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Theoretical study on the mechanism, heat sink and product
distribution for thermal decomposition of endothermic hydrocarbon fuel n-decane
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(1. School of Chemistry and Chemical Engineering, Key Laboratory for Macromolecular Science of Shaanxi Province ,
Shaanxi Normal University, Xi an 710100, China;
2. Xi’an Modern Chemistry Research Institute, Xi’ an 710065, China)

Abstract: The geometry optimizations and vibrational frequencies of reactions, products and transition states
involved in pyrolysis of n-decane were performed using the hybrid method B3LYP with 6-311G (d,p) basis set
based on density functional theory. The potential energy surfaces of n-decane were built by the B3LYP/aug-cc-
pVTZ methods. The rate constants of all reactions with Eckart correction were calculated by the TheRate program
package. The heat capacity and entropy (Cg‘m and Sy, ) at different temperatures were obtained by statistic
thermodynamics. In order to calculate the standard formation enthalpy ( A Hag, ) for all species, isodesmic
reactions were designed. The Chemkin II program was used to model the product distribution and heat sink. The
effects of the temperature and pressure on the heat sink and product distribution were discussed. The results show
that the C-C bond breaking process is the initial step of all reactions and H-abstraction reaction is easier to
proceed than the B-scission reaction. The cracking initial temperature is 500 C and the reactions mainly occur in
the range of 600 ~700 C. The major products are hydrogen, methane, ethylene, ethane, propylene and 1,3-
butadiene and the product distributions vary with temperatures. The total heat sink of n-decane is 2. 334 MJ/kg at
600 C and 2.5 MPa, with the conversions of 25.9% , which could meet the cooling requirement of aircrafts at 5
~6 Mach number.

Key words: n-decane; mechanism of thermal decomposition; rate constant; kinetic modeling; heat sink;

product distribution
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Figure 1 Optimized geometries of the n-decane at the B3LYP/6-311G(d,p) level (unit:nm)
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R 1 7E300 ~3000 K EXRHAREREMAHEREH
Table 1 Fitted rate constants of the reactions in the thermal pyrolysis of n-decane within 300 ~3 000 K

Reaction Rate constant( k)

Direct C-C bond dissociation reactions ( Ra ~ Rf) k/s™
C,,H,—C,,H, + H(Ra) k, = 5.79 x 10°T" "exp( - 57 800/T)
C,,H,,—C,H,,+ CH,(Rb) k, = 2.45 x 10*T" "exp( - 47 400/T)
C,,H,,—C H,,+ C,H,(Rc) k, = 2.54 x 10°T" Pexp( - 46 300/7T)
C,H,—C,Hs+ C,H,(Rd) k, = 2.58 x 10°T" Pexp( - 46 300/T)
C,H,—C.H,;+ C,H,(Re) k, = 3.75 x 10°T" Pexp( - 46 100/T)
C,, H,,—2C,H,, (Rf) k= 3.88 x 10*T" ®exp( - 45 700/T)

B-scission reactions (R1 ~R16) k/s™!
C,H,—TS1—C,H,+H(R1) ko= 1.29 x 10°T>®exp( - 19 200/T)
C,H,—TS2—C,H,+CH,(R2) ky, = 1.21 x 10" 7**exp( - 13 800/7)
C,H,—TS3—C,H,+C,H,(R3) ky = 6.50 x 10" T"*exp( - 12 800/T)
C,H,,—TS4—C,H,+C,H,(R4) k, = 6.82 x 10" T*®exp( - 13200/7)
C,H,,—TS5—C,H,+C,H,(R5) ks = 1.28 x 10*T"*exp( - 13 000/T)
C,H,,—TS6—C,H,+C,H,,(R6) ke = 6.89 x 10" T*®exp( - 13 100/T)
CyH,,—TST—C,H,+C,H,;(R7) k, = 8.54 x 10" T*®exp( - 13 000/7)
C,H,,—TS8—C,H,+C,H,(R8) kg = 7.85 x 10" T"*exp( - 13 000/T)
1-C, H,,—TS9—C,H, +C.H,,(R9) ky = 6.56 x 10" T**exp( - 13 000/7)
2-C,,H,, —TS10—C,H,+C,H,;(R10) ko = 5.48 x 10" T*®exp( - 13 200/T)
3-C,,H,, —TS11—C,H,,+CH,(RI1) ky = 7.16 x 10°T" % exp( - 14 300/7T)
3-C,,H,,—TS12—C,H,+C,H,,(R12) kyp, = 3.02 x 10" "% exp( - 13 400/7T)
4-C H, —TS13—C,H,,+C,H,,(R13) by = 4.82 x 10" 7" " exp( - 13 100/7T)
4-C,\H,, —TS14—C,H, +C,H;(R14) ky, = 3.34 x 10" T"®exp( - 13 400/7T)
5-C,,H,,—TS15—C,H,,+C,H,(R15) ks = 4.65 x 10" T"®exp( - 13 500/7T)
5-C,,H,, —TS16—C,H,,+C,H,(R16) ke = 3.46 x 10" T*“exp( - 15000/T)

