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ABSTRACT
This study models Additive Manufacturing (AM) rough-

ness using a statistical distribution of spheres and performs
high-fidelity simulations at a bulk Reynolds number of 12,000
and a large range of Prandtl numbers to evaluate heat trans-
fer on a rough pipe. Statistical measures were deployed to
highlight a clear correlation between roughness features and
heat transfer. To directly connect surface topography with lo-
cal heat transfer, the roughness height map was classified into
quantile-based roughness zones: canyons, lower slopes, up-
per slopes, and tips. Probability density functions of the nor-
malized Nusselt number in these zones reveal a clear stratifi-
cation of convective performance: canyon regions exhibit the
lowest heat transfer due to shielding and limited turbulent re-
newal, while tip regions consistently achieve the highest values
through direct exposure to turbulent eddies and boundary-layer
disruption. A complementary sheltering analysis based solely
on surface visibility to the incoming flow distinguishes weakly
ventilated regions with suppressed heat transfer from exposed
windward faces that host intense thermal events. Probability
density functions of the local Nusselt number based on shel-
tering analysis reveal pronounced spatial variability linked to
surface geometry. These findings highlight the central role
of roughness elevation and spatial exposure in governing tur-
bulent heat transfer and provide new insights into the ther-
mal–hydrodynamic behavior of AM-fabricated channels.

ROUGH WALLS HEAT TRANSFER
Additive Manufacturing (AM) allows the creation of com-

plex geometries with high accuracy, offering significant advan-
tages for industries like aerospace and automotive. However,
the inherent surface roughness of AM processes, influenced
by printing techniques and material selection, significantly af-
fects pressure loss and heat transfer properties. The effect of
surface roughness has also been investigated numerically with
various methods (Kadivar & Garg, 2024). Several studies have
proposed roughness models to account for roughness in lami-
nar flows. Advancements in computer technology have facil-
itated Direct Numerical Simulations (DNS) for studying tur-

bulent heat transfer over resolved rough surfaces (MacDonald
et al., 2019; Kuwata, 2021), indicating the dissimilarities be-
tween heat and momentum transfers were evident in the re-
circulation zone behind roughness elements, where effective
Prandtl numbers increased rapidly within the rough surface.
Recent DNS studies have investigated the scaling behavior of
the temperature roughness function, ∆Θ+, analogous to wall
roughness function, ∆U+, and observed notable deviations
from the established ∆U+ correlation, particularly at higher
k+s values (MacDonald et al., 2019; Kuwata, 2021). To date,
convective heat transfer in AM-made mini-channels remains
understudied, with limited experimental and numerical inves-
tigations (Snyder & Thole, 2020; Garg & Wang, 2024; Garg
et al., 2024). Snyder & Thole (2020) demonstrated successful
tailoring of surface roughness through AM process parame-
ters, enhancing the performance of a generic micro-channel
cooling design. More recent studies by Garg & Wang (2024);
Garg et al. (2024) have largely focused on systematically ex-
ploring the relationship between AM roughness characteristics
and ks to reveal their impact on turbulent heat transfer using
the similarity function, all-normal Reynolds stress, heat flux,
and probability density functions by using wall resolved Large
Eddy Simulations (LES). In this paper, we continue these stud-
ies and aim to show a direct comparison between the roughness
characteristics and heat transfer by utilizing statistical meth-
ods.

METHODS
This study involves conducting wall-resolved LES of

thermal flow in roughened pipes. The flow is assumed to be in-
compressible, Newtonian, and heated with a uniform wall heat
flux qw. The incompressible filtered Navier-Stokes equations
are solved numerically using the modified solver developed
in OpenFOAM based on the finite-volume method (Garg &
Wang, 2024; Garg et al., 2024). The roughness is constructed
with a rather random distribution of many spherical struc-
tures and also some large-scale ridges and valleys, by man-
ually identifying the spheres based on the 2 scanning electron
microscope pictures. The subgrid viscosity is modeled using
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the Wall-Adapting Local Eddy-viscosity (WALE) model. The
LES equations were solved numerically using a second-order
spatial and temporal discretization schemes (Garg & Wang,
2024; Garg et al., 2024). Here Pr was varied between 0.5 to
3, and the bulk Reynolds number (Reb = 12000) was main-
tained throughout. The characteristic diameter (D = S/πLx)
is defined based on the rough surface area (S) and pipe length
(Lx) Garg & Wang (2024). The computational domain length
(Lx = 4D) ensures accurate statistics, with periodic boundary
conditions in the streamwise direction and no-slip conditions
at the wall. A forcing term maintains the mean pressure gradi-
ent imposing a prescribed Reb. Friction velocity (uτ ) was cal-
culated from the resultant pressure gradient. The statistics are
gathered over 50 flow-through times after a fully-developed
flow state has been reached. This setup enables a detailed anal-
ysis of turbulent flow and heat transfer over rough surfaces at
fixed Prandtl and Reynolds numbers.

