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1 HEMNEHSERRER

1.1 HENEW

KSR E AR (B D, R B
AN AR SR AN RAT R, FEAMAR A S ()
WEPARN, MHEFNARRERER D, %I
R SEARR B AL, 5w E A R,
AEE N — AL TR, B TaEslh, ET A
JER R E A e, ST, A E. WEEOUE &
£ 90 cm, #EHITER 2 cm, FHEE 80.5 cm H.BE i I FE
B, PARNA 3.6 cm, 4ME 8.9 cm, JE 0.15 cm,
FEREH D2 [R5 EEAT &, (JEE 11.5 cm.
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1.Cylinder end cover 2.Screw bolt assembly 3.Blind flange 4.Rubber
washer 5. Annulus channels flow baffles 6.Ultraviolet lamp 7.Circular

channels flow baffles 8.Outer cylinder 9.Inlet 10.Quartz tube 11.Outlet
12.Sealing washer 13.Studs 14.Stocker 15.Through-hole

B 1 EREREINEEINEM
Fig.1 Structure of UV disinfection reactor of nutrient solution

a. ARE T BRI A 2 (AZY)
a. Truncated top or bottom part of flow baffle (A-type)

20
S |

. 29L-29LIEAE R (CAD
¢. Two-two circular orthogonal channels (C-type)

O O
57 \_O

e. 4L (EXD
e. Four circular channels (E-type)

h=8.9 cm

h=8.9 cm

1.2 #EREMER

AR PR T P4 IR AR 2 B N B R KR
oy REFLERI AR, o [ AL PR AR B O L, H
[ A B PR AE SR AN B N LT . i
R TE: ol a2 T s i 8 0 B S B A L
PR e 7.5 em (B 2a) 5 2 fL-ER R ERE, FHL
fLiE 2 em, FEFRHAE 458 cm (I 2b) 5 2 FLAMK KA B
(Kl 2¢) 5 4 fL-FIAMAEAE, LA 142 cm (A
2d) 5 4 FLEURIRATE (K 2e) LUK 4 FL-4 FLACHE RS
BAE, Hod 4 LA N 4 FLRL RS IR AR 8 I 00 76 P T
Wik 45° (B 20) o BIRMMBEFLAA B E 5 R T
T PSR AR AL B B IR B B i, b % AL RS AR A it
WA T 6.257ecm®, 7E FSCHIHEIR R Bk H A
A, BAL CA. D&, EAFF AR LR 6 FAH
T 2B TR -

b. 29L- BRI A (B
b. Two circular-annulus alternate channels (B-type)

8.9 cm

h=

h=8.9 cm

d. 49L-AFAE AL (DY)
d. Four circular-annulus alternate channels (D-type)

£, 49L-44LATHT A (FALD
f. Four-four circular staggered channels (F-type)

W di N2 FLEBERBGL R ILILE, dooN 4 LR RILILE, Dy NEFLEETAR N E, Dy AR RERAR NG, b SRR =
Note: d; is the diameter of the circle with 2 circular channels flow baffle, d, is the diameter of the circle with 4 circular channels flow baffle, D is inner diameter of the
circular channel flow baffle, D, is inner diameter of the annulus channel flow baffle, and / is the height of flow baffle.

B2 REFHXEFARTEHE
Fig.2 Schematic of different flow baffle types

2 BEEHLALE
AR ANSYS14.0 BAFBEATHUE 2 M5, BUK
TUELVE TR, BUE TR 900 L/h, FEBREL RS

HE R AR E M OL, X WTAR B BE IR TS T
FAMET A SERRIYA T L&, DR A 2T Ik 7T
BRMEER, EIFRMAEN AN y W7 /N, %1
I .
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2.1 MgXIS

THEL R T N VB A AR SR AL RS, Dkt 4 X A%
B gl MR AR DT, FERINB LR, A
T 4 FASFE RS IR EAT 04, JEEE EU A W
BN e S vk = STNER: R ALk

