








   

https://doi.org/10.57676/ygyq-nt58
https://creativecommons.org/licenses/by/4.0/legalcode


Retro-Propulsion, Windkanalversuche, vertikales Landen, wiederverwendbare Raumtransportsysteme, 
Aerodynamik  
 
Ansgar MARWEGE 
DLR, Institut für Aerodynamik und Strömungstechnik, Abteilung Über- und Hyperschalltechnologien, Köln 
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Wiederverwendbare Raumtransportsysteme die mit Hilfe von „Retro-Propulsion“ beim Abstieg verzögert 
und vertikal gelandet werden, gelten als der nächste notwendige Schritt in der Evolution der 
Europäischen Trägersysteme um diese kosteneffizienter und kompetitiver zu machen. „Retro-Propulsion“ 
beschreibt dabei die Verzögerung des Fahrzeugs mit durch gegen die Flugrichtung gerichteten 
Triebwerken. 
Im Projekt „RETALT“ wurden die Schlüsseltechnologien für diese mit Retro-Propulsion landenden 
Systeme untersucht. Diese Arbeit konzentriert sich auf die stationären und instationären 
aerodynamischen Phänomene, die während der drei Phasen des Abstiegs und der Landung auftreten. 
Die drei Phasen sind der Wiedereintrittszündung, die aerodynamische Phase und die Landezündung.  
Die Wiedereintrittszündung wurde im Hyperschallwindkanal Köln (H2K) getestet, die aerodynamische 
Phase in der Trisonischen Messstrecke Köln (TMK) und die Landezündung in der Vertikalen 
Messstrecke Köln (VMK). Die Abgasstrahlen in den Schubphasen wurden mit Druckluft simuliert.  
Für die aerodynamische Phase wurde eine analytische Methode zur Auslegung der Steuerflächen 
entwickelt. Diese wurde mit Windkanalexperimenten validiert und eine gute Übereinstimmung gezeigt. 
Die Wiedereintrittszündung und die Landezündung wurden hinsichtlich ihrer stationären und 
instationären Strömungsphänomene untersucht. Für die Wiedereintrittszündung sind die dominierenden 
Ähnlichkeitsparameter der Schubkoeffizient und der Ruhedruck stromab des Bugstoßes. Die 
bestimmenden Ähnlichkeitsparameter für die Landezündung sind das Umgebungsdruckverhältnis 
(Ambient Pressure Ratio, APR) und das Impulsstromdichteverhältnis (Momentum Flux Ratio, MFR). Vor 
allem beim Landeanflug wurden stark dominante Frequenzen gefunden, die in Bereichen der kritischen 
Strouhalzahlen von Heckströmungen bei Aufstiegskonfigurationen liegen. Die normierten 
Druckschwankungen während des Landeanflugs sind eine Größenordnung größer als bei diesen 
Heckströmungen. 
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Aerodynamic Analyses of Retro Propulsion Assisted Descent and Landing of Launcher 
Configurations  
RWTH Aachen University 
 
Reusable launchers which are descending and landing vertically with the aid of firing the engines against 
the flight velocity, the so-called retro propulsion, are considered the next step in the evolution of 
European launchers to make them more cost efficient and competitive.  
In the RETALT project key technologies for these retro propulsive landing configurations have been 
investigated. This thesis is focused on the steady and unsteady aerodynamic phenomena occurring 
during the three main flight phases of the descent and landing trajectory, namely, the reentry burn, the 
aerodynamic phase, and the landing burn.  
The reentry burn was tested in the Hypersonic Wind Tunnel Cologne (H2K), the aerodynamic phase was 
tested in the Trisonic Wind Tunnel Cologne (TMK), and the landing burn was tested in the Vertical Free-
Jet Facility Cologne (VMK). The exhaust plumes in the propelled phases were simulated with cold gas 
jets with pressurized air.  
For the aerodynamic phase, an analytical model was developed for the design of the Aerodynamic 
Control Surfaces (ACS), which was validated against results of wind tunnel experiments and showed 
good agreement. The reentry burn and the landing burn were investigated regarding their steady and 
unsteady flow features. For the reentry burn the main scaling parameters are the thrust coefficient and 
the total pressure downstream of the bow shock. The main scaling parameters for the landing burn are 
the Ambient Pressure Ratio (APR) and the Momentum Flux Ratio (MFR). Strongly dominant frequencies 
were found especially during the landing approach, which are in the range of critical Strouhal numbers 
found for near-wake flows of ascent configurations. The normalized pressure fluctuations during the 
landing approach are one order of magnitude larger than for these near-wake flows. 
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𝑀∞ 𝑢∞𝑎∞ 𝑀∞ = 𝑢∞𝑎∞
𝑅𝑒∞ = 𝑢∞𝜌∞𝐷𝑟𝑒𝑓𝜇∞𝜌∞ 𝜇∞ 𝐷𝑟𝑒𝑓
𝑆𝑟𝐷 = 𝑓𝐷𝑟𝑒𝑓𝑢∞  𝑓 𝐷𝑟𝑒𝑓 𝑢∞

