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Abstract
We carry out direct numerical simulations (DNS) of turbulent flow in rough pipes, to investigate the influ-
ence of large relative roughness on both momentum and heat transfer. Two types of irregular roughness are
studied, namely a grit-blasted and a graphite surface. Simulations are conducted across various Reynolds
numbers, spanning from laminar to fully rough conditions, while maintaining a constant molecular Prandtl
number of 0.7. Despite the large relative roughness, the results closely follow those of Nikuradse and a
logarithmic region in the streamwise velocity profiles can still be highlighted. Nevertheless, the flow re-
tains an influence on the rough duct cross-sectional shape. Indeed, the values of the friction coefficient in
the laminar region differs of about 7 − 9% from the theoretical values. Furthermore, we found differences
between the velocity roughness function computed for the pipe and the one obtained for a flat channel with
identical wall roughness. Variations can be observed between the velocity and temperature fields, result-
ing in velocity roughness functions that are larger in comparison to the temperature roughness functions.
The aforementioned differences arise due to the decrease in heat exchange efficiency as Reynolds number
increases, causing the breakdown of the Reynolds analogy.

1. Introduction

Pressure-driven flow in ducts is a subject of utmost relevance in mechanical and aerospace engineering applications.
For instance, effective design of ducts in cooling systems of liquid rocket engines is extremely important because of the
harsh environment to which the system is subjected, which also mandates the use of advanced numerical simulations
as design tool. The present authors27 have recently carried out a numerical study of flow in smooth rectangular cooling
ducts, and found that, whereas traditional approaches as RANS (Reynolds-averaged Navier-Stokes) yield good predic-
tion of the pressure drop, the error in the prediction of the heat transfer coefficient may be as high as 20%. Furthermore,
recent technological advances in the field of additive manufacturing have further prompted investigations of flow over
surfaces with large relative roughness6, 40, 41 . Additive manufacturing indeed allows to build three-dimensional objects
starting from a digitized three-dimensional model and adding material such as plastics, liquids or powder grains being
fused, typically layer-by-layer. This procedure allows for instance to machine cooling channels with more complex
geometry and smaller size, however it also yields large relative roughness, which significantly affects both frictional
drag and heat transfer.
So far, roughness has been investigated mainly by means of experimental studies. The systematic experimental inves-
tigation carried out by Nikuradse29 is widely regarded as the starting point for the study of turbulent flows over rough
walls. Nikuradse compiled an extensive database for fully developed flow in circular pipes whose walls were covered
with unstructured roughness consisting of sieved sand grains. Nikuradse found that the presence of roughness affects
both the mean flow and the turbulent motion of a fluid, which entails an increase of friction with respect to the smooth
wall case. This is linked to the downward shift in the inner-scaled profile of the mean streamwise velocity, which can
be expressed through the so called roughness function14 ,

∆U+ = U+S − U+R =
1
κ

log k+ + A − B(k+), (1)

where κ(≈ 0.39) is the von Kármán constant, A(≈ 5.0) is the log-law intercept for flow over smooth walls, and B is a
function of both the roughness topography and the roughness Reynolds number k+. The latter is defined as k+ = k/δν,
where k is the roughness height and δν is the friction length. We recall that δν = ν/uτ and uτ = τw/ρ, where ν is the
viscosity of the fluid, τw is the shear stress at the wall and ρ is the density of the fluid.
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In his experiments, Nikuradse found that the value of the roughness Reynolds number identified three flow regimes:
hydraulically smooth, transitionally rough and fully rough. In the first regime the height of the roughness is of the
order of the viscous sublayer, hence roughness does not affect the flow behavior, so k+ is very small and ∆U+ ≈ 0. In
the transitionally rough regime, the behaviour of the flow and the trend of ∆U+ plotted against k+ depend strongly on
the geometrical shape of the roughness. Finally, in the fully rough regime the friction coefficient is nearly unaffected
by Reynolds number variations, while still depending on the roughness elements’ shape and height. The fully rough
regime is achieved for ∆U+ > 7, in which case the trend becomes independent of k+, and the roughness function
tends to align to the fully-rough asymptote. Most studies published to date aim at evaluating an equivalent sand-grain
roughness ks, which was first defined by Schlichting,39 as the size of sand grains in Nikuradse’s experiments which
yields the same drag as the surface under consideration.
As for the velocity field, we can also define a temperature roughness function20, 21

