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Abstract:  
This paper presents a new approach to the thermal protection of solid-fuel 
rocket engines. The method of thermal protection using coatings not only 
reduces the risk of damage to the engine casing but also increases the 
engine’s efficiency in working. Parameters such as thrust and the mass per 
square meter of the engine casing are used to compare the differences 
between engines with and without thermal protection coating. Numerical 
calculation applied to the cruise engine of the rocket 9M39. Calculation 
results show that the thickness of the thermal protective coating and the 
thickness of the combustion chamber have been optimized regarding 
rocket weight. The survey results showed that the mass per square meter 
of the engine casing decreased by 2.5 times, and the engine’s impulse total 
increased by 1.13% when using the thermal protective coating. These 
results are used as data to develop methods to improve the performance 

of solid propellant rocket engines. 
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1. INTRODUCTION  
 

A solid propellant rocket engine is a thermal 
machine that converts the chemical energy of 
propellant into the heat energy of a combustion 
product [1,2], see in Fig. 1. With a high combustion 
chamber temperature, the gas flow is ejected 
through the nozzle; the thrust is created to make 
the rocket move.  

 

 

 

Fig. 1. Solid-fuel rocket engine 

The propellant is burned during engine 
operation, creating a high-temperature gas flow. 
The temperature of the combustion product is 
transferred to the surfaces of the engine casing 
through convection and radiation. This heat 
transfer causes energy loss in combustion products, 
reducing the engine’s efficiency. In addition, this 
very high temperature (about 2000 to 2800 K) can 
destroy the rocket engine casing in a short time. So, 
calculating the thermal protective coating is very 
important to work in the design of rocket engines. 

In the world, there are many studies on the heat 
transfer process through the engine wall. These 
studies mainly focus on finding methods of thermal 
protection against damage to the engine casing [1-
4]. Document [5,6] deals specifically with the issues 
of chemistry and technologies of resin mixtures 
fabrication for the internal heat-protective rocket 
solid fuel engine. However, some research papers 
on thermal protection materials for rocket engines 
only provide a method of material selection without 
providing an optimal solution when used on a solid-
fuel rocket engine [7,8]. Numerous studies have 
mentioned methods of determining defects for 
thermal protective coatings, studying materials 
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used to make thermal protective coatings [9-12]. In 
addition, many studies are using the simulation 
method of heat transfer through the engine wall 
(CFD) to determine the heat resistance of the 
engine case when working [13-15]. Previous studies 
have generally mentioned thermal protection 
measures for rocket engine cases. However, the 
detailed evaluation or coordination of methods to 
protect the engine heat has not been mentioned.  

In this paper, the author mentions a thermal 
protection method for solid-fuel rocket engines 
using optimal thermal protective coatings. With this 
coating, the motor wall is not destroyed and, at the 
same time, ensures the most negligible thickness, 
reducing the engine’s weight when working. In 
addition, the relationship between the thickness of 
the motor case and the thermal protection layer is 
also established in this paper. 

 
2. MATERIALS AND METHODS 

 
The content of the article focuses on establishing 

a system of interior ballistic equations that consider 
heat loss. This equation is solved simultaneously 
with the system of equations for heat transfer 
through the combustion chamber wall to determine 
the amount of heat lost when the engine works. In 
addition, the paper also provides an equation to 
determine the relationship between the 
combustion chamber wall thickness and the 
thickness of the thermal protection layer. 
Numerical methods are used to solve this system of 
equations. The calculation program is programmed 
on MATLAB software. The calculation results are 
used as data to develop methods to improve the 
performance of solid propellant rocket engines. 

 
3. ESTABLISHING THE COMPUTATIONAL MODEL 

 
3.1 Heat loss through the combustion chamber wall 

 
The process of heat loss through the wall of the 

combustion chamber takes place through three 
stages as follows: Heat transfer from the 
combustion gas to the inner wall of the combustion 
chamber; Heat conduction from the inner wall to 
the outer wall of the combustion chamber and the 
heat transfer from the outer wall of the combustion 
chamber to the environment. When there is a 
thermal protective coating, the heat conduction 
must pass through two layers (the thermal 
protector and the combustion chamber wall) before 
transferring heat to the environment. 

