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CATALYTIC COMBUSTION TEST DATA

AND

LIQUID FUEL PROPERTY DATA

179

i s s e M N g 4




TRUNLY s s,

. TABLE I-A. SUMMARY OF DATA FOR SCREEXTNG RIN CCP--3

 Catalyst: Code B _ Puel: Propane |
oot $0F o VIEIO Bt omem  Fowem gmaml gl
563 176 3.7 0.0 1.000 0.000
559 1.670 2.32 291 1M1 0,34l
663 1.510 1.8 b3.2  1.759 0.565 -
782 1.260 1.06 67.6 ~  3.080 1.124
852 1.173 0.47 8.7 - 6.950 1.940
867 1.152 0.25 92.5 13.100 _'2.5‘701
'TABLE II-A. SUMMARY OF DATA FOR SCREENING RUN CCP-6
| Catalyst: Code A Fuel: Propane R
ot Bt VIIT o A e gl w@XE
577 1.732 3.00 10,0 1,000 0,000
682 1,467 2.55 15.0 1.176 0.162
726 1.378 2.k 28,7 100 0.3%
783 1,278 1,55 48.3 193  0.660
833 1.200 1.33 55.7 2,260 0.815
868 1.151 1.09 63.7 2.750 1.012
2007 0.995 0.10 %.7 30,000 3,100
1023 0.977 0,00 100.0 = |
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TABLE III-A. SUMMARY OF DATA FOR SCREENING RUJ CCP-7

. Catalyst: Code D Fuel: Prcpane
Hot Spot - 1/'r x, 100 Exit Oxygen % Oxygen  Oxypen In m,Oxy In y
Temp. (T), °k *x-1 Conc., % Vol, Conversion Oxyren Out -Oxy Out
557 1.793 2,85 0.0 1.000 0.0C)
651 1.447 2,215 2.2 1.285 0.251
751 1,288 1.125 60.5 2.530 0.929
776 1.248 1.005 64.6 2.830 1.001
822 1.216 0.875 : 69.3 3,260 1.180

&1 1.18 0.795 T2.0 3.580 1.275

| TABLE IV~A. SUMMARY OF DATA FOR SCREENING RUN CCP-9

Catalyst: Code P Fuel: Propane
o g VP mowe  fovm cymm wgra
81k 1.230 2.07 0.0 1,000 0.000
840 1.190 2.05 1.0 1.010 0.093
915 1.092 1.25 39.6 1.654 0.503
920 1.088 0.80 61.5 2.590  0.98
927 1.079 0.57 725  3.630 1.290
9%3 11,039 0.3k 83.6 6.090 1.808
%17 1033 0.0 98.0 51,700  3.940
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 TARLE V-A,

SIMMARY OF DATA FOR SCREENING RUN CCP-15
Catalyst: Code I Fuel: Propane
W2y VY o fowm b wemm
- 585 175 3.75 0.0 1.000 0.000
606 1.650 3.65 2.7 - 1.025 0.024
699 1.430 2.%0 2.7 1,292 0.256
769 1.300 2.1 35.7 1555 0.l
817 1.223 1.93 L8.6 1,966 0.665
878 1.140 1.73 54,0 2175 0777
930 1.075 1.26 61.5 2.985 1.093
1983 1.018 0.57 8.7 6.64 11.804
TABIE VI-A. SUMMARY OF DATA FOR SCREENTNG RUN CCP-17
Catalyst: Code J Fuel: Propane
('r) 1/T x 103 c::c?:’ryzen ¢ Oxygen Carbon Dioxide ';
*x-1 % Vvol. Conversion Oxypen mt i%) Conc., % Vol,
616 1.622 3.63 0.0 1.000 0.000
673 1.187 3.5 10.5 1.117 0.1
700 1.430 3.10 1.£ 1.170 0.157 0.040
755 1.324 2.% 0.4 1.256 0.228 - 0,092
81 118 - 2.5h 35.5 1.550 0.438 0.175
874 1,144 2.12 u1.6 .71 0.538 0.263
83 1.120 1.93 46.9 1.88 0.631 0.263
933 .01 1.72 52.6 2.110 0.746
9ué 1.057 1.60 55.9 2.270 0.80 O.L7h
970 1.030 1.b2 60.9 2.560 0.964 | 0.533
184
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TABIE VII-A. SUMMARY OF DATA POR SCREEN.NG RUN CCP-18

Catalyst: Code X Fuel: Propane
Hot Spot Exit Oxygen , '
Temp. (T) 1/'5‘ x 103 Cconc., € Oxygen Oxygen In 1{OY _InY Carbon Dioxide
X x-1 4 vol. Conversion Oxygen Out  Oxy Ouy Conc., % Vol.

SR SR

R b L v

%, P bt ko e < AT e -

BT ML S0, Tae 5 A BT

722

3.75 0.0 1,000 0,000 0,000 9

731 1.3%68 3.29 12.3 1.1k0 0.131 0.033 ;

Ti3 1.293 3.07 18.1 1.222 0.201 0.056 i

806 1.240 2.89 23.0 1.300 0.262 0.079

833 1.200 2,67 28.8 1.103 0.339

8 1.348 2.51 35.7 1.555  0.b10 0.247 ?

915 1.093 2.07 44,8 1.812 0.5%5 0.359

975 1.026 1.51 59.8 2.L82 0.910 0.625 "
1005 0.995 .21 67.8 3.1% 1.132 0.724
1015 0.985 1.21 67.8 3100 1132 0.704

i

¥

o _
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TABLE VIII-A.

Hot Spot

Catalyst: Code F Fuel:

Exit Oxygen

Propane

SUMMARY OF DATA FOR SCREENING RUN CCP-19

MR D VT P et oo MR conery 4ok
661 1.512 3.78 0.0 1.000 0.000 0,000
663 1.510 3.49 7.7 1.083 0.080 0.065
657 1.521 3.46 8.5 1.092 0.088 0.066
676 1.479 3.33 11.9 1.1% 0.128 0.165
712 1.40h 2.97 21.4 1.272 0,241
743 1.347 2.8 25.6 1.345 0.29% 0.395
78 1.277 2.30 39.2 1.643  0.g7 0.790
825 1.212 1.7h 54.0 2.17 0.777
875 1.142 0.92 76.2 L.20 1.L3
892 1.120 0.55 85.5 6.87 '1.928 1.610
992 1.008 0.22 9.1 17.20 2,87 1.810
998 - 1,001 0.21 b 16,00 2.692
1027 0.975 0.20 .7 18.50 2,940 1.875
' 189
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TABLE IX-A. SUMMARY OF DATA FOR SCREENING RUN CCP-20

Catalyst:
) g a0 g™
502 1.950 3,74
610 1.661 3.65
664 1,508 3.53
686 Lhs8 35
729 Lm 35
78 1.265 2.86
8ok 1.246 2.51
840 1.150 2.20
en 1.148 2.00
a1 1.189 2.32
a6 1.225 2,42
863 1.160 2.00

e e Y AR b o4 <

Cole B Pusl: Propane

omreion S My o
0.0 1,000 0,000 0.000
2k 1.025 0.025
5.6 1.059 0,057 0.059
7.8 1.084 0.081 0,086
.15.8 1.188 0.172 ' 0.197
23.5 1.308 0.269 0.560
2.9 Lk 039
41,2 1.700 0.531 0.855
u6.5 1.870 T 0,626
38.0 1.611 0.478 | 1 0.526
35.3 1.545 0.435 0.559
h6.5 '1.870 0,626 0.8%9
190
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TABLE X-A.

Crtalysts

SUMMARY OF DATA FOR SCREENIRG RUN JT-9

Code 7  Fuel: JP-T
Exit Oxygen A
R v g fovm smmu iy sy
o2 .
580 1722 '3.75 0.0 1.0 . 0,000 0,000
592 1689 3.70 1.3 1.012 0,012
617 160 3.6 3.7 1.040 0.039
61 1.560 3.53 5.9 1.062 0.060
664 1.509 3,45 8.0 1.087 0,08 10.053
. 1,407 3.29 12,3 1,140 0.131 0.166
ol 1.343 '3.13. 16.5 1.199 0.18 0.263
786 1.em 2,94 21.6 1.215 0.243 0..08
a6 .22 - 2.76 2.5 . 1.3%0  0.308 0.hgk
859 1.165 2,70 28.0 1.390 0.330 0.592
- ers k2 2.61 30.b 1,43 0.362 0.658
%
|
i
1
192
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TABLE XI-A. SUMMARY OF DATA FOR SCREENING RUN CCP-27

Catalyst: Code M Puel: Propane

Hot Spot Exit Oxygen ‘ :

O AT P e SR D S
640 1,561 3.73 0.0 1.000 0,000 0.000
664 1.508 3.70 0.8 1,008 0.008 0,033
688 1.L51 3.67 1.6 1.017 0.017
702 1.k24 3.60 3.5 1.037 0.036 0,06
729 1.31 ’ 3.52 5.6 1.060 0.058 o.ogg)
731 1,369 3.48 6.7 1.072 0,070
739 1.352 3.43 8.1 1.089 0.085 0,132
70 . 1.300 3.28 12,1 1.138 0.129 0.2
796 1.256 3.06 18.0 1.220 0.199 0.335
817 1.223 2.90 22.2 1.287 0.254 ‘
829 1.208 2.80 2k.9 1.332 0.287 0.480
852 1.172 2.60 30.3 143k 0.360 |
84 1.170 2.59 30.6 1.4ko0 0.365 0.502
875 1.1k 2.42 35.2 1.550  ob32  0.658
818  1.1%0 2.11 35.4 1.548 0.437

