𝐴0𝑉 

  (Ref. 2) Equation 4.5 

The value of ṁair was calculated to be 0.23 lb./s. In a previous report the flow rate of fuel was 

calculated to be 7.61 lbm/s. Thus, combined mass flow rate ṁtot can be given as a sum of the air 

mass flow rate and fuel mass flow rate. The value for ṁtot is 7.84 lbm/s. 
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To calculate the inlet throat area (AIT), Equation 4.4 was rearranged to solve for AIT. In equation 

4.6, (M1E)start is the inlet start Mach number and is assumed to be 1.5. The value for AIT was 

calculated to be 53.4 in2.  

𝐴𝐼𝑇
𝐴0

= 1.728(𝑀𝐼𝐸)𝑠𝑡𝑎𝑟𝑡[1 + 0.2(𝑀𝐼𝐸)𝑠𝑡𝑎𝑟𝑡
2 ]−3 

   (Ref. 2) Equation 4.6 

 

4.4 Calculate Combustor Inlet Mach number, M3, Combustor Inlet Area, A3, Combustor 

Exit Mach Number, M4 and Pressure, P4 

This section describes the steps to calculate combustor inlet Mach number (M3), combustor inlet 

area (A3), combustor exit Mach number, M4 and pressure, P4. To accurately calculate M3, 

Equation 4.7 (Ref. 2) was referred to. Here, (M3)TC is the combustor inlet Mach number with 

thermal choking. The T4/T0 ratio for the RAIDER GMLRS was calculated to be 13.23. The value 

of (M3)TC was calculated to be 0.26. 

(𝑀3)𝑇𝐶 ≈ 0.461[
1 + 0.2𝑀0

2

𝑇4 𝑇0⁄
]1/2 

  (Ref. 2) Equation 4.7 

Using Equation 4.8 (Ref 2), the combustor inlet area (A3) was calculated. The assumptions for 

this calculation are that the inlet is isentropic (MIT = 1), and γ = 1.4. Rearranging Equation 4.6 to 

solve for A3, the combustor inlet area was determined to be 123.7 in2.  

𝐴𝐼𝑇
𝐴3

=
1.728𝑀3

(1 + 0.2𝑀3
2)3

 

  (Ref. 2) Equation 4.8 

Equation 4.9 (Ref 2) was used to get the combustor exit Mach number (M4). 

𝑀4 ≈ {
[−𝑏 − (𝑏2 − 4𝑎𝑐)

1
2]

2𝑎
}1/2 

  (Ref. 2) Equation 4.9 

Where a, b, and c are as described in equations 4.10, 4.11, and 4.12 respectively. 
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𝑎 = 1.822(𝑇4𝑡/𝑇3𝑡)𝑀3
2 − 1.175 

  (Ref. 2) Equation 4.10 

𝑏 = 2.70(𝑇4𝑡/𝑇3𝑡)𝑀3
2⁡ 

  (Ref. 2) Equation 4.11 

𝑐 = ⁡ (𝑇4𝑡/𝑇3𝑡)𝑀3
2 

  (Ref. 2) Equation 4.12 

An approximate value of γ ≈ 1.35 was assumed to obtain the equations for a, b, and c. Here T3t 

denotes the combustor entrance total temperature. And T4t denotes the combustor exit total 

temperature. The value of T4t was assumed to be equal to the combustor exit temperature 

estimated in section 4.3. Thus, T4t is 5819 R. T3t is given by Equation 4.13 and was estimated to 

be 1847 R.  

𝑇3 = [1 + 0.2𝑀0
2]𝑇0 

  (Ref. 2) Equation 4.13 

Substituting the known values of T3, T4 and M0 in the equations of a, b, and c and substituting a, 

b, and c in Equation 4.9, the combustor exit Mach number was determined to be approximately 

equal to 1. The total pressure ratio (p4/p3), which is the ratio of combustor exit total pressure to 

the combustor entrance total pressure is given by Equation 4.14 (Ref. 2). 

𝑝4 𝑝3⁄ ≈
{1 + [(𝛾 − 1) 2⁄ ]𝑀4

2}𝛾 (𝛾−1)⁄

[1 + 𝛾𝑀4
2]

 

  (Ref. 2) Equation 4.14 

The pressure ratio was estimated to be about 0.793, indicating a 20% pressure loss in the 

combustor. 

