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ABSTRACT 

 The paper discusses the evolution and current state of heat transfer augmentation technologies utilized in various thermal 

energy systems, such as solar air heaters, solar thermal systems, and gas turbines.  Several turbulence generators, 

instance ribs and baffles, are regarded an efficient methods of increasing heat transfer rate to moving air in the ducts of 

solar air heaters, heat exchangers, and for turbine blade cooling.  The application of rib/baffles is an excellent method 

for enhancing heat transfer rate to a flowing fluid inside the channel/duct of a solar air heater and in turbine blade cooling.  

This paper seeks to present an in-depth assessment of research activity in increased heat transfer in its presentation of 

ribs/baffles in channels.  It gives readers a thorough understanding of the principles of enhanced heat transfer with ribs 

and baffles, how this knowledge has evolved over time.  The effects of a variety of rib/baffle shapes on the heat transfer 

rate and pressure loss behaviors of solar air heaters are been addressed.  The most effective ribs/baffles for augmenting 

heat transfer and minimizing pressure drop are those that have been carefully engineered to enhance the thermal 

performance factor.  The mechanics of heat transfer enhancement and flow structure around the ribs/baffles will be the 

main topics of this review.  We have done a thorough investigation into the heat transfer mechanism in a channel with 

different rib and baffles turbulators before drawing our conclusions from the literature review.  

Keywords: Baffle, channel, enhanced heat transfer, rib, rough surface, thermal performance, turbulator 

 

1. Introduction 

Reduced global resources and environmental considerations have necessitated the development of more efficient heat-

transfer device with higher heat transfer rates.  Engineers responsible for the design and operation of such systems must now 

prioritize both the reduction of energy lost due to inefficient use and the enhancement of energy transfer in the form of heat in light 

of the global increase in energy demand.   Improvements in heat transfer have been suggested using a variety of methods.   The 

methods may be split down into two categories: those that do not need any external power sources, known as "passive," and those 

that do, known as "active," which do require such sources. 
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The major technique of passive heat transfer enhancement is modifying heat transfer surfaces through different forms/designs.  

The viable approaches include installing baffles, ribs, fins and blocks, or forming grooves, dimpled and rough surfaces.  Heat-transfer 

enhancement is achieved increased surface area (surface extension) and also by increasing turbulence (mixing).  Modified surfaces 

are used in numerous equipment including heat exchangers, solar air heaters, nuclear reactor fuel elements, turbine blades, 

electronic boards and various components, among others.  Improved heat-transfer rates are normally accompanied by increased 

pressure losses in the flow over such surfaces.  Thus, surface modification for better heat transfer is a tradeoff between augmented 

heat transfer rate and raised pressure drop.  

One important application of modified heat transfer surfaces is that of cooling channels for gas turbine blades.  One of the 

main criteria for aircraft engine design is to have a high thrust-to-weight ratio.  To meet this requirement,  the thermal 

performance/efficiency of gas turbine blades must be improved.  An efficient strategy is raising the turbine's intake temperature. 

However, this approach may damage the turbine blades.  To prevent damage and avoid blade melting, efficient cooling of turbine 

blades is essential.  In turbine blade cooling, different techniques are applied for the various areas of the turbine blade.  As 

demonstrated in Fig. 1(a-c), rib turbulators are often  installed in serpentine passages and fin cooling is often applied in trailing 

edge sections. Impingement cooling is often used at the leading edge areas and dimples are normally placed in the tip areas of 

the blade.  The relevant research concerning modified heat transfer surfaces was reported by Han [1]. 

 

Hot Gas

Cooling air

Squealer tip

Tip cap
Cooling holes Film cooling

holes

Trailing edge
Cooling slots

Blade platform
Cooling holes

DovetailStator-rotor
seal

R
ῼ 

Rib turbulators

Trailing edge
ejection

Hot Gas

Film Cooling Shaped internal cooling passage

ῼ 

Radius outward

Pin-fin cooling

Rib turbulated cooling
Impingment cooling

Tip cap cooling

Cooling 
air

 
(a) Outside view                                        (b) Internal view 

Trailing Side Wall

Leadling Side Wall

Impinging jet

Jet Hole

Impingement
Chamber

Jet
Chamber

ῼ 
Leading Side

(Suction)

Trailing Side
(Pressure)

 
(c) Internal view of a blade 

Fig. 1. Cooling of a gas turbine blade. 
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Due to the absorber plate and duct's poor heat transfer capabilities, the thermal performance of solar air heaters is 

commonly low compared to that of solar water heaters. Improvements in heat transfer coefficients will increase the performance of 

solar air heaters, making them more cost-effective.  Rough elements should be placed only on the wall that collects solar radiation, 

since this is the only heated wall in solar air heaters, to maximize heat transfer.  Solar air heaters are thus represented by a 

rectangular duct with one rough wall and three smooth side walls. 

One way to collect the sun's warmth is with a solar air heater (Fig. 2). These systems have been used in a variety of heat 

transfer applications, including solar-powered agricultural drying processes, indoor heating and cooling, nighttime cooling, 

preheating ventilation makeup air, and timber seasoning. Laminar sublayers often develop above absorber plates and other heat-

transfer surfaces to limit the amount of heat lost to the surrounding medium. Creation of a laminar sublayer reduces the energy-

collecting performance of a solar air heating system because it leads to poor air-side heat transfer ability, absorber plates with 

high temperatures, and high heat losses to the environment.  Heat transfer coefficients are a crucial parameter in solar air heating 

system design. This can be accomplished by incorporating artificial surface roughness on the solar collector at various orientations 

and shapes of the roughness.  There are two strategies for maximizing heat convection from an absorber plate to the surrounding 

air.  The primary method does not affect the heat transfer coefficient. It involves expanding the area of heat transfer through the 

utilize of corrugated/grooved or extended surfaces known as fins. The second approach generates surface turbulence, which 

improves heat transfer coefficient. The bottom surface of an absorber plate might be purposefully roughened for this purpose. 

Several researchers have worked to reduce frictional losses while increasing convective heat transfer using a roughened element. 
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Fig. 2. Solar air heater. 

 

Ribs and baffles are the major types of rough surfaces that have been widely developed and modified by many researchers.  

Flow through the ribs/baffles is extremely complex. There are several factors affecting heat transfer and pressure drop.  In general, 

experimentation is time-consuming and expensive since it requires researchers to repeatedly test variations in a variety of 

variables.  Another option is using numerical method.  The advantage of numerical methods is that it allows researchers to 

examine issues that cannot be studied experimentally while permitting deeper research to investigate whether two or more 

variables are related.  As previously stated, heat-transfer enhancement is obtained at the expense of an increased pressure loss.  
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Energy lost due to pressure losses may sometimes exceed that gained by heat-transfer enhancement.  For many practical 

applications, it is necessary to determine the net economic benefit arising from a heat-transfer enhancement.  

As depicted in Fig. 3, the present work concentrates on a review of the heat transfer enhancement technique using ribs 

and baffles in a channel with varying geometric characteristics.    Using turbulence promoters and vortex generators to enhance 

the thermal performance of heat exchanger ducts, turbine blade cooling, and solar air heaters is the focus of this paper. The 

literature review focuses on the effect of shape parameters on heat transfer mechanisms, flow structure, pressure losses, and 

thermal performance characteristics, focusing on studies from the past to the present. All articles were searched for in the scopus 

and google databases for this analysis. 

 

 
Fig. 3. Review of the heat transfer enhancement scope of the present work. 
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2. Guidelines for designing roughened surfaces within channels 

Applications of rib/baffle rows can greatly increase the convection coefficient over that of  smooth surfaces since rough 

surfaces create recirculation/longitudinal-vortex flows that reduce the thin thermal layer thickness.  This leads to a higher 

convection coefficient in the reattachment flow region.  Optimization of ribs/baffles geometries plays a major part in enhancing the 

thermal performance factor, as it is influenced by crucial geometric parameters.  These include rib thickness, rib arrangement and 

various designs adjusting the angle of flow attack (α), rib width (w), rib height (e) distance between ribs (p) and the rough surface 

shape.  Numerous possible channel roughening geometries have been used to improve heat transfer rate.  These are partially are 

compiled in Fig. 4.  Three basic roughness groups can be identified, 3-dimensional, ridge type 2-dimensional and groove type 2-

dimensional roughness.  In designing ribs/baffles, geometric parameters usually take form of dimensionless variables such as the 

rib height ratio (e/d, BR), rib spacing ratio (p/e, PR), the ratio of the rib width (w/e) and the shape of the surface roughness, among 

others. 

