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This study experimentally investigates the influence of annular fin geometry on thermo-hydraulic performance 

under crossflow forced-convection conditions. Four heat sink configurations – a constant cross-section fin,  

a stepped fin, a modified stepped fin, and a triangular fin – were tested using an open-channel rig over 36 operating 

conditions formed by three air velocities ( )2 6 m s−  and three electrical input powers ( )13 39W− . The results 

show that the Nusselt number increases with Reynolds number for all geometries, with average enhancements of 

approximately – %10 15 , – %20 25  , and – %30 35  for the stepped, modified stepped, and triangular fins, 

respectively, compared to the baseline. Pressure drop also increased with Reynolds number, with the modified 

stepped fin exhibiting the highest penalty, while the triangular fin maintained a more moderate increase. At fixed 

Reynolds numbers, the effect of input power was secondary, confirming the dominance of flow inertia and 

geometry. Geometry-specific Nusselt number correlations with coefficients of determination exceeding .0 95  were 

developed, and the analytical model for the baseline fin was validated against experimental data with deviations 

below %2 . 
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1. Introduction 

 
 Heat sinks, specialized heat exchangers, are used to dissipate excess thermal energy from high-power 

devices that cannot independently regulate their Temperature. By facilitating heat transfer to an adjacent fluid 

medium, they help prevent overheating and potential system failure. Their functionality is grounded in 

principles such as conduction, convection, and radiation, and is often enhanced by the inclusion of extended 

surfaces, such as fins and spines. Commonly found in electronics, refrigeration, and heat engines, heat sinks 

are typically made up of arrays of metallic fins. Their performance can be optimized by increasing surface 

area, enhancing thermal conductivity, or improving the heat transfer coefficient, thereby ensuring effective 

and reliable thermal management [1, 2]. A heat sink is a passive cooling component that consists of a base 

plate for heat absorption, along with extended surfaces such as fins or pins that increase the area for heat 

dissipation. Often, thermal interface materials are employed to minimize thermal resistance. More 

sophisticated designs may incorporate heat pipes or vapor chambers to enhance heat transfer efficiency and 

ensure device reliability. Between 1900 and 1920, the use of heat sink heating became widely recognized in 

factories and esteemed social venues, such as churches and theaters. This burgeoning demand spurred the 

development of multi-column cast-iron relief heat sinks, which offered enhanced heat dissipation and enabled 

heating larger buildings. The 1920s and 1930s witnessed a technological revolution with the advent of single-

column steel heat sinks, representing a significant leap forward in thermal management design and efficiency 
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[3, 4]. In recent decades, a variety of fin geometries and configurations, such as straight, annular, and perforated 

fins, have been proposed and studied to enhance heat transfer while minimizing pressure drop. Previous 

research has demonstrated that both the shape and arrangement of fins significantly influence the overall heat 

transfer coefficient and thermal resistance in heat exchangers. However, despite extensive studies on various 

fin designs, there remains a noticeable gap in comprehensive experimental and theoretical investigations of 

specific fin geometries under conditions that do not involve annular heat sinks. Annular fins are commonly 

used to improve heat transfer from cylindrical surfaces. These fins are attached externally to circular pipes, 

which increases the heat transfer rate by expanding the effective surface area. Due to their widespread use, 

significant efforts have been made to modify the shapes of these fins to optimize material utilization. In the 

case of constant cross-sectional annular fins, the material near the tip contributes less to conductive heat 

transfer. This has led to the exploration of various tapered profiles, such as triangular, trapezoidal, parabolic, 

and hyperbolic designs. When considering both cost-effectiveness and heat transfer efficiency, designers aim 

to identify the optimal fin profile for a specific fin volume [4]. Over the past two decades, extensive research 

has been devoted to the investigation of ringed fins. The majority of these contributions have been theoretical, 

with limited experimental validation to substantiate the proposed models. Representative studies in this domain 

