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Abstract 

In forced convection, extended surface arrays enhance heat transfer by increasing 

surface area, promoting fluid mixing, and generating turbulence. Their thermal-

hydraulic performance can be modified by introducing tip clearance or adjusting 

the attack angle. This study quantifies the heat transfer coefficient and pressure 

drop of GRIPMetal arrays – hook-shaped fins with dimples – under varying tip 

clearances and attack angles. Experiments with water-cooled GRIPMetal surfaces 

explored Reynolds numbers (Re) from 600 to 12,000, while simulations examined 

attack angles (α) from 0° to 90°. Results showed that GRIPMetal significantly 

outperforms smooth surfaces, with Nusselt number (Nu) enhancements of 2.4 to 

5.7 times higher, despite increased pressure drop. Accounting for the pressure 

drop penalty, the overall performance factor remained above 1.4. Numerical 

findings revealed that α = 22.5° improved Nu by 44% at Re = 5000, and some 

configurations reduced pressure drop. These results highlight GRIPMetal’s 

potential as a cost-effective heat transfer enhancement method. 
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Chapter 1         

Introduction 

1.1 Enhancement of Convective Heat Transfer 

Enhancement of convective heat transfer can improve the thermal performance 

of cooling systems in various applications (e.g., air conditioners, solar collectors, 

gas turbine blades, electronic component coolers) and across many industries (e.g., 

chemical, biomedical, aerospace) [1–3]. Several techniques can be used to achieve 

this enhancement, including the addition of extended surfaces, surface roughness, 

fluid additives, microchannels, and porous media, and by using electrostatic or 

magnetic fields [1,3,4]. Among these methods, the most common is to add 

extensions such as fins or vortex generators to heat transfer surfaces [5,6] to 

increase the effective surface area for heat transfer. This method has proven to be 

a reliable and effective cooling solution for a range of applications, like gas turbine 

blade cooling, for example.  
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To enhance the turbine’s output power and efficiency, turbine inlet 

temperatures have recently been increased. However, due to the temperature 

limitations of blade materials, advanced cooling techniques are necessary to 

maintain blade integrity. Internal cooling in modern gas turbines employs various 

strategies, including the use of protrusions, pin fins, and dimples, as illustrtaed in 

Fig. 1a. Another application of surface enhancement techniques can be found in 

IGBT cold plates, which are employed in thermal management when air cooling 

proves insufficient. In this case, cooling liquid flows through the cold plate, which 

typically incorporates internal fins to enhance heat transfer from the device or 

component attached to the plate (see Fig. 1b). 

 

 

Fig. 1. Applications of extended surfaces in forced convective cooling enhancement: (a) gas 

turbine blade cooling (adapted from Yeranee et al.[7]) and (b) IGBT cold plates (adapted from 

MICROCOOL®). 

 

Many examples of the heat transfer enhancement techniques have been 

extensively studied in the literature, and they all rely on two key phenomena: 

increasing the heat transfer surface area and enhancing fluid mixing (typically 

through flow separation and reattachment, which causes boundary layers to re-
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start) and turbulence, resulting in higher convective heat transfer coefficients 

(HTC) [5,6,8–10]. 

The simplest example of extended surfaces is cylindrical pin fins, which can 

enhance the overall cooling performance of a bare surface by a factor of 1.2 to 1.6, 

as illustrated in Fig. 2. Introducing dimples to the fins provides a slight 

improvement in performance [10].  

Pin fins are not limited to cylindrical profiles; they can have square [1], or 

diamond-shaped profiles [11]. Adding grooves to the surface of the pins can 

further accelerate the flow and enhance mixing, significantly boosting the fins’ 

performance.  

As shown in Fig. 2, cylindrical grooved pins outperform standard cylindrical 

pins, and modifying the pin shape can yield even greater improvements. For 

instance, the triangular grooved fins exhibit substantially higher performance 

compared to cylindrical grooved fins [6]. Additionally, various shapes of vortex 

generators can be employed to achieve further enhancements [8]. 
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Fig. 2. Examples of surface enhancement techniques: (a) performance of the extended surfaces 

relative to a bare surface, (b) cylindrical pin fins [10], (c) cylindrical pin-dimples [10], (d) 

square pins [1], (e) winglet vortex generator [8], (f) triangular-grooved pins [6], (g) cylindrical 

grooved pins [6], and (h) diamond-shaped pins [11]. 
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1.2 Surface Enhancement Techniques – Challenges and 

Alternative Solutions 

The addition of pin fins or dimples can significantly improve convective heat 

transfer at a surface, but manufacturing these features can be laborious and costly, 

especially for miniature geometries. Although simple fins can be economically 

manufactured, their thermal performance is typically limited. However, 

increasing their complexity to improve performance can result in higher 

manufacturing costs. For example, the feasibility of groove and dimple 

manufacturing largely depends on the required precision because it involves 

complex processes such as micro-milling, stamping, and pressing [3]. 

NUCAP Industries has developed a method to create arrays of hook-shaped 

fins and dimples on metal surfaces (trademarked as GRIPMetal), as shown in Fig. 

3. Initially employed to attach brake pad friction material to the backing plate, 

these arrays have since been applied in various heavy-duty mechanical bonding 

applications. The arrays are created by a proprietary skiving technique applied to 

flat metal surfaces, creating hook-shaped protrusions and leaving grooves in their 

place [12]. This skiving process is simple and robust, and it has been shown to 

enhance heat transfer rates for both single-phase and two-phase applications 

[13,14]. Consequently, GRIPMetal arrays hold significant potential for integration 

into heat exchangers, making them suitable for a wide range of thermal 

management applications, including HVAC systems, electronics cooling, boilers, 

gas turbines, and nuclear reactors. 

In this regard, this study focuses on testing and characterizing GRIPMetal 

arrays and evaluating their suitability for forced convective heat transfer 

applications by comparing their performance with existing surface enhancement 
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techniques reported in the literature. The simplicity and cost-effectiveness of 

GRIPMetal's manufacturing process make it a promising economical alternative 

to currently employed heat enhancement methods. The scope of the study 

includes: 

• Characterizing the thermal and hydraulic performance of three types of 

GRIPMetal arrays. 

• Investigating the impact of tip clearance on their their thermal-hydraulic 

performance. 

• Evaluating the  overall performance of GRIPMetal arrays. 

• Developing correlations to describe the thermal-hydraulic behaviour of 

the arrays. 

• Assessing the effect of varying the attack angle on the arrays’ 

performance. 

• Analyzing the flow structure around the arrays to gain insights into their 

performance. 

 

 

Fig. 3. GRIPMetal arrays manufactured by NUCAP Industries®. 
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The findings of this study will enhance the understanding of GRIPMetal arrays’ 

thermo-fluidic performance and the influence of key parameters. These insights 

can inform further improvements and represent a first step towards optimizing 

the arrays' performance. 



  

Literature Review P a g e  | 8 

 

 

 

 

Chapter 2          

Literature Review 

2.1 Effect of Size, Shape, and Pattern on the Heat Transfer 

Rate 

The focus of recent research is to optimize heat sink designs to achieve 

improved fluid-geometry interaction, thereby enhancing heat transfer rates [15]. 

Heat transfer rate is affected by the size, shape, pattern, and flow conditions of 

extended surfaces, and studies have been conducted to investigate these effects 

[11,16]. 

Bilen et al. [5] showed that streamwise spacing has a stronger impact on thermal 

performance in in-line fin arrays than in staggered arrays. Staggered arrays, 

however, showed slightly better overall thermal-hydraulic performance when 

pressure drop is considered. Similarly, Metzger et al. [17] observed a 5-10% 



 2.1 Effect of Size, Shape, and Pattern on the Heat Transfer Rate 

Literature Review P a g e  | 9 

increase in the average Nusselt number, Nu, as the streamwise-spacing-to-

diameter ratio decreased by 40% for staggered cylindrical pin fins.  

The overall performance of pin fins can be improved by changing their shape: 

Mousa [1] showed that square pins enhance heat transfer more than cylindrical 

pins due to increased turbulence. Tanda [11] reported an improved thermal 

performance of diamond-shaped pin fins at lower inter-fin spacings, with 

staggered fins outperforming the in-line ones at the expense of increased pressure 

drop. 

Enhancing fluid mixing can improve the performance of pin fins. Eren et al. [6] 

found that adding slits to cylindrical and triangular pin fins enhanced thermal 

performance by promoting fluid mixing and recirculation. Similarly, Alam et al. 

[18] showed that increasing the level of inlet turbulence can boost heat transfer in 

triangular micro-pin-fins due to enhanced mixing and swirl generation. 

Even though pin fins greatly enhance heat transfer, they do so at the expense of 

flow resistance. To mitigate this impact, grooves or dimples are often added, 

which boosts the heat transfer capability of a surface with a minor penalty in 

pressure drop. However, substituting the fins entirely with grooves or dimples 

may not yield sufficient thermal performance. Combining pin fins and dimples, 

forming a pin fin-dimple array, can then improve heat transfer without 

significantly increasing pressure drop [10,19]. 

 Rao et al. [10] revealed that adding dimples to pin-fin arrays enhanced thermal 

performance due to increased turbulent mixing intensity near the walls. Moreover, 

this enhancement further increased with greater dimple depths, reaching a 15% 

increase in the overall performance compared with pins alone. In a similar study, 

Bi et al. [4] found that increasing depth improved the dimples’ overall 
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performance. However, both excessively large and excessively small dimple 

diameters reduced performance, and intermediate diameters were recommended. 

Further, Xie et al. [20] demonstrated that dimples can outperform both pins or 

protrusions, with teardrop dimples providing about 5% better performance than 

teardrop protrusions under similar conditions. 

2.2 Influence of Attack Angle on the Heat Transfer Rate 

Various approaches have been employed to improve the overall performance of 

fin arrays, including the introduction of tip-clearance [21–23], altering the 

inclination angle of  pins in the streamwise direction [24–27], modifying the 

spanwise inclination angle (i.e. angle of attack) [28–30], and incorporating twist 

angles into the pins [31–33]. However, not all modifications guarantee enhanced 

heat transfer rates. For example, introducing tip-clearance or altering the 

streamline inclination angle can sometimes reduce both heat transfer and pressure 

loss within a channel, depending on the angle or clearance introduced [24–26,34]. 

To address this challenge, adjusting the attack angle can possibly result in an 

increased heat transfer while reducing pressure loss. 

Several studies have explored the relationship between the attack angle (α) and 

thermo-hydraulic performance of pin fins, consistently indicating that 

performance of the pins is highly sensitive to α. Abdelmohimen et al. [35] observed 

that altering α in inline-arranged winged-pins deteriorated thermal performance, 

while α of 22.5° in staggered arrangements improves Nu by up to 45%, depending 

on Reynolds number (Re), and simultaneously reduces the friction factor (f) by 

16%. Ali et al. [15] found that rotating square pin fins by 45° increases Nu by up to 

68%, and further enhancement to 108% was achieved when α was reduced to 22.5°. 
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Ho et al. [36] experimentally demonstrated that airfoil-shaped fins achieved Nu 

enhancement of 19.9% at α = 0° compared with circular pins. This improvement 

increased to 22.5% and 25.2% as α rose to 10° and 15°, respectively, and is 

attributed to vortex formation along the airfoil. Acharya [37] found that the 

thermal performance of square pin fins at α = 0° and α = 45° was comparable, 

although the pressure loss was slightly higher for the α = 45° case under similar 

flow conditions. 

 Pallikonda et al. [38] identified that the optimal Nu for elliptical pins occurs at 

α = 6°, with a heat transfer enhancement of 122%-174% relative to α = 0°, depending 

on Re. Pressure loss, however, increased with α, reaching 57%-120% higher at α = 

12° compared with α = 0°. Lee et al. [39] reported that oblique fins achieved up to 

50% higher Nu at α = 27° than at α = 45°, while pressure loss increased by about 

26% in the α = 27° case. Nu further improved by 21% at α = 15° compared α = 27°, 

but with a 47% higher pressure loss penalty.  

Sallar et al. [40] showed that the highest thermal performance for I-shaped pins 

was achieved at α = 45° and 75°, where Nu increased by approximately 27%. This, 

however, was at the expense of pressure loss, which increased by 107% at α = 45°. 

Kangude et al. [41] observed that the thermal resistance of oblique-cut fins 

decreased by 8%-19% at a 60° oblique angle and by 22%-29% at 40°. However, this 

thermal performance improvement was accompanied by increased pressure loss, 

which reached up to 44% and 15% higher for 40° and 60° oblique angles, 

respectively. 

The effect of feature angle relative to the flow direction on selected pin fins from 

the literature is summarized in Fig. 4. It is clear that the thermal performance of 

pin fins can be significantly affected and often improved by rotating them relative 

to the flow direction. However, in most configurations, this improvement comes 
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at the cost of increased pressure drop. Some configurations achieve a moderate 

enhancement in thermal performance with a slight reduction in pressure loss [4], 

while others yield substantial thermal improvements but incur a significant 

pressure penalty [22]. This observation suggests that the performance of pin fins 

can be readily modified by adjusting α in a way that can be tailored to meet specific 

application requirements. Additionally, the pressure drop penalty can be 

mitigated by modifying the structure of the arrays, with a common approach being 

to incorporate of grooves or dimples into the pins. 

