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Abstract

This thesis presents an experimental investigation of forced convective heat transfer
in additively manufactured (AM) cooling channels representative of Siemens Energy
turbine components. A closed-loop water rig with Joule-heated stainless-steel test ob-
jects was reconstructed, redesigned and validated to measure global and local Nusselt
numbers and Darcy friction factors over a Reynolds number range of approximately
5 10° . Re . 2 10* and Prandtl numbers 4 . Pr . 9. The primary focus
is on the accurate evaluation of the global Nusselt number and its dependence on
Reynolds number, Prandtl number and AM-induced surface roughness.

The new rig combines high-precision mass-flow, pressure and temperature measure-
ments with an automated post-processing framework in Star-CCM-+. A solid-only
conjugate heat-transfer model with temperature-dependent thermal and electrical
conductivities is driven by a JavaScript controller, which iteratively matches simu-
lated wall temperatures and electrical power to the experimental data. This redun-
dant use of electrical and thermal energy balances allows consistent extraction of
segment-wise heat-transfer coefficients, local and global Nusselt numbers, and fric-
tion factors. The system is first validated using a smooth stainless steel reference
tube, demonstrating good agreement with the Colebrook—White friction correlation
and the Gnielinski Nusselt correlation within their reported uncertainty bands.

Subsequently, a 2 2 mm AM stainless-steel square channel is tested at four Prandtl
numbers. The results show clear roughness-induced increases in both Darcy fric-
tion factor and Nusselt number in the transitional and turbulent regimes, while the
laminar regime remains close to smooth-pipe behaviour. Entrance-region (thermal
notch) effects are shown to be significant for short heated lengths and are carefully
accounted for in the interpretation of the data. A comprehensive error and uncer-
tainty analysis, including Taylor-series error propagation and sensitivity studies on
pressure-tap and temperature-probe placement, yields a total relative uncertainty
in the averaged Nusselt number of about 6 % and in the Darcy friction factor of
about 15 %. Overall, the work establishes a validated experimental and numerical
framework for characterising rough-wall heat transfer in AM cooling channels and
provides a basis for future correlation development and design optimisation.



Keywords

Heat transfer, Additive Manufacturing, Internal cooling channels, Surface roughness,
Gnielinski, Thermal-hydraulic performance



Sammanfattning

Denna avhandling behandlar ett experimentellt arbete kring tvingad konvektiv vér-
medverforing i additivt tillverkade (AM) kylkanaler representativa for Siemens Ener-
gys turbinkomponenter. En sluten vattenrigg med jouleuppvéirmda rostfria provkrop-
par har rekonstruerats, vidareutvecklats och validerats for att méta globala och lokala
Nusselt-tal samt Darcy-friktionsfaktorer i intervallet ungefir 5 10> . Re . 2 10*
och 4 _ Pr . 9. Huvudfokus ligger pa en noggrann bestdmning av det globa-
la Nusselt-talet och dess beroende av Reynolds tal, Prandtl tal och AM-inducerad
ytjamnhet.

Den nya riggen kombinerar hogupplosta méatningar av massflode, tryckfall och tem-
peratur med ett automatiserat efterbehandlingsverktyg i Star-CCM+-. Endast den
solida delen modelleras med stationér konjugerad varmeledning, dar varme- och elled-
ningstal ar temperaturberoende. En JavaScript-styrd 10sare justerar iterativt strom-
men och lokala virmeovergangstal sa att de berdknade vaggtemperaturerna och den
numeriska elektriska effekten Gverensstammer med experimentet. Genom att utnytt-
ja bade elektrisk och termisk energibalans kan segmentvisa virmeovergangstal, lo-
kala och globala Nusselt-tal samt friktionsfaktorer tas fram pa ett konsistent sétt.
Systemet valideras forst med ett slédtt rostfritt referensror, vilket visar god Gverens-
stémmelse med Colebrook—White-korrelationen for friktion och Gnielinskis Nusselt-
korrelation inom deras angivna osédkerhetsband.

Dérefter testas en kvadratisk AM-kanal i rostfritt stal (2 2 mm) vid fyra olika
Prandtl-tal. Resultaten visar tydliga grovhetsinducerade okningar av bade Darcy-
friktionsfaktorn och Nusselt-talet i det transitionella och turbulenta omradet, me-
dan det lamindra omradet ligger néra slattrorsbeteende. Inloppseffekter («thermal
notchy ) &r betydande for kort uppvérmd ldngd och beaktas noggrant vid tolkning-
en av data. En omfattande fel- och osékerhetsanalys, baserad pa felpropagering med
Taylors utveckling samt kéanslighetsstudier av tryckuttag och temperaturgivarnas pla-
cering, ger en total relativ osdkerhet i det medelvardesbildade Nusselt-talet pa cirka
6 % och i Darcy-friktionsfaktorn pa cirka 15 %. Sammantaget etablerar arbetet ett
validerat experimentellt och numeriskt ramverk for karakterisering av grovviaggig véar-
medverforing i AM-kylkanaler och utgor en grund for framtida korrelationsutveckling
och konstruktionsoptimering.
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1 Introduction

Modern gas turbines operate at turbine-inlet temperatures that would quickly exceed
the strength limits of even the most advanced super-alloys if no internal cooling were
provided. Conformal cooling channels fabricated by additive manufacturing (AM)
promise to increase cooling e ectiveness while reducing coolant mass- ow demand,
thereby improving overall cycle e ciency and lowering CQ emissions. However, the
forced-convection heat transfer and pressure loss behavior of AM channels is still po-
orly understood; established smooth-tube correlations such as Gnielinski (for Nusselt
number) and Colebrook White (for friction factor) have been shown to underesti-
mate both quantities once the additively produced surface roughness. This thesis
therefore provides an experimental data set and correlation framework that link
hydraulic diameter, relative roughness and Reynolds number to global heat-transfer
and pressure-drop performance of as-built AM channels.

1.1 Siemens Energy AB

Siemens Energy AB is home to approximately 4100 professionals across 9 di erent
locations in Sweden. The largest facility is located in Finspang, where it develops,
manufactures, and services gas turbines (such as the SGT-600, -700, -750, and -
800), ranging from 15 MW to 62 MW. It is a key centre for industrialising additive
manufacturing for gas turbine components, including parts like burner nozzles and
turbine vanes.[1]

Siemens Energy's Q4 FY2024 showed strong demand: ordgrks.0 bn (+42% com-
parable) and revenue¢ 9.7 bn (+16.6%), lifting backlog to ¢ 123 bn; prot before
special items ¢ 83 m (net loss ¢, 254 m) and free cash ow pre-tax, 932 m. FY2025
outlook: 8 10% comparable revenue growth, 3 5% margin before specials, and net
income around break-even[2].

The present work is carried out in collaboration with the company's R&D depart-

ment in the Fluid Dynamic Lab under the Measurement and Component Testing
department located in the Finspang site. The resulting correlations are intended to
feed directly into the in-house preliminary design tool for internal cooling layouts,
thereby reducing current conservatism factors and shortening development cycles.
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1.2 Background

Forced convection in circular or non-circular; square passages has been studied for
more than half a century. For hydraulically smooth tubes, the Gnielinski correlation

[3] predicts the Nusselt number within+20% for3 10° < Re< 5 1 and

0:5 < Pr < 200Q [4] When surface roughness becomes signi cant, two major e ects
arise:

A

Momentum de cit : Roughness elements protrude into the viscous sub-layer,
increasing form drag and thus the Darcy friction factor.

" Thermal augmentation : Secondary ows and boundary-layer disruption en-
hance convective heat transfer but also raise the pumping power requirement.

Aaron designed and validated the Joule-heated water loop, established the post-
processing work ow (including entrance-length handling), and reported the rst si-
multaneous global measurements of Darcy friction factory and Nusselt number
Nu on AI/SS/IN939 coupons, noting robust turbulent-regime trends and possible
inlet/diameter biases at lowRe [5].

Isa re ned the rig and uncertainty analysis, benchmarked smooth-tube data against
Colebrook White and Gnielinski, and mapped rough IN939 behavior (earlier transi-
tion with higher ", and Nu enhancement increasing withPr) [6].

Gabriele extended the campaign to as-built LPBF channels, consolidating glo-
bal f4 Nu measurements on IN939 and proposing roughness-dependent scaling of
smooth-tube predictions suitable for preliminary design [7], [8].

Upon initial assessment and shake-down testing of the present apparatus, it became
clear that a more robust, streamlined, and lower-uncertainty post-processing appro-
ach is needed to continue this research. The current conditions and setup, including
apparatus state, data pathways, and known limitations, are described in detail in the
avsnitt 5.

1.3 Motivation and Research Scope

The primary motivation of this work is to develop an experimentally validated cor-
relation capable of predicting both the heat-transfer coe cienthtc and the Darcy

18



friction factor f4 for additively manufactured cooling channels representative of Sie-
mens Energy turbine components.

1.3.1 Research questions

1. How does the global Nusselt number vary with Reynolds number and relative
roughness for as-built AM channels?

2. What is the in uence of entrance e ects on the measured heat-transfer beha-
viour?

3. How do local heat-transfer coe cients vary along the test object as functions
of Prandtl number and surface roughness?

4. How does the laminar turbulent transition shift with increasing roughness, and
is this trend consistent with previously reported results?

1.3.2 Scope and delimitations

The scope of this dissertation is predominantly limited to the evaluation of the Nus-
selt number. This includes the design and construction of a new, robust test assembly,
the validation of the experimental rig against the Gnielinski correlation for smooth-
tube behaviour, and the setup of a STAR-CCM+ simulation work ow to support
post-processing by estimating temperature distributions and heat-transfer coe ci-
ents. In addition, rough test objects are examined to investigate the in uence of the
Prandtl number on convective heat transfer behaviour.

Due to time constraints and the experimental nature of the thesis, the evaluation of
Darcy friction factors has been deferred.

1.4 Objectives

1. Design, commission, and validate a closed-loop water test rig capable of quasi-
steady-state heat-transfer (QSSHT) measurements in the range 10 < Re<
2 104

2. Measure inlet outlet temperature rise, pressure drop and volumetric ow rate
to compute global Nusselt numbers.
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3. Perform qSSHT measurements on additively manufactured stainless-steel test
objects and determine their global (and segment-wise) Nusselt numbers as func-
tions of Reynolds and Prandtl number, including comparison with smooth-tube
reference correlations.

4. Derive empirical correction factors to classical correlations and quantify expe-
rimental uncertainty.

1.5 Methodology and Dissertation Structure
Figure 1 outlines the methodology used to conduct this thesis. Given the experimental

nature of the work, several stages required iterative re nement, including repeated
testing and parameter stabilisation to ensure reliable and reproducible results.
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Figur 1: Methodology

The dissertation is organised to rst introduce the industrial context and theoreti-
cal foundations, followed by a detailed account of experimental development, and
subsequently concluding with the results and their implications.

Chapter 1 introduces Siemens Energy AB, provides the background and motivation
for the work, de nes the research questions, scope, objectives, and outlines the
methodology and dissertation structure.

Chapter 2 presents the literature review and summarises previous research relevant
to additive manufacturing, internal cooling channels, roughness e ects, pressure
loss, and heat transfer enhancement.
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Chapter 3 develops the theoretical background required for this work, including
continuum mechanics, uid dynamics, heat transfer, entrance e ects, empirical
correlations, the Moody diagram, the thermal notch e ect, Joule heating, and
additive manufacturing.

Chapter 4 focuses on surface roughness, including roughness metrics, roughness
classi cations, and its in uence on uid ow, heat transfer, pressure loss, and
uncertainty considerations.

Chapter 5 describes the state of the research prior to this work, including the earlier
test rig, test assembly, water and electric loops, and the original post-processing
solver.

Chapter 6 details the new experimental apparatus and methodology, including the
measurement system, sensors, data acquisition, pre-processing, testing proce-
dures, setup limitations, and the new post-processing and numerical evaluation
method.

Chapter 7 presents the validation of the methodology through both ow and ther-
mal validation cases.

Chapter 8 presents and discusses the main results, including friction factor evalua-
tion, heat transfer performance, and local heat transfer coe cient distributions.

Chapter 9 provides the error and sensitivity analysis, covering uncertainty in Nus-
selt number evaluation, Darcy friction factor uncertainty, and sensitivity to
measurement positions and probe placement.

Chapter 10 summarises the main conclusions of the thesis.

Chapter 11 outlines recommendations and directions for future work.
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2 Literature Review

The in uence of surface roughness on internal ows has been studied for more than
a century. Early work on pressure loss in pipes led to the Darcy Weisbach equation
and the de nition of the Darcy friction factor, which relates the mean pressure gra-
dient to density, bulk velocity and a dimensionless resistance coe cient. Subsequent
contributions by Fanning, Blasius, Colebrook [9] and White established empirical re-
lationships between friction factor, Reynolds number and wall roughness for circular
pipes, culminating in the widely used Colebrook White correlation and the Moody
diagram for engineering calculations. These developments introduced the concept of
an equivalent sand-grain roughness heights to collapse the e ect of geometrically

di erent rough surfaces onto Nikuradse's canonical sand-grain experiments [10].

In rough-wall turbulent boundary layers, the e ect of roughness is often expressed
through a downward shift of the logarithmic velocity pro le (the so-called roughness
function). Classical classi cations distinguish between hydraulically smooth, transi-
tionally rough and fully rough regimes depending on the roughness Reynolds number
k: . A recent comprehensive review by Kadivar [11] summarises the existing theories
and scaling laws for turbulent ow over rough surfaces and emphasises that a single
parameter such a¥s is generally insu cient to capture the diversity of real roughness
topologies, which may di er in height, spacing, skewness and e ective slope. Instead,
roughness correlations often require additional statistical descriptors or topological
measures of the surface.

