
Abstract In the present study, experimental studies

are carried out to investigate the heat transfer and

friction characteristics in a square duct roughened by

various-shaped ribs on one wall. The ribs are oriented

transversely to the main stream in a periodic arrange-

ment. Liquid crystal thermography is employed to

measure the local and average heat transfer coefficient

on the ribbed surface. The rib height-to-duct hydraulic

diameter ratio is fixed at 0.1; the rib pitch-to-height

ratio varies from 8 to 15 and the test Reynolds number

spans from 8,000 to 20,000. The results show that the

trapezoidal-shaped ribs with decreasing height in the

flow direction (case C) provide the highest heat

transfer enhancement factor and are likely to be used

to suppress the local hot spot which usually occurs in

the region just behind the ribs.

1 Introduction

Periodic ribs are frequently employed to enhance the

heat transfer process in various cooling passages, e.g.,

of turbine blades, guide vanes, and combustor walls.

However, the increase in heat transfer is usually

accompanied with a rise in pressure drop. In the design

and manufacturing of gas turbines, it is desirable to

predict the heat transfer coefficient and friction factor

by means of theoretical approaches. When the rib

height to hydraulic diameter ratio is small, the

repeated-rib surface can be considered as a rough

surface geometry. Based on the law of the wall, a one-

dimensional analysis was developed to correlate the

friction factor and heat transfer coefficient by Nikur-

adse [1] and Dipprey and Sabersky [2], respectively.

The effect of the geometrically non-similar roughness

parameter, the rib pitch to height ratio, was first stud-

ied by Webb et al. [3]. The successful prediction model

for the average heat transfer coefficient and friction

factor in channels with two opposite rib-roughened

walls was formulated by Han [4]. More recently,

Chandra et al. [5] extended the past predictions to the

cases of varying number of ribbed walls in a square

channel. However, Rau et al. [6] pointed out that the

valid range for the application of Han’s formula was

actually limited to e/Dh < 0.0625.

With larger rib height and aspect ratio close to unity,

a more three-dimensional flow including flow separa-

tion, reattachment as well as redevelopment, makes it

hard to predict the heat transfer coefficient only by

virtue of the one-dimensional similarity analysis. For

example, Webb et al. [3] showed that the heat transfer

coefficient attains its maximum value in the vicinity of

the reattachment point. Liou and Hwang [7], however,

observed the deterioration of heat transfer in the re-

gion just behind the ribs due to the formation of hot

spot. Therefore, more detailed information on flow

structure and local heat transfer data in rib-roughened

channels is required for designers and researchers to

optimize the cooling technique.

Many experimental investigations have been carried

out to determine configurations that produce optimum

results in terms of both heat transfer and friction factor.

One of the most important attempts is to examine the

rib geometry which gives the best heat transfer per-
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formance for a given flow friction. Lockett and Collins

[8] investigated the heat transfer distribution and

associated hot spots around square- and rounded-rib

geometries. Due to the more streamlined shape for the

rounded rib, the sharp decrease in heat transfer at the

rear of the square rib disappeared and was replaced by

a more gradual change. They also found that the heat

transfer distribution was more uniform downstream the

reattachment point for the rounded rib geometry. Han

et al. [9] applied modeling clay to fill the corners of the

rectangular ribs to create two distinct geometries. It was

found that the clay has much more modest effect on the

heat transfer coefficients than on the friction factor, and

the influence of the rib shape on the Stanton number

disappears at higher Reynolds number where the flow is

in the completely rough regime. Liou and Hwang [10]

examined the fully developed flow in channels rough-

ened with three rib shapes, namely square, semicircular

and triangular cross section. The results showed that the

lowest friction factor was obtained for the semicircular-

ribbed case because this was the most streamlined rib

shape. Additionally, the triangular-ribbed, semicircu-

lar-ribbed and square-ribbed geometries have compa-

rable thermal performance, but the square-ribbed

geometry is the most likely one to yield hot spots

around the rear corner behind the rib. Arman and

Rabas [11] used a numerical code to determine the

thermal-hydraulic performance of enhanced tubes with

transverse, periodic sine-, semicircular-, arc-, and trap-

ezoid-shaped disruptions. As expected, a tradeoff be-

tween heat transfer and pressure drop was found when

the disruption shape became more contoured; that is,

both the heat transfer and the pressure drop increase.