 

4.5 Calculate Speed of Sound in Combustion Chamber  

This section calculates the speed of sound in the combustion chamber, a4. The T4 value 

calculated in section 4.4 was found to be 5819 R (3232.78 K). The following equation 4.2 was 

used to calculate the speed of sound in the combustion chamber. The value for ratio of specific 
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heats was assumed to be 1.4. The speed of sound in the combustion chamber was found to be 

118.2 ft/s.  

a4 = √
𝑹𝑻𝟒

𝒎𝟒
  = √

(𝟏.𝟒)(𝟖.𝟑𝟏⁡𝑱/𝒎𝒐𝒍)⁡(𝟑𝟑𝟐𝟒⁡𝑲)

𝟐𝟖.𝟗𝟔⁡𝒈/𝒎𝒐𝒍
 = 36.04 m/s = 118.2 ft/s   

Equation 4.15  

 

4.6 Calculate Combustion Speed, V4 

This section calculates the combustion chamber speed V4. The value for speed of sound (a4) was 

found to be 36.04 m/s in section 4.5 and was used to calculate the combustion speed V4 at Mach 

4 using equation 4.3. The combustion speed was calculated to be 472.97 ft/s.  

V4 = a4M4 = (36.04 m/s) (4) = 144.16 m/s = 472.97 ft/s  

 Equation 4.16 

 

4.7 Calculate Combustion Chamber Length, Lc 

To calculate the minimum combustor length the combustion chamber speed will be multiplied by 

the maximum time to combustion. Using the worst possible case of the longest combustion time 

of 0.01s the minimum combustor length can be calculated using Equation 4.16. 

(lcomb)min = tcombVcomb = (472.97 ft/s) (0.01 s) = 4.73 ft    

(Ref. 2) Equation 4.17 

4.8 Determine Throat Area 

To calculate the throat area for sonic chocking Equation 4.18 will be used. For the calculation the 

authors assume c* at a nominal value of 5,200 ft/s and pc = p4.  

At = Wp c*/gcpc= (7.84 lbm/s)(5,200 ft/s)/(32.2 lbmft/lbfs2)(113.7 lbf/ft2) = 0.077  ft2   

 (Ref. 2) Equation 4.18 

4.9 Design the Expansion Bell/Nozzle  

Using a variety of rocket engines, the general geometry of the expansion bell can be formed. 

Using the throat area found in Section 4.8 and assuming the bell expands to the outer mold line 

of the baseline GMLRS the expansion bell takes the form shown in Figure 4.1. An isometric 

view of the expansion bell can be seen in Figure 4.2. 
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Figure 4.1: Expansion Bell 

 

Figure 4.2: Expansion Bell Isometric View 
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4.10 Determining Engine Thrust and Isp 

This section describes the steps to calculate engine thrust (T) and the specific impulse (Isp). To 

calculate the thrust generated by the engine, Equation 4.19 was used. 

 

𝑇 =⁡ 𝑐𝑑𝑝𝑐𝐴𝑡{{[
2𝛾2

𝛾 − 1
][2/(𝛾 + 1)](𝛾+1) (𝛾−1)⁄ [1 − (

𝑝𝑒
𝑝𝑐
)
(𝛾−1) 𝛾⁄

]}1 2⁄ + (𝑝𝑒 𝑝𝑐)𝜀⁄ −⁡(𝑝0 𝑝𝑐)𝜀⁄ }⁡ 

(Ref. 2) Equation 4.19 

In Equation 4.19, cd is the discharge coefficient, pc is the combustion chamber pressure, pe is the 

nozzle exit pressure, p0 is the free stream pressure, γ is the ratio of specific heats for the fuel-air 

mixture, and ε is the nozzle expansion ratio. The value of cd was assumed to be 0.96 and ε was 

assumed to be 6.2. From Fleeman (Ref. 2), the value of γ was obtained to be 1.18. At is the throat 

inlet area which was calculated in section 4.8 and was estimated to be 0.077 ft2.  

To determine the Mach number at the nozzle exit, Equation 4.20 was used. Rearranging 

Equation 4.20 to solve for Me, the exit Mach number was determined to be 2.5. 

𝐴𝑒
𝐴𝑡
⁡= (

𝛾 + 1

2
)
−
(𝛾+1)

2(𝛾−1)⁄

(
(1 + (

(𝛾 − 1)
2
⁄ )𝑀𝑒

2)

(𝛾+1)
2(𝛾−1)⁄

𝑀𝑒
) 

(Ref. 7) Equation 4.20 

 

The pressure in the combustion chamber was estimated to be 113.7 lb./ft2. The free stream 

pressure at 150,000 ft was obtained from atmospheric data (Ref. 3) and was 0.020 psi.  To 

determine the nozzle exit pressure, Equation 4.21 was used. Rearranging the equation to solve 

for pe, the exit pressure was determined to be 26.8 psi. 

