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ABSTRACT 

Tests were conducted in the Ballistic Research Laboratories (BRL) 

supersonic and hypersonic wind tunr.el to determine the aerodynamic error 

due to mass flow around a pancake type gage. This air blast gage has 

been used extensively to measure the transient side-on pressure generated 

by an explosive charge. Data on flat surfaces are also presented. 

The error due to mass flow is a function of both Mach number and 

Reynolds number. Error is largest near Mach one. 

Measurements of impulse on gages with various shapes of' pulses are 

considered. If there is no negative phase, impulse is independent of 

the gage size; the negative phase results in a low value of impulse 

for a gage longer than 1/10 the length of the positive phase. 
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LIST OF SYMBOLS 

U = Shock front velocity ( assumed constant across gage}. 

u = local mass velocity. 

a = local sound velocity. 

a = ambient sound velocity. 
0 

R = distance of shock front from center of charge along direction 
of shock propagation. 

R = distance to center of gage from charge. 
0 

R - R = 
0 

Ii • s, distance from center of gage. 

t 

t 

s 

s 

0 

0 

n 

T 

L 

w 

t 

At 

0 = 0 

0 
2 

A(t ) 
0 

a 

M 

1 

= time, wher,e t = 0 at s = O. 

s = u 

= radius of gage or half length of gage. 

= distance from center of gage to point on gage where pressure 
is measured. 

= angle between a.xis and radius to gage element. 

= thickness of gage. 

= width of gage. 

= weight of charge. 

= measured time to maximum negative pressure. 

= measured first positive duration. 

= positive duration. 

= constant. 

= area of gage covered by shock. 

= angle of attack. 

ufs = - free stream Mach number (flow Mach number when gage is 
afs not present) . 
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LIST OF SYMBOIS (Contd) 

P = ratio of excess pressure to excess pressure at the shock front. 

p
1 

= shock front press~re, 

P
O 

= atmospheric pressure. 

p = density of air, 

2 = 1/2 pu, q 

s 

I(s) = J.: P(s,t) dt impulse from shock front to time t. 

--u 

Subscript 

rs • free stream, 

m = measµred, 
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INTRODUCTION 

The flow field behind a blast wave is disturbed when an obJedt is 

placed in this field, and the disturbance created is dependent upon 

whether the mass flow is subsonic, transonic or supersonic. When the 

flow is subsonic a disturbance propagates with speed less than th~t of 

sound. Transonic flow consists of both subsonic and supersonic regions, 

whereas supersonic flow consists of a supersonic and subsonic region 

separated by a shock. 

All of the above flow fields may occur when an air blast gage is 

placed in the flow field behind a blast wave to measure its pressure 

time profile. For weak shocks the waves may appear as in Figure 1. For 

strong shocks there may be an attached shock on the gage. 

The present pancake gage is an improvement of the Ballistic 

Research Laboratories (BRL) Tourmaline gage which had an aspect ratio 

of approximately 4.0. This gage has a baffle configuration similar to 
l* that recommended by J. K. MacDonald and S. A. Schaaf. These men made 

theoreti.cal computations on various plane forms and suggested the gage. 

have a flat surface at the location of the transducer. Also in order 

to have an. error of 5 percent or less the ratio of thickness to length 

(t/2s
0

) should be kept less than 0.1. This gage, however, is found to 

disturb flow more than is tolerable when pressures are measured at 

reduced ambient pressures. 

Tests were conducted in the BRL wind tunnel to determine the static 

pressure on the gage housing when subjected to supersonic mass flow. 

These measurements are for steady-state conditions and are not completely 

compatible with conditions that exist around a gage in an explosive 

blast field. The blast wave is transient; thus conditions behind the 

wave are unsteady. Impact effects due to the transmission of shocks 

through the mount are not considered in this discussion. 

* Supersaript numbers denote referenaes whiah may be found on page 64. 
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Flow conditions over test sections at subsonic and transoni c flow 

.are also considered since most blast pressure-time measurements are made 

in these flow ranges. 

From the Hugoniot conditions one dan show that the local flow 

velocity behind a plane shock in air is never greater than Mach 3.0 up 

to a shock pressure of 1000 atmospheres as shown in Table I. Thus the 

blast gage never experiences local mass flow velocities greater than 
I 

Mach 3,0 when subject to blast from Pentolite or a comparab1e explosive. 

The flow velocity u for a blast wave corresponds to the f101111 veloci t.y 

ufs in the wind tunnel, The measurements of pressures in either the 

field behind the blast wave or the test section of the wind tunnel must 

u 
not be made at flow velocities where the ratio.£=...!!= 1, However, 

a afs 

in the case of transient blast waves, velocity ratio i does pass through 

1 when pressure ratios greater than 4.82 are encountered, 

In addition to the experimental study of steady flow, the response 

of the gage element to triangular and Friedlander pressure pulses is 

considered, 

EXPEf:IMElNTAL SETUP 

A two-inch model of the BRL side-on blast. gage was constructed 

according to specifications shown in Figure 2, These specifications 

were prepared by CPT E. J. Staros previousiy of the Specil;Ll Problems 

Branch of the Terminal Ballistics Laboratory (TBL). The gage w-as 

mounted to a support adaptable to both the supersonic and hypersonic 

wind tunnels of BRL. Figure 3 shows the gage orientation in the t est 

chamber, Pictures a and b show the initial configuration while c arid 

d show the gage with a flat plate attached, and e shows the gage with 

a needle attached, A modified gage which had been sand blasted to 

roughen the surface was also used. 

11 
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TABLE I 

Properties of Air Along the Hugoniot Curve 

pl/ U/a u/a 
Po 0 

1. 25 l. 10 .157 

1. 35 1. 14 .210 

1.50 1.20 .282 

1.55 1. 21 .304 

1.80 1.30 .403 

2,05 1. 38 .488 

2.10 1. 39 .504 

2.4 5 1.50 .602 

2,90 1.61 .707 

3,40 1. 75 .802 

3.90 1. 87 .882 

4.00 1. 89 .896 

4 .10 1. 91 .910 

4.40 1.98 .950 

5.50 2.20 1.08 

7.16 2.50 1. 22 

8.00 2.64 1. 27 

14.3 3.50 1.54 

23.9 4.50 1. 75 

42.2 5.93 1.97 

~2.6 5.96 1.97 

67,4 7.44 2.18 

67.9 7.47 2.18 

650 22.5 3.00 

900 26.4 3.02 

1000 27.9 3.00 

12 
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PIOURI 2 • SCALED DRAWING OF NO INCH PANCAKE GAGE. 
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Five orifices were placed in the gage housing as sho~n in Fi gure 2 . 

Four orifices were placed on one side of the gage flnd one on the other 

side. Table II gives the position of the orifice and thickness ratio 

(s + s )/1 of the gage. The values + s is the distance from the 
n o n o 

leading edge of the measuring device to the point where pressure is 

measured. 

A series of tests were run at Ma ch 1,75 through Mach 7 at angles 
* of attack from O to 5 degrees. The Reynolds number was varied at the 

different Mach numbers by changing the stagnation pressure, These 

data are in Table III. The pressure indicated by (2 + 4 + 5)/3 is the 

average pressure at the middle of the gage. Orifice 5 was on one side 

of the gage and orifices 1, 2, 3 and 4 were on the other side. Thus, 

orifices 4 and 5 show the edge effect and effect due to angle of attack. 

Orifices 1, 2 and 3 show the leading edge effect. The pressure value 

indicated by (2 + 4 + 5) /3 shows the averaging effect reduces error due 

to angle of attack. In the velocity range of interest the error due to 

angle of Ltttack greater than 1 degree is larger than 10 percent. Error 

due to edge effect is negligible. 

All tests conducted on the modified gage were at Mach 4,5 and zero 

angle of attack. These data are presented in Table IV. These measure­

ments on the modified gage along with the original measurements have 

values that are consistently high when a smooth curve is drawn through 

all the measured values; therefore, these data are considered separately. 