The pressure drop is more dependent on the disruption

shape and it continues to decrease when the disruption

become less contoured because of the reduced form

drag. Chandra et al. [12] investigated the effect of rib

shape on the heat transfer and friction in a square

channel. It was shown that the square ribs produce

higher heat transfer augmentation for a given friction

factor than any other rib profile. In addition, there are

extremely small differences in the performance of tri-

angular and slant-edged ribs and the performance of

the circular and semicircular ribs. More recently, Ahn

[13] studied the fully developed heat transfer and

friction characteristics in a rectangular duct roughened

by various rib shapes, i.e., square, triangular, circular,

and semicircular geometries. Contrary to previous

works, he concluded that the triangular-shaped rib has

the highest heat transfer performance.

Inspection of the literature reveals that further

experimental investigations are required, especially

considering the few data of detailed distribution of the

heat transfer coefficient in channels roughened with

various-shaped ribs. In general, detailed maps of the

local heat transfer coefficient can be obtained by using

optical techniques, such as the infra-red thermography

(IRT) [14] and the liquid crystal thermography (LCT)

[6, 15–16]. Usually, the LCT technique is more eco-

nomical and affordable than the IRT method. The

LCT technique can be classified into two categories:

the steady method [6, 15–16] and the transient method

[17]. The transient method is based on the fact that

when the test surface of uniform initial temperature is

suddenly exposed to an isothermal fluid flow, the

magnitude of the surface temperature change is gov-

erned by one-dimensional transient heat conduction.

However, Chang et al. [18] argued that the three-

dimensional wall conductivity effect on the tempera-

ture measurement over the rib-roughened surface

makes the one-dimensional assumption adopted by the

transient method invalid. Furthermore, the transient

LCT is usually more difficult to conduct than the

steady method, which requires a more complicated

image processing system. Therefore, the steady-state

LCT technique is employed in this study.

This paper basically describes the characteristics of

the heat transfer and friction in a square duct

roughened by transversely placed, various-shaped ribs

on one wall. The shapes of the ribs are square,

equilateral-triangular, trapezoidal with decreasing

height in the flow direction and trapezoidal with

increasing height in the flow direction. The ribs,

made of Plexiglas, are considered to be not involved

into the heat transfer process due to the low thermal

conductivity (k = 0.2 W/mK). The objectives of this

research are to fulfill three aspects; i.e., to assess the

occurrence of hot spot on the rib-roughened wall by

investigating the effect of rib shape on the distribu-

tion of local heat transfer; to provide detailed infor-

mation of local heat transfer for researchers and

engineers to optimize the cooling technique; and to

quantify the thermal performance of ducts roughened

with various-shaped ribs.

2 Experimental apparatus and procedures

2.1 Experimental apparatus

2.1.1 Heat transfer test

The experimental apparatus is not shown here for the

sake of brevity. Further details can be found in Wang

and Sundén [19]. The test section consists of a 750 mm

long smooth duct followed by a rib-roughened section
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of equal length. Plexiglas plates are applied to provide

optical access for liquid crystal measurement. The

thickness of the duct wall is 10 mm with internal

channel cross-section 50 · 50 mm2. An Inconel foil

with thickness 12 lm is applied to produce a uniform

heat flux on one wall in the rib-roughened section. The

measurements are carried out at the location of

approximately 27 < X/Dh < 29 from the inlet of duct.

Various-shaped ribs are glued on the heated surface;

the rib configurations are shown in Fig. 1. The trape-

zoidal-shaped rib with inclination angle 38� is exhibited

in Fig. 2.

The pre-packaged liquid crystal sheet R35C5W

(0.15 mm thick) backed with pressure-sensitive adhe-

sive is applied to map the temperature distribution on

the ribbed surface. Before the execution of the

experiment, the liquid crystal was calibrated to get the

relationship between the temperature and the hue va-

lue. The detailed description is given in Gao [20]. The

hue-temperature calibration data is presented in Fig. 3.

