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Abstract

The local heat transfer and total pressure drops of developed turbulent flows in the ribbed rectangular convergent/divergent 

channels with Λ/V-shaped ribs have been investigated experimentally. The channels have the exit hydraulic diameter (Dho) to 

inlet hydraulic diameter (Dhi) ratios of 0.67 for convergence and 1.49 for divergence, respectively.  The Λ/V-shaped ribs with 

three different flow attack angles of 30o, 45o, and 60o are manufactured with a fixed rib height (e) of 10 mm and the ratio of rib 

spacing (S) to height (e) of 10 on the walls.  Thermal performances of the ribbed rectangular convergent/divergent channels 

are compared with the smooth straight tube under identical pumping power. The results show that the flow attack angle of 

45o with Λ-shaped rib has the greatest thermal performance at all the Reynolds numbers studied in the convergent channel; 

whereas, the flow attack angle of 60o with V-shaped rib has the greatest thermal performance over Reynolds number of 30,000 

in the divergent channel.
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drop, Thermal performance

1. Introduction

Casting turbulence promoters/ribs inside cooling passages 

are an effective technique to augment the heat transfer rate 

inside turbine blades.  The ribs break the laminar sublayer 

of turbulent flow due to flow separation and reattachment in 

the opposite near wall region of the cooling channels.  Thus, 

the cooling effect is enormously improved. The experimental 

studies of effects of rib configurations (such as rib height, 

spacing, angle of attack) and flow Reynolds numbers on 

the heat transfer and friction factors for the fully developed 

region in a uniformly heated rectangular straight channel 

with rib-roughened walls along streamwise distance were 

systematically performed[1, 2].

The inclination of rib was found to yield superior heat 

transfer performance because of the secondary flow induced 

by the rib angle. This secondary flow has the form of two 

counter-rotating vortices, aligned with the inclined ribs 

on two opposite walls, which carry the cold fluid from the 

central core region towards the ribbed walls. These cells, 

interacting with the main flow, affect the flow reattachment 

and recirculation between ribs, and interrupt boundary layer 
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growth downstreams of the reattachment regions.

The study of heat transfer performance of square channels 

with angled ribs drew the guidelines for the appropriate 

thermal design of a channel with angled ribs.  In straight 

square channels ribbed on two opposite walls and smooth 

on the other walls with S/e=10 -20 and e/Dh=0.063, the 

greatest Nu, accompanied by the greatest f, occurred at a 

rib angle-of-attack α between 60o and 75o, whereas the best 

performance for a constant pumping power occurred at an 

angle-of-attack between 30o and 45o[3].

Han et al. [4] examined the effects of the rib angle 

orientations on the local, regionally averaged heat transfer 

distributions and pressure drops in square straight channels 

with 12 different rib arrangements on two opposite walls.  

The results show that the continuous V-shaped ribs do better 

than the continuous angled parallel ribs or transverse parallel 

ribs. This is because the V-shaped continuous rib induces a 

four-cell secondary flow while the parallel continuous rib 

has a two-cell secondary flow, in addition to breaking the 

laminar sublayer in the opposite near wall region of the 

cooling channel.

However, no significant researches are presented in the 

existing literature that has reported the heat transfer and 

friction factor in the convergent/divergent channel with 

ribs on the wall. Lee et al. [5] conducted the experimental 

study on the local heat transfer and pressure drop of 

fully developed flow in the stationary ribbed rectangular 

convergent/divergent channel.

The rectangular convergent/divergent channel with one-

sided ribbed surface only has the wall inclination angles of 

0.72o and 1.43o at which the ribbed wall is manufactured with 

a fixed rib height e =10 mm and the ratio of rib spacing (S) to 

height (e) =10. The result shows that, among the four channels 

of Dho/Dhi= 0.67, 0.86, 1.16 and 1.49, the divergent channel 

of Dho/Dhi =1.49 has the greatest thermal performance at the 

identical mass flow rate, and the divergent channel of Dho/Dhi 

=1.16 has the greatest at the identical pumping power.

Lee and Ahn [6] measured the effect of rib spacing (S) to 

height (e) on total friction factor and heat transfer results for 

the fully developed regime in the ribbed divergent channel.  