Compared with momentum transfer, the literature on rough-wall heat transfer is
less mature. One of the rst systematic studies of rough-pipe heat transfer was car-
ried out by Cope [12], who investigated the combined friction and heat transfer
coe cients in pipes with arti cially roughened walls. Later work extended these me-
asurements to di erent roughness patterns and uids, and introduced modi ed forms
of the Reynolds analogy for rough surfaces. Recent reviews of turbulent heat trans-
fer over roughness highlight that although qualitative trends are well established
(roughness enhances both friction and heat transfer, and tends to promote earlier
transition), there is still no universally accepted rough-wall heat-transfer correlation
that spans di erent roughness types, Prandtl numbers and ow regimes. In particu-
lar, the analogy between heat and momentum transfer becomes more complex when
the thermal properties of the roughness and substrate di er, or when the roughness
topology promotes local separation and recirculation.

In the gas-turbine context, Bons [13] reviewed the e ects of surface roughness on
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aerodynamic losses and heat transfer in turbomachinery. He showed that roughness
arising from erosion, corrosion, deposition or manufacturing has a substantial impact

on blade performance by causing earlier boundary-layer transition, increased pro le
losses and elevated surface heat uxes. At the same time, he concluded that com-
monly used roughness correlations are not su ciently predictive across the range of
service- and manufacturing-induced roughness, in part because they were original-
ly developed for momentum transfer and then adopted for convective heat transfer
without modi cation. This gap is particularly critical for modern high pressure-ratio
engines, where small changes in cooling e ectiveness and pressure loss can have sig-
ni cant system-level consequences.

The advent of additive manufacturing (AM) has introduced a new class of internal
cooling geometries and surface roughness characteristics. Flow passages produced by
laser powder-bed fusion or related processes exhibit complex as-built roughness with
partially melted particles, re-entrant features and anisotropic textures that dier
markedly from classical sand-grain roughness or machined ribs. Early experimental
studies on direct-metal laser-sintered channels reported that AM-induced roughness
can substantially increase both friction factor and Nusselt number compared with
smooth reference channels, and that the laminar turbulent transition is shifted to
lower Reynolds numbers [14]. More recent work has extended these investigations to
engine-relevant Reynolds numbers and various channel shapes, combining pressure-
drop measurements with spatially resolved heat-transfer data [15], [16].

Several experimental campaigns have examined AM cooling channels using air at high
Reynolds numbers, often employing scaled geometries and infrared thermography to
map the local heat transfer coe cient [14], [16], [17]. These studies consistently
nd that roughness elements modify the near-wall ow structure, enhance turbulent
mixing and increase local and global Nusselt numbers, albeit at the cost of higher
pressure losses. At the same time, they highlight that classical smooth-tube corre-
lations such as Dittus Boelter or Gnielinski require roughness-dependent correction
factors or alternative characteristic length scales to represent AM channels with non-
circular cross-sections [3], [18].

In parallel, numerical studies using large-eddy simulation (LES) or Reynolds-
averaged Navier Stokes (RANS) approaches have been used to investigate ow
and heat transfer over rough surfaces that mimic AM textures [19]. High- delity
simulations provide additional insight into the interaction between roughness topo-
logy, coherent structures and local heat-transfer enhancement, and can support the
development of rough-wall closure models or modi ed wall functions. However, such
simulations are computationally expensive and still require experimental data for
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validation, especially in the transitional regime and at moderate Reynolds numbers
[20].

Finally, a number of recent MSc theses and internal studies, carried out in colla-
boration with Siemens Energy, have investigated additively manufactured cooling

channels using a Joule-heated water-loop facility similar to the one employed in this
work. These studies established the basic rig design, initial post-processing work ow
and rst simultaneous measurements of Darcy friction factor and Nusselt number

for selected smooth and rough coupons. They also identi ed several limitations, in-
cluding sensitivity to entrance e ects, relatively high measurement uncertainties and

the need for a more robust evaluation and correlation framework.

In summary, the open literature and prior internal work agree that AM-induced
roughness has a strong and non-trivial in uence on both pressure loss and convective
heat transfer, and that classical smooth-tube correlations are not directly applicable
without modi cation. At the same time, there remains a lack of experimentally vali-
dated correlations for as-built AM cooling channels in water at moderate Reynolds
and Prandtl numbers, particularly in the regime relevant for quasi-steady-state heat-
transfer measurements. The present thesis aims to address this gap by providing a
consistent set of global Nusselt measurements on additively manufactured stainless-
steel channels, combined with a re ned post-processing framework and uncertainty
analysis suitable for use in preliminary cooling-design tools.
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3 Theoretical Background

This thesis focuses on forced convective heat transfer in additively manufactured
cooling channels. The working uid is driven by an external pump, while heat is
supplied to the test section through resistive (Joule) heating. To interpret the mea-
sured pressure losses and heat transfer coe cients, it is therefore essential to review
the governing uid-dynamic and thermal concepts, including channel- ow regimes,
hydrodynamic and thermal boundary layer development, entrance region corrections,
and the correlations (Reynolds, Prandtl, Nusselt, and Darcy). The chapter proceeds
from these general principles to the speci c consequences of surface roughness ori-
ginating from laser powder-bed fusion. By examining how such as-built roughness
modi es momentum and heat transport, we lay the foundation for the analysis and
correlation work presented in the following chapters.

3.1 Fundamental Laws of Continuum Mechanics

The behaviour of the working uid in the present rig is governed by the classical
balance laws of continuum mechanics: conservation of mass, momentum and energy.
These laws are rst expressed for nite control volumes and subsequently reduced to
their local (di erential) form through Reynolds' transport theorem, the divergence
theorem and the arbitrariness of the control volume [21]. The resulting di erential
equations form the basis for the continuity, momentum, energy and entropy relations
used in the analysis of incompressible internal ows. They also provide the theoretical
framework for interpreting the measured pressure losses, temperature elds and heat-
transfer behaviour in the present experimental setup.

3.1.1 Conservation of Mass

Conservation of mass expresses the statement that mass can neither kg created nor
destroyed. For a material volume/(t) moving with the uid, the total mass ,,, dV

is constant in time. Using Reynolds' transport theorem, this leads to the integral form

of the continuity equation for a xed control volume V with surface S and outward
normal n [21]:

Z V4

|
o
<
I

u nds; (2)
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l.e. the rate of change of mass inside the control volume equals the net mass ux
through its boundary.

Because this relation holds for arbitrary control volumes, the integrand must vanish
identically, yielding the local (di erential) form

2t (u)=0; @

or, using the material derivative,

D
— 4+ = .

D r u=0 3)

If density changes following a uid particle can be neglectedD =Dt =0 , the ow is
said to be incompressible. In this case Eq. (3) reduces to the divergence-free condition

r u=0; (4)

which still allows for unsteady motion and spatially varying density elds, provided
each material particle retains its density [21].

In the present work, water is used as the working uid at moderate pressures and
temperatures, so the incompressibility assumption u =0 is well justi ed. Equa-
tion (1) is used implicitly when interpreting the mass- ow measurements, while the
local form, Eqg. (2), underpins both the analytical correlations and the numerical
models employed for post-processing.

3.1.2 Balance of Momentum

The balance of linear momentum is the continuum analogue of Newton's second law:
in an inertial frame the rate of change of momentum of a uid body equals the sum
pf all external forces acting on it. For a material volume/(t) the total momentum is
vy U dV, and the external forces consist of body forces (e.g. gravity) with density
k and surface (contact) forces described by the stress vectoon the boundary [21].
The integral momentum balance is therefore
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Z Z Z

D
= udv = kdv +  tds: (5)
Dt v V(1) s(t)

Introducing the Cauchy stress tensor , which relates the traction vector to the
outward unit normal n via 't = n, and applying Reynolds' transport theorem
together with Gauss' theorem, one obtains the local (di erential) form, also known
as Cauchy's rst law of motion:

Du

— = k+r : 6

D (6)
This equation is valid for any continuum, independent of the speci ¢ constitutive
behaviour. For a Newtonian uid, a constitutive relation between and the rate-of-
deformation tensor reduces Eq. (6) to the familiar Navier Stokes equations.

In engineering applications, the integral form of the momentum balance for a xed
control volume is often more convenient. Neglecting unsteady terms in statistically
steady ow, the momentum ux through the control surface balances the net surface
forces:

z z z
(u u) nds= tdsS+ kdV: (7
S S \%

This form is the basis for classical control-volume analyses (e.g. nozzle and pipe- ow
momentum balances) and conceptually underlies the interpretation of pressure-drop
measurements in the present test rig.

3.1.3 Balance of Angular Momentum

The balance of angular momentum provides an additional constraint on the stress
eld. It states that, in an inertial frame, the rate of change of angular momentum
of a uid body about a xed point equals the sum of the moments of all external
forces [21]:

Z Z Z

— X u dv = x ( k)dv + X tdS; (8)
Dt v V(1) S(t)
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wherex is the position vector. Substituting the traction representationt = n and
converting the surface integral to a volume integral shows that, provided Cauchy's
momentum equation (6) holds, the balance of angular momentum is satis ed if and
only if the stress tensor is symmetric:

= T 9)

This result excludes intrinsic couple stresses for simple uids and justi es the use of
a symmetric Cauchy stress tensor in subsequent modelling and correlation develop-
ment.

For the present work, the governing balance laws are applied under two key simpli -
cations. First, the working uid is liquid water operated at moderate pressures and
velocities, such that density variations are negligible and the ow may be treated as
incompressible

D —_

bt -
Second, all analyses are performed in the xed laboratory frame, which is considered
an inertial reference frame. Consequently, the standard inertial-frame forms of the
conservation of mass and the balances of linear and angular momentum apply direct-
ly, and additional terms associated with accelerating or rotating a reference frame
are not required for the present experimental con guration.

0; r u=0:

Although the balance of angular momentum does not appear explicitly in the data-
reduction procedure, its implications most notably the symmetry of the stress ten-
sor are inherently embedded in the classical smooth- and rough-wall correlations
used throughout this thesis (e.g. Colebrook White and Gnielinski). Together, the
conservation of mass and the balances of linear and angular momentum provide
the theoretical foundation upon which the subsequent analysis is based. A model of
forced convection in additively manufactured cooling channels is developed.

3.1.4 Balance of Energy

The purely mechanical balance laws discussed above are not su cient to describe
heat-transfer phenomena, because mechanical energy can be converted into internal
energy (heat) and vice versa. A third fundamental balance, thikalance of energyis
therefore required. In continuum form, the total speci c energy of a uid particle is
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written as the sum of internal and kinetic contributions,
1 -
€ot = €+ Euiui’

wheree is the internal energy per unit mass. For a material volume, the rst law of
thermodynamics can be exgressed as
zZ

D

Dt v
i.e. the rate of change of total energy equals the power of external forces plus the rate
of heat addition [21]. After application of Reynolds' transport theorem, substitution

of the stress tensor and use of Gauss' theorem, one obtains the local di erential form
of the energy balance

1
e+ éuiui dV = Py + Q

Duy; De i
Uij"' Sl kiUi"'Ui—@JI @1
Dt Dt @x ©@x
wherek; denotes the body-force per unit mass,; the Cauchy stress tensor andy
the components of the heat- ux vector.

(10)

Using the momentum balance to eliminate the kinetic-energy terms and introducing
the decomposition of the stress tensor into hydrostatic and deviatoric parts; =
p j + Pj, the balance of internal energy can be written in the compact form

be_ @u @q
Dt '@x @x
For a Newtonian uid with Fourier heat conduction, this equation links the viscous

dissipation of mechanical energy to the divergence of the heat ux, which in turn
a ects changes in internal energy and thus temperature.

(11)

In the present work, the full tensorial structure of Egs. (10) (11) is not solved expli-
citly. Instead, the energy balance is employed in the form of integral control-volume
relations that underpin the de nition of the convective heat transfer coe cient and
the Nusselt number for steady, incompressible internal ow.

3.1.5 Balance of Entropy and the Second Law

The rstlaw speci es how total energy is conserved, but does not distinguish between
reversible and irreversible processes. This distinction is provided by tialance of
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entropy and the second law of thermodynamics. For a single component uid without
phase change, Gibbs' relation
Tds=de+ pdv (12)
connects the speci c entropys, internal energy e, pressurep and speci ¢ volume
v =1= . Applied to a moving continuum, this yields
Ds De Dv
= — 4+ p—:
Dt Dt Dt
Combining Eg. (13) with the internal energy equation (11) and the continuity equa-
tion leads to the local entropy balance

(13)

Dt T T2"@x @x T
where = Pje; denotes the viscous dissipation functiong; is the rate-of-

deformation tensor andP; the deviatoric stress tensor.

The rst two terms on the right-hand side of Eq. (14) represent thelocal entropy
production, which is non-negative for all real processes,

Dsiy _ tiT o

Dt T T2 @x

provided that viscous dissipation is non-negative and heat ows from regions of high
to low temperature. The divergence term represents the net entropy ux into or out
of a control volume. Integrated over a material body, this balance reduces to the
familiar statement of the second law: the entropy of an adiabatically isolated system

cannot decrease.

In the context of the present thesis, the entropy balance is not solved explicitly, but
it remains an important concept. In the Joule-heated test section, electrical work
Pe = Ul is deliberately converted into heat inside the solid test object; this heat is
then partly transferred convectively to the water and partly lost to the surroundings
by conduction and external convection (the latter being minimised in practice by pi-
pe insulation). The resulting ow and heat transfer in the rough channel are therefore
strongly irreversible: entropy is produced through viscous dissipation and through
heat conduction across nite temperature di erences in the solid and at the uid
solid interface. The measured pressure losses and temperature di erences across the
walls and between the inlet and outlet serve as macroscopic indicators of these irre-
versible processes. In contrast, the bulk temperature rise of the uid primarily results
from the imposed electrical heating.

31



3.1.6 Thermodynamic Equations of State

The conservation and balance laws of continuum mechanics require closure through
constitutive relations which include both mechanical laws (e.g. Newtonian stress
strain relations, Fourier's law of heat conduction) and thermodynamic equations of
state. For a single-component uid, the thermodynamic state can be specied by
two independent variables, for example pressupeand temperatureT, with all other
state variables obtained via equations of state such as

p=p(;T); e=e;T), h=h(;T) (15)
or in canonical forme = ¢e(s;Vv) or h = h(s; p).