194




TABLE XII-A. SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-2u

Cat;]&st: Code ¥ Fuel: FPropane
Hot Spot - Exit Oxygen
TR OVINY P e, Sl Qo) Smen e
. ge Xy NC., ol.
503 1.988 3.L9 0,0 1.000 0.000 0,000
507 1.97 3.42 2.0 1.020 0.020
518 1.930 3.32 4.9 1.050 0,049
54k 1.840 3.2 6.6 1.070 0,068 0.033
580 1.723 115 9.8 © 1.108 0.103 _
607 1,648 2.87 - 17.8 1.217 0.197 0.2u7
6u7 11,546 2.7 29.2 1.L13 0.346 0.408
564 1500 2.2k 35.8 1.560 0.LL5
721 1.387 1.60 54,1 2.180 0.780 0.987
777 1.288 0.97 72.2 3.600 1.280
799 1251 0.8 7.1 4,365 1.7k 1.670
826 1.210 0.70 80.0 4,990 1.608
83 1.187 0.6k - 81.6 5.450 1.697 © 1.8
854 1.171 0.63 2.0 5,5L0 1.710
868 1.151 0.53 84.8 6.590 1.885 1.585

195
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TABLE XIIT-A. SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-22

Catalyst: Code F Fuel: Propane
Hot Spot ~ Ex{t Oxygen ‘ ‘
Temp, (T) /T ;_:1103 Conc., % Oxygen Oxypen In 1{0xY_In Y Carbon Dioxide
X K % vol, - Conversion Oxygen Out ~Oxy Out/ Conec., % Vol.
676 1480  3.78 - 00 1.000 0.000 0.000
704 1620 2,03 46.3 1.860 0.620 0.296
791 1.262 1.70 55,0 2,220 0.797
%9 10150 0056 85-3 6-750 1.910 1.612
e 1.0  0,k6 87.9 8.220 2.110
978 1.022 0.b2 88.9 9.000 2.200 2.050
1011 0.989 0.40 9.5 9.1450 2.380 1.920
1014 0.985 0.31, 9.8 12,200 2.500 2.140
j TABLE XIV-A, SUMMARY OF DATA FOR SPACE VELOCITY STUDY, KUN CCP-8
’ ; Catalyst: Code A Fuel: Propane |
! ,
Hot Spot 1/T x.10°  Exit Oxygen % Oxygen  Oxygen In (2L In
* § Temp. (T), °K *x*l . conc., % Vol. Conversion Oxygen Out Oxy Out
645 1.550 2.92 0.0 1.000 0.000
. 667 1.500 2.7 7.4 1.078 0.075
;8 s . , N
N 730 1.370 2.2%6 22.6 1.291 0.255
g ol 1.060 0.52 8.2 5.610 1.725
{ 966 1,035 0.38 87.0 7.690 2,040
3 979 1.021 0.2 91.8 12.170 2.500
0
i
|
1 -
Lt
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TABLE XV-A.

SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-23

Catalyst: Code A Fuel: Propane

Hot Spot Exit Oxygen ,
Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In y Iny Carbon Dioxide

°X *K=1 9 Vol. Conversion Oxygen Out xy Out) Conc., % Vol.
188 2.050 3.70 0.0 1.000 0,000 0.000

586 1.705 3.54 .3 Lo 0,044

641 1.560 3.22 13.0 1.150 0.140

697 1434 2.88 22.2 1.285 0.251 0.Lk7

746 1.34%0 2.35 36.5 1.573 0.456

809 1.238 1.72 53.5 2.152 0.768 1.119

946 1.057 0.k2 88.7 8.805 2.175

987 1.012 0.19 95.0  19.500 2.972 1.843
2006 0.995 0.1 97.0  33.620 3.515

101k | 0.985 0.10 97.4 37.000 3.612 1.875
1018 0.983 0.06 98.5 61.700 4,120 1.850
10256 0.975 0.03 99.2 123.300 4,810 1.816
1029 0.972 0.02 9.5 185.000  5.220 1.940
1052 0.950 0.01 99.8 370.000 5.91 1.700

197
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TABLE XVI.

Catalyst:

A SUMMARY OF DATA FOR LIQUID FUEL RUN JT-2

v Code A Pacl: JP-7

Hot Spot Exit Oxygen

T () IO o e S le 13 Iny Carhon Hexdce
523 1.910 3.58 0.0 100 0,000 0,000
575 1.740 3.45 3.6 108 0,037
591 1.690 3.33 7.0 1.07¢ 0.073
610 1.640 '3.15 2.0 1137 0.128
624 1.602 2.86 20.1 1.252 0.225
640 1.561 2.65 26.0 1.350 0.300

" 688 1452 1.83 48,9 1.958 0.671
728 . 1.373 1.60 55.4 2,240 0.806 1.198
T7h 1.292 1.50 58.1 2.390 0.872
832 1.200 1.20 66.5 2.985 1.093
B6h 1.160 1.10 69.3 3.260  1.180 L.y
876 1.140 1.00 72.0 3.580 1.275 |
925 1.080 0.80 7.6 475 1.500 1.670
970 1.030 0.55 8.9  6.510 1.873

1019 0.982 0.27 92.5 13.260 2.58 1.870
1047 0.955 0.14 9.1 25.600 3.240

1057 0.946 0.10 o.2  35.800  3.580 2,040
1064 0,940 0.09 97.5 39.800 3.680 2.054
1066 0.9 0.9 7.5  39.800  3.680 |
1068 0.936 0.07 98.0 51,200  3.940 1.9%

198
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TABIE XVII-A,

smmx ormumnq:mmnmn—k

Code A Tuel: JP-7

Catm:t'
g:::p?pc(,'r) 1T x 103 c::c?fygen 4 Owgen:
°X °x-1 < vol. ‘Conversion
573 1,757 3.58 0.0
631 1,584 3.33 - 7.0
769 1.300 220w
788 1270 1.50 . . .ss.i
820 1.220 1.20 66.5
855 1.170 0.85 76.3
8685 1.130 0.68 81.0
913 1.096 0.50 8.0
980 1.020 0.l 88.5
1003 0.99% 0.38 - 895
1009 0.992 0.28 92.2
1022 0.979 0.20 9.5
1024 0.976 038 9.0
1030 0.970 0.15 '-' . 95.8 .
1039 0.963 o.11 9%.9
200
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Carbon Dioxide

Conc., % Vol.
1.0 0,000 0.000
107 0073 0165
1,703 0.532
| - 24390 0.870
2.9%0 1.092
b.210 1.438
5.270 1.650
7.160 1.970 0.987
8.730 2,170 1.122
9.430  2.240
12.800 2.550 1.083
1700 2,880
119,900 2.990 1.082
23.900 . 3.170
32,600 3.k80 0.969
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TABLE XVIII-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-5

Catalyst: Code A Fuel: JP-7

Hot Spot = Exit Oxygen
Temp. (T) 1/T x 103 Conc., % Oxygen Oxygen In y Iny Carbon Dioxide
°K °x-1 4 vol. Conversion Oxygen Out xy out/ Conc., % Vol.
510 1.960 b0 0.0 1.000 0,000 0.000
558 1.790 3.88 ‘3.o 1.031 0.036
58 . 1,710 3.65 8.8 1.0% 0,092
604 1,658 3.50 o125 1.143 0.134
616 161 3.1 w8 1172 0,59
658 1,520 = 3.22 19.5 1.242 0.217 |
66k . - 1,508 3.10 2. 1.290 0.255 0.901
691 1.448 2.8 2.0  1.hlo 0.3k
723 1.38 2.55 - 36.3 1.570 0.451
b 134 2.40 40.0 1.667 0511 0.920
R 1,280 2.20 45.0 1720 0.543
803 1.246 2.05 48.8 | 2.950 0.669 1,085
850 1.176 1.8 54,0 2,175 0.778
875 1.240 1.60 60.0 2.500 0.916
. 938 1.066 1.32 67.0 3.030 1.130
965 1,036 1.20 70.0  3.335 1.205
997 . 1,002 1.08 73.0 3.700 1.310
1007 0.995 1.00 75.0 4,000 1.387 1.83
10 0.957 0.2 77,0 1,350 1470
| 1063 0.940 0.7 81.3 5.335 1,673

1072 0931 0.63 8.3  6.350  1.850




TABLE XIX-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-6A
Catalyst: Code A  Puel: JP-7

Hot Spot Exit Oxygen

Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In v In \ Carbon Dioxide
°K °x-1 4 Vol. Conversion Oxyren Out y Out’ Conc., % Vol.
546 1.830 2.76 0.0 1,000 0,000 0,000
576 1.735 2.53 8.3 1.090 0,08 0.099
599 1.670 2,9 9.8 1.110 0.104
612 1.632 2.40 13.0 1.150 0.1k0 0.197
647 1.546 2.10 23.9 1.315 0.274