are: In 1965, Brown [5] derived analytical expressions to optimize uniform annular fins for maximum heat 

transfer while maintaining a fixed fin volume. His work relates the inner radius ( )1r , outer radius ( )2r , and 

thickness ( )  of the fins. These findings offer essential guidance for designing efficient annular fins in thermal 

systems. Buccini and Soliman [6] analyzed the dimensions of annular fins to maximize heat dissipation. They 

utilized one-dimensional conduction and convection to minimize thermal resistance and provide design 

guidelines for enhanced thermal performance. Lalot et al. [7] developed an analytical model to evaluate annular 

fins made from two different materials, such as a high-conductivity coating applied over a base material. The 

study produced formulas for temperature distribution and fin efficiency, demonstrating that these coatings 

significantly enhance efficiency by minimizing temperature gradients. This work provides valuable guidance 

for optimizing fin design in thermal systems. Mokheimer [8] studied annular fins with various profiles, 

including rectangular, triangular, concave, and convex parabolic shapes, under natural convection with locally 

varying heat transfer coefficients. Using plate-convection correlations, the study calculated fin efficiency and 

presented the results as curves of radius ratio and dimensionless parameters. The findings emphasize that 

spatial variation in the heat transfer coefficient significantly affects fin efficiency, underscoring its importance 

in the thermal analysis of annular fins. Mon and Gross [9] conducted a numerical investigation into the effects 

of fin spacing in annular-finned tube heat exchangers. Their computational results highlighted the crucial role 

of fin spacing in shaping airflow patterns, heat transfer rates, and pressure drops. They identified the optimal 

spacing needed to balance thermal enhancement and hydraulic performance, offering practical guidance for 

the efficient design of annular-finned tube heat exchangers. Arslanturk [10] developed correlation equations 

to optimize the uniform thickness of annular fins. By fixing the fins' volume, the study identified dimensionless 

geometric parameters that maximize heat transfer. It expressed the optimal radius ratio as a function of the Bi 

number and fin volume. These correlations serve as a valuable guide for engineers in designing fins that 

enhance heat dissipation efficiency. Naphon [10] conducted a theoretical study on annular fins under three 

conditions: dry, partially wet, and fully wet. Using energy and mass conservation principles along with the 

finite difference method, the results indicated that the surface condition significantly affects performance. Fully 

wet fins demonstrated the highest efficiency, providing valuable insights for the design of heat exchangers and 

electronic cooling systems. Sharqawy and Zubair [11] present an analytical solution for assessing the efficiency 

and optimizing annular fins under combined heat and mass transfer conditions. Their model integrates 

diffusion effects with thermal conduction to establish performance criteria. The results emphasize the 

significance of fin geometry and transfer coefficients in maximizing efficiency, providing a theoretical 

foundation for optimizing annular fin design in humid environments. Aziz and Fong [12] analyze annular fins 

with two boundary conditions: (a) simultaneous base temperature and heat flux, and (b) fixed base and tip 

temperatures. They develop analytical solutions to assess temperature distribution, fin efficiency, and heat 

transfer rates, offering insights for optimizing fin performance under varying thermal constraints. Nagarani et 

al. [13] optimized elliptical annular fins using a genetic algorithm, focusing on parameters like major and 
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minor axes, thermal conductivity, and convection coefficient. Their study found that optimal geometries enhance 

heat dissipation and reduce material use, with elliptical fins outperforming traditional circular fins and offering a 

systematic design for compact heat exchangers. Moinuddin et al. [14] analyzed Heat and mass transfer in annular 

fins with varying cross-sectional areas, aiming to determine their optimal dimensions. Through analytical 

modeling, the study established criteria for maximizing fin efficiency while minimizing material usage. The 

results provide design guidelines for selecting appropriate fin geometries, thereby improving the performance of 

annular fins in heat- and mass-transfer applications. Huang and Chung [15] developed an iterative regularization 

algorithm based on the conjugate gradient method to determine the optimal shapes for fully wet annular fins. By 

considering temperature-dependent properties and Bi numbers, their study identified fin geometries that 

maximize thermal efficiency and improve heat transfer performance. Kundu et al. [16] propose an approximate 

analytical method for the optimal design of annular step fins. Their approach simplifies the temperature 

distribution equation into an exponential form, making it easier to determine the fin dimensions that maximize 

heat transfer efficiency. This method helps engineers optimize fin geometry to enhance thermal performance. 