B2 1A BUE ), Mg s KRS N T4 T 4 mm i,
THRRACHS VA BBV, DRI A f R RS HL
4mm. NEEPEFMSE, ESRRACHEAT RFAINE, B
WHEDLTZ, FEmRREE . 6 Flotr bt 77 S0 B ) I RS 2
HAE 204 J35 243 JIZ 0], RSB AREALEAT RS TG R
I, BT AR SR AR EE R

R METXMESH
Table 1 Grid independence analysis

X 1% 2 % 25 )
R <) DX A% e H D{Jwﬁ H O
. Total number of ~ Outlet velocity/  Outlet volume flow
Mesh size/mm g 3 1
mesh (m's™) rate/(m-s”)
6 499 357 0.795 0.0002475
4 1399 876 0.800 0.0002498
3 3115441 0.799 0.0002497
2 9638 395 0.801 0.0002499
2.2 BFREH
RN LA, N
4
) (D

' nD?

X v ANOWIEFRE, m/s; Q AR, ms; D
RNADHAZE, m.

W FALEIREN N 7873 KR, HeR H outflow 2544
2.3 jmimiRE

Liu 257G T FRHE k-6 BE8L. RNG w-e B8, 5
N SIERHIE T (reynolds stress turbulence model, RSTM)
6 MmUY AR S ANAR B T RO VERE, Tl RSG5
WE T RUZE R RSO WA R L], Toil ik £ b
B — B R 2, AL HE W IR, &
SCRIFRAE K-e 1R, SIMPLEC $83%, ik =,
WSIRS FE 107,
2.4 EHRER

AR B AT (discrete phase model, DPM)
B S T 1z 3, FadShiks B H B AUEH T A
AR E AN 5 H O e gt Rk, 4sg
KA B HOHAAL,  IF2% R AE F X Ji B B B
TE RS2 o 95 B AT FEAUN P TS AR, R S5 A
CREARE, ¥4 0.8 m/s. WERERR | mm R —ik=
YEARFR AR R EE . FETHER, E SR E S TR
iR RE R, RETHEH — EHEREIE 3
it .
.41 RAAREENZHK

FAFE R RS E BT, ERE T RHEE R
B S bR HE BRI RIURE ) 2 TR AR 5 5] 44 R 5 SRR 1
R LD K AR BRI RIORE # 5 BSOAH B R 3R kL. 46
HIGHEARAN 3~5um, ARICHC 4 pm, RS RARTE 2 E
0.8,

242 REKETHYH
o T 12 B 32 T i BEATLPE RS e, PR AN 5 RS B
KIS BN I A =, AF 3] — @ BURm gt .
M, 30 W HIMTH 10 mm 7KJZREBFEN
90%, A% B FE A E SN Tyo [, TS 40 mm 7K 2 5%
AR R 40%", RILIERIMERE . RSO
—ERITEOLT R ROR 35BS B AE T B AN 4 B I
V) DA 3 Tl v B B A S SRR FE RS . AR SR
P BT TR B 7 A A ARAR SR K P R AN SN JZ W 38 2, 38
S R AE N2 A5 B A0 B0 8 B LA R 2 A s T A
BT Ehm W B A I A, B ROREE j AR LE
W R BP RS BOP RO LU, i i BT 200 LA
J& o w WA p FRiEZE S22 7 R (coefficient of variation,
CV) ¥k TRsE (R2) o Bk, Poki%H A 200,
R2 FRHENREZRFM
Table 2  Effect of particle numbers on disinfection
oI AE YRS R A R

