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In the current study, duct of equilateral triangular cross section having V-down ribs with multiple gaps 

and turbulence promoters as artificial roughness is analyzed and thermo-hydraulic response of duct is 

measured. For in depth analysis computational fluid dynamics analysis has been carried out using ANSYS 

FLUENT 19.0. Under the parametric variation part, effect of change in roughness parameters, viz., relative 

roughness pitch and angle of attack on thermohydraulic performance has been explored. Flow Reynolds 

number (Re) is systematically varied from 4,0 0 0 to 20,0 0 0. Proposed roughness proves its worth as its at- 

tachment over the absorber leads to an enhancement in Nusselt number and friction factor both, because 

of enhanced level of interaction among the fluid particles. Study reveals that upon varying the relative 

roughness pitch (P/e) from 8 to 14 and angle of attack from 45 0 to 60 0 , maximum heat transfer rate is 

attained at P/e = 10 and α = 45 0 , respectively, irrespective of Reynolds number. Performance of the SAH 

with proposed roughness is found to be better than other type of roughness elements studied in recent 

past. 

© 2020 Published by Elsevier Ltd. 
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. Introduction 

Solar energy has been nurturing the lives of millions of species

n the planet for millions of years. Unlike fossil fuels, solar energy

s more abundantly available. The planet receives 10,0 0 0 times

ore energy in the form of sunlight than the annual consumption

f entire humanity in all possible forms. The solar energy that is

eing received on the Earth’s surface in enormous quantity can be

onverted into a form which is useful to us. 

Solar energy, being a renewable source of energy is totally cost

ree, highly sustainable, inexhaustible and is available throughout

he year. Using solar radiation as energy source can reduce the en-

rgy and cost bills up to a great extent. Replacing non-renewable
Abbreviations: SAH, Solar air heater; CFD, Computational fluid dynamics; NNER, 

usselt number enhancement ratio; FFER, Friction factor enhancement ratio; THPP, 

hermo-hydraulic performance parameter. 
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E-mail address: rohiteca@ecajmer.ac.in (R. Misra). 

s

 

t  

h  

c  

t  

ttps://doi.org/10.1016/j.ijheatmasstransfer.2020.120376 

017-9310/© 2020 Published by Elsevier Ltd. 
nergy sources with solar energy can also reduce the emission of

O 2 significantly. Utilization of solar energy in heaters and other

pplications such as cooking, drying, pumping, etc. lowers the elec-

ricity consumption. Wide application field of solar energy is at-

racting researchers and investors to access solar energy system

hich is clean and safe for heating purposes. 

SAHs are used to heat up the air by trapping and absorbing the

olar radiation using a glass glazing and an absorber plate. It’s an

stablished fact that the heat transfer from solar air heater having

 smooth absorber plate is poor due to the formation of laminar

ub-layer over the heated surface which inhibits the heat transfer.

esearchers have also experimented with various cross section of

he solar air heater duct such as triangular ducts, rectangular ducts,

quare ducts, and triangular ducts with rounded corners. 

To enhance the heat transfer between the absorber plate and air

wo approaches can be used, one is to increase the surface area for

eat transfer and other is to increase the convective heat transfer

oefficient. Using artificial roughness on absorber plate increases

he convective heat transfer by disrupting the laminar sub-layer

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120376
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120376&domain=pdf
mailto:rohiteca@ecajmer.ac.in
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Nomenclature 

D h hydraulic diameter, mm 

W duct width, mm 

H height of duct, mm 

e rib height, mm 

g gap size, mm 

h heat transfer coefficient, W/m 

2 -K 

k thermal conductivity of air, W/m-K 

L length of test section, mm 

P pitch, mm 

u velocity of air, m/s 

Greek symbols 

α angle of attack, ◦

μ dynamic viscosity, Pa ∗s 

ρ density of air, kg/m 

3 

k turbulent kinetic energy, m 

2 /s 2 

ԑ turbulent kinetic energy dissipation rate, m 

2 /s 3 

Non-dimensional numbers 

e/D h relative roughness height 

P/e relative roughness pitch 

W/H aspect ratio 

f friction factor 

f s friction factor for smooth duct 

f/f s friction factor enhancement ratio 

Nu Nusselt number 

Nu s Nusselt number for smooth duct 

Nu/Nu s Nusselt number enhancement ratio 

Re Reynolds number 

Pr Prandtl number 

St Stanton number 

and promoting the turbulent flow inside the duct. In addition to

this, these roughness patters also result in high pressure losses due

to friction which creates the need of higher pumping power. Var-

ious studies are going on to find the effect of various roughness

patterns on heat transfer coefficient and thermal efficiency. 

During the last couple of years, researchers have showcased the

findings of their studies carried out on air heater duct having vari-

ety of roughness elements. 

Kumar et al. [1] scrutinized the fluid flow and heat transfer as-

pects of a triangular duct SAH experimentally as well as numer-

ically. The investigation was conducted on three various models,

viz. simple triangular duct, duct with rounded corners on one side,

and duct with rounded corners on one side having roughness also.

