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SECTION I
INTRODUCTION

The Air Force Weapons Laboratory (AFWL) has been tasked to perform hydro-
dynamic calculations which predict peak airblast overpressure loading on struc-
tures. The HULL (a 2-D Eulerian hydrodynamics) code uses a rectangular mesh to
perform calculations (ref 1). Nonrectangular structures are approximated in the
mesh by rectangular islands. An island is a zone for which all four boundaries
are reflective. Thus, a ramp is modeled as a stairway (figure 1). It was not
immediately clear whether this approximation was a valid one. In particular,
would the peak-pressure and asymptotic (steady-state) values be correct?

D NORMAL ZONE
ISLAND ZONE

Figure 1. 45° Ramp Model

To test this hypothesis, the AFWL ran calculations which duplicated experi-
ments conducted by the Ballistics Research Laboratory (BRL) of Aberdeen,
Maryland (ref 2). In one experiment, a square wave of air traveling to the
right at 90 psi was incident on air at an ambient level of 3.3 psi. The shock

1. Fry, M.A., et al., The HULL Hydrodynamics Computer Code, AFWL-TR-76-183,
Air Force Weapons Laboratory, September, 1976.

2. Bertrand, B.P., Measurement of Pressure in Mach Reflection of Strong Shock
Waves in a Shock Tube, BRL-MR-2196, Ballistics Research Laboratory,
June 19/2.
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impinged on a ramp at an angle of 40° with the horizontal. There were station
locations along the ramp and in the free air. Figure 2 is an illustration of
the experimental setup.

For the HULL calculation, Rankine-Hugoniot relations specified the input
conditions (see table 1). The zone sizes were dx = 0.3 cm, dy = 0.25173 cm;
thus dy/dx = tan (40°). (The question of square-vs.-nonsquare zones is settled
in the next section.) A real air equation of state was used, and there was no
artificial viscosity included expiicitly in the code. Figure 3 shows the
station locations.

Table 1
INPUT MESH VALUES FOR THE CALCULATION

Ambient Incident
Pressure (dynes/cn?) 2.275€5(3.3ps1) 6.599E6(95.7ps1)
Density (gm/cm’) 2.783E-4 1.391€-3
Internal Energy (ergs/gm) 2.044E9 1.186E10
Horizontal Velocity (cm/sec) 0. 1.353E5
7




AFWL-TR-77-82

‘. 17.4 cm L.

Figure 3. Calculation Station Locations
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SECTION II
NUMERICAL AND EXPERIMENTAL COMPARISONS

Figure 4 shows a pressure-time history of stations 2, 3, 5 and 6 for the
experiment. Notice that the peak-pressure is increasing as the shock travels
up the ramp, i.e., station 2 has a peak-pressure of 478 psi and station 3 has a
peak of 492 psi. The asymptotic pressure level at station 2 is approximately
310 psi; at station 3, 330 psi. Although the peak at station € (415 psi) is
much smaller than at station 3, the steady-state value is about the same.

Figure 5 shows pressure-time histories for calculational stations 12, 16,
and 22 which correspond most closely with experimental stations 5, 2 and 3,
respectively, from figure 4. The firs: plateau at station 12 is the incident
shock pressure level. For the BRL problem (station 5) it was 91 psi; for HULL
(station 12), 6 x 106 dynes/cm2 = 87 psi. Stations 2 and 3 in the BRL experi-
ment have initial plateaus before reaching their peaks. This does not show up
in the histories for stations 16 and 22 in the HULL calculations because of the
smoothing of the shocks due to implicit internal viscosity. Figure 5d is a
pressure contour along the ramp at 130 us. For a 40° ramp, a pressure ratio of
29:1 is in the region of Mach reflection. Although the contour for this time
shows regular reflection, the first contour above the ramp indicates the be-
ginning of a merging of the incident shock and the reflected shock. If the
ramp were longer, the shock would form a Mach stem.




