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Based on literature survey, the performance factors were used in 62 articles which have been published 

in 2021 in International Journal of Heat and Mass Transfer, International communications in Heat and 

Mass Transfer, International Journal of Thermal Sciences and Applied Thermal Engineering, to evaluate the 

heat transfer enhancement by geometry modification or insertion of tapes, wires or turbulence promoters 

under identical pumping power. However, the validity of the performance factors was not examined 

yet. The heat transfer rate in a periodic fully developed region of a circular duct with periodic annular 

baffle plates was numerically obtained. Comparing the heat transfer rate with that of a circular smooth 

duct, the validity of the performance factors used in previous studies was examined. It was found that 

the performance factors used in the previous studies are not valid for the evaluation of heat transfer 

enhancement. Furthermore, this paper shows that the direct comparison of heat transfer rates without 

the assumptions of equal surface area and the equal temperature difference is suitable for the evaluation 

of heat transfer enhancement. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

There have been many demands to enhance the forced convec- 

ion heat transfer because of its wide application. Geometry or 

urface modifications such as interrupted fins or surface roughness, 

nd insertion of tapes, wires or turbulence promoters have been 

ntroduced as passive techniques. Webb and Eckert [1] proposed 

he following performance factor for evaluating heat transfer en- 

ancement of the flow in a circular duct with ribs under an iden- 

ical pumping power. 

= 

˙ Q 

˙ Q s 

= 

h A � t 

[ h A � t ] s 
≈ Nu 

N u s 
= 

St / S t s 

Re s / Re 
= 

St / S t s 

( f/ f s ) 
1 / 3 

(1) 

Eq. (1) expresses the ratio of the heat transfer rates of flows in 

 ribbed duct and in a smooth surface duct. The Reynolds number 

atio in Eq. (1) is replaced by the friction factor ratio using the 

orrelation between the Reynolds numbers of the ribbed and the 

mooth ducts. Under the identical pumping power, the Reynolds 
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umber of the smooth duct is expressed by the Reynolds number 

f the ribbed duct as 

e s = ( f/ f s ) 
1 / 3 

Re (2) 

Note that Eq. (1) was derived under the assumptions of A = A s 

 � t = � t s since the heat transfer rate ratio, ˙ Q / ˙ Q s , was approxi- 

ated by the Nusselt number ratio. 

Since the Stanton number is expressed as St = Nu / ( Re Pr ) and 

he Prandtl number is identical, the ratio of the Stanton numbers 

an be replaced by the Nusselt number ratio if we assume Re = 

e s . Then, Eq. (1) can be rewritten as 

= 

Nu / N u s 

( f/ f s ) 
1 / 3 

(3) 

here N u s and f s are the Nusselt number and the friction factor 

f the smooth duct at Re s defined by Eq. (2) . Although, it is not 

learly described, many researchers seemed to calculate the perfor- 

ance factor from the following equation. 

= 

Nu / Nu 

∗
s 

( f / f ∗s ) 
1 / 3 

(4) 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122431
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Schematic diagram of circular duct with annular baffle plates. 
Nomenclature 

A surface area, m 

2 

C p specific heat , W/(kg K) 

D diameter of a circular duct, m 

f Darcy friction factor, - 

h cycle average heat transfer coefficient, W/(m 

2 K) 

k thermal conductivity, W/(m K) 

