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Abstract 

 

Development of Novel Tapered Pin Fin Geometries for Additive 

Manufacturing of Compact Heat Exchangers 

 

Julien Harry Cohen, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  David Bourell 

 

Pin fin arrays are widely used to enhance forced convection heat transfer across 

various industries, finding application in turbine blade trailing edges, electronics cooling, 

and broadly for compact heat exchange. Fin shape greatly affects flow separation and 

turbulence generation, and optimizing performance relies on a balance between increased 

heat transfer and increased pressure loss along the array. Straight circular pin fins are 

well-characterized in the literature, and recent works have proven more complex elliptical 

and teardrop cross-sectional shapes to exhibit performance enhancements in both 

parameters. There exist few studies in the public record on tapered circular pin fins, but 

these have also proven to exhibit performance enhancements. To date, no example of 

research has been identified for tapered, complex pin fin geometries, and although these 

represent an avenue for overall performance gains, manufacturing the intricate 

components is difficult and time-consuming using conventional machining processes. 

The unique and nascent capabilities of additive manufacturing now allow their 

economical fabrication in an increasing number of fully-dense engineering materials. 
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This thesis compares 21 fin arrays of varying fin cross-section, taper angle, taper profile, 

and array pattern, separated into eight geometry families. Experimental testing was 

carried out on a prototype open-loop wind tunnel and corroborated with computational 

fluid dynamics simulations. Non-dimensional metrics were defined and used to 

holistically compare heat transfer efficiency, pressure loss characteristics, and overall 

balanced performance between fin arrays. Topics for future work and potential methods 

of investigation are suggested. 
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Chapter 1: Introduction 

Chapter One includes an introduction to and review of pin fin heat exchanger 

design, a review of additive manufacturing design and fabrication capabilities, and the 

motivation for the present work. 

 

PIN FIN HEAT EXCHANGER DESIGN 

Pin fin arrays are widely used to enhance forced convection heat transfer across 

various industries, finding application in turbine blade trailing edges, electronics heat 

sinks, compact heat exchangers, and broadly wherever high heat flux removal is required 

in compact volumes. The use of pin fins increases heat transfer through two main 

mechanisms: increasing the wetted surface area over which convective heat transfer can 

occur, and promoting turbulent flow in the inter-fin region of the array [1]–[4]. This 

turbulence is generated mainly by interrupting boundary layers on the channel walls, and 

inducing vorticity at the base and in the wake of the fins [5]. Wake flow regimes within 

these arrays are characterized by complex transitions and strongly three-dimensional flow 

effects [6].  

However, increases in flow obstruction and turbulence are directly related with an 

increase in pressure loss along the fin array. For many applications where cooling fluid 

flow is derived from the system itself, specifically in modern gas engine turbine blades 

used in the aerospace industry, it is desired to minimize this pressure loss to increase 

overall system efficiency [7]. Even in systems using discrete pumps or fans to provide 

coolant flow, reducing pressure loss means the system draws less power, is more 

efficient, and is more environmentally friendly, to produce an equivalent level of heat 

transfer. Therefore, attaining the highest level of performance from a pin fin array of this 
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type is a nonlinear optimization problem which must holistically balance fin cross-

section, taper profile, array spacing, channel geometry, surface features, and fluid flow 

characteristics. The history of academic research in this field shows the consistent 

movement towards higher streamwise aspect ratio, curved, variable profile pin fins. 

Conventional circular pin fins are well-characterized in the literature [3], [4], [6], 

[7]. Tapered pin fins with circular cross-section have received very little public scrutiny, 

but are investigated in [8], [9]. More recent works have investigated straight pin fins with 

complex geometries including elliptical [1], [2], [5], [10]–[15], square [5], [16], [17], 

triangular [5], [6], airfoil derived [5], [13], and teardrop cross-sections [5], [11], [13], 

[18]. To date, this author has found no example of investigations on tapered pin fins with 

novel or non-conventional cross-sections. 

Straight circular pin fins have been extensively researched for their role in 

internally cooling the trailing edges of turbine blades. Experimental testing by VanFossen 

and Metzger et al. explored the streamwise heat transfer development along staggered 

arrays in 1982 [3], [4], reporting similar results for an initial rise in heat transfer 

efficiency over the first three to five rows, followed by a gradual decline through the 

remainder of the array. They also found that average heat transfer over any number of pin 

fins is inversely proportional to streamwise spacing. Lawson et al. performed more 

modern experimental testing of similar arrays to determine the independent effects of 

streamwise and spanwise spacing on heat transfer development [7]. He observed the 

same streamwise heat transfer development as the former two studies, noting that the 

combined effect of wake impingement on subsequent fins and flow acceleration through 

the decreased area of the inter-fin region are responsible for these trends. 

Chapman et al. were among the first to investigate elliptical cross-section pin fins 

as alternatives to circular pin fins in 1994 [1]. When compared to rectangular fins 
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commonly used for electronic cooling at the time, they found that the elliptical fins 

required roughly 70% of the air flow for an equal thermal resistance, and concluded that 

the elliptical pin fin enhanced the heat transfer. Li et al. experimentally measured 

pressure loss and heat transfer characteristics of elliptical fins, and compared them with 

circular fins in equivalent arrays [15]. They found that over the entire tested Reynold’s 

number range, the elliptical fins had much lower flow resistance and proportionally 

higher heat transfer efficiency than non-tapered equivalents. They also correlated the 

results from VanFossen and Metzger with respect to fin density and performance.  

Uzol performed comprehensive computational and experimental investigations on 

elliptical pin fins of various length ratios in his thesis, and in subsequent articles with 

Camci et al. [2], [10], [13]. His work also studied the “N fin”, derived from the NACA 

airfoil profile, essentially a curved, extremely high aspect ratio teardrop shape. His 

simulations of fluid flow and experimental wake flow-field measurements were 

extremely useful in understanding the physical mechanisms at work in pin fin arrays of 

this nature.  He found that the difference in pressure loss is highly correlated with the size 

of the low momentum wake region immediately behind each pin. This wake region was 

large and highly turbulent for circular fins, while for elliptical and N fins the region was 

much smaller. He also observed the difference in flow separation between the different 

geometries, with circular fins producing unsteady vortex shedding at or before the 

midpoint, while elliptical and N fins maintained a high-momentum boundary layer which 

helped to fill in the wake region. He concluded that the SEF and N fin geometries were 

highly effective, noting that the elliptical fins produced about 25% less heat transfer 

while reducing pressure loss by 100% to 200% when compared to circular fins. Uzol also 

utilized the specific friction loss parameter, first introduced by Wang et al. [9] and used 



 

4 

extensively in this work, as an overall performance metric balancing pressure loss and 

heat transfer enhancement. 

Chen et al. experimentally investigated what they called “drop-shaped” pin fins, 

essentially a rounded teardrop shape comprising a wide and narrow circular arc 

connected by tangent lines [18]. They reported similar results to previous works on 

elliptical fins, observing a ~50% reduction in flow resistance and generally higher heat 

transfer efficiency at Reynold’s numbers below 7000. They also observed that flow and 

mass transfer are generally fully developed after the fifth row of fins.  

Sahiti used computational and experimental methods to comprehensively compare 

circular, elliptical, “drop-shaped”, square, and teardrop pin fins in staggered and inline 

arrays [5]. The resulting numerically simulated streamlines closely aligned with Uzol’s 

experimentally recorded streamline data, finding that the circular and square fins 

produced large recirculating wake fields and vortex shedding into the inter-fin region. 

The teardrop shapes delayed flow separation until the very tip of their tail, while the 

drop-shaped fins experienced negligible separation and insignificant recirculating flow in 

the wake region. He concluded that elliptical pins performed the best of all tested 

geometries, on the basis of his second comparison criterion utilizing equal blockage area, 

inter-fin distance, and pin length.  

Wang et al. utilized Uzol’s methodology to computationally and experimentally 

investigate three aspect ratio variations of the teardrop pin fin, for comparison with 

circular and elliptical geometries [11]. Their numerical results showed increasingly small 

vortical structures in the wake fields of the circular, elliptical, and teardrop pin fins, 

respectively. These structures manifested primarily as wake vortices, with some 

incidence of horseshoe vortices. Using the specific friction loss metric, they concluded 

that, at Reynold’s number 6400, the two highest aspect ratio teardrop fin geometries 
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resulted in superior performance than the circular or elliptical fins. This disagrees with 

the results of Sahiti, although comparison metrics and methodologies were vastly 

different. 

