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This study focuses on the processes occurring within the cool-
ing channels of a liquid rocket engine chamber. It is important to 
note that, from a design-stage efficiency prediction perspective, 
the cooling system is the most critical part of the engine chamber. 
This is because it cannot be tested without costly and labor-in-
tensive fire tests. Therefore, mathematical models of heat transfer 
and fluid dynamics must describe accurately all processes taking 
place in the chamber.

The study emphasizes accounting for the change in the density 
of the propellant component within the cooling channels. To veri-
fy the importance of this issue, an analysis was conducted on the 
changing parameters of the propellant components in the cooling 
channels of an engine. The assessment revealed that even when 
using high-boiling propellant components and moderate heating 
in the cooling channels, density changes can exceed 25 %.

This paper presents the results of developing a model for the 
flow of propellant in the cooling channels of a liquid rocket engine 
chamber, taking density changes into account. The model builds 
on a cooling channel model previously developed by the authors. 
An equation that accounts for density variations was derived 
using established principles of fluid mechanics.

Using the developed mathematical model, test calculations 
were performed, and the simulation results were compared with 
and without considering density changes. Furthermore, a com-
parison was conducted with calculated data available in the lite
rature on heat transfer in the RD107 engine chamber, revealing an 
error margin of no more than 1.5 %.

The resulting mathematical model may be recommended for 
use in the design of new rocket engine chambers with regenera-
tive cooling
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1. Introduction

Designing a liquid propellant rocket engine (LPRE) pre
sents numerous challenges, many of which stem from the 
rigid hydraulic and mechanical interconnections between its 
components. These connections mean that any deviation in the 
performance of one component can critically impact the entire 
system’s parameters. A notable example of such interdepen-
dence is the interaction between the cooling system and the 
turbopump unit. For instance, if the cooling system operates 
with insufficient efficiency, it may require increased flow rates, 
leading to higher pressure losses in the cooling channels. Con-
sequently, this necessitates redesigning the pump to provide 
greater head. Therefore, obtaining highly accurate calculations 
of both heat transfer and fluid dynamics in the cooling channels 
of the LPRE chamber during the design phase is essential. This 
accuracy not only accelerates the engine development process 
but also allows for a rational reduction in the design mar-
gins typically incorporated by engineers during development.

Accurate modeling of hydrodynamics is crucial for calculat-
ing the cooling of the engine chamber, requiring consideration 
of several factors. Key factors include the surface roughness 
of the channel walls, the transverse and longitudinal shapes 
of the channels, deviations in the geometric parameters of the 

channels during manufacturing, and changes in the coolant 
properties along the channel. The last factor is particularly sig-
nificant not only when cryogenic coolants are used but also for 
engines with high-boiling fuel components. For example, when 
using the widely used high-boiling propellant pair – nitrogen 
tetroxide and unsymmetrical dimethylhydrazine – the density 
change in the cooling channels can reach 15–25 % even with 
moderate heating of the propellant (100–120 K) [1, 2]. Ac-
counting for this physical phenomenon enables the calculation 
of the most efficient coolant velocity distribution in the chan-
nels, optimizing cooling performance.

It is important to emphasize that a detailed analysis of the 
processes occurring in the cooling channels of LPRE cham-
bers requires the use of advanced heat transfer models. This 
necessity arises because traditional approaches, which rely 
on dividing the computational domain into a finite number 
of sections, have become outdated and lack the accuracy of 
more modern methods [3]. Leveraging the significant ad-
vancements in computational technology in recent years 
enables the development of more sophisticated mathematical 
models. This is supported by studies [4–6], which demon-
strate that applying modern methods and approaches to the 
analysis of processes in rocket engines enhances the quality 
and reliability of the results.
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Thus, developing a mathematical model that accounts for 
the density changes of the propellant component as it heats 
up in the cooling channels of the engine chamber is a highly 
relevant task.