657 1.521 2.00 27.6 1.38 0,322 0.296
699 1.430 1.90 31.2 1.452 0.374

735 1.360 1.75 36.6 1.579 0.457 0.592
756 1.320 1.66 39.9 1.662 0.508
T79 1.263 1.60 L2.0 1.725 0,545
805 1.241 1.48 W64 1,866  0.624 0.658
8i0 1,190 1.30 53.0 2.122 0.754 0.786
850 1.176 1.25 54.8 2.210 0.795 0.942
866 1,154 1.20 56.5 2.300 0.834 1.03»
873 1.18 57.3 2,340 0.850
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TABLE XX-A. SUMMARY OF DATA FOR LIQ/ID FUEL RUN JT-6B

Catalyst: Code A  Puel: JP-7
S iad momn  Son gmmn woym,
510 1.960 3.66 0.0 1.000  0.000 A
725 1.360 2.35 35.8 1.559 0.4k * '
752 1.330 2.20 39.9 1.6 0.510 :
765 1.273 2.00 55.b 1.830 0.605 5
816 1.223 1.8 50.9 2.033  0.710
850 1.177 . 1.60 56.3 2.288  0.828
80 1.122 1,40 61.8 2.615 0,960 ; .
908 1.100 1.30 64.5 2.815 1.03b ‘
934 1.0m 1.20 67.2 3.050  1.116 ‘
- ou3 1.060 1.19 67.5 3.075 1.123
TABIE XXI-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-7
Catalyst: Code A Fuel: JP-T . .
Mot Spot Exit Oxygen | i
Tep. (T) 1/T x 203 Conc., % Oxygen Carbon Dioxide :
*x=1 4 Vol, Conversion Oxypen (m l‘%:_y—_) Conc., % Vol.

538 1.860 4.0l 0.0 1.000  0.000 0.000
595 1.600  3.50 134 1253 o2 | :
635 1575 3.00 25.8 .36 0.297

688 1.452 2.50 38.2 1.617 0.h81 ;
723 1.383 1.90 53.0 2.125 0.755
817 1.223 1.10 72.9 3.670  1.300
875 1.42 0.60 8.2 6.750  1.910 1.998 i
93 102 0.3 92.6 13480  2.600 !
M9 1.053 0.20 %.2 20.200 3.005 2.010 : |
956 1.046 0.18 95.6 22,50 3.110 1.922 ‘

1005 0.995 0.16 %.1 25,250 3.230 1.960
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FIGURE 12-A. CODE A CATALYST - EFFECT OF TEMPERATURE ON OXYGEN CONVERSION
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TABLE XXII-A. SUMMARY OF DATA FOR RUN FIM-1A WITH

EXCESS OXYGEN
Catalyst: Cods A Fuel: Propane
Hot Spot Exit Oxygen
Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In Iny Carbon Dioxide
°X *x-1 € Vvol. Conversion Oxygen Out xy out/ Conc., % Vol.
542 1.8:2 20.80 10,00 1.000 0,000 0,000
578 1.730 20.75 1.01 1.002 0,003
628 1.591 20.60 b,ob 1.010 0.020 0.053
654 1.508 20,40 8.08 1.020 0.020 0.131
687 1.458 20.20 12,12 1.030 0,030
m L7 20.00 6.6 L0 0.0k
78 1.277 19.40 28.28 1.072 0,070
égb 1.23 19.00 3%6.36 1,09 0.050 1.210
923 1.083 18.00 56.56 1.255 0.1k
1005 0.995 17.50 66.66 1.189 0.173
1069 0.935 17.00 76.76 1.223 0.202
1123 0.890 16,40 88.88 1.269 0.238 3.220

¢ i 11 ey e o < s
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TABIE XXIII-A. SUMMARY OF DATA FOR RUN FIM-13 WITH
: EXCESS QXYGEN

Catalyst: Code A Fuel: Propane

| Hot Spot Exit Oxygen

Temp. (T) 1/T x 103  Conec., % Oxygen Oxygen In 1% Iny Carbon Dioxide
°X °x-1 4 vol. Conversion Oxyren Out — ©xy Out/ Conc., % Vol,.
559 - 1.790 20.80 0.00 1.c00 0.000 0.000
570 | 1.752 20.75 1.01 1,002 0.003
591 1.690  20.70 2.02 1.005 0,007
604 1.658 20.60 b, 1.010  0.010
627 1.593 | 20.50 6.06 1.015 0.015 0.092
643 1.557 20.40 8.08 1.020 0.020
676 1.479 20,10 k.14 1.033 0.032 0,32
724 1.k00 19.60 2i.2bh 1.061 . 0.059 |
™ 1.2% 18.90  38.38 1.100 0.095

857 1158 17.90 58.58 1161 0,149

gl 1.060  17.00 76.76 1.223 0.202
o2 L0199  16.50 86.86 1.260  0.232

1054 0.950 16.30 90.90 1.276 0.2tk 2.630
1088 0.920 16.20 92.92 1.283 0.250 2.770
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TABLE XXIV=A,

Catalyst: Code A

SUMMARY OF DATA FOR PROPAKE RUN CCP-26

Hot Spot Exit Oxygen
Temp. (7) /T x 103  coac., % Oxygen Carbon Dioxide
°K_ k-1 ¢ vol. Conversion ggggn om. 1’%‘—9 Conc., % Vol.
583 1.715 3.58 0.0 1.000 0.000 0,000
586 1.705 3.8 2.8 1.029 0.029
61k 1.630 3.39 5.3 1,056 0.055 0.072
638 - 1.570 3.22 101 1.110 0.105
6k 1.5% 3.09 13.7 1159  0.18
685 1.460 2.90 19.0" .23 o021 0.L3k
780 = 1.280 2.10 h1.b 1.705 0.534
840 1.190 1.60 '55.3 2,240  0.806
887 1.130 1.10 69.3 3.255 1.180
o 1.098  0.80 7.7 bAT5 1,500
o5 050 oo 88.8 8.950  2.190
9% .00 022 9.9 1620 2790  2.150
1006 0;995 0.18 9.0 19.900 2,990 |
1027 0.974 0.17 9.3 21.100 3.050 1.860
210
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TABLE XXV-A. SUMMARY OF DATA FOR PROPANE RUN CCP-28
Catalyst: Code A
'T’Z’;p.”?;) 1/T x 103 E:é:c?fmen 4 Oxygen Oxypen In y Iny Carbon Dioxide
'K‘ Y 4 Vol. Conversion Oxypen Out — Oxy Out’ Conc., % Vol.
573 1.745 3.7 0.0 1.000 0,000 0.000
.60k 1.657 3.69 0.5 1.005 0,005
. 616 1.621 3.65 1.6 1.00¢ 0,016
628 1.591 3.60 3.0 1.030 0.030
| 62 1.559 3.55 L.3 1,045 0.0uk
' 652 1.531 3.50 5.7 1.060 0.058 0,098
; 6w 1.482 3.40 8.b 1.090 0.08 |
§ 685 1.460 3.30 1.1 1.122 0.115 0.362
! 725 1.380 3.00 19.1 1.238 0,21k
?35 1.360 2.90 21.8 1.280 0.247 0.428
3 766 1.304 2.60 29.9 1.428 0.356
798 1.252 2.30 38.0 1.611 0477
838 1.192 1.9 18.8 1.951 0.669 0.889
87 1128 140 62.2 2.650 0.975
911 1.097 1.30 65.0 2.855 1.050 1.256
. 938 1.066 1.00 73.0 3.710 1.310
958 - 1,042 0.80 78.5 L.640 1.533
- 973 1.028 0.62 1.1 5.990 1.790 1.590
v 1015 0.985 0.L3 88,k 8.630 2,160 1.730
4 1030 . 0.970 0.40 8.2 9.270 2,230 1.540
1 08 0.98 0.1 9.2  26.500 3,280 1.79
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TABLE XXVI-A, SUMMARY OF RUN DATA « 60 HR TEST WITH

- MIL-T-5161G FUEL

Catalyst: Code A Dilutea(l)

et
Ers

5
k.l
7.7
10.3
1h.3
19.0
21.6
4.6
29.6
33.5
36.9

0.9

45.2
k9.2
53.b
57.h
62.3

“(1)} ‘1 volume catalyst + 2 volumes inert ceramic.

T e —

Hot Spot
TEZ.‘ ‘.C

760
6%
730
72
40
728
766

ok
785
759

- 798

769
758
759
766
759
77

Hot Spot
Position(3)

Inches

n i
nifz
n |
1n

13k
1 3M
9

12 1/s
.91/
10

9 7/8
11/8

1038

1u

n s
10 1/2
0 1%

" (2) Test hours, see Table V.

