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1st and 2nd Law Characteristics
in a Micropipe: Integrated Effects
of Surface Roughness, Heat Flux
and Reynolds Number

A. ALPER OZALP
Department of Mechanical Engineering, University of Uludag, Bursa, Turkey

A computational study of the integrated effects of surface roughness, heat flux, and Reynolds number on the 1st and 2nd
law characteristics of laminar-transitional flow in a micropipe is presented. Analyses are carried by solving the variable
fluid property continuity, Navier–Stokes, and energy equations for the surface roughness, heat flux, and Reynolds number
ranges of 1–50 µm, 5–100 W/m2, and 1–2000, respectively. Computations put forward that surface roughness not only
accelerates transition to lower Reynolds number but also augments heat transfer rates, such that the transitional Reynolds
numbers and intermittency values are evaluated as ∼1650, ∼575, and ∼450 and 0.132, 0.117, and 0.136 for the surface
roughness cases of 1, 20, and 50 µm, respectively. Thermocritical Reynolds numbers are identified by determining the
viscous dissipation rates, which characterize the heating/cooling behavior and the related Reynolds number range. Surface
roughness comes out to have no role on entropy generation at low Reynolds numbers; moreover, entropy generation is found
to be inversely proportional with mean temperature variation, where the trends become almost asymptotic at the lower limit
of the investigated Reynolds number range. Being independent of surface roughness, heat flux, and Reynolds number, radial
irreversibility distribution ratio is determined to be negligible at the pipe centerline, indicating that the frictional entropy is
minor and the major portion of the total entropy generation is thermal based.

INTRODUCTION

In many engineering installations internal flows with heat
transfer widely take place, and are thus studied extensively.
From the scientific point of view, flow and heat transfer char-
acteristics of internal laminar flows are very well known and
can be explicitly defined with analytical solutions. However,
existence of surface roughness not only leads to considerable
deviations in the velocity and temperature profiles from those
of the laminar-analytical but also causes the growth of en-
tropy generation, which makes the energy-saving aspects very
important in the design, construction, and operation of sys-
tems with internal flows. Energy–exergy analysis is defined
as a method of performing system analysis according to the
conservation of mass, momentum, and energy, and the 2nd
law of thermodynamics. It consists of using the 1st and 2nd
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chanical Engineering, University of Uludag, 16059 Gorukle, Bursa, Turkey.
E-mail: aozalp@uludag.edu.tr

law together, and has recently been the topic of great in-
terest in various thermo-fluid operations such as geothermal
district heating systems [1], operations with non-Newtonian
fluids [2], heat exchangers [3], and even micropipe systems
[4].

There exist several published reports of the experimental
and numerical investigations on heat and momentum transfer
studies of laminar-transitional flows, with surface roughness
application, in the last decade. Kandlikar et al. [4] studied the
effects of surface roughness on pressure drop and heat transfer in
circular tubes, for single-phase flow with small hydraulic diam-
eters, and concluded that transition to turbulent flows occurs at
Reynolds number values much below 2300. Experimental inves-
tigations of Vicente et al. [5] on dimpled tubes for laminar and
transition flows pointed out that the roughness-induced friction
factors were 10% higher than the smooth tube ones and the tran-
sition onset was at a relatively low Reynolds number of 1400.
Guo and Li [6] studied surface-roughness-provoked surface fric-
tion; they reported that frictional activity is responsible for the
early transition from laminar to turbulent flow. Augmentation
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974 A. A. OZALP

characteristics of heat transfer and pressure drop by the imposed
wall heat flux, mass flux, and different strip-type inserts in small
tubes were experimentally investigated by Wen et al. [7]. Obot
[8] prepared a literature review on friction and heat/mass transfer
in microchannels. According to the available literature on mi-
crochannels, the arbitrary definition of microchannels is given
with a hydraulic diameter of Dh ≤ 1000 µm (1 mm). The main
findings are: (i) Onset of transition to turbulent flow in smooth
microchannels does not occur if the Reynolds number is less
than 1000, and (ii) Nusselt number varies as the square root
of the Reynolds number in laminar flow. Engin et al. [9] also
considered wall roughness effects in microtube flows; they de-
termined significant departures from the conventional laminar
flow theory. The rise of laminar Nusselt number and appar-
ent friction coefficient with the increase of surface roughness
were reported by Wu and Cheng [10]; they additionally deter-
mined that the increase rates become more obvious at larger
Reynolds numbers. As Morini [11] worked on the role of the
cross-sectional geometry on viscous dissipation and the min-
imum Reynolds number for which viscous dissipation effects
can not be neglected, Koo and Kleinstreuer [12] numerically
and experimentally investigated the significance of viscous dis-
sipation on the temperature field and on the friction factor. The
following works of Celata et al. [13, 14] described the roles of
surface roughness on viscous dissipation, the resulting earlier
transitional activity, and augmented friction factor values and
head loss data.

Entropy generation and 2nd law analysis have direct con-
tribution to system performance, reliability, and efficiency for
long-term applications. Thus, associated investigations, on in-
ternal fluid flow-related problems, have become more frequent
recently. The existence of an optimum laminar flow regime in
singly connected microchannels with finite temperature differ-
ences and fluid friction, based on 2nd law analysis, was inves-
tigated by Richardson et al. [15]. Ratts and Raut [16] obtained
optimal Reynolds numbers for single-phase, convective, fully
developed internal laminar and turbulent flows with uniform
heat flux, by employing the entropy generation minimization
method. Laminar forced convection and entropy generation in
a helical coil with constant wall heat flux was numerically in-
vestigated by Ko [17]. He suggested that the optimal Reynolds
number is to be chosen according to the flow operating condition
so that the thermal system can have the least irreversibility and
best exergy utilization. Ko [18] also numerically performed the
thermal design of plate heat exchanger double-sine ducts, from
the point of entropy generation and exergy utilization. Entropy
generation for a fully developed laminar viscous flow in a duct
subjected to constant wall temperature was analytically inves-
tigated by Sahin [19]. His determinations shown that for low
heat transfer conditions, the entropy generation due to viscous
friction becomes dominant and the dependence of viscosity on
temperature becomes essentially important in accurately deter-
mining the entropy generation. Kotas et al. [20] not only shown
that the concept of exergy is dependent on that of the environ-
ment, but also indicated that for calculating loss of exergy, or

process irreversibility, an exergy balance or the Gouy–Stodola
theorem can be used.

Some recent studies concentrated on the roughness defini-
tion and roles of roughness on the flow and heat transfer per-
formances of various applications, due to the significant role of
surface roughness in thermo-fluid systems. A few of the most re-
cent roughness-based research studies can be summarized as: the
numerical works of Ozalp [21, 2] on compressible flow in con-
verging and aerospace propulsion nozzles with various surface
roughness conditions, the Sheikh et al. [23] model to eliminate
the discrepancy in the fouling measurements by characteriz-
ing the fouling as a correlated random process, the Wang et al.
[24] regular perturbation method to investigate the influence of
two-dimensional roughness on laminar flow in microchannels
between two parallel plates, the nonequilibrium molecular dy-
namics simulation of Cao et al. [25] to investigate the effect of
the surface roughness on slip flow of gaseous argon, and the
Sahin et al. [26] study on entropy generation due to fouling as
compared to that for clean surface tubes.