 

 

Fig. 4. Thermal enhancement in different pin types as a function of α. Each bar showcases an 

increase in Re as thermal enhancement increases. Enhancement is referenced to a baseline case 

of α = 0°, except for the pins marked with (*), where the reference is 45°. The pin arrays include 

square pins [6], winged pins [4], airfoil-shaped pins [20], elliptical pins [22], oblique pins* [23], 

I-shaped pins [24], and oblique pins [25]. 
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2.3 Research Objectives 

The reviewed literature clearly demonstrates that the performance of pin fins 

can be readily modified by adjusting their size, shape, spacings, density, and 

orientation in a way that can be tailored to meet specific application requirements. 

In this regard, the current study investigates the thermal-hydraulic performance 

of hook-shaped fins and dimple arrays under various sizes, flowrates, tip-

clearances, and attack angles. 

Khaled et al. [14] conducted the first single-phase experimental characterization 

of GRIPMetal thermal and hydraulic performance for rectangular channels.  The 

results show that the hooks and grooves led to an enhancement in Nu compared 

with a flat surface by factors ranging between 3 and 4.6, depending on the tip 

clearance and Re. Additionally, f decreased by increasing tip clearance. The results 

from this work were limited to the turbulent regime and focused primarily on a 

single GRIPMetal feature size. Additionally, these tests were conducted with the 

arrays of hooked features placed on opposite sides of a rectangular channel, which 

may result in fluid interactions between the surfaces, and therefore not be 

representative for many instances of convection enhancement on a single surface. 

The objective of this study is to build upon the work of Khaled et al. [14] to 

systematically quantify the thermal and hydraulic performance of three different 

sizes and array geometries of GRIPMetal surfaces in both laminar and turbulent 

regimes. Experiments were conducted at Reynolds numbers ranging between 600 

and 12000, and the channel height was adjusted to capture the influence of tip 

clearance on the array performance. Furthermore, regression correlations were 

developed to establish relationships for Nu and f in terms of the geometry and 

fluid flow. These correlations will serve as design tools to optimize the design of 
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heat exchangers using GRIPMetal surfaces for specific applications. Additionally, 

the thermal-fluidic performance of GRIPMetal arrays was evaluated across a range 

of α, from 0° to 90°, in increments of 22.5°. The assessment was conducted at Re 

ranging from 600 to 5000, with the arrays fully shrouded inside the channel. To 

gain deeper insights, the study also examines the associated temperature and flow 

structures, providing a comprehensive understanding of the arrays’ performance. 
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Chapter 3        

Experimental Setup 

3.1 GRIPMetal Array Geometry 

GRIPMetal arrays are created by partially removing metal from a surface, 

forming a hooked shaped raised fin, and leaving behind a groove that has 

approximately the same volume as the hook, as illustrated in Fig. 5. This study 

tested three different GRIPMetal arrays (mini, standard, and heavy) which varied 

primarily in hook length, inter-hook spacing, and dimple spacings. These arrays 

were created by adjusting the tooling and manufacturing parameters.  

 Each unit cell consists of two groups of hooks and their corresponding grooves 

(see Fig. 6a). Each group is oriented to one side of the streamwise direction, with 

a clearance separating the groups, and comprises two hook–dimple sets that are 

arranged in a staggered configuration. An array is formed by repeating the unit 

cell in both the streamwise and spanwise directions.  
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Fig. 5. Microscopic images showing plan and side views of the GRIPMetal arrays. Plan view: 

(a) mini, (b) standard, and (c) heavy arrays. Side view: (d) mini, (e) standard, and (f) heavy 

arrays. 

 

The array geometry is described by streamwise spacing between the hooks 

within each group (SL), spanwise spacing between each group set (ST), and 

spanwise spacing between the hooks within each group (Ch), hook width (Wh), 

hook length (Lh), groove length (Lg), and hook height (h), as shown in Fig. 2b. The 
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numerical values for these geometrical features are summarized in Table 1, 

represented by their mean values and standard deviations (S.D.). 

 

 

Fig. 6. Schematic of the GRIPMetal arrays: Array with (a) a magnified unit cell and (b) 

geometrical parameters of the array with its orientation in the test channel. 

 

Table 1. Geometrical parameters of the GRIPMetal arrays. 

Array Type 
h SL ST Ch Wh Lh Lg 

Mean ±S.D. (mm) 

Mini 1.0 ±0.1 2.7 ±0.1 1.2 ±0.1 1.1 ±0.1 0.8 ±0.1 0.6 ±0.1 3.2 ±1.3 

Standard 1.5 ±0.2 3.2 ±0.2 1.8 ±0.1 0.8 ±0.1 1.1 ±0.1 1.0 ±0.1 5.5 ±0.3 

Heavy 2.3 ±0.1 4.5 ±0.2 2.8 ±0.1 1.5 ±0.1 2.0 ±0.1 1.4 ±0.1 6.1 ±0.3 
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3.2 Test Section and Experimental Setup 

The experimental flow loop used to characterize the convective heat transfer 

and pressure drop of the GRIPMetal surfaces is shown in Fig. 7. Water was 

circulated through the loop by a stainless-steel rotary vane pump (Fluid-O-Tech 

PA1011) coupled to a 1 hp 90 VDC motor. The flow rate was controlled using a 

variable speed DC motor controller (IRONHORSE GSD5). Two flowmeters, 

installed in parallel, were used to measure a wide range of flow rates: The high-

range flowmeter measured 1–30 LPM (OMEGA FTB604B) and the low-range 

flowmeter measured 0.1–2.5 LPM (Vision BV1000-025). During testing, flow was 

directed through the required flowmeter using on–off valves. A 5 µm filter was 

installed before the flowmeters, according to the flowmeter installation 

recommendations, to remove debris flowing to the test section. A pressurized 

accumulator tank was placed between the pump and the filter to dampen high-

frequency pressure pulsations from the pump. Water leaving the test section was 

passed through a heat exchanger where it was cooled to 17°C via a BOYD RC–045 

chiller. 

The test section is shown in Fig. 8. Water entered the test section via the inlet 

plenum and flowed over the heated surfaces. Heat was applied by a copper heater 

block fastened to the bottom of the arrays. Temperatures were recorded at four 

locations within the arrays to thermally characterize performance. The test section 

is primarily constructed from aluminum (Al 6061) and consists of a top and bottom 

housing separated from each other by a spacing shim, with inlet and exit plenums 

attached to the top housing. Several shims with different thicknesses were used to 

adjust the hydraulic diameter. The arrays were inserted in a PEEK spacer, which 

was fastened to the middle of the bottom housing and acted as a heat break 

between the tested surfaces and the housing. The arrays had a transparent 
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polycarbonate cover, which was fastened to the top housing. The transparent 

cover contained two ports upstream and downstream of the test section to enable 

differential pressure measurement. The tested array plates were 50.8 mm × 100 

mm × 11 mm (Al6061). One was a bare, smooth plate, and the other had GRIPMetal 

hooks.  The copper heater block was heated by four 200 W Dalton Electric cartridge 

heaters (3.1 mm diameter, 50.8 mm length) powered by an 840 W dual output DC 

power supply (Aim–TTi CPX400DP). A thin layer of thermal paste was applied at 

the interface between the heater block and the test plates to minimize contact 

resistance. The heater block sat on calcium silicate insulation that was attached to 

a bottom support plate. 

 

 

Fig. 7. Schematic diagram of the test section and experimental setup. 

 

Four 3mm-diameter sheathed PT100 RTDs (4-wire configuration) were used to 

measure the temperatures of the test plates (Fig. 8), and they were placed at a 

distance δ of 8 mm below the  plate surface (see Fig. 9). Two additional RTDs 
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measured test section water inlet and outlet temperatures, and another monitored 

the ambient temperature. The seven RTDs were all calibrated to within 0.02 K of 

each other. The pressure drop across the test section was measured using one of 

two differential pressure transducers (DPTs; OMEGA PX409-030DWUV and 

OMEGA PX409-001DWUV) depending on the magnitude of the pressure drop. 

Experiments were performed on the arrays at several channel heights, resulting in 

different tip clearances (C) above the hooks, as shown in Fig. 6b. The power 

supplied to the heaters was adjusted depending on the flow rate to minimize 

uncertainty in the HTC, resulting in heat fluxes that ranged from 3 to 16 W/cm2 

(see section 3.7). 

 

Fig. 8. Views of the test section: (a) cross-sectional view and (b) exploded view. 
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3.3 Data Reduction 

A cross-sectional view of the test section channel showing key measurement 

locations is shown in Fig. 9. The surface temperature of the channel, Ts,x, was 

extrapolated from the RTD readings using the 1-D Fourier conduction equation, 

𝑇𝑠,𝑥 = 𝑇𝑅𝑇𝐷,𝑥 −
𝑄𝑖𝑛,𝑛𝑒𝑡

𝐴𝑜
[
𝛿

𝑘𝐴𝑙

 ] (3. 1) 

where Ts,x is the array surface temperature at location 𝑥; TRTD,x is the reading of the 

RTD at location x; δ is the distance between the center of the RTDs and the array 

surface; kAl = 167 W/mK is the thermal conductivity of the Al6061 array; Ao is the 

base surface area of the array; and Qin,net is the net input power from the heaters, 

which can be expressed as 

𝑄𝑖𝑛,𝑛𝑒𝑡 = 𝐸 × 𝐼 − 𝑄𝑙𝑜𝑠𝑠 (3. 2) 

where Qloss is the heat lost to the surroundings, E is the supplied voltage, and I is 

the current flowing through the heater wires. The surface area of the array is 

expressed as 

𝐴𝑜 = 𝐿 × 𝑊 (3. 3) 

where L and W are the length and width of the channel, respectively, as indicated 

in Fig. 6a. 

The characteristic length-based averaged Nusselt number 𝑁𝑢𝐿𝑐
 was used to 

characterize the thermal performance of the tested arrays, expressed as 

𝑁𝑢𝐿𝑐
=

ℎ𝑎𝑣𝑔𝐿𝑐

𝑘
   (3. 4) 
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where havg is the average HTC over the surface; k is the thermal conductivity of 

water; and Lc is the characteristic length of the arrays, which is either equal to the 

hook height h or the channel hydraulic diameter, Dh, expressed as 

𝐷ℎ =
2𝑊𝐻

𝑊 + 𝐻
   (3. 5) 

The water thermal conductivity was evaluated at its mean bulk temperature, 

Tbulk, given by 

𝑇𝑏𝑢𝑙𝑘 =
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
   (3. 6) 

where Tin and Tout are the inlet and outlet water temperatures through the 

rectangular channel, respectively. The average heat transfer coefficient, havg, was 

calculated as 

ℎ𝑎𝑣𝑔 =
𝑄𝑤𝑎𝑡𝑒𝑟

𝐴𝑜𝛥𝑇𝑎𝑣𝑔

   (3. 7) 

where ΔTavg is the average temperature difference between the heated surface and 

the bulk water temperature, expressed as 

𝛥𝑇𝑎𝑣𝑔 =
1

4
∑ (𝑇𝑠,𝑥 − 𝑇𝑤,𝑥)

4

𝑥=1

   (3. 8) 

where Tw,x is the water bulk temperature at location x along the streamwise 

direction. This was calculated by measuring the water temperature at the entrance 

of the test section, where the flow is isothermal, and assuming a linear temperature 

rise along the test section. 

The hydraulic performance of the arrays was quantified using the hydraulic 

diameter-based friction factor inside the channel, 𝑓𝐷ℎ
, which can be expressed as 
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𝑓 =
𝛥𝑃

(
𝐿
𝐷ℎ

) 𝜌𝑤𝑉𝑎𝑣𝑔
2 /2

   (3. 9) 

where ΔP is the pressure loss across the test section, and Vavg is the area-averaged 

flow velocity inside the channel, expressed as 

𝑉𝑎𝑣𝑔 =
𝑄𝑓𝑙𝑜𝑤

𝑊𝐻
 (3. 10) 

where Qflow is the volumetric flow rate inside the channel measured by the 

flowmeters. The Reynolds number based on the channel hydraulic diameter Re 

was calculated as 

𝑅𝑒 =
𝜌𝑤𝑉𝑎𝑣𝑔𝐷ℎ

𝜇𝑤

   (3. 11) 

where µw is the absolute viscosity of water evaluated at Tbulk. 

 

 

Fig. 9. Data reduction of the GRIPMetal arrays depicting water flow over the hooks inside the 

test channel. 
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3.4 Heat Loss Calibration and Energy Balance 

Heat loss from the test section to the surroundings was quantified by supplying 

heat at a relatively low power to the heater block under dry (no flow) conditions. 

For a given input power, the temperature of the heater block and test plate was 

increased until steady-state and the heat supplied by the heaters equaled the heat 

loss to the surroundings, Qloss. The input power (which is being dissipated as heat 

lost to the surroundings) was then correlated to the temperature difference 

between the average plate temperature and the ambient temperature using linear 

regression which resulted in an empirical estimate for heat loss as 

𝑄𝑙𝑜𝑠𝑠 = 0.1∑ 𝑇𝑅𝑇𝐷,𝑥

4

𝑥=1

− 0.4 𝑇𝑎𝑚𝑏 (3. 12) 

where Tamb is the ambient temperature. The maximum heat lost to the 

surroundings accounted for only 2% of the total heat supplied by the heaters. 