 

3. Thermal performance assessment 

Many performance evaluation criteria (PECs) have been suggested by researchers for relative evaluation of heat transfer 

enhancement, but it is important to note that applicability varies depending on the specifics of the application [5-7]. Table 1 provides 

a preliminary listing based on the classification established by Bergles et al. [8] and its following revisions [5, 9].  Two of the most 

popular figures of merit for thermal hydrodynamic performance in the chemical and process industries are reviewed here to 

demonstrate this trade-off and provide optimization guidelines. 

FG-2a: In the absence of enhancement, quantify the additional heat load Q induced by the technique when the geometry 

of the heat exchanger (N and L), the temperature difference across the approach (∆T i), and the pumping power P are all the same 

as the case with no enhancement. Heat load and pumping power can both be determined by reference to their commonly accepted 

definitions. 

p( ) ( )i iQ mC T hA T kLN T Nuε π= ∆ ≈ ∆ = ∆

 (1) 
2 2 2 3( / ) ( / 2 )( )P m p L d fReρ πµ ρ= ∆ =  (2) 

VG-1: When the mass flow rate, pumping power P, heat load Q, and approach temperature differential (∆T i ) remain 

unchanged, as in the case with no enhancement, the surface area (A) of the heat exchanger is lowered by a quantifiable amount 

for the enhancement technique. It is noteworthy that the condition of a fixed pressure drop remains constant under the constraints 

of constant ṁ and P values. 
2 2 3 2(4 / )( / 2) (2 / )( )op f L d V L d fReρ µ ρ∆ = =  (3) 

In most enhancement technology applications, these figures of merit highlight the key design issues, which are maintaining 

greater heat loads in a given heat exchanger or decreasing the size of the heat exchanger for a offered heat load.  Evaluating the 

enhanced thermal performance (or improvement in Q) owing to enhanced tubes in a heat exchanger under the constraint of fixed 

shape and equal pumping power is desirable in many applications involving chemical processing heat transfer or thermal manufacture 

of various fluid media.  To do so, we can apply the FG-2a criterion described above and shown in Table 1, by writing the heat 

transfer rate for a duct/tube (Q tt), with an insert, as a fraction of the heat transfer rate for a plain or unaugmented tube (Qst). 

itt st tt st , , , ,( / ) ( / )N L d P TQ Q Nu Nu ∆=  (4) 
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The following constraint is imposed by Eq. (2) on the operation of a heat exchanger under the given conditions when using 

constant pumping power: 
3 3

tt st( ) ( )fRe fRe=  (5) 

The presence of ribs or rough surfaces always simultaneously causes a desired heat transfer enhancement and an 

unwanted friction loss penalty.  Increased friction losses leads to a need for higher pumping power, which impacts the economics 

of operation.  Therefore, both effects need to be considered for evaluation of overall performance.  Generally, improved heat 

transfer is determined in terms of a normalized parameter, the Nusselt ratio (Nu/Nus), where Nu is the Nusselt number in roughed 

channels/pipes and Nus is the Nusselt number in smooth channels/pipes.  Similarly, increased friction losses are presented in term 

of a dimensionless friction factor ratio (f/fs), where f is the friction factor in roughed channels/pipes and fs is the friction factor in 

smooth channels/pipes.  The overall performance of the operation is evaluated in terms of a thermal performance factor (TPF).  

Fundamentally, the TPF is a ratio of the convection coefficient in roughened channels/pipes (h) to that of smooth channels/pipes 

(hs).  Under identical pumping power conditions, the convection coefficient ratio can be written in terms of the Nusselt number and 

friction factor ratios as shown in Equation (1) [10-14]. 

𝑇𝑇𝑇𝑇𝑇𝑇 = ℎ
ℎ𝑠𝑠
�
pp

= 𝑁𝑁𝑁𝑁
𝑁𝑁𝑢𝑢𝑠𝑠

�
pp

= (𝑁𝑁𝑁𝑁/𝑁𝑁𝑢𝑢𝑠𝑠)/(𝑓𝑓/𝑓𝑓𝑠𝑠)
1
3 (6) 

According to Equation (6), a high thermal performance factor (TPF) can be achieved by enhancing heat transfer while 

controlling friction losses so that they are as low as possible. 

 

Table 1: Standards for evaluating performance of tubular heat exchangers utilizing single-phase forced convection [6]. 

                                                      Parameter 

Case Shape W P Q ∆Ti Aim 

FG-1a N,La x   x ↑Q 

FG-1b N,L x  x  ↓∆Ti 

FG-2a N,L  x  x ↑Q 

FG-2b N,L  x X  ↓∆Ti 

FG-3 N,L   x x ↓P 

FN-1 N x x x x ↓L 

FN-2 N x  x x ↓L 

FN-3 N x  x x ↓P 

VG-1  x x x x ↓NL 

VG-2a N,Lb x x  x ↑Q 

VG-2b N,Lb x x x  ↓∆Ti 

VG-3 N,Lb x x x x ↓P 

                     † According to Bergles's [5] classification.                    * The product of N and L. 
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4. Enhancing heat transfer with ribs 

The flow of a viscous fluid in a plain pipe will result in a non-uniform velocity distribution across the pipe cross-section.  The 

fluid velocity near the wall of the pipe is very low, which is significantly different from that at the pipe core.  Alternatively, the flow 

of non-viscous fluid (inviscid flow) usually shows a uniform velocity distribution.  In case the fluid flowing through a two- or three-

dimensional rough pipe, different velocity distribution patterns are generated depending on the base geometry of surface 

roughness.  Flow behaviors consequently affect the heat transfer rate in the pipe or channel.  Figs. 3 and 4 illustrate the flow 

behavior through single rib and continuous ribs by the hydrogen bubble technique in a channel at the low Reynolds number [15].  

The flow pattern at the inlet of the channel is a fully deveopled flow. Flow velocity is dependent on the radial distances from the 

pipe wall.  Flow velocity is zero at the wall.  The flow reaches maximum velocity at the pipe core.  Collision between the fluid and 

ribs results in flow separation and eddy motion or vortices behind the rib.  The size and shape of the vortices are dependent on 

surface roughness.  For a single rib, the flow begins to develop into one that is fully developed after passing the rib at a certain 

distance, as display in Fig. 5(a).  To maintain the secondary flow or flow disturbance, a series of ribs must be applied as 

demonstrate in Fig. 5(b).  This results in a decreased thickness of the velocity boundary layer and increased heat transfer [16] as 

depicted in Fig. 6.  However, the spacing between the ribs must be appropriately designed as described in the next section. 

 

flow in   

 (a) Flow behavior over a single rib at a Reynolds number of 490 

flow in   

 (b) Flow behavior over a pair rib in series at a Reynolds number of 490 

Fig. 5. Flow behavior aver rib (s) observed via the hydrogen bubble technique [15]. 
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Fig. 6. Local Nusselt number distribution (upper figure) and streamline distribution (lower figure) in a channel with continuous ribs 

[16]. 

 

The flow pattern is dependent on the shapes/geometries of the rough surfaces.  Generally, recirculation flow (eddy motion) 

usually takes place adjacent to the rear of modified surfaces, followed by flow reattachment, which directly promotes heat transfer 

[17, 18], as shown in Fig. 7(a).  Figures 7(b) and (c) illustrate the temperature and Nusselt number gradients throughout the 
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direction of flow, respectively.  The temperature of the fluid increases as the result of heat transfer rate from the channel wall.  