Based on these works from the past thirty years of academic research into pin fin 

arrays, high aspect ratio teardrop pin fins seem to be the state of the art. However, while 

the relationship between geometric cross-section and performance has been fairly well 

studied, so far all of the investigated fins were straight, with a constant vertical profile. 

Research on tapered pin fin arrays for compact heat exchange, if it has occurred, has been 

almost entirely in the private sector.  

Wang et al. experimentally investigated the heat transfer and pressure loss 

characteristics of short and tall tapered circular pin fin configurations in 1987 [9], and 

compared their results with equivalent-height straight circular pin fins. Their results 

showed that tapered fins were superior on a specific friction basis, comparing both 

pressure loss and heat transfer. Goldstein et al. experimentally investigated stepped 

diameter circular fin arrays with Reynolds number 3000 to 18000 [19]. These were not 

exactly tapered, exhibiting a piecewise taper profile with a single stair-step from broad to 

narrow, but used the same concept of variable narrowing cross-sectional area along the 

vertical axis of the fin. It was recorded that the stepped diameter circular fins had lower 

pressure loss and higher heat transfer rates compared to the uniform diameter circular pin 

fins. 

ADDITIVE MANUFACTURING DESIGN CAPABILITIES 

Additive manufacturing (AM) is an umbrella term for the myriad layer 

manufacturing processes that allow tool-less fabrication of complex 3D parts directly 

from digital model data, by consolidating successive layers of material in an iterative 



 

6 

process These processes are commonly referred to as “3D printing”. Powder-bed additive 

processes based on the laser sintering method invented by Carl Deckard at The 

University of Texas at Austin [20], such as Direct Metal Laser Sintering (DMLS) and 

Selective Laser Melting (SLM), are now being used to fabricate fully-dense production 

components in an array of engineering alloys [21]. 

The typical powder-bed fusion process is illustrated in Figure 1. First, a 3D model 

of the part is sliced into a multitude of 2D layers by preprocessing software. The build 

chamber is filled with an inert gas, usually nitrogen, to prevent oxidation at the point of 

powder-laser interaction. Material in fine powder form is housed in feed containers on 

either side of the build chamber. The feed container piston raises, and the build cylinder 

piston lowers, corresponding to the thickness of a single layer. The roller spreads and 

compacts powder from the feed container into a uniform layer across the build cylinder. 

A laser and galvano-mirror system then scans the layer slice cross-section onto the 

powder, fusing the powder together in a dimensionally accurate pattern and adhering it to 

the previous layer. This process repeats back and forth, iteratively forming the part along 

the z-axis, until the build is finished. Polymer parts can be free-floating in the un-fused 

powder, but the increase in required energy input for metals and subsequent thermal 

stresses require metal parts to be tied to a baseplate with printed struts. Parts are typically 

allowed to cool for 24-72 hours in the compacted powder, before part breakout and post-

processing. 
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Figure 1: Typical layout of a commercial laser sintering machine [22].  

While AM has been a viable means of fabrication for over two decades, its 

application was initially limited to pre-production and non-integral components, so called 

“rapid prototyping.” Advances in material stock, fiber laser technologies, and processing 

parameters have allowed modern commercial machines to manufacture production-ready 

components in various titanium, aluminum, tool steel, stainless steel, and refractory metal 

alloys, as well as nickel-based super alloys [23]. AM is experiencing massive interest and 

investment due to the significant potential economic and technological benefits it 

represents for a broad range of industries: time and cost savings, virtually unlimited 

geometric complexity, new modes of design freedom, and less waste production 

compared to traditional subtractive methods [24], [25]. 

All traditional manufacturing methods constrain design engineers by their 

inherent limitations. For subtractive methods using a mill, lathe, or other cutting tool, 

whether by manual or 7-axis CNC machine center, an extraordinary amount of care must 
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be taken to deal with parameters entirely unrelated to the original design requirements. 

Tools must be selected, feeds and speeds considered, often custom fixtures developed and 

tested, and clearances evaluated along the length of the toolpath. For other near-net shape 

methods such as casting, forming, and molding, master molds must be developed and 

fabricated at extreme expense, as well as validated and maintained. Designs for these 

methods are restricted both in complexity and size due to a combination of material 

characteristics and required flow or deformation. When designing for AM, there is no 

tool, no fixtures, no molds, and no issues with toolpath clearance. Internal geometries can 

be implemented for regenerative cooling, complex fluid flow, or some other as-of-yet 

undiscovered purpose. Parts that were literally impossible to fabricate less than thirty 

years ago are now only as far away as the designer’s imagination.  

Using an AM process comes with its own set of design rules and limitations [26], 

but for the most part these are caused by the nascent state of the industry and our relative 

lack of knowledge. Alternatives to conventional qualification methods must be 

standardized. Accurate physics-based models must be developed to relate process 

parameters with material properties and finished microstructure, and allow the use of in-

situ monitoring of the printing process [27]. This will allow for closed-loop feedback 

control and intelligent feed-forward processing to reduce machine-to-machine variance in 

part quality and tolerance. Software must be developed to take advantage of the novel 

design methodologies enabled by AM, integrating structural and material design tools 

with multi-physics topology optimization capabilities [23], [28], [29]. 

OVERVIEW OF PRESENT WORK 

This thesis explores the potential performance enhancements of using tapered, 

complex cross-section pin fin arrays for forced convection heat exchange. Twenty one 
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array designs, separated into eight geometry families, are investigated using experimental 

and computation means. Comparisons are made between the members of each geometry 

family, as well as between families, to illuminate effective means for increasing overall 

heat exchanger performance. Non-dimensional metrics are defined for heat transfer 

enhancement, pressure loss, and overall performance to quantitatively compare disparate 

array configurations. Topics for future work and potential methods for investigation are 

suggested. 

Chapter Two includes four parts: a description of the pin fin geometry design and 

fabrication process, the process of experimental testing, the process of computational 

simulation testing, and a description of the post-process analysis for both sets of data. 

Chapter Three presents the results of data reduction and analysis, comprising 

three parts: the effect of integrating additional flow conditioning to the experimental 

system, a comparison of experimental and simulated pressure drops across all fin arrays, 

and the simulated performance of the fin arrays. The latter section includes results for 

heat transfer rate, Nusselt number, friction coefficient, and specific friction loss.  

Chapter Four contains further analysis on the results of the previous chapter. 

Comparisons are made between teardrop aspect ratios, linear and nonlinear tapers, and 

double and triple row repeating array patterns. The effect of tapering on performance, 

varying fin dimensions along the streamwise axis, and topics for future work are 

presented. 

Chapter Five presents the summary and conclusions for this work.  
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Chpter 2: Methodology 

Chapter Two includes four parts: a description of the pin fin geometry design and 

fabrication process, the process of experimental testing, the process of computational 

simulation testing, and a description of the post-process analysis for both sets of data. 

 

PIN FIN GEOMETRY 

Design of Pin Fin Array Families 

Each teardrop pin consists of a circular section and a tail section defined by two 

bilaterally symmetric, tangent extensions. Teardrop tail length L and radius R are defined 

as parameters, as well as a span-wise and stream-wise pitch for the pin pattern, yn and xn 

(Figure 2).  

 

             (a)                                                                   (b) 

Figure 2: (a) Cross-section of a single pin, (b) cross-section of three pins within the 

exchanger pattern 
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An aspect ratio, N, is defined as the ratio of radius and tail length. Using the 

geometry of the pin, a formula is defined for the radius dependent only on N and the 

cross-sectional area of the pin, A.  

𝑁 =
𝑅

𝐿
                (1) 

𝑅 = √
𝐴

𝜋−𝑐𝑜𝑠−1 𝑁+√𝑁−2−1 
         (2) 

In choosing the form of these equations, it was determined that normalizing by 

area was of more utility than normalizing by perimeter. The area of each pin more 

directly correlates with the time and expense required to laser sinter it, as well as the final 

mass, which is important for performance-driven applications. By holding A constant and 

defining a set of N values from 0.1 to 0.9, a range of R and L values are calculated. These 

define the range of potential pin geometries for analysis, shown in . The geometry is 

quantified based on normalization to a circle of radius 3.75 mm, detailed in Table 1.  