Despite the several numerical and experimental reports on
the fluid motion and heat transfer mechanisms of fluid flow in
circular ducts, there still exists the necessity to carry out a work
that develops a complete overview on the 1st and 2nd law charac-
teristics of laminar-transitional flow in a micropipe. The current
computational study is structured to provide a detailed insight on
the momentum transfer, heat transfer, and 2nd law characteris-
tics of roughness-induced forced convective laminar-transitional
micropipe flow, for wide ranges of surface roughness, heat flux,
and Reynolds number. To simulate real-time micropipe systems,
surface roughness data are adopted from the literature. More-
over, the heat flux range is decided by considering the level
of entropy generation and so occurring energy loss from the
system, such that both heating and cooling scenarios can be
investigated. The results on momentum transfer are discussed
through radial distributions of axial velocity, boundary layer
parameters, and friction coefficients. Heat transfer records are
presented in terms of radial temperature profiles, mean tempera-
ture variations, Nusselt numbers, and frictional energy loss data
to identify the viscous dissipation rates. Second law character-
istics are displayed with thermal, frictional, and overall entropy
generation rates, by cross-correlating with mass flow rate, mean
temperature variations, and Reynolds number. Moreover, radial
and overall variation styles of irreversibility distribution ratio
and interactions of frictional and thermal entropy values are
also established.

THEORETICAL BACKGROUND

Micropipe and Roughness

The diameter and length of the micropipe (Figure 1a), ana-
lyzed in this article, are given as D and L. The present rough-
ness model is based on the triangular structure of Cao et al.
[25] (Figure 1b), where the roughness amplitude and period are
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A. A. OZALP 975

Figure 1 (a) Schematic view of micropipe, (b) triangular surface roughness
distribution.

characterized by ε and ω, respectively. The role of roughness on
the 1st and 2nd law characteristics of laminar-transitional flow
is investigated by varying the amplitude in the range of ε =
1–50 µm. However, in all computations the roughness period-
icity parameter (ω′ = ω/ε) is kept fixed to ω′ = 2.31, which
corresponds to equilateral triangle structure (Cao et al. [25]).
Equation (1) numerically characterizes the model of Cao et al.
[25] with the implementation of the amplitude and period. The
model function (fε(z)) is repeated in the streamwise direction
throughout the pipe length, where the Kronecker unit tensor (δi)
attains the values of δI = +1 and –1 for 0 ≤ z ≤ 2.31

2 ε and
2.31

2 ε ≤ z ≤ ε 2.31, respectively.

fε(z) = δiε

[
1 − 4

2.31ε
z

]
(1)

Governing Equations

The average density and velocity of the flow at any cross
section of the duct are defined as ρo and Uo, and ν (= µ/ρ)
and µ are the kinematic and dynamic viscosity, respectively. As
the surface and mean flow temperatures are denoted by Ts and
To, thermal conductivity and convective heat transfer coefficient
are characterized by κf and h. Using these definitions, Reynolds
number and Nusselt number are given by Eqs. (2a) and (2b). Air
has been selected as the working fluid in the present study, and
the compressible character is handled by the ideal gas formula
of ρ = P

RT
. It is well known that air properties, like specific heat

at constant pressure (Cp), kinematic viscosity (ν), and thermal
conductivity (κf ), are substantially dependent on temperature
(Incropera and DeWitt [27]). To comprehensively implement the
property (ξ) variations with temperature into the calculations,

the necessary air data of Incropera and DeWitt [27] are fitted
into sixth-order polynomials, which can be presented in closed
form by Eq. (2c). The uncertainty of the fitted air data is less
than 0.02% and the temperature dependency is indicated by the
superscript T throughout the formulation.

Re = UoD

νT
= ρoUoD

µT
(a) Nu = hD

κT
f

= ∂T/∂r|r=RD

Ts − To

(b) ςT =
6∑

j=0

ajT
j (c) (2)

The problem considered here is steady (∂/∂t = 0), fully
developed, and the flow direction is coaxial with pipe cen-
terline (Ur = Uθ = 0); thus the velocity vector simplifies to
�V = Uz (r,z) k̂, denoted ∂Uz/∂θ = 0. These justifications are
common in several recent numerical studies, on roughness-
induced flow and heat transfer investigations, like those of Engin
et al. [9], Koo and Kleinstreuer [12], and Cao et al. [25]. The
flow boundary conditions are based on the facts that on the pipe
wall no-slip condition and constant heat flux exist, and flow
and thermal values are maximum at the centerline. As given
in Figure 1a, at the pipe inlet, pressure and temperature val-
ues are known and the exit pressure is atmospheric. Denoting
Uz = U(r,z) and T = T(r,z), the boundary conditions can be
summarized as follows:

r = R + fε(z) → U = 0 & r = 0 → ∂U

∂r
= 0

r = R + fε(z) → ∂T

∂r
= − q′′

r

κT
f

& r = 0 → ∂T

∂r
= 0 (3)

z = 0 → P = Pin, T = Tin & z = L → P = 0 (Manometric)

As the components of the viscous stress tensor (τ) and heat
flux terms (q′′) can be written as Eqs. (4) and (5), internal and
kinetic energy terms are defined as e = CυT and k = U2

z/2,
respectively.

τrz = µT ∂Uz

∂r
(a) τzz = 4

3
µT ∂Uz

∂z
(b) (4)

q′′
r = −κT

f
∂T

∂r
(a) q′′

z = −κT
f
∂T

∂z
(b) (5)

With these problem definitions and above implementations,
for laminar compressible flow with variable fluid properties,
continuity, momentum, and energy equations are given as:

∂

∂z
(ρUz) = 0 (6)

ρ

(
Uz

∂Uz

∂z

)
+ ∂P

∂z
= 1

r

∂

∂r
(rτrz) + ∂τzz

∂z
(7)

∂

∂z

[
ρ

(
e + P

ρ
+ k

)
Uz

]
+ 1

r

∂

∂r
(rq′′

r ) + ∂qz
′′

∂z

= τzz
∂Uz

∂z
+ τrz

∂Uz

∂r
+ Uz

[
1

r

∂

∂r
(rτrz) + ∂τzz

∂z

]
(8)
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976 A. A. OZALP

The average fluid velocity and temperature, at any cross sec-
tion in the pipe, are obtained from

Uo(z) = 2π
∫ r=R

r=0 ρ(r, z)U(r, z)rdr

ρoπR2 (a)

To(z) = 2π
∫ r=R

r=0 ρ(r, z)U(r, z)Cp(r, z)T(r, z)rdr

ρoUo
(
Cp

)
o πR2 (b) (9)

and the shear stress and mass flow rate are defined as

τ = Cf
1

2
ρoU2

o = µT

∣∣∣∣ dU

dr

∣∣∣∣
r=R

∣∣∣∣ (a)

ṁ = ρoUoA = 2π

∫ r=R

r=0
ρ(r, z)U(r, z)rdr (b) (10)

S′′′ = κT
f

T2

[(
∂T

∂r

)2

+
(

∂T

∂z

)2
]

+µT

T

[(
∂U

∂r

)2

+ 2

(
∂U

∂z

)2
]

(a)

S′′′ = S′′′
�T + S′′′

�P (b) (11)

The Gouy–Stodola theorem [20] considers the lost available
work to be directly proportional to entropy generation, which
results from the nonequilibrium phenomenon of exchange of en-
ergy and momentum within the fluid and at the solid boundaries.
Due to the existence of the velocity and temperature gradients in
the flow volume, the volumetric entropy generation rate is posi-
tive and finite. Computation of the temperature and the velocity
fields through Eqs. (6)–(8) on the problem domain will produce
the input data for Eq. 11(a), which defines the local rate of en-
tropy generation per unit volume (S′′′), for a two-dimensional (r,
z) compressible Newtonian fluid flow in cylindrical coordinates.