Table V shows mocj.ifications of the gage and Figures 4 and 5 are 

schlieren photographs of the flow at Mach 4,5 over the modifi!ed gage. 

The photographs (l-13) in Figures 4 and 5 correspond to configurations 

(1-13) respectively in Table V. 

* Reynotds number RE = puL where L is sane aha.raateristia iength of the 
V 

modei and vis the aoeffiaicnt of visaosity of the fiuid. 

15 



TABLE II 

Position of Taps on Gage_ 

Orifice No, Distance Thickness 
f 
Distance ) 

Inches Inches Thickness 

s + s T Cs + s )/T 
n 0 n o 

1 .796 .20 3.98 

2 1.000 .20 5.00 

3 1.204 .20 6.02 

4 1.000 .20 5.00 

5 1.000 .20 5.00 
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TABLE III 

Pressure on Side-On Blast Gage When Placed in 

M = 1. 75, 

Cl Pfs 
degree atm 

0 , 134 
0 .135 
1 . 135 

-1 .135 
3 .135 
5 .135 

M = 1.75, 
Cl 

Pfs 

degree atm 

0 . 268 
0 . 268 
1 .268 

-1 .268 
3 .268 

M = 2.50, 

Cl Pfs 
degree atm 

0 ,0592 
0 .0592 
1 .0592 

-1 .0593 
3 .0592 
5 .0592 

Supersonic Wind Tunnel 

RE =O. 24 x 10
6 
/in, p = 0, 712 atm, q = 0, 28 atm 

0 

Pm/pfs 
□nhce n 

1 2 3 4 5 2+4+5)/3 

.933 .936 .946 . 931 .938 

.928 .931 .941 ,926 .931 

.968 .969 .978 .964 .894 

.890 .894 .906 .888 .971 
1.053 1.052 1.059 1.046 .825 
1.132 1.133 1.140 1.128 . 759 

RE = o. 4 8 x 10 6 
/in, p = 1. 4 2 a tm , q "' O. 5 7 3 at m 

0 

pm/pfs 

Orifice # 

.935 

.929 

.966 

.891 
1.045 
1.130 

1 2 3 4 5 (2+4+5)/3 

.915 .920 .930 .910 .921 

.916 .920 .932 . 911 .921 

.954 .958 .969 .949 .883 

. 876 .882 . 895 . 874 .961 
1.038 1.038 1.047 1.030 .811 

RE =0.24 x 106
/in, p = 0.994 atm, q =0.256 atm 

0 

Pm/Pfs 
Orifice It 

.917 

.917 

.954 

.878 
1.034 

1 2 3 4 5 (2+4+5)/3 

.966 .957 .962 .952 .962 .9$7 

.969 .959 .967 .955 .962 .959 
1.028 1.017 1.026 1.014 .905 1.016 
.911 .905 .912 .901 1.021 .903 

1.159 1.14 7 1.146 1.141 .800 1.144 
1.294 1. 281 1. 284 1. 274 .706 1.275 
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M = 

(l 

degree 

0 
0 
1 

-1 
3 

M = 

(l 

degree 

0 
0 
1 

-1 
3 
5 

M = 

(l 

degree 

0 
0 
1 

-1 
3 
5 

'['ABLE III ( Contd) 

Pressure on Side-On Blast C.age When Placed in 
Supersonic Wind Tunnel 

2.50, RE =0.48 x 106/in, p :s 2.13 atm, 
0 

q =0.513 atm 

Pfs pm/p 
atm Ori ice 

1 2 3 4 5 (2+4+5)/3 

.126 .947 . 942 .951 .934 .951 .942 

.126 . 950 .942 .953 .936 .951 .943 

.1 26 1.012 1.005 .1015 .997 .894 1.001 

. 126 .893 . 886 .896 .880 1.011 .883 

.126 1. 142 1.134 1.142 1. 124 .788 1.129 

3.50, RE = 0. 24 x 106 
/in, Po = 1.65 atm, q = 0.186 atm 

Pfs Pm7Pfs 
atm n ice 

1 2 3 4 5 2+4+5)/3 

.0218 1.016 1.009 .981 .988 .997 .998 

.0213 1. 051 1.022 1. 019 1.019 1.019 1.020 

.0214 1.137 1.102 1.102 1. 105 .936 1.104 

.0214 .981 .949 .946 .946 1.096 .948 

.0213 1. 319 1. 291 1. 249 1. 291 .799 1.291 

.0213 1.527 1.495 1.489 1.492 .703 1.494 

3.50, RE = 0.48 x 106 /in, Po = 3.30 atm, q = 0,372 atm 

Pfs pm/pfs 
atm n ice 

1 2 3 4 5 (2+4+5)/3 

.0429 1.006 .981 .981 .979 .994 .985 

.0430 1.013 .986 .987 .984 .994 .988 

.0430 1.095 1.071 1. 070 1.066 .913 1.016 

.0432 . 938 . 911 . 911 .910 1.078 .943 

.04 29 1.285 1. 262 1.262 1. 257 .769 1.096 

.04 28 1.503 1. 478 1. 4 75 1.471 .654 1. 201 

18 
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TABLE III (Contd) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunnel 

M = 4.5, RE =0.24 x 10
6
/in, p = 2.58 atm, 

0 
q = 0.127 atm 

a Pfs pm/p 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 . 00871 1. 242 1.172 1.164 1.188 1. 188 1.183 

0 . 00864 1.331 1.260 1.260 1.276 1.181 1.239 

1 .00871 1. 422 1.352 1.344 1. 367 1.070 1.268 
-1 . 00871 1. 234 1.172 1. 203 1.203 1.273 1.188 

3 .00871 1.648 1.578 1.562 1.586 .914 1.582 
5 .00864 1. 874 1. 811 1. 780 1.811 .835 l.8ll 

M = 4.5, RE =0.48 x 10
6
/in, p = 5.18 atm, q = 0.254 atrn 

0 

a Pfs Pm1Pfs 
degree atm Orific:e # 

1 2 3 4 5 (2+4+5)/3 

0 ,0178 1.138 1.077 1.061 1.080 1.023 1.060 

0 .0178 1. 207 1.149 1.130 1.146 1.046 l. ll4 
1 .0182 1.270 1. 210 1.195 1. 210 .948 1. 123 

-1 .0178 1.084 1.031 1. 004 1.031 1. 184 1.082 
3 .0177 1. 512 1. 442 1. 438 1.450 .823 1. 238 
5 .0177 1.781 1. 731 1. 715 1. 727 .788 1.415 
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M = 5.93, 

a Pfs 
degree atm 

0 .01 
0 .01 
1 . 01 

-1 . 01 
3 .01 

-3 .01 
5 . 01 

M = 5,96, 

a Pfs 
degree atm 

0 .02 

0 .02 
1 .02 

-1 .02 
3 .02 

-3 .02 

M = 6.00, 

a Pfs 
degre ' atm 

0 .03 
0 .03 
1 . 03 

-1 .03 
3 .03 

-3 .03 

TAB LE III ( Contd) 

Pressure on Side-On Blast Gage When Placed in 

Superson i c Wind Tunnel 

RE =0.24 x 106/in, 

1 2 

1. 461 1. 328 
1.446 1.323 
1. 601 1.473 
1. 315 1.198 
1. 861 1.808 
1.093 .9880 
2.321 2.210 

RE = 0. 4 8 x 10 6 / in , 

1 2 

1. 376 1. 243 

1. 384 1.251 
1. 531 1.404 
1.253 1.129 
1.866 1. 748 
1.039 .9151 

RE = 0. 72 x 106 /in, 

1 2 

I. 378 1.256 
1.369 1. 246 
1. 522 1.399 
1. 243 1.111 
1. 878 1.766 
1.020 .8964 

p = 14. 5 atm, 
0 

Pm/Pfs 
Ori flee ff 
3 4 

1. 261 1.323 
1.248 1.306 
1. 398 1.448 
1.123 1.180 
1. 743 1. 798 

.9129 .9655 
2 .148 2. 211 

p = 289.8 atm, 
0 

P,J/P fli 
Urihce # 

3 4 

1.182 1. 247 

1.193 1.254 
1. 345 1.395 
1.067 1.132 
1.698 1.746 

.8492 .9151 

p = 
0 

43.47 atm, 

pm/pfs 

Orifice # 

3 4 

1.199 1. 253 
1.187 1. 241 
1. 34 7 1.395 
1. 053 1.113 
1. 721 1. 752 

.8346 .8937 

20 

q =0.243 atm 

5 (2+4+5)/3 

l. 318 1. 323 
1.306 l. 312 
1. 196 1.460 
1.425 1.189 
1. 005 1. 803 
1. 791 .9768 