RESULTS
The results presented in Fig. 1 show the impact of surface

roughness on wall local heat transfer Nu, normalized with the
reference value from the smooth-surface pipe Nu0. In Fig.1a,
the local Nu/Nu0 demonstrates a similar spatial variability,
with high heat transfer occurring in the regions of exposed
roughness elements, arises from the intensified turbulent mix-
ing in the near-wall region, and most likely due to thermal
boundary layer disruption.

(a)

(b)

Figure 1: (a) Local Nusselt number, Nu/Nu0, normal-
ized by the Nu of smooth pipe flow, and (b) correlation
of surface roughness height and local Nu along a line
(bottom).

In Fig. 1b we show the correlation of surface rough-
ness height and local Nu/Nu0 along the streamwise direction.
The solid line represents surface roughness height, while the

point data depicts the time-averaged local Nu/Nu0. Horizon-
tal dashed lines indicate 50% (green) and 15% (blue) of the
maximum roughness height. High Nu/Nu0 are observed at
the peaks of the roughness elements, where the elevated sur-
face forces the flow to accelerate, promoting stronger turbu-
lence and thermal mixing. These peaks act as zones of en-
hanced heat transfer, aligning with the expected impact of
roughness-induced flow disruption. Conversely, a gradual de-
cline in Nu/Nu0 is evident when downstream roughness ele-
ments are shorter than their upstream neighbors. These “shel-
tered roughness” elements experience reduced exposure to the
incoming turbulent flow as they are engulfed within the wake
of the taller upstream roughness and avoid direct flow impinge-
ment. The flow in these regions may not reattach effectively,
leading to reduced wall shear stress and diminished heat trans-
fer. Notably, when the roughness height decreases substan-
tially falling below 50% of the upstream roughness height,
a pronounced reduction in heat transfer enhancement occurs,
with values dropping below those observed in a smooth pipe.
This phenomenon can be linked to the formation of recircu-
lation zones. The taller upstream roughness elements create
large separation bubbles and wakes, extending downstream.

ZONAL ANALYSIS
These observations motivate a new roughness segmen-

tation approach for a better understanding of the roughness-
induced thermohydraulic property modification. For this, the
inner pipe wall was divided into quantile-based roughness
zones as shown in Fig. (2).

(a)

(b)

Figure 2: (a) 3D and (b) 2D view of roughness height
quantile zones: canyon (blue, upto 25% of hmax), lower
slopes (green, next 19%), upper slopes (orange, next
25%), and tip regions (red, rest of hmax).
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Figure 3: PDF of Nu normalized by the smooth surface value Nu0 for different zones and different Prandtl numbers.
Dashed black line is for Nu/Nu0 = 1.

The classification into canyon regions, lower slopes, up-
per slopes, and tip regions highlights that a majority of the
surface area lies in the deep canyon zones ( 65.5%), while the
protruding tips cover 31.25% of the highest roughness range.

The probability density functions (PDFs) of the local nor-
malized Nu/Nu0 for different zones (Fig. 3) provide deeper
insights into the role of roughness topology on convective heat
transfer. For example, at a fixed Pr number (see Fig. 3,a) the
canyon zones (blue) correspond to the valleys of the surface
and exhibit the lowest heat transfer performance. The PDFs
show a narrow distribution at low Nu/Nu0 values, suggest-
ing that these zones behave almost like thermally insulated
areas (Nu/Nu0 < 1) due to limited interaction with turbu-
lent eddies and restricted renewal of fluid near the wall. The
lower slopes (green) with their intermediate elevation perform
moderately better than canyons often providing Nu/Nu0 > 1.
The Nu/Nu0 distributions shift toward slightly higher values,
reflecting enhanced exposure to flow structures compared to
deep valleys. Still, the shielding effect from upper roughness
features limits their thermal contribution. The upper slopes
(orange) zones show a significantly improved convective per-
formance. Their partial exposure to the main flow, especially
on windward-facing sides, increases interaction with turbulent
structures. Consequently, the Nu/Nu0 distributions spread to-
ward higher values, marking a transition between sheltered and
fully exposed regions. While for the tip regions (red) highest
convective intensities are observed at the tips. The PDFs peak
at large Nu/Nu0 = 4−6 with a wider spread, indicating strong
spatial variability but consistently elevated heat transfer. This
is linked to the protruding peaks directly intercepting turbulent
eddies and acting as primary sites for energy and momentum
exchange, resulting in enhanced local heat fluxes.