As given in Eq. 11(b), the entropy generation due to finite
temperature differences (S′′′

�T) in axial z and in radial r directions
is defined by the first term on the right side of Eq. 11(a), the
second term stands for the frictional entropy generation (S′′′

�P).
As the total values of the frictional, thermal and overall en-
tropy generation rates can be obtained by Eqs. 12(a)–(c), Eqs.
13(a) and 13(b) stand for the local and overall irreversibility
distribution ratios.

S�P = 2π

∫ z=L

z=0

∫ r=R

r=0
S′′′

�Prdrdz (a)

S�T = 2π

∫ z=L

z=0

∫ r=R

r=0
S′′′

�Trdrdz (b)

S = 2π

∫ z=L

z=0

∫ r=R

r=0
S′′′rdrdz (c) (12)

φ′′′ = S′′′
�P

S′′′
�T

(a) φ = S�P

S�T
(b) (13)

Computational Method

Laminar micropipe flow with surface roughness and heat
flux governs the complete equation set described in the previous
section, equations that are highly dependent nonlinear formu-
lations, where the convergence problems and singularities are
most likely to occur in the solution scheme of the sufficiently
complex structure. Forward difference discretization is applied
in the axial and radial directions, for the two-dimensional march-
ing procedure. The flow domain of Figure 1a is divided into m
axial and n radial cells (m × n), where the fineness of the compu-
tational grids is examined to ensure that the obtained solutions
are independent of the grid employed. Since the computational
findings must be independent of the employed number of cells,
optimum meshing is determined by performing several succes-
sive runs. These runs indicated an optimum axial cell number
of m = 500, having an equal width of �z, whereas the radial
direction is divided into n = 100 cells. Since the velocity and
temperature gradients are significant on the pipe walls, the 20%
of the radial region, neighboring solid wall, is employed an
adaptive meshing with radial-mesh width aspect ratio of 1.1.
For simultaneous handling, Eqs. (6)–(8) need to be assembled
into the three-dimensional “transfer matrix,” consisting of the
converted explicit forms of the principle equations. The direct
simulation Monte Carlo (DSMC) method, as applied by Ozalp
[21, 22] to compressible nozzle flow problems and in a simi-
lar way by Wu and Tseng [28] to a microscale gas dynamics
domain, is a utilized technique especially for internal gas flow
applications with instabilities. The DSMC method can couple
the influences of surface roughness and surface heat flux condi-
tions over the meshing intervals of the flow domain. The ben-
efits become apparent either when the initial guesses on inlet
pressure and inlet velocity do not result in convergence within
the implemented mesh, or when the converged solution does not
point out the desired Reynolds number in the pipe. There exists
two types of convergence problems (singularities) such that (i)
Mach number exceeds 1 inside the pipe and (ii) the exit Mach
number is lower than or equal to 1 but the exit pressure deviates
from the related boundary condition more than 0.01 Pa. [Eq.
(3)]. Moreover, as defined in detail by Ozalp [29], to enable the
application of different types of boundary conditions with less
specific change in programming, cell-by-cell transport tracing
technique is adopted to support the “transfer matrix” scheme
and to the DSMC algorithm. The concept of triple transport
conservation is incorporated into the DSMC, which makes it
possible to sensitively evaluate the balance of heat swept from
the micropipe walls and the energy transferred in the flow di-
rection and also to perform accurate simulation for inlet/exit
pressure boundaries. By simultaneously conserving mass flux
and boundary pressure matching within the complete mesh,
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A. A. OZALP 977

thermal equilibrium is satisfied at each pressure boundary in
the flow volume. Computations are based on the preconditions
that maximum allowable deviation of the exit pressure from the
related boundary condition [Eq. (3)] is less than 0.01 Pa and the
convergence criteria for the mass flow rate throughout the flow
volume is in the order of 0.01%. To investigate the streamwise
variations of the three primary flow parameters (U, P, T), the
resulting nonlinear system of equations is solved by using the
Newton–Raphson method. In the case of a convergence prob-
lem, U, P, and T are investigated up to the singularity point, and
then the local velocity is compared with the inlet value together
with the location of the singularity point with respect to the inlet
and exit planes. The inlet velocity is then modified by DSMC,
by considering the type of singularity, the velocity variation,
and the corresponding pipe length. However, inlet pressure and
velocity are both modified, to increase or decrease the Reynolds
number of the former iteration step, in the case that the Reynolds
number does not fit the required value.

RESULTS AND DISCUSSION

Consistent with the microchannel definition of Obot [8], in-
vestigations are performed for a micropipe having a diameter of
D = 1 mm. To develop a complete overview on the 1st and 2nd
law characteristics of laminar-transitional flow and to investi-
gate the integrated effects of surface roughness, heat flux, and
Reynolds number, computations are carried out with the suffi-
ciently wide ranges of ε = 1–50 µm (ε∗ = ε/D = 0.001–0.05),
q′′ = 5–100 W/m2, and Re = 1–2000. As the employed surface
roughness values are similar to those of Engin et al. [9] (ε∗ ≤
0.08), Wang et al. [24] (ε∗ = 0.005–0.05), and Sahin et al. [26]
(ε∗ ≤ 0.25), the applied heat flux range is decided in conjunction
with the total entropy generation rates to construct both heating
and cooling scenarios. Throughout the work, inlet air tempera-
ture, exit pressure, and pipe length are kept fixed at Tin = 278 K,
Pex = 0, and L = 0.5 m, respectively. First law analyses are dis-
cussed with the two subheadings of momentum and heat trans-
fer characteristics. Second law analyses are presented not only
with entropy generation values, by cross-correlating with mass
flow rate, mean-temperature variations, and Reynolds number,
but also with irreversibility distribution ratio, by demonstrating
both the radial and overall variation styles.

1ST LAW ANALYSES

Momentum Transfer Characteristics

Laminar flow characteristics in a circular micropipe with
wall roughness and heat flux conditions are given in terms of
radial distributions of axial velocity profiles (VP) (Figure 2),
normalized friction coefficients (C∗

f ) (Figure 3), and tabulated
boundary layer parameters (Table 1). Computational outputs
showed that varying the level of applied heat flux values had
no influence on the VP formation and C∗

f variation; therefore,

Figure 2 Variation of radial distributions of axial velocity with Re and ε∗.

the plotted velocity profiles and normalized friction coefficient
data put forward the combined impacts of surface roughness and
Reynolds number on the flow characteristics. Moreover, com-
putations pointed to a maximum Mach number of M = 0.083
at the upper Reynolds number limit of Re = 2000, resulting
in a streamwise density variation of 2.42%; thus, the sketched
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978 A. A. OZALP

Figure 3 Variation of C∗
f with Re and ε∗.

and tabulated flow characteristics stand for the complete pipe
length.