For gases, the thermal equation of state (e.g. the ideal-gas lpw RT ) plays a cen-
tral role, because density varies strongly with pressure and temperature. In contrast,
the present work deals with liquid water at moderate pressures and temperatures,
for which density variations are small and the ow can be accurately modelled as
incompressible,

const Dt
In this regime, the thermal equation of state does not enter explicitly into the gover-
ning equations used for data reduction. Instead, only the temperature dependence of
transport properties, such as dynamic viscosity(T), thermal conductivity k(T) and
speci ¢ heat ¢,(T), is retained for the evaluation of Reynolds, Prandtl and Nusselt
numbers.

The essential step from classical thermodynamics of homogeneous, reversible pro-
cesses to the thermodynamics of moving continua is the assumption that the same
equations of state that describe a material at rest also hold locally for each material
particle in motion. Together with Gibbs' relation (12), this assumption provides the
thermodynamic closure needed to couple the energy and entropy balances to the
mechanical eld equations.

3.2 Fluid Dynamics
Having established the governing balance laws in Section 3.1, this subsection focuses

on internal forced convection through circular channels, with particular attention to
hydrodynamic development. It discusses (i) the classi cation of uid ow regimes, (ii)
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entrance-length theory, and (iii) the implications for velocity pro les, friction factors,
and fully developed conditions. The associated dimensionless numbers Reynolds,
Prandtl and Nusselt are introduced formally in Section 3.5.

3.2.1 Flow Regimes and General Characteristics

Fluid ow can be classi ed according to several physical criteria [22]:

A

Viscous vs. Inviscid: Whether frictional (viscous) e ects are included.

" Internal vs. External:  Flow bounded by solid walls (e.g., pipe) vs. ow over
uncon ned bodies.

Compressible vs. Incompressible:  Density variations are signi cant or neg-
ligible.

" Forced vs. Natural Convection: Flow induced externally (e.g., pump-
driven) or by buoyancy e ects.

Steady vs. Unsteady: Properties remain constant or vary with time at a
xed location.

" Dimensionality:  Velocity varies in one, two, or three coordinate directions.
In the present study, the ow isinternal , viscous, incompressible , and driven by
external pumping (i.e.,forced convection ).

Classi cation by Reynolds number further de nes the ow regime and can be obser-
ved in Figure 2:

" Laminar ow (Re. 2300: ordered, layered motion.

" Transitional ow (2300. Re. 4000: mixed laminar-turbulent characte-
ristics.

" Turbulent ow (Re& 4000: chaotic, mixing-dominated motion.
At the inlet, the velocity pro le is typically uniform. Due to the no-slip condition at
the wall, a hydrodynamic boundary layer forms and grows in the axial direction until

it lls the entire cross-section. The required length for this development is termed
the hydrodynamic entrance lengthxsy., and is discussed in depth in Section 3.4.
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Figur 2: Laminar, transitional, and turbulent ows over a at plate. [22]

3.2.2 Hydrodynamic Boundary Layer and the No-Slip Condition

In internal ows, a key consequence of viscosity is the formation offeydrodynamic
boundary layer . This arises due to theno-slip boundary condition , which states
that:

4=0 at y=0| (16)

where t is the velocity vector of the uid and y = 0 is the position of the solid
surface [22]. Physically, this means that the uid immediately adjacent to the wall
has zero velocity relative to the wall.

Due to this constraint, adjacent uid layers are slowed by viscous shear, resulting
in a velocity gradient that extends outward from the wall. This gradient is con ned
to a thin region called theboundary layer , within which viscous e ects dominate.
Outside this region, the ow can often be considered inviscid.
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Velocity Gradient and Wall Shear Stress. The velocity gradient at the wall
governs the shear stress experienced by the surface:

@u
w= = 17
@yy:O ( )

where , is the wall shear stress and is the dynamic viscosity.

Figur 3: Comparison of laminar and turbulent boundary layers near a at plate. Note
the higher near-wall velocity gradient in turbulent ows, leading to increased wall
shear stress [23].

As illustrated in Fig. 3, the velocity gradient at the wall is signi cantly steeper for
turbulent ows:
@u L @

@yy:O ; laminar @yy:O ; turbulent

This leads to higher friction forces and enhanced mixing in turbulent regimes.

(18)

Boundary Layer Growth and Flow Development. The boundary layer thic-
kens along the streamwise direction from the inlet until the velocity pro le becomes
independent ofx, a state known ashydrodynamically fully developed ow.
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Figur 4: Development of the hydrodynamic boundary layer over a smooth at surfa-
ce [11].

Figure 4 illustrates the formation of the boundary layer over a smooth surface. Near
the leading edge, a thiraminar boundary layer  forms due to the no-slip condition.
In this region, uid ows in orderly layers with negligible mixing.

As the ow progresses, perturbations in the uid grow, leading to atransition
region . Beyond this region, the boundary layer becomesirbulent , characterized
by chaotic motion and enhanced transport. The position of transition depends on
the Reynolds number, surface roughness, and free-stream disturbances.

Consequences of Boundary Layer Development:

~ Skin friction: Wall shear stress increases in turbulent ow due to steep near-
wall gradients (Eq. 17).

" Entrance e ects: A nite length is required before the ow becomes fully
developed.

~ Velocity pro le shaping:

Laminar: parabolic velocity distribution.

Turbulent: fuller prole with a near-wall logarithmic region (see Sec-
tion 3.2.3).

Understanding boundary layer formation is crucial for accurate prediction of pressure
drop and convective heat transfer in internal ows.
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3.2.3 Turbulent Flow in Hydraulically Smooth Tubes

In fully developed turbulent internal ows through circular tubes with hydraulically
smooth walls, the velocity eld near the wall exhibits a universal structure. The mean
ow is strati ed into distinct sublayers based on the wall-normal coordinate scaled
In viscous units: yu

+ - .

y , (19)

wherey is the wall-normal distance, is the kinematic viscosity, andu = w= IS
the friction velocity, based on the wall shear stress, .

Figur 5: Substructure of a turbulent boundary layer over a smooth wall, showing the
law-of-the-wall regions [22].

Structure of the Turbulent Boundary Layer: As shown in Fig. 5, the time-
averaged velocity pro le near the wall can be subdivided into three primary regions:

" Viscous Sublayer (y* . 5): In this region, viscous e ects dominate and the
velocity pro le is approximately linear:
u —_ + .
u Y

" BuerlLayer (5. y*. 30): Thistransitional zone bridges the viscous sublay-
er and the fully turbulent core. Both viscous and turbulent e ects are signi -
cant.
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" Logarithmic Region (Log-Law) (y* & 30): Here, turbulent mixing domi-
nates momentum transfer, and the mean velocity pro le follows the log-law:

U= Lingy)+ B (20)

where 0:41is the von Karman constant andB  5:2 for smooth pipes.

" Outer (defect) layer (y O ()): farther from the wall, the ow is dominated
by large-scale turbulent eddies and the velocity defetf;  u scales with outer
variables. Viscous e ects are weaker here but still enter indirectly through the
interaction with the wall.

Law of the Wall: The logarithmic velocity pro le (Equation 20) is known as the
law of the wall . It applies to the inertial region and serves as a universal scaling law
for wall-bounded turbulent ows, independent of geometry or ow type provided
the wall is hydraulically smooth and the Reynolds number is su ciently high.

Outside the turbulent boundary layer lies the inviscidfree stream , where viscous
e ects can be neglected, and the velocity is essentially treated as uniform &t .

This law-of-the-wall formulation and boundary-layer strati cation are foundational
to turbulence modelling, CFD wall functions, and heat exchanger design.

3.2.4 Pressure Loss in Smooth Channels

In internal ow, pressure loss arises due to wall shear stress and momentum dissipa-
tion. For incompressible, steady, fully developed ow in a constant-area duct with
negligible body forces and no shaft work the pressure drop is given by the Dar-

cy Weisbach equation:
_ 2Dy P

R e

where:

" f is the Darcy friction factor (refer to equation 40, 41),

" Dy, is the hydraulic diameter [m],

N

P is the pressure drop [Pa],
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u is the bulk velocity [m/s],
" L is the channel length [m],

is the uid density [kg/m 3].

This expression assumes a fully developed turbulent ow in a hydraulically smooth
pipe. It does not account for surface roughness e ects.

3.3 Heat Transfer

Heat transfer occurs by three primary modes: conduction, convection, and radiation.
Figure 6 illustrates the physical mechanisms underlying each.

Figur 6: Modes of heat transfer: conduction, convection, and radiation [23].

Conduction is the transfer of energy due to molecular agitation in solids or statio-
nary uids in the presence of a temperature gradient. Convection encompasses both
conduction and bulk uid motion e ects in moving uids adjacent to surfaces. Radia-
tion refers to the energy exchange that occurs due to the emission of electromagnetic
waves between surfaces at di erent temperatures.

In the present work, the focus is exclusively on conduction and convection heat trans-
fer. Radiative e ects are not considered, as they are negligible for the temperatures
and geometries relevant to this study.

39



The two subsections that follow review the fundamental mechanisms and governing
equations of conduction, convection, and the formation of a thermal boundary lay-
er, respectively. A discussion on the development of the thermal boundary layer is
presented separately in Section 3.4.2.

3.3.1 Convection

Convection is the mode of heat transfer between a moving uid and a solid surface,
involving both energy transport by random molecular motion (di usion) and by bulk
uid motion (advection). Heat transfer occurs whenever the surface temperaturgs

di ers from the free-stream temperatureT; .

The convective heat ux is described by Newton's law of cooling:
o= h(Ts Ti); (22)

where h is the local convection heat-transfer coe cient (W/m?K). The value of h
depends on:

uid properties (viscosity, density, thermal conductivity, speci ¢ heat),
ow regime (laminar or turbulent),
~ surface geometry and roughness,

" type of convection (forced or natural).

The sign of g®determines the direction of heat transfer: foifs > T, , ¢°°> 0 and
heat ows from the surface to the uid, whereas forTs < T, , ¢°°< 0 and heat ows
from the uid to the surface.

Because a boundary layer forms on the surfade varies with the streamwise coordi-
nate x. For internal and external ows, it is therefore common to de ne an average
heat-transfer coe cient: Z,

h= 1 h(x) dx: (23)
L o

Convection plays a central role in heat transfer during internal ows, determining
the local wall heat ux and entering directly into correlations expressed through
dimensionless groups such &, Pr, and Nu.
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3.3.2 Thermal Boundary Layer and No-Temperature-Jump Condition

When a uid at temperature T; ows over a surface at temperatureTg 6 T, , a

thermal boundary layerdevelops. Within this layer, heat is conducted normal to the
wall from the hotter region towards the colder one (from the wall to the uid for
Ts > T, , and from the uid to the wall for Tg < T, ) and transported downstream
by advection.

The thermal boundary-layer thickness {(x) is de ned as the distance from the wall
at which the nondimensional temperature reaches 99% of its free-stream value:

Ts T(y) _ ..
T, =0:99: (24)

At the wall, where uid velocity is zero and only molecular di usion contributes to
heat transfer, Fourier's law yields the local surface heat ux:

00— k @T

—_— : 25
d oy, , (25)

Combining with Newton's law of cooling (Equation 22) relates the convection coef-
cient to the wall-normal temperature gradient:

k @T

h _— — ; 26
No-Temperature-Jump Condition: In continuum ows, the temperature of the
uid molecules adjacent to the wall equals the wall temperature:
Tuidatwal = Ts: (27)

This no-temperature-jumpboundary condition is valid when the molecular mean free
path is much smaller than the system size (i.e., negligible rarefaction). It complements
the no-slip condition for velocity and de nes the starting point for thermal boundary-
layer development in internal forced convection [22], [23].
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Figur 7: Development of thermal boundary layer over an isothermal at plate showing
t(X), (x), and wall-normal gradients [23].

3.4 Entrance E ects

The structure of internal pipe ow is in uenced by three key factors: (1) the ow
regime (laminar or turbulent), (2) the wall thermal boundary condition (e.g., con-
stant wall temperature or constant heat ux), and (3) the axial region (entrance or
fully developed) [24]. These distinctions are critical when determining velocity and
temperature pro les, as well as the applicability of empirical models.

When uid enters a circular channel with an initially uniform velocity and tempe-
rature pro le, the no-slip and no-temperature-jump conditions imposed by the wall
trigger The formation of a hydrodynamic and a thermal boundary layer. These layers
grow along the axial direction until they occupy the entire cross-section, marking the
transition from the entrance region to the fully developed region. [22]

Figure 8 shows a comparison between the transition of thermal and hydrodynamic
entrance region to the fully developed region.
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Figur 8: Hydrodynamic and thermal entrance development in circular pipe ow,
adapted from [24].

3.4.1 Hydrodynamic Entrance Length

At the inlet, the velocity pro le is uniform. The no-slip condition forces the uid
velocity to zero at the wall, creating a hydrodynamic boundary layer that thickens
along the axial direction. The axial distance required for this boundary layer to
occupy the entire cross-section is theydrodynamic entrance lengthsy.p,.

The required development length depends strongly on the ow regime:

Laminar ow. Langhaar's classical analysis of developing laminar pipe ow yi-
elds [25]:

Xah 0,05 Re (28)
Dp
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Turbulent ow. In turbulent ow, the boundary layer grows signi cantly faster
because of strong radial momentum transport. Experimental correlations indicate
that the hydrodynamic entrance length becomes nearly independent of Reynolds
number and lies in the range [23], [26]:

10 b g (29)
Dn

Rule of thumb. A widely used engineering criterion for both laminar and turbu-
lent forced convection is: .