Kunda and Lee [17] developed an analytical framework for evaluating the thermal performance of annular-step 

porous fins. By incorporating porosity effects into the heat transfer model, the study derives optimal conditions 

for maximizing heat dissipation. The analysis highlights the benefits of porous structures in enhancing fin 

efficiency and provides valuable guidelines for designing high-performance extended surfaces in thermal 

systems. Chen et al. [18] demonstrate that fin geometry and spacing have a significant impact on natural 

convection heat transfer in vertical annular finned-tube heat exchangers. This conclusion is supported by strong 

agreement between numerical simulations and experimental validation. The findings provide insights for 

optimizing the design of finned-tube heat exchangers under natural convection conditions. Yuan et al. [19] 

evaluate existing prediction methods for the heat transfer coefficient in annular flow and identify their limitations 

under different conditions. Through comprehensive analysis and validation, they propose a novel correlation to 

improve accuracy across a wide operating range. This new model enhances predictive capability, providing a 

reliable tool for thermal system design and engineering applications. Yang et al. [20] propose a design approach 

for annular fins that are non-uniformly distributed in shell-and-tube thermal energy storage units. Their numerical 

analysis shows that customized fin spacing improves heat transfer, reduces thermal resistance, and enhances 

charging and discharging rates. The findings emphasize the benefits of a non-uniform fin distribution over 

traditional uniform designs, offering practical strategies to optimize the performance of thermal energy storage 

systems. Sarwe and Kulkarni [21] employed the differential transformation method (DTM) to investigate annular 

fins with variable thermal conductivity. The DTM effectively predicted the temperature distribution and fin 

efficiency. The results were validated against both analytical and finite-difference methods, confirming the 

DTM's reliability for analyzing annular-fin performance. Tahrour et al. [22] conducted a 3D computational fluid 

dynamics (CFD) analysis on various annular finned-tube designs, including concentric, eccentric, perforated, 

serrated, and star-shaped configurations. Their findings revealed that the star-shaped fin achieved the highest 

overall performance, while the eccentric circular fin provided the best balance between heat transfer and pressure 

drop. These insights are valuable for optimizing heat exchangers.  

 Previous studies have optimized annular fins through analytical models, coatings, variable profiles, 

spacing, and advanced numerical methods, often supported by CFD but with limited experimental validation. 

Consequently, a gap remains in comprehensive experimental investigations linking annular fin geometry to 

thermo-hydraulic performance under practical conditions. Addressing this gap, the present study experimentally 

examines the thermo-hydraulic characteristics of an annular fin heat sink under forced convection, considering 

varying airflow rates and heat fluxes. 

 

2. Experimental set-up 

 
2.1. Test rig description  

 

 Figure 1 illustrates the experimental test rig employed in this study. The apparatus consisted of  

a horizontal open channel with a square cross-section, fabricated from transparent polycarbonate, measuring 

750cm  in length and 17 cm  in both width and height. The test section was located at the midpoint of the 



4  Effect of Annular Fin Geometry on Thermo-Hydraulic … 

channel, where the annular fin heat sink samples were mounted. Four configurations of annular fin heat sinks 

were examined: (i) a fin with a constant cross-section, (ii) a fin with a uniform cross-sectional area and  

a stepped profile, (iii) a modified stepped with triangular tip geometry, and (iv) a fin with a non-uniform 

triangular cross-section, and they were symbolized, such as: sample 1, sample 2, sample 3, and sample 4, 

respectively. Photographic images and schematic diagrams of the tested heat sink samples are provided in 

Fig.2. A cartridge-type electrical heater was embedded at the center of each heat sink to serve as the heat 

source. The heater had a rated power of 200W  and dimensions of 8 mm  in diameter and 100 mm  in length. 