2. Literature review and problem statement

A review of recent research was conducted to assess the 
current state of development in heat transfer calculation 
methods. Special attention was given to how these studies 
address the change in coolant density during heating. Given 
the ongoing trend of using methane as a highly efficient fuel, 
an increasing number of researchers are exploring its poten-
tial as a coolant and studying its specific characteristics in 
detail. For example, in studies [7, 8], one-dimensional mathe
matical models of heat transfer for the analysis of regenera-
tive cooling in chambers using methane are presented. These 
models rely on empirical equations, such as the Dittus-Bolter 
correlation for determining the heat transfer coefficient of 
the coolant and the Bartz correlation for calculating the 
heat flux into the chamber wall. Both studies apply the well-
known fin theory [9], with the calculations performed by 
dividing the computational domain into a finite number of 
discrete sections. Since the properties of cryogenic methane 
vary significantly with temperature and pressure, all the 
necessary parameters of the coolant in each design section 
are determined using NIST REFPROP [10]. This approach 
requires the use of tabular functions or the integration of 
third-party programs into the mathematical model.

In the work [11], which focuses on the development of an 
expander-cycle scheme for a rocket engine using an electric 
battery, the temperature of methane gasified in the cooling 
channels for the turbine drive, as well as pressure losses in the 
cooling channels, were calculated using criterion correlations 
that account for the density of both the liquid and gas phases 
of methane. However, for a more detailed analysis of proces
ses in channels with significant changes in the density of the 
component, a mathematical model based on the fundamental 
laws of fluid mechanics is required.

In the case of using another cryogenic fluid, such as nitro-
gen, as a coolant, the NIST REFPROP database is also used 
in [12] to determine the fluid’s physical properties, which is par-
ticularly important when the fluid transitions to a supercritical 
state. The study simulated a cooling system with spiral channels 
using a simple one-dimensional method based on the traditional 
semi-empirical correlation, adjusted for the flow rate. To vali
date the proposed one-dimensional model, it was compared 
with results from a three-dimensional numerical simulation. 
The method was then applied to analyze the temperature dis-
tribution of the inner wall and optimize the channel parameters.

The process of optimizing the cooling channel is also pre-
sented in [13]. An iterative search algorithm was employed to 
determine the optimal geometry of the cooling channel. Two 
criteria for optimization were considered. In the first case, 
the goal was to minimize thermal resistance, which resulted 
in a lower wall temperature for a given pressure drop. In the 
second case, the objective was to minimize the pressure drop 
while keeping the wall temperature below the permissible 
limit. However, due to the use of an iterative algorithm and 
the division of the channel into a finite number of sections, 
the calculation process became significantly more complex.

In the case of using a high-boiling propellant component, 
such as kerosene, as a coolant, the temperature dependence 

of the component’s properties is also considered using NIST 
SUPERTRAPP [14], as demonstrated in [15]. This paper 
investigates the possibility of combining conjugate heat 
transfer and variational calculus to design optimal cooling 
channels. A simplified model of the cooling channel is used to 
determine the optimal geometric parameters that minimize 
the average temperature, temperature inhomogeneity, and 
pressure drop simultaneously.

In [16], a simplified model of the steady thermal state of 
liquid propellant engine chambers with regenerative cooling is 
presented. The model is based on semi-empirical correlations 
for convective heat transfer from the combustion products 
side, with coefficients calibrated using experimental data from 
fire tests of a water-cooled nozzle. The study also employs an 
original multi-zone approach to model thermal conductivity 
in the walls and ribs of the engine chamber. The work notes 
that the NIST REFPROP program was used to determine the 
fluid properties, necessitating either its integration into the 
calculation algorithm or the use of tabular functions.

It is worth highlighting the article [17], which describes  
a model conceptually similar to the one presented in this 
work. Differential equations in one-dimensional form were 
used to describe the processes in the engine chamber. The 
model was implemented in the EcosimPro system, which was 
then used to obtain numerical solutions. The resulting mathe
matical model was applied to predict the results of hydraulic 
and fire tests of the engine chamber, demonstrating high 
accuracy. While the calculations do not account for changes 
in the coolant’s density, since water was used as the coolant 
in the fire tests and its density can be considered constant at 
low heating, no significant calculation errors were observed.

