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Study on the Influence of UAV Wingtip Connection on Ceiling 
and Endurance 

By Wei Zhou, Peiyang Ma, Qiuyan Wang, Xueqian Shi & Kaixuan Liu      
Rocket Force University of Engineering   

Abstract- The cluster UAVs have developed rapidly in recent years with the advantages of low 
cost, expandability and high reliability. However, due to their small size, they have the shortages 
of range and flight time. Wingtip connection technology, as an important way to increase the 
range and flight time of fixed-wing cluster UAVs, has also developed rapidly in recent years. 
From the theoretical analysis, it is concluded that the wingtip connection can effectively improve 
the aerodynamic characteristics of fixed-wing UAVs, and the conclusions are validated by vortex 
lattice method simulation. Based on this, the influence of the number of units on the flight 
performance of the combination is analysed theoretically. As the number of units increases, the 
combination can have higher ceiling, larger range and longer flight time. 
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Study on the Influence of UAV Wingtip 
Connection on Ceiling and Endurance

Wei Zhou α, Peiyang Ma σ, Qiuyan Wang ρ, Xueqian Shi Ѡ & Kaixuan Liu ¥

Abstract- The cluster UAVs have developed rapidly in recent 
years with the advantages of low cost, expandability and high 
reliability. However, due to their small size, they have the 
shortages of range and flight time. Wingtip connection 
technology, as an important way to increase the range and 
flight time of fixed-wing cluster UAVs, has also developed 
rapidly in recent years. From the theoretical analysis, it is 
concluded that the wingtip connection can effectively improve 
the aerodynamic characteristics of fixed-wing UAVs, and the 
conclusions are validated by vortex lattice method simulation. 
Based on this, the influence of the number of units on the flight 
performance of the combination is analysed theoretically. As 
the number of units increases, the combination can have 
higher ceiling, larger range and longer flight time. 

I. Introduction 

ith the increasingly complex battlefield 
environment, the war has put forward higher 
requirements for the mission capability and 

viability of UAVs. The cost of large strategic deterrence 
UAVs continues to rise, and the cluster UAVs have 
gradually become a new focus [1]. However, due to the 
cost and volume constraints, cluster UAVs are inherently 
short of range and endurance. At present, there are 
three common methods to improve the range and 
endurance of the aircraft: First, the aerial refuelling 
technology is adopted, but for a large number of cluster 
UAVs, the efficiency of aerial refuelling cannot meet the 
actual needs. The second is to use a large aspect ratio 
design combined with solar power module, but for 
clustered UAVs that need high flexibility and mobility, the 
aspect ratio will be greatly limited, while the small aspect 
ratio combined with solar power module will have very 
low income. Third, like the "Gremlins" in the United 
States, large transport planes are used for long-distance 
delivery, but this only solves the problem of long 
distance, not the endurance time. 

In recent years, with the rise of clustered UAVs, 
a technology that once appeared has been re-valued, 
namely wingtip connection technology. Scientists hope 
that the fixed-wing cluster UAVs can form a combination 
with a large aspect ratio through wingtip connection. At 
this time, if the UAVs combined with solar technology, 
the range and endurance time can be greatly 
extended [2]. 
 
 
 
Author α σ ρ Ѡ ¥: Rocket Force University of Engineering, Xi’an, China. 
e-mail: mpy314159@126.com 

Wingtip connection was first proposed by 
Richard Vogt, a German scientist who immigrated to the 
United States after World War II. Based on this concept, 
the United States carried out “MX-1018” (Tip-Tow) and 
“Tom Tom” projects. However, due to the aerodynamic 
interference at the wingtip, this research has caused 
great potential safety hazards and even casualties. In 
addition, the impact of the gradual maturity of aerial 
refuelling technology at that time temporarily caused the 
flight test of wingtip connection stop [3]. 

Since the 21st century, scientists in the United 
States, Germany and China have seen the great value of 
wingtip connection, see Figure 1, for it can improve the 
ceiling and endurance of cluster UAVs, and gradually 
resumed and accelerated the study on wingtip 
connection. Through computational fluid dynamics 
analysis and wind tunnel test, American scientists 
analysed and studied aerodynamics and aerodynamic 
control in the process of wingtip connection [4-7], and 
verified the flight control system through flight test [8-10]; 
German scientists mainly explored and practiced the 
wingtip connection technology in engineering [11], and 
focused on designing the control system of the 
combination [12]; Since 2018, China has started the 
exploration and study of relevant technologies, 
demonstrated that wingtip connection can improve 
range and endurance [13, 14], and conducted relevant 
flight tests [15, 16]. 
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Figure 1: Cluster UAVs with wingtip connection

In this paper, through the study on the 
aerodynamic theory of the UAV combination, simulation 
and example verification are carried out on the 
improvement of the ceiling and endurance of the wingtip 
connection, so as to verify that the clustered UAVs can 
improve the ceiling and endurance by wingtip 
connection. 

II. Basic Theoretical Research on Flight 
Performance  of  Wingtip  Connection  

Taking the conventional aircraft with a wing, 
without offset, dihedral and twist, as an example, the 
aerodynamic performance of the combination formed by 
the wingtip connection of the flying units with identical n 
frames is analysed theoretically. 

a) Effect of Wingtip Connection on Lift-drag Ratio 
Lift-drag ratio is the most intuitive embodiment 

of aircraft aerodynamic performance. The larger the lift-

drag ratio, the better the aerodynamic performance. In 
this section, it is assumed that the external environment 
before and after wingtip connection is unchanged, and 
the flight altitude and speed of the aircraft are 
unchanged. When the flight state is approximately at the 
minimum resistance, the endurance can reach the 
maximum. This is an ideal state, which can predict the 
trend and simplify the formula. For this state, there is 
always a waste resistance coefficient, CD0n, equal to the 
induced resistance coefficient, CDin, because the 
induced resistance is inversely proportional to the 
square of the velocity, and the waste resistance is 
proportional to the square of the velocity. When the two 
are equal, the total resistance is the smallest, see Figure 
2, that is 

0 02Dn Din D n D nC C C C= + =                        (1) 

 

Figure 2: Relationship between resistance and speed

Of which,  

2

0
Ln

D n
n n

n

CC
A e

A nA
π


=


 =

                                  (2) 

Where, CD is the resistance coefficient, CL is the 
lift coefficient, and A is the aspect ratio, e is Oswald 
efficiency factor, and the lower corner mark n represents 
the number of same flight units formed the combination. 
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The lift-drag ratio, K, can be derived from equations (1) 
and (2). 

0 04 4
Ln n n

n n
Dn D n D n

C A e AK ne
C C C

π π
= = = ⋅                          (3) 

Under the assumptions in this section, the 
parasitic resistance coefficient of the combination is 
equal to the coefficient of the flight unit, which is a 

constant, that is 0 0D n DC C=
04 D n

A
C
π

. 

n nK ne∝                          (4) 

That is, the lift-drag ratio of the assembly Kn is 

proportional to nne . Here, the Oswald efficiency factor 

can be calculated according to the formula mentioned in 
literature [2], that is 

( )0

1
1n

d

e
nAkC sπ µ

=
+

                       (5) 

Where, according to the Oswald efficiency 
coefficient of the high aspect ratio wing, k is assumed to 
be 0.18[17], Cd0 is the resistance coefficient of the 
airfoil.μ is the theoretical Oswald coefficient without 
considering the influence of the fuselage, s indicating 
the influence of the fuselage on the induced resistance, 
which is a function of the fuselage diameter d and the 
wingspan b. 

2

1 2 ds
b

 = −  
 

                         (6) 

For the specified flight unit, in equation (5), all 
are constants except en and n, so it is advisable to set 

( )
1 0

2 1
dk AkC

k s
π

µ
=

 =
                          (7) 

Then equation (5) can be reduced to 

1 2

1
ne

k n k
=

+
                            (8) 

It can be seen that Oswald efficiency factor 
decreases with n increasing. 

b) Effect of Wingtip Connection on Cruise Speed 
This section assumes that the maximum lift-

drag ratio point of the flight unit is taken at 0°, so that the 
cruise speed of the flight unit is the speed of horizontal 
flight at 0° angle of attack. It is assumed that the force 
balance of flight units before and after the wingtip 
connection is always satisfied, and the flight altitude 
remains unchanged. 

Define that in the two-dimensional plane, the 
horizontal flight direction of the aircraft is the x-axis 
positive direction, and the y-axis is perpendicular to the 
x-axis and upward. Carry out force analysis on the X and 
Y directions of the aircraft respectively, and then 
equation (9) is on X axis, equation (10) is on Y axis. 

21
2n n n n Dn nF D V C Sρ= =                          (9) 

21
2n n n n Ln nG L V C Sρ= =                          (10) 

It can be seen from equation (9) and (10), 

n n nF G K=                          (11) 

That is, when the maximum lift-drag ratio is 
reached, the cruising pull is the smallest, so that the 
endurance time is the longest. 

The lift coefficient calculation formula given by 
reference [15] under the constant speed assumption. 

1 1
2 221 1= 2

2 2
i i

Ln n n n n
nL L L LC V V

nS S nS
ρ ρ

− −− ∆ ∆    ≈ −          
(12) 

It can be seen that the lift coefficient increases 
with the increasing of n. Where Li is the ideal lift of a 
single wing calculated according to the two-dimensional 
infinite length model, and L∆  is the lift difference for one 
side of a single wing. Under the assumption of this 
section, when Gn unchanged, Vn gradually decreases 
with the increase of CLn, and equation (10) can be 
reduced to equation (13). 

1
n

Ln

V
C

∝                        (13) 

That is, the cruising speed of the combination is 

inversely proportional to LnC . 

III. Simulation Study on Flight 
Performance of Wingtip Connection  

The vortex lattice method is used to simulate 
the aerodynamic performance of the wingtip connection. 
Under the constant lift mode, the simplified full USA-35b 
airfoil model of a rectangular wing with 3 m wingspan 
and 0.4 m chord length is calculated, as shown in 
Figure 3, assuming that the wingtip is rigidly connected 
and there is no gap. The mass of the flight unit is 60 kg, 
when the angle of attack is α = 0° and the torque 
coefficient Cm = 0 at approximately the maximum lift-
drag ratio. 

© 2023    Global Journ als 
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Figure 3: Simulation Model of flight unit

The approximate equivalent method of direct 
size increase is used in the calculation of the 
combination, which will lead to some errors in the 
simulation results. This method is used to simulate the 

changes of lift-drag ratio and flight speed with different 
number of units. The simulation results of aerodynamic 
characteristics at an altitude of 2000 m are shown in 
Figure 4. 
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Figure 4: Variation of aerodynamic parameters vary with respect to the number of units in the assembly. (a) Variation 
of lift coefficient, resistance coefficient, torque coefficient and lift-drag ratio with respect to angle of attack. (b) 
Variation of lift-drag ratio with respect to angle of attack

See Table 1 for the sorted data, and draw 
Figure 5 for the simulation lift-drag ratio at 0° and the 
calculated theoretical lift-drag ratio. It can be seen that 
the law of lift-drag ratio approximately meets n times, 

and the failure to reach n times is caused by en< 1. 
This result is consistent with the conclusion in Section 
2.1.