𝐶𝑝 = 𝑝 − 𝑝∞𝑞∞  𝑝 𝑝∞ 𝑞∞
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𝑝𝑝∞ = 0.067𝑀∞2 √𝐶𝐷𝑥𝑆𝐷 + 0.44𝑥𝑆𝐷 𝐷 𝐶𝐷 𝑀∞ 𝑝𝑥𝑆𝐷 𝑝∞
 𝑝𝑝∞ 𝑝𝑝∞ = 1

 



𝐶𝑝𝜃𝐶𝑝𝑁𝑒𝑤𝑡𝑜𝑛 = 2 sin2 𝜃
𝐶𝑝𝑚𝑎𝑥𝐶𝑝𝑁𝑒𝑤𝑡𝑜𝑛 = 𝐶𝑝𝑚𝑎𝑥 sin2 𝜃𝑝0,2 𝐶𝑝𝑚𝑎𝑥𝐶𝑝𝑚𝑎𝑥 = 𝑝0,2 − 𝑝∞𝑞∞

 

𝑀𝑡ℎ = 1 𝑝𝑡ℎ𝑝0 = (1 + 𝛾 − 12 𝑀𝑡ℎ2 )− 𝛾𝛾− = (1 + 𝛾 − 12 )− 𝛾𝛾− 
𝑝𝑡ℎ 𝑝0 𝑀𝑡ℎ

𝑝𝑒 𝑝𝑎𝐴𝑃𝑅 = 𝑝𝑒𝑝𝑎 𝐴𝑃𝑅 < 1𝐴𝑃𝑅 > 1 𝐴𝑃𝑅 = 1

𝑝𝑠𝑒𝑝𝑝𝑎 = 1𝑀𝑠𝑒𝑝𝑝𝑠𝑒𝑝 𝑀𝑠𝑒𝑝



 



 

𝐴𝑃𝑅 ≫ 1
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𝑝𝑑
𝐸𝑃𝑅 = 𝑝𝑒𝑝𝑑

𝑝𝑒𝑝0,2 𝑝0,2𝐶𝑝

𝐶𝑇 = 𝐹𝑇𝑞∞𝐴𝑟𝑒𝑓𝐹𝑇 𝑞∞ 𝐴𝑟𝑒𝑓
𝑅𝑚𝐴

𝐶𝑇 = 𝐹𝑇𝑞∞𝐴𝑟𝑒𝑓 = 𝜌𝑒𝑢𝑒2𝐴𝑒12𝜌∞𝑢∞2 𝐴𝑟𝑒𝑓 = 2 𝑅𝑚𝐴𝜌𝑒 𝑢𝑒 𝐴𝑒 𝜌∞𝑢∞ 𝐶𝑇
𝑀𝐹𝑅 = 𝜌𝑒𝑢𝑒2𝜌∞𝑢∞2  



𝐶𝑇 = 2 𝑀𝐹𝑅 𝐴𝑒𝐴𝑟𝑒𝑓 𝑀𝐹𝑅

𝑝𝑒/𝑝∞ 𝐶𝑇 > 1 𝑝𝑒/𝑝0,2  > 1
𝑝𝑒/𝑝0,2 

𝑝𝑒/𝑝0,2 





 