 

 

Figure 3: Area normalized teardrop pin geometries with aspect ratios varying from N = 

0.1 to N = 0.9. 
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Aspect 

ratio, N 

R 

(mm) 

L 

(mm) 

A 

(mm2) 

Perimeter, 

P (mm) 

1† 3.75 3.75 44.18 23.56 

0.9 3.73 4.14 44.18 23.69 

0.8 3.69 4.61 44.18 23.96 

0.7 3.62 5.18 44.18 24.39 

0.6 3.53 5.88 44.18 25.04 

0.5 3.4 6.8 44.18 26 

0.4 3.22 8.04 44.18 27.48 

0.3 2.96 9.85 44.18 29.89 

0.2 2.57 12.87 44.18 34.33 

0.1 1.95 19.5 44.18 45.32 

Table 1: Geometry detail of calculated pin geometries. †N = 1 is the circular pin 

geometry. 

Three pin geometries were chosen to be tested from this range, to represent the 

respective extreme ends of the spectrum as well as an intermediate case. 0.2AR, 0.6AR, 

and 0.8AR are used throughout this work to denote these chosen aspect ratios. Each of 

the three define a geometry family whose members all have the same initial cross-section 

at the base of the fin. Five more families are defined for testing, summarized in Table 2 

and discussed in the following subsections.  

Four of these families are based on the 0.6AR geometry, with novel design 

features varying the fin shape along the vertical or streamwise axis. The fifth family is 

based on the Standard Elliptical Fin (SEF), which previous work has shown is more 

efficient than circular fins in a non-tapered configuration [1], [13], [14]. Each family 

contains members with varying tapers applied to the fin extrusion, defined by a draft 

angle relative to the vertical axis. “Straight” members have no taper, effectively a draft 

angle of 0°. “Low Taper” members have a draft angle of 2-3°, and “High Taper” 

members have a draft angle of 4-5°, dependent on geometry limitations. Each fin array is 
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patterned with pitches of xn = 10 mm and yn = 20 mm, with 10.8 mm of flow bypass on 

each side of the array and 30 mm tall fins. The base of the arrays is 6 x 4 x 0.1 in. Every 

array pattern repeats every two rows with an offset of 10 mm between, except for the two 

triple repeating designs, which repeat every three rows with an offset of 6.67 mm. 

 

Name Members Description 

0.2AR 3 Teardrop shaped fins with a length-radius aspect ratio of 0.2, 

skinny and long. Straight, low taper, and high taper versions. 

0.6AR 3 Teardrop shaped fins with a length-radius aspect ratio of 0.6. 

Straight, low taper, and high taper versions. 

0.8AR 3 Teardrop shaped fins with a length-radius aspect ratio of 0.8, 

short and stubby. Straight, low taper, and high taper versions. 

Diameter 

change 

2 Based on the 0.6AR design, these pins decrease in diameter 

along the streamwise length of the array. Straight and tapered. 

Nonlinear 

taper 

2 Based on the 0.6AR design, these arrays feature convex and 

concave nonlinear tapers along the height of each fin. 

SEF 3 The fins on these arrays are Standard Elliptical Fins (SEF), in a 

straight, low taper, and high taper version. 

Swept back 2 Based on the 0.6AR design, these fins are swept backwards 

along the height of each fin, in a straight and tapered version. 

Triple row 2 Based on the 0.6AR design, these arrays use a fin pattern 

which repeats every three rows, rather than every other. This 

results in less linear flow path for incoming cooling fluid. 

Table 2: Summary of tested geometry families. 

0.2 Aspect Ratio Teardrop Fins 

The long and narrow version of the teardrop fin presents a higher wetted surface 

area for convective heat transfer than the 0.6 or 0.8 versions, along with a narrow nose. 

These two attributes should create less turbulent flow as the fluid impinges on the front of 

the fin, which then forms a laminar boundary layer along the length of the fin. A result of 

the fin pattern and holding the streamwise pitch constant at 10 mm is that there is very 
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little space in between the tail of one pin and the front of the next. It was theorized that 

this would result in less lateral fluid velocity, and overall more laminar flow, with the 

rows of pins acting more like a single long, segmented straight fin than individual pin 

fins. The full fin arrays are shown in isometric view in Figure 4, with cross-sectional fin 

detail shown in Figure 5. 

 

Figure 4: 0.2AR fin array geometries: (a) straight, (b) low taper, (c) high taper. 

 

Figure 5: 0.2AR individual fin cross sections: (a) straight, (b) low taper, (c) high taper. 
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0.6 Aspect Ratio Teardrop Fins 

This intermediate aspect ratio was expected to display the best balance between 

increased heat transfer performance and increased pressure drop among the teardrop 

shapes. The wetted surface area is still increased, but flow separation will occur sooner 

and allow for greater turbulence to develop as fluid accelerates in between the fins. 

 

Figure 6: 0.6AR fin array geometries: (a) straight, (b) low taper, (c) high taper. 

 

Figure 7: 0.6AR individual fin details: (a) straight, (b) low taper, (c) high taper. 
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0.8 Aspect Ratio Teardrop Fins 

These fins are the extreme version of the teardrop shape, essentially a cylindrical 

pin fin with a small pointed tail. This geometry family was created both to illustrate the 

full scale of the aspect ratio range, and to investigate the effect of even a minor change to 

the standard pin fin heat exchanger construction. In theory even this small addition will 

aid in delaying flow separation, but it also does not present much more wetted surface 

area than the cylinder. 

 

Figure 8: 0.8AR fin array geometries: (a) straight, (b) low taper, (c) high taper. 

 

Figure 9: 0.8AR individual fin details: (a) straight, (b) low taper, (c) high taper. 
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Diameter Change 0.6 Aspect Ratio Teardrop Fins 

These arrays will investigate the effect of varying pin geometry along the 

streamwise axis. This work represents a preliminary foray into this type of optimization. 

It was expected that as fluid turbulence increases along the length of the array, a smaller 

fin cross-section could be presented to increase overall performance, by inducing less 

heat transfer as well as less pressure drop at a favorable ratio. These designs are based on 

the 0.6AR straight and low taper designs, with a 5% per row decrease in fin diameter 

over 12 rows of fins. 

 

Figure 10: Diameter change fin array geometries: (a) straight, (b) low taper. 

 

Figure 11: Diameter change individual fin details: (a) straight, (b) low taper. 
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Nonlinear Tapered 0.6 Aspect Ratio Teardrop Fins 

These arrays utilize nonlinear taper profiles along the vertical axis of the fin. Base 

and tip area are equivalent to the linear taper versions of the pins. Profiles are defined by 

initializing with a perpendicular surface at the base or the tip of the fin, respectively for 

the convex or concave design. As heat is conducted from the baseplate to the tip of each 

fin, a temperature profile is developed which depends on the geometry of the pin, and the 

characteristics of the external fluid flow removing heat by convection. If this temperature 

profile is not linear, it could be more effective to vary the cross-sectional area of the pin 

along the height as a function of the temperature profile. These designs are based on the 

0.6AR high taper array. 

 

Figure 12: Nonlinear tapered fin array geometries: (a) concave, (b) convex. 

 

Figure 13: Nonlinear tapered fin array geometries: (a) concave, (b) convex. 
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Standard Elliptical Fins (SEF) 

The SEF has been well documented in previous work by Uzol and others as a 

more effective shape than the conventional circular pin fin [1], [10], [11], [13], [30]. 

These designs will serve to characterize the effect of tapering on a more well 

characterized system than the teardrop pin fin array. 

 

Figure 14: SEF fin array geometries: (a) straight, (b) low taper, (c) high taper. 
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Figure 15: SEF individual fin details: (a) straight, (b) low taper, (c) high taper. 

Swept Back 0.6 Aspect Ratio Fins 

These two arrays use the same profile and draft angle as the straight and high 

taper 0.6AR arrays, but the fin extrusion is angled backwards, leaning into the fluid flow. 

It was expected that this may slightly increase the conductive temperature gradient and 

decrease turbulence generation. 

 

Figure 16: Swept back fin array geometries: (a) straight, (b) high taper. 
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Figure 17: Swept back individual fin details: (a) straight, (b) high taper. 

Triple Row Repeating 0.6 Aspect Ratio Fins 

These arrays provide a platform to investigate the effect of varied fin patterns on 

fluid flow characteristics. While this is a less dense configuration than the double row 

repeating patterns, more space in between fins for lateral fluid movement and fluid 

mixing could offset some of the decrease in pressure drop and related heat transfer.  

