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ABSTRACT. Flow and thrust calculations at supersonic speeds require intensive formulas and general assumptions, thus 

prolonging the preliminary design process. Today, the use of computer programs for aerodynamic design and analysis is 

inevitable in the development of aircraft. However, in this process, traditional calculation methods are mostly used. By 

performing the relevant calculations with a source code, time-consuming problems such as data extraction from tables, 

interpolation or calculation with formulas can be avoided. In this study, a computational tool was created in Python using the 

formulas contained in compressible flow theory. For the calculation, ISA (International Standard Atmosphere) and altitude 

values are first obtained from the user to determine the atmospheric conditions. These conditions are known to directly affect 

static conditions. Then, the data input of one of the selected parameters is made and the remaining parameters according to 

these input values are presented on the result screen together with the other outputs. These outputs were compared with 

NASA data and their accuracy was analysed. Two different configurations were created to examine the dependence of 

compressible flow calculations on atmospheric conditions. In the first one, constant ISA and different altitude values were 

analysed, while in the other one, constant altitude and different temperature deviations were evaluated. These evaluations 

revealed the sensitivity of the calculation results to atmospheric variables. The findings provide critical data on how to design 

and analyse aircraft under different operational conditions. This study, for the first time, provides calculations based on 

atmospheric variables, enabling them to efficiently obtain the values of parameters that depend on these data. This approach 

is an innovative contribution to the existing literature, expanding the body of knowledge on the analysis of compressible 

flows.  
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1. INTRODUCTION 

Isentropic flow is a reversible and adiabatic process with no 

energy losses. This type of flow is used to study ideal states 

in aerodynamics and thermodynamics [1]. Shock waves are 

waves that cause sudden changes in the velocity, pressure, 

temperature and density of the fluid. They are usually seen 

in fluids moving at high speeds [2]. Compressible flows 

occur when the Mach number is greater than 0.3 and under 

these conditions, the density and other thermodynamic 

properties of the fluid change significantly [3,4]. These 

concepts are of critical importance in the fields of 

aerodynamics and gas dynamics and are used in a wide 

range of engineering applications [5,6]. One of the most 

common uses of compressible flows is in aerospace 

engineering. The aerodynamic design and performance 

analysis of such vehicles requires a detailed understanding 

of compressible flow dynamics [7]. Especially for vehicles 

flying at supersonic and hypersonic speeds, accurate 

modelling of shock waves and isentropic flows is of great 

importance [8]. Compressible flow calculations also play a 
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critical role in the design of propulsion systems such as 

rocket and jet engines. The nozzle designs used in rocket 

engines are based on isentropic flow principles to achieve 

maximum thrust [9]. Such engines involve gas dynamics 

operating at high speeds, and optimizing engine 

performance requires accurate application of compressible 

flow equations [10]. Another important application of 

compressible flows is wind tunnel experiments [11]. High 

speed wind tunnels are used in aerospace engineering tests 

[12] and compressible flow equations are needed to 

accurately model the flow conditions in these tunnels [13]. 

These experiments are used to evaluate the aerodynamic 

performance and stability of aircraft and spacecraft [14]. 

Ratios such as P/Pt, T/Tt, etc. used in compressible flow 

calculations are determined based on Mach and gamma 

numbers, and in NASA studies in the literature, it was 

sufficient to know only the Mach number to calculate these 

ratios [15]. In other words, variable atmospheric conditions 

such as altitude and ISA were not needed. However, besides 

the fact that the variability of atmospheric conditions is of 

great importance for weather forecasts and climate models 

[13], taking these conditions into account allows for more 

accurate modelling and calculation of static parameters. 

This allows compressible flow calculations to obtain more 

reliable results under variable atmospheric conditions [4]. 

It is noted that the values of the static parameters can vary 

greatly under these conditions. Therefore, accurate static 

parameters are critical for aircraft performance and safety. 

Accurate determination of these values leads to significant 

improvements in flight dynamics and aircraft design [7]. 

In recent years, significant progress has been made in the 

development of numerical solvers for compressible and 

incompressible flows within the field of computational 

fluid dynamics (CFD). In his master's thesis, Kerem Denk 

developed a two-dimensional, pressure-based Navier–

Stokes solver for both compressible and incompressible 

flows [16]. Similarly, Emre Kara, in his doctoral 

dissertation, proposed a pressure-based solver for two-

dimensional compressible and incompressible flows [17]. 