It was connected to an electrical circuit comprising a variac for regulating the power input, along with an 

ammeter and a voltmeter device for monitoring the supplied current and voltage. To establish the desired 

airflow, a variable-speed centrifugal blower was employed. The airflow passed uniformly through the test 

section, where the heat sinks were installed. A digital manometer was used to record the pressure drop across 

the heat sink in the working section, enabling evaluation of the thermo-hydraulic performance. Temperature 

measurements were acquired using a data acquisition (DAQ) system with eight channels, enabling 

simultaneous recording at eight locations within the test section. Figure 3 presents a schematic diagram of the 

complete test rig. The resolution and accuracy values presented in Table 1 are based on the manufacturers' 

specifications and were verified during calibration before experimentation. 

 

 
 

Fig.1. Photo of the test rig used, where: 1 – Centrifugal blower, 2 – Open channel, 3 – Thermocouples,  

4 – Working space, 5 – Heat sink, 6 – Anemometer, 7 – Variac, 8 – Multimeter clamp meter, 9 – Digital 

manometer. 

 

Table 1. The accuracy and resolution of measurement devices. 

 

Device name Accuracy Resolution 

Hantak-8 Data acquisition (DAQ) type HTM208B-EU . %0 2 C   .0 1 C  

BTMETER Anemometer type BT846A .0 01m s  .0 1m s  

SNDWAY digital manometer type SW-512A ( )%1 2 Pa −  . %0 5 Pa  

Multimeter clamp meter 
. %0 1 V  

. %0 1 A  

. %1 2 V  

. %2 5 A  
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a) 

 
 

b) 

 
 

Fig.2. Annular fin heat sink configurations investigated in this study: a) Photo of heat sink, b) Schematic 

diagram of heat sinks: (A) sample 1, (B) sample 2, (C) sample 3, (D) sample 4. 

 

 
 

Fig.3. Schematic diagram of the test rig. 
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2.2. Uncertainty for measurement devices 

 

 In any experimental measurement, absolute accuracy is unattainable because every instrument and 

method has inherent limitations. These limitations stem from factors such as instrument precision, calibration 

errors, environmental variations, and human observation. The uncertainty in the present study was evaluated 

using Eq.(2.1), as suggested by [23]. It is expressed as: 

 

  

/

   

1 2
22 2

r 1 2 n
1 2 n

r r r
w w w w

x x x

       
 = + +    
         

. (2.1) 

 

 The uncertainty values for each device were calculated based on its accuracy and resolution, and they 

are presented in Tab.2.  

 

Table 2. The uncertainty of the measurement devices used. 

 

Device name Uncertainty [%] 

Hantak-8 Data acquisition (DAQ) type HTM208B-EU .0 7  

BTMETER Anemometer type BT846A .0 015  

SNDWAY digital manometer type SW-512A .2 6  

Multimeter clamp meter 
Voltmeter .2 2  

Ammeter   .10 2  

 

 The total relative uncertainty calculated by Eq.(2.1) is . %10 78 . 

 

2.3. Experiment procedure  

 

 The experiments were conducted according to a systematic procedure to ensure accurate, reproducible 

measurements. The steps are summarized as follows: 

 a. Setup Preparation: The heater element was connected to the electrical circuit, and thermocouples 

were installed at their designated locations within the test section. The proper functioning of all 

components, including the blower, measurement devices, and data acquisition system, was verified 

prior to testing. 

 b. Initial Power Supply: The test rig was supplied with an initial power input of 100W  and allowed 

to operate until the heat sink reached steady-state thermal conditions. 

 c. Airflow Initiation: The blower was started at an initial airflow velocity of 1m s  and the system 

was allowed to stabilize until the heat sink cooled and achieved steady-state conditions under forced 

convection. 

