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Abstract: Shipboard domestic sewage, as a mobile pollution source, is a concern in the prevention
and control of pollution in rivers, lakes, and oceans. To investigate the microbial characteristics and
operational performance of the activated sludge system in shipboard sewage treatment units at the specific
conditions of ship movement, a three-degree of freedom oscillation platform was used to simulate ship
rolling. A pilot-scale AAO process device was employed to analyze the effects of rolling amplitude and
period on the microbial characteristics of activated sludge and pollutant removal efficiency. It was found
that mild rolling (amplitude<15°, period>12 s) enhanced the COD removal, whereas higher intensified
rolling (amplitude>15°, period<12 s) hampered the process. Shorter rolling periods and greater amplitudes
was able to increase ammonia nitrogen removal rates, whilst inhibited denitrification, leading to the
reduction of TN removal efficiency. The effect of rolling amplitude on COD and TN removal was higher
than the period, and the interaction was not significant. Except for the condition with an amplitude of

22.5° and a period of 12 s, the total phosphorus (TP) removal efficiency was improved by increasing the
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content of extracellular polymeric substances (EPS) at the rest of experimental rolling conditions. The

high-throughput 16S rRNA sequencing analysis of the microbial community indicated that mild rolling

(amplitude<5°®, period<12 s) increased the microbial richness, but decreased the diversity.

Key words:

removal; microbial community

P AR A 355 5 KA Sl — T RS Bl Yl = i
TR LR S IR BE TS QLB iA rh s J SOOI X 4. i
A 5 T K AL SRR RUIROK , v B K Ry 38 R I
K, T W I e i A B A B AR AR S R, KK
U] T AR R o A SR K SR R b R A 3 T
e 15 22 0]/, EAT b o s R A 2 Ak L2 8 ) 3k s HE

s 24 A4 T 5 K A B 44 KR 4y SR A W Ak
B2, BARES G T W ANAE 16 15 7K I K it R K B
M2 S BB 5 KA BE S B0 T AR A T
T 4 5% SRR s 052 I 5 TEOR FE 41, N Hiz
AL IR FNNLAFE R R 5 EH B AT RO AME,
IKIK BB AR AERE K

TT T KAL) AN D0 25 £ 2 ff 9 A0 % S, T A
SR IRR L H SR B R 1 H8 538 BB S S e
A Al A PR Y 2 A R M D Bl B N K
T3S i AR e A R 1 TS L B A A
B V5 K AL AR H AT RIBFST 223 i K
VBT U)ol i 2 (AR R
TG Ve REE VRS 450 TS e R M DL R
SR A YIS TR 25 G S W R e 4 2 I R G E A
BRI 50 2R G F 5 A8 B %o M 20 0 Dl 1k T K Ak
R G SE ML, 538775 Y 25 BRACR R )
FRPER A B T U0 AR 28 75 K b 2R B 1531, [ st v
FEFHAANTE K AL BB £ B TRIOR , LA I & ek
AT IS .

1 MHEF*®
1.1 RIeAKEEMTIR

TR RN TG /K, LA 25 0 R 2R B 1 Ryl
U5, FA L A TR AR 1 RAE S B, Wl A
VE R, 0 70 G510 45 0B R 6 5 Tl e e R AR iF
HrEE e AR . Be/KEg COD & A & A4
R 470~520,38~42 . 50~60 11 5~6 mg/L., IG5
A PR 05K B 2t —A A B 9IS
AT

shipboard domestic sewage;

AAO process;

