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SUMMARY 

Vibrational equilibrium conclitlons behind a reflected shock wave may be 
calculated for a real gas by considering the ga 9 as deal with constant specific 
heats with heat extraction. Use of a computer allows the equlllbrium properties 
to be determined and tables for COa and NaO are given as an example. 

In the Rayleigh-lme method developed by Johsnnesen'(i961) vlbratlonal 
relaxation regions in shock waves are analysed by treating the flow as that of an 
ideal gas with constant specific heats with heat extraction. Rees*(l965) adapted 
this method for the use on a computer and compiled tables of equilibrium conditions 
behind normal shock waves 111 COa and NaO. In the present paper the properties 
behind a shock wave reflected from a plane wall are found by usxng .s modlf'ed 
version of the computer program of Rees. Johannesen, Bird and Zxnkiewice 3 applied 
the method of characteristics together with the Rayleigh-line and shock wave 
problem and determined the distribution of properties in the non-uniform region 
immediately after reflection, but their method is not particularly suitable for 
an accurate determination of equilibrium properties. 

Fig.1 shows .sn x,t-diagram of a shock wave reflection with particle 
paths (whose curvature in the relaxation regions is greatly exaggerated). 

Using an approach similar to that of Rees the equilibrium conditions 
behind the incident. shock are found. These conditions become the initlsl conditions 
for the reflected shock wave. The gas behind the reflected shock comes to rest at 
equilibrium. With reference to Fig.2, the frozen Mach number mR of the gas =n 
regxon 2 reletlve ta the reflected shock is given by:- 

% = lVR’ + “a * aa 

where V R = veloc~.ty of reflected shock relative to the wall 

u, = velocity of the gas in region 2 relative to the wall 

B a2 
= frozen velocity of sound in reson 2 

The velocity of the gas in regzon 5 relative to the reflected shock 1s 
equal to the velocity of the reflected shock relative to the wall. 

where/ 
-----_----------------------------------------------------------------------------- 
* Replaces A.R.C.31 421 
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where m6 = frozen Mach number 111 region 5 relative to the shock. 

a 
a5 

= frozen velocity of sound. xn region 5. 

Thus 

A flow diagram of the computer program 1s given. Usug the ldentuzal 
vIbrationa energy approxuation to that of Rees, the Mach number of the o gas 
(m) is decreased from Its value at the shock front (m,) 1x1 steps of 0.1 wt.11 the 

energy extracted from the a gas (?J) 1s greater than the energy absorbed III 
vibration (5) ~.e., until (F - q) becomes negative. The previous value of m 
is taken and m 1s decreased in steps of 0.01. Thlsgrocess 1s repeated until 
equllbrum IS reached (me., unt.11 (q - rj) < 0.0001 11). The equlllbrum 
propertles behrnd the primary shook are calculated and used as lnltial contitlons 
for the reflected shock. % IS calculated usug trial values of e and B 

as * 
For the first trlal It is suffuxent to use the frozen Mach number of the flow in 
region 2 relative to the inculent shock and the frozen speed of sound in region 2. 
The whole process 1s repeated yielding better values of Q and a 

a5 * 
A better 

value of % 1s calculated and the cycle is repeated until % does not change by 

0.0001 %. The equlibrlum conditions behlnd the reflected shock we then 

calculated using the Rayleigh-line equations. Examples of tables calculated In 
thu way are given for CO* and NzO. The frozen/frozen values at the reflecting 
wall are also included. 

Mach number of the incident shock in the real gas 

Frozen Mach number of the a gas in front of the reflected shock 
relative to the reflected shock 

Veloolty of the reflected shock relative to the wall 

Velocity of the gas 1x1 front of the reflected shock relative to the wall 

Frozen velocity of sound xn the a gas XI front of the reflected shock 

Frozen Mach number in the a gas behlnd the reflected shock relative 
to the shock 

Frozen velocity of sound ~.n the a gas behlnd the reflected shock 

Mach number of the a gas 

Mach number of the a gas at the shook front 

Energy extracted from a gas 

Energy absorbed by the real gas in vibration 

Frozen/frozen temperature at the reflecting wall 
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The rat.10 of froeen/rrozen pressure at the reflecting wall to the 
initral pressure III front of the xxldent shock 

The rat.10 of frozen/frozen density at the reflecting wall to the 
xnltlal density in front of the incident shock 

Temperature at the reflected shock front 

The ratlo of the pressure at the reflected shock front to the 
lnitlal pressure UI front of the lncldent shock 

The ratlo of the density at the reflected shock front to the 
initial density in front of the uvxdent shock 

