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1. Introduction

Attachment of rib turbulators to flow passages is one

of the popular means of heat transfer enhancement.

Typical use of the rib turbulators is found for example in

the serpentine cooling air channel for the internal cool-

ing of the gas turbine blades. Many studies therefore

have been carried out for the heat transfer in ribbed

channels and various types of ribs have been tested. A

standard case of full-span ribs attached perpendicularly

to the flow direction has been the first target and its

friction and heat transfer characteristics have been re-

ported in the references [1–3]. Further studies were made

for other cases of attaching oblique ribs and V-shaped

ribs to the channel wall. In these cases, secondary flow is

incurred in the channel and enhances the fluid mixing

between the near wall and core regions in the duct,

eventually resulting in the enhancement of local heat

transfer at the channel walls [4–6].

Discrete ribs also drew attention with which heat

transfer enhancement due to the incurred secondary

flow is achieved paying smaller pressure loss penalty [7–

10]. In relation with the existence of the spanwise gaps,

secondary flows are generated downstream their span-

wise edges. Generation of the secondary flows in addi-

tion to the flow separation and reattachment makes the

phenomenon quite complicated with the discrete ribs.

Detailed studies of the flow structure and characteristics

of the related heat transfer are required but such studies

have scarcely been made so far.

In the present article, some results of the three-di-

mensional numerical computation conducted for flow

and thermal fields over two types of array of ribs at-

tached to a channel wall will be presented. One is of full-

span ribs and the other is of discrete ribs, where both

arrays are attached in a position perpendicular to the

flow direction. The discussion will be given to the effects

of three-dimensionality and unsteadiness of the flow and

thermal fields for twofold purposes, one to test the ap-

plicability of numerical study to the type of flow under

concern and another to provide hints to experimental

works to be made in future.

2. Computational procedure

The governing equations solved in the present nu-

merical study are the three-dimensional, incompress-

ible, time dependent continuity, momentum and energy

equations employing an eddy viscosity turbulence model.

Attachment of discrete ribs to the channel and the high

Reynolds number to be treated, as will be shortly shown,

make the application of direct numerical simulation

difficult. Therefore, RANS model approach has been

chosen in the present study. Considering a possibility

that significant magnitude of apparent shear stress is

produced by the flow unsteadiness related to the peri-

odical formation of vortices and regulates the flow

pattern as is in a two-dimensional backward-facing step

flow [11], unsteady flow computation was applied in the

present study. Therefore, the equations to be solved are

of the following forms:
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As for the turbulence model to be applied for the Rey-

nolds shear stress in Eq. (2), a non-linear eddy viscosity

model proposed by Craft, Launder and Suga (hereafter

referred to CLS model) [12] has been adopted. As has

been discussed above, flow around a discrete rib is of

highly three-dimensional nature. In the reference [13] for

a backward-facing step flow, several turbulence models

were tested. CLS model was observed best in capturing

the three-dimensional vortical structure in a separating

and reattaching flow region. On the other hand, the

following gradient type of eddy viscosity model is

adopted for the turbulent heat flux:

�u0jh
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where turbulent Prandtl number, Prt was assumed to be

constant and equal to 0.9. For the purpose to compare

with the mass transfer experiments of Cho and co-

workers [8,9] using naphthalene sublimation technique,

mass transfer equation was also solved. Mass conser-

vation equation for naphthalene to be solved is:

DqY
Dt

¼ o

oxj

l
Sc

oY
oxj

�
� qu0jY 0

�
ð5Þ

where Y is the mass fraction of naphthalene, and Sc is

the Schmidt number for binary diffusion of naphthalene

into air. As for the turbulent mass flux, gradient type of

closure model similar to Eq. (4) is adopted by replacing

the turbulent Prandtl number by the turbulent Schmidt

number, Sct. Value of Sct was set equal to 0.9.

