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Various factors of thermo-chemical erosion process in gun steel were analysed. 
The factors are mainly related to the thermal load of gun barrel inside surface, 
characteristics of barrel surface and chemical interactions between propellant 
combustion products and barrel surface. The experimental simulation of condi-
tions in gun barrel was carried out by vented vessel firings in the device based on 
modification of 37 mm M39 gun. The nozzle mass loss during firing was the mea-
sure of gun steel erosion. The main thermal factor of erosion is maximum nozzle 
inner surface temperature. This temperature was determined experimentally by mi-
cro thermocouples measurements at specified distance away from the inner surface 
and by numerical analysis of the inverse heat conduction problem. Modelling of 
two-phase flow of propellant combustion products and unburned propellant grains 
in the vented vessel and heat transfer to the nozzle were conducted using developed 
1-D interior ballistic code and CFD simulation in FLUENT. Influence of different 
propellants, TiO2/wax wear reducing liner and tungsten-disulfide nanoparticles 
layer on nozzle erosion was analysed. Good agreement between experimental and 
computational results was achieved.
Key words:	thermocouples, heat transfer, gun steel, interiorballistics,  

CFD, nanoparticles

Introduction

Thermo-chemical erosion in gun steel is defined as the progressive damage of the bore 
surface and enlargement of the bore of a gun barrel by firing, ultimately resulting in loss in the 
muzzle velocity, range, and accuracy and therefore the effectiveness of the weapon. Although 
much progress has been made towards understanding the causes of wear in gun barrels, it is still 
a significant problem for most types of gun. An excellent introduction to wear and erosion in 
gun barrels was given in [1-3]. More recent achievements were summarized in [4, 5].  

The barrel erosion is the complex physical process that depends on many factors. 
The major contributors to wear and erosion of gun barrels are usually divided in three general 
groups: thermal factors, chemical factors, and mechanical factors. These factors are mainly 
related to thermal load of barrel interior surface, mechanical characteristics of barrel surface 
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and chemical interaction between propellant combustion products. The relative contributions of 
these factors vary from system to system. However, thermal and chemical effects are generally 
considered to be the dominant factors.

Various laboratory devices were developed for investigations of influence factors on 
gun barrel erosion. One such device based on modification of 37 mm M39 gun was developed 
in the Military Technical Institute, Belgrade [6] and modified later to enable temperature mea-
surements [7]. The schematic drawing and photograph of this device are presented in fig. 1.
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Figure 1. (a) Scheme of erosion device: 1 – base plate, 2 – nozzle, 3 – barrel, 4 – cartridge, 5 – retaining,  
6 – distancer, 7 – propellant charge, 8 – disc tightener, 9 – O-ring, 10 – bursting disc, 11 – thermocouple,  
12 – piezo-transducer; (b) photograph of erosion device  

The main device element is the nozzle made of gun steel. Weighing the nozzle before 
and after firings enables the eroded mass loss to be calculated. The mean nozzle mass loss 
for the group of firings represents the erosivity of examined propellant charge/nozzle system. 
Experimental results obtained in the device can be used for estimation of gun tube erosion, be-
cause conditions in the device (determined by the mass of propellant and thickness of bursting 
disc) are similar to the conditions during interior ballistic cycle in the gun.

In this paper, the influence of propellant type, tungsten-disulfide nanoparticles layer 
on the nozzle surface and presence of TiO2/wax wear reducing liner in the propellant charge on 
nozzle erosion was analysed.

Experimental investigations

Specially profiled nozzles made of   25CrMo4 (Č 4730) gun steel with surface hard-
ness of 25 HRc were used in experiments. The profile was defined to obtain the streamline 
nozzle contour. 

Two types of propellants: single base propellant (NC) and single base propellant with 
9.75% of dinitrotoluene (NCD) were analysed. Both propellants are in the form of 7-perforated 
cylindrical grains with main characteristics given in tab. 1. 