An energy balance of the net heat supplied by the electric heaters and that 

gained by the flowing water can be expressed as 

𝑄𝑤𝑎𝑡𝑒𝑟 = 𝑄𝑖𝑛,𝑛𝑒𝑡 + 𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠 = 𝜌𝑤𝑄𝑓𝑙𝑜𝑤𝐶𝑝,𝑤(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (3. 13) 

where Qwater is the heat gained by water; ρw is the density of water; Cp,w is the specific 

heat capacity of water; Tin and Tout are the inlet and outlet water temperatures from 

the rectangular channel, respectively; and Qviscous is the viscous heating due to 

pressure drop across the test section, expressed as 

𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠 = 𝛥𝑃 × 𝑄𝑓𝑙𝑜𝑤 (3. 14) 

Both ρw and Cp,w were evaluated at Tbulk. 
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3.5 Overall Thermal-Hydraulic Performance 

The enhancement in heat transfer achieved by adding fins is typically 

accompanied by a significant increase in pressure drop [5]. To address this, a 

comparison was conducted utilizing the thermal enhancement factor (ηo) proposed 

by Webb and Eckert [42], calculated at equal pumping power, and formulated as 

𝜂𝑜 =
𝑆𝑡/𝑆𝑡𝑜

∗

(𝑓/𝑓𝑜
∗)

1
3 

 (3. 15) 

where St and St*o are the Stanton numbers for the finned and smooth surfaces, 

respectively, while f and f*o are the friction factors for the finned and smooth 

surfaces. Eq. (3.15) is frequently misused when evaluating the performance of a 

certain finned or roughened surface [43]. Many studies mistakenly evaluate St, St*o, 

f, and f*o at the same Re, while others substitute Stanton number with Nusselt 

number [4,6,8,10,14]. Using the same Re for finned and unfinned surfaces while 

keeping the geometry fixed violates the constant pumping power constraint. For 

this regard, both St*o and f*o are evaluated at an equivalent Reynolds number, Re*o, 

which is expressed as 

𝑅𝑒𝑜
∗ = (

𝑓

𝑓𝑜
∗)

1
3

𝑅𝑒 (3. 16) 

where Re is the Reynolds number for the finned surface. The evaluation of St*o and 

f*o at Re*o ensures that the constant pumping power constraint is fulfilled while 

maintaining a fixed channel geometry [43]. 

An equivalent expression of Eq. (3.15) can be achieved by substituting the 

definition of the Stanton number, St = Nu (Re PR)-1, into Eq. (3.15) while utilizing 

Eq. (3.16) which yields 
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𝜂𝑜 =
𝑁𝑢

𝑁𝑢𝑜
∗
 (3. 17) 

where Pr is the Prandtl number and Nu*o is the Nusselt number for a smooth 

surface. Eq. (3.17) is equivalent to Eq. (3.15), and it represents the correct form of ηo 

to be utilized at constant pumping power when using the Nusselt number as long 

as the surface geometry is fixed. 

3.6 Baseline Testing Using a Smooth Surface 

The Shah and London [44] correlations were used to describe the laminar Nu 

and f for the flat plate. 

𝑁𝑢𝑜 = 2.236 (
𝐿

𝐷ℎ 𝑅𝑒 𝑃𝑟
)
1/3

+ 0.9   (3. 18) 

𝑓𝑜 =
96

𝑅𝑒
(1 −

1.3553

𝑎
+

1.9467

𝑎2
−
1.7012

𝑎3
 +

0.9564

𝑎4
 −

0.2537

𝑎5
)   (3. 19) 

where L is the length of the test section and a = W/H is the aspect ratio of the 

channel. For the turbulent flow regime, the Nusselt [45] and Blasius [46] 

correlations (Eqs. (3.20) and (3.21)) were used to calculate Nuo and fo, respectively.  

𝑁𝑢𝑜 = 0.036 𝑅𝑒0.8 𝑃𝑟1/3  (
𝐷ℎ

𝐿
)
0.055

   (3. 20) 

𝑓𝑜 =
0.3164

𝑅𝑒∗0.25
   (3. 21) 

where Re* is the modified Re that establishes a geometric similarity between 

circular ducts and rectangular channels, which was calculated as per [47]: 

𝑅𝑒∗ = 𝜙∗(𝑎) 𝑅𝑒   (3. 22) 

𝜙∗(𝑎) ≅
2

3
+

11

24 𝑎
(2 −

1

𝑎
)   (3. 23) 
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3.7 Uncertainty Analysis 

The RTDs were calibrated in a temperature-controlled bath of Julabo F32–HE 

between 10–70˚C in 5˚C steps. The calibration process yielded a maximum 

deviation of ±0.02˚C in the uncertainty of the RTDs. Uncertainties of the measured 

parameters for the other sensors are summarized in Table 2. 

Uncertainties of the calculated parameters were estimated using the 

propagation of error method proposed by Kline and McClintock [48]. Assuming F 

is a function of N variables xk, the uncertainty in F (ωF) is estimated from the 

uncertainty in xk (𝜔𝑥𝑘
) as  

𝜔𝐹 = [∑ (
𝜕𝐹

𝜕𝑥𝑘

𝜔𝑥𝑘
)
2𝑘=𝑁

𝑘=1
]

1/2

 (3. 24) 

Using the method of error propagation described in Eq. (3.24), the maximum 

uncertainties in the calculated Re, 𝑓𝐷ℎ
, and St were less than 8%, 13%, and 22%, 

respectively, with the high uncertainty for St occurring only at large channel 

heights and low Re. 

A sensitivity analysis was performed to minimize the uncertainty in havg. For 

this purpose, the flat plate was used as a benchmark, and the inlet water 

temperature was kept constant at 23˚C. The heat flux to the plate was varied to 

change the outlet water temperature, and the uncertainty in havg was calculated for 

each input heat flux at several Re (1,000–15,000, increments 1,000) while keeping 

the remaining parameters constant. 

The Shah and London correlation [44] (Eq.(3.18)) and the modified Dittus-

Boelter correlation [49] (Eq. (3.25)) were used to evaluate Nu over the flat plate for 

the cases where Re < 3,000 and Re > 3,000, respectively. 
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𝑁𝑢 = 0.023 𝑅𝑒0.8 𝑃𝑟0.4𝜑   (3. 25) 

where φ is a correction factor that accounts for the thermally developing flow, and 

it depends on the magnitude of L relative to the developing layer length (Ld), which 

is expressed as in Eq.(3.26). Values of φ for L/Ld < 1 and L/Ld > 1 are shown in Eqs. 

(3.27) and (3.28), respectively. 

𝐿𝐷 = 0.693 𝑅𝑒0.25 𝐷ℎ (3. 26) 

𝜑 = [1.11 (
𝑅𝑒0.2

(𝐿/𝐷ℎ)
0.8 

)]

0.275

   (3. 27) 

𝜑 = 1 +
0.144 𝑅𝑒0.25

𝐿/𝐷ℎ

   (3. 28) 

 

Table 2. Uncertainties of the measured quantities. 

Measured 

Parameter 
Uncertainty 

Temperature 

difference 
±0.02˚C 

Pressure drop ±0.08% from full scale reading (±0.08% FS) 

Flow rate 
3% of reading for Vision BV1000-025 and 1% of reading 

for OMEGA FTB604B 

Voltage ±0.1% of reading 

Current ±0.3% of reading 

Length ±0.05 mm 
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Chapter 4        

Experimental Results and Discussion 

4.1 Sensitivity Analysis 

The variation of the relative uncertainty in havg with the increase in the water 

temperature is shown in Fig. 10. Fig. 10 reveals that the relative uncertainty in havg, 

denoted by ωF/ havg, initially exhibits a high value, reaching up to 9%, at low 

differences between the mean temperature of the channel surface and the bulk 

fluid. However, as the heater power increases and the temperature difference 

between the surface and the fluid increases, this uncertainty drops significantly 

and stabilizes at an asymptotic value after 1–2°C temperature difference, 

depending on 𝑅𝑒. 
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Fig. 10. The variation of the relative uncertainty in havg (ωF/ havg) with the increase in the input 

power to the test section at several Re. Calculations were performed for a flat plate with 

channel height H = 1 mm. 

 

4.2 Energy Balance and Baseline Testing 

A summary of the energy balance between the measured input power and the 

power from the water temperature rise for all arrays and channel heights is shown 

in Fig. 11. In all cases, the energy balance is within the experimental uncertainties 

and within ±10%. For 99% of the test data, it is within ±5%. This agreement 

validates the test setup and the heat loss calibration procedure. 

Plate temperature measurements confirmed uniformity across the plate, where 

the deviation between the highest plate temperature and the average RTD 

readings was consistently below 0.4˚C. Repeatability of the experimental results 

was established through repeated tests following test section disassembly and 

reassembly, with consistent Nusselt number and friction factor results within the 

calculated uncertainty limits. 
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Fig. 11. Energy balance between the net heat supplied by the heaters and viscous heating with 

the energy gained by water. 

  

To validate the test setup and establish a baseline for thermal-hydraulic 

performance, a smooth plate was characterized in terms of Nuo and fo which were 

compared with predictions from previously established correlations. A 

comparison of the error between the experimental Nuo and fo obtained in the 

current study for the smooth channel with respective correlation predictions is 

presented in Fig. 12(a) and (b). These plots illustrate the percentage errors between 

the experimental Nusselt number (Nuo,exp) and friction factor (fo,exp) and those 

predicted by the correlations, denoted as 𝜀𝑁𝑢𝑜
 and 𝜀𝑓𝑜

, respectively. 𝜀𝑁𝑢𝑜
 and 𝜀𝑓𝑜

 

are expressed as 

𝜀𝑁𝑢𝑜
=

𝑁𝑢𝑜,𝑒𝑥𝑝 − 𝑁𝑢𝑜,𝑐𝑜𝑟𝑟

𝑁𝑢𝑜,𝑒𝑥𝑝

 (4. 1) 

𝜀𝑓𝑜
=

𝑓𝑜,𝑒𝑥𝑝 − 𝑓𝑜,𝑐𝑜𝑟𝑟

𝑓𝑜,𝑒𝑥𝑝

 (4. 2) 
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The average errors between Nuo,exp and the predictions from the correlations 

were 6.7% and 5.3% for the laminar and turbulent regimes, respectively. 

Considering the uncertainty, approximately 94% of the experimental Nuo,exp values 

aligned with the correlation prediction within ±10%. For fo,exp, the average errors 

were 9% and 8.4% for the laminar and turbulent regimes, respectively. 

Approximately 87% and 100% of the experimental 𝑓𝑜,𝑒𝑥𝑝 data agree with the 

correlations within ±10% and ±15%, respectively. 

 

 

Fig. 12. Comparison of the error between the experimental (a) Nuo and (b) fo obtained in the 

present work with their corresponding correlation-predicted values. 

 

The slight differences between the experimental Nuo and fo and the correlation 

predictions can be attributed to several factors such as the channel high aspect 

ratio, wall roughness, and thermally developing flow. Fig. 12 reveals that the 

+20  

 20  

+20  

 20  
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highest deviation occurs at Re between 1,000 and 5,000, which can be attributed to 

the flow being transitional in that regime. Bi et al. [4] reported similar deviation at 

Re < 5,000, attributing it to higher turbulence in finned channels compared to 

smooth channels at the same Re, which makes the flow close to fully turbulent at 

those Re, thereby making the results for the finned channels more accurate than 

smooth ones. Nevertheless, the agreement within the uncertainty limits between 

the experimental data and the correlation prediction ensures the validity of the 

heat loss calibration procedure, data reduction approach, and the overall 

experimental setup, which is a preliminary step for testing the arrays and ensuring 

reliable results. 

4.3 Thermal Performance of GRIPMetal Arrays 

The thermal performance of the GRIPMetal arrays is presented in the form of 

𝑁𝑢𝐷ℎ
. The enhancement in heat transfer for the mini, standard, and heavy hooks 

relative to that of the smooth channel (𝑁𝑢𝐷ℎ
/𝑁𝑢𝑜) was evaluated at several channel 

heights, corresponding to several clearance-to-height ratios, and the results are 

summarized in Fig. 13. The introduction of hooks and dimples into the tested 

plates led to a significant improvement in heat transfer compared with that of 

smooth plates (i.e., the enhancement ratio was greater than 1 across the entire Re 

range tested). 

For all arrays, the enhancement ratio increased with Re until it reached a peak 

in the transitional regime (around Re ≈ 3,000), after which the enhancement 

gradually declined, reaching an asymptotic value as Re increased further. For the 

same channel height, the heavy arrays exhibited the highest thermal performance 

enhancement, followed closely by the standard arrays, while the mini arrays 

consistently showed the lowest enhancement. This is because of the decrease in tip 
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clearances between cases: As the tip clearance decreases, the generation of severe 

turbulences and separated shear layers intensifies due to the sharp tips of the 

hooks becoming closer to the end wall. These phenomena contribute to enhanced 

fluid mixing, leading to increased heat transfer rates. 

