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Abstract 

 

This thesis has set the first milestones towards building a Nusselt number correlation that adapts to 
the current state of art designing and manufacturing processes at Siemens Industrial Turbomachinery AB, 
focusing on cooling mini-channels produced with Additive Manufacturing. 
  
Additive manufacturing (AM), also known as 3D printing, is a gamechanger technology that has 
revolutionised manufacture and design know-how, bringing down production cost, time and waste. 
There are techniques within AM that can be applied in the gas turbine industry. Particularly, Selective 
Laser Melting (SLM) can be utilised to build high-temperature-alloy components without the design 
constraints imposed by conventional manufacturing. However, when assessing the performance of 
these AM components, challenges arise due to surface roughness inherent to the SLM process.  
 
The goal is to assess SLM parts for a specific application: thermal performance of AM cooling mini-
channels. This thesis presents the design, construction and validation of a heat transfer experimental 
rig, capable of assessing the Nusselt number in SLM single mini-channel samples. The SLM samples 
vary in the material alloy used for its fabrication, the shape of the mini-channel, and hydraulic 
diameter. The results show that SLM channels have a higher Nusselt number than smooth, 
conventionally manufactured channels. This heat transfer enhancement comes at a cost: an increased 
friction factor coefficient, which was the subject of study in a parallel thesis conducted in the same 
facilities. The relative friction growth of an SLM sample is significantly higher than the increase in 
relative Nusselt number for the same SLM when compared to the smooth channel performance.  
 
These results are aligned with the expectations, matching the general trends observed in the 
literature. However, some contradictions with other studies were obtained: surface roughness, the 
key factor affecting flow performance, yielded inconclusive effects for the results obtained in the 
present thesis. Further assessment and validation of the heat transfer rig built is to be pursued.  
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Sammanfattning 

 

Denna studie är det första steget mot att bygga en test rigg för att ta fram Nusselt-korrelationer av 

additivt tillverkade minikaaler. Vid Siemens Industrial Turbomachinery AB anses dessa har stor 

potential i kylapplikationer. 

Additiv Tillverkning (AM) även känd som 3D-printing, är en ”gamechanger” som har revolutionerat 

tillverkning och design men som även har potential att minska produktionskostnader, tid och avfall. 

Det finns tekniker inom AM som kan tillämpas i gasturbnindustrin. Exempelvis kan Selective Laser 

Melting (SLM) avändas för att bygga högtemperaturkomponenter utan de 

konstruktionsbegränsningar som finns inom konventionell tillverkning. När man bedömer 

prestandan för dessa AM-komponenter uppstår emellertid utmaningar på grund av ytråheten som är 

ett resultat av SLM-processen.  

Målet för detta examensarbete var att utvärdera SLM geometrier för en specifik applikation: termisk 

prestanda hos AM-kylkanaler. Denna studie presenterar konstruktion och validering av en 

experimentell rigg för värme¨verföring som levererar Nusselt-tal för SLM tillverkade minikanaler. 

Tesobjekten är tillverkade i olika material och med varierande geometri. Resultaten visar att SLM-

kanalerna har högre värmeöverföring än släta, konvetionellt tillverkade kanaler. Denna 

värmeöverföringsförbättring ackompanjeras dock av en höjning av tryckförluster vilket visades i en 

tidigare studie vid Siemens Industrial Turbomachinery AB. Resultaten visar att den relativa 

friktionstillväxten för ett SLM-prov är signifikant högre än ökningen av det relativa Nusselt-talet 

jämfört med en ”smooth” kanal.  

Dessa resultat är i linje med förväntingarna och andra publicerade studier i området. Däremot hade 

ytråheten en överraskade liten effekt på värmeöverföringen i denna undersökning vilket innebär att 

ytterligare utvärdering och validering av den byggda värmeöverföringsriggen kommer att 

genomföras.  
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1 Introduction 

 

 

1.1 Background and Motivation 

Gas turbine cycle’s efficiency increases with the Turbine Inlet Temperature (TIT), often exceeding 

the maximum allowable limits of the different components of the turbine [1]. State-of-art gas 

turbines, such as the turbine exposed in Figure 1, are exposed to temperatures in the range of 1500 

K to 1700 K [2, 3].  Several techniques are employed to ensure operability and enhance component 

durability. Metallic or ceramic material addition can act as thermal barrier coatings when applied on 

affected surfaces [4]. Furthermore, another method is to bypass air from the compressor to cool the 

turbine casing and blades. Effective usage of the cooling air was described in [5] as one of the most 

addressed topics in the gas turbine industry. Minimum mass flow of the bleed air from the 

compressor is desired: less power is generated when more secondary cooling air deviates from the 

core mass flow; as this core air stream is subsequently heated in the combustion chamber and 

expanded in the turbine to produce power. 

 

Figure 1. Siemens SGT-800. Source: Siemens 

It is therefore important to design a cooling system by ensuring an effective heat transfer while 

minimizing pressure losses in its distribution. With these criteria on focus, the minimum cooling 

mass flow may be achieved and thus maximum power output [6]. Convective heat transfer rates can 

be enhanced for internal cooling channels of turbine airfoils by increasing the effective surface area 

[7] and by augmenting the turbulence level. Some techniques employed utilize rib turbulators, pin 

fins, dimpled surfaces, surfaces with arrays of protrusions, swirl chambers and surface roughness [8]. 

Reduction of the channel cross-sectional area present heat transfer advantages for internal cooling. 

However, as channel sizes decrease, there are concerns as to how expected heat transfer and pressure 

drop may vary due to surface roughness induced by building tolerances [9]. 
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Additive Manufacturing (AM), also referred as 3D printing, has enabled design freedom by removing 

geometric constraints inherent to conventional manufacturing, among other advantages e.g. 

production cost, production time, etc. [7] Among the options for layer-by-layer AM processes, Laser 

Powder Bed Fusion (L-PBF) yields parts that can endure in gas turbine engines as these methods 

introduce the ability to utilize high-temperature alloys in the production of complex microstructures 

[10]. However, microstructures and porosities are unpredictably generated in the fusion or sintering 

processes, which presents a significant limitation for mechanical properties of AM parts. 

Nevertheless, AM is considered for static components subjected to high temperatures, such as high-

pressure turbine and combustor parts [11].   

A relatively rough surface becomes a natural consequence of particle sintering to surfaces during 

fabrication of the part.  Roughness removal machining is limited for small passages and thus, these 

surface roughness levels remain in internal geometrical features. The pressure loss may become 

aggravated due to increased roughness. On the other hand, heat transfer of internal cooling channels 

has the potential to be enhanced. Developing an accurate understanding of these specific conditions 

is crucial for enabling the introduction of AM methodologies into industrial practice.  

 

1.2 Literature Review 

Reviewed literature provides a better understanding of the intended research to be conducted on 

channels built with AM. Since L-PBF methods are relatively novel technologies, most of the 

literature that is found focuses on the characterization of material microstructure and mechanical 

properties. The necessary background to further understand the physical problem of this study is 

displayed in the following chapter 2: Theoretical Background. The intent of this section is to 

investigate the application of AM practice to component quality, by summarizing the conclusions 

from relevant previous studies. Furthermore, some insight into the classical knowledge on pipe flow 

is introduced.  

Surface roughness quantification 

Some of the fundamental studies devoted to characterizing L-PBF component quality parameters 

have quantified surface roughness. Direct Metal Laser Sintering (DMLS) iron-based parts studied by 

Simchi et al. [12] reported 10 < 𝑅𝑎 < 12 µm surface roughness. Khaing et al. [13] reported DMLS 

nickel-bronze-copper parts with a surface roughness range to be 12 < 𝑅𝑎 < 16 µm. Further 

geometrical tolerance evaluation was completed in this research for cylindrical and conical features 

as well as rectangular ribs and holes. Deviations from the design values in parts resulting from the 

DMLS process varied from 0.003 mm to 0.082 mm and specifically, diameter dimensional errors 

reached 0.025 mm to 0.34 mm inaccuracies. Other researchers found that DMLS dimensional 

tolerances are dependent on material, geometry and process parameters. Ning et al. [14] found that 

the shrinkage effects of L-PBF parts are more prominent in smaller geometries, reaching up to 90% 

reduction in sizes.  

AM parameter dependence 

Expanding on these preliminary findings, many researchers published investigations aiming at 

characterizing the effect of process manufacturing variables on final part quality [15 - 19]. Several  

machining parameters that affect surface finish: laser scan speed, beam energy density, layer 

thickness, hatch distance, etc. [13, 20 - 24]. Delgado et al. [20] reported that build direction had the 

largest effect on the quality of the final part. Comparable trends were found by Simonelli et al. [18] 



Introduction 
       

15 
 

and Ventola et al. [25] and Bacchewar et al. [26]. The latter identified beam energy density to have 

minimum impact on surface roughness of upward-facing surfaces whereas it became an influential 

parameter for downward-facing surfaces.  

AM build direction 

Surface roughness as a function of build orientation angles was assessed by Strano et al. [21]. They 

tested 316L steel Selective Laser Melting (SLM) samples manufactured at different orientations 

between horizontal and vertical, varying the surface by 5° between 0° and 90°. They measured a 

fairly constant roughness at 15 µm between horizontal and 45° orientation and then decreased 

steadily to about 13 µm at the vertical. Cooper et al. [27] studied upward and downward-facing 

surfaces for DMLS titanium samples. They arranged them from smoothest to roughest, an as seen 

in studies performed by other researchers, the order was: 1st horizontal upward-facing surfaces, 2nd 

sloped upward-facing surfaces and 3rd sloped downward-facing surfaces. Snyder et al. [28] analyzed 

the roughness of DMLS channel shapes, showing that the least degradation in the channel geometry 

was achieved in the vertical channels as all the surfaces were supported, achieving the best 

concentricity and circularity tolerance. In this particular case, horizontal channels present an upper 

surface that collapses, deteriorating the surface finish.  

Flow measurements in AM geometries 

In addition to roughness dimensions, Ventola et al. [25] and Snyder et al. [28] performed experiments 

taking into consideration pressure loss and heat transfer measurements to test the performance of 

SLM and DMLS parts respectively. The former, performed external convection measurements, 

showing that roughness significantly augments the heat transfer. Heat transfer data agreed well with 

existing correlations for the measured surface roughness levels in external flow. Wong et al. [29] and 

Dede et al. [30], who used the same SLM accordingly, performed flow and heat transfer 

measurements on heat exchangers. Although these studies achieved results that matched friction 

factor existing correlations, it should be noted that the heat exchangers were not entirely 

manufactured with L-PBF. These studies considered flow external surfaces only, which often can 

receive after treatment, unlike micro-channels subjected to internal flow. Thus, the results presented 

in Snyder et at. [28] are more meaningful for the pursued purpose in this thesis, as these results target 

performance on internal flow on micro-channels.  

Sand grain roughness in pipe flow 

Pipe flow in both smooth and rough has been studied for decades. Pipes roughened with sand were 

studied by Nikuradse’s pioneering work [49] where relative roughness was established in order to set 

a common basis for the friction analysis. This relative roughness was defined as 𝜖/𝐷, where 𝐷 is the 

diameter of the pipe and ϵ is the diameter of the sand grains adhered to the walls of the pipe. Many 

researchers embraced this parameter: Moody’s diagram [58] can be found in nearly every published 

book on fluid mechanics and it expresses the friction factor against Reynolds number for different 

values of ϵ/𝐷. Gnielinski [48] developed relevant heat transfer correlations that include the friction 

factor as an influencing parameter.  

Mini-channel flow 

Nevertheless, few studies examined flow in mini-channels and even fewer observed channels with 

high relative roughness. Huang et al. [31] expanded this work by roughening interior pipe walls 

uniformly with acrylic spheres. The diameter of these spheres was measured, and the study included 

results for relative roughness up to 21 - 42%. They observed that the theoretical value of 64/Re for 
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the friction factor in laminar flow underestimated the measured friction factor when relative 

roughness values exceeded 7%. Dai et al. [32] reached similar observations as the friction factor was 

greater than the theoretical value when relative roughness surpassed 2%. Comparable results were 

reached by Stimpson et al. [11], and furthermore, these three studies reported transitional Re 

numbers that deviated from that presented in theory.  

Roughness and friction correlation 

Roughness characterization by utilizing the friction becomes troublesome as the methodology 

between different authors differs. Huang et al. and Dai et al. developed methodology in line with 

Nikuradse and Moody, based in sand grain relative roughness. However, physical roughness 

measurements were not reported in these studies, leaving a gap in terms of matching suitable 

manufacturing tolerance parameters to characterize the flow and heat transfer correlations of relative 

roughness. Jones [33] argued that a hydraulic diameter 𝐷ℎ is not sufficient for determining friction 

factor from pressure drop when examining published data. He suggested using a laminar equivalent 

diameter, which was empirically derived. This method matched the results in the theoretical 64/Re 

line for the laminar regime and agreed better with previously established correlations for the 

turbulent regime, such as the Colebrook equation, for determining the friction factor. 

Heat transfer in rough mini-channels 

Heat transfer correlations for turbulent flow through rough channels are difficult to find. Morini 

[34] summarized several studies on heat transfer through micro-channels. Weaver et al. [9] assessed 

performance in rough microchannels; however, these surfaces were manufactured with electrical 

discharge machining, accounting for smaller roughness than L-PBF. Kinell et al. [35] established 

alternative methodologies for determining the heat transfer coefficient distributions in complex SLM 

cooling geometries using IR thermography.  

A series of studies from Pennsylvania State University [9], [7], [11] and [28] were carried in order to 

assess the DMLS mini-channel flow and heat transfer performance. Some of their preliminary work 

shows roughness values that corresponded with relative sand grain roughness values ranging from 

20% to 38% of the hydraulic diameter of the channel. Reported results showed that correlations 

for friction factors and heat transfer no longer hold true for high surface roughness. Furthermore, 

the results matched with the findings of Norris [49], who showed that heat transfer augmentation 

will continue to increase as long as the friction factor relative growth stays below the value of four 

due to roughness. Thereafter, they aimed at scaling surface roughness via electronic and X-ray 

scanning and find a relation from surface roughness parameters to sand grain relative roughness. Of 

all roughness parameters present in literature, the relative arithmetic mean roughness 𝑅𝑎/𝐷ℎ relates 

the best with 𝜖/𝐷ℎ. Thereafter, the authors developed a correlation to find the heat transfer 

coefficient by altering Gnielinski’s correlation [48]. The correlation was compared to previously 

acquired data for the friction factor and the predicted friction factor by the Colebrook equation, 

using as input the aforementioned relation between the arithmetic and sand grain relative roughness. 
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1.3 Study Objective  

The purpose of this thesis is to design and build a heat transfer experimental rig capable of assessing 

the heat transfer performance in AM mini-channels. The intended rig design resembles the 

experimental rig from Pennsylvania State University (which from now on it will be referred as 

PennState). PennState’s rig allows a rapid obtention of the overall friction factor and Nusselt number 

for flow over several mini-channels embedded in an AM part. Compared to PennState’s rig, the 

focus of the rig in this thesis is heat transfer and Nusselt number calculation, as the friction factor 

can be obtained from a Pressure Loss Coefficient rig (PLC-rig) available at Siemens’ facilities. 

The mini-channel samples to be tested are composed of two different nickel-based alloys, currently 

used in Siemens Industrial Turbomachinery. Friction factor data was previously obtained for the 

already existing samples. The heat transfer rig must be adaptable to perform heat transfer tests on 

the already existing SLM samples.  

The framework of this thesis aims at validating the heat transfer rig, completing the relevant 

experiments and develop a correlation for rapidly obtaining the Nusselt number according to the 

current state of art designing and manufacturing processes at Siemens Industrial Turbomachinery 

AB.  

The following steps were followed during the present thesis work in order to pursue the study 

objective: 

• Design the heat transfer test rig suitable for the SLM test parts. Request the pertinent 

measuring equipment and parts necessary for the assembly of the rig 

• Attune the equipment that required calibration. Assess the uncertainty in the parameters that 

affect the problem. Known the uncertainty sources, write the equations that will allow to 

perform the error analysis, according to the Guide for expression of Uncertainty 

Measurement 

• Perform a risk analysis of the heat transfer test rig together with the flow scheme auxiliary 

to the rig 

• Once safety responsible approves the test rig operation, build the test rig 

• Conduct tests that ensure the proper functioning of the test rig e.g. leakage test 

• Validate the heat transfer test rig:  

- Perform benchmark tests on conventional test parts and process the results 

- Compare the results with smooth channel correlations 

- Take the necessary actions to correct wrong readings the rig: smooth channel 

results should match the theoretical correlations.  

• Conduct experiments on SLM channels by following the approved protocol and extract 

results.  

• Postprocess this results and attempt to understand its coherence 

• Build a simple CFD model and simulate it in COMSOL to reproduce the heat transfer rig. 

Use this study to validate assumptions made in the calculations 
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2 Theoretical Background 

 

 

The problem of interest in this thesis can be summarized as the steady-state forced convection in 

internal flows both in turbulent and laminar conditions. The geometries that are tested are both 

circular and rectangular minicanals. The boundary condition assumed, and verified, in the problem 

is the constant wall temperature. Such boundary condition is achieved by heat conduction to the test 

tube, where heat losses may not be negligible. Contextual knowledge is provided in the following 

sections, acquired and summarized from several sources.  