L pitch of annular baffle plates, m 

˙ m mass flow rate, kg/s 

Nu cycle average Nusselt number, - 

N X , N R numbers of grids in X - and R -directions, - 

p pressure, Pa 

p’ periodic pressure, Pa 

�p pressure drop per unit length, Pa 

Pr Prandtl number, - 
˙ Q heat transfer rate, W 

r i , r o inner and outer radii of annular plate, m 

Re Reynolds number, - 

St Stanton number, - 

t temperature, K 

t b , t w 

bulk and wall temperatures, K 

�t temperature difference, K 

T dimensionless temperature, - 

u, v velocity components, m/s 

ū average velocity, m/s 

U, V dimensionless velocity components, - 

Ū dimensionless average velocity, - 
˙ V volume flow rate, m 

3 /s 

x, r coordinates, m 

X, R dimensionless coordinates, - 

Greek 

β per-cycle pressure gradient, Pa/m 

γ bulk-to-wall temperature ratio, 1/m 

2 

� dimensionless bulk-to-wall temperature ratio, - 

η performance factor, - 

λ bulk-temperature-gradient parameter, 1/m 

� dimensionless bulk-temperature-gradient parame- 

ter, - 

μ viscosity, Pa s 

ν kinematic viscosity, m 

2 /s 

θ dimensionless bulk temperature based on t w 

and t in , 

- 
˙ � dimensionless heat transfer rate, - 

ρ density, kg/m 

3 

subscript 

b duct with baffle plates 

in inlet 

max maxium 

n cycle number 

s smooth surface 

here Nu ∗s and f ∗s are the Nusselt number and the friction factor 

f the smooth duct at Re s = Re [2] . Note that the assumption of 

e = Re s is physically inconsistent, since the Reynolds numbers for 

 smooth duct and for a modified surface duct are different un- 

er the identical pumping power. However, many researchers have 

sed Eq. (3) or Eq. (4) to evaluate the heat transfer enhancement 

f modification of surfaces [e.g. 3–10 ]. 

Some researchers obtained the following performance factor to 

valuate heat transfer enhancement [e.g. 11 , 12 ]. 

= 

Nu / N u s 

( �p / �p s ) 
1 / 3 

(5) 
2 
Eq. (5) is the equation whose denominator is replaced by the 

ressure loss ratio. However, there is the following correlation un- 

er the identical pumping power. 

p Re = �p s Re s (6) 

Therefore, substituting Eqs. (2) and (6) into Eq. (3) , Eq. (3) can 

e rewritten as 

= 

Nu / N u s 

�p / �p s 
(7) 

Eq. (7) and Eq. (3) are identical equation. Lv et al. [13] used 

q. (7) for the evaluation of the heat transfer enhancement. Note 

hat the performance factors expressed by Eqs. (1) and ( 3-4 ) are 

erived as the indicators with many assumptions under the iden- 

ical pumping power. In contrast, Asako and Faghri [14] directly 

ompared the heat transfer rates of the corrugated duct and the 

arallel plates duct under the identical pumping power, the iden- 

ical pressure drop and the identical mass flow rates. However, 

qs. (1) and ( 3-4 ) still have been used to evaluate the heat trans-

er enhancement by modifying the heat transfer surface. 

Here, a question arises whether Eqs. (1) and ( 3-4 ) are valid for 

valuating heat transfer enhancement by modifying the heat trans- 

er surface because of the assumptions in derivation. However, the 

iterature survey failed to find any prior work which investigates 

he validity of Eqs. (1) and ( 3-4 ). Only the exception is our pre-

ious study which investigated whether Eq. (3) was valid for eval- 

ating heat transfer enhancement by using a nanofluid [15] . The 

alidity of Eq. (3) was verified by comparing the heat transfer rate 

atio of the nanofluid flow and the base fluid flow in a circular 

mooth duct and the value obtained from Eq. (3) . The heat trans- 

er rates were obtained from the empirical correlations and exper- 

mental data obtained from previous studies. It was found that 

q. (3) used in the previous studies is not suitable for evaluating 

eat transfer enhancement by nanofluids. This has motivated the 

resent study to examine the validity of Eqs. (1) and ( 3-4 ) for flows

n a circular duct with periodic annular circular baffle plates. 

. Formulation 

.1. Description of the sample problem 

The validation was conducted on heat transfer in a periodic 

ully developed region of a circular duct with periodic annular baf- 

e plates. The problem to be considered in this study is depicted 

chematically in Fig. 1 . The circular duct wall is heated with con- 

tant wall temperature. The geometry of the problem is specified 

y the duct diameter ( D ), the inner radius of the annular plate ( r i ),

he outer radius ( r o ), and the pitch of the annular plates ( L ). The

nnular baffle plate is negligible thin. With the assumption of pe- 

iodic fully developed flow, the solution domain is confined to a 

ypical module shaded in Fig. 1 . As described by Patankar et al. 

16] , the periodic fully developed flow is characterized by a veloc- 

ty field that repeats itself at corresponding axial stations in suc- 

essive cycles. Furthermore, in such a regime, the pressures of 
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R b 
yclically corresponding locations decrease linearly in the down- 

tream direction. The pressure, p is expressed by 

p ( x, r ) = −β x + p ′ ( x, r ) (8) 

here β is a constant, and p ′ ( x, r ) behaves in a periodic manner 

rom plate to plate. The term −β x represents the non-periodic 

ressure drop that takes place in the flow direction. 

For a case of uniform wall temperature boundary condition, the 

uid temperature approaches the wall temperature in the period- 

cally fully developed region. Therefore, the following dimension- 

ess temperature will be introduced. 