As the Pr number increases, the overall convective perfor-
mance improves due to reduced thermal diffusivity and thin-
ner thermal boundary layers. This enhancement is most pro-
nounced at the tips and upper slopes, where direct exposure to

turbulent eddies leads to higher and broader Nu distributions.
Lower slopes show moderate gains, while the canyons remain
weakly affected and concentrated at low Nu values. Thus, in-
creasing Pr accentuates the contrast between sheltered and ex-
posed roughness zones.

Overall, these results demonstrate a clear stratification
of heat transfer efficiency with roughness elevation and high-
lights the importance of roughness geometry and surface expo-
sure in controlling local transport processes in turbulent flows.

WIND SHADE SHELTERING ANALYSIS
To better connect the heat transfer behavior to the under-

lying roughness topography, the sheltering mechanism is in-
vestigated, i.e., the extent to which the upstream roughness
features block or expose downstream surface regions to the
mean flow. The procedure adopts the geometric idea used in
the ”wind-shade model” of Meneveau et al. Meneveau et al.
(2024): for each surface point, we compute whether it lies in
the ”shadow” of an upstream peak based on its horizon angle.
As illustrated in Fig. 4(a), for a given surface point (x,y), the
backward horizon angle β (x,y) is defined as the maximum
elevation angle between the point and any upstream surface
point along the mean flow direction. The turbulence spreading
angle θ represents the effective angular spread over which tur-
bulent motions can penetrate into downstream cavities. A sur-
face point is classified as sheltered when β (x,y)> θ , and ex-
posed otherwise. Points with a local backward-looking angle
larger than a prescribed turbulence-spreading angle are classi-
fied as sheltered, while the remainder are exposed. Full details
of the drag model can be found in Meneveau et al. (2024).
Here the geometric operator is only utilized to identify the lo-
cal regions of the roughness exposed to the flow or sheltered
by the upstream elements.

Figure 4 summarizes the resulting sheltered regions (pink
shading) for velocity and temperature fields at different Prandtl
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Figure 4: Sheltering due to surface roughness. (a) sketch
of surface, turbulence spreading angle θ , and backward
horizon angle β (x,y) for any given point (x, y). Since
in the example shown the point x has β that is larger
than the turbulence spreading angle θ , point x is consid-
ered sheltered (wind-shaded). Time-averaged (b) veloc-
ity, ⟨ux⟩+, and (c-f) temperature, ⟨T ⟩+, for Pr = 0.5, 1,
2, and 3. Dashed thick black line corresponds to viscous
and thermal boundary layer thickness.

numbers. Two main observations emerge. Firstly, across all
Pr numbers, the region immediately beneath large upstream
crests is characterized by suppressed temperature levels, visi-
ble as the dark-blue/green pockets aligned with the sheltered
mask. These corresponds to zones where turbulent exchange
with the outer flow is strongly inhibited. Because the mean
flow cannot ”see” into these cavities, heat transfer there is lim-
ited to weaker diffusion-dominated processes. This leads to
reduced local ⟨T ⟩+, damping of temperature gradients, and a
delayed transition from conduction-dominated to convection-
dominated heat transport. This effect is structurally similar to
the low-momentum pockets seen in the velocity field (panel
b, Fig. 4), but it has intensified thermal contrast due to steep
wall-normal temperature gradients.

In all Pr numbers considered (panels c-f, Fig. 4), high
temperature gradients and enhanced ⟨T ⟩+ occur predomi-
nantly at points exposed by the sheltering operator. These
are the intermediate upstream faces of roughness elements,

which remain in direct contact with energetic turbulent mo-
tions. Heat transfer is therefore maximized on these windward
slopes. This behavior parallels the role of unsheltered regions
in the wind-shade drag model, i.e., exposed areas carry most
of the pressure drag, here, they also carry most of the thermal
flux. The analogy is strengthened by our earlier results show-
ing that wall-normal heat-flux tracks the Reynolds shear stress
almost exactly Garg et al. (2024). Both quantities peak where
the sheltering map identifies maximum exposure.

Moreover, as Pr number increases, thermal diffusivity de-
creases, making temperature fluctuations more tightly coupled
to the turbulent structures. This results in sharper thermal con-
trasts, thinner thermal sublayers, and more intense hot spots
on exposed faces and sharper cold pockets within sheltered
zones. However, the spatial pattern of sheltered versus ex-
posed regions does not depend of Pr number, the geometry
fixes it. What changes is the strength of the thermal imprint
inside each region, for low Pr (e.g. 0.5), diffusion softens the
temperature field and damps sheltering signatures, whereas for
high Pr numbers (e.g. 3), the thermal gradients at the interface
between sheltered and exposed regions become steeper, lead-
ing to more spatially distinct temperature patterns within the
sheltered pockets. These results show that roughness-induced
heat-transfer augmentation is governed not simply by element
height, but by the fraction of the wall that is exposed versus
sheltered.