 

2.1 Convective Heat Transfer 

Convective heat transfer is one of the three basic heat transfer mechanisms: conduction, convection 

and radiation. Convection is similar to conduction in that both mechanisms involve the presence of 

a material medium for the heat to be conveyed. Heat is conducted in a material according to Fourier’s 

law of heat conduction displayed in equation (2.1) and heat is convected according to Newton’s law 

of cooling, seen in equation (2.2) below: 

�̇�𝑐𝑜𝑛𝑑 = −𝑘𝐴𝑛
𝜕𝑇

𝜕𝑛
          (𝑊)  (2.1) 

�̇�𝑐𝑜𝑛𝑣 = ℎ𝐴𝑠(𝑇𝑠 − 𝑇∞)          (𝑊)  (2.2) 

Where  

𝑘 ≡ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦          (𝑊/𝑚/𝐾)   

𝜕𝑇

𝜕𝑛
≡ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡          (𝑊/𝑚) 

𝐴𝑛 ≡ 𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑎𝑟𝑒𝑎 / 𝑎𝑟𝑒𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡          (𝑚2) 

ℎ ≡ 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡          (𝑊/𝑚2/𝐾) 

𝐴𝑠 ≡ ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎          (𝑚2) 

(𝑇𝑠 − 𝑇∞) ≡ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑏𝑢𝑙𝑘 𝑓𝑙𝑢𝑖𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒          (𝐾) 

 

The ℎ coefficient is defined as the rate of heat transfer between a solid surface and a fluid per unit 

temperature difference per unit surface area. This heat transfer rate is dependent on many different 

variables. Since convective heat transfer requires the presence of fluid motion, it is linked to fluid 

mechanics. It has been determined by experience that this mechanism strongly depends on fluid 

properties such as density 𝜌, dynamic viscosity µ, isobaric specific heat 𝐶𝑝 and thermal conductivity 

𝑘 as well as the fluid velocity field and the type of fluid flow regime. Due to the complexity of the 

problem, it is important to categorize the type of practical problem that is confronted in order to 

understand the relevant variables. Some general classification might be the following: viscous versus 

inviscid flow, internal versus external flow, compressible versus incompressible flow, laminar versus 

turbulent, natural or forced convection, steady versus transient and dimension of the problem 

according to the velocity distribution.  
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Another approach to understanding convection is to regard conduction as a case of convection 

where the substance remains quiescent. When a fluid is interacting with a solid surface, the heat 

transfer is dependent on its roughness and geometry. Heat is conducted from the edge of the solid 

to the fluid by conduction and then convected away as a result of fluid motion. Thus, it is crucial to 

understand this boundary interaction.   

 

2.1.1 Boundary Layer Theory 

Velocity Boundary Layer 

Suppose a fluid stream with velocity 𝑈 forced to flow over a nonporous solid surface, just as 

displayed in Figure 2. At the limit between the fluid and solid domains, the flow velocity of the fluid 

comes to zero velocity relative to the solid surface. This phenomenon is a consequence of the fluid 

viscosity, and it is known as the no-slip condition. This occurrence affects the velocity field in the 

fluid domain: in this section of the flow field, a velocity profile is developed to fulfil the conditions 

imposed by this motionless fluid layer and the bulk fluid motion away from the surface at a uniform 

𝑢∞ velocity.  

 

 

Figure 2. A fluid flowing over a stationary surface comes to a complete stop at the surface because of the no-slip 
condition [50]  

 

The velocity profile is developed as a result of the viscous interaction between flow layers. The zero-

velocity fluid layer that is adhered to the wall decelerates particles of the adjacent layer, which 

subsequently slows the following layer and so on. Eventually, the adjacent layer flows at the bulk 

velocity or free-stream velocity 𝑢∞ which is almost the same as the upstream velocity 𝑈. By 

convention, a hypothetical line of 𝑢 = 0.99𝑢∞ divides the flow into two regions: that where the 

velocity changes are significant due to viscous effects and that were velocity remains basically 

constant and the viscous effects are negligible. That region where the velocity varies is characterized 

by some length 𝛿: the velocity boundary layer.  

The viscous interaction between material layers (i.e. solid surface to fluid layer and fluid to fluid 

layers slowing down one another) is told to exert friction. The zero-velocity fluid layer attempts to 

drag the solid surface by friction. Shear stress 𝜏 denotes friction force per surface unit and it can be 
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expressed as seen in equation (2.3) for Newtonian fluids. This determination of the shear stress is 

not practical since it requires the flow velocity profile. Equation (2.4) becomes rather convenient 

when determining shear stress.  

𝜏𝑠 = 𝜇
𝜕𝑢

𝜕𝑦
|

𝑦=0 

          (𝑁/𝑚2)  (2.3) 

𝜏𝑠 =
𝐹𝑓

𝐴𝑠
= 𝐶𝑓

𝜌𝑈2

2
          (𝑁/𝑚2)  (2.4) 

Where  

𝐹𝑓 ≡ 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒          (𝑁)  

𝐶𝑓 ≡ 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡          (−)   

 

𝐶𝑓 is determined experimentally, and thus, an average over a given surface is computed. Dynamic 

viscosity is a function of the temperature, and it usually increases with temperature for the gaseous 

state. Air dynamic viscosity function in terms of the temperature 𝑡 expressed in Celsius can be 

calculated in equation (2.5). The expression below is valid for temperatures between 0°C and 300°C. 

𝜇(𝑇) = [17.069 + 47.469
𝑡

1000
− 18.708 (

𝑡

1000
)

2

] ∙ 10−6          (𝑘𝑔/𝑚/𝑠)  (2.5) 

 

Thermal Boundary Layer 

Temperature experiences a similar phenomenon, as depicted in Figure 3. Consider an isothermal 

fluid stream at a uniform temperature 𝑇∞ is brought into contact with the nonporous isothermal 

solid surface which is held at 𝑇𝑠. Heat is transferred at the location of this interaction and the contact 

surfaces of both material fields will have the same temperature. This condition is referred to as no-

temperature-jump condition. Thus, thermal equilibrium is established between the particles that 

belong to adjacent fluid layers, developing a temperature profile in the flow field. Likewise, to the 

velocity case, a thermal boundary layer with a thickness δt is defined as the length from the surface 

in which the temperature variation is 𝑇 − 𝑇𝑠 = 0.99(𝑇∞ − 𝑇𝑠).  

 

 

Figure 3. Thermal boundary layer on a flat plate [50] 
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The development of the temperature profile dictates the convection heat transfer rate for every point 

in the surface since it depends on the temperature gradient in every location.  

Prandtl number 

When a bulk amount of fluid encounters a solid surface, both thickness 𝛿 and 𝛿𝑡 surge 

simultaneously. The development of the velocity boundary layer relative to the thermal boundary 

layer will affect the convection heat transfer. This relation is best described by the Prandtl 

number 𝑃𝑟, named after the scientist who introduced the boundary layer concept. 𝑃𝑟 is defined as 

the ratio between molecular diffusivity of momentum and molecular diffusivity of heat. Both heat 

and momentum dissipations occur at the same rate for 𝑃𝑟 ≈ 1. This dimensionless parameter is 

defined as expressed in (2.6).  

𝑃𝑟 =
𝜈

𝛼
=

𝜇

𝜌
𝑘

𝜌𝐶𝑝

=
𝜇𝐶𝑝

𝑘
           (−)  (2.6) 

Where  

𝜈 ≡ 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦          (𝑚2/𝑠)  

𝛼 ≡ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦          (𝑚2/𝑠)  

 

The dynamic viscosity was expressed in function of the temperature in equation (2.5), and the 

isobaric specific heat and thermal conductivity variation with the temperature for air are shown in 

equations (2.7) and (2.8) respectively. Expressions below apply for temperatures t expressed in °C 

between 0°C and 300°C.  

𝐶𝑝(𝑇) = 1003.79 + 75.53
𝑡

1000
+ 216 (

𝑡

1000
)

2

          (𝐽/𝑘𝑔/𝐾)  (2.7) 

𝑘(𝑇) = 0.02326 + 0.06588
𝑡

1000
          (𝑊/𝑚/𝐾)  (2.8) 

 

The Prandtl number depends on the aforementioned fluid properties, which vary according to the 

thermodynamic state. However, for an increase of 0°C to 300°C, Prandtl’s number of air results in 

a reduction of about 2%. The Pr value for air is around ~0.7 at 20°C, and it is an intrinsic property 

of every fluid [36]. 

 

2.1.2 Flow regime 

Boundary layers are affected by the fluid flow regime of the stream. In one hand, flow regime can 

be characterized by highly ordered motion, where the fluid travels in smooth and straight streamlines. 

In this case, the flow regime is said to be laminar. On the other hand, the fluid can be composed of 

highly disordered fluctuations, bursting and zigzagging randomly while in motion. This flow is said 

to be turbulent in this case. There is a range for the flow to shift from laminar to turbulent as this 

change does not occur suddenly: this region is called transition. In transitional flow, the behaviour 

alters between laminar and turbulent flow randomly.  
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Velocity profiles for each regime are displayed in Figure 4. The velocity profile for laminar flow is 

parabolic whereas turbulent flow resembles a flatter velocity profile with a sharp drop near the 

contact point. Momentum and heat transfer will be affected depending on the flow regime. In 

laminar flow, fluid particles transfer momentum and heat by molecular diffusion across streamlines. 

Turbulent flow presents further features, as the random fluctuations of fluid particles rapidly form 

eddy-motion throughout the boundary layer. These eddies provide another mechanism for 

momentum and heat transfer as a transverse movement of fluctuations allow mixing of the particles 

across streamlines.  

 

Figure 4. The development of the boundary layer for flow over a flat plate, and the different flow regimes [50]  

  

Even when the turbulent mean flow is steady, eddying motion causes significant variations of the 

velocity values at different locations, as well as temperature, pressure and even density for 

compressible flows. Liquid flows are treated as incompressible, however, some gas flows may be 

considered as such depending on the density variations. A flow that experiences density change that 

remains under 5% variation can be considered incompressible. Such variations are usually withheld 

for flow velocities lower than a 0.3 M. Thus, compressibility effects will be neglected for M < 0.3. 

It should be noted that M stands for Mach number, the dimensionless relation between the fluid 

velocity and the sound propagation speed for that fluid at a certain thermodynamic state. An 

indicator results convenient for determining what flow regime is being assessed. The Reynolds 

number 𝑅𝑒 is the distinctive parameter for categorizing flow regime.  

 

Reynolds number 

The transition from laminar to turbulent depends on the type of fluid, free-stream velocity, surface 

temperature, surface geometry and surface roughness, among other factors. It was Osborn Reynolds 

who discovered that the ratio between inertia to viscous forces is the major factor influencing flow 

regime. This dimensionless ratio is represented in equation (2.9). 

𝑅𝑒 =
𝜌𝑈𝐿𝑐

𝜇
=

𝑈𝐿𝑐

𝜈
          (−)  (2.9) 

Where  

𝐿𝑐 ≡ 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ          (𝑚)  
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The inertia forces are proportional to the upstream velocity 𝑈 (equivalent to the free-stream 

velocity 𝑢∞, as seen in the previous section 2.1.1). Thus, for large 𝑅𝑒 numbers the inertia forces 

become dominant and the viscous stress cannot prevent the stochastic fluctuations that trigger eddy 

formation. That is not the case for low 𝑅𝑒 numbers, as the viscous effects become large enough to 

maintain the fluid streamlined.  

The transverse eddy motion of particles induces collision between particle groups and thus, mixing 

of the fluid as particles exchange heat and momentum. This mixing is very effective as eddies 

fluctuate at a very high frequency. These fluctuations are so persistent that enable this mechanism 

to overcome the momentum and heat molecular diffusivity in the turbulent boundary layer. Due to 

the mixing, the temperature profile resembles the velocity profile, as expressed in Figure 5. 

 

 

Figure 5. The velocity and temperature gradients at the wall, and thus the wall shear stress and heat transfer rate, are 
much larger for turbulent flow than they are for laminar flow [50] 

 

The random and fluctuating behaviour of eddies is diminished as the fluid particles approach the 

wall because of the no-slip condition. This is the reason for a nearly uniform velocity and temperature 

profile in the core of the turbulent boundary layer and a steep trend in the layer adjacent to the wall. 

This high gradient both in temperature and velocity lead to higher shear stress and heat flux than 

that for a laminar boundary layer. However, it should be noted that turbulent diffusivities of 

momentum and heat are not fluid properties, but magnitudes rather dependent on flow conditions. 

 

2.1.3 Heat transfer performance parameter 

Many variables affect the heat transfer mechanisms: fluid properties, flow regime properties, 

geometry, etc. Assessment of the convective heat transfer behaviour can become a cumbersome 

task. A methodology is necessary to calculate the convective heat transfer coefficient as well as 

weighting its thermal performance. A consequence of the no-slip and the no-temperature-jump 

condition is that convection heat transfer at the interacting boundary between the motionless fluid 

and the solid occurs by pure conduction. This heat transfer can be expressed in terms of the heat 

flux �̇� as seen in (2.10). 

 
�̇�𝑐𝑜𝑛𝑣

𝐴𝑠
= �̇�𝑐𝑜𝑛𝑣 = �̇�𝑐𝑜𝑛𝑑 =

�̇�𝑐𝑜𝑛𝑑

𝐴𝑛
= −𝑘𝑓𝑙𝑢𝑖𝑑

𝜕𝑇

𝜕𝑦
|

𝑦=0
          (𝑊/𝑚2)  (2.10) 
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It is feasible to reach the following expression (2.11) by inserting equation (2.2) to (2.10). 

 

ℎ =
−𝑘𝑓𝑙𝑢𝑖𝑑 

𝜕𝑇

𝜕𝑦
|
𝑦=0

   

𝑇𝑠−𝑇∞
          (𝑊/𝑚2/𝐾)  (2.11) 

 
 

Determination of the convection heat transfer coefficient ℎ can be achieved if the temperature 

distribution within the fluid is known. Frequently, an average ℎ value is estimated for an entire 

surface, as the heat transfer coefficient varies locally across the area. 

 

Nusselt number 

The expression (2.10) accounts for the heat flux at the limiting boundary, however, convection and 

conduction are not the same mechanisms and especially in forced convection, the heat transfer 

magnitude is larger than that for conduction. The Nusselt number 𝑁𝑢 is the dimensionless number 

heat transfer coefficient that expresses this enhancement as a result of convection relative to 

conduction. Its physical significance can be explained whit the diagram depicted in Figure 6.  

 
Figure 6. Heat transfer through a fluid layer of thickness L and temperature difference ∆𝑇[50] 

 

Considering a fluid layer of a characteristic length 𝐿𝑐, with thermal conductivity 𝑘 and between a 

temperature difference ∆𝑇; the heat fluxes for convection and conduction are estimated as in 

expressions (2.12) and (2.13). 

�̇�𝑐𝑜𝑛𝑣 = ℎ∆𝑇          (𝑊/𝑚2)  (2.12) 

�̇�𝑐𝑜𝑛𝑑 = 𝑘
∆𝑇

𝐿𝑐
          (𝑊/𝑚2)  (2.13) 

 
The ratio between the expressions above yields the Nusselt number as can be seen in equation (2.14) 
 

𝑁𝑢 =
�̇�𝑐𝑜𝑛𝑑

�̇�𝑐𝑜𝑛𝑑
=

ℎ∆𝑇

𝑘∆𝑇/𝐿𝑐
=

ℎ𝐿𝑐

𝑘
          (−)  (2.14) 

 

A Nusselt number 𝑁𝑢 = 1 represents completely conductive heat transfer for a fluid layer. This 
number is illustrative of the heat transfer performance for fluid-solid interaction. It has been 
discussed so far, the importance of fluid properties, thermodynamic state and flow regime. However, 
additional information on geometry should be discussed for a proper assessment of the convective 
heat transfer. 
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2.2 Internal Forced Convection 

 

 

The fundamental difference between external and internal flow is the geometrical constraint imposed 

by the surfaces confining the fluid. In external flow, the fluid has a free surface and thus the boundary 

layer is free to develop indefinitely. That it is not the case for internal flow, where there is a limit for 

the growth of the boundary layer.  

 

2.2.1 Channel category 

Channel classification based on its size is intended to serve as a guideline for the dimensional range 

held under consideration. This differentiation criterion might as well be based on process parameters 

that govern the phenomena, affecting the behaviour of the flow due to the dimensional range. For 

instance, the size classification criteria proposed by Kandlikar and Grande [37] considers the 

rarefaction effect of gases at atmospheric pressure. Due to different dimensional ranges, a gas can 

be subjected to continuum flow, slip flow, transition flow or free molecular flow conditions.  

There are many other approaches that can be followed, as it is commonly useful to set a criterion 

based on the application. Different categorization might be needed when regarding biological 

systems, the influence of electrokinetic forces or when studying two-phase flow. Nevertheless, the 

scheme shown in Table 1 is recommended for wider application. In rectangular channels, 𝐷𝑚𝑖𝑛 

stands for the length of the shorter side of the prism [57].  

 

Table 1. Broad channel classification scheme [37] where D stands for the minimum channel dimension 

Type of Channel Channel Size 

Conventional Channels > 3mm 

Minichannels 3mm ≥ 𝐷𝑚𝑖𝑛 > 200 μm 

Microchannels 200 μm ≥ 𝐷𝑚𝑖𝑛 > 10 μm 

Transitional microchannels 10 μm ≥ 𝐷𝑚𝑖𝑛 > 1 μm 

Transitional nanochannels 1 μm ≥ 𝐷𝑚𝑖𝑛 > 0.1 μm 

Nanochannels 0.1 μm ≥ 𝐷𝑚𝑖𝑛 

 

2.2.2 Mean properties: velocity and temperature  

In external flow scenarios, the boundary layer and Reynolds number were defined in terms of the 

upstream velocity 𝑈 or free-stream velocity 𝑢∞. In internal flow, there is no free stream since the 

boundary layers of the channel walls intersect. Thus, the fluid velocity is expressed in terms of a 

mean velocity 𝑈𝑚. The 𝑈𝑚 value can be determined by means of the conservation of mass principle 

shown in equation (2.15). 
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�̇� = 𝜌𝑈𝑚𝐴𝑐          (𝑘𝑔/𝑠)  (2.15) 

Where  

�̇� ≡ 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤          (𝑘𝑔/𝑠)  

𝐴𝑐 ≡ 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎          (𝑚2)  

 

The mean velocity remains constant for incompressible flow at constant cross-sectional areas; 

however, density changes play a role in this evaluation. For heating or cooling applications, the fluid 

temperature will develop a profile, as it will vary from the wall temperature to the centerline 

temperature at any cross-section of the tube. Thus, it is convenient to work with an average or mean 

temperature  𝑇𝑚 that is uniform for any cross-section, enabling for a convenient method to account 

for density variations. When the fluid is heated or cooled, the mean temperature  𝑇𝑚 varies in the 

flow direction, unlike the mean velocity. The mean temperature value is established from the 

requirement of the conservation of energy principle, expressed in (2.16). 

�̇�𝑓𝑙𝑢𝑖𝑑 = �̇�𝐶𝑝𝑇𝑚          (𝑊)  (2.16) 

Where  

�̇�𝑓𝑙𝑢𝑖𝑑 ≡ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑙𝑜𝑤 𝑓𝑜𝑟 𝑎 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛          (𝑊)  

 

Furthermore, it is common to evaluate the fluid properties in internal flows at the bulk mean fluid 

temperature, an average of the inlet and exit temperatures. Further aspects of the thermal problem 

will be analyzed in the next section.  

Mean properties result suitable when assessing performance parameters or characterizing the 

problem, such as the Reynolds number for determining the flow regime. It certainly is desirable to 

estimate precise values for the 𝑅𝑒, but that it is not the case in practice, as it results convenient to 

work with uniform properties despite the slight inaccuracy. Equation (2.9) is expressed as in (2.17), 

where the characteristic length 𝐿𝑐 is replaced by 𝐷ℎ.  