It is found that the hue is fairly linear with temperature

in the range of 30–150, corresponding to the temper-

ature range of 35–37.5�C. The colour distribution of

the liquid crystal is recorded by a CCD camera, from

which the image is digitised and transferred for further

processing.

2.1.2 Pressure test

The test rig consists of the same apparatus as the heat

transfer test except there is no heating current present.

The distance between the two static pressure taps are

eightfold hydraulic diameter along the centreline of the

smooth sidewall. The diameter of tapping hole is

1 mm. Short stainless steel tubes are glued in the holes

to provide connection with the micromanometer.

2.2 Data reduction

The Reynolds number Re, based on the bulk mean

velocity and hydraulic diameter of the square duct,

varies from 8,000 to 20,000 in the present test. The

Nusselt numbers Nu, is derived directly from the heat

flux and the temperature difference; that is,

Nu ¼ ðQel �QlossÞDh

ðTw � TbulkÞkf A
ð1Þ

in which Qel is the measured input power to the heater,

Qloss is the dissipation rate in terms of radiative heat

transfer to the surroundings and the conductive heat

transfer through the back of the heated surface. In

estimating the radiative heat loss, the surface and air

bulk temperature are considered as constant when

considering the fact that the air temperature rise from

entrance to exit is less than 2�C. For polished Inconel,

the emissivity is approximately equal to 0.05. The

conduction heat leakages are calculated from the

temperature difference across the heated wall. Two

fine-gauge thermocouples are installed at the back of

Fig. 1 Rib configurations; a Square ribs b Equilateral-triangular
ribs c Trapezoidal ribs with decreasing height in the flow
direction d Trapezoidal ribs with increasing height in the flow
direction
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the heated surface. The sum of the two terms is found

to be less than 5% of Qel. In Eq. 1, kf is the air thermal

conductivity and A is the area of the heating surface;

Tw is the surface temperature indicated by the liquid

crystal and Tbulk is the local air bulk temperature along

the streamwise direction X,

Tbulk ¼ Tin þ ðQel �QlossÞ=ðX=LÞ= _mcp ð2Þ

In Eq. 2, Tin is the air temperature measured at the

entrance of the duct (where the flow is assumed to be

isothermal), cp is the air specific heat, _m is the mass

flow rate, and L is the heated surface length. The

thermal properties are evaluated at the average air

bulk temperature according to [21]. Typically, the

temperature difference between the wall and the bulk

air is kept within 13–15�C.

Area-average Nusselt number is calculated accord-

ing to Eq. 3,

Nuav ¼
XN

i¼1

Nu
i

N
ð3Þ

in which Nui is the Nusselt number at local pixel and N

is the number of pixels in the considered area. All the

Nusselt numbers are normalized with respect to the

level obtained in a smooth circular tube (Dittus–

Boelter correlation) and presented as the enhancement

factor.

Nu0 ¼ 0:023Re0:8Pr0:4 ð4Þ

The friction factor f, based on the isothermal con-

ditions, is determined from the slope of the static

pressure. All the measured friction factors are nor-

malized with the friction factor of a smooth channel,

given by:

f0 ¼ 0:046Re�0:2 ð6Þ

The following expression, (Nuav/Nu0)/(f/f0)1/3 is used

to evaluate the thermal performance based on the

constant pumping power.

2.3 Experimental uncertainty

The uncertainty is evaluated according to the method

described by Moffat [22]. The uncertainty (based on

the normal distribution with 95% confidence) in local

Nu number is estimated to be within ±6%. This

uncertainty value takes into account such independent

variables as electric current, resistance of heater, liquid

crystal thermographic readings, air bulk temperature,

and dissipation rate. The Reynolds number has a cal-

culated uncertainty of ±3.5%. Finally, the uncertainty

in the friction factor f would lie within ±4% at the

considered Reynolds number.