AFWL-TR-77-82

quawpaadx3 TYg 40j SPA0I3Y dNSSAAd “p 4nbi4

eam"ﬁ

YiSd 0€°C - 14
A10/33S To1  :dIINS €Lz =124

ISd [8€= (AINDI) Sd 88-1L/81/01 10HS

€ NOLLVIS z NOLLVIS

- 102

861

- 269
* —+8Lr

9 NOILVIS G NOILVLS

bbdiiaddbd 21
T

LABAALALMAALAL)
TSIy

bddddddbd

- 18

AR s manzasmasa
- -

10

]



.-

"’!!ﬂﬂﬂﬁv‘v

AFWL-TR-77-82

PRESSURE (DYNE/S0-ch) (X10%)

OVER PRESSURE
20.0
18.0
18.0
14.0
12.0-
10.0
8.0
PROBLEM - 19.8027
-12
s STATION
RADIUS - 1.7980E +01 CM.
HEIGNT = 1.1240E +01 CM.
s ] ~2.3012€ +05 CM.
2.0
s T T T T r Y T

20.0 40.0 60.0 80.0 100.0

L i
120.0 140.0 160.0 180.0 200.0 220.0

TIME (mS.)

Figure 5a. AFWL-29 Square Wave-Ramp 40-Real Air-No Visc

n




S ———

AFWL-TR-77-82
OVER PRESSURE
40.0
PROBLEN - 19.8027
-0 STATION- 18
RADIUS - 2.1250E +01 CN.
32.0 NEIGHT - 7.5500€ +00 CH.
ro - 2.3012E +05
.A 20.0 —
~ 24.04
3
&
§ 20.0
& 18.0-
£ 1204
8.0
4.0 =
=8 T T pr— ; i 7 )| T T
70.0 0.0 90.0 100.0 110.0 120.0 130.0 140.0 150.0 180.0
TINE (uS.)
Figure 5b. AFWL-29 Square Wave-Ramp 40-Real Air-No Visc

2wy

12

170.0




-

’,‘ P <

AFWL-TR-77-82
OVER PRESSURE
40.0
36.0- PROBLEM - 19.8027
STATION - 22
- RADIUS - 2.7080E 01 CM.
T HEIGHT = 1.2440€ 01 CM.

a PO - 2.3012e 08
- 20.0
s 24.0
% 20.0
§ 18.0-

12.0+

8.0

4.0

= T T T T T T

Figure Sc.

T 1 )
108.0 114.0 120.0 128.0 132.0 138.0 144.0 150.0 156.0 162.0

TIME (uS.)

AFWL-29 Square Wave-Ramp 40-Real Air-No Visc

13

168.0



AFWL-TR-77-82

PRESSURE
10.0
8.0 CONTOUR SCALE DYNE/90-CM
2 4.000E +08
3 80.000E +08
8.0 = ; 1.200€ +07
1.800E + 07
8  2.000E +07
7 2.400E +07
) 8  2.800E+07
‘ 7.0 o 9  3.2006+07
DX! 8.307E - 01
| MIN - 2.301E +03
| 8.0 o X - 2.995E +01
Y- 2.9226+01
~ MAX - 3.582E +07
' - X - 2.885E 401
S s5.04 Y- 1.221E +01
| 2
t S 4.0 -
3.0 <
2.0 =
1.0 —
| -.0 Y T T T T T T T T
-0 1.0 2.0 3.0 4.0 5.0 8.0 7.0 8.0 8.0 10.0
' RADIUS e (x10%)
|
Figure 5d. AFWL-29 Square Wave-Ramp 40-Real Air-No Visc
Time 130.000 us Cycle 121 Problem 19.8027

14




AFWL-TR-77-82

Table 2
COMPARISON BETWEEN HULL CALCULATIONS AND BRL EXPERIMENT

Station Pressure (psi)
BRL HULL BRL HULL
5 12 91 87
2 16 (peak) 478 480
] 2 16 (steady-state) 310 310
3 22 (peak) 492 510
3 22 (steady-state) 350 310

Note the excellent agreement for stations 2 and 16. The agreement for stations
3 and 22 is reasonable.

15
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SECTION III
SQUARE VS. NONSQUARE ZONES

When running hydrodynamic calculations, square zones are more efficient than
nonsquare zones because the signal may cover a greater relative area per zone
per time step. As was mentioned in the introduction, however, the HULL code
models a ramp using rectangular islands. For a 10° ramp using rectangular
islands. For a 10° ramp, the island locations for a grid with square zones
would look something 1ike figure 6,

Figure 6. 10° Ramp Approximation - Square Zones

Wwhile for the island locations for a nonsquare zone grid where the ratio
dy/dx = tan 10°, the island locations would look like figure 7.