          Table 1. Main characteristics of propellants

Propellant Diameter [mm] Perforation [mm] Length [mm] (Tf)pr [K] fpr [Jkg–1]

NC 6.6 0.65 14.6 3061 1032000
NCD 7.0 0.60 16.6 2513 930000
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For experimental determination of the 
nozzle surface temperature micro thermocou-
ples are embedded at a distance of approxi-
mately 1 mm from the nozzle inner surface in 
order that the entire heating cycle is completed 
before the achievement of maximum tempera-
ture at this depth. In all nozzles thermocouple 
wells were installed to receive a thermocouple 
probe. Each well was bottom-drilled to a mea-
sured distance from the inside nozzle surface. 
The K-type thermocouples, Nickel-Chromium/
Nickel-Alumel are produced by the technology 
developed at the Faculty of Mechanical Engi-
neering, Belgrade [7, 8]. The time constant of 
the interior ballistic cycle in erosion device is of the order of 10–2 second. Adopting the ther-
mocouple time constant to be for the order of magnitude smaller than the characteristic time of 
the phenomenon, the sensor measuring wires of 0.025 mm diameter were used. Characteristic 
thermocouple recordings for firings with NC and NCD propellant are presented in fig. 2.

For experimental determination of nozzle inside surface temperature inverse heat con-
duction method has to be applied. A non-linear unidirectional space marching inverse conduc-
tion finite-difference algorithm presented in [9, 10] was used. Starting point is the equation of 
heat conduction through the nozzle wall:
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Equation (1) is a simplification of the real physical situation because the terms arising 
from cylindrical symmetry are neglected. The nozzle steel thermal diffusivity:

	 ( ) ( )
( )

n
n

n n

T
T

c T
λ

α
ρ

= 	 (2) 

defined from thermal conductivity and specific heat dependence on temperature [11, 12]:
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Equation (1) must satisfy the following initial condition:

	 T(x, 0) = T0	 (5)
and boundary conditions:
	 T(lth, t) = m(t)

	 T(0, t) =Tw(t)= f(t)	 (6)
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Figure 2. Thermocouple recordings for firings 
with NC and NCD propellant 
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The task of inverse method is to determine the temperature history at the inside wall, 
f(t), starting from the temperature history at distance, lth, (thermocouple location), m(t). The 
solution procedure of the inverse problem is presented in [13].  In order to obtain stabilised 
inversion the choice of time step ∆t [s] was made according to the following criterion for 
non-dimensional time step Δt*:

	
( )n

2* 0.01
th

T t
t

l
α ∆

∆ = > 	 (7)

The space step ∆x was chosen as to respect the mesh Fourier number, MF, [14]:

	 ( )n
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T t
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For stable procedure the time step ∆t = 0.0015 second and space step ∆x = 10 µm were 
applied.

Four groups of five rounds were fired from the erosion device. The gas pressure in the 
combustion chamber was measured using a Kistler gauge. The instant of disk burst was record-
ed by photo-diode which records the appearance of flame at the exit of device. The propellant 
charge mass and bursting disk thickness were selected to obtain maximum pressure of about 
320 MPa. Two 1.5 mm aluminum disks were used to provide burst pressure around 280 MPa.

Main experimental results are presented in tab. 2.

Table 2. Main experimental results in erosion device
Group Propellant mpr [kg] mWRA [kg] Nozzle surface pmax [MPa] mER [mg] Tw,max [K]

A NC 0.18 − steel 315.1 117 1576
B NC 0.18 − WS2 layer 300.7 116.5* (90) 1569* (1440)
C NCD 0.22 − steel 334.9 172.5 1524
D NCD 0.22 0.0255 steel 334.7 98.0 1384

*Mean value without first round; value for first round in parentheses

Group B was fired with nozzle covered by the layer of tungsten disulfide (WS2) 
nanoparticles. Propellant charges in group D contained a TiO2/wax wear reducing additive. Ex-
perimental results given in tab. 2 will be used in this paper to analyse the influence of propellant 
type, tungsten-disulfide nanoparticles layer on nozzle surface and presence of TiO2/wax wear 
reducing additive in propellant charge on nozzle erosion.