To establish the thermal loss calculation model, 
some assumptions are used as follows: 

- Consider the casing of the combustion chamber 
as a round tube; 

- The heat flow through the combustion 
chamber wall is isotropic; 

- The contact surface temperature between the 
thermal protective coating and the inner surface of 
the combustion chamber is considered to be the 
same; 

- The coating is considered to be of uniform 
thickness in all directions and does not change 
during engine operation. 

The calculation model of thermal protective 
coating consists of 2 layers, see Fig. 2: 

- The first layer: Thermal protective coating with 
thickness 𝛥𝐾 = 𝛥𝑟 in direct contact with 
combustible gas, with an inner surface temperature 
of coating T1, and thermal conductivity coefficient is 
λ1. 

- The second layer: The combustion chamber 
casing has a thickness of 𝛥𝑃 = 𝑅 − 𝑟 − 𝛥𝑟, and its 
inner surface temperature is equal to the outer 
surface temperature of the coating T2, and the 
thermal conductivity coefficient is λ2. 

 

Fig. 2. Thermal protective coating calculation model 
 

3.1.1 Heat transfer of combustible gas to the inner 
wall of the combustion chamber 

 
The transfer and conduction of heat from the 

combustion gas to the engine walls is a very 
complex process. To simplify the calculation process, 
we can think of the heat transfer process as 
consisting of only two processes: Convection heat 
transfer and radiant heat transfer. The process of 
transferring heat from a high-speed gas stream to 
the engine wall is represented by the following 
equation: 

 𝑞𝑙 = 𝛼(𝑇𝑔 − 𝑇1).                           (1) 

Where:  
Tg is the gas flow temperature; 
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 1T is the inner surface temperature of the 

combustion chamber wall; 

   is heat transfer coefficient; 

 𝛼 = 𝛼𝑇 + 𝛼𝐵 ,                             (2) 

 T  is convection heat transfer coefficient; 

 B  is radiant heat transfer coefficient. 

- The convection heat transfer coefficient T [13] 

The equation for determining the convection 
heat transfer coefficient is as follows: 

𝛼𝑇 = 𝐾𝑇 [𝑘𝑔 (
2

𝑘+1
)

𝑘+1

𝑘−1
]

0.4

𝑝0.8

(𝑅𝑇𝑔)
0.4

1

𝐷
0.2
𝐹0.2
.   (3) 

 Where: 

 𝐾𝑇 =
0.023

𝑔0.8
𝜆

𝜇0.8
(
𝜐𝐶𝑃

𝜆
)
0.4

;                   (4) 

𝐷 =
4

𝛱
 .                                 (5) 

F  is the area of cross-section of the combustion 

chamber;   is the circumference of the combustion 

chamber;  is thermal conductivity coefficient;   is 
kinematic viscosity; Cp is Specific heat of 
combustion gas; g is gravity acceleration; k is the 
Adiabatic exponent; R is the Thermodynamic 
constant of gas; Tg is the combustion gas 

temperature;  is the density of the combustion 
chamber material. 

- Radiant heat transfer coefficient B [13] 

The combustion product of propellant can be 
considered to consist of two main components: 
water vapor and gas. The equation for determining 
the optical density of a gas according to the 
thickness of the gas layer is as follows: 

 𝜀𝜆 = 1 − 𝑒−𝑘𝐵𝑝𝑆.                         (6) 

Where:  

Bk  is the attenuation coefficient of radiation; 

S is the actual thickness of the radiation zone. 
 
Equation (6) shows that the optical density of a 

gas depends on two different parameters p and S. 
The radiation occurs mainly from two components: 
CO2 and H2O. The combined optical density of the 
above two gases is expressed: 

𝜀𝑟 = 1 − 𝑒−𝐾𝑟𝑝𝑆.                         (7) 

Where:  

𝐾𝑟 = (
0.78+1.6𝑝𝐻2𝑂

√(𝑝𝐻2𝑂+𝑝𝐶𝑂2)𝑆
− 0.1) (1 − 0.37

𝑇𝑔

1000
).        (8) 

The radiant heat flow into the engine wall is 
calculated by the equation: 

𝑞𝐵 = 𝜀𝑟
𝑇+1

2
4.96 [(

𝑇𝑔

100
)
4
− (

𝑇1

100
)
4
].        (9) 

Where: 

 r  is the optical density of nozzle material; 

T is the optical density of the gas mixture. 