𝑥𝐷𝑒 = 3.1 ( 𝜌𝑒𝑢𝑒2𝜌∞𝑢∞2 ) 2 (𝑇𝐶𝐶𝑇𝑒 ) 2 = 3.1 𝑀𝐹𝑅 2  (𝑇𝐶𝐶𝑇𝑒 ) 2𝜌𝑒 𝑇𝑒 𝑢𝑒 𝑇𝑐𝑐𝜌∞ 𝑢∞
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𝑝0 = 25 𝑏𝑎𝑟 𝑇0 = 550 𝐾
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• B: Petal (“Blume” is the German word for flower and is less confusing than a “P” for 
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𝑝∞ 𝑝𝑒/𝑝∞ 𝐶𝑇
𝐶𝑇 = 𝐹𝑇𝑞∞𝐴𝐵𝐹𝑇 𝑞∞ 𝐴𝐵Κ𝐶𝑇 = 1𝑀∞2 ⋅  𝑝𝑒𝑝∞ ⋅ 2𝐴𝑒𝛾∞𝐴𝐵 (1 + 𝛾𝑒𝑀𝑒2) = 1𝑀∞2 ⋅  𝑝𝑒𝑝∞ ⋅ 1Κ𝐶𝑇 𝑀∞ 𝑀𝑒𝐴𝑒 𝛾𝑒 𝛾∞ 𝐴𝑒/𝐴𝐵𝛾∞



Κ = 𝛾∞2 𝐴𝐵𝐴𝑒 11 + 𝛾𝑒𝑀𝑒2 𝑒𝑥𝑝𝐹𝑙
𝐶𝑇,𝑒𝑥𝑝𝐶𝑇,𝐹𝑙 =

1𝑀∞,𝑒𝑥𝑝21𝑀∞,𝐹𝑙2 ⋅ ( 𝑝𝑒𝑝∞)𝑒𝑥𝑝( 𝑝𝑒𝑝∞)𝐹𝑙  ⋅
1Κ𝑒𝑥𝑝 1Κ𝐹𝑙 𝐶𝑇,𝑒𝑥𝑝𝐶𝑇,𝐹𝑙⏟  𝑇ℎ𝑟𝑢𝑠𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦

= 𝑀∞,𝐹𝑙2𝑀∞,𝑒𝑥𝑝2⏟    𝑀𝑎𝑐ℎ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦
⋅ ( 𝑝𝑒𝑝∞)𝑒𝑥𝑝( 𝑝𝑒𝑝∞)𝐹𝑙⏟    𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑟𝑎𝑡𝑖𝑜 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦

⋅ Κ𝐹𝑙Κ𝑒𝑥𝑝⏟𝐸𝑛𝑔𝑖𝑛𝑒 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑟𝑎𝑡𝑖𝑜
𝐴𝐵 𝐴𝑒 𝛾∞ 𝛾𝑒𝑀𝑒 𝜖 Κ𝑀𝑒

𝑒𝑥𝑝𝐹𝑙
𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 𝑀∞,𝐹𝑙/𝑒𝑥𝑝2 ⋅ (𝑝𝑒𝑝∞)𝑒𝑥𝑝/𝐹𝑙 ⋅ 1Κ𝑒𝑥𝑝/𝐹𝑙𝑀∞,𝐹𝑙/𝑒𝑥𝑝2 = 1 (𝑝𝑒𝑝∞)𝑒𝑥𝑝/𝐹𝑙 = 1𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1Κ𝑒𝑥𝑝/𝐹𝑙𝑀∞,𝐹𝑙/𝑒𝑥𝑝2 = 1 𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1(𝑝𝑒𝑝∞)𝑒𝑥𝑝/𝐹𝑙 = Κ𝑒𝑥𝑝/𝐹𝑙

(𝑝𝑒𝑝∞)𝑒𝑥𝑝/𝐹𝑙 𝑝𝑒 𝑝∞𝑝𝑒 = 0.874 𝑏𝑎𝑟 𝑝∞ = 0.002125 𝑏𝑎𝑟𝑝𝐶𝐶



𝑝𝐶𝐶

𝐴𝑒

𝑀∞,𝐹𝑙/𝑒𝑥𝑝2 = 1

Κ
(pe/p∞)exp / (pe/p∞)flight𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 = 1

pe/p∞ similarity = 1

𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 = 1
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𝑝∞
Κ𝑒𝑥𝑝/𝐹𝑙𝛾∞