Equxllbrum temperature of the gas behind the reflected shock 

The rat.10 of the equllbnum pressure behlnd the reflected shock 
to the uutlal pressure ~.n front of the incident shock 

The ratlo of the equulllbrlum density behlnd the reflected shock 
to the lnltul density in front of the lnc~dent shock 

The Mach number of reflected shock relative to the inxtlal gas 
in front of the lncxdent shock 

PF/PI 

T* 
‘*/PI 

P$pi 

T5 

Pdh 

PJPI 
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Flow Dldgram for Calculntlon -Of bqulllbrlum Values 

-ccalculdte condltlons b, TO, and md put m - rntl 

decrease m by .I 

calcul&te T, TO and hence in and ij corresponding to m 

J 
test lf (q - y, < 0.0001 ;i 

4 
test sign of (q - 71) 

If negative 1s posltlve 

- take prenous m, reduce ste? III m to .I of prenous step 

If calculating lncldent shock If calculating reflected shock 

alculate equlllbrlum by substltutlon of m2 
IR Rc<ylelgh-line equation 

i 
put equlllbrlum propertles oehlnd lnclcent shock 
equal to properties in front of reflected shock 

test successive vzAw2s of mR 

If greater thdn .OOO’i prevrous mR If less tha .OOOl prenous mR 

calcuLte equlllbrlum by substltutlon of 
m;, m Rdylelgh-line equntlons 

1 
St00 



$ plJpl P&l 
1.1 316.8 1.28 1.195 
1.2 354.0 1.68 1.567 
1.3 391.5 2.63 1.963 
1.4 429.9 3.55 2.435 
1.5 469.7 4.64 2.917 
1.6 510.9 5.93 3.422 
1.7 554.0 7.41 3.944 
1.8 598.9 9.09 4.477 
1.9 645.: 10.9e 5.014 
2.0 694.9 13.0s 5.553 
2.1 746.1 15.40 6.088 
2.2 799.5 17.93 6.616 
2.3 855.1 20.63 7.135 
2.4 913.0 23.65 7.643 
2.5 973.1 26.84 8.136 
2.6 1035.6 30.25 8.616 
2.7 1100.4 33.87 9.080 
2.8 1167.5 37.71 9.527 
2.9 1237.0 41.76 9.959 
3.0 1308.8 46.03 10.374 
3.1 1383.0 50.50 10.772 
3.2 1459.6 55.19 11.154 
3.3 1538.6 60.08 11.520 
3.4 161939 65.19 11.871 
3.5 1703.6 70.49 12.206 
3.6 1789.7 76.00 12.527 
3.7 1878.2 81.71 12.834 
3.8 1969.0 87.62 13.127 
3.9 2062.3 93.73 13.407 
4.0 2158.0 100.03 13.675 

p,‘p1 
319.9 1.39 
352.0 2.02 
384.0 2.80 
416.5 3.77 
449.7 4.93 
483.9 6.30 
519.3 7.89 
556.0 9.71 
594.0 11.79 
633.5 14.12 
674.3 16.71 
716.7 19.59 
760.5 22.74 
805.0 26.20 
852.7 29.95 
931.1 34.01 
951.1 38.38 

1002.6 43.08 
1055.6 48.10 
1110.2 53.45 
1166.4 59.13 
1224.1 65.16 
1283.3 71.54 
1344.2 78.26 
1406.6 85.35 
1470.5 92.78 
1536.0 loo.59 
1603.1 108.75 
1671.8 117.29 
1742.0 126.20 

Pa’Pl T5 

1.283 
1.691 
2.155 
2.671 
3.234 
3.839 
4.481 
5.154 
5.853 
6.574 
7.311 
8.062 
8.822 
9.589 

10.360 
11.133 
11.905 
12.675 
13.440 
14.201 
14.956 
15.704 
16.445 
17.177 
17.900 
18.514 
19.318 
20.012 
20.697 

324.2 
351.8 
378.8 
405.7 
432.7 
460.0 
487.9 
516.4 
545.5 
575.3 
605.8 
637.1 
669.2 
702.0 
735.7 
770.1 
805.L 
841.5 
878.4 
916.1 
954.6 
994.0 

1034.3 
1075.3 
1117.3 
1160.1 
1203.8 
1248.3 
1293.7 

21.371 1340.0 

Pg’P1 Wl 
1.53 1.391 0.9142 
2.21 1.857 0.8789 
3.06 2.397 o.e515 
4.14 3.009 0.8302 
5.41 3.690 0.8137 
6.92 4.436 0.8010 
8.67 5.241 0.7914 