∆Θ+ = Θ+S − Θ
+
R, (2)

which is a function of both the roughness Reynolds number and the molecular Prandtl of the fluid. Unlike for the
velocity roughness function, an asymptotic form of ∆Θ+ has not been observed yet, even in the fully rough regime.
Therefore, the equivalent sand-grain roughness is enough to predict momentum transfer, however we can not rely
only on it for the prediction of heat transfer. This is due to the fact that roughness enhances heat transfer less than
momentum transfer, meaning that efficiency in heat transfer decreases with respect to the smooth case. The latter result
has been observed mainly experimentally. For instance, Dipprey and Sabersky9 performed some tests inside pipes with
granular close-packed roughness and found dependence of the heat transfer coefficient on the type of the roughness.
Furthermore, they noticed that increases in the heat transfer coefficient are accompanied by even larger increases in the
skin friction coefficient. Later, Bons2 investigated real turbine blades, which were roughned by various degradation
mechanisms, and they attributed the decrease of heat transfer efficiency to the obstacles of the rough surface, leading
to a substantial generation of pressure drag. Nonetheless, there is no analogous mechanism, such as pressure, that
influences heat transfer.
The last advancements in high performance computing have also brought attention to numerical simulations. The
majority of these studies have been so far mainly focused on structured geometrical roughness, such as transversal and
longitudinal bars24 and sinusoidal elements7 . In this regard, Leonardi et al.24 investigated heat transfer inside a flow
over geometrical bars and found that the temperature field near the wall is strongly dependent on the cross-sectional
shape of the bars.
Realistic roughness has been lately investigated inside channels with an infinite extension in the streamwise direction.
This is the case of Forooghi et al.13 , who focused on the flow over rough surfaces of realistic combustion chamber
deposits. They noticed that heat transfer is less enhanced with respect to friction as the Reynolds number increases. The
same result was also found by Peeters et al.34 , who performed DNS over grit-blasted surfaces with roughness of various
heights and found that the Reynolds analogy hypothesis does not hold at high Reynolds numeber and large roughness
height. According to that hypothesis, there is a similarity between the momentum and heat transfer characteristics
of the flow. However, they found significant differences between the temperature and velocity statistics, indicating a
decrease in heat transfer efficiency compared to the smooth wall case.
The numerical studies cited so far have focused on flows within channels of infinite transverse extension. Nevertheless,
the presence of large roughness can affect the shape of the duct, leading to a dependence of the results on the cross-
sectional geometry. Hence, the current study will employ DNS for the first time to replicate the flow dynamics within
circular pipes with realistic roughness at the walls. The comparison of the present results with the ones obtained by
Busse et al.5 will allow for investigation of the dependence of the cross-sectional shape of the rough ducts. Indeed,
Busse et al.5 performed DNS inside plane channels with the same roughness as the one considered in the present
research. Furthermore, the results will be compared with those obtained by Nikuradse, whose pipes have a maximum
roughness height which is three times smaller than the one herein presented. However, the main goal of the present work
will be to focus on the differences between momentum and heat transfer, aiming to understand how high roughness
affects heat transfer efficiency. The simulations will be carried out with two different rough surfaces, a graphite and
a grit-blasted samples. Last, a relatively wide range of Reynolds numbers is investigated and the Prandtl number is
imposed equal to 0.7.

