202343 A e o B AR Mar. 2023

44 3 JOURNAL OF PROPULSION TECHNOLOGY Vol.44 No.3

F AT BB B R SRS
A, o R

(1. WrVLR2: fb22 3R, WL B 310027,
2. WL K2 AL2ERTBEB AR HhO, WiV AT 310027)

W OE. M2 —AS BB, MR AEERN T+ o EL, A VE-KRAEN LA
B F T 0 A, KRG A BBACAA TR LR R B A8, 3t B3 5] 500nm R 46 0 K & AL B
T34 )5 H 1.8~5.5nm, 40nm R 45 A0 & @ B AL E T3 R 0.5~1.6nm, KA A ERE T 5000m F=
40nm JR 45 0 B H TR B AL JG 6 MR AR, 3B 3B R R TR T A P B A, LA B R IR
ety B, At S R AR A, I R R, 500nm RIS IH B F Ik BALY IS WK IRAF
B o 3T 3 KB AR 5 )y 55.2+0.8k] - g A2 55.4+1.2k] ¢!, B AR R AR, H % LAKIETEE N
40nm JR 4 BRH B 3 2 T B AL JE WRBEAT B 0 32 AT MR B AR5 B 4 53.320.9k] g A2 51.620.9k] - g7,
AR T ARAR, A T EAR TR AR AL, B BRER THEK (425000m) #MHmiEs, &L
REEREN, BAEN 500nm /R4 A3 40nm R4 G BB R L, S MBEL e R 4 40~
500nm B, BRGE R R AL AR 6 R R KD LK

SRR ANy ORI BRERGE R MR E; AME

RESES: TIS5; 064 XEEFRIRAD: A XEHS: 1001-4055 (2023) 03-210687-08

DOI: 10.13675/j.cnki. tjjs. 210687

Methodology of Measuring Heat of Combustion of Boron
Powder by Oxygen Bomb Calorimetry

DU Xin-yi', LI Gang"?

(1. Department of Chemistry, Zhejiang University, Hangzhou 310027, China;
2. Center of Chemistry for Frontier Technologies, Zhejiang University, Hangzhou 310027, China)

Abstract: Boron is a well-known solid high energy fuel. It is important to measure accurately the heat of
combustion of boron. The oxides or boric acid on the surface of boron powder was eluted with a methanol-water
mixed solvent, and the amount of boric acid in the eluent was analyzed by titration of sodium hydroxide solution.
The average thickness of the surface oxide layer on the as—received boron powder was 1.8~5.5nm for 500nm pow-
der and 0.5~1.6nm for 40nm powder. The heat of combustion of as—received boron powder with sizes of 500nm
and 40nm as well as the oxide—free ones were measured by oxygen bomb calorimetry. The amount of boric acid in
the combustion product was analyzed by titration method, which was used to calculate the actual mass of boron
burned and thus the heat of combustion of boron. Results show that the average heat of combustion of boron is

55.2+0.8k]J-g™" obtained from as—received 500nm boron powder and 55.4+1.2kJ-g”" obtained from the washed
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one. These values fall in the range of reported values in the literature. The average heat of combustion of boron is

53.3+0.9k]J - g ™' obtained from as—received 40nm boron powder and 51.6+0.9k]-g™" obtained from the washed one.

These values are slightly lower than those reported in the literature. Boron powder with larger particle size (such

as 500nm) is recommended for measuring accurately the heat of combustion of boron. The oxide layer in the

above—mentioned thickness range on the boron surface has little effect on the combustion efficiency for either

40nm or 500nm as-received boron powders. The combustion efficiency is also independent on the size of boron

powder in the range from 40 to 500nm.

Key words: Boron powder; Heat of combustion; Acid-base titration; Boric acid layer; Oxygen bomb

calorimetry
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Fig.1 XRD patterns of as-received and pretreated boron

powder
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Fig.2 Schematic diagram of boron particle model
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Table 1 Effects of methanol on titration results of boric acid content
Sample Con(:en.tralion of NiOH Volume/mL Concentration of H ]BO Avemg-el/ Moles of H,BO,/ Titrafti.on

solution/(mol - L™") solution/(mol - L™") (mol-L™") mmol coefficient

1 20.88 0.1034

2 0.09903 20.80 0.1030 0.1032 10.32 0.968

3 20.82 0.1031

4 21.08 0.1046

5 0.09801 21.06 0.1044 0.1044 10.44 0.964

6 21.02 0.1042
Table 2 Titration results for measuring boric acid content on the surface of 500nm boron powder

