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Abstract

Aiming at the problem of secondary fire spread across compartments caused by bulkhead breaches
after ship damage in naval combat environments, this paper systematically investigates the effects
of the location and size of war-damaged breaches on the coupled heat transfer and temperature rise
characteristics in adjacent compartments based on Pyrosim, a fire dynamics simulation software
utilizing the Large Eddy Simulation (LES) method. The results demonstrate that the vertical height
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of the breach governs the thermal stratification inside the adjacent compartment, where high-level
breaches lead to an extreme vertical temperature difference, while low-level breaches prompt the
temperature distribution to evolve toward global mixing. Above the neutral plane of the flow field,
the horizontal offset of the breach exerts a prominent weakening effect on the energy transport of
the ceiling jet. Furthermore, the intensity of cross-compartment convective heat transfer and the
expansion of the physical area of the breach exhibit a significant nonlinear “throttling saturation”
feature, indicating that the bottleneck limiting the upper bound of heat transfer shifts from opening
resistance to the maximum heat release rate of the fire source itself. The research results can provide
theoretical support for the fire-resistant structural design and fire damage management prioritiza-
tion decisions of damaged ships.
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Figure 1. Cabin modeling
1. ERE

Table 1. Material parameters of heat transfer bulkhead

=1 ERMEMNSER

Yy E Ul

e el
2 %/ (kg/m3) 7850

EL (kI (kg-K)) 0.46
SHAEE(WI(m-K)) 45.8
LTIES 0.95
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Table 2. Ventilation outlet data table
=2 BXOHER

g it Xyt Y St Z i
1 e SLHENE 1 1.2~16 2.1~2.5 2.4~26
2 (AT 2~2.4 -0.1~0.3 0.2~0.4
3 MR E MR O 45~4.9 2~2.2 0.2~0.4

22. NiFgE
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Table 3. Physical and chemical properties of n-heptane
7 3. IERERILIYE R

LBy ol

# I (kgim®) 684

b #28(kIIkg-K) 2264
W R/(°C) 98.5
SHAF(WI(m-K)) 0.14
WRBEI (KIIg) 44.6

KR TR BERRGAR = bl KRN E A PR3, RS EOIRBE BRI, 53— BE A
W, ASCHFFUME S “ AR KRS AR, e R —AE . CHThSMARERIR. R kIR
B i, KR 2 B A P AR PR AN BT el T AR R W A 0 S TR e A A
PRSI, At e U UEANRERE SRR o T BLKE KR e AR &% 1205 ST LUK B 42 1 U KR
ANFITHEE, 33T F T [ E KRR (AR A E IR A, (R %07 sURRE B KR B R, FTRAA T e
HEHERIRNL, ASCEIT 3 B — AR 2 3K 20 KRR T RAMP 2875 SP2% 28, SRAEHLIh
LY SDIEEES N

LA A S Bt g BB AR A -

9T UCEC PR AN P2 AR TS, g KR AR BEE 9 0.5 m x 0.5 m, ARHE LU A 3K

m'=m; (1-e*°) )

Form” o B TR R BRI (kg/m?-s); m? : JoPR AR BRI R . i) it AR 1R R K (Gl E D >
3mYi, PREEHEZTE BN i KELR R IRAE: AB: WOLREL BA2 mt, e 1 KA A R R T S 45t
WAL D WA RE R M), SRR KRR O, BRI E AR .
T 0.5 m x 0.5 m KIES i, HEMESEN 056 m, fONIEFEREYE, m’ =0.045, kB =
1.1, R m” =0.0208 kg/(m?-s)
THEER R AR TR 6«
HRRPUA =m"-AH, (2)

Hort HRRPUA: RABETSOEZ(KWIM?2), AH, : BRBe(MIKg), IEFELEH 44.6; 3k1F HRRPUA =928 kW/m?.
ZER THRE 2 T IO IRIT s 1A S AHHE S 0 B T RBIRAS, TAE ELSERIR AR PR = ok h, BT
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Hrh Q@ HRHOEEKW); a : KRHK RE(KWISD), TEBHEH o EEF I 0.1876 KW/s?; t: ki K/
IEGENEIOR