— &1

D, & 10
in which case the ow may safely be regarded as hydrodynamically fully developed.
This is essential for the validity of empirical correlations such as Colebrook White
and Gnielinski, which assume fully developed velocity pro les.

3.4.2 Thermal Entrance Length

A thermal boundary layer forms simultaneously with the hydrodynamic one due to
the no-temperature-jump condition, which enforces equality between wall and uid
temperatures at the interface. The axial distance required for this layer to occupy
the entire cross-section de nes théhermal entrance lengthXsg.t, .

Laminar ow. For constant wall heat ux and laminar ow, the thermal entrance
length is well approximated by [26]:

Xfd:th
Dn

0:05RePr. (30)

Turbulent ow. In turbulent ow, the thermal entrance length becomes nearly
independent of Reynolds and Prandtl numbers, and a typical estimate is [23]:

Xid:th
Dy

10: (31)

Relative growth of hydrodynamic and thermal layers. Because water and
most heat-transfer uids used in energy systems haver > 1, the hydrodynamic
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boundary layer develops faster than the thermal one:

Xid:h < Xfd:th -

Thus, the thermal entrance region typically governs the required development length
for heat-transfer stabilisation.

3.5 Empirical Correlations and Dimensionless Parameters

To analyze and validate internal ow simulations, dimensionless groups and empiri-
cal correlations are indispensable. These provide generalized expressions to estimate
friction and heat transfer across a wide range of uids, ow regimes, and geometries.
Their derivation stems from nondimensionalizing the boundary layer conservation
equations [23].

Reynolds Number:

Re = V& (32)

This quanti es the ratio of inertial to viscous forces. For internal ow, L is typi-
cally the hydraulic diameter Dy,. It determines ow regime: laminar for Re < 230Q
turbulent for Re> 400Q and transitional in between.

Prandtl Number:
Cp _

k
This dimensionless number describes the ratio of momentum di usivity to thermal
di usivity and in uences the thickness of the thermal boundary layer relative to the
velocity boundary layer. ForPr > 1, the thermal boundary layer is thinner than the
velocity boundary layer, whereas foPr < 1 it is thicker.

Pr= — (33)

Nusselt Number:

Nup = K (34)

It indicates the enhancement of heat transfer through convection relative to conduc-
tion alone.
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For fully developed laminar ow in smooth tubes:

NUjam: g0 = 4:36 (const. heat ux); NUjam: T, = 3:66 (const. wall temperaturg
(35)

Dittus Boelter Correlation (1930):

. 0:4 for heati
Nu=0:023R&8P"; n= or neating (36)
0:3 for cooling

Applicable for turbulent ow in smooth tubes with Re > 10%, 0:6 < Pr < 16Q and
moderate wall temperature variation [27].

Petukhov Correlation (1970): The Petukhov correlation estimates the average
Nusselt number for fully developed turbulent ow in smooth circular tubes under
either constant wall heat ux or constant wall temperature conditions:

(f=8)(Re 1000) Pr

Nu = — ;
1+12:7 =8 Pr*3 1

(37)

wheref is the Darcy friction factor, typically obtained from the Blasius correlation
for smooth pipes or the Colebrook White equation for rough pipes. The correlation
is valid within:

0:5< Pr < 200Q 3 10°< Re< 5 10

as reported in Petukhov's original workPetukhovel970 .

Gnielinski Correlation (1975): Gnielinski proposed an improved form of Petuk-
hov's equation for fully developed ow, retaining the same structure but explicitly
recommending the Filonenko (1954) correlation for the friction factor:

f =(1:82log,Re 1:64) *: (38)
The resulting Gnielinski correlation is:

(f=8)(Re 1000) Pr
1+12:7" =8 Pr® 1

Nu = ; (39)
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which is applicable in the ranges:
2300< Re< 10 0:6< Pr< 100

for smooth circular tubes under fully developed laminar or turbulent conditions [3].

The uncertainty of the Gnielinski correlation has been reported as:20%for approx-
imately 90% of data in the recommended range, based on the extensive validation
study by Ammar et al. [4].

Friction Factor Correlations:

" Laminar: 64
flaminar = R_e; (40)
" Turbulent (Blasius):
f =0:3164Re®® for 3000< Re< 10° (41)

" Turbulent (Colebrook White implicit form for rough pipes):

"=Dy, 2:51
+ —p—
37 Re f

(42)

Eq. (42) requires iterative solution, and is suitable for non-smooth (rough) tubes [9].

Interpretation: These dimensionless groups re ect underlying physical processes:

" Re inertia vs viscosity  regime transition.
" Pr: momentum vs thermal di usion  boundary layer ratio = .

~ Nu: convection vs conduction thermal transfer rate.

Note on Usage: When selecting a correlation, ensure its domain of applicability
matches the ow regime, surface roughness, temperature variation, and pipe geo-
metry.
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3.6 The Moody Diagram

The entrance region also in uences théydrodynamic development of the ow and
thus the measured pressure drop. The Darcy friction factdr depends on both the
Reynolds number and the surface roughness, and the classical Moody diagram is a
convenient way to visualize this relationship for fully developed internal ows.

Figur 9: Schematic Moody diagram showing the Darcy friction factor as a function
of Reynolds number and relative roughness [28].

For the smooth reference tube, the friction factor measurements in this work can
be compared against the smooth-pipe curves in Figure 9 to check whether fully
developed conditions are reasonably achieved. For rough test objects, the shift of
the data towards higherf values is a rst indication of the roughness e ect on the
pressure drop, complementing the analysis of the thermal entrance and notch e ects
discussed above.
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3.7 The Thermal Notch E ect

When a uid enters a heated or cooled duct, the developing hydrodynamic and ther-
mal boundary layers cause the local Nusselt number to vary along the ow direction.
Close to the inlet, the local heat transfer is usually higher and then gradually appro-
aches a fully developed value further downstream. This behaviour is often described
by the ratio between a local (or averaged) Nusselt number and its asymptotic, fully
developed value.

The local convective heat transfer coe cient (also referred to as local Im coe cient)

can be expressed as

dT 1
h= k— ——; 43
wherek is the thermal conductivity, T,, is the wall temperature andT; is the bulk-

uid (or free-stream) temperature.

As reviewed in Section 3.4.1, the thermal entrance length can be de ned as the heated
length required for the local Nusselt number to reach within about 5% of the fully
developed value [29]. For laminar ow, a frequently used estimate is Eq. 28. While
for turbulent ow, the thermal entrance region is more di cult to de ne precisely
and is usually quoted within a broad range Eq.29

Di erent inlet con gurations can amplify or reduce entrance e ects. For the present
work, the most relevant case is a sharp0 edge at the channel entrance, similar to
the geometry in the qSSHT rig.

Mills [30] investigated turbulent heat transfer at the entrance of a circular tube with
uniform wall heat ux. His setup consisted of a brass pipe of length = 90D,
electrically heated from the outside, with air owing inside. A thermocouple probe
was traversed along the centreline to obtain the temperature distribution. Several
inlet geometries were considered; of particular interest here is the sha8p entry,
which closely matches the inlet condition in the Joule-heating test rig.

Mills observed the formation of recirculation bubbles just downstream of the sharp
edge, indicating a vena-contracta-like region in the core ow. This recirculation en-
hances local turbulence and raises the heat transfer coe cient in the entrance region.
When the data are normalised as

Uay .
Nu, ’
where Nu,, is the average Nusselt number over the entire heated length ahtu,
is the fully developed value far from the inlet, the sharp-edge con guration shows
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Figur 10: Local heat transfer coe cients for 90 degrees edge entrance.

a clear increase oNu,, for short channels. Figure 2.13 in Mills [30] compares this
behaviour with channels of di erentL=D.

A comparison of these entrance-e ect curves with example test-object lengths used
in the Joule-heating rig (e.g.L = 45 mm and D, = 2 mm) shows that the shortest
specimen is the most a ected. In that worst-case scenario, the average Nusselt num-
ber can be about 30% higher than the fully developed value. This makes it di cult to
separate the in uence of surface roughness from the additional heat transfer caused
purely by the thermal notch e ect at the inlet.

It should also be noted that Mills' experiments were carried out with airr  0:7).

In the present rig, water is used as working uid, with a much higher and
temperature-dependent Prandtl number. Sparrow [29] reports that the thermal
entrance e ect decreases with increasing Prandtl number, so a water ow following
the same geometry is expected to be less sensitive to the thermal entry region than
an air ow. Nevertheless, for short channels and sharp-edged inlets, the entrance
contribution remains non-negligible and must be considered in the interpretation of
the Nusselt data.
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3.8 Joule Heating

Joule heating also called resistive or ohmic heating is the irreversible conversion

of electrical energy into thermal energy when an electric current ows through a
conductor. The underlying mechanism is the dissipation of electrical work due to
collisions between charge carriers (electrons) and the atomic lattice, which increases
the internal energy and temperature of the material [31].

Governing Relations: The rate of heat generation is given by Joule's law:
P=1%R; (44)

wherel is the electric current andR the electrical resistance. The total heat generated
over a time interval t is:
Q= I°Rt: (45)

Ohm's Law and Electrical Resistance: The electrical current is related to the
applied voltage through Ohm's law:

—_ V.
== (46)

For a uniform conductor, the resistance depends on its material's resistivity and

geometry:
L
R= —; 47
A (47)
where is the electrical resistivity, L the conductor length, andA its cross-sectional
area.

Temperature Rise: If the generated heat remains inside the solid (no losses),
T= &; (48)
mc,

wherem is the mass andc, the speci c heat capacity. In practical con gurations,
convection and conduction act simultaneously, so Joule heating de nes the heat input
to the uid domain.
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3.9 Additive Manufacturing

Additive manufacturing (AM) builds components layer by layer directly from a digital
model, instead of removing material from a solid block as in milling or turning.
This layer-wise approach allows complex shapes and internal features that would be
di cult or impossible to realise with conventional methods, which explains its rapid
adoption in medical, automotive and aerospace applications.

For Siemens Energy, AM is particularly relevant for advanced gas-turbine hardware:
it enables more e cient cooling concepts, supports repair of high-value parts and
opens additional business areas (e.g. moulding and prototyping). In broad terms,
AM processes can be grouped into families such as extrusion, photopolymerisation,
material jetting, sheet lamination, powder-bed fusion (PBF) and directed energy
deposition. Although the materials and energy sources di er, all of them build the
nal geometry by stacking thin layers.

3.9.1 Overview of AM Processes

A few representative AM technologies are brie y mentioned here to provide context:

" Extrusion-based methods (FDM) : a thermoplastic lament is melted in a
heated nozzle and deposited along the part contour in successive layers. Such
printers are widely available and inexpensive, but the mechanical properties
are usually inferior to those obtained with industrial processes.

Photopolymerisation (SLA and related) - a liquid photopolymer in a vat is
selectively cured by a UV source, solidifying one layer at a time. These systems
can achieve high dimensional accuracy but are limited to resin-based materials
with moderate strength.

" Powder-bed fusion (PBF) : a thin powder layer is spread across a build
platform and selectively fused by a laser or electron beam. After exposure, the
platform moves, a new powder layer is applied and the process is repeated.
PBF can be used with both metallic and polymer powders and is the basis of
the processes relevant to this work.
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Figur 11: Powder-bed fusion: (a) side view; (b) magni ed view of a single melt
( solder) point [32].

3.9.2 Selective Laser Sintering / Laser Powder-Bed Fusion

The present study focuses on powder-bed fusion methods, in particular Selective
Laser Sintering (SLS), often referred to as laser powder-bed fusion (LPBF) when
metals are used. In SLS/LPBF a thin layer of powder, typically 20 40 m for metals,

is spread over the build plate. A laser then scans the cross-section of the component
and locally melts or sinters the powder along the desired contour. Once a layer is
complete, the build platform is lowered, a fresh powder layer is applied and the
process is repeated until the part is nished [33]
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Figur 12: Schematic of LPBF [34].

Typical metallic feedstocks are nickel-based superalloys (e.g. Inconel 939), aluminium

alloys and stainless steels. Polymeric powders, such as polyamide or polypropylene,
can be processed in similar PBF machines. The surrounding unfused powder sup-
ports overhanging features during the build and can be partly recovered and reused,

improving material utilisation.

In industrial practice, several parts are usually produced in the same build to reduce
cost, power consumption and use of inert gas. As a consequence, individual parts
occupy di erent positions in the build volume and see di erent laser incidence angles,
which in uences the resulting surface quality [35][36].

3.9.3 Printing Angle and Surface Roughness

The surface roughness of AM parts depends strongly on how the component is ori-
ented relative to the build direction. The printing angle describes the inclination of
a surface with respect to the horizontal build plate; depending on this angle and the
local geometry, support structures may be required.

Following ISO 52911-1 [37], inclined surfaces are often describedupskin or down-
skin. Upskin surfaces have a normal vector pointing in the same direction as the build,
whereas downskin surfaces point against it. Measurements show that downskin re-
gions generally exhibit higher roughness than upskin regions [38]. This is usually
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attributed to partially fused particles that attach to the molten pool and to the un-
derlying unmelted powder. In downskin areas, fresh powder is placed directly under
the melt pool, which favours the adhesion of such particles; in upskin regions the
previously solidi ed layer provides a more stable base, so fewer satellites stick to the
surface [35].

Orientation is therefore crucial for internal channels. Diagonal or horizontal channels
tend to show higher roughness than vertical ones, while vertical channels often ac-
hieve better dimensional accuracy and contour delity [36]. For cooling applications
this trade-o must be considered carefully, since both hydraulic performance and
manufacturability are a ected.

3.9.4 Motivation for AM Cooling Channels

For turbine cooling, AM o ers a clear advantage over conventional drilling or casting:
internal passages can be made conformal, i.e. they can follow the outer contour of
blades, vanes or other hot parts. Such channels can improve local heat transfer, lead
to more uniform metal temperatures and reduce the amount of bleed air required for
cooling when compared to straight, radially drilled holes.