212
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Space Velocity: 100,000 hr~t

Bed Press
Drop, psi

2.78
2.8
3.10
3.21
3.25
3.54
3.83
3.83
3.87
3.83
3.83
3.83
3.83
3.83
3.85
3.8
3.83

Exit Exit

{’vﬁ‘{’f"' j?vﬁ‘{?'

a3 179
22 2.00
.06 1.8
05 1.8
O 1.82
05 1.8 |
JOh 1.67
24 ©1.39
.03 2.13
.03 1.55
03 1.76
03 1.64
R 1.70
02 1.83
.02 1.8
L2 1.79
.01 1.79

S (3) Measured from tip of the:mli; cataiyct gons = L4,1" to 11.6",




TABLE XXVII-A, SUMMARY OF DATA FOR ACTIVITY TEST PRIOR

T0 60-HOUR RUN
Catalyst: Code A® Fuel: Propane
SV: 32,000 hr-1 Mixture: Stoichiometric
Hot Spot Oz Exit 02 Exit
OO T S 8 ) g Py
%0 1,064 k9 87.5 - 7.65 2,04 -
91k 2,06 1.3 64.3 2.80  1.03 1.20
983 1.017 39 - 8.6 9.62 2.26 1.32
1061 W92 .09 97.6 %.3  3.70 1.64
1073 932 .20 9.5 18.25 2.90 1.32
1063 K- 51 .05 9.6 76.2 .33 -
1053 .950 12 %.8 N2 A 276
TABLE XXVITI-A. SUMMARY OF DATA FOR ACTIVITY TEST PRICR
T0 60-HOUR RUN
Catalyst: Code A™ Fuel: Propane
SV: 50,000 hr-l Mixture: Stoichiometric
rez ?pt(,;) 1/T x 103 gn?.m % Oxygen ¢ Opiny 31n(0Oz in COz o
e 'K‘l % Vol. Conversion S_g_;out) (_03 out) % Vol
645 1.550 3.39 9.6 1.1 104 .03
739 1.353 2.87 3. 1.31 .270 -
81 1.228 2.36 37.0 1.59 399 .52
863 1.159 1.80 52.0 2.08 32 -
992 1.008  1.29 65.6 2.90 1.065  1.18
1071 0.935 a1 97.1 34.9 3.554 1.84

Xin admixture with inert ceramic; 1 volume catalyst + 2 volumes ceramic.
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TABLE XXIX-A, SUMMARY OF DATA PCR ACTIVITY TEST
POLLONING 60<HOUR RUN

Catalyat: Code A® | Fuel: Eropane
SV: 32,000 hr=l Mixturei Btoichiometric
Hot Spot ‘ 02 Exit -
Mi x) 1/" x 1 & Ccamruon (ﬁj i (%l’_‘_{) _1:%1.
01 128 2.93 20.6
805 L3 1.9k 87.5 1.9 U7 .63
696 116 1.28 65.4 2.89 1,061 1.02
976 1.025 58 8.3 6.61 1.888 1.2
1001 999 W . 15k 2,733 -
1033 967 06 - 985 61.7 b12 1.58
1068 936 02 94 18 5.2 1.26

TABLE XXX-A, SUMMARY OF DATA FOR ACTIVITY TEST
- POLLOWING 60-HOUR RUN

Catalyst: Code AW Fuel: Propane

* §V¥: 50,000 hr=} Mixture: Stoichiometric

Hot Spot 02 Exit . €02 Exit

R I i T € ) m(%‘;—;.g) i
693 b2 3,16 10 1.1 -
729 1.311 3.02 13 1.16 1487 -
789 1.266 249 29 1405 L3R 1.6
863 1.159 1.95 5 1.7% 58 .
935 1,07 15 59 2,11 .880 -
998 1.002 1.07 70 3.27 1.163 -
1061 o2 3 9% 10.3 2,338 -
1087 921 2 oa 1093 2.395 -

Bin admixture with inert ceramic; 1 volume catalyst + 2 volumes ‘ceramic,

a
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TABLE XXXI-A. SUMMARY OF DATA FOR ACTIVITY TEST FOLLOWING

Catalyst:

) H

g:;g?p?:) 1/'51;1103
813 1.145
936 1,068
1023 978
1046 956
1066 - 4938
1069 +935

®{n admixture

I L RN

G ST

REGENERATION AFTER 60-HOUR RUN ]
Code AW Fuel: Propane
50,000 hr-1 Mixture: Stoichiometiic :
02 Exit 002 Exit
Svi dmmae oomr 2(83) Sa
2.10 40 .67 513 .53 §
1,49 57 2.3 851 oTh f
.92 ( 3.79 1.334 .89 |
JCR W36 1 1.25
.60 83 5.8 1.762 1.07
L9 86 7.12 1.965 1.16 :

215
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with inert ceramic; 1 volume catalyst + 2 volumes ceramic
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TABIE XXXII-A, SUMMARY OF mmmmmum

CATALYST A(1) AND A STOICHIQMETRIC MIXTURE

OF QXYGEN AND JP-4
§V: 100,000 hr-1

Exit 02 Oxygen

Hot "
'l‘emp% 1/T x 103  Cone. Conv, Oxygen In
°K *k=1 $ vol. % Gxygen Oct Oxy Out

i'memt;

Oxy In CO2, Basis

O Conv,

676 1479 336 125 1.19
813  1.230 2.9 36 164
g1 1208 039 8 9.6
867 1.153 1,88 9.5 168

91 - 1210 154 57 2.4
989 . 1.011 o062, 8 . 6.06
103 0.967 0.2 %  17.90
1042 0.960 0,01 99.9 376

0. 17"
0.496

2.266
5.23%

0.897
1,802
2.88

15.930

>100
2100
73

3 # 8

(1) Diluted, 1 volume of Catalyst A + 2 volumes of inert ceramic,

e

TN

e PP T R
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TABLE XXXIII-A, PROPERTIES OF JET FUELS

M11-T-5161 G E%—M
_3-69-Cov* 9-00V:

Typical
Fuel JP=-7
Graviiy, °API k5.6
Water separometer index, modified 98
Viscosity at «30°F, CS 11.73
Color +30
Freezing point, °F 66
Existent gum, mg/100 ml 0.0
Potential gum, mg/100 ml -
Aniline point, °F 157.0
Aniline gravity constant or B.T.U. 7159
Lovibond number 78
Aromatics, % 2.3
Olefins, % 3.k
Flash point, °F 153
Thermal stability, tube deposit code #1

Thermal stabdbili'y, pressure drop, inch Hg 0.2

Distillation, °F: IBP 392
: 104 evaporated 413
evaporated 416
50% evaporatec 423
904 evaporated bho
EP 72

Recovery, % 98.0

Residue, % 1.0

loss, ‘ 1.0

Total sulfur, veight %
Mercaptan sulfur, weight %

Npatch identification code of Ashland 0il and Refining Company,

Ashland, Kentucky.

ERpreheater rating.

a7

AT R R [ TR I

7« T ot ot o e

PO T st R 4T b o i e ——— 4
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55.3
100
1.&

-£8.3
0.6
1.k

159
188

205
=38

353
uy2

971.5
1.0
1.5

0.166

0.0006

55.1
100
1.78
-68.8
5.4
6.4

24.9
1.5

lﬂ
0.0

168
196
211
243
354
420
98.0
1.0
1.0

0.155
0,0006

(Table Continued)

e e
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PARLE XXXIII-A, PROPERTIES OF JET FUELS (continued)

. ' Typical M11.T-5161 G (JP-h)
Fuel JP-T _3-69-cov® L69-COVE
‘Reid vapor pressure ’at 100°F, psi - 2.9 2.78
Net heat of cambustion, BTU/1b o - 18,551 18,717
Smoke point, mm , : - 23 o
. Copper strip cofrbsion - 1a la

" Water reaction - 1 1
Anti-icing additive: Top, volume % - 0.149 0.123
- Middle, " - 0.145 0.120
Mtﬂ; » ' - 00135 0.122
Composite, " - 0.143 0.122

Metal deactivator, 1b/1000 bbl - 2. 2

8

Antioxidant, 1b/1000 bbl - ' 8

’Batch identification code of Ashland Gil and Refining Campany, ‘
Ashland, . !(entucky
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KINETIC INTERPRETATION OF CATALYTIC COMBUSTION DATA
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APPERDIX B
KINETIC INTERPRETATION OF CATALYTIC COMBUSTION DATA

The rates of processes occurring in plug flow reactors frequently reflect
the law of mass action; that is, they shov a dependency on the concentration
of one or more of the reactants. If the overall rate 1s directly proportional
to the concentration of a reactant, the reaction process 1s described as fsrst-
order and, assuming constant volume, the following relationship obtains: 1

% - ln(r_%-i;) where
K = reac-ion rate constant
= Ae -4/t
V = volume of the reaction zone ,

Q = volumetric flow rate of reactants

Ca
Xp=1- T " conversion

Cp = outlet concentration of speciés A |

Cao = entering concentration of species A

T = absolute temperatufe in reaction zone

B= E—R

E = energy of activation for reaction

R » gas constant

A = frequency factor, a system constant
By substitution of Ae ~/T for K and 1-Cp/Cpq for Xa and taking the logarithm
ve have

in .YQA_ - .%. a ln[ln(cg'ﬁ.o)] = lnin H

A » 02 out) .

Hence, & plot of 1ln ln(gg—l'—ﬁ v8 _1.. yields a straight line with a slope
Of -Bo T ) '

If, on the other hand, the overall rate is directly proportional to the
concentration of each of two reactants, or to the second power of the con-
centration of one reactant, the reaction is said to be second order. The
£o)loving expression obtains: (1) '

- from wvhich substitution for X
T "X vy | A

- NI s e



Ca

‘c -
A AQ -B/T
ng - CA and oy substitution of Ag for K

Cho

CacVA  =8/7  Cpo
. commmmme & " e—
« CA

and by taliing the logarithm

[CaoVA B Cao
1n ( Q - -',f"' - ln E_-

A
0z in
= ln(éz out

. dence, a plot of 1n 8%7%%? & —%— ylelds a straight line with slope of

=B. Especlally when processes occur through a succession of steps, it ie
nornal to find a frectional-order relationship governing the overall process,
i{.e. the reaction order 1s not exactly 0.0 or 1.0 or 2.0, but somewhere in
betwecen.