HART% Q,, = 2500kW/m? x0.25 m* = 625 KW o JiT LA Bk e A i} [7] t = \/(540/0.1876) ~ 53.6 5 1
HSERIMEE K, IEPEGE 5B EE B JE TR 0 e 75— 58 (M HE A BT IR Dy T TE A7 B B L SEHhE
JE LB R AT S B BN R I RS B R, AR SO ARYE 2 K ORI IET T bR HIBIE, K6 KR
IS FN I K T ZR A R]BETE A9 150 8o KRR T 4748 bR BOR AR B A 2 Kt 2Rt R 3 4 o

Table 4. t2 growth curve settings
= 4. KRS E

(1] Lt 48 IR ¥ THEIBH(12/54)

0 0 HIgREE K

30 0.02 PREEHI, KA
60 0.08 KATT R Z T8 5] B4
90 0.25 KB K

120 0.56 KR BE NI FL S
150 1.0 K E R R HRRECRTS
600 1.0 UERFRR IR B A TR
630 0.25 TRRFEIS s Kk B s 2 ok
660 0 KR FEAHLK

2.3. MiIggE

FERTCEN J 5 RN b RSP B 8 B B e KR8 B RS 1 0 R AR
NIST 257745, TR 0 2 TS 363 JCERAE L D 5 R L AT VP48 . IR B 72 D
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e Q:kﬁ%ﬁﬂﬁﬁﬁﬁoﬁﬁﬁiﬁﬁpﬁwﬁw;%:%ﬁW%%E,WLNM@W;%:

TAGE R LA, B 1.006 kJ/(kg-K); T, : RS HIRE, H293.15 K; g: @ E, HL 9.81 m/s2.
B ERSHARANAR, 8 D 2079, A ik H4ARMWER ¢ﬁ01m,ﬁ%wﬁ%
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Figure 2. Layout diagram of thermocouples
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A, AT BEMAE SRR S AR A2 B N S ASEALIES, BAE Y=12m. Z=14 FHAiE
BT 4EREY R, T S2E R A A Y IR 1 B AR A
25 HOIREHSELCE

FSERM AR IR O RS S E R REALYE, (B AL LR R 2K W] RGN D R B R SF & R R

HIE (AR XL B o A 2R e 7N X LR AR XS WU S A% AL A B Ao RUER, A SOR IR A | ik, Beit
T IEA A IR T

XF T A B BERE, ARSI b, EERCT LRSS b ) S5mES(E EL a
FER), BAEXT HE KR 3 P X BE T A 2 X R A ZE s BT I b, JEELT B Ry F=
AN ERRPN, DU A F AU IX . A m slod 2= S A R R . SRR 6 Fh gl AT B .
B VRN B, A STASEADL A S 0 0 o 2 38K 2 e A8 5| R I S5 4 K T AR B 2, B T 0.2 x 0.2 m,
0.4x0.4m, 06x0.6m. 0.8x0.8m LK 1.0x1.0m it 5 FA R HAF 5 6 .

A EIRW A0 AR R, A SCILE T 30 41 FDS A B T &3 TS EIL S 5 s,
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Table 5. Summary of operating conditions

=5 TRLCEREE

Tk > il O T B B KPS % FURSH(m x m) il LI A (m?)
Casel~5 3 XS 0.2~1.0 (5 4) 0.04~1.0
Case6~10 H XS 0.2~1.0 (5 4) 0.04~1.0
Casell~15 T HLL XS 5F 0.2~1.0 (5 4) 0.04~1.0
Case16~20 B i 2 o 5% 0.2~1.0 (5 4) 0.04~1.0
Case21~25 o i 2 o 5% 0.2~1.0 (5 4) 0.04~1.0
Case26~30 T 22 %4 55 0.2~1.0 (5 4) 0.04~1.0