𝑀∞,𝐹𝑙/𝑒𝑥𝑝2 = 1

(pe/p∞)exp/Fl for CTexp/Fl = 𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 = 1



𝑝𝑒,𝐹𝑙 𝑝∞,𝐹𝑙 𝑝∞,𝑒𝑥𝑝

pe/p∞ similarity = 

𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 = 1 pe/p∞ similarity = 1

𝐶𝑇,𝑒𝑥𝑝/𝐹𝑙 = 1𝑝𝑒𝑝∞ 𝑒𝑥𝑝/𝐹𝑙 = 1



 



 

±10°



 

𝑴∞ [−] 𝒑𝟎 [𝐛𝐚𝐫] 𝑻𝟎 [𝐊] 𝐑𝐞∞ [−] 𝐑𝐞∞ [−]

𝐶𝑇,𝑇𝑜𝑡𝑎𝑙 = 3 ⋅ 𝐶𝑇
𝛼𝛼𝜙

𝛼𝛼



𝑇𝐶𝐶 ≈ 300 𝐾
𝑇𝐶𝐶 ≈ 600 𝐾

 

𝑴∞ 𝑪𝑻 𝒑𝒆𝒑∞ 𝒒∞ 𝒑∞ 𝒖∞ 𝝆∞ 𝒑𝒆 𝒖𝒆 𝝆𝒆 𝒑𝑻,∞



 

𝐺𝑦 𝑚𝑘 Δ𝑦 𝑦𝐺 𝑛𝑚𝑘 Δ𝑚𝑘
Δ𝑦(𝑚) = √∑( 𝜕𝐺𝜕𝑚𝑘)2 Δ𝑚𝑘2𝑛

𝑘=  

 

𝑝∞ 𝑝0
𝐶𝐹 = 4𝜋 ∙ 𝐹𝛾∞ ∙ 𝑝∞ ∙ 𝐷𝑟𝑒𝑓2 ∙ 𝛾∞ − 1((𝑝0𝑝∞)𝛾∞− 𝛾∞ − 1)  𝐹 𝛾∞ 𝑀∞𝑝0 𝐷𝑟𝑒𝑓 𝐶𝐹 𝐺𝐹 𝐷𝑟𝑒𝑓 𝑝0 𝑝∞ 𝛾∞ 𝑚𝑘Δ𝐶𝐹 = √( 𝜕𝐶𝐹𝜕𝐷𝑟𝑒𝑓 Δ𝐷𝑟𝑒𝑓)2 + (𝜕𝐶𝐹𝜕𝑝0 Δ𝑝0)2 + (𝜕𝐶𝐹𝜕𝑝∞ Δ𝑝∞)2 + (𝜕𝐶𝐹𝜕𝛾∞ Δ𝛾∞)2 + (𝜕𝐶𝐹𝜕𝐹 Δ𝐹)2  

𝐶𝑀 = 𝜋4 ∙ℳ + 𝐹 ⋅ 𝑋𝑆𝐸 + 𝐹 ⋅ 𝑋𝑟𝑒𝑓−𝐶𝑜𝐺𝛾∞ ∙ 𝑝∞ ∙ 𝐷𝑟𝑒𝑓3 ∙ 𝛾∞ − 1((𝑝0𝑝∞)𝛾∞− 𝛾∞ − 1)ℳ 𝑋𝑆𝐸𝑋𝑟𝑒𝑓−𝐶𝑜𝐺 Δ𝐶𝑀 ℳ 𝐷𝑟𝑒𝑓 𝑝0 𝑝∞  𝛾∞ 𝐹 𝑋𝑆𝐸 𝑋𝑟𝑒𝑓−𝐶𝑜𝐺
𝐶𝑝 = 𝛾∞ − 1𝛾∞ ∙ 𝑝∞ ∙ 𝑝 − 𝑝∞((𝑝0𝑝∞)𝛾∞− 𝛾∞ − 1)Δ𝐶𝑝 𝑝 𝑝0 𝑝∞  𝛾∞