Here, the Nusselt number reaches a periodic condition at around the 5th rib.  The number of ribs within the channel also has a role 

in the onset of a periodic condition.  The major parameters that affect the heat transfer rate and pressure loss in a system with 

ribs are the Reynolds number, rib shape/design, attack angle of the ribs, rib height, rib arrangement, ribs with special design 

(baffles).  

 

Nu   

 (a) Nusselt number contour in the channel with continuous baffles [17] 
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(b) Temperature contours in a channel with continuous ribs [18] 

  
(c) Comparison of experimental and numerical results of Nusselt number distributions in a channel with continuous ribs [18]. 

Fig. 7. Nusselt number and temperature contours in a channel with continuous ribs. 

 

4.1 Effect of Reynolds number 

The Nusselt numbers grow as the Reynolds numbers rise due to the thinning thermal boundary layer and thus, reduction of 

convective resistance.  Simultaneously, an increased Reynolds number helps to decrease the friction factor since a greater 

Reynolds number diminishes the viscous boundary layer.  Recirculation behaviors between ribs at Reynolds numbers (Re) of 100 

and 1000 are shown in Fig. 8.  The greater the Reynolds number, the size and amplitude of the eddy currents are promoted and 

the thermal boundary layer becomes thinner [19]. This is supported by that data in Fig. 9, which shows that the Nusselt numbers 

at Re = 20,000 are significantly higher than those at Re = 4000 [17].  Additionally, Fig. 9 also indicates that a high Nusselt 

number region is located midway between each pair of ribs, where flow reattachment takes place.  
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                                   (a) Re = 100                                                 (b) Re = 1000 

Fig. 8. Recirculation flow behavior between ribs at various Reynolds numbers [19]. 

 

Nu  

                 
                                       (a) Re = 4000                                             (b) Re = 20,000 

Fig. 9. Effect of Reynolds number on heat transfer behavior in a ribbed channel [17]. 

 

4.2 Effect of rib shape/design 

Rib shape and design significantly influence the heat transfer behavior and flow structure in ribbed pipes and channels.  

Generally, ribs cause separation and reattachment flows on heat transfer surfaces.  Both improved heat transfer rate and higher 

pressure loss result from the phenomenon at the same time.  Numerous researchers have modified ribs for better tradeoffs between 

these effects.   Nuntadusit et al. [20] developed the straight perforated rib shown in Fig. 10(b), and an inclined perforated rib shown 

in Fig. 10(c).  They compared their performance with that of a conventional solid rib (Fig. 10(a)).   

 

                             
            (a) Solid rib                              (b) Straight perforated rib                          (c) Inclined perforated rib  

Fig. 10. A conventional solid rib and modified ribs [20]. 
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The numerical results in Fig. 11 suggest that a solid rib causes a long separation flow behind the rib. Alternatively, the holes 

as part of the straight perforated ribs and inclined perforated ribs direct jets on the heat transfer surfaces behind the ribs as 

depicted in Figs. 11(b-c).  This allows for more efficient local heat transfer compared to the conventional solid rib design.  

Additionally, an inclined perforated rib gives a stronger attack angle and thus higher Nusselt number than an uninclined rib.   
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 (c) Inclined perforated rib 

Fig. 11. Post-rib flow and heat transfer behavior at a Reynolds number of 60,000 [20]. 

 

In Fig. 12, we can see how various ribs improve heat transfer rate.  Clearly, inclined perforated ribs with a larger perforation 

angle (30°) yield better heat transfer adjacent to a rib than is observed with a smaller angle (15°).  However, all perforated ribs 

yield comparable heat transfer in the reattachment region.   

  

 
Fig. 12. Nusselt numbers distribution in the channels with different types of ribs [10]. 
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Additionally, Changcharoen and Eiamsa-ard [21] studied the flow behavior of uplifted ribs (detached ribs), as shown in Fig. 

13.  Rib detachment has a substantial influence on the flow pattern. Separated ribs allow fluid flow to reach the height gap.  As 

can be seen in Fig. 14, the flow has an immediate effect on the thickness of the thermal boundary layer, which in turn increases 

heat transfer.   Subsequent flow reattachment leads to maximal heat transfer area.  Yongsiri et al. [18] developed ribs with various 

inclination angles.  The fluid flow direction corresponds to the inclination angles, as shown in Fig. 15.  The presence of rib gaps also 

helps in decreasing the pressure loss of the system.  Jiang and Gao [22] reported the heat transfer mechanism and flow pattern in 

ducts with 45°/60°/75° V-shaped and 45°/60°/75°/90° parallel ribs.  They showed that the duct rough with 45° V-shaped ribs 

was found to have the greatest longitudinal secondary flow regions and the largest mainstream secondary flow regions. 
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                                 (a) c/a = 0.0                                                              (b) c/a = 0.2 

Fig. 13. Flow behavior in the channel with uplifted (detached) ribs at a Reynolds number of 8000 [21]. 

 

 
Fig. 14. Heat transferf distribution (Nu) in a channel with detached ribs installed at Re = 8000 [21]. 
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Fig. 15. Flow behavior in a channel between the 7th and 8th ribs for detached ribs with a 150o attack angle [18]. 
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Ribs commonly have two major forms, protruding and grooved (or a combination of these two types of roughness), as 

shown in Fig. 16.  Their geometries can be varied by changing the height (or depth) and width of the protrusion or groove.  A 

change of rib geometry directly affects the heat transfer mechanism and flow pattern of enhanced systems as the sample 

numerical results in Fig. 17.  Generally, the surface friction coefficient increases as the groove width decreases, as depicted in Fig. 

18.  

 

  
 

  
Fig. 16. Illustration and imagery of grooved ribs [23]. 
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(b) B/H = 1.25 

Fig. 17. Influence of groove width on heat transfer [24]. 
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Fig. 18. Influence of groove width on surface friction coefficient distribution [24]. 

 

Triangular prism ribs are another type of rib that are applied for heat transfer augmentation. Numerical results by Eiamsa-ard et 

al. [25] reveal that triangular prism ribs introduce turbulent eddy flows as display in Fig. 19.   Adjusting the location of the prism affects 

the distribution of the Nusselt numbers, as depicted in Fig. 20.  Prism ribs with a small clearance ratio (CR = 1.5) induce a high Nusselt 

number area near the ribs, according to the location of the reattachment flow [25].  However, ribs with a large clearance ratio (CR = 

3.0) cause long flow separation behind the ribs.  Therefore, the high Nusselt number area related to the reattachment location shifts 

downstream.  It is notable that at CR = 3.0, the reattachment area is larger than that found at CR = 1.5.  Ribs with various 

shapes/arrangements lead to different attack angles of flows, which directly affect flow and heat transfer characteristics.  Numerical 

results of Eiamsa-ard and Changcharoen [16] reveal that a reduction of rib sharpness helps in suppressing sudden changes of the main 

flow and flow separation, as display in Fig. 21.  Consequently, the hot spots behind the ribs become smaller, especially with concave-

concave ribs, as demonstrated in Fig. 22.  Additionally, the results of Eiamsa-ard and Chuwattanakul [17] indicate that the utilize of 

inclined ribs with a low p /w yield greater heat transfer than for a higher p /w as seen in Fig. 23.  
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Fig. 19. Streamlines in channels equipped with a triangular prism at various clearance ratios [25]. 
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Fig. 20. Axial distribution of Nu on the bottom wall surface of the channel at Re = 20,000 [25]. 
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 (a) Downstream convex ribs       (b) Convex-concave ribs       (c) Concave-concave ribs 

Fig. 21. Effects of various curved ribs on flow characteristics at Re = 25,000 [16]. 
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              (a) Downstream convex ribs                    (b) Convex-concave ribs                   (c) Concave-concave ribs 

Fig. 22. Effects of various curved ribs on temperature distributions at Re = 25,000 [16]. 