Another approach to calculating heat transfer in LPRE 
chambers is CFD modeling. For example, in article [18], a uni
fied framework based on the Navier-Stokes equations was 
developed to simulate the flow of combustion products within 
the engine chamber. Empirical Nusselt correlations were used 
to calculate the heat transfer of the fluid, while the coolant 
properties across its entire range of thermodynamic states 
were determined using NIST SUPERTRAPP. This, in turn, 
necessitates the use of tabular functions or the integration of 
external software solutions into the mathematical model.

In [19], the possibility of calculating conjugate heat trans-
fer using open-source tools such as OpenFOAM, CalculiX, 
and preCICE is explored. The study focused on a helium heat 
exchanger for tank pressurization located on the exhaust pipe 
of a liquid propellant turbine, but the calculation algorithm 
presented can also be applied to the engine chamber. The 
properties of the coolants were provided as tabular functions. 
Unlike [18], where empirical models were used, the flow of 
both fluids in this study was modeled using CFD, without 
relying on empirical models.

A similar approach is used in [20], where CFD modeling 
is employed to describe both the processes occurring in the 
combustion chamber and the coolant flow in the engine’s 
cooling channels. However, to simplify the calculations, the 
coolant is treated as an incompressible fluid in this study.

Commercial computational software, such as Ansys Fluent, 
are also used for cooling calculations. For example, in [21], 
the simulation of kerosene flow in a rectangular cooling 
channel of a ramjet engine is presented. The modified Be
nedict-Webb-Rubin equation of state was used to determine 
the coolant’s density. Special attention is given to kero-
sene pyrolysis, which is also relevant for liquid propellant  
rocket engines.
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Based on the results of the literature review [7, 8, 11–13, 
15–21], it can be concluded that modern heat transfer calcu-
lation methods, in addition to CFD modeling, often employ an 
approach that divides the one-dimensional calculation domain 
into a finite number of sections. It was also found that tabular 
functions obtained using the NIST REFPROP software pack-
age are used to account for changes in density. However, this ap-
proach to modeling engine chamber cooling is inconvenient to 
implement and can significantly lose accuracy, especially if the 
number of calculation sections is not properly selected. Addi-
tionally, it is difficult to standardize this approach for modeling 
processes in different units with varying working environments.

3. The aim and objectives of the study

The aim of this study is to develop a mathematical model 
for the cooling channels of a liquid rocket engine chamber, 
accounting for changes in coolant density during heating. This 
model will enable the simultaneous solution of heat transfer 
and hydrodynamics problems, thereby simplifying the process 
of determining the most efficient geometric parameters for 
cooling channels during parametric heat transfer calculations. 
Additionally, the developed model should be easy to implement 
and should not require integration with external programs.

To achieve the study’s objective, the following tasks were set:
– to derive a system of equations for the mathematical 

model of the fluid in the rocket engine’s cooling channels, 
accounting for changes in fluid density; 

– to validate the obtained mathematical model.

4. The study materials and methods

This work focuses on the processes occurring in the cool-
ing channels of liquid rocket engine chambers. For their mo
deling, a mathematical model was previously developed [3], 
which is represented by the following system of equations:
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where x – longitudinal coordinate along the channel axis, with 
the origin located at the coolant supply point; ρ – coolant den-
sity; f – channel cross-sectional area; u – coolant velocity;  
p – static pressure; λ – empirical coefficient of friction loss; 
P – channel perimeter; c – heat capacity of the coolant;  
T – coolant temperature; α – heat transfer coefficient;  
Tw – wall temperature. In this version of the mathematical 
model u, p, T – functions of the x-coordinate, while the com-
ponent density ρ is constant.

The model describes the processes in the cooling channel 
under the following constraints and assumptions:

– the length of the channel is much greater than its trans-
verse dimension; 

– the channel area may vary; 
– the radius of curvature of the channel is much larger 

than its transverse dimension.
The equation that accounts for the change in the compo-

nent’s density was derived from the definition of the volu-
metric thermal expansion coefficient [22]:

β =
∂
∂





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1
v

v
T p

,	 (2)

where v – the specific volume of the liquid.
The coolants considered in this work are droplet liquids, 

whose density changes only slightly under the influence of 
pressure forces. This allows the assumption of constant pres-
sure to be neglected in the equation.

