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A B S T R A C T

Heat transfer enhancement in heat exchangers still represents a crucial target for industrial plants efficiency. 
Passive methods, such as turbulators, are usually preferred to active ones due to their intrinsic capability to 
operate on the fluid flow without any need for auxiliary power. Butterfly-shaped inserts stand as valuable so
lutions for tubular heat exchangers due to their high degree of induced turbulence. However, their potential for 
turbulent regimes has not been fully disclosed yet. In the present work, different geometries of swirled butterfly 
inserts, directly integrated into tubular samples via additive manufacturing, are investigated with the aim of 
providing a full characterization of their thermofluidic behavior in the range 4000 < Re < 14,000. Steady-state 
tests are carried out by circulating water through the test section, heated by Joule effect. Pressure drops are 
monitored via liquid column gauges; inlet/outlet water temperature is measured by means of thermocouples, 
while the outer wall temperature is acquired via infrared thermography. The local and global Nusselt numbers 
Nu and Nu are estimated by analytically correcting the measured outer wall temperature distributions. The fitting 
loss coefficients K related to each butterfly insert geometry are additionally estimated by considering the 
introduced local pressure losses. Finally, the Nusselt number and friction factor deviations from the benchmark 
geometry (plain tube) are compared through performance evaluation plots, by also quantifying performance 
indexes η. The results highlighted that holes in the butterfly insert layout are highly beneficial in terms of 
augmented heat transfer and mitigated pressure drops. The provided pieces of data can be useful for the design of 
butterfly-shaped inserts operating in turbulent flows, as well as for the conceptualization of novel heat transfer 
augmentation approaches based on modular, 3D printed sections for tubular heat exchangers.

Nomenclature

Symbol Quantity SI 
Unit

A Cross-section of the tube wall m2

cp Specific heat J/kgK
D Tube diameter m
f Friction factor -
g Gravitational acceleration m/s2

H Height of the water column m
h Heat transfer coefficient W/ 

m2K
K Fitting loss coefficient -
L Length of the heated section m

(continued on next column)

(continued )

l Distance between heated and non-heated sections m
Nu Nusselt number -
P Pressure Pa
Pr Prandtl number -
Q Power W
q Heat flux W/m2

qg Generated heat W/m3

Qm Mass flow rate kg/s
Qv Volumetric flow rate m3/s
r Radius m
Re Reynolds number -
S Convective heat transfer surface area m2

T Temperature K

(continued on next page)
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(continued )

t Time s
V Volume m3

v Velocity m/s
x Axial coordinate m
ΔP Pressure difference Pa
NRMSD Normalized root mean square deviation %
γ Geometrical characteristics of the insert -
δ Uncertainty -
ε Emissivity -
η Performance index -
θ Circumferential coordinate rad
λ Thermal conductivity W/mK
μ Dynamic viscosity Pa⋅s
ρ Density kg/m3

φ The percentage discrepancy between the provided and 
estimated power inputs

%

Subscripts/Superscripts
0 Reference ​
b Bulk ​
cond Conduction ​
corr Correlation ​
dist Distributed ​
el Electrical ​
exp Experimental ​
f Fluid ​
loc Localized ​
loss Energy losses ​
max Maximum ​
net Net of losses ​
s Solid ​
w Wall ​

1. Introduction

Energy efficiency in industries is nowadays crucial to meet the re
quirements set by net-zero emissions standards [1]. Higher efficiency is 
also viable to implement cost-effective measures within the 
manufacturing sector worldwide [2]. Among manufacturing processes, 
thermal treatment of products accounts for about 20 % of the total en
ergy consumption in industrial plants [3]. Hence, deep optimization of 
heating and cooling systems can significantly drop the overall primary 
energy use. In the past decades, many scholars have proposed effective 
heat transfer enhancement techniques capable of beneficially affecting 
the fluid flow in terms of boundary layer disruption and increased tur
bulence. Such solutions can be categorized as active or passive heat 
transfer enhancement methods [4]. In particular, the former methods 
rely on external power in the form of magnetic/electric fields or me
chanical actuators, while the latter passively operate through mod
ified/extended surfaces or turbulators [5]. For the sake of energy 
efficiency, passive solutions are thus generally preferred to active ones, 
unless high performance control is required [6].

Among passive heat transfer enhancement technologies, recent ad
vancements have been carried out in the definition of novel insert ge
ometries. Wang et al. [7] studied novel V-shaped perforated rectangular 
winglet vortex generators for turbulent flows in cylindrical tubes by 
means of numerical simulations. Different geometrical characteristics, 
including surface area and number of winglets, were investigated. 
Friction factors and Nusselt numbers by varying Reynolds numbers were 
compared to estimate performance indexes. The maximum performance 
index reached a value of 1.4 for the 6 winglets having frontal area of 10 
mm2. A peculiar geometry resulting from the combination of twisted 
tapes and special rings was proposed by Assaf et al. [8]. Numerical re
sults were provided for turbulent Reynolds of nanofluids at varying 
pitches of both the twisted tapes and the rings. The combination of two 
integrated passive solutions (twisted tapes and rings) and an 
Al₂O₃–CuO/water nanofluid guaranteed a maximum performance index 
of 3.29. Disc turbulators at different angular ratio and pitch were 
experimentally and numerically analyzed by Banihashemi et al. [9]. The 
inserts were centered at the tube axis by means of a metallic shaft, and 
they were studied in both a stationary (passive) and a rotative (active, 

from 300 to 600 rpm) operation. Reynolds numbers greater than 5000 
were taken into account. Maximum performance index was achieved up 
to 1.5 for the rotational inserts. The thermofluidic performances of 
similar disc inserts concepts having complex, perforated/grooved ge
ometries were numerically investigated by Mei et al. [10,11]. Additional 
examples of numerical explorations on particularly complex inserts in 
terms of heat transfer augmentation are shown in [12] and [13,14]. 
Butterfly inserts have been achieving increasing interest among scholars 
since they represent valuable and simple solutions for heat transfer 
enhancement via additional induced turbulence and boundary layer 
disruption. Pandey and Madanan [15] adopted butterfly inserts in 
mini-channel heat sinks to numerically define the effects of different 
pitch distances and pitch ratios (pitch distance divided by hydraulic 
diameter) in the overall thermal performance. The carried-out simula
tions considered the presence of a rod (diameter = 0.3 mm) holding the 
inserts in position, even though its implementation in real microsystems 
might be practically unfeasible. The values of performance indexes were 
here found to be greater than 1.6 in the range 200 ̶ 900 Re. In laminar 
conditions, the optimal pitch ratio was therefore found equal to 1.5. 
Bozzoli et al. [16] adopted infrared thermography coupled with the 
resolution of the Inverse Heat Conduction Problem (IHCP) to the anal
ysis of local heat transfer in a tube equipped with butterfly inserts. The 
inserts were 3D printed in plastic, and they were centered via a 
stainless-steel rod. The Reynolds number varied within the turbulent 
regime range. Their results highlighted that the thermofluidic behavior 
of butterfly inserts may not be optimal in turbulent flows due to faster 
degradation of induced large-scale vortices. Similar outcomes referred 
to butterfly inserts within the turbulent regimes were also reported by 
Azari and Derakhshandeh [17]. However, no performance index was 
presented in [16], thus lacking a complete insert characterization at 
high Reynolds numbers from both the thermal and hydrodynamic 
standpoints. Further attempts to numerically improve the performance 
of a butterfly insert were carried out through morphological optimiza
tion by Pagliarini et al. [18], even though the resulting estimated per
formance index, once convergence was reached, still assumed values 
lower than unity. Novel plastic butterfly inserts, analyzed through the 
same technique of [16], were proposed by Cattani et al. [19]. In the 
turbulent regime, the butterfly geometry presenting a swirled configu
ration of the wings ensured an increment in the Nusselt number in be
tween 200 % and 300 % of the one obtainable through smooth tubes. 
The superior thermal performance of swirled butterfly inserts was hence 
verified, although no additional remarks on the hydrodynamic behavior 
(e.g., pressure drops through the inserts) were provided.

In the light of the recent literature works, two main difficulties in 
terms of proper design and consequent practical implementation of 
butterfly inserts arise. On the one hand, the need for rigid support to 
hold in position the inserts arrays may increase the overall tubular heat 
exchangers complexity. This may also result in faulty contact between 
the inserts and the tube walls, hence limiting possible heat conduction 
from the heated/cooled wall to the fluid through the turbulators, or 
increased fouling related to the presence of additional surfaces in con
tact with the treated fluid [20]. On the other hand, to the Authors’ best 
knowledge, no clear disclosure of the full potentialities of butterfly in
serts layouts has been achieved for both laminar and turbulent regimes. 
In fact, whereas the application of butterfly inserts is surely beneficial in 
laminar flows, an optimal combination of geometrical features, such as 
optimal shape of the inserts and pitch distances, may ensure better 
performances within the most challenging flow conditions in terms of 
heat transfer enhancement via passive methods, i.e., turbulent flows.