AR B Z 3
BB PRI b2 AR
. ; . Coefficient of
Particle  Average value of ratio of Standard deviation o .
. . variation of ratio of
numbers inner steps and total of ratio of steps stens
steps P
50 0.54 0.15 0.28
100 0.52 0.16 0.31
150 0.57 0.18 0.32
200 0.56 0.17 0.30
300 0.57 0.17 0.30
400 0.56 0.17 0.30
500 0.57 0.17 0.30

i W E BRI 200.
Note: Numbers of pathogenic bacteria was over 200.
2.5 ZIMERBEHFFETE
FEIP T A BN R AR LR UV SRS
BEPIR: —RAZAR RS, 2B RN BAE 2
—NRERISI A B 5 — R sUEAR IR
(PSS L), PSS BALKs UV ATEAE th— R 51 SOGIRZ AL,
B ROCIEA BN, HARS REEAERR I LS A . A
SCRHAR ISR GT R, R R A BE R RT, R
g AT RS A MR T 98 B T s O
o,
0 2nr, L

T RAMRAT e TR P=30 W, KA H 80F 7=40%;
ng NAREEENE R, —BHr=dmnlik 90%Ll k, &
SCHL 90%: o AR FEKZMIEEE, HL 0.2 em™s +AiH
U —SERAOLHES, 1.8 cm<r<4.45cm; A%
BEIME r~18 em, AEEEK L=90 cm.
TEAR AR AR, A 9 FE A P BE IS 26 I
B p5 R B B UL T E 2 (8] 5 R A Lambert-Beer €1,
PO B A2 2 ) S UV SR :
o= P MR 0" R
2nRL
e e NN EESCIE ANEBANA TR K 254 nm AL
SR E, B 20%: R NIHFEAX AN B4R, 4.45 cm.
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o) T Hro) = 2, L 2nRL
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TR A, AT R B A AR 58 5 5
Fitn B 3 Fiawe.
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UV fluence rate/(mW-cm?)
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B3 HERE FINERIR N A H
Fig.3 Relationship of UV fluence rate with different radius
7E DPM FR A b B e B3R | mm 50— 8, 4
PN R T B B AR R B o 08 R AE AR B PRI 28 18] i 2
[F1) 52 3] (¥ 58 71 DA P o R A i 58 T P S5 A Bl e 1)

TR
Number of particle
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3.85¢+01 Y
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a. AZURYR
a. A-type flow baffle

(R FR20), AT 2 AR A R AN T LAAS )55 1 7
HEBAZRRaESAE (NS, ZiTEERERH C
B S TS 8.

I+

U:Z@ﬂyéwm—m (5)
i=1

A U N E ANz s R 52 2 i858 557
B, mlem?®; L AREAES i DA 52 B 1) AL g
BHORIE, mW/em?; ¢ ABTIA], s; n N 200,

3 HREH

3.1 imimiAE

FHRARIE ARk 2 SR 5 B0 I I R AE R AR U
N M TR TUSA R AE SO R B R A U, g Bt
ATED A ZRRSFARRH I R T T R AR T 2k ) 5 ek I %6
AT M. RSOl R Z, i AR T
AF IR I — P et 5 7 SRIAT AT LG, AniEHE B BYAS AR -
Himm e (B 4) ATCUE H, A BUH AR RAR
Z AAAER BRI, Bl PR T DAL & A2 1k,
BA R EIAYE; E B0 BN I 275 & R4 (A1
[ AN 2 B B R N, WA R R E 7Y

A
Number of particle
3.77e+02
3.58e+02
| 3.39¢+02
3.20e+02
3.02e+02
2.83e+02
2.64e+02
2.45e+02
2.26e+02
2.07e+02
1.89¢+0
1.70e+02 '
1.51e+02
1.32¢+02
1.13e+02
9.43e+01
7.54e+01
5.65¢+01 v
3.77e+01
1.89¢+01 Z.—i

0

b. EZLP3ATAR
b. E-type flow baffle

e ARBERER BAF A, Pt a0y DRSS, EARBEREMEIX 7 AL E SR RESEOLE 2, TR,
Note: Pathlines with different colors corresponding to different particles, particle numbers equals the total number of inlet grid, and different colors are used to
distinguish different pathlines; Specific parameters of A and E-types flow baffle were shown in Fig.2, the same below.