Simulation of interior ballistic cycle in vented vessel

Simulation of propellant combustion products flow and heat transfer to the nozzle 
during interior ballistic cycle in erosion device were carried out by NERN computer code and 
by commercial FLUENT program [15].

Simulation of combustion products flow

The NERN code calculation

A classical interior ballistic model with heat transfer is incorporated in NERN com-
puter code. This code represents an improvement of NERT computer code [16] reported in [13]. 
Main improvements are:
–– Thermal characteristics of propellant gases dependent on temperature are applied.
–– Radiative heat transfer to the nozzle is included.
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–– During combustion in closed volume the gas temperature is obtained from the mixture of 
igniter and main propellant combustion products.

According to the Noble-Abel equation of state the following expression applies for 
propellant gases during interior ballistic cycle in erosion device:
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Assuming that gaseous combustion products are infinite heat source the gas tempera-
ture during combustion in closed volume (before disk burst) is:
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In eq. (9) c ̄p,pr is the mean specific heat of propellant between Tf,pr and T ′g, where T ′g –     
the mixture temperature from the previous time step. Specific heat of igniter is supposed to be 
constant and equal to the flame temperature value. Black powder was used as igniter in rounds 
fired from erosion device (mi = 5 g, cp,i = 1803 Jkg–1K–1, Tf ,i = 1689 K). Energy equation is:
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The flowing out of two-phase reactive flow through the nozzle is included in the model. 
Mass-flow rate of two-phase mixture through the nozzle is:
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Velocity of mixture in the nozzle throat is given by expression:
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Mass fractions of propellant gases and unburned propellant grains flowing out through 
the nozzle are given by differential equations:
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Mass fraction of burned propellant is defined by the shape and dimensions of propel-
lant grain and by propellant burning law r = r(p): 
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0
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V

ψ = 	 (16)
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 The Runge-Kutta method for integration of differential equations was used in NERN 
code. The time step 10–5 second was used in computations. The burning surface area of 7-per-
forated propellant grains is calculated exactly to take slivering into account.

Specific heat at constant pressure dependence on temperature of combustion products 
is obtained from thermo-chemical calculations of propellant under standard conditions [17]. 
Composition of significant propellant combustion products calculated by thermo-chemical cal-
culations (TCC) code is given in tab. 3. 

Table 3. Composition of significant propellant combustion products calculated by TCC code
Propellant CO2 [molkg–1] CO [molkg–1] H2O [molkg–1] H2 [molkg–1] N2 [molkg–1]

NC 4.63 17.13 9.80 4.35 4.57
NCD 2.41 22.42 6.75 8.43 4.50

Starting from mass fractions of gases and using specific heat dependence on tepera-
ture of individual gases the following dependence for NC and NCD propellant combustion 
products are obtained:

 	 NC propellant: cp(Tg) = 0.1092Tg + 1488 [Jkg–1K–1]	

	 NCD propellant: cp(Tg) = 0.1059Tg + 1533 [Jkg–1K–1]	 (17)

The CFD simulation

The commercial software FLUENT was applied for simulation of a combustion prod-
ucts flow. The conservation equations of mass, momentum and energy were solved. The second 
order upwind scheme was used for discretization and the SIMPLE algorithm was employed for 
pressure-velocity coupling. Ballistic relations based on propellant characteristics (propellant 
burning rate, form function of propellant grain, real gas equation of state) are incorporated into 
FLUENT code as the user define function. Flow domain geometry model reproduced internal 
shape of the cartridge case and nozzle. Geometry model of erosion device with computational 
grid is given in fig. 3.

