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Abstract Keywords 
Eulerian — Lagrangian method was used in the Fluent 
computational fluid dynamics system to calculate mo-
tion of the two-phase combustion products in the solid 
fuel rocket motor combustion chamber and nozzle. 
Condensed phase is assumed to consist of spherical 
particles with the same diameter, which dimensions 
are not changing along the motion trajectory. Flows 
with particle diameters of 3, 5, 7, 9, and 11 μm were 
investigated. Four versions of the engine combustion 
chamber configuration were examined: with slotted 
and smooth cylindrical charge channels, each with 
external and submerged nozzles. Gas flow and particle 
trajectories were calculated starting from the solid fuel 
surface and to the nozzle exit. Volumetric fields 
of particle concentrations, condensed phase velocities 
and temperatures, as well as turbulence degree in the 
solid propellant rocket engine flow duct were obtained. 
Values of particles velocity and temperature lag from 
the gas phase along the nozzle length were received. 
Influence of the charge channel shape, degree of the 
nozzle submersion and of the condensate particles size 
on the solid propellant rocket engine specific impulse 
were determined, and losses were estimated in compar-
ison with the case of ideal flow 
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Introduction. Due to real thermal and gas-dynamic processes in the solid fuel 
rocket motors (SRM), thrust and specific impulse differ from their theoreti- 
cal (ideal) values obtained by thermodynamics calculation or using gas-
dynamic relations [1–4]. The difference between the spI  specific impulse actual 
value from its .sp idI  ideal value is usually considered the specific impulse loss 
factor [1]: 
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where n is the number of types of losses; i  is the coefficient of losses related to 
various physical processes (including those caused by flow scattering at the 
nozzle exit ;sc  friction inside the nozzle ;fr  chemical nonequilibrium ;n  
multiphase effect s  and other losses ).oth  

Losses due to submerged nozzle, nozzle flare, etc. are considered as other 
losses. Work [5] considers five types of losses, work [6] — eight, and work [7] — 
ten types of losses. Semi-empirical or empirical methods were developed to 
calculate each type of loss. Friction losses can be determined using the boundary 
layer methods [8–10], methods for determining two-phase losses can be found  
in [1, 2] and the method for determining losses due to chemical nonequilibrium 
can be found in [2]. Empirical formulas for the ,  ,  ,  rec fr sc s  calculation 
obtained on the experiment basis are provided in [11]. 

Disadvantages of this approach in identifying the real specific impulse spI  
are the following. First, each type of loss under consideration is determined 
without taking into account their mutual influence on each other. Second, 
summation of a large number of the i  coefficients leads to a significant error. 

According to [12], the с  total root-mean-square error could be 
determined as following: 

 2 .
n

с i
i

  (2) 

If it is assumed that the i  error in determining each type of loss is 10 %, then 
for 6n  the total error will be с  = 25 % (for i = 15 % and 6,n  we’ll get 

с = 37.5 %). The error is rather significant. 
The same can be said about the calculation of the discharge coefficient 

/ ,с idm m  where idm  is the flow rate determined in an approximation of the 
equilibrium flow in the nozzle, and m  is the actual flow rate. In [11], this 

coefficient is defined as 
7

1
,i  where i  are the discharge coefficient 

components which depend on the nozzle geometric parameters and other 
factors. If we’d assume i  = 10 % as an error in determining each coefficient, 

then the total error would be 
7 2

1
с i  26.5 %. It seems reasonable to 

determine the с  and spI  flow parameters directly by numerical simulation 
taking into consideration real physical processes in the SRM flow duct.  
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Methods and аssumptions. SRM combustion products flow was simulated 
for the following flow duct configurations: smooth cylindrical channel and an 
external nozzle; cylindrical channel and nozzle submerged by 30 % of the nozzle 
length; channel with 8 slots and an external nozzle, channel with 8 slots and 
nozzle recessed by 30 %. Considered configurations are shown in Fig. 1. 

Fig. 1. Considered versions of the engine channel geometry  

Metallized composite fuel was used as the charge. The fuel has the following 
composition: NH4ClO4 60 %, Al 15 %, rubber 20 %, other compo- 
nents 5 %. Combustion products composition and properties in the engine 
chamber were determined based on thermodynamics calculation at pressure in 
the chamber P0c = 9 MPa using ASTRA software [13]. Al2O3 condensate mass 
fraction was z = 0.3 of the combustion products total mass. Burning surface and 
burning rate for both configurations of the charge channel were the same.  
The nozzle was of conical shape with the 38 % opening angle and geometric 
expansion ratio of aF  = 8.4. Minimum nozzle section diameter was 200 mm. 
Burning surface area and burn rate were the same in all cases. Nozzle and 
combustion chamber walls were considered adiabatic. When the particle 
trajectory hits the wall, it was assumed that the particle gets “frozen” on the wall 
[11, 14], and its trajectory is terminated. 

Polydisperse flow is replaced by monodisperse flow with the equivalent 
particle diameter. This work represents the condensed phase by particles of the 
same size corresponding to the d43 mass-average diameter values [2]. Particle 
shape is assumed to be spherical. Calculation was performed for particles with 
the following diameters: d43 = 3, 5, 7, 9 and 11 m. Particle sizes are not changing 
along their trajectory, i.e., it is assumed that condensation process occurs 
instantly near the solid fuel surface. The process of particles breaking and 
coagulation is not taken into account in this work. 

