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Abstract 
 

After the development of additive manufacturing technology in the 1980s, it has found use in many 

applications like aerospace, automotive, marine, machinery, consumer and electronic applications. In 

recent time, few researchers have worked on the applications of additive manufacturing for heat 

transfer and fluidic devices. As the world has seen a drastic increase in population in last decades which 

have put stress on already scarce energy resources, optimization of energy devices which include energy 

storing devices, heat transfer devices, energy capturing devices etc. is need for the hour. Design of 

energy devices is often constrained by manufacturing constraints thus current design of energy devices 

is not an  optimized one. In this research we want to conceptualize, design and manufacture optimized 

heat transfer and fluidic devices by exploiting the advantages provided by additive manufacturing. We 

want to benefit from the fact that very intricate geometry and desired surface finish can be obtained by 

using additive manufacturing. Additionally, we want to compare the efficacy of our designed  device 

with conventional devices. Work on usage of Additive manufacturing for increasing efficiency of heat 

transfer devices can be found in the literature. We want to extend this approach to other heat transfer 

devices especially tubes with internal flow. By optimizing the design of energy systems we hope to solve 

current energy shortage and help conserve energy for future generation. 

We will also extend the application of additive manufacturing technology to fabricate "device for 

uniform flow distribution". 
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Chapter 1 Introduction- Additive Manufacturing 
 

1.1 What is Additive Manufacturing? 
"Additive Manufacturing" is a process in which 3-dimensional physical product is made from digital 3-

dimensional design data layer by layer. Manufacturing can be characterized into three broad categories 

which include "Subtractive Manufacturing", such as milling or turning, "Formative manufacturing", such 

as casting or forging and "Additive Manufacturing”[1]. Additive Manufacturing (A.M) is relatively new 

manufacturing process as compared two other two categories. 

Though there was a lot of work done on AM from the 1950s to 1960s, but the importance of AM was 

fully realized after the development of associated technologies i.e., computers, lasers, controllers, etc. in 

the early 1980s [2]. From the sticky and brittle materials of the early 1990s to hard and tough materials 

of these days, AM has come a long way. With the use of AM designer can design parts for intended 

application without worrying about manufacturability of part. 

1.2 The Principle of Additive Manufacturing: 
The term additive manufacturing covers any imaginable way of creating 3-D physical part by adding 

material layer by layer. AM involves some steps which need to be followed to get the physical part from 

3-D model. Different stages of AM can be summarized as follows: 

 Conceptualizing and Modeling: For any product development process first step is to 

conceptualize a product. Once the product is conceptualized, and sketches are created to 

visualize it in 2-D, next step is to build 3-D Model in the form of CAD data. There are several 

ways by which CAD data can be created, for example by using computer-aided design packages, 

by a 3D scanner, by a plain digital camera and photogrammetry software. Computer-aided 

design (CAD) is the use of computer systems to create  3 –D models. Several commercial 

software like SOLIDWORKS®, PTC Creo, NX Unigraphics, CATIA, etc. can be used for 3-D CAD data 

creation. In 3 D scanning, digital data on the shape and appearance of a real object is collected, 
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and 3-D CAD data is created based on it. Photogrammetry is a process of 3-D CAD data creation 

with use of photographs. Use of CAD software should be preferred as models produced by CAD 

software have fewer errors and allows verification of design before it is printed [3]. 3-D CAD 

data created by these techniques are used for additive manufacturing. For our current work, we 

have used SOLIDWORKS® for the creation of CAD data.  

 STL file creation:  Next stage is to convert CAD data to .STL format. The term STL was derived 

from STereoLithograhy, which was the first commercial AM technology [4]. CAD data in STL 

format does not contain construction data, modeling history, etc. and approximates surfaces of 

the model with series of triangular facets [5]. 

It can be considered as a simple way of describing a CAD model in term of its geometry alone.  

STL file should be examined for error as most of the CAD Softwares produce errors in STL file. 

Errors in hole, face normal, self-intersections, noise shells are common. For our current work, 

we have used SOLIDWORKS® to save CAD data in .STL format. 

 Slice: Next stage is to slice STL data into a series of thin layers with the help of software called 

"slicer".” Slicer” converts the CAD model into a series of thin layers and produces a G-code file. 

 Printing: Print resolution need to be set before printing of part can be initiated. Print resolution 

is layer thickness and X-Y resolution in dot per inch. Print resolution depends on the type of 

additive manufacturing process under consideration. Printing of parts with the contemporary 

method can take from several hours to several days depending on the size of the part.  

 Post processing: For some parts before the part is ready for application purposes, post 

processing of 3-D printed part is required. Finishing in the form of polishing, sandpapering, 

application of coating, etc. can be performed on 3-D printed parts. To achieve final part 

properties sometimes part need to go through chemical and thermal treatment. For our current 

work, we have performed post-processing in the form of supporting material removal. 3-D 
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printing method used in our work, creates supporting structure while printing parts. These 

supports are undesirable and can be easily removed.  

 

1.3 Design for Additive Manufacturing  
In additive manufacturing process, overall part quality is determined by the raw material, build process 

and engineering design. Material properties used in AM are subject to continuous improvement, and 

latest information (catalog) should be considered. 

AM processes due to layered manufacturing produce anisotropic parts. In anisotropic parts, properties 

vary in different direction and within parts. The degree of anisotropy depends on the type of AM 

process, the orientation of the part in the build volume and its engineering design. Properties of parts 

parallel to the build area and perpendicular to it, differs from each other because of layer manufacturing 

[1].  Due to this area of highest load should be parallel to build area. As any change in one area of part 

orientation within the build chamber changes the orientation of all other areas, thus the orientation of 

the part should be decided very carefully. 

The anisotropic effect depends on the AM process used. While this is valid for parts made by plastic 

processes, parts made by laser sintering of metal shows different material behavior. In laser sintering of 

metal, powder metal is molten completely, resulting in fully dense parts that show minor anisotropic 

effects. One can see layers in the micrographs. 

All material classes, namely plastics, metals, and ceramics can be printed using additive manufacturing 

nowadays. This is valid for all additive manufacturing families. 

Plastics: Plastics were the first group of materials to be employed in Additive Manufacturing processes. 

From the sticky and brittle materials of the early 1990s to hard and tough materials of these days, 

plastics for AM have come a long way. Polyamides are the preferred material for plastic laser-sintering. 

Polyamide 11 or 12 with the particle size of 20 to 50 μm is generally used. This material is different from 



15 
 

polyamide 6 or 6.6 which is generally used for injection molding. ABS plastic is primary material for 

“fused deposition modeling” processes.  

Metal: Selective laser melting and fusing are the most common method to get metal parts through 

additive manufacturing. Metal powder of size 20 to 30 μm is used as raw material for this. The material 

is similar to materials used for laser coating or welding with filler material [1]. Metals like stainless steel, 

tool steel, CoCr- alloys, titanium, magnesium, aluminum, gold, and silver are available for additive 

manufacturing processes these days [1][6]. Copper is also being developed as a material for AM [1].  