 ( x, r ) = 

t ( x, r ) − t w 

t b − t w 

(9) 

here t b is the bulk temperature and 

 b − t w 

= 

∫ 
r( t − t w 

) | u | dr ∫ 
r| u | dr 

(10) 

In the periodic thermally developed region, the dimensionless 

emperature satisfies the following relationship: 

 ( x, r ) = T ( x + L, r ) = T ( x + 2 L, r ) = · · (11) 

Therefore, the fully developed dimensionless temperature field 

epeats itself at corresponding axial stations in successive cycles. 

.2. Conservation equations 

The flow in the duct is assumed to be steady, laminar and two- 

imensional. Because of its symmetric nature, flow physics vari- 

tion in the circumferential direction is negligible. All the fluid 

roperties are assumed to be constant. Under these assumptions, 

he continuity and the momentum equations can be expressed as: 

∂u 

∂x 
+ 

1 

r 

∂rv 
∂r 

= 0 (12) 

∂uu 

∂x 
+ 

1 

r 

∂rv u 

∂r 
= − 1 

ρ

∂ p ′ 
∂x 

+ ν

{
∂ 2 u 

∂ x 2 
+ 

1 

r 

∂ 

∂r 

(
r 
∂u 

∂r 

)}
+ 

β

ρ
(13) 

∂u v 
∂x 

+ 

1 

r 

∂rvv 
∂r 

= − 1 

ρ

∂ p ′ 
∂r 

+ ν

{
∂ 2 v 
∂ x 2 

+ 

1 

r 

∂ 

∂r 

(
r 
∂v 
∂r 

)
− v 

r 2 

}
(14) 

The energy equation for the constant wall temperature case is 

xpressed as 

∂uT 

∂x 
+ 

1 

r 

∂rv T 
∂r 

= 

k 

ρ C p 

{
∂ 2 T 

∂ x 2 
+ 

1 

r 

∂ 

∂r 

(
r 
∂T 

∂r 

)}
+ 

k 

ρ C p 
γ (15) 

here γ = ( λ2 + 

dλ
dx 

) T + 2 λ∂T 
∂x 

− λ
k/ ( ρ C p ) 

u T and 

= 

d ( t b − t w 

) / dx 

t b − t w 

(16) 

Using the following dimensionless variables: 

X = 

x 
D , R = 

r 
D , U = 

u D 
ν , V = 

v D 
ν , P = 

p ′ 
ρ ( ν/D ) 2 

, 

T ( x, r ) = 

t( x,r ) −t w 
t b −t w 

, B = 

β D 3 

ρ ν2 , � = D 

2 γ , � = D λ, 

˙ = 

˙ Q 

k D ( t w 

− t b ) in 
, Re = 

ū D 

ν
= Ū , Pr = 

ν

k/ ( ρC p ) 
(17) 

The dimensionless forms of the governing equations can be ex- 

ressed as follows: 

∂ U 

∂X 

+ 

1 

R 

∂R V 

∂R 

= 0 (18) 

∂UU 

∂X 

+ 

1 

R 

∂RV U 

∂R 

= − ∂P 

∂X 

+ 

{
∂ 2 U 

∂ X 

2 
+ 

1 

R 

∂ 

∂R 

(
R 

∂U 

∂R 

)}
+ B (19) 
3 
∂UV 

∂X 

+ 

1 

R 

∂RV V 

∂R 

= −∂P 

∂R 

+ 

{
∂ 2 V 

∂ X 

2 
+ 

1 

R 

∂ 

∂R 

(
R 

∂V 

∂R 

)
− V 

R 

2 

}
(20) 

The energy equation for the constant wall temperature case is 

xpressed as 

∂UT 

∂X 

+ 

1 

R 

∂RV T 

∂R 

= 

1 

Pr 

{
∂ 2 T 

∂ X 

2 
+ 

1 

R 

∂ 

∂R 

(
R 

∂T 

∂R 

)}
+ 

�

Pr 
(21) 

here � = ( �2 + 

d�
dX 

) T + 2� ∂T 
∂X 

− Pr �U T and 

= 

d ( t b − t w 

) / dX 

t b − t w 

(22) 

�is a periodic function of X arising from the assumptions of 

he constant wall temperature boundary condition. Substituting 

imensionless variables into Eq. (10), Eq. (10) is rewritten as ∫ 
R T | U | dR ∫ 
R | U | dR 

= 1 (23) 

The dimensionless temperature for the constant wall temper- 

ture case should satisfy Eq. (23) . �is determined by satisfying 

q. (23) as a part of the solution process. 