1 2
3

4 5

Figure 3. Geometry model of erosion device with computational grid; 1 – barrel, 2 – propellant charge, 
3 – catridge case, 4 – nozzle, 5 – Bursting disk

Structural 2-D axisymmetric mesh consisted of 135000 cells. Fine mesh was acquired 
in the vicinity of inner walls to ensure the correctness of the computation, fig. 4. Obtained nu-
merical results were independent of the grid for greater number of cells.

The same thermo-chemical characteristics of combustion products as in NERN code 
were used. The RNG k-ε turbulence model with scalable wall functions was used during both 
parts of calculation: combustion in constant volume, and flow through the nozzle after bursting 
of the disk [18]. 
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Figure 4. Boundary-layer mesh

As an example, the pressure field in the erosion device after bursting of disk (at 2.85 
ms) for firing of round with NC propellant charge is given in fig. 5

Measured and calculated pressure profiles during interior ballistic cycle of rounds 
with NC and NCD propellant are presented in fig. 6
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Figure 5. Pressure field calculated by FLUENT at 2.85 ms for firing of round with NC propellant charge 
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Figure 6. Experimental and calculated pressure profiles during firings of rounds; (a) with NC 
propellant, and (b) NCD propellant in erosion device
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The NERN code results are very close to the measured pressures for NC and NCD 
propellant combustion in closed volume up to disk burst and for gas-flow through the nozzle 
(descendent part of curves). However, there is a slight difference of shape between calculated 
and measured pressure profiles for two-phase reactive flow through the nozzle. The two-phase 
mixture approach has been successfully applied in many cases for uniform distribution of very 
fine solid particles in the flow.

This approach is not perfectly adapted to the two-phase reactive flow in erosion de-
vice where coarse particles of burning propellant grains flow through the nozzle. This fact 
together with common assumptions used in classical interior ballistic models caused observed 
differences.

A very good agreement of FLUENT computational results with measured pressures is 
obtained for whole interior ballistic cycle of NC propellant charge in erosion device.  However, 
there is a difference of shape between descendent parts of calculated and measured pressures 
during firings of rounds with NCD propellants. A considerably greater part of NCD propellant 
charge is expelled through the nozzle in the form of solid particles compared to the NC pro-
pellant charge. In FLUENT calculations only gas flow through the nozzle is considered after 
bursting of disk.

Simulation of heat transfer to the nozzle

The NERN code calculation

During interior ballistic cycle in erosion device the heat is transferred to the nozzle 
surface mainly by convection from hot propellant gases. The heat transfer by radiation is also 
present because of very high gas temperature. 

The thermal wave depth is the approximate distance that the heat would penetrate in a 
given time. It is a function of the thermal diffusivity of the nozzle material [19]:

	 ( )n12 t Tδ α= 	 (18)

Duration of firing in erosion device is about 10 ms, (see figs. 6 and 7). The thermal 
wave depth is very small and is far from reaching the nozzle outer surface, so that the nozzle 
curvature and heat diffusion along the nozzle length can both be neglected. That is why the heat 
transfer is treated as 1-D unsteady heat conduction through the semi-infinite flat wall. In that 
way an analytical solution of temperature variation can be achieved with very small error [20]. 
Such an approach was reported in [21] for the gun barrel wall.

The heat conduction equation is: 
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The convective and radiative heat fluxes are given by:

	 ( )c g wq h T T t = −  	 (22)
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	 ( )4 4
r w g wSBq T T tε σ  = −  	 (23)

The coefficient of convective heat transfer is estimated by the relation for turbu-
lent pipe flow [22]:
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This relation is based on a hydraulic Reynolds number to account for the presence of 
the solid phase:
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The hydraulic diameter is related to the nozzle throat diameter by [23]:
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Dynamic viscosity of propellant gases is calculated from the Sutherland equation [21]:
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Gas thermal conductivity is given by relation [24]:

	 ( ) ( ) ( )g g g g g
35401.317 pT T c T

M
λ µ  = +  

	 (29)

The CFD simulation

Three types of heat transfer (conduction, convection and radiation) are considered in 
FLUENT simulation. All types are the result of internal flow of burning propellant grains and 
gaseous combustion products. 

