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Abstract

Systematic research was carried out for shock wave reflection problems from an
explosion in real air. When shock waves from an explosion on the ground meet
with the mountain terrain of positive slope, a single reflection appears. When an
aerial explosion above-ground is presented, on basis of the interaction of the
incident shock wave with the ground, continuous reflection is produced. If the
explosion occurs in a tunnel, due to restriction of the narrow tunnel space, a
complicated interaction of shock waves with the walls and reflected shock waves
is produced. A calculation of regular and Mach reflection of shock waves from
an explosion is conducted with real air state equations. In a regular reflection
region, we adopt the wvariable y regular reflection theory and the
reflectiontermination condition is controlled by the sonic ray angle. In a Mach
reflection region, we adopt the Russian scientist Korotkov method to establish
the linear analysis solution for a small slope angle and give the start condition for
Mach reflection and the limit control condition of Mach reflection for different
explosions. Our study leads to a curve diagram showing the relation of ground
shock waves’ reflection overpressure and dynamic pressure versus incident
overpressure and incident angle.

Keywords: regular reflection of shock wave, Mach reflection of shock wave,
explosion, real air state equations, interaction of shock wave with the walls.

1 Introduction

We define a strong airblast as an airblast whose overpressure is greater than or
equal to 4MPa. When the overpressure of an airblast is greater than 4MPa, or
when the air temperature is higher than 2000 Kelvin, nitrogen and oxygen
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molecules in the air will be dissociated. When the temperature goes higher than
8000K, air atoms will be ionized.

Therefore, the state equations of ideal gases are applicable only to low-
strength airblasts, while strong airblasts require real-air state equations. The
maximum reflection coefficient is calculated to be 8 with the ideal-gas model;
however, the overpressure coefficient of reflected airblast wave could be greater
than 10 in the real air.

This paper presents a theoretical calculation method of the strong airblast
reflection coefficient with a variable ratio of specific heat (see Table 1).

Table 1: Specific heat ratio of incident wave and reflection wave.

AP;(MPa) Y AP, (MPa) Yr
0.5 1.4 2.203 1.4

1 1.4 5.397 1.382

2 1.39 12.73 1.359

5 1.346 38.74 1.312

10 1.300 91.43 1.297

20 1.26 208.6 1.264

The data in this table are the results of strict calculation based on normal
reflection of real-air shock wave overpressure impacting on the wall.
Let
AP+— incident overpressure
AP— reflection overpressure
vi— specific heat ratio of incident wave
v— specific heat ratio of reflection wave
The v; of incident pressure and the vy, of reflected pressure are approximately
equal.
Simulation experiments demonstrated the reliability and correctness of those
calculation results.

2 Calculation of strong airblast wave regular reflection

2.1 Normal reflection for explosions in air

The overpressure of a normally reflected airblast can be calculated with the
following formula:
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where v is the variable ratio of specific heat of the air, which is dependent on the
incident air blast wave overpressure.

2.2 The function of the ratio of specific heat depending on the real air
overpressure

Parameters at the air blast front satisfy the following shock wave conditions:

u.,
p=rt 2
pr—1
p;—1=uD 3)
1 1
&, =—(P, +1)(1-—
& =& 2(,Jr)( p_,) )
And the real-air state equations are given by American scholar Brode:
1
&=—z(u-1) )
2
T=zv (6)
U=ty +pInp (7
2z-v
Ho=——s (®)
V+zv
Hy = t(Z) €
v=0(2) (10)

For obtaining the solution to above-mentioned equations and specific heat
ratio, air density iteration technique is utilized frequently. So, the relation
between the ratio of specific heat and the real-air pressure can be obtained.

2.3 Regular reflection for bursts in air

The overpressure of regularly reflected airblast waves can be calculated with the
following formula.

B—~/B*—44C
AP = W( )77_1 (AP, +B)-B’ (1D
(v+1)4 y+1

WIT Transactions on The Built Environment, Vol 126, © 2012 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



4?2 Structures Under Shock and Impact XII

The reflection overpressure is a function of incident overpressure and incident
angle.

AP, = f(AP;, ) (12)

Figure 1: Incident shock wave and reflection wave on the ground.

The sonic angle of regular reflection is defined as the incident angle where the
perturbation after the reflected airblast wave catches up with the intersecting
point of the incident wave and reflected wave. The sonic angle ® can be
calculated with the following formulae.

Urc= sin @ (13)
o34 27(0'2 —1)’ cos’ o
(y +Do? (14)
NEW (7—1)(02 —1)2 cos’ @ 5”7 —120
(j/+1)0'2

2.4 The horizontal dynamic pressure of regular reflection

The dimensional formula for calculating the horizontal dynamic pressure of
shock waves from regular reflection is given below.

1
q,==pU; (15)
2
The projection of the incident and reflected shock wave particle velocity on
the reflected shock satisfies the equality conditions. Then the dynamic pressure
can be obtained.

U,cosm, =Usin(@+o,) (16)
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, sin* (@ +®,)

(17)

Utilizing Newton’s binary iteration, the sonic angle or the relation between
the reflection overpressure and the incident overpressure can be found out.