Table 1: Data of calculation and simulation

n Simulated lift-drag 
ratio

Theoretical lift-drag 
ratio Speed[m/s] Lift coefficient CLn·Vn

2

1 24.161 24.161 42.00 0.553 975.49
2 34.397 34.164 39.38 0.629 975.44
3 41.050 41.847 38.40 0.661 974.68
4 45.870 48.322 37.88 0.679 974.29
5 50.199 54.024 37.56 0.691 974.83
6 53.539 59.170 37.34 0.699 974.60
7 56.095 63.930 37.18 0.705 974.56

b

© 2023    Global Journ als 

G
l o
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
  

Vo
lu
m
e 

X
xX
II
I 
Is
su

e 
I 
V
 er
si
on

 I
  

  
 

  

5

Y
e
a
r

20
23

(
)

D

Study on the Influence of UAV Wingtip Connection on Ceiling and Endurance



Figure 5: Relationship between lift-drag ratio and 1n

Shown in Figure 6, two parameters of lift 
coefficient and flight speed with different n are extracted 
from the simulation results. It can be seen that the 
demand for cruise speed gradually decreases with the 

increase of n, thus reducing the consumption of power 
and energy. The relationship between CLn·Vn

2 and n is 
shown in Figure 7, verifying equation (13), which is 
consistent with the conclusion in Section 2.2. 

Figure 6: Relationship between lift coefficient, flight speed and n
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Figure 7: Relationship between CLn·Vn
2 and n 

IV. Effect of Wingtip Connection on 
Cruise Performance 

In this section, it is assumed that the flight unit 
or combination will fly at a constant speed and level 
under the condition of force balance. 

     
 

When n is constant, both Gn and Sn are 
constant, too. Then let equation (10) be reduced to

2
3 n n Lnk V Cρ= . 

3
1
2n n nG L S k= =                       (14) 

It can be seen that Gn, Sn and k3 remain 
unchanged when the height changes. Then equation (9) 
can be reduced to 

3
1 1
2n n n

n

F D S k
K

= =                        (15) 

That is, when the flight altitude changes, the pull 
required for the level flight of the combination is only 
related to the lift-drag ratio, which mainly depends on 
the flight speed and angle of attack [18], and is not 
sensitive to the altitude change, so the demand for pull 
at different altitudes is basically unchanged. 

Using the model of Section 3, since the 
influence of the fuselage is not considered, the induced 
resistance is used to estimate the resistance of the 
whole aircraft. The induced resistance of the flight unit is 
calculated according to the following formula. 

2
1 1 1 1 1

1
2i DiD V C Sρ=                        (16) 

In the formula, the lower corner mark 1 
represents the flight unit, and the induced resistance of 
the flight unit is calculated, Di1=14.91N. The induced 
resistance of the small fixed wing UAV accounts for 25% 
~ 40% of the total resistance. Here, the waste 
resistance of the flight unit is calculated according to the 
induced resistance accounting for 30% of the total 
resistance, Dp1=41.74N. Similarly, the induced 
resistance of the combination, Din, can be obtained, 
while the waste resistance of the combination, Dpn, can 
be calculated using the following formula. 

2

1 2
1

n
pn p

VD nD
V

=                        (17) 

Then calculate the tensile demand of a single 
propeller through the following formula. 

in pn
n

D D
F

n
+

=                        (18) 

The relationship between tensile force Fn and n 
is shown in Figure 8. 

Table 2: Relationship between tensile force Fn and n 

n Tensile demand of single 
propeller Fn[N] 

1 56.64 
2 45.59 
3 41.48 
4 39.15 
5 37.81 
6 36.78 
7 36.05 

 

a) Influence of Different Heights and Unit Numbers on 
Tensile Demand
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Figure 8: Relationship and trend between tensile force Fn and n

It can be seen that the required tension Fn 
decreases with the increase of n, and the change rate 
decreases. 

    
When estimating the resistance according to 

Section 4.1 using the model of section 3, for a motor 

drive, the 1.5:1 reduction mechanism and 16 × 8 APC 
propeller is calculated under 32 V power supply. The 
maximum pull of single propeller at different altitudes is 
shown in Table 3, and Figure 9 is drawn accordingly. 
 

Table 3: Maximum tension at different altitudes

Altitude 
H[km] 

Maximum pulling force 
Fmax [N] 

Altitude 
H [km] 

Maximum pulling force 
Fmax[N] 

0 60.22 7 46.30 
1 58.61 8 43.61 
2 56.91 9 40.65 
3 55.10 10 37.43 
4 53.15 11 33.83 
5 51.05 12 29.84 
6 48.76   

 
 

b) Wingtip Connection can Raise the Ceiling
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Figure 9: Relationship between altitude and maximum pulling force of single propeller

The fitting formula of the curve is obtained. 

2
max 0.1037 1.0283 61.071F H H= − − +                       (19) 

Substituting the values of Fn in Table 2 into the 
formula above, the obtained results are the different 
ceiling with different n, and the results are shown in 
Table 4. 

Table 4: Ceiling of different unit number

n Tensile demand of single 
propeller Fn[N] 

Ceiling 
Hmax[km] 

1 56.64 3.25 
2 45.59 8.22 
3 41.48 9.65 
4 39.15 10.40 
5 37.81 10.82 
6 36.78 11.13 
7 36.05 11.35 

The relationship between n and the ceiling is shown in Figure 10. 

 

Figure 10: Relationship between n and the ceiling
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It can be seen that increasing the number of 
flight units can effectively improve the ceiling of the 
aircraft. The ceiling increases with the increase of n, 
while the change rate decreases. 

   
Assuming a 128 Ah 32 V power supply is used 

and the combination flies horizontally at an altitude of 2 

km, the working current and flight time of the 
combination with different n are calculated as shown in 
Table 5. 
 
 
 

Table 5: Influence on working current and flight time 1n

n Current [A] Flight time [min] Endurance 
improvement 

1 29.93 256.6 0.00% 
2 21.78 352.7 37.45% 
3 18.97 404.8 57.76% 
4 17.45 440.2 71.55% 
5 16.59 463.0 80.44% 
6 15.93 482.0 87.83% 
7 15.48 496.2 93.37% 

 
The relationship between n and flight time is shown in Figure 11. 

Figure 11: Relationship between n and flight time

It can be seen that increasing the number of 
flight units can effectively improve the flight time. The 
endurance time increases with the increase of n, while 
the change rate decreases. 

V. Results and Discussion Conclusion 

With the rise of cluster UAVs, wingtip 
connection technology has been paid attention again. 
Wingtip connection can make the flight unit fly higher, 
farther and more durable. 

Firstly, the theoretical analysis of wingtip 
connection is carried out, and two conclusions are 
obtained through the theoretical analysis. First, the lift-

drag ratio of the combination Kn is proportional to nne , 

and the Oswald efficiency factor en decreases with the 

increase of n; The second is that the cruise speed of the 

combination Vn is inversely proportional to LnC . Then, 

the correctness of the above two conclusions is verified 
by simulation. Based on this, the influence of wingtip 
connection on endurance performance is analysed, and 
the following conclusions are obtained. First, the flight 
altitude has little effect on the tensile demand, but 
tensile demand decreases with the increase of n, while 
the change rate decreases; The second is that the 
ceiling increases with the increase of n, while the rate of 
change decreases; Third, the endurance time increases 
with the increase of n, while the change rate decreases. 
Theoretically, increasing the number of units n can 
continuously improve the flight performance of aircraft. 

c) Wingtip Connection can Increase Endurance Time
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However, as the number of assembly units 
increases, the ceiling and endurance benefits brought 
by connection gradually decrease. In addition, large-
scale wingtip connections have high requirements for 
control systems and connecting mechanisms. Too 
many units will lead to more complex control and 
connecting mechanisms with greater loads. Therefore, 
the number of wingtip connections is not the more the 
better. 
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Abstract-

 
Processing radar information about aerodynamic targets, coordinate information 

remains an urgent problem. It is assumed that the target moves in a straight line and evenly most 
of the time, and less of the time, it makes various maneuvers. Target tracking is carried out at a 
rate equal to the survey time, in the presence of coordinates measurements. Currently, there are 
number of filters for smoothing the target coordinate parameters. At the same time, the existing 
filters are characterized by a large error of smoothing in sections without a maneuver and small in 
sections with a maneuver, or vice versa - by a small

 
error in sections without a maneuver and a 

large error in sections with a maneuver. Moreover, many filters  work  effectively  only in some  
specified ranges of input parameters. The new filter should provide a minimum smoothing error 
in areas without maneuver. It should ensure the minimum possible errors and emissions of 
smoothing error during the maneuver and operate efficiently over the widest range of input 
parameters.
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Synthesis and Research of Filter with a Variation 
of Coefficients for Tracking a Maneuvering 

Aerodynamic Target
Uladzimir A. Aparovich

Annotation- Problem Formulation: Processing radar information 
about aerodynamic targets, filtering of coordinate information 
remains an urgent problem. It is assumed that the target 
moves in a straight line and evenly most of the time, and less 
of the time, it makes various maneuvers. Target tracking is 
carried out at a rate equal to the survey time, in the presence 
of errors of coordinates measurements. Currently, there are 
number of filters for smoothing the target coordinate 
parameters. At the same time, the existing filters are 
characterized by a large error of smoothing in sections without 
a maneuver and small in sections with a maneuver, or vice 
versa - by a small error in sections without a maneuver and a 
large error in sections with a maneuver. Moreover, many filters 
work effectively only in some specified ranges of input 
parameters. 

Aim: The new filter should provide a minimum smoothing error 
in areas without maneuver. It should ensure the minimum 
possible errors and emissions of smoothing error during the 
maneuver and operate efficiently over the widest range of 
input parameters. 

Results: To achieve this goal, a two-fold correction (variation) 
of the smoothing coefficients was used in accordance with the 
deviation of the coordinate of the newly measured position of 
the target (mark) from the extrapolated position. The variation 
is performed in accordance with the selected function, while 
the smoothing step acquires a certain conditional value. The 
proposed filter has been simulated. The comparison results 
show a significant decrease in the root-mean-square errors of 
smoothing the coordinates and velocity of the proposed filter 
in comparison with other samples in a wide range of 
parameters. 

Practical Significance: The new filter can be used in various 
systems for processing radar information as more affective. 
Abstract- Processing radar information about aerodynamic 
targets, coordinate information remains an urgent problem. It 
is assumed that the target moves in a straight line and evenly 
most of the time, and less of the time, it makes various 
maneuvers. Target tracking is carried out at a rate equal to the 
survey time, in the presence of coordinates measurements. 
Currently, there are number of filters for smoothing the target 
coordinate parameters. At the same time, the existing filters 
are characterized by a large error of smoothing in sections 
without a maneuver and small in sections with a maneuver, or 
vice versa - by a small error in sections without a maneuver 
and a large error in sections with a maneuver. Moreover, many 
filters  work  effectively  only in some  specified ranges of input  
 
Author: OJSC “AGAT – Control Systems” – Managing Company of 
“Geoinformation Control Systems Holding” (Minsk, Republic of 
Belarus). e-mail: aporovich@agat.by 

parameters. The new filter should provide a minimum 
smoothing error in areas without maneuver. It should ensure 
the minimum possible errors and emissions of smoothing error 
during the maneuver and operate efficiently over the widest 
range of input parameters. To achieve this goal, a two-fold 
correction (variation) of the smoothing coefficients was used in 
accordance with the deviation of the coordinate of the newly 
measured position of the target (mark) from the extrapolated 
position. The variation is performed in accordance with the 
selected function, while the smoothing step acquires a certain 
conditional value. 

