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Simulation on diurnal variation of thermal unsteady flow in a north—south orientated street
canyon
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Abstract: Background, aim, and scope Thermal unsteady flow in urban street canyon is one of the important
factors to promote the dispersion of pollutants. As the diurnal variation of solar radiation, wall heating patterns
inside urban street canyons changed, and hence influenced the air flow and pollutant dispersion characteristics.
Better understanding the diurnal variation of thermal unsteady flow inside urban street canyons would be
helpful for air pollution mitigation by, e.g., reasonable urban planning. Materials and methods Based on the
heat balance model and the large eddy simulation method, numerical simulations were conducted to investigate
the air flow and pollutant dispersion characteristics and diurnal variation features in a north—south orientated

street canyon. Results The wall heat transfer was shown to be the main factor affecting air temperature and wind
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field in the street canyon, and the effects of long wave radiation was very weak. The air temperature increase
caused by long wave radiation was less than 10% of that induced by convective heat transfer, while the effects
of long wave radiation on average wind velocities and the turbulent fluctuation were less than 2% and 1%,
respectively. Air temperature increased from morning to 15 : 00, could up to 311 K (38°C ), and then decreased.
In the morning, the windward wall thermal buoyancy reduced the wind speed in the street canyon, and turbulence
near the road and building walls was larger; while in the afternoon, turbulence at the top of the canyon of
maximum value. Discussion In the morning, the dispersion of vehicle exhausted inside a north—south orientated
street canyon would be efficient in the lower part of the canyon, as the turbulence near the road and building
walls were large. While in the afternoon, the escaping coefficient of pollutant on top of the canyon would be
larger, but the inside canyon dispersion of pollutant was worse. Conclusions Appropriately adjusting the wall
temperature from designing the materials and structures of building wall would improve the air temperature and
air ventilation in urban street canyons. In the morning, as the increasing of air temperature, the thermal unsteady
flow inside the urban street canyon would promote the dispersion of vehicle exhausts. Recommendations and
perspectives Tree plantings in city avenues were generally expected to improve the thermal comfort conditions.

And then, the influence of tree plantings on air flow and the diurnal variation characteristics should be

investigated in our future works.

Key words: urban street canyon; heat balance model; diurnal variation; numerical simulation

AR, FRE R AR R T
R 2016 4F0%, REMBLRTIAF] 57.35%, b
2000 4R T 21.15% (ER Gt R, 2016) o 8%
M, —FRF TS RS TFLG N8, WG
BN, R IGYE S, S EIAE TR S
e Meat 4% /% (Shao etal, 2006) , FF5200 1 Ik
JE B ) B AR B AR Bt e % B Bk T i 1
PRUR R, — FR I A3 T R e 15 ) 2 i 1 B
WS EN  EFRARE G ARG, S
PI N UNTIY AN ) R o I < I PR B A e 6
F AR T S AR, [R5 ) A ey AN A A 2
fefi 3ok 7 A 3 KR DA T Ak, DA T AR B
HlE 3 AT 2 % 3 T R 1 AT 3 S ™ R
(Zhang and Gu, 2013) . Il 4% =2y 1E PR AN
PP ST L Ak, LR R R A S
o )= A BT, R KRR AR A K
WA, HAT W E A RORARE (BRI R
=, 2011, 2014) o BRI IIE R RIBR T
SARFMEZAN, @ S5HESIEER T R AD A
K, AMUERRYSE T AHE A Sbas (A i #AGET 1 1
[Fi] B 30 22 5 e 1 4 DY) 1) 25 0 3 T G 0 R,
A CRRIE FalfinSE, 2007; Gromke and Ruck,
2007; Gu and Zhang, 2010; Bk N ¥#% &, 2016;
RS, 20165 Li et al, 2017; Huang et al,
2019; Daietal, 2020) o IRT AT AAE R R AE 440

AR EEH M, R SR R H S shig T
Z—, HAERRZ S 5T P S s A
A E MBS )R

A A N IR BT 114 B S TR R A A
W, A Em . BHARR AR A, S
WERL B SE (BRI K =A%, 2014) o 7E3%Z
RN, SN FEZHRKHERKS, —&
AR TR B 5Ok, KA N i o)
— A ERATE I, R R T A 2R 1
T P 30 2 v T ) L 2 SO IR B, A R T 30 7 A
] b Ui RS, AR R A N U 1Y)
MBI