 

                                            

       
                                             (a) p/w = 8.0                                   (b) p/w = 12 

Fig. 23. Nusselt number distribution in an inclined baffled channel at Re = 20,000 [17]. 
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Heat transfer in a channel with a wide range of rib shapes was studied by Wang and Sundén [26]. The pitch-to-height 

ratios of these ribs ranged from 8.0 to 15.0.  Real-time Laser Holographic Interferometry tests were performed in 8,000 ≤ Re ≤ 

20,000 to measure the average and local heat transfer.  They discovered that ribs with a trapezoidal shape transferred heat more 

effectively than ribs of other shapes.  Heat transfer and pressure drop characteristics were investigated by Xie et al. [27], who 

evaluated the influence of truncated rib and mid-truncated rib, offset position, and angles.   They found that the pressure loss was 

minimal when the ribs were truncated at 90 degrees in the middle and placed without any offset, while 135° mid-truncated ribs 

provided the greatest heat transfer coefficient.  The enhanced heat transfer rate was tested by Iacovides et al. [28] in a duct with 

staggered ribs.  Local heat transfer was demonstrated utilizing a thermochromic liquid crystal (TLC) sheet.  Average fluid motion 

and its fluctuations were estimated using laser Doppler Anemometry.  They noticed that the structure of the flow and the local 

heat transfer varied considerably over the length.  Secondary flows and recirculation influenced flow and thermal developments.  

According to Mahanand and Senapati [29], quarter-circular ribs (Fig. 24) offered the highest thermal enhancement factor, 1.88.  

Triangular ribs performed the best heat transfer rate, according to Ekiciler and Çetinkaya [30], who used elliptical, square, and 

triangular shaped transverse ribs (Fig. 25) for heat transfer enhancement.  Liu et al. [31] improved heat transfer and the thermal 

enhancement by altering conventional transverse ribs to create truncated ribs (Fig. 26).    They revealed that the truncated ribs 

promoted reduced pressure losses without negatively impacting heat transfer.  According to Liu et al. [32], perforated transverse 

ribs (Fig. 27) can increase heat transfer by 4-8% while decreasing pressure losses by 12-24% compared to traditional ribs.  

 

 
Fig. 24. Quarter-circular ribs [29]. 

 

 
Fig. 25. Transverse ribs with ellipses [30]. 

 

           
Fig. 26. Truncation ribs [31]. 
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 (a) Square perforated                       (b) Circular perforated 

Fig. 27. Perforated transverse ribs [32]. 

 

4.3 Effect of rib height 

The thickness of the boundary layer and the rate of heat transfer are both directly affected by rib height.  Generally, 

increased rib height introduces stronger turbulence/reattachment and superior heat transfer.  However, further increased rib height 

beyond the appropriate level leads to the absence of reattachment (Fig. 28) and thus, poorer heat transfer rate due to the flow 

patterns [33].  The analysis by Prasad and Saini [34], suggests that the optimum rib height is slightly larger than the transition 

sublayer thickness.  Under this condition, ribs noticeably enhance heat transfer with moderate pressure losses since they do not 

protrude into the turbulent core.  Alternatively, excess rib height causes a high pressure drop penalty that directly degrades 

thermal performance.  Figs. 29 and 30 show that eddy currents or recirculation flow occurs adjacent to the rear of a rib.  As the 

rib height to channel height ratio (BR) grows larger, the size and shape of the eddy currents become larger.  Consequently, the 

reattachment areas shrink.  Therefore, excessively high ribs are used, leads to inefficient heat transfer [19, 35].  

 

e/D Flow pattern between ribs 

 

e1/D 
 

 

e2/D 
 

 

e3/D 
 

 

e4/D 
 

 

e5/D 
 

Fig. 28. Effect of rib height in terms of rib height to channel diameter ratio (e/D) on flow patterns [33]. 
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Promvonge et al. [36] investigated the turbulent flow in a duct with thin discrete inline 60° V-shaped ribs.  According to 

their findings, a pair of counter-rotating vortices (P-vortices) were created by the ribs, and these P-vortices triggered 

impingement flows that improved heat transfer.  With increasing blockage ratio, pressure losses and heat transfer increased.  Ribs 

with a blockage ratio value of 0.0725 at Re = 10,000 produced the highest thermal performance factor, 1.8.  As much as four 

times as much heat was transferred in this configuration as in a square, smooth duct.   According to Bahiraei et al. [37], the 

increase in the heat transfer coefficient was caused by reducing rib pitch and increasing rib height.  It can be concluded from the 

above results that there is an appropriate range of rib height which offers efficient heat transfer with a reasonable pressure loss 

penalty.  Since it is related to the reattachment flow [38-40], the roughness height ratio (e/Dh) has a substantial influence on the 

flow and heat transfer of enhanced thermal systems. 
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Fig. 29. Flow patterns in a ribbed channel with different rib heights [19]. 

 

 
(a) BR = 0.125 

 
(b) BR = 0.25 

Fig. 30. Prediction of flow in a ribbed channel with different rib heights [35]. 
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p/e Flow pattern between ribs 
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Fig. 31. Effect of rib pitch on downstream flow [33]. 

 

4.4 Effect of rib pitch 

Creating an artificially rough absorber plate bottom for a solar air heater duct, the heat transfer coefficient between the 

absorber plate and the air can be significantly enhanced. The effect of relative pitch (p/e) on heat transfer rate and pressure loss in 

a roughened duct of varying form roughness geometries was investigated experimentally [41-45].  Prasad and Saini [34] present 

the flow patterns associated with ribs having different pitch ratios (p/e) as seen in Fig. 31.  Reattachment of a free shear layer 

appears at 6e-8e, behind each rib. Therefore, installing ribs at pitch ratios (p/e) values smaller than 6 leads no reattached flow.  

Consequently, the heat transfer rate is reduced to levels even poorer than that of smooth surface in some cases.  Additionally, 

decreasing rib pitch monotonically increases friction losses.  Therefore, ribs having p/e values less than 6.0 yield extremely low 

thermal performance.  Alternatively, ribs with excessive pitch values yield low heat transfer and thus, low thermal performance 

due to inconsistent reattachment.  Generally, optimal rib pitches producing maximal thermal performance, are in the range of 6.0 

to 10. 

Yadav and Bhagoria found that the transverse ribs at various shapes as see in Figs. 32-34 that significantly boost the 

degree of turbulent flow closer to the heat transfer surface [46-48].  Aharwal et al. [49] looked at the way a solar air heater 

worked when it used ribs that were repeated to improve the efficiency of the heater's heat transfer.  They determined that the 

pressure loss reduction and heat transfer rate improvements over a smooth channel were 2.6% and 2.9%, respectively.  It was 

determined that the optimum location and width ratios for thermal performance were 0.25 and 1.0, respectively.    Gap width and 

gap position are two geometric variables that have been studied by Aharwal et al. [50].  They found that the pressure losses 
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increased to a value 3.6 times greater than that of a smooth channel, with a maximum increase in heat transfer that was 2.83 

times that of a small channel at corresponding gap positions and pitch ratios of 1.0 and 8.0.  

 

 
Fig. 32. Circular ribs at p/e = 7.14-35.71, e/D = 0.021-0.042 [46]. 

 

 
Fig. 33. Rectangular ribs at p/e = 7.14-35.71, e/D = 0.021-0.042 [47]. 

 

 
Fig. 34. Triangular ribs at p/e = 7.14-35.71, e/D = 0.021-0.042 [48]. 

 

4.5 Effect of V-shaped/inclined ribs 

There are two major categories of rib types. They are transverse ribs, which are arranged perpendicular to the flow, and 

V-shaped/inclined ribs, which are angled to the flow as shown in Fig. 35. Owing to their lower pressure losses, V-shaped ribs 

usually yield higher thermal performance (evaluated from (Nu/Nu s)/(f/f s)1/3) than transverse ribs.  Multiple V-shaped ribs are 

another form of V-rib modification (Fig. 35(c)), which introduce multiple pairs of eddy flows downstream of the ribs.  These flows 

help in disrupting thermal layers and blending cold and hot fluids, resulting in enhanced heat transfer [51-53].  Generally, multiple 

V-shaped ribs cause fluid to impinge at the rear of ribs producing counter-vortex-flow as shown in Fig. 36.  Flow leads to strong 

turbulence signified by high kinetic energy dissipation in the transverse flow plane.  The impinged area shows excellent heat 

transfer since the cold fluid near the upper wall is induced by a recirculation stream to absorb heat from the hot lower wall and 

vice versa.  In other words, the counter-vortex-flow promotes fluid mixing and thus, heat transfer. 