2.6. FDS =& &2 184
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Figure 3. Comparison of simulation and experimental data
B 3. HESZHHBIEILE

BN 52 K R IAL PRI SRARI 0, 25 R8BI FUSER ARG BER B IR 2« WRBERITHI I 1t 3R = DA
Je 2SS Bl R (b A BE, AERER SR T SR RS AR S IR X AN I I M S B AT T SR IE
XSS RN, B IE A R AV ROH Bk 1 BAE A0 G A% B R I LR 5 R 22, (7 1 i R AE iR T
FEE SR REN S, RKIREN 6.44%.
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Figure 4. Cloud chart of fire development process. (a) Temperature distribution map of the Y-axis section; (b) Temperature
distribution map of the Z-axis section
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HAUCERIE EEAW R B, 1.0x1.0m KB HZ) SRR BE I A(5.76 m2) [ 17.4%, XFF& M
BCAS AT il S5 A KT AR T2 B OSBRI TRE T 5t K, BOR RS IJT M e A3 280
BR/ANT SR B3R “ RN, TBOR T s A A R s EEAUKC s T IR 2257, AR ER it
RIAERRPE . 0% 6 From, 1x 1 m 85100 A 23 AL B0 A QI AG = A R AR A 7™ A2 1 TR SE PRS2

Table 6. Summary table of peak temperatures of heat transfer chambers caused by 1 x 1 m characteristic cracks at different
locations

6. 1x 1 m¥HEROEREME THEAMREFIEELTLER
WEALE AP FIIRE(C) TREIEEREMH =2.4m) ('C) JREIEHEREH=0.4m) (C) EFRIRE(T)

b 320.0 527.7 129.2 398.5
i 286.1 377.0 161.1 215.9
AN 260.2 295.0 227.4 67.6
%k 270.0 415.0 115.4 299.6
F 266.1 356.5 144.0 212.5
VN 264.1 313.4 220.6 92.8

hEXFEEAT L, BEE R SRR T, AR iR T iR Rk Y, H BT RIEZ B =
FERTHIOAS R Horp, o b7 TOLR B R IRZ ML 398.5°C, BRIV BN Im AR 7 Z IR s T«
N7 LB B ERZEMCN 67.6°C, UESE TAUALEL F 51 R B2 R B IR .

BEFXSEL g 5 S s, T ED R A KPR RS ORI S0 . AEAH R R B
Ty KPS AU P AR R B T 50.0°C, BEAE LT AL 032 R X (H = 2.4 m) FRIUEEARL iR P2 K Bt
7 112.7°C, XFEIMIAUE 1 THOHIS R A FA T L i) o

3.2.1. EESEXRANNSH7EEERNFN

KR KA, P2 ST R T A= T, TR i U2 . B AR By 1) A
Yo THSWSZMESFE, B 51 KA F 4L .

MAL RSO BARR TR E, B Bile, AEEREENMRBREE. WOt “hF” fE
W, ARt IR N 260.2°C; TSR I B E “IETR T ALER, SPHAERE LT A 286.1°C (IR
9.9%); MMk HALT “r b7 AL ER, PR IR BIEE 320.0°C . AR TR 1, IO AR 145 41 i) %
AR AT E TR T T2 23.0%. Wl¥ 5 Frow, TEABM-FIURRE th 4 Evh, b Bl O I e K i o A
e

SRR 5 R T A v X AR AR 0 o B IR e R, dnfT I 6 P

M6 HERATAT AR H—2 B B RR E RS . SO EE A K AR AR X, KRR
NSRS R B . B EoR, HH=24m MG EEEIER 527.7°C, W& H=0.4m &0CH
129.2°C, L TNEZERIL 400C. XM Tt S S8 REM A, XA g sk iR e
PEMIRR T E B M. & “HRR7 B OMBREB RG] TR M R e AR R, SRS
AR LR I B S T ettt RN AR . X FER, ABAR IR (H = 2.4 m)RJER “H 17
THLKIE TR T 44.1% (F£ %2 295.0°C); (HEEFRIRMEATEN, H H=0.4m iR FE R miEH A& 7 76.0%
(X3 227.4°C). XFPAEF 4610 FHRE T A 48/ T R ERZE, AR R0 H 2 RSB RNETRE
fiE.
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Figure 5. Average temperature curve of 1 x 1 breach at different vertical positions
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Figure 6. Temperature comparison of ruptures between upper-middle and lower-middle positions
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Figure 7. Comparison of temperature curves in the horizontal area. (a) Comparison of the upper area; (b) Comparison of the
Central Region; (c) Comparison of the lower area