Incpection of the plots indicated adbove shows 1f the overall reaction
adheres to first or second order kinetics. In cases where stoichiometric
mixtures of reactants are used, the initial and finel concentration of either
reactant can be used. In the present experimental program, the exit gas
volume 1s only slightly greater than the entrance volume, snd the error intro-
duced by this deviation from constant volume conditions is negligible.

Certain reactions involving two reactants have been found to proceed at
rates governed entirely by the concentration of one of the reactants, in which
case the rate is said to te zero-order with respect to the other reactant.
Such is known to be the case with the catalytic vapor phase oxidstion of pro-
pane, where the rate is essentially zero-order with respect to oxygen concen-
tration.

REFERENCES
1. levenspiel, Chemical Reaction Engzineering, pp 48-50, John Wiley and Scus,
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APPENDIX C
METHOD OF CALCULATING REACTION RATE CORSTANTS

The reaction rate constant is obtained fram the rate equation (Appendix B):

K- 1"(1-1x

ani the Arrhenius equation:
. K - Ae'B/T

where all the symbols are defined as in Appendix B. The value of constant

K varies according to the terms and conditions used to define the volumetric
flow of reactants. For example, these flows can be given at standerd condi-
tions or at the conditions existing in the reactor. 1In this experimental
program, the flow of reactants measured at 14.7 psie and 22°C (295°K) is the
standard bacis for space velocity (SV). By definition, SV = Q. Therefore,
under these standardized conditions: v

- o0 (20

For systems involving stoichiometric mixtures of two reactants, concentration
measurements on either reactant are sufficient for determination of the rate.

-constant.

It can be informative to calculate reaction rate constants using volu-
metric flovw rates (Q) representing actual conditions in the resction zone. In
a series of runs made at different pressures, for example, the effect of
changes in reaction pressure on the rate constant can be evalusted. Thus, if
PR and TR represent the actual reaction pressure and temperature, and Pg and
Ts represent the standard conditions on which space velocity is based:

xa-m@f-X e ()

Example:
Run No. JT - 6A
sV 150,000 hr-1
TR 600°C = 873°K
PR 29.12 psia
Oz in - 2.76%
Oz out 1.18%

- 150,000 }873]14.7 2. 76)
8 hr l295! e EEL

Kz = 190,800 hr™! or 53 sec™}
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APPENDIX D

WATER RFMOVAL STUDIES

SUMMARIES OF TEST DATA
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TABLE I-D. 'SUMMARY OF TEST DATA POR CaSOg

AR 5 S o s et e .

Temperature = LO°C

Volume Space |

PR P = v i P
43.6 5700 | - 329 0,03 zero 20
150.4 s0 . B2 L6l . 0.6 20
222.6 5700, 1042 < k.32 0.23 20

- 265.2 5700 © 129 - 5.8 0.73 20
317.2 5700 1. 6.87 2,01 70
365.6 570 . 1238 1.8 3.2 400
388.8 s0 . 12.29 . 821 b3 1000

(a) Volume of gas through each tube & bulk volume of agent in tube.

TABIE II-D, SUMMARY OF TEST DATA FOR CaSO4
Volume Space | . ‘ ‘
of Gas  Velocity(8) water Pickup, 100 x Wt Gain & Wt Agent  Efficiency
(liters) (hr-l) U-Tube # 1 4 D‘""u'-"’ﬁ%'e' ¥2 '_U:’rube':!!%3 - (ppaa)

Temperature = 100°C

-SSR - R 32,200 ave
- Temperature = 95°C

2.3 s o 0.06 0.08 eso

20 120 236 L2 0.8 3,960 ave

(a) Volume of gas through each tube & bulk volume of agent in tube.

-y v
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TABLE III-D.

Space

Temperature = 100°C

SUMMARY OF TEST DATA FOR CaCla

R A = 05 = - S
99.2 5700 3.2 0.31 0.06 16,700
55 5700 6.73 1.8% 0.30 18,000
339 5700 7.76 3.80 0.59 18,000
183 5700 9.78 5.48 2.73

€15 5700 1.33 5.9 4.57

865 5700 14,18 7.99 5.16 20,400

(a) Volume of gas through each tube & bulk volume of agent in tube.
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18 |

16 |-
15 }=
-
LK
12 L
N

0 L

100 X WT. WATER ABSORBED/WT. AGENT

3 TUBES IN SERIES
$V EACH TUBE = 5700 he~'

EFFICIENCY, PPM H20-EXIT GAS

——— e ] - — - ——— e - - —

23,900 23,900

1 lTUBE 3 0O

100

00 500 700 - 900 1000 1200
TOTAL GAS YOLUME, liters

FIGURE 2-D. DRYING PERFORMANCE OF 8,0; AT 100°C
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100 X WT. WATER ABSORBED/WT. AGENT

12}

3 TUBES IN SERIES

n SV EACH TUBE ='5700 he ™'

10}

1+
6 |
EFFICIENCY, PPM H20-EXIT GAS
s —— S k - IS G F ————— —-— D NN GEgn  GumE Thne GAD  GwEm

TUBE 13
B -0
0
[ i
0 50 100 200 300 400

TOTAL GAS VOLUME, liters
FIGURE 3-D. DRYING PERFORMANCE OF LiCl AT 80°C
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REFER FIG. 1-D
TEMP. = 100°C
SV = 5700 he”™’
0.07 |-
0.06 |-
0.05 }-
>
g
153
q
0.04 |-

0.03 | TURE- N

0.02

2.01

100 200 300 400 500 600 700 800
TOTAL GAS YOLUME, liters

FIGURE 4-D. WATER ABSORPTION RATE FOR CaCl,
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280

260
240
220 !
: ' LEGEND
200 Area 1~Solid anhydrous CaCt, 4 CaCly. H,0 -
l Area 2—Solid CaC1,.H,0 4 Solid CaCl1,.2H,0
180 —4 5 Ares 3—Sotid CaCl,. 2H,0 + Sofid CaCly. 4H,0 -1
t': Area 4--5Solid CaCl;.4H,0 4 Solid CaCly. 6M,0
w 160 Area 5-Solid CaCl,. 2H,0 4 Saturated Solution —
3 Area 6—Solid CaCl,. 4H,0 + Saturated Solution
< 140 —  Ares 7-Solid CaCl,.6H,0 4 Saturated Solution  _..
& Area 8-—-Homogeneous Brine
s
W o120 i ‘
Ol T e .
e
80 i i {
60 \\
{ L3 7N\
40 t i \
20 { l
oLl ] 1\
0 0.5 1.0 .5 2.0 2.5 35

POUNDS WATER/POUND CaCl,

' FIGURE 5-D. CALCIUM CHLORIDE PHASE DIAGRAM®

®Gas Conditioning Fact Book, p. 279, The Dow Chemical Ccmpeny,
Midland, Michigan, 1962, ;



APPENDIX E

CALCULATION OF HEAT AND MATERIAL BALANCE

ST FLIGHT PLAN NO. 1.

233




APPENDIX E
CALCULATION OF HEAT AND MATERIAL BAIANCE
SST Flight Plan No. 1

Average Conditions

“he following calculations are based on the dats and assumpticns stated

in Section V 6 i, Reference is made to the flow diagram appearing in

1.

2.

De

Molur volume at assumed conditions

Py = 5.03 psia
Ty = 200°F = 660°R

Vy = %“9-2—7 X 359 x .2_6%). = 1,507 £t°/1b-mole

. 3 .
Amount of air required to supply 1,000 ft /min dry ballagt gas at

-above conditions

1,000 x 1.0811 = 1,081 £t°/min air
1,081 21,407 = 0,768 1b-moles/min air
0.768 x 28,9 = 2221 1b/min air

Amount of water formed

1,081 vﬁza/min|0.21| mole | 0, | 18 1m0

| oo | 1307 %] 1.u’| mole
= 208 1b/min water

Amount of heat removed by the air during its preheating in H.E. No. 1 and

in the reactor jacket
| at 6@'?, h6w = 142 BTU/# '
at 1,112°F, hyy9o = 276 BTU/#

Q1R = (M112- bgoo) x WaTR
= (276 - 142) x 22,21 = 2,980 BTU/min

23



9. Maximum amount of heat that can bLe removed by the fuel (allowing all the
fuel to reach €UCTF)

140 BTU/1b fuel

it

at 30C°F, hipo

at 600°F, hgoo

%1 " "
a) engine at crulse operating conditions
o QFecruige = (351 - 140) x 712 = 150,000 BTU/min
b) engine at idle operating conditions
Qp-idie = (351 - 140} x 140 = 29,540 BTU/min

€. Amount of fuel to use for combustion

Reaction: 1,65 C9H2o + 21 0 4+ 79 Ny —+ 79 N5 4+ 13.5 CO> + 15 H.0 + 0.15 C9H20 ,

{or 1.65 Cg“ao + 100 Air)

_22:21 4 (1.65 x 128)
25.9 x 100

1.623 1b/min fuel

L]

= 0,24l gpm at 60°F

= 0,278 gpm at 300°F

0.331 gpm at 600°F

7. Molar quantities

No. of moles of fuel used = 1.523/128 = 0.01266 moles/min

No. of moles of air used

22,21 /28.9 = 0.766 "
No. of moles of O used = 0.21 x 0.768 = 0.1614 "

No. of moles of N> used = 0.79 x 0.766 = 0.607 "

Total flow of air-fuel mixture = 0.781 moles/min

23.83 1b/min
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. 8 wei.ghtn and volumes of components in the air-fuel mixture and the moiat.

bailast gas (see reaction in 6.)