In order to clearly display the deviations of the VPs from the
characteristic styles of laminar and turbulent regimes and also to
put forward the roles of ε and Re on the transition mechanism,
the characteristic laminar profile [Eq. (14a)] and the modified
turbulent logarithm law for roughness [Eq. (14b)] (White [30])
are also displayed in Figure 2, where U∗ is the friction velocity
[Eq. (14c)]. To clarify the role of surface roughness on the fric-
tional activity, the classical and normalized friction coefficient
values are evaluated by Eqs. (15a)–(c) (White [30]).

U(r)

Uo
= 2

⎡
⎣1 −

(
r

R

)2
⎤
⎦ (a)

U(r)

U∗ = 2.44ln

(
R − r

ε

)
+ 8.5 (b) U∗ =

√
τw

ρ
(c)

(14)

Table 1 Boundary layer parameters for various Re and ε∗ cases

H γ Cf C∗
f

Re = 100
ε∗

1 = 0.001 3.35 0.007 0.161 1.006
ε∗

2 = 0.02 3.33 0.020 0.162 1.016
ε∗

5 = 0.05 3.31 0.031 0.163 1.021
Re = 500

ε∗
1 = 0.001 3.29 0.041 0.033 1.028

ε∗
2 = 0.02 3.19 0.104 0.035 1.078

ε∗
5 = 0.05 3.11 0.151 0.036 1.116

Re = 1500
ε∗

1 = 0.001 3.16 0.121 0.012 1.088
ε∗

2 = 0.02 2.91 0.271 0.013 1.228
ε∗

5 = 0.05 2.81 0.333 0.010 1.350
Re = 2000

ε∗
1 = 0.001 3.10 0.158 0.009 1.125

ε∗
2 = 0.02 2.81 0.333 0.010 1.250

ε∗
5 = 0.05 2.66 0.424 0.012 1.500

Cf = 2µT
∣∣ dU

dr

∣∣
r=R

∣∣
ρoU2

o

(a)

(Cf)lam = 16

Re
(b) C∗

f = Cf

(Cf)lam
(c) (15)

To strengthen the discussions on transition, boundary layer pa-
rameters like shape factor (H) and intermittency (γ) (White [30])
are estimated by Eqs. (16a) and (b), respectively. As the laminar
(Hlam = 3.36) and turbulent (Hturb = 1.70) shape factor values
are computed with Eq. (16a), by integrating the laminar [Eq.
(14a)] and turbulent [Eq. (14b)] profiles, the shape factor data
of the transitional flows were also calculated with Eq. (16a),
but with the computationally evaluated corresponding velocity
profiles.

H =
∫ r=R

r=0

(
1 − U(r)

Um

)
rdr∫ r=R

r=0
U(r)
Um

(
1 − U(r)

Um

)
rdr

(a) γ = Hlam − H

Hlam − Hturb
(b)

(16)

Combined effects of ε and Re on VPs are displayed in
Figure 2, for the non-dimensional surface roughness cases of
ε∗ = 0.001, 0.02, and 0.05 and for the Reynolds numbers of
Re = 100, 500, 1500, and 2000. It can be seen from the fig-
ure that, at Re = 100 even the highest ε∗ of 0.05 was not
influential enough to create a shift in the VP from that of the
laminar. The corresponding boundary layer parameters are eval-
uated as H = 3.35–3.31 and γ = 0.007–0.031 (Table 1) for ε∗

= 0.001–0.05, indicating the laminar character. The role of sur-
face roughness on the flow characteristics becomes noticeable
with the increase of Re. The highest surface roughness of ε∗ =
0.05 resulted in apparent deviations in the VP of Re = 500 case,
where the shape factor decreased to H = 3.11, intermittency
and normalized friction coefficient data rose to γ = 0.151 and
C∗

f =1.116, respectively. Although a universal decision has not
been achieved, there exists several experimental and numerical
investigations considering the transition onset in internal flow
problems with surface roughness. A 10% rise in Cf, which cor-
responds to C∗

f = 1.1, above the traditional laminar formula
of Eq. (15b) is recognized as an indicator for the transitional
activity by many researchers [4, 5, 6, 8, 31]. The present com-
putations pointed out the transitional Reynolds numbers and
intermittency values (Table 1) of Retra ≈ 1650 and γ = 0.132
for ε∗ = 0.001, Retra ≈ 575 and γ = 0.117 for ε∗ = 0.02,
and Retra ≈ 450 and γ = 0.136 for ε∗ = 0.05, where the nor-
malized friction coefficients are evaluated as C∗

f = 1.1. These
results not only indicate that roughness accelerates transition
to lower Reynolds numbers but also put forward that transition
onset can also be determined through intermittency data, where
the present computations perceive the γ range of about 0.1–0.15
for transition onset. Moreover, the determined Retra values are
in harmony with the results of Kandlikar et al. [4] (Retra ≈ 1700
for ε∗ ≈ 0.003), Obot [8] (Retra ≈ 2040 for inconsiderable
roughness) and Wu and Little [31] (Retra ≈ 510–1170 for
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A. A. OZALP 979

a wide range of ε∗). Figure 2 additionally demonstrates the
growing influence of surface roughness on the flow pattern
(VPs) with Reynolds number, especially the near wall regions
(r/R ≥ 0.75) and the centerline (r/R = 0). The gap between the
Uc/Uo ratios and the traditional data of Uc/Uo = 2.0 [Eq. (14a)]
increases both with higher ε∗ and Re.

Since viscous effects have a considerable impact on entropy
generation, Cf gains higher importance especially due to its di-
rect contribution on the irreversibility distribution ratio [φ , Eq.
(13b)]. Computational C∗

f values, for various ε∗ and Re cases,
are presented in Figure 3, with the available literature-based
data, and also tabulated in Table 1. It can be seen that C∗

f val-
ues augment both with ε∗ and Re, such that as C∗

f is evaluated
as 1.006, 1.028, and 1.088 for Re = 100, 500, and 1500, re-
spectively, at ε∗ = 0.001, and the corresponding values rise to
C∗

f = 1.021, 1.116, and 1.350 at ε∗ = 0.05. Vicente et al. [5],
Guo and Li [6], Engin et al. [9], and Wang et al. [24] also re-
ported the augmenting role of roughness on friction coefficient
with Reynolds number. On the other hand, for Re < 450, in the
complete ε∗ set (0.001–0.05), the C∗

f values are lower than 1.1,
which indicates that surface roughness does not create a vari-
ation in the frictional characteristics of laminar flow. Figure 3
indicates augmentations in C∗

f for Re > 450, specifying that the
influence of surface roughness becomes apparent with higher
Re, which was also recorded by Guo and Li [6] for microscale
flow. Figure 3 additionally puts forward that most of the ex-
perimental studies on laminar flows available in the literature
reported elevated friction coefficients for Re > 500 (Wu and
Little [31], Kohl et al. [32], and Choi et al. [33]); however, the
experimental friction factors of Yu et al. [34] were even below
the laminar theory for 100 < Re < 2000. The discussions, on
micropipe flow characteristics with surface roughness, clarify
the impact of surface roughness in laminar flow by putting for-
ward the VP transformation from laminar to the initial stages of
transitional character with ascends in C∗

f and γ and descends in
H and Uc/Uo values.