 

Figure 18: Triple-row repeating 0.6AR fin array geometries: (a) straight, (b) high taper. 
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Figure 19: Triple-row repeating 0.6AR individual fin details: (a) straight, (b) high taper. 

FABRICATION OF PIN FIN ARRAYS 

Each of the pin fin arrays were fabricated using Nylon 12 PA powder supplied by 

Stratasys Direct Manufacturing [31] in a 3D Systems Sinterstation HiQ+HS machine. 

The powder stock was a mixture of fresh powder, overflow, and part cake, at 

approximately a 30/40/20 percent mass ratio. The powder was sifted through a 210-

micron mesh using a vibratory screener, mixed for 10 minutes in a rotary drum mixer to 

ensure homogeneity, then loaded into the printer and compacted by hand. .STL files were 

generated using Dassault SolidWorks 2015 at high resolution, then organized inside the 

build volume and packaged using the DTM proprietary software.  

Two builds were run to print all of the arrays, totaling ~25 hours of machine time. 

Standard material process parameters were used to ensure successful prints and good 

quality. Part cakes were allowed to passively cool at room temperature for at least 12 

hours before breakout to minimize thermal stress and part warpage. 
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EXPERIMENTAL TESTING 

Wind Tunnel Design and Fabrication 

A prototype wind tunnel system was created for testing the real-world pressure 

drop over the various pin fin arrays. This system was designed for a modular, open-loop 

configuration utilizing a centrifugal blower fan to produce inlet fluid flow with Reynold’s 

number 0-104, allowing drop-in testing of any fin array within the size limitations. Two 

differential pressure transducers were configured to measure fluid velocity using a pitot-

static probe upstream of the test section, and pressure drop over the test section using 

pressure ports. Data from these transducers were fed through a USB data acquisition 

(DAQ) module into purpose built Labview software for real-time test monitoring and 

data logging. Figure 20 shows an overview of the wind tunnel system architecture. 

 

Figure 20: Diagram of wind tunnel system architecture. 
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A centrifugal blower (1) uses a squirrel cage rotor to draw in air and accelerate it 

through the system. The air travels through an expansion section (2) into the settling 

chamber (3), which allows large-scale turbulent fluctuations to decay [32]. The air passes 

through a honeycomb filter (4) which aligns the flow parallel to the test section and 

minimizes lateral variations in the mean and fluctuating velocity [33]. The air then flows 

through a contraction section (5) into the test section (6), where it interacts with the fin 

array (9), secured with an airtight seal by the array housing (10). This seal is effected by 

two rubber gasket strips and clamping pressure. A pitot-static probe (11) outputs 

differential pressure to pressure Transducer A (12) to measure fluid velocity, and two 

pressure ports (7,8) output total pressure to pressure Transducer B (13) upstream and 

downstream of the fin array to measure pressure drop. These transducers output analog 

data through a USB data acquisition module (14) to a Labview program running real-time 

data collection and monitoring (15). These components are detailed below. 

 

1. Centrifugal blower 

Dayton model no. 3HMJ1 centrifugal blower, powered and modulated using a 

TekPower TP3010E DC power supply. The forward curve multi-vane rotor is 

direct driven by a class B DC motor from 0-1630 RPM. The outlet dimensions are 

7.8 in. by 3.5 in. 

 

2. Expansion section 

The expansion section connects the blower outlet to the settling chamber, 

increasing the cross-sectional flow area to a 10 inch square. It was laser sintered 

using the same method and material as the fin arrays. The design includes internal 



 

25 

structural vanes to prevent thermal warpage during printing, and an integral ¼”-

20 captive nut fastening system to attach to the blower flange. 

 

3. Settling chamber 

A 10 in. cube with two open ends. The four walls were laser cut from 1/8” acrylic 

sheet and fastened together using airtight adhesive. Structural rigidity is 

maintained at each end using integral flanges on the expansion section and 

honeycomb filter. 

 

4. Honeycomb filter 

The honeycomb section was laser sintered using the same method and material as 

the fin arrays, as commercial availability of honeycomb core material was lacking 

in the required dimensions. Each honeycomb cell is 0.4 in. in diameter and 2.4 in. 

in length, resulting in a length-diameter ratio of 6 (Figure 21). Lateral flow 

turbulence is almost completely annihilated at this scale, with optimal overall 

benefit in the 6-8 range [33]. Cell wall thickness is 0.05 in. Hexagonal cells were 

used because they had the lowest pressure drop coefficient among commonly used 

cell shapes [34]. 
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Figure 21: Photograph of the honeycomb filter, looking through the wall of the settling 

chamber along the streamwise direction. 

5. Contraction section 

The contraction section is composed of four laser cut flexible board panels, which 

are attached using aluminum-backed adhesive tape. The contraction coupler, 

which mates with the test section, is laser sintered using the same method and 

material as the fin arrays. 

 

6. Test section 

The test section is composed of a single piece of extruded rectangular aluminum 

6063-T52 tube, 1.75 in. by 4 in. ID with 0.125 in. wall thickness. A mating slot 

was milled to accept the laser sintered fin arrays with tight tolerance. Three holes 

were drilled and tapped to 1/8 NPT pipe size to accept the two pressure nozzles 

and pitot-static probe (Figure 22). 
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Figure 22: Rendered exploded view of the test section, pressure port nozzles, pitot-static 

tube output, fin array, and array housing.  

7. Inlet pressure port 

1/8 NPT brass barbed hose fitting, threaded into the test section and sealed with 

Teflon tape. The output flows through Tygon PVC tubing. 

 

8. Outlet pressure port 

1/8 NPT brass barbed hose fitting, threaded into the test section and sealed with 

Teflon tape. The output flows through Tygon PVC tubing. 

 

9. Fin array 

The fabrication of these arrays was discussed in the previous section. The base of 

the array is 6 in. by 4 in to mate with the test-section with tight tolerances, with a 

universal fin height of 30mm. 
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10. Array housing 

A block of cast acrylic was milled with a center channel to accept the fin array 

with tight tolerance. Adhesive rubber seals were applied around the fin array 

location to create an airtight seal when the housing was clamped to the test 

section. 

 

11. Pitot-static probe 

United Sensor Corp PAD-6-KL pitot-static probe, in 6” length [35]. The probe is 

attached to the test section through the tapped hole using a 1/8 NPT mounting 

ferrule. The probe outputs the total pressure and stagnation pressure of the 

incoming fluid, which are transferred through Tygon PVC tubing to the 

transducer. 

 

12. Pitot-static pressure transducer 

Omega PX277-01D5V field-selectable differential pressure transducer, 

configured to output 0-10V corresponding to 0-125 Pa [36]. The analog signal is 

sent to a single channel of the data acquisition module. Both pressure transducers 

are powered in parallel from a GW GPS-1850D laboratory power supply. 

 

13. Inlet-outlet port pressure transducer 

Omega PX277-05D5V field-selectable differential pressure transducer, 

configured to output 0-10V corresponding to 0-1250 Pa [36]. The analog signal is 

sent to a single channel of the data acquisition module. Both pressure transducers 

are powered in parallel from a GW GPS-1850D laboratory power supply. 
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14. Data acquisition module 

National Instruments USB-6002 DAQ module, sampling two channels of analog 

data from each pressure transducer at 1 kHz. The module is powered over USB 

connection to the computer. 

 

15. Computer 

The DAQ module sent data over USB to a purpose-built NI Labview program, 

designed for real-time monitoring of experimental testing, as well as data capture 

for subsequent analysis. 

 

Modifications and Improvements 

In its initial state, Components 2-5 were not present in the system, which instead 

used a single short contraction section fabricated using fused deposition modeling (FDM) 

in ABS polymer using a Flashforge Creator Pro (Figure 23).  
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Figure 23: Initial version of the wind tunnel and data acquisition system. The red 

component is the contraction section which was replaced. 

After the first round of testing, a mismatch between simulated and experimental 

results was observed. It was theorized that excessive turbulence at the test section inlet 

was responsible for lower than expected experimental pressure drops. To remedy this, a 

flow conditioning extension comprising components 2-5 was designed, manufactured, 

and integrated into the system. Figure 24 shows an exploded view of each component. 

