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A B S T R A C T   

Growing demand for increased power dissipation is fuelling the need for the design of more efficient heat ex
changers. Modifying fin geometry is an effective way of improving heat transfer efficiency and of reducing flow 
resistance for plate fin heat exchangers. To date, fin designs have mostly revolved around classical shapes such as 
pins, ellipses, and rectangles, due to limitations of conventional manufacturing technologies. However, with 
recent advancements in metal additive manufacturing, there is an opportunity of redesigning approaches and 
ways of thinking to create novel fin geometries. In this study, biomimicry was used as a tool to reverse engineer a 
novel geometry for a plate fin heat exchanger based on a denticle, which is a mesoscopic structure on the skin of 
sharks. The shape of the denticle is streamlined; therefore, showing the possibility of enhancing fluid-to-solid 
contact if used as geometry for a plate fin heat exchanger. The thermo-hydraulic performance of the denticle 
was evaluated with respect to a rectangular, cylindrical and an elliptical fin (NACA 0030), using conjugate-heat- 
transfer simulations on ANSYS-Fluent. The numerical model was calibrated and validated based on experimental 
results from an additively manufactured rectangular plate fin heat exchanger. Results demonstrated that over the 
range of tested Reynolds Numbers, 9.8x104 

< Re ≤ 22.9x104, the denticle fin had average Nusselt number 
improvements of 13.1 %, 5.4 % and 75.7 % with respect to the rectangular fin, the NACA 0030 and cylindrical 
fin, respectively. At Re = 22.9x104, a 26 % decrease in pressure drop was noted for the denticle with respect to 
the rectangular fin, with maximum thermal performance factors (ƞ) of 1.29, 0.81 and 1.53 as noted for the 
denticle fin with respect to the rectangular fin, NACA 0030 fin and cylindrical fin, respectively.   

1. Introduction 

Heat Exchangers (HXs) are crucial for a variety of applications, such 
as in electronic devices, turbines and power plants, where adequate heat 
transfer is required to preserve product reliability and operational ca
pabilities [1]. HXs can be classified based on their flow path, heat 
transfer process and by construction type [2–4]. Most conventionally 
manufactured HXs consist of primary heat transfer surfaces such as 
plates, sheets and circular tubes, all of which restrain thermal and 
pressure drop performances [5]. Plate fin HXs (PFHXs) are widely used 
because of their abilities to enhance thermal, and pressure drop 

performance as compared to conventional plate HXs [6,7]. Whilst 
PHFXs have higher efficiencies, variations in their fin geometries can 
affect heat transmission and resistance to fluid flow [8–11]. Accord
ingly, pressure drop can outweigh thermal performance enhancement. 
An increase in pressure drop usually leads to higher pumping re
quirements [12]. Hence, a trade-off between thermal enhancement and 
pressure drop is required when designing fins for HXs [13]. 

Advancements of Additive Manufacturing (AM) technologies in 
printing metal parts provides an unprecedented degree of freedom in the 
design and manufacturing of HXs with novel fin geometries [14]. Fin 
geometry facilitates heat transmission and fluid flow in order to boost 
overall heat transfer efficiency and to reduce flow resistance [8–11]. 
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However, despite the degree of freedom that is afforded by metal AM, 
there has been limited investigation up to now on designing PFHXs with 
innovative geometries [15]. To date, fin designs have mostly revolved 
around classical shapes such as pins, ellipses and rectangles [16–19]. In 
the field of thermal management, nature has seldom been used as a 
source of inspiration to develop more efficient HXs [20]. Only few 
biomimicry HXs have been designed that are recognised as final prod
ucts of biomimicry [21]. 

A thorough literature review on nature-inspired heat exchangers can 
be found in [21]. Accordingly, biomimicry HX designs have thus far 
been limited to the following seven nature phenomena: leaf vein struc
ture, leaf surface wettability, sweat glands system, lung and blood vein 
structures, counter current veins in penguin feet, fish body shapes and 
hummingbird wings [21]. The limited application of biomimicry in 
novel heat exchanger design might be attributed to an unawareness of its 
process, in addition to the complexity in identifying, extracting and 
applying information from nature across varied applications. 

“ISO18458:2015 – Biomimetics – Terminology, concepts and Meth
odology” [22] describes how research surrounding biomimicry revolves 
around two processes: biology-push and technology-pull. Biology-push, 
also referred to as the bottom-up approach, involves analysing a dis
covery in terms of biology, extracting concepts and then applying these 
to technology. In contrast, technology-pull, equivalently termed as the 

top-down approach, consists of solving a problem using technology by 
looking at biology for plausible solutions [23]. For instance, technology- 
pull has mostly been used to remediate to problems in engineering ap
plications. The inclusion of numerical simulations at early stages of the 
biomimicry design process helps provide better understanding, and in 
visualising flow patterns before proceeding with manufacturing of HXs 
[21]. 

Cui et al. [24] have used a combination of numerical and experi
mental approaches to develop an innovative skin for perspiration cool
ing by mimicking the thermoregulation mechanism in living organisms. 
Their results demonstrated improvements of up to twenty times in 
passive cooling performance [24]. Wang et al. [25] have expanded on 
the concept of the vein structure in leaves to develop an asymmetrical 
fractal HX, with their numerical results showing negligible thermal and 
pressure drop improvements at low branching numbers, but with sig
nificant improvements with higher branching numbers [25]. Addition
ally, Bacelar et al. [26] have used a combination of experimental and 
numerical studies to investigate the effect of a micro channel heat 
exchanger inspired by the fish body shape. Reductions of 10 % tem
perature and 20 % pumping power were noted for the bio-inspired 
design compared to a baseline micro channel heat exchanger. Likewise 
Gürel et.al [27] evaluated the thermo-hydraulic performance of a 
compact brazed plate HX embedded with a 3D lung pattern by using a 