Incoming air-fuel mixture:

. Comp. No. moles Mol, Wt, No,x M.W. Wt. 4. Vol. 4 Wt. actually used

Choo  1.65 128 2112 6.82 162 Le
0 2 32 672 21,71 20.66 5.18
' N2 19 T 28 2212 7MY TT.72 17.03
 YoLé ;—o;_--s- 100,00 100,00 z:g;

Ry I)eaving moist ballagt gas:
2 79 28 2212 4T T3.39 17.03
€O ' 13.5 by - 59 19.19 12,54 k.57
Hz0 15 18' 270 8.72  13.93 2.08
Cfioo  0.15 128 19 o6 o 0.15

107.6 3095 100,00 100,00 23.83
¢. Some relationships: ' )
Weight ratios: Oy : Air = 0,233 1b O/1b Air

0z

"Molar" volume increase ratios due to reaction, etc:

i

No = 0.304 1b Oo/1b Np

- Incoming mixture 101.6
Incoming air 100

= 1,016

" Moist ballast gas 107.6 '
Tncoming alr = 100 1‘076_

Moist ballast gas __107.6 _
Tncondng air-fuel mixture = 101.6 1.059

9, Preparation of the air-fuel mixture

a. Heat Content of the Mixture (ascume fuel is liquid):
Sensible heat in liquid fuel at 600°F = 351 BTU/#
Sensible heat in air at 1,112°F = 276 BrU/#

- Qy = Heat content of mixture ,fwP x bp 600 + WAIR X PAIR, 1112
= 1,623 x 351 + 22.2 x 276 = 6,700 BTU/min

236
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b. Required Heat Content of the Mixture with Vsporized Fuel
heat of vaporization of fuel at €OO°F = Ap 600 = 100 BTU/ 4
Qpy = A * "f X IF,€00 = 6,700 + 1,623 x 100 = €,860 BTU/min

c. Assume the desired mixture temperature = 932°F

Sensible heat in liquid fuel at 600°F = 351 BTU/#
Heat of vaporization ‘ =100 "
ASensible heat in fuel vapor, 600 to 932°F. =232 "

Heat content of fuel vapor at 932°F = 683 BTU/#
Sensible heat in air at 932°F = 225 BTU/#
Hcét content of the mixture at’9}2°F =
683 x 1.623 + 226 x 22,2
Qgsp = 6,130 BTU/min
Change in heat content = Q32 = Qy
= 6,130 - 6,700
th = - 570 ‘BTU/min o5 _excess heat
d. Assume the desired mixture temperature = 1,112°F (600°C)
By similar calculstion:

Heat to add = Q1112' QM
= 7,490 - 6,700 = 790 FIU/min

- The power requirements for making up this ¢~ficit by resistance heaters:

| Electric pover = (BTU/min) x 35%8‘ Kw

s%x—sqslhxv

e. Temperature of the mixture without additionel heat, (that is, with the
total heat content = Q).

By trial end error we find: t = 1,012 °F = 544 L°C which is suffi-
cient to initiate the reaction,



" 10. Heat evolved in catalytic combustion

Ay for JP-T = 18,750 BTU/#

for 100¢% conversion: AH g = 1.623% x ':_ILJ? x 18,750 = 27,670 BTU/min.
~11. Eeat content of gas leaving reactor bed

temperature = 725°C = 1337°F

h vater vapor = 1,711  BTU/# Wooo YBPOT = 2,08 1b/min

h gas = 335 " WDRY o] = 21-75 "
’ Ql,}}? « 2,075 x 1,711+ 21.75 x 335
= 10,850 BTU/min

- 12, Anmount of heat to be removed in the reactor bed

Qg = Enthalpy of air-fuel mixture entering reactor (Qy) _
‘ + Heat evolved in catalytic combustion @ H.p)
- Enthalpy of moist gas leaving reactor bed at 1,337 (Q1’557)
s Qg = 6,700 + 27,670 - 10,850
.~ = 23,520 'B'I'U/min

13, BHeat exchange capacity of available cooling water

AS ver calculations for cooling in H.E. No. 3 and the gas drier

(16, 17 and 18) the amt. of available cooling water and its conditiocns
are;

. Hﬂzo = 27 lb/mn
t = 200.5 °F
h = 168.6 BIU/#

If it 1s assumed that this cooling water leaves as saturated steam at
212°F vith hyyp = 1,150.4 BTU/ # the amount of heat that can be removed is:

Q.0 = ¥,0 (B2yo = Booo.5)
= 27 x (1,150.k - 168.6)
= 26,510 BIU/min



In these conditions the molst gas would leave with

n

%.B.G. W BHor - Qo

61700 + 27)670 - 26)510

7,860 BTU/min

This heet content corresponds to a temperature of 905°F , where
h water vapor = 1,48..88BTU/¢¥ . 2.08 x 1,48..8=3,090 BTU/min

h gas = 219k " L 2L75 x 219k =k, 7700

7,860 BTU/min

Note: Thus, there is an excess of cooling water capacity for the
combustor. In order to leave sufficient heat in the exit gases
' to preheat the combustion air to 1112°F (see below), a motorized
valve is used to dump the excess water,

14, Preheatirng of air

Achieved in resctor jacket and HE No. 1 (later calculations may
show that jacket surface is sufficient, or that the jacket heat
transfer is negligible).

Adlr out Adr in
W=22l #/min W= 2221 #/min
t = 1,112°F t = 60G°F
h = 276 BTU/# h = 1L2 BTU/#
N Reactor Jacket [°
Resction fuel out and HE No. 1 Reaction fuel in
weg = 1.023 # /min WFR = 1.€23 #/min
t = 600°F t = 350°F
h = 351 BTU/# h = 170 BTU/#
Moist Ballaest Gas in Moist Bellast Gas ocut
W = 23.03#/min W = 23,03#/min
W.B.G. in =10,80 Bru/ri @4.B.C. out = ?
t = 1337°F

QuzR = heat removed by air = (harg OUP = BAIR IN) X Warm
= (276 - 142) x 2221
= 2,980 BTU/min
SrR = heat removed oy inerting fuel = Wpg (hpg OUT - hpR 1)
= 1.623 x (351 - 17C)
= 294 BTU/min
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%CB.GO O'JT - %m’ IN - (QAIR + Qm)
= 10,845 - (2,980 + 2oL)

= 7,575 BTU/min

. 15. Cooling with fuel

Fuel out - Fuel In
t assumed = 350°F | t =300°F
h = 170 Bru/# - h = 1L0 BTU/#

' : 1 VYpuer = ?

HE No. 2

Mist B.G. in , Moist Ballast Gas out
W.B.G, = 23.83 # /min , Va.B.G. = 23.53 #/min
Q= 7)575 B'I‘U/min = 7

t gsumed = 3LO°F

o L T
DTy Bug. 3

¥ ¥ig0 = 8,06 $/nin

The maximum amount of heat that can be removed ty the fucl (if ellowed to

reach 600°F) is 351-140 = 211 BTU/1b for the total flow of fuel to the engines.
Only part of this flowwill be needed. We can assume an exit temperature for
the fuel and calculate the required quantity.

tyuEL our = 350 °F
hpugr our = 170 BrU/1b.