.860 2.211 

q =0,476 atm 

5 (2+4+5)/3 

1.234 1.242 

1.248 1. 251 
1. 120 1.400 
1. 390 1.130 

.9241 1. 747 
1. 725 .9151 

q =0.694 atm 

5 (2+4+5)/3 

1. 243 1. 251 
1.506 1.244 
1.104 1.397 
1.379 1.112 

.8865 1. 759 
1. 743 .8950 



M = 

a 

degree 

0 
3 

-3 

M = 

a 

degree 

0 
0 
1 

-1 
3 

-3 
-5 

TABLE III (Contd) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunnel 

7.42, RE =0.12 x 106/in, p = 16.33 atm, 
0 

q = 0.105 atm 

Pfs pm/pfs 
atm Orifice # 

1 2 3 4 5 2+4+5)/3 

.0029 2. 348 2.294 2.131 2.212 2.194 2.233 

.0029 2.956 2. 774 2.602 2.738 2.058 2.756 

.0029 1. 931 1. 922 1. 795 1. 877 2.602 1.900 

7.44, RE =0.24 x 106/in, p = 32.65 atm, 
0 

q = 0, 2068 atm 

Pfs Pm/pfs 
atm ortnce w 

1 2 3 4 5 2+4+5)/3 

.0058 2.052 1. 873 1. 754 1. 818 1. 841 1.844 

.0058 2.002 1.666 1. 689 1. 795 1. 772 1. 744 

.0058 2.222 2.025 1.887 1.988 1.680 2.006 

., 0058 1.841 1.680 1. 547 1.634 1. 910 1.657 

.0058 2.708 2.497 2.337 2.447 1.492 2.472 

.0058 1. 561 1.432 1. 313 1.391 2.378 1.412 

.0058 1. 327 1. 244 1.157 1.203 2.966 1.222 

M = 7.47, RE = C\48 x 106/in, p
0 

= 65.31 atm, q :0,407 atm 

a Pfs 
degree atm 

1 

0 .011 1. 825 
3 .011 2.477 

-3 .011 1. 380 

Orifice# 
2 3 4 

1.607 1.486 1. 595 
2.259 2.140 2.245 
1.183 1.067 1. 157 

21 

5 

1.579 
1.173 
2.200 

2+4+5)/3 

1.560 
2. 252 
1.170 



TABLE IV 

Pressure on Side-On Blast f.age When Placed in 
Supersonic Wind Tunnel 

CONFIGURATION B MODIPIED 

M = 4.5, RE =0.48 x 10
6/in, p :c 5.22 atm, 

0 
q :0,254 atm 

Cl Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0179 1.262 1.122 1.068 1.114 1.110 1.115 

CONFIGURATION B MODIFIED 

M = 4.5, RE = 0. 24 X 10
6 /in, p = 26.1 atm, q =0.127 atm 

0 

Cl Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0088 1.349 1.233 · 1.194 1.209 1.209 1. 217 

CONFIGURATION B MODIFIED 

M = 4.5, RE = 0.48 x 10
6 /in, p = 5.22 atm, q = o. 254 atm 

0 

Cl Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0150 1.117 1.072 1. 057 1.076 1.083 1. 077 

CONFIGURATION B* MODIFIED 

M = 4.5, RE = 0. 24 x 10
6 /in, p = 2.61 atm, q =0.127 atm 

0 

Cl Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 2+4+5)/3 

0 1.177 1.115 1.100 1.123 1.123 1.120 

* Model has all stainless steel tubing. 
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TABLE IV ( Contd) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunnel 

CONFIGURATION B 

M = 4.5, RE = 0. 48 x 106/in, Po = 5.22 atm, q =0.254 atm 

a Pfs pm/pf~; 
degree atm Orifice # 

l 2 3 4 5 (2+4+5 /3 

0 .0182 1.120 1.049 1. 034 1. 056 1. 052 
0 .0179 1.137 1. 068 1.049 1.072 1. 070 
0 .0180 1. 129 1.057 1.042 1.068 1. 062 
0 .0178 1.134 1.084 1.061 1.073 1.088 1. 082 
1 .0179 1.236 1.167 1.156 1.179 1. 178 

-1 . 0179 1.042 .973 .951 .989 .981 
2 . 0180 1. 347 1.279 1. 268 1.298 1.289 

-2 .0180 .958 .890 .864 .898 .894 
3 .01412 1. 470 1.398 1.398 1.425 1.411 

CONFIGURATION B 

M = 4.5, RE = o. 24 x 106/in, Po = 2.61 atm, q =0.127 atm 

a Pfs pm/pfs 
degree atm Orifice # 

1 2 3 4 5 2+4+5 /3 l! 

0 .0087 1. 289 1. 219 1. 195 1,203 1.21 
0 .0088 1.246 1.177 1.154 1.177 1.177 
0 .0088 1. 208 1. 131 1.123 1.138 1.135 
0 .0087 1. 227 1. 219 1.180 1.180 1.180 1.193 
1 .0088 1.338 1. 277 1.246 l.300 1.288 

-1 .0088 l.177 1.108 1.077 1.123 1. 116 
2 .0088 1. 450 1.380 1.357 1. 372 1.376 

-2 .0088 1.100 1.038 1.000 1.031 1.035 
3 .0087 1.563 1.492 1.469 1.492 1.492 

-3 .0088 1.038 .977 .938 .969 .973 
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TABLE IV ( Contd) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunnel 

CONFIGURATION BS 1 

M = 4.5, RE = 0. 48 X 106/in, Po = 5.22 atm, q =0.254 atm 

a Pfs pm/p f:z 
degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0180 1.159 1.038 1.015 1.080 1.059 
0 .0181 1.143 1.030 1.004 1.068 1.049 
0 .0180 1.167 1.057 1.030 1. 084 1.080 

-.5 .0182 1.094 .981 .959 1.015 .998 

CONFIGURATION BS 1 

M = 4.5, RE = O. 24 x 106/in, Po = 2.61 atm, q =0.127 atm 

a Pfs pm/pfs 
degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0087 1.227 1.125 1.094 1.156 1.140 
0 .0088 1.194 1.085 1.062 1.124 1.104 
0 1. 256 1.163 1.132 1.140 1.155 1.153 

CONFIGURATION BS 2 

M = 4.5, RE =0.48 X 10
6
/in, Po = 5.22 atm, q =0.25 atm 

a Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 . 0181 1.244 1.073 .996 1.060 1.068 
0 . 0181 1.229 1.068 1. 011 1.064 1.066 
0 .0179 1. 247 1.091 1.027 1.080 1.086 
0 .0178 1. 257 1.107 1.034 1.092 1.069 1.089 

. 5 .0181 1. 244 1.090 1.053 1.113 1.102 

-.5 . 0181 1.199 1.043 .985 1.008 1.026 

24 



TABLE IV (Contd) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunne 1 

CONFIGURATION BS 2 

M = 4.5, RE = 0. 24 x 
6 

2.61 q = 0. 127 atm 10 /in, p = atm, 
0 

a Pfs pm/pfs 

degree atm Orifice # 
1 2 3 4 s (2+4+5)/3 

0 .0087 1.359 1.156 1.094 1.148 1.132 
0 . 0088 1. 315 1.138 1.069 1.131 1.135 
0 .0087 1. 344 1.094 1.094 1.141 1.118 

