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ABSTRACT

of trajectories of the supersonic uncontrolled rocket projectile. Calculated dependences for aerodynamic friction, 
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1.   INTRODUCTION

the required accuracy of the aerophysical characteristics of 

transient processes and non-isothermality in boundary layers. 
At the same time, the need to solve practical problems requires 
the calculation of aerophysical characteristics on the surfaces 

conditions of a laminar-turbulent transition1-4. 

 SST5

makes it possible to determine the position of the transition 

supersonic boundary layers is problematic because the model 
contains empirical correlations obtained at subsonic velocities. 

on the transition in supersonic boundary layers has been 
 

studies6-10

 
transition6-7,10-11

12,17. 

aerodynamic characteristics of supersonic axisymmetric bodies 

the trajectory parameters under conditions of continuously 
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number and unit Reynolds number at the outer boundary of the 

bluntness on the onset of a laminar-turbulent transition. The 

corrected for the spherical bluntness of the head part by the 

the aerodynamic friction and heat transfer of the boundary 
18-19

19. The purpose of the study 
includes a comparative analysis of the obtained aerophysical 

 SST5 turbulence model.

2. METHODOLOGY

6-7, on the supersonic 
rocket aerophysical complex “Cloud” under the conditions of 

19 and from experiments in 

bluntness of the head part13

transition Re
e,tr

 for the Mach number M
e
 at the outer boundary 

e
6..In NASA’s 

6 

nose of the F-15 aircraft. The reference20 contains the photo 

Reynolds number of the end of the laminar-turbulent transition 
Re

e,t

Figure 1.  Flight data on laminar-turbulent transition on sharp cones: (a) experimental cone6,20; (b) Reynolds numbers Re
e,T

 of the 

e
6; (c) Reynolds numbers Re

e,tr
 of the beginning of the transition on sharp cones7; and 

(d) data on laminar boundary layer stability on sharp cones20.

(a) (b)

(c) (d)
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M
e

attack6 6

the transition Re
e,t

 to the Reynolds number of the end of the 
transition Re

e,t

Mach number M
e
 at the outer boundary of the boundary layer, 

e,t
=0.85 Re

e,T
. 

outer boundary of the boundary layer Re
e,tr

e
7

e,tr
[R

x,e,t
] 

 and the 
unit Reynolds number Re

e,1
[R

e

variation of the unit Reynolds number R
e

individual correlations R
e,tr

for example in20-21

20

data on the stability of the laminar boundary layer on sharp 

6-7, supplemented by the results of Malik’s 
calculations on the stability of the laminar boundary layer22. In 

e

layer on the cone at Mach numbers on its outer boundary 
M

e
5.3Me . 

by a number of correlation dependences of the Reynolds 

Re
e,tr

 on the Mach number M
e
 and the unit Reynolds number 

Re
e,1

dependences Re
e,tr e

of correlation curves. 

e,tr
 on M

e

of values of the unit Reynolds number Re
e,1

. Each correlation 
Re

e,tr e

(a) (b)

e,tr
 for sharp cones6-7.

Table 1. Numerical values of correlation dependences Re
e,tr

(M
e
) on sharp cones6-7

C
or

re
la

ti
on

nu
m

b
er

1
M

e
1.5 1.625 1.75 1.875 2.0 2.25 2.5 2.625 2.75 3.0

Re
e,tr

·10-6 8.5 9.25 10.3 12.5 14.0 17.0 20.0 22.0 21.0 19.0

2
M

e
0.875 1.0 1.25 1.5 1.75 2.0 2.25 2.5 2.75 3.0

Re
e,tr

·10-6 4.5 5.2 6.5 8.25 9.5 10.2 9.75 8.5 8.25 8.0

3
M

e
0.25 0.5 0.875 1.0 1.25 1.375 1.5 1.75 2.0 2.25

Re
e,tr

·10-6 2.5 3.25 4.5 5.0 6.0 6.2 6.0 5.5 5.2 5.0

4
M

e
0.0 0.25 0.50 0.75 1.0 1.25 1.5 1.75 2.0 2.25

Re
e,tr

·10-6 1.8 2.5 3.0 3.3 3.25 3.0 2.8 2.7 2.6 2.5
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e,1
 in the study7. Correlation 1 

e,1
=7.65 107, correlation 2–Re

e,1
=2.75 107, 

correlation 3–Re
e,1 

=1.1 107, correlation 4- Re
e,1

 =4.0 106. The 

increase in the Reynolds number Re
e,tr

e,1
13-15. In addition, each of the correlation 

5.3Me

stability, for example22-23.