The present work thus proposes to fill such literature and techno
logical gaps by considering AM sections, in which butterfly inserts are 
directly integrated with the tube wall via the manufacturing process. 
Moreover, the investigation presents in-depth characterizations of both 
perforated and solid butterfly insert designs for turbulent water flows, 
representing an additional piece of novelty in light of the considered 
literature. Specifically, cylindrical tubes equipped with three different 
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butterfly inserts are analyzed in terms of both heat transfer enhance
ment and pressure drops to achieve their complete thermofluidic char
acterization. The inserts geometries have been inspired by the 
promising, swirled configuration of [19]. Direct fabrication of the 
tubular sections is obtained by using a titanium alloy via Additive 
Manufacturing (AM), laser melting technique. To note, AM has become 
increasingly relevant for a plethora of applications during the past de
cades since it allows the realization, with high automatization and 
minimal material waste, of complex geometries, which are not usually 
obtainable through traditional, subtractive manufacturing procedures 
[21]. In the thermal engineering field, AM has been proven to be 
extremely useful in the fabrication of compact heat exchangers. How
ever, most of the printed solutions often refer to entire heat exchangers, 
designed especially for micro or small-scale applications [22]. The 
present study hence represents one of the first attempts at providing a 
full characterization of butterfly-shaped inserts that are directly inte
grated into tubular geometries, i.e., AM sections that could be part of 
large-scale, tubular heat exchangers. AM applied to the fabrication of 
single parts of heat exchangers may be particularly valuable for such 
industrial applications in which single parts of heat transfer systems 
need to be replaced due to local corrosion or thermal fatigue [23]. The 
AM sections investigated are tested for water flows characterized by 
Reynolds numbers spanning from 4000 up to 14,000. Heat is supplied to 
the system by Joule heating in the tube’s wall. Inlet and outlet water 
temperatures are monitored via thermocouples, while inlet an outer 
fluid pressures are measured via two liquid column gauges. The outer 
wall temperature is instead measured by means of infrared thermog
raphy over the whole tube circumference. The local and average Nusselt 
numbers are therefore assessed by means of the inner wall temperature 
at different tube sections, evaluated by applying a dedicated, analyti
cally formulated correction to the measured outer wall temperature. A 
correlation for the Nusselt number, which considers both flow and 
geometrical conditions, is also presented. The fitting loss coefficient 
referred to each butterfly insert is additionally evaluated through the 
estimated local pressure drops. To provide a complete characterization 
of the analyzed solutions, performance indexes are assessed by 
comparing Nusselt number and friction factor increments, hence high
lighting the optimal geometry to be adopted in turbulent flows from a 
thermofluidic standpoint. Hence, an in-depth characterization of both 
perforated and solid butterfly insert designs under turbulent regime is 
presented, emphasizing through novel pieces of results the role of insert 
geometries on the thermo-fluid dynamics of the AM samples.

2. AM sections: fabrication procedure and specifications

The additive manufacturing (AM) specimens investigated in the 
present study were fabricated by Laser Powder Bed Fusion (L-PBF), also 
known as Selective Laser Melting (SLM). This process builds metallic 
components through the successive melting and solidification of powder 
layers under tightly controlled conditions, ensuring high dimensional 
precision and material homogeneity. The samples were produced using 
a Renishaw© AM400 system, equipped with a continuous-wave ytter
bium fiber laser operating at a wavelength of 1070 nm and a nominal 
maximum power of 400 W (Fig. 1). This configuration provides stable 
energy input and uniform melting behavior, both essential for achieving 
defect-free titanium alloy structures.

The build chamber was purged with high-purity argon (99.998 %) to 
maintain an oxygen concentration below 100 ppm throughout the pro
cess, effectively preventing oxidation and embrittlement of the titanium 
alloy during melting. The starting material consisted of a Ti6Al4V Grade 
23 titanium alloy (ELI – Extra Low Interstitial), produced by plasma 
atomization. The resulting powder exhibited spherical morphology and 
excellent flowability, both essential for ensuring uniform layer deposi
tion and consistent melting behavior. Particle size distribution ranged 
between 15 and 55 µm, with an average diameter (D50) of approxi
mately 30 µm (Fig. 2). Maintaining an inert argon atmosphere was 

critical, as titanium is highly reactive at elevated temperatures and tends 
to absorb oxygen and nitrogen, leading to embrittlement, contamina
tion, and degradation of mechanical performance.

The nominal chemical composition of the Ti6Al4V Grade 23 powder 
is reported in Table 1. The controlled composition and the extremely low 
content of interstitial elements confer to the alloy an excellent balance of 
mechanical strength, toughness, and biocompatibility. These charac
teristics make Ti6Al4V ELI a reference material extensively used in 
aerospace, biomedical, and energy applications, where a combination of 
high performance and reliability is required. The chemical purity of the 
alloy also ensures superior corrosion resistance and long-term stability, 
particularly under cyclic thermal or mechanical loading conditions.

Ti6Al4V ELI was selected as the base material for the investigated 
components due to its favorable combination of thermal, electrical, and 
mechanical properties, together with its excellent processability by 
Laser Powder Bed Fusion (L-PBF). Although titanium alloys exhibit a 
lower thermal conductivity (~ 6–7 W/m⋅K) compared to aluminum or 
copper, Ti6Al4V maintains a stable heat conduction behavior even at 
elevated temperatures. This stability ensures uniform thermal gradients 
and minimizes the risk of localized overheating during both 
manufacturing and service. Its high melting point (≈ 1660◦C) further 
contributes to dimensional stability under cyclic thermal loading, a 
condition typical of heat transfer and electrically assisted flow applica
tions. From an electrical standpoint, Ti6Al4V displays moderate re
sistivity (~ 1.7 × 10⁻⁶ Ω⋅m), enabling it to act simultaneously as a 
structural and resistive element when subjected to Joule heating. This 
dual functionality allows controlled and localized heating without the 
need for embedded resistors or additional conductive coatings, thereby 
simplifying system integration and reducing interfacial losses. The 
relatively high resistivity, compared with pure metals such as copper, 
also promotes uniform heat generation within the structure, enhancing 
temperature control during operation. Thermally, the alloy provides low 
thermal expansion (≈ 9 × 10⁻⁶ K⁻¹) and excellent oxidation resistance, 
especially when processed under inert atmospheres and followed by 
stress-relief treatments. These properties help prevent deformation and 
microcrack formation during rapid thermal cycles, preserving the 
integrity of thin internal fins and geometrically delicate features. 
Moreover, the fine α + β lamellar microstructure obtained after post- 
processing offers an optimal balance between thermal conduction and 
mechanical robustness, ensuring stable performance under combined 

Fig. 1. The 3D printer Renishaw© AM 400 used for printing the components.
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thermal and mechanical stresses. Therefore, Ti6Al4V ELI represents an 
ideal compromise between thermal conductivity, electrical resistivity, 
mechanical strength, and manufacturability, making it particularly 
suitable for compact, thermally loaded components requiring both 
structural integrity and controlled heat-transfer capability. During tests, 
low thermal conductivity of the manufacturing alloy also allowed the 
establishing of higher temperature gradients, thus providing a clear 
experimental sign to characterize the local thermofluidic response of the 
fabricated samples. Hence, the choice of Ti6Al4V alloy was here further 
driven by experimental needs; in fact, the present investigation focused 
on the effects of different butterfly insert geometries on the overall 
thermo-fluid dynamics rather than the beneficial effects of conduction 
along the inserts.

The process parameters were optimized to produce components with 
a relative density exceeding 99.5 % and with excellent surface quality. 
To relieve the residual stress generated during the L-PBF process, all 
specimens underwent a stress-relief heat treatment at 730 ◦C for 2 h in a 
high-purity argon environment. The components were then furnace- 
cooled to 350 ◦C before the gas flow was shut off. This post-processing 

route effectively promotes the transformation of the metastable α′ 
martensitic phase into a lamellar α + β microstructure, improving 
ductility and fatigue strength without compromising dimensional 
accuracy.

The geometries fabricated in this study, referred to as “butterfly in
serts”, were designed as tubular AM components featuring internal 
swirled butterfly fins with a thickness of 2 mm. These fins serve as flow 
disruptors, enhancing turbulence and promoting convective heat 
transfer within the fluid domain. Three distinct insert configurations, 
namely Butterfly 1, Butterfly 2, and Butterfly 3, were produced, differing 
in internal topology and perforation pattern, to investigate the influence 
of internal geometry on both heat transfer enhancement and associated 
pressure drops (Fig. 3).

The specimens were built with horizontal orientation to minimize 
the need for support structures and to ensure optimal surface integrity of 
the internal channels. Metallic fins were printed at both ends of each 
specimen to serve as support interfaces and reference surfaces for power 
cable alignment and electrical connections during experimental testing. 
After fabrication, the parts remained attached to the build plate and 
underwent powder removal by compressed air followed by ultrasonic 
cleaning to eliminate any residual non-melted particles. Subsequently, a 
light bead-blasting treatment was applied to homogenize the external 
surface finish and improve the aesthetic uniformity of the specimens.

Before detachment from the build plate, each printed section was 
visually inspected to verify dimensional conformity and surface quality. 
Final separation was performed by wire electro-discharge machining 
(EDM) to preserve edge precision and prevent mechanical distortion. 
The different stages of the manufacturing and post-processing sequence 

Fig. 2. Scanning electron microscope image of Ti6Al4V powder (a), and particle size distribution analyzed by laser diffraction according to ASTM B822 (b).

Table 1 
Powder composition / percent by mass.

Ti Al V Fe O Residual C N H

Balance 5.5 
to 
6.5

3.5 
to 
4.5

<

0.25
<

0.13
< 0.1 
each 
< 0.4 
total

<

0.08
<

0.03
<

0.0125

Fig. 3. Geometries of the investigated butterfly inserts.
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are illustrated in Fig. 4. Fig. 4a shows the as-built components inside the 
L-PBF build chamber immediately after fabrication, whereas Fig. 4b
presents the parts after the removal of unfused powder. Finally, Fig. 4c 
and d depict the specimens still anchored to the build plate, highlighting 
the high dimensional uniformity and surface quality obtained after 
powder removal and bead blasting.