2. Metodology

2.1 Numerical method and definitions

A second-order finite-difference discretization of the incompressible Navier-Stokes equations in Cartesian coordinates
is used, based on the classical marker-and-cell method15, 31 , with staggered arrangement of the flow variables to remove
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odd-even decoupling phenomena and guarantee discrete conservation of the total kinetic energy in the inviscid flow
limit. The Poisson equation resulting from enforcement of the divergence-free condition is efficiently solved by double
trigonometric expansion in the streamwise and spanwise directions, and inversion of tridiagonal matrices in the third
direction22 . A hybrid third-order Runge-Kutta algorithm is used for time integration, whereby the convective terms are
treated explicitly, and the diffusive terms are handled implicitly to alleviate the time step limitation. The flow is forced
through a time-varying pressure gradient Π, such that the mass-flow-rate is strictly constant in time.
In the present study the Navier-Stokes equations are augmented with the transport equation for a passive scalar field,
which from now on will be referred to as representative of the temperature field θ. Similarly to the streamwise velocity
field, the passive scalar equation is also forced with a time-varying, spatially homogeneous forcing term Q, in such a
way that the integral of the temperature over the pipe is strictly constant in time35 .
In the present simulations the constant passive scalar value at the wall θw = 0 is assigned as boundary condition
in all the simulations. The computational domain is a rectangular box of size Lx × Ly × Lz, covered with a uniform
Cartesian mesh. A rough pipe with mean radius R and cross-sectional area A = πR2 is embedded in it, and the boundary
conditions at the wall are approximately enforced through the immersed-boundary method. According to this method,
as a preliminary step, the pipe geometry is generated in the standard Stereo-LiThography format, and a geometrical
preprocessor based on the ray-tracing algorithm33 is applied to discriminate grid points belonging to the fluid and the
solid phase17 . Near the fluid-solid interface the viscous terms dominate the nonlinear and pressure terms, hence the
boundary conditions can be enforced by locally changing the finite-difference weights for the approximation of the
second derivatives32 . The predictive capability of the method for the numerical simulation of turbulent flows over
rough surfaces was documented in a large number of papers1, 3, 17, 32 .
The controlling parameter of the flow is the bulk Reynolds number Reb = 2Rub/ν, where

ub =
1
V

∫
V

U dV, (3)

is the bulk velocity, with U the mean streamwise velocity and V is the fluid volume. The resulting friction
Reynolds number is Reτ = Ruτ/ν, where the friction velocity is evaluated based on the measured pressure gradient,
τw = R/2 ⟨Π⟩.
The bulk temperature is defined as

Θb =
1

ubV

∫
V

Uθ dV. (4)

For normalization of the temperature field we will consider the friction temperature,

Θτ =
⟨qw⟩

uτ
=

R
2
⟨Q⟩
uτ
, (5)

where ⟨qw⟩ is the heat flux at the wall. The resistance that the fluid encounters inside the pipe is quantified through the
friction factor, defined as

C f = 2τw/(ρu2
b), (6)

where τw is the wall shear stress and ρ is the density. Whereas the overall heat transfer performance of the duct is
quantified in terms of the Stanton number,

S t =
⟨qw⟩

ρCpub(θw − Θb)
, (7)

In this case, the non-dimensional form for (7) is adopted, thus the density ρ and the specific heat Cp are equal 1.
Hereafter, capital letters are used to denote flow properties averaged in the streamwise direction and in time. The
+ superscript is here used to denote wall units, namely quantities made nondimensional with respect to the friction
velocity, temperature and the viscous length scale.

2.2 Geometries

Two types of rough surfaces are considered, both downloades from the University of Southampton Institutional Repos-
itory42 . The first one, shown in figure 1 (a), derives from the scan of a grit-blasted surface, and the second one, shown
in figure 1 (b), derives from a sample of graphite. In both cases, the surfaces have been scanned and then a post-
procedure has been applied to remove the tilting and the curvature of the surface. Last, a low-pass Fourier filter was
applied to the scanned roughness profiles. The filtering serves a dual purpose, to remove the noise due to the scanning
process and, secondly, to make the surface periodic, thereby enabling the imposition of numerical boundary conditions
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(a) (b)

(c) (d)

Figure 1: Topography of rough surfaces. Panels (a) and (b) show the geometries of grit-blasted surface and graphite
surface, originally used for channel flow of Busse et al.5 and Peeters et al.34 , with color map showing the elevation
normalized by the channel half-height. Panels (c) and (d) show the geometries obtained by wrapping the original rough
surfaces around the pipe as explained in the text.