The radiant heat transfer coefficient is calculated 
as follows: 

𝛼𝐵 = 𝜀𝑟
𝑇+1

2
4.96 ⋅ 10−8𝑇𝑔

3
1−(

𝑇1
𝑇𝑔
)
4

1−(
𝑇1
𝑇𝑔
)

 .       (10) 

Considering (
𝑇1

𝑇𝑔
)
4

 << 1. equation (10) can be 

rewritten: 

𝛼𝐵 = 4.96 ⋅ 10
−8𝜀𝑟

𝑇+1

2

𝑇𝑔
3

1−(
𝑇1
𝑇𝑔
)
 .          (11) 

The heat loss coefficient in the engine wall: 

𝛼 = 4.96 ⋅ 10−8𝜀𝑟
𝜀𝑇 + 1

2

𝑇𝑔
3

1 − (
𝑇1
𝑇𝑔
)

 

+𝐾𝑇 [𝑘𝑔 (
2

𝑘+1
)

𝑘+1

𝑘−1
]

0.4
𝑝0.8

(𝑅𝑇𝑔)
0.4

1

𝐷
0.2
𝐹0.2

 .   (12) 

3.1.2 Equation of heat conduction through the 
engine wall 

 
From the general shape of the rocket engine 

components, we can assume that the parts are 
cylindrical tubes. The system of differential 
equations for heat conduction through the motor 
wall is the system of differential equations for the 
heat conduction of a cylinder tube [13,14]. With a 
thermal protection layer, the heat transfer equation 
is written as follows: 

1

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑇

𝜕𝑟
) +

�̇�𝑔𝑒𝑛

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝑡
 .               (13) 

The first condition: = 1[0]T T ; r[0]=r1. 

The boundary conditions:  

• At the inner surface:  

𝛼(𝑇𝑔 − 𝑇1) = −𝜆1 (
𝜕𝑡

𝜕𝑛
) ,                       (14) 

• At the point of contact of two surfaces: 

−𝜆1
𝑑𝑇1(𝑟,𝑡)

𝑑𝑟
= −𝜆2

𝑑𝑇2(𝑟,𝑡)

𝑑𝑟
 ,                    (15) 

• At the outer surface:  

𝛼𝑒(𝑇3 − 𝑇𝑒) = −𝜆2 (
𝜕𝑡

𝜕𝑛
) .                  (16) 

Where:  

eT - environment temperature. 
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3.2 Establishing the internal ballistic differential 
equations with the heat loss 
 

3.2.1 Equation for determination of combustion 
gas temperature with heat loss 

 
For the calculation of powder gas temperature 

the equation energy balance is used: 

𝑑�̇�

𝑑𝑡
=

𝑑𝑈

𝑑𝑡
+ 𝑝

𝑑𝑊

𝑑𝑡
+

𝑑𝑞𝑙

𝑑𝑡
.                     (17) 

Where:  

𝑑�̇�

𝑑𝑡
= 𝑄𝑤 . 𝐺𝑝𝑟 is the energy input from powder 

combustion; 
𝑑𝑞𝑙

𝑑𝑡
= 𝐾𝑞

𝑑𝑞

𝑑𝑡
 is heat losses;  

𝐾𝑞 =
𝑞𝑙

𝑐𝑣𝑇1𝜔
 .                                (18) 

𝐺𝑝𝑟 =
𝑑𝜔𝑔

𝑑𝑡
= 𝜔

𝑑𝜓

𝑑𝑡
 is the throughput weight of gas 

generation during propellant burning; 

= 1w vQ c T  is powder energy content; 

vc  is powder isochoric heat capacity; 

𝑑𝑈

𝑑𝑡
= 𝑐𝑣

𝑑𝑇𝑔

𝑑𝑡
 is a variation of powder internal 

energy; 

𝑑𝑊

𝑑𝑡
= (

𝜔

𝛿
− 𝛼𝜔)

𝑑𝜓

𝑑𝑡
 is a variation of combustion 

chamber volume during powder burning. 