The selection of Laser Powder Bed Fusion (L-PBF) technology for the 
fabrication of the titanium inserts was motivated by its unique capability 
to produce complex, internally featured geometries that are unattain
able through conventional subtractive or casting methods. Additive 
manufacturing enables precise control of internal channels and fin ge
ometries, which is crucial for optimizing the thermo-fluid dynamic 
behavior of the system. Furthermore, the design freedom inherent to L- 
PBF allows the integration of multiple functionalities, such as heat ex
change surfaces, electrical connections, and mechanical reference fea
tures, within a single, monolithic component. This integration not only 
enhances functional compactness but also reduces assembly time and 
overall manufacturing costs. The inherent high thermal conductivity, 
corrosion resistance, and mechanical strength of Ti6Al4V ELI further 
support its application in compact heat exchangers and other thermally 
loaded components operating under aggressive environments. In sum
mary, the use of the Renishaw© AM400 system enabled the production 
of high-density Ti6Al4V ELI samples characterized by excellent dimen
sional accuracy, surface finish, and microstructural reliability, thereby 
providing a robust foundation for subsequent experimental in
vestigations on heat transfer and pressure drop performance in the 
additively manufactured butterfly inserts.

During the additive manufacturing of Ti6Al4V specimens using Laser 
Powder Bed Fusion (L-PBF) on the Renishaw© AM400 system, specific 
process parameters were carefully selected to optimize morphology, 
density, and mechanical performance. The base configuration employed 
a layer thickness of 60 μm, representing a balanced compromise be
tween build rate and surface quality. To ensure geometric precision, 
gap-filling and slice-unification functions were activated with a 
maximum gap size of 0.1 mm, while a beam compensation of 0.12 mm 
was applied to correct for the actual laser beam width. Each layer’s 
contour was defined by two border scans, spaced 0.11 mm apart and 
executed in an InsideOut order. The hatching pattern used a track dis
tance of 0.10 mm with a layer-to-layer offset of –0.01 mm, and a stripe 
filling strategy was adopted, with a hatching angle rotated by 67◦ be
tween successive layers to minimize recurring defect formation and 

reduce anisotropy.
The Stripe scanning strategy was implemented to optimize both part 

quality and process stability. In this approach, each layer surface is 
divided into narrow, parallel stripes that are sequentially melted by the 
laser. This method limits thermal deformation by allowing partial 
cooling between stripes, thereby reducing heat accumulation and in
ternal stresses within the component. Alternating the orientation of the 
stripes between consecutive layers further enhances microstructural 
homogeneity by interrupting preferential solidification paths and pro
moting a more isotropic grain structure.

This strategy also prevents optical and thermal distortions that may 
arise when scanning large continuous areas. By dividing the exposure 
into smaller, well-controlled regions, laser power and beam quality 
remain more stable, resulting in consistent melting behavior and 
improved dimensional accuracy of the printed parts. For Ti6Al4V, the 
Stripe approach exerts a marked metallurgical influence, favoring the 
formation of a fine α′ martensitic microstructure, typical of L-PBF 
components, with uniform phase distribution and minimal discontinu
ities. The refined microstructure and controlled thermal gradients 
significantly mitigate the risk of thermally induced cracking, a common 
issue in titanium alloys due to their low thermal conductivity and high 
residual-stress sensitivity.

Furthermore, the Stripe strategy enhances the repeatability of me
chanical properties among different specimens, yielding comparable 
strength and hardness along the X and Y build directions. This improved 
isotropy indicates stable metallurgical behavior and consistent part 
quality. Process parameters such as laser power, exposure time, and 
point distance were further tuned according to specific regions of the 
specimens, including borders, infill, up-skin, down-skin, and support 
areas. For instance, the main hatching infill was processed at 350 W, 
while surface layers and borders were typically exposed at 200 W, with 
customized exposure times and point distances to control surface 
roughness and local density. A double-exposure (remelting) strategy was 
also applied to down-skin surfaces to improve interlayer cohesion and 
the morphology of downward-facing regions.

Overall, the combination of these process optimizations reflects best 
practices from recent L-PBF studies on Ti6Al4V [24], where part density, 
surface finish, and mechanical stability are improved through careful 
management of hatch spacing, energy input, scan sequence rotation, and 
targeted optimization of critical regions.

Fig. 4. Manufacturing and post-processing of Ti6Al4V components produced by Laser Powder Bed Fusion (L-PBF): (a) As-built components inside the build chamber; 
(b) Printed components after powder removal; (c) and (d) printed specimens anchored to the build plate.
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3. Experimental set-up

The test rig is outlined by the schematic of Fig. 5a. At the inlet, a 
valve was used to regulate the flow rate of cold water coming from the 
municipal well. PVC-U pipes, having outer diameter Din of 15 mm and 
wall thickness of 1 mm, were adopted to connect the two ends of the AM 
sample. Two holes were drilled in the PVC-U tubes (roughness provided 
by the manufacturer: 2⋅10− 4 m) close to the inlet and outlet of the AM 
section to host two liquid-column gauges (length: 2 m) for fluid pressure 
measurements (P1 and P2). The distance between the two pressure 
measurement points was equal to 0.94 m. Three T-type thermocouples, 
one placed upstream (T1) and two downstream (T2 and T3) the AM 
sample, were inserted into the fluid stream to additionally monitor the 
water temperature. Specifically, T1 was placed 6 cm away from the AM 
sample inlet, while T2 and T3 were placed 5 cm away from the AM 
sample outlet. Ambient temperature was monitored by an additional T- 
type thermocouple. All the thermocouples were connected to an Agi
lent© 34970A data logger. Heat was generated by Joule effect within the 
AM sample. Electrical power was provided by a Keysight© N8733A 
power supply (accuracy 0.05 % + 7.5 mV, 0.1 % + 440 mA) by means of 
two copper cables (cross-section = 50 mm2), connected to the AM 
sample ends. Copper wires were directly wrapped around the tube over a 
thin layer of copper paste to improve electrical conductivity. Hose 
clamps further ensured effectiveness and mechanical stability of the 
electrical contacts. Two copper cables, connected to the power supply, 
were also employed to measure voltage between the two electrical 
connections. The distance between the two electrical connections was 
assessed as 0.15 m. A representative picture of the AM sample and 
electrical connections is shown in Fig. 6b The center of the AM section is 
externally coated with a high-emissivity paint (ε ≈ 0.92) to allow IR 
acquisitions on the outer wall by means of a medium-wave IR camera 
FLIR© SC7000 (spatial resolution: 640 × 512 pixels, accuracy: ±1 K, 

sensitivity ≤ 20 mK). An additional thermocouple T4 is attached to one 
side of the externally coated section. Two aluminum tape references, 
0.07 m apart, were attached at the two ends of the section of interest for 
IR measurements. According to the reference of Fig. 5b, the butterfly 
insert was centered at x = 0.026 m.

During tests, water was circulated inside the pipeline. A power of Qel 
= 277 W was supplied to the AM sample, whereas different valve 
openings allowed varying water flow rates. The latter were evaluated by 
measuring the time taken by the fluid to fill a graduated cylinder of 1 L of 
volume, placed at the pipeline outlet. Time measurements were repeated 
three times to mitigate measurement errors. In the present study, the 
considered Reynolds numbers ranged from about 4000 up to 14,000.

When the steady state was reached for each test condition, IR ac
quisitions were taken by moving the camera around the investigated 
section. The distance between the camera and the framed surface was 
kept equal to 0.56 m. Such a procedure allowed measurements of the 
outer wall temperature distribution in the whole AM sample. Pressure 
losses along the pipeline were measured, for different mass flow rates, 
monitoring the difference in pressure head between the two water 

Fig. 5. Schematic of the experimental set-up (a) and picutre of the test section, with reference to the positioning of the axial coordinate origin (b).

Fig. 6. Representative sample of raw IR acquisition.
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columns through a caliper. To note, Butterfly 2 (Fig. 3) was tested at two 
different positions, the first with cold water flowing through the insert 
holes from the core of the tube to the wall (i.e., divergent holes), namely 
Dir 1, while, the second, from the wall to the tube core, (i.e., convergent 
holes), namely Dir 2.

4. Methods

In the present Section, all the procedures carried out for data 
acquisition and post-processing are described, along with the uncer
tainty analysis related to each measured or derived quantity.

4.1. Flow quantities estimation

The volumetric flow rate was first evaluated through the formulation 
QV = V

t , where V is the volume of the graduated cylinder placed at the 
outlet of the pipeline, and t is the measured time to fill it. The mass flow 
rate is therefore estimated by Qm = Qvρ, where ρ is the density of water. 
To note, all the water physical properties were assessed at the average 
fluid temperature Tf =

T1+T2+T3
3 by means of the NIST mini-REFPROP 

software [25]. The Reynolds number related to each flow condition 
was estimated as Re =

vDinρ
μ , where v = 4 QV

πD2
in 

is the fluid velocity, and μ is 
the dynamic viscosity of water.