The heavy arrays demonstrated enhancement ratios ranging between 3.7 and 

5.7 relative to the flat plate, with the maximum enhancement ratio occurring at Re 

= 3,000 and the highest 𝑁𝑢𝐷ℎ
 was 477.6, both observed at the minimum channel 

height of H = 2.268 mm. For the standard arrays, the highest performance was 

observed at H = 2.02 mm, achieving an 𝑁𝑢𝐷ℎ
 of 498.46, and the enhancement 

relative to the smooth channel ranged between 3.4 and 5.7. The maximum relative 

enhancement occurred at Re = 3,000 and the same channel height. 

In contrast, the mini arrays exhibited lower performance compared with the 

heavy and standard arrays, with enhancement ranging between 2.4 and 4.5 

relative to the smooth channel. The highest enhancement ratio occurred at Re = 

3,000 and H = 1.00 mm, while the highest 𝑁𝑢𝐷ℎ
 attained in this case was 336.9 at H 

= 4.115 mm. 

While the highest thermal performance occurred at the smallest channel height 

for the heavy arrays, this was not the case for the standard and mini surfaces, 

where the highest 𝑁𝑢𝐷ℎ
 occurred at a larger hydraulic diameter. This discrepancy 

is due to the decrease in the hydraulic diameter as the channel height decreases, 

leading to an increase in the HTC. However, this decrement in hydraulic diameter 

outweighed the increase in the HTC when transitioning from the second smallest 

channel height to the smallest one for both the standard and mini arrays, resulting 

in a slight decrease in 𝑁𝑢𝐷ℎ
. Instead of hydraulic diameter, the Nusselt number 

can be defined based on the hook height (Nuh), which represents the dimensionless 

HTC without considering changes in the channel hydraulic diameters. Using this 
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new description of Nusselt number, the highest Nuh for the standard and mini 

arrays were 392.4 and 277.6, occurring at H = 1.64 mm and H = 1.00 mm, 

respectively. 
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Fig. 13. Thermal enhancement ratio for the mini, standard, and heavy arrays relative to the flat 

plate (𝑵𝒖𝑫𝒉
/𝑵𝒖𝒐) obtained at several channel heights (H): (a) H = 1.00 mm, (b) H = 1.49 mm, (c) 

H = 1.64 mm, (d) H = 2.02 mm, (e) H = 2.27 mm, (f) H = 2.96 mm, (g) H = 3.47 mm, and (h) H = 4.12 

mm. 
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4.4 Effect of Tip Clearance on the Thermal Performance of 

GRIPMetal Arrays 

The impact of tip clearance on the thermal performance of the arrays is shown 

in Fig. 14. Here, the thermal performance of each array at a specific tip clearance 

and Re, expressed by Nuh, is compared with that of the hook at the minimum tip 

clearance (Nuh,C) at the same Re, which were 0% and 0.8% for the mini and heavy 

arrays, respectively, and 8.5% for the standard ones. From Fig. 14, it is evident that 

the thermal performance of the hooks diminishes as the tip clearance increases. 

This is because a decrease in tip clearance results in a more compact flow path and 

a higher restriction to the flow in the channel, thereby enhancing the thermal 

performance of the arrays, a phenomenon that has been observed in previous 

studies for pin fins [1,50,51]. Additionally, at the same tip clearance, the 

enhancement was slightly more pronounced at lower 𝑅𝑒, a trend that was more 

noticeable for the standard and heavy arrays compared with the mini hooks. 

 

 

Fig. 14. Effect of tip clearance on the thermal performance of the (a) mini, (b) standard, and (c) 

heavy arrays. 
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Interestingly, the variation in Nuh/Nuh,C at a specific tip was relatively insensitive 

to Re. The mini arrays exhibited the least scatter in Nuh/Nuh,C at the same tip 

clearance across different Re, with the scatter being limited to 5%. On the other 

hand, the scatter increased for the heavy and standard arrays, reaching 7% and 

14%, respectively. This higher scatter for the standard arrays is attributed to the 

slightly elevated reference tip clearance (8.5%) compared with the mini and heavy 

arrays. 

Moores and Joshi [52] showed that the introduction of clearances initially 

enhances the thermal performance of the fins because of the additional tip area 

exposed to the flow. A further increase in tip clearance, however, degrades the 

performance as the effect of the fluid bypassing the arrays becomes more 

dominant. Similar findings were reported by Chyu et al. [53]. In the present study, 

the tip area of the hooks is too small to cause a noticeable increase in the thermal 

performance of the arrays at small tip clearances, which makes the fluid bypassing 

effect more obvious. In agreement with the present findings, Mousa [1] showed 

that the thermal performance of the fins will continue to degrade with an increase 

in 𝑅𝑒 as the tip clearance increases beyond zero, which provides the highest 

restriction to the flow. 

A comparison of the thermal enhancement at the same tip clearance is shown 

in Fig. 15(a–c) where three different tip clearances were used: 34 ±1%, 50 ±5%, and 

56 ±1%. Fig. 15 shows that the mini arrays consistently have the lowest thermal 

enhancement ratio compared with the heavy and standard arrays at the same tip 

clearance. The thermal enhancement of the mini arrays was 22%–54% lower than 

that of the standard arrays and 14%–58% lower than that of the heavy ones, 

depending on the tip clearance and Re. 
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The standard arrays exhibited slightly higher thermal performance than the 

heavy arrays, with an increase of 1%–15% across all Re ranges, except at high Re 

with at 50 ±5% tip clearance. The higher performance of the standard arrays can 

be attributed to a narrower spanwise gap between the hooks than on the heavy 

arrays; the spanwise spacing minus hook width (ST - Wh) for the standard arrays 

is about 12% lower than for the heavy arrays. Additionally, standard arrays have 

the smallest Ch among all GRIPMetal arrays, which is 47% and 28% lower than 

heavy and mini arrays, respectively. This smaller spacing can result in higher 

resistance to the flow and thus enhance thermal performance. Additionally, 

Elkholy et al. [13] found that the standard arrays provided slightly greater surface 

area to the flow compared with the heavy arrays. 

 

 

Fig. 15. Comparison of the thermal enhancement between mini, standard, and heavy arrays at 

the same tip clearance: thermal enhancement ratio (𝑵𝒖𝑫𝒉
/𝑵𝒖𝒐) at (a) 34 ±1%; (b) 50 ±5%; and (c) 

56 ±1% tip clearance, and HTC (havg) at (d) 34 ±1%; (e) 50 ±5%; and (f) 56 ±1% tip clearance. 
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The thermal enhancement of the arrays relative to an unfinned surface, 

expressed as the ratio 𝑁𝑢𝐷ℎ
/𝑁𝑢𝑜, can be misleading, especially when considering 

the geometrical features of the arrays. For instance, in the same study, Elkholy et 

al. [13] reported that among the three GRIPMetal arrays, the mini hooks had the 

highest surface area and therefore would be expected to exhibit the highest 

thermal performance. To further explore this, the heat transfer coefficient was 

plotted against the flow rate, as shown in Fig. 15(d–f). The Reynolds number in Eq. 

(3.11) is expressed in terms of the flow rate and the channel dimensions:  

𝑅𝑒 =
2𝜌𝑤𝑄𝑓𝑙𝑜𝑤

𝜇𝑤𝑊 (1 +
𝐻
𝑊

)
   (4. 3) 

In this study, due to the high aspect ratio of the channel which ranges from 12 

to 51, Eq. (4.3) can be approximated as 

𝑅𝑒 =
2𝜌𝑤𝑄𝑓𝑙𝑜𝑤

𝜇𝑤𝑊
   (4. 4) 

During testing, the channel width was kept constant. Assuming the thermal 

properties of water remain relatively constant, Re can be considered directly 

proportional to the volumetric flow rate inside the channel, i.e., Re ∝ Qflow. 

Therefore, at the same tip clearance, a plot of havg versus flowrate expresses the heat 

transfer coefficient for the arrays at nearly the same Re (see Fig. 15(d – f)). This 

relationship can explain the thermal behavior of the arrays depicted in Fig. 15(a–

c), regardless of the smooth surface behavior or any geometrical differences.  

The standard and mini arrays have similar heat transfer coefficients at any flow 

rate, although the standard arrays show slightly higher values at high flow rates. 

In contrast, the heavy arrays have the lowest havg. The mini arrays feature the 

lowest streamwise and spanwise spacing between the hooks and the largest 
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surface area, as outlined by Elkholy et al. [13]. Conversely, the standard arrays 

feature overlapping hooks within the same group (Ch < Wh) and the highest groove-

to-hook-length ratio—about 25% and 4% higher than that of the heavy and mini 

arrays, respectively. Bi et al. [4] numerically demonstrated that dimples create 

secondary flows within their cavities, which can enhance heat transfer between the 

fluid inside their cavities and the mainstream. Both factors—small spacings and 

longer grooves—favor the mini and standard arrays, resulting in both arrays 

having a similar heat transfer coefficient. 

Heavy arrays have the widest spacings between the hooks, with streamwise 

spacing 67% larger than for mini arrays and spanwise spacing 56% and 134% 

wider than for standard and mini arrays, respectively. Additionally, heavy arrays 

have the smallest surface area exposed to the flow. These factors contribute to the 

heavy arrays having the lowest heat transfer coefficient. However, as the tip 

clearance increases, the HTC of the heavy arrays becomes comparable to that of 

the mini and standard arrays. This suggests that the arrays function as a surface 

roughness at larger tip clearances. 

4.5 Fractional Contribution of Fluid Mixing to Thermal 

Performance 

The thermal performance parameters Nu and havg, account for both improved 

fluid mixing/induced turbulence and the increased specific surface area created by 

the fins. Since the specific surface areas of the GRIPMetal arrays differ and only 

the projected area (Ao) is used in the calculation of havg (see Eq.(3.7)), the resulting 

Nu and havg inherently include the area factor. To isolate the impact of flow mixing 

or increased turbulence from surface area effects, 𝑁𝑢𝐷ℎ
/𝑁𝑢𝑜 is divided by the area 

factor. According to Elkholy et al. [13], the area factors are 1.8, 1.56, and 1.35 for 
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the mini, standard, and heavy arrays, respectively. A comparison of the thermal 

enhancement due to fluid mixing among the mini, standard, and heavy arrays at 

the same tip clearance is given in Fig. 16. 

 

 

Fig. 16. Comparison of the thermal enhancement due to fluid mixing between mini, standard, 

and heavy arrays at the same tip clearance: thermal enhancement ratio (𝑵𝒖𝑫𝒉
/𝑵𝒖𝒐) at (a) 34 

±1%; (b) 50 ±5%; and (c) 56 ±1% tip clearance. 

 

Mini arrays showed the lowest thermal enhancement ratio similar to Fig. 15(a-

c), which was 41%-78% and 53%-113% lower than standard and heavy arrays, 

respectively, depending on the tip clearance and Re. Heavy and standard arrays 

exhibit similar performance at small tip clearance across all Re values, with heavy 

arrays outperforming slightly at 50 ±5% tip clearance. On average, the thermal 

performance of the heavy arrays was 1%-23% higher than that of the standard 

arrays. 

Overall, the GRIPMetal arrays significantly outperform unfinned surfaces, 

with 56%, 65%, and 74% of the thermal enhancement attributed to fluid mixing for 

the mini, standard, and heavy arrays, respectively (as can be calculated by taking 

the inverse of the area factor). The remainder of the enhancement comes from the 

increased specific surface area of the features.  
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4.6 Hydraulic Performance of GRIPMetal Arrays 

Although the addition of hooks to the surfaces improved heat transfer 

capabilities, this enhancement came at the cost of increased pressure drop through 

the channel. The variation of the ratio of the array friction factor, 𝑓𝐷ℎ
, to that of the 

smooth channel, fo, at different Re is shown in Fig. 17, denoted by 𝑓𝐷ℎ
/𝑓𝑜. The 

friction factor ratio increased sharply at lower Re, with the increase becoming less 

pronounced and nearly constant thereafter. 

The primary factor affecting 𝑓𝐷ℎ
/𝑓𝑜 was found to be the array type: For a given 

channel height, mini arrays exhibited the lowest friction factor, followed by the 

standard ones, while the heavy arrays showed the highest 𝑓𝐷ℎ
/𝑓𝑜. This can be 

attributed to the increased fraction of water flowing through the spaces between 

the hooks because of the smaller clearance between hook tips and the channel top 

wall.   

For the heavy arrays, the highest pressure drop was observed at the smallest 

channel height, H = 2.27 mm, with 𝑓𝐷ℎ
/𝑓𝑜 of 15.56 ±1.85. The highest friction factor 

ratios for the standard and mini arrays were 12.00 ±1.46 and 7.05 ±1.10 and 

occurred at H = 2 mm and H = 1 mm, respectively. 
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Fig. 17. Comparison of the friction factor ratios for the mini, standard, and heavy arrays to 

those for the flat plate (𝒇𝑫𝒉
/𝒇𝒐) obtained at several channel heights (H): (a) H = 1.00 mm, (b) H = 

1.49 mm, (c) H = 1.64 mm, (d) H = 2.02 mm, (e) H = 2.27 mm, (f) H = 2.96 mm, (g) H = 3.47 mm, 

and (h) H = 4.12 mm. 
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4.7 Effect of Tip Clearance on the Hydraulic Performance 

of GRIPMetal Arrays 

A comparison of array hydraulic performance at the same tip clearance is 

shown in Fig. 18(a–c). Among all tested arrays, mini arrays offered the least flow 

resistance ratio relative to a smooth channel. The hydraulic performance of the 

mini arrays was 52%–148% better than that of the standard arrays and 54%–108% 

better than that of the heavy arrays, depending on the tip clearance and Re. The 

standard and heavy arrays exhibited similar hydraulic performance across the 

tested Re ranges. Although the heavy arrays showed a marginally higher 𝑓𝐷ℎ
/𝑓𝑜 at 

large Re, this difference was within the measurement uncertainty. 