It was summarized that the triangular duct SAH with rounded cor-

ners on one side having roughened absorber plate gave the best

performance. In one more experimental study, Kumar et al. [2] an-

alyzed the thermal performance of a ribbed absorber plate having

arc-shaped roughness. The roughness parameters including num-

ber of gaps, relative gap width and relative gap position, were

systematically varied. Thermal performance of SAH was optimized

by response surface methodology, and by executing so, it was re-

ported that at relative gap width value of 1, relative gap position

value of 0.6 and number of gaps value of 3, the best possible THP

value was 3.85. Jain et al. [3] conducted a numerical study and

determined the thermal performance of SAH, whose absorber sur-

face was having discrete V-shaped perforated baffles as artificial

roughness. The effect of relative blockage height (e/H) on Nusselt

number (Nu), friction factor (f), and thermohydraulic performance

parameter (THPP) was analyzed. Nusselt number enhancement ra-

tio and friction factor enhancement ratio were claimed to be 4.24

and 14.73, respectively. However, a THPP having a maximum value
f 2.24 was reported at e/H = 0.4. Kumar et al. [4] carried out a

FD analysis and investigated the thermo-hydraulic performance of

ircular rib roughened triangular passage SAH. Relative roughness

itch (P/e and Reynolds number (Re) were systematically varied.

HPP was reported to be maximum at Re of 150 0 0, P/e, and e/D

ere 12 and 0.06, respectively. 

Jain et al. [5] , using a CFD model, investigated the effect of bro-

en inclined ribs having rectangular cross-section on THPP of equi-

ateral triangular passage duct. In their CFD investigation, the ef-

ect of relative gap width and relative gap position was explored

y varying the Reynolds number from 40 0 0 to 180 0 0. The study

evealed that at d/w = 0.5 and g/e = 1, Nusselt number for rough-

ned duct increased by 2.16 times, as compared to the smooth

uct. In one more study by Jain et al. [6] , the effect of arc-shaped

ibs with multiple gaps on heat transfer augmentation in SAH was

nvestigated using an experimental setup. Number of gaps (N g ) and

eynolds number (Re) was systematically varied, keeping heat flux

onstant at 10 0 0 W/m 

2 . It was reported that for roughened SAH,

he heat transfer and pressure drop were 274% and 169% higher

han that obtained for smooth SAH. Further, the THPP with maxi-

um value of 2.75 was reported. 

Kumar et al. [7] carried out a numerical analysis based on FVM

nd investigated the heat transfer and flow field characteristics of

ibbed 3-D SAH. Relative roughness height (e/D) was systematically

aried, keeping relative roughness pitch at a constant value. It was

eported that the THPP was observed to be highest with the value

.08 at Reynolds number of 17,100. Patel and Lanjewar [8] pre-

ented the findings from their experimental work carried out on

AH duct having novel V-rib roughness geometry. The investigation

ncluded a rigorous parametric variation, including various rough-

ess and flow parameters. The study claimed that maximum en-

ancement in Nusselt number was observed at P/e = 10, whereas

riction factor was found to be maximum at P/e = 8 as compared

o the smooth duct. Singh et al. [9] conducted a comparative study

f enhancement in performance of Solar Air Heater with two dif-

erent arrangements of ribs viz. multiple broken transverse ribs

nd square wave shaped ribs for the experimental as well as Nu-

erical investigation purpose. It was pointed out in the study that

or square-wave shaped ribs, thermal performance got enhanced

y 2.5 times, and with multiple broken ribs, the enhancement in

hermal performance was claimed to be 3.24 times as compared

o the smooth duct. The study also pointed out that the above

wo roughness geometries improved the pumping power penalty

lso of the order of 3.92 times and 3.85 times as compared to

mooth duct, respectively. Singh and Singh [10] carried out a sim-

lation study using ANSYS Fluent 15 and investigated the THPP of

AH duct having non-uniform cross-sectioned square wave profiled

ransverse rib as artificial roughness. In the investigation, P/e was

aried from 4 to 30, Reynolds Number from 30 0 0-150 0 0, keeping

/D fixed at 0.043. Maximum enhancement in Nu and f for rough-

ned duct was reported to be 2.14 times and 3.55 times higher

han that obtained for smooth duct SAH, respectively, at P/e = 10,

e = 150 0 0, the maximum value of THPP was reported to be 1.43

t P/e = 10; Re = 120 0 0. 

Qader et al. [11] presented a CFD based simulation to conclude

HPP, the average Nusselt number (Nu), and friction factor(f) on an

rtificially roughened SAH having inclined fins by varying slant an-

le and pitch (P). From outcomes, it was reported that maximum

HPP of 1.916 was achieved at a value of 45 0 slant angle and pitch

alue of 20 mm at Reynolds number 20,0 0 0. Jain and Lanjewar

12] investigated the thermal performance of solar air heater duct

ith V-rib having symmetrical gaps and staggered rib geometry.

oughness parameters including relative gap width (g/e), relative

taggered rib pitch (P’/P), relative staggered rib size (w/e), and an-

le of attack ( α) were kept fixed. Relative roughness pitch (P/e) and

eynolds number (Re) were systematically varied, and it was ob-
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erved that at relative roughness pitch = 12, THPP was maximum.

t was also concluded that Nusselt number and friction factor aug-

entation was 2.3 times and 3.18 times to that of smooth SAH.