 

𝑀∞ 𝑝0.
𝐶𝐹 = 8𝜋 ⋅ 𝐹𝛾∞ ⋅ 𝑀∞2 ⋅ 𝑝0 ⋅ 𝐷𝑟𝑒𝑓2 (1 + 𝛾∞ − 12 ⋅ 𝑀∞2 ) 𝛾∞𝛾∞− 
Δ𝐶𝐹 𝐹 𝐷𝑟𝑒𝑓 𝑝0 𝑀∞ 𝛾∞𝑀∞ 𝑝0𝐶𝑀 = 8𝜋 ⋅ℳ + 𝐹 ⋅ 𝑋𝑆𝐸 + 𝐹 ⋅ 𝑋𝑟𝑒𝑓−𝐶𝑜𝐺𝛾∞ ⋅ 𝑀∞2 ⋅ 𝑝0 ⋅ 𝐷𝑟𝑒𝑓3 ⋅ (1 + 𝛾∞ − 12 ⋅ 𝑀∞2 ) 𝛾∞𝛾∞− 
Δ𝐶𝑀 ℳ 𝐷𝑟𝑒𝑓 𝑝0 𝑀∞ 𝛾∞ 𝐹 𝑋𝑆𝐸 𝑋𝑟𝑒𝑓−𝐶𝑜𝐺

𝐶𝑝 = 𝑝 ⋅ (1 + 𝛾∞ − 12 ⋅ 𝑀∞2 ) 𝛾∞𝛾∞− − 𝑝0𝛾∞2 ⋅ 𝑀∞2 ⋅ 𝑝0Δ𝐶𝑝 𝑝 𝑝0 𝑀∞ 𝛾∞
𝐶𝑇 = 2𝑝𝐶𝐶𝐷𝑒2(𝛾𝑒𝑀𝑒2 + 1) ((𝛾∞ − 1)𝑀∞22 + 1) 𝛾∞𝛾∞− 

𝑝0𝛾∞𝑀∞2 𝐷𝑟𝑒𝑓2 ((𝛾𝑒 − 1)𝑀𝑒22 + 1) 𝛾𝑒𝛾𝑒− Δ𝐶𝑇 𝑝0 𝑀∞ 𝛾∞ 𝐷𝑟𝑒𝑓 𝑝𝐶𝐶 𝑀𝑒 𝛾𝑒 𝐷𝑒
 

𝑋𝑆𝐸𝑋𝑟𝑒𝑓−𝐶𝑜𝐺

𝐷𝑟𝑒𝑓



𝑋𝑆𝐸𝑋𝑟𝑒𝑓−𝐶𝑜𝐺𝑝0𝑝0𝑝0𝑝∞

𝐷𝑟𝑒𝑓𝑀∞𝛾∞
𝑝0 𝑀∞ 𝑝𝐶𝐶

𝑀𝑒 𝑝0 = 4 𝑏𝑎𝑟 𝑇0 = 450 𝐾𝑝𝑒 = 10 𝑏𝑎𝑟 𝑇𝑒 = 100 𝐾 𝑝𝑒
 



𝑝0
𝐷𝑟𝑒𝑓𝑀∞𝛾∞ 𝑝0 = 4 𝑏𝑎𝑟𝑇0 = 450 𝐾𝑀𝑒𝛾𝑒 𝑝𝑒 = 10 𝑏𝑎𝑟 𝑇𝑒 = 100 𝐾𝐷𝑒𝑝𝐶𝐶

𝛾∞
𝑝0𝑝∞𝑝𝐶𝐶𝛾∞

 



 

modes. This averaged solution will be called the “averaged modal solution”. The time history of 