 

                               Figure 1: Selection of materials for AM metal processes [1] 

 To conclude range of metal materials is wider and their properties mimic the materials that are used for 

traditional manufacturing, even better than plastics.  

Ceramics and composite materials can also be used for AM processes. Ceramics such as aluminum 

oxide, silicon dioxide, zirconium, silicon carbide and silicon nitride can be used. Products are monolithic 
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ceramics and are used for flow through channels and high-temperature loaded structures like heat 

exchangers. 

Design Rule for Additive Manufacturing: 

Although AM processes give designer ability to conceptualize and design parts which can’t be made by 

conventional machining, there are few design rules he/she should keep in mind while designing parts to 

be made by additive manufacturing.  

 Tolerance: Tool path is defined by the part contour because AM parts are built according to a 3-

D CAD model. The tool path is retracted by half of the tool width (beam diameter of laser) to 

achieve part with correct contours. This is called beam with compensation for laser based 

processes. The parts should be designed in the middle of the tolerance zone in order to place 

symmetric field all across the part. For example, if we want a part with 30mm outer diameter 

and 0.20mm overall tolerance, the part should be designed with ø30 ± 10mm other than ø30 

+15/-5 mm. 

 Removal of supports: Some of the additive manufacturing technologies require support material 

during part manufacturing. These supports need to be removed to get final parts. Small marks 

on the surface of the part (where supports meets part) remain even after removal of support. 

Parts should be designed in a way that surface in contact with support is of low importance from 

surface finish point of view. Additionally, in difficult to reach regions within part, removing 

support is difficult. Access hole can be provided for support and then plugged for these cases. 

 Hollowing out parts: Parts with thick walls may be designed to include hollow features if the 

functionality of part is not compromised. By doing so, the design can reduce build time, cost and 

mass of final part. For some liquid- based resin systems drain holes need to be provided to 

remove excess resin from inside of the part [2]. 



17 
 

 The inclusion of manufacturing constraining feature: Conventional machining processes require 

features like undercuts, draft angles, holes, pockets etc. and considerable planning to ensure a 

part is fabricated correctly. Though these features are not required for additive manufacturing, 

these should be included in part made by AM. AM can be used to determine types of 

strengthening processes needed i.e. rib, boss etc.  

 Build volume: Part size is constrained by build volume of build chamber. Part for AM should be 

designed keeping maximum dimensions of build chamber in mind. For parts larger than 

dimensions of build volume parts can be designed in segments that fit into the machine and 

manually assemble them together. Interlocking features should be provided at the regions 

which facilitate reassembly. 

 Reduction of part count: Assembly may be simplified by minimizing the part count. For example, 

it is possible to build fully assembled hinge structures by providing clearance around the moving 

features[2]. 

 Relative Fit: While printing parts which need to be fitted in each other, those can be positioned 

face to face in the build chamber and as close as possible, which means a gap of 0.10 to 0.20 

mm. This will ensure that parts will fit, regardless of the perfectness of contours and complexity 

of boundary contours. 

1.4 Different type of AM technologies  
Additive manufacturing processes can be assigned to five basic families of AM processes namely [1]: 

 Polymerization 

 Selective melting or selective sintering and re-solidification 

 Contour cutting and bonding  

 Selective bonding and gluing by binder 

 Selective application of thermally activated phases 
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All of these can be pictorially represented as follows: 

 

             Figure2: Pictorial overview of various additive manufacturing processes [7]. 

For heat transfer devices selective laser melting process should be preferred as metallic parts can be 

printed by this process, no base required to build part on and supports are not required. A high-power 

laser is used to fuse small particles of metal in this process. Fluidic devices can be made by both liquid 

based and solid based processes. For parts with internal geometric feature selective laser sintering 

should be preferred as there is no requirement of support for this process. 
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1.5 Advantages and shortcoming of AM processes [1] [2] [6] 7].   
Additive manufacturing processes have following advantages: 

 Efficiency in material use: During subtractive manufacturing like machining large amount of 

material is removed. On the contrary, additive manufacturing processes make optimal use of 

raw material by making part layer by layer.  

 Efficient use of resources: Unlike conventional manufacturing, additive manufacturing doesn’t 

require auxiliary resources like jigs, fixtures, coolants, etc. in addition to the primary machine 

tool.  

 Part flexibility: Part with complex features can be manufactured in a single piece using AM. Parts 

with varying mechanical properties can also be made, such a part being flexible at one end and 

stiffer at the other end. 

 Flexibility in production: Additive manufacturing can be economical for the product of small 

batches. High level of customization can be achieved, as different types of parts can be 

manufactured on the same machine without any setup change. 

Like most of other under development technologies additive manufacturing processes have limitations: 

 Limitation of size: Size of parts made by AM is governed by build volume of build chamber. 

Maximum dimensions of parts to be manufactured can't exceed maximum dimensions of build 

chamber.   

 More time taken to print large parts: Time taken to print large parts is a lot and makes it 

impractical to print large parts with the use of AM. 

 Presence of imperfections: The parts produced using AM often have a rough and ribbed surface 

finish. Further surface finishing processes like machining or polishing are required to obtain final 

part ready for application.   
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 Cost: Cost to establish a manufacturing facility with additive manufacturing processes can be 

high. Entry level 3-D printers cost around $5000 and can go as high as $50000 for high-end 

models [7]. In addition to machine cost, there is the cost of accessories, resins, and other 

materials required for operation. This makes additive manufacture costlier as compared to 

conventional machining. 

In addition to above-mentioned limitations other problems like aging and UV stability for plastics and 

corrosion, de-composition, sedimentation, and oxidation for metal powders, as well as pores and 

inclusions for all AM processes can be observed in parts made by AM. These problems need to be 

studied and solved. 

 

1.6 Application of AM process. 
Additive manufacturing processes have found applications in wide range of industries like automotive, 

aerospace, consumer goods, toy industries, art and foundry and casting. 
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                                                        Figure 5:  Metal parts produced by AM [9] 

In recent past, researchers have used additive manufacturing to print tissues and organs [8]. Large 

aerospace companies like Boeing, GE aviation, and Airbus have used AM for aircraft parts.  

Many events conducted by industry, academia, and government have presented latest development in 

AM technologies and examples of how the technology is being applied to the production of parts for 

individual products. Two success story of AM application is the manufacturing of custom-fit, in-the-ear 

hearing aids and dental copings for crowns and bridges. Millions of hearing aids and dental copings of 

unique shape and size are being produced annually. 

Although the use of AM for heat transfer devices is limited, there are few examples of fabrication of 

heat exchangers by AM processes.  The new design structure of heat exchanger has been designed and 

manufactured in recent past. Micro cooler shown in Figure 6 is made from Aluminum. It is compact and 

provides maximum heat transfer. This design is scalable. These micro coolers have self-supporting 

integrated cooling fins on outside surfaces and tabulators inside the cooling tubes disrupt the flow of 

the cooled fluid.  
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                         Figure 6:   Micro cooler made of Aluminum [10] 

Another example of the use of 3-D printing technology to make energy efficient device is next 

generation heat exchanger designed and 3-D printed by the University Of Maryland, through a 

partnership with 3D Systems and U.S. Department of Energy's Building Technologies Office. This next 

generation heat exchanger is 20% lighter, 20% more efficient and can be manufactured in less time as 

compared to existing designs. 