 

                        
              (a) Transverse ribs                             (b) V-shaped ribs                     (c) Multiple V-shaped ribs 

Fig. 35. Transverse rib and V-shaped ribs/multiple V-shapes ribs [53]. 

 



 

 

TJME, 2024, Volume 1(1) 

 
 (a) Streamlines and kinetic energy dissipation in the transverse flow plane 

 
(b) Fluid and surface temperatures 

Fig. 36. Flow behaviors and temperature distributions in a duct with multiple V-shaped ribs [54]. 

 

In a channel with inclined ribs, Chaube et al. [55] indicated increased heat transfer rate and pressure losses.  Ribs with an 

attack angle of 60 degrees, a position ratio and a width ratio of 0.33 and 0.33 generated the highest heat transfer and pressure 

losses.  Kaewchoothong et al. [56] examine how different arrangements of inclined angle ribs in a duct influenced local heat transfer.   

Based on their experimental findings, heat transfer by transverse ribs was respectively enhanced by about 20%, 25%, and 30% 

for inclination angles of 60°, 45°, and 60°.  Experiments on heat transfer in a square channel with ribs on two walls were undertaken 

by Han et al. [57]. Researchers explored to see how rib arrangement affected performance.  Heat was transported more efficiently 

with 'V' and angled ribs compared with continuous ribs.  Among the angled ribs, the 60° angle ribs had the highest-pressure loss 

and heat transfer rates.  Han et al. [58] also indicated that heating only one or both of the ribbed walls might very well increase 
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heat transfer efficiency compared to heating all four channel walls.  Xie et al. [59] undertook a numerical analysis of the influence 

of rib arrangement on heat transfer and pressure losses. They compared a variety of configurations: continuous ribs of the same 

size, half-sized and same-size ribs below greater ribs, and half-size ribs between two larger nearby ribs.  Their findings 

demonstrated that positioning the downstream ribs was an effective way to reduce pressure losses and enhance the flow structure.  

The thermal performance and heat transfer increase of different V-pattern ribs were evaluated by Kumar and HoeKim [60].  V-

shaped ribs, protruding V-shaped ribs, dimpled V-shaped ribs, and grooved V-shaped ribs were all displayed.  The best thermal 

performance was seen for ribs arranged in a V pattern with both grooves and rough surfaces.   

Using a square channel with either V-ribs (V-shaped ribs with a 45° apex angle, with the apex pointing in the upstream 

and downstream directions) or W-ribs (W-shaped ribs with a 45° apex angle, with the central apex pointing in the upstream and 

downstream directions), Abraham and Vedula [61] investigated the characteristics of pressure drop and heat transfer enhancement.   

The experiments examined three relative pitch ratios (p/e = 6, 10, and 17.5).  They found that compared to W-rib turbulators, V-

rib turbulators offered higher heat transfer coefficients. Based on the thermal performance criteria for constant pumping power, the 

ideal condition was found using W-rib turbulators with a pitch ratio of 10.  Han and Zhang [62] investigated the effects of broken 

V-ribs and continuous ribs in a square channel.  They discovered that V-ribs with breaks at a 60-degree angle outperformed 

continuous ribs. A duct installed with 60° broken V-ribs provided up to 4.5 times more heat transfer than a channel without ribs.  

Using attack angles of 0o-165o, Yongsiri et al. [18] studied how incorporating inclined detached-ribs to a channel improved heat 

transfer.   Attack angles of 60° and 120° on the ribs were used in most of the testing.  They generated the highest heat transfer 

and thermal performance indices.  Karwa [63] evaluated how installing V-discrete ribs to a channel's wall increased heat transfer.  

The V-down discrete arrangement was found to have the best thermal performance of the geometries tested.  Tanda and Abram 

[64] observed that the inclined ribs placed on one or both channel walls raised the transfer of heat rates.  They noticed that the 

Nusselt number was 29% higher when inclined ribs were inserted on both sides of the channel, and the pressure loss was 3.0 

times higher than in a smooth channel. 

 

4.6 Summary of ribs 

The most important characteristics of a rib's design and arrangement are its shape/design, its height, and its pitch.  A 

designed rib may assume a variety of shapes and orientations.  The previous section analyzes flow characteristics with respect to 

various types of rib features (solid ribs, straight perforated, inclined perforated, detached, grooved, triangular prism, downstream 

convex, convex-concave, concave-concave, downstream convex, convex-concave, concave-concave, staggered, truncated, 

elliptical shaped transverse, triangular shaped transverse,  circular, V-shaped, and multiple V-shaped ribs, as well as V-pattern 

ribs with dimples, V-pattern ribs with a combination of grooves, W-ribs,  and V-discrete ribs).  Creation of flow separation areas 

has the greatest influence on the flow behavior of a rib.  This recirculation/vortex flow accounts for turbulence, which promotes 

both heat transfer and pressure losses.  More specifically, it has been shown that perforations in ribs and V-shaped ribs can 

improve thermal performance and minimize pressure losses. 

 

5. Enhancing heat transfer with baffles 

For heat transfer in compact heat exchangers, ultra-baffles are needed that are appropriate for the sizes of the heat 

exchangers.  Baffles of several designs have been proposed. 
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5.1 Effect of transverse baffles 

Heat transfer and flow structure in a channel with inline baffles have been predicted numerically by Bazdid-Tehrani and 

Naderi-Abadi [65].  They claimed that baffles with high blockage ratios were ineffective in improving heat transfer.  Oils were 

used as the working fluids in Mousavi and Hooman [66] investigated the influence of segmented baffles on the top and bottom 

channel walls to improve heat transfer rate.  Chang et al. [67] examined at how oblique baffles affected thermal performance.  

They claimed that the baffles significantly improved the rates of heat transfer and pressure loss over those determined by the 

Dittus-Boelter and Blasius correlations.  Additionally, the maximum thermal performance reached 3.4.  Al2O3/water nanofluid heat 

transfer behaviors were investigated in experiments by Mashaei et al. [68] in a channel with baffles.  Development of the 

nanofluid flow induced an increased intensity and reduced length of the recirculation regions over those found using water alone.  

 

5.2 Effect of inclined baffles 

Promvonge et al. [69, 70] evaluated the effect of installing 45o angled baffles in a duct on its heat transfer.  They noticed 

that pressure drop and heat transfer rose as baffle height increased.   When the channel height is 20% and the baffle is at a 45o 

angle, the thermal enhancement is greatest.   Kwankaomeng and Promvonge [71] examined the thermal characteristics of a 

channel with inclined baffles.  They discovered that the tvortex flow produced by a baffle preferred to cause impinging flows, 

which greatly boosted heat transfer throughout the channel.  The greatest Nusselt number ratio and thermal performance were 

identified to be 7.9 and 3.1, respectively.  Promvonge et al. [72] analyzed thermal behavior and fluid flow in a channel with 

inclined baffles on the top and bottom walls.  They exhibited P-vortex flows and that the inter-baffle cavity walls substantially 

boost thermal enhancement. 

 

5.3 Effect of perforated baffles 

Perforated baffles can create jets impinging on exchanger surfaces to improve heat transfer.  Additionally, the presence of holes 

also helps in reducing pressure losses.  This results in better thermal performance. The report by Dutta et al. [73], shows that installing 

perforated baffles improves heat transfer by up to 5 times compared to that of a bare channel.  Moreover, the jets introduced by 

perforated ribs promote a greater degree of heat transfer than the common secondary flow provided by non-perforated ribs [74].  Sahel 

et al. [75] measured the thermal performance of a channel with fitted perforated baffles.  They revealed that perforated baffles with 

pore axis ratios of 0.19 produced approximately 65% greater heat transfer thantraditional baffles.  El Habet et al. [76] examined the 

impact of baffle perforation ratios and tilt angles (as seen in Fig. 37) on heat transfer rate and thermal performance.  The highest thermal 

performance was achieved at a tilt angle of 60P

o
P and a perforation ratio of 10%. 