Nomenclature 

Afb fin base contact surface area [mm2] 
Afin wall extended fin wall surface area [mm2] 
Afrontal frontal area [mm2] 
Dh hydraulic diameter [m] 
Dω cross-diffusion term 
F2 blending function 
f friction factor 
Gk production of turbulent kinetic energy 
Gkb buoyancy term for turbulent kinetic energy 
Gω generation of dissipation rate 
Gωb buoyancy term for dissipation rate 
h enthalpy [J/kg] 
hc heat transfer coefficient [W/m2K] 
H height of test section [m] 
J→j diffusion of flux species j 

k thermal conductivity [W/mK] 
keff effective thermal conductivity [W/mK] 
L length between pitot tubes [m] 
Lf characteristic length of fin [m] 
m mass [g] 
Nu Nusselt number 
Pgauge, outlet outlet gauge pressure [Pa] 
ΔP pressure drop [Pa] 
ΔPExp. experimental pressure drop [Pa] 
ΔPdiff difference between experimental and simulation pressure 

drop [Pa] 
ΔPSim. simulation pressure drop [Pa] 
qout,k energy flux [W/m2] 
Q“ heat flux [W/m2] 
Re Reynolds number 
S strain rate magnitude 
Sk user defined source term for turbulent kinetic energy 
Sω user defined source term for dissipation rate 
T temperature [K] 
Tatm atmospheric air temperature [◦C] 
Tfin surf. fin surface temperature [◦C] 
Tfin surf. Exp experimental fin surface temperature [◦C] 

Tfin surf. Sim simulation fin surface temperature [◦C] 
Tinlet inlet air temperature [◦C] 
Tfin surf. Sim simulation fin surface temperature [◦C] 
Tinlet inlet air temperature [◦C] 
Tk surface temperature [K] 
Toutlet outlet air temperature [◦C] 
ΔTdiff difference between experimental and simulation fin 

surface temperature [◦C] 
ui velocity component [m/s] 
u velocity [m/s] 
u→ overall velocity vector [m/s] 
W width of test section [m] 
Yk dissipation of turbulent kinetic energy due to turbulence 
Yω dissipation rate due to turbulence 
y distance to next surface [m] 
y+ non dimensional length scale for turbulence 

Greek Letters 
σ Stefan-Boltzmann constant [W/m2K4] 
σk turbulent Prandtl number for kinetic energy 
σω turbulent Prandtl number for dissipation rate 
εk surface emissivity 
ρ fluid density [kg/m3] 
μ dynamic viscosity [Pa⋅s] 
μt turbulent viscosity [Pa⋅s] 
ƞ thermal performance factor 
τeff effective stress tensor [Pa] 
FK effective diffusivity of turbulent kinetic energy 
Fw effective diffusivity of dissipation rate 

Abbreviations 
AM Additive Manufacturing 
PFHX Plate fin Heat Exchanger 
HX Heat Exchanger 
SEM Scanning Electron Microscopic 
CHT Conjugate Heat Transfer 
S2S Surface to Surface 
SST Shear-Stress Transport  
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combination of experimental and numerical methods. Their numerical 
simulations were validated based on the experimental results of an 
existing chevron type compact brazed plate heat exchanger. Further, 
their results showed a 71 % increase in heat transfer and 6 % reduction 
in pressure drop respectively, for the biomimicry heat exchanger. 
Additionally, the use of numerical simulations was shown to aid visu
alisation of regions of high turbulence on the lung inspired heat 
exchanger. 

By considering these previous investigations, the following can be 
noted: using nature as a source of inspiration has the potential of 
creating more efficient heat exchangers; and, a combination of both 
experimental and numerical approaches can be useful when developing 
novel nature-inspired heat exchangers. Likewise, for the development of 
more efficient PFHXs, effective aerodynamics, hydrodynamics and heat 
transfer strategies can be inspired from adaptations found in nature. For 
instance, the Shortfin Mako Shark is amongst the fastest aquatic animals, 
possessing external body adaptations for enhanced hydrodynamics 
ranging from the macroscopic to the mesoscopic scale [28]. This study 
aims to develop a novel fin geometry for a PFHX based on a denticle, 
which is a body adaptation of the Shortfin Mako Shark at the mesoscopic 
scale, as illustrated in Fig. 1(a). To evaluate the efficiency of the denticle 
PFHX, Conjugate Heat Transfer simulations (CHT) were performed 
using ANSYS Fluent. Numerical results were then used to analyse the 
thermo-hydraulic performance of the denticle PFHX with respect to 
commonly used geometries such as a rectangular PFHX, an airfoil 
(NACA 0030) PFHX,and a cylindrical PFHX. 

2. Methodology 

2.1. Overview of the fin design 

The following assumptions were made regarding the suitability of 
using a shark denticle as a fin for a PFHX:  

• The morphology of the denticle is streamlined and effective in 
reducing drag, thereby showing the possibility of reducing boundary 
layer separation, which can be beneficial for enhanced heat transfer 
and reduced pressure drop.  

• The stem of the denticle can serve as a base for heat extraction from 
the primary heat transfer surface of the HX (plate) and mimic the 
actual function of a fin in a PFHX.  

• The presence of ridges on the denticle’s upper surface can further 
increase streamlining by channelling fluid flow over the top surface, 
thereby improving the area of contact between the top of the fin and 
the flowing fluid for enhanced heat transfer. 

