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Abstract: Secondary dust explosionisia ‘typical and hazardous disaster phenomenon in industrial dust safety, which is defined as
the secondary combustionand éxplosion behavior of suspended combustible dust clouds excited and induced by the shock wave
and thermal effect of the'primary explosion. The inert powder suppression technology is recognized as one of the most efficient
and feasible measures fo mitigate and restrain dust explosion hazards. To reveal effective suppression routes for secondary
explosions of high-reactivity metal dust, three typical inert suppressants including sodium bicarbonate (NaHCOs), ammonium
dihydrogen phosphat¢ (NH4H,PO,) and sodium chloride (NaCl) were selected. A series of contrastive experiments were carried
out to investigate the suppression characteristics of four different mass fractions (33.3 wt%, 50 wt%, 60 wt%, and 75 wt%) of
inert powders on hydrogen deflagration-induced secondary explosion of accumulated zirconium dust in an open space. The
explosion overpressure, flame morphology evolution, flame propagation velocity and flame temperature duration characteristics

were systematically analyzed. Experimental results demonstrate that inhibitors dominated by physical effects such as NaCl are
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more efficient and reliable for active zirconium dust. In contrast, chemically based inhibitors exhibit inconsistent concentration-
dependent suppression performance. Specifically, NaCl powder relies on pure physical suppression mechanisms including heat
absorption and flame blocking; it does not participate in chemical combustion reactions or generate secondary harmful by-
products, thereby delivering outstanding suppression stability. The 60 wt% NaCl condition achieves the optimal comprehensive
suppression effect, which can markedly reduce explosion overpressure, limit flame propagation range, lower flame temperature
and shorten the duration of high-temperature zones. The suppression capacities of NaHCO3; and NH,H,PO, cannot be
continuously enhanced with the increase of doping mass fraction. Moreover, thermal decomposition products of NH,H,PO, even
exert a certain catalytic effect on the combustion of zirconium dust. By comparison, 50-60 wt% NaHCOj presents relatively
balanced suppression performance, whereas NH,H,PO, is not applicable to the suppression of zirconium dust explosion.
Distinctions between physical and chemical inhibition mechanisms governing zirconium dust secondary explosions are identified,
supplying reliable experimental datasets and technical support for explosion prevention and safetyyeontrol ofthighly reactive metal
dust in industrial production and storage processes.
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Table 1_ Sample Composition

Sample/# Zr/g NaHCOs/g NH4H,PO,/g NaCl /g Total weight/g
1 5 2.5 7.5
2 4 4 8
3 3 4.5 7.5
4 2 6 8
5 5 2.5 7.5
6 4 4 8
7 3 4.5 7.5
8 5 2.5 7.5
9 4 4 8
10 3 4.5 7.5
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i ik 2 [ TR TR 1, PTS, PT6, PT7 Al PTS Alf&E 100mm, A7 k& i 4k, Hrp
PT5 FE 20 H 1 50mmo.
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Fig.2 Typical overpressure-time history curve

TEHERRH R 5 AR RV A48 K NaHCOs. NH,H,PO, A1 NaCl, 78 '8 B30 5 17801358
IAF AR TR IR B 5 B RIBRIEIE I R Rk 2. B 3 Fow

A T da AR AN A PR 25 (8] 9 A 2 = MR O B 5 IR IR FE B i $2 7. (H2, &
SCRIR A KB, KT NaHCO; Al NH4H,PO, IX IR, 5 HERR B b WA AR 1 528 FE Py U0 ol AR 3
ANFE A A R FE B I 4R T . X2 R DIX NaHCOs Al NH,H,PO, 108753 )& T LML 22305
TR, B I IR A A R NN o A PR SR BRI T R MR B S AR AR, (EL 7R AR v T P
TRIG S A T IX P AR NG RS2 I P~ I Re s SiGIR & B Bk R A RS, HL e AR S pdkadk
— B EHERY, BB S TR S AR R i) bR IR R B 1 SR OB, A R R SRR R R