The component density calculated using the differential 
model was compared with density data obtained from the 
NIST REFPROP software package. To obtain a numerical 
solution for the differential model, the fourth-order Runge- 
Kutta method was employed, using the NDSolve function 
from the Wolfram Mathematica software package.

It is anticipated that accounting for density changes 
during the heating of the component will improve the accura-
cy of heat transfer calculations in engine chambers, compared 
to models that assume a constant coolant density.

5. Results of the development of the cooling channels 
mathematical model

5. 1. Derivation of the system of equations for the cool-
ing channels mathematical model  

To account for the change in density with temperature in 
the existing differential model, it is necessary to supplement 
it with an equation of the following form:

r = ( )f T .

To achieve this, in expression (2), both sides of the equa-
tion were multiplied by the derivative of temperature with 
respect to the coordinate. After some simplifications, the 
equation takes the form:

β
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.

By applying the differentiation rules and using the equa-
tion of state, an equation of the following form was obtained:
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Using the properties of logarithms, the negative exponent 
can be eliminated:
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In this form, the equation for the change in the density 
of a component due to heating will be used in the differential 
model. With a constant or slightly varying volumetric ex-
pansion coefficient, equation (3) can be integrated as follows:
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this leads to the result:

ln .r β( ) = − +T C

By applying the properties of logarithms:

r β= −( )C Texp .

Considering the initial conditions:

x T T= → = =0 0 0r r , ,

finally, the equation can be written as:

r r β= −( )( )0 0exp .T T 	 (4)

Using equations (3) and (4), it is possible to determine 
the change in density with temperature and compare the re-
sults with the density data obtained using the NIST program. 
The comparison was made using the example of the density 
change of RP-1 kerosene, one of the most commonly used 
coolants in LRPE. In equation (3), the volumetric expan-
sion coefficient was expressed as a function of temperature.  
To achieve this, the values of the coefficient at different tem-
peratures, obtained from the NIST program, were approxi-
mated using a second-degree polynomial:

β = ⋅ − ⋅ + ⋅− − −1 58 10 4 58 10 7 57 103 6 9 2. . . .T T 	 (5)

In equation (4), the coefficient of volumetric expansion 
was assumed to be constant. It was obtained by averaging 
equation (5) over a specified range of liquid temperature 
changes and is equal to β = 0.00111 in this work.

For the results obtained using equation (4), the relative 
deviation (∆) was calculated. The comparison results are 
shown in Fig. 1.

After confirming the correctness of the obtained equation, 
it was integrated into the existing system of equations (1). 
The new system of equations takes the following form:
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and is closed with the following boundary conditions:

p p0 0( ) = ; T T0 0( ) = ; u u0 0( ) = ; r r0 0( ) = .

A key distinction of the newly obtained mathematical 
model from the system of equations (1) is that, in system (6), 
the density is the unknown variable and a function of the 
coordinate x.

5. 2. Verification of the developed mathematical model
The obtained differential model was verified by com-

paring the simulation results with the calculated data for  
the RD107 engine [23] presented in the literature. The entire 
engine chamber cooling system was considered, excluding 
the final section of the nozzle.

To achieve this, some modifications were made to sys-
tem (6): the variable f in the energy conservation and mo-
mentum conservation equations was replaced by the expres-
sion (f/n) (where n is the number of cooling channels) for 
simulation the multi-channel system.

Additionally, it is necessary to account for the change 
in the coefficient of friction losses for correct simulation 
the pressure losses in the channels with variable geometric 
parameters. The Colebrook-White correlation [24] is typi
cally used in the analysis of pressure losses, including in 
channels similar to the LPRE chamber channels [25]. How-
ever, based on the results of a previous analysis, it was found 
that, for this particular case, the flow regime is self-similar 
with respect to the Reynolds number. This finding allowed 
for simplification of the equation and the derivation of an 
explicit expression for the dependence of the coefficient of 
friction losses: 
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where D – relative roughness. Since the absolute roughness 
of the channel walls (Δ) can be considered constant along the 
length of the chamber, it is possible to write:

λ = ( ) =
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= ( )f f
d

f d
h
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where dh – the hydraulic diameter of the channel.
Also, to determine the heat input, the term in the ener

gy conservation equation a T T Pw −( )  was replaced by the  
expression:

qP
n

ch ,

where q – the specific heat flux given in the literature, and 
Pch – the internal perimeter of the engine chamber.