The curved contraction section was replaced with a linear version after difficulties were 

observed with failing joints and leakage in the section. Figure 25 is a photograph of the 

completed apparatus. Component interfaces were sealed with silicone caulk and 

aluminum tape. This solved the issue, resulting in much higher similarity between data 

sets, detailed in Chapter 3. 
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Figure 24: Exploded view of the flow conditioning extension, with component names, 

material, and manufacturing method noted. 

 

Figure 25: Photograph of completed flow conditioning extension connected to the test 

section on the right side of the frame.  

Testing Procedure 

Due to the varying geometries and subsequent fluid obstruction of the fin arrays, 

the maximum velocity the blower was able to drive through the system varied between 
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trials. For some of the larger arrays, the constraint was the maximum speed of the blower, 

whereas for some of the more delicate arrays with larger flow bypass area, the constraint 

was maximum readable pressure drop of the transducers. Steps 2-3 below serve to 

maximize the velocity range for each trial. 

1. Mount specimen fin array in test section of the wind tunnel: clamp array housing 

to the test section, ensuring airtightness. 

2. Check maximum velocity that can be driven through the system. Use this value to 

calculate voltage set-points for the pitot-static pressure sensor to collect 10 data 

points over the full-scale range. 

3. Set blower power input such that the pitot-static sensor voltage matches a set-

point value; wait until steady state is reached. 

4. Turn on data collection in the Labview program, which records continuous data at 

1 kHz for 10 seconds using Labview and NI-6002 USB DAQ 

5. Save output data to Microsoft Excel .xlsx file. 

6. Repeat steps 3-6 to record 10 data sets for each fin array. 

System Calibration 

The system was first run with a flat plate mounted in the test section to calibrate 

the pressure drop without any flow obstruction. This was found to be insignificant 

compared to the experimental pressure drop levels. 

An array of standard circular pin fins was tested to serve as holistic validation for 

the output of the experimental system. This array uses 7.5 mm diameter cylinders with 

the same normalized cross-sectional area as the teardrop pins, and same pitch spacing and 

double repeating pattern as the geometry families. A comparison of experimentally 
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measured and computationally simulated pressure drop across this array is shown in 

Figure 26. 

 

Figure 26: Comparison of simulated and experimental pressure drop across a circular pin 

fin array of d=7.5 mm. 

COMPUTATIONAL TESTING 

Simulation Design and Setup 

Computational fluid dynamics (CFD) simulations were run using the same 

geometry and fluid flow characteristics as the experimental trials, with the addition of a 

constant temperature input at the bottom surface of the array, and aluminum used for the 

array material. A comparison of the experimental and simulated pressure drop results 

serves as validation for the accuracy of the simulated fluid flow, as well as a confidence 

measure for the simulated heat transfer results. 
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Computational Domain 

Simulations were run in ANSYS Workbench 15.0.7 using the Fluid Flow 

(FLUENT) schematic to handle three-dimensional CFD calculations. To minimize the 

necessary computation resources and time, models were sliced in half bilaterally and 

symmetry conditions used along the sliced surface (Figure 27).  

 

Figure 27: Input solid model used for simulation of the diameter change array, with the 

symmetry surface to the right, inlet to the left, and outlet at the far right. 

The fluid and solid zones were defined by the standard FLUENT parameters for air and 

aluminum, respectively. Both used constant values for density, specific heat, thermal 

conductivity, as well as viscosity for the fluid. Boundary conditions were applied as 

follows: 

Inlet: Velocity inlet with defined velocity magnitudes of 0, 5, 9.5, and 14 m/s 

normal to the boundary. Constant temperature of 300 K. 5% turbulent intensity 

and turbulent viscosity ratio of 10, estimated from the experimental setup and 

applied per the FLUENT User Guide [37, p. 269]. 
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Outlet: Pressure outlet with defined gauge pressure of 0 Pa. Constant temperature 

of 300 K. Backflow turbulent intensity and backflow turbulent viscosity were set 

equal to the inlet, respectively 5% and 10. 

 

Walls: The no-slip condition was applied to all walls with fluid-solid interaction. 

Adiabatic thermal conditions were applied to the side and top wall, and a constant 

temperature input of 373.15 K was applied to the bottom surface of the array. The 

heat transfer surfaces, including the pin walls and the top solid surface of the 

array, are defined as coupled fluid-solid interfaces. 

 

Symmetry: The standard FLUENT symmetry condition was applied to the fluid 

and solid phases of the symmetry plane. This defines zero normal velocity, and 

zero normal gradients of all other variables, at the symmetry plane. The bilateral 

symmetry of turbulent fluent flow is therefore assumed. 

Numerical Mesh 

Meshes were created using the ANSYS Meshing module. Automatically 

generated unstructured grids were used to satisfy the complexity of closed-channel fluid 

flow through an array of obstructions (Figure 28). The meshes were refined around 

critical areas of low cross-section, such as between pins, and at areas of high aspect ratio, 

such as at the angled tip of some fins. Inflation layers were utilized to better capture the 

convective heat transfer effects of turbulent fluid flow near the pin surface, as well as to 

increase the resolution of internal conductive heat transfer in the pin itself (Figure 29). 

Initial experiments were performed to determine the necessary mesh resolution for grid-
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independence, which was defined as a less than 2% difference in overall heat transfer rate 

between trials. Meshes used in this work utilize 300,000 – 1,000,000 computational 

nodes depending on array complexity. 

 

 

Figure 28: Example of the unstructured mesh used on a high taper fin array geometry. 
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Figure 29: Top-view of meshing detail, illustrating the variable unstructured grid design 

and inflation layer application. (a) straight 0.6AR fin, (b) low-taper SEF, (c) 

high-taper 0.6AR. 

Computational Approach 

Solutions are calculated using two linked models. The energy equation was solved 

for conductive heat transfer within the solid fin array, and convective heat transfer 

between the fins and the fluid. The standard k-ε turbulence model was applied to 

calculate fluid flow characteristics, using second-order upwind spatial discretization for 

pressure, momentum, turbulent kinetic energy, turbulent dissipation rate, and energy 

parameters. While the first-order algorithms result in faster convergence, second-order is 

more accurate in cases where flow is not aligned with the grid [37, p. 1409], as it is here 

with an unstructured grid and obstructed flow. The SIMPLE pressure-velocity coupling 

scheme was used, and the gradient discretization was least squares cell based. 

Solutions were considered to be converged when the energy equation residual 

dropped below 10-6, assuming significant minimization of all other residuals below 10-4. 



 

38 

For the majority of trials this was reached in well under 1000 iterations, generally after 

~500 iterations. In some arrays the geometry conditions necessitated lowering under-

relaxation factors to control the speed of calculation, which otherwise would result in 

solution divergence. This increased the iterations and time necessary for the 0.2AR low 

and high taper, swept back, and diameter change geometry cases.  

POST-PROCESS DATA ANALYSIS 

Matlab was used to process and analyze the output data for experimental and 

simulated testing. The equations and methods employed are described below. 

Experimental Analysis 

Experimental testing produced 104 pairs of differential pressure data points per 

trial, ten trials per fin array, for 21 different fin array geometries. The following process 

was applied to each data set. 

First, the set of analog voltage data points Vin were converted to pressure Pin using 

the respective full scale pressure of each transducer PFS. Assuming steady incompressible 

flow, the resulting pressure from the pitot-static probe is converted to velocity vp-s using 

air density ρ at environmental temperature and pressure [38]. 

𝑃𝑖𝑛 =
𝑉𝑖𝑛

10
𝑃𝐹𝑆            (1) 

𝑣𝑝−𝑠 =
2𝑃𝑖𝑛,𝑝−𝑠

𝜌
            (2) 

The standard deviation σ of each data set was calculated, and then an average 

taken to condense the 10 seconds worth of data into a single value. The error for each 

data point was calculated using the root-mean-square of the standard deviation and listed 

1% full-scale error of the transducers. 
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 𝐸𝑟𝑟𝑜𝑟 = √𝜎2 + 0.01𝑃𝐹𝑆            (3) 

The hydraulic diameter of the inlet is calculated using the height, a, and width, b, 

of the test section aluminum tubing. This was used along with inlet velocity and 

kinematic viscosity ν to calculate the Reynold’s number Re of the flow entering the test 

section. 