                                   

    Figure 7: Heat Exchanger designed and manufactured by University Of Maryland [11] 
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Heat exchanger manufactured by 3-D printing is less likely to leak and have more resistance to internal 

pressure as these are printed in single, continuous piece. This makes these heat exchangers more 

reliable as compared to existing heat exchangers. 
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Chapter 2 Literature Survey 

Though work on the additive manufacturing of heat transfer devices is limited, there is a lot to be 

explored in this field of research. Use of additive manufacturing to improve heat transfer in electronic 

devices and heat exchangers is discussed in scientific literature.   

For heat transfer devices selective laser melting process should be preferred as metallic parts can be 

printed by this process, no base required to build part on and supports are not needed. A high-power 

laser is used to fuse small particles of metal in this process. Machine for selective laser sintering consists 

of build chamber filled with metal powder with a grain size of up to 50μm and a scanner unit on top 

which generates the x-y contour. Bottom of the build chamber can be adjusted at any z-level. Actual 

layers are built on the top of the powder bed. The build chamber is filled with shielding gas to prevent 

oxidization and it is preheated to minimize laser power. Laser beam contours each layer. Powder 

particles are locally melted where beam touches the surface. Laser beam diameter and traveling speed 

decide the geometry of the melting spot. Molten material solidifies as the beam travels further and 

leads to a solid layer. After solidification of one layer, the bottom of build chamber is lowered by the 

amount of layer thickness, thus lowering the whole powder cake. New space on the top of the powder is 

filled with new powder taken from the adjacent powder feed chamber using a roller. After new layer of 

powder is formed, the build process starts again and processes the next layer. The whole process 

continues layer by layer till the part is completed. After the build is complete, the whole part, including 

the surrounding powder, is covered by some layers of powder. The part with surrounding powder need 

to be cooled before the part can be taken off [12][1]. With selective laser melting very dense 

parts(>99%) can be obtained as metal melts the metal completely. Parts build by Selective Laser Melting 

(SLM) can have mechanical properties equivalent or even superior to those parts produced by 

conventional manufacturing [13][14]. A wide variety of metals like carbon steel, stainless steel, CoCr, 

titanium, gold and propriety alloys are available [1]. 
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Use of Selective Laser Melting of heat transfer devices: 

Matthew Wong, Sozon Tsopanos, Chris J. Sutcliffe and Ieuan Owen from The University of Liverpool, 

Liverpool, UK, discussed additive manufacturing to manufacture heat sinks for electronic cooling [15]. 

Miniaturization and function integration of electronic devices proved to be a motivation for thermal 

engineers and scientist to come up with improved ways of heat rejection from these devices. In past 

several innovated geometries were proposed like drop-shaped prismatic arrays[16]  and cellular metal 

foams [17]. The design of these geometries was constrained due to manufacturing limitations. With 

additive manufacturing, one can come up with new complex geometries with improved heat transfer 

coefficient and surface areas. Parts fabricated by a Additive manufacturing processes have the following 

improvement as compared to existing manufacturing techniques such as extrusion, forging, brazing, 

casting, bonding, machining or combination of these: 

 Channel diameter of less than 1mm can be manufactured [18]. 

 Surface roughness can be controlled which may increase heat transfer through increase heat 

transfer coefficient. 

 Intricate 3-D geometries for better mixing of fluid can be designed and manufactured. 

 Complex surfaces with improved heat transfer rate and reduced pressure drop can be designed 

and manufactured. 

Currently, only additive manufacturing techniques like Selective Laser melting and Selective Laser 

Sintering can provide with above-mentioned advantages. Out of these SLM is preferred as the powder is 

completely melted during this which leads to completely dense parts with better thermal conductivity. 

Authors discussed different heat sink configurations with different fin geometries and analyzed them for 

heat transfer coefficient at various Reynolds numbers [15] [19].  
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Figure 8: a) Pinfin-Al6061; b) Diamond-Al6061; c) V-Al6061; V-Al6061 

They observed Diamond-AL6061 had highest heat transfer coefficients for different mass flow rate, 

followed by V-AL6061, Pinfin-AL6061 and Pinfin-SS316L. 

 

Figure 9: Plot of heat transfer coefficient at different mass flow rate 



27 
 

They also compared pressure drop performance of geometries under investigation. 

 

Figure 10: Plot of pressure drop at different mass flow rate 

Two geometries which can’t be manufactured by conventional machining had better heat transfer rate. 

Flow migration was encouraged, and boundary layer growth was limited which led to improved 

performance of new design fins. This showed part which additive manufacturing can play for future of 

heat transfer device design and development.  

 

Surface roughness often shortened to roughness, is a component of surface texture. It is quantified by 

the deviations in the direction of the normal vector of a real surface from its ideal form. If these 

deviations are large, the surface is rough; if they are small, the surface is smooth. Surface roughness 

plays an important role in the heat transfer. By controlling roughness of a surface, one can control heat 

transfer ability of a surface. Luigi Ventola, Francesco Robotti, Masoud Dialameh, Flaviana Calignano, 

Diego Manfredi, Eliodoro Chiavazzo and Pietro Asinari used Additive Manufacturing ( direct metal laser 

sintering) to fabricate flat and finned surfaces with different surface roughness and analyzed them for 
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heat transfer performance. Samples were made from Aluminum alloy(AlSiMg alloy) with an an EOSINT 

M270 Xtended version. This machine uses a powerful Yb (Ytterbium) fiber laser system in an Argon 

atmosphere to melt powders with a continuous power up to 200 W. 

 

Figure 11: Tested samples made of AlSiMg alloy by direct metal laser sintering 

Experiments were conducted and convective heat transfer data was reported in terms of 

Nusselt number.  

 

    Figure 12: Experimental data about convective heat transfer 

Model of Turbulent flow over the rough surface was developed and compared with experimental 

results. For flat rough surfaces, a peak of convective heat transfer enhancement of 73% (63% 
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on average) was observed, while, for rough (single) finned surfaces, a peak enhancement of 

40% (35% on average) was observed. 

One of the advantages of additive manufacturing processes, as compared to conventional 

manufacturing processes is an ability to make intricate 3-D geometries. Reimund Neugebauer, 

Bernhard Mu ller, Mathias Gebauer and Thomas Toppel showed the innovative approach of 

manufacturing filigree and highly complex components employing laser beam melting [20]. They 

prepared 3-D models of innovative heat exchangers and coolers use the help of CAD software 

and fabricated these designs with additive manufacturing process called laser beam melting. 

Fabricated designs had optimized surface area for heat transfer and flow optimization for better 

mixing of fluid. Due to their intricate geometries, conventional manufacturing processes can't 

manufacture these devices. 