Algorithm of recurrent smoothing includes some steps: 
– We receive a new value of coordinate. 
– The old value of coordinate extrapolates on time of mark. 
– Then we calculate the mean of gate. 
– Then we obtain the variation of conditional smoothing 

step (the first variation) with accordance to selected 
function. Then we change smoothing coefficients with 
accordance to deviation, mean of gate and new 
smoothing step. 

– We calculate new smoothing coordinate, velocity and new 
conditional smoothing step (second variation). 

The proposed filter modelling has been performed. 
Received by modelling values of smoothing errors were 
compared with smoothing errors of other filters, described in 
scientific literature. Tree literature sources with 9 filters of 
different types were used. The comparison results 
demonstrate a significant decrease in smoothing of the root 
mean square errors of coordinates and velocity in the 
proposed filter in comparison with other samples; with 
according to main requirements, any “tunes” in proposed filter 
were not used. 

The new filter can be used in various systems for 
processing radar information as more affective. 
Keywords: radar information processing, maneuver, 
aerodynamic target, smoothing of coordinates, variation 
of coefficients. 

I. Introduction 

urrently, there is a large number of filters for 
tracking maneuvering aerodynamic targets used 
for processing radar information [1 - 8]. 

According to [1], such filters are divided into four types: 

– without maneuver detection (WMD); 
– with maneuver detection (MD); 
– multialternative (IMM-filters); 
– other, "exotic" (for example, particle filters). 
 

C 
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At the same time, the task of providing effective 
smoothing remains relevant, and all types of filters have 
their drawbacks. As a rule, the first two types are 
characterized by small smoothing errors in those 
sections of the target trajectory where there is no 
maneuver, and large errors in the maneuver sections. As 
a rule, there are large errors during the maneuver. The 
third type, due to its internal settings, allows you to 
change the ratio of errors in the maneuver sections and 
its absence within a wide range. According to the 
literature, variants are often used, where relatively small 
errors are provided in the maneuver sections and large 
errors in its absence. In addition, many variants of filters 
of all types are a priori "tuned" to certain values of the 
intensity of the maneuver. This leads to the fact that 
smoothing errors significantly increase when the 
maneuver intensity parameters deviate from the 
settings. 

The use of "exotic" filters has not yet shown an 
increase in filtration efficiency. 

II. Aim of Work 

When synthesizing the filter described in this 
article, the task was to create a filter that satisfies the 
following requirements: 
– Filter should provide a minimum smoothing error in 

areas without a maneuver; 
– Filter should provide the minimum possible errors 

and smoothing error during the maneuver; 
– Filter should provide effective smoothing when the 

initial parameters change over a wide range (for 
example, maneuver intensity, measurement errors, 
review period - information updates), that is, the 
filter should not contain any settings. 

III. Proposed Way to Solve the Problem 

To solve the problem in this filter it is proposed 
to use random values of deviation of coordinate of newly 
measured target position (marker) from its extrapolated 
position. This deviation is proposed to be used to adjust 
the smoothing coefficients in order to consistently track 
the potential beginning of the maneuver. We assume 
that such tracking will increase the efficiency of filtering. 
In fact, in the particle filter such deviation is specifically 
generated. Here, in contrast to the particle filter, this 
random deviation is not generated artificially, but is 
taken already "ready". 

Hereinafter the new filter will be called a filter 
with variation of coefficients (FVC). 

As an initial analogue, we use an equal-
precision, equal-discrete filter from [8], which is a variant 
of the Kalman filter for a linearly changing coordinate. 
Basic ratios for this filter: 

1 1Xi i iXp Xs V s T− −= + ⋅ ;                                           (1) 

( )
( )

2 2 1
1i
i

A
i i
⋅ −

=
+

;                                                         (2) 

( )
6

1iB i i
=

+
;                                                               (3) 

Xi i iX Xp∆ = − ;                                                          (4) 

1 Xi i i iXs Xp A−= + ⋅∆ ;                                              (5) 

1
XiX Xi i iV s V s B
T−
∆

= + ⋅ ,                                           (6) 

where: iXp  is the extrapolated value of the X
coordinate on i -th moment (period) of filtration; 

1iXs − , 1X iV s −  are the smoothed values of the 

X  coordinate and the rate of its change on the 

( )1i −  -th moment; 

iA , iB  are the smoothing coefficients at the i -

th moment for the coordinate and velocity, respectively; 
Xi∆  is the difference between the measured 

value of the X  coordinate on the i -th moment and the 
extrapolated value of iXp ; 

iXs , X iV s are the smoothed values of the 

coordinate and velocity on the i -th moment of time; 

T - the period of receipt of marks (review period). 

In this analogue filter, the values of the 
smoothing coefficients iA  and iB  depend only on the 

i  step. When the i values increase, iA and iB  

monotonically decrease, which means that we more and 
more “trust” our smoothed (extrapolated) values and 
less and less “trust” the newly incoming information 
(marks). It is known that such a filter for maneuvers of 
the target (deviation from rectilinear uniform motion) at 
sufficiently large i  values will give a large value of 
smoothing errors. 

When synthesizing the FVC, lets fulfill the 
following conditions: 
a) The smoothing coefficients should increase with 

increasing Xi∆  deviation and decrease with Xi∆  

decreasing. The smaller the deviation, the less we 
“trust” him, and the more, the more we “trust” it. It 
allows you to quickly track the start of the maneuver 
by successive Xi∆  increase. Note that the 

smoothing coefficients become, as it were, 
“random”. 

b) The average value of the smoothing coefficients 
should not differ from the values calculated by 
formulas (2) and (3) in order to ensure effective 
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smoothing in the absence of a maneuver. No worse 
than in analogue filter. 

To fulfill conditions a.) and b.), we choose a 
function for adjusting the coefficients. The form of the 
proposed function for the coefficient A  is shown in fig. 
1. 

On fig. 1 iAn  is the resulting value of the 

coefficient to be used in formula (5) instead of iA . 

The value iAn  must be such that the average 

iAn  value for all Xi∆ is close to or equal to iA  to fulfill 

the condition b.). When the value Xi∆ (possible 

maneuver) is increased, the iAn  value must increase. 

 

Fig. 1: Function type for adjustment of coefficient A  

IV. Algorithm of FVC Operation 

The finished FVC algorithm includes the actions 
listed below. Initial values for the filter are calculated 
according to Table 1 [9]. 

Table 1: Initial values for the filter 

i  iA  iB  iXs  X iV s  

1 1 1 iX  – 

2 1 1 iX  2 1X X
T
−

 

 

We also input a new parameter "conditional 
step" (CS) iin  for the i -th step. The initial value of the 

CS is 3. We assume that we know the root-mean-square 
error (RMSE) of σX  coordinate measuring. 

The sequence of actions of the algorithm for 2i > . 

1. Start. Getting a new iX  value. 

2. Extrapolation of X  coordinate by formula (1). 
3. Calculation of tracking strobe size by X  

coordinate: 

σX Xi iс Kg Kc∆ = ⋅ ⋅ , 

where Kg  is the confidence coefficient (usually 3); 

iKc is a strobe coefficient, which takes into 

account the RMSE of extrapolation and measurement 
[10]: 

( )
( )( )

2 2 1
1

1 1
i

i
i i

in
Kc

in in
⋅ −

= +
− −

 

4. First adjustment of the CS. We “increase” the CS, 
so that later we get iAn  value less than iA  value 

according to formula (2), in accordance with Fig. 1: 

( )1 1i ii n K in′ = ⋅ − +  

where K  is some increase coefficient of the step value. 
Note that the CS ceases to be an integer [10]. 

5. Calculation of the smoothing factor for CS 
according to formula (2): 

( )
( )

2 2 1
1

i
i

i i

i n
An

i n i n
′⋅ −

=
′ ′ +

; 

6. Deviation calculation according to formula (4). 
7. Relative Deviation Calculation 

XiXi Xiс
δ

∆
=
∆

. 

8. Correction of the iAn  smoothing factor according 

to Xiδ . The adjustment implements the function 

shown in fig. 1, but it is taken Xiδ  instead of Xi∆ . 

( )1 1i iA n An Kor′ = − − ⋅ , 

where exp
SXi

S
Kor

S
δ 

= −  
 

;     log 2
i

AmS
An

 
= + 

 
;        2S

i

AmS
An

= ⋅ ,

Am is fiducial value of A . 

The proposed formulas for iA n′  calculation shows: 

• Normality of random processes; 

• The need to provide the type of function for as in 
fig. 1. 

9. Calculation of the new value of CS. The expression 
for CS was obtained from (2) by solution a quadratic 
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equation, where ( )i iA A n′  is the argument and 

( )ii i n′  is the desired value: 

( )24 4 8
2 1

i i i
i

i

A n A n A n
i n

A n
′ ′ ′− + − −

′ =
′ +

. 

10. Calculate the velocity smoothing coefficient using 
formula (3): 

( )
6

1i
i i

B n
i n i n

′ =
′ ′ +

 

11. Calculation of the smoothed values by (5) and (6): 

1 Xi i i iXs Xp A n− ′= + ⋅∆ ; 1
XiX Xi i iV s V s B n
T−
∆′= + ⋅ . 

12. Modification of the CS to the next i step. The i  
value is modified by one. Here we introduce the CS 

nmi  constraint [4]: 

1,  if 1 ;
,  if 1 .

nm

nm

i i
i

i

i n i n i
in

inm i n i
′ ′+ + ≤

=  ′ + >
 

Further, when a new iX  value is obtained, 

actions 1) ... 12) are repeated. 
Recommended parameter values for FVC are 

given in Table 2. 

Table 2: Recommended parameter values for FVC 

Parameter Meaning 

K  
1,3 for 50iin <  

1,05 for 50iin ≥  

Am  0,2 

nmi  20 

V. Simulation Results 

The effectiveness of the FVC was evaluated 
using simulation modeling. For comparison, we used 
filters from those articles and books where the 
description can unambiguously determine the 
conditions of the experiment and interpret its results. 

 

Experimental conditions are described in Table 3. 

Table 3: Experimental conditions 

Characteristic 
Literary source 

[6] [2] [3] 
Initial velocity 10 m/sXV =  426 m/s;XV = −  0 m/sYV =  300 m/sXV =  

Initial position ,X Y  – 
120 000 m;X =  

2 000 mY =  
– 

Period T, s 1 1 2 

Maneuver period, 
maneuver 

acceleration 

50 – 70 s 
25m sXa =  

31 – 38 s 
25m s ;Xa = 210 m sYa = −  

22 – 46 s 
Centripetal 

( g  - acceleration of 
gravity) 

38 – 49 s 
28m s ;Xa = −  218m sYa =  

49 – 61 s 
210m s ;Xa =  220m sYa = −  

61 – 65 s 
20m s ;Xa =  230m sYa =  

65 – 66 s 
210m s ;Xa = −  28m sYa = −  

66 – 81s 
25m s ;Xa = −  20m sYa =  

81 – 90 s 
25м с ;Xa =  210 m sYa = −  
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End of experiment
 120 s and 

240 s 90 s
 

80 s
 

RMSE Xσ =5 m  Azimuth 0.02 rad, range 67.5 m Xσ =250 m  

Tested filters and 
their types 

«VSD» - MD 
«AI» - IMM 

«VPN» - IMM 

«AWN» - MD 
«CM» - IMM 
«VDF» - MD 

«Method1a» - WMD 
«Method4a» - MD 
«Method5a» - IMM 

 

The simulation results for various filters from [6, 
2, 3] and FVC are shown in Figs. 2 - 5 and in table 4. 
Figures 2 – 4 show the dependences of the smoothed 
RMSE σSX  along the X  coordinate on t  time (the 
graphs are plotted by characteristic points). Figure 2 

shows dependences for [6], in fig. 3 – for [2], in fig. 4 - 
for [3]. Figure 5 shows the dependences of the RMSE of 
the σSVX  smoothed velocity along the X  coordinate 
for the filters from [6] and FVC. 