Heat Transfer Characteristics

Figure 4 presents the mean-temperature variation (�T = Tex

– Tin) values of the laminar-transitional flow in the Reynolds
number range of 1 ≤ Re ≤ 2000 for three heat flux and non-
dimensional surface roughness cases. Computations put forward
that the role of ε∗ on �T is ignorable at low Reynolds numbers.
However, the deviations become recognizable in the cases with
higher Re where the application of higher surface roughness re-
sults in lower mean-temperature variations. The identifiable �T
deviation due to ε∗ can be characterized by 1% shift among the
two limiting ε∗ cases. Formulating the method with the formula
of (�Tε∗=0.05−�Tε∗=0.001

�Tε∗=0.001
) × 100 = 1 results in the onset Reynolds

numbers of Re = 79, 425, and 528 for the heat flux values of q′′ =
5, 50, and 100 W/m2, respectively. These limits put forward that
higher heat flux values narrows the influential Re range of ε∗ on
�T in laminar flow. Figure 4 further interprets a reverse relation

Figure 4 Variations of �T with Re, ε∗, and q′′.

among the Re and �T values, being independent of the inten-
sity of heat flux. This result also indicates that the role of heat
flux on mean-temperature variation values is more remarkable
at lower mass flow rates. Moreover, augmentations of the heat
flux values are accompanied with higher temperature rise data in
the complete Reynolds number range. On the other hand, com-
putations point out that the role of heat flux on temperature rise
is more remarkable at low Reynolds number cases. Numerically
it can more specifically be identified that for the q′′ = 5 W/m2
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980 A. A. OZALP

Table 2 �loss and �T values for various Re, ε∗, and q′′ cases

q′′ (W/m2) 5 50 100
Qs (W) 7.85 × 10−3 7.85 × 10−2 1.57 × 10−1

Re = 100
ψloss (W) (ε∗

1 . . . . ε∗
6) 4.38 × 10−4 . . . . 4.46 × 10−4 5.63 × 10−4 . . . . 5.72 × 10−4 7.34 × 10−4 . . . . 7.44 × 10−4

�T (K) (ε∗
1 . . . . ε∗

6) 5.37 . . . . 5.35 56.37 . . . . 56.34 112.62 . . . . 112.58
Re = 500

ψloss (W) (ε∗
1 . . . . ε∗

6) 1.11 × 10−2 . . . . 1.21 × 10−2 1.17 × 10−2 . . . . 1.27 × 10−2 1.24 × 10−2 . . . . 1.34 × 10−2

�T (K) (ε∗
1 . . . . ε∗

6) −0.47 . . . . −0.6 9.52 . . . . 9.36 20.59 . . . . 20.41
Re = 1500
ψloss (W) (ε∗

1 . . . . ε∗
6) 1.11 × 10−1 . . . . 1.41 × 10−1 1.13 × 10−1 . . . . 1.43 × 10−1 1.15 × 10−1 . . . . 1.45 × 10−1

�T (K) (ε∗
1 . . . . ε∗

6) −4.71 . . . . −7.99 −1.59 . . . . −2.91 1.88 . . . . −3.32
Re = 2000

ψloss (W) (ε∗
1 . . . . ε∗

6) 2.08 × 10−1 . . . . 2.85 × 10−1 2.10 × 10−1 . . . . 2.89 × 10−1 2.13 × 10−1 . . . . 2.92 × 10−1

�T (K) (ε∗
1 . . . . ε∗

6) −6.72 . . . . −9.03 −4.46 . . . . −6.86 −1.96 . . . . −4.45

case the partial derivative of ∂�T/∂Re attains the values of
−6.34, −0.07, and −0.004 for Re of 10, 100, and 1000 respec-
tively, whereas these values rise to −48.63, −1.25, and −0.016
for q′′ = 100 W/m2. These proportions indicate that the role
of Reynolds number, thus mass flow rate, on temperature rise
becomes more comprehensible at higher heat flux applications.
Figure 4 additionally points out the axial-decrease of mean-flow
temperature values, beyond certain Reynolds numbers, in spite
of heat addition through the lateral walls of the circular pipe. To
provide a deeper insight for the heating/cooling outputs, Table 2
shows the applied flux and the corresponding total surface heat
transfer values (Qs), together with the amount of viscous energy
loss data (�loss) and mean-temperature variations (�T) for four
Reynolds numbers and also for the surface roughness range of
ε∗ = 0.001 (ε∗

1)–0.05 (ε∗
6). Viscous energy loss per unit volume

is the last term on the right hand side of the energy equation [Eq.
(8)]. Since flow velocity does not vary in the streamwise direc-
tion (∂Uz/∂z = 0), due to the incompressible character, viscous
energy loss data can be evaluated by the volumetric integral of

�loss = 2π

∫ L

0

∫ R

0
U

1

r

∂

∂r
(rτrz)r dr dz (17)

In the case with q′′ = 5 W/m2, the total heat added through
the duct walls (Qs = 7.85 × 10−3 W) is higher than viscous
energy loss data of Re = 100 for the complete ε∗ range (�loss =
4.38 × 10−4–4.46 × 10−4 W), where the resulting �T values are
5.37–5.35 K. However, with the increase of Reynolds number,
energy loss data overwhelm the surface heat addition, such that
for Re = 500, the limits of �loss and �T are determined to range
from 1.11 × 10−2 W to 1.21 × 10−2 W and from −0.47 K to
−0.6 K, respectively. The gap between the Qs and �loss values is
also evaluated to rise in the cases with higher Re (Table 2). Ta-
ble 2 additionally displays the surface heat addition, energy loss,
and the associated mean-temperature variations within the Re
range of 100–2000 for q′′ of 50–100 W/m2. The tabulated data
is projected to Figure 4 with augmented cooling behavior with
the increase of Reynolds number. Particularly, the thermally
critical Reynolds numbers [(Recr)th] can be visualized through

the zoomed plots of Figure 4 and determined as (Recr)th ≈ 414
± 7, ≈ 1210 ± 50, and ≈ 1635 ± 85 for q′′ = 5, 50, and
100 W/m2, respectively, where the lower and upper limits refer
to ε∗

6 = 0.05 and ε∗
1 = 0.001. The computational evaluations

put forward that higher heat flux augments (Recr)th; moreover
the expanded (Recr th limits explain the enhanced impact of ε∗

on �T values at higher q′′. Morini [11], Koo and Kleinstreuer
[12], and Celata et al. [13, 14] also reported energy loss and
temperature decrease due to friction in laminar flow. They indi-
cated that viscous dissipation is directly related with Reynolds
number where they experimentally and numerically recorded
exponential augmentations in energy loss due to high Re; their
common findings are wall heating due to viscous dissipation;
the dissipated energy resulted in loss of flow temperature even
if the surface roughness effects were disregarded. Their results
show harmony with the present evaluations on heating/cooling
behaviors of Figure 4 and the energy loss data of Table 2.