H-atom abstraction reactions (R17 ~R41) k/cm® - molecule™ -+ s

H+C,,H,,—TS17—H,+1-C, H,,(R17) ky, = 4.07 x 107° 7> exp( - 1320/T)
H+C,H,,—TS18—H,+2-C,,H,, (R18) kg = 1.01 x 1077 T*Zexp( - 443/T)
H+C,H,,—TS19—H,+3-C,,H,, (R19) ko = 1.23 x 107777 exp( - 487/T)
H+C,,H,,—TS20—H, +4-C,,H,, (R20) ky = 1.40 x 1077 T*Zexp( - 383/T)
H+C,H,,—TS21—H, +5-C,H,, (R21) ky =2.04 x 10771 exp( - 315/T)

CH, +C,,H,,—TS22—CH, +1-C,,H,, (R22)
CH, +C,,H,, >TS23—CH, +2-C,H,, (R23)
CH, +C,,H,,—TS24—CH, +3-C,,H,, (R24)
CH, +C,,H,, —>TS25—CH, +4-C,H,, (R25)
CH, +C,,H,,—TS26—CH, +5-C,, H,, (R26)
C,H, +C, H,,—>TS27—C,H, +1-C,,H,, (R27)
C,H, +C, H,,—»TS28—C,H, +2-C,,H,, (R28)
C,H, +C, H,,—TS29—C, H, +3-C,, H,, (R29)
C,H, +C,,H,,—>TS30—C,H, +4-C,,H,, (R30)
C,H,+C, H,, »>TS31>C,H,+5-C ,H,, (R31)
C,H,+C, H,,»TS32—C,H,+1-C  H,, (R32)
C,H,+C, H,,—>TS33—C,H,+2-C,,H,, (R33)
C,H,+C, H,,»TS34—C,H,+3-C, H,, (R34)
C,H,+C, H,,—>TS35—C, H, +4-C,,H,, (R35)
C,H,+C, H,,—»TS36—C,H,+5-C,,H,, (R36)
C,H,+C, H,,>TS37—C,H,,+1-C, H, (R37)
C,H,+C,,H,,—~TS38—C,H,,+2-C, H, (R38)
C,H,+C H,,—>TS39—C,H,,+3-C, H,,(R39)
C,H,+C,,H,,—TS40—C,H,,+4-C, H, (R40)
C,H,+C, H,, —>TS841-C,H,+5-C\ H,, (R41)

&
3
I
N

.64 x 107 T ®exp( - 2580/T)
.59 x 107 T ¥ exp( - 2 180/T)
= 4.26 x 107" T ®exp( - 2260/T)
.76 x 107 T exp( — 2240/T)
=7.70 x 107" T**exp( - 2210/T)
.35 x 1077 ®exp( - 3420/T)
.99 x 107 T ¥ exp( - 2710/T)
.30 x 10777 ®exp( - 2 860/T)
.80 x 107 7" ¥ exp( — 2 830/T)
=1.23 x 1077 7" ®exp( - 2 800/T)
.56 x 107 7% exp( - 3 620/T)
.53 x 107 7% exp( - 2770/T)
.59 x 107 7% ®exp( - 2 640/T)
.38 x 107 7% "exp( - 2 660/T)
= 1.03 x 107 7% ®exp( - 2650/T)
.83 x 107 7% exp( - 3 400/T)
.45 x 107 7% Sexp( - 2720/T)
= 1.42 x 107 7% exp( - 2 830/T)
= 1.22 x 1077 exp( - 2 820/T)
.49 x 107 TP exp( - 2 820/T)
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Table 2 Thermodynamic information of partial species involved in the thermal pyrolysis of n-decane at different temperatures
, A Hog o/ Shek/ Cy o (T)/(J-mol™ -K™)