in the streamwise direction. Full information about the database is available in Thakkar et al.43 . The rough pipe
geometries shown in panels (c) and (d) were then obtained by doubling the baseline samples in the spanwise direction,
and wrapping the surfaces thus obtained around the mean pipe geometry. In the present study we define the roughness
height to be the mean-peak-to-trough height (k), as obtained by partitioning the surface into 5 × 5 tiles of equal size,
and then computing the average of the difference between the maximum and minimum height for each tile.43 The
relative roughness height is k/R = 0.186 for the grit-blasted surface and k/R = 0.199 for the graphite surface. It is also
important to note that in the forthcoming presentation of the results, the wall distance y is measured from the mean
plane of the rough surface, hence negative y are allowed.

2.3 Set-up

In this section, the input parameters and corresponding results are presented, as outlined in table 1.
The pipe length is about Lx = 6.27R, in both cases. The computational domain in the cross-stream directions measures
Ly = Lz = 2.45R, for the grit-blasted surface, and Ly = Lz = 2.29R, for the graphite surface.
Through a series of preliminary studies, the impact of the pipe length on the computed results has been examined. DNS
in axially doubled domains have in fact shown that the baseline domain is enough to obtain accurate results.
Furthermore, we have carried out a grid sensitivity analysis at Reb = 4400, for both roughness geometries, which has
shown that at least Nx = 384 grid points should be used along the streamwise direction, and Ny = Nz = 192 grid points
should be used in the transversal directions. This would correspond to about fifteen grid points per roughness element,
thus corroborating the findings of Busse et al.4 . The number of grid points has been progressively increased with the
Reynolds number, and we have verified that the grid resolution is adequate also at Reb = 30000.
The time step expressed in wall units (ν/u2

τ) ranges from about ∆t+ = 0.015 for the cases at Reb = 500 to about
∆t+ = 0.29 for the cases at Reb = 30000. The time intervals used to collect the flow statistics are also reported in
table 1 in terms of eddy-turnover times (τt = R/uτ). They are typically much longer than the current practice in DNS
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Grit-blasted
Reb Reτ k+ C f × 102 S t × 103 Nx Ny = Nz ∆x+ ∆z+ = ∆y+ T/τt Symbol
500 32.75 6.08 3.43 17.09 384 192 0.53 0.42 104.77
1000 46.69 8.70 1.74 8.58 384 192 0.76 0.60 74.70
1500 58.41 10.89 1.21 5.83 384 192 0.96 0.75 62.29
1750 64.78 12.03 1.10 5.16 384 192 1.06 0.83 59.40
2500 123.73 23.07 1.95 9.21 384 192 2.01 1.58 79.05
3000 149.88 27.94 2.00 9.26 384 192 2.45 1.92 79.94
4400 224.75 41.90 2.10 9.31 384 192 3.68 1.88 81.73
9800 521.67 97.25 2.27 9.01 960 480 3.41 2.67 85.17
30000 1613.49 300.02 2.30 8.14 1024 512 9.88 7.72 85.76

Graphite
Reb Reτ k+ C f × 102 S t × 103 Nx Ny = Nz ∆x+ ∆z+ = ∆y+ T/τt Symbol
500 33.21 6.61 3.53 17.1 384 192 0.54 0.40 106.28
1000 47.92 9.53 1.84 8.79 384 192 0.78 0.57 76.68
1250 56.73 11.29 1.65 7.53 384 192 0.93 0.68 72.66
1500 73.20 14.55 1.91 8.18 384 192 1.20 0.87 78.08
2000 104.23 20.72 2.17 10.05 384 192 1.70 1.25 83.38
2500 133.26 26.49 2.27 10.27 384 192 2.18 1.59 85.29
3000 162.69 32.34 2.35 10.44 384 192 2.66 1.94 86.77
4400 244.54 48.61 2.47 10.60 384 192 3.99 2.92 88.92
6000 339.51 67.49 2.56 10.52 512 256 3.70 2.70 90.54
9800 570.97 113.50 2.72 10.36 960 480 3.73 2.73 93.22
30000 1726.4 343.20 2.65 8.63 1152 576 9.40 6.87 92.07

Table 1: Flow parameters for pipes with rough walls.

of smooth channels and pipes36 , for the sake of achieving convergence of the statistical properties in the cross-stream
plane.

