
NUMERICAL  INVESTIGATION  OF  FLOW  CHARACTERISTICS
OVER  DIMPLED  SURFACE

by

Mingwei GE

School of Re new able En ergy, North China Elec tric Power Uni ver sity, Beijing, China

Orig i nal sci en tific pa per
DOI: 10.2298/TSCI1603903G

Flow char ac ter is tics over dim pled sur face are stud ied nu mer i cally for a fully de vel -
oped tur bu lent chan nel. The re sults show that dim ples can ef fec tively ac ti vate the
near wall tur bu lence and cause an in crease of to tal drag. The dim ple depth also
plays an im por tant role in en hance ment of hear trans fer.
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In tro duc tion

Dim pled sur face has drawn more and more in ter ests in the sci en tific com mu nity for its
con sid er able ef fec tive ness in the en hance ment of hear trans fer and tur bu lent mix ing. Com pared
with the other pas sive de vices such as pim ples, pin-fin ar rays and rib ta bu la tors, dim pled sur face 
shows great su pe ri or ity by caus ing a smaller pres sure drop [1-3]. To give deep in sights of the
flow above dim pled sur face, Isaev et al. [4] stud ied nu mer i cally the flow struc tures over a sin gle
dim ple through an RANS-based sim u la tion. A pair of horse shoe-like vor ti cal struc tures was
found in the dim ple cav ity. For more prac ti cal ap pli ca tions, dim ple-ar rayed chan nels were stud -
ied ex ten sively. Through ex per i ment, Ligrani et al. [5] and Bur gess and Ligrani [6] ob served a
pri mary vor tex pair pe ri od i cally shed ding in the cen tral of the dim ples. The ex per i men tal re sults 
show that the dim ple depth sig nif i cantly af fects the in ten sity of the vor tex pair but it is irrelative
to its os cil la tion fre quen cies. Us ing k-e model the flow char ac ter is tics were care fully stud ied by
Park et al. [7]. An ev i dent con nec tion be tween the vor tex pairs and the aug mented eddy
diffusivity for mo men tum and heat was re ported [7]. The flow and heat trans fer were also stud -
ied by ei ther di rect nu mer i cal sim u la tion or large eddy sim u la tion to show more in stan ta neous
de tails of the flow struc tures [8, 9], fo cus ing on the co her ent struc tures in the near wall tur bu -
lence. Be sides, the flow struc tures and ther mal per for mances were also in ves ti gated by many
sci en tists [10-14], and oth ers. Most of the stud ies were mainly fo cus ing on the spher i cal dim -
ples, the study on the dim ple shapes de scribed by the other func tions is still very lack ing. 

The co sine shaped dim ples lo cated on the lower wall in a stag gered ar range ment are
in ves ti gated via di rect nu mer i cal sim u la tion in a fully de vel oped tur bu lent chan nel. Four dim -
pledepths are in volved in this study to show the ef fect of the dim ple depth on the drag co ef fi -
cients and flow char ac ter is tics.
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Phys i cal prob lem and nu mer i cal meth ods

Tur bu lent flow be tween two in def i nite par al -
lel plates with multi-dim ples is stud ied nu mer i -
cally, as shown in fig. 1. The Navier-Stokes (N-S)
equa tions for the in com press ible New to nian fluid
are taken as the gov ern ing equa tions. The
Reynolds num ber, ReH, based on the bulk mean
ve loc ity and the half chan nel width H is 2850. The 
pe ri odic bound ary con di tion is used in the
streamwise and spanwise di rec tions. No slip
bound ary con di tion is used on the lower and up -
per walls. The pro file of the dim ples can be de -
scribed by the fol low ing func tion:
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where r = [(x – x0)
2 + (z – z0)

2]1/2; x0, z0 are the cen tre of each dim ple, D is the di am e ter of the dim ples,
and h – the depth of the dim ples from the wall on (x0, z0). A pseudo-spec tral method is used to solve
the 3-D N-S equa tions. The Fou rier Galerkin and Chebyshev-Tau method are used for spa tial
discretization of the chan nel flow, and a 3-or der time split ting method is adopted for ad vance of
time. For more de tails see Ge et al. [15]. The com pu ta tional do main spans 4p ´ 2 ´ 2p in the

streamwise, wall nor mal and spanwise di rec tions,
re spec tively, in ac cor dance with  64 ´ 65 ´ 64
grids. The flow is started from a fully de vel oped
tur bu lent flow field in a flat chan nel. Dur ing nu -
mer i cal sim u la tion, the flow rate is kept con stant.