After the substitution of all components in (17), 
we can get the equation for the calculation of the 
current gas mixture temperature: 

𝑑𝑇𝑘

𝑑𝑡
=

𝐺𝑝𝑟

𝜔
[𝑇1(1 − 𝐾𝑞) − 𝑇𝑘] (

1

𝛿
− 𝛼)

𝜃

𝑅
𝑝.        (19) 

Equation of gas generation rate: 

𝑑𝜓

𝑑𝑡
=

𝜌𝑇𝑆𝑈

𝜔
 .                           (20) 

The equation to determine the law of change of 
combustion chamber pressure: 

𝑑𝑝

𝑑𝑡
= −

1

𝑉
[(𝜙2𝐾𝑜(𝑘)𝐹𝑡ℎ√𝑓𝑜 + 𝑆𝑈 − 𝑉)𝑝 − 𝑆𝑈𝑓𝑜𝜌𝑇] (21) 

The equation for determining the thrust of a 
solid-propellant rocket engine [15]: 

𝑃 = 𝐶𝑃𝐴𝑡𝑝 .                             (22) 

Where: PC  is the thrust coefficient of the rocket 

engine; 
At

 is the throat cross-sectional area of the nozzle. 

The total impulse of the thrust is determined by 
the following equation [15]: 

𝐼 = ∫ 𝑃𝑑𝑡.
𝑡

0
                           (23)  

The system of interior ballistic equations with 
heat loss is established when combining equations 
(13), (17), (19), (20), and (21) as follows. 

{
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𝑑𝑊

𝑑𝑡
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𝑑𝑞𝑙

𝑑𝑡

1

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑇

𝜕𝑟
) +

�̇�𝑔𝑒𝑛

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝑡

 (24) 

 

3.3 Establishing the equation for determining the 
thickness of the thermal protective coating 

 
The thickness of the combustion chamber is 

determined according to the theory of durability of 
the thin tube and is only affected by the calculated 
pressure. The stable condition of the combustion 
chamber casing is: 

 𝛥𝐾 ≥
1

2
𝐷𝐻 (1 −

[𝜎]

[𝜎]+𝑝𝑡𝑡
).                 (25) 

Where:  

[𝜎] is the admissible stress of the combustion 
chamber casing material; 

DH is the internal diameter of the combustion 
chamber; 

ttp  is the working pressure of the rocket engine. 

The value 𝛥𝐾  is chosen to suit production 
technology requirements. 

To determine the relationship between the 
insulation coating thickness and the combustion 
chamber casing thickness, the Fourier standard is 
calculated for the coating, and the composition 
standard is used. This relationship is represented by 
the following equation [16]: 

𝑙𝑔 𝜃 = 𝑙𝑔 𝜃0 −
𝐴

𝜇+𝐶
𝐹𝑜.                    (26) 

Where:  
 A, C, and 0  are experimental coefficients; 

 𝜃 =
𝑇𝑔−𝑇𝑠

𝑇𝑔−𝑇𝑒
 is the relative temperature; 

𝐹𝑜 =
𝑎𝑃𝑡

𝛥𝑃
2  ,                             (27) 

𝜇 =
1

𝐵𝑖
+

1

𝑀
+

1

𝐵𝑖⋅𝑀
,                     (28) 

𝐵𝑖 =
𝛼𝛥𝑃

𝜆1
 is Biot standard for coatings; 

𝑀 =
𝛾𝑃𝑐𝑃𝛥𝑃

𝛾𝐾𝑐𝐾𝛥𝐾
; 𝑎𝑝 =

𝜆1

𝛾𝑃𝑐𝑃
 .                 (29) 

- Substituting (27) and (28) into (26), the 
thickness of the thermal protective coating is 
determined according to the structural parameters 
of the combustion chamber and the coating 
material as follows: 
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𝛥𝑃 = −
1

2𝐶
(
𝜆1
𝛼
+
1

�̄�
) 

+√
1

4𝐶2
(
𝜆1

𝛼
+

1

�̄�
)
2
−
1

𝐶
(
𝜆1

𝛼�̄�
+

𝐴𝑎𝑃⋅𝑡

𝑙𝑔 𝜃−𝑙𝑔𝜃0
),  (30) 

�̄� =
𝛾𝑃𝑐𝑃

𝛾𝐾𝑐𝐾𝛥𝐾
 .                    (31) 

Where:  
t is the working time of the rocket engine; 

K, cK, P, and cP are the specific weight and 
specific heat of the combustion chamber wall 
material and the thermal protection material, 

respectively;   is the coefficient of heat transfer 
from the combustible gas to the coating [16]. 