3 Results and discussion

3.1 Local heat transfer characteristics

Figure 4 shows the mapping of the local heat transfer

enhancement factor for all the rib geometries at the

same Reynolds number and pitch ratio (Re = 20,000,

P/e = 12). In each case, the footprints of flow separa-

tion, recirculation as well as redevelopment can be

observed clearly by the spatial variation of the local

heat transfer performance. The minimum Nusselt

number, occurring in the region just behind the rib, is

due to the low fluid velocity around the corner. A rapid

Fig. 2 Cross-section of the trapezoidal-shaped rib

Fig. 3 Hue-temperature calibration
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rise of Nusselt number is found in the recirculation

region due of the entrainment of cooler fluid towards

the wall by the shear layer. Further downstream, the

Nusselt number is decaying gradually because the new

boundary layer grows in thickness. In order to quantify

the local heat transfer features for the investigated rib

shapes, the Nusselt number ratios along the centreline

are plotted in Fig. 5. It is clearly shown that the trap-

ezoidal ribs of case C have the highest Nusselt number

enhancement factors in the whole region. Unexpect-

edly, the trapezoidal ribs of case D, merely arranged in

the opposite direction relative to case C, have the

lowest heat transfer rates, especially in the region just

downstream the rib. At X/e = 1, the local heat transfer

induced by the trapezoidal ribs of case C is augmented

10% compared to the ordinary-used square ribs (Case

A); whereas, in case D, the local heat transfer perfor-

mance drops 12%. It should be mentioned that the

triangular ribs (case B) have similar heat transfer

performance as the square ribs. In the zone down-

stream the reattachment point (4 < X/e < 10), the local

heat transfer is less dependent on the shape of the rib

and the Nusselt number ratios are found to be close to

each other. Further inspection of this figure reveals

that the location of maximum heat transfer in case C

(X/e � 2 or 3) is distinct from that of case D (X/e � 4

or 5). The shift of the location of maximum heat

transfer can be attributed to the different separation

angle when the fluid approaches the different wind-

ward surface of the upstream rib. A similar result was

obtained by Terekhov et al. [23], who carried out

experimental studies on the heat transfer characteris-

tics behind backward-facing inclined steps. They found

Fig. 4 Mapping of the inter-
rib local heat transfer
distribution for P/e = 12
(Re = 20,000)

Fig. 5 Local heat transfer increase along the centerline for
P/e = 12 (Re = 20,000)
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under natural-turbulence condition, a decrease in the

step-face inclination angle from 90� to 20� leads to the

intensification of heat transfer and the shift of the

maximum heat-transfer location in the upstream

direction.

According to Fig. 5, it is indicated that the trape-

zoidal-shaped ribs of case C have the highest heat

transfer efficiency among the four rib geometries

investigated. To conclude on this aspect, the experi-

ment proceeds to study this type to highlight the effect

of the rib pitch ratio.

3.2 Effect of pitch ratio in case C

Figure 6 displays the mapping of the local heat transfer

enhancement factor for various pitch ratios at the same

Reynolds number (Re = 20,000). Due to the smaller

rib spacing at P/e = 10, the boundary layer redevel-

opment region downstream the reattachment point is

obviously decreased. Therefore, the local heat transfer

distribution at P/e = 10 is more uniform than that at

P/e = 15. In order to infer the effect of rib spacing on

the local heat transfer, the Nusselt number ratios

along the centreline are shown in Fig. 7. In the entire

region, the P/e = 12 provides the highest heat transfer

enhancement factor. In this figure it is also noticed that

the local heat transfer in the region just downstream

the rib (0 < X/e < 2) is nearly the same; that is, the

local heat transfer is less dependent on the rib spacing.

Further view of this figure shows that the location of

maximum heat transfer shifts downstream by increas-

ing the P/e ratio. For P/e = 8, 10 and 12, the maximum

heat transfer location is 2 or 3 rib heights away from

the rib edge; whereas, the local maximum heat transfer

shifts downstream about 4 rib heights at P/e = 15. This

may be attributed to the decrease of the streamwise

pressure gradient as the rib spacing increases.