 

Figure 13: a) Heat exchange with extremely intricate inner geometry; b) Miniature cooler; c) 

Innovative cooler 
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Chapter 3 New Development 

3.1 Additive Manufacturing for Heat Transfer Enhancement: 
 

Heat transfer enhancement in a heat exchanger is getting industrial importance because it gives the 

opportunity to reduce the heat transfer area for the heat exchanger. An increase in the heat exchanger 

performance can help to make energy, material and cost saving related to a heat exchange process. In 

day to day life, we can see radiator of cars, room heaters, engine block of motorcycles, etc. use heat 

transfer enhancement techniques. 

 
                    

 
Figure 14: Examples of heat transfer enhancement. a) radiator of cars, b) engine block, c) Window Air 

Conditioner, d) Refrigerator. 
 
 
 
 
Heat transfer enhancement of tube with the internal flow is one of the several heat transfer 

enhancement application. We can enhance heat transfer by increasing the convective coefficient, by 

increasing the convective surface area and a combination of these two. 
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Following table summarize methods available to us for heat transfer enhancement of tube: 

 
Table 1: Methods for heat transfer enhancement 

 
Based on techniques as mentioned above, there are several methods of heat transfer enhancement 

currently being used.  Some of these methods are following: 

 

 
Figure 15:  Internal flow heat transfer enhancement schemes: (a) longitudinal section and end view of 
coil-spring wire insert, (b) longitudinal section and cross-sectional view of twisted tape insert, (c) cut-
away section and end view of longitudinal fins, and (d) longitudinal section and end view of helical ribs 
[21]. 

 
 
Manufacturing constrain design and conceptualization of these geometries. When coil spring and 

twisted tape are used for heat transfer enhancement, there are losses due to improper contact between 

coil/tape and tube.   
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In this work, we have conceptualized geometries for heat transfer enhancement of tube with the 

internal flow which can't be manufactured by the conventional machining process and analyzed 

proposed geometries for their effectiveness for heat transfer.  We have also 3-D printed proposed 

geometries. 

3.1.1 Geometries: 
As discussed earlier, several heat transfer enhancement techniques are being used in industries for 

tubes with the internal flow. Use of longitudinal fins, helical fins, and twisted tape is widespread in 

industrial application but wavy fins, wavy staggered fins and longitudinal staggered fins are not used 

because pipes with these types of fins can’t be manufactured by conventional machining processes.  

Use of wavy fins for heat transfer enhancement is widespread for external flow applications (fins of 

cylinder block of motor bike). Wavy fins lead to a larger surface area for heat transfer as well as assists in 

mixing of fluid which leads to higher heat transfer coefficient thus better heat transfer rate. Use of 

staggered arrangement of fins also leads to better mixing and uniform heating of fluid. 

Although tube with internal fins gives better heat transfer performance, fins might obstruct flow of fluid 

which leads to pressure loss. Higher pressure loss leads to higher pump work which in turn leads to 

energy usage for extra pump work. In this study, we have compared different geometries of tubes with 

the internal flow for the effectiveness of fluid heat as well as pressure drop created by them.   

 
 
CAD Modeling:  

Different geometries of fin-type internal flow heat transfer enhancement schemes were first modeled in  

SolidWork® 2013 which is a three-dimensional CAD package. Outer diameters of all designs was kept 

constant for the purpose of comparison.   
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Details of different types of designs considered are following: 

 
 
 
Tube without fins:                         

 
                                                   Figure 16: CAD Model-tube without fins 
 
 
Tube with straight fins: 

 
Figure 17: CAD Model-tube with straight fins 
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Tube with curved fins: 
 
 

 
Figure 18: CAD Model-tube with curved fins 

 
 
Tube with staggered straight fins: 

 
Figure 19: CAD Model-tube with staggered straight fins 
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Tube with staggered curved fins 

 
Figure 20: CAD Model-tube with staggered curved fins 

 
 
 
 
 
Tube with helical fins:  

 
Figure 21: CAD Model-tube with helical fins 
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3.1.2 Prototype manufacturing  
As discussed earlier selective laser melting (SLM) process should be used for 3-D printing of heat transfer 

devices as metallic parts can be printed by this process, no base required to build part on and supports 

are not required. As a proof of concept, we have used fused filament fabrication process for fabricating 

tube with fins. Though parts build are not good for experiments (parts are made of plastic) they are 

good to show geometric capabilities of 3-D printing technologies. 

MakerBot Replicator 2 model of 3-D printer manufactured by MakerBot was used for fabrication.  Fused 

filament fabrication is a 3D printing process that uses a continuous filament of a thermoplastic material. 

MakerBot Replicator has a build volume of 246 × 152 × 155 mm. The size of a part to be printed by this 

3-D printer is constrained by this build volume. 3-D printer used has a provision of dual extrusion which 

means 3-D models with two interlaced colors can be printed without pausing to swap filament. It also 

enables us to print with different materials. Build platform i.e., the flat surface on which part is printer is 

made of aluminum and can be heated to maintain an even temperature for printing with ABS filament. 

This printer use plant based recyclable PLA plastic. As PLA does not contain BPA, it is safe to be used 

with food. Compatibility with food is the main concern for food processing industry. 

The tubes with internal fins manufactured by 3-D printing are first modeled in the three-dimensional 

CAD package SolidWork® 2013 and saved in STL file format. The STL file is then sliced into layers using 

MakerBot Desktop which is a complete, 3-D printing solution for managing 3-D prints. We can visualize 

3-D model with respect to print volume Fig.22 , decide necessary printing parameters and give a 

command to print using this.  
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Figure 22: Visualization of tube with straight fins in print volume 

 

Maker bot allows us to set resolution (minimum feature size that can be printed). We can also visualize 

part layer by layer in maker bot and can get an estimate of material usage and print time. 

                               

Figure 23: Layer visualization, material use and print time for tube with internal straight fins 
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We can give print command with the help of Maker bot in the same way we give a print command to 

our office printer. Maker bot can be controlled remotely via the internet, so there is no need to be in 

proximity of printer. Once the parts were printed, parts were inspected for desired dimensions and 

geometric features. After printing, parts had support material which was removed to get final part. 

 

3.1.3 Manufactured prototype 
Final parts obtained after 3-D Printing  are following: 

 

Figure 24: 3-D Printed-Tube without fins 

 

Figure 25: 3-D Printed-Tube with straight fins 
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Figure 26: 3-D Printed-Tube with curved fins 

 

 

Figure 27: 3-D Printed-Tube with staggered straight fins 

 

 

Figure 28: 3-D Printed-Tube with staggered curved fins 
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Figure 29: 3-D Printed-Tube with helical fins 

Desired geometry was attained after 3-D printing.  
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3.2 Additive Manufacturing for fluidic devices: 
Additive manufacturing can also be used for fabrication of fluidic devices. Researchers have used 

additive manufacturing for fabrication of microfluidic devices [22][23].  We want to extend the use of 

additive manufacturing to “uniform flow distribution devices” in this work. Uniform flow distribution via 

cascade flow channel bifurcations was discussed by Hong Liu, Peiwen Li*, Kai Wang [24].  