"We have also to assumel the exit tempersture of the moist ballast gas. ' Since

the fuel enters at 300°F, the ballast gas may reasonably leave st =Lo F. Thus,
the heat to be reroved from the ballast gas is:

Bhyga = Qu.5.G. I - [(¥ge0 x B0, 350 * (WiBG = "Hzo) x hDry B.G.,340)]
- =T,575 - (2.08 x 1,211.7 + 21.75 x 75.2)
57,575 - 4,150 = 3,425 BTU/min
And the amount of fuel required is:




1", Cooling with wnater nnd partial condenzntion

H.0 out H:0 irn
t = ¢10°F t = “5°F
h o= 178 BTU/F h = 33 BTU/#
oo = T
H.E. No. 3 ra
Moist B.G. in Saturntes Ballast ypac out
Wyng = €3:53 #/min t accumed = 100 F
W10 vapor * 2.08 #/min  Condenced Hz0 ey BG = P70 #/rin
WDRY 3 =" 21.75 #/min U = 1C0°7 “1"x0 vapor = ?
= LR = £ I - = 5.2 BT '
L T e Brumin DeO119-,1007 8 BV e vasor, 1oger " LiAgs-2 P/
Sups, 340 = © 190 ETU/min Wogm y g = 7 “eas, 100°F 3 Al &
: }stc, 100 =
~

For eaturation at 100°F tie water content of the exit ges is We = 0.0L32 ¢

K20 vapor/# dry gas. Thus, the esmount of water vepor carried vy the gatursted
vaillast gac leavi:;,_ H.AE. #3 ic: 0.0L32 x 21.7% = 0.94 1%/zin = h’:,izo Vep, 100
and the emount of ccruensed welter is

Wronp. Hp,0 & 2-08 - C.9% = 1.135 1b/min

C'Dx',v B3, 10C ~ wDry BG X Pgas, 100 = 2L.70 x 1T.1
372 BTU/mia

Qﬁzo vapor, 100 b w}to vap. 100 X hH20 vap, 100 = 0.914 b 4 1,10:‘-2
= 1,639 27U/min

Scomp. 1.0, 100 = WcomD. H20, 100 X B0 1ig., l0c = 1-135 x 48
= 7T BTU/min
Qspg = 372 + 1,039 = 1,411 BTU/min
Heat removed in HE No. 3 = QVBC-,3!AO - Z.Q
Qp, g3 = 4150 - (372 + 1,039 + T7)
= 2,662 BTU/min

Amount of water = QRI HE3
5520,210 - Bx,0, €5

2,662

Va0 = TB- 33

= 18.5 #/min

2




S —— o o Sy e, s o

AETRIY s ey o

P A

"17. Gas Drie:r

o Assumed all water removed. As mentioned before, the heat of wate
‘adsorption AHpp = 1,500 BTU/# includes the heat of condencation hey = 1,050
BTU/#. Since the heat content.of saturated ballast gas Qgng includes the '
latent heat of vaporization, the net heat of absorption has to be used in
the calculations, thusg '

{Hea NET * 1,590-1,050 = 450 BIU/#

‘Wpry pg = 2.75 #/mi

Water in ' ' ) - Water out
t =65F - L t = 150°F
h = 33 BTU/F - h = 148 BrU/#
Wi20 = ¥ : .
Gas Drier
Saturated BG in : AHTA: Nep = 450 BIU/# Dry ballast gas out —>
t = 100°F i ‘ T = 200°F

hDRY BG, 200 = 39.5 BI’U/#

WHe0 vep = 0:9% #/min "Ry BG = 21.75 #/min

QspG, 100 = 1,411 BTU/min

QIF = QSBG, 100 * Wy0 vap X Hpa, mep
1,411 + 0.94 x Uso '

1,834 BI_'U/miln

%RY BG, 200 = ¥DRY BG X PDRY BG, 200
21.75 x 39.5 = 859 BIU/min |

BQgas prYER = Qqn = Qour = 1834-859 = 975 BTU/min.

Amount of water = AQGAs DRYER
hﬂ?q: 180 - hHZO, 65

Qour

" 7148 - 33
= 8.5 1b/min

18. Total cooling water required

: Combine the amount used in HE #3 and the gas drier, plus any addi-
tionel that may be necessary for the reactor cooling. ' '
VEE 3 * WoAs prygr ® 18:5 + 8.5 = 27 1b/min
' W X hoys + h
Aversge heat content = HE 3 210 * “oAs pRYER X P18o
' WHE 3 * WGAS DRYER

18.5 x 178 + 8.5 x 148 4,551
= 18.5 + 8.5 = =97

22
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N,

= 166.6 BTU/#

This corresponds to average water temperature of 200.5°F.
The above emount of wrter at the resulting temperature 15 more than
cufficlent to pertorm the required heat removal in the catalyct ted. It
should be noted taat the water condensed in HE 3 is available also.
;
{
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APPENDIX F ' )

DESIGN CALCULATIONS, EQUIPMENT FOR

SST FLIGHT PLAN NO, 1
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APPERNDIX F

DESIGN CALCULATIONG, EQUIPMENT POR
- __SST FLIGHY PLAN XO, 1

I. Pipes for Preheated Air and Fuel
These are sized to handle flaws during the normal descent period.
A. Air Pipe |
WoTR = 0.8615 lb-mole/min. = 2.9 1b/min, = 1,454 1b/hr,
t = 1,112°F . }
P = 57.3 psig (.*. P = 62 psia)
VAIR = (27é £t3/1b-mole) x 0.815 1b-mole/min, = 234.3 cfm
/AR = 0,1063 1b/ft3 |
JAatn = 0.039 centipoises = 0,0000262 Iby/ft. sec.

' Using stainless steel tubing, 2 3/8" OD and 0.065" wall thickness
we get (from charts and nomographs in "Flow of Fluids"™ published by the

Crane Company):
U~ = average velo;::ity = 9,500 ft/min - 160 ft/sec.
Re = Reynolds number = 105,000
f = Moody's friction factor = 00,0213
A P,g = pressure drop per 100 ft. pipe length = 2,7 psi

w, = weight of pipe = 1.61 1v/rt.

a tubing weigh 16.1 1b. and the equivalent length (2 tees) is 4O ft. giving

a pressure loss of (4O x 2.7) 2 100 = 1.1 psi.

The tubing to supply the air to the vaporization chamber will be

Consequently, as per Figure Fal énd the distance from HE 1, the 10 ft. of

13/16™ 0D, with 0,03'wall thickness and weighing 0.4 1b/ft, while the pressure
drop is A Plgo = 1,0 psi. Its length is about 4 ft, weight is 1.6 1b, and
1

e vy g A

the equivalen
of 0.1 psi.

Weight air lines = 17.7 lbs.
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ength (reducing tee and bend) is 10 ft, giving a pressure loss
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Figure F-1. Air and Fuel Feed System

B. Fuel Pipe
For 0.371 gpm, using 1/8 inch schedule 5 pipe: A Pjgo = 0.4 psi
and W, = 0,14 1b/ft. We need 8 ft. of tubing, its weight is 1.1 1b, the
equivalent length is 10 ft, and the pressure loss 0,04 psi.

Thus, the weight of the supply piping is 17.7 + 1.1 + 0.5® = 19,3 1bs.

Weight all supply lines = 19,3 1lbs.

II. VYaporization and Mixing Chamder
A. 8Size and Weight

The chamber must handle the design quantity of fuel (0.371 gpm =
1.82 1b/min) and all the air the nozzle requires, The remainder of air is
routed to the jacket of the pipe leading from vaporization chamber to
reactor. The chamber sust be able to withstand the highest pressure at
which air may be delivered (14.7 x 15 = 220 psia = 205 psig).

The shape and size are governed by the angle and length of the
spray projection cone, and the denirc. to minimize the pressure drop.

Mpdded for fittings (extra weight over straight pipe).
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For spray nozzle choice:
Fuel rate = 0,371 x 60 = 22,24 gph
Air rate = 0,8615 x 359 = 309 scfn
Available air pressuie = 16,9 psig

The design will be based on commercially available nozzles; hovever,

| especially designed two-fluid pneumatic spray nozzles are possible. For a

round spray pattern cone and above fuel rate, the spray cone angle is 20°
and the length of the laminar type spray projection cone is 39", .

The air capacity of the nozzle is 6 scfm; cu.cequently, the bulk
of the required air bypasses the chamber,

In order to minimize the pressure drop, the downstream end of the
vaporization chamber is shaped as a convergent cone with a 30° angle (based
on design of a venturi). It is estimated that the pressure loss across the
entire vaporization set-up (that is, including the nozzle) will be 20% of
the pressure in the supply line, namely 9.38 psi.

" The length and width are determined trigvonanetricmy.‘
The thickuess of the chember is based on the highest possible

pressure (220 psia) and temperature (1100°F), using a tensile stress of
10,400 psi for Type 316 SS. ‘

t=FPD = 220x1 - 0.16"
"5 " Frivgw - ¥
Therefore, use 3/16" thick sheet.
The weight of the chamber is: .
Lateral area cones x t x 1b/inch3 = Weight
R R :
3 ¥p (GIm1o® * sInis° ) x 3/16 x 0.29

: 701‘ 7-"“ ‘
=3 3.146 x 15 (3.1736 *+ 0.2588) x 3/16 x 0.290
= 0] 1b.

Weight of chamber = 91 lbs.
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B.. Outlet Pipe

Decigned to carry the air and fuel vapor. In order to minimize
the possibility of explosion, the mixture from the chamber (which is fuel-
‘rich) travels in the inner tube while the rest of the eir *ravels separately
in the jacket space, To zonlinue heating the mixture while on its way to
the resctor, the inner tube ig provided with external longitudinal fins, as
in Figure F-2.