erwez and Kumar [13] carried out an experimental investigation

o determine the thermal performance of a spherical dimpled ab-

orber plate and a flat absorber plate for several mass flow rate of

ir at IIT Dhanbad, India. It was reported that spherical dimpled

bsorber plate has 1.51 to 1.64 times higher rate of heat transfer

han flat absorber plate. For 0.009 kg/s mass flow rate of air, they

oted a rise of 4.6 °C in outlet temperature of spherical dimpled

AH than flat plate SAH. The instantaneous thermal efficiency of

he spherical dimpled absorber plate was about 23.45% to 35.50%

igher than the flat-plate SAH. Kumar [14] explored the outcomes

f an experimental investigation on 1 and 3-sided concave dim-

led roughened absorber plate. On systematically varying relative

imple pitch (p/e), relative dimple height (e/D h ), relative dimple

epth (e/d), it was noted that the maximum improvement in Nus-

elt number was 2.6 to 3.55, 1.91 to 3.42, 3.09 to 3.94 times and

hat of friction factor was of the order of 1.62 to 2.79, 1.52 to 2.34

7 and 2.21 to 2.56 times respectively over those of 1-sided rough-

ned absorber plate. 

Saravanakumar et al. [15] studied the impact of SAH integrated

ith arc-shaped rib roughened barrier with fins and baffles by

arying the flow parameters and temperature rise parameters. It

as discovered that at higher mass flow rates, maximum effective

fficiency was delivered. Promvonge and Skullong [16] experimen-

ally explored the thermal characteristics of SAH duct, in which

 perforated/punched rectangular wing (P-RW) was mounted on

he absorber plate. The study pointed out that attachment of P-

Ws on the absorber plate could considerably increase the Nusselt

umber as corresponding to the smooth absorber plate. The rise in

u and f for roughened absorber plate was claimed to be 3.91 to

.52 times and 10.37 to 36.35 times, respectively, higher than that

btained for smooth absorber plate. The thermo-hydraulic perfor-

ance was also declared to be highest, having a value of 2.01 for

oughened SAH. Ambade and Lanjewar [17] carried out an experi-

ental interpretation on SAH having new symmetrical gap arc ge-

metry and staggered elements as roughness elements. Roughness

arameters were orderly varied, and the performance of absorber

late roughened with proposed roughness elements was compared

ith the performance of the absorber plate having broken arc rib

ith staggered elements and with smooth absorber plate. The in-

estigation declared a maximum increase in friction factor and

usselt number by 3.88 and 2.18 times, respectively, as contrasted

o the smooth plate at relative rib pitch of 10. Baissi et al. [18] con-

ucted an experimental investigation to enhance the SAH thermal

erformance using two longitudinally curved delta-shaped baffles

s artificial roughness on the absorber plate. The investigation was

arried out for perforated and non-perforated baffles. The results

sserted a notable improvement in heat transfer and pressure drop.

usselt number and friction factor were mentioned to be 6.94 and

5.83 times higher than that achieved for smooth duct. Kumar and

ayek [19] presented the outcomes of Liquid crystal thermography

echnique accompanying CFD, carried out to investigate the heat

ransfer through the absorber surface of the SAH. It was claimed

hat Nusselt number enhancement ratio was highest and equiva-

ent to 1.97 at P/e = 10. Debnath et al. [20] conducted a numerical

tudy to examine the fluid flow and heat transfer characteristics

f a SAH, whose absorber surface was roughened with pentagonal

ibs. Flow and roughness parameters were systematically varied,

nd the study claimed enhancement in Nusselt number and fric-

ion factor by 70% and 67.2%, respectively, at e/D = 2.045, P/e = 8,

nd Re = 38,414. 

On comparing various cross-sections (square, circular, rectan-

ular and semi-circular) of solar air heater duct, it is found that

he triangular cross-sectional duct provides minimum frictional re-
istance to the fluid, consequently, requires minimum pumping

ower for fluid flow [21] . Despite being the best, as far as the

umping power requirement is concerned, triangular cross-section

uct could not attract much attention of the researchers to inves-

igate its behavior using various artificial roughness. 

On reviewing the literature, it is pertinent to mention that

he researchers keep on exploring the ways to attain higher and

igher thermohydraulic performance of SAH by proposing variety

f roughness elements to create turbulence near the absorber sur-

ace, which in turn enhances the heat transfer. It is concluded

hat on changing the shape (circular, square, V-grooved, semicir-

ular etc.) and pattern (transverse, inclined, V down etc.) of rib el-

ments, significant change in the value of Nu and f is observed.

 study by Patel and Lanjewar [8] presented their experimen-

al work on V rib roughness geometry comprised of broken V

ibs with staggered elements. This investigation claimed NNER and

FER values to be 2.26 and 3.40, respectively, having a maximum

HPP value of 1.59. In the present numerical study, authors at-

empt to enhance heat transfer using turbulence promoters instead

f staggered elements and using solar air heater duct of trian-

ular cross-section ensures reduced pumping power requirement

hich consequently, enhances THPP value. Novelty of the present

ork is that for the first time the performance evaluation of tri-

ngular solar air heater duct having a unique combination of V-

own ribs with multiple gaps and turbulence promoters as arti-

cial roughness underneath the absorber plate is being explored

ased on numerical investigation employing ANSYS FLUENT- 19.

t is expected that this novel combination will be beneficial in

erms of providing higher heat transfer rates with minimum rise

n pumping power. Heated surface of triangular duct, with the

roposed roughness is likely to result into greater turbulence in

ow near the heated surface and much higher induced secondary

ows. An in-depth CFD analysis has been conducted using AN-

YS FLUENT (19.0) and thermohydraulic performance of roughened

uct with proposed roughness geometry has been investigated and

ompared with the performance of triangular duct having smooth

bsorber surface. Moreover, the results of the present study have

lso been compared with the most recent similar type of stud-

es carried out on solar air heater ducts with different artificial

oughness geometries in terms of thermohydraulic performance

arameter. 