For higher pitch ratios (P/e ‡ 12) a second maxi-

mum heat transfer rate is observed just in front of the

downstream rib, which is in agreement with the results

of Rau et al. [6]. This can be explained by the fact that

a new boundary layer is built up downstream the

reattachment point by the entrainment flow. High

momentum fluid is constantly brought into the outer

shear layer by the downward motion of the outer flow,

thereby continuously increasing the streamwise veloc-

ity in this layer [24]. For larger pitch ratios, the longer

distance between the reattachment point and the fol-

lowing rib leads to higher momentum. Therefore, in

the second separation zone ahead of the rib, the

entrainment of relatively cooler and higher momentum

fluid from the outer shear layer into this recirculation

region causes this second top of the Nusselt number.

Fig. 6 Mapping of the inter-rib local heat transfer distribution
for P/e = 10 and 15 (Re = 20,000)

Fig. 7 Local heat transfer increase along the centerline at
Re = 20,000
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3.3 Comparison of average heat transfer

and friction characteristics

The normalized friction factors in a square duct

roughened with various-shaped ribs at the same pitch

ratio (P/e = 12) are plotted in Fig. 8. In the given

Reynolds number range, the trapezoidal-shaped ribs of

case C have the highest friction loss; whereas, the

trapezoidal-shaped ribs of case D have the lowest

pressure drop. Furthermore, the triangular-shaped ribs

(case B) have slightly higher friction factor than that of

square-shaped ribs (case A). Based on the law of the

wall similarity, Chandra et al. [5] developed semi-

empirical formulas to predict the heat transfer coeffi-

cient and friction factor in a square duct roughened by

the square-shaped ribs on one wall. The prediction of

the friction factor is very close to the result of case C

and the maximum deviation from the present data of

square ribs is less than 15%.

The normalized average Nusselt numbers in a

square duct roughened with various-shaped ribs at

P/e = 12 are plotted in Fig. 9. As expected, it is seen

that the trapezoidal-shaped ribs of case C have the

highest heat transfer enhancement in the considered

Reynolds number range. In contrast, the trapezoidal-

shaped ribs of case D have the lowest heat transfer

performance. Meanwhile, the square-shaped ribs (case

A) have nearly the same enhancement factor as the

triangular-shaped ribs (Case B). This result is not in

line with the conclusions by Ahn [13] who found that

the triangular ribs are more efficient in heat transfer

than the square ones. The correlation proposed by

Chandra et al. [5] fits quite well the present data of

square ribs except for the low Reynolds number

(Re = 8,000).

Figure 10 shows that a square duct roughened with

various-shaped ribs has comparable thermal perfor-

mance; that is, the thermal performance is less

dependent on the variation of rib shape. The result is in

accord with the conclusion of Liou and Hwang [10],

even though the rib geometries studied in their

experiment are different from the present. In addition,

the theoretical prediction of the thermal performance

tends to approach the experimental data with increas-

ing Reynolds number and the maximum deviation

from the present data at Re = 20,000 is less than 5%.

4 Conclusions

The fully developed turbulent heat transfer and fric-

tion in a square duct roughened with various-shaped

ribs on one wall have been investigated experimentally

by using liquid crystal thermography. Based on the

experimental results, the conclusions are as follows:

Fig. 8 Comparison of the friction factor ratios for various-
shaped ribs for P/e = 12

Fig. 9 Comparison of the average Nusselt number ratios for
various-shaped ribs for P/e = 12

Fig. 10 Comparison of the thermal performance for various-
shaped ribs for P/e = 12
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1. For the range of Reynolds number studied, the

trapezoidal-shaped ribs with decreasing height in

the flow direction (case C) have the highest heat

transfer coefficient and friction factor; whereas, the

trapezoidal-shaped ribs with increasing height in

the flow direction (case D) have the lowest heat

transfer performance and pressure drop. In addi-

tion, the square-shaped ribs have nearly the same

heat transfer and friction characteristics as the

triangular-shaped ribs.

2. The local heat transfer is strongly dependent on

the rib shape in the region just downstream the rib

while this dependence is small in the boundary

layer redevelopment zone. The trapezoidal-shaped

rib of case C is the most likely one to suppress the

local hot spot.

3. The thermal performance is comparable for vari-

ous-shaped ribs.
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