4,07, — (24, — B, cos’ @ ++C, cot’ w)a,,

1
qrz_poﬂr'ﬂ'cz(f_a) 2
2 cos” o,

+(4, - D, cos’ o+ E, cot’ ) =0 (1%)
o —(3+ 4, cos’ )’ +(3+ B, cos’ w)o,, —1=0 (19)
gyl f| oy Sy
CHRLAR! I o . GF 20
Ey (aT;)” (gﬁl)" (aT;)”
Ky gl Jl Ly Gy
(g:)" F} (gzl)” (aT;)”
Hence the maximum sonic angle can be found out to be 46°.
o, = f(AP) (22)
AP, = f(AP) (23)
Table 2: Regular reflection overpressure coefficient.
(ﬁig) v | o=00 | o=10° | 0=20° | 0=30° | w=40° | w=wn | oul]
0.5 1.400 | 4.48" | 441" | 424" | 403" 454" | 3925
1 1400 | 551" | 541" | 516 | 482 522" | 39317
2 139 | 650" | 638" | 604" | 558 589" | 39.72"
5 1350 | 7.80" | 752" | 7.08" | 645 | 610" | 553" | 4091

10 1.300 9.04 8.84 8.28 7.46 6.70 7.13 4243

* * *

20 1260 | 10.28" | 10.04° | 9.36 8.36 7.30 7.60° | 43.85°

* * *

50 1220 | 11.86" | 11.58" | 10.75" | 9.52 8.13 8.08 4547

* *

70 1210 | 12357 | 12.04" | 11.18" | 9.88 8.40 824" | 45.92°

100 1200 | 12.86° | 12.55° | 11.63° | 1027v | 8.68 8.43" | 46.40
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Table 3: Reflection overpressure.

AP;(MPa) | ©=40° ©=50° ©=60° ®=70° ©=80° | ©=90°
0.5 4.48" 3.72" 3.10" 2.58" 2.15" 1.79"

1 5.14" 4.19" 3.41° 2.78° 226 1.84"

2 5.85° 4.67° 3.72° 2.96° 2.36" 1.88"

5 5.24" 4.08" 317" 247 1.92"

10 5.79° 441 3.35° 2.55" 1.94"

20 6.34" 473" 3.52" 2.62" 1.96"

50 7.01" 5.10" 3717 2.70" 1.97"
100 7.55° 5.56° 4.09" 3.01° 2.22°

3 Non-regular reflection for bursts in air

3.1 The starting angle of mach reflection and transition reflection

The Mach reflection starting angle meets the requirements of low-stem Mach
reflection — the reflection wave catches up with the intersection point of the
incident wave and reflection wave, and then the combined low-stem Mach shock
wave perpendicular to the ground is formed (see Fig.2).

2yFR +(y +DAP,
2B +(y +DAP,,
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Figure 2: The starting angle of Mach reflection and transition reflection.
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The sonic angle and the transition overpressure can be obtained by using the
regular reflection equation, the low-stem Mach reflection angle equation, and the
sonic angle equation.

A,0! —(24, + B, cos” +C, cot’ w)a,’

(25)
+(4, — D, cos’ @) + E, cot’ @ =0
0’ —(3+ 4; cos’ ®)o! +(3+ By cos’ w)o,” —=1=0 (26)
2r(r+1)(c,> —c”)sin’ @—2r{2rc” —(r—1)]cos’ @ @7)
2r(r+1)(1-0%)=0
oo,
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a)n+l :(0" + a& % sz J (28)
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And the maximum incident overpressure AP, is:
AP =0.1688MPa (29)

3.2 The mach reflection area

The unified calculation of the overpressure of the Mach reflection area is based
on Russian scholar Korotkov’s trinomial theory, and the boundaries are
controlled by the sonic angle, the low-stem Mach reflection starting angle
conditions and the semi-spherical reflection conditions respectively.

AP =AP(a,+b,a+c,a’) (30)
When AP>AP__,
AP 1 . ..
C =|—2—q —b -a. |— (Sonic angle condition 31
, [AP/ ,—D, Ajaj( g ) (31)

So the overpressure of the Mach reflection area is determined by the sonic
angle conditions. When AP < AP,

max ?

AP
C, = (ﬁ —-a,~b,-a,, ]% (Low stem Mach condition) 32)

! LM
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which means the overpressure of the Mach reflection area is determined by the
sonic angle condition and low-stem Mach reflection conditions. a, is calculated
under semi-spherical conditions, and b, is calculated based on Lighthill’s small-

angle shock reflection linearization theory’s analytic solution.
Let M ,, be the shock wave Mach number when the air particle flow M,=1.

When M <M, for subsonic flow ,
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When M =M ,, for equal sonic flow,
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Figure 3:  Reflection overpressure coefficient versus incident overpressure

and incident angle.
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Figure 4:  Reflection dynamic pressure versus incident angle and incident
overpressure.
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Figure 5: Relation between incident angle and reflection angle.
4 Conclusion

With real-air state equations, the calculation of regular reflection and Mach
reflection of shock waves are studied in depth. For regular reflection, based on
the variable-y reflection theory, the reflection termination is under the control of
the sonic angle. For Mach reflection, Russian scholar Korotkov’s method is
adopted to apply the theoretical linear solution with small slope angles, and to
find out the conditions for Mach reflection starting and for hemispherical
reflection termination. Our study leads to a curve diagram showing the relation
of ground shock wave’s reflection overpressure and dynamic pressure versus
incident overpressure and incident angle. Our results are available to research on
the reflection of shock waves from different types of bursts in real air.
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