.3. Boundary conditions 

To complete the formulation of the problem in the physical do- 

ain, it remains to discuss the boundary conditions. These are 

on-slip condition on the wall including the baffle plates and pe- 

iodic conditions at the inlet and outlet ends of the solution do- 

ain. Since the baffle plate is negligible thin, there is no need to 

onsider the thermal resistance and the thermal capacitance of the 

late. The dimensionless boundary conditions are expressed as: 

t the inlet and outlet (periodic condition): 

U X=0 = U X= L/D , ( ∂U / ∂X ) X=0 = ( ∂U / ∂X ) X= L/D , 

V X=0 = V X= L/D , ( ∂V / ∂X ) X=0 = ( ∂V / ∂X ) X= L/D 

T X=0 = T X= L/D , ( ∂T / ∂X ) X=0 = ( ∂T / ∂X ) X= L/D 

n the wall (R = 0 . 5) : U = V = 0 , T = 0 

n the symmetric line (R = 0) : 

∂U / ∂X = 0 , V = 0 , ∂T / ∂R = 0 

n the annular baffle plate : U = V = 0 (24) 

Friction Factor, Pumping Power, Heat Transfer Rate and Nus- 

elt Number 

Attention will now be focused on the calculation of the friction 

actor which will be defined as 

f = 

−( dp / dx ) D 

1 
2 
ρ ū 

2 
= 

2 B 

Ū 

2 
= 

2 B 

Re 2 
(25) 

Another quantity of interest is the pumping power. The dimen- 

ionless pumping power per unit length is defined as 

� p ˙ V 

π
4 

ρ ν3 

D 

= B Re (26) 

here � pis the pressure drop per unit length, ˙ V is the vol- 

me flow rate and � p ˙ V represents the pumping power per unit 

ength. In the case of the identical pumping power, the dimen- 

ionless form of the relation ( � p ˙ V ) b = ( � p ˙ V ) s is expressed as 

 

B Re ) b = ( B Re ) s (27) 

The mass flow rate, ˙ m , is expressed as ˙ m = ( π/ 4 ) μ D Re . In

he case of the identical mass flow, the following correlation is ob- 

ained. 

e = Re s (28) 
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Note that Eq. (28) is also available in the case of the identical 

olume flow rate. The subscript b and s represent ducts with baf- 

e plates and smooth surface. Since B represents the dimension- 

ess pressure gradient, the following correlation is obtained under 

he identical pressure drop. 

 b = B s (29) 

The cycle average Nusselt number is defined by 

u = 

(
˙ Q / A w 

t w 

− t b 

)
D 

k 
(30) 

here A w 

= π D L is the heat transfer surface area and 

˙ Q is the per-

ycle heat transfer rate of the flow in the circular duct with peri- 

dic annular baffles and is calculated from the temperature gradi- 

nt at the wall as 

˙ 
 = π D 

∫ L 

0 

k 

(
∂ t 

∂ r 

)
D/ 2 

dx (31) 

t w 

− t b is the log mean temperature difference and is expressed 

y 

 w 

− t b = ( t w 

− t b ) in 

1 − exp 

(∫ L/D 

0 � dX 

)
− ∫ L/D 

0 � dX 

(32) 

Substituting Eqs. (31) and (32) and the dimensionless variables 

nto Eq. (30) , the cycle average Nusselt number is rewritten as 

u = 

1 

L/D 

∫ L/D 

0 � dX 

1 − exp 

(∫ L/D 

0 � dX 

)

×
∫ L/D 

0 

exp 

(∫ X 

0 

� dX 

)(
∂T 

∂R 

)
R =0 . 5 

dX (33) 

The cycle average Nusselt number was calculated from 

q. (33) . In the periodic thermally fully developed region, the cycle 

verage Nusselt number value of each cycle is identical. To confirm 

his, supplementary computations were conducted for two cases 

here the computational domain was extended to two cycles and 

hree cycles from the single cycle. The obtained average Nusselt 

umbers of two cycles and three cycles are identical to that of the 

ingle cycle. The dimensionless heat transfer rate of a cyclic duct 

f n -cycles is expressed as [ 15 , 17 ] 

˙ 
n = 

˙ Q n 

k D ( t w 

− t b ) in 
= 

π

4 

Re Pr 

{ 

1 − exp 

(−4 Nu 

Re Pr 

nL 

D 

)} 

(34) 

here n is a natural number ( n = 1 , 2 , 3 , · · ·). The dimension-

ess heat transfer rate of a cyclic duct of n -cycles was calculated 

rom Eq. (34) . 