Equation (5) was used to determine the volumetric ex-
pansion coefficient. The system of equations used to perform 
the calculation is as follows:

 
Fig. 1. Kerosene density determined using different methods
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Calculations were performed both with and without con-
sidering the change in density. The comparison results are 
shown in Fig. 2–4. For easier comparison with the available 
heat transfer data for the RD-107 engine chamber [25], the 
curves in the graphs were inverted.

The obtained results show satisfactory agreement with 
data from the literature (Table 1) and highlight the impor-
tance of accounting for changes in the density of the liquid in 
the cooling channels.

Table 1

Comparison of the obtained results with data from 	
the literature

Parameter

Result deviation

Without density 
change

With density 
change

Outlet cooler velocity –15 % +1.5 %

Outlet total pressure +1.2 % –0.7 %

Outlet cooler temperature +1.0 %

6. Discussion of the results from  
the development of the cooling system 

mathematical model

This study focuses on enhancing the existing ma
thematical model of the cooling channels by incorpo-
rating the effects of fuel component density variation. 

The derived equations (3) and (4) were validated 
through comparison with data obtained using the NIST 
REFPROP program (Fig. 1). The comparison results 
confirm the accuracy of the derived equations. Addi-
tionally, it is demonstrated that using equation (4) with 
a constant thermal expansion coefficient enables density 
estimation with an error of no more than 4 %, even 
under significant temperature variations in the liquid.

The test calculations demonstrate acceptable con
vergence for the developed model. The correctness 
of the proposed approach and the importance of 
accounting for density variation are illustrated in 
the graphs showing parameter changes along the 
length of the chamber (Fig. 2–4). This is particularly 
evident when comparing the velocity in the cooling 
channels of the cylindrical section of the engine 
chamber (0–0.4 m, Fig. 3). The velocity predicted 
by the new model aligns closely with both the values 
and trends reported in the literature. The uniform 
increase in velocity within a constant cross-sectional 
area is attributed to the decrease in coolant density, 
as confirmed by the new model. In contrast, calcu-
lations that neglect density changes during heat-
ing significantly deviate from the literature values. 
Specifically, Fig. 4 reveals that the pressure drop in 
the cooling channels, calculated without considering 

 
Fig. 2. Temperature and density variations 	

in the cooling channels

 
Fig. 3. Coolant velocity in the cooling channels

 
Fig. 4. Total pressure in the cooling channels
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density variation, is underestimated by over 10 % compared 
to the results obtained using the new model.

Unlike studies [7, 8, 11–13, 15, 16], where the calculation 
domain was divided into a finite number of sections, this work 
presents a mathematical model of the cooling channels as  
a system of differential equations. This approach reduces dis-
cretization errors and simplifies calculations due to the avail-
ability of existing numerical methods for implementation. 

Furthermore, in contrast to works [7, 8, 12, 15, 18, 19], 
which rely on pre-existing tabular data to determine density 
or involve integration with external programs, the developed 
mathematical model incorporates a functional dependency. 
This allows for a more streamlined cooling calculation pro-
cess and improves its accuracy.

Thus, the developed mathematical model offers an alter-
native to existing methods for calculating engine chamber 
cooling. It enables efficient and comprehensive heat transfer 
and hydraulic calculations without the need for significant 
computational resources. Moreover, accounting for density 
changes enhances calculation accuracy without complicating 
the algorithm. This, in turn, facilitates the development of 
more advanced cooling channels designs during the design 
phase, ultimately reducing the need for expensive fire tests.

Since the density of cryogenic fuel components is sig-
nificantly affected by pressure even with slight heating, the 
practical application of this model is limited to high-boiling 
coolants. A drawback of the proposed method is the assump-
tion of uniform parameter distribution across the channel.  
A significant temperature gradient (and consequently, a den-
sity gradient) within the channel cross-section could lead to 
inaccuracies in the heat transfer and hydraulics calculations.