Memon et al (2010) i CFD BT 1T #7
DAL BE T Z R BIE LR, Sk it K A 232 E
AR R X 25 P 23 SR BE RS2 e, S5 2R R W] . 3
U 2} b T 52 PRORI KU A2 ARG = o B T 52
P LR A N S IR E S EARIE R
EAEDG, 5B HRm M E R A, R, S
by TH 52 FRORI T KU 52 A (76 4 TN 25 SRR U 1
FEHG; ME G Z O, W T RO R
YRR 07 A, AR A N 2 SR IR

Allegrini et al (2013 ) X PUFA[R] 945 22 1
ZAAEOL CRI XU 32 48 sz 3 15 R 2
PO =R M AN ) BEAT TR, b T
DU AR BT A N Y T 3 BB AT X K/, BIFFESS

=

4

DOI: 10.7515/JEE202010



324 H BRI 4R

RAgi: FEREIHEBVIER T, HA N7 ER
MR BIMRICR T 52 4 = SRSk, &
A3t A2 PRI KU A2 30 AR X At B 1 37 4
oL, —REHSTMBAER T, HHNIEsI6E
K, FerinshRE B B E S A T 5T U2,
YRR TE XU

Tan and Dong (2015 ) & H B Mk # 14 ANSYS
FLUENT #HUME5E T H R FEAS [ BE TR A2 S LT
BERNTG YRS e, SRR 0
I 2 AB DL, 15 G ) 32 28 3R AR A 300 XUt ) 1)
JEHE, JEREAE YOG e, % U IR 2 BR
V5L ANYTEG T U AT A AZ A T
BTG e o A IR A — 3, HREREE &
e, JF BAET KU MR, Jf HAE g A
T, A e K 2 B 00, AR TS 4
P H

A B R4 PN 32 TR B2 o3 AT X i 4
TG Py 1A & W (R FISR A,
2007; Magnusson et al, 2014; Daietal, 2020) ,
LR B0 A X T X 9 490 A 5 U e X A 2 TN
25 S B s B0 LUAIF S o

SR, —REARE - RKTAAFEBZ], K
P RSP USR], BT 32 A0 A BE 2 224k, A
[T R TR AN I R/ R (102 R AR A AP 15 5 o i VT2
[F] 32 I T7 B SE ], X 2 4 PN R B ety e B2
A3 A H AR A S, T B T el
BN . BT N TR R XU e . R,
AR PR — S ma A E I IR T A R4, X
RN KSR H A B AT RS, JF
X L A3 AR A A 5 R R R G RS
1
1.1

P N 2 ST 32 52 BE TRV e AR I
BRI . N R SOK PR B R S A R R sy, Herp
NPT EETEAR RIS 22 R, HAEIE, BT
PL, AN a3 22 KR S A& 3R
TR A AP AS S LR M, 17 e e i S 1) 5
FAXTHLHS, A2 ( Priyadarsini et al, 2008 ) .
W, RN S X AT A

AQ,+ Oy=pc, VAT (1)
A AQ W RAGK BRI, 068 W; Oy
Skt A PG B, BN W p RIS AR,
U 1.26 kgm®; ¢, 28 S R IV EE, BUE

DOI: 10.7515/JEE202010

#1285

1012 J-kg K5 VNI WS SRR, B
m'; AT HERNZESRER R, B8 Ks',
IRATE WA R A 2 58 55 1) [ B A B 2 1]
AR GFELAMC AR S, A I OO e A 2y
W, Ot 2[RI R A R S Y
WSS (4207)%, 2010) , AT (2) T

AQ,=0,(0,, +A, X e, XaXT)~4,Xe, XX
T, @)
Kb Oy AR, AN W; a, HRA
TR TR 5 e, S BE TS BRI R 6, WK
SRR, RAEERRERER a=¢,; T, HEE
TR, BN K Ty ARARE, B0 K
Ay Ay FEEREAFIE S NS AR, BBAH
m’s o AT - PR 2% % B, HUHE 5.6696 X
10°W-m > K™,

TEA BRI RN B AR N, AT 22006 25 SO0 R
AR E M (sRTEE, 2016)