. Description of CFD model 

A 3-D model of triangular cross-sectioned duct of a solar air

eater has been modelled using SOLIDWORKS (18.0). While, heat

ransfer characteristics and fluid flow attributes have been ex-

lored via Ansys Fluent (19.0). Each side of the triangular duct is

2 mm long as presented in Fig. 1 . The duct is having three seg-

ents namely, Entrance section, Test section and Exit section, with

ength of 300 mm, 500 mm, and 200 mm, respectively as depicted

n Fig. 2 . While selecting the length of entrance section and exit

ection of duct due consideration was given to ASHRAE standards

3-77 [22] , and accordingly, entrance and exit lengths have been

ept greater than 5 
√ 

(W 

∗H) and 2.5 
√ 

(W 

∗H), respectively. It ensures

he flow develops completely before it approaches the test section,

nd it involves least possible losses at the outlet section. 

The entire volume of the duct has been meshed using a 3-D

ybrid (Tetrahedral and Hexahedral) mesh. Regions close to ribs

ave been meshed using unstructured mesh because it analyses

he laminar sub-layer region more precisely. Fig. 3 portrays the

chematic of triangular duct having V-down rib with multiple gaps,

aving a cross-section as shown, which is a combination of ta-

ered and circular profiles. Turbulence promoters are in the form

f small segments in V-up pattern and are having a semi-circular

ross-section. 
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Fig. 1. Cross-section of equilateral triangular SAH duct. 

 

 

 

 

 

 

 

 

Table 1 

Geometrical and roughness parameters used in simulation. 

S. No. Parameters Value(s) 

1 Relative Roughness Pitch, P/e 8, 10, 12, 14 

2 Angle of Attack, α 45 °, 50 °, 55 °, 60 °
3 Hydraulic Diameter, D h 0.03 m 

4 Relative Roughness Height, e/D h 0.04 
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Present CFD simulation work carries the following assumptions

[23] : - 

1) Incompressible and ideal fluid. 

2) Negligible heat losses through the system. 

3) No-slip condition at walls of the duct for velocity. 

4) Temperature does not affect the thermo-physical properties like

Prandtl number ( Pr ), viscosity, thermal conductivity, and den-

sity of fluid for the range of temperature that SAH is encoun-

tered with. 

Table 1 illustrates the parameters considered in the current

simulation study. 

2.1. Grid independence test 

The quality of computational zone which is modelled using a

CFD tool can be analyzed by carrying out a grid independence

test. Grid Independence test also guarantees that the model which
Fig. 2. Absorber plate with V-down rib with m
as been developed is appropriate for further analysis. The solu-

ion is grid-independent, if upon refinement of the mesh, the so-

ution does not change. In current CFD analysis, an unstructured

esh has been used, and mesh size has been refined from coarse

o medium to fine mesh. Results of the analysis have been fea-

ured in terms of Nu and f at constant Re value of 10 ∗10 3 . A log-

cal deduction was preferred for the results to be unbiased of the

rid size by making the mesh finer and for that purpose, mesh

lements were increased from 11,50,916 (coarse mesh) to 12,18,187

medium mesh) to 14,35,053 (fine mesh), and the values of Nu and

 were determined. 

As mentioned in Table 2 , it is noted that a variation of less than

% in the values of Nu obtained, when mesh size was increased

rom medium to fine. Therefore, to reduce the time required for

he computation, medium size mesh was chosen for further para-

etric investigation. 

.2. Governing equations and justification of turbulence model 

Provided below are the fundamental equations for the fluid

ow, heat, and mass transfer: 

Continuity equation: 

∂ρ

∂t 
+ ∇ · ( ρu ) = 0 (1)

Momentum equation: 

∂ U J 

∂t 
+ ρUi 

∂ U J 

∂ x i 
∇ = − ∂P 

∂ x j 
− ∂τ i J 

∂ x i 
+ ρg (2)

Energy equation: 

∂ 

∂ x j 

[
ρu j T 

]
= 

∂ 

∂ x j 

[(
μ

Pr 
+ 

μt 

σt 

)
∂T 

∂ x j 

]
(3)
ultiple gaps and turbulence promoters. 
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Fig. 3. Roughness pattern of V-down rib with multiple gaps and turbulence promoters. 

Table 2 

Percentage deviation in Nu and f with variation in number of grid elements. 