Sample Y 0lume of NaOH Concentration of H,BO, Moles of H,BO,/ Weight of H,BO, content in Average w/%

solution/mL, solution/(mmol - L") mmol H,BO,/g boron w/%

1 14.15 6.888 1.378 0.0852 4.22

2 13.72 6.678 1.336 0.0826 4.09

3 13.50 6.571 1.314 0.0812 4.02

4 13.65 6.644 1.329 0.0822 4.07 H100.07

5 13.50 6.571 1.314 0.0812 4.02

6 14.00 6.814 1.363 0.0843 4.17

Notes: Concentration of NaOH solution is 9.735mmol- L™
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Table 3 Titration results for measuring boric acid content on the surface of 40nm boron powder

Sample Volume of NaOH. Concentration of H,BO,  Moles of H,B0,/ Weight of HLBO, contentin
solution/mL solution/(mmol - L™") mmol H,BO,/g boron w/%
1 23.08 0.02286 2.286 0.1413 13.98
2 23.18 0.02296 2.296 0.1419 14.04 14.0120.02
3 23.15 0.02293 2.293 0.1418 14.02

Notes: Concentration of NaOH solution is 0.0198 1mol-L"
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Table 4 Results for heat of combustion of paraffin wax

Sample Heat of combustion/(kJ+ g7I ) Average/(kJ - gfl )
1 46.65
46.66+0.01
2 46.66

500nm B K5y ) I 6 25 5% o HE DU AT BB J2 R T 40nm B K
Fb 500nm B A 51725 5 i a5 AR A AR ) R v BROR B
TR ARG, (8 B T 40nm B A 2 TG A
5 #6438 25 SR AL PG R 4 M H oA R R R R
o B A IR L S B Aok T RR R T A R
Ak, #5236 b TR B BRRE B Bk 5 i T
S B R b I A, DT 5 O E A B A A R Y
493 R o A R ALK
3.3.3 TGRS KA b R )
(1)500nm J5 45 B A I 2 5 S
TER AT L 500nm J5 IR 81k 5 40 B85 IR A in #4

T 10 BB B 7 BRI Ty 55.441.2k) - g (LR 5)
PR 5 2 0 A5 1 (B R R B2, ELZ R R AR Y5 T
SCHRAEL Y BB P97 2R B AR SCOR B B ARE I S R
HH . SIAN BRI BT A AR B RCR A T 86%
e, Uk B Y AL 2 R E N 1.8~5.5nm B, & 1H A b
JZXF 500nm B A Y A Be i B s ma AR /N

(2)40nm J5 a5 8 k3 000 4 45

TERSASUT , 40nm Ji 16 818y 5 A0 53R & m #4
A5 B A 5 R 10% 14 FE S, FLR be A (E I 2
8 firm o

¢ 8 K8 vl %0, FH 40nm J5 14 BB I 45 4 20
T SF 27 99K 62 A g 53.3+0.9kJ -7, T 1 25 B S Ak B
J& 19 40nm B Ky B 0 A5 (Y BT A0 7 3 8% e B (E N
51.6+0.9kJ-¢ (WL 6) , B L B SR AL ¥ )5 19 40nm
Ho3 0 A5 B4 B 48R 5% BB AR T 40nm R 46 B 5 00 45 14 45
B 2R T 2 AT AT ae, B R B E LW 1

il 75 00K 7 5 R 10% (0 FE &, LR e A I i 45 2R
7 /.

2 7 BCHE AT A, H TG ST 38 R R A
55.2+0.8kJ - g™, 1 I £ B A2 AL 5 B9 500nm B A3 )

Table 5 Experimental results for heat of combustion of S00nm boron powder after removing boric acid

40nm B3 28 5y B 28 AR AR R I AR R ORI T
RO B9 1 Tt BT A AT RE R o B A BB s R
e, R0 7 0 B mP A D R B e A 7 AR A B TR S

Mixed sample Boron content Boron Total heat Heat value of  Weight of boron Heat value of Combustion
weight/g w/% weight/g value/] boron/]J burned/g boron/(kJ-g™") efficiency/%
0.5182 0.0257 24249 1268 0.0237 535 922
0.5195 4.95 0.0257 24251 1212 0.0251 48.3 97.7
0.5206 0.0258 24334 1247 0.0244 51.1 94.6
0.5141 0.0515 24056 2473 0.0458 54.0 88.9
0.5131 10.02 0.0514 23995 2454 0.0446 55.0 86.8
0.5268 0.0528 24611 2496 0.0436 57.2 82.6
0.5178 0.0781 24272 3757 0.0622 60.4 79.6
0.5110 15.08 0.0771 23642 3396 0.0614 553 79.6
0.5163 0.0779 24083 3627 0.0599 60.5 76.9

Table 6 Experimental results for heat of combustion of 40nm boron powder after removing boric acid

