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Numerical Simulation of Helically Dimpled Tubes for Convection Heat
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Abstract Three-dimensional numerical simulations were investigated in order to obtain the heat
transfer performance and pressure drop of the helically dimpled tubes. This computational model
was built up by standard k — £ turbulent govern equation and SIMPLE algorithm with periodic
boundary conditions. The results showed that the protrusion of dimples changed the magnitude and
direction of the fluid flow, enhanced the turbulence intensity through flow interaction, and produce
severe secondary flow. We could find that the maximum radial velocity amounted to 34.6% of
mainstream velocity. The distribution of local heat transfer coefficient in the tube showed a cyclical
change, corresponding to the cyclical dimples. The maximum and average heat transfer coefficient
were enhanced by 2.48 times and 1.74 times, respectively, to that of a plain tube. The computed
results indicated that the Nu for the helically dimpled tube was 60%~174% higher than that for the
smooth tube, while the friction factors of the dimple tube increased by 54%~63% compared with the
plain tube. The optimal value of dimple height h/d was between 0.20~0.25, and a tube with smaller
dimple density was more significant in reducing pressure drop. The empirical formulas for Nu and f
were fitted in terms of three non-dimensional parameters (dimple height h/d, dimple density D?/pl,
and Reynold number) based on calculation results. The maximum deviation of Nu and f were both
controlled within 10%.
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Fig. 3 Comparison of the numerical results and theoretical
datalll of the Nu and f of the plain tube
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Fig. 4 Comparison of the numerical results and the
experimental datallll of the Nu of a helically dimpled tube

0.08 =
—=— Plain tube
0.07 |- e +— Numerical
R —+— Experimental
006 - —
0.05 |- i B
2 Y
S~ 0.04 *
0.03 F -\\’\K"%.‘,
0.02 -
0.01
0.00 1 - 1 1 1 — 1
1.0 1.5 2.0 2i5 3.0 3.5 4.0
Re/10*

B5 THREEDRNK F S5 ERE 1Y k&

Fig. 5 Comparison of the numerical results and the
experimental datall!] of the f of a helically dimpled tube

0.95

o S stitess
el ¥ \ —— E;[l)];:illtitul data
0.85 |

<080 \\_\
; 0.75 o
S onof T
§ 0.65 |
- 0.60 +
0.55
0.50 1 L L L L L L
1.0 1.5 2.0 25 3:0 35 4.0

Re/10*
Bl 6 THIE (Nu/Nuo)/(f/fo) BAMESLRA 1V K

Fig. 6 Comparison of the numerical results and the
experimental datalll] of the (Nu/Nuo)/(f/fo) of a helically
dimpled tube

R, M3 AW, EIGR
Nu BREA R [ HHERERS, ZKRES
B4 26.2%F1 24.3%. X RFE At R e B
BAREREEEFELT, MERPRANEZEER
BRI B, R AR AR, BERRA S
BT HRE R SFRAIMERNEH. B 6 FTHRES
EHERIENEF (Nu/Nuo)/(f/ fo) FELBAER HLE
RAMERAREH—E, BRREH 4.66%.
ERIET A AYERR RS B py Bk b, A3exd
SR T MU NI B 5 VR R ET TR E .

2 WMUSHERGL

2.1 R TIREEANREISERSYE

B 7 BT REFHSHCH N=6, h=2mm, I=10
mm, Re 24 30000 4 P BETE B HF R BT 0 (= )
HIE R, SRR R e, BTN
FROFTE, BEHMTe R EERD. ¥RE



1264 T B # 4 # ¥ #

37 %

BEH LT RRER, EEGKR/NMITEERRZET
M. WARTET MAETEE &/, HEEB/PMIR
FIEX; WERERE N LEERFHK, 5
I EIBEIRK, WESAFRBERE, ERWEKT
P XRRE TR BB/ IR, ol o BEET; (RIA,
AT MRS S8 Y R AH AR A EL R0, {3 O
BERKRHR. B8 BRT THREAEETRMT M
(XY FHE) fEERR. BTRY, FERET R
Bt A AR EE S ], KRR EEES
EVHEE 4 17 34.6%, EEELTE HHMRIRER, Y3
MBSRRSHF B, AR T mHRE.