ship rolling intensity;  pollutant

1.2 REEESIZIT

IR B A A BRA R A 1 =
B RS TA (A A 0~307, 8 1~12 ) B
PR AR 3, AAO T2 2075 7K Ak B2 8 1500 RRAH RN 5355
HEEETRGEELE D, 54
IR, 45 TR X)) 7K 7 e 0 sh B 4 il . 2% B IR
AL IX R AR DRI A A XK B3 531 2R 1. 62 1. 67 Al
6. 70 L, 7K J345= BRI [E] 4353104 1.9 2 F1 8 hy Ziiith A
FUN 4.30 Lo Ab BN 20 L/, IR B 2 4 7 (25+
1) °C, 45 X DO I 7E (2. 5+0. 5) mg/L, il it A T.
HEJR AR A 075 U e JE (MLSS) 445 7E 3 500 mg/L.
JLR A I sh B E # 1~32 d A s B, Hpy b
]9 b 43015 A 300% A1 80% . PR H FiT A Af 5 7K
AR IRV IK 53 15 R 2% I3 85, S8 3 %6 Ho 0 8
TR S A R, o0 fT AL e 2 KR DL E
W4T E )53 5 AR RO DL VAR S
Vio St MSECET O AE TR 57K A B 2 R
) (GB/T 10833—2015) FIH VT T i i TR 45 145
AH R FIVECHE S i R R R R 5° 0107 15°
22,57 AW 8 (10 M 12 s, FHIEHLETT T 6 Fp T
25712 s5.5°/10 s, 5°/8 s, 10°/12 s, 15°/12 s FlI
22.5°M12 s alhicfE o 1T~V

Feriiatit B

A Th

o LI

BRI K

FATE

RorH

E1 RFARMBTE
Fig.1 Diagram of the rolling reactor
1.3 EHKBUHEIRFILL FE FisE R4
IKFELEIE 0. 45 wm PELRIT U 5 Fe bR DT 1264 T
WK AR bR AR . DO fifi A Vi 55 i TPBJ-608

« 33 .



BH41E BoMm

OE 4 K HE oK

www. cnww1985. com

il 85 A i A o 3 M TS TR Y LR AR R
(SOUR ) i 1:F %7 PA] (1) s B Ak I 22, DA 420 B 200
mL KRR B S BT RGPS L 20 CF
FARE T mg/L L b SRS B IR, AR 30 s e SR
— K DO MH L 2 %2 2 meg/L LA 538 5 — o4 v [\
A4 BT 45 BIFE A B MRS
1.4 SE=EUF

FEAS T OLZ5 S A58 X HORE L 76 10 000 r/min
FEL S min A UTERY T80 CF IR, 64~ T4
SERG  FEAR L B B SE R AR BE G RHICA BRA
AT A a0 o {514 338F (ACTCCTAC-
GGGAGGCAGC) AG FI1 806R (GGACTACHVGGGT-
WTCTAAT)ZE lllumina PE300F 4 FXF 168 rRNA i)
V3-V4 X IR ST 34 R F K15 289 PE reads i
TIREAYR 43 Ja i A B DF 2 DL AL B B, 48 )5 i i
DADA2 J5 A PRECHE , RAF ASV [P 4 S LR, )
P T3 B ZHC S D1~D6, 3 440y H1~H6.,
1.5 RIEHIESH

ST A B AR AR 0 A = A TATRE A
FH Excel2016 #1552 (B bR #E 22 ; K H Origin 2021
X AR D E i AT 225 1] 5 e N T 43 BT 7E Design Expert
138 6T s R 22 R o b e B 2535 AR T
AT R U7 2 0 Bt (ANOVA) 3k 3 2 80k 6
(Kruskal-Wallis test) #f 17 i & P 43 87 , Hirfr | P<
0.05FK/RZEF B, P<0. 01 K Rdbw g,
2 #R 5%

2.1 THwER
2.1.1 CODIERE
I 25 38 7R, X BRZ1 Y COD -4 2 B R Fa e

F£(94. 37+0. 20) % ; 75 5° BI/NIRE 5835 T, it T8 1
M12sZ10sFEE s (B T ~T0 ), ZBER M
94. 88% 2 94. 35% [ %2 94. 25%(P<0. 01) ; M7E 12 s
B R R BT B S T R DA 5738 MBS &
22.5°, B 94. 88% /MR T 2 94. 92% J5 B &=
93. 85% , ix & % A & & 93. 03% (P<0.01) , 1X
T B A B TR R I A A R JT 4R
AW 55 Je Wy L2, g T $E 7+ COD K BRAL
SR (LB R R 1 8 A R B0 i/ s i
[ 59 2% 7 e T 5 1R K B 1) g R T 2 1 R 2R A 2
), I3 1B s P45 3 K R 22 S oK, (AR
AT Al R G BRI 22 S s, SE i R AR T