B4 HAsmRLE
Fig.4 Pathlines of turbulent flow field

3.2 ESEUERENL

NI LR S BRI 2k B Rt 2 DL IX 4y, BB
[R5 30 MMFURLR R — 2RI B 2k, BRI 5 0h 2k
Y13 . alnde A BURSARE, B S T RUE H B
BENIE SR AR A —, W R B AR
MIRERYE, SSCPRAHRE . INBEEYAR, —J7 T AT LA
/T TS s D) S W v 2 - | = S 7
EZ M IRAC e, Fem AR AR

EAFET RS RINER 3 s, HEEREH,
AR AN [R5 2% i AR I se i B B AN R], LR et o
TR S TR A MRS B 38 K TSGRk T, AR TR AR

TGt (A 8D o H E B EAC RS
{8 EE oAt 7 243 ) v 3.5%~33.4%, i KA EL HAh Ty &
3K 2.54%~42.86%.

16 LR G 5 2, E B 33 A AR S =T 3418 B
/NT B BURI C Y, (B AR A/ MEE B BRI C BUH)
i T 17.3% 19.4%; Sedain B AUAHLL, DA
50 mJ/em® A— A XIAIBL,  Giit 200 /M b 5 A R AB LE
A Ergcs, mEEsmE T ET A, E &Y
R B ME R T 100~150 ml/em?®, BIE KT A
RUFI B AL, s KAE BB AL T 300~350 mI/em?, B BAKT
B, HEZXEBENMERHER DT A B, SAE
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R & (B6) o 5 D AAF RUHEL, E BUAGRM MF R Bk, EiZBEIMOR AT, SR B B4R 4 L
ER/MEMFER TR S, AR REM/NT DA BIPNRRCE LA AT B 2 B R B R R T
FAH Bk
Number of particle Number of particulate
3.85e+02 3726402
3.66e+02 3.53
.53e+02
3.47e+02 335
35¢+02
3.27e+02 3.16
16e+02
3.08e+02 508
.98e+02
2.89¢+02 2.79
19¢+02
2.70e+02 360
.60e+02
2.50e+02
2.42e+02
2.31e+02 2.23e+02
2.12e+02 :
(2 2.05e+02
1.93e+02 | 186 (5
q .86e+02
1.73e+02
1.67e+02
| 1.54e+02 | 1.49
49e+02
1.35e+02 130
.30e+02
1.16e+02 1.12
12e+02
9.63e+01 9,30
30e+01
7.70e+01
7.44e+01
5.78e+01 5 586401
3.85¢+01 Y 372101 Y,
z i 72e
(1)-93e+°1 1.86¢+01 z._i
0
a. VitZk b. JURLE ) ik
a. Pathline pattern b. Particle trajectory
A5 ARRBNENAALEfBAE ST B
Fig.5 Pathline and particle trajectory in disinfection reactors with A-type flow baffle
R3 TEXBERHENAREZIIMNEFTIE
Table 3 UV irradiation dose in reactors with different flow baffles
PR ME S ot g W CHAR
Type of flow baffle Minimum value/(mJ-cm™) Maximum value verage value tandar e\gatlo oefficient o
(mJ-cm™) (mJ-cm™) (mJ-cm™) Variation
AR 79.99 348.50 190.41 55.12 0.29
B 90.96 422.39 205.19 67.28 0.32
cH 89.38 481.09 207.90 68.11 0.33
D& 87.24 352.01 191.90 51.91 0.27
E#Y 106.70 336.75 198.44 43.22 0.22
FA 103.10 345.29 197.72 47.34 0.24
90 -
80 | A 2% T B 4 R B el A R (AL
Truncated top or bottem part of flow baffle (A-type)
w 701 B 24L-FHR (B
2 Two circular-annulus alternate channels (B-type)
E 60 B 4918 (EAD
I Four circular channels (E-type)
s 50 |
Qﬁ, 40 /
I
Z i
2 a0t N
£ |
& 7
20 F g
7
10 | g
. 7 N
50 100 150 200 250 300 350 400 450 500
AR AR

UV irradiation dose/(mJ-cm™)

I BRLEGSHIA 2.
Note: Specific parameters of B- type wereshown in Fig.2.