Bl 7 Re=30000 i}, BETE “ARMEEH WS (= )
1338 1 R

Fig. 7 Velocity vector near the surface of the dimplesin
mainstream direction when Re =30000

1.00e+01
9.02e+00
8.03¢+00

Bl 8 Re=30000 W, BT ERGEITRMFE (XY FH) ME
BEREE

Fig. 8 Tangential velocity vector near the surface of the
dimples in vertical mainstream direction Re =30000

B 9 BARMEMSIF ML «=0 BEWEEY .
LA B AR K R R 5, BB
THREE LR E B AT T e TR
. 2=0 B _LHE R M ETHRRRE b B
SAATmE 10 B, AU BE N, HARBHRAER
B Ax T THREEUEFHEEL. &K/
MR RPOREEN 2.48 £, T THHRRENE
HE 17 F. RERGRRAEEE T R TRE Z
WK, EEENRBERERERIARR, B

g R T FREENRSHRARE, K52
W, ETRFEERRIHMNE %, HRITRE
W RS XEREZXENBEIR BB
WE, MRstEAEgSRXET, BEHH
Y RBRRIE/D, EEEDUEHHRREE.

)\ Temperature/K
,;‘ i iy TR D e+02

' 3.37e+02

= ' 3.34e+02
(330 T el e+02
- R 3

“

e+02
Oe+02

2
2
2
1
1
13
1
07e
.0
.0
9
:9:
A9
8
.8
82e
79¢

[STSTSTRTNIS

B9 Re=30000 i, WahJrTi o=0 AR
Fig. 9 Temperature contours at x=0 in the mainstream
direction when Re=30000

275

—
- —a—Local surface heat transfer coeffient A
50 F ]

AL TN

K—l

h/W-m
z
—

150 *®

|

1 . " 1

100 o e
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Z/m
B 10 Re=30000 B}, HBIHH z=0 BE K HHERZE »

Fig. 10 Local surface heat transfer coefficient at x=0 when
Re=30000

A RN, HAESERTRRET
MG A G S (h 24 5)2% 0.8 mm, 1 mm, 1.5 mm
12 mm, ! 454 7 mm, 10 mm 1 15 mm, N 4331
4, 6 F1 8) AFHIXTE W SR BB, K
JBRAAE TN TENSH FHXEE h/d
HEFN B D? /pl) XURE T MG NE s S ERGRE
TERER S
2.2 THREEMRE 1/d XRahFEHReRcm

EEMTE, BERETHRER d=4 mn,
=10 mm, N=4, ERERE h, 5HERT TH
AHXEREE h/d R 0.5, 0.375, 0.25 #1 0.2 BHE RIR
SABAERE. h/d EB/NRIAT MR I i KB
AN, BEE R

& 11 fIE 12 R, BEE Re B3N, Nu/Nuo




6 ZEREE: THRBAEHENG RS ERERITR 1265

B (f/fo)/® E¥ZEE R/, THRERNEELRE
PR 1.6~2.74 £, HFEBHEAREEK (f/H)V°
WHMT 1.54~1.63 %, HEE h 8K, HEBR
BB, Nu/Nuo HEBK, HY h/d K 0.375 fl
0.25 Bf M EMEAR K. HXMNEE h/d=0.5 B, H
THESRKKBHRIER, MHEE Ff WEET
HAf; h/d B/, SELIERTSE, BAREK
fEfE, %4 0.25 f1 0.2 B ARE F EHER
K. F 13 B RAEARF Re THIZFETERE PEC [
h/d WIAEAL S, TLLEH, WE Re o, &
WA SR IR IR, T REEN 3R
59, PEC {HZ# MK, #[F Re T, PEC BEE h/d
MIR/NTT K, HBHRZEE TR, X4 h/d=0.25 BT 5
K3k 1.25~1.91, h/d 3 0.25 #1 0.2 B, PEC {4
# 0.05, HAR/DMIBE, W THREHERE h/d
FrERMNE, RBARISFHBAEMBAEN LGS
MR,

2.8
1 —a—h/d=05
6 o—h/d=0.375

r —a—h/d=0.25
2.4 [ —v—h/d=0.20

£ 22}

=

S 20
18 F
1.6 F
14 1 " 1 1 1 1 1 =l T

10 15 20 25 3.0 35 40 45

Re/10*

11 R[] h/d F Nu/Nuo B Re B%4L
Fig. 11 Variation of the Nu/Nup with Reynolds number for
a helically dimpled tube

L7
I6 [ -\‘\.\“‘——u_.—-
15 F o
e
2 14}
=
S 131 =
—e—h/d=0.5
12k o h/d=0.375

—a—h/d=0.25
—v— h/d=0.20

1.0 1.5 20 25 30 35 40 45
Re/10*
B 12 KR h/d F (f/f0)'/® Bl Re %M
Fig. 12 Variation of the (f/fo)1/3 with Reynolds number for
a helically dimpled tube

2

20F —=—Re-10000 e Re-15000 —&— Re~20000 v Re-25000
]9 +—Rc=30000 ——Rc=35000—>— Rc=40000—— Rc=45000
L8F T e
LgE T e———— sy
ek * e W
Q1sF - i
4 ——
L _
PO T e e
1.2 F e — e
e = —p
1.1f I
1.0 —s i 1 i i :
020 025 030 035 040 045 0.0
hld