Fig. 2: Dependence of smoothed RMSE σSX  on Time t  for filters of [6] and FVC

Fig. 3: Dependence of smoothed RMSE σSX  on Time t  for filters of [2] and FVC
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Fig. 4: Dependence of smoothed RMSE σSX  on Time t  for filters of [3] and FVC

Fig. 5: Dependence of RMSE of smoothed velocity σSVX on Time t  for filters of [6] and FVC

Table 4 shows the values of the total RMSE for all filters for two experiments. 

Table 4: Values of the general RMSE for the filters from [6] and FVC

Filter 
Experiment duration 

240 s 120 s 
σ , mSX  Vσ , m/sSX  σ , mSX  Vσ , m/sSX  

VPN 4,12 3,51 4,35 4,30 
VSD 4,92 2,92 7,88 5,17 
AI 4,64 4,21 4,72 4,30 

FVC 2,98 2,40 3,54 3,40 
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VI. The Discussion of the Results 

An analysis of the simulation results shows that 
the FVC provides a higher quality of smoothing (lower 
RMSE of the smoothed parameter) compared to other 
filters - see, for example, Table 4. Compared to the 
WMD and MD filters (VSD, AWN, Method 1a, Method 
4a) FVC provides a smaller value of the error in the 
maneuver section. At the same time, the efficiency of 
smoothing in the absence of a maneuver does not 
decrease, as with filters of the IMM type (AI, VPN, CM, 
Method 5a - Fig. 2 - 5). The effectiveness of the FVC 
does not decrease with the input error value, scanning 
interval, intensity and duration of the maneuver. 

VII. Conclusion 

The proposed FVC does not contain maneuver 
detection means. It belongs to the WMD type. 

An analysis of the simulation results shows that 
the FVC for tracking a maneuvering aerodynamic target 
provides a higher efficiency (lower value of the 
smoothed RMSE) compared to various other types and 
variants of filters and can be used in radar information 
processing systems. 

It was achieved by introducing a new 
mechanism for adjusting the smoothing coefficients, 
taking into account the deviation of the mark 
coordinates from the extrapolated target position. At the 
same time, the proposed filter does not contain any 
settings for input errors, target maneuver parameters, 
review period, other factors. 
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Experiment-based Internal Ballistics Simulation 
of Dual-Thrust Solid Rocket Motors

Alaa R Abdel Gawad α, Liang Guozhu σ & Mahmoud Y. M. Ahmed ρ

Abstract- A key aspect to a successful simulation of the flow 
inside the Dual Thrust Solid Rocket Motor (DTSRM) is the 
proper definition of boundary and operating conditions as well 
as fluid properties. The experimental pressure-time curve was 
analyzed and divided into five regimes to be used as inputs for 
numerical simulations to understand the flow features inside 
an experimental DTSRM motor and to estimate its thrust. The 
entire motor operation time from ignition to tail-off was 
examined including two steady-state phases; boost and 
sustain, and three transient phases, ignition, boost-sustain 
transition, and tail-off. The grain burnback analysis was carried 
out to obtain the computational domain for each simulation. 
The operating pressure for each simulation is defined as equal 
to the measured chamber pressure which was measured at 
the head end of the motor. The results confirmed the 
capabilities of simulations to explore the flowfield inside the 
motor and to predict its thrust with remarkable accuracy of 
less than 5% relative to the experimental measurements in lieu 
of analytical calculations that are more suited for preliminary 
calculations and only offer accuracy of about 15% relative to 
experimental measurements. 
Keywords: dual-thrust solid rocket motor, internal 
ballistics, grain burnback, numerical simulation. 

I. Introduction 

he Dual Thrust Solid Rocket Motors (DTSRMs) are 
solid propellant rocket motors that have the 
capability of yielding a dual (step) thrust; a high 

thrust followed by a lower one. This boost-sustain feature 
finds applications in a variety of guided missiles. 
Boosting the missile allows it to swiftly accelerate to the 
nominal flight speed in a minimum uncontrolled flight 
time. The subsequent low thrust ensures near-zero 
acceleration to maintain the nominal flight speed (proper 
for control) for a maximum controlled flight time. 

A dual thrust is achieved by different motor 
designs including single-chamber and single fixed 
nozzle, single-chamber and single variable nozzle, 
double-tandem chamber and single external nozzle, 
double-chamber and double nozzle configurations. 
Nonetheless, the simplest design is the one in which 
one chamber incorporating two grains of different 
configurations is used. This simplicity comes with motor 

 
 
Author α: Ph.D. Candidate, School of Astronautics, Beihang University 
(BUAA), Beijing, China. e-mail: alaarabie@buaa.edu.cn 
Author σ: Professor, School of Astronautics, Beihang University (BUAA), 
Beijing, China. 
Author ρ: Ass. Professor, Aerospace Department, Military Technical 
College, Cairo, Egypt. 

including two steady-state phases and three transient 
phases (ignition, transition, and tail-off). 

Understanding the SPRM operation is a crucial 
step in missile mission design. Experimental 
measurements of chamber pressures and motor thrust 
are perhaps the most reliable in defining the overall 
motor operation. Nevertheless, practice shows that 
variable thrust measurement of DTSRM may be 
troublesome due to variation in thrust level. While 
measuring pressure can be simply achieved, the use of 
two different load cells for the same motor may not be as 
simple. Analytical techniques based on solving internal 
ballistic relations may also be used to estimate the motor 
pressure and thrust. However, if it is sought to 
understand the flow behavior and explore its features 
along the motor, neither experimentation nor analytical 
technique is the right approach. Numerical simulation of 
the flow along the DTSRM gives a better understanding 
of the multiple flow features associated with the two 
levels of pressure including streamlines, pressure, 
temperature, density, and velocity variation along the 
motor which cannot be attained from experimental 
measurements or analytical calculations. In addition, 
both numerical simulations and analytical calculations 
have the advantages of higher flexibility and lower cost 
and risk compared with experimental measurements. 
Yet, numerical simulations have higher fidelity compared 
with analytic calculations. One key aspect of the 
successful simulation is the proper definition of operating 
and boundary conditions. Using accurate experiment-
based inputs would indeed yield more reliable simulation 
results. 

The use of numerical simulation via the 
computational fluid dynamics (CFD) approach to 
understand and analyze the flow field through solid-
propellant rocket motors has been widely adopted [1-8]. 
Some researchers focused on the ignition transient 
phase [9-15] to investigate phenomena accompanied by 
starting transient such as internal flow chocking, pre-
ignition chamber dynamics, and boundary layer 
displacement. While some focused on quasi-steady-
state and tail-off phases [16] to analyze the validity of 
performance prediction for parameters such as pressure, 
thrust, and nozzle throat variation. Pressure oscillation 
and acoustic instability taking place in the solid rocket 
were also addressed using numerical simulation [17-21]. 
Recently, more attention has been paid to using CFD in 
simulating solid rocket motors regression [22]. Li et al. 

T 
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operation complexity as it involves five different phases 



[23] presented an integrated framework for coupled 
simulation of internal fluid flow in a solid rocket motor 
and burning surface regression of propellant. Lin [24] 
developed an immersed boundary method to avoid the 
cumbersome re-meshing for simulating the coupling of 
gas flow and burning surface regression in solid rocket 
motors. Zou et al. [25] developed a numerical model to 
investigate the regression rate and the combustion 
process of a combined solid rocket motor for different 
grain inner diameters. Some advanced topics related to 
numerical simulation for solid rocket motors have been 
discussed. Han and Kim [26] examined the interaction 
between burning module, structure, and fluid inside solid 
rocket motors. Hemanth and Jyothi [27] simulated the 
flow inside a retro solid-propellant rocket motor. 

The objective of the present work is to simulate 
the flow inside a DTSRM using computational fluid 
dynamics based on the pressure from experimental 
measurements to reflect the internal flow characteristics 
for the combustion chamber and nozzle together. The 
grain recession calculation was carried out to obtain the 
grain shapes along the whole motor burning time which 
represents the computational domain used in 

simulations. The simulations will cover the whole burning 
time starting from ignition to tail-off obtaining all possible 
internal flow parameters. From these parameters, the 
internal ballistics of the case study DTSRM and the 
resulting thrust is calculated.  In such cases, simulation 
results may be used to predict motor thrust with 
accuracy closer to experimental measurements 
compared with the analytical calculations. 

II. Experimental Motor 

For the present case study, a test solid rocket 
motor is adopted, Figure 1a with the pressure transducer 
adjusted at the head end of the motor. A tubular grain of 
two different inner diameters along the axis is used. The 
tubular grain is inhibited from the outer surface adjacent 
to the motor casing while it is allowed to burn from all 
other surfaces, Figure 1b. The solid propellant 
composition includes ammonium perchlorate, Aluminum 
powder, and HTPB with the percentages shown in Table 
1. The burning law for the propellant is defined as: 

𝑟𝑟 = 2.68 × 10−4𝑝𝑝0.2101          (1) 

                           a) The test motor                                              b)  The propellant grain (all dimensions in millimeters)  

Figure 1: The experimental motor and the propellant grain

Table 1: Propellant Ingredient

 AP Al HTPB 

Chemical formula NH4ClO4 Al C7.09H10.86O0.227 

Weight percentage[%] 69 17 14 

Enthalpy [kcal/mol] -70.69 0 -14.64 
 

III. Methodology 

For sake of numerical simulation, the pressure 
~ time curve from experimental measurements was 
divided into five regimes namely, ignition transient 
phase, boost steady phase, transition transient phase, 
sustain steady phase, and tail-off transient phase as 
shown in Figure 2. For each of the two steady-state 
phases, four-time instances are investigated; one at the 
start, one at the end, and two in the middle of each 
phase. In contrast, the full duration of each of the three 
transient phases is examined. The grain recission is 
calculated at each burning step for the whole burning 

time to be used in simulations representing the three 
transient phases and the eight points of steady-state 
phases computational domains. 
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Figure 2: Pressure-time curve of the test rocket motor divided into regimes

The ignition phase represents the rise of the 
pressure from 0 to 71 bar in about 0.1 seconds, the 
boost phase of the test motor operation endures for 
about 0.5 seconds where pressure varies from about 71 
to 68 bar. The transition represents the change from 
boost to sustain phase with a variation of pressure from 
68 to 42 bar in 0.1 seconds. During the 1.12 seconds 
sustain phase, the motor pressure drops from 41 to 36 
bar. Finally, the tail-off phase represents the collapse of 
pressure from 36 to 1 bar in about 0.33 seconds. The 
burning of propellant grain surfaces results in gases with 
direction normal to these surfaces, to simplify the 
problem, and as the pressure transducer is adjusted at 
the head end of the experimental motor, the simulation 
input (experimental pressure measurements) is adopted 
as pressure inlet. 

a) Computational Domain 
Due to grain regression during both boost and 

sustain phases, the computational domain geometry 
varies with time. Figure 3shows the instantaneous grain 
locationscalculatedusing the burning law (Equation 1) 
based on instantaneous chamber pressure values at 
five different times of burning. For more realistic 
simulations, the natural change of sharp corners into 
rounded ones upon regression is taken into 
consideration. The grain configuration at 0 seconds 
represents the computational domain for ignition phase 
transient simulation and boost start steady-state 
simulation. Grain location at 0.6 seconds represents the 
domain for boost-end steady-state simulation. Grain 
location at 0.75 seconds represents the domain for both 
sustain-start steady-state simulation and boost-sustain 
transition simulation. Grain location at 1.5 seconds is 
taken to define sustain-end steady-state simulation. For 
tail-off transient simulation, an empty chamber is 
considered. 
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            0 seconds (ignition, boost start)        0.4 seconds (mid-boost)     0.6 seconds (boost end, transition)  

 

               0.75 seconds (sustain start)         1.5 seconds (mid-sustain)

Figure 4: Grain configuration at the time instances in consideration

Due to the symmetry of flow and domain, two-
dimensional axisymmetric computational domains are 
developed for all simulations. Multi-block structured 
grids are constructed such that grid quality is increased 
at areas of interest namely, solid walls, the nozzle critical 
section, and its upstream and downstream vicinity. 