Xof Yt e P4 2 B AR TE A T A 28 2R T T
AWM R L. EREERN, FEEE
AW, M5 2 TP # (Campbell and
Norman, 1999 ) . Kk, #EEALSN:

Ow=H,q=h ATy~ Ty) (3)
Ao h xR R R, R AR SR T R I
WA, BN Wom 2K o
1.2

AT P AL R P R s 48l 7 %, A% A
2 ¥ ] Smagorinsky (1963 ) £ =, Navier-Stokes
Ti R R 5 AT R R

(1) HETFE:

ou,
ox, =0 )
(2) BhmJrfe.
u 9 —— 10P .. O By
ot + ox, u;u P ox, +ax]_ [(v+Vges) (ax]. + ox, )+
gB(T~T)),+S, (5)

(3) e e

Aofre d, jokERSERR, BUEN 1, 2, 3, 0%
A x, y, 25085, uy, uy SRR 3
Aot ——u, v, w, B mes ORE, B
By sy PORNRARSE, A4 Pas S, Sy 53 5lish
TR MBEE T AR RYIRI; 0 Ml oges SRR

+S, (6)




e, 5 ML N RE R AL AT

PERIE S FF 1, 5078 m*s; Pr. Pregs 2052
Prandtl ${ 1 . #% ¥ Prandtl %, 4> % 5t 0.72 #10.33
(Ueharaetal, 2000 ) ; o, }Kronecker PR%L,

A SCEUE AL R F] OpenFOAM #4411 S,
BETA RAEPU g6 oy R AT Bk, IR
PIMPLE 5835 kb B 38 15 0 e 7 R & TRl R
1.3

A 12 55 Uehara et al (2000 ) (14 XUl 18 46
25 X Lk S iE R E B e . AR
R R T s B E A TR, A R SRR
0.1 mX0.1 mX0.2 m, 433X RiGE I (x Fm) |
FE I (y Jrm ) MUER (zJ70m) , BRI
R 1, MRS T, Jy 352 K, At BE E iR B2
293 K, Rymas R T, o 293 K, BERH 4R T
B 0.9, BRY L Ok W) in K E o A 2
a8, mFRIHE:

—H (029
u=U (") )

o U MY TR RS % M, A SCHRUE
0.5ms's HABERERE, ACHRE 0.1 m; bKy
WA TERE A IR R, AL b=2H.

0.301

U;=0.5m's™

0.25 T,,=293 K

0.20

z/m

wuu

0.15+

0.10
T,=293 K

0.057 7,=293 K
T,=293 K

0_
-0.15 -0.10 -0.05 0 0.05 0.10 0.15
x/m

K1 B R s 2 A
Fig. 1 Sketch map on the cross section of
the street canyon model

U i) 01 [ 77 1] L R ER i B R, TR
PRI A, e ST T A BE T 2R
AT PR 73 R N XNLXN, O 20 X20X40, 1
B T BT 30 A0S T TP g R AT A N, T BE TR
/NS D9 0.003 m, S BE ST 1Y) DX SR AL
1, FIRGHTASELBIZ) 1.1, HA N N, N, 7351
REFNITEXEAE x, 2. y =AI7 1) R A

B, LAY Uehara 3250 R,=—0.21 [ 2 H
JIEX g S —3

Bl 2 s Ao EHL L (x=0) TTEH
it )R B SR SR A R e, Hi, B
il “present simulation” H H %5 [&EE ] X i e
MM 3445 “present simulation + radiation” Ft % j& T
RE TH O 4 A S 2% S8 T RE TR D FR g, DA AT RE
TR I8 4 B T N I 3 IR EE S R 5 T, AR
b ARSCBUERLAUSS R 5 KRR B V) S 15 5K
I, Asfbiasiot e —5, Hrh, s TR0 o A
AR L R 52 0 45 RIS, iR B AR ARTE 0.1H
o B B 5 S A A 25 R

1507,

1.251

1.00

zIH

0.751

0.50

0251

0.8 1.0

1.50

1.251

1.00

zIH

0.751

0.50

0251

12
(T-T)AT,,=T,)
m  Uehara

—— present simulation
—a— present simulation+radiation

K2 fEfodlEL b (x=0) iMEE (a) 5
B (b) BYHLEL
Fig. 2 Comparison of the streamwise velocity (a) and
temperature (b) on the central vertical line (x=0) of the street
canyon