Figure 5 displays the radial variations of temperature values,
in non-dimensional form with respect to the centerline value
(Tc), for various surface roughness, heat flux and Reynolds
numbers. Since the energy loss (�loss) due to viscous dissipation
on the solid walls and surface heat transfer rates have consid-
erable influence on temperature profile (TP) development, the
computed TPs are displayed in conjunction with the laminar
constant heat flux (CHF) formula of Eq. (18) [30].

T(r) = Ts − 2Uoκ
T
f R2

ρCT
p

(
dTo

dz

)[
3

16
+ 1

16

( r

R

)4
− 1

4

( r

R

)2
]

(18)
Computations put forward that the TPs of the flows for Re ≤
500 coincide for the complete ε range investigated, designat-
ing the insignificant influence of surface roughness at low Re,
where the mean-temperature variation discussions of Figure 4
are completely in harmony with this determination. At the low-
est heat flux case of q′′ = 5 W/m2, for Re = 100, the energy
loss rates are quite low (�loss ≈ 4.4 × 10−4 W, see Table 2),
resulting in the similar TP to the laminar constant heat flux
profile [Eq. (18)]. Nevertheless, at higher heat flux cases (q′′

= 50–100 W/m2) the flow temperatures rise, causing the flow
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A. A. OZALP 981

Figure 5 Variations of radial temperature profiles with Re, ε∗, and q′′.

viscosity values and the energy loss data to rise (Table 2) at the
same Reynolds number case of Re = 100, which result in more
evident shifts in TPs from that of Eq. (18). On the other hand,
with the increase of Reynolds number (Re > 500), and thus
flow velocity and mass flow rate, the role of surface roughness
becomes apparent with significant variations in the TPs, which
can be attributed to the elevated energy loss amounts as given
in Table 2. Heating of the flowing air is computed for the con-

dition of �loss < Qs, but in the cases with viscous dissipation
dominating the surface heat addition (�loss > Qs) cooling is the
outcome, where the thermally critical Reynolds numbers are as
described in Figure 4. The growing role of ε with Re, especially
in the flows with decreasing mean flow temperatures, is also
shown in Figure 5. At the lowest heat flux case of q′′ = 5 W/m2

the energy loss data are given as �loss = 1.11 × 10−1–1.41 ×
10−1 W (ε∗

1–ε∗
6) and �loss = 2.08 × 10−1–2.85 × 10−1 W for

Re = 1500 and Re = 2000, respectively (Table 2). Although, at
the highest heat flux of q′′ = 100 W/m2, these ranges expand
to �loss = 1.15 × 10−1–1.45 × 10−1 W and �loss = 2.13 ×
10−1–2.92 × 10−1 W. The augmented viscosity values at higher
temperatures can be regarded as the source of the elevated �loss

values with higher heat flux. Moreover, these energy loss ranges
also indicate that the gap among the lower and upper �loss lim-
its enlarge significantly with Reynolds number and secondarily
with surface heat flux. In compressible converging nozzle flows,
enhanced frictional energy loss records with increase of surface
heat flux were also reported by Ozalp [21, 22]. For the complete
surface heat flux range considered, at higher Reynolds num-
bers and surface roughness conditions, the numerical analysis
revealed deviations in the TPs from the CHF profile, denoting
the augmentation of the viscous dissipation and the associated
frictional energy loss rates at high Re and ε.

Figure 6 presents the combined influences of surface rough-
ness and Reynolds number on Nusselt number, for the ranges
of ε∗ = 0.001–0.05 and Re = 1–2000. Below Re = 100, sur-
face roughness and flow velocity were determined not to be
influential on heat transfer rates, such that the Nusselt number
was within the limits of the traditional laminar values for con-
stant heat flux (Nu = 4.36) and constant surface temperature
(Nu = 3.66) cases. Computations indicated a nearly-constant
Nu of 4.04 for Re < 100; however, with the increase of Re,
heat transfer rates are also evaluated to rise. The Vicente et
al. [5] heat transfer measurements, showing parallelism with
the current evaluations, pointed out constant Nu of ∼4.36 for

Figure 6 Variation of Nu with Re and ε∗.

heat transfer engineering vol. 30 no. 12 2009

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
T
Ü
B
T
A
K
 
E
K
U
A
L
]
 
A
t
:
 
0
8
:
4
9
 
6
 
M
a
y
 
2
0
0
9



982 A. A. OZALP

Re < 700, which is followed by an increase in Nu. It is also
determined that surface roughness has an augmenting role
on Nusselt number, where the impact becomes apparent
for Re > 100. The present computations resulted in the
Nuε∗=0.05/Nuε∗=0.001 ratios of 1.086, 1.168, and 1.259 for Re
= 500, 1000, and 1500, which clearly denote that the influence
of ε∗ on Nu grows with Re, which is in harmony with the exper-
imental reports of Wu and Cheng [10]. Additionally, for the ε∗

range of 0.0018–0.0028, the Kandlikar et al. [4] experimental
records also indicated rise of Nu with surface roughness. On the
other hand, Figure 6 also shows that the experimental data of
Kandlikar et al. [4] (for Re ≥ 500), Obot [8] (for Re ≥ 1000), and
Wu and Little [31] (for Re ≥ 1000) are reasonably in harmony
with the current numerical outputs. However, Wu and Little’s
[31] heat transfer data are lower than the present evaluations for
Re < 1000. Many recent related studies [4, 5, 8, 31] consider 15–
20% rise in Nu with Re as an indicator for transition, pointing
out that augmentations in heat transfer rates with Reynolds num-
ber are also significant from the point of transition. Applying the
transitional Reynolds numbers of Figure 2, the computational
heat transfer evaluations indicate the NuRetra/NuRe=1 ratios of
1.18 (Retra = 1650, ε∗ = 0.001), 1.12 (Retra = 575, ε∗ = 0.02),
and 1.11 (Retra = 450, ε∗ = 0.05). These proportions not only
put forward the computational matching of the flow and heat
transfer characteristics, but also confirm the parallelism of the
present results with the transitional reports of [4, 5, 8, 31].