The hydraulic performance of the arrays is better understood by examining the 

pressure drop across them, like the havg used in describing the thermal 

performance in Fig. 15(a–c). Despite having the best hydraulic performance 

relative to a smooth surface, the mini arrays exhibited the highest pressure drop. 

This is due to two factors: First, the small inter-fin spacings between the hooks 

increase the form drag imposed by the arrays on the flow. Second, the high surface 

area of the mini arrays results in significant skin friction. These drag components 

cause the mini arrays to have the highest pressure drop compared with the other 

arrays at the same tip clearance. 

The standard arrays exhibited a pressure drop lower than the mini arrays, 

which can be attributed to the larger inter-fin spacings and the slightly longer 

groove length compared with hook length. According to Bi et al. [4], unlike fins, 

dimples do not offer significant flow resistance to the mainstream flow, but they 

enhance circulation and secondary flows inside their cavities, improving the heat 

transfer between the fluid inside the cavity and the mainstream flow. This 

confirms the results in Fig. 15(d–f). In contrast, heavy arrays have the lowest 
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pressure drop at the same tip clearance due to having the largest streamwise and 

spanwise spacings, as well as the smallest surface area. Similar to the behavior of 

the havg, the pressure drop across the arrays becomes more similar as the tip 

clearance increases. This is mainly because a larger fraction of the stream flows 

through the clearance, and the hooks behave more like surface roughness. 

 

 

Fig. 18. Comparison of the hydraulic performance between the mini, standard, and heavy 

arrays at the same tip clearance:  hydraulic performance ratio (𝒇𝑫𝒉
/𝒇𝒐) at (a) 34 ±1%; (b) 50 ±5%; 

and (c) 56 ±1% tip clearance, and ΔP at (d) 34 ±1%; (e) 50 ±5%; and (f) 56 ±1% tip clearance. 

 

4.8 Overall Performance of the GRIPMetal Arrays 

Correlations for Nuo and fo were developed for the smooth channel data 

obtained in the present work. For Nuo, the parameters of the Nusselt correlation 

(Eq. (3.20)) were correlated with the experimental data across the entire flow 

regime, resulting in a correlation represented as 

𝑁𝑢𝑜 = 0.0244 𝑅𝑒0.8573 𝑃𝑟0.4  (
𝐷ℎ

𝐿
)
0.1263

   (4. 5) 
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Eq.(4.5) has a relative Root Mean Square Error (rRMSE) of 4.4% and an adjusted 

R-squared value (R2) of 0.995. All attempts to express fo for the entire flow regime 

using a single correlation did not result in errors lower than those obtained with 

the Shah and London and Blasius correlations (Eqs. (3.19) and (3.21)). Therefore, 

two separate correlations were developed to represent the laminar and turbulent 

flows, given in Eqs. (4.6) and (4.7), respectively. 

𝑓𝑜 =
147.5145

𝑅𝑒𝑜
0.9854

(
1

𝑎
)
0.1496

 (4. 6) 

𝑓𝑜 =
1.4932

𝑅𝑒𝑜
0.4038

(
𝐷ℎ

𝐿
)
0.0269

 (4. 7) 

Eq. (4.6) has a rRMSE of 7% and an R2 = 0.82, while Eq. (4.7) has a rRMSE of 

9.8% and an R2 = 0.94. Using Re*o, one can then evaluate St*o and f*o using Eqs. (4.5)–

(4.7) and then substitute them into Eq. (3.15) to evaluate ηo. Because Eq.(4.7) was 

developed up to Re of 12,000, if the calculated Re*o exceeds 12,000, the Shah and 

London or Blasius correlations can be used to avoid any erroneous equivalent 

Reynolds number for the smooth channels. 

The variation of ηo with Re for the mini, standard, and heavy arrays at different 

channel heights is demonstrated in Fig. 19. All arrays showed an improvement in 

the overall performance of the test section, as indicated by ηo being above one. 

Initially, ηo was high, at around 2–4 at low Re; then, it decreased as Re increased. 

Notably, the decrease in ηo at high Re followed an asymptotic trend, indicating that 

the performance of the arrays will consistently surpass that of the smooth surface 

at all Re. Additionally, at the same Re and channel height, all array types exhibited 

nearly the same ηo, especially at larger channel heights, while the distinction 

became more pronounced at lower channel heights. 
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Fig. 19. The overall performance criterion (ηo) for the mini, standard, and heavy arrays at 

different channel heights (H): (a) H = 1.00 mm, (b) H = 1.49 mm, (c) H = 1.64 mm, (d) H = 2.02 

mm, (e) H = 2.27 mm, (f) H = 2.96 mm, (g) H = 3.47 mm, and (h) H = 4.12 mm. (Note: The abscissa 

represents Re for the hooks, not to be confused with Reo* for the smooth channel.) 

 



 4.8 Overall Performance of the GRIPMetal Arrays 

Experimental Results and Discussion P a g e  | 49 

The standard arrays demonstrated the highest overall performance, with a 

maximum ηo of 3.30 ±0.18 at Re = 1,400 and H = 4.12 mm, and a minimum of 1.84 

±0.1 at Re = 12,000 and the same channel height. This indicates that the standard 

arrays offer optimized performance, in which it provides a trade-off between 

enhancing heat transfer while minimizing the pressure drop. The mini arrays 

followed with the second highest ηo, ranging between 3.06 ±0.18 at Re = 2,000 and 

H = 4.115 mm, and 1.39 ±0.14 at Re = 10,000 and H = 1 mm. The heavy arrays 

exhibited relatively lower performance, with ηo ranging between 2.91 ±0.13 at Re = 

1,400 and H = 4.12 mm, and 1.70 ±0.08 at Re = 11,000 and H = 3.47 mm. Having ηo 

greater than unity signifies the effectiveness of the hook–dimple sets in enhancing 

heat transfer while incurring a small penalty in pressure drop. Results show that 

the maximum efficiency for all array types lies between 1,400 and 2,000, which is 

consistent with the findings of Alam et al. [18], who reported that the maximum 

performance was observed at Re between 1,000 and 3,000. 

To investigate the impact of tip clearance, the overall performance of all three 

arrays is plotted against the clearance above the hooks as shown in Fig. 20. The 

overall thermal and hydraulic performance showed a more dispersed declining 

trend compared with the thermal performance alone. The standard and heavy 

arrays, unlike the mini ones, showed little sensitivity to tip clearance, where the 

scatter was limited to 15% and 10%, respectively.  

Regardless of Re, the overall performance of the mini arrays increased almost 

exponentially relative to the zero-tip clearance case. For example, the highest 

performance for the mini arrays was observed at 76% tip clearance, with values of 

157 ±18%, 147 ±16%, 146 ±16%, and 134 ±15% for Re = 2,000, Re = 8,000, Re = 5,000, 

and Re = 12,000, respectively. This increasing behavior of the overall thermal-

hydraulic performance indicates that the effect of the reduction in pressure drop 
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penalty across the arrays outweighed the deterioration in heat transfer as the tip 

clearance increases. This is different from the findings of Moores and Joshi [52], 

who reported that an optimal balance between improved heat transfer and 

minimized pressure drop penalty can be achieved by introducing small 

clearances—typically less than 10  of the fin height. This suggests that the 

optimum tip clearance depends on the application. If enhanced thermal 

performance is required without concern for pressure drop, a zero tip-clearance is 

ideal. However, if the objective is to improve thermal performance while 

minimizing pumping power, introducing tip clearance will be a better option. 

 

 

Fig. 20. Effect of tip clearance on the overall performance of the (a) mini, (b) standard, and (c) 

heavy arrays. The overall thermal-hydraulic performance (ηo) is expressed as a ratio to the 

performance at the minimum tip clearance for the array, ηo,C. 

 

The overall performance of the arrays at the same tip clearance is illustrated in 

Fig. 21. Similar to the thermal performance shown in Fig. 16(a–c), the standard 

arrays demonstrated the highest overall performance at the smallest tip clearance. 

The heavy arrays followed closely at low Re, but a slight deviation in performance 

emerged between the two arrays as Re increased. The difference in performance 

between the standard and heavy arrays was within 11% at 34 ±1% tip clearance, 

which diminished to 4% as the clearance increased to 50 ±5%. Mini arrays, on the 
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other hand, exhibited the lowest overall performance, regardless of Re or tip 

clearance.  

 

 

Fig. 21. Comparison of the overall thermal and hydraulic performance between the mini, 

standard, and heavy arrays at (a) 34 ±1%, (b) 50 ±5%, and (c) 56 ±1% tip clearance. 

 

4.9 Nusselt Number and Friction Factor Correlations for 

GRIPMetal Arrays 

The correlations for the Nusselt number and friction factor developed in Khaled 

et al.’s [14] study did not include any parameters to differentiate between the 

different hook geometries, and all hooks would exhibit the same values of Nusselt 

number and friction factor for the same C/h. While all array types had mostly the 

same Nusselt number, even though they were only tested on one C/h, this was not 

true for the friction factor, as all three types of arrays had considerable differences 

in fh at the same C/h. For this reason, correlations should differentiate between the 

different array types.  

All attempts to develop unified correlations for the Nusselt number and the 

friction factor incorporating the various geometrical aspects of the hooks resulted 

in correlations with significant errors. The shape of the hooks was observed to 
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notably affect both the Nusselt number and friction factor, and this influence 

varied depending on whether the flow was laminar or turbulent. In this respect, 

separate correlations were developed for the Nuh and 𝑓𝐷ℎ
 of each hook type under 

laminar and turbulent flow conditions using a particle swarm optimization code 

implemented in MALTAB. The developed correlations can be expressed as 

𝑁𝑢ℎ = 𝑎 𝑅𝑒𝑏 (1 + (
𝐶

ℎ
))

𝑐

𝑃𝑟0.4   (4. 8) 

𝑓𝐷ℎ
=

𝐴

𝑅𝑒𝐵
   (4. 9) 

𝐴 =  𝑎 (
𝐶

ℎ
) + 𝑐  (4. 10) 

𝐵 = 𝑏 (
𝐶

ℎ
) + 𝑑  (4. 11) 

where h is the hook height; C is the clearance between the hook tip and the channel 

(H - h), and a–d are correlation constants whose values are given in Table 3. 

 The errors between the mean Nuh and 𝑓𝐷ℎ
 and their corresponding correlation 

predictions were found to be within 15% and 20%, respectively, for all hook types. 

Accounting for the uncertainty, 99% of the experimental Nuh for the mini hooks 

were within ±10% of the predictions, while 92% of the data points showed errors 

within ±10% for 𝑓𝐷ℎ
. For the standard hooks, 99% of the data points had errors 

lying within ±10% for Nuh and 96% had errors within ±10% for 𝑓𝐷ℎ
. Similarly, for 

the heavy hooks, all data points had errors within ±10% for Nuh and 99% were 

within ±10%. 
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Table 3. Constants for the Nuh and 𝐟𝐃𝐡
 correlations in Eqs. (4.8) - Error! 

Reference source not found. . 

Nuh 

 

Laminar (Re ≤ 2,300)  Turbulent (Re > 2,300) 

a b c  
rRMSE 

(%) 
R2  a b c  

rRMSE 

(%) 
R2 

Mini 0.05 0.8 -0.8 4 1  0.1 0.7 
-

0.8 
 4 1 

Standard 0.1 0.7 -0.8 3 1  0.1 0.8 -1  3 1 

Heavy 0.1 0.7 -0.9 2 1  0.1 0.7 -1  3 1 

𝑓𝐷ℎ
 

 

Laminar (Re ≤ 2,300)  Turbulent (Re > 2,300) 

a b c d 
rRMSE 

(%) 
R2  a b c d 

rRMSE 

(%) 
R2 

Mini 0.0 0.03 2 0.2 6 0.9  0.0 0.03 3 0.3 1 0.9 

Standard 2 0.2 0.7 0.07 10 0.7  4 0.1 2 0.2 3 0.9 

Heavy 0.0 0.07 3 0.2 6 0.9  0.0 0.07 5 0.2 2 1 

 

 

4.10 Comparison of the Performance of GRIPMetal Arrays 

with the Literature 

To evaluate the relative overall performance of the GRIPMetal arrays, their 

thermal and hydraulic performance is compared with that of surface enhancement 

techniques previously investigated in the literature (see Fig. 22). These studies 

used arrays with geometrical features similar in size to those in the present study. 

Several factors were considered, including fin height, inter-fin spacing, hydraulic 

diameter, and Reynolds number. The comparison was based on several similar 

parameters, including the hydraulic diameter of the test channel (Dh), feature 

diameter (fd), transverse pitch (fp), feature height (fh), and height-to-diameter ratio 

(fh / fd). For GRIPMetal arrays, hook width was taken as fd, the average spanwise 
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spacing between the hooks was considered equivalent to fp, and hook height was 

taken as fh. Detailed geometric similarities between the GRIPMetal arrays and 

those from the literature are shown in Table 4. 