.4. Computational parameters for sample computation 

From an examination of the governing equations in Eqs. (18) - 

22) , it can be seen that there are two parameters whose values 

ave to be specified prior to the initiation of the numerical com- 

utation. These are the Prandtl number, Pr , and the dimension- 

ess per-cycle pressure gradient, B . In this paper, Pr = 5 is selected 

ssuming that the fluid is water. The values chosen for B is se- 

ected in such a way that the calculated Reynolds number ranges 

rom 50 to 500. Aside from the Pr and B , there are three geomet-

ic parameters which have to be specified. Since the diameter of 

he duct D is chosen for the reference length, the geometric pa- 

ameters are the pitch of the baffle plates and diameter ratio, L/D , 

he dimensionless inner and outer radii of the annular baffle plate, 

 i /D and r o /D . The selected values of these parameters are L/D = 5 , 

 /D = 0 . 1 and r o /D = 0 . 2 . 
i 

4 
The attention will turn to the computational range of the 

eynolds number. The flow behind the annular baffle plate is an 

nsteady flow or a turbulent flow when the Reynolds number is 

igh. Twin vortices are observed in a flow behind a cylinder in the 

ange of 10 < Re cyl < 40 where Re cyl is the Reynolds number based 

n the cylinder diameter. In the range of Re cyl > 40 , the flow tran- 

itions to the unsteady laminar flow [18] . The height of the baffle 

late, r o − r i , is 0.1 D . The Reynolds number based on the height of 

he baffle plate is a tenth of Reynolds number of the duct flow. Al- 

hough the annular baffle plate is not a cylinder, we assumed that 

he flow in the range of the Reynolds number from 50 to 500 is a

teady laminar flow. 

.5. Numerical method 

The discretization procedure of the governing equations is 

ased on the control volume based power law scheme of Patankar 

19] . The pressure and velocity are linked by the SIMPLE algo- 

ithm of Patankar [19] . The convergence criterion used in this 

omputation was that the value of the mass flux residuals (mass 

ow) divided by the total mass flow in each control volume took a 

alue under 10 –13 . A non-uniform grid distribution with a high 

oncentration near the inlet, the outlet, the edges of the annu- 

ar baffle plate and the wall. They were a structured grid . A 

ypical grid distribution for a case of N X = 10 0 0 and N R = 20 0 is

hown in Fig. 2 . The grid size in the X -direction was gradually in-

reased from the inlet to the mid and it gradually decreased to the 

utlet in a power-law spacing fashion [20] . The grid size in the 

 -direction was gradually decreases from the center to the inner 

dge of the annular baffle plate. It was gradually increased and de- 

reased between the inner and outer edges of the baffle plate and 

etween the outer edge and the wall in a power-law spacing fash- 

on. The selected indexes of the power-law spacing in X -direction 

nd R -direction were 1.4. The computational time depends on the 

imensionless pressure gradient, B . The computational time for 

 = 30 0 0 0 with the grids of N X = 10 0 0 and N R = 200 was 3.2 h

y a personal computer with Intel core i7–4770 K 3.50 GHz pro- 

essor. The corresponding Reynolds number is 439. 

.6. Grid size effect 

The effect of number of grids in R -direction on the cycle aver- 

ge Nusselt number was examined. B = 16,0 0 0 was chosen for the 

imensionless pressure gradient and its corresponding Reynolds 

umber is about 260. The results are tabulated in Table 1 . The 

umber of the grids in X -direction is fixed at 400. N 1 , N 2 and N 3 

re numbers of the grids from the center to the inner edge, from 

he inner edge to the outer edge, and from the outer edge to the 

all and N R is the sum of them. As can be seen from this table,

he grid size effect on N u m 

decreases with increasing the num- 

er of the grids. Then, N R = 200 was chosen for the number of the 

rids in R -direction. 