3. Results

3.1 Velocity and temperature fields

(a) (b)

Figure 2: Instantaneous fields of the streamwise velocity field (a) and of the temperature field (b).

Figure 2 depicts the instantaneous streamwise velocity and temperature fields in the cross-stream section and wall-
parallel surface. The instantaneous flow structures are similar for the two fields, the main difference is that the temper-
ature reveals finer and sharper structures owing to absence of the smoothing action of pressure26 .
Figure 3 shows the mean temperature distribution over the cross section of the pipe, averaged in time and in the
streamwise direction, also within the roughness elements. The velocity iso-lines are superimposed on the temperature
contours. The contours of the fields do not show any symmetry, thus confirming that for R/k ≲ 40 the effect of the
wall is felt throughout the wall layer, as hypotized by Jiménez18 . Furthermore, the plots show clear sensitivity to
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(a) (b) (c)

(d) (e) (f)

Figure 3: Colored contours of mean temperature, the black lines represent some iso-levels of the mean streamwise
velocity. The symbols refer to the flow conditions in table1. The dashed line marks the mean pipe surface and the solid
line marks the plane of the crests. The boundary of the maps corresponds to points beyond which no fluid element if
found.

Reynolds number variations and to the roughness geometry. As expected, temperature and velocity contours present
the same shape far from the wall, however they show some differences in the vicinity of it. These discrepancies are
further investigated in figure 4, where we show a scatter plot of mean streamwise velocity and temperature, scaled in
inner units. The colors in figure represent the distance from the axis.
The figure shows also the smooth-wall case, in which a near equality of the two distributions occurs. Near the wall a
linear relationship between the velocity and temperature fields is expected, i.e. Θ+ = PrU+19 . Also farther from the
walls, a linear behaviour is still visible but with a different slope. This can be explained by recalling35 that in canonical
flows the distributions of both velocity and temperature are nearly logarithmic, however with different slopes. In
particular, currently accepted values of the Kármán constant are κ = 0.39 for the mean velocity, and κ = 0.46 for the
mean temperature. As a matter of fact, in the logarithmic region Θ+ = 0.84U+ − 0.5 for Pr = 0.7.
The rough wall case presents many differences with respect to the smooth pipe. Near the walls (red symbols) a
large scatter between Θ+ and U+ occurs. This is owed to the presence of the recirculation zones where the velocity
reaches negative values, and the temperature remains always positive. The velocity reaches lower negative values
for the negative skewed grit-blasted surface, which yields a stronger recirculation zone. The scatter increases with
Reynolds bulk for both surfaces. The occurrence of this phenomenon can be attributed to two factors. First, there is an
increase of the strength of the recirculation zone which causes a decrease in mean velocity values. Second, there is a
significant influx of hotter fluid from the bulk region towards the wall, resulting in elevated mean temperatures within
the roughness layer. Far from the wall (blue symbols) the scatter decreases, reflecting also the similarity of the shapes
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(a) (b) (c)

(d) (e) (f)

Figure 4: Scatter plot of mean streamwise velocity and temperature. The symbols in the caption refer to the flow
conditions in table1. The colors represent the distance from the axis, the black line depicts the relation Θ+ = 0.7U+,
valid for a smooth pipe near the wall.