The mesh in the present work used structured 
grid element shape with appropriate number of divisions 
that suit each part of the motor. Spatial resolution is 
assessed through a grid independence check, the 
pressure at the throat was observed, and the grid-
independent solution was obtained at 252000 cells. All 
wall boundaries in the domain are defined with the no-
slip condition while the lower (bottom) boundary is 
defined as the axis. Consistent with experiments, the 
downstream (right) end of the domain is defined as a 
pressure outlet with atmospheric pressure definition. To 
simplify simulations, and since the pressure input to 
simulations is based on readings of a pressure 
transducer that is adjusted at the head end of the 
experimental motor, the upstream (left) end of the 
domain is defined as a pressure inlet as shown in Figure 
5, which illustrate the mesh used in boost start steady 
case. 
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(a)                                      (b)                                                    (c) 

Figure 5: Mesh used in the boost start phase

b) Boundary Conditions 
For the steady-state simulation, four main cases 

were selected to be discussed (boost-start, boost-end, 
sustain-start, and sustain-end), the instantaneous 
combustion pressures at the time instances in concern 
are set based on Figure 2. Hence, four steady cases 
correspond to inlet pressures of 71, 68, 41, and 36, 
respectively will be explained in detail in the current 
study. Another four cases are simulated, two in each 
steady phase to cover more points in the thrust curve 
and increase the prediction accuracy. 

For transient phases simulations of Transition 
and Tail off, pressure inlet values are user-defined 
functions of time extracted from Fitted trendlines 
equations of the experimental curves illustrated in Figure 
6, whereas in the ignition phase, the pressure-time 
relation is input as a table of discrete points (extracted 
from ignition experimental curve) within which 
instantaneous pressure value is interpolated. 

 

Figure 6: Temporal pressure variation of pressure inlet boundary for transient phases simulations

For boost-sustain and tail-off transient phases’ 
simulations, the experimental pressure-time curve data 
is analyzed and equations of the fitted curves 
(polynomial equations of trendlines) are used in the 
user-defined function input files. These functions are: 
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Transition phase: 𝑝𝑝 = 64830𝑡𝑡3 − 9029.6𝑡𝑡2 + 16.745𝑡𝑡 + 66.935   (2) 

Tail-off phase:  𝑝𝑝 = 303.9𝑡𝑡2 − 200.28𝑡𝑡 + 35.408      (3) 

where 𝑝𝑝 is the inlet pressure value in bar while t represents the time in seconds. 

c) Operating Fluid Properties 
Properties of working gas adopted in CFD 

solver setup are sought to be as close to real 
combustion as possible. This is done by conducting 
thermochemical calculations using NASA CEA [28] 
code. It is one of the thermochemical programs that are 
capable of calculating the chemical equilibrium 
compositions of a chemical system via minimization of 
free energy formulation, which allows one to calculate 
theoretical thermochemical properties. Combustion 

pressure is input as well as ingredients of solid 
propellant (listed in Table 1) as reactants in the form of 
weight percentage along with enthalpy, temperature, 
and chemical formula of each. Grain burning is 
considered a finite area combustion problem with a 
contraction ratio (ratio of finite chamber area to throat 
area) of 7.475 and an initial chamber temperature guess 
of 3800k. Table 2 lists the operating gas properties for 
all steady cases in boost and sustain phases. 

Table 2: Operating gas properties as calculated by NASA CEA

Simulation Case 
Parameter Boost start Boost end Sustain start Sustain end 

Camber pressure (bar) 71 68 41 36 

Temperature (K) 3388 3385 3344 3332 
Density (kg/m3) 6.9038 6.6119 3.9767 3.4868 

Specific heat (J/kg.K) 3547.3 3568.7 3836.2 3910.1 

Thermal conductivity (w/m.K) 1.0381 1.0467 1.1554 1.1856 

Viscosity (kg/m.s) 9.88 e-05 9.87e-05 9.7925e-05 9.769e-05 
Specific heat ratio 1.1411 1.1409 1.1378 1.1370 

Specific gas constant (J/K.mol) 323.27 323.397 324.78 325.15 
 

d) CFD Solver Setup 
The pressure-based solver for Navier-Stokes 

equations is adopted. For the pressure-velocity-coupling 
scheme, the pressure-based coupled algorithm is 
chosen as it gives a more efficient, accurate, and robust 
single-phase implementation in cases of steady-state 
flows. Turbulence is modeled in Reynolds-Averaged 
Navier-Stokes (RANS) through the standard k-ε model. It 
is preferred because of its reasonable accuracy and 
reliability for a wide range of turbulent flows and heat 
transfer. It is thus the most commonly used turbulence 
model, especially with solid rocket motors cases [29-
33]. Gradients are computed in the current work using 
the Least-square cell-based method while the PRESTO 
discretization scheme is chosen as it is more suitable for 
multiphase simulations. For unsteady simulation cases, 
the time step size in each case is chosen to be 
compatible with the input file data based on a temporal 
resolution sensitivity check. The working fluid is chosen 
as an ideal gas with the specifications tabulated in Table 
2. 

IV. Discussion of Internal Ballistics 
Simulation Results 

Results of numerical simulation for the flow 
inside the test motor in concern are discussed below in 

two sections, transient phases, and steady-state 
phases. 

a) Transient Phases 
Figure 7 (a, b, c, and d) shows the flow velocity 

streamlines along the motor at different times of the 
ignition phase colored according to velocity values, 
Figure 6.a shows the whole motor with nozzle, whereas 
the other figures focus on the velocity streamlines 
variation inside the combustion chamber. Vortices can 
be noticed inside the combustion chamber at the 
beginning of ignition, especially in the gap between 
grain and nozzle. These vortices seem to diminish or 
vanish with time as the pressure becomes high enough 
to make the flow smoother. The flow parameters change 
along the motor at different times of ignition are shown 
in Figure 8 where flow pressure and velocity along the 
axis are displayed. Flow pressure has a high, nearly 
constant, value inside the combustion chamber and 
these values decrease along the nozzle at all times of 
ignition. In contrast, velocity is nearly zero inside the 
chamber and then increases along with the nozzle. It 
can be noticed that the flow doesn’t fully expand along 
the nozzle at the beginning of ignition where the 
pressure value inside the combustion chamber is still 
not high enough. 

During the transition phase, the pressure drops 
sharply while the grain almost maintains its 

G
lo
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
  

Vo
lu
m
e 

X
xX
II
I 
Is
su

e 
I 
V
 er
si
on

 I
  

  
 

  

26

Y
e
a
r

20
23

 © 2023    Global Journ als

  
 

(
)

D
Experiment-based Internal Ballistics Simulation of Dual-Thrust Solid Rocket Motors



configuration. The velocity streamlines variation at 
different times of transition phase time is shown in 
Figure 7 (e, f, g, and h). It can be noticed that the flow 
streamlines as it transfers from the boost phase with 
high pressure to the sustain phase with lower pressure 
become smoother. The recirculation bubbles along the 
motor diminish in number and size. The flow parameters 
along the motor at different times of this phase are 
shown in Figure 8. Pressure has a higher value inside 
the combustion chamber and decreases along the 
nozzle at all times of burning. The flow velocity inside the 

combustion chamber has a low value that increases 
along the nozzle. 

The tail-off phase represents about 0.3 seconds 
of motor operation. Figure 7 (i, j, k, and l) shows the 
variation of flow streamlines colored according to 
velocity values. Over time, the velocity decrease as the 
pressure inside the combustion chamber is relieved and 
the streamlines vortices still exist inside the empty 
motor. The flow parameters along with the motor at 
different times of this phase are shown in Figure 8. 

 

 

 

 

 

(a) 0.002 seconds of ignition                                             (b) 0.006 seconds of ignition

(c) 0.04 seconds of ignition                                           (d) 0.1 seconds of ignition

(e) 0.006 seconds of transition                                               (f) 0.017 seconds of transition

(g) 0.04 seconds of transition                                               (h) 0.095 seconds of transition
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Figure 7: Flow streamlines at different time instances during transient phases

      (a) Pressure                                                

Figure 8: Variation of Pressure (left side) and Velocity (right side) along the motor axis at different times of the 
transient phases

b) Steady State Cases 
Four steady-state simulation cases are 

considered for each phase, the simulation results are 
presented in detail for two cases at each phase namely; 
at its start and end. Figure 9 illustrates pressure 
contours along with the motor for two cases in the boost 
phase and two cases in the sustain phase. The first 
case includes the whole motor, while the other three 
cases focus on the combustion chamber as the 
pressure values are higher inside it. The pressure clouds 
concentrate in the middle of the motor and close to the 
convergent part, the pressure values are higher in the 
center of these clouds. In addition, the variation of 
gases pressure and Mach Number along the motor axis 

at the start and end of each steady phase is illustrated in 
Figure 10. 