7. KRFEXEIRERZLRILL . (2) EEXEXILL; (b) HEBXEIEL; () TEXEIEL

Xt (b By IEd . RN SACPRE (K B AL AR TR BURBL, KPR ES S AL
P HIFIE FH 2 R 2 A BRI Wi 7 B .

SialE T B, ER T DL R T AL, KT A 2 R R S 55 4
FH o Bl Lo IA : 78 BB X3, A0 bR 1) s P E IR (270.0°C) e Hh Lot 5 ) | A8 11(320.0°C)
KIEFEAE T 15.6%; EFXFABMTAERZ 02K X (H =2.4m), “A L7 THLAJIEAE IR 2 M 527.7°C SR
NEET 21.4% (B4 415.0°C). 75 FF38IXIR, e 7 B O AR i T ¥ U P (266.1°C) e “ IE H 7 8 171(286.1°C)
ISR, TR T 7.0%.

KPP ARVRAE T B KUR RS, iR TOUMI SR VA 7E ¥k T 5 4 5 1 K A OO RN ) B A 7 g B
KPR, fEM R, MASAMNE DT T S EFERL, T2 30 IR T AR RE SR ZU I « BETH A E1 8N 5400 .
PN By, 30T R SR AN REBR R, 0 i BB S P74 0 1 555 00Nl V2 2%

SRTMT, FEIS PRI DA R BRAL X380, X PSS e TR 3. BRI, “A T Lol e
IE(264.1°C) 5 “Hd R ” TH(260.2°C) ML, AMUEAE TR, RIMAAERN RIS B (2 1.5%). X ¥t
AL FEEF T Sl A X, FEZZE NI E R LA S RERE T EHREXE, #S0
BNREARAR, BETH AN RALABE M E SR, PAKCSE 75 19 1 LA R R o 25 it B Ak S gt 1) 5 L

T,
3.3. WARST LR

FERIA RS 2 TR A PE B A e s VBRI AR O U LR R E T S G = AR S S i B
FAF e RIS AR s, AT G “ 1 ALE R, RSP 02x02m % 1.0 x 1.0
m (4 RLEFA Y 0.04 m2 % 1.0 m2) [ 5 21 CHLEER BEAT B4 xr b, anlsl 8 Fi.

m
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Figure 8. Average temperature curves of different-sized breaches at the center position
B 8. EHRUERER TR O TR ZE

27 RSP AR/N(ln 0.2 x 0.2 m, [HIFR 0.04 m2)is, ¥ E AT 1 SR T FLBR AR 58« 5 WAL
FEC K AR P ) s A IR SRR e /N B BRI R 3B 0B . B R i, 7EE LR, A&#k
RO A THE A ™ B R H, Hm PR AN 88.3°C, TMIRERZ L2 R IX(H = 2.4 m) g (A iR 5ty
A 109.5°C. XUt LRI AE VBRI« felbe” TERS KRR,  PERAE TR ARRI  F AL TR AK P

BEAE R O RST B8R, TSN T UAARRR, AR R BN R AR . BRI, SO RS
BH0.2x02m ¥ K% 04x04mbf, MRS FHEESEEZEA R 131.0°C, KIEHRT T 48.4%; 14
RfiE—53 K& 0.6 x 0.6 m i, “FEIEEIASR 187.2°C, 0.4 x0.4m THFEREZERTT T 42.9%.