In another related study, Semih Akkurt developed a parallel 

finite volume solver for compressible flows operating on 

unstructured meshes as part of his master's thesis [18]. 

The current study aims to be integrated with these solvers 

and similar CFD development frameworks to achieve more 

accurate and reliable results. The use of Python, in 

particular, has become increasingly prevalent in recent 

years due to the rise of Python-based compressible flow 

solvers [19,20], which have significantly improved both the 

accuracy and computational efficiency of such simulations. 

Among these, the CompAero library [21] stands out as a 

fundamental reference for modeling compressible 

aerodynamic analyses using Python. 

In this study, the impact of atmospheric conditions on 

compressible flow behavior is systematically analyzed 

through two different configurations; novel methods are 

proposed to model and calculate these effects with greater 

accuracy. 

 

2. MATERIALS AND METHODS 

2.1 Standard Atmosphere Model 

For the design process and performance of aircraft, it is 

important to know the altitude-dependent change 

information of parameters such as temperature and pressure 

[22]. Therefore, it is necessary to study the atmosphere at a 

specific time and place. However, the fact that the real 

atmosphere is never constant is an obstacle. Therefore, a 

hypothetical model was used and called the “standard 

atmosphere”. In the 1920s, the first standard models were 

developed independently in both Europe and the USA. By 

1952, the models were compared and the differences were 

minimized and a model accepted by the International Civil 

Aviation Organization (ICAO) was created. The ICAO 

Standard Atmosphere model was also officially accepted by 

NACA in the same year [23]. Finally, air -assumed to 

behave as a perfect gas in the ISA model- can be modeled 

as follows. In Equations (1)–(6), the temperature T is 

expressed in degrees Celsius (°C), the altitude h in 

kilometers (km), and the pressure P in kilopascals (kPa).  

Temperature and pressure calculation at altitude up to the 

troposphere; (0-11 km)  

 

𝑇 = 15.04 − (0.00649 𝑥 ℎ)   (1) 

𝑃 = 101.29 𝑥 [
𝑇+273.15

288.08
]

5.256

    (2) 

 

Lower Stratosphere; (11-20 km) 

 

𝑇 = −56.46 (3) 

𝑃 = 22.65 𝑥 𝑒(1.73−0.000157𝑥ℎ)   (4) 

 

Upper Stratosphere; (20-47 km) 

 

𝑇 = −131.21 + (0.00299 𝑥 ℎ)   (5) 

𝑃 = 2.488 𝑥 [
𝑇+273.15

216.6
]

−11.388

   (6) 

 

The given ISA model was used as a reference to compare 

real atmospheric conditions and the performance of the 

respective aircraft [24]. In addition to this ISA model, the 

temperature deviation was also included in the calculations, 

expressed as +/- ∆ISA, to obtain the actual temperature. In 

this way, the accuracy of the study was increased by 

running it with real atmospheric data. This is an innovative 

approach to the literature and allows for a more detailed 

analysis of the computational results. 

 

2.2 Compressible Flow 

 

The characteristic equations used in the Compressible Flow 

calculations were compiled from the relevant literature 

[15,25] and given as equations. These equations were used 

in Python code and the calculations for the 2 configurations 

to be examined were performed through this Python code.  

It is known that entropy remains constant for isentropic 

processes [26]. From this, we derive the most general form 

of the isentropic equations. In Equations (7)-(18), the 

temperature T and total temperature Tt are given in degrees 

Celsius (°C). The pressure P and total pressure Pt are 

expressed in kilopascals (kPa). The density terms ρ and ρt 
are measured in kilograms per cubic meter (kg/m³). The 

areas A and A* are in square meters (m²), although they 

may appear dimensionless in certain ratio-based 

expressions. The Mach numbers (M, M1, M2) are 

nondimensional quantities. Angular terms such as the 
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Prandtl-Meyer function (ν), Mach angle (μ), shock wave 

angle (α), and deflection angle (θ) are expressed in degrees 

(°). Since most of the equations are ratio-based, many of the 

resulting terms are dimensionless. 