Conduction process is estimated by the energy equation, used in FLUENT for a solid 
material of a given geometry. The convective heat transfer coefficient is calculated from turbu-
lent boundary layer and the P-1 heat radiation model is applied. More details are given in [25]. 

Temperature fields at the moment of reaching maximum nozzle surface temperature 
during firing with NC and NCD propellant are presented in fig. 7 and 8.

Experimental and calculated results of maximum nozzle inner surface temperature 
and corresponding time of reaching this temperature are given in tab. 4.

A good agreement of NERN and FLUENT computational results with measured max-
imum nozzle inner surface temperatures is obtained. From NERN code calculations a lower 
maximum temperatures and longer time of reaching these temperatures are obtained compared 
to the experimental values, while an opposite tendency appeared in FLUENT computational 
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results. Computational results obtained by NERN are slightly better. This can be attributed to 
the fact that two phase flow through the nozzle is taken into account only in the NERN code. 
However, a surface temperature distribution along the nozzle contour can be obtained only by 
FLUENT.
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Figure 7. Temperature field at the moment of reaching maximum nozzle surface temperature during 
firing with NC propellant (tw,max=2.84 ms)

Figure 8. Temperature field at the moment of reaching maximum nozzle surface temperature during 
firing with NCD propellant (tw,max=3.45 ms)

Table 4. Experimental and calculated maximum nozzle inner surface 
temperature and time of reaching this temperature

Propellant
Tw,max [K] tw,max [ms]

Experiment NERN
computation 

FLUENT
computation Experiment NERN

computation
FLUENT

computation
NC 1576 1565 1593 3.08 3.37 2.84

NCD 1524 1484 1584 4.15 4.35 3.45

Discussion of results

Experimental results of groups A and B were used for analysing the influence of the 
layer of tungsten disulfide (WS2) nanoparticles on nozzle erosion. Due to nano dimensions of 
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40-200 nm, these particles are going through the finest irregular surfaces of metal, creating a 
unique film and lubricant layer that provides low friction and reduced wear of surfaces treat-
ed with these particles. Resistance to high temperature of tungsten disulfide nanoparticles is 
exceptional and exceed 1470 K. Due to its structure of fullerene, nanoparticles possess out-
standing mechanical properties and can withstand high levels of load and pressure. The layer 
of these particles was successfully applied in test barrels for 5.56 × 45 mm rifle in company 
Prvi Partizan A. D. [26]. Results in tab. 2 show that the presence of nanoparticles layer reduced 
nozzle erosion (90 mg mass loss in the first round compared to mean mass loss of 117 mg for 
group A). However, mean mass loss for rounds 2, 3, 4 and 5 of 116.5 mg (min. 114.2 mg; max. 
118.6 mg) for group B, almost equal to 117 mg for group A, suggests that nanoparticles layer 
was removed from the nozzle surface during firing of first round. It seems that pressure and 
thermal loads of steel surface during firing are more severe in erosion device compared to the 
5.56 mm rifle. In any case, experimentally determined maximum surface temperature is greater 
than limit temperature of nanoparticles resistance.

Experimental results of groups A and C were used for analysing the influence of pro-
pellant composition on gun steel erosion. Although the flame temperature of NCD propellant is 
more than 500 K lower from that of NC propellant, both propellants produced almost the same 
thermal load on the nozzle surface. Considerably greater nozzle erosion produced by group C 
cannot be explained by slightly greater pressure load produced by NCD propellant. In this case 
the mechanism exercised in the erosion device was primarily chemistry-driven modified ma-
terial melt wipe in which the material had a considerably lowered melt temperature compared 
to the gun steel. The main reason for the higher erosivity of NCD over NC propellant is due to 
the composition of NCD, resulting in more CO production than that of NC, see tab. 3. The CO/
CO2 mass ratio for NCD is 5.92, while that for NC is 2.35. This additional CO makes more CO 
available on the nozzle surface for dissociation. The dissociated CO then provides free carbon 
for absorption in the steel lattice, and formation of iron carbides with considerably reduced 
melting temperature, 1423 K, than that of the gun steel with a melting temperature of about 
1723 K. Similar conclusions were reported in [27].