To solve the dynamical fully developed flow and

thermal fields of a rib-roughened channel, periodical

boundary conditions were applied to the streamwise

boundaries. To modulate the linear pressure decay in the

streamwise direction of the periodical unit, the proce-

dure proposed by Patankar et al. [14] was adopted in

solving Eq. (2). By modifying the constant of this mod-

ulated term of pressure, the objective mass flow rate,

namely the Reynolds number, was attained. As for

solving the temperature and concentration fields, two

different methods were employed. For the temperature

field having constant heat flux conditions at walls, the

same process indicated in the reference [14] was applied,

i.e. a modulated term is added to Eq. (3). For the con-

centration field, since a constant concentration condi-

tion is applied at the walls, a boundary condition having

the non-dimensional value of ðY � YwÞ=ðYb � YwÞ equal

at the inlet and outlet boundaries was employed. Here,

Yw and Yb are the wall mass fraction and the bulk mean

mass fraction, respectively, where Yb at the inlet was

fixed at a constant value.

Fully implicit forms of finite-difference equivalents of

the governing equations were solved numerically along

the time axis in a manner adopted in the reference [15].

High order difference scheme was applied for finite-

differencing the momentum equations in that study. In

the energy equation, species mass conservation equation

and the two governing equations for k and ~ee, a first-

order upwind scheme was adopted for the convection

Nomenclature

AR duct aspect ratio

Cf skin friction coefficient

D hydraulic diameter

e rib height

H duct height

k turbulence kinetic energy

Nu Nusselt number based on D and bulk mean

temperature

Nu0 Nusselt number for a smooth tube

p rib pitch

P local mean pressure

Pr Prandtl number

Prt turbulent Prandtl number

Re Reynolds number

Sc Schmidt number

Sct turbulent Schmidt number

Sh Sherwood number based on D and bulk

mean concentration

Sh0 Sherwood number for a smooth

tube

u0, v0, w0 fluctuating velocity components

U, V, W mean velocity components

wr rib stream chord length

WD duct width

WG1,WG2 gap width for discrete ribs

x, y, z spatial coordinate system

Y 0, Y fluctuating and mean mass fractions

Greek symbols
~ee isotropic dissipation rate

h0, H fluctuating and mean temperatures

q density

l viscosity

mt turbulent kinetic viscosity
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terms and a central-difference scheme for the diffusion

terms. Pressure gradient in the momentum equation

was evaluated by solving the pressure correction with

the SIMPLE algorithm so as to satisfy the finite differ-

ence equivalent of Eq. (1). Alternating direction implicit

method was employed for iterative procedure needed to

solve those of elliptic-type partial differential equations.

3. Results and discussion

3.1. Full-span ribs

Fig. 1(a) illustrates the geometry of the flow space

and the computational domain adopted in the present

study for the full-span ribs with 90� inclination against

the flow direction. Ribs are attached to the top and

bottom wall surfaces in a symmetric pattern with respect

to the horizontal mid-plane of the channel. Channel

aspect ratio is AR ¼ 1 so that hydraulic diameter of the

channel is D ¼ H where H is the channel height. Rib

height to duct height ratio (e=H ), rib height to rib stream

chord length ratio (e=wr) and rib streamwise pitch to rib

height ratio (p=e) are set as e=H ¼ 0:08, e=wr ¼ 0:8 and

p=e ¼ 8, respectively. Flow Reynolds number based on

the channel hydraulic diameter is chosen to be Re ¼
30,000. All these conditions match the counterparts of

the naphthalene sublimation experiments reported by

Cho et al. in the reference [9]. For comparison with their

experimental data, therefore, species mass conservation

equation of naphthalene was solved in place of energy

equation setting the Schmidt number equal to 2.25.

Constant concentration is assumed at the duct top and

bottom walls as the boundary condition. At the duct

sidewalls and rib surface, zero normal gradient of naph-

thalene concentration is assumed.

Before moving on to the detail discussions, it should

be noted that periodical fluctuations of flow were ob-

served in the streamwise and spanwise directions. How-

ever, due to the small aspect ratio of the duct and to low

height of the rib, the fluctuation intensity appeared to be

small. Therefore, in the present article, time mean results

are only shown and the effect of the apparent shear

stress will not be discussed here.