𝑅𝑒 =
𝜌𝑈𝑚𝐷ℎ

𝜇
          (−)  (2.17) 

Where  

𝐷ℎ =
4𝐴𝑐

𝑃
≡ ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟          (𝑚)  

 

The use of the hydraulic diameter 𝐷ℎ is computed when known the cross-sectional area 𝐴𝑐 and the 

perimeter 𝑝. It allows for an adaptation of the diameter of circular pipes to be used in pipes of non-

circular shape. This simplistic approach becomes rather useful. Accurate 𝑅𝑒 values for laminar, 

transitional and turbulent flows are not possible to obtain in practice because of other disturbances, 

such as surface roughness, pipe vibrations and fluctuations in the flow. However, under most 

practical conditions, the flow in a pipe is categorized as displayed in Table 2. 
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Table 2. Flow regimes as a for different Reynolds number ranges [52 - 54] 

𝑳𝒂𝒎𝒊𝒏𝒂𝒓 𝑻𝒓𝒂𝒏𝒔𝒊𝒕𝒊𝒐𝒏𝒂𝒍 𝑻𝒖𝒓𝒃𝒖𝒍𝒆𝒏𝒕 

𝑹𝒆 < 𝟐𝟑𝟎𝟎 2300 ≤ 𝑅𝑒 ≤ 4000 4000 < 𝑅𝑒 

 

2.2.3 Entrance region and fully developed flow 

As seen previously, the fluid and solid interaction are constrained by the no-slip and no-temperature-

jump conditions. These circumstances establish the development of the velocity and thermal 

boundary layers. For internal flow, the thickness of these layers will continue to develop until 

reaching the centerline of the tube, filling the entire tube. Before that point where the boundary 

layers from all the walls merge, the flow is called hydrodynamically or thermally developing flow, 

depending on whether the velocity or thermal boundary are subjected. This region is called the 

entrance region, and its behavior is depicted in Figure 7.  

 

 

Figure 7. Developing and fully developed flow region [63] 

 

When both the velocity and temperature change profile remain unchanged, the fully developed flow 

is achieved. Thus, the shear stresses and the heat transfer coefficient in the fully developed region 

remain constant i.e. do not vary in the axial direction. Nevertheless, the local friction and heat 

transfer coefficients are highest at the inlet and decrease to the constant value of the fully developed 

conditions. Higher coefficients are a consequence of the lower thickness of the boundary layer 

towards the inlet, in the entrance region.  

The entrance effects result as an enhancement when assessing the friction and heat transfer 
phenomena for the entire tube. Some correlations estimate the length of the entry region, the region 

where friction and heat coefficients exceed the fully developed values by 2%. The correlations for 

the hydrodynamic entry length 𝐿ℎ are given in expression (2.18) and thermal entry length 𝐿𝑡 is given 
in (2.19) for laminar flow conditions [59, 60].  Equation (2.19) provided the expression for both 

hydrodynamic and thermal turbulent entry lengths [60] and [61]. Correlations are expressed by 

means of the pipe diameter 𝐷. 
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𝐿ℎ,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 ≈ 0.05 𝑅𝑒 𝐷          (𝑚)  (2.18) 

𝐿𝑡,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 ≈ 0.05 𝑅𝑒 𝑃𝑟 𝐷          (𝑚)  (2.19) 

𝐿ℎ,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 ≈ 𝐿𝑡,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 ≈ 1.359 𝑅𝑒1/4 𝐷 → ~ 10 𝐷             (𝑚)  (2.20) 

 

In turbulent flow, the intense mixing due to random fluctuations and eddy effects overcome the 

momentum and heat diffusion, thus the entry lengths are independent of the Prandtl number and 

about the same size. In practice, the entry length for turbulent flow is taken as 10 times the length 

of the diameter, which is shown in equation (2.20). Beyond an axial distance of 10𝐷, the Nusselt 

number reaches a constant value. Furthermore, turbulent flow correlations can be used for either 

uniform surface heat flux or uniform surface temperature boundary conditions since the Nusselt is 

nearly identical for both conditions. The difference between these boundary conditions will be 

introduced in the next section 2.3: Thermal Analysis.  

 

 

Figure 8. Variation of the friction factor and the convection heat transfer coefficient in the flow direction for flow in a 
tube (𝑃𝑟 < 1)[50] 

 

Usually, in practice, the flow can be assumed to be fully developed for the entire tube since the length 

of the tubes is several times the length of the entrance region. This approximation gives reasonable 

results for long tubes however, this approach provides conservative results for short channels, as 

might be concluded from Figure 8.   



Theoretical Background 
       

29 
 

2.2.4 Pressure losses 

It should be mentioned that friction between fluid layers causes a slight rise in temperature as well 

as a pressure drop. This increase of fluid temperature is usually disregarded, however, pressure drop 

∆𝑝 is a primary consequence of shear stress friction and it is directly related to the driving force 

necessary to maintain the fluid in motion. In practice, it has been found convenient to indicate the 

pressure drop as a function of the friction factor 𝑓, also known as the Darcy friction factor, as it can 

be seen in equation (2.21).  

∆𝑝 = 𝑓
𝐿

𝐷

𝜌𝑈𝑚
2

2
           (𝑃𝑎)  (2.21) 

 

Expression (2.21) provides the pressure drop for a flow section of length 𝐿 given that the cross-

sectional area of this flow section is constant, horizontal i.e. no hydrostatic or gravity effects are not 

included, and the flow section does not exchange work with any device. The friction factor should 

not be confused with the previously defined friction coefficient 𝐶𝑓, also called the Fanning friction 

factor, is equivalent to one-fourth of the Darcy friction factor 𝐶𝑓 = 𝜏𝑠 (
𝜌𝑈𝑚

2

2
) = 𝑓/4.  

When considering forced convection for a viscous, incompressible fluid in a steady laminar flow 

fully developed in a straight, circular tube; the following equation 2.22 can be derived for the friction 

factor. This equation shows the dependency of the flow with the Reynolds number, considering that 

pressure drop is proportional to shear stresses and thus, the viscosity of the fluid. Surface roughness 

is not considered in the laminar theory equation (2.22).  

𝑓 =
64𝜇

𝜌𝐷𝑈𝑚
=

64

𝑅𝑒
           (−)  (2.22) 

 

In the case of turbulent flow in smooth pipes, no theoretically derived expressions are available. 

Instead, experimental studies show correlations for the friction factor such as the Blasius equation 

(2.23), which is valid for 𝑅𝑒 values among the transitional Reynolds (𝑅𝑒 = 2300 for a smooth 

channel) and 105. Other expressions can be applied, such as the Petukhov equation (2.24), which 

applies for a Reynolds number range of 104 < 𝑅𝑒 < 106.  

𝑓 = 0.316 𝑅𝑒−
1

4          (−)  (2.23) 

𝑓 = (0.790 𝑙𝑛( 𝑅𝑒) − 1.64)−2           (−)  (2.24) 

 

2.2.5 Non-circular channel flow 

A similar expression is obtained for non-circular channels, where a constant value is computed 

with 𝑅𝑒 to give 𝑓. The 64 constant value that approaches the friction factor for circular channels, 

varies depending on the relation between the lengths of the height and width for rectangular channels 

i.e. their aspect ratio [52 - 54]. This constant values for the 𝑓 expression in fully developed laminar 

flows can be seen in Table 3.  
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Table 3. Nusselt number and friction factor for fully developed laminar flow in tubes circular and rectangular cross-
sections (𝐷ℎ = 4𝐴𝑐/𝑝, 𝑅𝑒 = 𝑈𝑚𝐷ℎ/𝜈 , 𝑁𝑢 = ℎ𝐷ℎ/𝑘) [50] 

Tube Geometry Aspect ratio  

𝒂/𝒃 

Friction factor  

𝒇 

Rectangular 

 

1 

2 

3 

4 

6 

8 

∞ 

56.92/𝑅𝑒 

62.20/𝑅𝑒 

68.36/𝑅𝑒 

72.92/𝑅𝑒 

78.80/𝑅𝑒 

82.32/𝑅𝑒 

96.00/𝑅𝑒 

 

However, laminar and turbulent flow regimes show entirely different behavioral tendencies when 

corners are involved in the shape of the cross-sectional geometry of straight channels. Beforehand, 

it should be noted that, although the flow motion mainly occurs in the axial direction, some 

perpendicular particle motion of quite lesser magnitude may still occur i.e. flow particles are 

subjected to secondary motion.  

Apparently, secondary particles moving along the bisector of the corner are redirected away from 

the corner in laminar flow, whereas for turbulent flow, secondary particles move toward the corner 

[38]. This movement further induces rotating vorticial structures in the flow. Prandtl and Nikuradse 

[55] were among the first researchers to experimentally investigate these characteristics. These 

structures cannot be observed in laminar flows through straight rectangular ducts and neither in 

turbulent flows through straight circular pipes. The secondary flow was qualitatively described as 

curls by Leonardo Da Vinci [38]; while Prandtl and Nikuradse achieved its flow measurement 

characterization by means of isovels: constant axial velocity lines that indicate the velocity variation 

over the normal duct cross-section. Isovels can be seen in Figure 9 below.  

 

 

Figure 9. Axial velocity contours (isovels) for a channel of a rectangular cross-section. [56] 

 

Wall shear stress is dominant in laminar flow characterization, which allows anticipating why the 

isovels are round in the corner: decreased velocity due to higher friction. This shape is reversed in 

turbulent flow, as the isovel turns convex in the corner (increased velocity) and concave in the wall, 
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towards the bisector of the wall. The comparison between a turbulent and a laminar isovel can be 

seen in Figure 10.  

Prandtl envisaged that this behaviour was the result of a secondary flow circulation mechanism 

superimposed upon the primary axial flow. This mechanism entails the formation of two counter-

rotating vortexes in each corner of the cross-section. These vortical structures are larger in scale than 

those observed in turbulent boundary layers near walls. Furthermore, these vortical structures are 

locked by geometric constraints, namely the corner and wall bisectors. Nikuradse confirmed the 

existence of these patterns by dye injection water flow visualization.  

Particles flow towards regions with low shear stress, generating relatively high momentum towards 

the corners and increasing the mean axial velocity. This process entails the convex deformation of 

the isovel. Since the condition of continuity must be fulfilled, lower momentum fluid is transported 

away from the corner, namely towards the bisector of the adjacent walls. Continuity imposes that 

these particles with lower velocity return to the centre of the duct, creating the isovel concave 

deformation.  

 

 

Figure 10. Laminar and turbulent isovels shapes [39] [40] 

This secondary flow motion conveys momentum, energy and vorticity; which entails a transport 

mechanism for fluid quantities. Neglecting this phenomenon tends to theoretically derive into 

uniform velocity profiles, wall shear stress distribution and heat transfer in the periphery of the duct; 

which results misleading when compared to experimental results. Secondary flow exerts a significant 

influence on mass, momentum and heat transport. However, there are no accurate theoretical 

solutions for such a complex mechanism.  
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Figure 11. Secondary flow motion in straight rectangular ducts (left) and its characteristic direction paths (right) [41] 

 

2.3 Thermal Analysis 

In the case of steady fluid flow in a pipe in absence of any work interactions, the energy conservation 

can be expressed as it follows in (2.25) by means of the heat transfer to or from the fluid. 

 

�̇� = �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)          (𝑊)  (2.25) 

Where  

𝑇𝑜 ≡ 𝑜𝑢𝑡𝑙𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒          (𝐾)  

𝑇𝑖 ≡ 𝑖𝑛𝑙𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒          (𝐾)  

 

It should be noted that there is a temperature variation of the fluid as it travels along the tube, for 

heat transfer to occur. When considering the convective heat flux equation (2.26) for surfaces in 

internal flow, the local convective heat transfer coefficient ℎ𝑥 is constant for the fully developed 

flow. Therefore, in order to change the mean temperature of the fluid 𝑇𝑚 along with the pipe, as 

stated before, either the heat flux at the wall �̇�𝑠 or the wall temperature 𝑇𝑠 vary, but both parameters 

cannot remain constant. 

 

�̇�𝑠 = ℎ𝑥(𝑇𝑠 − 𝑇𝑚)          (𝑊/𝑚2)  (2.26) 

 

Therefore, either a constant surface heat flux �̇�𝑠 or a constant wall temperature 𝑇𝑠 is applied. 

Depending on the applied thermal conditions, the manner in which the mean fluid temperature 

varies is affected. For instance, for a constant heat flux �̇�𝑠, the temperature difference 𝑇𝑠 − 𝑇𝑚 

remains constant for fully developed flow (ℎ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). Thus, the temperature gradient is 

independent of the location of the tube, and the temperature profile does not change along the tube. 
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The constant wall temperature condition will be assessed more thoroughly, as it is relevant in the 

present thesis.  

 

Constant wall temperature boundary condition 

From the convection heat transfer equation (2.2), ℎ is regarded as the average convection coefficient 

for the heat that is transferred for a temperature difference 𝑇𝑠 − 𝑇∞ in a surface 𝐴𝑠, which is 𝜋𝐷𝐿 

in a circular pipe of length 𝐿 (or 𝑝𝐿 for non-circular pipes where 𝑝 is the perimeter of the cross-

section). The temperature difference 𝑇𝑠 − 𝑇∞ = 𝑇𝑠 − 𝑇𝑚 in this case, should represent the behaviour 

along the whole pipe. It may be expressed as an arithmetic mean temperature difference 

 

∆𝑇𝑎𝑚 =
 ∆𝑇𝑖+∆𝑇𝑜

2
=

(𝑇𝑠−𝑇𝑖)+(𝑇𝑠−𝑇𝑜)

2
          (𝐾)  (2.27) 

 

This arithmetic average of the mean fluid temperature differences at the inlet and the outlet is 

accurate for linear fluid temperature variation, which is hardly ever the case for 𝑇𝑠 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. 

When applying the energy balance on a differential control volume as expressed in (2.28), the 

integration from 𝑥 = 0, where 𝑇𝑚 = 𝑇𝑖; to 𝑥 = 𝐿, where 𝑇𝑚 = 𝑇𝑜; yields the equation (2.29).  

 

�̇�𝐶𝑝𝑑𝑇𝑚 = ℎ(𝑇𝑠 − 𝑇𝑚)𝑑𝐴𝑠 = ℎ(𝑇𝑠 − 𝑇𝑚)𝑝𝑑𝑥 →  ∫ → 

                     → 𝑙𝑛
𝑇𝑠−𝑇𝑜

𝑇𝑠−𝑇𝑖
= −

ℎ𝐴𝑠

�̇�𝐶𝑝
 →

ℎ𝐴𝑠

ln[
(𝑇𝑠−𝑇𝑖)

(𝑇𝑠−𝑇𝑜)
]

= �̇�𝐶𝑝          (𝑊/𝐾)  (2.28) 

 

�̇� = 𝑚𝐶𝑝(𝑇𝑜 − 𝑇𝑖) → ℎ𝐴𝑠
𝑇𝑜−𝑇𝑖

ln[
(𝑇𝑠−𝑇𝑖)

(𝑇𝑠−𝑇𝑜)
]

= ℎ𝐴𝑠
∆𝑇𝑖−∆𝑇𝑜

𝑙 𝑛(
∆𝑇𝑖
∆𝑇𝑜

)
= ℎ𝐴𝑠∆𝑇𝑙𝑛 =  �̇�       (𝑊)  (2.29) 

Where  

∆𝑇𝑙𝑛 ≡ 𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚𝑖𝑐 𝑚𝑒𝑎𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒          (𝐾)  

 

The logarithmic mean temperature difference captures the exponential decay of the temperature 

difference along the tube.  
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Figure 12. Variation of the mean fluid temperature along the tube for the case of constant temperature [50] 

 

2.3.1 Laminar flow in tubes 

For a fully developed laminar flow of an incompressible fluid with constant properties in a straight 

circular tube, an energy balance can be performed to obtain the rate of net energy transfer to the 

differential control volume, concluding that mass flow energy transfer is equal to the net rate of heat 

conduction in the radial direction.  

When applying the constant surface temperature condition and iterating the energy balance equation, 

the Nusselt number yields 𝑁𝑢 = 3.66 [50]. For laminar flow, the surface roughness effect on the 

heat transfer coefficient and the friction factor is negligible. The friction factor and Nusselt number 

values for a circular channel in laminar flow conditions are summarized in Table 4 below. 

 

Table 4. Nusselt number and friction factor for fully developed laminar flow in tubes circular and rectangular cross-
sections (𝐷ℎ = 4𝐴𝑐/𝑝, 𝑅𝑒 = 𝑉𝑚𝐷ℎ/𝜈 , 𝑁𝑢 = ℎ𝐷ℎ/𝑘) [50] 

Tube Geometry Friction factor 

𝒇 

Nusselt Number 𝑵𝒖 at 

 𝑻𝒔 = 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 

Circular 64.00/𝑅𝑒 3.66 

 

 

When attempting to assess the Nusselt number for the developing laminar flow in the entrance 

region, the equation (2.30) given by Edwards et al. can be used. It assumes hydrodynamically 

developed flow; however, it can be used for both the thermal and hydrodynamic developing flow.  
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𝑁𝑢 = 3.66 +
0.065(𝐷/𝐿) 𝑅𝑒 𝑃𝑟

1+0.04[(𝐷/𝐿) 𝑅𝑒 𝑃𝑟]2/3 
        (−)  (2.30) 

 

When the temperature difference between the fluid and the surface is large, the average Nusselt 
number for developing laminar flow in a circular tube can be expressed in terms of the bulk 
properties at the mean fluid temperature according to equation (2.31) from [42], except for the 

viscosity 𝜇𝑠 evaluated at the surface temperature. 
 

𝑁𝑢 = 1.86 (
 𝑅𝑒 Pr  𝐷

𝐿 
)

1/3

(
𝜇𝑏 

𝜇𝑠 
)

0.14

        (−)  (2.31) 

 

For noncircular tubes, the Nusselt number is expressed in terms of the hydraulic diameter, and 

equation (2.14) becomes (2.32) 

 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
        (−)  (2.32) 

 

For fully developed laminar flow, the Nusselt number value for different rectangular geometries is 

provided in Table 5.  