The difference in pressure head between the inlet and outlet of the 
test section allowed the estimation of pressure drops along the tube. 
Such an evaluation was carried out at varying Reynolds numbers for all 
the butterfly inserts, as well as for the plain tube as a benchmark for the 
experimental procedure. Specifically, the pressure drops between the 
two liquid-column gauges is expressed as [26]: 

ΔP = ΔHρg (1) 

where ΔH is the difference in height between the two water columns, 
and g is the gravitational acceleration. The measured pressure drops ΔP 
were therefore decomposed into different pressure terms to empirically 
estimate the fitting loss coefficients K [27] associated with the local 
pressure drops ΔPloc, resulting from each butterfly insert geometry. In 
fact, the total pressure drops can be defined as: 

ΔP = ΔPdist + ΔPloc (2) 

where ΔPdist are the distributed pressure losses. For the AM section in
tegrated with butterfly inserts, such pressure drops are considered equal 
to those resulted from the plain tube configuration at same Reynolds 
number. Specifically, the latter are estimated by means of the Darcy- 
Weisbach relation [28]: 

ΔP = f
ρLtot

2Din
v2 (3) 

where f is the Darcy friction factor, and Ltot is the length of the tube, i.e., 
distance between pressure measurement locations P1 and P2 (reference 
of Fig. 5a). The friction factor can be recursively evaluated by means of 
the Colebrook equation: 

1
̅̅̅
f

√ = − 2log

(
2.51
Re

̅̅̅
f

√ +
ϵ/Din

3.71

)

(4) 

where ϵ/Din is the relative roughness of the tube. By estimating the ΔPdist 
term, local pressure losses can be evaluated by means of Eq. (4). Finally, 
ΔPloc are characterized by considering a modified Darcy-Weisbach 
equation, where spatial parameters are implicit, and they are included 
into the fitting loss coefficient K [27]:

In fact, such a value characterizes the pressure losses for each but
terfly insert, and it stands as a fundamental parameter to predict pres
sure drops in complex systems where multiple inserts are to be 
employed.

4.2. Heat transfer quantities estimation

As mentioned in Section 3, IR acquisitions were taken around the AM 
section during steady-state conditions. In Fig. 6, a representative raw IR 
acquisition is shown for Re = 4086, Butterfly 1 (cold water flowing from 
left to right). To obtain meaningful temperature distributions out of the 
collected IR acquisitions, care should be taken in merging consecutive IR 
pictures along the tube circumference. The procedure leading to uniform 
outer wall temperature distributions from IR samples is thoroughly 
outlined in the work by Azam et al. [29]. It has to be stressed that the 
wall temperature measured at T4 was used for in-situ calibration of the 
thermographic data. In particular, the values of parameters within the IR 
camera software were adjusted until a match between the thermo
graphic temperature and the one acquired by means of the thermo
couple in the same location was reached.

The outer wall temperature acquired by IR thermography is there
fore adopted to estimate meaningful quantities linked to inner convec
tion in the AM sections. Specifically, the local Nusselt number Nui was 
estimated by considering consecutive portions of the tube wall, each 
having length ΔL = 0.005 m. At the i-th section of the AM sample, the 
heat flux exchanged between the wall and the fluid is defined as: 

q = hin,i
(
Tw,in,i − Tb,i

)
(6) 

where hin is the convective heat transfer coefficient at the wall-fluid 
interface, q is the heat flux exchanged at the wall-fluid interface, q =
Qnet

πDinL, being Qnet the thermal power net of losses to the surroundings, L is 
the length of the heated tube part, Tb,i is the fluid bulk temperature of the 
i-th fluid element, while Tw,in,i is the average internal wall temperature of 
the i-th wall element. To note, all the quantities appearing in Eq. (6) are 
referred to circumferential averages in the i-th tube sections. For what 
concerns q, Eq. (6) is valid when two main assumptions are satisfied: 

• uniformity of generated heat in the AM sample;
• axially constant heat flux exchanged between the tube wall and the 

fluid.

Specifically, the validity of the first assumption is discussed in Sec
tion 5.1, whereas the second assumption has been verified by Cattani 
et al. [30] in a previous investigation. In fact, despite local perturbations 
of q due to the presence of inserts, the Authors showed that the heat flux 
exchanged at the wall-fluid interface can be considered, on average, as 
constant both circumferentially and along the tube axis. On the other 
hand, the bulk temperature at the i-th tube section is evaluated by 
applying the energy balance for the corresponding i-th fluid element: 

Qnet, i = Qmcp
(
Tb,i − Tb,i− 1

)
(7) 

where cp is the specific heat of water, and Qnet,i = q(πDinΔL). Starting 
from the inlet bulk temperature T1 (acquired by means of the thermo
couple T1, reference of Fig. 5a), Tb, i can be evaluated in every considered 
section by recursively adopting Eq. (7).

Lastly, care should be taken in evaluating values of inner tube wall 
temperature. Specifically, in the light of the rather low thermal con
ductivity of the AM sample and the expected high heat transfer co
efficients, the thin-wall approximation does not hold, being the criterion 
based on low Biot number not satisfied [28]. Hence, the wall tempera
ture cannot be considered as equal on both the outer and inner wall 
surfaces. To achieve a reasonable estimation of the inner wall temper
ature, the following approach, based on the analytical solution of the 
energy equation in the wall, is adopted.

By assuming negligible conduction along the axial and circumfer
ential coordinates, the stationary energy equation in radial coordinates 
with heat generation qg, when applied to the generic section of the tube 
wall, reads as: 
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0 = λs∇
2T(r) + qg (8) 

where λs is the thermal conductivity of the solid wall. Eq. (8) is 
completed by the following boundary conditions at the internal and 
external radii rin and rext , respectively: 

λdT
dr

⃒
⃒
⃒
⃒
r=rin

= hin
(
Tw,in − Tb

)
(9) 

λdT
dr

⃒
⃒
⃒
⃒
r=rext

= − hext
(
Tw,ext − Tenv

)
(10) 

where Tenv is the temperature of the external environment. After 
manipulation, the solution for Eq. (8) can be expressed in terms of a 
difference between T(rext) and T(rin), i.e., temperature variation from 
inner and outer wall temperature, as follows: 

ΔTw = Tw,ext − Tw,in = −
qg

4λs

(
r2
ext − r2

in
)
+ A ln

(
rext

rin

)

(11) 

A =
qgr2

ext

2λs
+

hextrext

λs

(
Tw,ext − Tenv

)
(12) 

By knowing the outer wall temperature, the internal wall tempera
ture Tw,in is directly estimated from Eq. (11). It is worth to note that, 
according to the provided analytical solution under the drawn as
sumptions, ΔTw does not depend on the internal heat transfer coeffi
cient, but only on the external convective conditions. In other words, a 
direct knowledge of the environmental and external wall conditions 
allows a direct evaluation of the internal wall temperature, hence 
ensuring a robust assessment of the internal convective heat transfer 
coefficient. In fact, the average external wall temperature Tw,ext,i is 
assessed by averaging the thermographic data referred to the i-th wall 
section. By substituting Tw,ext,i into Eq. (11), the average internal wall 
temperature Tw,in,i to be inputted in Eq. (6) can be therefore assessed. The 
local Nusselt number is finally estimated as follows: 

Nui =
hiDin

λf i
(13) 

where λfi is the thermal conductivity of water evaluated at Tb, i, while hi 

comes from the resolution of Eq. (6). The average Nusselt number Nu 
can be further estimated by averaging the local Nusselt number along 
the overall test section, i.e., for the total number of considered sub- 
sections I: 

Nu =

∑I
i=1Nui

I
(14) 

4.3. Uncertainty analysis

The uncertainty related to each evaluated quantity was estimated by 
means of the propagation of errors approach by Kline and McClintock 
[31]. To note, in the following notation, δ represents the uncertainty 
associated with the considered quantity. Specifically, being a generic 
quantity Y derived from m quantities X affected by uncertainty, the 
resulting δY can be estimated as follows: 

δY =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

j=1

(

δXj
∂Y
∂Xj

)2
√

(15) 

The values of uncertainty related to the measured and derived 
quantities are listed in Table 2. The uncertainty related to the derived 
quantities are related to the maximum uncertainty assessed by means of 
Eq. (15).

5. Results

In the present section, the results referred to the effects of butterfly 
inserts inside the AM sections on the overall thermo-fluid dynamics are 
discussed. First, preliminary checks on the robustness of the experi
mental procedure are presented, including uniform heating, energy 
balance verification, and validation of the pressure drops estimations. 
The results referred to the induced thermal behavior of the inserts are 
therefore presented. Main quantities related to the inner fluid dynamics 
are additionally provided and discussed. Finally, the overall perfor
mance of the inserts is assessed by relating increases in local heat 
transfer with increases in local pressure losses.

5.1. Uniform heating in the AM section

As already mentioned, uniform heating in the AM sections was 
experimentally assessed. Such a test was crucial to understand and verify 
the thermal response of the AM samples to Joule heating. In particular, 
the samples were tested as empty (i.e., only filled with air) by providing 
a limited heat load of 2 W to prevent overheating. IR acquisitions were 
carried out during steady state to assess the outer wall temperature 
distribution. In Fig. 7, temperature profiles referred to three different 
circumferential coordinates θ = π/2/2, θ = π, and θ = 3/2π are shown 
for Butterfly 3. In every considered coordinate, the outer wall temper
ature exhibits a rather flat distribution, despite some variations close to 
the edges of the sample to be accounted for weak axial dissipation by 
conduction. Moreover, temperature profiles show an almost flat distri
bution at the insert location, probably due to additional low dissipations 
through the butterfly insert.