From a Siemens Energy perspective, this design freedom is a key asset. It enables
new cooling concepts for future engines, supports performance upgrades of existing
hardware and helps maintain competitiveness in high-e ciency gas-turbine techno-

logy.

4 Surface Roughness

Surface roughness plays a critical role in determining the hydrodynamic and thermal
performance of internal ows, especially in small channels or additively manufactured
(AM) components. The non-uniformities of the wall surface interfere with the deve-
lopment of the boundary layer, the friction factor, pressure drop, and convective heat
transfer. This section presents a quantitative characterisation of surface roughness
and its in uence on uid mechanics and heat transfer.
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4.1 Surface Topography and Roughness Metrics

Rough surfaces are characterised by their deviation from an ideal smooth geometry,
which can be captured using topographic parameters extracted from line pro les
or surface scans. These parameters are used in both CFD models and empirical
correlations for pressure drop and heat transfer. Figure 13 shows a schematic pro le
and de nitions of key metrics.

Figur 13: Surface roughness pro le showing peak, valley, mean line and common
parameters [11].

Tabell 1. De nitions of surface roughness parameters, adapted from Kadivar et
al. [11].

Parameter Description Mathgmatical de nition Discrete implementation
. . . N A
Ra Arithmetic mean deviation T jy(x)j dx = Vi
g 0 \2 i=1
——
17t gax
Rq Root-mean-square roughness T y2(x) dx o Y
0 i=1
Ry Max. valley depth below mean line miny(x) miny;
X I
Rp Max. peak height above mean line maxy(x) maxyji
X I
R, Max. peak-to-valley height Rp+ Ry Rp+ Ry
S Skewness 1 ‘e y3(x) dx 1 X v
“ R’L o n(Ry? ,_, "
K Kurtosis T y*(x) dx 1 X yi
‘ (R)’L o n(Rg)* _, ™
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4.2 Nikuradse Classi cation of Roughness E ects

Nikuradse's classical sand-grain experiments [10] introduced a framework for un-
derstanding the e ect of surface roughness on turbulent ow. A key parameter is the
dimensionless roughness height:

& = u ks

S b

whereks is the equivalent sand-grain roughness and is the friction velocity. The
regimes are classi ed as:

" kg < 5: Hydraulically smooth roughness elements are submerged within
the viscous sublayer.

A

5<kZ < 70 Transitionally rough both pressure drag and viscous e ects
matter.

" ki > 70 Fully rough  viscous e ects are negligible; friction is dominated
by roughness geometry.

4.3 E ect of Roughness on Fluid Dynamics

Surface roughness alters the velocity eld near the wall, modifying the boundary
layer structure and increasing momentum loss. Figure 14 illustrates the di erence
between roughness contained within the viscous sublayer (hydraulically smooth) and
roughness protruding into the log-law region (fully rough).

(a) Viscous sublayer thicker than roughness (b) Roughness protrudes through sublayer
height hydraulically smooth. ow becomes fully rough.

Figur 14: Schematic of turbulent ow over rough surfaces [11].

As roughness protrudes beyond the viscous sublayer, it enhances turbulence produc-
tion near the wall, disrupts the log-law velocity prole, and increases wall shear.
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This leads to higher energy dissipation and in uences friction factor behaviour as
discussed in Section 3.2.4.

4.4 E ect of Roughness on Heat Transfer

Surface roughness can also enhance convective heat transfer by thinning the thermal
boundary layer and promoting turbulent mixing. As shown in Kadivar et al. [11], the
thermal sublayer becomes disrupted when roughness elements extend beyond the
viscous sublayer, allowing higher heat ux at the wall.

Roughness introduces recirculation zones and ow reattachment points, resulting in
local enhancements of the wall heat ux. However, this enhancement depends on:

" Roughness height and spacing,
" Shape of roughness elements (e.g., sharp vs. rounded),
" Flow regime (transitional or fully turbulent).

Engineers must consider that while roughness can increase the Nusselt number, it also
increases the pressure drop and may lead to non-uniform heat transfer distributions.

4.5 E ect of Roughness on Pressure Loss

In turbulent ow, roughness increases friction by inducing form drag and disrupting
the near-wall streaks. This e ect becomes dominant when the roughness elements
protrude into the bu er and logarithmic regions of the velocity pro le.

Friction Factor Adjustment: The Colebrook White equation accounts for both
Reynolds number and surface roughness in predicting pressure loss:

"=Dy . 251

1
— = 2.0l + —
Pr %o 37 T RT

f

(49)

where" is the average roughness height arid;, is the hydraulic diameter.
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Fully Rough Limit: For high Re, the friction factor becomes independent of
viscosity:

pl?: 20logy =—=— (50)
h

Implication: Compared to smooth channels, rough-walled ducts exhibit higher
pressure losses, which scale with roughness amplitude and geometry. These must be
incorporated into design models, particularly for AM cooling channels.

4.6 Uncertainty Analysis
Taking into account the experimental nature of this thesis, all measurements of a

variable contain inaccuracies. A DRE is used to combine multiple measured variables
into a test result.
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Figur 15: Types of errors accounted in the uncertainty analysis.

The systematic and random uncertainty within the context of single measured vari-
able and how it will propagate through DRE to produce errors and uncertainties in
the result. Experimental results are reported with a combined standard uncertainty.

independent, normally distributed inputs,

)@ 2
(Y) = g—; ux) (51)
i=1

whereu(X;) is the standard uncertainty of input X; taken from Instrument calibra-
tion sheets.

Expanded Uncertainty. To express the uncertainty with a speci ed con dence
level, the combined standard uncertainty is multiplied by a coverage factd. For a
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95% con dence levelk = 2 is used:

Uy = k u(Y); (52)

where Uy is the expanded uncertainty.

Sources of Uncertainty. Major contributors to experimental uncertainty in this
work include:

" Temperature sensors,

" Pressure transducers,

" Volumetric or mass ow meters,
" Geometric measurements,

" Data acquisition sampling rate and digitisation error.

These uncertainties propagate into key derived quantities such as Reynolds number,
Nusselt number, and friction factor. A tabulated uncertainty budget is presented in
Section 9.
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5 State of the Research

5.1 Test Rig

Figure 16 gives a comprehensive overview of the Test Rig, including peripherals. The
test setup can be understood by dividing it into three main parts:

" Test assembly

" Water Loop

" Electrical Loop
In combination, this assembly enables the simultaneous control and measurement
of hydraulic and thermal boundary conditions. The electrical loop de nes the heat
input through Joule heating, while the water loop sets the cooling capacity and
ow regime within the channel. The instrumentation integrated into the caps and

clamps provides the necessary data for determining the friction factor and the Nusselt
number.
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Figur 16: Previous gSSHT HO Rig
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5.1.1 Test Assembly

The test assembly integrates the hydraulic and electrical loops into a compact rig that
ensures good thermal insulation, controlled ow conditions, and reliable electrical
contact to the specimen.

Figur 17: Previous gSSHT HO Test Assembly

A longitudinal cut-section of the rig is illustrated in Figure 17 (old rig design). The
main components of the rig are:

" Test object : The test object is a cylindrical tube with an internal cooling
channel. It is horizontally mounted and is clamped by two copper bars. They
function both as electrical contacts for Joule heating and mechanical supports
to maintain the specimen's position.

Copper clamps : Exhibited in bright orange in Figure X, the copper clamps
grip the test object at both ends to ensure a uniform current distribution across
the cross-section and to keep contact resistance low. The spacing between the
clamps determines the length of the specimen that is actively heated. This
setup is thermally insulated to minimize heat loss to the environment.

Inlet and outlet caps : The green coloured end caps house the hydraulic
interfaces. They are sealed against the test object and contain ttings for the
inlet and outlet hoses. The deionized water passes through the internal channel
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of the specimen and completes the water circuit. Internally, the caps direct the
ow into and out of the channel, featuring mass- ow control and sealing.

" Integrated temperature measurement : The inlet and outlet caps are
equipped with PT100 sensors. These sensors measure the uid temperature
at the inlet and the outlet of the test object, allowing measurement of the
temperature increase across the specimen. This temperature change, along
with the measured mass ow rate, forms the basis for the energy balance used
in calculating convective heat transfer.

Figur 18: Previous qSSHT HO Test Assembly

Figure 18 shows the clamp assembly of the previous gSSHIHrig. The copper bars,
highlighted in orange, act both as mechanical supports and as electrical contacts for
the test object. The current is supplied through these bars and ows along the test
object, generating heat by Joule dissipation. The open arrangement of the clamps
leaves su cient space around the specimen for the installation of thermal insulation
and additional instrumentation.
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(a) Inlet and outlet caps with integrated se- (b) Red test case enclosing the test object
als and sensor ports. and providing threaded mounts for the in-
let/outlet caps.

Figur 19: Main components of the original test assembly: (a) inlet and outlet caps;
(b) test case body that houses the test object and interfaces with the caps.

The inlet and outlet caps, shown in green in Figure 17, are used to regulate the
mass ow and provide sealing of the test section. They house the complete inlet
and outlet assemblies, guide the water through the inner channel of the test object,
and integrate PT100 sensors for measuring the uid temperature at both the inlet
and the outlet. The red component represents the test case, which encloses the test
object and includes cavities for the copper clamps. Pipe insulation material is placed
inside the test case, surrounding the test object, to reduce radial heat losses and
approximate adiabatic boundary conditions at the outer wall. The inlet and outlet
caps are threaded into the test case until they gently contact the test object, with
O-rings ensuring a leak-tight seal and completion of the water loop. Through this
arrangement, the uid temperature and the pressure drop along the test object can
be measured, as illustrated by the cut-section view in Figure 17, which shows the
internal cavities for the sensor locations and the ow path of the water.

5.1.2 Water Loop

The hydraulic loop operates using deionised water as the working uid in a closed-
loop cooling circuit. Deionised water avoids electrical conduction between the hea-
ted test object and the surrounding uid. It needs to be stored in a temperature-
controlled tank with variable inlet temperature control. The loop is schematically
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divided into a main branch, which passes through the test section, and a bypass
branch, which allows independent control of pressure, mass ow rate, and tank tem-
perature. Its main components are:

Water reservoir : The uid is stored in an insulated tank equipped with active
temperature control. With the help of a chiller controlled by a PT100 probe
that reads temperature over a PID circuit the inlet temperature is regulated.

Chiller : The water-glycol mixture with a mixture ratio of 1:1 is set for the
target water temperature. This mixture is circulated through a coiled copper
heat exchanger in the water tank. By adjusting the set-point of the chiller, the
water temperature at the bulk is lowered before it re-enters the loop.

Pump : A volumetric pump driven by a 3-phase electric motor provides circula-
tion. The pump is rated for a maximum discharge pressure of 20 bar, ensuring
su cient head to cover all operating conditions, including the highest investi-
gated mass ow rates.

Valves : Mass ow is controlled by two manually operated conical valves.

Main Valve : The main valve is installed upstream of the test object and
is used to set the ow rate through the test section.

Bypass valve : A bypass valve connects the pump discharge back to the
reservoir. By opening this secondary path, excess pressure is relieved, and
the pump can operate safely while only a fraction of the total ow is
directed through the test object. This con guration also enables recir-
culation through the tank to pre-condition the uid temperature before
measurements.

Coriolis mass ow meter : It measures the mass ow rate through the system
using the Coriolis acceleration of the vibrating tube for an accurate and direct
measurement independent of uid properties.

Connections : All hydraulic connections are realised with exible hoses rated
for a maximum operating pressure of 20 bar, ensuring safe operation throughout
the experimentation.
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5.1.3 Electric Loop

The test object is heated internally by Joule heating, using an alternating current
at the grid frequency of 50 Hz. The electrical loop is designed to provide a control-
lable current while maintaining safe operation of both the specimen and the power
electronics. The main elements of the electrical loop are:

" Autotransformer : A variable autotransformer is used to set the input voltage
from O up-to the line voltage of 230 V. The output voltage can be continuously
regulated by selecting the number of secondary windings. The unit is rated
for currents up to 8 A on the secondary side; accordingly, a circuit breaker is
installed upstream to protect the autotransformer against overload.

Fixed Transformer : Downstream of the autotransformer, a custom low-
voltage, high-current transformer is employed. The original con guration
consisted of 230 turns on the primary and a single copper bar on the secon-
dary, corresponding to an approximate ratio of 230:1 and a maximum output
voltage of about 1 V. In the current con guration, the secondary consists of
a 35 mn? cable with two turns, resulting in an e ective transformation ratio

of 230:2 and a maximum output of approximately 2 V. The transformer is
rated for continuous operation at 240 A and can be operated at up to about
340 A when additional active cooling is provided. The possibility to adapt
the secondary number of turns allows the same transformer to be used for
materials with di erent electrical resistivities (e.g. stainless steel versus copper
test objects).

Copper bars : The transformer's low-voltage, high-current output is conveyed
to the test object through two copper bars with dimensions of 10 30 mn®.
These bars perform two roles: they ensure a low-resistance electrical connection
while also mechanically securing and aligning the test object within the rig.
Thanks to their substantial cross-section, they experience minimal self-heating
even under high current conditions.

Induction Ammeter : The current supplied to the test object is monitored
using an induction ammeter based on a current transformer. A ferromagne-
tic, wound core is placed around the conductor, and the secondary winding
is connected to the data acquisition system. The magnetic eld generated by
the primary current induces a proportional current in the windings, enabling
accurate and galvanically isolated current measurement.
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~ Safety Relays : To prevent overheating, a thermocouple is attached to one of
the copper bars. When its temperature exceeds 3C, a thermal relay (R1)
interrupts the circuit, stopping the current supply. In addition, a conventional
circuit breaker (R2), rated for 16 A on the primary side, protects the system
from overcurrent conditions and short circuits.

Power supply and Cooling fans : An AC DC converter supplies 12 V DC
from the 230 V AC line to power the forced-convection cooling system. Two
120 mm fans are installed to provide air ow across the transformer and copper
clamps, improving heat removal and allowing operation closer to the upper
current limit.