R T AR ER BB EE RS
Uehara JXli 525645 R B9 TR 2 0 Mo 3 8 Rl 2 Y
WRIEHAE 5% LN, 2% 8 T BEHH R LU

DOI: 10.7515/JEE202010



326 HOERIRIE 24

TR 2ZAE 28 AT 0.5%, A U, A48 5 B AR fE
BTN IR, (EH A IR 3 RN 3 B R
AR/

1 BUEEE IR SS AR iR 2

Tab. 1 Error analysis between simulated and measured data

A R2%  Error/%
ion ™ Uehara) U (Lgimutation — Tvetara) ! (Tin — Tg)

Case (us

present
. . 34 3.1
simulation

present
simulation+ 33 2.9

radiation

Bl 3 o3l T s o EEZ E (x=0) i
1) 85 JDk 3 1 AR 38 D5 (. e T 157 1) 8 J3E UK B i
I TAE W BT 0 BAR b, AR SCEEIIZE IR S
Uehara et al (2000 ) XUl SC 5625 AR a3 —3K,
ik By e R 34 7 B KA 3 88 43 A A7 A4 T30 0 b T
B3 X 38 HR AR SCREAUL 25 IR AE £ (A |- L Uehara
et al (2000 ) XU ZE RN/, PR Al RE R TERL
LA 8 S S A AR B 1) SR B AR R A XL
W B R, BRI MR A B 2,
MR EAZE SR B Bk Sl i A B e L. 351,
A SCREADL D S A A D, 2 B0
PG FE P A1

SRS, AR A BUE R 7 08
I MU I 2 i L AR RE A B AT M AL A TN
POFRRE T S TR iF o [R) B OG- B 1 K I 4
SRR P A AR BE B2 e A3 AT A5 SR W, VRN S
BN, TE AT P I oA LA B I 4 4 A REAE 3 2
S A7 BE T A A RE MR, A2 RE TR I 5 A
AR

7

2.1

R T EBEE BRI, AR SCLAPE 2 T FE- p
A HREAS (Zhangetal, 2012; KR4, 2016)
P EE— AT I8 56 20 m, B 20 m, JE (y
] ) BC40 m, JEAREF R | A PAE AT A 50005 fiy
25 P AR B N XN, XN, R 30 X30X40, 7 BE 1 B
I R R R FE A PO A, B AT A 1Y) X 3R
FEDRL DA%, 30 BE 1T Y e /NI A% ROST 2 0.16 m,
T X 38 T003 90 4 fe KRy 2.5 m; ATl 2 pE b e
], SRR AR, KI5 1 XGH w A =R 7
KON RO, AR () IR, Hh U BUE
2ms ' HABAEE, BUE20m, W b BUEHE

DOI: 10.7515/JEE202010

#1285

40 m; T B 7 Ia] R BE w RN R )R v 1w 46 (A AT
& 05 TR T (A RE 1T 1 I B AR B 2 A R B 5
A MBI 5 245 R E ( Zhang et al, 2012)
AN Bt 20 8L P 2 A A 4 BT s o 9 T RS [ 4
AR EIR I A TERA R AR, 4
A AR SR TR N Jo s B BE T ih R 45 R U Y
JE, TEFEAT SRR RT3 N IR BRI, A SC
MR AIE R (ORISR =M, 2014)

1.50
1.25F

1.00

z/H

0.75F

0.50

0.25F

1 A 1 1 |

0 .
-0.10 -0.05 0 0.05 0.10 0.15 020 0.25 0.30
u

rms

1.50

1.25F

1.00

zIH

0.75F

0.501

0.25F

[ | |*‘ L L L 1
0.05 0.10 0.15 020 0.25 030

Wims

O 1 A
-0.10 -0.05 0

®  Uchara
—— present simulation
—a— present simulation+radiation

E3 fEarhomEgt (x=0) WM (a) FER (b) fk
SR E L
Fig. 3 Comparison of the streamwise (a) and spanwise (b)
root mean square values of velocity on the central vertical line
(x=0) of the street canyon