25 N\H NaHCO; N 33.3wt%H, PTS HIs RIEIEB ISR/, A 53.42 kPa; 75wt%
NaHCO; HERUR A, PTS [t KEBYERRE AN 75.57 kPa, W& & T H AR EHNAACO;. X iiiH5
o R BE 1Y) NaHCO; 43 R 2 I HERR B Ry IR IR IR B . 45 & S AN ALRE, nT DA SR KETE R T
BER R IO AZ 00 SN X AL B KRS T PTS A PT6 BT, DRIk, Ao A bR 0 A X HE AR A5 Ky
PRVE I AE IR 5 B R ROR Tt — 2D g PTS A1 PT6 10 3% 2 (0 e KB Ve B ik P H4{E . 33.3wt%
NaHCO; HEFUK K PTS Fl PT6 T35 e KR NEHE AN T A48 T Hde /Ny _ 7l 46.04  kPa Fll 34.45
kPa; 60wt% NaHCO; FIHERU A PTS Al PT6 V34 i KA NEHE AT, I R /R, 73 7ih 63.20
kPa fl143.63 kPa; 50wt%AHll 75wt% NaHCO; [f] PT5 Al PT6 S S KR VEBE L) Hh 61.68  kPa All
61.46 kPa, V355 K 40 51l 43.41 kPa 1 43.59 kPal,

BFB N T NHHPO, FIHERURY R, FEIRE N 3353 wt%- /50 wt%lt PT6 [ K LERE EE KT
PTS5. %4 NH4H,PO, RN 33.3wt%f, PTS I MEEIERNEA 582  kPa, PT6 M KIRIEE T A
60.81 kPa, ¥EHNT 2.81 kPa; MiKE N 50 wt%lhf, “PTS HI PT6 [ KIEIEEIE /378 55.59 kPa Al
59.50 kPa, MGHNT 3.91 kPa. iX & F B IRIE BISH NHHPO, By AR 52 353 i 7= 4 Ho,O Al NH; AN 2
DASEIR R BAIBERAE A, RIMEESEES SRR & T, S — D0 Hyy Ny LU H B2,
Z 53 MR R ERNTZT, B KBRS N5 Zr fE5E N RABZUKBEN SN K ZiN, il
PR E N RGIEN T ReR, FEE IR INMIZY . HEE, NHH,PO4 H K5 854 (1)
Wl J B [X SRS PT6 AL E, BIME 33.3wt% Al 50wt% NH,H,PO, ) PT6 i 3% 2 () i K KT
PT5. 24 NH4H,PO, [ FEE N 2860 Wikl , PTS HIf KIBEIEREIE S 50 wt%ik FEAHIL A 56.0 kPa, {H
PT6 I KRB 5 B S R A 4246 kPa. 60 wt% NHH,PO, [ PTS5 Al PT6 V- 35 fi K e B AN 3
SRR BN, 50N 49.30kPa F1 35.57 kPa; 33.3 wt% NH4H,PO, ] PTS Fl PT6 T34 KR E#E
JEfK, N 59.51 kPaé 50 wt%eNH,H,PO, 18 P38 i KB VE R i K, N 42.08 kPa.

NaCl #3 A5 HER RS Wk H A s 1) 0 1) 5 SR 1) S o o R P2 PR 389 i 2 7o [RL A NaCl & —Fh 4 3
VEFI IR, UM ATL N 8 IR IS A R RO R R SR S, FEAS SR RN . BN 60 wt%
NaCl i}, HERVERA AR T 0 PR A o VR 1) NaCl o A X HE AR A5 0 BRIBSER T A 0 R 5. 60
wt% NaCl FJ'PT5 Ml PT6 ~V-35 s KR MEEE AL 38 R 3 8/, 43 708 50.82 kPa #1137.00 kPas;
333 wt% NaCl [1J PT5 Fl PT6 ~F¥ i KR NE R AL P8 R oK, 20518 78.83  kPa fil 58.83
kPa; 50 wt% NaCl [¥] PT5 #1 PT6 -3 i KARNEM KN 59.29 kPa, S 13515 KABRNEH LN 39.41 kPa.