The transformer ratio is changeable. It is made up to be 230:2 from 230:1 by bending
2 windings. This allows for testing of Stainless steel-like low-conductive materials. It
is rated for 240A but can be increased to 340A with active cooling. To allow a full

range of testing, copper bars are installed.

5.2 Post-processing Solver

The experimental data obtained from the qSSHT rig are post-processed with a nu-
merical solver that links the measured quantities to the local heat transfer coe cient
and, nally, to the Nusselt number. The current implementation is based on the
work of Brugnera [5] and Soares [6], who combined a numerical modelSimcen-
ter StarCCM+  with an improved treatment of hydraulic entrance and exit e ects.

The starting point of the solver is a three-dimensional solid model of the test object,
using the real outer dimensions and the measured internal hydraulic diameter. No
uid volume is meshed inside the channel; instead, the water ow is represented
through boundary conditions on the inner wall. In the radial direction, the problem

is reduced to an energy balance between Joule heating in the metal, conduction
through the wall and clamps, and convection to the internal ow. This e ectively
turns the problem into a one-dimensional model along the axial direction, which is
then mapped back onto the 3D surface of the StarCCM+ model via circumferential
symmetry [5].
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(a) Sudden contraction at the inlet (area (b) Sudden expansion at the outlet (area
change fromFg to Fj). change fromFq to F).

Figur 20: Schematic representation of the hydraulic entrance and exit e ects consi-
dered in the post-processing: (a) inlet contraction; (b) outlet expansion.

A key feature of the post-processing is the explicit correction of hydraulic entrance
and exit losses in the measured pressure signal. These losses arise from the sudden
change of cross-sectional area at the inlet and outlet of the test object and can be
described by correlations for a sudden contraction and a sudden expansion, based
on Idelchik's Handbook of Hydraulic Resistanc§40] and implemented following So-
ares [6]. The corresponding geometries are sketched in Figure 20.

For the inlet region, idealised as a sudden contraction from cross-sectional afea
to F; (Fig. 20a), the local loss coe cient o in IS Obtained from the correlations
reported in the Handbook of Hydraulic Resistanc§40]. The coe cient is written as

F
loc,in — AB 1 F_O ; (53)
1
whereA is a polynomial inlogRe,
X ,
A= a (logRe)'; (54)

i=0

and B contains the combined dependence on Reynolds number and area ratio,
" #
X X Fo | _
B = a — (logRe)': (55)



The coe cients & and a; are

a = 2512458 a; =118:5076 a,= 1704147 a3 =118:1949
ay = 4442141 a5=9:09524 as= 09244027 a; =0:03408265 (56)

This correlation is valid for Newtonian uids in the range10 Re 10000

At the outlet, the ow undergoes a sudden expansion (Fig. 20b), which is described
by a second correlation for the local loss coe cientoc oyt :

Fo 2 Fo *
locout = O8:44556 261163 1 — 538086 1 —
" Fi1 F1
#
Fo 2 Fo *
+log Re 6:007+185372 1 — +3:9978 1 —
F1 Fi1
n #
X FO 2 FO 4
+(log Re)’  1:02318 300169 1 >  0:680943 1 =
1 1
(57)

In the present work, these expressions provide the basis for correcting the measured
pressure drop for inlet and outlet e ects as a function of Reynolds number and
area ratio. By explicitly resolving this dependence, the hydraulic entrance and exit
contributions are handled consistently in both laminar and turbulent regimes, which
improves the accuracy of the corrected pressure drop and, consequently, of the Darcy
friction factor. As a rule of the thumb, constant loss coe cients values;, 0:5 and

ot 1 2are implemented to approximate similar e ects.

Figur 21: Schematic representation of the boundary conditions used in the numerical
model.

The boundary conditions applied in the numerical model are summarised in Figu-
re 21. The outer cylindrical surface of the test object is treated as adiabatic, except
in the contact regions with the copper clamps, where a xed heat transfer coe ci-

ent towards the copper bars and their measured temperatures are prescribed. Within
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the solid, a uniform volumetric heat source represents the Joule heating generated by
the electrical current. The inner surface of the channel is modelled with a convective
boundary condition, for which both the axial water temperature pro le and the local
heat transfer coe cient h,,c(x) are unknown and must be determined by the solver.
The axial locations of the PT100 wall sensors act as matching points: the simulated
outer-wall temperature at these positions is iteratively adjusted until it agrees with
the measured values within a speci ed tolerance.

The numerical process is structured with two nested loops:

" Inner loop: Within the inner loop, the solver ne-tunes the local heat transfer
coe cient distribution and the axial water temperature pro le to ensure that
the computed outer-wall temperatures at the PT100 sensor locations align with
the measured data. During each iteration, a one-dimensional energy balance is
solved along the channel, updating the water temperature eld and adjusting
the local heat transfer coe cient h,,c segment by segment according to the tem-
perature discrepancy at each sensor site. The loop is deemed to have converged
once all temperature residuals are below a certain tolerance level.

Outer loop: The outer loop ensures the system's overall power balance. In
this phase, the electrical power input (denoted by the voltage across the cop-
per clamps) is iteratively modi ed until the computed heat absorbed by the
water matches the experimentally measured value, which is derived from the ob-
served mass ow rate, increase in uid temperature, and pressure work. Upon
the convergence of both the inner and outer loops, the axial distribution of
hioc(X) is utilized to calculate the average heat transfer coe cienh,,y and the
corresponding Nusselt number for the speci ed Reynolds number.

In summary, the post-processing solver combines detailed entrance-loss correlations
with a simpli ed, yet physically consistent, thermal model of the test object. This
approach enables the reconstruction of the axial distribution of wall and uid tem-
peratures, correction of the pressure drop for geometric e ects, and derivation of the
Nusselt number and Darcy friction factor from the experimental data in a coherent
manner across the full operating range of the rig.
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6 Experimental Apparatus and Methodology

This chapter describes the experimental setup used to obtain the heat transfer data
and the procedure followed during the measurements.

The experimental rig is built around the gSSHT principle, in which a metallic test
object is heated internally by Joule heating while a controlled ow of water passes
through its inner channel. From the resulting temperature rise of the uid and the
pressure drop along the test object, the convective heat transfer coe cient and the
friction factor can be determined.

The main elements of the test section are:

" Test object (TO) : The test object is a straight cylindrical tube clamped
between two copper bars. For the validation measurements, a smooth stainless
steel tube with an outer diameter of 6 mm and an inner diameter of 4 mm is
used as the reference geometry. Afterwards, rough test objects are installed in
the same position, so that the boundary conditions remain comparable.

Scanivalve : A pneumatic scanning valve (Scanivalve) is used to connect a
single, high-quality pressure transducer sequentially to several pressure ports.
In this way, multiple pressure taps along the test section can be sampled with
one accurate sensor.

Parker T-connectors for pressure measurement : The rst set of Par-
ker T-connectors at the inlet and outlet of the test object accommodates the
Scanivalve connections. Thin probe elements extend into the ow, and the T-
connectors provide the interface between the test object, the pressure taps,
and the Scanivalve. This arrangement allows rapid switching between di erent
pressure locations while keeping the plumbing compact.

Parker T-connectors for the water loop : A second set of Parker T-
connectors serves as the hydraulic inlet and outlet for the water loop. Through
these connectors, deionized water is routed into and out of the internal channel
of the test object, closing the ow circuit.

PT100 sensors : The tail sections of the rig house long PT100 resistance ther-
mometers, which measure the uid temperature at the inlet and outlet of the
test section. Their positions are chosen so that they capture the bulk water
temperature while remaining mechanically protected.
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" Copper bars : Two copper bars hold the test object both electrically and
mechanically. They conduct the high current needed for Joule heating into the
tube while keeping their own temperature rise limited by virtue of their large
cross-section and additional cooling.

Figur 22: Three-dimensional CAD model of the redesigned test assembly.

The new test section design improves both handling and measurement quality. The
modular layout facilitates quicker and more straightforward mounting and removal
of di erent test objects, which is particularly useful when multiple geometries need
to be tested in sequence. The pressure and temperature instrumentation is arranged
so that the signals can be acquired more quickly and with better reproducibility than
in the previous setup. In addition, the geometry of the assembly provides more space
for thermal insulation around the test object, which helps reduce heat losses to the
environment and brings the outer-wall conditions closer to an adiabatic boundary.

The rig is connected to two loops:

" Water loop: It provides a controlled mass ow rate and inlet temperature over
a range of Reynolds numbers.

" Electrical loop: It supplies a controlled current to the test object to generate a
prescribed heat ux.
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6.1 Measurement System

The measurement system provides the quantities needed for the calculation of Rey-
nolds number, Nusselt number and Darcy friction factor. It consists of the sensors for
pressure, temperature and mass ow, together with the data acquisition hardware

and the evaluation software.

An overview of the layout of the sensors and the acquisition board is shown in
Figure 23. The corresponding graphical user interface used during the experiments to
monitor all channels in real time is illustrated in Figure 24. Photographs of the main
sensors (Coriolis ow meter, PT100 probe and pressure transmitter) are collected in
Figure 25.

Figure 23 sketches the complete measurement architecture of the rig. The lower part
of the gure shows the hydraulic loop: water enters the test object through the
left-hand side, after passing the Coriolis mass ow meter and the inlet temperature
sensorTsi,, and exits on the right-hand side where the outlet temperature sensor
Tiout IS located. The inlet and outlet pressure transducerspf and poyt) are con-
nected to the enlarged plenum regions inside the caps so that they sense the static
pressure upstream and downstream of the test object. An additional pressure sensor
Parm Monitors the static pressure level in the reservoir. The upper part of the gure
illustrates how all temperature sensors (inlet and outlet uid temperatures as well as
the wall-temperature sensord,,; to T, g), the pressure transmitters and the Coriolis
meter are wired to the Agilent acquisition board. Each physical sensor is assigned
to a dedicated input channel, which is later identied by name in the evaluation
software.

Figure 24 shows a typical screenshot of the RigVIEW measurement and evaluation
interface used during the experiments. The left-hand side of the window displays
time traces of all selected temperature channels, with each curve colour-coded and
labelled in the legend. This allows the operator to monitor the temporal evolution
of inlet and outlet temperatures as well as the individual wall-temperature sensors
and to judge when a steady state has been reached. On the right-hand side, a table
lists all active channels together with their current numerical values, physical units,
status indicator (e.g.good over ow, disconnected and a short description such as
Outlet pressure or Inlet temperature. The buttons at the bottom control the
acquisition process: the user can start and stop the logging, load previous data, and
trigger the automatic Collect & Evaluate routine, which exports the time series
to le and initiates the post-processing. A status bar at the bottom of the interface
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shows the current state of the Agilent board and the number of samples recorded.
In combination, the schematic in Figure 23 and the RigVIEW interface in Figure 24
provide a clear overview of how the sensors are integrated into the rig and how their
signals are monitored and stored during each test.

Figur 23: Schematic of the measurement system with all sensors connected to the
Agilent acquisition board.

6.1.1 Sensors

The following physical quantities are measured using sensors in the test rig:

" Pressure
The pressure drop along the test object is obtained from the di erence between
inlet and outlet pressure taps located in the tail ends of the Rig.

(see Figure 23). A pressure transmitter is connected to these taps through short
lines in regions where the cross-sectional area is much larger than the inner
channel of the test object, so that the local ow velocity is low and dynamic
pressure contributions are negligible. The measurement range is chosen such
that the full expected pressure drop during the tests lies within the span of
the transmitter, providing su cient resolution in both laminar and turbulent
regimes. A photograph of the pressure transmitter is shown in Figure 25c.
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Figur 24: RigVIEW measurement and evaluation interface used to display tempera-
tures, pressures, mass ow rate and electrical quantities in real time and to control
data collection.

(a) Coriolis mass ow meter. (b) Sheathed PT100 tempe- (©) Di erential
rature probe. pressure transmit-
ter.

Figur 25: Main sensors used in the measurement system: (a) mass ow rate, (b)
temperature and (c) pressure.

" Temperature
Three types of temperature measurements are used:
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a PT100 sensor in the water reservoir, which serves as feedback signal for
the chiller control,

PT100 sensors integrated in the inlet and outlet caps to measure the bulk
uid temperatures close to the entrance and exit of the test object;

small sheathed PT100s (or thermocouples, depending on the test series)
attached to the outer wall of the test object to obtain an approximate
axial wall temperature pro le.

The temperature sensors are class A or better, and their positions are selected
such that conduction through the sensor body is limited and the mounting is
reproducible between di erent test objects. An example of a sheathed PT100
probe is shown in Figure 25b.

Mass ow rate
The mass ow rate of the water is measured by a Coriolis mass ow meter
installed in the main branch upstream of the test section

(Figure 25a). The Coriolis meter directly provides mass ow rate and uid
temperature to the acquisition system, avoiding the need to convert from vo-
lumetric ow and reducing the sensitivity to changes in uid properties. A
photograph of the meter is given in Figure 25a.

6.1.2 Data Acquisition

All sensors are connected to a central data acquisition unit (Agilent acquisition
board), as indicated in Figure 23. The data acquisition system

reads the analogue and digital signals from the pressure transmitter, tempera-
ture sensors, Coriolis meter and current transformer;

converts the raw voltages and currents into engineering units by means of
prede ned calibration curves; and

records the time series of all channels during each test run.
A dedicated interface, shown in Figure 24, is used to

" visualise the main operating parameters in real time (Reynolds number, inlet
and outlet temperatures, pressure drop, mass ow rate, current and voltage);

78



" start and stop the measurement for each operating point; and

A

automatically saves the data in les (e.g., CSV or binary format) for later
post-processing.

The sampling frequency and averaging windows are selected to capture the slow
dynamics of the rig (thermal transients, pump uctuations) while keeping the amount

of stored data manageable. The sampling frequency was setftp= 1 Hz, i.e. one
sample per second. For each operating point, a time series of approximatgd/swas
recorded, resulting in about 30 samples per channel.