B PSR BT T AL A5, 7E “casel” 41
B, RZERETE XTI, MAE “case2” 41
B, BRI AR, O R T R
SrsEm, SEAG S 3R 2 Frs, KB RETR
FREAGXS W B[], BE AN casel AL 7% casel-7 &
casel-19 31X 7 PN, S5 AR AR E] . 5340
HEZE R 0.04 s, YeSCHIE MFE22/NF 107,
FELESHE] A 4000 s,



e, 5 ML N RE R AL AT

fa 07:00 b 09:00 ¢ 11:00 d 13:00
1
i 7,,-297.5K 7,,-299 K 7,,-302.5K 7,,-306 K
| -@:
i ‘@
| -
H u
| @
b
‘e-
—_—
7,-300.5 K 7,-3005K  7,-302K \ 7,-302K 7,-310K 7,-310K 7-315K 7-315K
7,-300 K 7,=300K  7;=301.5K Eo—13m,7,-3015K  7,-306 K] TEO0—10m 7, 308K 7;-315K 7,=315K
T 13—20m, 7,,-302K T 10-20m, 7, =310K
=]
7,-300K 7,-302K 7,-308K 7,315K
e 15:00 £ 17:00 ! g 19:00
!
Tin 307K ! 1,~305 K
_— i —_—
.
1
!
!
'
i
s
1
7,-316K 7,311 K | 7,-311 K 7,308 K 7,308 K
0—9m, Tl*315 K 0—14m, T1*310 K ;r: ’['W:308 K '['1:308 K 7;‘,:307 K
9—20m, 7;-316K £ 14—20m, =311 K |
| o
7, 313K 7, 310K 7, 308K

P4 AEPE 2T ISP B A P IASAS [R] P 2203 B2 3 A

Fig. 4 Temperature distribution within the street canyon measured on Heping Road street canyon in Xi’an at different time

K2 BB B S

Tab. 2 Simulation cases and the number

X0l A NPT E B P R XU

Case Influence factors on the thermal unsteady flow Case number

casel B T A A casel-7, casel-9, casel-11. casel-13. casel-15, casel-
Wall surface convective heat transfer 17. casel-19

- R TR X S A + R T 5 A case2-7. case2-9. case2-11, case2-13., case2-15. case2-

Wall surface convective heat transfer and radiation

17, case2-19

K 545 T 245 casel-13 FIE ] case2-13 1
P B N SR T, BRI A8k, T, &
B A AU ] 2 2 DX P i A DA b 2 A B
FSF-YIE . B4 TR 7E 2000 s J53EAR T 4
KBV R E, DL TS s USSR it 47
2000—4000 s B [a] X[ 7575
22

Bl 6 FE 7 40l 25 0 7 B 20 43 Je 1) rh
B 0ZE (x=0 flz=10 m) S FIEEE
T e WIZSAR MR . ASSCRIH 7 AR TR ZI 28 F0OA
B BRSSO S s 2 N AR R 1 H AR f R

aul, 07 ¢ 00 PUE, A NS SRR,
15 @ 00355k, Af3A 311K (38%C) 5 15 = 00

ZIR AN E TR HTENR, 19 ¢ 00 FERHAR
fH, XK APR R R B R IEARDCH . P
MHRAMT, SHENREZER D fEHE—E0,

et DX T B A A OO A 2% [ A T B, 1
A AL E DAL A 5], BETATR 3%
ST EI5IA (case2 ) (EAF AT N2 UL ERT
BB casel RUBLULR, (HEHIERARF /I

3105
3100 -
3095
309.0
308.5
&~ 308.0
307.5
307.0
306.5
306.0 . L L L y

1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
t/s

wﬁﬁwmﬁﬁww%
+ casel-13
—case2-13

/K

&+
g
¥
iy

K5 A WIREE T, BRI ] p 24
Fig. 5 Change of temperature 7,, with simulation time within
the street canyon