Experimental results of groups C and D were used for analysing the influence of  
TiO2/wax wear reducing additive in propellant charges on gun steel erosion.

In an attempt to retard the surface erosion in medium- and large-caliber guns, various 
materials, generally in the form of liners about the propellant bed, have been introduced into 
the propelling charge assembly. It has been experimentally observed during a gun firing that 
the use of these additives causes the bore surface temperature and heat input to the gun barrel 
to be reduced [28]. 

Experimental results obtained in erosion device and presented in tab. 2 show that 
TiO2/wax additive decreased nozzle surface temperature and considerably reduced nozzle ero-
sion. The erosion value for group D in tab. 2 is an average value based on a measurement taken 
after five shots, without cleaning of the nozzle between firings. A white residue and layer of 
gray coating were observed and removed before measurement of nozzle mass. This suggested 
that each shot was not equally erosive. In fact, during the first shot the solid particles of additive 
in the flow of propellant gases may reduce the turbulence level near the nozzle surface with the 
deposition on the surface. During each succeeding shot in the group the additive performs in the 
same manner, but the residue deposited as a coating from the previous shot may act as a passive 
thermal barrier, of thermal resistance to heat flow, additionally reducing erosion. 

There are also some chemical mechanisms which may be important in reducing 
nozzle erosion. The additive may cause endothermic chemical reactions to occur within the 
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boundary-layer on the nozzle surface, or the coating deposited on the surface may inhibit 
the catalytic recombination of dissociated atomic species. In order to estimate the role of 
chemical mechanisms in decrease of nozzle erosion the Lawton’s theory [30] of gun erosion 
is used. According to this theory the nozzle mass loss during firing in erosion devise can be 
expressed:

	
w,max

ER
0

1.5
exp

T
m A

B
=

	 (30)

If chemical mechanisms involved by additive are insignificant, the coefficient of pro-
pellant erosivity, A,  remains the same, so that for the same nozzle material the following equal-
ity comes from eq. (30) for experimental results of groups C and D:

	 ER
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C
C D

D

m
T T
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From the results given in tab. 2 it follows that the left side of eq. (31) is equal to 0.565, 
while the right side is equal to 0.557. This indicates that TiO2/wax additive may reduce nozzle 
erosion mainly by reducing the maximum surface temperature, without reducing propellant 
erosivity.

Experimental investigations of TiO2/wax influence on gun barrel wear will soon be 
carried out by firings of real ammunition from 100 mm experimental gun. The wall temperature 
will be measured by micro thermocouples near the forcing cone of the gun bore. A measure of 
the barrel wear will be the change of gun bore dimensions.

Conclusions

Investigations concerning influence of various factors on gun steel erosion are carried 
out by firings in erosion device based on modification of 37 mm M39 gun. The factors are main-
ly related to the thermal load of nozzle inside surface.

The nozzle mass loss during firing was the measure of gun steel erosion. 
The maximum nozzle inner surface temperature was determined experimentally by 

micro thermocouples measurements at specified distance away from the inner surface and by 
solution of the inverse heat conduction problem. 

Modelling of propellant combustion products flow and heat transfer to the nozzle 
were conducted using developed 1-D interior ballistic code with heat transfer (NERN code) 
and CFD simulation by the commercial FLUENT program. A very good compatibility of ex-
perimental and computational results of pressure profile during firings in erosion device and 
maximum nozzle inner surface temperature was achieved. Slightly better results were obtained 
with NERN code, due to taking into account the two phase flow through the nozzle after burst-
ing of the disk.