 

 
Fig. 37. Transverse and V-shaped ribs [76]. 
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Baffle perforation ratios (10-40%) and tilt angles (0°, 30°, 45°, and 60°) were studied by El Habet et al. [76], examining 

their effects on heat transfer, pressure losses, and thermal performance. At a perforation ratio of 10% and a tilt angle of 60o, the 

maximum thermal perfromance was achieved.  According to Alam et al. [77], compared to a conventional V-shaped baffle, 

perforated V-shaped baffles (Figs. 38-40) could boost heat transfer and thermal enhancement while decreasing pressure losses.  

Chamoli [78] and Chamoli and Thakur [79, 80] investigated numerically the geometry of V-down shaped perforated baffles in 

order to obtain minimal pressure losses and maximum heat transfer.  According to them, the maximum Nusselt number and 

pressure losses were obtained at a 12% open area.  Promvonge and Skullong [81] studied the thermal performance of a duct with 

V-shaped flapped baffles with a chamfered groove, depicted in Fig. 41.   According to their findings, baffles with a tilt angle of 90° 

had the lowest heat transfer because they produced the least powerful counter-rotating vortices among those of four flap angles 

(30°, 45°, 60°, and 90°) placed in the central area of the baffle. 

 

 
Fig. 38. Perforated V-shaped baffles [77]. 

 

                               
          Fig. 39. V-down shaped perforated baffles [78].                    Fig. 40. V-down shaped perforated baffles [79]. 

 

 
Fig. 41. V-shaped flapped baffles combined with chamfered groove [81]. 
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5.4 Effect of V-shaped baffles 

Generally, V-shaped ribs induce axial vortices after impact with the ribs. Such a change in flow characteristics will cause collision 

of low temperature fluid with both the upper and lower walls, improving fluid mixing and heat transfer.  The results of Eiamsa-ard et al. 

[82]  reveal that each pair of thin V-shaped ribs induces four longitudinal vortices.  Two are induced by the top rib and the other two by 

the bottom one.  The vortices assist in the transfer of heat from a heated surface to the fluid (Figure 42).  The illustration also shows that 

slender V-shaped ribs with an angle of attack of 45o are more effective at enhancing heat transfer than those with attack of 60o, as 

indicated by a thinner high temperature layer (red layer).   

 

      
 (a) α = 45o at Re = 1000 and BR = 0.15 

    
(b) α = 60o at Re = 1000 and BR = 0.15 

Fig. 42. Axial vortex flows on the vertical planes and temperature distributions on the vertical planes in a square channel equipped with 

thin V-shaped ribs [82]. 

 

Fig. 43 shows that V-shaped ribs with α = 45o introduce reattachment flow that covers a larger area than those having α = 

60o.  The ribs at α = 45o distribute reattached flow from the whole bodies of the ribs while the ones with α = 60o cause reattahment 

only around the rib center.  The 3D iso-surface flow patterns in Fig. 44 support the observation that the V-shaped ribs with α = 45o 

introduce vortices with higher strength (observed from the larger ring diameter) than the ones with α = 60o.  Fig. 45 confirms that V-

shaped ribs with α = 45o provide a high Nusselt number area closer the the rib rear with higher intensity than the ones with α = 60o, 

as shown in Figs. 42-44. 
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                              (a) α = 45o                                                                     (b) α = 60o 

Fig. 43. Discharge current line from V-shaped ribs at Re = 1000 and BR = 0.15 [82]. 

 

    
(a) α = 45o                                           (b) α = 60o 

Fig. 44. The 3D surface flow (iso-surface) introduced by V-shaped ribs at Re = 1000 and BR = 0.15 [82]. 

 

      
(a) α = 45o                                           (b) α = 60o 

Fig. 45. Nusselt number contours yielded by V-shaped ribs at Re = 1000 and BR = 0.15 [82]. 

 

Multiple v-shaped ribs, including the V/W-shaped rib, the multi V-shaped rib, the arch-shaped rib, the broken V-shaped 

rib, the broken multi V-shaped rib, and double V baffles, are illustrated in Figs. 46 to 61. These ribs are intended to boost the heat 

transfer rate.   In accordance to research by Abraham and Vedula [61], Thakur et al. [83], Li et al. [84], and Jiang et al. [85], 

angled ribs (V- and W-shaped ribs) were able to generate counter-rotating flows and provided better heat transfer than 

transverse ribs (Fig. 46).  Abraham and Vedula [61] found that the V-shaped arrangement offered the greatest performance.  

A study by Thakur et al. [83] and Li et al. [84], V- and W-shaped ribs give a greater rate of heat transfer than inclined ribs 

(Figures 47-49).   Tanda and Satta [86] noticed that angled ribs generate a vortex flow that helps reduce wall temperature and 

improve heat transfer.  Jin et al. [87, 88] and Li et al. [89] revealed that the arrangement of multiple V-shaped ribs (Figs. 50-51) 

on one wall of a solar air radiator generated a pair of counter-rotating vortices.  The V-shaped ribs (Fig. 49) placed on the upper 

and lower walls produced four counter-rotating vortices, as reported by Fawaz et al. [90] and Bahiraei et al. [37].  This flow 

structure's disruption of a thermal boundary layer and increased heat transfer at the jet's impinged surface improved thermal 

performance.  In the work of Ebrahim Momin et al. [39], V-shaped ribs with a higher rib height caused increased pressure losses 
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and heat transfer.   Dong et al. [91] used solar air heater with inclined groove rolling surfaces.  They noted that as the number of 

rolling surfaces (N) increased, the number of counter-rotating flows on the transverse plane also boosted resulting in enhanced 

fluid interaction resulting in heat transfer.  Singh et al. [92] discovered that raising the number of arc-shaped ribs increased the 

heat transfer rate and friction factor by as much as 5.07 and 3.71 times, respectively, compared to a plain channel.   Angled 

baffles and ribs have been altered in a variety of ways, including adding discrete/broken perforations.  This was done to improve 

the thermal performance factor.   Discrete V-down ribs offer lower pressure losses and greater heat transfer than the continuous 

V-down ribs, according to Singh et al. [93, 94], who investigated the effects of discrete baffles/ribs.  According to Kumar et al. 

[95], disruption of the boundary layer by air passing through a gap increased heat transfer behind the rib.  Furthermore, it was 

claimed that powerful secondary stream jets were produced by broken multiple V-type baffles (in the form of counter-rotating 

vortices).  Maithani and Saini [96] also indicated that broken V-type baffles with small gaps provided the greatest heat transfer.  

Kumar et al. [97] analyzed the thermal performance and optimal relative width parameter of the channel using multiple broken V-

shaped baffles.  According to their findings, a relative baffle width of 5.0 resulted in superior thermal performance overall.  In 

addition, the results suggested that the thermal performance of the broken multiple V-type baffles was more beneficial to that of 

the other baffles. 

 

 
Fig. 46. V- and W-shaped ribs [61]. 

 

                       
                                        Fig. 47. V-shaped ribs [83].                               Fig. 48. W-shaped ribs [84]. 

 

                               
                                    Fig. 49. Multi V-shaped ribs [90].                            Fig. 50. V-shaped ribs [37]. 
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                   Fig. 51. Multi V-shaped ribs [88].                            Fig. 52. Multi V-shaped ribs [89]. 

 

 
Fig. 53. V-shaped ribs with the greater rib height [39]. 

 

 
Fig. 54. Inclined groove ripple surfaces [91]. 

 

                                                 
                                                 Fig. 55. Arc-shaped ribs [92].         Fig. 56. Continuous V-down ribs [93]. 
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                                Fig. 57. Broken V-type baffles [96].               Fig. 58. Broken multiple V-type baffles [97]. 