10.68 6.103 0.7844 
12.97 7.015 0.7794 
15.55 7.972 0.7762 
18.42 8.971 0.7745 
21.61 10.005 0.77LO 
25.12 11.072 6.7746 
28.95 12.166 0.7762 
33.13 13.284 0.7785 
37.65 14.422 0.7815 
42.53 15.577 0.7851 
47.77 16.746 0.7893 
53.38 17.926 0.7940 
59.36 10.115 0.7991 
65.72 20.309 0.8046 
72.47 21.507 0.8104 
79.61 22.708 0.8166 
87.15 23.908 0.8230 
95.09 25.107 0.8298 

103.44 26.303 0.8368 
112.19 27.495 0.8440 
121.37 28.681 0.8515 
130.95 29.860 0.8591 
140.96 31.032 0.8670 



p,'pl Pa’Pl 
4.1 2256.1 106.53 13.933 1813.9 135.49 22.035 
4.2 2356.5 113.23 14.175 1887.2 145.15 22.689 
4.3 2459.4 120.12 14.40E 1962.2 155.19 23.332 
4.4 2564.7 127.20 14.631 2038.7 165.62 23.965 
4.5 2672.4 134.47 14.844 2116.9 176.43 24.587 
4.6 2737.5 141.93 15.048 2196.6 187.63 25.199 
4.7 2895.0 149.58 15.243 2277.9 199.22 25.801 
4.8 3000.9 157.42 15.429 2360.7 211.20 26.392 
4.9 3127.2 165.45 15.607 2445.2 223.57 26.973 
5.0 3246.9 173.66 15.778 2531.2 236.34 27.544 
5.1 3369.0 122.06 1.941 2618.9 249.50 28.104 
5.2 3493.6 190.64 16.09s 2708.1 263.05 28.655 
5.3 3620.5 19r.41 16.246 2798.9 277.00 29.196 
5.4 37L9.9 208.35 lC.391 2891.3 291.35 29.727 
5.5 3881.7 217.49 16.529 2985.3 306.10 30.248 
5.6 4015.8 22C.80 16.661 3os1.0 321.25 30.760 
5.1 4152.4 236.30 16.787 3178.2 336.80 31.262 
5.E 4291.4 245.98 16.509 3277.0 352.74 31.755 
5.9 4432.9 255.84 17.(25 3377.4 369.09 32.239 
5.0 4576.7 265.67 17.137 3479.4 385.84 32.713 
G.1 4722.9 276.09 17.245 3583.0 4C2.98 33.179 
6.2 4871.6 286.49 17.:49 3688.2 420.53 33.636 
6.3 5022.7 297.07 17.L48 3795.0 438.48 34.085 
6.4 5176.2 307.83 17.!44 3903.4 456.83 34.525 
6.5 5332.1 318.76 17.636 4013.5 475.58 34.956 
t.6 5490.4 329.87 17.724 4125.1 494.73 35.380 
6.7 5651.1 341.16 17.&C? 4238.3 514.28 35.795 
6.6 5814.3 352.63 17.892 4353.2 534.22 36.202 
6.9 5979.8 364.28 17.971 4469.7 554.57 36.6C2 
7.0 6147.8 376.lC la.047 4587.7 575.32 36.994 
7.1 6318.2 388.10 18.121 4707.4 596.46 37.379 
7.2 6491.0 400.28 18.192 4828.7 618.01 37.756 
7.3 6666.2 412.63 18.26r: 4951.6 639.95 30.126 
7.4 6;43.'? 425.16 lc.326 5076.1 662.29 38.489 
7.5 7023.9 437.86 18.390 5202.3 685.02 38.845 

TF PF'Pl Wl T5 

1387.2 
1435.4 
1484.4 
1534.3 
1585.1 
1636.8 
1689.5 
1743.1 
1797.6 
1853.1 
1909.4 
1966.8 
2025.0 
2084.3 
2144.4 
2205.5 
2267.6 
2330.6 
2394.6 
2459.5 
2525.4 
2592.2 
2660.0 
2728.8 
2796.5 
2869.2 
2940.8 
3013.4 
3087.0 
3161.5 
3237.0 
3313.5 
3390.9 
3469.3 
3548.6 