𝑝𝑒
𝑝𝑡
=⁡ (1 +

𝛾 − 1

2
𝑀𝑒
2)−𝛾 (𝛾−1)⁄  

(Ref. 7) Equation 4.21 

Now, substituting the pressures, areas, and other variables into equation 4.19, the value for 

engine thrust was obtained. The thrust generated by the engine is 678 lb.  
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The specific impulse for the engine was calculated using Equation 4.22. Assuming a propellant 

characteristic velocity (c*) of 5,200 ft/s, specific impulse was found to be 387 s.  

𝐼𝑠𝑝 = 𝑐𝑑{{[2𝛾
2/𝛾 − 1][2/(𝛾 + 1)](𝛾+1) (𝛾−1)⁄ [1 − (𝑝𝑒/𝑝𝑐)

(𝛾−1) 𝛾⁄ ]}1 2⁄ + (𝑝𝑒 𝑝𝑐)𝜀⁄

−⁡(𝑝0 𝑝𝑐)𝜀⁄ }𝑐∗/𝑔⁡⁡ 

(Ref. 2) Equation 4.22 
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5. Design Iteration and Optimization  

5.1 Reduced GMLRS Length and Increased Circumference 

The first consideration was to change the GMLRS length and increase the diameter. The length 

of the missile was seen to be excessively long and instead could be replaced with a high diameter 

fuel tank and air ducts. The thought is that this will increase power and distance due to its fuel 

capacity. It will also allow for easier transportability. The sacrifice would be stability and radar 

cross section.  

Component Old Value New Value 

Length 116 in 100 in 

Body Diameter 8.31 in 9.31 in 

Duct Diameter 4.14 in 5 in 

 

 

 

Figure 5.1: Reduced Length RAIDER GMLRS 
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Figure 5.2: Increased Diameter RAIDER GMLRS 

 

5.2 Increased Free Stream Flow Area into the Inlet 

Since the GMLRS had an increase in diameter, it is assumed that the inlet areas will also 

increase. This means more air will be entering from the free stream flow area into the inlet. The 

model in NX can be used to determine A0.  
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Figure 5.3: Increased Free Steam Flow Area 

The new area is 67.9 in^2. This is a 5.1 in^2 increase from the previous configuration. This will 

have a new impact on the characteristics of the missile. The first change will be the mass flow 

rate of the air, ṁair. Using Equation 4.5, the new value for ṁair was found to be 0.26 lb./s. With 

more air intake, it can be assumed that the rocket will fly with more power. 

5.3 Increased Inlet Throat Area 

Once again, an increased diameter in the missile will increase the inlet throat area. NX can be 

used to see the inlet area of the rocket. The new area will affect all the combustor values later 

derived. Using Ao from section 5.2 and the rest of the values from section 4.3, the new value of 

inlet throat area (AIT) was calculated to be 58.9 in^2. It is necessary to confirm this value using 

the CAD model. 



18 

 

 

Figure 5.4: New Inlet Throat Area 

From NX in Figure 5.4 it is seen that the inlet throat area is 59.7 in^2. Since this is an important 

value for the rest of the calculations, it is best to use the calculated value, 57.8 in^2, as that is 

what is compatible. The difference can be assumed to be a result of rounded numbers in CAD. A 

large AIT will evidently lead to a higher mass flow which leads to higher thrust. 

5.4 Increased Combustor Inlet Area 

The larger air intake and diameter will increase the combustor inlet area, A3. Using Equation 4.8 

the new value of A3 was found to be 138.3 in^2. The GMLRS now has larger diameters 

throughout the rocket. This will also result in an increase in the combustor pressure resulting in 

generating more thrust. It is likely that the rocket will be more detectible since its radar cross 

section will increase. This is poor for stealth missions. The final new values for areas are seen in 

Table 5.1. 
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Table 5.1: New Inlet Areas 

A0 67.9 in^2 

AIT 57.8 in^2 

A3 138.3 in ^2 

 