𝐷ℎ,𝑖𝑛 =
2𝑎𝑏

(𝑎+𝑏)
            (4) 

𝑅𝑒 =
𝐷ℎ,𝑖𝑛𝑣𝑝−𝑠

𝜈
            (5) 

Simulation Analysis 

Each fin array was simulated individually with inlet fluid velocities of 1, 5, 9.5, 

and 14 m/s. Each simulation was configured to output a text file with total convective 

heat transfer rate Q, inlet fluid velocity vin, inlet pressure Pin, outlet pressure Pout, volume-

weighted average temperature of the fluid volume Tfluid, and the area-weighted average 

wall temperature of the heat transfer surface Twall. 

First, the hydraulic diameter of the test section Dh,test was found using the internal 

fluid volume Vfluid and wetted surface area Afluid. Pressure drop over the array ∆P was 

found using the difference between inlet pressure Pin and outlet pressure Pout. 

    𝐷ℎ,𝑡𝑒𝑠𝑡 =
4𝑉𝑓𝑙𝑢𝑖𝑑

𝐴𝑓𝑙𝑢𝑖𝑑
     (6) 

   𝛥𝑃 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡                 (7) 

Heat flux q was calculated from the total convective heat transfer rate and transfer 

area Awall, and was used to find the average convective heat transfer coefficient havg. This 

required the average pinwall temperature and average fluid volume temperature. 

     𝑞 =
𝑄

𝐴𝑤𝑎𝑙𝑙
                          (8) 
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ℎ𝑎𝑣𝑔 =
𝑞

𝑇𝑤𝑎𝑙𝑙−𝑇𝑓𝑙𝑢𝑖𝑑
                   (9) 

The average Nusselt number Nu was then found using the thermal conductivity k. 

This is a ratio of convective to conductive heat transfer across the solid-fluid boundary, 

and an indirect measure of average turbulence in the flow field. Higher values are desired 

for effective heat exchanger performance. The total pressure loss or friction coefficient f 

was calculated using the constant air density ρ and inlet velocity. This is a measure of 

relative pressure loss with respect to inlet flow conditions. 

𝑁𝑢𝑎𝑣𝑔 =
ℎ𝑎𝑣𝑔𝐷ℎ,𝑡𝑒𝑠𝑡

𝑘
               (9) 

         𝑓 =
2𝛥𝑃

𝜌𝑣𝑖𝑛
2             (10) 

Finally, the specific friction loss εf is calculated as a ratio of the average friction 

coefficient and average Nusselt number [11], [13]. This is an overall performance index, 

which indicates the pressure loss required to achieve an equal amount of heat transfer 

capability through the fin array. Minimizing this parameter equates to a more efficient 

and effective heat exchanger. 

        𝜖𝑓 =
𝑓

𝑁𝑢𝑎𝑣𝑔
                           (11) 
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Chapter 3: Results 

Chapter Three presents the results of data reduction and analysis, comprising 

three parts: the effect of integrating additional flow conditioning to the experimental 

system, a comparison of experimental and simulated pressure drops across all fin arrays, 

and the simulated performance of the fin arrays. The latter section includes results for 

heat transfer rate, Nusselt number, friction coefficient, and specific friction loss.  

 

EFFECT OF WIND TUNNEL FLOW CONDITIONING MODIFICATION 

As discussed in Chapter 2, the experimental system was modified by 

implementing a flow conditioning segment between the blower and test section 

comprising a widened expansion section, settling chamber, honeycomb filter, and 

extended contraction section.  

Figure 30 illustrates the effect of this flow conditioning on pressure drop across 

the circular test fin array and 0.8AR geometry family. The solid markers indicate 

simulated results, which stay constant, while the outlined markers indicate experimental 

results. The added flow conditioning increased pressure drop in all tested cases by 40-

50%. In its initial state, flow entering the test section had a higher level of turbulence, 

which decreased the potential of the fins to induce turbulence. After the modification, 

inlet flow was more laminar, allowing the fins to generate a relatively higher level of 

turbulence, and thus a greater difference between inlet and outlet pressures. 

 



 

42 

 

Figure 30. Comparison of experimental and simulation pressure drop for (top row) 

circular pin fin array and (bottom row) 0.8AR geometry family before and 

after system modification. 
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COMPARISON OF EXPERIMENTAL AND SIMULATED PRESSURE DROP RESULTS 

Figures 31-38 display a comparison of pressure drop between experimental results 

and simulated results for each fin array, grouped by geometry family. It is observed that 

the simulated results increasingly diverge from the experimental results as Reynold’s 

number increases. This is a result of the simulations, by the design and density of the 

mesh, and the second-order upwind governing k-ε equations, not capturing the full 

chaotic behavior of fluid flow in highly turbulent regions within the array [39].  

In all cases the experimental pressure drop was greater than the simulated values. 

One of the major contributors to this disparity was likely the surface roughness of the 

laser sintered physical fin arrays. The effect of this laser sintering induced artificial 

roughness on fluid flow and heat transfer has been investigated [40], although their 

analytical model is phenomenological and energy-based. From Re = 0 – 20,000 the data 

sets are highly similar, with mismatch error between 0–12%. In the more turbulent 

regime between Re = 20,000 – 50,000, higher mismatch errors are observed over a 

broader range, between 5–30%. While less significant error may be required for design 

purposes, the quantitative correlation and relative similarity between experimental and 

simulated data sets in this work provide a strong basis for confidence in the validity of the 

simulated fluid flow characteristics.  
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Figure 31: Comparison of experimental and simulated pressure drop across the 0.2AR 

geometry family. 

 

Figure 32: Comparison of experimental and simulated pressure drop across the 0.6AR 

geometry family. 
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Figure 33: Comparison of experimental and simulated pressure drop across the 0.8AR 

geometry family. 

 

Figure 34: Comparison of experimental and simulated pressure drop across the nonlinear 

taper geometry family. 
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Figure 35: Comparison of experimental and simulated pressure drop across the diameter 

changing geometry family. 

 

Figure 36: Comparison of experimental and simulated pressure drop across the swept 

back geometry family. 
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Figure 37: Comparison of experimental and simulated pressure drop across the SEF 

geometry family. 

 

Figure 38: Comparison of experimental and simulated pressure drop across the triple row 

geometry family. 
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SIMULATION RESULTS 

The following three sections contain figures and tables compiled from Ansys 

FLUENT CFD simulation data, reduced and synthesized according the procedures 

detailed in Chapter 2.  

Heat Transfer 

Figure 39 shows the Nusselt number data sets for each geometry family as well as 

the circular test case. This metric not a direct measure of heat transfer, but of heat transfer 

enhancement due to the fins. A best fit line compiled by Ciha from a survey of ten studies 

on similar fin geometries [41] is presented along with the results of this work, on a log-

log scale for direct comparison. The first-order power relationships calculated as best fit 

lines for these data is presented in Table 3 for comparison with future work. 

 

Figure 39: Comparison of average Nusselt number data for all fin arrays. The best fit line 

is reported from a survey similar pin fin arrays and flow regimes [41]. 
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The density of information makes it difficult to glean useful associations between 

test cases from this plot, but it does serve as an effective comparison between this work 

and previous works in the literature. 19 of the 21 fin arrays tested align well with this 

survey data, while the 0.6AR straight and 0.8AR straight arrays are outliers.  