CONFIGURATION BS 3 

M = 4.5, RE =0.48 x 10
6
/in, p

0 
= 5.2 atm, q =0.254 atm 

a Pfs. Pm/Pfs 
degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0180 1. 280 1.117 1.057 1.068 - 1.093 
0 .0180 1.279 1.117 1.053 1.064 - 1.090 
0 .0180 1.268 1.102 1. 042 1.068 - 1.085 
1 .0180 1.302 1.158 1.117 1.177 - 1.168 

-1 .0180 1.192 1.057 .996 .981 - 1.019 
3 .0180 1.392 1.370 1.404 l.434 - 1.402 

-3 . 0180 .962 . 853 .811 . 819 - .836 

CONFIGURATION BS 3 

M = 4.5, RE = Q 24 x 10
6
/in, p = 2.61 atm, 

0 
q = o.127 atm 

a Pfs pm/pfs 

degree atm Orifice # 
1 2 3 4 5 (2+4+5)/3 

0 .0087 1.438 1.227 1.148 1.141 1.184 
0 .0088 1.423 1. 231 1.146 1.169 1.200 
0 .0088 1.408 1.192 1.116 1.108 1.150 
1 .0088 1.446 1.262 1.208 1.269 1.266 

-1 .0088 1.408 1.185 1.092 1.100 1.143 
3 .0088 1.488 1.403 1.426 1.442 1.423 

-3 .0088 1.177 1.185 .977 .985 1.085 
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TAB LE IV ( Contd) 

Pressure on Side-On Blast Gage When Placed in 

Supersonic Wind Tunnel 

CONFIGURATION BS 4 

M = 4.5, RE = 0.48 x 10
6
/in, p = 5. 2 atm, q =0.254 atm 

0 

a Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 ,0181 1.248 1.117 1.064 1.079 1. 098 

0 .0181 1. 253 1. 121 1.068 1.087 1.104 

0 .0181 1. 241 1.105 1.064 1.075 1.090 

0 .0181 1. 285 1.131 1. 065 1. 085 1.085 1.100 

1 .0181 1.309 1.174 1.140 1. 192 1.183 

-1 .0181 1.158 1.038 .989 .974 1.006 

2 . 0181 1.331 1. 237 1. 259 t.289 1.263 

-2 .0181 1.053 .929 .887 .914 .922 

3 .0181 1.398 1. 372 1.410 1. 417 1.394 

-3 .0181 . 974 . 842 .801 .846 .844 

CONFIGURATION BS 4 

M = 4.5, RE = 0.24 x 106 
/in, Po = 2 .61 atm, q = 0.127 atm 

a pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0087 1.328 1.234 1.180 1.156 1. 195 

0 .0088 1.134 1. 256 1. 217 1.178 1.217 

0 .0089 1.290 1.191 1.145 1. 115 1.153 

0 .0087 1. 375 1. 273 1.203 1.180 1.148 1.200 

1 .0088 1.403 1. 295 1.248 1.256 1.276 

-1 .OG88 1.295 1.209 1.147 1.140 1.174 

3 .0087 1.500 1. 422 1.453 1.477 1.450 

-3 .0088 1.186 1.054 1.163 1.031 1. 042 
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TABLE I V (Cont d) 

Pressure on Sidr-On Blast Gage When Pl aced in 
Supersonic Wind Tunnel 

CONFIGURATION BS 4* MODI FI ED 

M = 4.5, RE =0.48 X 10
6
/in , p = 5. 2 atm, q = O. 254 atm 

0 

a Prs pm/pfs 

degree atm Orifice # 
1 2 3 4 5 (2+4+5)/3 

0 .0178 1. 244 1.137 1.076 1.084 1. 076 1. 10 

CONFIGURATION BS 4* MODIFI ED 

M = 4.5, RE =0.24 X 10
6
/in, p = 2 .41 atm, q =0.127 atm 

0 

a Pfs Pm/pfs 
degree atm Orifice It 

1 2 3 4 5 (2+4+5)/3 

0 .0088 1. 318 1. 233 1.155 1.132 1.116 1.160 

CONFIGURATION BP l MODIFIED 

M = 4.5, RE =0,48 X 10
6 
/in, p = 5 . 2 atm, q =0.254 atm 

0 

a Pfs pm/pfs 
degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0180 1.068 1.083 1.083 1.091 1.091 1.088 

CONFIGURATION BP
1 

MODIFIED 

M = 4.5, RE =0.24 x 10
6
/in, p

0 
= 2.61 atm, q =0.127 atm 

a 

degree atm Orifice It 
1 2 3 4 5 (2+4+5)/3 

0 .0086 1.206 1.183 1.167 1.183 1.183 1.178 

it 
ModeZ has aii stainZess steei tubing. 
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'rABLE IV ( Contd) 

Pressure on Side-On Blast Gage Wh en Placed in 

Supersonic Wind Tunnel 

CONFIGURATION BP 
2 

M = 4 . 5, RE = 0. 48 x 10
6 
/in, Po = 5.2 atm, q =0.254 atm 

a Pfs pm/p f s 

degree atm Orifi ce It 

1 2 3 4 5 (2+4+5)/3 

0 .0178 1. 095 1.118 1.115 1.088 1.061 1.089 

CONFIGURATION BP 
2 

M = 4. 5, RE = 0.24 x 10
6
/in, Po = 2 .61 atm, q = 0. 127 atm 

a Pfs pm/pfs 

degree atm Orifice # 

1 2 3 4 5 (2+4+5)/3 

0 .0088 1.209 1. 217 l.~63 1.202 1.093 1.171 

CONFIGURATION BP
2 

MODIFIED 

M = 4.5, RE = 0,48 X 10
6 
/in, p = 5.2 atm, q =0. 254 atm 

0 

a Pfs pm/pfs 

degree atm Orifice It 

l 2 3 4 5 (2+4+5)/3 

0 . 0176 1.073 1. 085 1.089 1.085 1.046 1.072 

CONFIGURATION BP 
2 

MODIFIED 

M = 4.5, RE = (~ 2 4 X 10 
6 

/ in , Po = 2.61 atm, q = 0.127 atm 

a Pfs pm/pfs 

degree atm Orifice # 

I 2 3 4 5 2+4+5)/3 

0 .0086 1. 246 1.238 1.198 1.198 1.143 1.193 



TABLE IV (Cont d) 

Pressure on Side-On Blast Gage When Placed in 
Supersonic Wind Tunnel 

Cl p fs 

degree atm 

0 .0180 

a Pfs 

degree atm 

0 .0090 

a Pfs 

degree atm 

() . 0180 

a Pfs 
degree atrn 

0 .0090 

CONFIGURATION BP
2 

MODIFIED W/SAND (1) 

RE =0.48 x 10
6
/in, p = 5.2 atm, q = 0.254 atm 

0 

Orifice # 
1 2 3 4 5 (2+4+5)/3 

1. 098 1.121 

CONFIGURATION BP 
2 

MODIFIED W/SAND (1) 

RE =0.24 x 10
6
/in, p = 2.61 atm, q =0.127 atm 

0 

Orifice # 
1 2 3 4 5 (2+4+5)/3 

1.220 1. 212 

CONFIGURATION BP
2 

MODIFIED W/SAND (2)** 

RE =0.48 x 10
6
/in, p = S. 2 atm, 

0 
q = O. 254 atm 

Orifice ff 
1 2 3 4 5 2+4+5 /3 

1.163 

CONFIGURATION BP
2 

MODIFIED W/SAND (2)** 

RE=0.24xl0
6
/in, p =2.61atm, q=0.127atm 

0 

Orifice # 
1 2 3 4 5 (2+4+5) /3 

1.182 

Sand is No. 20. 
29 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

TABLE V 

Configuration of Blast Gage 

Configuration B - No modification. 

Configuration B Modified - Shaft on gage reduced (compare 
Figures 3-1 and 3- 2). 

Configuration B* Modified - Same as Configuration B Modified 
except for stainless steel tubes to orifices of gage. 