TGRS
2.1.2 HMEbk

P2 (a) A AL 7 4 ) A RS BRR AT . 4%
T S5 A B AT R BRI T X B4 (P<
0.01), HBEZE T8 I ~ VI 5 5 56 B (04 388 fin (i 2 134
KA BRI RLBRBE TR T 2.67%~
6. 83% , e (K F& 2 74. 66% , 3 7 W S8 3% % BV Y 2=
B AEAE B THT S ]

o HEK e EIGHIMK o XL i K
—— G LR - STRA LR
glEEM T m WM N VOV
TOF ek,
o Sty W 98 R W
- i Mw%wﬂﬁw 50
. e o p
iéo 50 o° .." ..V. %ﬁ NGO §
ﬁﬂ\i( * ® &
i% ¢ - . 140 H
K o o °._9 ° o o
D ° a9, Bp 0 g0 Ox $
10, gt PNRRR CaaToad
0 20 40 60 80 100 120 140
t/d
a. A EBRACR
SEGHEAA o XA A
*THAWAEASR X AW R
16 I v v Vi 15
2 b ' o P
o0 ° %0 ° ° ! g
\\5/ X O““" o © ° °°‘j‘°°o°° °o°°: 1.0 @
CR PR SR s
® ° ) o @ %o =
® * ° e -
2 ) i 0.5 ﬁ
x4 x W o =
= {?: f;;{{tfﬁ tyn :I“* /gﬁr*w *:t";}?&w* t*ﬂm N
0 oW T e *m*‘*ﬂ*o
80 90 100 110 120 130 140 150

t/d
b. EAS A AN A A L BRECR
E2 AEEZEILTRETANERIR
Fig.2 Nitrogen removals of the system at different rolling

conditions

5 BRI L BR8P S5 I AR i, S 9 4 A
A TN WSR3 LB m TXT R, R R
FEXT A A LA RIER . M RAMEARA T A
B R Fa E AE (97. 88+0. 20) % s 1 5° H/MEE R T,
AR LBRFE AN 12 s 210 s FEZE 8 s(T
BL1 ~ 1), 2< Bk % M 98.45% 2& 98.22% % %=
97. 60% (P<0. 01) ; M 7E J& R Ry 12 s I5F, B 5235
W BE DA 10° B M 1 22 22,57, 2R A 97. 92% 1
YCHE I ZE 98, 58% H199. 07% (P<0.01) . 3 13 B %

« 34 -



www. cnww1985. com ['a

F,5F AT AAO T8 A IR AR AR L TE 5 KA R e AL

F41E FoOH

T2 B O 38 A ) T U R0 25 B 1B B0 A i/ N 20 %
AALERA T

TE O~ VIR I 1 g i th K iR A S A
SWASARMKE &R ILE 2(b) . RGHIHER
SRR B X v T R A, HL B A S35 0 A B A
WK, SRR KRR G EAXT N X IR
B ST 285 R T B MR BE AR, T 535 4 ) A 28 Rk
JE it 59 2% 1A T AR , 4% T 00 I il 2 Uk B s A1
HoF A IV>T> VISV, JEBH B 30 1% 5 W g4
AL BE A SR 55 A OC . B IE, B LR R
R i DR I 32 R B i A ot AR 32 3 T R 7 AR Y R

S, SCHR T OCT 35 U0 1 5 VR BRI Y

TSR NDN i ESE e S
2.1.3 ®EMLRR

AEIRERE 00T R GE 0 bR RCRE WL IR 3

oiffK e EHALHIK e Xt BRI HIK

—— RGHERR o X IREH LR

vV v M

ZEIE! I U [ ||

N

R E/ (mg- L")
FBRRI%

60 80

t/d
a. BB BRI
77\ 41 EPS S it
7777) % IR4LEPS (Bl 5 i
D s eps i dit
[ xmaieps o it