6 3AAER s 45 25 A Atk
Fig.6 Distributions of UV irradiation dose for three models

Sy A B B BNV ERCTE BT ) g A (A
AT, A BT E &K 1.03 m/s, CFIME
0.158 m/s, FpEZE 0.119 m/s, A2 ZR%L 0.75; E FKi
B RIRIE 1.04 m/s, “FHIIIE 0.096 m/s, bk % 0.049 m/s,

SRR 0.51. PERNEMERD, HE AR R
By, W A AT B R N A R L i AR
SEMS s 2 FLAY PRI REDRE oL i W T i o A ) 220 201
BEMSREAFEICR (-1 .
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B Y
Velocity/(m-s™) Velocity/(m's™)

1.03 1.04

. 9.80e-01 9.91e-01
9.28¢-01 9.38¢-01
8.77¢-01 8.86e-01
8.25¢-01 8.34e-01
7.74e-01 7.82e-01
7.22e-01 7.30e-01
0.71e-01 6.78¢-01
6.19¢-01 6.26e-01
5.67¢-01 5.73e-01
5.16e-01 521e-01

. 4.64¢-01 4.69¢-01
4.13e-01 4.17e-01
3.61e-01 3.65¢-01
3.09¢-01 3.13e-01
2.58e-01 2.61e-01
2.06e-01 2.09¢-01
1.55¢-01 1.56e-01
1.03¢-01 2_2( 1.04e-01 }_)<
5.16e-02 5.21e-02
0 0

a. AIBSTIR
a. A-type flow baffle
B 7 REH AR — i Ak A B

Fig.7 Velocity distributions of same cross-section for different reactors

TERPIHTEACT, ZE RS R CFD HUE 7%
FERLTH L 2 T (N 66%. 43%- 37%H, hns A A3y
TR PR B O 2 0 R 003 995 11 A B 2 20 92.2%
83.6%-68.9%, 1 i 4515 HAH B 1) B 2 7001 8 99.2%
94.2%. 86.3%, LLBLAMA Al 7.04 10.6 F1 17.4 NME
3 5o B AU Ml 0 11 i DT v 5 oK 25 RS 1 52 B 1 4
Ak RS EREREmY, SREBEIWE, T
K H DPM #5828 15 4% [ 4 S A5 B ABE 0L 55 1 2 2% B I T AT
PEFIG EEME, AR SCHIRR PR AL T S22 . fEAH IR
PIFTUR Z6 A A T 564 T, R DPM 28! 5 4% [m) 48 5
RIS ) 25 A BRI, N2 4 FLAR RS 7 R B
e T 8 2 T ity UG ity 308 20 A8 5 AT 2 P A AR AN I A 24
BE7 5o TEFE TR TAE A, a8 i 50 X2 285 A it

— AL
4 7 i

D) @i SRk 772 (computational fluid dynamics,
CFD) HUEBMEM, HRBEERT . RAPERA. £k
O TR SF A — RSO, SR 2 L0 R A B Y
PR AT DSI935 CE A DB 1B A [ o7 L A4 R I (1) B
I35y, A A B AR

2) HEEMFIETES R UE N, EHEEZFLT,
X2 FLBHSTARG 2 LS R A SRR R RO T 2 L
P EA (AT 4 ALAYESTAR, WIteiFAER, H 4
BB T 4 fl4 AL BAEME, RPHAEHPR
BOREBER A AE—ERMT T A ST B,