 

𝑇𝑡

𝑇
= [

𝑃𝑡

𝑃
]

𝛾−1

𝛾
= [

𝜌𝑡

𝜌
]

𝛾−1

 (7) 

 

𝑇

𝑇𝑡
= [1 +

𝛾−1

2
𝑀2]

−1

 (8) 

 

𝐴

𝐴∗ = [
𝛾+1

2
]

−𝛾+1

2(𝛾+1)
=  

[1+
𝛾−1

2
𝑀2]

𝛾+1
2(𝛾−1)

𝑀
 (9) 

 

The subscript “t” in the equations stands for “total 

conditions”. The starred conditions are when the Mach 

number is equal to one. As seen in the equations, once the 

Mach number is determined, all other parameters are also 

determined. Likewise, by determining one of the flow 

parameters (e.g. Temperature Ratio), the Mach number is 

found and the other parameters can be calculated [15]. 

The analysis of shock waves is done using Rankine-

Hugoniot relations, and these relations play a critical role in 

understanding the physical and mathematical effects of 

shock waves. Also, the total temperature remains constant 

throughout the normal shock [8]. Normal shock equations 

are given below: 

 

𝑀2
2 =

(𝛾−1)𝑀1
2+2

2𝛾𝑀1
2−(𝛾−1)

 (10) 

 

𝑇2

𝑇1
=

[2𝛾𝑀1
2−(𝛾−1)][(𝛾−1)𝑀1

2+2]

(𝛾+1)2𝑀1
2  (11) 

 

𝑃2

𝑃1
=

2𝛾𝑀1
2−(𝛾−1)

(𝛾+1)
 (12) 

 

𝜌2

𝜌1
=

(𝛾+1)𝑀1
2

(𝛾−1)𝑀1
2+2

 (13) 

 

𝑃𝑡2

𝑃𝑡1
= [

(𝛾+1)𝑀1
2

(𝛾−1)𝑀1
2+2

 ]

𝛾

𝛾−1
[

(𝛾+1)

2𝛾𝑀1
2−(𝛾−1)

]

1

𝛾−1
 (14) 

 

𝜈 = √
(𝛾+1)

(𝛾−1)
   𝑡𝑎𝑛−1√

(𝛾−1)

(𝛾+1)
(𝑀1

2 − 1)   −

𝑡𝑎𝑛−1√(𝑀1
2 − 1) (15) 

 

𝜇 = 𝑠𝑖𝑛−1 [
1

𝑀1
 ] (16) 

 

 

Oblique shock calculations; 

  

𝑐𝑜𝑡 (𝑎) = 𝑡𝑎𝑛 (𝑠) [
(𝛾+1)𝑀1

2

2(𝑀1
2𝑠𝑖𝑛 (𝑠)2−1)

− 1 ] (17) 

 

𝑀2
2(𝑠𝑖𝑛 (𝑠 − 𝑎))2 =

(𝛾−1)𝑀1
2(𝑠𝑖𝑛(𝑠))2+2

2𝛾𝑀1
2(𝑠𝑖𝑛(𝑠))2− (𝛾−1)

 (18) 

The values of the ratios P2/P1, T2/T1, etc. in the flow of a 

perfect gas for an oblique shock wave were determined 

from normal shock relations, provided that M1sin(s) was 

used instead of M1 and the static temperature T1 just 

upstream of the shock wave was the same as the normal 

shock wave for an oblique shock wave [15]. 

 

2.3 Method 

 

For this calculation, atmospheric conditions were first 

determined by taking ISA and altitude. In this way, it was 

possible to examine the situation under arbitrarily variable 

atmospheric conditions. Then, the data input of a selected 

parameter such as M, P, M2, T/Tt, etc. was made and the 

remaining parameters according to these input values were 

presented on the result screen together with the other 

outputs. Python language was used in the study. Thanks to 

popular libraries such as Pandas and NumPy, data 

manipulation and visualization is made extremely easy [27, 

28]. The interface obtained when the code is run is given in 

Figure 1. Here the ISA and altitude values are variable. This 

allowed the current atmospheric conditions to be provided 

as input. Then one of the parameters was selected and its 

value or values were entered. If only one value is entered, 

the result screen is shown in Figure 2, and if more than one 

value is entered, the result screen is shown in Figure 3. 