5.5 Materials for inflatable duct design 

Some of the materials that can be considered for the inflatable ducts design include materials 

such as aramid fibers, thermoplastic elastomers, silicone, and Shape Memory Alloys (SMAs). Of 

which aramid fibers such as Kevlar and Shape changing memory alloys such as Nitinol would be 

beneficial if used for inflatable ducts design. These materials allow the change into the required 

shape while also offering high flexibility and strength characteristics. Another material that can 

be used for inflatable ducts design are Hybrid composite materials. These can include 

combinations of materials such as layers of shape memory alloys within a composite structure to 

provide higher flexibility and strength-to-weight ratio therefore reducing overall weight of the 

missile. However, this will significantly increase the cost of manufacturing. Another solution to 

this might include morphing structures. These structures show high flexibility along with their 

ability to obtain a desired shape while sustaining required structural loads.  
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6. Final RAIDER Weapon CAD Figures 

In this section, the final configuration of the RAIDER GMLRS would be presented, the 

configuration at three conditions. The first condition is the missile in the launch tube, with all tail 

fins and side ducts fully collapsed, and the missile was connected to extra section of rocket 

motor or expulsion charge. The second condition is the missile separated with the extra section 

of rocket motor or expulsion charge, at post launch or burn-out, but the tail fins and side ducts 

were still fully collapsed. The last condition is the missile at dash and the terminal, with all the 

tail fins and side ducts fully deployed.  

I. Before Launch 

The fully collapsed/stowed condition consists of the missile with its complete expulsion charge, 

side ducts, and fins stowed. 

 

Figure 6.1 Cut-Away View of RAIDER GMLRS Before Launch 
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Figure 6.2 Isometric View of RAIDER GMLRS Before Launch 
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Figure 6.3 Front View of RAIDER GMLRS Before Launch 
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Figure 6.4 Side View of RAIDER GMLRS Before Launch 
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Figure 6.5 Top View of RAIDER GMLRS Before Launch 

II. Post Launch and Burn-Out 

The post launch and burn-out condition consist of the missile with its empty expulsion charge, 

side ducts, and fins stowed.  
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Figure 6.6 Cut-Away View of RAIDER GMLRS Post Launch and Burn-Out 
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Figure 6.7 Isometric View of RAIDER GMLRS Post Launch and Burn-Out 
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Figure 6.8 Front View of RAIDER GMLRS Post Launch and Burn-Out 
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Figure 6.9 Side View of RAIDER GMLRS Post Launch and Burn-Out 
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Figure 6.10 Top View of RAIDER GMLRS Post Launch and Burn-Out 

III. Dash and Terminal  

The post launch and burn-out condition consist of the missile with its empty expulsion charge, 

two side ducts, and all four tail fins deployed.  
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Figure 6.11 Cut-Away View of RAIDER GMLRS at Dash and Terminal 
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Figure 6.12 Isometric View of RAIDER GMLRS at Dash and Terminal 
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Figure 6.13 Front View of RAIDER GMLRS at Dash and Terminal 
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Figure 6.14 Side View of RAIDER GMLRS at Dash and Terminal 
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Figure 6.15 Top View of RAIDER GMLRS at Dash and Terminal 
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7. Summary, Recommendations and Section Responsibilities  

7.1 Summary 

The authors summarize the following: 

• The free stream flow area (A0) was determined to be significantly larger than the major 

area of the missile. The value of A0 was assumed to be 62.7 in2 for the calculations. 

• The combined mass flow rate of air and fuel is 7.86. 

• The combustor inlet Mach number with thermal choking (M3)TC is 0.26 and is accurate 

as the Mach number at combustor exit is approximately equal to 1. 

• The combustor entrance temperature was determined to be 1847 R. 

• The combustor exit temperature was calculated to be 5819 R. 

• An approximate 20% of pressure loss occurs during combustion. 

• The speed of sound in the combustion chamber was found to be 118.2 ft/s. The 

combustion speed was calculated to be 472.97 ft/s.  

• The minimum length of the combustion chamber is 4.73 ft. 

• The area of the throat is 0.077 ft2. 

• The thrust and Specific Impulse (Isp) generated by the engine was calculated to be 678 lb 

and 387 seconds respectively.  

• The optimized design includes increased diameter of the body and air ducts with 

decrease in the overall length of the missile. This will significantly increase the 

generated thrust but will also result in larger RCS.  