Fig. 2(a) compares the computed streamwise distri-

bution of Sh=Sh0 along the centerline of the channel

bottom wall with the experimental data obtained by Cho

et al. [9]. Here Sh0 is the following McAdams equation

for the fully developed turbulent flow in a circular tube

[16]:

Sh0 ¼ 0:023Re0:8Pr0:4 Sc=Prð Þ0:4 ð6Þ

First of all, computed results are observed to agree fairly

well with the experimental data. Therefore, the numer-

ical scheme adopted in the present study is validated in

this point. Reason for the discrepancy found in the

present results from the experimental data is briefly

discussed here. As is well known, flow recirculation re-

gion exists downstream the rib. In some parts of the

recirculation region, Sh=Sh0 is expected to take a value

smaller than unity but is actually larger than unity. So,

experimental data should have some inaccuracy in this

sense. Additionally, constant concentration assumption

taken as the boundary condition must be revisited.

Sublimation is a phenomenon to be categorized as si-

multaneous heat and mass transfer. Therefore, its rate is

regulated by the supplying rate of the latent heat or by

the convection heat transfer from the fluid and by the

heat conduction through naphthalene cast layer. For

smooth surfaces, non-uniformity is insignificant in the

distribution of heat transfer rate so that uniformity of

the naphthalene concentration at the surface or of the

surface temperature is a good approximation of the real

phenomenon. However, this may not be the case of the

present ribbed surface. These points must be studied in

detail in future experimental and numerical studies.

Fig. 2(b) displays the spatial distribution of Sh=Sh0.
Sherwood number takes high value around the flow re-

attachment point x=e ’ 4:2 over a wide central part of

the channel. Sh=Sh0 is small in the first half of the flow

recirculation region except for a small region adjacent

the back surface of the rib and takes highest value

at 6:56 x=e6 6:75 just in front of the rib. SpanwiseFig. 1. Computational domains.
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non-uniformity of Sh=Sh0 reflects the three-dimensio-

nality of the flow.

3.2. Discrete ribs array

Computational domain for the channel attached with

an array of the discrete ribs is illustrated in Fig. 1(b). As

is seen, two types of discrete ribs, one rib having gaps

from the sidewalls at both ends (hereafter called DR-1

rib) and another having interruption in the center (here-

after called DR-2 rib), are attached alternately at a peri-

odical pitch. The illustrated array of the discrete ribs is

attached to both of the top and bottom wall surfaces in

an in-phase fashion. Geometry of the ribs is set to match

the experiments done by Han and Zhang [7]. Streamwise

pitch of the array is p=e ¼ 10 and rib height to duct

height ratio is e=D ¼ 0:0625. The duct aspect ratio is

unity, i.e. AR ¼ 1, as was in the full-span rib case. The

gap width to duct width ratio is same both for DR-1 rib

and DR-2 rib, i.e. WG1=WD ¼ WG2=WD ¼ 0:33. Reynolds

number based on the hydraulic diameter of the chan-

nel is changed in two steps, i.e. Re ¼ 23,700 and Re ¼
30,000. Constant heat flux is assumed as the thermal

condition in the present computation at all surfaces in-

cluding the sidewalls and the rib surfaces.

Fig. 3 shows the comparison between the presently

computed results and the experiments done by Han and

Zhang [7]. In the figure are shown the streamwise change

of the local spatial mean of the Nusselt number, i.e. a

value obtained by averaging the local Nusselt number

over each streamwise pitch of the array at the rib-

roughened surfaces. Results are plotted in a normalized

form and Nu0 is the following counterpart of a fully

developed turbulent flow in a circular tube as in the

above discussion for the full-span ribs:

Nu0 ¼ 0:023Re0:8Pr0:4 ð7Þ

Since the present computation was done for a single

pitch of the array assuming dynamical fully-developed

state of the flow and thermal fields, computed value is

shown as a horizontal line over the whole streamwise

positions studied in the experiments. The presently

computed results show good agreement with the exper-

imental data reported by Han and Zhang. Therefore, the

present numerical method can be used as a tool to pre-

dict the thermal performance of ribbed heat transfer

surfaces. For further information, the obtained numer-

ical results for the case of Re ¼ 30,000 are now discussed

in detail in the following.