Overall, Fig. 22 shows that the mini and standard arrays outperformed the 

hemispherical dimples investigated by Bi et al. [4], with their performance being, 

on average, 32% and 91% higher than that of the dimples, respectively. This 

demonstrates the enhancing effect of the hooks on the GRIPMetal dimples, where 

they improve thermal performance without significantly increasing the pressure 

drop. The teardrop protrusions and dimples studied by Xie et al. [20] exhibited 

better performance compared with the hemispherical ones but still fell short of the 

performance of the GRIPMetal arrays. The mini arrays were, on average, 13% and 

18% higher in performance than the protrusions and dimples, respectively, while 

the standard arrays were 69% and 77% higher. 

 

 

Fig. 22. Comparison between the overall performance of the GRIPMetal arrays with that of 

other surface enhancement techniques previously investigated in the literature. The 

highlighted regions indicate the uncertainty in performance of the GRIPMetal arrays. 
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Table 4. Geometric similarities between GRIPMetal arrays and other 

geometries from the literature. 

Study 
Case 

Number 
Geometry 

Equivalent 

GRIPMetal 

Array* 

Parameter 

Geometry 

Parameter 

Value 

GRIPMetal 

Parameter 

Value 

Bi et 

al. [4] 
1 

Hemispherical 

dimple 

Mini 
Dh 1.0 mm 2.0 mm 

fd 0.96 mm 1.0 mm 

    

Standard 
Dh 1.0 mm 3.2 mm 

fd 0.96 mm 1.0 mm 

Bi et 

al. [4] 
2 

Hemispherical 

dimple 
Mini 

Dh 1.0 mm 2.0 mm 

   

fd 1.1 mm 1.2 mm 

Xie et 

al. [20] 

3 Teardrop dimple 

Same as case 1 
  

4 
Teardrop 

protrusion 

Sun et 

al. [54] 

5 
Winglet delta 

pairs 
Mini fh 0.60 mm 1.0 mm 

      

6 

Winglet delta 

pairs with 

elliptical 

cylinder 

Heavy fh 2.0 mm 2.2 mm 

Zhou 

et al. 

[3] 

7 
Circular 

micropillar 
Mini fh / fd 1.2 1.0 

Alam 

et al. 

[18] 

8 
Triangular pin 

fins 

Heavy 

fh 2.5 mm 2.2 mm 

   

fd 2.0 mm 1.6 mm 

    

Mini fh / fd 1.2 1.0 

* Performance of GRIPMetal arrays used in the comparison is based on zero or smallest tip 

clearance. 

 

The winglet delta pairs with elliptical cylinder investigated by Sun et al. [54] 

showed relatively low performance compared with the heavy arrays, with its 
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performance being about 91% lower. However, the winglet delta pairs alone 

performed slightly better, with its performance being 51% lower than that of the 

mini arrays.  

The micropillars studied by Zhou et al. [3] had significantly lower performance 

compared with the mini arrays. The triangular pins of Alam et al. [18], on the other 

hand, exhibited a rapidly changing performance compared with the other 

geometries investigated. Initially, their performance was 9% lower than that of the 

mini arrays; then, it increased to become 7% higher at Re ≈ 2,000. However, the 

performance dropped rapidly, reaching a turning point at Re ≈ 3,000, after which 

it increased again, reaching a peak performance at Re ≈ 10,000 that was 39% higher 

than the mini arrays. The heavy arrays, on the other hand, showed significantly 

better performance compared with the triangular pins at lower Re, though their 

performance degraded as Re increased.  

Overall, the GRIPMetal arrays demonstrated significantly better performance 

compared with the geometries investigated, highlighting their enhanced thermal 

and hydraulic efficiency. Because of their relatively cheap and simple 

manufacturing process, the GRIPMetal arrays could present a promising 

alternative to conventional heat transfer enhancement techniques. 
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Chapter 5         

Numerical Investigation 

Experimental results demonstrate that GRIPMetal outperforms both smooth 

surfaces and conventional surface extensions reported in the literature. Beyond the 

introduction of tip clearance, another approach to modifying the performance of 

GRIPMetal arrays is adjusting their orientation relative to the flow direction. As 

discussed in section 2.2, previous studies have shown that tilting pin fins at an 

angle can significantly alter their thermal-hydraulic performance. Given 

GRIPMetal’s robust and cost-effective manufacturing process, further improving 

its performance through strategic orientation would enhance its superiority over 

traditional surface extension techniques. Therefore, the rest of the study 

investigates the performance of GRIPMetal at various attack angles, leveraging 

flow and temperature field analyses to gain deeper insight into its thermal 

behavior. 



5.1 Numerical Methods   

58 | P a g e  Numerical Investigation 

5.1 Numerical Methods 

5.1.1 Geometry and Orientation 

A 3-dimensional view of a unit cell of the GRIPMetal array used in the 

simulations is shown in Fig. 23a, with the corresponding dimensions illustrated in 

Fig. 23(a,b). This geometry was created using the CAD software Solidworks, with 

the dimensions derived from statistical measurements of the array. In this study, 

a unit-cell was modeled in the spanwise direction, while multiple cells in the 

streamwise direction constituted the strip utilized for analysis. The performance 

of GRIPMetal was evaluated at five distinct α: 0°, 22.5°, 45°, 67.5°, and 90°, as 

depicted in Fig. 23(c-g). 

For all attack angles, the hook-groove pair density was maintained constant at 

36 pairs per strip. The width (W) of the strip was a function of α, and it varied to 

accommodate a unit-cell in the spanwise direction such that the geometry was 

fully periodic in the spanwise direction. Similarly, the strip length (L) was adjusted 

to maintain a constant hook-dimple pair density, leading to variations in the 

surface area (As) of the strips exposed to the flow. Overall, W, L, and As varied 

between 5.92 mm and 13.5 mm, 26.1 mm and 62.5 mm, and 464 mm2 and 489 mm2, 

respectively, as summarized in Table 5. 

Table 5. Geometrical dimensions of the GRIPMetal strips at different α. 

Parameter Unit 
Attack angle 

α = 0° α = 22.5° α = 45° α = 67.5° α = 90° 

H* mm 1.5 

W mm 5.92 13.5 8.77 13.5 6.48 

L mm 62.5 26.1 39.6 32.8 53.3 
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Table 5. Geometrical dimensions of the GRIPMetal strips at different α. 

Parameter Unit 
Attack angle 

α = 0° α = 22.5° α = 45° α = 67.5° α = 90° 

As mm2 489 488 467 466 464 

Ao mm2 370 365 347 345 345 

*H is constant at 1.5 mm for all cases in the present study, which is equal to the 

hook height. 

 

 

Fig. 23. A unit-cell of the GRIPMetal array used for the streamwise and spanwise directions: 

(a) isometric view and (b) plan view showing the geometrical dimensions of the array; array 

orientation at attack angle α = (c) 0° (streamwise), (d) 22.5°, (e) 45°, (f) 67.5°, and (g) 90° 

(spanwise). The groove length is the total length of the two lines highlighted in green and it 

measures 5.5 mm. All dimensions are in mm. 

 

(a)

(b)

(c) (d)

(e) (f)

(g)
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5.1.2 Numerical Setup and Boundary Conditions 

The computational domain used in this study is illustrated in Fig. 24 and 

directly imitates the corresponding experimental setup described in 3.2. Water 

enters the test section through an entrance section, cools the array, then exits 

through the outlet section. Simulations were performed at ten different Re: 600, 

800, 1000, 1200, 1400, 1600, 2000, 3000, 4000, and 5000. The water inlet velocity 

ranged from 0.1 m/s to 1.8 m/s to achieve the desired Re. The arrays were mounted 

on a copper block containing 4 cartridge heaters that provided heat to the 

computational domain.  

The conjugate nature of the experimental setup adds complexity to the 

numerical modeling. Idealized thermal boundary conditions, such as those 

commonly used in numerical studies, may produce results that deviate from the 

real system. For example, replacing the copper block and four cartridge heaters 

with a uniform heat flux boundary condition at the bottom of the domain could 

yield surface temperatures that are more uniform than in the actual setup, leading 

to inaccurate Nu predictions, and consequently a misleading assessment of the 

thermal performance of the arrays. To ensure accuracy, the present numerical 

study is designed to closely emulate the experimental setup. 

A uniform velocity profile was imposed at the inlet, and atmospheric pressure 

was specified at the outlet. Periodic boundary conditions were applied to both the 

left and right sides of the test section. A no-slip condition was imposed on the top 

wall of the flow channels as well as on the surfaces of the hooks and dimples. All 

external walls exposed to the surroundings were set to adiabatic boundaries. 
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Fig. 24. Schematic of the computational domain for the GRIPMetal arrays. Length (L), width 

(W), and height (H) of the arrays are given in Table 5. 

 

For model validation, a uniform volumetric heat generation rate ranging from 

54 to 125 MW/m3 was applied to the cartridge heaters to match the heater powers 

supplied during experimentation. The inlet temperature varied between 295 K and 

297 K. For simulation involving different α, the copper block and cartridge heaters 

were removed to reduce computational costs. Instead, a uniform heat flux of 200 

kW/m2 was applied at the base of the GRIPMetal strip, while the inlet temperature 

was maintained at 295 K. Additionally, these simulations were conducted with the 

hooks fully shrouded inside the flow channel (H = 1.5 mm). This configuration 

corresponds to the condition that maximizes thermal enhancement, as deduced 

from the experimental results. 

Periodic 
BC

Entrance 
section

Outlet 
section

GRIPMetal 
array

Cartridge heaters

Copper 
block
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5.1.3 Governing Equations and Solution Methods 

Heat transfer and flow fields were computed using conjugate three-

dimensional flow simulations. The conjugate model used was steady, 

incompressible, and Newtonian, with constant fluid and solid thermophysical 

properties. Gravity effects and radiative heat transfer were neglected. The 

conjugate heat transfer problem was analyzed by numerically solving the 

continuity, momentum, and energy equations, 

Continuity equation:𝜵 ∙ (𝜌𝑓𝑽) = 0 (5. 1) 

Momentum equation: 

𝑽 ∙ 𝜵(𝜌𝑓𝑽) = −𝜵𝑝 + 𝜵 ∙ (𝜇𝜵𝑽) (5. 2) 

Fluid energy equation: 

𝑽 ∙ 𝜵(𝜌𝑓𝐶𝑝𝑓𝑇𝑓) = 𝜵 ∙ (𝑘𝑓𝜵𝑇𝑓) (5. 3) 

Solid energy equation: 

𝑘𝑠𝜵
2𝑇𝑠 = 𝛷 (5. 4) 

where V is the velocity vector, ρ is the density, p is the pressure, µ is the dynamic 

viscosity, Cp is the specific heat capacity, k is the thermal conductivity, and Φ is the 

volumetric heat generation rate, which is nonzero only during the validation stage. 

Subscripts f and s indicate fluid and solid domains, respectively. 

Turbulence modeling was performed using the transition shear stress transport 

(Transition SST) model which augments the SST k-ω model – which combines the 

advantages of the k-ε and k-ω models via a blending function – by two additional 

transport equations for the intermittency and transition momentum thickness Re 
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that describe transition and its onset in the flow [55]. The transport equations 

[56,57] of the Transition SST model are expressed as 

Turbulent kinetic energy (k) equation: 

𝜵 ∙ (𝜌𝑓𝑽𝑘) = 𝜵 ∙ ( 
  
 
 

(𝜇 +
𝜇𝑡

𝜎𝑘

)𝜵𝑘) 
  
 
 

+ 𝑃̂𝑘 − 𝐷̂𝑘 (5. 5) 

Turbulent kinetic energy specific dissipation rate (ω) equation: 

𝜵 ∙ (𝜌𝑓𝑽𝜔) = 𝜵 ∙ ( 
  
 
 

(𝜇 +
𝜇𝑡

𝜎𝜔

) 𝜵𝜔) 
  
 
 

+ 𝑃𝜔 − 𝐷𝜔 + 2(1 − 𝐹1)
𝜌𝜎𝜔2

𝜔
𝜵𝑘:𝜵𝜔 (5. 6) 

Intermittency (γ) equation: 

𝜵 ∙ (𝜌𝑓𝑽𝛾) = 𝜵 ∙ ( 
  
  
 

(𝜇 +
𝜇𝑡

𝜎𝛾
)𝜵𝛾) 

  
  
 

+ 𝑃𝛾 − 𝐷𝛾 (5. 7) 

Transition momentum thickness Re (𝑅𝑒̃𝜃𝑡) equation: 

𝜵 ∙ (𝜌𝑓𝑽𝑅𝑒̃𝜃𝑡) = 𝜵 ∙ (𝜎𝜃𝑡(𝜇 + 𝜇𝑡)𝜵𝑅𝑒̃𝜃𝑡) + 𝑃𝜃𝑡 (5. 8) 

The governing equations were discretized using the finite volume method and 

solved on ANSYS FLUENT 2022 R2. The default solver turbulence model 

constants were adopted except for Ca1, whose value was set to 4 in the present 

study (refer to [58] for details). Additionally, the default solver thermophysical 

properties for the solid and fluid domains were employed, except for the 

aluminum thermal conductivity, which was set to 167 W/mK in accordance with 

the value used during experimentation.  