The ribbed divergent rectangular channel with the exit 

hydraulic diameter (Dho) to inlet hydraulic diameter (Dhi) 

ratio of 1.16 corresponding to wall inclination angle of 0.72 

deg and the rib spacing (S) to height (e) ratios of 6, 10, and 

14 are considered.

Effects of angled ribs on the turbulent heat transfer and 

friction factors in a rectangular divergent channel were also 

presented [7].

Four different divergent channel with parallel angled 

ribs (α=30o, 45o, 60o and 90o) are placed to the channel’s two 

opposite walls as well as the channel’s one-sided wall only, 

respectively. The ribbed rectangular divergent channel 

has the inclination angle of 0.72o at the left and right walls, 

corresponding to Dho/Dhi =1.16 having the cross section of 

100 × 75 mm2 at inlet and 100 × 100 mm2 at exit.

They concluded that, for the identical mass flow rate, the 

two opposite 90o parallel rib angled wall channel has the 

highest thermal performance, whereas, for the identical 

pumping power and pressure drop, the two opposite 45o 

parallel rib angled wall channel has the greatest thermal 

performance over the Reynolds number of 60,000.  

In this paper, local heat transfer coefficient and friction 

characteristics in a rib-roughened rectangular convergent/

divergent channels with three different angled Λ/V-shaped 

ribs (α=30o, 45o and 60o) are presented. Configurations 

include sequences of Λ/V-shaped ribs, having cross sections 

of 100 × 100 mm2 at inlet and 100 × 50 mm2 at exit in the 

convergent channel (Dho/Dhi =0.67); whereas, 100 × 50 mm2 

at inlet and 100 × 100 mm2 at exit in the divergent channel 

(Dho/Dhi =1.49). The ribs with height (e) of 10 mm are regularly 

spaced over two opposite sides and heated at uniform heat 

flux (the other sides remaining smooth and unheated).

2. Apparatus

The experimental setup is described in some details [5, 6].  

A schematic drawing of the experimental system is presented 

in Fig. 1. The system is an open test loop, with the room 

air being drawn by a blower. The forced air goes through a 

honeycomb with a 2,500-mm-long entrance section, a test 

section of 1,000 mm, and a 3-inch diameter and 800-mm-

long pipe equipped with a multiport average pitot tube to 

measure the flow bulk velocity.

The rectangular convergent channel has the cross section 

of 100 × 100 mm2 at inlet and 100 × 50 mm2 at exit; whereas, 

the divergent channel has the cross section of 100 × 50 

mm2 at inlet and 100 × 100 mm2 at exit.  The rectangular 

convergent/divergent channel has the inclination angle of 

+1.43o/-1.43o along the streamwise distance. The inclined left 

and right side walls with ribs are heated and the straight top 
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and bottom smooth walls are insulated.

The rib arrangements having three different flow attack 

angles with a rib height (e) =10 mm and the rib spacing (S) of 

100 mm are shown in Fig. 2.  

The copper plate method (in which each wall in the 

channel is divided into multiple regions comprising one 

high conductivity copper plate each) has been employed.  

In this study, each of the two walls is subdivided into 10 

subsequential streamwise regions, comprised of 1 copper 

plate (100 × 100 mm2) each.  Ribs are made of copper and 

attached to the copper plates by using 0.02-mm-thick double 

sided tape to ensure thermal contact.

Some ribs do cross over from one region to the next region 

and might create a conductive path for heat to flow from one 

region to another. This effect is neglected in data reduction, 

as the effect is expected to be minor.

The 0.1-mm-thick silicone etched type heaters are glued 

to the back of each surface (left and right). The thermocouple 

junctions are heated between two subsequent ribs. The 

T-type copper-constantant thermocouples are buried inside 

a 0.4-mm-dia-hole drilled on the plate and held in place by 

using an epoxy resin.  These thermocouples connected to 

Yokogawa DA100. The test section is installed in a 50-mm-

thick pine wood housing.  Further insulation is provided by 

encapsulating the entire test section in a thick layer of glass 

wool.

12 pressure taps are set up at the same interval along the 

top smooth center line for measuring the static pressure drop.  

Static pressure is measured by using a digital manometer 

with a resolution up to 0.01 mm H2O at the static pressure of 

19.99 mmH2O, depending on its value.