 

Table 5. Nusselt number and friction factor for fully developed laminar flow in tubes circular and rectangular cross-
sections (𝐷ℎ = 4𝐴𝑐/𝑝, 𝑅𝑒 = 𝑉𝑚𝐷ℎ/𝜈 , 𝑁𝑢 = ℎ𝐷ℎ/𝑘) [50] 

Tube Geometry 𝒂/𝒃 Nusselt Number 𝑵𝒖 at 

 𝑻𝒔 = 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 

 

 

 

Rectangular 

 

1 

2 

3 

4 

6 

8 

∞ 

2.98 

3.39 

3.96 

4.44 

5.14 

5.60 

7.54 

 

The average Nusselt number in the thermally developing region of flow between isothermal parallel 

plates (𝑎/𝑏 = ∞) estimated by Edwards [50] is depicted in expression (2.33). 

 

𝑁𝑢 = 7.54 +
0.03(𝐷ℎ/𝐿) 𝑅𝑒 𝑃𝑟

1+0.016[(𝐷ℎ/𝐿) 𝑅𝑒 𝑃𝑟]2/3 
        (−)  (2.33) 



Theoretical Background 
       

36 
 

 

2.3.2 Turbulent flow in tubes 

The Nusselt number for turbulent flow is independent of the type of boundary condition, as both 
constant heat flux and constant wall temperature are identical in the fully developed regions and 
nearly identical in the entrance regions. Correlations are based on experimental studies as turbulence 
presents difficulties for dealing with the problem theoretically. For a fully developed turbulent flow 

in smooth pipes, the Colburn equation (2.34) estimates the Nusselt number for 𝑅𝑒 > 104 and, the 
Dittus-Boelter equation improves accuracy by considering if the fluid is undergoing heating or 
cooling. The Dittus-Boelter equation (2.35) [57] showed, considers heating. 
 

𝑁𝑢 = 0.023 𝑅𝑒0.8𝑃𝑟1/3         (−)                  (𝑅𝑒 > 104; 0.7 ≤ 𝑃𝑟 ≤ 160)  (2.34) 

 

𝑁𝑢 = 0.023 𝑅𝑒0.8𝑃𝑟0.4          (−)                  (𝑅𝑒 > 104; 0.7 ≤ 𝑃𝑟 ≤ 160)   (2.35) 

 

Furthermore, the Nusselt number in turbulent flow is related to the friction factor through the 

Chilton-Colburn analogy (2.36) 

 

𝑁𝑢 = 0.125 𝑓 𝑅𝑒 𝑃𝑟1/3          (−)                   (2.36) 

 

The accuracy of the aforementioned expressions can be improved by using the second Petukhov 

equation (2.37); improved in accuracy by Gnielinski [48] in (2.38). Both expressions are valid for air 

𝑃𝑟 ≈ 0.7. Properties should be evaluated at the bulk mean fluid temperature 𝑇𝑏 = (𝑇𝑖 + 𝑇𝑜)/2.  

 

 

𝑁𝑢 =
(𝑓/8) 𝑅𝑒𝑃𝑟

1.07+12.7(𝑓/8)0.5(𝑃𝑟2/3−1) 
        (−)            (104 < 𝑅𝑒 < 5 ∙ 106)  (2.37) 

 

𝑁𝑢 =
(𝑓/8) (𝑅𝑒−1000)𝑃𝑟

1+12.7(𝑓/8)0.5(𝑃𝑟2/3−1) 
        (−)            (3 ∙ 103 < 𝑅𝑒 < 5 ∙ 106)  (2.38) 
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2.4 Steady-State Heat Conduction 

When assessing steady-state conductive heat transfer conditions, the use of heat conduction 

differential equations can be avoided by introducing the thermal resistance concept. The thermal 

resistance model can be related to the electrical circuit method, where electric current corresponds 

to the heat transfer rate and voltage difference corresponds to temperature difference in the analogy 

in the expression (2.39) and Figure 13.  

𝐼 =
𝑉𝑎−𝑉𝑏

𝑅𝑒
             →              �̇� =

𝑇𝑎−𝑇𝑏

𝑅𝑡
  (2.39) 

 

Where  

𝐼 ≡ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡           (𝐴)  

𝑉 ≡ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒           (𝑉)  

𝑅𝑒 ≡ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒           (𝛺)  

𝑅𝑡 ≡ 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒           (𝐾/𝑊)  

 

Figure 13. Conceptual analogy between electric and thermal resistances 

 

As described in equation (2.1), heat transfer in a certain path is driven by the temperature gradient 

in that direction.  And furthermore, this net heat transfer introduced in one direction into a solid 

must be equal to the net heat rate transferred out of it when considering steady heat conduction.  

Depending on the geometry of the solid, different expressions can be developed in order to assess 

the thermal resistance of the possible configurations. The thermal resistance concept becomes 

especially convenient when estimating the overall heat performance for a thermal network, where 

different materials and heat transfer modes (i.e. conduction and convection) are involved. Just as in 

electric circuits, these thermal resistances can be in parallel or in series; and the calculation of the 

resultant resistivity is computed in an analogous way.  

 

Axial steady heat conduction 

Fourier’s law (2.1) for the heat conduction in a wall can be expressed as it follows. And when 

integrating the expression for a wall of thickness 𝐿 where 𝑇(𝑥 = 0) = 𝑇1 and 𝑇(𝑥 = 𝐿) = 𝑇2, the 

following expression for the heat conduction through the wall is derived.    

�̇�𝑐𝑜𝑛𝑑,𝑎𝑥 = −𝑘𝐴
𝑑𝑇

𝑑𝑥 
 →  ∫ �̇�𝑐𝑜𝑛𝑑,𝑎𝑥

𝐿

𝑥=0

𝑑𝑥 = − ∫ 𝑘𝐴
𝑇2

𝑇=𝑇1

𝑑𝑇 →  �̇�𝑐𝑜𝑛𝑑,𝑎𝑥 = 𝑘𝐴
𝑇1 − 𝑇2

𝐿
          (2.40) 
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Figure 14. Temperature distribution in a plane wall under steady conditions [50] 

 

Thus, the thermal resistance for a wall of material is expressed as 

𝑅𝑡,𝑎𝑥 =
𝐿

𝑘𝐴 
        (𝐾/𝑊)  (2.41) 

 

The previous methodology should be regarded as a rough approximation as the result obtained relays 
in the assumption that the heat transfer is one-dimensional, and it can be based on two different 
approaches. The first assumes (1) that the temperature in a surface normal to the 𝑥 or 𝑟 axis is 
isothermal and (2) that the plane parallel to the 𝑥 or 𝑟 axis is adiabatic. The thermal resistance network 
may vary according to the chosen assumption, and the actual result lies between the values obtained 
when applying each assumption. In geometries where the heat transfer occurs predominantly in one 
direction, either assumption yields satisfactory values. 
 

Radial steady heat conduction 

For cylindrical geometries as the one shown in Figure 15, the same approach as in the previous case 

is followed. In this configuration, the thermal gradient appears in the radial direction. 

  

Figure 15. Heat transfer in a cylindrical geometry with specified inner and outer surface temperatures [50] 
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Fourier’s law is expressed in this case as it follows 

�̇�𝑐𝑜𝑛𝑑,𝑟𝑎𝑑 = −𝑘𝐴
𝑑𝑇

𝑑𝑟 
→ ∫

�̇�𝑐𝑜𝑛𝑑,𝑟𝑎𝑑

𝐴

𝑟2

𝑟=𝑟1
𝑑𝑟 = − ∫ 𝑘

𝑇2

𝑇=𝑇1
𝑑𝑇 → �̇�𝑐𝑜𝑛𝑑,𝑟𝑎𝑑 = 2𝜋𝐿𝑘

𝑇1−𝑇2

ln (𝑟2/𝑟1)
    (2.42) 

 

The overall radial heat transfer �̇�𝑐𝑜𝑛𝑑,𝑟𝑎𝑑 can be obtained as constant. However, the area 𝐴 is a 

function of 𝑟, and thus it varies radially. The thermal resistance, in this case, is described as   

𝑅𝑡,𝑟𝑎𝑑 =
𝑙𝑛 (𝑟2/𝑟1)

2𝜋𝑘𝐿 
        (𝐾/𝑊)  (2.43) 

 

Once again, the 1D thermal resistance network approach yields gross results.  

 

2.5 Surface Roughness 

Surface irregularities or roughness may disturb the flow. The friction factor could be influenced by 

this feature, therefore affecting the convective heat coefficient as these factors appear to be 

correlated as shown by the Petukhov and Gnielinski´s expressions.  

This is not the case for laminar flow regimes, which remain intact to the surface roughness effect. 

At low Reynold numbers, the thickness of the boundary layer is relatively high, according to Prandtl 

mathematical correlation (2.44).  

𝛿

𝐷
=

1

√𝑅𝑒 
        (−)  (2.44) 

 

If the boundary layer is thick enough, the surface protrusions could be submerged within the depth 

of the boundary layer, yielding no impact. This can be visualized in Figure 16.  

 

Figure 16. Diagram of laminar flow that remains undisturbed by surface roughness due to a relatively high thickness 
of the boundary layer [63] 

On the other hand, surface roughness can trigger the shift from laminar to turbulent at 𝑅𝑒 values 

that are lower than those seen in smooth channels. As the Reynolds number increases, 𝛿 gradually 

decreases as the velocity profile is becoming flat near the solid surface. The viscous layer might be 

disturbed by surface protrusions, generating eddies or vortexes that destroy the organized laminar 

flow turning into a disordered turbulent flow.  
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The friction factor in fully developed turbulent flow depends on the Reynolds number and the 

relative roughness 𝜖/𝐷, as exposed in the famous Moody chart representing the Colebrook equation 

(2.45).  

 
1

√𝑓
= −2.0 log (

𝜖

𝐷

3.7
+

2.51

𝑅𝑒√𝑓
)        (−)  (2.45) 

 

The agreement between the Petukhov equation (2.24) and the Colebrook equation (2.45) is very 

good for smooth tubes. On the other hand, the expression (2.46) given by Haaland may be used as 

an alternative of the Colebrook equation, in this case providing an explicit relation to obtaining 𝑓 

and achieving results within 2% of those obtained with (2.45).  

1

√𝑓
≈ −1.8 log [(

𝜖

𝐷

3.7
)

1.11

+
6.9

𝑅𝑒
]        (−)  (2.46) 

 

Furthermore, the Colebrook equation involves several uncertainties, such as the roughness size, 

experimental error, curve fitting of data, etc. and thus a wide range of variation may be expected 

when compared with experimentally acquired results. Also, as can be seen in the Moody chart, at 

high Reynolds numbers, the friction factor curves become independent of the Reynolds number. 

The heat transfer coefficient ℎ increases with roughness as well, and often the heat transfer surfaces 

are deliberately corrugated, roughened or finned in order to improve convection. The 𝑁𝑢 can be 

estimated by using Gnielinski’s expression (2.38) when known the friction factor determined from 

the Colebrook (or Haaland) equation. However, a limitation for this correlation is that 𝑁𝑢 ceases to 

increase for 𝑓 > 4𝑓𝑠𝑚𝑜𝑜𝑡ℎ [49]. Specific correlations for rough tubes should be used for achieving 

higher accuracy.  

 

2.5.1 Surface roughness measurement 

Although the roughness has been presented as a parameter described by the theoretical sand-grain 

relative roughness 𝜖/𝐷, this method is not common in industrial practice. Surfaces are rather 

characterized by height distance of the different points that construct a surface, compared to some 

standard surface profile, as seen in Figure 17. Therefore, 𝑛 measurements are made, and different 

quantities can be calculated to evaluate the roughness. 

 

Figure 17. Representation and parametrization of rough surfaces [7] 
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Some examples of the different measurements that can be made are the arithmetic mean 

roughness 𝑅𝑎, root-mean-square roughness 𝑅𝑞, mean roughness depth 𝑅𝑧, skewness 𝑅𝑠𝑘 and 

kurtosis 𝑅𝑘𝑢 among others. Surface arithmetic mean roughness 𝑅𝑎 was the parameter to best 

correlate to the relative equivalent sand-grain roughness 𝜖/𝐷ℎ according to [7]. The correlation that 

the authors found can be seen in (2.47). 

𝜖

𝐷ℎ
= 18

𝑅𝑎

𝐷ℎ
− 0.05        (−)  (2.47) 

 

Internal channel surface roughness could be characterized with available instruments such as X-Ray 

Computed Thermography and ALICONA Infinite Focus machine. However, no attempt is made to 

measure 𝑅𝑎 in the present study.  

 

2.6 Additive Manufacturing 

Additive Manufacturing refers to the layer by layer material depositing building process. This 

technique entails the production of a component from a digital 3D design data, and it is clearly 

distinguished from conventional methods of material removal. There are several methodologies that 

achieve AM processes and furthermore different technologies within each methodology.  

This thesis focuses on materials produced with the Powder Bed Fusion method. PBF conveys 

thermal energy into selectively fusing areas of the powder layer displaced in the bed. Technologies 

that utilize a PFB are Selective Laser Sintering, Selective Laser Melting, Selective Heat Sintering, 

Direct Metal Laser Sintering and Electron Beam Melting [62]. The thermal energy source may be an 

electron beam as in the EBM technique, a heated printhead as in the SHS procedure, or, as in the 

present case, a laser with different power levels. Thus, this methodology will be referred to as L-

PFB, where L stands for Laser.  

Within L-PFB processes, the general procedure begins with a three-dimensional CAD of the desired 

part. The CAD data is converted into a file that saves the information in ultra-thin slices of the 3D 

object, enabling to operate the laser through specific areas of the powder bed defined by the data 

points. The powder exposed to laser’s energy is bonded together, and subsequently, a new layer of 

powder is spread on top and the laser builds the following slice of the 3D object. This cycle is 

repeated until the part is built. Then the reaming powder is removed, as it can be utilized to produce 

other parts, and the completed object is revealed. The process is summarized in Figure 18. 
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Figure 18. General functional principle of Laser Powder Bed Fusion. Source: EOS 

 
AM component quality is subjected to different process parameters. About 50 process parameters 
impact the quality of SLM printed parts [43, 44]. However, the three dominant parameters are laser 
power, laser speed and hatch distance [45, 46]. Different copyrights affect the nomenclature of the 
procedure, as depending on what material is used, laser parameters, technology, etc. The parts tested 
in the present thesis were manufactured with EOS M290 machines, and the metal material powder 
underwent full melting i.e. the parts were additively manufactured by using the SLM technique. 
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3 Experimental Apparatus 

 

 

In this chapter, the experimental and data acquisition setup is described for the problem of interest. 
First, dimensional analysis is performed in order to identify the relevant parameters and achieve 
similarity. Then the test rig is introduced, including the experimental procedure and framework 
conditions. AM test parts characterization is then explained, together with the description of the test 
channels that were designed for benchmarking the rig. Data acquisition equipment is introduced, 
nonetheless, the data processing and uncertainty analysis will be shown in the next chapter: 

Methodology.  
 

3.1 Dimensional Analysis 

This analysis is carried for any experiment that attempts to reproduce a physical phenomenon in a 

model, without the necessity to replicate neither the scale nor absolute magnitudes of the real 

arrangement. Furthermore, this procedure allows for a significant reduction of the affecting 

parameters to the real problem by non-dimensionalizing the variables. Two physical phenomena are 

similar if the same dimensionless forms are governing the boundary conditions and differential 

equations that define the problem. Problems that have the same value of the similarity parameters 

have identical solutions. 

Three different methods are described in [47], denoted as: 

a) the algebraic method, i.e. Rayleigh’s classic method  

b) dimensionless numbers from differential equations  

c) geometric, kinematic and dynamic considerations on similarity 

The Buckingham-Π theorem is a formalization of Rayleigh’s method that is fundamental when 

performing the dimensional analysis. The theorem states that “if there are 𝑛 variables in a problem 

and these variables contain 𝑚 primary dimensions, the equation relating all the variables will have 

(𝑛 − 𝑚) dimensionless groups”. The method for applying the Buckingham-Π theorem can be seen 

below.    

3.1.1 Problem definition 

The problem of interest is depicted in Figure 19. There are 15 variables in total which can be divided 

into different groups. Some variables represent the thermodynamic state, both in the inlet and outlet 

of the channel, which is the pressure 𝑝 and temperature 𝑇. The geometric variables would be the 

length of the tube 𝐿, the diameter of the channel 𝐷 and the arithmetic mean roughness 𝑅𝑎. The 

following variable group could be the mean flow parameters, including velocity 𝑈𝑚, density 𝜌𝑚, 

viscosity 𝜇𝑚 and speed of sound 𝑐. And finally, the variables affecting the thermal problem are the 

surface temperature 𝑇𝑠, the thermal capacity of the fluid 𝐶𝑝, the thermal conductivity 𝑘 and the 

convection heat coefficient ℎ. 



Experimental Apparatus 
       

44 
 

 

Figure 19. Representation of the variables that influence the studied problem 

 

 

A dimensional matrix for the aforementioned variables can be seen in Table 6, where the variables 

are expressed in terms of the fundamental dimensions: length L, mass M, time T and temperature 

𝜃. The fundamental dimensions are expressed in SI units. 

   

 𝒑𝒊 𝒑𝒐 𝑻𝒊 𝑻𝒐 𝑳 𝑫 𝑹𝒂 𝑼𝒎 𝝆𝒎 𝝁𝒎 𝒄 𝑻𝒔 𝑪𝒑 𝒌 𝒉 

L (m) -1 -1 0 0 1 1 1 1 -3 -1 1 0 2 1 0 

M (kg) 1 1 0 0 0 0 0 0 1 1 0 0 0 1 1 

T (s) -2 -2 0 0 0 0 0 -1 0 -1 -1 0 -2 -3 -3 

𝜽 (K) 0 0 1 1 0 0 0 0 0 0 0 1 -1 -1 -1 

Table 6. Dimensional array for the variables that affect the problem 

 

The rank of the dimensional matrix equals 4, indeed matching the number of primary dimensions. 