Influence on nozzle erosion of tungsten-disulfide nanoparticles layer, different propel-
lant types and TiO2/wax wear reducing liner in the propellant charge was analysed. 

There are indications that IF-WS2 layer can protect the nozzle surface from erosion 
in certain degree, but it is necessary to consider other ways of layer application, because in this 
research it was carried away after the first round.

In spite of lower thermal load of the nozzle a higher erosivity was observed for NC 
propellant than for NCD propellant. The main reason for this is the composition of NC, result-
ing in more CO production than that of NCD.
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It was observed that TiO2/wax wear reducing additive considerably reduced nozzle 
erosion. The additive decreased nozzle surface temperature without reducing propellant ero-
sivity.

Experimental investigations of TiO2/wax influence on gun barrel wear will soon be 
carried out by firings of real ammunition from 100 mm experimental gun.

Nomenclature
A	 – coefficient of propellant erosivity [mg]
B0	 – 	hot hardness coefficient of gun steel,  

377 [K]
c	 – 	specific heat, [Jkg–1K–1]
cp	 –	 specific heat at constant pressure, 

[Jkg–1K–1]
cv	 – 	specific heat at constant volume, [Jkg–1K–1]
Dh	 –	 hidraulic diameter, [m]
d	 – 	nozzle throat diameter, [m]
deq	 –	 equvalent diameter of propellant grain, [m]
f	 –	 force (impetus), [Jkg–1]
h	 –	 coefficient of convective heat transfer, 

[Wm–2K–1]
lth	 –	 thermocouple distance from nozzle inside 

surface, [m]
M	 –	 molar mass of propellant gases, [kgkmol–1]
m	 –	 mass [kg]
mER	 –	 nozzle mass loss per round, [mg]
mWRA	 –	 mass of wear reducing additive, [kg]
ṁ	 –	 mass-flow rate [kgs–1]
p	 –	 pressure of propellant gases, [Pa]
Qcar	 –	 heat transferred to the cartridge, [J]
Qnoz	 –	 heat transferred to the nozzle, [J]
q	 –	 heat flux [Wm–2]
R	 –	 gas constant, [Jkg–1K–1]
ℜ 	 –	 universal gas constant, 8314 [Jkmol–1K–1]
r	 –	 propellant burning rate [ms–1]
S	 –	 burning surface area of propellant grain, 

[m2]
T	 –	 temperature, [K]
Tf	 –	 flame temperature, [K]
t	 –	 time, [s]
V	 –	 volume of propellant grain, [m3]

W0	 –	 chamber volume of erosion device, [m3]
x	 – 	coordinate normal to the wall surface, [m]

Greek letters

α	 – 	thermal diffusivity, [m2s–1]
β	 –	 co-volume of propellant gases, [m3kg–1]
δ	 – 	thermal wave depth, [m]
ε	 – 	emissivity of the nozzle wall, [–]
ϕ	 – 	porosity, [–]
γ	 –	 propellant mass fraction in mixture, [–]
η	 –	 mass fraction of propellant gases flowing 

out of nozzle, [–]
κ	 – 	specific heat ratio (= cp/cv), [–]
λ	 – 	thermal conductivity, [Wm–1K–1]
µ	 – 	dynamic viscosity, [kgm–1s–1]
ρ	 –	 density, [kgm–3]
σSB	 – 	Stefan-Boltzmann constant,  

(= 5.670373⋅ 10–8) [Wm–2K–4]
ψ	 –	 mass fraction of burned propellant, [–]
ζ	 – 	mass fraction of unburned propellant 

flowing out of nozzle, [–]

Subscripts

c	 – convection
g	 – gas
i	 – igniter
m	 – mixture
max	 – maximum
n	 – nozzle
pr	 – propellant
r	 – radiation
w	 – wall surface
0	 – initial value
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