3) DURSHFIRES/ME FIMEME R REAE AN
TR, 4 FLAYELUAR )5 S 771 e /)M -5 8 25 T o B i
T A8 B AT B AP UORT H At 5k 7 S AH EE A B R 42
&, CPYMEE T, BRI 0.22, fEJLFRTELT %
Hi/N, ARSTRIEAE AT E ISR, R RO T

b. EAL iR
b. E-type flow baffle

M7 ST AF, ASCEE RAT IO BN BB I AL 32
PEEIR RS -
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Numerical simulation of sterilizing efficiency of ultraviolet disinfection
reactorswith different flow baffle types

Niu Peiping®, Ding Risheng'*, Song Weitang?, Wang Yuan?
(1. Center for Agricultural Water Research in China, China Agricultural University, Beijing 100083, China;
2. College of Water Resources & Civil Engineering, China Agricultural University, Beijing 100083, China)

Abstract: Nutrient solution recycling has become one of the essential techniques of soilless cultivation. But nutrient solutions
are susceptible to be polluted by infectious diseases during the recycling process, so it is needed to disinfect nutrient solutions
before recycling use. Compared to other disinfection methods of common nutrient solutions, ultraviolet (UV) disinfection has
many advantages, such as high efficiency, low cost, not changing the physical and chemical properties of nutrient solutions, so
UV disinfection is an environment-friendly technology of nutrient solution treatment. In general, experimental research and
numerical simulation are the most common methods of UV disinfection. Although experimental results of the performance of
UV disinfection reactor are credible, direct measurement is difficult and costly and thus seldom done. On the other hand, one
can use numerical simulation techniques to model the UV disinfection. Computational fluid dynamics (CFD) has been widely
used for simulating the UV disinfection. In previous studies, some researchers analyzed the performance of small-scale
horizontal UV disinfection reactors with different flow baffle numbers and flow areas. They designed an alternately arranged
flat-type flow baffle and analyzed the performance of the UV disinfection device for nutrient solutions using the CFD
simulations and the measurements of biological bacterial disinfection. However, the effects of different flow baffle types on
the performance of the UV disinfection reactor have seldom been investigated. In this study, we designed 5 different flow
baffle types of the UV disinfection reactor. The main objectives were to increase disinfection efficiency by optimizing the flow
baffle arrangement and to test the performance of the UV disinfection reactor with different flow baffle types. The 5 different
flow baffle types were proposed: 2 circular channels and annulus alternation, 2 circular channels, 4 circular channels and
annulus alternation, staggered arrangement of 4 circular channels and 4 circular channels, and 4 circular channels. Using the
discrete phase model (DPM) of the software ANSYS Fluent 14.0, we simulated the motion of Tomato Fusarium oxysporum
particle in nutrient solution in the UV disinfection reactors with different flow baffle types, and the inlet flow rate was set to
900 L/h. The UV irradiation dose was calculated and compared for different flow baftle types using the radial radiation model
(RRM). The result indicated that for the flow baffle type with 4 circular channels, the lowest and average radiation doses
received by the Tomato Fusarium oxysporum particle increased by 33.4% and 4.2% respectively, and the coefficient of
variation (CV) decreased by 0.07, compared to the original type. Compared to other flow baffle types, the lowest radiation
dose and the CV value for the type with 4 circular channels were respectively significantly greater and less. These results
suggested that the UV disinfection reactor of the flow baffle type with 4 circular channels was the best scheme. Furthermore,
the simulation results suggested that the combined baffle arrangement had a higher disinfection effect than the single baftle for
2 circular channels, but the combined baffle arrangement had a lower disinfection effect than the single baffle for 4 circular
channels. Therefore, these results can provide a theoretical basis for optimizing the internal structure and enhancing the
performance of the UV disinfection reactor.

Key words: computational fluid dynamics; ultraviolet radiation; disinfection; nutrient solution; disinfection reactors; flow
baffle
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