100 120 140

16

=

120

80
40
L 1 B

] v \
T8
b. 157 EPS £ it Fl EPS S 7 1
B3 AEEZEIRTRSHNABEERERTIREPSHHE
Fig.3 TP removals and contents in EPS at different

i/ (mg L)

rolling conditions

3 () AT BR A T I AR VIS, S8 4t

SR R PR R Y R TR 4L (P<0. 01) , Hih e T30
I IR 59541550 R4 i) il 25 B0 B 22 57
(P>0.05), i e T8 VITF 5835 20 19 2 B %8 L X 2
k4. 84% (P <0.01) . Mt —LIRFBER LR 515
e EPS Z M1 H 56 5, E T 4% T80 A W5 U8 EPS &
L EPS R . I 3(b) R BR T
T FNVIAN, S35 40 6 1 75 U8 b EPS & & 359 vy %t
WA, Hoh T8 T 5% iR 41 G i 3 2% 53 (P>0. 05)
T AE T30 VI UG F X6 BB ZH (P <0. 01) » MR 4l b3k
TR0 B AT I A X A e B SR A R T T RE
i (i RS e R EPS Fr i (4R T SBR[
IR 5% A P e S BEARIS U Y EPS 5 & , I 17 %
2.2 1EEXEBCODMBERNFTESH
Shy T — 25 45 5 R B A R R 3 A R R R
TV #8515 YL 22 BRACR I SE I, L COD 25 B 3 AR
FBR AR R AAE AT T 3 AT AT, IRAS LA K
LA SRR ) RN
Y, = 87.28 + 0.634 + 0.89B — 0.00584B -
0.0334> - 0.036B>
Y, =77.78 — 1.444 + 1.36B + 0.0124B +
0.0404% - 0.051B? (2)
LAY AT Y, 4R COD AL R 5Bk, A Fl
B3 5 FE B R M RIS 12 ST 1A
J5 2253 M R UA , AR IR B 2 M RN 48l B E
B, BEA RS e COD FITN 25 6 26 5 B 4 s 8 1% )
WM ZR .t PAE VT RERR0R 32 1 5 i 1 ) 3
A2 AR RN o DA I 1 20 B ] 6T, %355 el
£ 10° 247 COD K BR B4 — Al BB A LB
23 it T TR S50 i a2 R R (UL 4) ¢

(1)

COD £ B% /%

a. COD R Aty may 17 iy iy

« 35 .



BH41E BoMm

B oE 2 K HE K

www. cnww 1985. com

TN £BR%/%

11 13

/()

8 7 9

b. TN B2 iy e 17 i 1
B4 FEERIEEFNEEAXT COD & &35 B 2= 24 M il i K7
ix: N

Fig.4 Response surfaces of rolling amplitude and period
on COD and TN removals

2.3 HBEEIMTRMEDHENZIE
2.3.1 fEwTEE

IR P R 421X DO<O0. 2 mg/L, B 48 X DO<
0.5 mg/L M4 X DO K 2.5 mg/L a7, M E T4 T
BN M S PR TS PR i SOUR, L4y M7 5 37 % i 2
RN R A I 8 E R S N O BN (R e
SOUR H (6.29+0. 65) mg0,/(gMLSS-h) , ifij 5 7 41
i) SOUR 4 & F X B4l , £ T80 T~V F 4051k
(13.22+0.39) . (12.63+0.46) . (12.52+0.37) .
(14.55+0. 58) 1 (9. 63+0. 65) mg0,/(gMLSS-h) ;{H
T 5% 90 3 e g ) T 000 VI R G2 9 3 gl 4 o
SOUR F% % (4. 53+0. 56) mg0,/(gMLSS-h) , {& F X
WEZH 27. 98% ., 31X 3% W3 R 32 ] 38 ok o S E
T PE H s K PR sh ) 25 = A o m . 7EA
[7i] R J3 1 J5) 4 45144 T, SOUR 5 COD £ B R 748 4k
a3,
2.3.2 TUEWIREE 2N