i LRTR, EMERERR BN 33.3wt%  NaHCO; # AR XA IRAE I H R i i, B TP &
N 34.45 kPa; A 60 wt% NHH,POL K R IR ., S FIIHEIE AN 35.57 kPas 5 60 wt% NaCl ¥ &K Ff
K2, KT8 N 37.00 kPa.
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Table 2 Maximum explosion overpressures under different working conditions
Sample/# Maximum Maximum Average Maximum Maximum Average
P Overpressure  Overpressure Maximum Overpressure  Overpressure Maximum
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of PT5/kPa of PT6/kPa  Overpressure of PT7/kPa of PT8/kPa  Overpressure

of PT5 & of PT5-
PT6/kPa PT8/kPa
33.3% 53.42 38.66 46.04 26.87 18.86 34.45
NaHCO 50% 67.76 55.59 61.68 28.96 21.33 43.41
3 60% 63.41 62.98 63.20 29.67 18.45 43.63
75% 75.57 47.34 61.46 2931 22.15 43.59
33.3% 58.20 60.81 59.51 30.36 18.86 42.06
NHH,PO,  50% 55.59 59.50 57.55 29.84 2338 42.08
60% 56.03 42.56 49.30 24.43 19.27 35.57
33.3% 91.21 66.45 78.83 31.41 26.25 53.83
NaCl 50% 64.28 54.29 59.29 22.68 16.40 39.41
60% 54.73 46.91 50.82 2338 22.97 37.00
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Wt%-+ 60 wt%¥ NaHCOs; 7E 50 ms B LI k6. 7E 50 wt% ] 60 wt%ik X [[], NaHCO; K% 1
XTI B A S R AR T e, [T BE 1O T HERRAS mE S B A R R B N R B AR K
A REE BAF AR SCR . 33.3 wt% M 75 wt%[] NaHCO; PA K 60 wt%[¥] NH4H,PO,4 7£ 100ms 17545 %5 B
BRI, HEAN, 75 wit% ) NaHCO; A1 60 wt% ) NHH,PO, iiE B 1T FIERH AR Vs I 0 v o bk v 410
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Fig.6 Evolution of flame size
*® 3 NBERSTAREE
Table 3 Slope of flame size
NaHCO; NH4H2PO4 NaCl

33.3% 50% 60% 75% 33.3% 50% 60% 33.3% 50% 60%

Sl"pﬁe‘i’éﬁame 97.14 3630 4786 13673 113.55 127.42« 136.51» 14025 105.09  47.79

Slope of flame
width

91.18 156.56  45.52 127.07 11330 14569~ 206.90 203.09 102.69 41.34

3.3 B MM RIS IR AR E R ZER 590 th

B EM R MR REESSURIES SIEH RIMEE R A SG B 7 Fos. fE4L4h
PRBACHER T, KIERTES SRR AR IEAZ O R X RS IR . B LA K6 e T
X R 7 T FHAIGE A H 1 A BT 1 /NS L e 7 RS sh A R R, (ELR K 3R R o 28 K i
O IR X PRI T 25 52 B IR TR 0 R RN B R 3545 X 3l . X5 F NaHCOs #3 K, 33.3 wt%lt KA =i X
Pk inad, AP R N AR R X R B4R R R m K. BEEIRESE N, 50 wt%Al 60
W% B K v T X TR AR B 245 /N o <UL 50, wt% NaHCO; KA ER IX MG & 5N, B iR 21N 560
°C, FFLEEFE] 8.6 ms; 60 wt% NaHCO; A R X R, (HH Sl E B, UF 500°C, Hrakmt
W29 10 ms. 2817, BN 75wt% NaHCOs ¥ K J5 KIG /R L T 2 AN A5 sz O iy ses . i
R THBANT5 wt% [NaHCO3 MR ER R AR TE Sl = K 2610, NaHCO; Ml Rk %, Hoorfig
PS5 IR MR TR, TR A R NIX . R, KGR R RREERT (A