Con figuration BS - Basic gage with 1/2" spike. 
I 

Configuration BS -2 Basic gage with l" spike. 

Configuration BS -3 Basic gage with l 1/2" spike . 

Configuration BS -4 Basic gage with 2" spike. 

* 
Configuration BS

4 
Modified - Basic gage with 2" spike with 

modified shaft and stainless steel lining. 

Configuration BP 1 Modified - Plate 5/~' long with modified 
shaft. 

Configuration BP 2 - Plate 1 1/8" long. 

Configuration BP 2 Modified - Plate 1 1/8" long with modified 
shaft. 

Configuration BP 2 Modified w/sand (1) - same as BP 2 Modified 
but blasted with No. 80 grit on forward portion and No. 40 

grit on strut. 

Configuration BP Modified w/sand (2)** - same as BP Modified 
w/sand 1 except sand on ground 5/8" replaced with ~o. 20 grit. 
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0 4 
Computations of pressure over a 15 wedge pl ane and 

experimental pressures over a double wedge plane5 are given in Table VI. 

The double wedge plane is at an angle of attack of 1°. 

Pressure ratios for the flat plane surface of an airfoil with a 

plano-convex cross section (cambered airfoil) are reported from Reference 

6 and tabulated in Table VII. Table VIII gives the scaled distances for 

these pressures at two distances along each airfoil. The thickness ratio 

is the actual ratio instead of the ratio of maximum thickness to distance 

along the chord. Table IX gives the pressure ratio of flow over a 
7 symmetrical circular arc. The pressures were computed from the smooth 

curves of local flow velocities. Table Xis the pressure gradient at 

maximwn thickness of the circular arc. 

ANALYSIS OF DATA 

The pressure ratios for measurements of pressure on the unmodified 

pancake gage have been plotted against a scaled distance-\­

Mrs 

s + s n o 
T 

in Figure 6. This graph shows that the ratios are a function of both 

the Reynolds number and the Mach number for mass flows greater than 

Mach 1, The cross, triangle and square denote the pressure ratio on 

the air blast gage at orifices 1, (2,4,5) and 3 respectively. These 

are positions from the front to the rear of the gage. Measurements at 

the middle point (triangle) are average values for all measurements 

made at the middle of the chord of the gage. The aerodynamic error 
p 

introduced by the measuring devices in Figure 6 is ..El - 1. The 
p pfs 

deviations of the curves and points from ....!!L. = 1 show the aerodynamic 
pfs 

effect for both subsonic and supersonic flow. The curves for the 

supersonic measurements should not be extrapolated to the right for the 

ufs 
as - approaches J.. 

afs 
1 from the le ft. 

pressure ratios should decrease without limit 

ufs 
This also occurs as - approaches 

afs 
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TABLE VI 

Computed Pressure Distributions for 15° Wedge Plane 

and Experimental Pressure Distribution 

for Double Wedge Plane 

Wedge Plane* 

M s Sb pm/pfs a 

2.5 15.05 1. 4 1. 87 11.6 1.012 

4.5 15.00 1. 4 1. 89 11.0 1.027 

7.5 15 .18 1. 4 1. 87 10.5 1.120 

Double Wedge Plane~* 

s +s s +s pm/pfs 
n 0 n 0 

2s T M 0 

1. 22 1.47 

. 1 1. so l.39 

. 2 6. 7 1.17 1. 10 

. 3 10 1. 20 1.10 

.4 13 1. 25 1. 10 

. 5 17 1. 21 1.09 

.6 20 1.18 1 .. 09 

. 7 1.05 - .98 

. 8 1.06 1.04 

.9 1.07 1. 13 

* S + 8 
. n o 

Pressure rat~o aonstant at s < _< sb. 
a - T 

** Rat fo of thi ckness to length i s 0. 03. 

£ = ti>edge half angle. 



Profile 
No. 

1 

2 

3 

4 

5 

6 

TABLE VI I 

Observed Values of ~m - Pr/Pfs on Flat Surface 

of 6 Airfoils 

Station s +s (pm - P fs) /p fs 
n 0 M 

.5 .65 .80 .95 

8 .050 - .1320 -.2059 -.3266 -.5650 

9 .100 -.1027 -.1659 - ,2683 -.4795 

10 .200 -.0368 - . 0722 - .15 77 -.3348 

11 .400 .0030 .0044 -.0081 .0278 

12 .600 .0074 .0192 .0278 .0474 

13 .850 .0143 .0308 . 0524 .0164 

8 .050 - .1188 -.1843 -.2930 -.6508 

9 .100 -.1085 -.1713 -.2715 - , 4947 

10 .200 -.0578 - .1171 -.1882 -.3904 

11 .400 .0030 .0006 -.0215 .0094 

12 .600 .0089 .0204 .0237 .0486 

13 .850 .0191 .0376 .0573 .0120 

8 .050 - .1102 -.i627 -.2612 -.600 

9 .100 - .1139 -.1718 -.2661 -.5560 

10 .200 -.0662 -.1251 - .1949 -.3974 

11 .400 -.0002 -.0095 -.0533 -.0107 

12 .600 .0103 .0240 .0161 .0632 

13 .850 .0205 .0405 .0546 .0057 

8 .050 -.1022 -.1535 -.2764 -.6804 

9 .100 -.1073 -.1594 -.2522 -.S983 

10 .200 -.0842 -.1361 -.2074 - .4347 
-.0690 

11 .400 -.0149 -.0479 -.1057 -.0417 

12 .600 .0126 .0198 .0009 .0423 

13 . 850 .0243 .0441 .0488 -.0133 

8 .050 -.0928 -.1532 -.2558 -.6849 
-.3010 

9 .100 -.1059 - .1580 -.2585 -.6274 
-.2800 

10 .200 -.0859 - .1367 -.2222 - .4113 

11 .400 -.0313 -.0636 -.1295 - .0771 

12 .600 .0098 .0065 -.0152 .0038 
.0081 

13 .850 .0264 .0447 .0206 -.0354 

8 .050 -.0824 - .1307 -.2518 -.6937 

9 .100 -.0913 - .1467 -.2894 -.6520 

10 .200 -.0796 - .1340 -.2348 -.3551 

11 .400 -.0406 -.0710 - .1375 -.0960 
-.1026 

12 .600 .004 .0021 -.0412 -.0392 

13 .850 .0285 .4407 -.0161 -.0644 

35 

.... 

1.08 

-.5142 
-.4399 
-.3208 
-.3395 
-.024S 

.1020 
-.617U 
-.4S95 
- . 3697 
-.3S26 
-.0832 

.064S 
-.5607 
-.5101 
-.3828 
-.3789 
-.0988 

.0S30 
-.6652 
-.S550 
-.4358 

-.4179 
-.0865 

.0408 

-.6701 

-.S926 

-.4767 
-.437S 

.1274 

.0359 
-.706 
-.6391 
-.5069 

-.4620 

- .1143 
-.0275 



TABLF. VIII 

Scaled Distance on Flat Surface of Six Airfoils at Distances 
from Nose of 0.4 and 0.6 of Length 

Profile* Station s + 
No. 