Nonetheless, the maximum deviation of temperature from circum
ferential coordinate to circumferential coordinate was here equal to 
about 0.3 ◦C, highlighting a good thermalization of the sample. This 
suggests that heat generation inside the AM sample ensures uniform 
heating of the tube wall, hence allowing to consider the provided elec
trical power Qel uniformly dissipated in the conductive domain. Such 
uniform heating was also observed for Butterfly 1 and Butterfly 2 sam
ples, thus confirming uniform electrical dissipation in the AM sections 
and, consequently, isotropic electrical conductivity of the AM titanium 

Table 2 
Uncertainty of measured quantities, and computed maximum uncertaintis of 
dervied quantities through propagation of error.

Measured quantities

δt δV δD δT δΔP
0.1 s 10− 5 m3 10− 4 m 0.1 ◦C 100 Pa

Derived quantities

δRe δQel δh δNu δv
60 0.5 W 401 W/m2K 8.7 0.02 m/s

Fig. 7. Wall temperature distributions acquired by thermography at three 
circumferential coordinates during empty test (Butterfly 3).
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alloy. Hence, the assumption drawn in Section 4.2 was considered as 
experimentally verified.

5.2. Energy balance verification

Another crucial preliminary check on the samples was referred to the 
verification of the energy balance for the water flow. First, the net heat 
load Qnet to the AM sample was estimated by considering heat dissipa
tion to the surroundings. Such a value was therefore compared with the 
one assessed through the energy balance Qńet to provide an evaluation of 
discrepancies between the two quantities, thus allowing a verification of 
the experimental procedure. In particular, the net power provided to the 
fluid is defined as: 

Qnet = Qel − Qloss,ext − Qloss,cond (16) 

where Qloss,ext is the power dissipated by free convection with air and 
radiation to the surroundings, while Qloss,cond is the power dissipated by 
axial conduction from the edges of the heated region to the lateral, non- 
heated parts of the AM sample. In particular, dissipations to the sur
roundings can be defined as: 

Qloss,ext = hext
(
Tw,ext − Tenv

)
Sext (17) 

being Sext = πDextL the external heat transfer surface (L equal to 0.15 m), 
and hext the external heat transfer coefficient, assumed equal to 15 W/ 
m2K [32]. On the other hand, Qloss,cond along the axial direction of the 
tube is estimated by means of the Fourier’s law by considering the 
following relationship: 

Qloss,cond = λsA
(
Tw − Tf

)/
l (18) 

where A is the cross-section of the tube wall, A = π
4
(
D2

ext − D2
in
)
, Tf the 

average water temperature, and l the distance between the heated part 
and the non-heated edges, estimated equal to 0.002 m. By considering a 
maximum wall temperature of the sample equal to 40 ◦C and an average 
fluid temperature of 18 ◦C, the thermal losses assume maximum value of 
about 2 % of the total power Qel provided to the AM sample. On the other 
hand, by considering environmental air at 30 ◦C, Qloss,ext assumes values 
lower than 1 W, hence suggesting external losses as negligible with 
respect to the total power.

The power provided to the sample, according to the energy balance 
through the whole AM section, is instead expressed as: 

Qʹ
net = Qmcp(Tin − Tout) (19) 

where Tin is the temperature acquired by means of thermocouple T1, i.e., 
the inlet fluid temperature, while Tout is the average between the tem
perature values measured by thermocouples T2 and T3, i.e., the outlet 
fluid temperature.

The percentage discrepancy between the provided and estimated 
power inputs was finally quantified as: 

φ= |Qnet − Qʹ
net |⋅100 /Qnet (20) 

φ was evaluated for all the test conditions, i.e., every Re and AM section. 
Specifically, the maximum discrepancies were found at the highest 
considered Re, with values of about 14 % of the Qnet . Such differences are 
reasonably accounted for uncertainties in the Qńet estimation, mainly 
linked to the relative uncertainties associated to the Tin − Tout tempera
ture difference. Nonetheless, given the good agreement between pro
vided and estimated thermal powers, it can be concluded that the energy 
balance is satisfied for the provided experimental set-up, hence under
lining the robustness of the experimental approach.

5.3. Validation of the pressure drops measurements

The measurement procedure for pressure losses was validated by 

considering an AM plain tube for benchmarking, i.e., without any insert 
geometry. Specifically, the AM sample was loaded on the experimental 
set-up, and the heights of water columns were measured at the two 
liquid column gauges. Pressure drops were therefore estimated by 
means of Eq. (1), and they were compared with the ones evaluated 
through the Darcy-Weisbach relation of Eq. (3), coupled with the 
Colebrook equation of Eq. (4). To note, the average relative wall 
roughness between that of the AM plain tube and the PVC-U tubes, 
weighted for the length of each tube between the two pressure mea
surement points, was considered for computations. The comparison 
between experimental and expected results is shown in Fig. 8, together 
with the experimental error bars (Table 2).

Despite some discrepancies between experimental and expected 
data, the measured samples well agree with the values predicted by the 
correlation. To note, such minor discrepancies almost completely lay 
within the uncertainty range for pressure drop measurements. Any 
additional deviation from the expected data could be due to either slight 
differences in wall roughness with respect to the value provided by the 
manufacturer or minor geometrical defects. Overall, the pressure drop 
measurement approach was considered as validated for further fluid- 
dynamics investigations on the butterfly inserts.

5.4. Validation of the Nusselt number estimation procedure

The approach for the Nusselt number estimation presented in Section 
4.2 was preliminary validated by adopting the AM plain tube, for Rey
nolds number equal to 3785. The heating power was here equal to that 
applied to the insert-equipped samples, such as Qel = 277 W. Specif
ically, the experimental local Nusselt number was compared with the 
one coming from the Gnielinski correlation, complemented by the Al- 
Arabi correction [33]. The comparison is shown in Fig. 9; experi
mental uncertainty for the Nusselt number are additionally included, 
according to the value presented in Table 2. A good agreement between 
experimental and expected quantities is noticeable. To note, a slight 
discrepancy is present at the edges of the sample probably due to heat 
flux redistribution by axial conduction, in accordance with what re
ported by previous studies [34]. Nonetheless, all the experimental data 
fall within a ± 25 % range for the provided correlation, confirming the 
goodness of the adopted experimental approach.

5.5. Thermal behavior of AM samples

In the present Section, a description of the local thermal behavior 
induced by the butterfly inserts in the AM samples is presented by means 
of both qualitative discussions on outer wall temperature distributions 
and quantifications of local and average Nusselt numbers for all the 

Fig. 8. Comparison between experimental and expected pressure drops.
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geometrical configurations considered.
In Fig. 10a, a representative outer wall temperature distribution, 

obtained from the merging of IR maps around the tube, is shown for 
Butterfly 1 at Re = 4086. To note, cold fluid flows from left to right, 
according to the adopted geometrical reference adopted during IR 
acquisitions.

To provide a reference for the insert location in each reported tem
perature distribution, the representative picture of Fig. 10b is addi
tionally displayed. Specifically, according to the adopted geometrical 
reference, inserts were circumferentially centered at angles of 3/4π and 
7/4π, while they were axially centered at x = 0.026 m (yellow boxes in 
Fig. 10b).

As noticeable from Fig. 10a, the wall temperature is high along the 
whole tube circumference upstream the insert (x < 0.018 m). Around 
the insert location, the wall undergoes a sharp cooling, probably due to 
induced fluid recirculation and enhanced convective heat transfer. 
Cooler wall areas are mainly present around the insert, while farther 
areas exhibit higher temperature trails that proceed up to about x =

0.053 m. This suggests that, in terms of local heat transfer improvement, 
boundary layer disruption mainly occurs closer to the insert walls, whilst 
farther parts of the wall are less interested by enhanced inner convective 
heat transfer. It has to be underlined that the hot trails at the sides of the 
insert are slightly inclined with respect to the tube axis. Such evidence 
agrees with the temperature distribution reported by Cattani et al. [19] 
for a similar configuration. In fact, the swirled insert geometry is here 
able to promote secondary flows in the axial water stream. To note, 
higher temperature spots at about θ = 3/4π and θ = 7/4π, i.e., center of 
inserts wings, are present in the distributions. This may be accounted for 
the fact that the contact surface between the insert and the tube wall is 
only subjected to conductive rather than convective heat transfer, hence 
reducing heat dissipation at the wall. Downstream the insert (x > 0.035 
m), the wall remains generally colder than the upstream tube sections, 
suggesting a persistent and beneficial effect of the insert geometry along 
the axial coordinate. Nonetheless, at the right edge of the observation 
window (x > 0.06 m), a weak temperature increase can be perceived in 
the wall, probably due to progressive degradation of heat transfer 
enhancement effects far from the insert location.

To better outline the effect of different insert geometries, the outer 
wall temperature distributions for Butterfly 2 (Dir 2) and Butterfly 3 (Re 
= 4086) are shown in Fig. 11a and 11b, respectively. Here, Butterfly 2 
exhibits a slightly longer warm area before the insert location than 
Butterfly 1 (Fig. 11a). This is possibly linked to the fact that the presence 
of small holes in Butterfly 2 (Fig. 3) increases the cross-sectional area to 
be used by the fluid to flow through the insert location, hence resulting 
in lower bulk accelerations and consequently lower convective heat 
transfer. Moreover, the warm trails at the sides of the insert are wider, 
suggesting that Butterfly 2 enhances heat transfer at the wall-fluid 
interface in a narrower portion of the tube circumference. However, 
warmer spots at the insert wings are less evident than Butterfly 1, mainly 
due to higher cooling capability of fluid flowing through the holes in the 
insert. Lastly, Butterfly 2 denotes warmer areas at the edge of the 
observation window, suggesting that heat transfer enhancement decays 
faster than in Butterfly 1 due to lower perturbation of the fluid stream. 
For what concerns Butterfly 3 (Fig. 11b), the warm area upstream the 
insert is significantly longer, and longer hot trails at the sides of the 
insert are perceived. In fact, the larger holes in the insert are supposed to 

Fig. 9. Comparison between experimental local Nusselt number (blue markers) 
and the Gnielinski correlation with Al-Arabi correction [33] (black solid line).