2ND LAW ANALYSES

Entropy Generation

Figure 7 displays the variation of entropy generation (S) with
mass flow rate (ṁ) and mean-temperature variation (�T) for the
heat flux cases of q′′ = 5, 50, and 100 W/m2 and for the fixed

Figure 7 Variations of S with ṁ and �T for various q′′ cases at ε∗ = 0.02.

surface roughness of ε∗ = 0.02. Figure 7 indicates that there
exists almost a linear relation among S and ṁ, where Richard-
son et al. [15], in a microchannel with Dh = 0.61 mm, similarly
reported a linear relationship among S and Re on a log–log
basis. Moreover, the impact of q′′ becomes identifiable at low

Reynolds numbers, such that the (
SQ=100 W/m2 −SQ=5 W/m2

SQ=5 W/m2
) × 100 ra-

tio attains the values of 78.43%, 8.96%, 2.14%, and 1.35% for
Re = 100, 500, 1500, and 2000 respectively. On the other hand,
the growth of S with Re validates the augmentation of the loss
of available energy from the flow domain by means of entropy
generation, which results in the cooling character evaluated at
high Reynolds numbers (Figures 4 and 5). This record puts for-
ward that to attain the expected flow temperature rise levels,
surface heat flux values must be decided by also considering
the total entropy generation within the flow environment. The
tabulated data (Table 3) of entropy generation for the Reynolds
number and surface roughness ranges of Re = 100–2000 and
ε∗ = 0.001–0.05 coincide with Figure 7 and interpret additional
findings. It can be found by inspecting Table 3 that surface
roughness has no role on entropy values at low Re, whereas
the deviations become apparent at higher Re. As the ratio of
( Sε∗=0.05−Sε∗=0.001

Sε∗=0.001
) × 100 gets the values of 0.52% (Re = 500),

4.93% (Re = 1500), and 9.39% (Re = 2000) at q′′ = 5 W/m2,
they decrease to 0.48%, 4.82%, and 9.10% at q′′ = 100 W/m2.
These ratios suggest that the influence of ε∗ on S is more re-
markable at low heat flux applications. Figure 7 additionally
shows that entropy generation is inversely proportional to the
mean-temperature variation data. The effects of �T on S are
more significant at high Re with considerable drops in S with
the rise of �T. On the other hand, especially at high heat flux
cases (q′′ = 50–100 W/m2) the trends become almost asymp-
totic at the lower limit of the investigated Reynolds number
range (Re = 1), indicating that the impact of �T on S becomes
negligible at high �T (low Re) cases.

A deeper inspection into the entropy mechanism can be per-
formed by decomposing the overall generation rate into subsec-
tions. Figure 8 is prepared to display the cross-correlations of the
thermal (S�T) and frictional (S�P) parts of the total entropy gen-
eration for various surface roughness, heat flux, and Reynolds
number cases. It can be seen from the figure that as S�P rises at
the end of heating period, which can be attributed to the surface
roughness effects, minor reductions are determined in S�T. This
interaction is common for all heat flux cases; however, the onset
of the defined region varies. Since S�P is directly associated
with velocity, mass flow rate, and Reynolds number, frictional
entropy generation values are computed to increase continu-
ously with Re. As surface roughness creates a decreasing impact
on thermal entropy generation at the end of heating period [be-
low the thermally critical Reynolds numbers of (Recr)th ≈ 414,
1210 and 1635 for q′′ = 5, 50 and 100 W/m2 respectively],
above (Recr)th surface roughness augments the thermal entropy
generation values. On the other hand, Table 3 displays the aug-
menting role of higher heat flux applications on the entropy
generation rates. As the ratio of SQ=50 W/m2/SQ=5 W/m2 is 1.29
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A. A. OZALP 983

Table 3 S values for various Re, ε∗, and q′′ cases

S (W/K) (ε∗
1 . . . ε∗

6)

q′′(W/m2) 5 50 100

Re = 100 1.53 × 10−6 . . . . 1.53 × 10−6 1.98 × 10−6 . . . . 1.98 × 10−6 2.73 × 10−6 . . . . 2.3 × 10−6

Re = 500 3.84 × 10−5 . . . . 3.86 × 10−5 3.98 × 10−5 . . . . 4.01 × 10−5 4.19 × 10−5 . . . . 4.21 × 10−5

Re = 1500 3.65 × 10−4 . . . . 3.83 × 10−4 3.68 × 10−4 . . . . 3.86 × 10−4 3.73 × 10−4 . . . . 3.91 × 10−4

Re = 2000 6.71 × 10−4 . . . . 7.34 × 10−4 6.76 × 10−4 . . . . 7.38 × 10−4 6.81 × 10−4 . . . . 7.43 × 10−4

Figure 8 S�T vs S�P for various Re, ε∗, and q′′ cases.

at Re = 100, it decreases to ∼1.0064 at Re = 2000. The low
ratio at Re = 2000 is due to the slightly higher temperature
values (∼2◦C, Figure 4) at q′′ = 50 W/m2, which causes mi-
nor grows in flow viscosity, frictional activity, and S�P. It can
additionally be inspected from Figure 8 that, with the increase
of Reynolds number, S�P becomes dominant over S�T by oc-
cupying the major portion in the overall entropy generation.
Moreover, augmentations in either S�T or S�P are also recog-
nizable in the upper segment of the considered Re range.

Irreversibility Distribution Ratio

Besides the discussions on total, thermal, and frictional en-
tropy generations, dependence of local irreversibility distribu-
tion ratio (φ′′′) on Reynolds number, and total irreversibility
distribution ratio (φ) on mass flow rate, for different surface
roughness and heat flux cases needs further investigation. It can
be seen from Figure 9 that the local irreversibility distribution
ratio becomes trivial at the centerline (r/R = 0) of the pipe, in
the complete set of flow scenarios considered, being indepen-
dent of Re, ε∗ and q′′. This result not only puts forward that the
frictional activity (S�P

′′′) is negligible in the centerline region,
but also indicates that the major portion of the total entropy
generation is thermal based (S′′′

�T). On the other hand, the high-
est φ′′′ values are computed at the solid wall (r/R = 1), which
can be detailed by the considerable frictional activity and by the
elevated velocity gradients near the solid boundary (Figure 2).
It can additionally be found by inspecting Figure 9 that in the
cooling scenarios of q′′ = 5 W/m2 for Re >̃ 414, q′′ = 50 W/m2

for Re >̃ 1210, and q′′ = 100 W/m2 for Re >̃1635 (Figure 4),
the local values of the irreversibility distribution ratio data, in
the entire radial domain (0 < r/R < 1), decrease with higher
surface roughness. However, in the heating scenarios, frictional
activity augments in the regions close to the pipe walls, resulting
in the S�P

′′′ portion to increase in the total generation, which can
be attributed to the locally raised viscosity values due to high
wall temperatures. It can be concluded that the impact of surface
roughness on the local irreversibility distribution ratio values is
contrary at the centerline (r/R = 0) and on the solid wall (r/R
= 1). It can specifically be indicated that for q′′ = 50 W/m2,
as the radial region of the increasing role of ε∗ on φ′′′, due to
heating, is 0.77 ≤ r/R ≤ 1 for Re = 500, the corresponding one
is 0.54 ≤ r/R ≤ 1 for Re = 1000. Although at the heat flux
of q′′ = 100 W/m2 for Re = 500, 1000, and 1500 these radial
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984 A. A. OZALP

Figure 9 Variations of radial φ′′ profiles for various Re, ε∗, and q′′ cases.

zones become 0.79 ≤ r/R ≤ 1, 0.72 ≤ r/R ≤ 1, and 0.41 ≤
r/R ≤ 1, respectively. These radial boundaries clearly put for-
ward that the near-wall increasing role of ε∗ on φ′′′ becomes
stronger with Reynolds number for fixed heat flux values. The
radially expanding character becomes recognizable especially
in the cases of Re = 500–1000 for q′′ = 50 W/m2 and Re =
1000–1500 for q′′ = 100 W/m2.