p5'pl VR’al 
151.40 32.195 0.8750 
162.26 33.349 0.8832 
173.55 34.492 0.8916 
185.28 35.624 0.9001 
197.44 36.745 f2.9087 
210.04 37.854 0.9175 
223.08 38.951 0.9264 
236.56 40.035 0.9355 
250.48 41.10s 0.9447 
264.85 42.162 0.9539 
279.66 43.206 0.9633 
294.92 44.235 0.9728 
320.62 45.251 0.9224 
326.78 46.252 0.9920 
343.39 47.239 l.OCl8 
36C.44 48.111 1.0117 
377.95 49.169 1.0216 
395.91 50.113 1.0316 
414.31 51.042 1.0417 
433.17 51.957 1.0518 
452.49 52-857 1.062C 
472.25 53.743 1.0723 
492.47 54.616 1.0827 
513.14 55.474 1.0931 
534.26 56.318 l.lC35 
555.83 57.149 1.1141 
577.85 57.965 1.1246 
600.32 58.769 1.1353 
623.25 59.559 1.1459 
646.62 60.336 1.1566 
670.45 61.lQO 1.1674 
694.72 61.651 1.1782 
719.44 62.59@ 1.1890 
744.61 63.316 1.1999 
77@.23 64.030 1.2?08 

PS'Pl 



)*I 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.S 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2-a 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.S 
3.9 
4.0 

TF pF'pl 
314.6 1.25 
351.5 4.84 
3aa.a 2.57 
426.9 3.47 
466.3 4.55 
507.2 5.81 
549.9 7.26 
594.4 a.91 
64O.T 10.77 
689.4 12.54 
740.1 15.12 
792.5 17.61 
847.9 20.32 
905.2 23.25 
964.7 26.39 

1026.5 29.74 
1090.6 33.32 
1157.0 37.10 
1225.7 41.10 
1296.5 45.31 
1370.2 49.72 
1445.9 54.35 
1524.0 59.16 
1604.4 64.21 
x87,2 69.45 
1772.L 74.89 
1859.9 80.53 
1949.8 86.36 
2042.1 92.40 
2136.7 98.63 

%'Pl Ta P,'Pl T5 p5'pl p5'pl "A 
1.174 318.2 1.37 1.273 322.9 1.53 1.394 0.907P 
1.541 349.6 1.99 1.681 349.4 2.21 1.864 0.8716 
1.952 380.9 2.77 2.147 375.3 3.07 2.410 0.8434 
2.359 412.7 3.73 2.666 bO1.1 4.12 3.030 o.a2i4 
2.376 445.2 4.88 3.234 427.1 5.39 3.722 0.8043 
3.3i7 478.7 6.24 3.846 453.5 6.89 4.481 0.7912 
3.855 513.4 7.82 4.495 480.5 a.64 5.303 0.7811 
4.41'3 549.3 9.64 5.178 505.0 10.65 6.183 0.7737 
4.9_ca 586.5 11.71 5.888 536.2 12.93 7.115 0.7684 
5.454 625.2 14.03 6.621 565.1 15.51 8.096 0.7649 
6.r26 665.2 16.62 7.372 594.7 18.38 9.118 0.7629 
6.553 706.7 19.49 a.137 625.1 21.57 10.179 0.7622 
7.070 749.7 22.65 8.912 656.3 25.08 11.273 0.7626 
7.576 794.2 26.10 9.695 688.3 26.92 12.396 0.7639 
8.C69 840.2 29.85 10.481 721.0 33.10 13.544 0.7660 
8.5[8 887.7 33.91 11.270 754.6 37.63 14.712 0.7688 
9.012 936.8 38.29 12.058 788.9 42.52 15.899 0.7723 
9.4E9 987.3 42.99 12.a44 824.1 47.77 17.100 0.7763 
9.asi 1039.4 48.01 13.627 860.0 53.39 18.31.7 0.7~07 

10.3C6 1093.1 53.37 14.404 896.8 59.38 19.533 0.7857 
10.7c5 1148.2 59.06 15.175 934.4 65.76 20.760 0.7910 
11.0&E 1204.9 65.10 15.938 972.8 72.52 21.991 0.7967 
11.455 1263.2 71.4s 16.694 1012.1 79.68 23.225 0.8027 
11.806 1323.0 78.22 17.441 1052.2 87.23 24.458 0.8090 
12.143 1384.3 85.31 15.179 1093.1 95.19 25.690 0.8156 
12.465 1447.2 92.76 la.908 1134.9 103.56 26.916 0.8224 
12.772 1511.7 100.57 19.626 1177.5 112.33 28.142 0.8295 
13.067 1577.6 108.75 20.334 1221.0 121.52 29.360 0.8368 
13.348 1645.2 117.29 21.032 1265.4 131.13 30.571 0.8443 
13.617 1714.3 126.21 21.720 1310.6 141.16 31.775 0.8520 