 

Jedsadaratanachai and Boonloi [98] examined how a channel with 30° double V-baffles (Fig. 69) might improve heat 

transfer rate.  They studied how various blockage ratios (0.05-0.25) and pitch ratios (1.0-2.0) affected thermal performance.  It 

was found that increasing the blockage ratio while reducing the pitch ratio led to rose pressure losses and heat transfer.  The 

greatest thermal performance, 3.2, was found at blockage and pitch ratios of 0.1 and 1.0.  Jedsadaratanachai and Boonloi [99] 

examined the performance of a duct with hybrid discrete baffles or V-baffle/orifice (Fig. 60), examining the heat transfer, pressure 

losses, and thermal performance in the turbulent flow regime.  At a blockage ratio of 0.1, the baffles boosted the heat transfer rate 

and thermal performance by up to 6.0 and 1.7 times, respectively.   A variety of V-type baffles with 60o splits and various width 

ratios (Fig. 61) were presented by Kumar et al. [97].  According to their research, broken multiple V-type baffles surpassed other 

baffles in terms of thermal performance.  Kumar et al. [100] utilized discretized broken V-pattern baffles with attack angles of 30–

70°, blockage ratios of 0.25–0.8, pitch ratios of 0.5–2.5, and baffle gap width ratios of 0.5-1.5 to improve heat transfer.  The 

discretized broken V-pattern baffle gave better than other baffles in terms of thermal performance.  The heat transfer behaviors of 

a channel with discretized broken V-pattern baffles with different baffle gap ratios (0.26 to 0.83) and baffle gap width ratios were 

also tested by Kumar et al. [101].  The greatest thermal performance was 3.14.  Fawaz et al. [90] determined flow topology and 

heat transfer mechanisms in a duct with V-baffles inserted at a 45° attack angle with varying blockage (0.2-0.6) and pitch ratios 

(0.5-1.5).  They predicted that the four counter-rotating vortices produced by the V-baffle would result in chaotic mixing between 

the wall and core flow areas.  Promvonge and Skullong [102] proposed straight tapes with double-sided V-baffles installed 

with various blockage and pitch ratios for enhanced heat transfer.  In their experiments, the tapes were arranged in two different 

configurations, with the V-apex pointing upstream and downstream.  The ones with the V-apex pointing upstream underperformed 

the ones with the V-apex pointing downstream by about 1.4%. The greatest thermal performance factor, 2.07, was attained at a 

blockage ratio of 0.15 and a pitch ratio of 1.0.  Promvonge and Skullong did research on newly redesigned V-shaped baffles [103]. 

While the blockage and pitch ratios were varied between 0.1-0.2 and 0.5-2.0, respectively, the attack angle of the baffles 

remained constant at 30°.  Modified V-shaped baffles with a blockage ratio of 0.15 and a pitch ratio of 0.1 had thermal 

performance factors of up to 2.34.  Promvonge and Skullong [81] examined the thermal performance of a channel with a coupled 

V-shaped flapped-baffle and chamfered-groove, four different flap angles installed on the central region of the baffle (30°, 45°, 

60°, and 90°), a baffle pitch ratio of 1.0-2.0, and a groove pitch ratio of 1.0-2.0. The ideal baffle design had a 1.5 pitch ratio and 

a 45° flap angle placed in the baffle center region, yielding a high thermal performance factor, 2.68. 
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Fig. 59. 30o double V-baffles [98]. 

 

 
Fig. 60. Discrete Combined V-baffle and V-orifice [99]. 

 

 
Fig. 61. Broken Multiple V-type baffle [97]. 

 

5.5 Effect of broken V-shaped baffles 

Segregated V-shaped baffles can generate secondary vortex flows as well as longitudinal vortex flows.  The results by 

Promvonge et al. [36] reveal velocity, temperature and pressure fields as well as Nusselt number contours associated with the use 

of segregated V-shaped baffles (Fig. 62).  Clearly, counter longitudinal eddy currents appear at the lower wall near each V-

shaped rib.  Low pressure at the rib rear induces fluid movement from the main flow down to the hot wall.  Then, the fluid moves 

upward with transferred heat.  The process is continuously repeated at each rib.  Since baffles have smaller pitch ratios (PR) than 

square ribs, they therefore show different heat transfer behaviors, as depicted in Fig. 63.  This figure suggests that the density 

and intensity of eddy currents and Nusselt numbers for baffles, are greater than square ribs, owing to their smaller pitch ratio.  

Consequently, heat transfer with baffles is superior to that of the square baffles, especially around the middle of the channel and 

in front of the ribs. However, heat transfer along lateral region by the baffles is slightly lower than that of square baffles.  Kumar 

et al. [101] evaluated the heat transfer rates in a channel with discretized broken V baffles installed.  Thermal performance indices 

reaching 3.14 with up to 4.47 times greater heat transfer were seen over that of a smooth channel.  The thermal performance of 

a solar air heater with multiple broken V-shaped baffles installed was compared to those of a channel with conventional baffles by 
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Kumar et al. [97].  According to their findings, broken multiple V-shaped baffles outperformed conventional baffles in terms of 

thermal performance. 

 

 
(a) Fluid velocity field and surface Nusselt number contour 

Temperature (K)  

                   
(b) Temperature and pressure fields 

Fig. 62. Velocity field, surface Nusselt number contour, temperature and pressure fields in the channel with segregated V-shaped 

baffle at BR = 0.0625, PR = 0.625 and Re = 15,000 [36]. 

 

Temperature (K)  

Nu  

                               
                           (a) square rib PR = 0.6250, BR = 0.0625                (b) PR = 0.1875, BR = 0.0250 

Fig. 63. Perpendicular flow lines in each cross-section and contour of the Nusselt numbers on the surface at Re = 15,000 and α 

= 60° [36]. 
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5.6 Effect of twisted baffles 

Two types of twisted ribs [104] have been proposed for application in a ribbed channel.  They are typical twisted ribs and 

an alternating axis twisted ribs, as depicted in Fig. 64.  Flow patterns and Nusselt number contours associated with the application 

of typical thin and common/alternating axis twisted baffles are display in Figs. 65 and 66, respectively.  The fluid flow across a 

typical baffle shows common reattachment, while that across the common/alternating axis twisted baffles (Fig. 66) is slightly 

diffracted, leading to spiral flow prior to reattachment.  Subsequently, the Nusselt number on the wall surface varies.  However, 

the mean Nusselt numbers in all cases are comparable.  Among all ribs, a typical baffle has the highest friction losses.  Both 

common twisted ribs and alternating axis twisted baffles cause comparable friction losses, which are lower than for a typical baffle.  

This arises because common twisted baffles and alternating axis twisted baffles facilitate fluid flow in a spiral pattern.  Therefore, 

twisted baffles show promising potential in promoting thermal performance.   Eiamsa-ard [105] investigated how multiple twisted 

tapes improved heat transfer in a duct. He looked at the influences of free-spacing ratios and tape twist ratios.  According to 

experimental findings, a channel with multiple twisted tapes could transfer heat up to 167% more efficiently than a smooth 

channel.  As free-spacing ratio and tape twist ratio decreased, heat transfer and pressure losses increased.  The thermal 

performance of a solar air heater equipped with twisted ribs was investigated by Kumar and Layek [106-107].  The effects of 

pitch ratio (p/e), rib inclination angle (30°-90°), and twist ratio (y/e = 3.0-7.0) were examined.  When twisted rib turbulators 

(Fig. 67) were utilized, heat transfer and pressure drop increased up to 2.58 and 1.78 times, respectively, compared to a 

plain channel.  Rashidi et al. [108] revealed the thermal performance of a square duct attached with transverse twisted baffles.  