Working fluid is considered consisting of two phases: continuous gas and 
dispersed condensed phases. Flow parameters at the nozzle inlet are determined 
as a result of numerical calculation of the combustion chamber flow. 
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The well-known condition of supersonic output is used as a boundary condi-
tion at the combustion chamber exit (nozzle exit section). The wall boundary 
condition is specified by the standard wall function. The mesh is structured,  
the mesh cell size is 5 mm, the total number of cells is about 1.5 million. 

To calculate the gas phase flow, the Favre averaged Navier — Stokes 
equations are used: 
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closed by the Realizable k–  turbulence model: 
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and the ideal gas state equation: 

 .p RT   (5) 

DPM method is used to simulate the condensed phase motion, its essence  
is that for groups of particles emitted from one section of the input boundary 
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(fuel surface), motion trajectory of each group is constructed based on the 
calculated gas phase flow field, after that the flow field recalculation is performed, 
but with a consideration for forces and thermal fluxes to and from particles.  
This process is iteratively repeated until convergence is achieved. Trajectories  
are calculated by integrating the force balance equation for each group  
of particles [15] 

 2 ,
24

18 Re

g ss

s s

d

u udu
dt d

C

  (6) 

where gu  is the gas phase velocity; su  is the particle speed;  is the gas viscosity; 
s  is the particles density; sd  is the particles diameter; Re is the Reynolds 

number for the particle diameter; dC  is the particle drag coefficient 
2 3

1 2(
Re R

,
edC  where the 1 2 3,  ,   coefficients are taken according  

to [16]). 
Heat exchange between particles and gas is calculated as follows: 

 ,s
s

s s s
dTm c hA T T
dt

  (7) 

where sA  is the particle surface area; h is the heat transfer coefficient obtained 
from the Ranz and Marshall correlation [17] 

1/2 1/3Nu 2 0.6Re Pr .d
hds  

To improve numerical stability and accelerate convergence, the method of 
averaging the particles position relative to the mesh cells based on the Gaussian 
distribution was used, where the free distribution parameter  = 0.5 [18]. 

Results and discussion. Calculations showed significant nonuniformity in 
the particle concentration field over the nozzle cross section for the slotted 
channel (Fig. 2). Significant nonuniformity was also observed for the gas and 
particles velocity field (Figs. 3 and 4). These results are in qualitative agreement 
with work [19], which also notes the flow significant inhomogeneity in the 
channel-slot charge, but calculations in that work are based on the Euler 
equations. White fields near the nozzle walls indicate that concentrations  
of particles near the wall are tending towards zero in the considered 
configuration of the engine. 

Velocity field of particles lag behind the gas phase at the nozzle exit  
is presented in Fig. 3 on a logarithmic scale. Large values of the particles lag along 
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Fig. 2. Distribution of particles concentration at the nozzle exit in slotted  
and smooth cylindrical charge channel (d43 = 7 m) 

Fig. 3. Particles velocity lag at the nozzle exit (d43 = 7 m) 
 

the nozzle periphery are caused by the absence of particles in this area. In such 
cases, the condensed phase velocity is interpreted as zero. It could be seen that 
significant inhomogeneity in the velocity lag is observed for the slotted channel. 

Fig. 5 presents profiles of particles lagging behind the gas phase along the 
nozzle length. Results are in satisfactory agreement with work [1]. Difference 
between the g zu u curves from [1] and our data could be explained by the 
difference in the nozzle profiles. 

Data were obtained on the z gT T  particles temperature lag. For particles 
with the 11 m diameter, the lag is 900–1,050 K, for 3 m particles,  
it is 100–150 K, and for 1 m particles, the lag is close to zero. 
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Fig. 4. Particles temperature lag field at the nozzle exit (d43 = 7 m) 

Fig. 5. Particles velocity lag along the nozzle length (d43 = 5 m) 
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Calculations demonstrated that significant turbulence energy is generated in 
the combustion chamber axial region, and it is carried away into supersonic part 
of the nozzle. However, its relative value or turbulence degree ( / )k u  in the 
nozzle supersonic region tends to zero, which is associated with the flow 
significant acceleration. In the nozzle supersonic part near the wall layer, the 
turbulence degree value is ~ 10 % (Fig. 6). 

Fig. 6. Turbulence intensity 
 
Results of calculating the specific impulse are presented in Fig. 7 as the ratio 

of the пspI  calculated value to its ideal value without considering the losses.  

The .
п
sp idI  = 2.864 m/s value was obtained based on thermodynamic calcula- 

Fig. 7. Influence of the condensate particles diameter on specific impulse 
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tion [13]. It is known from [20] that particles with the 1 m diameter practically 
follow the gas flow. Therefore, the difference between пspI  and .

п
sp idI  for d43 =  

= 1 m is mainly caused by friction and scattering losses. For a nozzle with  
 = 38 , according to [8], the scattering loss is 2.7 %. Then, according  

to calculations conducted, the friction losses will be ~ 0.5–0.6 %. For the 
investigated nozzle with *d = 200 mm and average particle size d43 = 5 m,  
the two-phase losses will be ~ 3 %, which corresponds to the known data by other 
authors [4], for particles d43 = 10 m, and two-phase losses will be ~ 5.5 %. 

Conclusion. Based on the numerical investiagetion carried out, it could be 
concluded that when determining the SRM specific impulse, the need to calculate 
separately each type of losses and their effect on specific impulse is eliminated. 

It was found out that both nozzle submerging and complicating the charge 
channel shape cause an increase in the specific impulse losses. 

Translated by K. Zykova 
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