𝒙0, 𝒙 , … , 𝒙𝑛− 𝑚 𝑛 𝑚 𝑿 ∈ℝ𝑚×𝑛 𝑿 = [ | | |𝒙0 𝒙 … 𝒙𝑛− | | | ]𝑿𝑿 = 𝑼𝚺𝑽𝑇 𝑼 ∈ ℝ𝑚×𝑛𝒖0, 𝒖 , … , 𝒖𝑛− 𝚺 ∈ ℝ𝑛×𝑛𝜎0, 𝜎 , … , 𝜎𝑛−  𝑽 ∈ ℝ𝑛×𝑛𝒗0, 𝒗 , … , 𝒗𝑛− 
𝑼 = [ | | |𝒖0 𝒖 … 𝒖𝑛− | | | ] 𝚺 = [  

 𝜎0 0 00 𝜎 00 0 ⋱ 𝜎𝑛− ]  
 𝑽𝑇 = [− 𝒗0 —𝒗 − ⋮ −− 𝒗𝑛− −] 𝑠𝑟�̃� �̃� �̃�

�̃�𝑇 = [− 𝒗𝑠 −− 𝒗𝑠+ −⋮− 𝒗𝑟 −] 𝑎𝑣𝑒𝑟𝑎𝑔𝑖𝑛𝑔⇒        �̅̃�𝑇 = [ �̅�𝑠�̅�𝑠+ ⋮�̅�𝑟 ]𝒖𝑠𝑡

�̃� = [ | | |𝒖𝑠 𝒖𝑠+ … 𝒖𝑟| | | ] �̃� = [  
 𝜎𝑠 0 00 𝜎𝑠+ 00 0 ⋱ 𝜎𝑟]  

 �̃�𝑇 = [− 𝒗𝑠 —− 𝒗𝑠+ −⋮− 𝒗𝑟 −]



𝒖𝑠𝑡 = �̃��̃��̅̃�𝑇|�̃��̃��̅̃�𝑇|�̃��̃��̅̃�𝑇 𝒖𝑠𝑡 𝒗𝑠𝑡𝜎𝑠𝑡 𝑿𝑿 = 𝒖𝑠𝑡𝜎𝑠𝑡𝒗𝑠𝑡𝑇𝒖𝑠𝑡 𝒖𝑠𝑡+ 𝑿 = 𝜎𝑠𝑡𝒗𝑠𝑡𝑇𝒖𝑠𝑡+ 𝒖𝑠𝑡 𝒗𝑠𝑡𝒗𝑠𝑡 = 𝒖𝑠𝑡+ 𝑿|𝒖𝑠𝑡+ 𝑿|
𝜎𝑠𝑡 = |𝒖𝑠𝑡+ 𝑿|

𝒖𝑠𝑡
�̃��̃��̅̃�𝑇|�̃��̃��̅̃�𝑇| = 𝒖𝑠𝑡 = �̃��̃��̃�𝑇̅̅ ̅̅ ̅̅ ̅̅|�̃��̃��̃�𝑇̅̅ ̅̅ ̅̅ ̅̅ |

   

𝑀∞ = 0.8 𝐴𝑃𝑅 = 0.389 𝑀𝐹𝑅 = 6.52



𝑟
�̅�,

𝑀∞ = 0.8 𝐴𝑃𝑅 = 0.389 𝑀𝐹𝑅 = 6.52



 

 

 

𝛿 = 20°



𝑝𝑝∞ = 0.067𝑀∞2 √𝐶𝐷𝑥𝑆𝐷 + 0.44𝑥𝑆𝐷 𝐷 𝐶𝐷 𝑀∞ 𝑝𝑥𝑆𝐷 𝑝∞𝑥𝑆 𝑥  𝑝 𝑝∞𝑝𝑝∞ = 1𝑥𝑆𝐷𝑥𝑆𝐷 = 0.067𝑀∞2  √𝐶𝐷𝑝𝑝∞ − 0.44𝑝𝑝∞ = 1  

Bow Shock

Normal 
Shock

Assumption: 
Isentropic Expansion

Assumption: 
Weak Shock System

Oblique shocks

𝑥𝑆/𝐷
𝑝∞

𝑝0,2
𝑝0,𝐴𝐶𝑆 = 𝑝0,2𝑝0,∞
𝑝𝐴𝐶𝑆 = 𝑝∞



𝑥𝑆𝐷 > 0.067𝑀∞2  √𝐶𝐷0.56 → 𝑝𝑝∞ ≈ 1  𝑥𝑆/𝐷 𝑀∞𝐶𝐷 𝑝 𝑝∞𝑥𝑆/D = 11 𝑥𝑆/D = 7𝑥𝑆/𝐷(𝑝/𝑝∞  = 1)𝐶𝐷 > 4