Many engineering applications require uniform flow distribution. Use of uniform flow distribution can be 

found in wide range of industrial equipment like chemical reactor [24], piping systems [24], solar 

thermal collectors [24], plate type heat exchanger and reactors [24], heat sink and cooling of electronic 

devices, air conditioner, nuclear reactor, etc. Uniform flow distribution systems are found to have better 

heat transfer, temperature control, and low-pressure loss when applied to industrial systems. These 

qualities lead to a reduction of pumping power, reduction of vibration and noise due to flow, low 

thermal and flow stresses and reduced corrosion.  

 

3.2.1 Geometry  
For uniform flow distribution devices researchers have proposed many configuration of manifolds and 

flow distributors [25][26], but a standardized flow channel design is considered in this work. Flow 

distributor is based on symmetric bifurcation of the flow channels. As a result of the use of symmetric 

bifurcation technique, flow structure can be standardized and a large number of distributed flow 

streams can be constructed. 

 

CAD Modeling:  

Geometries of uniform flow distribution device was first modeled in  SolidWork® 2013 which is a three-

dimensional CAD package. 

 

 

 



42 
 

Geometry Considered: 

 

Figure 30: CAD Model of uniform flow distribution device  

 

Figure 31: Geometric details of uniform flow distribution device 

 

 

Wall thickness: 1.8 
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3.2.2 Prototype manufacturing: 
The prototype of proposed design was fabricated by fused filament fabrication technique. MakerBot 

Replicator 2 model of 3-D printer manufactured by MakerBot was used. The “uniform flow distribution 

devices” manufactured by 3-D printing is first modeled in the three-dimensional CAD package 

SolidWork® 2013 and saved in STL file format. The STL file is then sliced into layers using MakerBot 

Desktop which is a complete, 3-D printing solution for managing 3-D prints. 3-D model of the part was 

visualized with respect to print volume and necessary printing parameters like printing resolution were 

set. Printed part had supporting structures which can be seen in figure 33. In addition to external 

supporting structures, it also had internal supporting structure. 

 

Figure 32: Visualization of device in print volume 
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Figure 33: Layer visualization, material use and print time for tube with internal straight fins 

 

Figure 34: Support structure 

Support structure  
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3.2.3 Manufactured prototype 
Final parts obtained after 3-D Printing  are following:  

 

 

Figure 35: 3-D Printed-Uniform flow distribution device  
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Chapter 4 Theory and Experiment 
 

Both tubes with internal fins and device for uniform distribution of fluid have internal fluid flow in them. 

Internal flow is a flow in which fluid flow is confined by a surface e.g. flow in a pipe. Internal flow 

geometries are used in heating and cooling fluids in chemical processes, environmental control, and 

energy conversion technologies [21]. As fluid enters a pipe or duct it comes in contact with the surface; 

viscous effects become important, and boundary layer develops along the axis of the tube. Velocity 

profile of fluid entering in a tube doesn't change after a certain length of pipe. Flow is said to be fully 

developed, and the distance from the entrances at which this condition is achieved is called the 

hydrodynamic entry length. For laminar flow in a circular tube, the fully developed velocity profile is 

parabolic in nature. For turbulent flow in a circular tube, the fully developed velocity profile is flatter 

due to turbulent mixing in the radial direction. A dimensionless number known as Reynolds number is 

used to characterize fluid flow as laminar or turbulent. The Reynolds number for circular tube is defined 

as                  

                                                      

Re m mu D u D

 
 

                               

 

Where ρ is the density of the fluid (kg/m3), um is the mean velocity of the fluid (m/sec), D is the diameter 

of the tube (m)and μ is the dynamic viscosity of the fluid(N*sec/m2).  

For tubes with geometries other than circular, D is replaced by DH i.e. hydraulic diameter. 

                                                      

Re m H m Hu D u D

 
   

Hydraulic diameter DH is defined in term of the flow cross section area (AC) and the wetted perimeter(P). 

                                                       

4 C
H

A
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Based on Reynolds Number one can determine whether fluid flow is in Laminar or Turbulent regime.  

For internal flow, if Re is less than 2300 fluid flow is laminar and if Re more than 4000 fluid flow is 

Turbulent. Flow is a mixture of laminar and turbulent for Re between 2300 and 10000. This type of fluid 

flow is said to be in the transition region.   

4.1  Analytical solution: 
Analytical solution of internal flow in a tube is available for some standard cases. For other non-standard 

cases, numerical methods are used.  

4.1.1  Hydrodynamic Consideration: 
For laminar flow inside a circular tube velocity at fully developed region can be expressed as a function 

of the radius of the tube (cylindrical coordinate system). 

                                                         

2
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u

r
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Pressure Gradient in fully developed flow 

As higher pressure drop leads to increase of pump power requirements, one should determine pressure 

drop along the pipe and try to control it. Pressure drop is expressed in term of a dimensionless 

parameter called Moody friction factor.  

                                                         

2

2

mf udp
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For fully developed laminar flow moody friction factor is, 

                                                   

64

ReD

f   

For fully developed turbulent flow f  can be expressed by correlation developed by Petukhov[27] 

(3) 
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2(0.790ln Re 1.64)Df             3000 Re 5000000D   

Pressure drop p  associated with fully developed flow between axial positions 1x  and 2x  is given by 

                                               

2
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p f x x
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The pump power requirement to overcome is pressure drop is expressed as  

                                               ( )P p    

where  is volumetric flow rate and is the ratio of mass flow rate and density for an incompressible 

fluid. 

4.1.2 Thermal consideration: 
Convection heat transfer occurs, and a thermal boundary layer is formed when fluid enters the tube a 

uniform temperature less than surface temperature. A thermally fully developed boundary layer is 

formed in cases of tubes with constant temperature and constant flux boundary conditions. However, 

temperature of fluid keeps on increasing as distance from inlet increases.   

For laminar flow the thermal entry length is expressed as [21] 
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From the definition of hydrodynamic and thermal boundary layers, it can be seen, if Pr 1 , 

hydrodynamic boundary layer develops more rapidly than the thermal boundary layer. On the other 

hand, if Pr 1 , thermal boundary layer develops faster than the hydrodynamic boundary layer. 

 

 

(4) 

(5) 

(6) 

(7) 
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Newton’s Law of cooling 

For internal flow cases, newton's law of cooling is expressed as 

                                             
" ( )s s mq h T T   

Where h is heat transfer coefficient, sT is surface temperature, mT  is mean temperature and "

sq is heat 

flux. mT  varies in the direction of fluid flow in the tube and can be expressed as   
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Where  is density of fluid,u is velocity of fluid along direction of fluid flow, vc specific heat capacity of 

fluid, T is temperature, m is mass flow rate and CA  denotes cross-section area. 

For constant   and vc , mT  can be simplified as  
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 Textbooks of heat transfer provide the solution of mean temperature for constant heat flux and 

constant temperature boundary conditions. For constant flux boundary condition mean temperature is 

defined as: 

                                                

"
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p

q P
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Where ,m iT  is mean temperature at inlet, P  is surface perimeter and x  is distance of point of interest 

from inlet. 