Number of grid elements Re Nu f Deviation in Nu (%) Deviation in f (%) 

1150916 (Coarse Mesh) 10000 36.2 0.0092 - - 

1190853 (Coarse Mesh) 10000 35.4 0.0090 2.10 2.04 

1218187 (Coarse Mesh) 10000 34.9 0.0089 1.30 1.32 

1315323(Medium Mesh) 10000 34.5 0.0088 0.54 0.34 

1435053 (Fine Mesh) 10000 34.3 0.0088 0.29 0.18 
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here i and j represents directional components. 

.3. Validation of simulation model 

For carrying out CFD analysis, several turbulence models are in-

orporated in ANSYS Fluent (19.0) [24] viz. Standard k- ε model,

NG k- ε model, Realizable k- ε model, Standard k- ω model,

eynolds Stress model, Spalart-Allmaras model and SST k- ω 

odel. To explore the most appropriate and best suitable turbu-

ence model for detailed CFD study, the values of Nu and f ex-

mined using these models for smooth SAH duct and theoretical

alues computed using Dittus-Boelter equation and Blasius equa-

ion, respectively, were compared. Dittus-Boelter equation and Bla-

ius equation are given by Eqs. (4) and (5) , respectively. 

 u s = 0 . 024 R e 0 . 8 P r 0 . 4 (4)

 s = 0 . 085 R e −0 . 25 (5) 

It is noticed from Figs. 4 and 5 that RNG k- ε model comes out

ith an average deviation of 4.29% and 5.7% between simulated

nd theoretical values of Nu and f, respectively. Thus, based on

east variation observed between simulated and theoretical values
f Nu and f, RNG k- ε turbulence model with standard wall function

as further been used for detailed parametric analysis. 

To validate the present CFD model, the results of CFD investiga-

ions have been compared with the experimental results presented

y Rajneesh et al. [1] for smooth triangular SAH duct. Fig. 6 shows

he contrast between Nu value and f value computed by CFD ap-

roach used in current analysis and results ascertained experimen-

ally by Rajneesh et al. [1] . It is noticed from Fig. 6 that the Nu

nd f values estimated by present CFD model are having a good

atch with the experimental results. The maximum deviation of

FD based Nu and f from experimental results is in the range of ±
% and ± 4%, respectively. The deviation of CFD based results from

he experimental findings is in acceptable range and therefore, the

resent CFD approach can be employed for the further numerical

nvestigation and parametric analysis. 

.4. Boundary conditions and solution approach 

In the current simulation study, boundary conditions [25] that

ave been employed, are portrayed in Table 3 . 

Residuals for the X, Y and Z velocity; continuity; energy; turbu-

ent kinetic energy (k); turbulent kinetic energy dissipation rate ( ԑ)
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Table 3 

Boundary conditions. 

Boundary Surface Condition 

Entrance of the Duct Ambient air with velocity varying from 1.97 

to 9.87 m/s and having 300 K temperature 

Exit of the Duct Pressure outlet 

Absorber Plate Constant heat flux with a magnitude of 1000 

W/m 

2 

Solid and Fluid Interface No-slip condition 

Outside the zone Pressure is 101325 Pascal 
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were closely monitored. Convergence criteria for all the variables

was fixed at 10 −6 . After 3500 iterations, steady-state condition was

achieved and it was noticed that the solution got converged. 
Solution of the governing equations require a discretization

cheme [26] . A stable solution is achieved with the First order up-

ind discretization scheme and it also offers a better rate of resid-

al convergence, but the results obtained may not be very much

ccurate and satisfactory. On the other hand, Second-order upwind

cheme gives more precise solution. Thus, looking to the accuracy

f the solution, Second-order upwind scheme has been employed

n the current CFD exploration. 

. Equations employed for determination of heat transfer and 

riction factor 

Using the outcomes of simulation, mean temperature of ab-

orber plate, temperature of air at the exit of duct and pressure

rop across the test section are determined which are further used
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A  
o calculate the Nu and f. Following Equations are used in calcula-

ion: 

Flow Reynolds number (Re) is yielded by, 

e = 

ρu D h 

μ
(6) 

Nusselt number (Nu) is governed by following expression 

u = 

h 

k 
D h (7) 

nd the friction factor (f) is governed with the help of the formula,

 = 

1 

2 ρu 

2 
× D h × 	P 

L 
(8) 

. Outcomes and discussion 

.1. Heat transfer attributes 

Variation of Nusselt number (Nu) with Reynolds number (Re)

or relative roughness pitch (P/e) varying from 8 to 14 at con-

tant value of roughness height (e) = 1.2 mm and angle of attack

 α) = 60 0 is shown in Fig. 7 . From the figure, it is noted that irre-

pective of P/e value, Nu rises with a rise in Re. However, it is im-

ortant to point out that Nu achieves its highest values at P/e = 10.