Fig. 10. Outer wall temperature distribution for Butterfly 1, Re = 4086 (a). 
Reference for the insert wings location in the outer wall temperature distribu
tion (yellow boxes, b).

Fig. 11. Outer wall temperature distributions at Re = 4086 for Butterfly 2 (a; 
Dir 2) and Butterfly 3 (b).
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highly hamper any fluid perturbation or acceleration, leading to lower 
cooling effect on the wall. The weaker effect of Butterfly 3 in terms of 
wall cooling is further highlighted by the longer warm areas down
stream the insert, that suggest, at least qualitatively, weaker heat 
transfer augmentation in the test section.

The local effects on the wall temperature produced by the inserts are 
additionally discussed. In Fig. 12, the outer wall temperature profiles 
along the tube axis for fixed circumferential coordinate θ = 7/4π are 
presented.

Butterfly 1 denotes here a greater wall overheating at the insert 
location (x = 0.026 m), while the wall temperature decreases down
stream. For Butterfly 2 and Butterfly 3, the overheating at the insert 
location progressively vanishes due to lower fluid perturbations, 
coupled with better cooling of the butterfly wings thanks to the presence 
of holes in the inserts geometry. In addition, downstream the insert, first 
temperature decreases are followed by progressive increases in wall 
temperature, confirming lower and lower heat transfer capabilities of 
the inserts geometry. It is also interesting to note that, from Butterfly 1 to 
Butterfly 3, the overheated sections not only decrease in amplitude, but 
also in width. This could be accounted for fluid stagnation areas, espe
cially downstream Butterfly 1, which hampers wall cooling due to 
possible drops in the local convective heat transfer coefficient.

Wall temperature distributions were also investigated at varying 
Reynolds numbers to assess differences in thermal response resulting 
from higher turbulence of the fluid flow. In Fig. 13a, the wall temper
ature profiles along the circumferential coordinate are shown for But
terfly 1, Re = 6827 and Re = 12,818, at the fixed axial location x = 0.026 
m (i.e., insert location). Here, four main temperature peaks can be noted 
for Re = 6827, two centered at the contact surface between the wings 
and the wall (θ = 3/4π and θ = 7/4π), and two referred to the lateral hot 
trail at the two sides of the insert (θ ≈ π/4 and θ ≈ 5/4π). When Re 
increases up to 12,818, the peaks related to the hot lateral trails tend to 
decrease in amplitude due to the higher fluid velocity and consequently 
greater convective heat transfer. However, the wall temperature seems 
to remain unchanged at the wings locations, denoting similar temper
ature peaks at higher Reynolds number. This suggests that, despite an 
overall increase in inner convection, heat cannot be effectively dissi
pated at the tips of the insert wings, probably because of the low thermal 
conductivity characterizing the adopted titanium alloy, coupled with 
strong fluid stagnation downstream. In Fig. 13b, temperature profiles 
referred to the same Reynolds numbers and circumferential coordinate 
are shown for Butterfly 3. Wall temperature peaks are perceivable in the 
only lateral hot trails of the insert (θ ≈ π/4 and θ ≈ 5/4π) for Re = 6827, 
while no predominant peaks are noticeable at the wings locations. As 
long as the Reynolds number increases, the wall temperature profile 
decreases in amplitude along the whole circumference of the tube. This 
confirms the better heat transfer in both the lateral hot trail areas and 
the wings locations with respect to Butterfly 1, due to the presence of 
holes in the insert promoting cooling of the butterfly insert tips by 
convection.

To provide a quantitative description of the thermal response of the 
system induced by the presence of inserts, the local Nusselt number was 

estimated for every AM sample, according to the procedure of Section 
4.2. In Fig. 14, Nu is shown as a function of the axial coordinate and the 
Reynolds number for Butterfly 1 (Fig. 14a), Butterfly 2 (Fig. 14b, Dir 2), 
and Butterfly 3 (Fig. 14c). For what concerns Butterfly 1, the Nusselt 
number starts increasing, for all the considered Re, before the insert, 
while it undergoes a change in slope in correspondence of the insert 
location x = 0.026 m, as well as in the subsequent fluid stagnation area 
discussed in Fig. 12. It has to be stressed that, when the local Nusselt 
number is estimated at the insert location, the corresponding heat 
transfer coefficient is not here to be intended as a coefficient of con
vection only, but as a global heat transfer coefficient that includes both 
convective and conductive heat transfer in the tube wall. Nu therefore 
keeps increasing, it reaches a maximum at x = 0.045 m, and it decreases 
far from the insert.

Such a trend reflects that the insert allows heat transfer augmenta
tion in the AM sample. This is especially true downstream, where fluid 
recirculation and boundary layer disruption effects result in a significant 
increase in the local Nusselt number. Moreover, the increase of Nu with 
Re is in accordance with the well-known Reynolds analogy [35], thus 
confirming the validity of the results. The decrease in Nusselt number 
downstream the insert is also higher for higher Reynolds number, 
probably due to the fact that greater Reynolds numbers promote faster 
recovery of the boundary layer after induced disruption by the insert 
[36]. When Butterfly 2 is instead considered (Fig. 14b, Dir 1), the local 
Nusselt number exhibits a steeper increase around the insert, suggesting 
that such configuration is capable of significantly reducing fluid stag
nation. In addition, Nu reaches lower peaks with respect to Butterfly 1, 
confirming lower induced heat transfer. Nonetheless, for all the 
considered Re, the decay in Nu with the axial coordinate is less pro
nounced, suggesting higher stabilization of the heat transfer enhance
ment effect of the insert than Butterfly 1. Lastly, Butterfly 3 (Fig. 14c) 
denotes a low increase in local Nusselt number for all the Reynolds 
numbers, confirming the poor augmentation in heat transfer capability 
of the fully drilled insert. Increase in Nu around the insert location is 
however highly continuous, thus underlining absence of any fluid 
recirculation areas downstream and good heat removal from the insert 
wings.

The local thermal behaviour of the investigated samples is globally 
outlined in Table 3, where the maximum values of local Nusselt number 
reached within the observation window are reported along with the 
axial coordinates corresponding to such peaks, xmax, for every insert 
geometry and considered Reynolds numbers. It has to be underlined that 
xmax varies with the insert type. In particular, holes in the insert ge
ometry tend to move the location of maximum Nu upstream due to 
reduced fluid stagnation. For what concerns the two configurations of 
Butterfly 2, it is noticeable that Dir 1, i.e., divergent holes, is beneficial 
for anticipating the location at which Numax occurs with respect to Dir 2, 
i.e., convergent holes. This could be due to the combination of two main 
factors related to the induced flow motion for Dir 1, characterized by 
cold fluid in the core of the tube directed towards the wall. First, fluid 
stagnation downstream the insert might be reduced, to some extent, by 
means of the adopted configuration. Second, the outer wall might be 

Fig. 12. Wall temperature profiles along the tube axis at fixed circumferential coordinate θ = 7/4π (i.e., location of inserts wings).
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Fig. 13. Outer wall temperature profile along the insert circumeference for fixed axial location x = 0.06 m (center of the butterfly insert). Butterfly 1 (a); Butterfly 
3 (b).

Fig. 14. Local Nusselt number as a function of the axial coordinate and the Reynolds number for butterfly 1 (a), Butterfly 2 (Dir 2, b) and Butterfly 3 (c).
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subjected to better cooling just after the insert, hence allowing an 
anticipated increment of local Nusselt number closer to the insert. 
Nonetheless, Dir 1 and Dir 2 exhibit comparable values of Numax for all 
Reynolds numbers, suggesting similar overall heat transfer augmenta
tion. For Butterfly 3, a slightly higher xmax with respect to Butterfly 2 
(especially for Dir 1) may be linked instead to the fact that, despite the 
holes prevent any recirculation downstream the insert, they do not 
promote any cold/warm fluid conveying. Hence, warmer fluid that flows 
close to the heated wall upstream tends to similarly lap the wall 
downstream, resulting in a lower heat transfer enhancement just after 
the insert.

For all configurations, it can be concluded that the local thermo
fluidic behavior induced by the inserts may be due to momentum and 
energy transfer promoted by the energy cascade from larger to smaller 
eddies, in accordance with previous findings [37]. For what concerns the 
two considered configurations of Butterfly 2, Dir 1 may be responsible 
for earlier flow reattachment with respect to Dir 2, hence promoting 
boundary layer disruption close to the insert location. Core-to-wall 
momentum transport may be therefore achieved through eddies 
breakdown, effectively perturbing the boundary layer at the reattach
ment location. Nonetheless, complete clarification on the underlining 
mechanisms could be only achieved through dedicated direct fluid vi
sualizations or numerical investigations.

Finally, the values of average Nusselt number Nu are shown as a 
function of the Reynolds number in Fig. 15. The Nusselt number for the 
fully developed flow in the plain tube, computed through the Dittus- 
Boelter correlation (fluid being heated) [28], is also included in the 
graph for comparison.