In the future, the presented mathematical model will be 
modified to account for pressure losses resulting from overcom-
ing local resistances in the engine chamber’s cooling channels.

7. Conclusions

1. In this study, a new differential model for the cooling 
system of the rocket engine chamber was developed, in-

corporating the effects of density variation in the coolant.  
To achieve this, equations enabling the calculation of den-
sity changes with varying liquid temperatures were derived 
using the volumetric expansion coefficient. The derived 
equations were validated by comparing the results with data 
from NIST REFPROP.

2. Test calculations were performed using the develo
ped mathematical model. Several modifications were made 
to adapt the model for calculations based on the initial 
data of the RD-107 engine chamber. These included ac-
counting for the multi-channel design of the cooling sys-
tem, a variable friction loss coefficient, and a specified heat 
flux into the chamber wall. A comparison of the results 
with existing data shows that the calculation error does 
not exceed 1.5 %.

Conflict of interest

The authors declare that they have no conflicts of in-
terest, in relation to the current study, including financial, 
personal, authorship, or any other, that could affect the study 
and the results reported in this paper.

Funding

The study was conducted without financial support.

Data availability

All data are available in the main text of the manuscript.

Use of artificial intelligence

The authors confirm that they did not use artificial 
intelligence technologies when creating the presented  
work.

References

1.	 Arnold, S. (1999). Physical & Thermodynamic Properties of Hypergolic Propellants: A Review and Update. Conference: JANNAF 

Inter-agency Propulsion Committee PD&CS and S&EPS Joint Meeting.

2.	 Nesterenko, V. (1982). Teplofizicheskie svoystva chetyrekhokisi azota. Minsk: Nauka i tekhnika, 197.

3.	 Sliusariev, V., Bucharskyi, V. (2024). Development of a differential model for cooling an LPRE chamber by an incompressible fluid. 

Journal of Rocket-Space Technology, 33 (4 (28)), 49–58. https://doi.org/10.15421/452424

4.	 Dubrovskiy, I., Bucharskyi, V. (2023). Devising a method to design supersonic nozzles of rocket engines by using numerical ana

lysis methods. Eastern-European Journal of Enterprise Technologies, 6 (1 (126)), 61–67. https://doi.org/10.15587/1729-4061. 

2023.290583 

5.	 Dubrovskiy, I., Bucharskyi, V. (2020). Development of a method of extended cells for the formulation of boundary conditions in 

numerical integration of gas dynamics equations in the domains of a curvilinear shape. Eastern-European Journal of Enterprise 

Technologies, 5 (7 (107)), 74–82. https://doi.org/10.15587/1729-4061.2020.213795 

6.	 Bucharskyi, V., Zhang, L.-H., Wan, Y.-L. (2018). Improvement in Time Efficiency in Numerical Simulation for Solid Propellant 

Rocket Motors (SPRM). Journal of Propulsion Technology, 39 (1), 92–99. https://doi.org/10.13675/j.cnki.tjjs.2018.01.010

7.	 Sichler, E., Montes, J. D., Chandler, F. O. (2018). One Dimensional Thermal Steady State Analysis and Procedure for a Low-Pres-

sure Liquid Oxygen and Liquid Methane Rocket Engine. 2018 Joint Propulsion Conference. https://doi.org/10.2514/6.2018-4602 

8.	 Kose, Y. M., Celik, M. (2023). Regenerative Cooling Comparison of LOX/LCH4 and LOX/LC3H8 Rocket Engines Using the One-Di-

mensional Regenerative Cooling Modelling Tool ODREC. Applied Sciences, 14 (1), 71. https://doi.org/10.3390/app14010071 

9.	 Bergman, T., Lavine, A., Incropera, F., DeWitt, D. (2011). Fundamentals of Heat and Mass Transfer. Hoboken: John Wiley & Sons, Inc. 