is substantiated by the results of a number of theoretical and 
experimental studies. The results of some studies13-17 provide a 

study13 =6.0 in 
6 7 

make it possible to determine the increase in the Reynolds 

R=0.5; 1.0÷8.0; 10.0; 12.0; 14.0 mm compared to sharp 

extrapolation of the study data13

R=4
 on the 

interval of unit Reynolds numbers Re  in the study7

other than M  = 6.0, the value of the relative entropy increment 

s 6

Mach numbers M
6
 is the increment 

 = 6.0. 
24 R

6
= R

6

=p
0
/p

0
 

6 0
/p

0 6 0
 – the total pressure 

p
0
 – the total pressure in the freestream24. The real process of 

S 6 6
. 

The value of the relative increment of entropy at the shock 

S
=1 at 

S
=1.0. 

The total pressure p
0
 can be found as the pressure at the 

expression for the recovery factor of the total pressure on the 
shock has the form24 =M

1
1.0, M

1
 – Mach number of the 

k k 1
2 2 2

0 0 0

1 k 1
2 2 2

          

be equal to:

1M76ln5.2M5M6ln5.3 222
0  ;

518.360             

calculated from the parameters at the outer boundary of the 

smm4Rtr,e.shtr,etr,e RR

used. In particular, to obtain the calculated values of the local 
 and heat transfer  on the surface 

of the rocket complex19

and compressibility in the case of a laminar boundary layer, 

e,tr
 of the beginning of the laminar-turbulent transition for a 

cone with at the Mach number M =6.0 according to the study13: (a) Experimental transition Reynolds numbers for cone 
with bluntness R (6–R=4 mm; 1–R=0)13; and (b) Approximation of the data13 on the increase in the Reynolds numbers of 
transition for cone with R=4 mm.

(a) (b)
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25

04.011.0
0 2C2C  ; 

x,e0 Re332.02C ; e,pee cuSt  ;

32
e,x PrRe332.0St ; 

08.022.0
  

              

insulated plate;
 eeex,e XuRe  – Reynolds number at 

– Stanton 
number for laminar boundary layer; eee ,u,  – density, 

of the surface point; c
p,e

 – heat capacity of air at constant 
pressure at the outer boundary of the boundary layer;  – 
parameters that take into account the non-isothermal nature of 

=T /
T  – temperature factor, =T /T

e
 – kinetic temperature 

factor; T
e
 – temperature at the outer boundary of the boundary 

layer; ]M2/1kr1[TT 2
ee,e,r

temperature in the case of a laminar boundary layer, determined 
from the parameters T

e
 and M

e
 at the outer boundary of the 

boundary layer; Prr ; Pr – Prandtl number; k = 1.4 – 
adiabatic index; M

e
 – Mach number at the outer boundary of 

the boundary layer.

fT
 and heat 

transfer  in the boundary layer on the surface of the rocket 
complex19

of a turbulent boundary layer18:

0.8 0.2
C 2 C 2 ;

0.2
fT0 e,xC 2 0.0288 Re ;   T T e e p,eSt u c ; 

   
2 3

T fTSt C 2 Pr                                  
C

fT0

St
T

W
 – the value of the 

; 
 and 

t

account, respectively, compressibility and non-isothermality in 
the boundary layer.