PR 7 T, X RN SEASE A ZY. 0.6 x 0.6 m LR A TH B 04 45 I (267.4°C) 8 0.2 x 0.2 m
THL(109.5°C) U 149 144.2%. IXEW], LERE 5K TR AR By, I TR R 8 I e B OK BT
AP ERAE, RS0 = FH &

SR, W VT AR PRI RE SR I 0 5 A% i B (3R A R AR R IE L G R o X HOR RS TR, B f #4
FEAEBR IR “ARLRIEMAT” AL

NT BEWENX —IER R, ARSCEINT e PR . X G0E S 6 mA R TR = AME
PREBEAT VRS, AR 7 iR

Table 7. Changes in temperature rise response of the heat transfer chamber under gradual expansion of the crack area

7. WOERZBS K TREAMREBANEELER

138 4K (m) HAE(AA, m?) S PR E B (AT, 'C) B EAURE TR (AT/AA, ‘C/m2) FEXTHEIE (%)

0.2x0.2—0.4x0.4 0.12 42.7 355.9 48.4
0.4 x0.4—0.6 x0.6 0.20 56.3 281.3 42.9
0.6 x0.6—0.8 x0.8 0.28 53.9 192.7 28.8
0.8x0.8—1.0x10 0.36 449 124.8 18.6
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B2 7 MR rT USRI, BEE B TR 7k, A= 2 AR T R B AR R 1
120 B A D R A

MAERT G R AT A AR T 280K, I I NI R R AE ] L ERIE . 7E 0.2 m £ 0.4 m LHLH,
BUNATHARIE & 0.12 m2 B 1 EKMIAIERFLARCTT I 77, SEI0 T 48.4% B 2 IR AT, 4 S B o7 T
FUR T2 =1k 355.9°C/m2. #RTM, BEE T D IIABIREEEY K, AT GHR MATHAT 48.4% 1874 % 42.9%F1
28.8%; F| 7 0.8m £ 1.0m LTa, JUEHEANE R 0.36 m2ik S| T WM 3 f%, (5 HARNT B8 O KR 22
% 18.6%, PN TR M A 124.8°C/m2, I &R T4 65.0%.

MAHTEAE ) A T DA B UIF AR — @ M S, = Z RIMSAEEc BT “Hor
ZR0E) 7 OIRAS S R R A R T 2

4, 4Eip

RS X AR AN 25T RO AR B AE S O IR L, B ORI i, b TR AL B S R
SRR A S AL BB, EEAR I LR 4R

(1) SRR AR AR 7R S B RS, ORI S AR SR, S TR AR S R AR i
RS FAR R 45 2R

(2) BN EEREET FAMRRE D ZBRE, S0 EEGRETZ, SRR SRR T,
FAERBAE NP LA R IR s TAIRAE AR (2 338 AR O B IR M iR 18 T H 5

(3) B I YT A% Xt T At sl i L AT 8 2 (AR RV MU S8 4R T R 38 Hh kii DA L X8R, 11 i
KU A2 R Sl B R B T A A1), 8 408G T AT A% s 52 Al P R B I, T o P i DA PR 2 DX
i 95 RS A H g5

(4) VB RS R PR IR AE 25 A AR LR RS, AR KA, RS R BRI
2R — E BE G, B2 PRT KRR AR OE 3, AL PR L G K L AL Bl i “ AN AL

(5) AWTFAFAE—E M LI FRYE, 4518 BB EPE) 7 AR K TAF it — 2B . A SCAEHUE R
X R 2B ST T A B AL, BRI KIRAL R E TARR TG BT, o8 IETr L G
WEEAF I E o FESEBR IR KR, KA B A mT RE AN R R SRR s AR D = S ECER
AR MIPEAA SR HB P A1 5 Je e, PRsl Pk s T XA U 2 BRI B 1) B AR B Bt

KUEIRE ~ AR FURFAE & 2 39038 30 XA & T OES B A% A AL R, K2 T — P S 5 1)
e HE

T8 B AR B R A RHIT L 45 2% 151(LJ212410144039).
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