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 6/1 ( 132 ) 2024

20

10.	 Lemmon, E., Huber, M., McLinden, M. (2013). NIST Standard Reference Database 23: Reference Fluid Thermodynamic and 

Transport Properties-REFPROP, Version 9.1. Available at: https://www.nist.gov/publications/nist-standard-reference-database-

23-reference-fluid-thermodynamic-and-transport

11.	 Song, J., Liang, T., Li, Q., Cheng, P., Zhang, D., Cui, P., Sun, J. (2021). Study on the heat transfer characteristics of regenerative 

cooling for LOX/LCH4 variable thrust rocket engine. Case Studies in Thermal Engineering, 28, 101664. https://doi.org/10.1016/ 

j.csite.2021.101664 

12.	 Lv, J., Du, G., Jin, P., Li, R. (2023). Heat Transfer Analysis and Structural Optimization for Spiral Channel Regenerative Cooling 

Thrust Chamber. International Journal of Aerospace Engineering, 2023, 1–17. https://doi.org/10.1155/2023/8628107 

13.	 Atefi, E., Naraghi, M. H. (2019). Optimization of Regeneratively Cooled Rocket Engines Cooling Channel Dimensions. AIAA Pro-

pulsion and Energy 2019 Forum. https://doi.org/10.2514/6.2019-3938 

14.	 NIST Standard Reference Database 4. NIST. Available at: https://www.nist.gov/srd/nist-standard-reference-database-4

15.	 Li, X., Wu, S., Zhang, Q., Li, X., Chen, S. (2024). A novel method based on the calculus of variations to optimize the cooling 

passage configuration in thermal protection structure. Journal of Physics: Conference Series, 2764 (1), 012038. https://doi.org/ 

10.1088/1742-6596/2764/1/012038 

16.	 Fagherazzi, M., Santi, M., Barato, F., Pizzarelli, M. (2023). A Simplified Thermal Analysis Model for Regeneratively Cooled Rocket En-

gine Thrust Chambers and Its Calibration with Experimental Data. Aerospace, 10 (5), 403. https://doi.org/10.3390/aerospace10050403 

17.	 Romano, A., Ricci, D., Battista, F. (2024). 1D numerical simulations aimed to reproduce the operative conditions of a LOX/LCH4 en-

gine demonstrator. https://doi.org/10.21203/rs.3.rs-3866302/v1 

18.	 Kim, S.-K., Joh, M., Choi, H. S., Park, T. S. (2014). Effective Modeling of Conjugate Heat Transfer and Hydraulics for the Regene

rative Cooling Design of Kerosene Rocket Engines. Numerical Heat Transfer, Part A: Applications, 66 (8), 863–883. https://doi.org/ 

10.1080/10407782.2014.892396 

19.	 Jeong, W., Jang, S., Kim, H.-J. (2023). Characteristics of a Heat Exchanger in a Liquid Rocket Engine Using Conjugate Heat Trans-

fer Coupling with Open-Source Tools. Aerospace, 10 (12), 983. https://doi.org/10.3390/aerospace10120983 

20.	 Xu, B., Chen, B., Peng, J., Zhou, W., Xu, X. (2023). A Coupled Heat Transfer Calculation Strategy for Composite Cooling Liquid 

Rocket Engine. Aerospace, 10 (5), 473. https://doi.org/10.3390/aerospace10050473 

21.	 Jin, X., Shen, C., Wu, X. (2020). Numerical Study on Regenerative Cooling Characteristics of Kerosene Scramjets. International 

Journal of Aerospace Engineering, 2020, 1–12. https://doi.org/10.1155/2020/8813929 

22.	 Belyaev, E. (1987). Termodinamika. Kyiv: «Vischa shkola», 344.

23.	 ZHRD RD-107 i RD-108 i ih modifikatsii. Liquid Propellant Rocket Engines. Available at: http://www.lpre.de/energomash/ 

RD-107/index.htm

24.	 Colebrook, C. F. (1939). Turbulent flow in pipes, with particular reference to the transition region between the smooth and rough 

pipe laws. Journal of the Institution of Civil Engineers, 11 (4), 133–156. https://doi.org/10.1680/ijoti.1939.13150 

25.	 Stimpson, C. K., Snyder, J. C., Thole, K. A., Mongillo, D. (2016). Scaling Roughness Effects on Pressure Loss and Heat Transfer of 

Additively Manufactured Channels. Journal of Turbomachinery, 139 (2). https://doi.org/10.1115/1.4034555 