DOI: 10.7515/JEE202010



HBERFRIE 274l

1.50 1

1.25F

1.00 |

0751

z/IH

050

+4+ 4+ 4

025

casel-7

case2-7

casel-9

case2-9

casel-11
case2-11
casel-13
case2-13
casel-15
case2-15
casel-17
case2-17
casel-19
case2-19

|+ +]+]+

+4++++

L+ + + +

[+ |+

@

O 1 1 1
298.0  300.0 302.0 304.0

308.0

310.0  312.0 314.0

Ko ARz R 0Lk (x=0) EGTFSEE T, 97040

Fig. 6 Distribution of mean temperature 7,,,, on the centerline (x=0) of the spanwise middle section in the street canyon at

different time

314.0 +  casel 7
— case2-7
3120 +  casel 9
— case29
S N o e e e T +'++¢ffﬂ§§ + caselll
FFFF F F ¥ F F F F FF7F —— case2-11
308.0 +  casel-13
S e F+ F + F F + + + +++H—ﬁ —— case2l3
§306.0 ., . casel-15
E " + + + +F  +  + + + + F+F case2-15
304.0 F +  casel-17
—— case2-17
302.0 +  casel-19
' L ——— case2-19
-+ + + + + + + + + F+ F e
300.0 | _ -
ey, it
=+ + + + + + + T T T T T
298.0 L L L !
0.50 -0.25 0 0.25 0.50
x/W
7 NFE I A R ) rh AR 02k (2=10m) RGEIT PR T, 9510

Fig. 7 Distribution of mean temperature 7,,.,, on the centerline (z=10 m) of the spanwise middle section

in the street canyon at different time

23T PR A A SR B AR B K
AT/T,, Hi AT RIRHFEEANRG B EREZ
&, BANGI P IREE T SRR T,
2EMH, B AT=T,— T, ICERERFNTI2 ]
B . nTLAEH, EANREN R SR
ZBE AR M, B AR S B SR R R /)N
ML 07+ 00 B4 13 ¢ 00, Fifi# RE R E
(B, BE T A5 S IR i, 13+ 00
DL S5 BE T A0 AR BE T BR85S 5 7R B B B AR
FHATEBT, 13 ¢ 00 25 IR B A AR K RN

DOI: 10.7515/JEE202010

1.22%, AN SIRE R IR = 2 3.7 K;
] i 20 78 % R K P AR S B L T, A RIS A
XN 1.31%, BN SRE ORI IR &
25 4.0 Ko A0, BIEFEIE KRS aRnt, K
PR BIRNER NS EETRERA 03 K,
WA FH G 10%.

2.3

&l 8 F1 &l 9 43 5 /& casel Fll case2 W £H 54 44l
LU T 45 A 45 e 1) p AR I A R A5 D 2R (x=0 Al
z=10m) WS F3EE u/ U, w UK 5



e, 5 ML N RE R AL AT

Mgk, SR EoR: HA DR BE ML K £E 19 : 00 FERIRAL.
HER, A PO KE R, 07 = 00 2

HoN T o A= YE BE 5 ES =N i
12 00, %M THIABEHTHA, 11 ¢ 00 BT RIS AT,
. o R . RSN Tab. 3 Relative change ratio of air temperature A7/ T}, in
BN ATAE, X BB RN PR B, B2 et canyon
AR TR, 0 U A 5 8 i AT %
AR BRI A s, HI 55 T A N P 5E Time casel case2 case2 —casel
JE, EE 2 7R RURE TR BN S TR S Il 3 R 07 = 00 e L e
ISR 00 2 £ 77 1703 B R TE A 11 5 00 13 ¢ 00 N o o o
Bt B R 5 7 IR 2T, VR R B o . o
WG, 13 00 4 N I 75k i 3k B B K AE 15 : 00 0.93 1.02 0.09
13 = 00 ZJi Bl B 1A i B2 IR MR, B T 5 17 2 00 0.66 0.74 0.08
23R ZE B W, TE AT YU 0 B T AR 19 ¢ 00 0.57 0.63 0.06
1.50 +  casel-7
— case2-7
125 +  casel9
— case29
-+ casel-11
1.00 —— case2-11
+  casel-13
— case2-13
T 075 casel-15
" case2-15
“+  casel-17
0.50 —— case2-17
-+ casel-19
——— case2-19
0.25
O =5 = 1
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

ulUy

P8 AR 2 A R ) vh AT 2k (x=0) LR 3AE i i BE 3 Af

Fig. 8 Distribution of streamwise wind velocity on the centerline (x=0) of the spanwise middle section in the street
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