The effect of number of the grids in X -direction on the cycle 

verage Nusselt number was also examined for N X = 40 0, 60 0, 80 0 

nd 10 0 0. B = 16,0 0 0 was chosen for the dimensionless pressure

radient and its corresponding Reynolds number is about 261. The 

umber of the grids in R -direction was fixed at 200. The Nu is 

lotted in Fig. 3 as a function of the inverse of N X . The dashed line

s the curve fitted line obtained from the Nu of N X = 40 0, 60 0, 80 0

nd 10 0 0. The Nu decreases almost linearly with decreasing 1 / N X , 

hen, the value of Nu at 1 / N X = 0 was obtained by extrapolation of 

he curve fitted line. Supplementary runs for N X = 120 0, 160 0 and 

0 0 0 were conducted and the results coincide with the curve fitted 

ine obtained from the Nu of N X = 40 0, 60 0, 80 0 and 10 0 0. Then,

he cycle average Nusselt number was obtained in such away that 

u of N = 40 0, 60 0, 80 0 and 10 0 0 were obtained first. Next, they
X 



S.N.A. Yusof, N.M. Muhammad, W.M.A. Aziz Japar et al. International Journal of Heat and Mass Transfer 186 (2022) 122431 

Fig. 2. A typical grid distribution ( N X = 10 0 0 , N R = 20 0 ). 

Table 1 

Grid size effect. 

N X 

N 1 
( R = 0–0.1) 

N 2 
( R = 0.1–0.2) 

N 3 
( R = 0.2–0.5) N R Nu 

Nu −N u N R =250 

N u N R =250 
× 100 

400 10 10 30 50 4.9593 7.24% 

20 20 60 100 4.7229 2.13% 

30 30 90 150 4.6609 0.79% 

40 40 120 200 4.6363 0.26% 

50 50 150 250 4.6243 –

Fig. 3. Grid size effect on cycle average Nu at B = 16,0 0 0. 
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ere plotted as a function of 1 / N X and the curve fitted line was 

btained. The value of Nu at 1 / N X = 0 was determined by the ex- 

rapolation of the curve fitted line. 

. Results and discussion 

Sample computations were conducted for the case of Pr = 5 , 

/D = 5 , r 1 /D = 0 . 1 and r 2 /D = 0 . 2 . The streamline map obtained

rom the solution for B = 30,0 0 0 is presented in Fig. 4 (a). The

orresponding Reynolds number is 438.5. The blue small lines 
5 
t X = 0 and X = 5 are the annular baffle plates. The flow di-

ection changes to the wall by the annular baffle plate. Vor- 

ices can be seen behind the annular baffle plate. The contour 

lot of dimensionless temperatures, T , in the tube is presented 

n Fig. 4 (b). Since the dimensionless temperatures, T , is defined 

y Eq. (9) , T at the wall takes 0 on the wall and the dimension-

ess bulk temperature takes unity. The boundary layer in the range 

rom X = 0 to X = 0 . 7 becomes thin because of the flow. 

The correlations between Re s and Re b under the identical pres- 

ure drop, the identical pumping power and the identical mass 

ow rate are plotted in Fig. 5 . Since the analytical value of the 

f Re of the smooth circular duct is 64, substituting this value into 

q. (25) the dimensionless pressure gradient B of the smooth cir- 

ular duct is expressed as 

 s = 32 Re s (35) 

Substituting Eq. (35) into Eq. (27) , the Reynolds number of the 

mooth circular duct under the identical pumping power is ob- 

ained as 

e s = 

{ 

1 

32 

( B Re ) b 

} 1 / 2 

(36) 

Substituting Eq. (35) into Eq. (29) , the Reynolds number of the 

mooth circular duct under the identical pressure drop is obtained 

s 

e s = 

B b 

32 

(37) 

Since the dimensionless pressure gradient B is the computa- 

ional parameter, the Reynolds number of a duct with baffle plates, 

e b , is obtained for a specified B b after solving the flow field. Sub- 

tituting these B and Re into Eq. (36) , the Reynolds number of 
b b 



S.N.A. Yusof, N.M. Muhammad, W.M.A. Aziz Japar et al. International Journal of Heat and Mass Transfer 186 (2022) 122431 

Fig. 4. (a) Stream lines (b) T contour at B = 30,0 0 0 ( Re b = 438 . 5 ). 

Fig. 5. Correlations between Re s and Re b under typical flow constraints. 

Fig. 6. Friction factor as a function of Re . 
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Fig. 7. Cycle average Nusselt number. 
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he smooth duct under the identical pumping power, Re s , is ob- 

ained. In the case of the identical pressure drop, substituting B b 
nto Eq. (37) , the correlation between Re s and Re b is obtained. As 

an be seen from the figure, the difference between Re s and Re b is 

arge under the identical pressure drop. 