Fig. 1 shows the overview of the biomimicry design process. The 
shark denticle-inspired fin HX, as shown in Fig. 1(a), was designed by 
using reconstructed views from a Scanning Electron Microscopic (SEM) 
image of a denticle, as illustrated in Fig. 1(b). Through reverse engi
neering, the shark denticle-inspired PFHX was designed on SolidWorks, 
as illustrated in Fig. 1(c). To evaluate the thermal performance of the 
denticle PFHX, three PFHXs with commonly used fin geometries were 

also included in this study as illustrated in Table 1. To normalise the 
effect of heat transfer by conduction, the following criteria were set as 
design constraints for the PFHXs: overall mass and fin base contact area, 
as listed in Table 1; and the use of Stainless Steel 17-4PH as material. A 
similar approach has been adopted by Vafadar et.al.[9] and Rauthan 
et al.[30] to investigate the pressure drop and/or heat transfer of single 
finned PFHXs. The fin base contact area is the area between the square 
base and extended part of the fin, while the frontal area corresponds to 
the area exposed to the fluid in the flow direction. The resultant surface 
area for heat transfer by convection and radiation for each PFHX is 
represented by the extended fin wall surface area (A fin wall.), as illus
trated in Table 1. 

2.2. Overview of the study 

In this work, the main target of the experimental section was to re
cord measurements for pressure drop, heat flux and surface temperature 
for a baseline rectangular PFHX, and to use these results to validate a 
numerical model for conjugate heat transfer simulations on ANSYS 

Fig. 1. Overview of biomimicry design process: (a) SEM of Shark Denticle [29]; (b) Views from a reconstructed micro-CT scan of a denticle [29]; and (c) Designed 
shark denticle-inspired PFHX. 

Table 1 
Properties of PFHXs.  

Geometry Overall 
Mass, m (g) 

Fin Base Contact 
Surface Area, 
A fb. (mm2) 

Extended fin wall 
surface area, 
A fin wall. (mm2) 

Frontal 
Area, 
A frontal. 

(mm2) 

Rectangular  261 500 5900 450 

Denticle  261 500 4950 1130 

NACA 0030  261 500 5340 670 

Cylindrical  261 500 4060 1130  
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Fluent. Once validated, the same numerical model was used to perform 
simulations on the remaining PFHXs. Thermal performance factor, η, 
was used to compare the relative overall thermo-hydraulic performance 
of the denticle PFHX with respect to the rectangular PFHX, NACA 0030 
PFHX, and the cylindrical PFHX, respectively [31]. The rectangular 
PFHX was additively manufactured by using the Markforged Metal X 
printer through the AM process of bound powder extrusion [32]. The 
extended part (fin) of the rectangular PFHX measured 50 mm x 5 mm in 
length and breadth, and had a height of 45 mm. For the experimental 
study, a wind tunnel with a test section of 125 mm × 125 mm in breadth 
and height, and length of 350 mm was used to test the PFHX. The walls 
of the test section were made up of acrylic. The extended part of the 
PFHX was on the airside and the square base was on the solid side. The 
rectangular PFHX was centrally placed across the bottom panel of the 
test section. The top face of the base was flush with the acrylic panel. 
This ensured that only the effect of the extended surface was captured. 

2.3. Experimental analysis 

2.3.1. Experimental set-up 
Experiments were conducted in a temperature controlled facility by 

using a “TecQuipment AF1125 Subsonic Wind Tunnel” [33], as shown in 
Fig. 2. Air can be drawn in the wind tunnel by means of a variable-speed 
fan, up to a speed of 30 m/s. The wind tunnel consists of a rectangular 
test section and is fitted with a honeycomb flow straightener at the inlet, 
which contributes to reducing lateral velocity and turbulence of 
incoming air. Air velocity was measured at the entrance of the test 
section by a hot-wire anemometer, and was controlled by using a vari
able speed controller. To ensure that heat transfer and pressure drop 
characteristics of the PFHX were not influenced by the presence of extra 
sensors in the flow field, experiments for each phenomenon were done 
separately. 

For pressure drop measurements, a hot-wire anemometer probe was 

used to measure velocity, where pitot tubes and static pressure ports 
were used to measure inlet and outlet pressures. The pitot tubes were 
aligned centrally (z = 0) along the flow field, while the velocimeter 
probe was placed offset (z = -14 mm) to prevent hindering flow to the 
pitot tube. Relative to the inlet of the test section, the inlet and outlet 
pitot tubes were located at a length of 45 mm and 250 mm, respectively. 
Relative to the bottom acrylic panel, the inlet and outlet pitot tubes were 
located at a height of 105 mm and 22.5 mm, respectively. A plastic 
holder centrally positioned the PFHX along the bottom of the test sec
tion. Two digital pressure manometers were used to measure inlet and 
outlet differential pressures, as shown in Fig. 3(a). 

For thermal performance measurements, a four-inch FLIR infrared 
glass [34] was retrofitted to an acrylic panel, as shown in Fig. 3(b). 
Matte black vinyl was placed on front, top and back acrylic panels to 
reduce environmental glare and reflection. For consistency, the hot-wire 
anemometer probe was placed at the same location on the top acrylic 
panel for pressure drop measurements. To support the PFHX in the test 
section, a copper block was machined and placed on top of a plate 
heater. A heat flux sensor and a RTD surface sensor were placed between 
the copper block and the PFHX. High thermal conductivity thermal paste 
was used at contact regions between PFHX, heat flux sensor, copper 
block and plate heater. To measure atmospheric temperature and inlet 
air temperature, two RTD probes were installed at the inlet of the wind 
tunnel and at the inlet of the test section, respectively. All temperature 
readings were captured by means of a data logger. Further, plastic fit
tings were printed and used to accommodate for temperature probes and 
seal unused pressure ports. 

To minimise heat losses during thermal experiments, layers of 
insulation were applied to the copper block underneath the test section. 
This insulation consisted of two layers of calcium-magnesium silicate 
blanket interposed under one layer of ceramic and aluminium blanket 
and wrapped using silicone insulation tape. To minimise heat transfer to 
the bottom acrylic panel, a recessed calcium silicate cut-out was fixed at 

Fig. 2. Illustration of modified AF1125 subsonic wind tunnel for pressure measurement [54].  
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the centre of the panel around the PFHX and the copper block. Further, 
the heater temperature was set at 80 ◦C to protect the integrity of acrylic 
panels over extensive testing periods. 