X F NHHLPOG KA N = AR BE T 038 200 MR FEFE R B R R 1) KA TE 5

X T NaCl Ry AN K &R (3 R AR B 15 NI S I 2 I 35 L B ) 3 5
Ho RERRTE60 wi%oll, FLAJAXIARTUN IREAR, SR NaCl (1) 2 #E I i /8 F B %
FB KRR R FINZ O i BE A FH B

CRENTLLATE T, 60 wt% NaCl (1) K s il BE e/, AR 358.1 °C,  HL il X Hp 82 ] e
HT92 s; 60 wt% NaHCOs [ KIGE iR EIR 2, 75082 °C, FimiFaEmfii N 9.9 s; 50 wt%
NaHCO; I K E R R FE FRIR 2, A 558.1°C, FrildFRrat [ h 8.58 s.
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Fig.7 Infrared thermal images of accumulated dust under explosion

3.4 MM R INGIHEFRSEMRIRIR X IG S R o

85 11 B AT B R RN BRI X IR E R . SO RS G S 2Ry, AR
WL S 2R A R 0L, R, 7R 22456 LU NaHCO;. NH4H,PO, A1 NaCl =Fide 1146 AKX
ST HERVEE R IR IR AR, W 8 foR. JEA T PTS M PT6 i KIBIEME KM KIGHZ O
TR RRSEIN M) Ak S R B . KA R RO T A i B R R R AR ISP 358D X DU A1) &
ALFEFR LG T T0 AL 5 HERR BB AR (0 3k R, i BBl S P T RSB /N 3 7 1% T 450 ) B b R AR 1 25
Aid R . MEFRTCAIEE, T 10#, Bl 60wt% NaCl FI4E&HI R & 4F, PTS 1 PT6 )
B KIEVER R FI(E N 50.82 kPa, KIEHZ L il X RELERTE] 7.92 ms, KIEHKIRE 358.1 °C, KJA
FERRESE 44 m/s. 00 3#, B 60wt% NaHCO; FIZE &R Kz, PTS M PT6 5 KIENEH L
BB N 6320 kPa, KJGHZ Uil X HFEENT 18] 9.90 ms, KGR AIRE 5082 °C, KIAIESERHE 46
m/s. L 2#, 50wt% NaHCO; ZREHNHIHUER R, PT5 M PT6 [ KABRNEE K 31E N 61.68
kPa, KIEHZ O il X RFEET H] 8.58 ms, KUGH KR 558.1 °C, KIAFEREIHE 96 m/s.
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Fig.8 Inhibition effect of different working conditions on combustion and explosion of accumulated zirconium powder

NaHCO; #3 A X HER By WA (0 25 5 S B R R IR L 60wty il S0Wt%iX 2, 33.3wt%iR 7.
B 33.3wt%NaHCO; KK PTS A1 PT6 F)f AHRKEHE LI ERAS N 46.04 kPa; 50wt%NaHCO;
() R IEAZ L i T X R SR R BB,y 8.58 ms; 60wt%NaHCOs Ik M R IR iR Ai, v 558.1 °C;
60wt%NaHCO; i) KNG EHEH B g, 9 46 m/s. EAVERRIRE, 75wt% NaHCO; ) KM (&3 L &
FWRTHARII, EBRK NaHCO; BRI T 5 22 A A ¥ e v o

NaHCO; #7 A#73 ff A] LT 53 73 9 AR JUASBA B3]

NaHCO, - Na¢CO,+CO,+H,0 (1)
Na,CO; —-Na,0+CO, ()
Na,O+H,O — NaOH (3)
NaOH++H —<Na+H,O 4)
*Na+-OH — NaOH (5)
+NaO++H — NaOH (6)