AN TRV B2 1200 T T2 W v 1) Z2 A 4 L
1, FESAY Coverage (HI#E 15 0. 99, Uit BH HAG #5¢
U B A Ve B AR AR M . ST A AR R
i) Sobs . ACE . Chao i B /INHE T — 3, X S48 55
W T RER 0T E B B iR B R )
B AETH T~ SE 3 40 =F & B 15 i
21, M LIV ~ VITR WA, 2 WA B i) i T g
AR T B S R Y T R T 2R ) AT g
filo A R R IR S ARG Y ) BRI T
THVIT S A E W i =F & B2 DL &% COD L EVAURN

SR BR AR O B AR UESE 13X — i . Shannon il
Simpson fi§ & 73 ] 2 WA V& (49 22 B kR A 1
Shannon {H = 2278 Z FEPEIE I, 1T Simpson 45 25 W AH
B R M ZREPEAR T X IR, TR R ) 1
BERAEYIERK . ETHIT T RERGHNE
FEVE S i, (E TS e BRI R R, BT 2k
Y] BE S BUBUE YR S %, A2 BT A A W0 3 A
BT EBRTS Y. BR OIS, 2R — R =
JERE T, 00 AR ER S B0 n] REJE 1 T FE S8 5 2 L
EEX7/H7SU3L B N
®1 FEBEIRTREVRENSHFERE
Tab.1 Diversity indices of microbial communities at

different rolling conditions

i Sobs ACE Chao Shannon | Simpson
DI 1584 1609 1590 5.513 0.0128
D2 1585 1601 1587 5.397 0.016 3
D3 1621 1627 1621 5.655 0.012 1
D4 1793 1827 1803 5.823 0.010 5
D5 1930 | 2120 | 2036 5.669 0.0123
D6 1614 1 640 1621 5.676 0.0102
H1 1681 1705 1 686 5.564 0.0157
H2 2012 2028 2014 5.864 0.0102
H3 1634 1634 1634 5.263 0.020 5
H4 1 665 1679 1667 5.707 0.0113
H5 1643 1654 1644 5.672 0.0142
H6 1404 1423 1408 5.309 0.023 3

2.3.3 AR

AN )R RE: T 00 T S A= W I AR 1T K AR K
V- B AT I 5 B o FENKE B A AR HE
BT 10 BT T, BB A T ] (Proteobacteria) FUFT 1]
(Bacteroidota ) FIJEBETE ] (Firmicutes ) &AL H 1],
di L L 80% . B T00 11 A1 VISR 5 A i A8 JE R ]
AEXTFREAR TR R Ah, T T VI IV S8 5 2 0
TRFRRZ, TV W TE B 8 22 5 (P>0. 05) , X 5 &2
Wl B R AR — B, BRI 23 5 ) HC =R B D) Nl
(I B AR R e Ah, T T~ VI 544 4 IR) 1)
ZEPE ARG/, BN 9. 929% F-3. 40%, 3% 5 Ma 55
o B AR B 0 B 2ok S AR TR B 1) R BE A B 5T
G5 —2. AT ITE S G 00 VI F B AR,
LI COD | SR W 5 B A o M 1K, b, A 1]
ZE A I IR 35 4 18 M 3. 40% T B 22-24. 27% , iX %
DU 1 1] T2 8 505 g ) L BR A G, H 3 x H:
AR ERF (P<0.01) . RH AN ERERET] &

- 36 -



www. cnww1985. com ['a

B, 5 AT AAO T 7 A 30 A0 A 75 15 K 69 % A AL

F41E FoOH

38 g T IR L, LR R 50 R B T R L 5
R EBRAR RV R e RS
=

100 - - - o |:|1’mt bacteria
%E%:;%%E% =I=NELZ
Si=lE=I= i S l= =

80 N || [ O e

§ ] = Om
% 60 D e
— O Aci
-'p-‘_{ 40_ —__—_—_—__DPut
k== [ en
[0 Bdellovib
20 [ others
0
D1 D2 D3 D4 D5 D6 H1 H2 H3 H4 H5 H6
T
a. [ 1Ko A1
100 %____Q__%g__
st | IHEBREE N EE BT
= =IREEE =
= 6ot | LT T ] —
i
=40 e
20