Contrasting these two with the circular fin array, which presents less effective 

heat transfer than the best fit line, the cause of this disparity was a combination of three 

effects: the high level of flow obstruction in the straight configuration, an increase in 

length travelled along the fin before flow separation commensurate with the length of the 

tail, and more efficient heat transport from the base to the fin tip related to cross-sectional 

radially symmetry. The 0.6AR straight array creates more efficient flow separation but 

less efficient conductive heat transport, while the 0.8AR straight array creates the 

opposite effects. 
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Array name Best fit equation R2 

(Ciha 2014) compiled Nu = 0.1672Re0.6709 0.987 

0.2AR straight Nu = 0.0693Re0.7610 1.000 

0.2AR high taper Nu = 0.2277Re0.6227 0.999 

0.2AR low taper Nu = 0.2503Re0.6019 0.998 

0.6AR straight Nu = 0.0742Re0.8101 1.000 

0.6AR high taper Nu = 0.7983Re0.5239 0.994 

0.6AR low taper Nu = 1.2518Re0.4632 0.986 

0.8AR straight Nu = 0.0744Re0.8208 1.000 

0.8AR high taper Nu = 1.1598Re0.4838 0.989 

0.8AR low taper Nu = 1.4475Re0.4525 0.987 

Circular Nu = 1.5656Re0.4288 0.994 

Diam. change straight Nu = 1.6920Re0.4414 0.990 

Diam. change low taper Nu = 1.1842Re0.4879 0.994 

Nonlinear concave Nu = 0.4884Re0.5841 0.998 

Nonlinear convex Nu = 0.4971Re0.5657 0.997 

SEF straight Nu = 0.6977Re0.5073 0.997 

SEF high taper Nu = 0.3142Re0.6036 0.999 

SEF low taper Nu = 0.5241Re0.5480 0.997 

Swept back straight Nu = 0.7983Re0.5126 0.985 

Swept back high taper Nu = 0.6444Re0.5504 0.997 

Triple row high taper Nu = 1.1819Re0.4826 0.990 

Triple row low taper Nu = 1.7415Re0.4266 0.987 

Table 3: Calculated lines of best fit relating Nusselt number versus Reynold’s number for 

all fin arrays. Includes the best fit equation from a survey of ten articles on 

pin fins with similar geometry and flow regimes [41]. 

Figure 40 shows average heat transfer rate for each fin array, area-weighted over 

the full heat transfer surface in each simulation case, combining sets of data at four inlet 

flow velocities. These data are presented without normalization to any geometry or fluid 

parameter, and represent the total amount of energy flowing from the pins to the fluid 

through convective heat transfer. While the Nusselt number is an effective metric for 

overall efficiency of heat exchanger arrays, Q represents a pure energy transfer basis for 

comparison. If pressure drop is not a limiting factor in design, this represents the 
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performance scale for the tested fin arrays. Moving from best to worst constitutes moving 

through the straight arrays, to the low taper arrays, and finally to the high taper arrays. 

 

Figure 40: Overall comparison of array heat transfer capacity using the sum of heat 

transfer rates at four Re inputs, from best to worst. ✝ Values calculated from 

the best fit equation rather than directly from simulation data. 

Heat transfer results follow the theoretical geometry correlations in these data 

expected from previous work [6], [11], [13], [18], [19]. Higher flow obstruction induces 

more turbulent flow and accelerates the fluid through narrower inter-fin channels, and 

longer fins tails delay flow separation. These phenomena are illustrated in Figures 41-42, 

which show triptych contour plots of the 0.2AR, 0.6AR, and 0.8AR fin arrays for 

velocity and turbulent kinetic energy, respectively, on normalized scales.  
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Figure 41: Normalized velocity contour plots of the fluid volume, taken on the horizontal 

midplane of each fin array. a) 0.2AR, b) 0.6AR, c) 0.8AR. 
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Figure 42: Normalized turbulence contour plots of the fluid volume, taken on the 

horizontal midplane of each fin array. a) 0.2AR, b) 0.6AR, c) 0.8AR. 

Pressure Loss 

Figure 43 shows the friction coefficient data for each fin array, which is a 

measure of pressure drop over the array as a function of inlet flow conditions. While 

resolving the differences between individual geometry families is difficult, general trends 

can be observed in these data and they are presented for completeness. 
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Figure 43: Comparison of friction coefficient for all fin arrays.  

A more easily digestible form of these data is presented in Figure 44, which 

shows the combined friction coefficient data set for each fin array at four inlet flow 

velocities, providing a holistic measure of the pressure drop on a geometry basis. The 

expected trends are evident here for the same fluid-based reasons as in the previous 

section, but working in reverse: arrays with higher tapers and larger areas of flow bypass 

exhibit less flow obstruction over the test section, and subsequently a lower overall 

pressure drop.  



 

55 

 

Figure 44: Overall comparison of pressure loss using the sum of friction coefficients at 

four Re inputs, from best to worst. ✝ Values calculated from the best fit 

equation rather than directly from simulation data. 

Overall Performance 

In the previous two sections, some physical mechanisms responsible for the 

relative differences in heat transfer and pressure drop among the tested fin arrays were 

discussed. Since these mechanisms affect both parameters in opposite ways, balancing 

the two becomes a design optimization problem based on fin geometry and array 

configuration. To quantitatively contrast fin arrays, the non-dimensional specific friction 

loss metric was introduced in [9]. This is the ratio of friction coefficient to Nusselt 

number, basically a measure of the pressure loss required to achieve a certain amount of 

heat transfer capability across the fin array, where lower values are desired. Figure 45 
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displays an overall comparison of the specific friction loss for each fin array, combining 

sets of data at four inlet flow velocities. This provides a holistic basis for inter-array 

comparison. It can be seen that the 0.2AR high taper array is the most effective of those 

tested in the present work, and furthermore that every design was more effective than the 

standard circular fin geometry.  

 

Figure 45: Overall comparison of array performance using the sum of specific friction 

loss at four Re inputs, from best to worst. ✝ Values calculated from the best 

fit equation rather than directly from simulation data. 

Figures 46-52 display the specific friction loss metric for each fin array, grouped 

by geometry family for comparison. These plots are shown on a semi-log scale where the 

vertical axis is logarithmic and the horizontal axis is linear. They are scaled to optimally 
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display each data group and compare geometry family members, and are thus less useful 

for comparing geometry families against each other. 

 

Figure 46: Overall performance of the 0.2AR geometry family, characterized by specific 

friction loss. 

 

Figure 47: Overall performance of the 0.6AR geometry family, characterized by specific 

friction loss. 
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Figure 48: Overall performance of the 0.8AR geometry family, characterized by specific 

friction loss. 

 

Figure 49: Overall performance of the diameter changing geometry family, characterized 

by specific friction loss. 
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Figure 50: Overall performance of the nonlinear taper geometry family, characterized by 

specific friction loss. 

 

Figure 51: Overall performance of the SEF geometry family, characterized by specific 

friction loss. 
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Figure 52: Overall performance of the triple row geometry family, characterized by 

specific friction loss. 
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Chapter 4: Discussion 

Chapter Four contains further analysis on the results of the previous chapter. 

Comparisons are made between teardrop aspect ratios, linear and nonlinear tapers, and 

double and triple row repeating array patterns. The effect of tapering on performance, 

varying fin dimensions along the streamwise axis, and topics for future work are 

presented. 

COMPARISON OF TEARDROP ASPECT RATIOS 

Figure 53 compiles the specific friction loss for the members the 0.2AR, 0.6AR, 

and 0.8AR geometry families, plotted on a log-log scale with best fit lines for 

comparison. The trend in these data is clear, with overall specific friction loss decreasing 

as teardrop length-diameter ratio increases. This agrees with the results of Uzol and 

others in the literature [11], [13], [14]. 
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Figure 53: Performance comparison between the 0.2AR, 0.6AR, and 0.8AR geometry 

families, including calculated best fit lines. 

EFFECT OF TAPERING ON PERFORMANCE 

It is clear from the results of this work that, in general, within each geometry 

family increased taper angle correlates with more effective performance. Figure 53 

confirms this trend, and the causal physical phenomena as described in previous sections 

are visible in Figures 41-42. 

However, in Figure 53 it is observed that the relationship between specific friction 

loss and Reynold’s number in the straight teardrop fins increases at a higher rate than for 

the tapered teardrop fins. At sufficiently turbulent inlet flow, the straight fins become 

more effective than the low taper fins, with a transition regime between Re = ~15,000 

and ~40,000. It is expected that for extremely turbulent flow this trend would continue, 

until straight fins were the most effective geometry. This may be an artifact of the 

simulation design employed in this work, or a result of the diminished importance of 
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extending boundary separation layers in highly turbulent flow regimes, where boundary 

layer formation is minimal. However, these extreme inlet flow conditions are rarely seen 

in the typical application cases for this type of compact heat exchanger. 

EFFECT OF VARYING FIN DIMENSIONS ALONG THE STREAMWISE AXIS 

This work represents a proof of concept for diameter changing fins along the 

length of a heat exchanger array. By varying the cross-sectional geometry of each fin as a 

function of its location in the fluid stream, both heat transfer efficiency and pressure drop 

are manipulated, and it was theorized that a favorable ratio of change in these parameters 

could increase overall performance of the array. This theory has been preliminarily 

confirmed in this work, as results for the diameter change low taper array place it as the 

third best performing of the 21 tested (Figure 45). 