 d. Data Acquisition: Temperature measurements at eight points within the test section were recorded 

simultaneously using an 8-channel data acquisition (DAQ) system. The pressure drop across the 

heat sink was measured with a digital manometer, while electrical input parameters (voltage and 

current) were monitored with an ammeter and a voltmeter. 

 e. Repetition for All Conditions: The preceding steps were repeated for all selected combinations of 

airflow velocities ( 2 , 4  and 6 m s ) and power input levels (13 , 26  and 39W ) to evaluate the 

thermo-hydraulic performance of the annular fin heat sinks. Each condition was tested multiple 

times to ensure reproducibility and consistency in measurements. 
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2.4. Calculation  

 

 When an electrical element is supplied with power, it dissipates the energy in the form of Heat, 

expressed mathematically as [24]: 

 

  P V I=  . (2.2) 

 

 The Heat dissipated from the annular fin heat sink to the airflow within the open channel is determined 

as [24]: 

 

  ( )p out inQ mc T T= − .  (2.3) 

 

 The convective heat transfer coefficient is evaluated based on Newton's law of cooling and is expressed 

as[24]: 

 

  
( )t b

Q
h

A T T
=

−
.  (2.4) 

 

 The term tA  denotes the total heat sink surface area for heat exchange, defined as the sum of the finned 

and unfinned areas, and is calculated as [25]: 

 

  _t f no finA A A= + , (2.5) 

 

where: 

 

  ( )2 2
f f t b tA N 2 d d d t=   − +  , (2.6)  

 

and: 

 

   
finno t fA d L N t=  −  . (2.7) 

 

 The Reynolds number ( )Re , which characterizes the airflow regime, is defined as the ratio of inertial 

to viscous forces, and is expressed as: 

 

  hUd
Re


=


,  (2.8) 

 

where: 

 

  
p

h
e

4 A
d

P


= .  (2.9) 

 

 Accordingly, pA  and eP  are determined as: 

 

  2
pA W= ( )f e b fN d t Ld N t − + −

 
, (2.10) 



8  Effect of Annular Fin Geometry on Thermo-Hydraulic … 

and: 

 

  ( ) ( )( )e b f f e b eP 4W d L N t N d d d t = +  − +  − + 
 

, (2.11) 

 

  hh d
Nu

k


= . (2.12) 

 

3. Results and discussion  
 

 To examine the thermal and flow performance of annular fins, four distinct heat sink configurations 

were analyzed. These configurations included (i) a fin with a constant cross-section, (ii) a fin with a uniform 

cross-sectional area and a stepped profile, (iii) a modified fin with triangular tip geometry, and (iv) a fin with 

a non-uniform triangular cross-section. For clarity, these configurations were labeled as Sample 1, Sample 2, 

Sample 3, and Sample 4, respectively. The experimental investigation subjected each heat sink to three levels 

of electrical input power (13 , 26  and 39W ) and three airflow velocities ( 2 , 4  and 6 m s ). To obtain 

accurate experimental data, each experiment was repeated three times, and the average values were used in the 

data analysis. A %5  error bar was applied to the experimental data. This systematic variation yielded 36  

experimental runs, providing a comprehensive assessment of the combined effects of geometric configuration, 

heating power, and airflow rate on the thermal-hydraulic characteristics of annular fin heat sinks. For clear 

presentation and interpretation of the results, the experimental cases were categorized and summarized in  

Tab.3. The discussion of the experimental results focused on the relationship between the Nusselt and Reynolds 

numbers and the associated changes in pressure drop. This evaluation provided insights into how the flow 

regime affects convective heat transfer performance and hydraulic resistance. By correlating these 

dimensionless parameters, the study provided a comprehensive assessment of the thermal-hydraulic behavior 

of annular fin heat sinks, clarifying the trade-off between improved heat transfer and increased flow resistance. 