Re sults and dis cus sions

Six teen dim ples are placed on the lower wall
of the chan nel in a stag gered ar range ment, fig. 1.
The di am e ter of the dim ples is se lected to be 2.0
fol low ing Wang et al. [8]. Four dif fer ent depths
(h = 0.05, h = 0.10, h = 0.15, and h = 0.20) are in -
ves ti gated. Time evo lu tions of the fric tional
drag, to tal drag, and pres sure drag co ef fi cients
for the dim pled sur faces are shown in fig. 2. For
clar ify, the evo lu tion of the drag co ef fi cient for
the flat chan nel is also given for com par i son. In -
ter est ingly, the fric tional drags re main the value
around 0.0046 for all the stud ied cases, re gard -
less of the dim ple depth. The shear stress is mar -
gin ally re duced by the shal low dim ples but the
ef fect on the drag is over come by the newly ap -
pear ing pres sure force. With the in crease of dim -
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Figure 1. Schematic of the flow over arrays of
dimples in a turbulent channel

Figure 2. Time traces of the frictional drag, total
drag, and pressure drag; thick solid line denotes
the drag coefficient of the flat channel



ple depth, both the pres sure drag and to tal drag in crease ev i dently. As can be ob served, for the case 
h = 0.2, the to tal drag in crease by about 30% com pared with the flat chan nel.

Fig ure 3(a) shows the mean ve loc ity along a ver ti cal line through the cen ter of a dim -
ple. The mean ve loc ity pro file for the flat chan nel is also given out for com par i son. Above the
dim pled sur faces, the mean flow ve loc i ties are clearly in creased. But in the dim ples, the mean
ve loc i ties oc cur to be neg a tive for the case h = 0.15 and h = 0.2, which in di cates flow sep a ra tions 
in the cav ity of the dim ples. For more clar ify, the stream lines in a (x-y) plane across the cen ter of
a dim ple are shown in fig. 4. For the very shal low dim ples (h = 0.05 and h = 0.1), the mean flow
can pass the dim ples smoothly. But for the deeper dim ples, flow sep a ra tion oc curs and a
spanwise vor tex is formed in the cav ity of the dim ple. With the in crease of the dim ple depth, the
sep a ra tion in the cav ity be comes larger and larger. The dis tri bu tion of the Reynolds stress us ing
to show the ac tiv ity of the tur bu lence in quan tity is also ex hib ited in fig. 3(b). The re sults show
that the Reynolds stress is greatly en hanced by the dim ples in the near wall re gion. With the in -
crease of the dim ple depth, the peak lo ca tion of the Reynolds shear stress is shifted closer to the
wall with a larger value. It can be con cluded that the mean flow is ef fec tively changed and the
near wall tur bu lence is sig nif i cantly ex cited by the ar rays of the dim ples lo cated on the lower
wall.
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Figure 3. Mean statistics along a vertical line across the center of the dimples; (a) mean velocity and (b)
Reynolds stress

Figure 4. Streamlines for the mean flow field in a x-y plane across the center of a dimple; (a) h = 0.05, 
(b) h = 0.1, (c) h = 0.15, and (d) h = 0.2



Con clu sions

Tur bu lent flow over ar rays of dim ples is stud ied via di rect nu mer i cal sim u la tion in a
chan nel at a low Reynolds num ber. The shape of the dim ple is de scribed by a co sine func tion.
Four depths (h = 0.05, h = 0.10, h = 0.15, and h = 0.2) are in volved in this study. It is found that
both the mean flow and near wall tur bu lent fluc tu a tions can be sig nif i cantly af fected by the co -
sine shaped dim ples. The deeper of the dim ple, the larger of the flow sep a ra tion oc curs in the
cav ity and the higher of the Reynolds stress gen er ated in the near wall tur bu lence, companioned
by a larger pres sure drag and a larger to tal drag.
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