Fig. 8 depicts the effect of Nusselt number enhancement ratio

NNER) with Reynolds number at various P/e values. NNER is a key

arameter, which throws light on as to how much augmentation in

eat transmission is accomplished by attaching the roughness on

he absorber surface compared to a smooth absorber plate. With

he help of NNER, one can make a direct comparison between heat

ransfer characteristics of a SAH. From Fig. 8 , NNER is noticed to

ary in the range of 1.8-2, 1.83-2.04, 1.77-1.96 and 1.74-1.92 for

ifferent P/e values of 8, 10, 12 and 14, respectively. It is further

bserved that NNER attains its maximum value of 2.2 at P/e = 10

nd Re = 10,0 0 0. 
It is also noticed from the Fig. 8 that at all values of P/e un-

er consideration, NNER first increases with an increase in Re, be-

omes maximum at Re = 10,0 0 0 and after that decreases sharply

t higher Re values. The reason can be attributed to the fact that

t lower Re, flow through the duct is turbulent, but still a laminar

ub-layer appears over the heated absorber surface and inhibits

he heat transfer, which results into relatively lower value of Nus-

elt number. Now, upon increasing the flow Re to 10,0 0 0, the sec-

ndary flow which moves along the ribs and escapes through the

aps mixes strongly with the primary flow and the reattachment

f the flow takes place well before the consecutive ribs and min-

mum recirculation zone appears behind the ribs. Also, the small

-turbulence promoters help in diverting the secondary flow more

nd more in the inter-rib region and suppress the formation of

ddies and wakes. As the Reynolds number is increased beyond

0,0 0 0, the reattachment of the main flow in the inter rib region

s greatly delayed and flow reattachment usually occurs just be-

ore the next consecutive rib which drastically reduces the value

f Nusselt number and heat transfer. 

Fig. 9 represents the Stanton number (St) [27] variation for

oughness under consideration with relative roughness pitch. It is

oticed that St is highest at P/e = 10, irrespective of the flow

eynolds number. It is also noted that St declines with rise in Re

nd reason can be ascribed to the fact that the air being a working

ubstance has got a Prandtl number (Pr) varying between 0.7 to

.8 due to its poor thermal conductivity. Moreover, in all practical

ituations, the Pr value for air remains constant and therefore, de-

ominator of Eq. (9) continues to increase with an increase in Re

hereas, the increase in Nu is not much pronounced resulting into

 decreasing trend of St with an increase in Re. 

t = 

Nu 

Re ∗ Pr 
(9) 

The effect of variation of Nusselt number with Reynolds num-

er for different α values is depicted in Fig. 10 . It is pointed out

hat Nusselt number is maximum at α = 45 0 , irrespective of Re.

t a value of Re, as α increases, Nusselt number decreases. The
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reason can be ascribed to the fact that as α increases from 45 0 to

60 0 , the effective length of the segment of the rib reduces because

the gap between the two adjacent segments is kept fixed. Now the

primary flow approaches the rib and secondary flow starts travel-

ling along the rib towards the center of the absorber plate. When α
is 45 0 , a relatively larger length of flow takes place in the form of

secondary flow from the leading edge to the trailing edge of seg-

ment. The secondary flow escapes through the gap and mixes with

the primary flow and further accelerates it. This mixed flow is fur-

ther diverted by the turbulence promoters resulting into greater
ixing and increased turbulence levels. Upon increasing the value

f α from 45 0 to 60 0 , the loss in momentum of secondary flow is

elatively higher and it results into a weaker secondary flow trav-

lling along the rib and ultimately the heat transfer decreases, due

o lesser and lesser turbulence levels. 

Fig. 11 demonstrates NNER effect with change Re for different

alues of α. As α is systematically rises from 45 0 to 60 0 , NNER first

ncreases upon increasing the Re from 4,0 0 0 to 10,0 0 0, reaches its

aximum value at Re = 10,0 0 0 and thereafter, decreases sharply

ith an increase in Re. NNER is noticed to vary in the range of
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Fig. 10. Variation of Nu with α at different Re. 
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.87-2.19, 1.84-2.09, 1.82-2.05 and 1.8-2.02 for different α values of

5 0 , 50 0 , 55 0 and 60 0 , respectively. 

Fig. 12 illustrates the effect of Stanton number for different val-

es of α of roughness element. It is clearly noticed that the St at-

ains its highest values at α = 45 0 for all the flow Re. The reason

as already been explained in the discussion part of variation of St

ith Re, when P/e was systematically varied. 

.2. Friction attributes 

Effect of behaviour of friction factor with Reynolds number at

ifferent relative roughness pitch (P/e) is depicted in Fig. 13 . As al-

eady pointed out that with an increase in Re, viscous sub-layer

hickness reduces and therefore, f is declining with rise in Re re-

ardless of P/e. f is found to achieve its highest value at P/e = 8

nd Re = 4 ∗10 3 . 
Fig. 14 highlights the variation of friction factor enhance-

ent ratio (FFER) with Re when P/e is varied from 8 to 14.

uring this parametric study, e/D h = 0.04 and α = 60 ° were

ept constant. Fig. 14 clearly reveals that FFER continues to rise

s the Re increases from 4,0 0 0 to 16,0 0 0, attains its highest

alue at Re = 16,0 0 0 and decreases at further higher values

f Re. 

The effect of friction factor with Reynolds number for different

ngle of attack ( α) is represented in Fig. 15 . It is noticed that as Re

ises, f decreases, irrespective of α. It is also noted that f attains its

ighest value of 0.014108 at α = 60 0 and Re = 4,0 0 0. And with an

ncrease in α from 45 0 to 60 0 , f has an increasing trend. 