The baffle with a pitch intensity of 540° resulted in the lowest pressure losses, whereas the baffle with a pitch intensity of 360° 

had the maximum heat transfer.  Thermal enhancement was studied by Eiamsa-ard and Chuwattanakul [17] in a channel with 

inclined twisted-baffles (Fig. 68), different pitch ratios and baffle twist ratios.  The highest thermal performance factors, up to 

1.98, were provided by inclined twisted-baffles (p/w = 6.0 and y/w = 5.0).  The thermal performance factor produced by the 

improved channel reached 1.98.  The thermal performance of a micro/mini-channel heat sink with twisted ribs installed was 

studied by Zhang et al. [109].  Their results demonstrated that twisted or inclined ribs in mini-channels simultaneously improved 

both flow resistance and heat transfer.  Thermal efficiency was enhanced by increasing the twist angle and decreasing the height 

of the twisted ribs.  The micro/mini-channel heat sink with twisted ribs had an overall maximum thermal performance factor of 

1.34.  According to Sawhney et al. [110], heat transfer from wavy delta winglets (Fig. 69) was about 223% higher than that for a 

smooth channel. 
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Fig. 64. Twisted baffles [104]. 
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(a) Transverse baffles                           (b) Alternate axis twisted baffles 

Fig. 65. Flow patterns through transverse baffles and alternate axis twisted baffles [104]. 
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                                     (a) Transverse baffles                              (b) Alternate axis twisted baffles 

Fig. 66. Nusselt number distributions in the channels installed with a typical baffle, common twisted rib and alternating axis 

twisted ribs at a Reynolds number of 9000 [104]. 

 

            
                               Fig. 67. Twisted ribs [106-107].                       Fig. 68. Inclined twisted-baffles [17]. 
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Fig. 69. Wavy delta winglets Sawhney et al. [110]. 

 

5.7 Effect of arc-shaped wires/ribs/ baffle 

Sahu and Prasad [111] evaluated the thermal performance of a channel with a fitted roughened arc-shaped wire (Fig. 70).  

It was discovered that a pitch ratio of 10, blockage ratio of 0.0422, and relative attack angle of 0.3333 produced the greatest 

flow reattachment and separation regions.  In comparison to a conventional channel, the exergetic efficiency increased by up to 

56%.  Hans et al. [112] examined a solar heater fitted with broken arc-ribs (Fig. 71).  They were able to reach heat transfer rates 

and pressure drop that were 1.19 and 1.14 times higher, respectively, than those of an arc-ribbed channel and a plain channel.  

Secondary flows brought on by broken arcs were the cause of this.  Saravanakumar et al. [113] used analytical modeling to 

investigate the effects on the thermal performance of a channel with arc-shaped ribs installed.  They discovered that arc-shaped 

ribs (Fig. 72) installed at width of the baffle and length of the baffle of 0.015 m and 0.2 m performed the greatest enhancement 

in thermal performance, to 82%, an increase of 28%.  The influences of arc-shaped baffles (Fig. 73) on thermal performance 

were investigated by Promvonge et al. [114].  They revealed that the heat transfer was as great as 5.8%, 3.9%, 2.3%, and 2.5% 

higher at an attack angle of 90° than it was at 20°, 40°, 60°, and 80°, respectively.  To achieve the highest thermal performance 

factor, 1.43, arc-shaped baffles with an angle of 90o and an 8.0 pitch ratio were used.  Sureandhar et al. [115] evaluated the 

thermal performance, effectiveness of a channel fitted with arc-ribbed wire.  An optimal 50% thermal performance was 

determined. As the volumetric airflow grew, the overall loss coefficient was reduced while the efficiency rose. 

 

      

 
Fig. 70. Arc shape wire roughness [111]. 

                          

 
Fig. 71. Broken arc rib [112]. 
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Fig. 72. Arc shaped rib [113].                     Fig. 73. Arc-shaped baffle [114]. 

 

5.8 Summary of baffles 

It is efficient to use baffles to improve the thermal performance of heat exchangers and solar air purifiers.  Numerous 

researchers have investigated the effect of these dividers on heat transfer rate and pressure loss characteristics in air ducts.  

Perforations in baffles, V-shaped baffles, and twisted baffles have the potential to enhance thermal performance and reduce 

pressure losses, as discussed in the preceding sections. 

 

6. Combined enhancement device 

Recently, combined enhancement devices with roughened surfaces were used as vortex generators in a solar air heater 

duct.  In a channel, Promvonge et al. [116] examined the influences of ribs and winglet-type on heat transfer and pressure loss 

characteristics. To create longitudinal vortex flows in the test duct, two sets of winglet-type devices with different attack angles 

were mounted at the channel's inlet, isosceles triangular-shaped ribs were installed inside duct walls to create a reverse flow.  

Their results demonstrate that combined enhancement devices, ribs and winglet-type, produced increased heat transfer over that 

of individual enhancement devices (rib).  Furthermore, it was found that WVGs with higher attack angles were better at 

transferring heat.  Promvonge et al. [117] additionally examined at the way inserting ribs and delta-winglets (DWs) together 

improved heat transfer in a solar air heater.  With ribs, a DW that is pointed upstream (PU-DW) is more effective at transferring 

heat than a DW that is pointed down (PD-DW).  The DW with the smallest attack angle and pointing downstream provided the 

greatest thermal performance.  

 

7. Nano-fluid heat transfer enhancement  

As novel liquids, nanofluids are finding new applications in heat exchangers [118-120]. Nanoparticles are particles with sizes 

less than 100 nanometers (nm).  Poor thermal conductivity of a basic fluid necessitates the utilize of nanoparticles to improve heat 

transfer efficiency.  The concept is to enhance the heat transfer capacity of a material by increasing its thermal conductivity.  This 

is done by including solid particles with higher heat conductivity than the original fluid.  Compared to the thermal conductivity of 

the base fluid, a metal-specific solid is hundreds of times better.  Nonetheless, advancements in nanofluids technology are still 

required.  The limitations of current technology mean that the nanofluids and nanoparticles used in their synthesis are expensive, 

and that only a small amount can be produced at a time.  Additionally, most nano-fluids become unstable after prolonged use, a 

problem that is addressed by adding other chemicals to the working fluid. 
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8. Summary 

This review concludes that a significant portion of study has been performed on the influence of artificial roughness of 

geometries shapes and conditions on flow structure, heat transfer rate and pressure loss characteristics.  A considerable 

improvement in heat transfer rate can be accomplished with little increase in pressure losses.  As a result, further conclusions can 

be drawn. 

1. The thermal performance of solar air heaters is often worse that of solar water heaters due to the absorber plate's 

naturally weak heat transfer capabilities with the air passing through a duct.  Heat transfer coefficient improvements are 

needed to make commercialization of solar air heaters possible.  Improving the air-to-absorber plate convective heat 

transfer coefficient (h) may be done in two primary ways.  The first technique involves increasing the area of heat transfer 

by employing corrugated surfaces or enlarged surfaces known as fins, without affecting the convective heat transfer 

coefficient (h).  The second way of boosting convective heat transfer by generating surface disturbances.  That can be 

implemented using ribs/baffles the bottom of the absorber surface.  Several researchers have sought to create ribs/baffles 

that may improve the coefficient of convective heat transfer (h) with negligible pressure losses. 

2. Modified rib/baffle designs have been explored to promote an important heat transfer gain, over that of a plain channel, 

for the simplest ribs and baffles for solar air heaters and for gas turbines.  The redesigned ribs/baffles have a positive 

influence on efficiency by reducing the pressure loss, which in turn reduces pumping power and so saves energy. 

3. There are numerous designs of ribs and baffles.  Well-designed ribs and baffles efficiently augment heat transfer while 

keeping pressure loss as low as possible to maximize the thermal performance factor.  A thermal performance factor 

above unity indicates that an enhanced system is promising for energy saving.  

4. Recent studies show that newly designed baffles improve thermal performance by boosting heat transfer rate while 

minimally increasing pressure drop. According to a review of baffles, perforations are an excellent way to minimizing 

pressure loss without significantly reducing the heat transfer rate. Perforated baffles present higher thermal performance 

compared to solid baffles.  

5. Development of ribs and baffles focuses on varying their shape, geometry and arrangement. Flows through the ribs and 

baffles are extremely complex.  Without an experimental study, numerical investigation allows a deeper understanding of 

flow and heat transfer mechanisms associated with enhanced systems.  The advantages of numerical methods are that 

they allow researchers to examine issues that cannot be practically studied by experimentation.  They also allow deeper 

research for investigating whether two or more variables are related.  Understanding flow and thermal behaviors is 

essential for the continued development of ribs and baffles that improve heat transfer. 
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