Figure 7. 10° Ramp Approximation - Nonsquare Zones
To test the impact of each zoning, two calculations were run. For each run,
a 50-psi square wave was fncident on a 10° ramp in a sea-level ambient atmosphere.

The dx zone size was 0.3 cm and the equation of state was real air. An artifi-

16
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cial viscosity function was used in both runs (ref. 3). The first calculation
(19.8026) used a 0.3-cm dy zone size; the second (19.8029), a dy of 0.00529 cm.

Figure 8 gives a time history of the pressure at a station on the ramp
approximately 6 cm from the base for each problem. Note the overshoot in pres-
sure for the square zone problem. (The slightly different asymptotic values
are due to the small difference in distances along the ramp). The overshoot is
approximately 86 percent and would be totally unacceptable for problems where
peak-loading is an important parameter. The reason for this overshoot can be
seen from figures 9 and 10 where the horizontal and vertical velocities vs.
time histories at the same station are shown. The square-zone problem does not
have enough vertical relief. The vertical velocity begins 9 us after the shock
hits, whereas in the nonsquare zone problem, the time lag between the onset of
the vertical and horizontal velocities is less than 2 us. During this time the
pressure builds until the vertical velocities become large enough to allow the
mass flow out of the zone to equal the flow into the zone. Also, further analy-
sis of these graphs indicates that the angle of the velocity vector in the
square-zone problem reaches a maximum of 70° from the horizontal and then
slowly moves to its asymptotic value of 45°. For the nonsquare zone problem,
the velocity vector quickly reached its asymptotic value of 10° and remained
there. Obviously, 10° is a more realistic value for the velocity angle, since
the flow should parallel the 10° surface.

Once the flow has reached steady-state conditions, figure 11 illustrates
another justification for using nonsquare zones for ramp calculations. It is a
picture of the velocity vectors at the bottom of the ramp for the square zone
problem at 190 us. For this problem, the flow along the ramp encounters four
zones with no reflecting right boundary before a vertical reflecting boundary
is reached. So the flow attempts to become more horizontal to conform itself
to the structure it sees until it reaches the reflecting zone. Then conserva-
tion of mass and momentum require that the velocity vector at the corner zone
be somewhere in the neighborhood of 45° (= tan'1(dy/dx)). For the nonsquare
zone problem, all velocity vectors at the corner zones were within 10% of 16°.

3. Lunn, P.W., et al., Development of an Artificial Viscosity Function, to be
published.

17




AFWL-TR-77-82

OVER PRESSURE

80.0
PROBLEM - 19.8028
12.0 < A
STATION ~ 7
RADIUS - 1.0450E +01 CN.
84.0— WEIGHT ~-1.2500€ +00 CN.
ro ~1.0130E +18
.g 56.0 -
=
= .
3 4o
e
e
£ 40.04
e
-
@ 32.0-
9
=
-
24.04
16.0—
5.0
. T T Y T T T T T T
40.0 60.0 80.0 100.0 120.0 140.0 180.0 180.0 200.0 220.0 240.0
TINE ( uS8.)

Figure 8a. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Square Zones

18




AFWL-TR-77-82

OVER PRESSURE

50.0
45.0
40.0
PROBLEM - 19.8029
o 35.0
e STATION - 12
= RADIUS = 8.9900E +00 CM.
2 30.04
&) HEIGHT = 1.0680E+00 CM.
|
a PO - 1.01306 +08
¥ 25.04
e
=
=
2 20.0+
o
=
o
15.0
10.0
5.0
~.0 | e T T T S T T i U
20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0

Figure 8b. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Nonsquare Zones.

TIME ( uS.)

19

220.0




i

AFWL-TR-77-82

HORIZONTAL VELOCITY

20.0

18.0-

PROBLEM - 19.80268
STATION - 7
18.0 -

RADIUS - 1.0450E 401 CN.
HEIGHT - 1.2500E+00 CN.

14.0

12.0 <

10.0

8.0 -

VELOSITY (CM/SEC) (X10%)

8.0

4.0

2.0

-0 T T T T T T T T T
40.0 680.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0
TINE (uS.)