of the contours in figure 3. However the intensity of the temperature is much higher than the mean streamwise velocity.
Figure 5 depicts the wall-normal profiles of the streamwise velocity and temperature, obtained by further averaging in
the azimuthal direction. From now on the solid symbols will be used for the grit-blasted surface and empty symbols
for the graphite surface. The figure shows that as k+ increases, the profiles exhibit a further downward shift within
the logarithmic region with respect to the smooth pipe case, resulting in larger velocity and temperature roughness
functions. This shift is directly associated with the enhancement of momentum and heat transfer due to roughness. It
is evident that the temperature profiles exhibit a slower rate of shift compared to velocity profiles, suggesting that heat
transfer is less augmented by roughness compared to momentum transfer. Near the wall, the behaviour is opposite, as
DNS at higher k+ present higher mean velocity and temperature, since the hot flow is capable of penetrating deeper into
the roughness canopy5 . Despite the high relative roughness, a logarithmic layer can still be identified in all cases, with
slope similar to the smooth wall case, which allows us to consistently define a roughness function. Given the severe
nonuniformities observed in figure 3, the fact that the azimuthally averaged profiles still bear resemblance with those
found in the case of smooth walls further points to the importance of the imposed spatially uniform pressure gradient
and heat source rather than the local wall conditions. Similar observations were reported by Pirozzoli37 for flow in
smooth square ducts.

3.2 Velocity and temperature roughness functions

In figure 6(a) we show both the velocity and the temperature roughness functions plotted against k+. The roughness
functions of the present DNS have been computed as the log-law shift from the profiles of the smooth case at the same
friction Reynolds numbers and the same molecular Prandtl of the rough cases. In figure we also show data from the
channel flow DNS of Busse et al.5 , who used the same two surfaces to investigate two plane rough channels. In this
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(a) (b)

(c) (d)

Figure 5: Profiles of streamwise velocity (a,c) and temperature (b,d) for the grit-blasted surface (a,b) and the graphite
surface (c,d), symbols as in table 1. The black line without symbols corresponds to the smooth wall case at Reb = 9800
and Pr = 0.7.

respect we must specify that we have re-evaluated the data of Busse et al.5 , since we define the roughness function
based on the difference of the velocity profiles within the (narrow) overlap layer, whereas those authors considered
the difference of the centreline values. The figure also shows data from Nikuradse’s experiment28 , and Colebrook’s
relation8

∆U+ = 1/κ log
(
1 + 0.3k+

)
. (8)

First, we notice that the velocity roughness function of the present DNS has a trend quite similar to that observed in
Nikuradse’s experiments, whereas data depart from Colebrook’s relation at k+ ≲ 50.
For the present simulations, we find that the results at the highest k+ belong to the fully rough regime, as they appear
aligned to the asymptote and exceed ∆U+ = 7, which is the commonly accepted threshold for achievement of the fully
rough regime. Moreover, the trend of the velocity roughness function of the pipes present some differences with respect
to the channels of Busse et al.5 , despite the same rough surface. In particular, in the fully rough regime, this difference
is about 5% for given roughness, which points to non-negligible effect of the duct geometry in the presence of large
roughness.
The alignment of the the velocity roughness function to the fully-rough asymptote (8) permits to define the sand-grain
equivalent roughness height ks. The latter can be estimated for any kind of rough surface by making the roughness
function collapse to Nikuradse’s results in this universal regime. For the so called k-type roughness,18 ks is proportional
to k, and their ratio is referred to as reduction coefficient38 .
Data fitting of our DNS results yields k+s ≈ 0.76 k+ for the grit-blasted surface, and k+s ≈ 1.0 k+ for the graphite sample.
Data fitting of the channel flow DNS results of Busse et al.5 yields instead k+s ≈ 0.68 k+ for the grit-blasted surface,
and k+s ≈ 0.83 k+ for the graphite sample. Once the roughness function is plotted against k+s , we note that the trend of
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(a) (b)

Figure 6: Variation of velocity and temperature roughness functions with inner-scale roughness height (a) and with
equivalent sand-grain roughness height (b). The dashed line denotes Colebrook’s relation8 , ∆U+ = 1/κ log

(
1 + 0.3k+s

)
.

The diamond-shaped symbols denote data of the velocity roughness function of Nikuradse.28 The circles denote data
of the velocity roughness function of the present pipes: grit-blasted surface; graphite surface. The squares denote
data of the temperature roughness function of the present pipes: grit-blasted surface; graphite surface. The traingles
denote data of the velocity roughness function of the channels of Busse et al.:5 grit-blasted surface; graphite surface.