Specie (KJ-mol™) (Iomol-K') 300K 400K 500K 600K 800K 1000K 1500K
CoHy, —245.18 -249.49" 2 668.26 205.56 271.21 333.72 388.23 474.84 538.98 637.73
C,H, -102.05 2245.30 177.11 233.22 285.77 331.16 402.67 455.43 536.64
CiHq -81.09 -82.80" 1984.64 156.69 206.23 252.59 292.63 355.77 402.42 474.34
C,Hy, -60.08 -62.30° 1724.14 136.27 179.24 219.41 254.09 308.86 349.41 412.08
CsH), -39.62 -42.09° 1 463.31 115.81 152.21 186.19 215.56 261.96 296.39 349.74
CsH), -143.18 -146.82° 1364.95 103.26 136.11 167.65 195.48 240.25 273.84 326.23
CsHy, -18.28 -22.30° 1202.48 95.23 125.06 152.84 176.86 214.93 243.30 287.40
C,H,, -125.85 -125.77° 1104.28 82.68 108.99 134.43 156.90 193.34 220.83 263.93
C,H; 1.13  0.29° 941.99 74.77  97.99 119.62 138.32 168.03 190.25 225.14
CH, -105.14 -104.68" 843.62 62.38 82.05 101.25 118.41 146.44 167.78 201.63
GH, 105.02 100.79* 767.81 66.36  83.89 100.25 114.52 137.57 155.18 183.51
C;Hy 18.83 19.71" 681. 66 54.68 71.13  86.48 99.79 121.17 137.32 162.92

1]

* NIST data base™ ; ® reference’
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Figure 2 Potential energy diagram for the C-C bond
dissociation reaction of n-decane obtained at the level

of B3LYP/aug-cc-pVTZ//B3LYP/6-311G (d,p)
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Figure 3 Potential energy diagram for the H-atom abstraction reactions of n-decane
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at the level of B3LYP/aug-cc-pVTZ//B3LYP/6-311G (d,p)
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Table 3 Values of heat sink and conversion of n-decane at atmospheric pressure and different temperatures

1/°C x/% HSC/(MJ-kg')  HSP/(MI-kg') HST/(MJ-kg”') HSC/HST /%  HSP/HST /%
500 0.1 0.001 1.583 1.584 0.06 99.94
550 0.6 0.011 1.752 1.763 0.62 99.38
600 6.3 0.120 1.926 2.046 5.87 94.13
650 39.5 0.865 2.105 2.970 29.12 70.88
700 79.1 1.891 2.289 4.180 45.24 54.76
750 98.9 2.425 2.477 4.903 49.46 50.52
800 100.0 2.725 2.670 5.395 50.51 49.49
850 100.0 3.273 2.866 6.139 53.31 46.69
900 100.0 4.062 3.066 7.128 56.99 43.01
950 100.0 4.908 3.269 8.177 60.02 39.98
1000 100.0 5.494 3.475 8.969 61.26 38.74

Hi 3¢ 3 AT, KR B BEBIIT B T T v i 4
K TR A3 42 5 50 T Wy BT (E S 35 386 in 24
0.2 MI/kg, iR FEK T 500 C A, fb2 30U A
T IR Y BT, (6 I 8 I T T Rl 1 28 o
KRR SN . il 500 THE,
FE2FIUE M 0. 001 MI/kg, #5463 N 0. 1% , 15 W]
TEZS e R 240 3 55 SCHR [ 18 ] Hh 52 50 I o 179 24 i
TLRIRE —B, BEE SOV IR I T, 240 5 e R
BRI DUEZ B T 5 33X 5 IR I ML AR A
Bro Ib2EARTTE I I i R A |, #E 600 ~700 C
FRUTIE RGN BEAR K, R BE 4557 50 C A2 AUTUE T
W2y 1.0 Ml/kg, (B 4 18& JE7E 700 ~ 1 000 C 4
UUHE = R A /0N TR B3 5 50 C I (BT 434 i
270. 6 MI/kg, Ui B 24 fif ) v 3 %2 & B #E 600 ~