‘5 T F 'FiPl T a Pa/P1 pa4 T5 P5/Pl 

4.1 2233,7 105.05 13.E74 1784.q 135.51 22.396 1356.6 151.63 
4.2 2333.3 111.66 14.119 1857.1 145.18 23.062 1403.6 167.50 
4.3 2434.E 118.47 14.254 1930.8 155.23 23.717 1451.4 173.81 
4.4 2538.9 125.46 14.278 2006.1 165.67 24.362 1500.1 185.56 
A.5 2645.L 132.65 14.592 2083.0 176.49 24.995 1549.7 197.74 
4 . c. 2754.3 140.02 14.'97 2161.4 187.70 25.618 160.2 210.36 
4.7 2865.6 147.58 15.1c1 22Ll.4 199.29 26.790 1651.6 223.&2 " 4.J 2979.2 155.33 is.:.81 2322.9 211.28 26.831 17C3.8 736.92 
4.9 3095.2 163.26 15.E60 2406.0 223.65 27.422 1757.0 250.N 
5.0 3213.6 171.38 15.732 7490.5 736.&2 2a.no3 1811.0 265.25 
5.1 3334.4 170.68 15.:96 2576.5 7b9.58 28.572 1866.0 280.08 
5.2 3457.6 188.16 16.@54 2664.6 263.14 29.132 1921.8 295.36 
5.3 3523.2 196.82 16.204 2754.0 ?7?.09 29.687 1975.6 311.09 
5.4 3711.1 205.67 16.349 2844.9 281.44 30.221 2@36.2 327.27 
5.5 3841.4 214.70 16.L88 2937.3 306.19 30.751 2094.8 343.89 
5.6 3974.1 223.91 16.f21 3031.4 321.33 31.771 2154.3 360.97 
5.7 4109.2 233.29 16.748 3127.0 336.88 31.781 2214.6 378.50 
5.8 4246.7 242.86 16.r70 3224.1 352.82 32.282 2275.9 396.47 
5.9 4386.6 252.61 16.r88 3322.9 360.16 32.773 2338.1 41L.90 
6.C 4528.8 262,53 17.1C'l 3423.2 385.90 33.255 2401.2 433.78 
6,l 4673,s 272.64 17,7cIs 3525.1 403.01 33.729 2465.2 453.12 
5.2 4820.5 282.92 17.314 3E28.5 420.57 34.193 2530.0 47?.9C 
6.3 4969 9 293.37 i7.f.14 3733.5 438.51 34.649 7595.9 493.14 
6.4 5121.7 304.01 17.510 3540.1 456.85 35.C96 ?662.6 513.83 
6.5 5275.9 314.82 17.603 3F48.3 475.59 35.534 2730.2 534.38 
6.6 5432.5 325.81 17.692 4058.0 494.77. 35.965 2798.7 556.57 
67 5591.4 336.07 17.778 4169.3 514.26 36.387 7568.1 5?8.6? 
6.3 5752.8 348.31 17.861 4282.1 534.20 36.801 2938.4 601.12 
6.9 5916.5 359.83 17.?41 4396.6 554.53 37.207 3009.6 624.08 
7.0 6082.7 371,52 18.OlE 4517.6 575.76 37.606 3os1.7 6b7.48 
7.1 6251.2 333.38 15.092 4630.2 596.39 37.w 3154.7 671.34 
7.2 6422.1 395.42 18.164 4749.3 617.92 38.382 3228.6 695.65 
7.3 6595.4 407.63 la.233 4870.0 639.85 38.758 3303.4 720.41 
7"4 ci71.0 ~~ZS.07 18.300 4997.3 66?.17 30.128 3379.1 745.62 
7.5 6r;l,9.1 &32,58 18.364 5116.2 684.89 39.491 3455.7 771.28 

P5'Pl "da1 
32.969 0.8598 
34.153 0.8678 
35.327 0.8760 
36.490 0.8843 
37.642 0.8928 
38.781 0.9014 
39.007 0.9101 
41.n?l 0.9169 
42.121 0.9279 
43.707 0.936? 
44.280 0.9461 
45.338 0.9553 
46.363 0.9646 
47.413 0.??40 
48.429 0.9835 
49.431 f-.093? 
50.418 I.0027 
51.391 1.0125 
57.349 1.0222 
53.294 1.C371 
54.224 1.C420 
55.14n 1.0519 
56.042 1.0610 
56.931 1.0730 
57.005 1.0521 
58.667 1.0077 
59.515 1.1024 
60.350 1.1126 
61.171 1.1729 
61.981 1.133% 
62.777 1.1435 
63.561 1.1539 
64.333 1.1643 
65.OCl. 1.17L7 
65.842 1.1851 
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