Figure 10 shows that, in heating scenarios, mass flow rate
(Reynolds number) and surface roughness decrease the ther-

Figure 10 Variations of φ values with ṁ for various Re, ε∗, and q′′ cases.

mal entropy generation, whereas the opposite is evaluated for
the frictional entropy generation. The augmentations in S�P are
more considerable when compared with the decrease rates of
S�T (Figure 8), which result in significant increase rates in φ.
Since the frictional entropy generation is substantially dominant
to thermal entropy generation (Figure 8), the increase trends in
S�P with Re directly specify S variations with mass flow rate
(Figure 7) and with Re (Table 3). The determined character is
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similar in all heat flux applications, in spite of the variation of
the defined Re range. Present computational determinations are
completely in harmony with Ko’s [18] results, for double-sine
ducts, on the variations of S�T and S�P with Re, and with the
results of Sahin et al. [26], for a circular heat exchanger tube,
on the variations of S�T and S�P with ε∗. Figure 10 additionally
indicates that the role of ε∗ on φ becomes apparent toward the
end of heating period, and thus augmentations are observed in φ

with ε∗ in heating and the contrary outcome is evaluated in cool-
ing scenarios. As there exists a direct link among velocity–mass
flow rate–Reynolds number with frictional entropy generation,
S�P values are computed to continuously rise with Re, where the
augmentations become more recognizable in higher Re. Figures
8 and 10 put forward that minimum thermal entropy generation
values (S�T = 1.1 × 10−11 W/K) are evaluated at Re = (Recr)th,
at the end of the decreasing trend in heating period with Re, re-
sulting in the maximum φ values [q′′ = 5 W/m2 with (Recr)th =
414 and φ = 2.26 × 106, q′′ = 50 W/m2 with (Recr)th = 1210
and φ = 2.19 × 107, q′′ = 100 W/m2 with (Recr)th = 1635
and φ = 4.08 × 107] of the complete Re range. On the other
hand, φ values are computed to decrease for Re > (Recr)th (Fig-
ure 10), which can be attributed to the sharper increase rates
in S�T than those of S�P above the thermally critical Reynolds
numbers. Besides, computations put forward that S�P values in-
crease with heat flux both in heating and cooling cases; however,
S�T data are evaluated to increase in heating and to decrease
in cooling scenarios with surface heat flux. Moreover, as the φ

values are determined to decrease with q′′ and to increase with
Re in heating [Re ≤ (Recr)th], they are computed to increase
with heat flux and to decrease with Reynolds number in cooling
[Re ≥ (Recr th]. The results of Ko [17] for a helical coil, on the
interaction of φ with q′′ and Re, are completely in harmony with
the current computations.

CONCLUSIONS

First and 2nd law characteristics of laminar-transitional flow
in a micropipe have been presented in detail. Integrated effects
of surface roughness, heat flux, and Reynolds number are inves-
tigated by the simultaneous solution of temperature dependent
property continuity, momentum, and energy equations.

First law analysis points to the following major results:
Surface roughness is evaluated to accelerate transition to

lower Reynolds numbers with flatter velocity profiles, lower
shape factors, and higher normalized friction coefficient and
intermittency values. As the role of Reynolds number on mean-
temperature variation is computed to become more compre-
hensible at higher heat flux cases, due to viscous dissipa-
tion, thermo-critical Reynolds numbers are determined, beyond
which the frictional energy loss data are above the surface heat
addition values. Nusselt number is determined to augment with
surface roughness, where the impact becomes apparent for Re >

100. Such that the Nuε∗=0.05/Nuε∗=0.001 ratio attains the values

of 1.086, 1.168, and 1.259 for Re = 500, 1000, and 1500, reveal-
ing that the influence of surface roughness on Nusselt number
grows with Reynolds number.

The main findings of 2nd law investigations can be summa-
rized as:

The impact of heat flux on entropy generation is identifiable
at low Reynolds numbers. However, the contrary is valid for
the role of surface roughness on entropy, where the influence
is more remarkable at low heat flux. It is evaluated that higher
heat flux enhances entropy generation at low Reynolds num-
bers, whereas surface roughness creates an increasing impact
on thermal entropy generation in cooling scenarios. It is fur-
ther determined that, to attain the expected flow temperature
rise levels, entropy generation must also be considered in con-
junction with surface heat flux values. Thermal and frictional
entropy generation data are computed to augment recognizably
in the upper segment of the considered Reynolds number range.
The considerable frictional activity and the elevated velocity
gradients near the solid boundary resulted in the highest ra-
dial irreversibility distribution ratio values in that region. The
radial irreversibility distribution ratio data are computed to de-
crease with surface roughness in the entire radial domain in
cooling scenarios. However, in heating, frictional entropy gen-
eration and thus irreversibility distribution ratio are evaluated
to grow with surface roughness in the regions close to the pipe
walls. It is additionally determined that the near-wall increasing
role of surface roughness on irreversibility distribution ratio be-
comes stronger with Reynolds number for fixed heat flux. As
the thermally critical Reynolds numbers pointed not only to
minimum thermal entropy generation data but also to maximum
irreversibility distribution ratio values, heat flux is determined
to increase the frictional entropy generation values.

NOMENCLATURE

a curve fit constants
A cross-sectional area, m2

Cf friction coefficient
C∗

f normalized friction coefficient
Cv constant-volume specific heat, J/kgK
Cp constant-pressure specific heat, J/kgK
D diameter, m
�T mean-temperature variation, K
e internal energy per unit mass, J/kg
fε(z) surface roughness model function
h convective heat transfer coefficient, W/m2K
H shape factor
k kinetic energy per unit mass, J/kg
L pipe length, m
ṁ mass flow rate, kg/s
M Mach number
Nu Nusselt number
P static pressure, Pa
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q′′ surface heat flux, W/m2

qr
′′ radial heat flux, W/m2

qz
′′ axial heat flux, W/m2

Qs total surface heat transfer, W
r radial direction
R radius, m; gas constant, J/kgK
Re Reynolds number
S total entropy generation, W/K
S�P total frictional entropy generation, W/K
S�T total thermal entropy generation, W/K
t time, s
T temperature, K
U axial velocity, m/s
�V velocity vector, m/s
z axial direction

Greek Symbols

ε roughness amplitude, mm
ε∗ non-dimensional surface roughness (= ε/D)
δi Kronecker unit tensor
φ irreversibility distribution ratio
κf thermal conductivity of fluid, W/mK
γ intermittency
µ dynamic viscosity, Pa.s
ν kinematic viscosity, m2/s
θ peripheral direction
ρ density, kg/m3

τ shear stress, Pa
ξ air properties
�loss energy loss, W
ω roughness period, mm
ω’ roughness periodicity parameter (= ω/ε)

Subscripts

c center
cr critical
ex exit
h hydraulic
in inlet
lam laminar
o mean
r, θ, z radial, peripheral, axial
s surface
th thermal
tra transitional
turb turbulent
w wall

Superscripts

′′′ local rate
T temperature dependency
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