The maximum wall temperature was less than about 

90oC, and the maximum temperature drop between the duct 

outlet and the inlet was less than 22oC. The measurement 

was conducted within the range of Reynolds numbers from 

22,000 to 75,000.

The inlet air temperature was measured by a thermocouple 

checked by a thermometer with a resolution of 0.1oC. The 

bulk temperature of the exiting air was measured by five 

thermocouples distributed at different vertical locations of 

the outlet cross section. The thermocouples were calibrated in 

advance and their accuracy was estimated to be about 0.2 oC.

The thermocouples were calibrated in advance and the 

accuracy was estimated to be about 0.2oC. An uncertainty 

estimation was conducted as suggested by Kline and 

McClintock [8].

3. Data Reduction

The local heat transfer coefficient h obtained from the net 

heat transfer rate (Q-Qloss), the difference between the local 

wall temperature, and the local bulk mean air temperature 

is defined as,

6 
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4. Experimental Results

A set of total pressure drops for the convergent (Dho/Dhi 

=0.67)/divergent (Dho/Dhi =1.49) rectangular channels with 

three different angles (30o, 40o, and 60o) on two opposite 

Λ/V-shaped ribbed walls are indicated in Fig. 3. This figure 

reveals in the convergent channel that the negative (-) total 

pressure drops (ΔPT) were produced in all cases. This is 

the contrary to the public opinion that the flow direction 

is determined from the pressure drop difference along the 

streamwise distance; whereas, the positive (+) total pressure 

drop in the divergent channel was attributed to the fact 

that the increased magnitude of dynamic pressure drop 
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Our previous work [7] with in-line parallel angled ribs (//; 

30o, 45o, and 60o) on the two opposite walls of Dho/Dhi =1.16 

provides much lower total friction factors than in the present 

Λ/V-shaped ribbed wall channels with flow attack angles of 

30o, 45o, and 60o. It is reasoned that the more serious main 

stream flow blocking may be experienced in the present Λ/V-

shaped ribs rather than the parallel angled ribs (//-shaped) 

because of the divided turbulent swirls as shown in Fig. 5.

Figure 6 represents the local streamwise heat transfer 

coefficients for the V-shaped ribs with three different flow 

attack angles of 30o, 45o, and 60o in the two opposite in-line 

ribbed convergent /divergent channel. In the ribs of flow 

attack angle of 30o and 45o at Dho/Dhi =1.49, the local heat 

transfer coefficient h decreases from the highest value at 

the entrance with increasing streamwise distance; however, 

for the other ribs the local heat transfer coefficient shows 

somewhat constant values along the streamwise distance 

except around the outlet of test section. 

This suggests that the V-shaped ribs may produce the 

secondary flow, and therefore promote more strongly the 

local convective heat transfer coefficient in the divergent 

channel with the flow attack angles of 30o and 45o.

For the divergent channel (Dho/Dhi =1.49), the heat 

transfer coefficient diminishes after around x/Dh = 6. It is 

reasoned that the secondary flow from the V-shaped ribs 

on the opposite side wall shown in Fig. 5 may promote the 

turbulent flow in the channel. 

The local heat transfer coefficients for the Λ-shaped ribs 

with three different flow attack angles of 30o, 45o, and 60o 

in the two opposite in-line ribbed convergent /divergent 

channel are shown in Fig.7.

The different streamwise variation patterns of the local 

convective heat transfer coefficients between the ribbed 

convergent channel shown in Fig. 6 and the ribbed divergent 

channel shown in Fig.7 are evidently caused by the fact that 

1) the streamwise flow is accelerated/decelerated in the 

convergent/divergent channel, 2) the ribs are oriented to 

create a secondary flow that moves along the rib axes from 

the edge to center side in the Λ-shaped ribs; whereas, from 

the center to edge side in the V-shaped ribs. 

For the Λ-shaped ribs with flow attack angle (α) of 30o, the 

peak of local heat transfer coefficient in the ribbed divergent 

channel locates much earlier than in the ribbed convergent 

one. This advance of peak in the ribbed divergent channel is 
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due to the stronger flow recirculation.