Pressure-velocity fields coupling was performed using the COUPLED scheme. 

Spatial discretization was performed using second order upwind schemes. Under-

relaxation factors were 0.5 for momentum and pressure equations, while they were 

set to 0.5 for the energy equation. Simulations were considered converged when 
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residuals dropped below 10-6 for the energy equation and 10-5 for the other 

equations. Alternatively, convergence was confirmed when no changes were 

observed in the energy and mass balances across the control volume, and steady 

readings were obtained from temperature and velocity point-monitors placed in 

both the fluid and solid domains. 

5.1.4 Data Reduction 

The thermal-hydraulic performance of the GRIPMetal arrays at different α was 

quantified via postprocessing the temperature, velocity, and pressure fields 

obtained from the simulations. The data reduction methodology outlined in 

sections 3.3 and 3.5 is applied to the numerical study, except for havg which was 

calculated as 

ℎ𝑎𝑣𝑔 =
𝑞𝑓𝑙𝑢𝑥𝐴𝑜

𝐴𝑠𝛥𝑇𝐿𝑀𝑇𝐷

 (5. 9) 

where qflux is the uniform heat flux applied at the base of the strip, Ao is the strip 

base area (see Table 5), and ΔTLMTD is the logarithmic mean temperature difference 

between the wall surface and the bulk fluid temperature, expressed as 

𝛥𝑇𝐿𝑀𝑇𝐷 =
(𝑇𝑤,𝑖𝑛 − 𝑇𝑖𝑛) − (𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑜𝑢𝑡)

𝑙𝑛 (
𝑇𝑤,𝑖𝑛 − 𝑇𝑖𝑛

𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑜𝑢𝑡
)

 (5. 10) 

where Tw,in and Tw,out are the wall inlet and outlet temperatures, respectively, and 

Tout is the area-averaged water temperature at the outlet. The average Nusselt 

number, Nuavg, was based on h, and the channel height H was kept constant at 1.5 

mm for all cases. Additionally, the average coefficient of friction, favg, was 

calculated using Eq. (3.9).    
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The equivalent friction factor of the bare surface (f*o) required to evaluate the 

overall thermal performance (ηo) is expressed by the Shah and London [59] (Eq. 

(3.19)) and Petukhov [60] (Eq.(5.11)) correlations for Reo < 3000 and Reo ≥ 3000, 

respectively. 

𝑓𝑜 = (0.79 𝑙𝑛𝑅𝑒𝑜 − 1.64)−2 (5. 11) 

 

Nu*o was evaluated at Re*o using Schmidt data [59] or the Gnielinski [61] correlation 

(Eq.(5.12)) for Reo < 3000 and Reo ≥ 3000, respectively. 

𝑁𝑢𝑜 =
(𝑓𝑜

∗/8)(𝑅𝑒𝑜 − 1000)𝑃𝑟

1 + 12.7(𝑓𝑜
∗/8)1/2(𝑃𝑟2/3 − 1) 

 (5. 12) 

where f*o is evaluated from Eq.(5.11) and Pr is the flow’s Prandtl number.  

 

5.1.5 Grid Independence 

A poly-hexahedral grid structure was generated on Fluent Meshing software. 

To ensure that the grid was sufficiently refined to accurately resolve the conjugate 

problem and produce reliable results, a mesh independence test was conducted. 

The test was performed for the critical case of the highest Re of 5000, α = 0°, and 

for the scenario where 49.4% tip clearance was provided between the hooks and 

the wall. The test involved gradually reducing the maximum grid size in the 

computational domain and monitoring the relative changes in Nuavg (ΔNuavg) and 

favg (Δfavg) with respect to the preceding larger grid size, as indicated in Table 6 and 

Fig. 25. Additionally, the number of inflation layers was gradually increased from 

5 to 20 to ensure an adequately small y+ value for accurate near-wall resolution. 
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Table 6. Grid independence test for Re of 5000, α = 0°, and 49.4% tip clearance. 

Cell size*  Cell count Nuavg |ΔNuavg| favg |Δfavg| 

(mm) (million) (-) (%) (-) (%) 

2.05 0.0130 52.9 - 0.338 - 

1.02 0.0705 56.9 7.6 0.381 13 

0.512 0.393 59.3 4.2 0.380 0.029 

0.256 3.97 56.0 5.4 0.385 1.3 

0.128 8.85 55.7 0.7 0.386 0.23 

0.0640 13.8 55.6 0.1 0.388 0.45 

* Maximum cell size in the computational domain. 

 

 

Fig. 25. Variation of Nuavg and favg with the maximum cell size in the computational domain. 

 

Table 6 shows that there was almost no change in Nuavg or favg at a cell size of 

0.0640 mm compared with the previous cell size, where ΔNuavg and Δfavg were 
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within ±0.1% and ±0.45%, respectively. Therefore, this sufficiently refined grid 

size, resulting in 13.8M cells, was applied to all other cases. 

 

5.1.6 Experimental Validation  

Detailed experimental data reduction is described in section 3.3. It is identical 

to the numerical data reduction except for havg, which is computed as 

ℎ𝑎𝑣𝑔 =
𝑞𝑓𝑙𝑢𝑥

𝛥𝑇𝑎𝑣𝑔

 (5. 13) 

where ΔTavg is the average difference between the surface temperature and the bulk 

fluid temperature, and it is calculated as 

𝛥𝑇𝑎𝑣𝑔 = 𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑏𝑢𝑙𝑘 (5. 14) 

where Tw,avg is the average wall temperature of the array, which is extrapolated 

from the RTDs readings via the one-dimensional Fourier’s law of heat conduction, 

expressed as 

𝑇𝑤,𝑎𝑣𝑔 =
1

4
∑ 𝑇𝑅𝑇𝐷,𝑖

4

𝑖=1

− 𝑞𝑓𝑙𝑢𝑥
𝛿

𝑘𝐴𝑙

 (5. 15) 

where TRTD,i is the RTD reading and kAl is the Al 6061 thermal conductivity, which 

is taken as 167 W/mK.  

Table 1 shows a ±0.2 percent deviation in the hook height across the standard 

array, which leads to regions with 13.3% tip clearance when the arrays are 

assumed to be fully shrouded inside the channel. This deviation could result in 

significantly lower Nuavg and favg than expected. To address the sensitivities of Nuavg 

and favg to the presence of tip clearance, a numerical sensitivity analysis was 

conducted. In this analysis, the hook height was kept constant while tip clearance 
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was introduced above the hooks by gradually increasing the channel height. The 

percentage variation in Nuavg and favg was recorded in response to the percentage 

change in channel height, which corresponds to the tip clearance above the hooks. 

Based on the results of this sensitivity analysis, a 49.4% tip clearance case was 

chosen for the numerical model validation, as explained in section 5.2.1. 
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5.2 Numerical Results 

5.2.1 Sensitivity Analysis and Experimental Validation 

The variation of Nuavg (ΔNuavg) and favg (Δfavg) with the channel tip clearance (Cch) 

is shown in Fig. 26. A gradual decline is observed for both Nuavg and favg with an 

increase in tip clearance, with the sensitivity being more pronounced for favg, as 

evidenced by the steeper negative slope. This behavior is attributed to the lower 

resistance to flow through the clearance. As a result, the flow velocity through the 

hooks decreases, leading to a lower convective heat transfer coefficient and a 

reduced pressure drop. 

 

 

Fig. 26. Sensitivity of (a) Nuavg and (b) favg to tip clearance for the GRIPMetal arrays. 

 

As observed from Fig. 26, a 1% tip clearance reduces Nuavg by 2% and favg by 7%. 

When the tip clearance increases to 20%, Nuavg and favg decrease by nearly 12% and 

43%, respectively. Although the reduction in thermal performance is not 

substantial, it is mildly beneficial for the hydraulic performance of the arrays, 

(a) (b)
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suggesting that a small tip clearance can be introduced to save pumping power 

without significantly affecting the thermal performance. Similar findings were 

reported by Reyes et al. [62] who noted that a 50% tip clearance resulted in only a 

15% reduction in heat transfer through straight channels, while achieving a 50% 

reduction in pressure loss. It is also worth noting that a small 3% increase in 

thermal performance is observed when the tip clearance increases from 5% to 10%, 

a result that aligns with the findings of Moores and Joshi [52], who reported similar 

results when tip clearance increased from 6% to 12%. Furthermore, Mei et al. [34] 

highlighted that at certain tip clearances, accelerated flows are induced and the 

formation of recirculating wakes is reduced. These effects dominate the flow 

bypassing the pins, thereby improving heat transfer. 

A 13.3% variation in the tip clearance across the GRIPMetal array may result in 

up to a 9.8% reduction in Nuavg at certain locations, accompanied by a 31% decrease 

in favg, as illustrated in Fig. 26. While the deviation is not particularly significant for 

Nuavg, it is quite notable for favg. This substantial sensitivity of favg to tip clearance 

emphasizes the importance of accurately accounting for such variations during 

model validation.  

Due to this pronounced sensitivity and to avoid uncertainties during numerical 

validation, experimental results for the array with 49.4% tip clearance were 

employed to validate the numerical model, as presented in Fig. 27. 

As shown in Fig. 27, the numerical model predictions closely match the 

experimental results, with both showing trends: a monotonic increase in Nuavg and 

an exponential decrease in favg as Re increases. The maximum deviation in Nuavg 

was 8.9% at Re = 5000, while the maximum deviation in favg was 8.4% at Re = 600, 

both relative to the mean experimental data. All numerical favg predictions were 

within the experimental uncertainties. For Nuavg, the maximum deviation between 
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the numerical results (outside the experimental uncertainty bounds) and the 

experimental data was 2.5%, after accounting for the uncertainty.  

 

 

Fig. 27. Comparison between the numerical and experimental data for GRIPMetal with 49.4% 

tip clearance: (a) Nuavg and (b) favg. 

 

This excellent agreement between the numerical and experimental results 

validates the accuracy of the numerical setup, despite simplifying assumptions 

such as non-uniform hook height across the array, neglected surface roughness, 

and machining defects. 

5.2.2 Effect of Attack Angle on the Thermal-hydraulic Performance 

The influence of varying α on the thermo-hydraulic performance of GRIPMetal 

with the hooks fully shrouded inside the channel was examined, as shown in Fig. 

28. Nuavg exhibits a steep increase with increasing Re, while favg shows an 

exponential decrease with Re across all α.  

For a given Re, Nuavg is the lowest for α = 0°, then rises to a peak as α increases 

to 22.5°. Beyond 22.5°, Nuavg decreases gradually as α increases to 67.5°, followed 

(a) (b)
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by a rise as α approaches 90°, as evident in Fig. 28c. An exception is observed at Re 

= 600, where Nuavg for α = 0° is slightly higher than that for α = 67.5°, as highlighted 

in Fig. 28a. 

Relative to the baseline case of α = 0°, the enhancement in Nuavg varies 

significantly depending on α and Re. For α = 22.5°, Nuavg is enhanced by 26-44%, 

while for α = 45°, the improvement is between 20 and 41%. At α = 90°, the 

enhancement is slightly lower, between 3-38%. An outlier occurs α = 67.5° and Re 

= 600, where Nuavg is 1% lower than the baseline case. Disregarding the lowest Re 

for α = 0°, the enhancement in Nuavg varies from 0.5% to 28%. At the highest Re, 

Nuavg reaches 66, 64, 63, and 58 for α = 22.5°, 45°, 90°, and 67.5°, respectively. These 

values represent improvements of 44%, 41%, 38%, and 28% compared with the 

baseline case. 

The magnitudes of favg follow a similar pattern to Nuavg, with α = 22.5° yielding 

the highest favg, followed by α = 45°, α = 90°, and α = 67.5° at the same Re, as 

indicated in Fig. 28d. An exception to this hierarchy occurs in the baseline case (α 

= 0°), where favg is slightly higher than α = 45° but lower than α = 22.5°. 

Consequently, only the α = 22.5° case yields a higher pressure drop penalty 

compared with the baseline, while all other angles result in a reduction in favg.  

Depending on Re, the reduction in favg ranges from 1-3% for α = 45°, 47-53% for 

α = 67.5°, and 32-36% for α = 90°, as depicted in Fig. 9c. In contrast, the penalization 

in favg is in the range of 15-20% for α = 22.5° relative to the baseline case. At Re = 

5000, favg is 0.52, 0.28, and 0.34, for α = 45°, α = 67.5°, and α = 90°, respectively, 

representing reductions of 1.6%, 48% and 35% compared with α = 0°. Conversely, 

favg is 0.63 for α = 22.5°, which is 18% higher than the baseline.  
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Fig. 28. Effect of Re on the thermo-hydraulic performance of GRIPMetal at zero tip clearance 

and several α: (a) Nuavg and (b) favg. Effect of attack angle on the thermal-hydraulic performance 

of GRIPMetal arrays at different Re: (c) Nuavg and (d) favg. 

 

Attack angles like α = 45°, α = 67.5°, and α = 90° could serve as viable 

alternatives to the baseline case, offering the dual benefits of enhanced heat 

transfer and reduced flow resistance. This behavior has been recorded in the 

literature, where, for example, Abdelmohimen et al. [35] noted that α = 22.5° 

(a) (b)

(c) (d)
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resulted in a simultaneous improvement in thermal performance and a reduction 

in pumping power for staggered winged-pins. 