The friction factors of the smooth circular duct and the cir- 

ular duct with the periodic annular baffle plates are plotted in 

ig. 6 . The friction factor of the circular duct with the baffle plates 

s 1.4 to 2.1 times higher than that of the smooth duct. 
6 
The cycle average Nusselt number of the smooth circular duct 

nd the circular duct with the periodic annular baffle plates are 

lotted in Fig. 7 . Although the Nusselt number of the smooth 

ircular duct in the thermally fully developed region is constant 

 Nu = 3 . 6568 ), the cycle average Nusselt number of the circular

uct with the baffle plates increases with increasing the Re num- 

er. 

The heat transfer rate of the 50 cyclic duct with the periodic 

affle plates calculated from Eq. (34) is plotted in Fig. 8 . Since the

/D of one cycle is 5, the total length of the 50 cyclic duct is 250

 . The heat transfer rate of the smooth circular duct of 250 D is

lso plotted in Fig. 8 . As seen from the figure that he heat transfer

ate of the 50 cyclic duct with the periodic baffle plates is higher 

han that of the smooth circular duct of the same length. The heat 

ransfer rate ratio is greater than unity under the identical mass 

ow rate. 

.1. Performance factor 

Here, we will consider the performance factor for the evalu- 

tion index of the heat transfer enhancement of flows in ducts 

ith constant wall temperature. The performance factor, which 

s a heat transfer rates ratio defined as the following equation is 

uitable for the evaluation index in the case of the constant wall 

emperature. 

= 

˙ Q b,n 

˙ Q s,n 

= 

˙ �b,n 

˙ �s,n 

(38) 
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Fig. 8. Heat transfer rate of 50 cyclic duct. 

Fig. 9. Performance factor of 50 cyclic duct under identical pumping power. 
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Fig. 10. Performance factor of a duct with length of X = n L /D ( Re b = 438 . 5 ). 
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here ˙ �b,n and 

˙ �s,n are the dimensionless heat transfer rates of a 

yclic duct of n cycles with periodic baffles and a smooth circular 

uct which are calculated from Eq. (34) . 

.2. Identical pumping power 

The performance factors of the 50 cyclic duct calculated from 

qs. (1) , (3) , (4) and (38) under an identical pumping power are

lotted in Fig. 9 as a function of the dimensionless pumping power 

er unit length defined in Eq. (26) . As seen in the figure, there

re discrepancies between the performance factors calculated from 

qs. (1) , (3) and (4) and the value calculated from Eq. (38) . The

erformance factor calculated from Eq. (1) gives a higher perfor- 

ance factor value. Therefore, the performance factors calculated 

rom Eqs. (1) , (3) and (4) are not appropriate for the evaluation of

he heat transfer enhancement under the identical pumping power. 

The average Nusselt number and the friction factor of the 

mooth duct in the hydrodynamically and thermally fully devel- 

ped region are constant. The cycle average Nusselt number of 

he duct with periodic baffles is identical in each cycle in the peri- 

dically fully developed region. The cycle average friction factor of 

he duct with periodic baffles is identical in each cycle, too. There- 

ore, the performance factor of a duct with length of X = n L /D cal- 

ulated from Eq. (1) is identical to the performance factor of a duct 

ith length of X = L/D . The same is true on the performance fac- 

ors calculated from Eqs. (3) and (4) . However, it can be seen from

n examination of Eq. (34) that the heat transfer rate of the duct 
7 
s a function of the number of cycles, n . n is a natural number

s n = 1 , 2 , · · ·. The performance factors of a duct with length of

 = n L /D calculated from Eqs. (1) , (3) , (4) and (38) under an iden-

ical pumping power for the case of Re b = 438 . 5 ( B = 30 0 0 0 ) are

lotted in Fig. 10 as a function of the number of cycles, n . Note

hat the performance factors calculated from Eqs. (1) , (3) , (4) and 

38) are discrete values at n = 1 , 2 , · · · not continuous values. The

erformance factor calculated from Eq. (38) decreases with in- 

reasing the number of cycles, n . The fluid temperature at the exit 

f the duct reaches the wall temperature when the duct is very 

ong. In such a case, the heat transfer rate ratio is expressed by 

he mass flow rate ratio because the temperature increments from 

he inlet to the exit of the smooth duct and the duct with the pe-

iodic baffles are identical. Under the identical pumping power, 

he mass flow rate of the flow in the duct with periodic baffles 

s lower that of the smooth duct because of the pressure loss by 

he baffle plates. Therefore the performance factor takes a value 

elow unity when the duct is long. Then, the performance factors 

alculated from Eqs. (1) , (3) and (4) are not valid for evaluating the 

eat transfer enhancement and it leads to the wrong conclusion. 