For both thermal and pressure drop experiments, a KIMO VT110 hot- 
wire anemometer [35] with an accuracy of ± 0.1 m/s and a range of 
0.15 m/s-30 m/s was used to measure the velocity, ν, at the inlet of the 
test section. To characterise the pressure drop between inlet and outlet 
pitot tubes, two Extech HD755 differential pressure manometers [36], 
each with an accuracy of ± 10 Pa and a range of 0–3000 Pa, were used. 
The rolling averages of velocity and pressure were taken for each 
experimental run, as both manometers and the anemometer could not be 
connected to data acquisition systems. 

For thermal experiments, four RTD sensors with an accuracy of ±
0.01 ◦C were used to measure the temperature at different locations. 
Temperature data acquisition was measured through an Omega Pt-104a 
system [37] at a frequency of 0.0167 Hz. Heat flux was measured at the 
base of the PFHX by an FHF-04SC Hukseflux heat flux sensor [38], and 
logged using a Li-19 Hukseflux datalogger [39] with an accuracy of ±
10 W/m2 at a frequency of 0.0167 Hz. The surface temperature of the 
rectangular fin was measured by a FLIR T200 [40] thermographic 
camera set in the range of 0 ◦C-120 ◦C with an accuracy of ± 2 ◦C. The 
camera has an infrared image resolution of 240x180 pixels. The emis
sivity of the PFHX was measured using surface RTD sensors. 

2.3.2. Experimental procedure and uncertainties 
Measurements of differential pressure, heat flux, atmospheric tem

perature and fin surface temperature were used to characterise thermal, 
and pressure drop performances of the rectangular PFHX. For pressure 
experiments, rolling averages for pressure and velocity readings were 
noted during each run. For ν ≤ 10 m/s, outlet pressure readings were too 
close or beyond the lower limit of the Extech HD755 differential pres
sure manometer and at ν = 30 m/s, velocity readings were limited by the 
upper range of the KIMO VT110 hot-wire anemometer. Hence, due to 
these range limitations, experiments were performed at 4 m/s intervals 
between 12 m/s and 28 m/s. 

For thermal performance analysis, pilot tests were performed to 
determine stable states for the rectangular PFHX prior to start and end 

experiments with the heater set at 80 ◦C throughout the tests. A stable 
state refers to a period during which the heat flux and the average 
surface temperature of the fin is relatively constant. Plots for heat flux 
and fin surface temperatures for the rectangular PFHX is shown in Fig. 4. 
For each thermal experimental run, readings for temperatures and heat 
flux were noted at 1 min intervals before and after the fin reached a 
stable state (between t = 0 min to t = 5 min, and t = 30 min to t = 35 
min). 

Experimental uncertainties [41] were calculated based on standard 

Fig. 3. Close up of test section for: (a) pressure drop measurements; & (b) heat transfer measurements [54].  

Fig. 4. Plots for heat flux and fin surface temperature for Rectangular PFHX.  
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deviations of measured parameters, and can be seen in Table 2. 
Although experiments were carried out in a temperature-controlled fa
cility, a 0.4 % mean uncertainty was noted as room temperature fluc
tuated to adjust around the set point. Likewise, an average uncertainty 
of 1.0 % was noted in fin surface temperature measurements as optics 
from the thermal camera, as well as heat flux from the heater and 
cooling of the PFHX were affected by fluctuating room temperatures. For 
pressure drop, a mean uncertainty of 1.1 % can be noted in measured 
values, which is acceptable as measurements were taken in the wake 
region (behind the fin). Overall, an average experimental uncertainty of 
0.8 % can be noted for all measured parameters. 

2.4. Numerical modelling 

In the numerical model, heat was supplied to the base of the PFHX 
based on experimental heat flux results for the rectangular PFHX at each 
corresponding velocity. A schematic representation of the boundary 
conditions used for the numerical model is illustrated in Fig. 5. The 
following assumptions were used in the numerical model: air behaved as 
an ideal gas (to account for changes in density due to temperature dif
ferences); lateral walls on the HX base were adiabatic (no heat losses to 
surroundings); and the bottom panel consisted only of acrylic as mate
rial (no inclusion of calcium silicate insulation to reduce complexity of 
simulation). No-slip shear conditions were applied to all wall surfaces in 
the fluid domain. A symmetry boundary was included (at z = 0) in the 
model due to the symmetric nature of the rectangular PFHX. The 
resultant fluid domain measured at 62.5 mm x 125 mm in breadth and 
height, and 350 mm in length. 

Experimentally measured velocity, ux, and corresponding atmo
spheric temperature, Tatm,x,were set as inflow boundary conditions. The 
inlet of the fluid domain was set as a velocity-inlet. Heat flux, Q“ x, 
recorded during experiment at velocity ux, was set as heat input. The 
outlet of the fluid domain was set as a pressure-outlet. The outflow 
boundary conditions were zero-gauge pressure, P gauge, outlet = 0, and 
temperature fixed at the inlet value, T outlet = T inlet. Wall roughness and 
emissivity for acrylic and stainless steel 17-4PH were also accounted for 
in the numerical model. A turbulent intensity sensitivity study was 
conducted between 2 % and 20 % to enhance stability, and to 
compensate for the model’s shortened domain size in the wake region by 
calibrating for fluctuations in pressure drop based on standard de
viations of experimental values. For a turbulence intensity of 12 %, 
standard deviations for numerical results for pressure drop closely 
matched experimental data over the last 20 % of iterations. Hence, a 
turbulent intensity of 12 % was used at the inlet and the outlet of the test 
section. 