4. RESULTS AND DISCUSSION  
 

4.1 Input data 
 

The flight engine of the 9M39 rocket is a small 
rocket engine but has a relatively long working time 

(7,2 s). So, the degree of heat loss of this engine 
during working is relatively large. The components 
of the 9M39 missile are shown in Fig. 3. 

 

Fig. 3. Components of 9M39 rocket 
(1. Infrared seeker; 2. Control section; 3. Warhead;  

4. Flight motor; 5. Eject motor; 6. Stabilizers) 

 
To accurately assess the reliability of the 

theoretical basis established in item 2, the 9M39 
rocket flight engine was selected as a model to 
calculate the thermal protection coating and to 
evaluate the effect of the thermal protection 
coating on the performance of solid propellant 
rocket engines. The input parameters to solve the 
interior ballistics problem and determine the 
thickness of the thermal protective coating are 
shown in Table 1.  

The system of differential equations (24) is 
solved by Matlab software using the initial 
conditions: p[1] = p0;  = 0[1] ; q[1] = 0; Tk[1]=0. 

The results of solving the problem of interior 
ballistics with the heat loss of 9M39 missiles are 
shown in Figs. 4 and 5. 

 
Table 1. Interior ballistic specifications of the 9M39 
rocket [17-25] 

Parameters Units Value 
Parameters of combustion chamber material (45X alloy steel) 

Specific weight of  𝑘𝑔/𝑚3 7820 

Specific heat 𝑘𝐽/𝑘𝑔𝐾 0.5866 

Heat conductivity coefficient 
𝑘𝐽

𝑚𝑠𝐾
 46.5·10-3 

Parameters of thermal protection coating material 

Specific weight 3/kg m k 4400 

Specific heat 𝑘𝐽/𝑘𝑔𝐾 0.7039 

Heat conductivity coefficient 
𝑘𝐽

𝑚𝑠𝐾
 0.7027·10-3 

Parameters of interior ballistic problem 

Combustion gas temperature K 2500 

The inner diameter of the 
combustion chamber 

m 64.5·10-3 

The throat-sectional 
diameter of the nozzle 

m 14.5·10-3 

Number of nozzles  1 

Length of cylindrical part 
propellant 

m 729.6·10-3 

Length of cone-shaped 
propellant 

m 95.3·10-3 

Half of the cone angle of the 
propellant 

- 9o 

Diameter of cylindrical part 
propellant 

m 65.4·10-3 

Minimum diameter of cone-
shaped propellant 

m 35.2·10-3 

Density of propellant kg/m3 1600 

Powder force J/kg
 

850000 

Adiabatic exponent  1.25 

Combustion rate coefficient m/sPa 0.2688·10-6 

Exponential index  - 0.70 

Flow loss coefficient - 0.98 
 

 
Fig. 4. Graph of heat loss total over time 

 

 
Fig. 5. Graph of combustion chamber pressure over time 
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4.2 Determination of the thickness of the thermal 
protective coating for the flight engine of the 
9M39 rocket 

 

To evaluate the optimization of the engine mass 
when calculating the coating thickness, the quantity 
of mass per square meter of combustion chamber 
casing 𝑴𝟏 = 𝜸𝑷𝜟𝑷 + 𝜸𝑲𝜟𝑲  is used for comparison. 

In addition, the allowable stress of the combustion 
chamber wall material  B is also calculated 

according to the permissible surface temperature TCP. 
TCP is the maximum temperature of the inner surface 
at which the material of the combustion chamber 
wall does not change mechanical properties. The 
calculation results are shown in Table 2. 