Figure 54 shows normalized turbulence contour plots for the straight and low 

taper diameter change arrays. It is observed that turbulence increases as it enters the fin 

array, reaches a maximum around the fifth row, and then steadily decreases. To increase 

the effectiveness of these geometries, turbulence should be generated in the initial rows 

and then maintained, and these results indicate the use of an over-aggressive diameter 

reduction scheme. 
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Figure 54: Normalized turbulence contour plots of the fluid volume, taken on the 

horizontal midplane of each fin array. a) Diameter change straight, b) 

Diameter change low taper. 

COMPARISON OF LINEAR AND NONLINEAR TAPERS 

The comparisons so far made all been used linear tapers, with a constant draft 

angle between the base and tip of the fin. Considering that the increased performance 

observed in tapered fins is derived from a greater match between the vertical cross-

sectional profile and temperature gradient, and that this gradient is likely nonlinear due to 

geometry and boundary layer effects at the base, a nonlinear taper has been theorized to 

effect a higher overall performance in this type of pin fin array [42]. Two nonlinear 

profiles were tested in this work as a proof of concept for future investigation, both 

concave and convex. Figure 55 shows the performance of these two arrays compared 

with the linear tapered version, on a log-log scale with best fit lines shown. It is observed 
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that the convex geometry performance is at best equal to the linear version, with a 

significant decrease at lower Reynold’s number flow. The concave geometry 

performance is significantly greater than the linear version at all tested flow regimes. 

 

Figure 55: Performance comparison between the 0.6AR array geometry with linear high 

taper, concave taper, and convex taper, including calculated best fit lines. 

COMPARISON OF DOUBLE AND TRIPLE REPEATING FIN PATTERNS 

Figure 45 shows that pin fin arrays with staggered rows repeating every three 

instances are viable candidate designs for further study on an overall performance basis. 

These arrays were modelled on the 0.6AR low and high taper arrays, with equivalent 

streamwise and spanwise fin spacing, but rearranged to form the triple row pattern. This 

led to a decrease in the total number of pins over the array and subsequently more volume 

in the inter-fin region, so direct quantitative comparisons require further study. Still, 

normalized velocity contour plots for the double- and triple-repeating arrays of 0.6AR pin 

fins are shown in Figure 56, and allow us to quantitatively compare the fluid flow in each 

configuration.  
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Figure 56: Normalized velocity contour plots of the fluid volume, taken on the horizontal 

midplane of each fin array. a) 0.6AR low taper, b) (0.6AR) triple row low 

taper. 

It is observed that the triple row pattern produces a less linear configuration of 

fluid flow, with a higher degree of spanwise motion. Impinging flow on the front of each 

fin is shed to the inter-fin region where, instead of continuing straight through to the 

outlet, encounters the shoulder of another fin. This cascade effect served to increase both 

turbulence and heat transfer.  

ACHIEVING OPTIMAL PERFORMANCE 

The overall highest performing geometry observed in this work is the 0.2AR high 

taper array (Figure 45). The high aspect ratio teardrop shape effectively reduces 

turbulence and vortex shedding in the wake of the fin, delays boundary layer separation, 

and the high taper increases heat transfer performance at the tip of the fin while allowing 
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greater fluid flow. As a result, the overall pressure loss experienced by this fin array was 

minimized, with respect to the proportional increase in heat transfer efficiency. 

The general trends observed by previous work are that increasing aspect ratio of 

teardrop fins increases their overall performance [11], [13], and increased array density 

can lead to increased overall performance [5], [9]. In this work it was observed that 

overall performance can be increased by using high taper angles, nonlinear taper profiles, 

and variations on the staggered array pattern, as well as reducing fin diameter along the 

streamwise axis.  

Following these trends to their conclusions, using 0.1AR or similar extremely 

high aspect ratio fins, utilizing a high taper angle with nonlinear concave profile, in a 

more condensed version of the triple or quadruple row repeating layout pattern, with 

variable diameter along the length of the array, could achieve more optimal results than 

those found in this work. Mechanical design considerations would need to be addressed; 

the fin tail ends may be fragile to debris or highly turbulent flow, and the arrays may 

become impractically long to maintain proper fin spacing. 

FUTURE WORK 

Diameter Changing Fin Arrays 

Future work in this area should include alternative diameter reduction schemes 

should be investigated, both less and more aggressive than 5% per row. It should also 

include varying the aspect ratio and taper parameters of fins along the streamwise length, 

instead of solely the fin diameter. In theory it should be possible to discretize this type of 

array into quantitative parameters, which could be inserted into a machine learning 

algorithm to intelligently optimize the shapes, locations, and characteristics of each 

individual pin for a specific flow regime. The outputs of this algorithm would be used as 
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design parameters for computational testing, similar to the process employed by Wu et al. 

utilizing genetic algorithms [43]. 

Nonlinear and Variable Cross-Section Tapered Fins 

Future work in optimization should be conducted, defining fin profile based on a 

theoretical and simulated analysis of steady-state vertical temperature profiles along the 

length of each fin. Malekzadeh et al. introduced an accurate two-dimensional numerical 

tool for analysis of nonlinear fins in [42], which could be employed or extended to 3D for 

use in the design stage. In addition to the taper profile, varying the cross-sectional 

geometry as a function of fin height should also be investigated. Optimization using both 

methods could be further accomplished through iterative machine learning or design of 

experiment testing. 

Triple Row Repeating Fin Arrays 

The increase in fluid-fin interaction caused by the triply staggered rows is 

responsible for enhanced heat transfer within the fin array. Future work should be 

conducted on these triple row repeating arrays, investigating the effects of streamwise 

and spanwise spacing on tapered pin fins of various cross-sectional geometries. 

Teardrop Fin Arrays at High Reynold’s Numbers 

Future work should be conducted to confirm the relative performance of straight 

teardrop pin fins at high Reynold’s number when compared to tapered analogues. The 

lack of such a relationship in the SEF geometry family leads this author to believe it may 

have been an artifact derives of some part of the simulation design. 
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Chapter 5: Summary and Conclusions 

SUMMARY 

To study the effects of novel tapered pin fins shapes and arrangements on heat 

transfer efficiency, pressure loss, and overall performance, 21 fin arrays were designed 

and implemented across eight geometry families with varying fin cross-section, taper 

angle, taper profile, and array patterns.  

Experimental testing was carried out on a prototype open-loop wind tunnel 

system using differential pressure sensors to measure pressure drop across the test section 

directly, and inlet flow velocity indirectly using a pitot-static tube. The fin arrays were 

fabricated in Nylon 12 using laser sintering, and data gathered using at 0 < Re < 50,000. 

Computational fluid dynamics simulations were designed in ANSYS to model 

pressure drop and heat transfer across heated aluminum versions of the same fin arrays. 

Experimental pressure drop data was used as validation for the simulated fluid flow, and 

as a confidence metric for the accuracy of the simulated heat transfer. 

The experimental and computational data were reduced and analyzed using 

Matlab, defining non-dimensional metrics for holistic comparison between the disparate 

array geometries and layouts. These metrics were used to compare heat transfer 

efficiency, pressure loss characteristics, and overall balanced performance between fin 

arrays. 

Comparisons were made between members of each geometry family, as well as 

between geometry families, to illuminate effective means for increasing overall heat 

exchanger performance. Topics for future work and potential methods of investigation 

were suggested. 
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CONCLUSIONS 

1. Teardrop shaped pin fins effectively increase the performance of pin fin arrays by 

delaying boundary layer separation, and wake field turbulence. 

2. High aspect ratio teardrop fins are desired to maximize these effects and attain the 

greatest overall performance. 

3. Tapered pin fins in any cross-sectional geometry are more effective than straight 

pin fins in equal flow regimes. 

4. Of the 21 tested fin arrays, the 0.2AR high taper array was the overall highest 

performing geometry. 

5. Varying fin dimensions along the streamwise axis can effectively increase the 

performance of drop-shaped pin fin arrays. These configurations should be 

investigated in more detail. 

6. Using nonlinear concave taper profiles can effectively increase the performance 

of drop-shaped pin fins. This type of fin geometry should be investigated in more 

detail. 

7. Alternative fin placement configurations, such as triple row repeating staggered 

arrays, can effect more spanwise fluid movement and ultimately increase the 

performance of drop-shaped pin fin arrays. These configurations should be 

investigated in more detail. 
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