0 D1 D2 D3 D4 D5 D6 H1 H2 H3 H4 HS H6
T
b. K534
E5 AEEEILR THMEMEEETMNKENS T
Fig.5 Distribution of microbial communities at phylum

and class level at different rolling conditions

ME5(b) af LU i, FER K by IE 2N
( Gammaproteobacteria ) . ¥ ¥T T 4 ( Bacteroidia ) .
a—"Z I H W (Alphaproteobacteria ) F1 2§ fI FT 18 4
(Bacilli) LG A, BAXF 1 80%. 56
YA =TV T AR T R R 2 v TR R, 3 O 5
DA AR LR TR IR St 1 G M e
S U o7 B B AR 2 BE T T 1Y 8. 94%
W 3 T VI 6. 29% , bk T80 IV ATV G i 35 2% 5 4b
(P>0.05) , AR TOLAMF T 562 SR IR Y o722
B R 49 AR X 2 BERR AR T X BR2H (P<0. 01) , X SR WY 8
FEAR TIZEB K . 5 H a8 N+ 5
TE T UL VE T e A%, S 40T B A1 SO AL, 0 10 52
Dr iR R AR BRILOLIV 5235 415 0
LA ZF AT TR 20 F A 258 R, S AL AR
JEE X R T R AR 22 (RN T 00 T #Y9 0. 5% 38 &=
T VEE 9. 29% , 2 WA Bl Xt FL A AT AL 2 1Ry
S AR = KR

2.3.4 Y

PR I, SR i 2 16 1] (Actinobacteriota )
125 {11 (Campylobacterota ) W A XF 3= FE 43 51 4
2.25% M1 0. 17%, ‘. % & T X HEAL ) 1. 26% A
0.04% (P<0.01) . BEWIBEA R TR M
M TR AR, BT 22 S A ALz .0
SR TS AR S 0 2 A ARG S R e T R
XAV S A B AN Z R m R Z—
A BT A S R R R S TR B AR T e R i G
YERIA OGS . NI 6 AT LAt TEAN/KF 1 iR
W (Actinobacteria) JZ-RBE W 2M ( Negativicutes ) \£T 4l
W (Gracilibacteria ) T 5 25 1 24X (OZigoﬂexia) A AH X
FHE 22 5 B 35 (P<0. 05) o il 2k T 20 R JEE B T 44 1Y)
BN TR TSR 22 55, T 2T 20 T 20 RN 5 S T
NI AT AT B PRR 2 i 5 LR 1 AR A2 A, 52 15X
SO RIS PE AR AR o X SU45 R U B R 478 0 e 2
TR TR A A

Actinobacteria

Negativicutes
L popiel
LR

Gracilibacteria
Oligoflexia
Campylobacteria
Desulfovibrionia
ABY1

0 0.5

10 15
e A5/%
E6 AEEEILATHEVENKELNITHES

Fig.6 Species difference analysis of microorganisms at

2.0 2.5

class level at different rolling conditions

K7 o 1 B R SR B A O D) RE T I Y 43 A o H:
Hh BE AR REE B 8 (Nitrospira ) J&— 25 LU %) fiF £k 41
P, AT LK S R A A IR . 18] 7 (a) i
ANGTELN T~ ANV R 5235 20 B9 6 A 085 7 T A
X 2 BE B IR o0 B, AR 00 IV AT VIR I AIG
YA FAREZ 8 L 7] ARk 5 HAB A L i A=
Yy 2 AL AN (Nitrosomonas) S5 FH 3G . B 7(b)
AR, S R TS, ShI TR R (Zoogloea) H4
AP )& (Thermomonas ) 55 T B 4325 19 S il AL T4
(DNB) AR 2 B b 52N @ e, X sir al L fig
BeRGH DA ZBRRBEMRIEN . 3w R
(Zoogloea) F.A5 43 Wb EPS HXHT % 45 AL 1 BE 11,
HAE G H A F2 B2 2B 5 7508 EPS — R 22
foladh, WA TE AL T 2 5% 3 4 09 R fiF AL 240

« 37 .