700 C, 7E 700 C B 1E B b8 R 7 AR 79. 1%
PUR R 43 1E 28 e 2 JF 1f 24 i, Ak 2= A0 81 T
45.24% ., IR ETHEF) 800 TR, BARFALEKE 1A
100% , {H I f Bl U 22 T v Ak 2 R TS il 35 3 K, ™
Yoy A kA 25 R U B IE 58 o ) B R B 19 )
K B85

SR, TR X 5 i AR R AR K, i & 4
AL FE 500 ~ 680 C, SR RE A H 1 3 KRS A 38
LI 5 SOk [19 ] iz B B a5 R — 8, 1
680 ~1 000 C, BITLRERE H 138 KM 2% 12 0k /)N
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Table 4 Values of heat sink of n-decane at different temperatures and pressures
t/C
p/MPa 500 550 600 650 680 700 750 800 850 900 950 1000
0.1 1.584 1.763 2.046 2.970 3.778 4.180 4.903 5.395 6.139 7.128 8.177  8.969
(0.1) (0.6) (6.3) (39.5) (66.6) (79.1) (98.9) (100)
0.5 1.585 1.773  2.117 3.039 3.629 3.885 4.447 4.861 5.439 6.008 6.469 6.949
(0.1) (1.3) (11.4) (49.9) (71.4) (79.8) (98.6) (100)
1.0 1.586 1.783 2.189 3.156 3.632 3.810 4.285 4.667 5.141 5.618 6.035 6.489
(0.2)  (1.9) (16.1) (59.3) (77.1) (82.9) (98.8) (100)
1.5 1.586  1.790 2.246 3.233 3.641 3.784 4.221 4.575 4.997 5.437 5.838 6.273
(0.2)  (2.4) (19.9) (65.6) (80.7) (85.2) (99.0) (100)
2.0 1.587 1.797 2.293 3.288  3.650 3.777 4.188 4.518 4.908 5.324 5.714 6.137
(0.2)  (2.8) (23.1) (70.2) (83.3) (87.0) (99.2) (100)
2.5 1.587 1.803 2.334 3.330 3.661 3.780 4.168 4.478 4.845 5.244 5.627 6.039
(0.2)  (3.2) (25.9) (73.8) (85.1) (88.3) (99.3) (100)
3.0 1.587 1.809 2.370 3.363 3.672 3.787 4.154 4.448 4.798 5.184 5.559  5.963
(0.2)  (3.6) (28.4) (76.6) (86.6) (89.4) (99.4) (100)
3.5 1.587 1.814 2.401 3.392 3.683 3.794 4.142 4.424 4.761 5.136 5.505 5.902
(0.2)  (3.9) (30.7) (78.9) (87.7) (90.3) (99.5) (100)
4.0 1.587 1.819 2.430 3.417 3.692 3.802 4.133 4.404 4.731 5.097 5.461 5.851
(0.2) (4.3) (32.7) (80.8) (88.6) (91.1) (99.6) (100)
4.5 1.587 1.824 2.455 3.439 3.701 3.808 4.125 4.387 4.706 5.064 5.423 5.807
(0.3) (4.6) (34.6) (82.5) (89.4) (91.8) (99.7) (100)
5.0 1.588 1.828 2.479 3.459 3.709 3.814 4.118 4.373 4.684 5.036 5.390 5.769
(0.3) (4.9) (36.4) (83.9) (90.1) (92.4) (99.7) (100)
parenthesis presents the conversion (x/% ), and the values between 850 and 1000 C which are the same with at 800 ‘C have been
omitted
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Figure 6 Plots of product yields and conversion of
n-decane at different temperatures
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