𝑀𝐴𝐶𝑆𝑀∞ 𝛾
𝑀𝐴𝐶𝑆 =

√    
      
 
( 
  (1 + 𝛾 − 12 𝑀∞2 ) (𝛾 + 1)𝑀∞2
(1 + 2𝛾𝛾 + 1 (𝑀∞2 − 1)) 𝛾 (2 + (𝛾 − 1)𝑀∞2 ) − 1) 

  2𝛾 − 1  

𝛼 ≠ 0°



 

𝐶𝑝𝐶𝑝𝜃 𝛼𝐶𝑝𝑁𝑒𝑤𝑡𝑜𝑛 = 𝐶𝑝𝑚𝑎𝑥 sin2 𝛼𝐶𝑝𝑚𝑎𝑥 𝑝0,2
𝐶𝑝𝑚𝑎𝑥 = 𝑝0,2 − 𝑝∞𝑞∞
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𝐶𝑝𝑁𝑒𝑤𝑡𝑜𝑛 𝑚𝑖𝑛 = −𝐶𝑝𝑚𝑎𝑥 sin2 𝛼
This line is denoted by “Cp Newton min” in the 

−7°

±7° ±8°

±9°

 



 𝑀 = 4.0  𝑀 = 3.5

 𝑀 = 2.5  𝑀 = 2.0

 𝛼 = 8.12° 𝑀 = 4.0  𝛼 = 8.23° 𝑀 = 3.5
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 𝑀 = 4.0  𝑀 = 3.5

 𝑀 = 2.5  𝑀 = 2.0
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𝑀 = 4.0, 𝛼 = −0.18 𝑀 = 4.0, 𝛼 = 10.57

𝑀 = 2.0, 𝛼 = −0.01 𝑀 = 2.0, 𝛼 = 10.85
 



 𝑀 = 4.0, 𝛼 = −0.1   𝑀 = 4.0, 𝛼 = 10.45

 𝑀 = 2.0, 𝛼 = −0.04  𝑀 = 2.0, 𝛼 = 10.17
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𝑀∞ = 5.29 𝐶𝑇 = 3.69 ± 0.21

𝑀∞ = 5.29, 𝐶𝑇 =3.69 ± 0.21, 𝑇𝐶𝐶 = 300𝐾, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾



𝑀∞ = 5.29, 𝐶𝑇 = 3.69 ± 0.21, 𝑇𝐶𝐶 = 300 𝐾, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 =450 𝐾 50 𝜇𝑠



𝑀∞ = 5.29, 𝐶𝑇 = 3.69 ± 0.21, 𝑇𝐶𝐶 = 300𝐾, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 =450𝐾 50 𝜇𝑠



𝑝2𝑗/𝑝 𝑗𝑀 𝑗
, the pressures and velocities don’t match



𝑀 𝑗𝐶𝑇 = 3.78 𝑀∞ = 5.3 𝑝0 = 4 𝑏𝑎𝑟 𝑇0 = 445 𝐾 𝑝𝐶𝐶 = 20 𝑏𝑎𝑟 𝑇𝐶𝐶 = 303 𝐾

𝑀∞ =5.29, 𝐶𝑇 = 3.69 ± 0.21, 𝑇𝐶𝐶 = 300𝐾, 𝑝0 =4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾

  𝑀 𝑗 = 7.74   𝑀 𝑗 = 7.0
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𝐶𝑇 = 4.16 ±0.23,𝑀∞ = 5.287, 𝜖 = 2.5 80 𝜇𝑠



𝑀∞ = 2.0
𝛼



  

 
 

 
 

𝛼 𝑀∞ = 5.29, 𝐶𝑇 = 2.29 ± 0.13, 𝑇𝐶𝐶 = 300𝐾, 𝑝0 =4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾



𝛼
𝛼

 𝐶𝑇 = 2.32 ± 0.13  𝐶𝑇 = 2.32 ± 0.13

 𝐶𝑇 = 1.40 ± 0.08  𝐶𝑇 = 1.40 ± 0.08𝛼 𝑀∞ = 5.29, 𝑇𝐶𝐶 =300𝐾, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾

𝛼



𝐶𝑇 ≳0.25 𝐶𝑇 = 1.0 𝑝𝑒𝑝∞
𝐶𝑇

𝐶𝑇 = 1 𝑀∞ = 2.0 𝐶𝑇 = 2 𝑀∞ = 1.5

  𝑝𝑒/𝑝𝑑  𝑝𝑑
(𝑝𝑒/𝑝𝑑  )1−𝛾4𝛾

𝐶𝑇1−𝛾4𝛾
𝐶𝑇1−𝛾4𝛾 √𝐶𝑇 < 0.7



𝐶𝑇1−𝛾4𝛾𝑀∞ = 5.29, 𝑇𝐶𝐶 = 300𝐾, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450𝐾
 



𝑀∞ = 5.3,𝑝0 = 4 bar, 𝑇0 = 450 K 𝑇𝐶𝐶 ≈ 300 K𝛼

𝐶𝑇 ≈7 𝑇𝐶𝐶 = 300 K 𝐶𝑇 ≈16 𝑇𝐶𝐶 = 300 K 𝛼
𝐶𝑇 ≈ 6𝑇𝐶𝐶 = 600 K

𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 

–





𝐶𝑇 = 3.78 𝑀∞ = 5.3 𝑝0 = 4 𝑏𝑎𝑟 𝑇0 = 445 𝐾 𝑝𝐶𝐶 = 20 𝑏𝑎𝑟
𝑇𝐶𝐶 = 303 𝐾𝑇𝐶𝐶 = 589 𝐾

ρ

1 2 0,2 0,2j 2j 1j

contact surface

stagnat ion point

bow shock Mach disc



– 𝑇𝐶𝐶 = 632 K 𝐶𝑇 = 2.43 ± 0.14,𝑀∞ = 5.29, 𝑝0 =4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾



𝑇𝐶𝐶 = 589 𝐾, 𝐶𝑇 = 3.85 ± 0.22, 𝑀∞ = 5.29𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 50𝜇𝑠
 

 

𝑀∞ = 5.29, 𝑝0 = 4 bar, 𝑇0 = 450 K



𝐶𝑝𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾

𝐶𝑝𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾
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𝐶𝑇 <0.6
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 𝑀∞ = 5.29 𝑀∞ = 7.04𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝑀∞ = 7.04, 𝑝0 = 12.73 𝑏𝑎𝑟, 𝑇0 = 610 𝐾
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3.7



𝑅𝑒∞ = 2.36𝐸 + 05𝑅𝑒∞ = 7.07𝐸 + 05𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝑀∞ = 5.32, 𝑝0 = 12 𝑏𝑎𝑟, 𝑇0 = 450 𝐾

𝛼 = 0° 𝛼 = 10°𝑀∞ = 5.29, 𝑝0 = 4 bar, 𝑇0 = 450 K
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𝛼

𝛼 𝑀∞ = 5.29, 𝑝0 = 4 bar, 𝑇0 = 450 K𝑝0,2𝑝0,2
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 𝑝0,2



 

 

 

 𝑀∞ = 5.29𝑀∞ = 7.04 𝑀∞ = 5.29, 𝑝0 = 4 bar, 𝑇0 = 450 K 𝑀∞ = 7.04,𝑝0 = 12.73 bar, 𝑇0 = 610 K 𝛼
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2.3



𝑅𝑒∞ = 2.36𝐸 + 05𝑅𝑒∞ = 7.07𝐸 + 05𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝑀∞ = 5.32, 𝑝0 = 12 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝛼

𝐶𝑝𝛼 = 0° 𝛼 = 10°𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝛼
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𝛼𝛼 = 10° 𝜙 = 0° 𝛼 = 10° 𝜙 = 90°𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾
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𝑀∞ = 5.29, 𝑝0 = 4 𝑏𝑎𝑟, 𝑇0 = 450 𝐾 𝛼
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