- 240D 0065 wall
24 fFing 0"2.'2“ Io ' ¢S kb\-\é
20 BuG (0.0 p) .

h 035" ,b\u'éhl'

‘g 3 De).2S "oo 0.01¢" us',

"") O;'1:218°I0 88 bt w3

o\ .
. 24 )\(a‘kg elevacnts

D" < (a]e] °

Figure F-2. Iransverse Section, Outlet Pipe

: For preheating the air and the system at the start of flight, resistance
heating elements are placed inside the jacket space vhere the bdbulk of the flow !
takes place. No elements are placed in the inner tudbe bdecause pressure drop ‘ '
here is more critical, due to the loss taken in the nozzle and vaporization
chazber,

1. Pressure Drop in the Annular Space i
Py = Wetted perimeter ‘ :
Py= TDp ¢+ WDy +2hx2hy) +24 ¥y ‘ ‘:

= ¥(2.12 + 1.25 + 24 x 0,125) + b8 x 0,375 | '

: oo . - 38.01. - 3.17 ¢t
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Ag = cron-uction annular space

A..‘n'Dl (__?_+2hhlb+2h__n.‘ﬁ_>
U%——— (mul_zf. + ehxo375x0035+2u1’£-g—1-2-2-)

= 1.70 inch?® = 0.0118 £t2

dg = equivalent diameter

= 0.0149 ft
Gy = mass velocity in annulus
1b,
% D)

- (24.9 - 0.48) 60
0.,0118

= 124,000 1b/(hr) (£t2)

Re = Reynolds number

Re = de (n) X GE
TUZT Xz (centipoises)

= 0.0lhg x 1214!000
2.42 x 00039
= 2‘600
f = f‘r:lction factor

0.000235 (1)

Ap = pressure loss
length of pipe = 2.89 ft.
viscosity ratio = (u/ /lﬁr)o‘lh = 1.2

2]
[}
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8 = specific gravity = 0,00129

Ap = £ Ga® L
5.22 x 10410 x de (ft) x 5 x Py

0.000235 x (124,000)2 x 2.89
= 5,22 x 1010 x 0,019 x 0,00129 x 1.2

= 8,66 psi

Pressure drop in annular space = 8,66 psi

2. Pressure Drop in the Inner Tube

The fuel-rich mixture froa the vaporization chamber contains
0.48 1b/min = 29 1b/hr air and 1.82 1b/min = 110 1b/hr JP-7. Thus, for the
mixture

=

= 139 1b/hr

V = 2,833 rt3/w

p = 0.353 1/rt3

fl = 0,024l centipoises

Using a 12" OD 316-SS tubing with 0,016" wall thickness, 1.218"

ID (and 2L fins on the outside) the pressure loss is 0,3 psi/100 ft, hence
in the 2.89 feet of pipe the loss will be 0,01 psi, or negligible.

Pressure drop in inner tube = negligible

Thus, both the fuel-rich mixture and the air reach the
combustor inlet at 37.5 psig (52.2 psia).

Pressure at combustor inlet = 37.5 psig
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3. Weight of Tubing

14~ 0D tubing: 0.8 1v/rt : 2.3 1b.
‘fins: 1.05 1b/ft (for 2 fins) 3.0 b,
2i" 0D tubing: 1.6 b/rt L.6 1v.

. heating elements, for 24: 1.2 1b/ft 3.5 1b. |

Added for the tee 0.2 lv.

Total 13.6 1b.

Weight of cutlet pipe = 13.6 lb.

C. Startup Heaters _ ,

"It is necessary to prehesat the air-ﬁtel mixture, at the start of
the flight, to a temperature of 1,012°F.  The resistance heating elements
inside the annular space of the jacketed transfer pipe serve for either
initial or additional heating of most of the air. The fuel and air passing
through the vaporization chamber must be heated for startup in the chamber,
however, and this is done by means of heating elements placed around the
walls of the chamber. _

' At the start of the flight there 1s a demand for 43 scfm of ballast
gas or 43 x 1,081 = 46.5 scfm air (= 3.743 #/min.). The amount of fuel
required for this quantity of air is 0. 27k 1b/min = 0,041 gpm = 2,46 gph.
At these ccnditions, again 6 scfm of air are required for the mporization.
Thus: : ,

VAR = 6 scfm = 0,483 lh/min.

tAIR = 250°F (or less, since all equipment is cold)
m’ 250 F "_2_'$.__L
Vpyel = 0.27% 1b/min,
. tFuel = 60°F

hPuel’ 6°.F = 12.8 B‘IU/#
and at the desired temperature of 1,012°F

hpsps 1012°F = 246.7 BTU/#

hpyeys 1012°F = 751 BIU/#

Q = 0.483 (2u6.7-52.2) + 0.274 (751-12.8) = 296 BTU/min.
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The required “heater” 1is

2 60

Allowing for losses, the heater is sized at 6 XW, and its weight {5 12 1b.

Heater size = 6 KW
Heater weight = 12 lbs

III. Total Weight of Air and Fuel Feed Equipment™
Supply piping 19.3 1b.
Spray nozzle 0.6

Vaporization chamber 91

Outlet piping 13.6
Heater 12
Total 136.5 1b.

This figure does not include the weight of a flow control device to
regulate the flow of air to the nozzle under all flight conditions. The
device is visualized as a flow meter in the air line to the nozzle, con-
nected to a throttling valve in the air line to the jacket of the chamber
outlet pipe. Its weight is included under Controls.

Total weight of air and fuel feed equipment = 136.5 1b.

IV. Combustor

The combustor is shown schematically in Figure 33 and 3k. Design of the
individuval components follows.

A, Size and Distribution of Cooling Tubes

Although other alloys may be advantageous, 316 SS 1s assumed.

®omitting insulation
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'316 88 tudbing: ODy = 0.25"
vall thickness = 0,020"
. m, = 0.21"
Fins: fin height, by = 0.375"
fin thickness, the = 0,035"
number of fins, Np = b fins per inch tube

! _
L) P— 1Y T ! ? L
[ : ¥ . a3 ®
2.25' —— FueL - Air MinxTaee  From Varwer2n7ion CHAMBER nast 3' 35
; AT 4 l 1.
Luusa CATAULIST
SureaT SceeEN
Pigure F-3, Details of Combustor Core
. 1 —sfle—c.0s¢* T ; T ‘ [
- y N - :0.375"
e L "ls"’c'? 5" g.os’
—T—————;—‘ e ey |
: ? T [}
- oot- oS (%] - . _-.—l.—-- ‘.o -OD‘G
. i | l.» prongst
' U
. -—:-* °~2$ r‘——'
] Figure P-i, Detail of Finned Tubing
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Tigo ™ Outside radius of inner screen = 1.687% inoh

r = radius of centers of heating elements = 1,7875 inch

ry, Ty etc. = radii of centers of cooling tubes

Tost = {inner radius of outer screen = 9.6 inches

Toso ™ outside radius of outer screen = 9.8 inch

ryp = inside radius of outer combustor wall = 10.5"

= outside radius of cuter combustor wall (= outside radius

Toa
of cambustor s 10.625")

Figure F-5. Detailed Cross Sectiom of Combustor Including
Distribution of Cooling Tubes and Heating Elements
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Heating elements: D, = 3/16"
vhere M. /b = number of tubes per bank:

mean circumference = W Qpean = 3.1416 x 11.6 = 36,44 j.nch_A

® &
nqmbcrdwbes- '—‘%a

30.71 x 7 = 215 tubes

check:

Note: radial distance detween centerlines of tubes is 1.1 inch and

3.k
1.19

Mumber of tubes = 215

between edges of fins is 0.1 inches,

30,71 tubes

B e TR

e r———— S i o e Wprn s el

4 Spacing ' Camlative
T 4 ¢ to ¢ ] between fin- Fumber of
v, dnch | 4, inch | ipen M/ inch edges, inch Tubes
moe2.7875| 35T | 123 | me30| o3m | 0.8 | —
r = 2.5 s0 | 1| 12 1.31 0.31 12
ry = 3.6 7.2 | 2262 18 1.26 0.6 0
Crgmblg o | 29.53| au 1.23 0.23 sk
n=58 | 1.6 B | 3 1.175 0.175 85
r5 = 6.9 13.8 b3.35 | 37 1.17 0.17 122
rg = 8.0 16.0 50.26 | 43 17 017 165
r7 = 9.1 18.2 57.2 50 1.1k 0,154 215
mean spacing = Torai e Tbes * B3 * 119 inches
' wdy +d 4 . 5.0+18.2
mean diameter T = 2——2——— n.6v inch
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B. Data
Ve velght gases/min. at design conditionz.
W Vamm * Mger |
-2h.9+ 1.6 é§.72 1b/min.

Gas flow rate = 1603 1b/br

tyg = LBPF  Tpg = LTITR
p = 36.9 psig P = 51,6 psia
Vm = molar volume, £t3/1b-mole

P
Vg = 0y T
B .ronop

- & 1,797 . 3
ok x 359 x HIZL = 3735 £t3/1b-nole

VoA = volumetric flow rate of air, ft3/min.
Vair = Vm x Npp
= 373.5 x 0.8615 = 321.8 ft3/min.
Vruel ® Wpye1 x (vruel x ;9- )
= 1@ x (8.58 x 1) = 4.5 fdfuin,

VA.p = volumetric ﬂ.ov rate of air-fuel aixture
VAP * VATR * Vruel
| = 321,8 + 4,5 = 326,3 ft3/min, .
Vypg = volumetric flow rate moist b&llut gas
VuBe * VM X MR X (Nypg/mole air)
= 373.5 x 0.8615 x 1.0765
= 3464 £t3/min,

e e o 4
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Vava « average volumetric flow rate through the catalyst ded

Yr ¢V

- 326.32 * 36 336.3 ft3/nin.

(= 20,180 £t3/nr = 5.606 £t3/sec)

Average flov through catalyst bed = 5.6 ft3/sec

fAVG = average specific weight
W
( AVG " Viye

26,72
.3

-
= 0,0795 1b/re3
Vavg = average specific volu