The Reynolds number dependencies of the dimensionless 

channel average Nusselt number (Nu/Nuss) for three different 

angled V / Λ-shaped ribs are presented in Fig. 8, along with 

results by Ref. [4]. The Nusselt numbers are normalized by 

the Dittus-Boelter’s correlations Nuss for the fully developed 

smooth tubes as a reference.

In the V-shaped ribs (solid symbols), the higher 

dimensionless Nusselt numbers are exhibited in the divergent 

channel (Dho/Dhi = 1.49) rather than in the convergent 

channel (Dho/Dhi = 0.67); whereas, in the Λ-shaped ribs (open 

symbols), somewhat higher dimensionless Nusselt numbers 

are produced in the convergent channel (Dho/Dhi = 0.67). 

This is the contrary to the public opinion in the divergent 

channel that the heat transfer coefficient is usually 

proportional to the flow velocity.  

This is resulted from the flow deceleration in the 

V-shaped ribs of Dho/Dhi = 1.49, which produces the air bulk 

temperature increase and leads to an increase in the Nusselt 

number to some extent.

The present dimensionless Nusselt numbers in the ribbed 

convergent/divergent channel are somewhat greater than 
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those for Han et al. [4], in which two opposite ribbed straight 

square channel of Dho/Dhi =1.0 along the streamwise distance 

is placed and all four walls are heated in the test section. 

This occurs because 1) the cold fluids from the two 

unheated walls move toward the two heated walls in the 

present work, 2) the dynamic pressure drops are produced 

in the convergent/divergent channel.

The 45o and Λ-shaped rib (solid circle) in the convergent 

channel and 45o and V-shaped rib (open circle) in the 

divergent channel produce the greatest dimensionless 

Nusselt numbers, respectively.

Attention is now turned to the relative thermal performance 

of the different ribbed convergent/divergent channels under 

the constraint of identical pumping power condition.

Identical pumping power is given by,
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Under the condition of the equivalent temperature 

different between the fluid and the wall, the ratio of the heat 

transfer between the compared channel and reference may 

be formulated as follows,
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The comparisons of the channel average heat transfer performance for the convergent/divergent 

channel are indicated in Fig. 9. It can be observed in Fig. 9 that the ribbed divergent channels have 

greater thermal performance that those of the ribbed convergent channels. And the Λ-shaped ribs 
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while in the divergent channel, the 60 o with V-shaped rib is the best over the Reynold number of 
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where Nu(Re) shows the experimental correlation between 

the Nusselt number and the Reynolds number for the 

straight circular smooth tube.

The comparisons of the channel average heat transfer 

performance for the convergent/divergent channel are 

indicated in Fig. 9. It can be observed in Fig. 9 that the ribbed 

divergent channels have greater thermal performance that 

those of the ribbed convergent channels. And the Λ-shaped 

ribs exhibit higher thermal performance than the V-shaped ribs 

in the convergent channel; whereas, the V-shaped ribs produce 

the higher thermal performance in the divergent channel.

In the convergent channel, the 45o with Λ-shaped rib is 

the best at all the Reynolds numbers studied, while in the 

divergent channel, the 60o with V-shaped rib is the best over 

the Reynold number of 30,000.

5. Conclusions

The work reported here is a systematic experimental study 

of the convergent/divergent channels with ribs of Λ/V-shape 

and three different flow attack angles (30o, 45o, and 60o). The 

major findings are as follows:

1) The negative (-) total pressure drops (ΔPT) are produced 

in all cases in the convergent channel; whereas, the positive 

(+) total pressure drops in the divergent channel are 

attributed to due to the increased magnitude of dynamic 

pressure drop.

2) In the V-shaped ribs (solid symbols), the higher 

dimensionless Nusselt numbers are exhibited in the 

divergent channel (Dho/Dhi =1.49) rather than Dho/Dhi =0.67; 

whereas, in the Λ-shaped ribs (open symbols), somewhat 

higher dimensionless Nusselt numbers are produced in the 

convergent channel (Dho/Dhi =0.67).

3) Under the constraints of at the identical pumping power, 

the 45o with Λ-shaped rib is the best thermal performance 

in the convergent channel at all the Reynolds numbers 

studied; whereas, the 60o with V-shaped rib is the best over 

the Reynold number of 30,000 in the divergent channel. 
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