 

 

Fig. 1. Application Interface 

 

 

Fig. 2. An example of an output screen when entering a 

single value 
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Fig. 3. An example of an output screen when multiple 

values are entered 

 

To check the accuracy of the program, the results were 

compared with the results published by NASA in its 1135 

report, and the results were found to be identical [15]. 

However, in this study, unlike NASA's study, the 

calculations were not limited to ratios. Thanks to these 

calculations made by taking into account the variations in 

atmospheric conditions, static and total conditions were 

evaluated in addition to the ratios, thus enabling us to 

present these static and total conditions as results. With this 

method, a more comprehensive and flexible analysis was 

presented, taking into account atmospheric variables. 

 

3. DISCUSSION, CONCLUSION, AND 

RECOMMENDATIONS 

 

3.1 Discussion 

Basic parameters such as temperature (T), pressure (P) and 

density (ρ) vary depending on atmospheric conditions. And 

these parameters have a direct impact on aircraft 

performance, engine efficiency and flight safety [29]. The 

effect of ISA and altitude on these values is critical to 

understanding how atmospheric conditions change flight 

dynamics. Variations in temperature and pressure between 

these layers at different rates have decisive effects on the 

performance of aircraft [30].  For example, at higher 

altitudes, lower density and pressure values create less lift 

on aerodynamic surfaces, while changes in the speed of 

sound can affect shock wave generation [31]. A detailed 

analysis of these factors helps to determine operational 

limits during the aircraft design process [29]. 

 

In this study, the effect of atmospheric conditions on 

compressible flow calculations with different 

configurations was discussed. In the first configuration, the 

results were evaluated at constant ISA (0) at different 

altitudes (0, 10,000, 20,000, 40,000 meters). In the other 

configuration, the effects of atmospheric parameters on 

airflow at sea level (0 m) at different ISA deviations (-20, -

10, +10 and +20 °C) were analysed. The altitudes selected 

in the study represent altitudes in different layers of the 

atmosphere such as troposphere and stratosphere. Static 

values related to these configurations are calculated with 

Python code and given in Tables 1 and 2. 

 

Table 1 Configuration 1; altitude-dependent static values 

only 

h(m) ISA(°C) T(°C) a (m/s) ρ (kg/m³) P (kPa) 

0 0 15.04 340.28626 1.2259736 101.40093 

10000 0 -49.86 299.5295 0.413771 26.516206 

20000 0 -56.46 295.0695 0.0889185 5.529845 

40000 0 -11.61 324.17089 0.00388 0.2913066 

 

Table 2 Configuration 2; static values connected to ISA 

only 

h(m) ISA(°C) T(°C) a (m/s) ρ (kg/m³) P (kPa) 

0 -20 -4.96 328.266 0.90263 69.47591 

0 -10 5.03999 334.33 1.05485 84.21983 

0 10 25.04 346.1398 1.41756 121.3161 

0 20 35.04 351.8959 1.63126 144.2864 

 
The other parameters affected by these variations also 

depend on the Mach number. At higher speeds, the effects 

of these parameters become more complex. Therefore, in 

order to investigate the variation in these parameters, the 

study evaluated parameters such as total temperature, 

flow/vehicle velocity and dynamic pressure over a wide 

range of Mach numbers under different altitude and ISA 

conditions. Mach number dependent graphs were created 

and presented between Figure 4 and Figure 9. The Mach 

number range considered in the study was chosen as 0-5 in 

order to evaluate how aircraft behave over a wide speed 

spectrum, covering subsonic, supersonic and hypersonic 

flight regimes. In this way, these calculations, performed at 

different altitudes, at different temperature deviations and 

over a wide range of Mach numbers, provide vital data for 

predicting challenges in aircraft design and developing 

optimal solutions to these challenges [29].  

 

The variation in sound speed and temperature for different 

configurations are given in Tables 1 and 2. Depending on 

the atmospheric conditions, the static temperature affects 

the speed of sound and hence the Mach number. This in turn 

affects whether the flight is subsonic or supersonic. For 

example, due to the decrease in the speed of sound at high 

altitudes, an aircraft flying at the same absolute speed 

reaches a higher Mach number. This means that supersonic 

flight will occur earlier (at lower absolute speed) at higher 

altitudes. This can be advantageous in terms of fuel 

efficiency and engine design, provided the engine is 

designed for high altitude conditions. However, due to the 

low temperatures, changes in material strength and 

aerodynamic structures need to be considered.  