Fig. 16 highlights the variation of FFER with Re with α varying

rom 45 0 to 60 0 . It is noticed that FFER continues to increase as

he Re increases from 4,0 0 0 to 20,0 0 0. FFER achieves its highest

alue at α = 60 0 and its lowest value at α = 45 0 for Re = 20,0 0 0.
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Fig. 11. Effect of Variation of NNER with angle of attack at different Re. 

Fig. 12. Effect of Variation of Stanton number with angle of attack at different Re. 
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Figs. 17–20 show the contours of eddy viscosity plotted at the

exit of test section for P/e = 8, 10, 12 and 14 at Re = 80 0 0,

10 0 0 0 and 120 0 0, respectively. Usually, the eddy viscosity is also

termed as the turbulent viscosity and is used to model the mo-

mentum transfer produced by turbulent eddies, in a similar man-

ner as the molecular viscosity is used to model the momentum

transfer produced by molecular diffusion (i.e. friction). The Boussi-

nesq eddy viscosity assumption [28] hypotheses models the effect

of turbulent eddies on the flow and this eddy viscosity is some-

thing like how viscosity is playing a role in laminar flow. The kine-

matic or dynamic viscosity is a fluid dependent property, whereas,

the eddy viscosity is a flow dependent parameter. Viscosity causes

shear stress in response to shearing of the flow. Eddies cause a

similar effect, but they do it by physically moving faster fluid into

slower regions and moving slower fluid into faster regions. Lots of

little eddies make the fluid behave as though it had more viscos-
ty. The internal fluid friction caused by eddies is taking place on a

arger scale, is analogous to the molecular viscosity action in lami-

ar flow. It is noticed that at P/e = 12 and Re = 10 0 0 0, minimum

rea is covered with larger eddy viscosity value, which means a

uch lesser internal fluid friction. 

Figs. 21–24 portray the contours of eddy viscosity for α = 45 °,
0 °, 55 ° and 60 ° at Re = 80 0 0, 10 0 0 0 and 120 0 0, respectively. It is

oted that at α = 45 ° and Re = 120 0 0, eddy viscosity with higher

alue has a minimum region, reflecting relatively lesser internal

uid friction. 

A term called as Helicity is being discussed here to authenti-

ate the results and findings of simulation work. The motion of

ach fluid element can be described as the sum of a translation,

otation, and deformation and the degree of local rotation in the

uid is measured in terms of vorticity. The helicity is the dot prod-

ct of the vorticity and velocity vectors and it provides insight
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nto how the vorticity vector and the velocity vector are aligned.

elicity plays an important role in characterizing complex three-

imensional flows including mixing, loss of stability, transition to

urbulence and vortex breakdown. 

Figs. 25–28 shows the contours of Helicity density [29] plot-

ed at the exit of test section for different P/e values and at differ-

nt Re. In the contours, the region highlighted with red and yellow

olor demonstrates the primary high-pressure vortices and the re-

ion marked with blue color shows the alteration in helicity den-

ity due to break-down of primary vortex into induced vortex. It

s observed that as flow Re increases, the strength of primary as

ell as induced vortex also increases, which is reflected by much
roader and denser red and blue zones. It is further noticed that

t P/e = 10 and Re = 120 0 0, highest helicity density is attained. 

Similarly, upon varying the angle of attack from 45 ° to 60 ° at

ifferent Re, contours of Helicity plots are depicted in Figs. 29–32 .

t is noticed that at α = 45 °, maximum Helicity density is observed

rrespective of flow Re. 

.3. Thermo-hydraulic performance parameter 

Thermo-hydraulic performance parameter (THPP) [30] is a vi-

al term, which conveys the thermal and frictional response of a

oughened SAH in a more convincing way. It correlates the NNER



12 R. Misra, J. Singh and S.K. Jain et al. / International Journal of Heat and Mass Transfer 162 (2020) 120376 

0.009

0.0105

0.012

0.0135

0.015

40 4 5 50 55 60 65

Fr
ic

tio
n 

fa
ct

or
 (f

)

Angle of attack ( α )

Re=4000

Re=6000

Re=8000

Re=10000

Re=12000

Re=14000

Re=16000

Re=18000

Re=20000

Fig. 15. Effect of f with α at different Re. 

Fig. 16. Effect of FFER with α at different Re. 

Fig. 17. Contours of Eddy Viscosity for different Re at P/e = 8. 
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Fig. 18. Contours of Eddy Viscosity for different Re at P/e = 10. 

Fig. 19. Contours of Eddy Viscosity for different Re at P/e = 12. 

Fig. 20. Contours of Eddy Viscosity for different Re at P/e = 14. 

Fig. 21. Contours of Eddy Viscosity for different Re at α = 45 °. 
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Fig. 22. Contours of Eddy Viscosity for different Re at α = 50 °. 

Fig. 23. Contours of Eddy Viscosity for different Re at α = 55 °. 

Fig. 24. Contours of Eddy Viscosity for different Re at α = 60 °. 

Fig. 25. Contours of Helicity for different Re at P/e = 8. 
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Fig. 26. Contours of Helicity for different Re at P/e = 10. 

Fig. 27. Contours of Helicity for different Re at P/e = 12. 