The term inside of the curly bracket of Eq. (34) expresses the 

imensionless bulk temperature of the fluid at the exit of a cyclic 

ircular duct of n-cycles, θn . That is 

n = 

t b,n − t in 
t w 

− t in 
= 1 − exp 

(−4 Nu 

Re Pr 

nL 

D 

)
(39) 

The dimensionless bulk temperature of the fluid at the exit 

f a cyclic duct with baffle plates of n-cycles calculated from 

q. (39) for the case of Fig. 10 ( Re b = 438 . 5 and Pr = 5 ) is plot-

ed in Fig. 11 . The dimensionless bulk temperature at the exit of a 

mooth circular duct of the same length under the identical pump- 

ng power is also plotted in Fig. 11 . The Reynolds number of the 

ircular smooth duct under the identical pumping power is calcu- 

ated from Eq. (36) as Re s = 641 . 2 . The dimensionless heat trans- 

er rate of a cyclic duct of n-cycles calculated from Eq. (34) for the

ase of Fig. 10 ( Re b = 438 . 5 and Pr = 5 ) is plotted in Fig. 12 . The

imensionless heat transfer rate of a smooth circular duct of the 

ame length under the identical pumping power is also plotted in 

ig. 12 . 

Since the heat transfer of the duct with baffle plates is en- 

anced by the baffle plates, the fluid temperature of the duct with 

affle plates quickly approach asymptotically to the wall tempera- 

ure in comparison with the smooth duct. When the dimension- 

ess bulk temperature of the fluid asymptotes to the wall tem- 

erature, the dimensionless heat transfer rate takes the maximum 
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Fig. 11. Dimensionless bulk temperature at exit of cyclic circular duct of n-cycles 

for case of Fig. 10 ( Re b = 438 . 5 and Re s = 641 . 2 ). 

Fig. 12. Dimensionless heat transfer rate of cyclic duct of n -cycles for case of 

Fig. 10 ( Re b = 438 . 5 and Re s = 641 . 2 ). 
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Fig. 13. Performance factor under (a) identical mass flow rate (b) identical pressure 

drop. 
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alue and is expressed as 

˙ 
max = 

π

4 

Re Pr (40) 

The maximum dimensionless heat transfer rate of the duct with 

affle plates for the case of Re b = 438 . 5 and Pr = 5 is 1722.0. In

he case of the smooth duct, since the Reynolds number is Re s = 

41 . 2 , the maximum dimensionless heat transfer rate is 2517.9. As 

een from Fig. 12 , the dimensionless heat transfer rate of the 

mooth duct is higher than that of the duct with baffle plates 

hen the cycle number is greater than 30. This is the reason why 

he performance factor decreases with the length. 

.3. Identical mass flow rate and identical pressure drop 

The performance factors under the identical mass flow rate 

nd the identical pressure difference calculated from Eqs. (1) , (3) , 

4) and (38) are plotted in Fig. 13 (a) and (b). The S t s , N u s and

f s in Eqs. (1) and (3) are the Stanton number, the Nusselt num- 

er and the friction factor of the smooth duct at Re s = Re b in the 

ase of the identical mass flow. The S t s , N u s and f s in Eqs. (1) ,

3) and (4) are the Stanton number, the Nusselt number and the 

riction factor of the smooth duct at Re s = B/ 32 which is derived 

rom Eq. (25) in the case of the identical pressure difference. Since 

qs. (1) , (3) and (4) are derived for the flow constraint of the

dentical pumping power, it is obvious that there are discrepancies 
8 
etween the performance factors calculated from Eqs. (1) , (3) & 

4) and the performance factor calculated from Eq. (38) . 

. Conclusion 

The validity of the performance factors, Eq. (1) , Eq. (3) and 

q. (4) , which have been used in previous studies for the evalua- 

ion of heat transfer enhancement by insertion of the baffle plates 

nder an identical pumping power, were examined. Based on that, 

e, therefore, made the following conclusions: 

The performance factors such as Eq. (1) , Eq. (3) and Eq. (4) used

n previous studies are not valid for evaluating the heat transfer 

nhancement by insertion of baffle plates. 

The direct comparison of the heat transfer rates without the as- 

umptions of equal surface area and the equal temperature differ- 

nce is suitable for evaluating heat transfer enhancement. 
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