Mixed sample Boron content Boron Total heat Heat value of ~ Weight of boron Heat value of Combustion
weight/g w/% weight/g value/] boron/J burned/g boron/(kJ-g™") efficiency/%
0.5190 0.0520 24083 2293 0.0451 50.8 86.7
0.5210 10.02 0.0522 24262 2389 0.0451 53.0 86.4
0.5167 0.0517 23984 2291 0.0448 51.1 86.6

Table 7 Experimental results for heat of combustion of as-received 500nm boron powder

Moles of H,BO, Heat

Moles of H.B
Total heat oles of H,B0,

Weight of Heat value

Mixed sample Boron Total moles of

Combustion

. . in the sample/ value of produced by boron of boron/ ..
veight/g veight/ lue/ H,BO,/ 1 fficiency/%
weight/g weight/g mmol value/J boron/] BO/mmol - on/mmol burned/g (kI-g™h) efficiency/%
0.5127 0.0493 0.034 23902 2377 4.075 4.041 0.0437 544 88.6
0.5180 0.0498 0.034 24111 2363 3.939 3.905 0.0422 56.0 84.7
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Table 8 Experimental results for heat of combustion of as-received 40nm boron powder

Moles of H,BO Hes Moles of H,BO sight of  Heat value
Mixed sample Boron i 0tes ot B4 Total heat eat Total moles of otes ot 1550 Weight o e,dt vatue Combustion
eiaht/ oht/ in the sample/ Juel] value of H.BO./ | produced by boron of boron/ ffici 19
wershe welente mmol vaue boron/J 3PEIMOL - mbustion/mmol burned/g (kJ-g™) crieleneyfzo
0.5205 0.0449 0.119 23907 2059 3.607 3.488 0.0377 54.6 84.0
0.5082 0.0438 0.116 23293 1962 3.600 3.484 0.0377 52.0 86.1
0.5169 0.0446 0.118 23744 2047 3.668 3.550 0.0384 53.3 86.1

B LB 43 ok A F R BRI 25 SR AL BRBE 1Y R T
0, S O AL A Y BRSO S A AR AR R B
A -

P 3% 6 3R 8 B4 AT M1, 40nm J5L 1 8k F0
R ALY 5 B BB  BR e AR AE 85% i Ay i WY
AALZ R N 0.5~1.6nm B}, % 18 A AL )2 XF 40nm i
TR 2o R 1) 5 W s T 2 AT

T3 Ah , 40nm B RS B9 BR 56 R 5 500nm B AH T
Ui B 24 B R R SF R 40~500nm I, BB A4 1% 52 2k 3
5 HORLAR RN FHEATC G

T ZLAE Y, 40nm J5ULR BB I A5 A BRL T 6 K
B AAE (53.320.9k] - ¢ ") Hb 500nm Ji 4 6 A5 0 45 14 24
T B 4% be A (55.2+0.8kJ-g") W& G, AT fig & K Ky
40nm B By 2% 18 9 8010 9 e xR HR - KR 5 R &
B T4, S SO 58 I 5 A R 1Y) B R 0T 2 L S B
AT A 3 8 BT 45 A9 S5 5T it B DR A . AT L, o
I B R 7 98 e AL, 35 % UKL R H 85 K (4 500nm )
4 B A9 5 A

4 & g

ARG LAY A5 B R 458

(1) R F R 2 =KV A5 V5 300 AT A A0 2 B by 2% 1
1 48 A6 P, 500nm Ji Ih B 3% 1 4R AR 2T 3 R B
1.8~5.5nm, 40nm Ji 4 B 453 26 I 4810 27 1 R 0.5~
1.6nm,

(2) R AN 2 T 500nm Al 40nm 5 46 5 4y
o 2 o 26 AR AL W 5 I BR e BIGME T 93045 B B
T A BR B A . 500nm Ji 5 BB F0 25 Bk 26 1 A 1L 9
J A5 30 B B BT B P SRR A 43 ) R 55.2+0.8k) - g
H155.4+1.2k]) - o' ; 40nm Ji 45 B A 0 25 B 3R 10 SR AL )
J A5 30 B 2R 5T B 7 SR A 43 ) R 53.320.9k) - ¢!
M 51.620.9k] - g™ 5 AT 5E I A BB A K % AR M
B3 b T N I N O 1 S E

(3) 4 %8 4L J2 & N 1.8~5.5nm I}, 36 1 & 1L )2
X 500nm Ji b B Ky ) R 8 ik B R AR N s Y AL 2 R
FE N 0.5~1.6nm I}, & T 48 46 )2 % 40nm J5 46 B9k #4
e AR A R R AL T 220 R

(4) Y 70 Wi ks R SF R 40~500nm B, B 09 4% 2 34
G AORL AR R/MLTEK
LS O 051 1 N L e R S
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