(8) 

(9) 

(10) 

(11) 
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In heat transfer at a boundary (surface) within a fluid, the Nusselt number (Nu) is the ratio of convective 

to conductive heat transfer across (normal to) the boundary. In this context, convection includes both 

advection and diffusion. Named after Wilhelm Nusselt, it is a dimensionless number and given by                

                                               L

hL
Nu

k
  

Where h convective heat transfer coefficient, L  is characteristic length and k is thermal conductivity of 

fluid. 

For fully developed internal laminar flow, the Nusselt numbers are constant-valued. 

Convection with uniform surface heat flux for circular tubes 

                                            
48

4.36
11

Nu    

Convection with uniform surface temperature for circular tubes 

                                            3.66Nu   

 

4.2 Computational Fluid Dynamics 
CFD is an abbreviation of computational fluid dynamics. Fluid flow is governed by three fundamental 

conservation laws, i.e. of conservation of mass, conservation of momentum and conservation of energy. 

The governing equations for fluid flow are obtained by the mathematical formulation of these laws. 

These could be integral equations or partial differential equations [28]. If governing equations are 

applied to an infinite small fluid particle moving within the flow, one gets the partial differential 

equation. On the other hand, if conservation laws are applied to control volume (fixed volume in flow 

domain), one gets the integral form of differential equations. In both cases, these equations are coupled 

(12) 

(13) 

(14) 
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and nonlinear. These equations can be solved exactly only for some cases, for most of the other cases 

we need to find an approximate solution. In CFD, we solve the governing equations approximately by 

using computer software. Software converts the governing equations to a large set of algebraic 

equations and then solves them iteratively. Current CFD technology can handle flow around realistic 

geometries and complex physics. ANSYS fluent which is a CFD software from ANSYS incorporated was 

used to this study. ANSYS fluent solves equations of fluid flow using a numerical technique called the 

finite volume method. A number of physics like laminar flow, turbulent flow, non- Newtonian flow, 

chemical reactions, deforming boundaries etc. can be solved using ANSYS fluent. In this study, we will 

only solve laminar flow for simplicity and limitation of time. 

Finite Volume Method: 

In finite volume method, flow domain is taken and divided into little chunks called control volume. After 

dividing domain into control volume law of conservation is applied to them using integral form of the 

governing equations. Set of algebraic equations is obtained by doing so.  These set of algebraic 

equations are then solved iteratively to get an approximate solution of physical problems. 

 

4.2.1 Governing equations for CFD  
Continuity equation  

One of the conservation laws is the law of conservation of mass. As per the law of conservation of mass 

or principle of mass conservation, the mass of the system closed to all transfers of matter and energy 

must remain constant over time. The law implies that mass can neither be created nor be destroyed, 

although it may be rearranged in space [29].   

Law of conservation of mass can be expressed in form of continuity equation, i.e, 
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                                             ( ) 0u
t





 


 

Where  is the density of the fluid and u u is the velocity of fluid in vector form. 

In a Cartesian coordinate system, equation 2.1 can be written as  
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For steady state case i.e. time-independent  and constant density case equation 2.2 can be simplified as  
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0
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Where u, v and w are three components of the fluid velocity vector. In  

 Momentum equation 

Newton’s second law states that the rate of change of momentum of a fluid particle, is directly 

proportional to the sum of  forces applied on fluid particles and this change in momentum takes place in 

the direction of the resultant of applied forces [29]. Surface forces and body forces are two types of 

forces acting on fluid particles. One can find x-component of the momentum equation by equating x-

momentum of fluid particle equal to the sum of forces in x-direction on the particle due to surface 

stresses ( ij ) and the rate of increase of x-momentum due to sources ( MxS ). A similar methodology can 

be applied to find y-Component and z-component of the momentum equation. 

Momentum equations are as follows: 
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Where u , v and w are velocities in x, y and z directions respectively and   p is pressure.  

Energy equation 

According to the first law of thermodynamics rate of change of energy of a fluid particle is equal to the 

sum of rate to heat addition to fluid particle and the rate of work done by the fluid particle [29]. Using 

this definition the energy equation can be written as  
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Where LHS is the increase of energy of fluid particle per unit volume and E  is the sum of internal and 

kinetic energy. RHS is the sum of the net work done on the fluid particle, the net rate of heat addition to 

the fluid and the rate of increase of energy due to sources.  

4.2.2 ANSYS Fluent for CFD  
Solvers in ANSYS Fluent  

Pressure-Based solver and Density-Based solver are two types of solvers in ANSYS FLUENT. Pressure-

Based solver was originally used for incompressible flows and mildly compressible flows and Density- 

(16) 

(17) 

(18) 
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Based solver was designed for high-speed compressible flows [30]. After years of development both 

solvers are capable of handling a wide range of flows but Density-based solver is preferred to solve high-

speed compressible flows[31]. We have used pressure based solver for our study.  Segregated and 

coupled algorithms are two types of algorithm available in the Pressure-Based solver. When segregated 

algorithm is used, governing equations are solved sequentially [31]. In case of couples algorithms, 

governing equations are solved coupled together. The segregated algorithm is more memory efficient 

but convergence rate is slow, on the other hand, couple algorithm requires more space, but 

convergence is improved significantly. 

Errors and uncertainties: 

Only approximate solution can be attained using numerical solutions of fluid flows and heat transfer 

problems. There are three kinds of errors associated with numerical solutions, i.e., modeling errors, 

discretization errors and iteration errors.  

Modeling errors 

The difference between the real flow and the exact solution of the mathematical model is known as 

modeling errors [32]. Real flow is represented in form equations known as mathematics model before 

solving.  These equations are difficult to solve and assumptions are made to solve them at all. Errors 

may also occur due to wrong representations of boundary conditions, initial conditions, and geometry. 

Modeling errors are most difficult to estimate and one needs accurate experimental data to do so. The 

modeling errors are analyzed after the iteration errors and discretization errors.  

Discretization error  

Discretization error is due to the difference between the exact solution of the modeling equations and 

the exact solution of the algebraic system obtained by discretizing the equations [32]. Grid produced by 

meshing geometry should be as orthogonal as possible and dense enough where large truncation error 
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is expected.  This error tends to decrease with increase in the number of nodes. With mesh refinement, 

the solution should become less sensitive to grid spacing and approach a continuum solution. Grid 

convergence tool is a useful tool to decide discretization error. This method is based on the Richardson’s 

extrapolation, which is a comparison of a discrete solution at two different grid spacing [32].  

Iteration errors  

The difference between the iterative and exact solutions of the algebraic equation systems are known as 

iteration errors [32].  It’s important to know when to stop iteration when performing an analysis.  

 

4.3 Experiment  
An experiment was designed and conducted to validate uniform flow distribution device fabricated by 

the additive manufacturing process. 

4.3.1 Experimental Setup description 

Uniform flow distribution device was mounted on the specially assembled fixture for device mounting. 