To quantify how sheltering modifies the local heat-
transfer statistics, we compute probability density functions
(PDFs) of the local Nusselt (Nu) number, normalized by its
smooth-wall average from correlations, Nu/Nu0, shown in
Fig. 5. The PDFs are conditioned on whether each wall point
is classified as sheltered or unsheltered by the geometric crite-
rion described above, and are also shown for all points com-
bined (Fig. 5). For all Pr numbers, the conditional PDFs
reveal a clear separation between the two regions. The un-
sheltered areas exhibit a broad distribution with an extended
tail at large values of Nu/Nu0, indicating frequent intense lo-
cal heat-transfer events associated with direct exposure to the
outer flow and strong turbulent impingement. In contrast, the
sheltered regions show a much narrower distribution, strongly
weighted towards low and near-unity values of Nu/Nu0, and
with substantially reduced probability of very high-Nu events.
The combined PDF lies between these two conditional curves,
confirming that the global enhancement of heat transfer over
the rough wall is primarily driven by the relatively small frac-
tion of unsheltered surface that supports very large local Nu
numbers. Because the normalization uses the smooth-wall
correlation, Nu/Nu0 > 1 reflects the degree to which rough-
ness locally enhances heat transfer relative to an equivalent
hydraulically smooth configuration.

The influence of Pr number on the Nu/Nu0 PDFs is com-
paratively modest. Across all Pr, the dominant separation
is geometric: unsheltered regions exhibit a broad distribu-
tion with substantial probability at moderate Nu/Nu0, while
sheltered regions show a sharp peak at very low Nu/Nu0 val-
ues, reflecting their weak exposure to turbulent transport. In-
creasing Pr number slightly decreases the probability density
near the low-Nu/Nu0 peak and mildly increases the probabil-
ity density in the high-Nu tail for all the three curves, consis-
tent with thinner thermal sublayers at higher Pr. However, the
relative difference between sheltered and unsheltered areas re-
mains essentially unchanged. This confirms that the primary
control on local heat-transfer variability is the sheltering im-
posed by the roughness topography, while Pr number plays a
secondary role by adjusting the diffusivity of the scalar field.

4



14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28–31, 2026

Figure 5: PDF of normalized Nu number based on sheltered and unsheltered regions for a range of Pr number.

CONCLUSIONS
The present study examined turbulent heat transfer in a

rough AM pipe across a range of Prandtl numbers using a sys-
tematic combination of sheltering diagnostics and roughness-
height zonal conditioning. Despite the geometric complexity
of the surface, several robust and unifying trends emerged.

To reveal the geometric origins of this behavior, we intro-
duced a zonal analysis based on roughness height, illustrated
how localized topographic features modulate heat-transfer
variability. While differences across height bands were moder-
ate at low Pr, they became increasingly pronounced as Pr in-
creased, with crest regions contributing disproportionately to
high-Nusselt events. The progressive broadening of the PDFs
with Pr captured the increasing sensitivity of scalar transport
to the detailed structure of the turbulent motions interacting
with the rough wall.

A complementary sheltering analysis inspired by the
wind-shade framework has been carried out. Sheltered re-
gions, defined purely by surface geometry, consistently ex-
hibited weakened turbulent activity and lower temperatures,
whereas exposed windward faces supported strong wall-
normal heat transport. PDFs of local Nusselt numbers con-
firmed this partitioning: unsheltered regions displayed broader
distributions and more frequent high-Nusselt events, while
sheltered pockets remained dominated by weakened heat
transfer. Notably, the distinction between sheltered and un-
sheltered areas persisted across all Pr, indicating that the
geometry-imposed visibility to the flow is a primary determi-
nant of local heat-transfer intensity.

Taken together, these results highlight a central finding
of this investigation: for the present AM non-Gaussian rough-
ness, the influence of the Prandtl number on local heat-transfer
behavior, while measurable, is relatively modest compared to
geometric factors such as sheltering and feauture-dependent
exposure. We hypothesize that surfaces with more sharply de-
fined or multimodal topographic features (e.g. bimodal height
distributions, clustered peaks, or steep localized protrusions)
are expected to exhibit a much stronger coupling between
Prandtl number and local heat-transfer enhancement, due to
more extreme sheltering contrasts and a more heterogeneous
distribution of exposed faces. This suggests an important di-
rection for future research. The sheltering and zonal frame-
works developed here provide powerful, geometry-based di-
agnostic tools that could form the foundation for new heat-
transfer correlations for rough surfaces. However, to general-
ize these tools, additional simulations spanning a broader va-
riety of roughness statistics, including bimodal, skewed, and

anisotropic surfaces, will be required. Such investigations are
planned as part of our continuing effort to establish predic-
tive, physically interpretable models for rough-wall heat trans-
fer across a wide range of Prandtl numbers and roughness to-
pographies.
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