 

Figure 4 shows a graph of total temperature and aftershock 

temperature as a function of Mach number under different 

atmospheric conditions. The graph shows that at higher 
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altitudes, the total temperature generally starts low initially, 

while at lower altitudes, higher total temperatures are 

observed initially. This is due to the higher air temperature 

closer to sea level. When the curves such as Tt, Tt-10, 

Tt+20 in the graph are analysed, different total temperature 

values are observed depending on the ISA values. A 

positive temperature deviation starts the total temperature 

higher than it actually is, while a negative temperature 

deviation starts it at lower temperatures. As the Mach 

number increases, it is observed that the total temperature 

increases in absolute terms in all total temperature curves. 

This is because as the Mach number increases, 

compressible flow effects come into play and convert 

kinetic energy into temperature [32]. Especially after Mach 

2, it is seen that the curves change rapidly, which shows that 

the temperature change is more pronounced at high speeds. 

Shock waves and the aerodynamic losses caused by these 

waves are related to temperature. The effect of shock waves 

during supersonic flights results in heating and pressure 

increase on the surface of the aircraft [33]. The increase in 

Mach number significantly increases the intensity of the 

shock and the temperature variation. The temperature 

deviation significantly changed the temperature changes 

after the shock. With all these, it is generally understood 

from the graph how much altitude, temperature deviation 

and speed affect the static and total temperature. 

 

 

Fig. 4. Mach, Total Temperature and Static Temperature Graph after Shock for Configuration 1 and 2 

Figure 5 shows how the static and total pressure changes 

with ISA, altitude conditions and Mach numbers after 

shock formation. The shock wave causes a sudden increase 

in pressure. At low altitudes, the higher air density causes 

air compression during the shock wave to create a larger 

pressure increase. At high altitudes, the air density is lower, 

so the post-shock pressure increases less. However, 

pressure spikes were still observed with increasing Mach 

number. The lower density at high altitudes caused the 

pressure increase to be more controlled. Warmer air has a 

lower density, which can reduce the rate of increase in post-

shock pressure. But there was still a post-shock pressure 

increase at supersonic speeds. Since cooler air is denser, the 

aftershock pressure is higher. This means that there is more 

compression during the shock wave, which causes the 

pressure to increase at a greater rate.  
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The shock wave abruptly reduces the velocity of the flow 

while increasing other parameters such as pressure, 

temperature and density. But since these sudden changes 

are not reversible, energy loss occurs in the flow. This 

energy loss causes a drop in total pressure. In the graph, the 

total pressure in the pre-shock flow is generally high, 

whereas in the post-shock flow it decreases due to friction 

and the effect of the shock. It was observed that the higher 

the Mach number before the shock, the greater the total 

pressure loss after the shock. There is a sudden loss of 

energy in the flow during the shock wave. These losses are 

not reversible and the total pressure of the flow is affected 

by this energy loss. Shock waves usually cause losses due 

to friction and viscosity. These losses result in the 

conversion of some of the energy of the flow into heat, 

which leads to a drop in the total pressure [33].

 

 

Fig. 5. Mach, Post-Shock Static and Total Pressure Graph for Configurations 1 and 2

Figure 6 shows how the total pressure changes with ISA, 

altitude conditions and Mach numbers. At lower Mach 

numbers (between 0 and 1), the increase in total pressure is 

limited at low speed. This is associated with the velocity 

regime in which the flow can be considered incompressible. 

At higher Mach Numbers (especially Mach 3 and beyond), 

the total pressure increases rapidly as the Mach number 

increases. Here, it is seen that in the supersonic regime, 

where the flow becomes compressible, the total pressure 

increases rapidly due to the effect of shock waves and 

compression.  

In the graph, the total pressure varies at different altitudes. 

While the highest total pressure values are reached at sea 

level (approximately 0 meters), these values decrease as the 

altitude increases. Especially at higher altitudes, the total 

pressure remains lower. And even if the Mach number 

increases, the increase in total pressure varies less at high 

altitudes than at sea level. This is due to the decrease in 

static pressure with increasing altitude as given in Table 1.  