Figure 9a. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Square Zones

20




AFWL-TR-77-82

VERTICAL VELOCITY

100.0
30.0 PROBLEM -19.8028
STATION -7
80.0 RADIUS -1.0450E+01 CM.
HEIGNT ~1.2500E+00 CM.
‘s 710.0-
=
& 60.0-
=
2
> 50.0
o
o
=
>  40.04
30.0
20.0
10.0
-0 T T ) T T T T T A
40.0 80.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0
TIME ( uS.)
Figure 9b. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Square Zones

———




AFWL-TR-77-82

30.0

HORIZONTAL VELOCITY

27.04

24.04

21.04
ll.U-J

15.04

12.0

VELOCITY (CM/SEC) (X10%)

9.0

8.0+

3.0

PROBLEM-10.8018
STATION =12

RADIUS - 8.8800€ 00 Cu.
HEIGHT -1.0880E 00 CM.

Figure 10a. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Nonsquare Zones

U LI

1 T T PR 5 T T T
40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0 220.

TINE (uS8.)

22




AFWL-TR-77-82

VERTICAL VELOCITY

PROBLEM - 13.8029

STATION - 12

RADIUS - 8.9900E 00 CM.
HEIGHT - 1.0880E 00 CM.

1
‘ 368.0
| 32.0
\
28.0
r N’\
(=]
’ = ZA.Oﬁ
©
-
w
2
=
= 168.04
o
-
P
12.0
8.0
4.0
-.0
20.0

u Figure 10b.

W .

1
80.0 100.0 120.0 140.0 180.0 180.0 200.0 220.0

1 ' 1 | Ll ]

TIME ( uS.)

AFWL - 4.4 Square Wave - Ramp 10°- Real Air - lionsquare Zones

wa) .28 .30
.26 .32 .41
.20 .40 1.5

A W i T

Figure 11.

(NUMBERS IN EACH ZONE ARE THE TANGENT OF THE VELOCITY VECTOR)

Veclocity Vector Angles for Square Zoning

23

P—



——————

AFWL-TR-77-82

However, for the zones further from the boundary in the square-zone problem,
the velocity vectors seemed to stabilize to a value close to the ramp angle of
10°. Figure 12, which is the overpressure history for a station away from the
ramp in the square-zone problem, shows that the pressure overshoot is also
lessened.
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Figure 12. AFWL - 4.4 Square Wave - Ramp 10°- Real Air - Square Zones

We conclude from these calculations that a dy/dx ratio which approximates
the ramp angle will model more closely the peak overpressure and other flow
parameters close to the ramp than calculations using square zones.

Figures 13 and 14 show pressure contours for each calculation at 190 us.
The similarity of both of the curved bow shocks indicates that the inaccuracies
close to the ramp induced by the square zoning are averaged so that gross
motions remain nearly identical. Note in figure 13 the well developed Mach stem

24
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as the shock travels up the ramp. For the BRL experiment, the reflection
factor was 1.14 for the 10° ramp at 3.4 atmospheres overpressure. For the
nonsquare-zone problem the reflection factor was 1.2.

Because square wave boundary conditions are used in these calculations, all
parameters except time are independent of zone size. Thus reducing or in-
creasing zone size does not change the value of peak pressures or velocity
patterns. The geometric ratio alone determines the behavior of the flow vari-
ables for simple ramp structures.

Although a zone ratio (dy/dx of tan'] 8 will yield the most accurate re-
sults close to the ramp, other problem constraints may require a different
zoning, e.g., a structure with more than one ramp at different angles. As was
seen in the square-zone problem, further from the ramp the differences in zone
size become less significant. Therefore, calculations with zone ratios which do
not conform exactly to the ramp angle will still yield valid results if values
right on the ramp are not considered. In addition, the peak overshoot for the
overpressure will vary directly with the deviation of the zone ratio from the
ramp angle. For small deviations the overshoot will be small.

25
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SECTION IV
CONCLUSIONS

The calculations indicate that the stairway approximation to a ramp for a
rectangular grid will yield valid overpressure data and exhibit Mach stem
phenomena for square-wave shocks. When modeling the ramp, zone dimensions
ought to conform to the ramp angle for angles less than 45° to allow the material
to flow in the direction of the ramp.
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