{HRAEERNE SHChSIR AT, WERIRNISE S EER a5 H,0 F1 CO, KA AN
AR IR N, BB SR N IR B B IR R % -
Zr+H,0 — ZrO,+H, 7
Zr+CO, — ZrO,+C (®)
NaHCO;/7 R BRI B, BEAE FRARIR e [ N6 . 3oy ik = A 1
NaOH. < NaO%{ Na,O. *Na%5HMEFTLE « H. « OH 08 A AR AR B, JHFEEEREE]
B AR A FR T B ¢ IR IR VE RS . RN Zr WSS RE IR, M IRIRBE I iy, NaHCOs 73 fif = 4E
1K HoO TEMBREIAEE FREWE N Zr M EiR AL, Zr 5 H0 RN AMURER R R, 164
B Hy 5% RS AR, IMREVES R ARE . Inz, A3msl v EEA ) 2 LAE B A2 s B el 2 B2
KPR, BB IR IR A 2 SECE 210 H HEEFE. L, EMERES h BN mIRE
NaHCO; e B HIHIVE R /AN T30 =4 5 850k I A TR R LT BRI R . 0 T HERR B R 45 IR
&R 50~60wt%[¥] NaHCO; REWE A H AT B IR 350K
NHH,POy H AN HEFR BB AR I 25 5 I AR 3% % o BN S0Wt%NaHCO; #1 K i PTS 1 PT6
B KRR R F M fAR, 9493 kPa; 33.3wt%NaHCO; K IERZ O i i X AR et ) fe i, 9
10.23 ms; 50wt%NaHCO; [ K45 Kl E Ak, 4 1278.2 °C; 33.3wt%NaHCO; [ K J@ A& 7 5 /e 12,
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113 m/s.
NH H,PO, ¥ AR # i vl DA B Hb 3 S LR TLANEY B 34361,
NH,H,PO, — NH,+H,0+H,PO, 9)
H,PO, —» HPO,+H,0 (10)
HPO, — H,P,0, (11)
H,P,0, - P,0,+H,0 (12)

(ERAE SR T e R 26 E N, B9 AE 5 HyOL NH; BURAZ ORI P,Os A2t 5
FURITBEAL 5 S N

Zr+H,0 — ZrO,+H, (13)
Zr+NH, — ZrN+H, (14)
Zr+P,0, — ZrO,+P (15)

NHH,PO, 73 fiff S SR WSOR B I B, R PRARIA I I BE T 26 . FA AR AR P NH, () T PS5 KA
HEBEER N, R « OH JRB, AR« NHy Fl HyOo XA MTEFE SNKIGH A B %, M
M T KIEAERE, 2] T AAINH R . (EE R 5 B 3 S It R 2 4T BRI
NH4H,PO, [ £ B = il A5~ #Ae 580 R AR IR W, A BEHEIE NHLH,PO, 3 i
SN IR AR, BT AR R Hy AP QU B TE Rl SR B ISR IR, S EURB IR IE
TAEAF RN A0, BB AERE T RAHT [ IR R N . i B TR ML 2 HPO; B 78 55 7 n] AR
R R TR — 2 B B TS A B, B S8 SR I IR . ER 52 i it DL s S B <3
FIBAER, MR HPO, JiZite e I 1R B 2R Bl EEABIEE MER T, ZiEpLE| 52
SR X ENETE S B R RE S RN, NHMHPOL 17 AR AN w2 I 1 S8 Ak A0
PGSR, D b I T I Rl O A B B, R S T AR RO B R IE R k. HAHEE T
NaHCO;, NH4H,PO, #7ff7= A= 1) NH; /£ 2V TR KE = iR s A A B ol BR, 1 NaHCOs #4373 i r= AR 1
CO, ANTBRAMR . IERLA T HPOs P,Os TRV Al il S EH T 2088, HPO; Joikfa i i 5 e &L
MR IR 2 RS, ZIEGIN T P,0s 58K B0 R i AR, ik 7R MR e, MR R
GUENKERE R . [FFEVE IR, NHH,PO, KA S BRI 2 f# 7=, B P,0s, fEEE T
AAMENE, HAERE TS NH IR, TR S e i SRR & @ R i, Ak (i
PR FH 3z NaHCO; i 2, 580 e B i) 2808 B 2. 25 T NaHCOs.0

Ak, NaHCOs; F1 NHyH PQ 52 #0470 i [ S35 23 A2 AR, AEMERUIRAS VR &8 A P4 38 72 A i
yE WETRRIE Uk & A % /12 YN 77 P N ey 1 YRS R=1R W NN = X £ i S0 73 BT A
AR B R WA AR s S IIMIIERy, T RS vy R R AR s N R L R R 8 S I