BH41E BoMm

B oE 2 K HE K

www. cnww 1985. com

B A = B X BR LB 0 T 1. 53% , 33X 158 B /)N I
FEREXF DNB P A R AT BURAE FH 17 K e 8 52395 A )
F DNB 1A

1.0
0.8 I
§ —
w06 ]
‘_H_
=
ey
Z 04
0.2
L= 1
D1 D2 D3 D4 D5 D6 H1 H2 H3 H4 HS5 H6
T
a. WEAYARER AL
20 [Zoogloea
[ Thermomonas
[EFerruginibacter
[CdFlavobacterium
15 H [ERhodobacter
o ] ] . (] [Dokdonella
2 = | [ Terrimonas
% — = = [JoLBs
10 [ = 7
= mie — | =
junng B B I—
= = =
5t =
o L=
D1 D2 D3 D4 D5 D6 H1 H2 H3 H4 H5 H6
T
b. KAHALE (DNB)
12 [JoLBI2
| [ Runella
= / Haliangium
0.9 : [ Dechloromonas
I [ Micropruina
S WlB F
0.6
=y
Z -
0.3
0
D1 D2 D3 D4 D5 D6 H1 H2 H3 H4 HS5 H6
T

c. RAHRTERE (DPAO)

7 AEEEIATSREPREAKRBEIGEEESH
Fig.7 Distribution of functional flora for N and P
removals at different rolling conditions

5= BEHERT 50 (Y s P oR K BRI, [ AR
BIF 58 3R A5 T B A6 R R (DPAO) o WAL 7 (e) PT

ANGAETHL T ANV 24T 55 20 DPAO X
JE R B H TG L VAR VIO B2, 3 AT g2
H1 37 5 325 R 1) P45 722 A (AR5 5 i S0 UA% i AR
BRCF)AHFT DPAO K 1 HA 5 ANl L B A
KAEDIE R R AL, S 20T HA i S AR
R AN —2 ., B 8JE/R T Candidatus Competibacter
(GAO) X — 2 ROPH BRI A9 R X 5, Br T oLV AV
b, G H B T XA . GAO SERBER (PAO)TE
Gril BE T2 PAO B I /D R RE T ILH R h PAO

BRI ILG

12

0.9
S
5 _
g 0.6

03

(mH

D1 D2 D3 D4 D5 D6 HI H2 H3 H4 H5 H6
T8
B8 AEHEEILATSRFAGAOEFEST
Fig.8 Distribution of GAO functional flora at different

rolling conditions

3 4w

@ 3 BB AT R COD M A LB
WA AT 2R, (H 2 B B A B L BRBCR
ST T 1T B RR SR B, DA TTD 52 00 % S 1) 25 R 3R
JEBEG ] oy T T A iR T )0 i R ) 32 2
ZHAKA, 5B ALBRFREUM—2. BUEYF
JEE RAUAT TR 1T AUAT 1 99 14 3 AR 22 B AR oD
SR SRR AN, Z R N SOUR {H
AL 5 COD £ERFAZEL G E—E

@ & B P A B X 5 7K AL B8R 5 TR
BUN AHR T R8T R IX — MO0, H4s
WA RESE UKL AT PRI RGENERE. i
i PP AL S PR R B, AR B B 2 iz g, OF
GRS 38l FH ) — A A AR BREC A

5% k-
[ 1] FANGS, LIUZ, WANG X, et al. Dynamic analysis of

emergency evacuation in a rolling passenger ship using a

two-layer social force model [J]. Expert Systems with

« 38 -



www. cnww1985. com ['a

B, 5 AT AAO T 7 A 30 A0 A 75 15 K 69 % A AL

F41E FoOH

(5]

[10]

Applications, 2024, 247: 123310.

FWESR, XY, Bhilr, 45 . PIVEAR AR RE G
SiR 30 R 4% 7K 2l A b e R [ ] v A
2017, 12(2): 49-56
WANG Xiaoqiang, LIU Huaixi, MA Shan, et al.
Application of PIV technology in forced transverse sway
hydrodynamic testing of a barge model [J]. China Ship
Research, 2017, 12(2): 49-56 (in Chinese).
WAWRZYNSKI W. Ship rolling equation: comparison
of the different damping models[J]. Ocean Engineering,
2023, 280: 114760.