Since the air density is lower at higher altitudes, the total 

pressure naturally decreases. At sea level, the total pressure 

is considerably higher than the total pressure at other 
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altitudes and rises much faster with the increase in Mach 

number. The high atmospheric pressure and density at sea 

level further increases the total pressure at high speeds.  

Where the temperature deviation is high, the total pressure 

is higher than where the temperature deviation is low. In a 

warm air environment, the total pressure is higher than in 

other ISA conditions. This is because the air is less dense 

when the temperature increases. This increases the 

compression of the flow and has an effect on the total 

pressure. In colder air, the total pressure is lower. Since cold 

air is denser, the same Mach number results in lower total 

pressure. 

 

 

Fig. 6. Mach, Total Pressure Graph for Configurations 1 

and 2 

Figure 7 shows how the dynamic pressure varies with ISA, 

altitude conditions and Mach numbers. The dynamic 

pressure increase is relatively slow at low speeds where the 

flow can be considered incompressible. From Mach 3 

onwards, a rapid increase in dynamic pressure is observed. 

This is due to the increase in the kinetic energy of the air 

flow as it accelerates. In this regime, the air becomes 

compressible and the pressure forces acting on the surface 

of the aircraft increase significantly. It is observed that the 

dynamic pressure decreases with increasing altitude. At 

higher altitudes, the density of the air is lower, so the 

dynamic pressure reaches lower values at the same Mach 

number. Different ISA values also affect the dynamic 

pressure. In warmer air conditions, the dynamic pressure is 

higher than in other conditions. Although warmer air is less 

dense, the increase in kinetic energy compensates for this 

and the dynamic pressure increases rapidly as the Mach 

number increases. In colder air, the air is denser, so the 

dynamic pressure is lower at the same speed. Because the 

air is denser, as the Mach number increases, the dynamic 

pressure remains lower than in other temperature 

conditions. 

 

 

Fig. 7. Mach, Dynamic Pressure Graph for Configurations 

1 and 2 

The change in total density at different ISA, altitude and 

Mach numbers is given in Figure 8. Since these effects 

change the static temperature, they also change the total 

density. It can be seen from the graph that the temperature 

deviation changes the density in a directly proportional 

way. As the temperature increases, the density of the air 

decreases because warmer air expands and contains fewer 

molecules. In colder conditions, the density increases. As 

altitude increases, atmospheric pressure and temperature 

decrease, leading to a decrease in air density. 

 

 

Fig.8. Mach, Total Density Plot for Configurations 1 and 2 

The change in static density after the shock at different ISA, 

altitude and Mach numbers is presented in Figure 9. While 

the static density before the shock is independent of Mach 

number, the static density after the shock undergoes 

significant changes due to the effect of shock waves in 

compressible flows. While the flow velocity decreases 

during the shock, the pressure increases after the shock, 

leading to an increase in density.  Despite the increased 



Author et al.          Energy, Environment and Storage, xx(xx),xx-xx 

 

Copyright © and. Published by Erciyes Energy Association 

 

pressure and temperature values after the shock, the density 

was more affected by the increase in pressure [34]. It is 

observed that the density decreases rapidly with increasing 

altitudes. The temperature deviation changed the total 

density in a directly proportional manner. 

 

 

Fig. 9. Mach, Post-Shock Density Graph for 

Configurations 1 and 2 

 

3.2 Conclusion and Recommendations 

As can be understood from all these findings, it was 

determined that ignoring the atmospheric conditions led to 

data that did not match the actual values found in the current 

conditions. This is expected to cause problems in the design 

and analysis processes. For this design and analysis 

process, compressible flow parameters are of critical 

importance for performance-based design of engines and 

compressors [35], air intake and wing designs [36,37], in 

short, in all cases that directly affect the aerodynamic and 

structural design of the aircraft [38]. This is because flow 

regimes and aerodynamic forces can change depending on 

the compressibility effects of the flow [38]. While the 

variation of the stress acting on the aircraft affects the 

material selection [39], the varying thermal loads also 

create a material selection based on the resistance of the 

aircraft to thermal stresses. Total temperature information 

is critical for the calculation of thermal expansion and 

deformation [40]. This study can be integrated into 

computational fluid dynamics (CFD)-based software to 

enable more comprehensive analyses and serve as a 

foundation for future research. 
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