5.2.3 Temperature and Flow Structure 

The nature of local convection heat transfer mechanisms can be better 

understood by analyzing flow behavior and structures within the channel. Fig. 29-

Fig. 32) present temperature contours, streamline maps, and turbulence intensity 

contours for the angles of attack with the best and worst heat transfer performance  

(α = 0° and α = 22.5°, respectively) at Re = 5000, on a horizontal midplane in the 

flow domain x-y plane.        

Temperature contours indicate that flow temperature increases as it progresses 

downstream through the arrays. Another notable observation is the correlation 

between high-velocity regions and low-temperature zones. Comparing Fig. 29a 

and Fig. 29b, the maximum flow temperature for α = 0° reaches 27.2oC, which is 

significantly higher than the maximum of 25.2oC observed for α = 22.5°. However, 

the maximum velocity achieved for α = 0° is 4.4 m/s, slightly higher than 4.3 m/s 

for α = 22.5°. 

Fig. 30a shows substantial flow bypassing the hook features for α = 0°, with a 

notable escape of fluid through the lateral sides due to reduced flow resistance in 

those areas. This results in significantly smaller flow velocities through the arrays 

compared with at the channel sides or the central spacing between the two hook 

sets. In contrast, the bypassing phenomenon is nearly absent in the α = 22.5° case, 

where the alignment of hooks ensures no continuous flow paths. Consequently, 

the flow is consistently redirected toward the hooks downstream after impinging 

upon the upstream hooks, as illustrated in Fig. 30b.  

The higher velocity through the hooks for α = 22.5° enhances the convective 

heat transfer coefficient, thereby increasing Nuavg. Therefore, even though the 
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maximum velocity for α = 0° is slightly higher, the effective velocity through the 

hooks is lower, leading to a weaker cooling performance. Additionally, the 

bypassing flow in the α = 0° case results in a smaller pressure drop across the arrays 

compared with α = 22.5°, where the flow encounters greater obstruction from the 

hooks.  

Fig. 29 shows a significant difference in thermal boundary layer behavior 

between α = 0° and α = 22.5°. For α = 0°, the thermal boundary layer developing 

around each hook extends directly to the hook directly downstream. This results 

in a high temperature flow region remaining in contact with the hook surfaces, 

leading to lower heat transfer rates. In contrast, for α = 22.5°, the flow in the wake 

of each hook mixes with the mainstream flow passing through the gaps before it 

impinges on the downstream hooks. This mixing process effectively cools the flow 

down, creating a higher temperature gradient between the flow and the hook 

surfaces which significantly increases the heat transfer rate for α = 22.5° compared 

with α = 0°. 

As illustrated by the streamlines in Fig. 30, flow separation occurs on both sides 

of the hooks, leading to elevated surface temperatures at the rear of the hooks 

compared with their front. This is due to the low velocity wake regions present 

there, which correspond to higher flow temperatures, as shown in Fig. 29. Vortices 

are generated in these wake regions downstream of the hooks, and their scale and 

magnitude significantly influence turbulence mixing and heat transfer 

enhancement. 

For α = 22.5°, the vortices are significantly larger than those for α = 0°, resulting 

in higher turbulence intensity, as demonstrated in Fig. 31. The turbulence intensity 

peaks at 43% for α = 22.5°, compared with 37% for α = 0°. This intensified flow 
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mixing contributes to lower flow temperatures and a higher temperature gradient 

between the array surface and the flow, thereby improving the heat transfer rate.  

Additionally, the recirculation zones behind each hook for α = 0° are effectively 

trapped and isolated from the mainstream flow, limiting their contribution to heat 

transfer. Conversely, for α = 22.5°, the recirculation zones are aligned at an angle 

relative to the flow direction, facilitating active advection with the mainstream 

flow causing an enhanced heat transfer, which is consistent with findings from 

previous studies [40,41,63]. 

The temperature and flow fields provide insight into the variation of the local 

Nusselt number (Nux) across the end walls of the array, which are shown in Fig. 

32. Nux serves as an indicator of the surface temperature distribution, with lower 

Nux at the base compared with the hooks, highlighting the higher surface 

temperature of the base. The front and side surfaces of the hooks where the main 

flow impinges exhibit lower temperatures, as evident from the green contours 

covering a larger area upstream of the hooks. Downstream of the hooks, Nux 

remains elevated compared with regions without hooks. This is due to the wake 

flow promoting turbulence and enhancing convective heat transfer (see Fig. 31), 

an observation consistent with previous studies [64,65]. The regions of high Nux 

extend over a larger area for α = 22.5° compared with α = 0°; the latter exhibits the 

lowest Nux values, particularly at the inlet and outlet of the array. This increased 

Nux for α = 22.5° explains an observed higher Nuavg relative to α = 0°. 
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Fig. 29. Temperature contours for (a) α = 0° and (b) α = 22.5° at Re = 5000 on a midplane through 

the flow domain. Flow is from left to right. 

 

Fig. 30. Streamlines for (a) α = 0° and (b) α = 22.5° at Re = 5000 on a midplane through the flow 

domain. Flow is from left to right. 

(a)

(b)

(a)

(b)
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Fig. 31. Turbulence intensity contours for (a) α = 0° and (b) α = 22.5° at Re = 5000 on a midplane 

through the flow domain. Flow is from left to right. 

 

Fig. 32. Local Nusselt number contours for (a) α = 0° and (b) α = 22.5° at Re = 5000 on the array 

end-walls. Flow is from left to right. 

(a)

(b)

(a)

(b)
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5.2.4 Overall Thermal Performance at Different Attack Angles 

The increase in Nuavg and decrease in favg at various attack angles presents a 

promising alternative for enhancing thermal performance without requiring 

additional pumping power. To further illustrate the combined thermal-hydraulic 

performance of GRIPMetal, plots of ηo at different α are provided in Fig. 33.  

All attack angles exhibit a declining asymptotic trend with increasing Re. 

Regardless of Re, the baseline case consistently demonstrates the lowest ηo, which 

ranges between 2.9 at Re = 600 and 0.46 at Re = 5000. In contrast, all other α result 

in higher ηo compared with the baseline case. Specifically, ηo ranges between 0.62 

and 3.6 for α = 22.5°, 0.65 and 3.5 for α = 45°, 0.72 and 4.1 for α = 67.5°, and 0.73 and 

3.0 for α = 90°. ηo increases with α, reaching a peak at 67.5° before decreasing at 90° 

or remaining relatively unchanged, as can be seen in Fig. 13b. 

 

Fig. 33. Overall thermal performance of GRIPMetal at different attack angles: (a) variation of   

ηo with Re at several α (b) variation of ηo with α at several Re. The bars in (a) represent the 

experimental ηo obtained at α = 0° and 8.5% tip clearance. 

 

(a) (b)
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Fig. 33a reveals that all attack angles maintain an ηo above one up to a critical Re 

(Recrt) beyond which performance decline below 1. Recrt is 1239, 1697, 1812, 2377, 

and 2424 for α = 0°, α = 22.5°, α = 45°, α = 67.5°, and α = 90°, respectively. This 

indicates that the overall performance of GRIPMetal becomes inferior to that of a 

bare surface once Re exceeds Recrt. The decline in performance is attributed to the 

significantly high pressure drop across the arrays, causing the Reo required to 

achieve the same pressure drop across the bare surface to be an order of magnitude 

higher than Re. Consequently, this high Reo results in a Nuo comparable to the Nuavg 

of the arrays, leading to low ηo. 

Fig. 33a also compares the performance of the array at different α with that of 

an array at 0° attack angle but with an 8.5% tip clearance. The data show that 

introducing a tip clearance significantly enhances the performance of GRIPMetal, 

and the performance improves with Re. Specifically, ηo is 84% and 393% higher for 

the 8.5% tip clearance case compared with the fully shrouded baseline case at Re = 

800 and 5000, respectively. This trend is expected because Fig. 26 indicates that an 

8.5% tip clearance leads to a 9.3% reduction in Nuavg and a more substantial 22.4% 

reduction in favg. The significant drop in favg is the cause of the superior performance 

of the array with tip clearance, as shown in Fig. 33a.  

These findings highlight the superior performance of GRIPMetal at flows below 

Recrt. Beyond Recrt, the performance of the arrays depends on the specific objective. 

Increasing α from 0° to 90° will gradually improve the overall thermal-hydraulic 

performance, but at the expense of high pumping power demands. If pumping 

power is not a limiting factor, then α = 22.5° would provide the highest thermal 

performance. Additionally, the results underscore that combining an optimized 

attack angle with a small tip clearance above the arrays can further enhance their 

overall performance.
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Chapter 6          

Summary, Conclusions, and Future 

Work  

Arrays featuring hook-shaped fins and dimples (trademarked as GRIPMetal) 

were experimentally characterized to evaluate their thermal and hydraulic 

performance relative to a smooth, unfinned surface and surfaces with other 

enhancements. Additionally, their thermo-fluidic performance was numerically 

investigated under various attack angles ranging from 0° to 90°. The following 

conclusions are drawn from the findings: 

• Heat transfer enhancement (𝑁𝑢𝐷ℎ
/𝑁𝑢𝑜) peaked at Re ≈ 3,000, and then 

gradually declined, reaching an asymptotic value as Re increased further.  
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• The hydraulic performance (𝑓𝐷ℎ
/𝑓𝑜) increased rapidly at low Re and then 

stabilized at an asymptotic value as Re increased. 

 

• At the same tip clearance, standard arrays showed the highest thermal 

enhancement, followed by heavy arrays, while mini arrays had the lowest 

𝑁𝑢𝐷ℎ
/𝑁𝑢𝑜. As tip clearance increased, the performance of heavy arrays 

approached that of standard ones.  

 

• Heavy and standard arrays exhibited nearly identical 𝑓𝐷ℎ
/𝑓𝑜 at the same tip 

clearance, while the mini arrays had a slightly lower value. 

 

• The overall efficiency (ηo) was highest at low Re, decreasing asymptotically 

as Re increased. At the same channel height, the standard arrays exhibited 

the highest performance, followed by the mini arrays, while the heavy 

arrays showed the lowest performance. 

 

• The overall performance of the arrays improved as tip clearance increased, 

especially for mini arrays. Improvement was less pronounced for heavy 

arrays and depended on Re for standard arrays. 

 

• Empirical correlations described Nuh and fh for the arrays with high 

accuracy, achieving a maximum rRMSE of 4.1% and 10%, respectively. 

 



   

Summary, Conclusions, and Future Work P a g e  | 83 

• The hydraulic performance of the arrays is very sensitive to the tip clearance 

above the hooks; a 20% tip clearance lowers the pressure drop by 43% while 

only reducing the thermal performance by 12%. 

 

• Increasing α beyond the baseline case of 0° consistently enhances thermal 

performance. At Re = 5000, the lowest enhancement is 28% for α = 67.5°, 

while the highest is 44% at 22.5°. 

 

• The hydraulic performance of the array generally surpasses the baseline 

case, with a maximum reduction in favg of 48% for α = 67.5° at Re = 5000. 

However, this does not hold for α = 22.5°, where favg increases by 18%. 

 

• Arrays oriented at 45°, 67.5°, and 90° attack angles achieve a combined 

improvement in heat transfer and pressure drop reduction. 

 

• Significant flow bypasses the features at α = 0° and results in a low thermal 

performance of the array configuration and minimizes pressure drop. 

 

• The low temperature regions of the flow at α = 22.5° result in a larger 

temperature gradient between the hook surfaces and the flow, increasing 

the rate of heat transfer. 

 

• When the arrays are fully shrouded, their overall performance remains 

above unity until an angle-dependent Recrt, after which ηo falls below a bare 

surface, indicating the relatively higher pumping power required for 

GRIPMetal. 
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Overall, the GRIPMetal arrays demonstrated superior thermal-hydraulic 

performance compared with several heat enhancement techniques reported in the 

literature. Their relatively low-cost and robust manufacturing process positions 

them as promising alternatives to conventional heat transfer enhancement 

methods.  

The enhanced thermal performance at α = 22.5° suggests the possibility of other 

intermediate α between 0° and 45° that could achieve higher Nuavg. Additionally, 

the high thermal-hydraulic performance observed at α = 67.5° indicates a potential 

optimum angle between 45° and 90° that could maximize thermal performance 

while minimizing pumping power. These findings highlight the need for further 

investigation into intermediate α to optimize the performance of GRIPMetal in 

future research. 

One limitation of this study is that the flow is not fully developed before 

entering the test section. A possible solution is to introduce an unheated entrance 

length before the heated section, which could be explored in future research. 

Additionally, future investigations should examine the effects of varying inter-fin 

spacings and modifying the primary geometrical features of the hooks and 

dimples. This includes exploring alternative tooling designs to enable the 

fabrication of diverse array geometries, including variations in feature patterns, 

spacings, and pitches. Understanding the influence of these parameters on the 

thermal and hydraulic behavior of the arrays is crucial for identifying optimal 

geometrical configurations that maximize performance. Additionally, research 

should Further analysis of local hook and dimple geometry – such as hook height, 

width, and other form factors – could provide deeper insight into convection 

enhancement mechanisms, uncovering new opportunities to improve the 

efficiency of GRIPMetal configurations.
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