Here, Butterfly 1 exhibits the highest heat transfer enhancement for 
all Reynolds numbers. Such a remark is reasonable, since Butterfly 1 is 
supposed to promote the strongest fluid disturbance. On the other hand, 
Butterfly 3 allows lowest heat transfer augmentation with respect to the 
plain tube. The maximum perceived increment of Nu was quantified, for 

Butterfly 1, as about 400 % of the Nu referred to the benchmark case. 
Such an enhancement was in line with the one reported in [30] for a 
similar swirled insert and comparable Reynolds numbers. However, it 
should be noted that the lower augmentation reported in the previous 
work was probably due to longer considered areas of interest, which 
could have resulted in lower estimated average Nusselt numbers due to a 
more complete re-development of the thermal boundary layer down
stream the insert. For what concerns Butterfly 2, both Dir 1 and Dir 2 
configurations highlight similar values of Nu, especially at high Rey
nolds numbers. In fact, for turbulent flows, the effect of fluid vehi
culation ensured by the holes geometry is supposed not to be as 
predominant as for the case, for instance, of laminar flows, where fluid 
follows instead smooth paths in layers. Nonetheless, Dir 1 seems to 
present higher values of Nu than Dir 2, especially at Re lower than 7000. 
This could be due to the fact that, in the case of less fluid turbulence, 
divergent holes may allow for better wall cooling, i.e., ensuring mod
erate enhancement in heat transfer at the wall.

As further attempt of data reduction, the values of Nu of Figure were 
fitted via the nlinfit function within the Matlab© (v. 2022b) environ
ment. Specifically, a correlation of the following form was adopted: 

Nu
/
Pr0.4 = cγe1 Ree2 (21) 

where γ is the ratio between frontal surface of the generic butterfly insert 
and the total cross-sectional area of the tube, and c, e1 and e2 are the 
correlation coefficients. γ assumed values equal to 0.65, 0.55, 0.53, and 
0.47 for Butterfly 1, Butterfly 2 (Dir 1), Butterfly 2 (Dir 2), and Butterfly 
3, respectively. The coefficients obtained from non-linear fitting of the 
experimental data are listed in Table 4.

It has to be stressed that the found exponent for the Reynolds num
ber, e2, assumes here a value comparable with correlations provided for 
the case of passive heat transfer enhancement systems adopted in tur
bulent regimes [38,39].

The Normalized Root Mean Square Deviation (NRMSD) was esti
mated, for the correlation provided, as a parameter of goodness of fit: 

NRMSD =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣
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⎥
⎥
⎥
⎥
⎦

x 100 (22) 

where Yexp,p and Ycorr,p represent the p-th experimental and predicted 
quantities, respectively, while Yexp is the average of all the experimental 
quantities. For the present case, NRMSD assumed a value of about 11 %, 
suggesting limited deviation between experimental and predicted values 
of Nu/Pr0.4.

In Fig. 16, the comparison between predicted and experimental data 
is graphically shown. The exp and corr subscripts represents the exper
imental and predicted values, respectively. Here, it is clear that the 
predicted values of Nu/Pr0.4 well agree with the ones estimated during 
experimental observations, for all the considered flow regimes and 
geometrical configurations. All the deviations between predicted and 
evaluated results fell in between a confidence range of ± 15 %, hence 
confirming the high correlation capability of the model. Nonetheless, it 
should be noted that the provided correlation is expected to well predict 
the thermal behavior of butterfly-shaped inserts only within the 

Table 3 
Maximum peaks of local Nusselt number, and corresponding axial coordinates.

Re

4086 6827 8185 12,818

Butterfly 1 xmax [m] 0.045 0.045 0.045 0.045
Numax 225 410 498 716

Butterfly 2 (Dir 1) xmax [m] 0.03 0.03 0.03 0.03
Numax 193 266 412 610

Butterfly 2 (Dir 2) xmax [m] 0.035 0.035 0.035 0.035
Numax 216 302 416 601

Butterfly 3 xmax [m] 0.04 0.04 0.04 0.04
Numax 181 277 350 530

Fig. 15. Average Nusselt number as a function of the Reynolds number for all 
the geometrical configurations.

Table 4 
Coefficients for correlation of Eq. (21).

Coefficient Value

c 0.06
e1 0.86
e2 0.92
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considered applicability ranges, such as 4000 < Re < 14,000 and 0.47 <
γ < 0.65. Due to the limited number of tested geometries, the correlation 
provided is intended to be regarded as preliminary, and it should be thus 
complemented/confirmed by future investigations dealing with 
different obstructed flow areas and Reynolds numbers. Further analyses 
could also shed light on the full validity of the γ parameter in the 
framework of the provided correlation. In fact, while previous experi
mentations suggest that the induced thermal behavior could be pre
dicted by mainly considering the flow obstruction area [36], the peculiar 
morphology of the adopted butterfly insert, e.g., different wings/holes 
shape, may also play a critical role.

A final remark was referred to the adoption of Butterfly 2 as a passive 
heat transfer augmentation solution. As noticeable from Fig. 15, the high 
similarity between the Nusselt number trends of Dir 1 and Dir 2 led to 
the conclusion that the flow direction impacting on the Butterfly 2 
surface did not affect, on average, the overall heat transfer, at least for 
the turbulent flows considered. Hence, only Butterfly 2, Dir 1, will be 
taken into account in the following Sections, being such a case repre
sentative of both flow directions.

5.6. Fluid dynamics of AM samples

The AM samples were also analyzed in terms of fluid dynamics ef
fects to relate heat transfer augmentation with pressure drops induced 
by the inserts. In Fig. 17, the experimental pressure drops are shown for 
the three considered butterfly inserts, as well as for the plain tube ge
ometry for comparison.

Here, it can be noted that all butterfly inserts present higher ΔP than 
the plain tube, and the pressure drops increase from Butterfly 3 to 
Butterfly 1. By considering the results of Fig. 15, this confirms what is 
expected from the analogy between heat transfer and pressure drops, i. 
e., heat transfer enhancements are always coupled with higher pressure 
drops in the fluid flow [35]. Such hydrodynamic behavior is, in fact, due 
to lower cross-sectional area available for the fluid flow through But
terfly 1 with respect to Butterfly 2 and Butterfly 3.

Finally, the K coefficients were estimated by means of Eq. (5). Spe
cifically, the experimental local pressure losses were computed by per
forming the difference between the experimental pressure drops of 
Fig. 15 and the ones estimated through the Weisbach-Darcy relation, 
coupled with the Colebrook equation, at same Reynolds numbers. For 
each j-th butterfly insert, Kj was computed as the average of all the K 
coefficients at varying Reynolds numbers, while its associated estima
tion error was assessed as the standard deviation of all K at varying 
Reynolds numbers. To note, the distributed pressure losses were 
considered as equal in both the AM plain tube and in the samples 
equipped with butterfly-shaped inserts. Such an assumption was 
considered as reasonable, since the pipeline between the two pressure 
gauges (connection tubing, valves, etc.) did not undergo any substantial 
modification between the tests. Moreover, all the AM samples shared 
same roughness, according to the manufacturer.

The evaluated K are reported in Table 5, together with their per
centage estimation errors.

As noticeable, K increases from Butterfly 3 to Butterfly 1, in agree
ment with the pressure losses trends of Fig. 17. The maximum estimation 
error for K was assessed equal to 13.2 %, by considering the un
certainties of both pressure drops and fluid velocity values of Section 
4.3.

Such a coefficient is crucial for predicting pressure losses in more 
complex systems, hence instrumented with more than one insert. In 
particular, by knowing the flow characteristics of the investigated flow, 
the local pressure losses could be estimated, for combinations of in- 
series inserts, by adopting Eq. (5).

5.7. Overall performance of AM samples

The overall performance of the given inserts was established by 
means of a comprehensive method based on performance evaluation 
plots, originally conceptualized by Fan et al. [40], to address 
energy-saving characteristics of the proposed heat transfer augmenta
tion solutions. It has to be underlined that such technique, based on the 
first law of thermodynamics, was chosen among other criteria due to 
greater generality of provided outcomes. Specifically, the performance 
index ηi referred to the i-th constraint, either for identical pumping 
power (Qp/Qp,0 = 1), identical pressure drops (ΔP/ ΔP0 = 1), or identical 
flow rate (Qm/Qm,0 = 1), reads as: 

ηi =

(
Nu
Nu0

)/(
f
f0

)ki

(23) 

where the subscript 0 refers to the benchmark geometry, i.e., the plain 
tube. Through a logarithmic manipulation, heat transfer enhancement 
can be related to friction factor increases by means of the relationship: 

ln
(

Nu
Nu0

)

= bi + kiln
(

f
f0

)

(24) 

Fig. 16. Comparison between predicted and experimental Nu /Pr0.4.

Fig. 17. Pressure drops along the test section for all the AM sam
ples considered.

Table 5 
K and percentage error for each butterfly insert.

K Estimation error ( %)

Butterfly 1 15.6 12.1
Butterfly 2 9.6 10.5
Butterfly 3 4.9 13.2
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where bi indicates, for each adopted constraint, whether the heat 
exchanged in the proposed configuration is higher (bi > 0) or lower (bi <

0) than that of the reference case. Such a coefficient mathematically 
represents the quantity ln (ηi). On the other hand, the coefficient ki as
sumes the following values for internal, turbulent flows, depending on 
the provided constraints [40]: 

• k = 1/3 for identical pumping power.
• k = 1/2 for identical pressure drops.
• k = 1 for identical flow rate.