Therefore, Buckingham-Π theorem states that 11 dimensionless groups can be formed. The resulting 

11 quantities can describe the physical problem. Four variables were chosen in order to derive the 

11 quantities:  the diameter 𝐷, the inlet temperature 𝑇𝑖 and mean velocity 𝑈𝑚 and density 𝜌𝑚. These 

magnitudes are highlighted in bold in Table 6. The resulting dimensionless groups are shown in 

expressions 3.1-3.11  

Π1 =
𝑝𝑖

𝜌𝑚𝑉𝑚
2         (−)  (3.1) 

Π2 =
𝑝𝑜

𝜌𝑚𝑉𝑚
2         (−)  (3.2) 

Π3 =
𝑇𝑜

𝑇𝑖
        (−)  (3.3) 

Π4 =
𝐿

𝐷
        (−)  (3.4) 

Π5 =
𝑅𝑎

𝐷
        (−)  (3.5) 
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Π6 =
𝜇𝑚

𝜌𝑚𝑈𝑚𝐷
=

1

𝑅𝑒
        (−)  (3.6) 

Π7 =
𝑐

𝑈𝑚
=

1

𝑀
        (−)  (3.7) 

Π8 =
𝑇𝑠

𝑇𝑖
        (−)  (3.8) 

Π9 =
𝐶𝑝𝑇𝑖

𝑈𝑚
2         (−)  (3.9) 

Π10 =
𝑘 𝑇𝑖

𝜌𝑚 𝑈𝑚
3  𝐷

        (−)  (3.10) 

Π11 =
ℎ 𝑇𝑖

𝜌𝑚 𝑈𝑚
3         (−)  (3.11) 

 

3.1.2 Simplification 

The Buckingham-Π indeed has reduced the number of variables that define the problem; however, 

further adaptations can be made to reduce the complexity of the problem. This simplification can 

be achieved by either manipulating further dimensionless groups so that it results more convenient 

in practice when accounting for measurement methodology; or by simply neglecting parameters that 

are not explicitly studied within the experimental procedure.  

For instance, the Π5 group will be neglected in the present analysis. Although the surface roughness 

has been identified as a relevant parameter, the 𝑅𝑎 has not been modified when running experiments. 

The surface roughness inherent to additive manufacturing processes has not been varied. Some 

comparison is made with parts that have been produced with conventional manufacturing 

techniques. Nevertheless, the 𝑅𝑎 value has not been measured per se. That is the case for the 

roundness of the cylindrical channels as well, another quantity for component quality assessment as 

a result of manufacturing processes. This parameter has not been defined in the overview of the 

problem.  

The quotient of Π1 and Π2 groups form a new dimensionless parameter owing to the convenience 

of the experimental set-up. This quotient, namely the pressure ratio from inlet to outlet, allows for a 

substantial simplification of the experimentation process as the outlet pressure can be kept constant 

while varying the inlet pressure. Similarly, Π3 and Π8 can be divided in order to yield a temperature 

ratio.  

Likewise, Π11 and Π10 can be computed to produce the Nusselt number 𝑁𝑢. This parameter is a 

variable of interest owing to the available literature referring to this quantity and furthermore, as it 

has been identified as the heat convection performance. The variation of the Nusselt number has 

been studied in the present work.  

Π9 can be computed together with Π6 and Π10 to yield the Prandtl number 𝑃𝑟. However, this 

parameter will be neglected since this variable has been identified to remain barely constant for the 

same fluid, as mentioned in the previous chapter. Only one fluid was utilized when performing the 

tests, and therefore the Prandtl number was not varied in the present thesis. Air is assumed to have 

a constant 𝑃𝑟 ≈0.7 for the range of temperature studied.  

Thus, the variables in the present study are shown below in expressions (3.12) – (3.15), which will 

allow assessing the variation of the Nusselt number 3.16. It should be noted that the temperature 
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ratio previously mentioned does not affect the Nusselt number. This parameter depends on the 

channel geometry, Prandtl number, Reynolds number and type of boundary condition [51]. In the 

carried experiments, the temperature boundary condition in the mini-channel will be kept as constant 

as possible and, in any case, the temperature does not affect the convective heat transfer coefficient.  

𝜋 =
Π1

Π2
=

𝑝𝑖

𝑝𝑜
        (−)  (3.12) 

Λ = Π4 =
𝐿

𝐷
        (−)  (3.14) 

𝑅𝑒 =
1

Π6
        (−)  (3.15) 

𝑁𝑢 =
Π11

Π10
        (−)  (3.16) 

 

The problem that was previously defined as in equation (3.17) 

𝑓(𝑝𝑖 , 𝑝𝑜, 𝑇𝑖𝑇𝑜, 𝐿, 𝐷, 𝑅𝑎 , 𝑉𝑚, 𝜌𝑚, 𝜇𝑚, 𝑐, 𝑇𝑠, 𝐶𝑝, 𝑘, ℎ) = 0 → 𝑓(Π1, Π2, … , Πn−m) = 0  (3.17) 

 

is now characterized by the following dimensionless numbers. Therefore, the dimensionless heat 

transfer coefficient can be assessed as a function of the pressure ratio, as denoted in (3.18). 

𝑓(Π1, Π2, … , Π11) = 0 → 𝑓(𝜋, Λ, 𝑅𝑒, 𝑁𝑢) = 0 → 𝑁𝑢 = 𝑓(𝜋, Λ, 𝑅𝑒)  (3.18) 

 

Thus, the experiment entails the assessment of Nusselt’s dimensionless heat transfer coefficient as 

a function of the Reynolds number, the length over diameter geometric ratio and the inlet and 

outlet pressure relation.  

 

3.2 Experimental set-up 

 

3.2.1 General assembly  

The general schematic diagram of the test rig assembly can be seen in Figure 20. Pressurized air (1) 

at atmospheric temperature is provided by the centralized facilities at Siemens. This system can 

provide air at 6 – 7 bar. The intake of the pressurized air is controlled with a manual ball valve (2), 

which can open or close the passage of air from the centralized system into the flow path. Flexible 

hoses connect the different components of the flow scheme. 
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Figure 20. Flow scheme and experimental assembly 

A Coriolis 10 mass flow meter (3) is employed to measure the air mass flow introduced from the 

centralized system into the flow set-up. The operation of this device entails oscillation of tubes as its 

working principle. Flexible hoses are used in order to prevent vibrations to be transmitted 

downstream the Coriolis meter, minimizing pulsating flow. A regulating valve (4) allows 

manipulating the inlet pressure to which the heat transfer rig HT-rig (6) will be subjected.  

Downstream this pressure regulating valve, a safety valve (5) is placed in order to ensure a safe 

working environment. The safety valve is rated for 4 bar absolute pressure, a threshold set above the 

2.5 bar system working pressure. This 4-bar threshold was determined as a result of a previously 

performed risk analysis that considered material load capacities and component certificates [65].  

The heat transfer rig (HT-rig) assembly (6) is exposed to a constant inlet pressure condition 

controlled by the upstream regulating valve. The HT-rig is equipped with a heat supply system, two 

pressure taps, two PT-100 thermocouples, and twelve type-K thermocouples. Both the pressure taps 

and the PT100 thermocouples record flow conditions upstream the inlet of the test part and 

downstream the outlet of the test part.  

Pressure taps are connected to a pressure scanner module NetScanner 9116. It measures gauge 

pressure throughout 16 measuring channels, ranging from 2.5 PSI to 100 PSI measuring range (See 

Appendix 7.2). The NetScanner device is connected to the computer by an Ethernet connection. 

For accurate measurement of atmospheric absolute pressure, a Rosemount 3051 CA1 pressure 

transmitter is used, which is connected to the data acquisition system Datascan 7220 Analog Input 
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which connects to the computer via USB. A 24 V DC power supply module that powers the data 

acquisition system, the absolute pressure transmitter and the pressure scanner module.  

The temperature of different solid components in the HT-rig and ambient temperature is measured 

by thermocouples type-K connected to the data acquisition system. Inlet and outlet air temperatures 

are recorded with platinum thermocouples PT100, which log data to the Agilent 34972A data 

acquisition device. Agilent is connected to the computer by an Ethernet connection. Data is logged 

by using RigView, a measurement recording software developed at Siemens. The diagram below 

displays the different measurement equipment, and its connection to the computer. 

 

Figure 21. Measurement equipment and summary of its uncertainty 

Uncertainty was obtained from different calibration sources. External calibration certificates of the 

measuring instruments and self-performed calibration of the thermocouples type-K are attached in 

Appendix 7.2. Further details on the installation location of these measuring devices are provided in 

the next section. 

3.2.2 Heat Transfer rig  

The main objectives of the HT-rig design entail: 

- Provide an inlet and outlet for pressurized air flowing through the mini-channel sample 

- Achieve a constant temperature boundary condition in the test part 

- Include insulation in order to minimize the heat that is not conveyed to the test part 

- Comply with mechanical and flow requirements i.e. provide stability, withstand pressure 

conditions, avoid leakage and ensure tolerance against thermal expansion 

A tridimensional cut view of the HT-rig CAD file can be seen in Figure 22. The core of the assembly 

corresponds to the location of the SLM test mini-channel. Heat is supplied by electric heaters which 

are in direct contact with the copper block. The real GT-rig assembly is displayed in Figure 23.  
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Figure 22. Axial cut view of the HT-rig 

A copper block embraces the SLM test part. Copper is used due to its high thermal conductivity, 

allowing to distribute the heat more effectively. Grooves and orifices were carved into the copper 

block, that allows installing type-K thermocouples, which are flexible. Thermal contact is enhanced 

by spreading MX-4 thermal paste between the matching interfaces e.g. heater-copper and copper-

SLM part.  

Insulation components surround the external side of the heaters, as a mean to reduce thermal losses. 

These parts include in-built tilted orifices that provide passage for the wiring of the electric heaters. 

Furthermore, parallel holes were included in these parts, as can be seen in Figure 24. Those parallel 

holes allow for several to bolts cross through the insulation covers. These bolts permit to compress 

or expand the HT-rig assembly axially. The radial fixture of the assembly is ensured too, as the bolts 

traverse the insulation parts.  

 

Figure 23. HT-rig assembly 
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Figure 24. CAD image of the HT-rig configuration 

The parallel holes are prolonged through the inlet and outlet items. Bolts of different lengths can be 

fitted, increasing or reducing the length of the HT-rig while using the same inlet and outlet items. 

This axial mobility guarantees the freedom to fit test parts of different lengths, alongside its matching 

copper block and insulation parts. The insulation covers also include a support structure, impeding 

the HT-rig to roll. All the insulation cover parts, the inlet and the outlet items were L-PBF 

manufactured from PA2200 plastic powder material. 

Several cavities were established in the HT-rig to allow intrinsic temperature recordings. Two orifices 

were manually drilled in the inlet and outlet items respectively, where PT100 thermocouples and 

pressure taps will be introduced in order to record inlet and outlet air thermodynamic conditions. 

Furthermore, the inlet and outlet items include cavities fitted for thermocouples type-K. These 

temperature recordings allow measuring the temperature of the PA2200 plastic at a certain location.  

Every copper block includes 4 grooves and holes that allow inserting flexible thermocouples type-

K. These temperature readings are placed at two different depths of the block, and at different 

azimuthal positions, spaced by 90° angular distance span. The insulation covers also include cavities 

that are fitted for type-K thermocouples. A representation of the thermocouple disposition in the 

HT-rig is presented in Figure 25. More details on design of the components can be found in 

Appendix 7.4.  
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Figure 25. HT-rig for L = 22.5 mm samples and measurement point locations 

 
Thermal conductivity data will be necessary for understanding the model. Thermal conductivity of 
the different materials used in the rig can be seen in Table 7.  
 

Table 7. Thermal conductivity values for the materials supporting the rig 

𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝑻𝒉𝒆𝒓𝒎𝒂𝒍 𝑪𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒗𝒊𝒕𝒚  [𝑾/𝒎𝑲] 

               Copper CW008A 𝑘𝐶𝑢 = 386 

                      PA2200 𝑘𝑃𝐴 = 0.136 

                        MX-4 𝑘𝑇𝑃 = 8.5 

 

Establishing the temperature of the solid components will prove to be useful for developing the 

thermal model, which is introduced in the section 4.2. 

3.2.3 Test components 

12 SLM manufactured parts were intended to be tested. The part categorization can be seen in Table 

8. It should be mentioned that preceding cleaning of the SLM parts was performed so that no 

metallic powder remained in the mini-channel. The process was performed during the work of a 

parallel MSc thesis, in which a Pressure Loss Coefficient rig (PLC-rig) was utilized to accurately 

obtain the friction factor and discharge coefficient of the test samples [63]. SLM test samples were 
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cleaned with Sonic 3000 device. This apparatus removes excess material by means of a cleaning agent 

(T-sprite) in which the test parts are submerged and then subjected to ultrasonic waves. 

 

Table 8. Test part categorization in terms of material, shape and dimensions 

T
e
st

 o
b

je
c
ts

 

𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝑺𝒉𝒂𝒑𝒆 𝑮𝒆𝒐𝒎𝒆𝒕𝒓𝒚  𝑳𝒆𝒏𝒈𝒕𝒉 [𝒎𝒎]  𝑫𝒉 [𝒎𝒎]  𝚲 

 
SLM 939 

 
Circular 

 
Diameter 

22.5 0.75 30 

1.5 15 

150 1.5 100 

 
 
 

SLM 247 

 
 
 

Circular 

 
 
 

Diameter 

22.5 0.75 30 

1.5 15 

45 1.5 30 

3 15 

150 1.5 100 

2 75 

 
SLM 247 

 
Rectangular 

 
𝑎

𝑏
= 3 

22.5 1.5 15 

45 1.5 30 

150 1.5 100 

 

Thermal conductivities of the SLM materials at different temperatures were also provided. 

 

Table 9. Thermal conductivities of the SLM tested alloys. Source: RISE (see Appendix 7.3) 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 [℃] 𝒌𝟐𝟒𝟕,𝒓𝒂𝒅 [𝑾/𝒎𝑲] 𝒌𝟗𝟑𝟗,𝒓𝒂𝒅 [𝑾/𝒎𝑲] 

22 8.19 8.80 

55 8.81 10.61 

80 9.24 11.37 

 

Additionally, 3 aluminium AW-6082 T6 parts that were manufactured using conventional 

methodology. The main purpose of these aluminium parts was to benchmark the HT-rig. Three 

different lengths were requested so that the three different arrangements of the HT-rig are validated. 

The characteristics of the smooth aluminium samples can be reviewed in Table 10, and the rest of 

the aluminium alloy properties can be seen in Appendix 7.3. Benchmarking the HT-rig entails 

running leakage tests and comparing the results from the aluminium parts to theoretical correlations 

available in the literature. 

 

Table 10. Aluminium benchmark test parts 

𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝒌𝑨𝒍 [𝑾/𝒎𝑲] 𝑺𝒉𝒂𝒑𝒆 𝑮𝒆𝒐𝒎𝒆𝒕𝒓𝒚  𝑳 [𝒎𝒎]  𝑫𝒉 [𝒎𝒎]  𝚲 
 

Aluminium 
  

Circular 
 

Diameter 
22.5 0.75 30 

167.5 45 3 15 

 150 1.5 100 
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Furthermore, in order to pursue accurate postprocessing of the results, microscope measurements 

of the test samples were taken. The optic measurements will provide a more accurate value of the 

hydraulic diameter, as well as a way to calculate the thermal paste gap between the outer surface of 

the test sample and the copper block.  

 

 

Figure 26. Sample of the microscope measurements performed on the test samples 

 

Lastly, it should be mentioned that microscope imagery is not a method capable of characterizing 

the surface roughness of the entire mini-channel. However, from these observations, it can be 

induced that material 247 appears to be smoother than 939. This observation is consistent with 

results obtained from the PLC rig, which indicate 939 geometries to have a higher friction factor 

than its homologous channel 247 [63].  
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4 Methodology 

 

 

Processing as well as the measurement uncertainty analysis is displayed in this section. The key 

parameters and their calculation are shown, as well as the thermal model applied to the HT-rig.  

 

4.1 Measurement Processing 

All experimental data is logged on the computer, and subsequent post-processing is performed in 

order to obtain the desired parameters. Those parameters would be the Nusselt and Reynolds 

numbers; however, for the sake of consistency, friction factor will be calculated as well in order to 

compare our results with those obtained in the PLC rig. In this section, the procedure to compute 

the 𝑁𝑢, 𝑓 and 𝑅𝑒 readings are displayed.  

4.1.1 Reynolds number 

The Reynolds number can be computed as displayed in equation (2.9); stating that the characteristic 

length is the hydraulic diameter 𝐷ℎ. Nevertheless, the velocity of the stream is not a direct 

measurement reading that is available from the setup. Neither is the density and although the ideal 

gas law could be applied, heat is added to the process; and thus, it varies along the mini-channel.  

However, considering the mass flow measurement direct read, both the velocity and density can be 

implicit in this quantity. Furthermore, by using the hydraulic diameter definition, the Reynolds 

number can be expressed as shown in equation (3.19) below, where the perimeter 𝑃 is the design 

perimeter of the cross-section of each channel i.e. the assumed wetted surface for a cross-section of 

the test tube.  

𝑅𝑒 =
4 �̇�

𝜇𝑃
       (−)  (3.19) 

 

In this function, the dynamic viscosity is the only quantity subjected to temperature effects. Equation 

(2.5) can be used for calculating air viscosity for a given temperature. The temperature average value 

between the inlet and outlet is used so that the Reynolds number represents the flow regime for the 

entire channel length. As stated in the previous chapter, it results convenient to work with uniform 

properties, despite the loss in the accuracy.   

4.1.2 Friction factor 

Darcy’s formula, seen in (2.21), will be used to compute the friction factor for the AM test samples. 

The pressure drop is defined in terms of the total pressures between the inlet and the outlet. The 

inlet pressure tap records a measurement where the velocity of the flow can be assumed to be very 

low, as it is recorded before the contraction of the flow path in the inlet insulation part. However, 

the pressure reading in the outlet cannot be considered as the total pressure, since there is a loss in 

kinetic energy due to a sharp expansion at the AM mini-channel outlet. The 𝐾 value of this sharp 

loss in the outlet will be considered as 1.0, which is the same value used by PennState [9]. By 

indicating the velocity as a function of the mass flow, cross-sectional area and density; Dacy’s 

equation resembles the following equation:  
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𝑓 = 4
𝐷ℎ

𝐿

[𝑝𝑖−𝑝𝑜−
1

2
 𝐾𝑜 𝜌𝑜𝑢𝑜

2]

1

2
𝜌𝑚𝑢𝑚

2
→   𝑓 = 4

𝐷ℎ

𝐿
[

𝑝𝑖−𝑝𝑜

(
�̇�

𝐴𝑐
)

2

1

2 𝑅𝑎𝑖𝑟
(

𝑝𝑖

𝑇𝑖
+

𝑝𝑜

𝑇𝑜
) −

1

4
𝐾𝑜 (

𝑝𝑖 𝑇𝑜

𝑇𝑖 𝑝𝑜
 )]           (−) (3.20) 

   

4.1.3 Nusselt number 

The Nusselt number is calculated as by following the expression (2.14); setting the hydraulic diameter 

𝐷ℎ as the characteristic length once again. Thus, the expression (2.14) applies in this case as the 

equation (3.21) below. 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘𝑎𝑖𝑟
          (−)  (3.21) 

 

As for the convective heat coefficient, it is necessary to state what boundary condition will be 

assumed in the procedure. In this case, a constant temperature boundary condition is supposed. The 

copper block allows for uniform temperature distribution in the solid parts. On the other hand, the 

heat rate conducted inwards varies along the axial direction of the mini-channel as the temperature 

of the air increases and heat losses occur in both ends of the copper and test part channels. PennState 

performed an ANSYS study to assess the validity of this assumption in their experimental rig. A 

COMSOL CFD simulation was performed for the same purpose, as a verification. The results and 

conclusions from this study are displayed in section 4.4. 