2

M e T e T

2
T,e,rt 1TT0.2

           
]M2/1kr1[TT 2

eTeT,e,r   – equilibrium 

3
T Prr

layer.
The calculation of local values of the heat transfer 

 under conditions of a laminar-turbulent transition 
26 27 

the dependence of the rate of formation of turbulent spots on 
the Reynolds number of the transition and on the Mach number 

on a thermally insulated surface of axisymmetric bodies of 
19

(a)

(b)
Figure 4.  Main dimensions (a) and computer visualisation (b) of the external contours of the uncontrolled rocket projectile of the 

M21-OF type4.
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22 1.34
e,tr e e e e,tr e,tr e,tr e,x e,tr1.0 exp 3.507 A Re u

 
2 2

e,tr e e e e,tr e,tr e,tr e,x e,tru Re Re  
          

the transition. 

f
, the Stanton number St 

linear-combination model of Narasimha28

experiment19

C C 1 C ,   St St 1 St ,      
             

, St ,  and Cf
T
, St

T
, 

T
 are the local 

the boundary layer;  

19 

balance eqn: 
4

0e,r TTTddTc  
T,,c,  – respectively, density, heat capacity, 

the surface of the head part; 0

Tr,e

is heated evenly over the entire thickness. In the case of a 

Figure 5.  Geometric parameters and type of computational domain: at subsonic and transonic velocities (a, c); at supersonic velocities 
(b,d); fragment of the computational grid (e).

(a) (b)

(c) (d)

(e)
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calculation, the consumption and thrust characteristics of the 

29. 

 by 

4. The system of 

The calculation of the parameters on the outer boundary 
of the boundary layer at each calculated point of the trajectory 

q/ppp e

e
 is the pressure at the outer 

boundary of the boundary layer, q  is the velocity head of the 
p

velocity perturbation potential 

, p  and p , the values 
of pressure p

e
 at the outer boundary of 

relations24-25, the density  and the temperature T
e
 at the outer 

values of p  and T
e
, the velocity of sound a

e
 and viscosity , 

and then the velocity u
e
 and the Reynolds number Re

x,e
 at the 

 SST5,30

set at the boundaries marked in red, the “Exit” conditions – 

for each Mach number from 0.0075 s at M =0.1 to 7.5e-6 s 
at M =2.8.The values of the y+

the Results module and on most of the projectile surface did 
not exceed the value 2.0 recommended for the SST turbulence 
model5.

3. RESULT

Mach number M

0
 

p

of the static pressure P
e

projectile. Similar calculated dependences for temperature T
e
 

and velocity u
e
 at the outer boundary of the boundary layer are 

Re
x,e

outer boundary of the boundary layer, the calculation of the 
Mach number M

e
 and unit Reynolds number Re

e,1
 at its outer 
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Figure 6.  Flow parameters at the outer boundary of the boundary layer, (a) Mach number M

0 0 0
p  along the length of the 

 = 1.6; 3 –M = 2.0); (c) static pressure P
e

(1–X=0.24 m; 2–X=0.34 m; 3–X=0.44 m); (d) temperature T
e

m); (e) velocityu
e x,e

 from the 
time T (1–X=0.24 m; 2–X=0.34 m; 3–X=0.44 m).

(b)(a)

(c) (d)

(e) (f)
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) 
Mach number M

e
 from the time T (1–X=0.24 m; 2–X=0.34 m; 3–X=0.44 m); (b) Unit Reynolds number Re

e,1
 from the time 

T (1–X=0.24 m; 2–X=0.44 m); ( ) Reynolds number of the beginning of the transition Re
e,tr

 from the time T  (1–X=0.24 

0 0
=30°, 3 – 

0
=45°); (

e
 at the outer boundary of the boundary layer (X = 0.34 m).

(b)(a)

(c) (d)

(e) (f)
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M
e
 and the unit Reynolds number Re

e,1

e
 and 

Re
e,1

e,tr sh

laminar-turbulent transition at a point on the surface of the 

corrections for the spherical bluntness of the head part Re
e,tr

, 

calculated dependences of the transition Reynolds number 
Re

e,tr

e,tr

calculated dependences of the intermittency function  at a 

0
=15°, 

30°, 45°.

0 0
=30°, 

0

e
 at 

the outer boundary of the boundary layer at the point of the 

0
=45°. It can be seen 

turbulent transition and relaminarisation in the boundary layer 
occur. The reason for the relaminarisation and the subsequent 
“reverse” of the laminar-turbulent transition is a decrease in 
the Reynolds number at the outer boundary of the boundary 

the conditions of a “natural” transition. This is due to the ascent 

head part of the projectile. Second, by a continuous monotonic 

Reynolds number Re
e,tr

S 6

e,tr

layer, the calculation of the local values of the friction and 

surface at 
0

e,tr

mm, a) relative increment of the entropy K
s e,tr

Re
e,tr

 
from time T (X = 0.34 m).