 
 
 
 
 
 
 
 
 

 
 
 
 

(i) 0.005 seconds of tail-off                   (j) 0.02 seconds of tail-off

(k) 0.14 seconds of tail-off              (l) 0.285 seconds of tail-off

(c) Velocity
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(a) Boost start     (b) Boost end 

(c) Sustain start     (d) Sustain end 

Figure 9: Pressure contours at the start and end of each steady phase

Figure 10: Variation of Pressure (left side) and Mach Number (right side) along the motor axis at the start and end of 
each steady phase

The pressure at the combustion chamber is 
high and starts to decrease once it enters the nozzle 
and continues decreasing as the flow passes through 
the nozzle divergent section until it reaches the 
atmospheric value at exit. In contrast, the Mach number 
starts to rise above zero at the nozzle inlet, reaches the 
value of one at the nozzle throat, and above 3 at the 
nozzle exit. Flow properties vary in the radial direction as 
well. Figure 11 shows the variation of flow pressure and 
Mach number with radius along the nozzle exit. While 
pressure reaches a maximum value midway along the 
nozzle radius in boost phase cases, it reaches a 
maximum value near the walls in sustain phase cases. 
Mach value drops sharply inside the boundary layer over 
the wall, for the boost phase cases it decreases to 2 
while for the sustain phases it reaches 0.5. 
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Figure 11: Variation of Pressure (left side) and Mach Number (right side) along the motor exit

V. Validation of Thrust Calculation 

An analytical model was developed based on 
dividing the web thickness into segments, a solution of 
the governing equation for each segment is performed, 
and a comparison is made to check whether the total 
mass generated from grain burning equals the total 
mass discharged from the nozzle [34]. The model was 
adopted to calculate the thrust for the used motor. The 
root mean square error between analytical calculations 
and experimental measurements is about 15% as 
shown in Figure 12. The error was estimated based on 
the difference between the thrust values calculated 
analytically and experimentally measured. The root 
mean square of the difference is the error represented in 
the current method. 

The thrust based on the numerical simulation is 
calculated using the flow properties calculated at the 
exit section of the nozzle via the following equation [35]: 

𝐹𝐹 = 𝑚𝑚 ̇ 𝑉𝑉𝑒𝑒 + 𝐴𝐴𝑒𝑒(𝑃𝑃𝑒𝑒 − 𝑃𝑃𝑎𝑎)          (4) 

where 𝑚𝑚 ̇ is the mass flow rate discharged from the 
motor nozzle exit, 𝑉𝑉𝑒𝑒  is the average velocity inthis area, 
𝐴𝐴𝑒𝑒  is the surface area of the exit section, 𝑃𝑃𝑒𝑒  is the 
average exit pressure, and 𝑃𝑃𝑎𝑎 is the atmospheric 
pressure (101325 Pascal). The calculated values of 
these parameters for the four steady-state cases 
examined here are listed in Table 3, beside the main 
four points, two in each phase to cover the curve. The 
thrust values calculated using the numerical simulation 
are compared with thrust experimental measurements, 
Figure 12. 

Table 3: Numerical parameters used in thrust calculations for main steady phases

 Boost-start Boost-end Sustain-start Sustain-end 

Mass flow rate (kg/sec) 0.1896 0.18095 0.1114 0.09799 

Exit pressure (Pascal) 95734.06 90775.95 57962.66 50508.6 

Exit velocity (m/sec) 2806 2804 2806 2804 
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Figure 12: Experimental vs Numerical and Analytical thrust ~ time curves

The numerical simulation values are in a 
marginal similarity to measured values with a relative 
error of less than 5% whereas the analytical calculation 
can predict the thrust with an accuracy of about 15% 
relative to the experimental measurements. The 
deviation between the numerical simulation and the 
experimental measurements in the transient phases is 
less than the deviation in the boost and sustain phase, 
this is due to the relative error occurring during 
burnback calculation analysis in the boost and sustain 
phase, but in the transient phases, the grain burn back 
process doesn't exist. It can be concluded from this 
comparison that numerical simulations are capable of 
calculating thrust using measured pressure as an 
alternative to thrust measurements. 

VI. Conclusion 

An experiment-based numerical simulation and 
analysis for a dual thrust solid-propellant motor was 
carried out to investigate the flow features and 
parameters along the motor and nozzle for the whole 
working time. This gives more understanding and better 
insight that cannot be accomplished with experimental 
measurements. The pressure-time curve from 
experimental measurements was analyzed to obtain the 
inputs required for the simulations whereas gas 
parameters were calculated from thermochemical 
calculations. The pressure-time curve was divided into 
two types of simulation, steady-state and transient, the 
steady-state phase was represented in two phases, 
boost phase and sustain phase steady-state 
simulations. The transient phases were represented in 
three phases, ignition phase, transition (from boost to 
sustain) phase, and tail off phase. The results from 
numerical simulation were used to calculate the motor 
thrust via using the parameters marched out from the 

motor exit. The thrust values calculated from numerical 
simulations were compared with the experimental 
measurements and the error was less than 5% in all 
cases. Numerical simulations were confirmed capable 
of explaining the flow parameters variations with time as 
well as calculating the motor thrust with a remarkable 
level of accuracy compared with analytical calculations 
that are more suited for preliminary calculations. 
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We accept the manuscript submissions in any standard (generic) format. 

We typeset manuscripts using advanced typesetting tools like Adobe In Design, CorelDraw, TeXnicCenter, and TeXStudio. 
We usually recommend authors submit their research using any standard format they are comfortable with, and let Global 
Journals do the rest. 

 

Authors should submit their complete paper/article, including text illustrations, graphics, conclusions, artwork, and tables. 
Authors who are not able to submit manuscript using the form above can email the manuscript department at 
submit@globaljournals.org or get in touch with chiefeditor@globaljournals.org if they wish to send the abstract before 
submission. 

Before and during Submission 

Authors must ensure the information provided during the submission of a paper is authentic. Please go through the 
following checklist before submitting: 

1. Authors must go through the complete author guideline and understand and agree to Global Journals' ethics and code 
of conduct, along with author responsibilities. 

2. Authors must accept the privacy policy, terms, and conditions of Global Journals. 
3. Ensure corresponding author’s email address and postal address are accurate and reachable. 
4. Manuscript to be submitted must include keywords, an abstract, a paper title, co-author(s') names and details (email 

address, name, phone number, and institution), figures and illustrations in vector format including appropriate 
captions, tables, including titles and footnotes, a conclusion, results, acknowledgments and references. 

5. Authors should submit paper in a ZIP archive if any supplementary files are required along with the paper. 
6. Proper permissions must be acquired for the use of any copyrighted material. 
7. Manuscript submitted must not have been submitted or published elsewhere and all authors must be aware of the 

submission. 

Declaration of Conflicts of Interest 

It is required for authors to declare all financial, institutional, and personal relationships with other individuals and 
organizations that could influence (bias) their research. 

Policy on Plagiarism 

Plagiarism is not acceptable in Global Journals submissions at all. 

Plagiarized content will not be considered for publication. We reserve the right to inform authors’ institutions about 
plagiarism detected either before or after publication. If plagiarism is identified, we will follow COPE guidelines: 

Authors are solely responsible for all the plagiarism that is found. The author must not fabricate, falsify or plagiarize 
existing research data. The following, if copied, will be considered plagiarism: 

• Words (language) 
• Ideas 
• Findings 
• Writings 
• Diagrams 
• Graphs 
• Illustrations 
• Lectures 
 
 
 
 

Alternatively, you can download our basic template from https://globaljournals.org/Template.zip
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• Printed material 
• Graphic representations 
• Computer programs 
• Electronic material 
• Any other original work 

Authorship Policies 

Global Journals follows the definition of authorship set up by the Open Association of Research Society, USA. According to 
its guidelines, authorship criteria must be based on: 

1. Substantial contributions to the conception and acquisition of data, analysis, and interpretation of findings. 
2. Drafting the paper and revising it critically regarding important academic content. 
3. Final approval of the version of the paper to be published. 

Changes in Authorship 

The corresponding author should mention the name and complete details of all co-authors during submission and in 
manuscript. We support addition, rearrangement, manipulation, and deletions in authors list till the early view publication 
of the journal. We expect that corresponding author will notify all co-authors of submission. We follow COPE guidelines for 
changes in authorship. 

Copyright 

During submission of the manuscript, the author is confirming an exclusive license agreement with Global Journals which 
gives Global Journals the authority to reproduce, reuse, and republish authors' research. We also believe in flexible 
copyright terms where copyright may remain with authors/employers/institutions as well. Contact your editor after 
acceptance to choose your copyright policy. You may follow this form for copyright transfers. 

Appealing Decisions 

Unless specified in the notification, the Editorial Board’s decision on publication of the paper is final and cannot be 
appealed before making the major change in the manuscript. 

Acknowledgments 

Contributors to the research other than authors credited should be mentioned in Acknowledgments. The source of funding 
for the research can be included. Suppliers of resources may be mentioned along with their addresses. 

Declaration of funding sources 

Global Journals is in partnership with various universities, laboratories, and other institutions worldwide in the research 
domain. Authors are requested to disclose their source of funding during every stage of their research, such as making 
analysis, performing laboratory operations, computing data, and using institutional resources, from writing an article to its 
submission. This will also help authors to get reimbursements by requesting an open access publication letter from Global 
Journals and submitting to the respective funding source. 

Preparing your Manuscript 

Authors can submit papers and articles in an acceptable file format: MS Word (doc, docx), LaTeX (.tex, .zip or .rar including 
all of your files), Adobe PDF (.pdf), rich text format (.rtf), simple text document (.txt), Open Document Text (.odt), and 
Apple Pages (.pages). Our professional layout editors will format the entire paper according to our official guidelines. This is 
one of the highlights of publishing with Global Journals—authors should not be concerned about the formatting of their 
paper. Global Journals accepts articles and manuscripts in every major language, be it Spanish, Chinese, Japanese, 
Portuguese, Russian, French, German, Dutch, Italian, Greek, or any other national language, but the title, subtitle, and 
abstract should be in English. This will facilitate indexing and the pre-peer review process. 

The following is the official style and template developed for publication of a research paper. Authors are not required to 
follow this style during the submission of the paper. It is just for reference purposes. 

 

 

 

© Copyright by Global Journals | Guidelines Handbook

XI

https://globaljournals.org/copyright-transfer/copyright-transfer�


Manuscript Style Instruction (Optional) 

• Microsoft Word Document Setting Instructions. 
• Font type of all text should be Swis721 Lt BT. 
• Page size: 8.27" x 11'”, left margin: 0.65, right margin: 0.65, bottom margin: 0.75. 
• Paper title should be in one column of font size 24. 
• Author name in font size of 11 in one column. 
• Abstract: font size 9 with the word “Abstract” in bold italics. 
• Main text: font size 10 with two justified columns. 
• Two columns with equal column width of 3.38 and spacing of 0.2. 
• First character must be three lines drop-capped. 
• The paragraph before spacing of 1 pt and after of 0 pt. 
• Line spacing of 1 pt. 
• Large images must be in one column. 
• The names of first main headings (Heading 1) must be in Roman font, capital letters, and font size of 10. 
• The names of second main headings (Heading 2) must not include numbers and must be in italics with a font size of 10. 

Structure and Format of Manuscript 

The recommended size of an original research paper is under 15,000 words and review papers under 7,000 words. 
Research articles should be less than 10,000 words. Research papers are usually longer than review papers. Review papers 
are reports of significant research (typically less than 7,000 words, including tables, figures, and references) 

A research paper must include: 

a) A title which should be relevant to the theme of the paper. 
b) A summary, known as an abstract (less than 150 words), containing the major results and conclusions.  
c) Up to 10 keywords that precisely identify the paper’s subject, purpose, and focus. 
d) An introduction, giving fundamental background objectives. 
e) Resources and techniques with sufficient complete experimental details (wherever possible by reference) to permit 

repetition, sources of information must be given, and numerical methods must be specified by reference. 
f) Results which should be presented concisely by well-designed tables and figures. 
g) Suitable statistical data should also be given. 
h) All data must have been gathered with attention to numerical detail in the planning stage. 