n 

1 (10%) 11 . 400 
12 . 600 

2 (12%) 11 .400 
12 .600 

-
3 (14%) 11 .400 

12 .600 

4 (16%) 11 .400 
12 .600 

5 (18%) 11 .400 
12 .600 

6 (20%) 11 .400 
12 .600 

T 

* Percent of ratio 2:ax 
0 

s 
0 

.5 
-

33.0 
55.2 

27.4 
46.0 

23.S 
39.4 

20.6 
34.5 

18.3 
30.7 

16.5 
27.6 

s + s 
1 n 0 

;s 1 

.65 . 80 .95 1.08 

15 . 8.0 4.8 3. 27 
25.1 13.4 8.07 5.48 

12.5 6.69 4.01 2. 72 
20.9 11. 2 6.73 4.56 

10.7 5.73 3.44 2.33 
17.9 9.61 5. 7"'' 3.91 

9.39 5.03 3.02 2.05 
15. 7 8.40 5.04 3.42 

8.34 4.46 2.68 1. 82 
14.0 7.49 4.57 3.05 

7.50 4.02 2.41 1.64 
12.6 6.73 4.04 2.74 



TABLE IX 

Pressure Distribution for Laminar Flow Over Circul ar Arc Ai rfoi 1 
of Reference 13 

s +s s +s 
1 

s s 
Size M 

n 0 n 0 n 0 M pm/pfs 
2s T ;r- T m 

0 a, 

311 X 611 .889 . 30 0.98 .90 
II " .40 1.00 .88 
II " .so 8.33 11. 9 1.01 .88 
II " .60 0.99 . 88 

" II . 70 0.97 .91 

3"°'x6' .914 .30 1.01 .92 

" II .40 1.03 .89 
II II .so 8.33 10.9 1. 07 . 84 
II II .60 1.04 . 86 
II " . 70 1.01 .92 

3" X 6" .936 .30 1.04 .89 
II II .40 1.08 .86 
II II . so 8.33 10.2 1.12 . 82 
II II .60 1. 14 .79 

" II .70 1.03 .92 

311 X 611 .954 . 30 1.05 .90 
II " .40 1. 10 .84 

" II .so 8.33 9.6 1.14 .80 
II II .60 1.17 . 78 
II " .70 1.17 .78 

311 X 12 11 . 828 .32 1.07 .83 
II II .40 1.04 .78 

" II . so 4.17 7.34 1.06 .78 
II II .57 1.04 .78 

" " .73 0.95 .88 

311 X 1211 .860 . 32 1.04 .81 
II II .40 1.09 .76 

" II .so 4.17 6. 56 1. 15 . 72 

" " .57 1.19 .68 

" II .73 0.98 . 88 

311 X 1211 .889 .32 1.07 .81 
II II .40 1. 13 .74 
II II .so 4.17 5.94 1. 20 .69 
II " .57 1. 25 .65 
II " .73 1. 25 .65 

3" X 1211 .914 .32 1.09 .82 

" " .40 1. 15 .77 
II II .so 4.17 5.46 1. 23 .69 
II II .57 1. 27 .65 
II " .73 1. 38 . 56 

3" X 12" .936 .32 1.05 .89 

" II .40 1.11 .82 

" II . so 4.17 5.08 1.19 .75 

" " .57 1. 23 .71 
II II . 73 1. 36 .59 
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TABLE X 

Pressure Gradient at Maximum Thickness on Biconvex Circular 

Arc Airfoils with Turbulent Boundary Layer* 

M 
m 

o. 97 
0.98 
0.99 
1.00 
1.01 
1.02 
1.03 
1.04 
1.05 
1.06 
1.064 
1.07 
1.08 
1.09 
1.095 
1. 10 
1.11 
1.12 
1.13 
1. 14 

6% 12% 

.0065 

.0065 

.0070 

.0075 

.0080 

.0090 

.0120 

.0215 

.0230 

.0215 

.0120 
-.001 

-.0115 

.0140 

.0145 

.0150 

.0155 

.0160 

.0175 
.0190 
.0205 
.0225 
.0245 

.0270 

.0300 

.0345 

.0350 

.0345 

.0240 
.0090 

-.0060 
-.0200 

*Reference 13 
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At the l owes t s upe r sonic Mach numbers , the e rror i s near l y 10 . 

perce nt and s hows a pr ~ss ure l ower than free s tream pressure . As the 

Mach number in creases the s ucti on decreases until finally the press ure 

is g e ater than free s t ream pressure . The e rror increases to more than 

100 percent at the highest velocities . Figure 6 also shows that the 

error decreas es as the position of meas urement i s moved further back 

from the leading edge of the plate. 

Since it was s hown in Reference l that in order t o have the smalles t 

error the trans ducer should be in a flat surface, flow conditi ons over 

fl 1 . 4, 5 ,6 T . . 
a at s urface are a so considered. he pressure at two pos1t1ons 

of the plat e of Re ference 6 is plotted in Figure 6. The positions of 

measurement are at 0.4 the length of the plate and in front of the 

positi on of maximum thickness and 0.6 the chord length and behind the 

position of maximum thickness. A smooth curve is drawn through these 

points and it is assumed that in the range considered this curve gives 

the maximum error in the pressure measurement. 

The photographs in References 7 and 9 show the flow field around 

airfoils of various shapes. Figure 7 has been taken from Reference 9 

and shows the flow field on the flat surface of an airfoil similar to 

that in Reference 6 and shows that there is a transition from unsteady 

to steady flow over most of the plate at transonic speeds. Reference 7 

shows that on the circular surface of a symmetrical element the flow 

changes from symmetrical flow over most of the surface to asymmetrical 

flow with attached shocks as transonic speed approaches Mach 1. Figure 6 

shows that as the flow speed approaches the speed of sound the error 

increases without limit. It should be noted that as shown in Reference 

7 the flow speed may reach the local speed of sound with out attached 

shocks being present, 

Figures 8 and 9 show the pressure variations over the flat surfaces 
s + s 

n ° of 0. 4 
of six cambered airfoils at different Mach numbers for 

T 

and 0.6 respectively. Smooth curves were drawn through points of 

different thickness at each flow velocity in Figures 8 and 9 to show the 
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FIGURE 7. SCHLIEREN PHOTOGRAPHS OF FLOW OVER AN AIRFOIL 
AT ZERO ANGLE OF ATTACK SUPERIMPOSED ON CURVES OF P* /

Pf, VERSUS DISTANCE. THE DASHED CURVE (----- ) IS THE LOWER
SURFACE PRESSURE AND THE SOLID CURVE (----- ) IS THE UPPER
SURFACE PRESSURE THE LOWER SURFACE IS PLANE AND THE 

UPPER SURFACE IS CONVEX (NACA420)
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effect of th ickness at a given flow ve l oci t y. Smooth curves were al so 

drawn through point s of different flow velocity (Mach 0 . 5 to 0, 95) at 

each thi ckness i n Figure 8 t o show the effect of flow ve locity at a given 

thickness . Due to the difficult ies in reading the graph the second set 

of curves was not drawn in Fi gure 9, The l arge error at the very high 

Mach numbers woul d indi cate that standing shocks are formed and flow over 

most of t he surface i s st eady as shown in Figure 7, Table s VIII and I X 

show thi s for the point of maxi mum thickness of a symmetrical ;> r efile. 

Also shown on Figure 6 i s the pressure over the H-3 British gage, These 

pressure s are tabulat ed in Tab le XI and show error is negligible for l ow 

subsonic flow Mach n~~ber s . 

Fi gure 6 shows t hat i n order t o have negligible error the measure­

ment s should not be made for pr essures corresponding to f] ow velocities 

near Mach 1. Figures 8 and 9 show that thickness ratio must be of 

the order of O .1 or less , the ratio that was recommended in Reference 3, 

Since Figure 9 i ndicates pressure ratios for measurements behind t he 

point of maximum thickness, these measurement s should be considered when 

an analogue for the pancake gage is needed. 

The measurements made on the gage arter modification were at 

Mach 4,5, Table I shows that for air blast measurements this flow 

velocity does not exist. Figures 10 and 11 do, however, show the effects 

of the vari ous modifi cations on the pancake gage. The notation, 

Configurati on B means basic gage, Configuration BS is gage modified 

with spike and Configuration BP means gage modified with a plate. The 

plate attached to the gage shows the greatest de crease in pressure 

error over the gage, All measurements p /pf are larger than 1. These 
m s 

curves, however, magnify the effect of having the measuring device 

awa:y from the leading edge. 