Fig. 28. Contours of Helicity for different Re at P/e = 14. 
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Nu/Nu s ) with FFER (f/f s ) [31] . With the aim of boosting the heat

ransmission from the absorber surface, the usefulness of rough-

ess is said to be justified if THPP attains a value greater than

, irrespective of flow Re. Needless to mention that the improve-

ent in heat transfer by using the artificial roughness also invites

 considerable increase in friction factor. Thus, the attachment of

oughness is feasible if the heat transfer improves with minimum

ressure loss. THPP is given as; 

HPP = 

(
Nu 
N u s 

)
(

f 
f s 

)0 . 33 
(10) 

Figs. 33 and 34 demonstrates the THPP variation with Re for

/e and α values, respectively. It is concluded that the mounting

f V- down rib with multiple gaps and turbulence promoters on

he underneath of the absorber surface, gives better heat transfer
rom absorber surface to air in contrast to smooth absorber plate.

t is further noticed that THPP is found to be maximum having a

alue of 2.064 at P/e = 10 and α = 45 0 . 

.4. Evaluation of current roughness with former researchers’ 

oughness 

In order to prove the worth and usefulness, a comparison of

NER, FFER and THPP obtained for current investigation has been

ontrasted with former researchers’ roughness, is portrayed in

able 4 . It is observed that with the proposed roughness, maxi-

um THPP of 2.064 is obtained, which is greater than the THPP

alues asserted for roughness patterns examined by researchers’

ncluding [ 32 , 33 ] and [5] . Thus, the SAH with V-down rib with

ultiple gaps and turbulence promoters as artificial roughness
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Fig. 29. Contours of Helicity for different Re at α = 45 °. 

Fig. 30. Contours of Helicity for different Re at α = 50 °. 

Fig. 31. Contours of Helicity for different Re at α = 55 °. 

Table 4 

NNER, FFER and THPP for proposed roughness in contrast to former researchers’ roughness. 

S. No. Authors Artificial roughness pattern NNER FFER THPP 

1. Kumar et al. [32] Rectangular transverse ribs 2.3 4.5 1.89 

2. Kumar et al. [33] Semi-circular transverse rib 2.2 2.5 1.7 

3. Jain et al. [5] Broken inclined ribs having rectangular cross-section 2.16 2.4 1.98 

4. Patel and Lanjewar [8] V-rib roughness 2.26 3.40 1.59 

5. Present study V-down rib with multiple gaps and turbulence promoters 2.26 1.6 2.064 
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Fig. 32. Contours of Helicity for different Re at α = 60 °. 

Fig. 33. Variation of THPP with Re for various P/e values. 

Fig. 34. Variation of THPP with Re for various α values. 
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turns out to be much advantageous than other roughness geome-

tries examined recently. 

5. Conclusions 

A numerical exploration has been conducted to analyze the

thermo-hydraulic performance of a triangular SAH duct whose ab-

sorber plate is artificially roughened with V-down rib with multi-

ple gaps and turbulence promoters. The geometric domain is de-

veloped using SOLIDWORKS (18.0) and same was imported in AN-

SYS FLUENT (19.0) for further analysis. During the study, relative

roughness pitch (P/e) and angle of attack ( α) were systematically

varied from 8 to 14 (4 values) and 45 0 to 60 0 (4 values), respec-

tively. Reynolds number (Re) was also varied from 4,0 0 0 to 20,0 0 0.

However, relative roughness height (e/D h ) and hydraulic diameter

(D h ) were kept constant. Total 63 simulation runs were carried out

on 7 different geometries. Study concludes as follows; 

1 Using V-down rib with multiple gaps and turbulence promot-

ers as artificial roughness leads to an enrichment in heat trans-

fer and fluid flow behavior both, because of enhanced level of

interaction among the fluid particles. 

2 Upon varying relative roughness pitch (P/e) from 8 to 14 and

angle of attack ( α) from 45 0 to 60 0 , maximum heat transfer

rate is attained at P/e = 10 and α = 45 0 , respectively, irrespec-

tive of Reynolds number. 

3 At P/e = 10, α = 45 0 and Re = 10,0 0 0, Nusselt number en-

hancement ratio attains its maximum value of 2.26, as the flow

reattaches before the consecutive ribs and this leads to proper

mixing of the secondary flow with the primary flow. 

4 As compared to smooth SAH duct, friction factor for SAH duct

roughened with proposed roughness is found to be maximum

at P/e = 10, α = 60 0 and Re = 20,0 0 0. 

5 On varying friction factor with P/e for different Re demonstrates

that the f declines irrespective of P/e and Re and its highest

value is at P/e = 8 and Re = 4,0 0 0. 

6 On varying P/e from 8 to 14 and α from 45 ° to 60 ° for

Re = 80 0 0, 10 0 0 0 and 120 0 0, the contours of eddy viscosity

illustrate that for P/e = 12 at Re = 10 0 0 0 and for α = 45 ° at

Re = 120 0 0, the region covered with larger values of eddy vis-

cosity is minimum. 

7 The highest Helicity density is achieved at P/e = 10 and

Re = 120 0 0. It is also noted that as the angle of attack varies

from 45 ° to 60 ° at different Re, maximum Helicity density is

observed at α = 45 °, irrespective of flow Re. 

8 THPP increases upon increasing the Re from 40 0 0 to 10,0 0 0,

attains its maximum value and thereafter, decreases at higher

Re, as the flow becomes highly turbulent. 
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