NaCl ¥y AR HEAVEE A AR (M) 255 b 8RR BE N 60wt %l B 4, S0Wt%iIKZ, 33.3wt%H % »
60wt% NaCLAFY RT3 il PT6 s KMEEE T HAME &K, v 50.82 kPa; 60wt% NaCl 1K JE#% O i X
FRELIT ) 5504~ .92 ms;  60wt% NaCl B K@i KR ik, 4 358.1 °C; 60wt% NaCl [ Kt & #k
MR, A 44 m/s.

ANE T4 4] 77 NaHCOs 1 NHyH,POy,  FEHIH7) NaCl £ 22 2 il W N IE AR, AHES
AR, PRI BLIE ZE . NaCl A & VAR, HIB LRI =, =ik FE ) NaCl #p iR fe
R AR SO R 0 T 5 R K R i, R B XR E R . 2D Hh, JARIRZS 1 NaCl ¥ % 7 i
FEAEE IS KA R E RN, BRGNS « OH [, S H = A4k S A g AL/ 2 & — 5 1)
IFERBT . BRI ER SR, Na. ClLRE F2&S RIS, 5 B HEER A o S s BT
X PRI IR P 4 ok AR S AR T T

NaCl(#Afk) — Na'+CI’ (16)
Cl+H — HCI 17)
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HCI+-OH — H,0+Cl (18)
Na++OH — NaOH (19)
NaOH+<H — Na+H,O (20)

HILE NaHCO; M1 NH H,PO, 43K, NaCl (Ui 2R itk i, A= iir £ H R 7/ 0 Jir,
W ik 2 KA NaCl o i A 7S, BRI, KRS H) NaCl 2 7E#5 By B0 % i
TR = m AP AA ORI R, I ELR R TR a5 B B0k, A T 8k 5 5 el AR AU
bR A DRI, =R NaClky AR F T3l HEAR BB M2 — e R EL RS IR A T AR A1

4 4518

ARSCHET H BB TF RO 8] N HERR B R 72 S OB NE S A N BRSR o  T =RE
FATEHEIER 2R, B35 AL 230 B 8 32 NaHCO; A1 NH4H,PO,, DU ALA BN &4 F o 3 1)
NaClo MEBIEZER - KIEERE L K G A% O IX S5 7 T H A T A RIBONRE(33.3 wt%~75 wt%)
(1) = Fh AR A HERR B Ry BRI B A0 R0OR, 43 B DU = 2450

D BFREHN (NaHCO3) iy RXTE S S HER B RN 1) e et (2 H ARV e AR N
JR A B T i B, AR NIKE X ], 50 wt% Al 60" wt% NaHCO; fll 47 & PR R 5 4T
KIGKIER ST/ KIBAEIRIEENG . KM I e i B AR HAZ Lot X RF L) 8] 5

2) IR S (NH4H,PO,) M HERAE A AR IR A, A& T 858 4 7&K & 8 il
o RIGSE R EI], NHLH,POLIME A 1) NHg/ PrO= M4 5t B M AL AR S S 77 A= AL AR
TIEA R E W R EE SO B o AR NI E NHH PO R N, B AR R . SO IR L . KA
TR T8 =K o

3) FALEN (NaCD i ASH HEAR Bk BRI TSR B S B N IR BE RS i 427+, A58 A
N, TR RSP s, IR AR e MR . 60 wit% NaCl TUL R, HEFRE R AR 22 4EFE 280
LB EAADEIEER, R N, KA RER A B, (5 I L A5 0 () W B e Ui e

4) FEEIEBIEIER . KGR S SGIRE S OIRBE S, R RRIES S IR B %
TR, NaCl By g fadd i < Gt 5.8 8 T NaHCOs 5 NH,H,PO,. 60 wt% NaCl 7] [F] i S
PRI PR 3208 NG RIS DO R P PRI Y 2 B R CR, R it ty, R—Msmdk. nT SRk iA
T &

S 3R
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