A Conjugate Heat Transfer (CHT) simulation was set-up to solve the 
coupled heat transfer and turbulence problem. In terms of turbulence 
model, a Shear-Stress Transport (SST) k-ω model was chosen to account 
for compressibility effects and viscous heating. The SST k-ω model can 
accurately predict both thermal and velocity boundary layers in heat 
exchanger applications, as reported by Yu et al. [42], Tariq et.al [43] 
and Wang et al.[44]. For instance, the SST k-ω model adopts the k-ω 
model in the viscous sub-layer and the k-ε model in regions away from 
the wall, whereby this is more accurate in simulating wall heat transfer 
induced by near-wall shears [45]. An important requirement for using 

the SST k-ω model is to ensure that the dimensionless normal distance 
from the wall to the first central node of the mesh in the fluid domain 
(y+) is less than 1 for accurate calculation of shear stress and heat flux at 
the wall [46]. Considering air as an ideal gas, for three-dimensional, 
steady and compressible turbulent flows, the continuity and mo
mentum equations in the cartesian tensor form, and the energy equation 
are as follows [47]: 

Continuity 

∂
∂xi

(ρui) = 0 (1)  

where, ρ (kg/m3) is the density, and ui (m/s) denotes the velocity 
components. 

Momentum 

∂
∂xj

(
ρuiuj

)
= −

∂p
∂xi

+
∂

∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi
−

2
3

δij
∂ul

∂xl

)]

+
∂

∂xj

(
− ρu′

iu′
j

)
(2)  

where, ρ (kg/m3) is the density, ui (m/s) denotes the velocity compo

nents, p (Pa) is the pressure, μ (Pa⋅s) is the dynamic viscosity, and − ρu′
iu′

j 

are Reynolds stresses that close the equation. 
Energy 

∇

[

ρu
(

h +
u2

2

)]

= ∇

(

keff ΔT −
∑

j
hj J→j + τeff u→

)

+ Sh (3)  

where, keff (W/mK) is the effective thermal conductivity, J→j is the 
diffusion of flux species j, Sh is the volumetric heat source, τeff (Pa) is the 
effective stress tensor, u (m/s) is the velocity magnitude, u→ (m/s) is the 
overall velocity vector, T (K) is the temperature, and h (J/kg) is the 
enthalpy. 

As previously described, the k-ω SST model accounts for the trans
port of turbulence shear stress in the definition of turbulent shear vis
cosity, which gives highly accurate predictions on the onset and amount 
of flow separation under an adverse pressure gradient [48]. Transport 
equations for the steady state k-ω SST model can be expressed as [47]: 

∂
∂xi

(ρkui) =
∂

∂xj

(

Γk
∂k
∂xj

)

+Gk − Yk + Sk +Gb (4)  

∂
∂xi

(ρωui) =
∂

∂xj

(

Γω
∂ω
∂xj

)

+Gω − Yω +Dω + Sω +Gωb (5)  

where, Γk and Γω represent the effective diffusivity of turbulent kinetic 
energy (k) and dissipation rate (ω), respectively; Gk represents the pro
duction of k; Gω represents the generation of ω; and Yk and Yω represent 
the dissipation of k and ω due to turbulence. Sk and Sω are user-defined 
source terms, Dω represents the cross-diffusion term and Gb and Gωb 
account for buoyancy terms [47]. The effective diffusivities are given by: 

Γk = μ+

(
μt

σk

)

(6)  

Table 2 
Summary of measured experimental uncertainties.  

Velocity, u(m/s) Pressure Drop, ΔP(Pa) Heat Flux,Q“  
(W/m2) 

Fin Surface Temperature,Tfin surf. (◦C) Atmospheric Temperature, Tatm. (◦C) 

v % Uncertainty ΔP % Uncertainty Q“ % Uncertainty Tfin surf. % Uncertainty Tatm. % Uncertainty 

12  0.4 77  1.2 3970  0.5  34.4  1.5  22.8  0.5 
16  0.3 125  0.8 4228  0.1  32.6  1.4  22.8  0.6 
20  0.4 189  0.9 4434  0.2  30.8  0.9  22.7  0.4 
24  0.4 267  1.0 4558  0.3  29.0  1.0  22.9  0.1 
28  0.5 355  1.3 4673  0.5  27.5  0.2  22.8  0.4  
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Γω = μ+

(
μt

σω

)

(7)  

where σk and σω are the turbulent Prandtl numbers for k and ω, 
respectively; μ (Pa⋅s) represents the dynamic viscosity; and, μt (Pa⋅s) is 
the turbulent viscosity. 

The k-ω SST model accounts for the transport of the turbulent shear 
stress which accurately predicts the eddy-viscosity. The k-ω SST models 
the transport behaviour by introducing a limiter to the formulation of 
the eddy-viscosity. The turbulent viscosity, μt is estimated by: 

μt =
ρk
ω

⎛

⎜
⎜
⎝

1

max
[

1
α*,

SF2
α1ω

]

⎞

⎟
⎟
⎠ (8)  

where S is the strain rate magnitude, α* represents damping coefficient, 
and F2 is the blending function given by: 

F2 = tanh
(
ϕ2

2

)
(9)  

ϕ2 = max
⌊

2
̅̅̅
k

√

0.09ωy
,
500μ
ρy2ω

⌋

(10)  

where y [m] is the distance to the next surface. 
Further, surface-to-surface (S2S) radiation was used to account for 

radiation in the three-dimensional system. The energy flux leaving a 
given surface is composed of directly reflected and emitted energy. The 
energy leaving from a surface k is given by: 

qout,k = εkσT4
k +(1 − εk)qin,k (11)  

where, qout,k (W/m2) is the energy flux leaving the surface, εk is the 
emissivity of the surface, Tk (K) is the surface temperature, σ (W/m2K4) 
is the Stefan-Boltzmann constant and qin,k (W/m2) is the energy flux 
incident on the surface from the surroundings. A coupled pressur
e–velocity coupling, with second order spatial discretization for pres
sure, and second order upwind for density, momentum, turbulent 
kinetic energy, specific dissipation rate and energy, as well as least- 
squares cell-based gradient have been used as solution methods. A 
pseudo-transient simulation was run with residual convergence criteria 
for velocity, k and ω set at 1e-6 and energy at 1e-10. 