LYU W, MOCTAR O, SCHELLIN T E. Ship motion-
sloshing interaction using a field method [J]. Marine
Structures, 2021, 76: 102923.

THE . AERA AT S K AL IR K oK B HRBESE LD ].
e REFET R, 2020.

BIAN Feng. Research on the Treatment of Domestic
Sewage and Water Reuse Technology for Ships [D].
Dalian: Dalian University of Technology, 2020 (in
Chinese).

PECHAUD Y, PAGEOT S, GOUBET A, et al. Size of
biological flocs in activated sludge systems: influence of
hydrodynamic parameters at different scales[J]. Journal
of Environmental Chemical Engineering, 2021, 9 (4)
105427.

JAIREN A D, ARIS A, A/L CHELLIAPAN 8, et al.
Hydrodynamic shear force effect in aerobic granules
formation

and performance in treating domestic

wastewater: a review [J]. AIP Conference Proceedings,
2024, 3041(1): 040004.

FRKRIEL . T 40 A VT T S HAR AT W XL TR AFAE S 2
fetad (D], Ll AR, 2020.

WU Qiuyuan.
Trends of the Yangize River Estuary and Its Adjacent
Waters in the Past 40 Years[D]. Shanghai: East China
Normal University, 2020(in Chinese).

AR, IR W IR TR A v 2R T
i E s gy By [T R B, 2007 (5)
346-349.

LI Haibo, WEN Baogui. Prediction of motion response

Wind and Wave Characteristics and

of floating production and storage units in the south
china sea using short-peak wave theory [J]. China
Offshore Oil and Gas, 2007(5) : 346-349(in Chinese).
TEfL, AR, Euieh, 5. BT e SR v s i

(1]

[12]

[13]

[14]

[15]

[16]

IS B PR T B R[], MR TR, 2021, 43
(10): 49-54, 61.

WANG Min, LOU Yuehua, WANG Lizheng, et al.
Optimization of inland river passenger vessel master
scale based on complete stable capsizing probability risk
[J]. Naval Architecture Engineering, 2021, 43 (10) :
49-54, 61(in Chinese).

HE Q, CHEN L, ZHANG S, et al. Hydrodynamic shear
force shaped the microbial community and function in
the aerobic granular sequencing batch reactors for low
carbon to nitrogen (C/N) municipal wastewater treatment
[J]. Bioresource Technology, 2019, 271: 48-58.
YANG S, YAO G. Simultaneous removal of concentrated
nitrogen and phosphorus nutrients by an

PLoS ONE,

organics,
oxygen-limited membrane bioreactor [1].
2018, 13(8): €0202179.

MA S, XU K, REN H. Effect of mixing intensity on
volatile fatty acids

production in sludge alkaline

fermentation: insights from dissolved organic matter
1.
Journal of Environmental Management, 2023, 345:
118801.

XU Z, LIANG W, ZHANG X,

magnesite  on

characteristics and functional microorganisms

Effects of

et al.

and  bacterial

Il

nitrogen  conversion

community during pig manure
Bioresource Technology, 2023, 384: 129325.
ZHAO L, HU Y, ZHAO Y G, et al. Removal of typical

composting

sulfonamide resistance genes by ultraviolet/hydrogen
peroxide advanced oxidation process in mariculture
wastewater [ J]. Journal of Water Process Engineering,
2023, 55: 104262.

JEERE, M, 0T, % N TR S 15K i
Y RERRFEAEOITE[T]. T E LK HEK, 2024,
40(2):10-17.

YOU Guoxiang, WANG Chao, WANG Peifang, et al.
Interactions  between artificial nanomaterials and
microbial aggregates [J]. China Water & Wastewater,

2024,40(2):10-17(in Chinese).

« 30 .

EZE® A AR (1975- ), 5, maJifay BEA 1,
¥, NG5 KA BB S S5 AR
E-mail: c.yang@cqu.edu.cn
7% B #3:2024-07-24
f& 5 B #3:2024-08-30
(ZiE . 2785 )