6.2 Pre-Processing

Before each test campaign, a pre-processing step is carried out to ensure that the
geometry of the test object and the cleanliness of the ow path are known and
controlled.

The procedure includes:

" Cleaning of the test object : Each test object is rst inspected visually
to remove any visible debris or remaining machining chips. Afterwards, it is
submerged in an alcohol or deionized water bath and placed in an ultrasonic
cleaner for several minutes. This step removes residual particles from the inner
channel and improves repeatability between tests.

Geometric evaluation of the inner channel : The actual hydraulic diameter
of the test object can deviate from the nominal value due to manufacturing
tolerances and surface roughness. To account for this, microscope images of
the inlet and outlet cross-sections are taken. A MATLAB script is then used
to:

Load the microscope images with a known scale.

Manually pick the length to scale and points along the inner contour.

Fit a spline to the contour and compute the enclosed area and perimeter.

Evaluate the hydraulic diameter.

Several repeated measurements are performed for each test object (and for both inlet
and outlet when relevant), and the nal hydraulic diameter used in the calculations is
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the average of these repeated values. The full description of the geometric evaluation
and the MATLAB routine is provided in Appendix X (to be referenced later).

6.3 Testing Procedure

The overall testing procedure is structured in the following steps:

" Installation and pre-checks : Mounting the test object, installing sensors,
and checking wiring and connections.

Sensor test : Verifying that all sensors respond correctly and are within the
expected ranges.

Leakage test : Checking the integrity of the water loop at di erent mass ow
rates and pressures.

Thermal conditioning : Setting the desired inlet temperature in the tank
using the chiller (and letting the rig reach thermal equilibrium).

gSSHT test : Performing the actual measurements for a series of Reynolds
numbers and heat ux levels.

For the present work, a validation test is rst performed using a smooth stainless
steel tube. The resulting Nusselt number and friction factor are compared against
established correlations (e.g. Gnielinski, Dittus Boelter) to verify that the rig and
processing are working as intended. After validation, tests with rough or additively
manufactured surfaces are conducted using the same procedure. First a validation
test is conducted and compared give an overview of testobject installation sensor and
leakage test conducted then heating water and then test conducted.

6.3.1 Sensor Test

Before starting the main experiments, a short sensor check is performed. First, the
data acquisition system is powered on and all channels are inspected to make sure
there are no open circuits and no signals are driven into saturation. The temperature
sensors are then compared at room temperature to con rm that they give similar
readings and stay within the expected tolerance. The pressure transducer is veri ed
both at zero ow, to check for zero o set, and at a low- ow condition, to con rm
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that the signal responds correctly and does not drift outside an acceptable range.
The Coriolis mass ow meter is checked by running the pump at a small, constant
speed and comparing the displayed mass ow rate to previously recorded reference
values for the same setting. If any irregular behaviour is observed in these checks,
the corresponding wiring and sensor are examined and corrected before continuing
with the test campaign.

6.3.2 Leakage Test

Whenever a test object is replaced or any part of the water loop is modi ed, a leakage
test is performed to ensure safe operation. First, all hose connections, ttings, caps,
and the reservoir are visually inspected. The loop is then lled with deionized water
and any accessible air pockets are vented. The pump is started at minimum speed
with the main valve slightly open and the bypass open, and the system is allowed
to run for a few minutes while the pressure signal is monitored. If the pressure
stabilizes and no visible leaks are detected, the mass ow is gradually increased by
closing the bypass and adjusting the main valve. This procedure is repeated for at
least three characteristic mass ow levels (low, medium, and high) that span the
intended operating range. The leakage test is considered successful, and the rig is
approved for normal operation, if the pressure remains stable over time and no water
is observed outside the closed loop.

6.3.3 (gSSHT Test (Nusselt Measurement)

Once the sensors and the integrity of the hydraulic loop are con rmed, the qSSHT
test is performed. The objective of this test is to determine the Darcy friction factor
and the Nusselt number as functions of Reynolds number and, for selected cases,
di erent inlet temperatures (i.e. di erent Prandtl numbers).

A typical test sequence is:

" Set inlet temperature

Switch on the chiller and set a temperature slightly above or below the
desired inlet value, accounting for heat losses or gains along the piping.

Circulate water using the bypass branch until the reservoir and inlet tem-
perature stabilise close to the target value.
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" Select Reynolds number
Close the bypass gradually and adjust the main valve to reach the desired
mass ow rate and corresponding Reynolds number.

Monitor the Reynolds number in real time using a live calculation based
on the current mass ow rate, hydraulic diameter and uid properties
evaluated at the mean bulk temperature.

Figur 26: Front view of Nusselt test rig

" Apply electrical power

Adjust the autotransformer to set the secondary voltage of the xed trans-
former and thus the current through the test object.

Increase the voltage slowly while monitoring current and wall temperatu-
res in order to avoid overheating of the test object and copper clamps.

" Reach steady state

Wait until inlet and outlet temperatures, pressure drop and current reach
guasi-steady values.

The required time depends on the power level and water ow rate, but data

are only recorded once all relevant quantities remain within a prede ned
tolerance band.

" Data acquisition

Start the acquisition and record all signals for a xed duration (typically
several tens of seconds).
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Repeat the measurement for the same Reynolds number if necessary to
check repeatability.

" Change operating point

Adjust the mass ow rate and/or the inlet temperature to the next point
in the test matrix and repeat the sequence described above.

6.3.4 Darcy Friction Factor Test (Isothermal)

For the determination of the Darcy friction factor alone, an isothermal test series
is performed without applying electrical power to the test object. In this case, the
focus is on accurately measuring mass ow rate and pressure drop over a range of
Reynolds numbers, while keeping the uid temperature approximately constant.

The procedure is largely analogous to the gSSHT test but omits the heating steps:

"~ Set inlet temperature
Use the chiller to bring the water reservoir to the desired temperature and
keep it constant during the test.
Circulate water through the bypass branch until the inlet temperature
stabilises and the loop reaches a steady thermal condition.

" Select Reynolds number
With the electrical circuit switched o, gradually close the bypass and
adjust the main valve to reach the target mass ow rate.

Compute the Reynolds number in real time from the measured mass ow
rate, hydraulic diameter and uid properties evaluated at the (nearly con-
stant) bulk temperature.

" Reach hydraulic steady state

Wait until the mass ow rate and the pressure drop across the test object
remain stable within a small tolerance band.

Since no additional heat is introduced, the thermal transients are relatively
short and the uid temperature remains almost constant over the test
duration.
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" Data acquisition

Start the acquisition and record mass ow rate, inlet and outlet tempera-
tures and pressure signals for a xed period of time.

If required, repeat the measurement at the same Reynolds number to
assess repeatability.

" Change operating point

Modify the main valve setting to reach the next Reynolds number in the
test matrix and repeat the steps above.

Figur 27: Darcy test rig

The isothermal Darcy test provides friction factor data with reduced complexity,
since no wall heat ux and no axial temperature gradients in the test object have to
be considered. These results are later used as an additional validation of the hydraulic
performance of the rig and as a reference for the heated (QSSHT) measurements.

6.4 Limitations of the Set-up

The rig is designed to provide reliable data, still there are several limitations that
must be kept in mind while reading the results:

" Entrance e ects : Due to the sharp inlet geometry and nite length of the
test object an entrance region is formed where the ow and thermal elds are
still developing. This results in deviations from fully developed correlations,
especially for short channels and low Reynolds numbers.

Wall temperature measurement  : Wall temperatures are obtained from the
PT100 surface sensors on the outer wall. Local errors in the estimated wall
temperature are caused by contact resistance, local conduction through the
sensor body, and circumferential variations in wall thickness.
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Tank strati cation and piping losses : The water reservoir and long piping
cause small temperature di erences between the tank sensor and the actual
inlet temperature during transients or high power operation.

Pump and vibration e ects  : Pump vibrations can a ect the Coriolis mass
ow meter measurements, particularly at low ow rates.

Electrical losses outside the test object : Some fraction of the supplied
electrical power is dissipated in the copper bars, connections, and transformer.
This must be estimated and subtracted based on separate characterization or
numerical modelling.

Maximum operating limits

These limitations are considered when designing the test matrix and are discussed
again in the results and uncertainty analysis.

6.5 Post-Processing and Numerical Evaluation

The experimental data from the new qSSHT rig are evaluated with a dedicated
Star-CCM+ based solver that was developed speci cally for this test campaign. In
contrast to the previous evaluation chain, which relied on simpli ed one-dimensional
assumptions and a largely manual work ow, the new solver couples the three-
dimensional heat conduction and electric eld in the test object with the measured
temperatures and ow conditions in an automated manner. This section summarises
how the solver is built, how it uses the measurements, and which main changes were
introduced compared to the former implementation.

6.5.1 Overview of the Evaluation Procedure
For each operating point, the evaluation combines the experimental data from Rig-

VIEW with a steady-state conjugate heat-transfer model of the test object in Star-
CCM+. The overall work ow is:

1. Import the test-object geometry and generate a dedicated Star-CCM+ model
with appropriate boundaries and material properties.
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2. Read the measured quantities (mass ow rate, uid temperatures, wall tempe-
ratures, pressures, current and voltage) for the selected operating point.

3. Run a JavaScript-controlled steady-state Star-CCM+ simulation in which the
electric current and local heat-transfer coe cients are iteratively adjusted until
the computed wall temperatures in the model match the measured surface
temperatures.

4. Extract the converged heat uxes and temperatures from Star-CCM+ and
compute local and global Nusselt numbers and friction factors.

5. Export all relevant quantities to a le results.csv and to a log le for later
analysis.

6.5.2 Star-CCM+ Model Setup

Geometry and boundaries The test-object geometry is imported into Star-
CCM+ as a surface mesh directly from the CAD le (e.g. NX.prt format) or can
be created in Star-CCM+ itself using 3D-CAD View. The following requirements are
imposed on the geometry:
" the ow enters at z =0 and proceeds in the positive direction, and
"~ the external and internal surfaces are subdivided by curves so that all necessary
boundaries for the thermal and electrical boundary conditions can be de ned.

Using the Divide Face and Split by Part Curvesoperations, the surfaces are parti-
tioned into

internal channel segment€hannel_1 Channel_N centred between the surface-
temperature measurement positions;

external parker tting contact areas (Fittingln , FittingOut );

external busbar contact areasBusbarin, BusbarOuf); and

adiabatic external walls that are within the e ective heat transfer length of the
TO (only between the busbar).
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After the splitting, the part is assigned to a single region and a separate boundary is
created for each named surface. The mesh is generated using the automated meshing
tools in Star-CCM+ with a base size of approximatelyl:5 2 mm for the present
geometry.

Physics and material properties The physics continuum includes

" a steady-state solid energy equation with temperature-dependent thermal con-
ductivity k(T),

" an electric-potential equation for the solid with temperature-dependent electri-
cal conductivity (T), and

" Joule heat generation as a volumetric source term in the solid.

The thermal and electrical conductivities are speci ed via a tabulated material pro-
perty le (e.g. CondH282.csy, which is imported as aFile Table and linked to the
material model.

Boundary conditions The boundary conditions are formulated in terms of para-
meters that can be modi ed by the JavaScript solver:

" Busbars (electrical and thermal):

At Busbarin and BusbarOutthe electric current is prescribed via the parameter
current , applied as+1 at the inlet busbar and | at the outlet busbar. The
electrical contact resistancefin and Rout are used to model additional heat
generation at the contacts according t® = J2RYs®", where J, is the normal
component of the current density. Thermally, the busbars are modelled with
a convective boundary condition using a heat-transfer coe cienHTC_busbar
and reference temperaturebusbarin and TbusbarOut

Channel walls:

The internal channel segment€hannel_1 Channel_Nrepresent the uid solid
interface. In the solid model they are treated as convection boundaries with
local heat-transfer coe cients HTCIHTC_Mand corresponding uid Im tem-
peraturesTflL Tfl_N. These parameters are updated by the JavaScript solver
based on the measured uid and wall temperatures.
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Fittings and remaining external surfaces:

Additional convective boundaries are introduced for the regions where the
test object is connected to the inlet and outlet ttings, characterised by
HTC_fitting , Tfittingln ~ and TfittingOut . The remaining external surfaces
are kept adiabatic, with zero electric potential at the boundaryAdiabaticin

to close the electrical problem.

6.5.3 Automation via JavaScript Solver

Control parameters The Star-CCM+ model is driven by a JavaScript solver that
interacts with the simulation through Parametersin the Automation tree. In other
words, JavaScript is the brain of the solver, whereas we use StarCCM+ to map the
temperature distribution. The most important parameters are:

" current : electric current through the test object;
voltage : electric potential through the test object;

Dh hydraulic diameter used for the calculation of Nusselt number;

" HTC_busbarHTC fitting and HTC1HTC_Nheat-transfer coe cients at bus-
bars, ttings and channel segments;

C${p}$: speci c heat capacity of uid

mu dynamic viscosity of the uid

lambda_fl : uid thermal conductivity;

Pr: Prandtl number

Rin, Rout: contact resistances at the busbars;

T1 measTN_measmeasured surface temperatures along the test object;

Tfl1 Tfl_N: uid temperatures in the channel (derived from the measured
inlet and outlet temperatures);

" Thbusbarln, TbusbarOut Tfittingln , TfittingOut : temperatures used for the
external convection boundaries.
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Derived parts and sampling points To compare the numerical solution with
the measurements, point probe®ointl PointN are created at the locations of the
surface temperature sensors on the test object. These derived parts sample the local
solid temperatureT; in the mesh. It is important that the point probes are de ned
inside the region; if a point lies outside the mesh it disappears and must be moved
slightly inwards(0.1mm).