Source of fluid was connected to the inlet of the flow-meter. Used flow meter, was built by “Dwyer 

instruments”   and can vary flow rate between 0 to 1 lit/min. The outlet of the flow-meter was 

connected to the inlet of the fluidic device. Test tubes were placed below fluidic device to collect fluid 

exiting device during testing. Test tubes were held in vertical position with the help of specially 

fabricated fixture for test tube mounting.  
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Figure 36: Test setup for validating uniform flow distribution device. 

4.3.2 Test procedure:  
Following test methods were followed during test: 

•    Activate the fluid source, and allow the fluid to fill uniform flow distribution device completely.  

•    Stop the fluid source. 

•    Place test tubes below device to collect fluid. 

•    Record Initial time (Tinitial) with the help of stopwatch. 

•    Activate fluid source again and adjust flow setting to desired flow rate value through the flowmeter. 

•     Allow test tubes to be filled.  

•    Close fluid source when any of the 16 test tubes is about to be filled.  

•    Record final time (Tfinal) with the help of stopwatch. 
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•    Test tubes were taken to weight scale and weighed individually. 

Once weights of all test tubes with fluid was obtained, initial weights of test tubes were subtracted from 

each of measured weight in order to obtain the weight of fluid in each test tube. With the help of these 

weights and time of the experiment (Tfinal - Tinitial), the mass flow rate from each outlet was calculated. 
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Chapter 5 Results 

5.1 CFD results- Tubes with internal fins 
CFD simulation of tubes with internal fins was performed. 

5.1.1 Geometries- Tubes with internal fins  
   Five designs of tubes with internal flow i.e. tube without fins, tube with straight fins, tube with curved 

fins, tube with staggered straight fins and tube with staggered curved fins were analyzed for their 

thermal performance and pressure drop characteristics.  

3-D CAD model of computational domains was prepared using SOLIDWORKS® and saved in Parasolid file 

format (*.xt). The outer diameter of all designs was kept constant for the purpose of comparison.  

Parasolid format is one of the several formats which ANSYS Workbench allow for import.   

Following are the details of considered design: 

 

Table 2: Design details of tubes with internal fins 

                                                       

                                                          Figure 37: Detail design of curved fins 
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5.1.2 Meshing:  
Fluid flow (fluent) analysis system was created in ANSYS workbench. The geometry cell of Fluid flow 

(fluent) analysis system is used to import CAD data of fluid domain to be analyzed in Parasolid format. 

During this stage different surface of fluid domain is named i.e. inlet, outlet, and wall. After this stage, 

Mesh cell of the system is used to define and generate the computational meshes for analysis. Course 

mesh was used with max face and max size of 0.003mm. Inflation was provided on outer surface of 

tubes. Fluid domain near the wall was discretized in using Hexahedron elements and rest of volume was 

discretized by Tetrahedron elements.   

Meshing details of computation domain of tube with straight fins is shown in figure 39: 
 
                  
 
 
Tube with straight fins                         
 

 
Figure 38: Mesh detail-Tube with straight fins  

 
The meshing of all other geometries in consideration is carried out in a similar manner. 
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5.1.3 Simulation settings:  
 
Water was used as the fluid flowing in tubes and the properties of water considered for simulation are 

given in Table 3. The simulation was done using pressure-based solver. Energy equation was activated, 

and Laminar was selected for the viscous model. The residue is set to 10-6. All other solver settings were 

kept default. 

 

                               
                                                                 Table3: Water properties  
 
 
 
 

5.1.4 Boundary Condition: 
 
Inlet boundary condition: Mass flow inlet boundary condition was applied to inlet. Mass flow boundary 

condition is used to prescribe mass flow rate or mass flux distribution. Specifying the mass flux allows 

the total pressure to vary in response to the interior solution [31]. To ensure fluid flow is in laminar 

regime Mass flow rate of 0.001 Kg is chosen for analysis. Hydrodynamic entry length and thermal entry 

length were determined with the help formula provided in chapter 4. 
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                                Table 4: Hydrodynamic entry length and Thermal entry length  
 
 

Outlet boundary condition: Pressure outlet boundary condition was applied to outlet. For outlet 

boundary condition static (gauge) pressure at the outlet is specified at the outlet. Gauge pressure of 0 is 

specified at the outlet. 

 

Wall boundary condition: Wall boundary condition was applied for outer wall. Fluid and solid regime is 

bounded by wall boundary condition. A no-slip boundary condition is enforced at the wall by default in 

viscous flow. Fixed temperature thermal boundary condition was used at the wall. 
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5.1.5 Simulation verification: 
 
It is necessary to confirm that mathematic model considered and solved is correct or not. By doing so we 

can check, if our results are consistent with the physical problem need to be solved. We can also check 

the level of numerical errors.  Validation can be done either by comparing results obtained from 

simulation from experimental data for similar experiments or comparing some case which can be 

analytically solved to a simulation of the same case. It was known from the literature that convective 

heat transfer coefficient and nusselt number for tube with constant flux boundary condition decreases 

with tube length and attain a steady value once flow becomes fully developed. Additionally, nusselt 

number for fully developed flow in a pipe with constant flux boundary condition is given in literature 

and is equal to 4.36. 

 

Flowing are the convective heat transfer coefficient and nusselt number characteristics with pipe length. 

 
Figure 39: Plot of Heat transfer coefficient Vs Pipe Length 
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Figure 40: Plot of Nusselt number Vs Pipe Length 

 
It can be seen from above graphs that nusselt number decreases with pipe length and become constant 

and tends to 4.36. 

 
A mesh/grid independence study was conducted for different tubes to select an economic mesh system 

while maintaining high accuracy of the computational results. 
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5.1.6 Results:  
Temperature contour at longitudinal cross section of fluid flowing inside different tube  

Tube without fins 

 

Figure 41: Temperature Contour- tube without fins 
 

 

Tube with straight fins  

 

Figure 42: Temperature Contour- tube with straight fins 
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Tube with curved fins  

 

Figure 43: Temperature Contour- tube with curved fins 
 

 

 

Tube with staggered straight fins          

 

Figure 44: Temperature Contour- tube with staggered straight fins 
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Tube with staggered curved fins          

 

Figure 45: Temperature Contour- tube with staggered curved fins 
 

 

Temperature contour at transverse cross section of fluid flowing inside different tube  

Tube without fins 

 

Figure 46: Temperature Contour- tube without fins 
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Tube with straight fins  

 

Figure 47: Temperature Contour- tube with straight fins 
 

 

 

Tube with curved fins  

 

Figure 48: Temperature Contour- tube with curved fins 
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Tube with staggered straight fins          
 
 
 

 
 

Figure 49: Temperature Contour- tube with staggered straight fins 
 
 
Tube with staggered curved fins          
 

 

Figure 50: Temperature Contour- tube with staggered curved fins 
 

Bulk temperature comparison between different designs: 
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Figure 51: Plot- Bulk temperature Vs Tube length  
 