A shock i s reflected at the point where the gage is supported at 

the back as shown in e in Figure 1, The shart should be as t hin as the 

gage housing in order to eliminate this reflected wave. 
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TABLE XI 

Pressure Ratios on Surface of British 11-3 Gage 

1 
s + s 
n 0 

pm/pfs M M3 T 

. 200 580 .998 

. 300 172 .996 

. 400 70 .992 

. 500 37 .990 

.550 

.600 21 . 984 

.650 17 .979 

. 701 13 .980 

. 726 12 .976 

. 752 11 .975 

. 777 

.803 9.0 .972 

. 827 8.2 .972 
,854 7.4 .973 
. 869 
. 879 6.9 .980 
.905 6.3 . 995 

s + s = 1.3 inches 
n o 

T = .28 inches 
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RESPONSE OF FINITE GAGE 

The problem considered is that of the response of a gage element 

of finite size to pressure pulses_ of triangular and Friedlander form. 

The plane element is orientated with the axis parallel to the direction 

of propagation of the shock. The shock front posi tion on circular or 

rectangular crystal at time t is shown in Figure 12. The end function 

differs according to how the pulse is terminated (Figure 13). 

The pressure pulses are: 

p = 0 , t < 0 
( 1) 

t p = (1 - 0), t ~ o, 
1 

and 

p = 0 t < 0 

t 
(2) 

t p = (1 - -) e 0 , t > 0 
0 2 
1 

where (1) is the triangular form and (2) is the Friedlander form with 

two constants. The pressure Pis the ratio of excess pressure to peak 

excess pressure at shock front. Another form, the modified Friedrich 

t • lO h t b id d If th 1 t • t d equa 10n as no een cons ere. e puses are erm1na e , 

P = 0 fort> 0
1

. 

It is assumed that the pulse does not change its form while traveling 

over the piezoelectric element, Figure 14. Also, the wave velocity is 

constant and wave length is equal to or longer than the element. The 

distance R - R is denoted bys to facilitate integration and is 
0 

measured from the center of gage. 
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.,__ _____ R o,------t1~-M--+--..t 

.,__-----R----------llo.N-....., 

GAGE~ #' 

d S ELEMENT OF GAGE 

I~ SHOCK FRONT 

FIGURE 12 - SHOCK FRONT PROPAGATING ACROSS A RECTANGULAR 
OR CIRCULAR CRYSTAL 
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t 
p 

FRIEDLANDER 

',, /TRIANGULAR 

"' ' ' 
0 t~ 

', 
(a) NON -· TERMINATED WAVES 

t 
p FRIEDLANDER 

...._ '.{ TR !ANGULAR 

' ' ' 
0 t .... 

( b) TERMINATED WAVES 

FIGURE 13-ASSUMED FORMS OF PRESSURE PULSES 

50 
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---~-------------~ 0 

- .!o < t < .§..9 u - - u 
(a) SHOCK FRONT ON GAGE SURFACE ANO TAIL OF SHOCK OFF SURFACE 

So < t < 8 _ So 
U - - I U 

_________ ...., 

( b) SHOCK FRONT ANO TAIL OF SHOCK OFF GAGE SURFACE 

s, - !2 < t < s, + .!2. u - - u 
( c) SHOCK FRONT OFF GAGE SURFACE BUT TAIL OF SHOCK ON GAGE SURFACE 

FIGURE' 14 -PRESSURE PULSE WITH DURATION 8, PROPAGATING 
ACROSS GAGE OF LENGTH 2S 0 



The re sponse is defined as the electric output, for a piezo­

electric gage ratio of electric charge, to applied force:. It is assumed 

that the charge is proportional to applied force on the element. If at 

s = O, t = O, the pressure on a rectangular element is 

K 
2s L 

0 

--u 

s s 
_Q_<t<....Q. 
u - u ' 

s 
0 

t ) dA( t ) 
0 0 

P(t - t ) dA(t ) 
0 0 

s 
0 

u 

= 2~ L l P( t - t ) dA( t ) ,, t 0 0 0 0 - • 

s 
0 

0 - -u 

when the pulse is terminated. 

s 
<t<0+....Q. u , 

( 3) 

If the wave is not terminated, the domain of the second expression 
s 

0 
becomes U ~ t ~ T 1 and the third expreszion does not appear. The static 

response is 

p = KA p . 
S g C (4) 

P is known pressure applied to gage of area A. 
C g 
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The impulse whi ch i s 

I(t ) 
0 

P( t - t ) dt 
0 

( 5) 

is determined by integrating the pressure over time. Figure J2 shows 
that the domain of integration must be separated into three parts when 
the wave is terminated, hence impulse becomes 

s s s 0 0 0 

3 1:0· u K f 0 + U r.o E p. dt = P(t - t ) dA( t ) dt. l 2s
0
L 0 0 

i=l s 
0 - - - - - -u u u 

When the wave is not terminated, the integral is separated into two 
parts. 

s s 

( 6) 

0 If, however, before t = - U and after t = 0 
0 + U' P = 0, the order 

of integration may be interchanged so that 

s 
0 

U 3 
~ pi dt = KI. ( 7) 

i=l 

s 
If for t > 0 + U 

O 
P < 0 the above integral is less than KI, 
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11 W. Fader computed the force and impulse on a rectangular plat e 
for a. t erminat ed triangular wave. 'l'he force was 

KU =-2s 
0 

s s 2 t2 st 
{....2. - ~ - - + t - -2-} U 20tf 20 0U 

p2 ( t) t = K (1 - -) 
0 

( a) 

s s 
_£ < t < 0 - 0 

u - u 

s s 2 t2 S t 
p

3
(t) = KU {Q + ...£ + _o_ 0 + -- t - -} 2s 2 U 

20u2 20 0U 0 

Fader showed that the impulse for a rectangular plate of finite 
size is 

I = K Q 
2 (9) 

Hence impulse is independent of size. This result was shown in 
Equation (7) and indicates that the treatment of Fader is general and 
holds for any wave without a negative phase, but is in .orrect for an 
actual transient shock in air. 
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When a circular element is considered the pressure 

4> . sin 4>1 cos 4>1 s 
Pl ( t) 

l 0 
= K(- - +-ii, 

iT iT lTU0 1 

sin 3 
4>1 s s 

0 0 
- - sin 4>1 + nU0 3 ) ' nU0 

s s 
_...2.<t < +...2. 

u - u 

s 

p2(t) = K(l - ½ + U~), 

p
3
( t) = 

The impulse is 

s s 
K(u0 

cos 4> -
0 

~l cos 4>l 1 nU0 

2s s 
+ .!. _£_ 0 

2 nU0 sin 24>1 cos 4>1 + nU0 

s s 
0 - uo 2- t < 0 + uo 

2s 
0 

0 K-2 

cos 4>1 

sin 3 
4>1 

3 ) ' 

Hence the impulse is also independent of the element shape for a 

terminated triangular wave. 
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When the wave form is of the Fri edlander form the i mpulse is 

K 0 e - l f or a t e rminated wave over a re ctangular plate . 

We sley Curtis has made measurements on sphe~ical Pentolite for 

positive and negative impulse and duration (Table XII). The negative 

duration is always longer than positive duration by a factor of two or 

more. Table XIII shows th~ time of maximum negative pressure ( time of 

minimum pressure). This time is plotted in Figure 15 along with the 

durat ion for 1 and 5-pound explosive charges. The measurements 

of Curtis i ndicate that in computing response and impulse of 

explosive charges the computations should be for non terminated waves. 