 

 

7.2 Recommendations 

The authors recommend the following: 

• Better methods be used to calculate the geometry of the expansion bell. These may 

include the Method of Characteristics if any of the group members are familiar with the 

method. 
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7.3 Section Responsibilities  

Table 7.1: Section Responsibilities 

Team Member Sections Responsible 

Dhairya Shah Section 4.3, Section 4.4, 4.10 List of 

Symbols, formatting 

Nupoor Junnare Section 1, 4.5, 4.6, 5 formatting 

Keyu Deng Section 2, 3, 4.1, 4.2 & 6 

Johnathan Thorson Section 4.7, 4.8, 4.9 & 6 

Alex Dargahi Section 5 
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Appendix A: MATLAB Code 

Sections 4.3 and 4.4: 

clc;clear 
Wto = 666; %lb 
Wp = 201; % lb 
a = 1125; % ft/s 
V = a*4; % cruise speed 
%Cl = 1.15; % lift coeff 
Sref = 62.8; %ft2 
%rho_cruise = (2*(Wto-0.5*Wp)/(V^2*Cl*Sref)); 
%h = 150000; % cruise altitude 
P0 = 0.0000171; % Pressure in psi 
gamma0 = 1.4; 
T0 = 439.89; % Free stream temp (R) 
Hf = 17900;% RJ-5 fuel heating value 
M0 = 4; % free stream mach number 
cp = 0.302; % specific heat of air at constant pressure in the combustor 
fbya = 0.067; % fuel to air ratio 
T4 = T0*(1+((gamma0-1)/2)*M0^2) + (Hf/cp)*(fbya); 
temp_ratio = T4/T0; 
 
Th = 235*32; % thrust in lbs 
 
var = (temp_ratio/(1+((gamma0-1)/2)*M0^2)); 
A0inv = P0*gamma0*M0^2*(sqrt(var)-1)/Th; 
A0 = 1/A0inv 
rho = 0.000119; %density at cruise psf 
mdota = rho*Sref*V/144 
 
Ait = Sref*1.728*1.5*(1+(0.2*1.5^2))^-3 
 
%% Section 4.4 
 
M3tc = 0.461*((1+0.2*M0^2)/temp_ratio)^0.5 
A3 = ((1.728*M3tc)/((1+0.2*M3tc^2)^3)*Ait)^-1 
T3 = (1+0.2*M0^2)*T0; 
a1 = 1.822*(T4/T3)*M3tc^2-1.175; 
b1 = 2.7*(T4/T3)*M3tc^2; 
c1 = (T4/T3)*M3tc^2; 
 
M4 = ((-b1-(b1^2-(4*a1*c1))^0.5)/(2*a1))^0.5; 
M4 = abs(M4); 
 
% % Assuming gamma = 1.35 
g2 = 1.35; 
exp = g2/(g2-1); 
pratio = ((1+((g2-1)/2)*M4^2)^(exp))/(1+g2*M4^2) 
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Section 4.10 
clc; clear 
cd = 0.96; 
g = 1.18;  
e = 6.2; 
pc = (113.7); % lbf/in2 
p0 = 0.020; % Pressure in psi 
gamma0 = 1.4; 
ae = 0.44; % nozzle exit area in in2 
at = 0.077; % nozzle throat area in in2 
a = 118*12; % in/s 
rho = 0.000119; %density at cruise psi 
syms m 
x = (ae/at) == (((g+1)/2)^(-(g+1)/(2*(g-1))))*(((1+(((g-1)/2)*m^2))^((g+1)/(2*(g-
1))))/m); 
var = isolate(x,m); 
Me = vpasolve(var,m); 
% exit pressure calculations 
q = 0.5*rho*(Me*a)^2; 
ps = p0; 
pt = (q+ps); 
pe = pt*(1+((g-1)/2)*Me^2)^(-g/(g-1)); 
 
n1 = (2*g^2)/(g-1); 
n2 = (2/(g+1))^((g+1)/(g-1)); 
n3 = 1-((pe/pc)^((g-1)/g)); 
T = cd*pc*at*((n1*n2*n3)^0.5 + (pe/pc)*e - (p0/pc)*e); 
T=T*32.3 
 
% % Specific Impulse calculations 
mdot = 7.84; %lbm/s 
 
G = (g+1)/(g-1); 
R= 8.314; 
T4 = 3232.78; 
% c = 3.28084*sqrt((R*T4/g)*((g+1)/2)^G); 
c = 5200; %ft/s 
gr = 32.2; 
 
Isp = cd*(((n1*n2*n3)^0.5)+(pe/pc)*e-(p0/pc)*e)*c/gr 
 

 