(b)(a)
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(b)(a)

(d)(c)
Figure 9.  Results of calculating the heat transfer of the boundary layer from the time T, (a) change in the Stanton number St 

(1–X=0.24 m; 2–X=0.34 m;3–X=0.44 
m); c) change in the wall temperature T

w 

surface q
w 

(1–X=0.24 m; 2–X=0.34 m;3–X=0.44 m). 

 to the streamlined 
surface at three of its points on the time T of the projectile’s 

0
=45°. It can be seen that after 

approximately the 7th  to the 

The calculation of the aerodynamic friction resistance, in 

M

Mach number M

f

head part at various Mach numbers M  of the counter subsonic 

0
=45°.

number M

that the values of the unit Reynolds number Re
e,1

the outer boundary of the boundary layer continuously increase 
on the active part of the trajectory. On the other hand, this 

Mach numbers M
e
 at the outer boundary of the boundary layer. 

f

part at =1.8. Curve 1 corresponds to a pointed head part, 
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(b)(a)

(d)(c)

streamlined surface, 
f
 along the head part (1– =0.8; 2– =1.2; 3 – = 1.6; 

4 –  = 1.8); (b) shift of the beginning of the transition with an increase in the Mach number from M =1.8 (2) to M =6.0 

f
 without taking into account the change in the unit Reynolds number. 

=1.8. At the same time, curve 

M
R=4.0 mm.

-Re  SST turbulence model5,30, recommendations 

Re
t

5 and the 

31

106 107. In 

Mach numbers M
e
 at a constant value of the unit Reynolds 

number Re
e,1

e,1
 on the value of 

the Reynolds number Re
e,tr

f

e,1
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number M

of unit Reynolds numbers Re
e,1

countercurrent M  = 1.2; 1.6; 1.8 in the numerical calculation 

 SST model of the laminar-turbulent 
transition30 is the absence in its empirical correlations of the 

30. The imperfection of this transition model 

studies9,10,32. 

4. DISCUSSION

their calculation. In particular, in the presence of such structural 

time, the reliability of the obtained simulation results is not 

sub-, trans-, and supersonic velocities. These data are presented 
as a series of correlation dependences that determine the values 

number and unit Reynolds number at the outer boundary of the 

of a supersonic axisymmetric body of rotation of the type of 

heat transfer of boundary layers18,25

function19,27-28

transition6,7,19

of supersonic axisymmetric bodies of rotation directly on the 
calculated trajectories.

it is proposed to calculate the aero physical characteristics 

rotation of the type of an uncontrolled rocket projectile under 

 under standard 
atmospheric conditions. Perform the calculation of a number 

calculation of aerophysical characteristics on the head part of 
the body of rotation. Calculations of aerophysical characteristics 

and the intermittency function of the boundary layer. At the 

values of the Mach numbers  and the unit Reynolds number 
Re
of the Reynolds numbers Re

,tr

numbers M  and Reynolds numbers Re

5.  CONCLUSIONS

for the perturbation potential of the velocity of a compressible 

function of the boundary layer. The values of the intermittency 
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repeated laminar-turbulent transition has been established. The 

isothermal boundary layer are determined. Calculations of the 

function based on the empirical model of Chen and Tyson27 
in the Narasimha concept28

experiments19

transitions on the head parts of axisymmetric supersonic bodies 

turbulence models for CFD codes.

REFERENCES

Problems of Mechatronics 
Armament Aviation Safety Engineering, 2016, 7
7–16.

 doi: 10.5604/20815891.1195197.
2. Coyle, C.J.; Silton, S.I. CFD aerodynamic characterisation 

In 33rd AIAA Applied 
Aerodynamics Conference, 22-26 June, 2015, Dallas, TX, 
Paper: AIAA 2015-3015, 2015, 1-15.

 doi: 10.2514/6.2015-3015.