Design has been recognized to be essential to experiments for a considerable time, and the editor has decided that any 
paper that appears not to have adequate numerical treatments of the data will be returned unrefereed. 

i) Discussion should cover implications and consequences and not just recapitulate the results; conclusions should also 
be summarized. 

j) There should be brief acknowledgments. 
k) There ought to be references in the conventional format. Global Journals recommends APA format. 

Authors should carefully consider the preparation of papers to ensure that they communicate effectively. Papers are much 
more likely to be accepted if they are carefully designed and laid out, contain few or no errors, are summarizing, and follow 
instructions. They will also be published with much fewer delays than those that require much technical and editorial 
correction. 

The Editorial Board reserves the right to make literary corrections and suggestions to improve brevity. 
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Format Structure 

It is necessary that authors take care in submitting a manuscript that is written in simple language and adheres to 
published guidelines. 

All manuscripts submitted to Global Journals should include: 

Title 

The title page must carry an informative title that reflects the content, a running title (less than 45 characters together with 
spaces), names of the authors and co-authors, and the place(s) where the work was carried out. 

Author details 

The full postal address of any related author(s) must be specified. 

Abstract 

The abstract is the foundation of the research paper. It should be clear and concise and must contain the objective of the 
paper and inferences drawn. It is advised to not include big mathematical equations or complicated jargon. 

Many researchers searching for information online will use search engines such as Google, Yahoo or others. By optimizing 
your paper for search engines, you will amplify the chance of someone finding it. In turn, this will make it more likely to be 
viewed and cited in further works. Global Journals has compiled these guidelines to facilitate you to maximize the web-
friendliness of the most public part of your paper. 

Keywords 

A major lynchpin of research work for the writing of research papers is the keyword search, which one will employ to find 
both library and internet resources. Up to eleven keywords or very brief phrases have to be given to help data retrieval, 
mining, and indexing. 

One must be persistent and creative in using keywords. An effective keyword search requires a strategy: planning of a list 
of possible keywords and phrases to try. 

Choice of the main keywords is the first tool of writing a research paper. Research paper writing is an art. Keyword search 
should be as strategic as possible. 

One should start brainstorming lists of potential keywords before even beginning searching. Think about the most 
important concepts related to research work. Ask, “What words would a source have to include to be truly valuable in a 
research paper?” Then consider synonyms for the important words. 

It may take the discovery of only one important paper to steer in the right keyword direction because, in most databases, 
the keywords under which a research paper is abstracted are listed with the paper. 

Numerical Methods 

Numerical methods used should be transparent and, where appropriate, supported by references. 

Abbreviations 

Authors must list all the abbreviations used in the paper at the end of the paper or in a separate table before using them. 

Formulas and equations 

Authors are advised to submit any mathematical equation using either MathJax, KaTeX, or LaTeX, or in a very high-quality 
image. 
 
Tables, Figures, and Figure Legends 

Tables: Tables should be cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g., Table 4, a self-explanatory caption, and be on a separate sheet. Authors must submit tables in an editable 
format and not as images. References to these tables (if any) must be mentioned accurately. 
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Figures 

Figures are supposed to be submitted as separate files. Always include a citation in the text for each figure using Arabic 
numbers, e.g., Fig. 4. Artwork must be submitted online in vector electronic form or by emailing it. 

Preparation of Eletronic Figures for Publication 

Although low-quality images are sufficient for review purposes, print publication requires high-quality images to prevent 
the final product being blurred or fuzzy. Submit (possibly by e-mail) EPS (line art) or TIFF (halftone/ photographs) files only. 
MS PowerPoint and Word Graphics are unsuitable for printed pictures. Avoid using pixel-oriented software. Scans (TIFF 
only) should have a resolution of at least 350 dpi (halftone) or 700 to 1100 dpi (line drawings). Please give the data for 
figures in black and white or submit a Color Work Agreement form. EPS files must be saved with fonts embedded (and with 
a TIFF preview, if possible). 

For scanned images, the scanning resolution at final image size ought to be as follows to ensure good reproduction: line 
art: >650 dpi; halftones (including gel photographs): >350 dpi; figures containing both halftone and line images: >650 dpi. 

Color charges: Authors are advised to pay the full cost for the reproduction of their color artwork. Hence, please note that 
if there is color artwork in your manuscript when it is accepted for publication, we would require you to complete and 
return a Color Work Agreement form before your paper can be published. Also, you can email your editor to remove the 
color fee after acceptance of the paper. 

Tips for writing A Good Quality Engineering Research Paper 

Techniques for writing a good quality engineering research paper: 

1. Choosing the topic: In most cases, the topic is selected by the interests of the author, but it can also be suggested by the 
guides. You can have several topics, and then judge which you are most comfortable with. This may be done by asking 
several questions of yourself, like "Will I be able to carry out a search in this area? Will I find all necessary resources to 
accomplish the search? Will I be able to find all information in this field area?" If the answer to this type of question is 
"yes," then you ought to choose that topic. In most cases, you may have to conduct surveys and visit several places. Also, 
you might have to do a lot of work to find all the rises and falls of the various data on that subject. Sometimes, detailed 
information plays a vital role, instead of short information. Evaluators are human: The first thing to remember is that 
evaluators are also human beings. They are not only meant for rejecting a paper. They are here to evaluate your paper. So 
present your best aspect. 

2. Think like evaluators: If you are in confusion or getting demotivated because your paper may not be accepted by the 
evaluators, then think, and try to evaluate your paper like an evaluator. Try to understand what an evaluator wants in your 
research paper, and you will automatically have your answer. Make blueprints of paper: The outline is the plan or 
framework that will help you to arrange your thoughts. It will make your paper logical. But remember that all points of your 
outline must be related to the topic you have chosen. 

3. Ask your guides: If you are having any difficulty with your research, then do not hesitate to share your difficulty with 
your guide (if you have one). They will surely help you out and resolve your doubts. If you can't clarify what exactly you 
require for your work, then ask your supervisor to help you with an alternative. He or she might also provide you with a list 
of essential readings. 

4. Use of computer is recommended: As you are doing research in the field of research engineering then this point is quite 
obvious. Use right software: Always use good quality software packages. If you are not capable of judging good software, 
then you can lose the quality of your paper unknowingly. There are various programs available to help you which you can 
get through the internet. 

5. Use the internet for help: An excellent start for your paper is using Google. It is a wondrous search engine, where you 
can have your doubts resolved. You may also read some answers for the frequent question of how to write your research 
paper or find a model research paper. You can download books from the internet. If you have all the required books, place 
importance on reading, selecting, and analyzing the specified information. Then sketch out your research paper. Use big 
pictures: You may use encyclopedias like Wikipedia to get pictures with the best resolution. At Global Journals, you should 
strictly follow here. 
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6. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right? It is a good habit 
which helps to not lose your continuity. You should always use bookmarks while searching on the internet also, which will 
make your search easier. 

7. Revise what you wrote: When you write anything, always read it, summarize it, and then finalize it. 

8. Make every effort: Make every effort to mention what you are going to write in your paper. That means always have a 
good start. Try to mention everything in the introduction—what is the need for a particular research paper. Polish your 
work with good writing skills and always give an evaluator what he wants. Make backups: When you are going to do any 
important thing like making a research paper, you should always have backup copies of it either on your computer or on 
paper. This protects you from losing any portion of your important data. 

9. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. 
Using several unnecessary diagrams will degrade the quality of your paper by creating a hodgepodge. So always try to 
include diagrams which were made by you to improve the readability of your paper. Use of direct quotes: When you do 
research relevant to literature, history, or current affairs, then use of quotes becomes essential, but if the study is relevant 
to science, use of quotes is not preferable. 

10. Use proper verb tense: Use proper verb tenses in your paper. Use past tense to present those events that have 
happened. Use present tense to indicate events that are going on. Use future tense to indicate events that will happen in 
the future. Use of wrong tenses will confuse the evaluator. Avoid sentences that are incomplete. 

11. Pick a good study spot: Always try to pick a spot for your research which is quiet. Not every spot is good for studying. 

12. Know what you know: Always try to know what you know by making objectives, otherwise you will be confused and 
unable to achieve your target. 

13. Use good grammar: Always use good grammar and words that will have a positive impact on the evaluator; use of 
good vocabulary does not mean using tough words which the evaluator has to find in a dictionary. Do not fragment 
sentences. Eliminate one-word sentences. Do not ever use a big word when a smaller one would suffice. 

Verbs have to be in agreement with their subjects. In a research paper, do not start sentences with conjunctions or finish 
them with prepositions. When writing formally, it is advisable to never split an infinitive because someone will (wrongly) 
complain. Avoid clichés like a disease. Always shun irritating alliteration. Use language which is simple and straightforward. 
Put together a neat summary. 

14. Arrangement of information: Each section of the main body should start with an opening sentence, and there should 
be a changeover at the end of the section. Give only valid and powerful arguments for your topic. You may also maintain 
your arguments with records. 

15. Never start at the last minute: Always allow enough time for research work. Leaving everything to the last minute will 
degrade your paper and spoil your work. 

16. Multitasking in research is not good: Doing several things at the same time is a bad habit in the case of research 
activity. Research is an area where everything has a particular time slot. Divide your research work into parts, and do a 
particular part in a particular time slot. 

17. Never copy others' work: Never copy others' work and give it your name because if the evaluator has seen it anywhere, 
you will be in trouble. Take proper rest and food: No matter how many hours you spend on your research activity, if you 
are not taking care of your health, then all your efforts will have been in vain. For quality research, take proper rest and 
food. 

18. Go to seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

19. Refresh your mind after intervals: Try to give your mind a rest by listening to soft music or sleeping in intervals. This 
will also improve your memory. Acquire colleagues: Always try to acquire colleagues. No matter how sharp you are, if you 
acquire colleagues, they can give you ideas which will be helpful to your research. 

20. Think technically: Always think technically. If anything happens, search for its reasons, benefits, and demerits. Think 
and then print: When you go to print your paper, check that tables are not split, headings are not detached from their 
descriptions, and page sequence is maintained. 
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21. Adding unnecessary information: Do not add unnecessary information like "I have used MS Excel to draw graphs." 
Irrelevant and inappropriate material is superfluous. Foreign terminology and phrases are not apropos. One should never 
take a broad view. Analogy is like feathers on a snake. Use words properly, regardless of how others use them. Remove 
quotations. Puns are for kids, not grunt readers. Never oversimplify: When adding material to your research paper, never 
go for oversimplification; this will definitely irritate the evaluator. Be specific. Never use rhythmic redundancies. 
Contractions shouldn't be used in a research paper. Comparisons are as terrible as clichés. Give up ampersands, 
abbreviations, and so on. Remove commas that are not necessary. Parenthetical words should be between brackets or 
commas. Understatement is always the best way to put forward earth-shaking thoughts. Give a detailed literary review. 
22. Report concluded results: Use concluded results. From raw data, filter the results, and then conclude your studies 
based on measurements and observations taken. An appropriate number of decimal places should be used. Parenthetical 
remarks are prohibited here. Proofread carefully at the final stage. At the end, give an outline to your arguments. Spot 
perspectives of further study of the subject. Justify your conclusion at the bottom sufficiently, which will probably include 
examples. 
23. Upon conclusion: Once you have concluded your research, the next most important step is to present your findings. 
Presentation is extremely important as it is the definite medium though which your research is going to be in print for the 
rest of the crowd. Care should be taken to categorize your thoughts well and present them in a logical and neat manner. A 
good quality research paper format is essential because it serves to highlight your research paper and bring to light all 
necessary aspects of your research. 