2.4.1. Grid independence study 
Prior to the experiments, mesh sensitivity analysis was performed for 

each PFHX, as listed in Table 3, at 28 m/s (highest velocity from 
experimental runs) with an arbitrary heat flux of 5000 W/m2 and at
mospheric temperature of 22.1 ◦C. 

Fin surface temperature and pressure drop were set as observables, 
whereby they were critical parameters in both experimental and nu
merical studies. To correctly solve the velocity and thermal boundary 
layer, it was ensured that y+≤1 for all internal walls within the fluid 
domain. From the grid independence study, intermediate meshes were 
chosen as they provided the best trade-offs between accuracy and 
computational time. Illustrations of meshes for both rectangular and 
denticle PFHXs are shown in Fig. 6. 

2.4.2. Numerical model validation 
Numerical simulations were performed on the previously validated 

mesh of the rectangular PFHX (1.5million cells) by using experimental 
boundary conditions, as described in Section 2.4. To validate the nu
merical model, experimental and numerical results of fin surface tem
perature and pressure drop were compared, as illustrated in Table 4. 

Since y+ is velocity-sensitive and the same mesh which was validated 
at 28 m/s was used at other velocities, it can be observed that y+ values 
decrease as velocity decreases, as evident in Table 4. Fluctuations of y+

with decreasing velocity improved numerical predictions for both 

Fig. 5. Boundary conditions imposed to fluid and solid regions (symmetric hypothesis).  

Table 3 
Mesh independence for PFHXs at 28 m/s & 5000 W/m2.  

PFHX Element Count 
(x106) 

Pressure Drop, 
ΔP (Pa) 

Fin Surface Temperature, 
Tfin surf. (◦C) 

Rectangular  0.6 365  30.4  
1.5 364  29.2  
2.4 364  28.9 

Denticle  0.7 222  30.6  
1.5 265  31.7  
4.2 257  31.1 

NACA 0030  0.8 75  29.5  
1.8 105  29.4  
3.8 110  29.5 

Cylindrical  0.3 373  30.7  
1.8 163  30.4  
3.6 162  30.3  
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Fig. 6. Illustration of Mesh for PFHXs: (a)Rectangular full domain, (b) Rectangular close-up view on Section I; (c) Rectangular close-up view on Section II; (d) 
Denticle full domain, (e) Denticle close-up view on Section I; & (f) Denticle close-up view on Section II. 
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thermal and velocity boundary layers. In terms of fin surface tempera
ture, a peak difference of 1.6 ◦C was observed between numerical and 
experimental results at 28 m/s. For the entire velocity range (12 m/s to 
28 m/s), the fin surface temperature difference was less than 2 ◦C and 
was within the ± 2 ◦C accuracy of the thermal camera in the 0 ◦C-120 ◦C 
range. Further, the effect of radiation on simulation results was also 
investigated. Numerical results demonstrated that heat transfer through 
radiation accounted for 2 % of the overall heat transfer rate. Hence, to 
obtain accurate numerical results, the model was validated with the S2S 
radiation option turned on. 

As previously described in Section 2.3.1, two manometers, each with 
an accuracy of ± 10 Pa, were used during experiments. In terms of 
pressure drop, between 12 m/s and 24 m/s, pressure differences were 
less than 10 Pa, falling within the accuracy of the manometers. At 28 m/ 
s, a pressure difference of 15.2 Pa was noted, slightly exceeding the 
combined error of the measuring instruments. However, this accounted 
to a deviation of only 4 % compared to the experimental value. Since 
both average pressure difference (4 %) and fin surface temperature 
difference (2.4 %) were very low, the numerical simulation was thus 
validated. 

2.5. Performance criteria 

By using simulation results, the performances of the HXs were 
evaluated using the following dimensionless criteria: friction factor for 
pressure drop evaluations; Nusselt number for thermal performance 
measurements; and thermal performance factor to evaluate overall 
performances. This sub-section contains the list of equations used to 
estimate the performance criteria. 

2.5.1. Friction factor, f 
Friction factor, more commonly known as Darcy’s friction factor, 

was used to estimate pressure drop across the PFHXs in the test section 
[49,50]: 

f =
2DhΔP

ρν2L
(12)  

where f is the dimensionless Darcy’s friction factor, Dh (m) is the hy
draulic diameter of the test section, ΔP (Pa) is the pressure drop between 
inlet and outlet pitot tubes, ρ (kg/m3) is the fluid density, ν (m/s) is the 
fluid velocity, and L (m) is the length between inlet and outlet pitot 
tubes. 

The hydraulic diameter of the test section, Dh,was calculated using 
the equation given below [10]: 

Dh =
2WH

(H + W)
(13)  

where W (m) is width and H (m) is the height of the test section. 

2.5.2. Reynolds Number, Re 
Reynolds number, Re, was calculated using the Equation (14) to 

characterise the inertial and viscous properties of the moving fluid be
tween the inlet and outlet pitot tubes in the test section [10]: 

Re =
ρuDh

μ (14)  

where μ (kg/m3s) is the dynamic viscosity of the fluid, u (m/s) is the 
fluid velocity, Dh (m) is the hydraulic diameter of the test section, and ρ 
(kg/m3) is the fluid density. 

2.5.3. Nusselt Number, Nu 
By using heat transfer coefficient values from the numerical results, 

Nusselt number was calculated to quantify the quality of convective to 
conductive heat transfer[51]: 

Nu =
hcLf

k
(15)  

where hc is the convective heat transfer coefficient (W/m2K), Lf (m) is 
the characteristic length of the fin in the flow direction and k is the 
thermal conductivity of the fluid (W/mK). 