Thus, applying this boundary condition, the heat transfer coefficient can be computed by rearranging 

equation (2.28), as displayed in the following expression (3.22). This coefficient is regarded as the 

overall results for a fully developed flow throughout the length of the channel. 

 

ℎ =
�̇� 

𝐴𝑠 

ln [(𝑇𝑠−𝑇𝑖)/(𝑇𝑠−𝑇𝑜)] 

(𝑇𝑖−𝑇𝑜)
       (𝑊/𝑚2/𝐾)  (3.22) 

 

There are two noteworthy remarks to be made for this expression:  

1) The heat input �̇� can be obtained calculated through two different approaches: 

The �̇� can be calculated by applying the energy conservation equation (2.25) to the airflow; in which 

the heat convection rate is equal to the enthalpy change of the air mass flow.  

Furthermore, the heat losses in the experimental arrangement can be used to calculate �̇�, by 

subtracting the heat losses to the electrical power input in the heaters, as shown below. 

  

�̇� = �̇�𝑒 − �̇�𝑙𝑜𝑠𝑠 = 𝑉 ∙ 𝐼 − �̇�𝑙𝑜𝑠𝑠          (𝑊)  (3.23) 

 

2) The surface temperature 𝑇𝑠 is not a direct measurement reading and it requires to be estimated: 

Several thermocouples embedded in the rig allow to obtain measurements within the solid parts of 

the experimental assembly. A one-dimensional thermal resistance network could estimate 𝑇𝑠, by 

applying a radial conductive heat thermal model.  
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Likewise, through this 1D thermal model approach, losses in the HT-rig can be estimated by 

assuming different heat conduction paths, axially and radially; as well as natural convection in the 

surfaces of the insulation parts, which lose heat to the ambient. Further details are explained below.  

 

4.2 Thermal model 

Heat conduction was roughly approximated by using both a radial thermal resistance network and 

an axial thermal resistance, as displayed in Figure 27. The red thermal resistance 𝑅 represent the 

thermal resistance present in the heat path from the electric heaters to the mini-channel wall.  

On the other hand, the blue thermal resistances represent the heat loss path, both axially in the inlet 

and outlet assembly parts 𝑅𝑎𝑥,𝑙𝑜𝑠𝑠, and radially in the insulation parts 𝑅𝑟𝑎𝑑,𝑙𝑜𝑠𝑠. Radial thermal 

resistances are modelled according to equation (2.43); axial thermal resistances are described as in 

the formula (2.41). Heat naturally convected to the surrounding ambient air is estimated by using the 

following equation, assuming ℎ = 4.6 𝑊/𝑚2 [65]: 

 

�̇� = ℎ 𝐴𝑠𝑢𝑟𝑓 (𝑇𝑠𝑢𝑟𝑓 − 𝑇∞)          (𝑊)  (3.24) 

 

 

Figure 27. Idealized cut view of the HT-rig displaying the thermal conduction model  

 

The blue squared dots represent HT-rig surface temperature, and the purple dot represents the 

surface temperature of the AM part i.e. temperature boundary condition in the mini-channel. Red 

squared dots indicate the location of the type-K thermocouples inserted in different parts of the 

experimental setup. These temperature readings include data for the copper block at different 

radiuses, for ambient air as well as for the insulation, inlet and outlet parts. 
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It should be noted that two assumptions are set within the resistance network for both axial and 

radial arrangements: 

1. Isothermal surfaces from the heat source are assumed i.e. the temperature varies in the 𝑟 

direction where radial conduction is assumed, and in 𝑧 where axial conduction is assumed 

2. Planes that are parallel to the heat propagation are adiabatic i.e. the heat in the gaskets only 

propagates in the 𝑧 direction and the heat in the copper and the test part only propagates in 

the 𝑟 direction.  

Thus, the thermal conduction is modelled by means of both radial and axial thermal resistances. The 

thermal resistance 𝑅 accounting for heat conduction in the copper block and the AM part is 

described below, where 𝑟𝑇𝑃 stands for half of the radial gap between the copper block and the sample 

test object, where the thermal paste was applied. 

 

𝑅 =
𝑙 𝑛[(𝑟30 (𝑟5+𝑟𝑇𝑃/2)]⁄

2 𝜋 𝐿 𝑘𝐶𝑢
+

𝑙 𝑛[(𝑟5+𝑟𝑇𝑃/2) (𝑟5−𝑟𝑇𝑃/2)⁄ ]

2 𝜋 𝐿 𝑘𝑇𝑃
+

𝑙 𝑛[(𝑟5−𝑟𝑇𝑃/2 ) (𝐷ℎ/2)]⁄

2 𝜋 𝐿 𝑘𝑆𝐿𝑀,𝑟𝑎𝑑
       (𝐾/𝑊)  (3.25) 

 

The heat exchange that will be considered for the calculations is the �̇� given by (2.25), from the 

energy balance of air. The alternative method to calculate the heat �̇�, based on the total heat gains 

minus the heat losses, shall be used as a method to assess the consistency of the model. Thereafter, 

surface temperature 𝑇𝑆 can be computed as: 

𝑇𝑠 = 𝑇𝐶𝑢 − 𝑅 ∙ �̇�       (𝐾) (3.26) 

 

Practical examples including some actual measurements of the HT-rig are written below 

𝑅𝑟𝑎𝑑,𝑙𝑜𝑠𝑠 =
𝑙 𝑛(𝑟92.5 𝑟45.5⁄ )

2 𝜋 𝐿 𝑘𝑃𝐴
       (𝐾/𝑊)  (3.27) 

𝑅𝑎𝑥,𝑙𝑜𝑠𝑠 =
𝑧48.4

𝜋 (𝑟37.5
2−𝑟5

2) 𝑘𝑃𝐴
       (𝐾/𝑊)  (3.28) 

 

 

4.3 Uncertainty Analysis 

The procedure followed in this report to display the measurand and deal with its uncertainty is shown 

in the “Guide to the expression of uncertainty in measurement” [64]. Some relevant theory can be 

found in Appendix 7.1 and 7.2. 

𝑁𝑢 is dependent on different input quantities, which subsequently are obtained from several direct 

measurements. Expression (3.29) displays the primary quantities that allow obtaining the Nusselt 

number, and moreover, the quantities affecting its uncertainty.  

𝑁𝑢 = 𝑓(𝐷ℎ, 𝑘𝑎𝑖𝑟 , ℎ) → 𝑁𝑢 = 𝑓(𝐷ℎ, 𝑟𝑇𝑃, 𝑚,̇ 𝑇𝑖, 𝑇𝑜 , 𝑇𝑠) (3.29) 

 

The standard uncertainty of Nusselt number is dependent on the measurement error as well as the 

experimental variation of the reading of these inputs. Thus, the combined uncertainty affecting the 
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Nusselt number is derived from these measured, independent input quantities considering both types 

of error. When applying the combined standard uncertainty expression (7.2) (in Appendix 7.1.2) to 

(3.29), the standard uncertainty of the Nusselt number can be obtained, as well as the contribution 

from the independent variables affecting the error. A similar expression can be applied to 𝑓.  

 

𝑢𝑐(𝑁𝑢) = √(
𝜕𝑁𝑢

𝜕𝐷ℎ
𝑢(𝐷ℎ))

2

+ (
𝜕𝑁𝑢

𝜕𝑟𝑇𝑃
𝑢(𝑟𝑇𝑃))

2

+ (
𝜕𝑁𝑢

𝜕�̇�
𝑢(�̇�))

2

+ (
𝜕𝑁𝑢

𝜕𝑇𝑖
𝑢(𝑇𝑖))

2

+ (
𝜕𝑁𝑢

𝜕𝑇𝑜
𝑢(𝑇𝑜))

2

+ (
𝜕𝑁𝑢

𝜕𝑇𝑠
𝑢(𝑇𝑠))

2

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3.34) 

 

The methodology and the detailed equations that allow computing the combined standard 

uncertainty from every variable are displayed in Appendix 7.1. In this Appendix can also be found 

the method to calculate the uncertainty of the friction factor. The error margins that allow calculating 

the combined uncertainties for all the relevant measurands are displayed in Table 11.  

 

Table 11. Uncertainty of independent variables 

𝑽𝒂𝒓𝒊𝒂𝒃𝒍𝒆 𝑼𝒏𝒄𝒆𝒓𝒕𝒂𝒊𝒏𝒕𝒚 

PT100 Temperature ± 0.015 𝐾 

Type-K thermocouple ± ~ 0.02 𝐾  

Pressure (100PSI) ±  1 % 

Mass Flow  ± 0.53 %  

Microscope lengths ± 5 ∙ 10−8/√3 𝑚 

 

It should be noted that the uncertainty from the type-K thermocouples was obtained following the 

GUM procedure and that each thermocouple has different uncertainty which depends on the 

temperature level that it is measuring. As for the uncertainty for the lengths measured in the 

microscope, the error corresponds to the resolution of the lengths considering a rectangular 

probability distribution [64].  

Radial thermal conductivity of the SLM materials, together with its uncertainty was provided by 

RISE, and the approach followed can be seen in the Appendix 7.3. The uncertainty values are 

displayed in Table 12.  

 

Table 12. Radial thermal conductivity uncertainty values. Source: RISE (See Appendix 7.3) 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 [℃] 𝒖(𝒌𝟐𝟒𝟕,𝒓𝒂𝒅) [𝑾/𝒎𝑲] 𝒖(𝒌𝟗𝟑𝟗,𝒓𝒂𝒅) [𝑾/𝒎𝑲] 

22 0.83 0.25 

55 1.20  0.34 

80 1.05 0.54 
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4.4 CFD verification and pre-study 

An ANSYS 11.0 simulation was performed by PennState in order to assess whether the constant 

mini-channel wall temperature boundary conditions is a valid assumption. If so, the application of 

the 1D thermal resistance model is justified.  The input data used by Weaver et al. [9] replicated the 

test flow conditions of a smooth pipe experiment previously carried. Their inputs and results are 

displayed below in Figure 28.  

 

 

 

Figure 28. PennState ANSYS 11.0 input parameters (above) and results (below) [9] 

 

A simple axis-symmetric model of the HT-rig was built in COMSOL Multiphysics in order to assess 

the validity same assumption, as displayed in Figure 29. Data input in COMSOL was grounded on 

an experimental flow measurement point that was recorded for aluminium samples. The input data 

includes �̇� = 0.1596 𝑔/𝑠 and 𝑝 = 2.04 𝑎𝑡𝑚 at the inlet; an outlet 𝑝 = 101325 𝑃𝑎, ideal gas law, 

𝑘 − 𝜖 turbulence model.  
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Figure 29. COMSOL Multiphysics HT-rig axis-symmetric model and labels of its domains 

 

The heat boundary condition was imposed at the outer copper surface, at 𝑟 = 0.0375 𝑚 with a 

radial flux 𝑞 = 750 𝑊/𝑚 in the inward direction, constant for every 𝑥. This heat flux was obtained 

from the division between the net heat �̇� reading obtained from the experimental flow conditions, 

and then divided by the copper outer surface area. 

The postprocessing of the results are displayed in Figure 30. A chart depicting temperature profiles 

at constant 𝑟 distance from the center-line varying along the streamwise direction 𝑥 is shown. The 

temperature of the copper at 𝑟30 and 𝑟15 radii read quasi-constant values along 𝑥. On the other hand, 

the temperature of the aluminium part at 𝑟2.3, shows a variation alongside the stream direction. This 

variation is clearer for the temperature profile of the aluminium wetted surface, at 𝑟0.375.  

Entrance effects and developing flow could be the reason for this perceptible temperature variations. 

The temperature profiles appear to follow an asymptotic increase after the temperature drop. 

However, the length of the aluminium channel appears to be too short for the flow to fully develop. 

The simulation assumes a test part of 𝐿 = 22.5 𝑚𝑚, and might be the reason why a constant 

temperature region is not perceived in the surface temperature results, where developed flow could 

be assumed.  
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Figure 30. Temperature profiles along the streamwise direction at different radial locations 

Nevertheless, the surface temperature does not vary more than 1 𝐾 in the streamwise direction, 

which was considered as an assumption verification by PennState. However, the simulations must 

account for compressible flow, which was not the case in this study. More CFD simulations could 

be run in order to verify the temperature profiles for longer test samples. This was not done, as it is 

beyond the scope of this thesis.  
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5 Results and Discussion 

 

In this chapter, the results and discussion are displayed in the following order: benchmark results, 

Nusselt AM channel results, Nusselt comparison with results from PennState and friction factor 

analysis. The results displayed only correspond to the HT-rig of L = 22.5 mm due to limited time.   

A summary of the microscope measurement results of the geometries that affect the calculations is 

presented in Table 13. The material samples displayed in Table 13 entail all the samples tested. Both 

the radial gap for thermal paste 𝑟𝑇𝑃, between the copper block and the test sample, and the hydraulic 

diameter 𝐷ℎ were obtained from these microscopic measurements. The design 𝐷ℎ is also displayed 

as the results were post-processed for both hydraulic diameters.  

 

Table 13. Results from microscope measurement of the test samples 

𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝑺𝒉𝒂𝒑𝒆 𝑳𝒆𝒏𝒈𝒕𝒉 [𝒎𝒎]  𝑫𝒆𝒔𝒊𝒈𝒏 𝑫𝒉 [𝒎𝒎]  𝑫𝒉 [𝒎𝒎]  𝒓𝑻𝑷 [𝒎𝒎] 

SLM 939 Circular 22.5 0.75 0.74041 0.18314 

1.5 1.49500 0.10002 

SLM 247 Circular 22.5 0.75 0.79095 0,13606 

1.5 1.55095 0.08527 

SLM 247 Rectangular 22.5 1.5 1.59224 0.08527 

Aluminium Circular 22.5 0.75 0.76538 0.11981 

 

5.1 Benchmark of the L = 22.5 mm HT-rig 

The following Figure 31 displays the 𝑁𝑢 readings of the aluminium smooth channel as a function 

of 𝑅𝑒. In grey-coloured dots are represented the results calculated with the measured 𝐷ℎ, and the 

black hollow circles represent the same readings from the aluminium channel when the results are 

post-processed with the design 𝐷ℎ.  

The dotted lines both in red and in black, correspond to turbulent flow 𝑁𝑢 correlations, the Dittus-

Boelter and Gnielinski’s correlation respectively. Gnielinski’s correlation requires a 𝑓 as an input, 

obtained from Blasius 𝑓 formula.  

In green circles and dots are represented the validation results obtained by PennState’s experimental 

rig. These tests were similarly conducted in aluminium cylinders that were manufactured using 

conventional techniques. PennState’s cylindrical channels accounted for a 𝐷 = 0.635 𝑚𝑚 These 

data representation was performed in order to draw comparisons.  
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Figure 31. Double logarithmic plot of the 𝑁𝑢 as a function of the 𝑅𝑒 where results from the aluminium smooth sample, 
turbulent Nusselt correlations and PennState smooth channel results are plotted 

 

The conclusion from this chart is that 𝑁𝑢 readings from the HT-rig results follow quite closely the 

turbulent correlations. These results provide the most important assessment: whether it is feasible 

to to conclude that the HT-rig has been benchmarked.  

At least for the 𝑅𝑒 > 104 range, there is a good agreement between Gnielinski’s and Dittus-Boelter 

correlations. However, for turbulent 𝑅𝑒 below ten thousand, some divergence from Gnielinski’s 

trend can be seen. PennState’s results obtain lower reads than expected according to Gnielinski; 

nevertheless, the results from the HT-rig are somewhat further off.  

Outside the 𝑅𝑒 range where the turbulent correlations apply, 𝑅𝑒 < 3000, PennState’s results and 

the HT-rig results appear to diverge. Theoretically, this observed inconsistency should not occur. 

The slight difference in the experimental setup may be the cause for the observed mismatch of the 

results for the low 𝑅𝑒 range in practice. PennState tested coupons which included several mini-

channels in parallel, embedded along its span. However, the HT-rig tested samples that accounted 

for a single mini-channel at the time.  

In one hand, PennState assumes an equally distributed flow for the parallel mini-channels, which 

may not be the case. This assumption may lead to some error in the results. On the other hand, the 

mass flow across the sample in the HT-rig is significantly low for this 𝑅𝑒 range. The air jet in the 

outlet may have already been mixed with ambient air before reaching the PT100 thermocouple, 

which is located at a certain distance downstream the sample. This may lead to lower 𝑁𝑢 readings, 

which may be the case according to the graph.  
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Additionally, to these results, the overall heat balance was performed in the HT-rig. The purpose of 

this analysis was to build consistency from the results. The following Figure 32 represents the 

mismatch between the heat losses plus the forced heat convection and the electric heat power input. 

The difference is represented relative to the electric heat input.  

 

 

Figure 32. Energy balance mismatch percentage between heat input and outputs in the HT-rig for all measurement 
data points.  

 

The relative heat balance for all the recorded data points in every test sample were recorded. The 

orange colour represents SLM 247 samples and the blue colour stands for SLM 939. The diamond-

shaped dots represent circular 𝐷 = 𝐷ℎ = 1.5 𝑚𝑚 channels whereas the triangles 𝐷 = 𝐷ℎ =

0.75 𝑚𝑚. For the rectangular case, it is written “Rect” instead of the diameter value as only one 

hydraulic diameter was tested in the rectangular case (𝐷ℎ = 1.5 𝑚𝑚). This pattern is indicated in 

the legend, and it will be kept as such for all the plots in this thesis.  

PennState had displayed similar results, stating that their heat balance data was within ± 10 % for 

all data. In the case of the HT-rig, the data does not surpass ± 15 % for all cases but one, considered 

an outlier, and thus, it would be recommendable to repeat the measurements for that particular case. 

Nevertheless, the model applied to evaluate the losses is a 1D thermal model, which provides rough 

estimations, thus the variation in the results. No systematic error was assumed in the model, as within 

the variability of the results, positive and negative values are observed for every sample throughout 

different 𝑅𝑒 numbers.  