 
Table 2. Table of coating thickness calculation results [26-30] 

Parameter 
analysis 

With a thermal protective coating 
Without the thermal 

protective coating 

𝑇𝐶𝑃[
𝑜𝐶] 300 400 500 550 600 720 

𝜎𝐵 [𝑃𝑎] 8500 8000 7500 7200 6500 2700 

𝛥𝐾 ⋅ 10
−3[ 𝑚] 2.65 2.81 3.00 3.13 3.46 8.33 

𝛥𝑃 ⋅ 10
−3[𝑚] 

1.83 1.37 1.04 0.89 0.72 0 

𝑀1  [
𝑘𝑔

𝑚2] 28.79 28.03 28.02 28.38 30.25 65.67 

The results of Table 2 show: 
- When the allowable temperature CPT is 

increased, the thickness of the casing of the 
combustion chamber must be increased.  

- The results also show that the engine casing 

with a thickness of 𝛥𝐾= 3mm, a thermal protective 

coating with a thickness of 𝛥𝑃=1.04mm, the mass 
per square meter of the engine is the smallest 

𝑀1  [
𝑘𝑔

𝑚2]=28.02. 

- Compared with the actual parameters of the 

9M39 engine, 𝛥𝐾= 2.86mm, 𝛥𝑃= 1.10mm [11,29, 
30], the value of the combustion chamber casing 
thickness and the thermal protection coating 
thickness are calculated relatively reliably, the error 
is within allowable limits, 4.8% and 5.77%, 
respectively.  

If the motor does not have a thermal protective 
coating, the casing material shall be selected so that 
the permissible surface temperature is high. 
Moreover, the thickness of the motor casing must be 
larger. Thereby increasing the mass of the engine. 

 
4.3 Investigate the effect of thermal protective 

coating on the thrust of the 9M39 rocket 
engine  

 
To evaluate the influence of the coating on the 

thrust of the engine, the thrust of the engine is 
calculated in 2 cases: 

 - Engine with thermal protection coating; 

 - Engine without thermal protection coating. 
The results of solving the system of differential 

equations (24) combined with the equations of 
thrust (22), and impulse (23), the law of temperature 
of the inner surface of the combustion chamber wall 
T2, thrust of the engine, and impulse I for 2 cases are 
determined as shown in Figs. 6, 7 and Table 3. 

 
Fig. 6. Graph of inner surface temperature in the 

combustion chamber wall over time 
 

 

Fig. 7. Graph of thrust corresponding to the time 
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Figs. 6, 7 and Table 3 show: 
- With a thermal protective coating applied, the 

internal surface temperature of the combustion 
chamber wall is significantly reduced (from 8200C to 
540oC). With this surface temperature, the engine 
can work for a longer time while the combustion 
chamber casing is not destroyed. 

- Thrust is also lost to less heat in the presence 
of a thermal protective coating. Specifically, 
maximum thrust decreased by 1.42%, cruise thrust 
decreased by 1.04% and total impulse decreased by 
1.13%.  
 
Table 3. The thrust and total impulse 

Parameter analysis Pmax (N) Pht (N) I (N·s) 

With coating 4126 1019 10068 

Without coating 4068 979 8902 

Difference (%) 1.42 1.04 1.13 

 
5. CONCLUSION  

 
In the content of this paper, the model used to 

calculate the thickness of the thermal protective 
coating is presented, and the relationship between 
the thickness of the thermal protective coating and 
the thickness of the combustion chamber casing is 
specifically established. Based on the simulation 
results, the following conclusions can be drawn. 

(1) The selection of thermal protection materials 
for rocket engines must meet the following 
requirements: Light density, small coefficient of 
thermal conductivity, good wear resistance, and 
ease of fabrication. 

(2) The combustion gas temperature is very high, 
greatly affecting the mechanical properties of the 
combustion chamber shell material, which distorts 
the structural parameters of the engine, and the 
accuracy of the control signal is reduced. Therefore, 
rocket engines with long work time and guided 
rocket engines necessarily have thermal protective 
coatings. 

(3) The research results of the article are a 
reliable theoretical basis for calculating the thermal 
protection coating thickness for similar types of 
solid-fuel rocket engines, especially anti-aircraft 
missiles, anti-tank missiles, cruise missiles, etc, 
which have a relatively long working time. 

The limitations of this model are directly related 
to the simplifying hypotheses used. However, the 
method can be utilized to determine selection 
criteria for new insulation materials or to guide the 
designer in choosing between available materials.  
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