It can also be stressed that higher k results in higher heat transfer 
augmentation with respect to friction factor. Hence, heat transfer 
enhancement, coupled with limited friction factor increases, is an easier 
condition to reach under identical pumping power rather than identical 
pressure drops or identical flow rate. In fact, the latter represents the 
hardest condition to achieve for heat transfer augmentation purposes.

The baselines provided by Eq. (24) for the three different constraints, 
defined by null bi coefficients (hence, ηi = 1), are shown on the per
formance evaluation plot of Fig. 18 together with the working points 
referred to the three butterfly inserts. To note, for each butterfly insert, 
the pressure drops of Fig. 17 were interpolated by means of a power law 
of the form ΔP = aRe2. Hence, the pressure losses could be directly 
quantified at the query points. This was particularly useful to compute 
the friction factors in Eq. (3) for those cases in which Nu and ΔP were 
evaluated at slightly different Reynolds numbers. All the interpolations 
were characterized by a coefficient of correlation R2 greater than 0.99.

The baselines divide the quadrant of Fig. 18 into four meaningful 
regions, which can be interpreted as follows: 

• Region 1 is the most unfavorable in terms of energy saving, since 
heat transfer enhancement is less than friction factor increases.

• Region 2 is characterized by heat transfer enhancement under 
identical pumping power.

• Region 3 and Region 4 are defined by augmented thermal perfor
mance under equal pressure drops and equal flow rate, respectively.

According to the previously mentioned characteristics of Eq. (24), 
Region 4 thus represents the most favorable section in terms of energy 
saving. In the chart, the working points referred to Butterfly 1 fall within 
Region 3, hence suggesting augmented performance under identical 
pressure drops. On the other hand, working points referred to both 
Butterfly 2 and Butterfly 3 belong to Region 4, verifying their superior 
performance in the most unfavorable case of identical flow rate. This 
remark is probably linked to the fact that holes in the butterfly inserts 
promote enhanced heat transfer performance with highly mitigated 
frictional losses, in accordance with previous studies [41,42]. Hence, 
Butterfly 2 and Butterfly 3 were found to have augmented performance 

with respect to the full insert of Butterfly 1.
To finally identify the optimal butterfly-shaped insert, the perfor

mance index referred to the identical flow rate constraint (k = 1) was 
evaluated and plotted in Fig. 19 for the only Butterfly 2 and Butterfly 3. 
Specifically, the performance index is rather stable for all the investi
gated Re and geometries. In fact, due to the intrinsic chaoticity of tur
bulent flows, increased turbulence is not supposed to significantly 
enhance heat transfer with respect to pressure drops, in accordance with 
previous findings [43–45]. For Butterfly 2 and Butterfly 3, η assumes 
values, on average, equal to 1.4 and 1.9, respectively. The found values 
of performance index are in line with previous investigations on heat 
transfer augmentation systems [46,47]. Such a remark suggests that 
Butterfly 3 mitigates pressure losses inside the pipe, despite the lower 
heat transfer enhancement produced. Hence, Butterfly 3 can be 
considered as the best option from an applicative standpoint, especially 
when an optimal trade-off between heat transfer augmentation and 
pressure drops is required. It has to be underlined that, despite Butterfly 
3 represents the most convenient insert from the energy saving point of 
view, it highlights the lowest heat transfer augmentation, suggesting 
that its application may not be optimal for all possible applications. For 
instance, such industrial fields requiring highest heat transfer augmen
tation regardless of high increments in pressure drops would benefit 
more from the adoption of heat exchangers equipped with Butterfly 1 
inserts, as for the case of nuclear and pharmaceutical/chemical in
dustries, where safety and process control are prioritized with respect to 
pumping costs [48].

To complete the analysis on heat transfer augmentation provided by 
the present solutions, the main evaluated quantities are compared with 
those typically obtained through AM. In Table 6, the average Nusselt 
number, the Nusselt increment with respect to reference case, the per
formance index, and the ki coefficient are reported, where possible, for 
recent works taking advantage of AM technology to increase heat 
transfer in heat exchangers.

As noticeable, AM-based methodologies represent viable solutions 
for heat transfer enhancement in heat exchangers. From the collected 
references, the present butterfly-shaped inserts exhibit heat transfer 
augmentation in line with typical techniques based on modified/mini
mal surfaces and fins, further confirming the technological advantage of 
the proposed butterfly-shaped inserts.

6. Conclusions

Different additive manufactured samples presenting butterfly inserts 
were experimentally studied to understand the effects of their integra
tion into tubular geometries on the induced thermo-fluid dynamics. The 
samples were manufactured by laser melting technique by using a tita
nium alloy. The low thermal conductivity of the manufacturing material 
was specifically chosen to enhance the establishing of temperature 

Fig. 18. Performance evluation plot for the present butterfly-shaped inserts. Fig. 19. Performance index as a function of the Reynolds number.
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gradients along the samples, allowing a clear identification of local 
thermofluidic effects of the adopted inserts. Three butterfly inserts 
presenting as swirled configuration were considered, namely Butterfly 1 
(full insert), Butterfly 2 (insert with small and inclined holes), and 
Butterfly 3 (fully drilled insert). The test rig consisted in a pipeline 
through which cold water was circulated. Heat was dissipated in part of 
the sample by means of Joule effect. The inlet and outlet water tem
peratures were monitored by thermocouples. The fluid pressure was 
measured by adopting water column gauges upstream and downstream 
the inserts. The outer wall temperature was instead acquired through 
infrared thermography to provide a complete dataset for the estimation 
of useful thermofluidic quantities, such as the local and average Nusselt 
numbers, and the friction coefficient K related to local pressure losses. 
The experimental approach was validated by verifying uniform heat 
dissipation in the additive manufactured samples, closed energy balance 
for the fluid flow, and robust pressure drops measurements. The heat 
transfer augmentation provided by the samples investigated was finally 
compared with induced pressure drops by means of the performance 
index. The main outcomes of the present study are listed below as 
follows: 

• The outer wall temperature is strongly affected by the type of 
adopted insert and its location in the tube. In fact, Butterfly 1 pre
sented warmer wall spots downstream due to fluid stagnation, while 
the presence of holes in Butterfly 2 and Butterfly 3 allowed for better 
fluid flow behind the inserts. However, Butterfly 1 could induce 
higher fluid accelerations, resulting in colder wall areas far from the 
insert wings locations.

• The location of maximum local Nusselt number was influenced by 
the type of insert. In fact, the presence of divergent holes in Butterfly 
2 could move to lower axial coordinates the location of Nu peaks, 
hence anticipating the heat transfer augmentation effect of the insert. 
The maximum local Nu peak of 716 was reached for Butterfly 1 at Re 
= 12,818.

• Butterfly 1 provided the highest average Nusselt number Nu within 
the observation window, for all the considered Reynolds numbers. 
This was due to higher flow disturbances promoted by such geom
etry, which hence ensured strong boundary layers disruption. The 
maximum Nusselt number increment was observed to be equal to 
about 400 % of the one reached for the plain tube geometry in the 
fully developed case. Moreover, the flow direction through Butterfly 
2 (resulting in divergent or convergent holes) did not significantly 
affect the overall heat transfer, probably due to the turbulent nature 
of the analyzed flow.

• The average Nusselt number within the test section was found to be 
correlated, at least from a preliminary standpoint, with the Reynolds 
number and the geometrical characteristics γ through the correlation 
Nu/Pr0.4 = 0.06 γ0.86Re0.92.

• The K coefficients, through which the butterfly inserts were char
acterized in terms of local pressure drops, were found to be equal to 
15.6, 9.6 and 4.9 for Butterfly 1, Butterfly 2 and Butterfly 3, 
respectively.

• Performance evaluation plots highlighted the lower energy-saving 
capability of Butterfly 1 with respect to its holed counterparts. The 
performance index at identical flow rate was estimated as almost 
asymptotical with the Reynolds number, and equal to about 1.9 and 
1.4 for Butterfly 3 and Butterfly 2, respectively.

In conclusion, despite lower heat transfer augmentation with respect 
to other insert solutions, Butterfly 3 could be considered as a viable 
applicative option, especially for those cases where pressure drops 
mitigation is required. The present analysis gave in-depth insights into 
the thermofluidic features of additive manufactured samples for heat 
transfer enhancement. The assessment of local quantities related to the 
modified inner convection provided crucial pieces of information, which 
could be adopted as reference when integration of multiple additive 
manufactured samples or in-series inserts is needed for complex heat 
transfer systems. Moreover, the results shown suggest possible design 
strategies that can be adopted during further optimization of the heat 
transfer augmentation solutions. From an industrial perspective, AM 
tubular samples could be integrated into tube bundle modules of large- 
scale shell-and-tube heat exchangers or double/triple-tube heat ex
changers. Connections could be therefore achieved by means of joints or 
quick-release flanges, which would increase the effectiveness and 
maintenance of heat exchangers at the expense of higher manufacturing 
costs. In future developments of the work, laminar flows will be inves
tigated to achieve a comprehensive evaluation of the effects of the 
samples provided on the overall thermo-fluid dynamics. Possible addi
tional developments may include changes in manufacturing material, 
which could enhance the overall heat transfer to the fluid. Numerical 
investigations on the presented inserts may disclose additional features 
of the local flow dynamics, hence allowing a comprehensive under
standing of thermal and hydrodynamic mechanisms.
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