From these validation results, it can be concluded that the HT-rig may require adaptations so that 

more accurate readings are obtained when compared with results from the literature. Although there 

is room for improvement in the rig, the rest of the results plotted below correspond to the same 

configuration of the HT-rig with no adjustments being made.  
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5.2 Nusselt Results from HT rig L=22.5mm 

Figure 33 represents all the 𝑁𝑢 results obtained from the 𝐿 = 22.5 𝑚𝑚 AM samples, including its 

uncertainty margin. 𝐷 = 𝐷ℎ = 1.5 𝑚𝑚 circular channels obtain higher results than 𝐷 = 𝐷ℎ =

0.75 𝑚𝑚 circular channels for every 𝑅𝑒. The same applies when comparing circular 𝐷 = 𝐷ℎ =

1.5 𝑚𝑚 and the rectangular 𝐷ℎ = 1.5 𝑚𝑚. The first conclusion from this chart is that different 

materials with the same geometries appear to obtain fairly similar results.  

 

 

Figure 33. Double logarithmic plot of the 𝑁𝑢 as a function of the 𝑅𝑒 where all results from the AM samples and 
two turbulent Nusselt correlations are plotted 

 

Furthermore, the slope for 𝐷ℎ = 1.5 channels is slightly less than the inclination for 𝐷 = 0.75. 

Channels with the lowest diameter read the lowest 𝑁𝑢 values, while increasing the 𝑅𝑒, these 𝑁𝑢 

results grow, first surpassing the 𝑁𝑢 for the rectangular channels, and almost reaching the 𝑁𝑢 results 

for the 𝐷 = 1.5 channels. The following Figures 34 and 35 depict with more detail this results and 

trends, as the resolution of the plots was increased.  

For 𝑅𝑒 < 104, circular channels with the high 𝐷 appear to follow the same trend, yielding very 

similar results throughout this 𝑅𝑒 range, regardless of the material. The low 𝐷 reads lower 𝑁𝑢 values 

than the high 𝐷. Likewise, low 𝐷 results do not differ in terms of the SLM material. The 𝑁𝑢 readings 

are very similar for 𝑅𝑒 below 7000. For 𝑅𝑒 around 8000, SLM 247 and SLM 939 𝑁𝑢 readings start 

to diverge, obtaining higher 𝑁𝑢 from 247 than 939.  
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Rectangular 247 channels 𝐷ℎ = 1.5 yield comparable results than those seen for the other AM 

samples at low 𝑅𝑒. However, the rate of increase of 𝑁𝑢 with 𝑅𝑒 is lower than the rate seen for other 

samples. Beyond 𝑅𝑒 > 5000, 𝑁𝑢 values obtained from the rectangular channel are lower than 𝑁𝑢 

readings from any circular channel.  

 

 

Figure 34. 𝑁𝑢 results from the AM samples for 𝑅𝑒 < 104 plot and a Gnielinski’s correlations  

 

As 𝑅𝑒 increases above 104, the 𝑁𝑢 trendlines depicted by both low 𝐷 channels continue to deviate 

one from another. It is now evident that 247 yields higher 𝑁𝑢 readings than 939. This rate of increase 

for 247 material is noteworthy, as the 𝑁𝑢 readings are approaching the Nusselt results from the high 

𝐷 mini-channels.  

As for the high 𝐷 geometries, the trendlines remain analogous, maintaining the highest 𝑁𝑢 readings 

from all the AM samples. Slight divergence of these trendlines is observed. Nevertheless, just as 

observed for 𝐷 = 0.75, the 247 yields higher results. On the other hand, rectangular 𝑁𝑢 readings 

are the lowest for every 𝑅𝑒 number in this range, despite having in common the same 𝐷ℎ.  

The results point in the direction that there might be issues when measuring the outlet temperature. 

Air recirculation may affect the temperature reading, depending on mini-channel shape, 𝐷ℎ and 

pressure ratio 𝜋. Let be reminded that such thin mini-channels allow the flow of very low mass flow 

rates. Atmospheric air incoming towards the thermocouple may occur at the outlet part. At larger 

𝑅𝑒 values, the mass flow may be more significant, and thus, the PT100 thermocouple may obtain 

better readings of the outlet temperature. For example, this would allow to make more evident this 

divergence between 247 and 939 for the 𝐷 = 0.75 channel, as the two materials should be yielding 

different results due to its different surface roughness.  
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Another evidence in the low 𝑅𝑒 case, would be that the 𝐷 = 0.75 channels obtain lower readings 

that the rectangular 𝐷ℎ = 1.5. At lower pressure ratios, the quality of the results may be affected by 

such low mass flow circulation, inducing 𝐷 = 0.75 channels to read lower values than the 

rectangular channel, as more heated air flow can convect its temperature on the PT100. This 

phenomenon may impact the slope of the 𝑁𝑢 − 𝑅𝑒 plots.  

 

 

Figure 35. 𝑁𝑢 results from the AM samples for 𝑅𝑒 > 104 the plot, both Dittus-Boelter and Gnielinski’s correlations, 
and linear fitting of the 𝐷 = 1.5 AM samples 

 

In the next section, a comparison with PennState’s results will be displayed and discussed.  

 

5.3 Comparison with PennState 

From the findings previously displayed, it appears reasonable to sort both the results from PennState 

and from the HT-rig by 𝐷ℎ size. In Figure 34 below, can be seen several mini-channels plotted in 

green colour, together with results previously seen. This 𝑁𝑢 data correspond to Inconel 718 midi-

channels tested by PennState. The 𝐷ℎ and relative roughness (RR) is displayed in the legend of the 

graph. All the channels are rectangular and built at a laser orientation of 45°. The only exception 

would be PennState’s “0.554 Cyl RR=0.015”, as this channel was vertically manufactured, and the 

shape is circular, as “Cyl” stands for cylindric.  
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Figure 36. 𝑁𝑢 results from the PennState’s Inconel 718 coupons for different 𝐷ℎ < 1 and relative roughness values 

(𝑅𝑅 = 𝑅𝑎/𝐷ℎ), Dittus-Boelter and Gnielinski’s correlations, and results from tested 𝐷 = 0.75 AM samples 

 

In contrast with previous findings, the cylindric channel from PennState yields higher 𝑁𝑢 values 

than SLM 247 and 939 despite having a lower 𝐷 value. When only considering PennState’s data, 𝐷ℎ 

does not appear to be the parameter driving change in the trend of the 𝑁𝑢 readings. 

The highest values are indeed obtained from the channels that have the lowest 𝐷ℎ = 0.469 𝑚𝑚. 

However, the next highest 𝑁𝑢 results are not originated by the seconds lowest 𝐷ℎ (which would be 

the cylindrical channels 𝐷 = 0.554), but these results rather appear to belong to the second-largest  

𝐷ℎ = 0.644.  

More data points from the 𝐷ℎ = 0.644 is needed to corroborate this observation. And furthermore, 

the shape of these channels is not the same, as it should be noted that, as from the results obtained 

in 247 and 934, circular and rectangular channels may induce quite different readings. However, 

when regarding the 𝐷ℎ = 0.469, the 𝐷ℎ = 0.92 and the 𝐷ℎ = 0.632 datasets, it becomes more 

apparent that 𝐷ℎ is not the driving force for defining 𝑁𝑢 tendencies.  

One option is to further look into the aspect ratio of the rectangular channels tested by PennState. 

On the other hand, in the studies they had performed, surface roughness was measured and 

characterized for every manufactured coupon. When sorting PennState’s 𝑁𝑢 values by relative 
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roughness 𝑅𝑎/𝐷ℎ , a pattern does appear. The highest the 𝑅𝑎/𝐷ℎ , the higher the 𝑁𝑢 trend with 𝑅𝑒. 

This claim stands for all the values displayed, except for the 𝐷ℎ = 0.644 mini-channels.  

Nevertheless, there are not enough data points in the dataset from this coupon to support proof for 

disclaiming this observation. The relation between 𝑅𝑎/𝐷ℎ and 𝑁𝑢 was one of the key conclusions 

from PennState.  

This RR trend is observed for readings obtained with coupons which had mini-channels with larger 

𝐷ℎ, as can be seen in Figure 35. When comparing their 𝐷ℎ = 0.92 and 𝐷ℎ = 1.275 rectangular 

channels, this 𝑁𝑢 trend affected by 𝑅𝑎/𝐷ℎ is corroborated. Furthermore, considering that the 247 

𝐷ℎ = 1.5 rectangular channels have a higher 𝐷ℎ, and since these samples were built-in vertical 

direction, rugosity in 247 Rect. might be lower than in PennState’s mini-channels. Hence, this dataset 

supports the observed trend.   

 

 

Figure 37. 𝑁𝑢 results from the PennState’s Inconel 718 coupons for different 𝐷ℎ > 0.75 and relative roughness values 

(𝑅𝑅 = 𝑅𝑎/𝐷ℎ), Dittus-Boelter and Gnielinski’s correlations, and results from tested 𝐷 = 1.5 AM samples 

 

Once again, the aspect ratio of rectangular channels might be an interesting study variable, as it might 

provide explanations for 𝑁𝑢 trends. Nevertheless, a contradiction in the results has been found. In 

PennState’s data, higher relative roughness is determinant for reaching higher 𝑁𝑢 whereas, in the 
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results obtained from 247 and 939, roughness does not appear to impact significantly the results, 

which are rather affected by the 𝐷.  

This claim is supported by the trends observed for both 247 and 939: where 939 is rougher than 247, 

at same 𝐷, similar 𝑁𝑢 readings were obtained. This study, however, lacks roughness direct 

measurement when compared to PennState. Nonetheless, roughness could be indirectly assessed by 

studying the friction factor.  

 

5.4 Friction factor analysis 

Additionally, to heat transfer measurements, the friction factor could be assessed since the pressure 

drop was monitored in the HT-rig by computing the equation (3.20). The 𝑓 results for every test 

sample can be seen in Figure 38.  

 

 

Figure 38. Double logarithmic plot of the 𝑓 as a function of the 𝑅𝑒 where all results from the test samples are plotted, 
together with laminar flow and Blasius 𝑓 correlations, and 𝑓 data from PennState’s smooth channels 

 

Since 𝑓 calculation was not the scope of this thesis, the validation of this parameter was not 

completed. So, when regarding the aluminium results, the 𝑓 values do not fit exceptionally well the 
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correlations from the literature. The smooth aluminium 𝑓 value is inaccurate for every 𝑅𝑒, 

furthermore, the deviations from Blasius 𝑓 at 𝑅𝑒 > 2 ∙ 104 become substantial.  

This 𝑓 dipping tendency is also observed for the SLM 247 and 939 𝐷 = 0.75 samples. The reason 

for this 𝑓 plummeting trend in this range may be due to the Mach number increase in the channel. 

As 𝑓 was calculated assuming incompressible flow, the results tend to deviate from the theory when 

the flow velocities become too high and, compressible flow effects occur.   

Since the HT-rig was not validated from the beginning, it is suggested not to assume these 𝑓 results 

as correct. Instead, results from the PLC-rig should be taken, as the PLC rig was purposely built for 

calculating the discharge coefficient and the friction factor. However, a comparison with those 

results was made, in order to assess the readings from the HT-rig.  

 

 

Figure 39. Double logarithmic plot of the 𝑓 as a function of the 𝑅𝑒 where AM 𝐷ℎ = 1.5 samples results are plotted 
against 𝑓 obtained in the PLC-rig  

 

Figure 39 displays f results from large 𝐷ℎ samples have a good agreement with f  results obtained in 

the PLC-rig. From this graph can be concluded that 939 appears to have a higher rugosity than 247, 

as it is seen that it has a higher f overall, regardless of the shape of the channel.  

Nevertheless, the main reason why the HT-rig would require validation in order to trust f results can 

be seen in Figure 38. For the 𝑅𝑒 range where data from the PLC is available, the results obtained in 

the HT-rig yield the opposite results. In this chart, 247 induces higher friction than 939, which is not 

the case according to the PLC results plotted.  
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Figure 40. Double logarithmic plot of the 𝑓 as a function of the 𝑅𝑒 where test samples with 𝐷ℎ = 0.75 results are 
plotted against 𝑓 obtained in the PLC-rig 

 

In order to summarize the results obtained from this test samples, the flow and thermal performance 

augmentation are shown in Figure 39. The f and 𝑁𝑢 relative increase is a subject useful for 

examining, as the tradeoff between pressure loss and heat transfer can be optimized. The chart below 

displays the f results obtained in the PLC rig over the Blasius f values in the x-axis. In the y-axis can 

be found the 𝑁𝑢 calculated for every channel divided by the 𝑁𝑢 of the aluminium smooth channel.  
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Figure 41. Double logarithmic plot of the 𝑓 as a function of the 𝑅𝑒 where test samples with 𝐷ℎ = 0.75 results are 
plotted against 𝑓 obtained in the PLC-rig 

 

The increase in f is more significant than it is for 𝑁𝑢, and yet, it appears to be a correlation between 

both augmentations.  

 

5.5 Uncertainty Analysis 

The uncertainty values obtained from each data point were shown as error bars in the results 

displayed so far in this section. Different error margins were obtained for the 𝑁𝑢 and f results along 

the 𝑅𝑒 axis. The uncertainty calculation varies as well for every test sample.  

An uncertainty contribution case is displayed in Figure 39. In this chart, the impact on the uncertainty 

of the f and 𝑁𝑢 calculations is displayed, showing the uncertainty contribution from each set of 

input variables. The uncertainty contribution is displayed for both a high 𝑅𝑒 value (𝑅𝑒 = 30000) 

and a low 𝑅𝑒 value (𝑅𝑒 = 5000).  

 

 

1

2

3

1 2 3 4 5 6 7 8 9 10

N
u
/
N

u
o

f/fo

939 0.75

247 0.75

247 Rect

939 1.5

247 1.5



Results and Discussion 
       

74 
 

 

Figure 42. Uncertainty contributions for the 𝑓 and 𝑁𝑢 values 

 

This chart is merely an example that depicts the shift in influence from the input variables on the 

error of the dependent variable. SLM939 and the 𝑅𝑒 values displayed were selected arbitrarily, just 

in order to display the differences among input variables affecting the source of uncertainty.  

As it can be seen, at high 𝑅𝑒, the uncertainty contribution of the wall temperature to the 𝑁𝑢 is 

significantly higher than any of the rest input parameters. This might be due to the uncertainty of 

the thermal conductivity of the SLM939 material, which, is relatively high. However, when the 𝑅𝑒 

is decreased, and so is the mass flow, the uncertainty relative to the mass flow readings rises. For this 

particular 𝑅𝑒, the mass flow uncertainty becomes the major parameter affecting the total uncertainty 

of the 𝑁𝑢 calculation.  
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6 Conclusions 

 

An HT-rig that can test samples of 𝐿 = 22.5 mm for rapid 𝑁𝑢 calculations was designed, built and 

validated. The HT-rig was utilized for SLM mini-channel testing of test samples that had been already 

tested in the PLC-rig in order to determine its 𝑓. Two different SLM materials were used, two 

different geometries were used, and two different 𝐷ℎ sizes were tested. The 𝑓 value was also 

calculated in the HT-rig; however, it was concluded that the 𝑓 from the PLC-rig should be regarded 

as more certain. 

The acquired 𝑁𝑢 data sustain the following claims regarding the tested AM samples: 

- Circular channels appear to outperform the rectangular channels in terms of heat transfer 

enhancement. Nevertheless, only one dimension and one material was tested for the 

rectangular geometry.  

- Higher the 𝐷, higher the 𝑁𝑢 for every 𝑅𝑒 regime tested. This statement contradicts 

PennState’s results, in which the most influential parameter appears to be the relative 

roughness 𝑅𝑎/𝐷ℎ .  

The latter contradiction may be justified by the different geometries, building directions and entrance 

effects conditions. Nonetheless, the surface roughness has not been directly measured in the 

available SLM samples. Furthermore, some scepticism should be kept regarding the HT-results and 

some re-validation should be performed. The outlet thermocouple measurement should be adjusted 

so that low mass flow does not impact the quality of the temperature reading. This may correct the 

trendlines for some of the 𝑁𝑢 results, which appear to be significantly steeper than that the 

inclination of the theoretical correlations. 

Finally, a friction factor 𝑓 augmentation compared to a smooth channel 𝑓𝑜, corresponds to a 𝑁𝑢 

increase. However, the rate of increase of 𝑓/𝑓𝑜 is significantly higher than the rate of growth of 

𝑁𝑢/𝑁𝑢𝑜.  

 

6.1 Future work 

The 𝐿 = 45 mm and the 𝐿 = 150 mm HT-rigs will have to be validated and tested by the next student 

arriving at Siemens. The goal is to obtain more 𝑁𝑢 data for longer test samples, so the impact of the 

thermal performance of the mini-channels is diminished. It could be considered to study SLM 

rectangular samples with different aspect ratios. 

An improvement for the re-validation of the 𝐿 = 22.5 mm that could be implemented would be to 

attempt to pressurize the outlet of the HT-rig. In that way, atmospheric air recirculation may be 

prevented, and a more uniform temperature measurement may be obtained.  

The relative sand grain surface roughness can be indirectly calculated by means of the Colebrook 

equation once known 𝑓. In order to obtain simultaneous readings for the thermal performance and 

the pressure losses, the HT-rig should be validated for 𝑓 and checked against data acquired in the 

PLC-rig.  
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For consistency in the analysis, it would be appropriate to attempt to find a method that allows 

measuring surface roughness directly. It would provide common ground for comparison with 

PennState’s results.  

Ultimately, the goal is to create a database large enough so that a correlation for the 𝑁𝑢 can be built 

for the AM production technology available at Siemens. Thus, further experimentation and 

understanding should be required.  
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7 APPENDIX 

7.1 Uncertainty analysis 

7.1.1 Background 

In most of the cases, a measurand 𝑌 is determined by 𝑁 different input quantities 𝑋1, 𝑋2, …, 𝑋𝑁 

through a functional relationship 𝑓. 

𝑌 = 𝑓(𝑋1, 𝑋2, …, 𝑋𝑁)  (6.1) 

 

When displaying the outcome of the single sample experiment with 𝑘 datapoints, the measurement 

𝑦 is the best estimate of the result, being 𝑦 the average of the different output measurands 𝑌𝑘 

recorded in the non-repeated experiment. The procedure followed in this report to display the 

measurand and deal with its uncertainty is shown in the “Guide to the expression of uncertainty in 

measurement” [Reference]. The result of 𝑦 will be obtained by averaging the 𝑌𝑘 measurands as 

displayed in expression 3.31, since this method for averaging is preferable when the functional 

relationship 𝑓 is not linear, instead of using the average of the input quantities 𝑥 =
1

𝑛
 ∑ 𝑋𝑖

𝑛
𝑖=1  [ ]. 