Informal Guidelines of Research Paper Writing 

Key points to remember: 

• Submit all work in its final form. 
• Write your paper in the form which is presented in the guidelines using the template. 
• Please note the criteria peer reviewers will use for grading the final paper. 

Final points: 

One purpose of organizing a research paper is to let people interpret your efforts selectively. The journal requires the 
following sections, submitted in the order listed, with each section starting on a new page: 

The introduction: This will be compiled from reference matter and reflect the design processes or outline of basis that 
directed you to make a study. As you carry out the process of study, the method and process section will be constructed 
like that. The results segment will show related statistics in nearly sequential order and direct reviewers to similar 
intellectual paths throughout the data that you gathered to carry out your study. 

The discussion section: 

This will provide understanding of the data and projections as to the implications of the results. The use of good quality 
references throughout the paper will give the effort trustworthiness by representing an alertness to prior workings. 

Writing a research paper is not an easy job, no matter how trouble-free the actual research or concept. Practice, excellent 
preparation, and controlled record-keeping are the only means to make straightforward progression. 

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general 
guidelines. 

To make a paper clear: Adhere to recommended page limits. 
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Mistakes to avoid:

• Insertion of a title at the foot of a page with subsequent text on the next page.
• Separating a table, chart, or figure—confine each to a single page.
• Submitting a manuscript with pages out of sequence.
• In every section of your document, use standard writing style, including articles ("a" and "the").
• Keep paying attention to the topic of the paper.



 

  
  
  
  
  

•

 

Use paragraphs to split each significant point (excluding the abstract).

 

•

 

Align the primary line of each section.

 

•

 

Present your points in sound order.

 

•

 

Use present tense to report well-accepted matters.

 

•

 

Use past tense to describe specific results.

 

•

 

Do not use familiar wording; don't address the reviewer directly. Don't use slang or superlatives.

 

•

 

Avoid use of extra pictures—include only those figures essential to presenting results.

 

Title page:

 

Choose a revealing title. It should be short and include the name(s) and address(es) of all authors. It should not have 
acronyms or abbreviations or exceed two printed lines.

 

Abstract: This summary should be two hundred words or less. It should clearly and briefly explain the key findings reported 
in the manuscript and must have precise statistics. It should not have acronyms or abbreviations. It should be logical in 
itself. Do not cite references at this point.

 

An abstract is a brief, distinct paragraph summary of finished work or work in development. In a minute or less, a reviewer 
can be taught the foundation behind the study, common approaches to the problem, relevant results, and significant 
conclusions or new questions.

 

Write your summary when your paper is completed because how can you write the summary of anything which is not yet 
written? Wealth of terminology is very essential in abstract. Use comprehensive sentences, and do not sacrifice readability 
for brevity; you can maintain it succinctly by phrasing sentences so that they provide more than a lone rationale. The 
author can at this moment go straight to shortening the outcome. Sum up the study with the subsequent elements in any 
summary. Try to limit the initial two items to no more than one line each.

 

Reason for writing the article—theory, overall issue, purpose.

 

•

 

Fundamental goal.

 

•

 

To-the-point depiction of the research.

 

•

 

Consequences, including definite statistics—if the consequences are quantitative in nature, account for this; results of 
any numerical analysis should be reported. Significant conclusions or questions that emerge from the research.

 

Approach:

 

o

 

Single section and succinct.

 

o

 

An outline of the job done is always written in past tense.

 

o

 

Concentrate on shortening results—limit background information to a verdict or two.

 

o

 

Exact spelling, clarity of sentences and phrases, and appropriate reporting of quantities (proper units, important 
statistics) are just as significant in an abstract as they are anywhere else.

 

Introduction:

 

The introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background 
information to be capable of comprehending and calculating the purpose of your study without having to refer to other 
works. The basis for the study should be offered. Give the most important references, but avoid making a comprehensive 
appraisal of the topic. Describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the 
reviewer will give no attention

 

to your results. Speak in common terms about techniques used to explain the problem, if 
needed, but do not present any particulars about the protocols here.

 

 

 

 

The following approach can create a valuable beginning:

o Explain the value (significance) of the study.
o Defend the model—why did you employ this particular system or method? What is its compensation? Remark upon 

its appropriateness from an abstract point of view as well as pointing out sensible reasons for using it.
o Present a justification. State your particular theory(-ies) or aim(s), and describe the logic that led you to choose 

them.
o Briefly explain the study's tentative purpose and how it meets the declared objectives.
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Approach:

 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job 
is done. Sort out your thoughts; manufacture one key point for every section. If you make the four points listed above, you 
will need at least four paragraphs. Present surrounding information only when it is necessary to support a situation. The 
reviewer does not desire to read everything you know about a topic. Shape the theory specifically—do not take a broad 
view.

 

As always, give awareness to spelling, simplicity, and correctness of sentences and phrases.

 

Procedures (methods and materials):

 

This part is supposed to be the easiest to carve if you have good skills. A soundly written procedures segment allows a 
capable scientist to replicate your results. Present precise information about your supplies. The suppliers and clarity of 
reagents can be helpful bits of information. Present methods in sequential order, but linked methodologies can be grouped 
as a segment. Be concise when relating the protocols. Attempt to give the least amount of information that would permit 
another capable scientist to replicate your outcome, but be cautious that vital information is integrated. The use of 
subheadings is suggested and ought to be synchronized with the results section.

 

When a technique is used that has been well-described in another section, mention the specific item describing the way, 
but draw the basic principle while stating the situation. The purpose is to show all particular resources and broad 
procedures so that another person may use some or all of the

 

methods in one more study or referee the scientific value of 
your work. It is not to be a step-by-step report of the whole thing you did, nor is a methods section a set of orders.

 

Materials:

 

Materials may be reported in part of a section or else they may be recognized along with your measures.

 

Methods:

 

o

 

Report the method and not the particulars of each process that engaged the same methodology.

 

o

 

Describe the method entirely.

 

o

 

To be succinct, present methods under headings dedicated to specific dealings or groups of measures.

 

o

 

Simplify—detail how procedures were completed, not how they were performed on a particular day.

 

o

 

If well-known procedures were used, account for the procedure by name, possibly with a reference, and that's all.

 

Approach:

 

It is embarrassing to use vigorous voice when documenting methods without using first person, which would focus the 
reviewer's interest on the researcher rather than the job. As a result, when writing up the methods, most authors use third 
person passive voice.

 

Use standard style in this and every other part of the paper—avoid familiar lists, and use full sentences.

 

What to keep away from:

 

o

 

Resources and methods are not a set of information.

 

o

 

Skip all descriptive information and surroundings—save it for the argument.

 

o

 

Leave out information that is immaterial to a third party.

 

 

 

 

 

Results:

The principle of a results segment is to present and demonstrate your conclusion. Create this part as entirely objective 
details of the outcome, and save all understanding for the discussion.

The page length of this segment is set by the sum and types of data to be reported. Use statistics and tables, if suitable, to 
present consequences most efficiently.

You must clearly differentiate material which would usually be incorporated in a study editorial from any unprocessed data 
or additional appendix matter that would not be available. In fact, such matters should not be submitted at all except if 
requested by the instructor.
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Content:

 

o

 

Sum up your conclusions in text and demonstrate them, if suitable, with figures and tables.

 

o

 

In the manuscript, explain each of your consequences, and point the reader to remarks that are most appropriate.

 

o

 

Present a background, such as by describing the question that was addressed by creation of an exacting study.

 

o

 

Explain results of control experiments and give remarks that are not accessible in a prescribed figure or table, if 
appropriate.

 

o

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or 
manuscript.

 

What to stay away from:

 

o

 

Do not discuss or infer your outcome, report surrounding information, or try to explain anything.

 

o

 

Do not include raw data or intermediate calculations in a research manuscript.

 

o

 

Do not present similar data more than once.

 

o

 

A manuscript should complement any figures or tables, not duplicate information.

 

o

 

Never confuse figures with tables—there is a difference. 

 

Approach:

 

As always, use past tense when you submit your results, and put the whole thing in a reasonable order.

 

Put figures and tables, appropriately numbered, in order at the end of the report.

 

If you desire, you may place your figures and tables properly within the text of your results section.

 

Figures and tables:

 

If you put figures and tables at the end of some details, make certain that they are visibly distinguished from any attached 
appendix materials, such as raw facts. Whatever the position, each table must be titled, numbered one after the other, and 
include a heading. All figures and tables must be divided from the text.

 

Discussion:

 

The discussion is expected to be the trickiest segment to write. A lot of papers submitted to the journal are discarded 
based on problems with the discussion. There is no rule for how long an argument should be.

 

Position your understanding of the outcome visibly to lead the reviewer through your conclusions, and then finish the 
paper with a summing up of the implications of the study. The purpose here is to offer an understanding of your results 
and support all of your conclusions, using facts from your research and generally accepted information, if suitable. The 
implication of results should be fully described.

 

Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact, you must explain 
mechanisms that may account for the observation. If your results vary from your prospect, make clear why that may have 
happened. If your results agree, then explain the theory that the proof supported. It is never suitable to just state that the 
data approved the prospect, and let it drop at that. Make a decision as to whether each premise is supported or discarded 
or if you cannot make a conclusion with assurance. Do not just dismiss a study or part of a study as "uncertain."

 

 

 

 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results 
that you have, and take care of the study as a finished work.

o You may propose future guidelines, such as how an experiment might be personalized to accomplish a new idea.
o Give details of all of your remarks as much as possible, focusing on mechanisms.
o Make a decision as to whether the tentative design sufficiently addressed the theory and whether or not it was 

correctly restricted. Try to present substitute explanations if they are sensible alternatives.
o One piece of research will not counter an overall question, so maintain the large picture in mind. Where do you go 

next? The best studies unlock new avenues of study. What questions remain?
o Recommendations for detailed papers will offer supplementary suggestions.
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Approach:

 

When you refer to information, differentiate data generated by your own studies from other available information. Present 
work done by specific persons (including you) in past tense.

 

Describe generally acknowledged facts and

 

main beliefs in present tense.

 

The Administration Rules

 

Administration Rules to Be Strictly Followed before Submitting Your Research Paper to Global Journals Inc.

 

Please read the following rules and regulations carefully before submitting your research paper to Global Journals Inc. to 
avoid rejection.

 

Segment draft and final research paper:

 

You have to strictly follow the template of a research paper, failing which your 
paper may get rejected. You are expected to write each part of the paper wholly on your own. The peer reviewers need to 
identify your own perspective of the concepts in your own terms. Please do not extract straight from any other source, and 
do not rephrase someone else's analysis. Do not allow anyone else to proofread your manuscript.

 

Written material:

 

You may discuss this with your guides and key sources. Do not copy anyone else's paper, even if this is 
only imitation, otherwise it will be rejected on the grounds of plagiarism, which is illegal. Various methods to avoid 
plagiarism are strictly applied by us to every paper, and, if found guilty, you may be blacklisted, which could affect your 
career adversely. To guard yourself and others from possible illegal use, please do not permit anyone to use or even read 
your paper and file.
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS 

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals.

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background

details with clear goal and 

appropriate details, flow 

specification, no grammar

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with

unorganized matter

Out of place depth and content, 

hazy format

Methods and

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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