 

Table 3. Description of the working conditions. 

 

Working condition Symbol 

P1  P 13 W=  

P2  P 26 W=  

P3  P 39 W=  

U1 2m s  

U2 4m s  

U3 6 m s  

 

3.1. Impact of fin geometry on the Nusselt number 

 

 Figures 4 to 6 present the variation of the Nusselt number ( )Nu  with Reynolds number ( )Re  for the 

four annular heat sink geometries under three heating power levels. For four Figs.4-6 show the Nu - Re  relation 

for the four types of annular heat sink configurations at three different heating powers, the Nu  number 

increases monotonically with the Re  number due to forced convection, primarily driven by greater flow 

penetration, reduced boundary-layer thickness, and stronger wake enforcements at higher Re  numbers. This 

trend supports the hypothesis that airflow rate is the primary factor governing conductive heat transfer in these 

experiments. As the baseline comparison, Sample 1 (the uniform cross-section annular fin) has the lowest 

Nusselt number across the entire Reynolds number range. Introducing geometric discontinuities, as in the 

stepped fin case (Sample 2), increases heat transfer by %10 15− . No flow visualization was performed in this 

study, however, this augmentation is the result of a known fluid-mechanics phenomenon reported in the 



Z.A. Salih and E.F. Abbas  9 

literature. It occurs due to sharp changes in surface geometry that lead to local boundary-layer separation and 

subsequent reattachment further downstream. The evolved shear layer and the redeveloping boundary layer 

decrease the mean thermal boundary-layer thickness, resulting in higher convective heat transfer. The modified 

stepped fin (Sample 3) further amplifies this effect, yielding Nu  enhancements of approximately %20 25−  

relative to Sample 1. The additional geometric modification increases the number and intensity of streamwise 

flow disturbances, thereby strengthening wake interactions and promoting more frequent boundary-layer 

redevelopment. These mechanisms are expected to become more effective as the Re  number increases, 

because inertial forces increasingly dominate over viscous effects, allowing the flow to respond more strongly 

to geometric features.  

 

 
 

Fig.4. Nu Number vs. Re  Number for four heat sink samples at P1. 

 

 
 

Fig.5. Nu Number vs. Re  Number for four heat sink samples at P2. 
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Fig.6. Nu Number vs. Re  Number for four heat sink samples at P3. 

 

3.2. Correlation relation 

 

 A unified, dimensionally consistent correlation framework was developed in SPSS to describe the Nu 

number for all annular heat sink geometries across the investigated heating powers, as expressed in Eq.(3.1). 

This framework is based on the behavior of the Nu  number with respect to the Re  number, as illustrated in 

Figures 4 to 6. The proposed model combines a Re-number-dependent term with a power-dependent 

normalization factor, while retaining geometry-specific coefficients. This approach provides excellent 

agreement with experimental data for all samples, with coefficients of determination exceeding 0.95: 

 

  im
i i i

1

P
Nu C Re n 1

P

 
= + − 

 
. (3.1) 

 

 It is valid for ( )18000 Re 50000  . and 13 P 39  , where the iC , im  and im  are geometry-specific 

constants, their values are listed in Tab.4 for each sample. 

 

Table 4. Geometry-specific coefficients of the unified Nusselt–Reynolds–Prandtl correlation. 

 

Sample iC  im  in  2R  minRe  maxRe  minP (W)  maxP (W)  

1  .0 00434  .0 826  .6 1  .0 952  18000  50000  13  39  

2  .0 0249  .0 666  .8 45  .0 963  18000  50000  13  39  

3  .0 0812  .0 572  .11 35  .0 962  18000  50000  13  39  

4  .0 4126  .0 458  .17 82  .0 971  18000  50000  13  39  

 

3.3. Relation between Nu number vs. input power 

 

 Figure 7 shows how the average Nusselt number ( )Nu  varies with input electric power at a fixed 

Reynolds number of ,25 000 . Across all annular fin configurations, Nu  increases slightly with power as fin 
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surface temperature rises, marginally enhancing convective heat transfer. Nevertheless, the weak power 

dependence confirms that the heat transfer process is dominated by forced convection, with airflow conditions 

and fin geometry as the primary controlling factors. Compared with the constant cross-section annular fin 

(Sample 1), variable cross-section fins exhibit significantly higher Nusselt numbers. The stepped, modified 

stepped, and triangular fins enhance Nu  by approximately %10 15− , %20 25−  and %30 35− , respectively. 