In rd International Conference on 

and Control 
Taiyuan, China, Atlantis Press, 2016, 1004-1007.

 doi: 10.2991/icmemtc-16.2016.199.
4. Shyiko, O.M.; Pavlyuchenko, A.M.; Skorik, A.V.; 

aerodynemic characteristics of supersonic axisymmetric 
feathered bodies of rotation. Aerospace Tech. Technol., 
2019, 2, 4–17.

 doi: 10.32620/aktt.2019.2.01.
 

 doi: 10.18419/opus-1705

measurement on a 10°. Cone at Mach Numbers from 0.5 
to 2.0. Paper: NASA-TP-1971, 1982 , 1-142.

NASA–TM–X–2879

 J., 1975, 13(
 doi: 10.2514/3.49692.

turbulent transition: Achievements and problems 
J. Appl. Mech. Tech. Phys., 2015, 56(

776.
  doi:10.1134/S002189441505003X.

Exp Fluids., 2018, 
59(

 doi: 10.1007/s00348-018-2538-8.

Thermophys. Aeromechanics., 
2018, 25(

 doi: 10.1134/S0869864318050025.

to freestream disturbances. In 41st AIAA Fluid Dynamics 
Conference and Exhibit, 27-30 June, Honolulu, 2011, 
1-29. 

 doi: 10.2514/6.2011-3079.

Fedorov, A.V. Experimental stady of laminar-turbulent 
transition on the blunted cone. J. Appl. Mech. Tech Phys., 
2014, 55(

 doi:10.1134/S0021894414030018.

Proc. 
IMechE Part G: J. Aerosp. Eng., 2020, 234(

 doi: 10.1177/0954410018788737. 

AI  Paper 
83-1763, 1983, 1-18. 

 doi: 10.2514/6.1983-1763.

bluntness on hypersonic boundary-layer receptivity and 
stability over cones. AIAA J., 2011, 49(

 doi:10.2514/1.J050032.

In 17th AIAA International 

Conference., 11-14 April 2011, San Francisco, California, 
AIAA Paper 2374, 2012, pp.1-9. 

 doi:10.2514/6.2011-2374.

transfer and friction in a turbulent boundary layer. 



et al.

67

nasa-tt-f-805.

laminar-turbulent transition in supersonic boundary layers 

suction of air. J. High Temp., 2008, 46(
 doi:10.1134/S0018151X08040159.

In 
41st AIAA Fluid Dynamics Conference and Exhibit, 27-30 

pp. 1-20.
 doi: 10.2514/6.2011-3415.

at hypersonic and supersonic speeds. J. Spacecr. Rockets., 
1999, 36(

 doi: 10.2514/2.3428.
22.  Malik, M.R. Prediction and control of transition in 

supersonic and hypersonic boundary layers. AIAA J., 
1989, 27(

 doi: 10.2514/3.10292.

. Novosibirsk: Nauka, 
1980, pp.149. 

. Textbook for technical 
.

26.  Emmons, H.W. The laminar-turbulent transition in a 
boundary layer Part I. J. Aeronaut. Sci., 1951, 18(7
498.

 doi: 10.2514/8.2010.

AIAA J., 1971, 9(
825.

 doi: 10.2514/3.6281.

the boundary layer. Prog. Aerosp. Sci., 1985, 22(
80.

29.  Dullum, O. The rocket artillery reference book. FFI-
rapport 2009/00179. 

Flow Turbul. 
Combus., 2006, 77, 277-303.

 doi: 10.1007/s10494-006-9047-1.

Atmospheric turbulence measurements from a subsonic 
aircraft. AIAA J., 1982, 20(

 doi: 10.2514/3.51118.

dimensional RANS: An analysis of the reasons for the 
accuracy decrease. Simul. Physl. Process., 2017, 10(
20-30.

 doi: 10.1016/j.spjpm.2017.03.004.

CONTRIBUTORS

Dr Oleksandr M. Shyiko obtained PhD in Technical Sciences 

in applied aerodynamics and ballistics. His areas of research 
interest include: Vibrations of machines, aerodynamics, external 
ballistics. 
Contribution in the current study: Development of computational 

obtained PhD from the Odessa National 

Contribution in the current study:
the aerophysical characteristics

Dr Igor V. Koplyk obtained PhD in Physical and Mathematical 
Sciences. 

 His areas of research interest 
include: Solid state physics, aerodynamics and ballistics. 

verification, supervision