A nonterminated wave of triangular form over a rectangular plate 

applies forces on the ga.ge 

The impulse 

2s 
0 

6 
0 

s 
0 

so t2 tu 
{t + U - 20 - ~ -

s s 
0 0 

--u _<t<-, -u 

s 
0 

t > --u 

2 
s 

(--2.) 
u 
20 } ' 

KU 
I = 2s 1 ~o dt 

0 
P(t - t) dt 

0 

0 u 

K T12 l s 2 
= -

2 
{ 2T - - - - ( --2.) } • 

1 0 30 U 
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R /Wl/3 
0 

ft 
lb173 

4.98 
5.07 
5.10 
5.99 
7.27 
8.09 
8.12 
8.42 
9.57 

11.17 
11. 25 
11.63 
14.5 
20.2 
29.2 
40.6 

TABLE XII 

Experiment al Shock Parameters for Five Pound 
Spherical Pentoli te 

I tit 

2 msec/in msec 

Positive Negative Positive 

18.26 26.97 1. 97 
16.83 22. ~l 1.94 
17.23 25.83 1. 82 
15.62 19.63 2.26 
13 .12 15.75 2.79 
11.66 12.33 2.98 
11. 27 16.06 3.91 
11. 87 12.46 3.15 
10.76 9.83 3.46 
8. 77 8.29 3.65 
8.93 9.36 3.98 
8.82 9. 14 3.84 
6.82 5. 77 4.22 
5.03 3.78 4.81 
3.40 5.33 
2.59 5.80 

TABLE XIII 

Average Time to Maximum Negative Pressure 

R /Wl/3 
0 

ft/lbl/ 3 

5.04 
6.05 
7.33 
8.50 
9. 72 

11. 76 
14. 71 
20. 51 
29.52 
41.10 

57 

t 

1/3 msec/lb 

3.20 
3.48 
4.18 
4.32 
4.66 
5.07 
5.46 
6.15 
6.60 
6.00 

Negative 

15.6 
16.7 
19 .1 
16.6 
17.4 
16.0 
16. 1 
15.8 
13.6 
16.4 
17.2 
15.8 
12.3 
11. 7 
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The nont e rminat ed Friedlande r for m with t wo con s tant s has r esponse 

t - t 
0 

u 

s 
0 s 

KU = - e 
2s 

t [ 0 - - 2 
0 - e 2 0 

1 

- --
U02 (t + ....£ + u 

0 

+0 - 0; ] 2 0 ' 
1 

s 
S 0 

- - < t < u - - u 

and 

s 
0 

KU t - U02 
P

2 
( t ) = - e - 0 [ ( e 

2s 2 
0 

s s 
0 0 --U0 U0 0 s 

0 - 0 ) 2 1 

s 

02 
2 

+--
0 
1 

+(e 2 + 2) 2 ....£] t e , > - . u 0 1 u 

If 0 = 01 = 0. 2 

t 
s 

0 s - - - - (t + uo)] 
pl ( t) 

KU 0 [e 
U0 , 

= 2s e 
0 

and 

s s 
t 0 0 - - -w U0 t KU 0 [ ( e p2(t) =- e - e 

2s
0 

s s 
0 0 

- U0 - s 
+(e + e U0) ...£] 

u . 
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( 14a) 

(14b) 

( 15a) 

(15b) 
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j 

The response to the Friedlander form of pulse by plates of variable area 

such as circles and ellipses reqnire nwnerical integration to evaluate 

the integral. However, when the front of the shock is on a circular 

element the response is 

2 t.1 t so 
P1(t) • 2 so J_<1 - e + ue 

0 

s 
0 

cos 0 - ue cos t} 

t s s 2 

{exp (- 0 + U~ cos 0 - U~ cost)} sin 0 d 0 

t - a s 

• _ 2u 9 s e {l _ i o cost} sin~ 

o 0 - U0 

2s 2 t 
o - a 3 

+ 3ue e sin t 

• 

( 16) 

From the evaluated integral it can be shown that the duration of the 

pulse of the triangular shape must be at least 5 times the crossing time 

of the gage if the peak of pulse is 90 percent or more of its true maximum. 

For the Friedlander form the duration must be ,t least 10 times the 

crossing time of the sensing element. 

DESIRED FREQUENCIES OF MEASURING ENSEMBLE 

The characteristics desired of a piezoelectric gage are: 

linearity, freedom from frequency dependent and non-linear hysteresis, 

thermal stability, ruggedness, adequate high frequency response, minimum 

distortion and simplicity. Recently Z cut Tourmaline has been used to 

measure pressures up to 21 kilobars with no evidence of hysteresis or 

14 
mounting effects. 

A distortion of the pressure pulse m~ be caused by an insufficient 

time constant or frequency response ot the gage circuit, low frequency 

response of the oscillograph or amplifier, as well as to distortion 
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due to the gage size. The modern cathode ray oscillograph, itself, i s 

quite free from resonanre effects, being equally sensitive over a wide 

range of frequencies and will indicate with adequate fidelity the change 

in electric charge produced by an impulsive load on a piezoelectric 

crystal. 

The time constant of the gage circuit must be large compared to 

the duration of the pulse considered, whereas the time constant of the 

amplifier must be small compared with the duration of the pulse 

considered. Therefore, in order to reproduce the signal to a high 

degree of accuracy, the ensemble (gage, cable, amplifier oscillograph) 

must be considered when computing response. 

The gage must be so const ructed that the period of its lowest 

mode of vibration must be small ( fundamental frequency high) compared 

to the duration of the pulse considered. The fundamental frequencies 

of thin circular plates have been calculated using the equation 17 

2 
w = (1.015) 

2 
'If t 

2 
S 

0 

where tis thickness, s is radius,~ is modulus of rigidity, Eis 
0 1 

Yollllg's modulus, pis density,~= ~(E + 2~) (3~ - E)- and w • 2'1ff 

where f is the frequency. These frequencies are tabulated below. 

Fundamental Free Vibrating Freguencies for Thin Circular Plates 

Metal Thickness Frequencies {kilocycles/sec) 
inches 

Diameter {inches) 

0.250 0.375 0.500 0.625 0.750 o.875 1.000 

Steel . 36 .050 304.8 135.7 76.4 49.2 33.9 25.1 19.1 

Steel .63 .050 298.6 133.0 74.8 48.2 33.2 24.5 18.7 

Br6.as .050 198.2 88.3 49.6 32.0 22.0 16.2 12. 4 
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The peri.ods of these plates are low, by a factor of ten, compared to the 

duration of pulses in ~he range of R /w113 = 4 to R /w113 • 40 as com-
e o 

puted for 1/8 and 1/2 potmd as computed from values on Figure 15. 

The frequency response of the oscillograph presently being used is 

approximately 250 kilocycles. Since the diaphragms have frequencies 

of a much lower order of magnitude, t hese frequencies are not negligible. 

The frequencies should be at least three times the frequency that can 

be recorded for negligible contribution to the error. Although the 

gages used are mechanically overdamped so that no resonance effects are 

observed, the resonance frequencies determines the lower limit to the 

highest frequency of faithful response. The factor 3 used is an old rul~ 

of thumb which should be used with discretion. 

CONCLUSION 

Air shock gages for side-on pressure disturb the flow about the 

gages depending on their thickness ratios and position of measurement 

on the gage housings. Wind ttmnel tests show that error is dependent 

upon the flow velocity and Reynolds number. The ranges of Reynolds 

numbers for the test were 2.8 x 106 per ft to 8.6 x 106 per ft and free 

stream pressures were from 0.29 x 10-2 atm to O. 58 x 10-2 atm. For air 

with shock flow velocities between Mach 0.802 and 2,183, the Reynolds 

numbers are 11.2 x 106 per ft to 64 x 106 per rt. The Reynolds numbers 

behind shock. at sea level are much higher, hence conditions are not 

comparable. The tests do show that as Reynolds number decreases the 

error increases, which is what happens when measur.ements are made at 

reduced atmospheric conditions. Shock tube tests on a pancake gage at 

subsonic speeds also show error increasing with increasing Mach number 

18 
and atmospheric condition. 

The gage thickness ratio should be less than 0.1 and the transducer 

should be positioned awa::1 from the leading edge. The shaft should not 

be thicker than the gage. 
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The error due to the angle of attack is small if the angle of attack 

is less than 1°. Gages in the form of a long glat plate with a circular 

arc-type leading edge are practical for pressure measure111ents as shown 

6 15-16 
in Figure , 

The computed response and impulse of a transducer is dependent upon 

whether a pulse is ~erminated or not . The pulse should not be terminated 

when considering experimental response and impulse because of the large 

influence of the negative phase of the pulse, 

The diaphragm frequencies should not be neglected when the gage 

is constructed; when piezoelectric elements such as Tourmaline are used, 

the diaphragm may be omitted. 
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