This superior performance stems from both thermal and fluid-dynamic mechanisms. From a conduction 

perspective, variable cross-section fins promote a more uniform temperature distribution along the fin length, 

allowing a greater portion of the fin surface to participate effectively in heat transfer. From a convective 

standpoint, gradual or discrete changes in fin thickness locally accelerate airflow and increase near-wall 

velocity gradients, thinning the thermal boundary layer and enhancing convective heat transfer coefficients. 

As a result, variable cross-section fins achieve greater heat transfer enhancement than constant cross-section 

fins, and increasing input power does not alter the relative ranking of the fin geometries. 

 

 
 

Fig.7. Variation of Nusselt number with input electric power. 

 

3.4. Impact of fin geometry on the pressure drop 

 

 Figures 8 to 10 illustrate the pressure drop ( )P  response of four annular fin heat-sink configurations 

as a function of Reynolds number ( )Re  at three power levels ( )P1 P3− . In all cases, P  increases steadily 

with Re . At low Re , as shown in Fig.8 (representing the lowest power level), the curves rise nearly linearly, 

indicating that viscous losses dominate. As Re  increases (Fig.9), the curvature of the curves becomes more 

pronounced due to growing inertial contributions (form drag). At the highest velocities shown in Fig.9, the 

superliner increase indicates that the Forchheimer (inertial) term primarily controls the pressure drop. Across 

Figures 7 to 9, varying electrical power at fixed Re  results in only minor vertical offsets, consistent with slight 

property changes due to surface temperature. At the same time, velocity (and thus Re ) remains the main factor 

influencing P . Using the constant cross-section fin (Sample 1) as a baseline, the stepped and modified 

stepped designs demonstrate higher P  across the entire range of Re  presented in Figs 8 to 10, reflecting 

stronger flow separation and reattachment. Quantitatively, the stepped fin (Sample 2) shows an increase in 

pressure drop of approximately %6 10−  at low Re  (Fig.8), %12 20−  at mid Re  (Fig.9), and %18 28−  at 

high Re  (Fig.10) compared to Sample 1. The modified stepped fin (Sample 3) amplifies these effects, resulting 

in the most significant increases: %10 15−  at low Re (Fig.8), %20 30−  at mid Re  (Fig.8), and – %30 45  at 
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high Re  (Fig.10). These increases align with sharper streamwise discontinuities and more significant wake 

interactions, which elevate form drag at higher inertial levels. In contrast, the non-uniform triangular fin (Sample 

4) redistributes material toward its base and reduces blockage at the tip. In Figs 7 to 9, it incurs only a modest 

penalty compared to the baseline: – %3 7  at low Re  (Fig.8), – %8 15  at mid Re  (Fig.9), and – %12 22  at high 

Re  (Fig.10). This positions Sample 4 between the baseline and the stepped variants in terms of flow resistance, 

indicating that tapering can reduce large recirculation zones while still enhancing local shear. 

 

 
 

Fig.8. P  vs. Re  number for four heat sink samples at P1. 

 

 
 

Fig.9. P  vs. Re  number for four heat sink samples at P2. 
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Fig.10. P  vs. Re  number for four heat sink samples at P3. 