2.5.4. Thermal performance factor η 
Thermal performance factor, η, is the ratio of enhanced heat transfer 

to increased friction. This is used to compare the overall relative per
formances of PFHXs with different geometries [52,53]. The overall 
thermo-hydraulic performance of the PFHXs were calculated by using 
Equation (16) [31]: 

η =

(
Nu2
Nu1

)

(
f2
f1

)1
3

(16)  

where Nu1 &Nu2 refer to the Nusselt number for the baseline PFHX and 
denticle PFHX respectively, and f1 & f2 are the Darcy friction factor for 
baseline PFHX and denticle PFHX respectively. 

3. Results and discussion 

3.1. Pressure drop analysis 

Plots of pressure drop variations for all PFHXs are illustrated in 
Fig. 7. Overall, the denticle HX created less pressure drop compared to 
the rectangular fin over the range of simulated Re values. On average, 
pressure drop across the denticle fin was 19 % less than the rectangular 
fin. Likewise, a peak decrease in pressure drop of 26 % was noted for the 
denticle with respect to the rectangular fin at Re = 22.9x104. Further, an 
increasing trend was noted between pressure drop plots for denticle and 
rectangular fin HXs with increasing Re values. For instance, at higher Re, 
the streamlined form of the denticle fin caused incoming air to attach 
more to its surface and to converge earlier in the wake region. Dynamic 
pressure contours along the symmetry plane at z = 0, and xz-plane at y 
= 22.5 mm,are illustrated in Fig. 8. A diverging flow was noticed across 
most of the rectangular PFHX surfaces as air reached its leading edges. A 
low-pressure region was created across the entire lateral face of the 
PFHX when viewed from the top, as shown in Fig. 8(b). Moderate 
pressure flows converged back to the rectangular PFHX’s surfaces at the 

Table 4 
Numerical and experimental fin surface temperatures comparison – Rectangular HX.  

Inlet velocity 
uinlet (m/s) 

y+ Fin Surface Temperature Pressure Drop 
TSim.(◦C) TExp.(◦C) ΔTdiff 

(◦C) 
ΔPSim.(Pa) ΔPExp.(Pa) ΔPdiff 

(Pa) 

12  0.52  34.0  34.4  − 0.4 69 77 − 7 
16  0.66  32.1  32.6  − 0.5 122 125 − 3 
20  0.80  30.7  30.8  − 0.1 190 189 1 
24  0.94  29.9  29.0  0.9 272 267 5 
28  1.07  29.1  27.5  1.6 370 355 15  
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top end of its trailing edge, as illustrated in Fig. 8(a). The presence of 
airfoil-like ridges across the geometry of the denticle PFHX caused flow 
acceleration across the first section of its surface. Further, air attachment 

to the denticle PFHX’s surfaces were enhanced by the streamlined na
ture of the denticle fin compared to the rectangular fin. By analysing the 
height and width of the wake, as illustrated in Fig. 8 (c-d), it can be seen 
how the geometry of the denticle caused air with high dynamic pressure 
to move downwards and sooner than the rectangular fin in the wake 
region. For instance, this caused the denticle PFHX to experience less 
pressure drop compared to the rectangular PFHX. 

From Fig. 7, it can be noted that the NACA 0030 and the cylindrical 
PFHX had better pressure drop performances than the denticle PFHX. As 
illustrated in Fig. 8 (e-f), the wake for the NACA 0030 fin was narrower 
and converged more quickly than that of the denticle PFHX. This relative 
enhancement in the pressure drop performance of the NACA 0030 PFHX 
might be due to both its reduced frontal area (from Table 1) and its much 
narrower width in the streamwise direction. Likewise, the cylindrical 
PFHX had the second-best pressure drop performance relative to the 
denticle PFHX despite having a similar frontal area. This reduction in 
pressure drop performance can be explained in terms of shorter length 
and width of the cylindrical fin in the streamline direction compared to 
the denticle PFHX. Further, despite being wider than the rectangular 
PFHX in the streamwise direction, both the NACA 0030 PFHX and cy
lindrical PFHX had better pressure drop performances due to their 
smooth leading edges. 

3.2. Heat transfer analysis 

Plots for normalised fin heat transfer rates for the PFHXs used in this 
study are illustrated in Fig. 9. Overall, the denticle PFHX had the highest 
heat transfer rate compared to the other PFHXs, despite having less fin 
surface area than the rectangular PFHX and the NACA 0030 PFHX. From 
Fig. 9, it can be observed how the cylindrical PFHX had the worst 

Fig. 7. Plots for pressure drop based on simulation results for all PFHXs.  

Fig. 8. Dynamic pressure contours for PFHXs at Re = 22.9x104: (a) Rectangular fin xy-plane at z = 0; (b) Rectangular fin xz-plane at y = 22.5 mm; (c) Denticle fin xy- 
plane at z = 0; (d) Denticle fin xz-plane at y = 22.5 mm; (e) NACA 0030 fin xy-plane at z = 0; (f) NACA 0030 fin xz-plane at y = 22.5 mm; (g) Cylindrical fin xy-plane 
at z = 0; & (h) Cylindrical fin xz-plane at y = 22.5 mm. 
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normalised heat transfer rate, despite having the same frontal area as the 
denticle PFHX. The extra surface area on the rectangular PFHX caused 
the fins to have closely matched normalised heat transfer rates relative 
to the NACA0030 PFHX. The enhanced heat transfer characteristics of 
the denticle fin can be attributed to its streamlined shape. The organic 
shape of the denticle favoured more attachment of incoming air to its 
surface compared to other PFHXs considered in this study. 