B 13 RFE Re FTHE PEC B h/d BZEA
Fig. 13 Variation of the PEC with the dimple height (h/d)
for a helically dimpled tube

2.3 TH#HSIRE D?/pl XRIF0E AR

THEEAEXTREE h/d 25 0.25 B, B SRR e
T RIS 5 NV A e [R1BE L RO T MR AT HES
WE D?/pl, BRI Nu/Nuo HH (f/fo)/* &
WA 14 FE 15 i, JHAP, N=6, [=15 mm &, T
MU HERI 7 2O IRF . WLAEH, 24T SR
FlEf, B Nu/Nuo HABES (f/f0)/° WEIEH
B, X5 (12] 40—, HYEEFIRIRSH
BAEUE T MR HESNEE . Re 7 10000~45000 75
W, THESKBREMMNT 1.67~2.83 £F, RFEHEF
EETHRENRABRLMRFATHEER. THEK
HeFI B D? /pl g 3.44~4.91 B, # Nu/Nuo H
HIETOCHR (1) 7 (T RRHEFIE R 2.29) f#ih
Nu/Nuo {8, BT HIHER % BT iy SRt s
ERLE. HETHRASNEERR/D, BAORYK f
B, KD FEENTHREREARER
#. B 16 AAFREETRILE PEC {HKE Re 7
L%, EHRATRASIEES 3.4 R RAELH
HYPERE.

28} —e— N=6, /=10, D*/pl=3.44
*—N=6,1=7, D*/pl=4.91
26 +—N=8, =10, D?/pl=4.59
_ 24}
=
s 22}
=

]() 1 1 1 1 L 1 1 1
1.0 15 20 25 30 35 40 45

Re/10?
B 14 SRATHEE D?/pl T Nu/Nuo B Re M3k
Fig. 14 Variation of the Nu/Nug with Reynolds number for
a helically dimpled tube



1266 T 8 # 4 B % # Ry

135
—s— N=6, /=10, D*/pl=3.44
150l \\ . .\“':f). 1=17,D? "/)/fr-'l.‘)l
N —— N=8, /=10, D*/pl=4.59

]3() | 1 1 1 1 | i ! 1
1.0 1.5 20 25 30 35 40 45

Re/10*
B 15 ARTHREE D2/pl T:‘(f/fo)l/3 BE Re 97324k
Fig. 15 Variation of the (f/f())l/3 with Reynolds number for
a helically dimpled tube

2.0
—=— N=6, /=10, D*/pl=3.44

o N=6,1=7, D*/pl=4.91
—— N=8, /=10, D*/pl=4.59

1.9

1.8

L7

1.6 -

PEC

1.4

T

1.3

1.2

1.0 1.5 20 2.5 30 35 40 45
Re/10?

16 RFETHEE D?/pl T PEC B Re #y%4L
Fig. 16 Variation of the PEC with Reynolds number for a
helically dimpled tube

3 ZGHE

RAE T A AEXTIRE h/d FHESIEE D?/pl X
B KRS ERERE R M BRI R, U h/d, Re
1 D?/pl AR, SRAFRBUEREHTRER
KR, FA MATLAB 25 B/ _Feik 3 B 3x
BTG, B8 TR T R W Nu B
MR f REN:

Nu = 2.754(h/d)®385 (D2 /pl)*- 1177 Re®3793 (1)
f = 2.004(h/d)0.4608(DZ/pl)0.2961Re-0.302 (8)

TUEY, HXEE h/d SEGE T MERRMY
B R, #HECY 0.0385, {HARXREM/D,
FRHBUR BT, o SR B AL, P ERR
{8, BT Mady HES 5 BE AR R B K el N BT
FAIRE f, (EIMREEAR Y, iRk PEC R
—Esgm. A AKX EH Nu BB R f
1 SEERUUER L mE 17 & 18 frm, B
HBEE y = » MEERUI G FORRET.

< 180 -

£ o
o) s om

o > .
1 42 » B
= 160 g l/lr e

S o o

2 ; K-

= 0% . B

£ 140 | : /’,'-,,-/‘/

2 T

< B

> 120 | cangy 5%

o 7 ////’l

k>, m -

g s

= Mol A

3 80 LA ' ' . :

= 780 100 120 140 160 180

Nu calculated by the numerical simulation

B 17 ARMAHE Nu 5 Nu JHEE
Fig. 17 Deviations of Nu calculated by the empirical formula

and numerical simulation

[}

5 014 .
£
2 002 f #
= + N o

é_ 0.10 F 10(},(,/,//-« ./l/,

5 ,”ﬁ;“f’/'

2 008 | n X109

IS tl':ﬂ/

) -4

2 006 | f'k’

E ,”’,"

= Ty L

= 0.04 | .2 ;‘i

\.