Reports and monitors The solver uses a series of reports to extract integral and
area-averaged quantities from the Star-CCM+ solution, for example:

AreaCh_x surface area of each channel segment;

Nu_x local Nusselt numbers for each channel segment;

OhmicHeatGeneration integral of volumetric heat generationgye, in the solid
(excluding busbar contact losses);

gBusbarln, gBusbarOut gFittingln , gFittingOut : heat exchanged at the
external convection boundaries;

gFluid : total heat transferred to the internal channel surfaces;

gLoss. sum of all heat losses to the surroundings (all boundaries except the
channel walls);

T1-TN computed solid temperatures at the point probes;
Tchl-TchN area-averaged channel-wall temperatures of each segment;
" V. electric potential at the busbars.

Monitors are attached to the most relevant reports (e.gTi, Timeass NU;) to track
their evolution during the iterations and to assess convergence.

Solver logic  The core logic of the JavaScript solver can be summarised as follows:

1. Initialisation:  Set an initial guess for the global or segment-wise heat-transfer
coe cients HTC; and for the electric current$current . Initial uid- Im tem-
peratures and a simple axial wall-temperature pro le are prescribed.
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2. Update electrical power: Run one Star-CCM+ step and evaluate
the dierence between the total heat generated in the solid (integral of
OhmicHeatGeneration plus contact losses fronRin and Rout) and the me-
asured electrical powerPg = Ul. Adjust current until the simulated heat
generation matches the measured power.

3. Match wall temperatures: Compare the computed temperatures at the
point probes T; with the corresponding measured value$;. meas. Modify the
channel HTCsHTC1HTC_Neither individually or using a global value, depen-
ding on the selected mode) in order to minimise the di erence betwedn and

Ti; meas:

4. Update uid boundary conditions: Update the Im temperatures $Tfl_i
based on the measured inlet and outlet temperatures and on the current esti-
mate of the heat ux distribution.

5. Advance the nite-volume solver: Execute one or a few steady-state ite-
rations of the energy and electric-potential equations in Star-CCM+.

6. Convergence check: If the deviations between simulated and measured wall
temperatures, as well as the di erence between simulated and measured electri-
cal power, are below prede ned tolerance levels, the solution is considered con-
verged; otherwise, the solver returns to steps 2 5.

7. Export results:  Once convergence is reached, the script writes the relevant
quantities (e.g. Re, Nuj, T, Quid » Qosss Ti» Timeass Vin,» Vout) tO & results le
C:\Temp\results.csv and appends a short entry to a log lelog.csv .

6.5.4 Computation of Nusselt Number and Friction Factor

The nal Nusselt numbers for each channel segment are computed directly in Star-
CCM+ from the converged heat- ux and temperature elds using the reportdNu_x
They are based on 4
h
Nuy = ———; 58

X (Tw;x Tb;x) ( )
where ¢%is the average heat ux at the internal surface of segment, T, is the
average wall temperature of that segmentfTy., is the corresponding bulk uid tem-
perature and is the thermal conductivity of water at Tp..
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It is important to note that pressure is not solved within the Star-CCM+ Nusselt

solver. The numerical model is restricted to the solid energy equation with volumetric

Joule heating and the associated thermal boundary conditions at the channel walls
and external surfaces. The ow eld and the pressure drop are therefore not part of
the conjugate model and are treated purely on the experimental side.

The Darcy friction factor is evaluated with the help of a python script independently
from the hydraulic measurements using

pd
2Lu

o (59)
m
with  p= pn pout With the previosuly discussed pressure corrections applied,
the heated length of the test object, the density of water andu,, the mean ow
velocity based on the measured mass ow rate. This separation ensures that the
Nusselt evaluation does not rely on any modelled pressure eld and that the friction
factor remains a purely experimental quantity.

6.5.5 Redundancy and Validation of the Nusselt Solver

Because the new evaluation framework combines detailed numerical modelling with
extensive measurements, the overall system is intentionalbverde ned In practice
this means that two independent, redundant paths exist to validate the consistency
of the Nusselt solver:

1. Electrical power balance
The total volumetric heat generation in the solid, obtained by integrating the
source termgge, and adding the boundary-related contact losses, is compared
to the electrical power measured in the experiment,
z
I:)el,sim = Cben dv + I:)contacts VS. I:)el,meas = Ul (60)

solid

During the JavaScript-controlled iterations, the prescribed current is adjusted
until P sim matchesPe meas Within a small tolerance. This provides the rst,
purely electrical, validation of the model.

2. Thermal energy balance
Independently of the electrical check, the net heat transferred to the uid from
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the Star-CCM+ solution,
X
Qeonv,sim = Olff%xx: (61)

X

is compared to the convective heat rate obtained from the experimentally me-
asured uid temperatures and mass ow rate,

Qconv,meas =m Cp (Tf; out Tf; in) : (62)

Agreement between these two values indicates that the combination of imposed
HTCs, wall temperatures and uid properties is thermodynamically consistent.

These two independent balances (electrical and thermal) provide strong cross-checks
for the correctness of both the numerical model and the measurement chain. The
in uence of the associated uncertainties and the resulting admissible tolerances for
Peisim  Pelmeas @Nd Qeonvsim  Qeonv.meas @re quanti ed in the sensitivity analysis
presented in Section 9.

6.5.6 Dierences to the Previous Evaluation Method

Compared with the post-processing approach used for the earlier gSSHT rig, the new
solver introduces several key improvements:

It is fully integrated in Star-CCM+ and solves the coupled three-dimensional
heat-conduction and electrical- eld problems, instead of relying on purely one-
dimensional analytical relations.

The local heat-transfer coe cients are obtained by matching the complete axial
wall-temperature pro le rather than using a single surface temperature or only
a global energy balance.

Heat losses to the busbars and ttings are explicitly resolved in the numerical
model through appropriate boundary conditions and contact resistances, which
reduces the need for empirical correction factors.

The entire evaluation is automated via the JavaScript solver, which reads the
experimental data, iteratively adjusts the model and nally exports all rele-
vant quantities. This substantially reduces manual intervention and improves
repeatability.
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" The modular structure (geometry, parameters, reports and monitors) allows
new test objects to be evaluated by simply importing a new surface mesh and
updating the boundary names, without changing the core solver logic.

Overall, the new post-processing framework provides a more detailed and physically
consistent link between the measured quantities and the nal dimensionless results
presented in Chapter 8, and it forms an important part of the validation of the
redesigned qSSHT test rig.

7 Validation

To ensure reliability and physical accuracy of the experimental data, the rig was
validated using a standard smooth stainless steel (SS) test object with known geo-
metry and material properties. The selected tube had an outer diameter of 6 mm
and an inner diameter of 4 mm, representative of standard heat transfer pipe con -
gurations. The validation procedure involved both hydrodynamic and thermal per-
formance benchmarking against well-established correlations.

7.1 Flow Validation

To validate the hydraulic performance of the test rig, a standardised ow experiment
was conducted using a previously validated smooth-walled stainless steel test object.
The objective was to compare the experimentally obtained Darcy friction factor
against the theoretical Colebrook correlation, assuming a smooth pipe condition (i.e.,
relative roughness' = 0). The test object geometry and relevant ow parameters are
summarised in Table 2.
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Tabell 2: Stainless steel test object used for Darcy validation.

Property Value

Outer Diameter D gy 10.08e-3 m
Inner Diameter D;, 3.085e-3 m
Length L 150e-3 m
Material Stainless Steel (SS)
Wall Thermal Conductivity k 14 W/m-K
Entrance Length FactorL=Dj, 375

Inlet Loss Coe cient ( Gy) 0.5

2.0 for laminar ow (Re < 2900)

Outlet Loss Coe cient (Cou) 1 ¢ for turbulent ow (Re  2900)

This particular test object was selected as it had been previously used in the earlier
version of the test rig by a past student. The objective was to replicate the same
conditions and validate whether the newly developed rig could produce consistent
results.

Figure 28 displays the original validation performed on the older rig, where all ex-
perimental friction factor values fell within the £ 10% uncertainty band of the Co-
lebrook White prediction. This con rmed the accuracy and reliability of the older
setup for ow characterisation.
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Figur 28: Darcy friction factor from previous validation on old test rig. All data fall
within +10% of the Colebrook White correlation.

However, when the same test object and ow conditions were tested on the older rig
once more as a preliminary check before rebuilding the setup, the results failed to
match the theoretical expectations, as shown in Figure 29. This discrepancy high-
lighted a degradation in measurement accuracy, reinforcing the decision to rebuild
and recalibrate the rig from scratch.
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Figur 29: Attempted replication on the previous rig yields poor agreement, motiva-
ting rig redesign.

Following the reconstruction and calibration of the rig, a successful validation was
carried out. The new experimental data are presented in Figure 30, where friction
factor values align closely with the Colebrook curve throughout both laminar and tur-
bulent regimes. The transitional rangelRe 2300 3500 naturally exhibits increased
variability due to inherent ow instability, but the overall trend remains physically
accurate.
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Figur 30: Friction factor results on current rig vs Colebrook correlation with 10%
uncertainty band.

It can be observed that the experimental data closely follow the theoretical prediction
across the tested Reynolds range. The rig's ability to replicate classical pressure
drop behaviour for internal pipe ow conrms the accuracy of its hydrodynamic
characterisation and pressure sensing system.

Conclusion: The ow validation is deemed successful. The test rig can accurately
capture pressure losses in internal pipe ow, thereby ensuring reliable determination
of ow rate and Reynolds number for all subsequent thermal testing.

7.2 Thermal Validation

Thermal validation focused on verifying the convective heat transfer behaviour by
comparing the experimentally obtained Nusselt numbers with theoretical expecta-
tions. For turbulent internal ow in smooth tubes, the Gnielinski correlation provides
a validated benchmark within:

97



2300< Re< 10°; 0:6< Pr< 100

7.2.1 Test Case Properties

To characterise the thermal validation cases, the key uid and geometric proper-
ties for each test object con guration are summarised in Table 3. These include
temperature-dependent uid properties such as specic heat capacitycf), dyna-
mic viscosity ( ), thermal conductivity ( f), and Prandtl number (Pr), as well as
geometric parameters like the hydraulic diameterd;), internal and external radii
(Rin; Rout), and cross-sectional areaXc).

Tabell 3: Fluid and geometric properties for each validation test con guration.

Test Name Cp [J/kg K] [Pas] Pr ¢t WIm K] dy[m] Riy [M Row [M] A [M?]

22 10_30deg_dt3  4190.31  0.000773 5.257 0.6166 0.00379 0.000004 0.000004 0.000011
23 10_10deg_dt3  4186.58 0.001252 8.975 0.5819 0.00379 0.000001 0.000001 0.000011
23 10_21deg_dt3  4188.65 0.000942 6.504 0.6023 0.00379 0.000002 0.000002 0.000011
24 10_40deg_dt3  4192.11  0.000643 4.267 0.6304 0.00379 0.000001 0.000001 0.000011

The following gures illustrate the comparison between experimental data and the
Gnielinski correlation and Dittus Boelter relation across various Prandtl numbers
and ow regimes.
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Figur 31: Experimental Nusselt numbers witht 20% uncertainty bands compared to
Gnielinski theory. Outside-validity regions are shaded.

Figur 32: High Reynolds number Re> 10%) comparison with Dittus Boelter corre-
lation.
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Figur 33: Observed Nusselt numbers in the laminar & transitional regimeRe <
3000.

Trend Evaluation and Enhancement: The experimental Nusselt numbers show
a clear increasing trend with Prandtl number, which is consistent with classical heat
transfer theory [23]. For internal ow with constant wall heat ux, the theoretical
Nusselt number in the laminar regime is expected to be approximately 4.36 and
should ideally be independent of the Prandtl number. As seen in Figure 33, the ex-
perimental results generally cluster around this theoretical value in the low Reynolds
number region Re < 3000.

However, not all datasets consistently reach the idealised value of 4.36. This deviation
may be attributed to the high relative uncertainty at very low mass ow rates, whe-
re minor uctuations in heat input or sensor readings can signi cantly in uence the
calculated Nusselt number. Additionally, the additive manufacturing process may in-
troduce microscale geometric imperfections which a ect entrance length development
and heat transfer uniformity under low- ow conditions.

Despite these challenges, the observed values still lie close to theoretical expecta-
tions, supporting the overall validity of the test rig. Nusselt number enhancements
at Re = 3000 shown in Figure 33, range between 1.56 and 1.93, depending on Prand-
tl number. Above this transitional threshold, the Nusselt numbers diverge from the

100



laminar baseline and approach the predictions of the Gnielinski correlation, with
most values falling within the £ 20% uncertainty band in the fully turbulent regime.

Figur 34: Experimental enhancemeniNuey,=NUgnieinski Over Reynolds number. Va-
lues converge to approx. 1 in the turbulent regime.

Collapse via Dimensionless Scaling: To additionally validate, the results were
normalised using the dimensionless scaling relatidlu=Pr%*, which is commonly used
in turbulent heat transfer analysis. The exponentO:4 originates from the classical
Dittus Boelter correlation for fully developed turbulent ow in smooth circular pipes,

as shown in Eqg. 36.

As shown in Figure 35, all four test results collapse onto a single curve. This con-
rms that the experimental Nusselt number trends are consistent with established
turbulent convection theory and strongly supports the accuracy and reliability of the
smooth-pipe thermal validation.
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Figur 35: Scaled Nusselt numbers vs Reynolds number usitu=Pr%*. Collapse
indicates consistency of turbulent behaviour across uids.

7.2.2 Local Heat Transfer Coe cient Trends:

To further examine the behaviour of the experimental rig, local convective heat trans-
fer coe cients were extracted at multiple axial positions along the test object and
plotted against the dimensionless channel lengtt=D,,. These plots help assess whet-
her the fully developed thermal region is reached and whether expected boundary
layer development trends are captured across Reynolds numbers.

Figure 36 and Figure 37 show the local HTC distributions at various Reynolds num-
bers for each tested Prandtl number. All datasets exhibit the characteristic trend of
initially decreasing local HTC due to the development of boundary layers, followed
by a attening or mild increase along the axial direction, indicating entry into the
thermally fully developed regime.
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