𝑦 = �̅� =
1

𝑛
 ∑ 𝑌𝑘

𝑛
𝑘=1 =

1

𝑛
 ∑ 𝑓 (𝑋1,𝑘, 𝑋2,𝑘, … , 𝑋𝑁,𝑘) 𝑛

𝑘=1   (6.2) 

 

A measured quantity 𝑋𝑖 upon the output quantity 𝑌 depends is subjected to an uncertainty i.e. the 

margin of error within the true value of the quantity 𝑋𝑖 is expected to be. Uncertainties can be of a 

different type. The uncertainty 𝑢 of a quantity can be either evaluated by statistical methods, 

determined by current measurement; or uncertainties brought externally, either from calibration 

procedures or reported standards that are based on broad and reliable information.  

When estimating the uncertainty for the measurand 𝑌, the margin of error of the input quantities 𝑋𝑖 

should be regarded. Furthermore, 𝑋𝑖 might be as well the output measurand that is obtained from 

additional inputs through another functional relationship 𝑓𝑖 . Subsequently, 𝑋𝑖 is ultimately 

conditioned by the uncertainties of these inputs. This uncertainty chain may entail several steps.  

Regardless of the steps that comply with this chain, or the type of uncertainty, the final uncertainty 

can be obtained as a combined standard uncertainty 𝑢𝑐 . The 𝑢𝑐 of the input quantities 𝑋𝑖 effect the 

uncertainty of the measurement results 𝑦. Expression 3.32 reveals the method to attribute a standard 

uncertainty 𝑢𝑐(𝑦)  to the result of every single sample experiment 𝑦. This combined standard 

uncertainty expression is valid when the input quantities are independent i.e. non-correlated. 

𝑢𝑐
2(𝑦) = ∑ (

𝜕𝑓

𝜕𝑥𝑖
)

2

𝑢2(𝑥𝑖)

𝑁

𝑖=1

       (6.3) 
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7.1.2 Method and Uncertainty Expressions 

• 𝑁𝑢 =
ℎ𝐷ℎ

𝑘𝑎𝑖𝑟
: 

𝑢(𝑁𝑢) = √(
𝜕𝑁𝑢

𝜕ℎ
𝑢(ℎ))

2

+ (
𝜕𝑁𝑢

𝜕𝐷ℎ
𝑢(𝐷ℎ))

2

+ (
𝜕𝑁𝑢

𝜕𝑘𝑎𝑖𝑟
𝑢(𝑘𝑎𝑖𝑟))

2

 

𝜕𝑁𝑢

𝜕ℎ
=

𝐷ℎ

𝑘𝑎𝑖𝑟
 

𝜕𝑁𝑢

𝜕𝐷ℎ
=

ℎ

𝑘𝑎𝑖𝑟
 

𝜕𝑁𝑢

𝜕𝑘𝑎𝑖𝑟
= −

ℎ𝐷ℎ

𝑘𝑎𝑖𝑟
2  

--------------------------------------------------------------------- 

• ℎ =
�̇� 

𝐴𝑠 
∆𝑇𝐿𝑀: 

 𝑢𝑐(ℎ) = √(
𝜕ℎ

𝜕�̇�
𝑢(�̇�))

2

+ (
𝜕ℎ

𝜕𝑇𝑖
𝑢(𝐴𝑠))

2

+ (
𝜕ℎ

𝜕𝑇𝑜
𝑢(∆𝑇𝐿𝑀))

2

  

𝜕ℎ

𝜕�̇�
=

∆𝑇𝐿𝑀

𝐴𝑠
; 

𝜕ℎ

𝜕𝐴𝑠
= −

�̇� ∆𝑇𝐿𝑀

𝐴𝑠
2 

; 

𝜕ℎ

𝜕∆𝑇𝐿𝑀
=

�̇�

𝐴𝑠 
 

--------------------------------------------------------------------- 
• �̇� = �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)  

 

𝑢𝑐(�̇�) = √(
𝜕�̇�

𝜕�̇�
𝑢(�̇�))

2

+ (
𝜕�̇�

𝜕𝐶𝑝
𝑢(𝐶𝑝))

2

+ (
𝜕�̇�

𝜕𝑇𝑜
𝑢(𝑇𝑜))

2

+ (
𝜕ℎ

𝜕𝑇𝑖
𝑢(𝑇𝑖))

2

 

𝜕�̇�

𝜕�̇�
= 𝐶𝑝(𝑇𝑜 − 𝑇𝑖); 

𝜕�̇�

𝜕𝐶𝑝
= �̇�(𝑇𝑜 − 𝑇𝑖); 

𝜕�̇�

𝜕𝑇𝑜
= �̇�𝐶𝑝; 

𝜕�̇�

𝜕𝑇𝑖
= −�̇�𝐶𝑝 

------------------------------------------------------------------------------------------------------------------------- 

• �̇� 𝑖𝑠 𝑎 𝑑𝑖𝑟𝑒𝑐𝑡 𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 10 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 → 𝑢(�̇�) 𝑖𝑠 𝑘𝑛𝑜𝑤𝑛 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 �̇�  

• 𝑇𝑖 𝑎𝑛𝑑 𝑇𝑜 𝑎𝑟𝑒 𝑑𝑖𝑟𝑒𝑐𝑡 𝑃𝑇100 𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 → 𝑢(𝑇𝑖) = 𝑢(𝑇𝑜) = 0.015 𝐾 

--------------------------------------------------------------------- 
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• ∆𝑇𝐿𝑀 =
𝑇𝑜−𝑇𝑖

ln((𝑇𝑠−𝑇𝑖)/(𝑇𝑠−𝑇𝑜))
∶ 

 𝑢𝑐(∆𝑇𝐿𝑀) = √(
𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑖
𝑢(𝑇𝑖))

2

+ (
𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑜
𝑢(𝑇𝑜))

2

+ (
𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑠
𝑢(𝑇𝑠))

2

  

𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑖
= − [ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−1

+
𝑇𝑜 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑖
[ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−2

; 

𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑜
= [ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−1

−
𝑇𝑜 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
[ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−2

; 

𝜕∆𝑇𝐿𝑀

𝜕𝑇𝑠
= −(𝑇𝑜 − 𝑇𝑖) [ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−2

∙ [
1

𝑇𝑠 − 𝑇𝑖
−

1

𝑇𝑠 − 𝑇𝑜
] =

(𝑇𝑜 − 𝑇𝑖)2

(𝑇𝑠 − 𝑇𝑜)(𝑇𝑠 − 𝑇𝑖)
[ln [

𝑇𝑠 − 𝑇𝑖

𝑇𝑠 − 𝑇𝑜
] ]

−2

 

------------------------------------------------------------------------------------------------------------------------- 

• 𝑇𝑖 𝑎𝑛𝑑 𝑇𝑜 𝑎𝑟𝑒 𝑑𝑖𝑟𝑒𝑐𝑡 𝑃𝑇100 𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 → 𝑢(𝑇𝑖) = 𝑢(𝑇𝑜) = 0.015 𝐾 

--------------------------------------------------------------------- 

• 𝑇𝑠 = 𝑇𝐶𝑢 − �̇� [
𝑙 𝑛[(𝑟30 (𝑟5+𝑟𝑇𝑃)]⁄

2 𝜋 𝐿 𝑘𝐶𝑢
+

𝑙 𝑛[(𝑟5+𝑟𝑇𝑃) (𝑟5−𝑟𝑇𝑃)⁄ ]

2 𝜋 𝐿 𝑘𝑇𝑃
+

𝑙 𝑛[(𝑟5−𝑟𝑇𝑃) (𝐷ℎ/2)]⁄

2 𝜋 𝐿 𝑘𝑆𝐿𝑀
]  

 

𝑢(𝑇𝑠) = 

√(
𝜕𝑇𝑠

𝜕𝑇15
𝑢(𝑇𝐶𝑢))

2

+ (
𝜕𝑇𝑠

𝜕�̇�
𝑢(�̇�))

2

+ (
𝜕𝑇𝑠

𝜕𝑟𝑇𝑃 
𝑢(𝑟𝑇𝑃))

2

+ (
𝜕𝑇𝑠

𝜕𝐷ℎ 
𝑢(𝐷ℎ))

2

+ (
𝜕𝑇𝑠

𝜕𝑘𝑆𝐿𝑀 
𝑢(𝑘𝑆𝐿𝑀))

2

+ (
𝜕𝑇𝑠

𝜕𝑘𝐶𝑢  
𝑢(𝑘𝐶𝑢))

2

+ (
𝜕𝑇𝑠

𝜕𝑘𝑆𝐿𝑀 
𝑢(𝑘𝑇𝑃))

2

 

 

𝜕𝑇𝑠

𝜕𝑇𝐶𝑢
= 1; 

 
𝜕𝑇𝑠

𝜕�̇�
= − [

𝑙 𝑛[( 𝑟30 (𝑟5 + 𝑟𝑇𝑃)]⁄

2 𝜋 𝐿 𝑘𝐶𝑢
+

𝑙 𝑛[ (𝑟5 + 𝑟𝑇𝑃) (𝑟5 − 𝑟𝑇𝑃)⁄ ]

2 𝜋 𝐿 𝑘𝑇𝑃
+

𝑙 𝑛[ (𝑟5 − 𝑟𝑇𝑃 ) (𝐷ℎ/2)]⁄

2 𝜋 𝐿 𝑘𝑆𝐿𝑀
] ; 

 

𝜕𝑇𝑠

𝜕𝑟𝑇𝑃 
= −�̇� [

[1 (𝑟5 + 𝑟𝑇𝑃)]⁄

2 𝜋 𝐿 𝑘𝐶𝑢

+
𝑙 𝑛[ (𝑟5 + 𝑟𝑇𝑃/2) (𝑟5 − 𝑟𝑇𝑃/2)⁄ ]

2 𝜋 𝐿 𝑘𝑇𝑃

+
𝑙 𝑛[ (𝑟5 − 𝑟𝑇𝑃/2 ) (𝐷ℎ/2)]⁄

2 𝜋 𝐿 𝑘𝑆𝐿𝑀

] 

------------------------------------------------------------------------------------------------------------------------- 

• 𝑇15 𝑖𝑠 𝑎 𝑑𝑖𝑟𝑒𝑐𝑡 𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 𝑇𝑦𝑝𝑒 − 𝐾 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 → 𝑢(𝑇15) 𝑖𝑠 𝑘𝑛𝑜𝑤𝑛 

 

 

• �̇� = �̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)  

 

𝑢𝑐(�̇�) = √(
𝜕�̇�

𝜕�̇�
𝑢(�̇�))

2

+ (
𝜕�̇�

𝜕𝑇𝑜
𝑢(𝑇𝑜))

2

+ (
𝜕ℎ

𝜕𝑇𝑖
𝑢(𝑇𝑖))

2

 

𝜕�̇�

𝜕�̇�
= 𝐶𝑝(𝑇𝑜 − 𝑇𝑖); 

𝜕�̇�

𝜕𝑇𝑜
= �̇�𝐶𝑝; 

𝜕�̇�

𝜕𝑇𝑖
= −�̇�𝐶𝑝 
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------------------------------------------------------------------------------------------------------------------------- 

• �̇� 𝑖𝑠 𝑎 𝑑𝑖𝑟𝑒𝑐𝑡 𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 10 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 → 𝑢(�̇�) 𝑖𝑠 𝑘𝑛𝑜𝑤𝑛 

--------------------------------------------------------------------- 
------------------------------------------------------------------------------------------------------------------------- 

• 𝑇30 𝑖𝑠 𝑎 𝑑𝑖𝑟𝑒𝑐𝑡 𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 𝑇𝑦𝑝𝑒 − 𝐾 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡  → 𝑢(𝑇30) 𝑖𝑠 𝑘𝑛𝑜𝑤𝑛 

--------------------------------------------------------------------- 
------------------------------------------------------------------------------------------------------------------------- 

• 𝑇𝑖 𝑎𝑛𝑑 𝑇𝑜 𝑎𝑟𝑒 𝑑𝑖𝑟𝑒𝑐𝑡 𝑃𝑇100 𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 → 𝑢(𝑇𝑖) = 𝑢(𝑇𝑜) 𝑖𝑠 𝑘𝑛𝑜𝑤𝑛 
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7.2 Instrument Calibration 

7.2.1 Absolute pressure transmitter   
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7.2.2 Pressure scanner module 
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7.2.3 Thermocouples PT-100 
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7.2.4 Thermocouples Type-K Calibration 

The procedure described below is an extract from the “Guide of Uncertainty Measurement”. This 

process was followed in order to perform the thermocouple type-K calibration and obtain its 

uncertainty.  
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In summary, the procedure described above provides a calibration curve for each separate 

thermocouple type-K. The curve provides a correction factor for the temperature reading of each 

separate thermocouple. The calibration curve is obtained by recording a certain temperature range 

that is compared to a reference temperature.  

In this case, the acquired data corresponds to the temperature drop of a water bucket from 75°C to 

42°C. Type-K thermocouple data is compared against the temperature readings of platinum 

thermocouples PT-100. The measurement uncertainty for these devices 𝑢(𝑇𝑃𝑇−100) = 0.015K, as 

seen in the calibration report of this device above. Both types of thermocouples were attached as 

shown in Figure X so that the temperature reading from every thermometer device was related to 

the same measurand.  

  

 

Figure 43. Data acquisition for thermocouple calibration 

In the graphs below it can be seen the difference of the thermocouples type-K readings compared 

to the PT-100. It is assumed that calibrated PT-100 thermocouples are recording true temperature 

value, with its corresponding uncertainty, and therefore, the difference between the thermocouple 

type-K and this value is considered as error.  The blue and orange dots correspond to the type-K 

thermocouple reading error before and after applying the correction respectively. Two examples are 

found in Figure X which depict the correction effect for most of the thermocouples.  

 

0,000

0,500

1,000

1,500

2,000

40 45 50 55 60 65 70 75 80

E
rr

o
r 

[K
]

Reference Temperature [Celsius]

Thermocouple 1

Before Correction

After Correction



APPENDIX 
       

94 
 

 

 

There is however one exception: in this case, the temperature readings between the thermocouple 8 

and PT-100 were very similar and the error was low for many readings within the temperature range. 

Thus, the correction factors that were beneficial for those temperatures with higher error, were 

increasing the error for the accurate non-corrected readings. This can be seen in Figure X.  

 

The correction factors will have a positive impact on the temperature readings from this 

thermocouple when operating at temperatures higher than 70°𝐶. 

Lastly, the uncertainty for this calibration method is provided and can be calculated for every single 

temperature reading. However, it should be noted that this method is utilizing as a temperature 

reference the readings from a device that is subjected to a certain uncertainty itself. Therefore, this 

uncertainty must be considered in the overall uncertainty of the type-K thermocouple readings.  

The impact of the uncertainty is introduced as expressed below: 

𝑢(𝑇𝑡𝑦𝑝𝑒−𝐾) = √𝑢2(𝑇𝑃𝑇−100) + 𝑢𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛
2        (°𝐶 𝑜𝑟 𝐾)  (𝐵. 1) 

The uncertainty for each thermocouple type-K is represented below. Figure X displays the 

uncertainty for readings within the temperature range utilized for acquiring data.  
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7.2.5 Coriolis mass flow meter 
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7.3 Material characterization  

7.3.1 SLM 247 

Thermal conductivity  
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Thermal Expansion 

 

Temperature 

(°C)  

Mean Coefficient of Linear 

Thermal Expansion (∙ 𝟏𝟎−𝟔/𝑲) 

21 11.89 

100 12.22 

200 12.74 

300 13.09 

400 13.44 

500 13.7 

600 14.12 

700 14.83 

800 15.38 

900 15.87 

1000 16.31 

1100 16.69 

1200 17.07 

Table 14. Thermal expansion coefficient for SLM 247. Source: Siemens 
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7.3.2 SLM 939 

Thermal conductivity  
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Thermal Expansion 

Temperature 

(°C) 

Mean Coefficient of Linear Thermal 

Expansion (∙ 𝟏𝟎−𝟔/𝑲) 

20 12.0308 

50 12.0850 

100 12.1889 

150 12.3053 

200 12.4299 

250 12.5596 

300 12.6927 

350 12.8284 

400 12.9674 

450 13.1116 

500 13.2639 

550 13.4287 

600 13.6115 

650 13.8189 

700 14.0589 

750 14.3407 

800 14.6746 

850 15.0723 

900 15.5465 

950 16.1113 

1000 16.7819 

1050 17.5749 

1070 17.9302 

1150 17.9302 

Table 15. Thermal expansion coefficient for SLM 939. Source: Siemens 
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7.3.3 Copper 
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7.3.4 SLM PA2200 
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7.3.5 Aluminum 
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7.3.6 Thermal Paste 
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7.4 Experimental Setup Arrangement 

7.4.1 Copper Blocks 
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7.4.2 Heaters 

Noselement 75x20  
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Noselements  
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𝐒𝐩𝐞𝐜𝐢𝐟𝐢𝐜𝐚𝐭𝐢𝐨𝐧 

 

 

𝟕𝟓𝐗𝟐𝟓 

 

𝟕𝟓𝐗𝟒𝟎 

 

𝟕𝟓𝐗𝟓𝟎 

 

𝟕𝟓𝐗𝟔𝟎 

𝐁  

[𝒎𝒎] 

 

[mm] 

 

25.1 

 

40.3 

 

51.8 

 

62.5 

𝛂  

[°] 

 

44.5 

 

44.2 

 

46.7 

 

44 

𝐋  

[𝒎𝒎] 

 

94.5 

 

90.5 

 

93.8 

 

91.9 

𝐭  

[𝒎𝒎] 

 

3.6 

 

3.5 

 

3.5 

 

3.5 

∅𝐝𝟏  

[𝒎𝒎] 

 

9.1 

 

9.5 

 

9.6 

 

9.6 

∅ 𝐝𝟐  

[𝒎𝒎] 

 

14.2 

 

14.1 

 

14 

 

14 

𝐬 

[𝒎𝒎] 

 

25 

 

25 

 

25.2 

 

25.1 

𝐤 

[𝒎𝒎] 

 

1 

 

8.4 

 

14.2 

 

17.5 

𝐦 

[𝒎𝒎] 

 

37.5 

 

38 

 

37.5 

 

37.5 

𝐧 

[𝒎𝒎] 

 

18.5 

 

18.5 

 

17.9 

 

18.7 

𝐩 

[𝒎𝒎] 

 

6.5 

 

7 

 

6.9 

 

6.5 

Table 16. Noselelement dimension specification. Source: Siemens 