∆U+ collapses to Nikuradse’s results throughout, which is a further indication that both surfaces under consideration
behave as Nikuradse’s roughness.
Last, the figure shows that, as k+ increases, the velocity roughness function keeps increasing with a steeper slope than
the temperature roughness function, which even reaches a plateau at high roughness Reynolds numbers. This hints to
the fact that at high Reynolds number the increase in friction with respect to the smooth case is higher than heat transfer
augmentation. This topic will be investigated deeply in section 3.3.

3.3 Friction and heat transfer

In figure 7 the friction factors obtained from the present DNS are superposed to Nikuradse’s chart. The present friction
factors are higher than the ones obtained in the experimental tests because of the larger relative roughness height. In
Nikuradse’s experiments the friction factor for all surfaces collapsed to the Hagen-Poiseuille prediction f = 64/Reb, in
the laminar flow region (the low-Re end of the graph). This suggests that friction is not affected by the change of the wall
geometry. In the present DNS we find instead that the computed friction factors are higher than the expected laminar
theoretical values by about 5 − 9%. This observation suggests that the large relative roughness induces significant
changes in the pipe’s geometry, consequently leading to modifications within the laminar flow regime as well. Similar
findings where reported by Huang et al.16 , who performed experiments inside pipes with large relative roughness
height and found that deviations from the viscous theory appears for k/R = 0.14, which is lower than the present values
of k/R.
The large relative roughness in the pipe geometries under consideration has the intuitive effect of reducing the available
pipe area for fluid flow, thus the effective radius of the pipe is smaller than the geometrical mean radius. To account
for this, we define an effective radius to be the hydraulic radius, which is traditionally used for friction prediction in
non-circular ducts, and defined as Rh = 2V/S , where V is the volume occupied by the fluid, and S is the area of the
wetted surface. Figure 7(b) shows the Nikuradse diagram obtained by replacing Reb with Reh = 2Rhub/ν. In this
representation we find that the results collapse to the Hagen-Poiseuille prediction to within less than 1%.
Huang et al.16 also noticed that the larger the relative roughness, the lower the Reynolds number at which transition
from laminar to turbulent regime occurs. This prediction is corroborated by the present data, and in fact transition oc-
curs earlier for the graphite surface than the grit-blasted surface, on account of higher relative roughness. Furthermore,
transition is found to occur similarly than in Nikuradse’s experiments. Most interestingly, the friction factor past the
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(a) (b)

Figure 7: (a) Variation of friction factor ( f ) with bulk Reynolds number (Reb) based on the mean radius (R); (b)
Variation of friction factor with the effective bulk Reynolds number (Reh) based on the effective radius(Rh). Nikuradse’s
data are shown for pipes with various relative roughness height (k/R). The dashed line denotes the Hagen-Poiseuille
f = 64/Reb friction law, and the solid line Prandtl friction law for turbulent pipe flow. depicts the grit-blasted surface;

depicts the graphite surface.

transition point is found to increase with the Reynolds number, consistent with numerical simulations in channels with
the same roughness geometry5 . As already mentioned in the previous section, the fully rough regime is established at
the highest Reynolds numbers, indeed friction factor shows very small variation with the Reynolds number (also see
table 1).

Figure 8 (a) shows the friction coefficient and the Stanton number obtained from the present DNS as functions of the
Reynolds numbers. Within the laminar region, it is observed that there exists approximately a 3% disparity in both the
friction factor and the Stanton number between the grit-blasted and graphite surfaces, again pointing to the influence
of the roughness topography on the cross section of the duct.

As previously mentioned, when the fully rough regime is attained, the friction coefficient C f reaches a constant value.
Since the Stanton number is the thermal counterpart of the friction coefficient, one would also expect a constant value
of the Stanton number in the fully rough regime. However the plot shows that S t decreases at the highest Reynolds
numbers. Furthermore, the Stanton number is almost constant in the transitional rough regime, as if the fully rough
regime is reached at lower Reynolds number for the temperature field. Similar results have been found by Forooghi
et al.13 , who addressed this behaviour to the thinner boundary layer of the temperature with respect to the velocity at
Prandtl 0.7.