Tubes with internal fins are found to have better thermal performance as compared to the tube without 

fins. As the surface areas of tubes with fins are almost same irrespective of fin geometry, similar bulk 

temperature characteristics are obtained. To realize the full potential of curved fins and staggered 

curved fins simulation need to be carried out with a turbulent fluid flow in tubes. Curved fins will cause a 

disturbance in fluid flow and thus lead to proper mixing of fluid which in turn improve the thermal 

performance of tube. 
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Pressure drop contour at longitudinal cross section of fluid flowing inside different tube  

Tube without fins  

 

Tube without fins 

 

Figure 52: Pressure contour- tube without fins 

 

Tube with straight fins  

 

Figure 53: Pressure contour- tube with straight fins 



71 
 

 

Tube with curved fins  

 

Figure 54: Pressure contour- tube with curved fins 

 

 

 
Tube with staggered straight fins          
 
 

 
Figure 55: Pressure contour- tube with staggered straight fins 
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Tube with staggered curved fins          

 

Figure 56: Pressure contour- tube with staggered curved fins 

Pressure drop comparison: 

 

Figure 57: Pressure drop Vs Tube length for different tubes  

Tubes with fins showed more pressure drop as compared to tube without fins. 
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5.2 CFD results-  Uniform Flow Distributor 

CFD simulation uniform flow distribution device was performed. 

5.2.1  Geometry – Uniform flow distributor 
 

Uniform flow distribution device was analyzed for their mass flow rate and pressure drop characteristics. 

3-D CAD model of the computational domain was prepared using SOLIDWORKS® and saved in Parasolid 

file format (*.xt). The outer diameter of all designs was kept constant for the purpose of comparison.  

Parasolid format is one of the several formats which ANSYS workbench allow for import. Computation 

domain considered for analysis is as following: 

 

Figure 58: Fluid domain-uniform flow distribution device 
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5.2.2 Meshing:  
Fluid flow (fluent) analysis system was created in ANSYS workbench. The geometry cell of Fluid flow 

(fluent) analysis system is used to import CAD data of fluid domain to be analyzed in Parasolid format. 

During this stage different surface of fluid domain is named i.e. one inlet, sixteen outlets, and one wall. 

After this stage, the mesh cell of the system is used to define and generate the computational mesh for 

analysis. Course mesh was used with max face and max size of 0.008mm. Inflation was provided on 

outer surface of the tubes. Fluid domain near the wall was discretized in using Hexahedron elements 

and rest of volume was discretized by Tetrahedron elements.   

                               

Figure 59: Mesh detail- Uniform flow distribution device 
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5.2.3 Simulation settings  
 
Water was used as the fluid flowing in tubes and the properties of water considered for simulation are 

given in Table 3. The simulation was done using pressure-based solver. Laminar was selected for the 

viscous model. The residue was set to 10-6. All other solver settings are kept default.  

5.2.4 Boundary Condition: 
 
Inlet boundary condition: Mass flow inlet boundary condition was applied to the inlet. Mass flow 

boundary condition was used to prescribe mass flow rate or mass flux distribution. Specifying the mass 

flux allows the total pressure to vary in response to the interior solution [31]. To ensure fluid flow is in 

laminar regime Mass flow rate of 0.002 Kg/sec, 0.001 Kg/sec, 0.0008 Kg/sec and 0.0001 Kg/sec were 

chosen for analysis.  

 

Table 5: Reynolds Number calculation for tube with minimum diameter 

 

Outlet boundary condition: Pressure outlet boundary condition was applied to all sixteen outlets. For 

outlet boundary condition static (gauge) pressure at the outlet is specified at the outlet. Gauge pressure 

of 0 is specified at the outlet. 

 

Wall boundary condition: Wall boundary condition was applied for outer wall. Fluid and solid regime is 

bounded by wall boundary condition. The no-slip boundary condition is enforced at the wall by default 

in viscous flow. 
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5.2.5 Simulation verification: 
 

 Velocity profile of fluid inside fluid device was analyzed. The mass flow was validated by comparing 

mass flow at inlet and sum of all mass flow at all outlets. Velocity and mass flow were found to be 

consistent with the physical model.  

5.2.6 Results: 
 

 Percentage mass flow rate from each outlet was determined and plotted in the form of bar graph. 

Percentage mass flow rates from all 16 outlets were found to be uniform for different mass flow rate at 

the inlet. 

 

Figure 60: Percentage outflow from each outlet at different inlet flow rates  
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Velocity contour at different cross-sections 

 

Figure 61: Velocity contour at plane passing through out1, out3, out13 and out15 

 

Figure 62: Velocity contour at plane passing through out6, out8, out10 and out12 
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Figure 63: Velocity contour at plane passing through different cross sections 

As seen from above simulation results velocity is uniform as all outlets.  
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Pressure contour at the cross-section.  

 

Figure 64: Pressure contour at plane passing through out1, out3, out13 and out15 

A pressure drop of 1.9 Pascal was observed with the mass-flow rate of 0.001 Kg/sec. 
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5.3 Experiment results: 
 

An experiment was conducted and mass flow rate of the fluid at each outlet was determined. 

Following is the bar chart for percentage mass flow rate at different outlets.  

 

Figure 65: Experimental- Percentage outflow from each outlet at different inlet flow rates 

Support structures are observed inside tube causing partial blocking to fluid flow.  

 

Figure 66: Support structure inside tube  
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It was established that “fused filament” fabrication process is not good for fabricating uniform flow 

distribution devices. This issue can be resolved by using other additive manufacturing processes which 

don't require support material during part fabrication. As selected laser sintering doesn't have 

requirement of support structure it was suggested to fabricate these devices in future. 
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Chapter 6 Conclusion 
 

Additive manufacturing processes have opened new arena for product development and product 

optimization for researchers and engineers. A fresh look needs to be given to old designs, which were 

made keeping in mind manufacturing constraints of conventional manufacturing processes. In this 

study, new designs leading to design optimization of internal flow tube was conceptualized, designed 

and fabricated. Additive manufacturing process called selective laser sintering was chosen for final 

production and Additive manufacturing process called SLA was used to manufacture prototypes of tubes 

in order to understand the geometric capabilities of additive manufacturing. Simulation models for 

thermal simulation were established and new designs were compared with tubes without fins for 

laminar fluid flow. Tubes with internal fins were found to have better thermal performance as compared 

to tubes without fins. It was established that to realize the full potential of curved finned design 

simulation needs to be carried for turbulent flow. Curved fins fill lead to turbulence in flow which will 

cause proper mixing of fluid. 

In this study additive manufacturing was also used to fabricate uniform flow distribution device. A 

computational simulation was conducted to confirm uniform velocity and mass flow rate from each 

outlet. An experiment was carried out to establish uniform mass flow rate from each outlet. Mass flow 

rate from each outlet was not equal due to the presence of support structures inside tubes. It was 

established that “fused filament” fabrication process is incapable to fabricate uniform flow distribution 

devices. As selected laser sintering doesn't have requirement of support structure, it is recommended to 

make these devices in future. 
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