 

4. Validation the fin design  

 

 The constant-cross-section annular fin (Sample 1) was validated using the dimensionless temperature 

formulation proposed by Brown [5]. The analytical solution, expressed in terms of the temperature ratio 

o

b

R

R

T T

T T





 −
 
 −
 

, was given by: 

 

  
( ) ( )

( ) ( )
o

b

R 0 o 0 o

R 0 b 0 b

T T I mR K mR

T T I mR K mR





− + 
=

− + 
, (4.1) 

 

where: 

 

  
( ) ( )

( ) ( )

0 o 1 o

1 o o o

h
I mR I mR

mk
h

K mR K mR
mk

+

 =

−

, (4.2) 

 

and: 

 

  
2h

m
k

=


. (4.3) 

 

 Using EES software, Eq.(4.1) was solved by applying the required experimental data, including  

h , k , oR , bR ,   and T . The analytical predictions were then compared with the corresponding experimental 

measurements. As shown in Fig.1, good agreement was observed over the investigated Reynolds number 

range, with the maximum deviation between analytical and experimental results not exceeding approximately 

%2 , confirming the reliability of Brown’s model for the present configuration. 



14  Effect of Annular Fin Geometry on Thermo-Hydraulic … 

 
 

Fig.11. Validation of the analytical method against experimental results for sample 1. 

 

5. Conclusions  
 

 Across the 36 test conditions, both the Nusselt number ( )Nu  and the pressure drop ( )P  increased 

with Reynolds number ( )Re  number for four heat sink samples at for all annular fin geometries. However, the 

rate and magnitude of these changes varied significantly across fin shapes. Geometries designed to deliberately 

disturb the boundary layer, such as stepped, modified stepped, and triangular fins, exhibited steeper slopes in 

the Nu–Re relationship compared to the baseline with a constant cross-section. This confirms the importance 

of controlled separation and wake mixing in enhancing convective heat transfer. At high Reynolds numbers, 

the triangular fin provided the most significant thermal enhancement, increasing Nu by approximately 

%30 35−  relative to the baseline. The modified stepped and stepped fins achieved increases of about 

%20 25−  and %10 15− , respectively. The results for P  and Re  showed the expected increase in flow 

resistance with rising Re , with inertial effects (form drag) being dominant at the highest velocities. Compared 

to the baseline, the pressure drop penalty was most significant for the modified stepped fin, which showed 

increases of %30 45−  at high Re , followed by the stepped fin, which showed increases of %18 28− . In 

contrast, the triangular fin experienced a more moderate increase in pressure drop, ranging from %12  to %.22  

 Additionally, geometry-dependent correlation equations have been proposed for the four annular heat 

sink configurations using a standard dimensionally consistent formulation. They can thus be used to predict 

Nu over the range of operating conditions considered confidently. The predictive accuracy of the correlations 

presented was relatively good, having 2R  values of above .0 95  for everything. Additionally, an analytical 

model of the constant cross-section annular fin (Sample 1) derived from Brown’s dimensionless temperature 

formulation agreed very well with experimental results with a maximum deviation of around %2 .  
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Nomenclature 
 

 fA  – fin area 

 no finA −  – smooth plate area 

 pA  – plate area 

 tA  – total area 

 pC  – specific Heat 

 bd  – base diameter 

 hd   – hydraulic diameter 

 td  – tip diameter 

 h  – coefficient of convection heat transfer 

 I  – current 

 ,0 1I I  – Bessel functions 

 k  – thermal conductivity 

 ,0 1K K  – Bessel functions 

 L  – width of the heat sink 

 m  – mass flow rate 

 fN  – number of fins 

 Nu  – Nusselt number 

 P  – power 

 Pe   – perimeter 

 Q  – heat transfer rate 

 bR  – base radius 

 Re  – Renoyldes number 

 oR  – tip radius 

 bT  – bulk temperature 

 inT  – inlet temperature 

 outT  – outlet temperature 

 RbT  – base temperature 

 RoT  – tip temperature 

 T  – fluid temperature 

 V  – voltage 

 w  – uncertainity 

 W  – width of the heat sink cover 

   – thickness 

   – viscosity 

   – -T T  
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