Spatial distribution of the local Nusselt number is

plotted in Fig. 4(a). Comparing this figure with Fig. 2(b),

discrete ribs are judged to be more effective in the en-

Fig. 2. Sherwood number distributions.

Fig. 3. Averaged Nusselt number.
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hancement of wall heat transfer. The region where Nu=
Nu0 takes a value larger than 3 is noticeably wider in

area with the discrete ribs than with the full-span ribs.

Fig. 4(b) shows the spatial distribution of skin friction

coefficient, Cf , on the bottom wall surface. White parts

in the figure correspond to the region where Cf takes

negative value or where back flow appears near the

bottom wall. Nu=Nu0 takes large value in the gaps be-

sides the rib where Cf takes large positive value too. This

indicates that the flow going by the rib in the gap keeps

the heat transfer coefficient high there. In addition to

this, white part behind the DR-1 rib is of triangular

shape and is contracted in area in comparison with the

counterpart of the full-span rib. These are the main

reasons of the effectiveness of the studied discrete ribs in

heat transfer enhancement. Fig. 5 shows the velocity

vector maps for secondary flow in the cross sections at

four streamwise positions x=e ¼ 0:0, 2.0, 5.0 and 7.0,

and the fluid temperature contours in the same cross

sections. At x=e ¼ 0:0, downwash flow appears in the

inner half of the gaps near the center rib and assists the

large scale fluid mixing. So low fluid temperature iso-

therms (white area in figure) approach the bottom wall

there and Nu=Nu0 takes values larger than 3. This kind

of highly three-dimensional flow and therefore the pro-

trusion of low fluid temperature region toward the

bottom wall are observed at other three positions as well

and produce the expansion of the area of high Nusselt

number region. One more noticeable point in the figure

is that a pair of counter-rotating streamwise vortices

persistently exists near the sidewalls of the channel.

These vortices are effective to enhance the heat transfer

from the sidewalls, although the sidewall heat transfer is

not the point to be discussed in the present study.

These large scale secondary flows accompanying the

downwash flow are not generated in the case of full-span

ribs. One more thing to be discussed is the tornado type

vortices. Fig. 4(c) displays the velocity vector maps in

an x–z plane at y=e ¼ 0:1. Generation of tornado type

vortices is clearly depicted behind each rib. Since flow

goes around the rib in the gap with high velocity and

more intense shear layer is produced besides the rib

edge, these vortices become more intense and larger in

scale in the discrete rib case than in the full-span rib

case. Although tornado vortices incur the heat transfer

deterioration at positions inside the vortices, they are

effective in reducing the streamwise flow recirculation

region or in making the recirculation region in a trian-

gular shape as is pointed out in Fig. 4(b). Therefore, the

tornado vortices are also expected to be effective in en-

hancing the wall heat transfer.

4. Concluding remarks

Three-dimensional unsteady flow computation was

carried out with RANS approach employing the CLS

model in the present study for flows in a square duct

having roughened walls with an array of full-span ribs

or with another array of discrete ribs. The predicted

streamwise distribution of Nusselt number is in good

agreement with the experimental data for both arrays.

Fig. 4. Distributions at and near duct bottom wall surface (Re ¼ 30,000).
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Flow generated in the duct and its related heat transfer is

highly three-dimensional even in the case with full-span

ribs when their rib height to duct height ratio is small.

For the discrete rib case, flows going by the rib accom-

pany a pair of counter-rotating large scale streamwise

vortices and enhance the flow mixing. This keeps the

wall heat transfer higher. Tornado type transverse vor-

tices appearing behind the edge of the rib become more

intense and larger in scale in the duct roughened with

discrete ribs. Generation of this type of vortices is ef-

fective to reduce the area of the flow recirculation region

and is effective to enhance the wall heat transfer.

These pictures suggested for the flows in the duct

having rib-roughened walls give clues for future com-

prehensive experimental works.
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