0.04 0.06 0.08 0.10 0.12 0.14
/calculated by the numerical simulation

K 18 ARBEEEN RE f SHRIUE f s

Fig. 18 Deviations of f calculated by the empirical formula
and numerical simulation

4 4

1) THRERLE /BN IRE AR, [t
FLBhBE S AR 3 I, FARFE T T M Ay o s BE T R
EEERHRRAEES R, RRKWEEEREELY
34.6%, B EMPRIBERE, SR T W
R,

2) HiE T MBS N RIS R B A N F
THZEE G EFAEEN, BXRIHGR/RLEE
B 2.48 1%, T THHMRRFNENLER 1.7 4.

3) THREEMMIALRE, ENNERERRE
HEER 1.6~2.74 %, FREESRE (f/f0)/?
1.54~1.63 f%; THAIHMEE h/d 8B/, Nu/Nug
{HB/, EFRSHIE XL, FishiE 78] BREAK, KT
PEC {H#K. h/d B BMRAEFE 0.20~0.25 Z [H].

4) THIHESI B D?/pl W35 REIR] Bt e gk
Nu BRI AR5 £, (HIEMEREMEY, BmMEEe



6 3 FRES: THRBLEDENOR S SEREETR 1267

e PEC A—gEHiR, B/IEENT RER
FEBRERZE.

5) I RUGH Nu BRI RE F BIRFR
RFRH, HXERE h/d WHHREE RN B,
HRMEMRF. YA EHE SHEELEMH
YHRZEHTE 10%LLA.

g2 F X ®

(1] AR, EE BUERER M) b TR,
2006
LIN Zonghu, WANG Jun. Heat Transfer Enhancement
[M]. Beijing: Chemical Industry Press, 2006(in Chinese)

[2] Bergles A E. The Encouragement and Accommodation of
High Heat Fluxes [J]. Journal of Heat Transfer, 1995, 119:
8-19

[3] Bergles A E, Manglik R M. Current Progress and New
Developments in Enhanced Heat and Mass Transfer [J].
Journal of Enhanced Heat Transfer, 2013, 20(1): 1-15

[4] Kukulka D J, Smith R, Kevin G. Fuller. Development and
Evaluation of Enhanced Heat Transfer Tubes [J]. Applied
Thermal Engineering, 2011, 31: 2141-2145

[5] Burgess N K, Oliveira M M, Ligrani P M. Nusselt Number

Behavior on Deep Dimpled Surfaces within a Channel [J].

Journal of Heat Transfer, 2003, 125(1): 11-18

Griffith T S, Al-HadhramiL, Han J C. Heat Transfer

in Rotating Rectangular Cooling Channels (AR=4) with

Dimples [J]. Journal of Heat Transfer, 2002, 124(4): 617-

625

[7] Afanasyev V N, Chudnovsky Y P, Roganov P S, et al.

6

9

[10]

1]

f12]

[13]

(14]

Turbulent Flow Friction and Heat Transfer Characteris-
tics for Spherical Cavities on a Flat Plate {J]. International
Journal of Thermal Sciences, 1993, 7(1): 1-8

Kwang Y K, Dong Y S. Optimization of a Staggered Dim-
pled Surface in a Cooling Channel Using Kriging Model
[J]. International Journal of Thermal Sciences, 2008, 47:
1464-1472

Mahmood G I, Ligrani P M. Heat Transfer in a Dimpled
Channel: Combined Influences of Aspect Ratio, Temper-
ature Ratio, Reynolds Number, and Flow Structure [J].
International Journal of Heat and Mass Transfer, 2002,
45: 2011-2020

Vicente P G, Garcia A, Viedma A. Experimental Study of
Mixed Convection and Pressure Drop in Helically Dimpled
Tubes for Laminar and Transition Flow [J]. International
Journal of Heat and Mass Transfer, 2002, 45(26): 543-553
WANG Yu, HE Yalin, LEI Yonggang, et al. Heat Trans-
fer and Hydrodynamics Analysis of a Novel Dimpled Tube
[J]. Experimental Thermal and Fluid Science, 2010, 34:
1273-1281

WANG Yu, HE Yalin, LEI Yonggang, et al. Heat Transfer
and Friction Characteristics for Turbulent Flow of Dim-
pled Tubes [J]. Chemical Engineering & Technology, 2009,
32(6): 956-963

Chen J, Muller-Steinhagen H, Duffy G G. Heat Trans-
fer Enhancement in Dimpled Tubes [J]. Applied Thermal
Engineering, 2011, 21: 535-547

XIAO Nian, ZHANG Qiang, Ligrani P M, et al. Thermal
Performance of Dimpled Surfaces in Laminar Flows [J].
International Journal of Heat and Mass Transfer, 2009,
52(7): 20092017