Figure 8 (b) shows the trend of the Reynolds Analogy Factor (RAF = 2S t/C f ) of the rough pipes over the one of
the smooth-wall pipe (RAFS ) as a function of Reynolds bulk in the turbulent regime. The Stanton number for the
smooth case is computed based on the correlation of Dittus and Boelter10 and the friction coefficient is evaluated by
an interpolation of the data of Pirozzoli et al.36 . RAFS is computed at the same Reynolds bulk of the rough case. In
accordance with previous studies2, 13 , the RAF decreases with respect to the smooth pipe, this is due to the fact that
roughness augments momentum transfer more than heat transfer. As the Reynolds number increases, the efficiency in
heat transfer decreases and so does RAF. Indeed, at low Reb the viscous transport is still important, hence the value of
RAF is closer to that of a smooth wall. Whereas, in the fully rough regime the viscous sub-layer is disrupted, and the
flow resistance mainly arises from pressure or form drag rather than viscous drag. However, there is no enhancement
mechanism for heat transfer comparable to the pressure, this explains why heat transfer is not increased by roughness
as much as skin friction, especially for high Reynolds numbers and large roughness13, 23, 24, 34 .
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(a) (b)

Figure 8: (a) The circles depict the friction coefficient (C f ) and the squares show the Stanton number (S t) as functions
of bulk Reynolds number (Reb); (b) Ratio of the Reynolds Analogy factor for the rough case (RAF) and for the smooth
wall case (RAFS ), plotted against the bulk Reynolds number (Reb). The solid symbols depicts the results for the grit-
blasted surface, whereas the empty ones denote the graphite surface.

4. Conclusions

We have carried out DNS of flow through rough pipes for two types of rough surfaces, focusing on the influence of
large relative roughness on both momentum and heat transfer.

First, it is evident that the presence of rough surfaces influences both the velocity and the temperature fields also far
from the wall. Nonetheless, it is still possible to define a logarithmic region for the streamwise velocity and temperature
profiles of the rough pipes, which runs parallel to the profiles of the smooth pipes. This enables the computation of
roughness functions and the determination of the sand-grain equivalent roughness height by enforcing universality
within the fully rough regime.

Moreover, the data indicates that both surfaces exhibit behavior similar to Nikuradse’s roughness, despite the significant
alteration of the pipe’s cross-sectional shape caused by the large roughness height. Indeed, the latter results in higher
friction coefficient values in the laminar region compared to the theoretical values. In addition,we found smaller critical
Reynolds numbers at which the transition from laminar to turbulent flow occurs. Moreover, from the inspection of the
velocity roughness function, we can notice that the present results differ from the ones of Busse et al.5 of about 5%,
confirming that the large roughness modifies the cross-sectional shape of the pipe.

The large roughness height generates dissimilarities between the velocity and temperature fields, especially near the
wall. The presence of recirculation zones in fact makes the hot flow penetrate deeper in the roughness canopy and this
determines higher values of temperature near the wall with respect to velocity, which can also reach negative values.
Moreover, it was noted that the temperature roughness function presents lower values than the velocity, meaning that
some differences occur also in the logarithmic region, where these quantities have been computed. Specifically, the
temperature roughness function deviates from the velocity when plotted against k+, reaching a plateau. This result is
associated with the breakdown of the Reynolds analogy at higher Reynolds numbers. Indeed, heat and momentum
transfer exhibit significant disparities, leading to a reduction in heat transfer efficiency. This phenomenon arises from
the fact that, at high Reynolds numbers, the resistance of the flow is mainly owed to the pressure and not to the viscous
drag. However, there is no enhancement mechanism for heat transfer such as pressure. This yields a higher increase of
the C f than the S t number.

Follow-up studies should include more DNS of realistic rough surfaces, to understand how the type of roughness
influences heat transfer.
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