Streamlines of turbulent kinetic energy at Re = 22.9x104 for all 
PFHXs are illustrated in Fig. 10. For instance, the least turbulence was 
created along the surfaces of the denticle PFHX, as displayed in Fig. 10 
(b). This allowed fluid with higher velocity to contact with the fin’s 
surface, which in turn contributed to enhanced heat extraction from the 
PFHX’s surfaces. Furthermore, the denticle delayed the onset of high 
turbulence by creating a region of high turbulent kinetic energy only 
after the fin. Contrastingly, sharp edges on the leading edge of the 
rectangular fin created two regions of high turbulence along the top and 
lateral faces, as shown in Fig. 10(a). This caused deflection of air with 
high velocity away from the fin’s surface, which consequently reduced 
its heat transfer gradient. Similar observations can be made when ana
lysing the flow interaction on the top surface of the cylindrical and 
NACA 0030 PFHX in Fig. 10(c-d). Likewise, regions of low surface heat 
transfer coefficient are noted in these same areas, as demonstrated in 
Fig. 11. For instance, these demonstrate that turbulence created along 
the surfaces of the fins have a negative impact on their heat transfer 
performances. Further, the creation of a region of high turbulent kinetic 
energy near the trailing edge of the NACA 0030 also contributed to 
deflecting high velocity air away from the fin’s surfaces, as illustrated in 
Fig. 10(c). This might explain its lower heat rejection capabilities, 
despite being causing less pressure drop than the denticle PFHX. 
Furthermore, as depicted in Fig. 11 (c), it is evident that the denticle fin 
had a higher proportion of its frontal and lateral surfaces with regions of 
high heat transfer coefficients compared to the other fins. 

4. Analysis of results 

Nusselt number (Nu) and friction factor (f) were used as performance 
indicators to characterise the thermal and pressure drop performances of 
the PFHXs, as illustrated in Fig. 12. From Fig. 12(a), it can be observed 

that the denticle PFHX has superior heat transfer performance at all Re 
values compared to the other PFHXs. However, this improvement in 
heat transfer for the denticle occurred at the expense of an increase of 
friction factor with respect to the NACA 0030 and the cylindrical PFHX, 
as illustrated in Fig. 12(b). Further, it can be observed that Nusselt 
number differences increased with increasing Re values. For instance, at 
Re = 22.9 x 104, maximum Nusselt number improvements of 16.8 %, 
11.5 % and 81.4 % were measured for the denticle PFHX with respect to 
the rectangular PFHX, the NACA 0030 PFHX and the cylindrical PFHX, 
respectively. Hence, to account for the combined effects of Nusselt 
number and friction factor, the thermal performance factor (ƞ) was used 
to evaluate the efficiency of the denticle PFHX with respect to the other 
PFHXs, as illustrated in Table 5.. 

As discussed in Section 2.5, thermal performance factor (η) is the 
ratio of enhanced heat transfer to increased friction. As Re increased 
from 9.8 × 104 to 22.9 × 104, ratios of Nusselt number for the denticle 
PFHX were greater than unity and increased with respect to the rect
angular PFHX, the NACA 0030 PFHX and the cylindrical PFHX. 
Accordingly, a ratio of Nusselt number greater than unity indicates that 
the denticle PFHX is more efficient in terms of heat transfer. Conversely, 
a friction factor ratio greater than unity demonstrates that the denticle 
PFHX is less efficient in terms of pressure drop. At all simulated Re 
values, friction factor ratios of more than unity were noted for the 
denticle PFHX with respect to the NACA 0030 PFHX and cylindrical 
PFHX. However, friction factor ratios of less than unity were observed at 
all Re values for the denticle PFHX with respect to the rectangular PFHX. 

In the context of this study, a thermal performance factor (η) 
exceeding unity signifies that the denticle PFHX is more efficient than 
the PFHX being subjected to comparison. From Table 5, it can be 
observed that at all Re values the thermal performance factor of the 
denticle PFHX is less than that of the NACA 0030 PFHX. For instance, the 
superior pressure drop performance of the NACA0030 PFHX offsets its 
inferior thermal performance; therefore, causing it to be more efficient 
than the denticle PFHX. Contrastingly, the denticle PFHX is more effi
cient than the cylindrical fin at all Re values, as the denticle’s en
hancements in heat transfer offset its decreases in pressure drop 
performance. For instance, an average thermal performance factor of 
1.42 is noted for the denticle PFHX with respect to the cylindrical PFHX. 
Further, by having superior thermal and pressure drop performances for 
the range of simulated Re values, the denticle is more efficient than the 
rectangular PFHX with an average thermal performance factor of 1.21. 
At Re = 22.9 × 104, maximum thermal performance factor improve
ments were noted for the denticle PFHX relative to the rectangular 
PFHX, the NACA 0030 PFHX and the cylindrical PFHX, showing the 
suitability of using the denticle PFHX in high-Re applications. 

5. Conclusions 

In this work, a shark denticle-inspired plate fin heat exchanger was 
designed for the first time and its performance as a solid-to-air heat 
exchanger was numerically investigated. An initial experimental study 
was performed on a baseline rectangular fin to obtain boundary condi
tions and results to validate a numerical model. The validated numerical 
model was then used to perform conjugate-heat-transfer simulations on 
the denticle fin as well as a NACA 0030 fin and a cylindrical fin. Results 
from the numerical study were then used for analysis of their flow 
patterns and heat transfer characteristics. The results of the numerical 
study are summarised as follow:  

• Sharp leading edges on the top and/or lateral faces of the rectangular 
fin, whereby the NACA 0030 fin and cylindrical fin create regions of 
high turbulent kinetic energy along their faces, which deflect high 
velocity air away from their surfaces. Contrastingly, the shape of the 
denticle shifts the onset of high turbulent kinetic energy in its wake 
region, allowing more effective contact of its surfaces with high ve
locity air. 

Fig. 9. Plot for normalised fin heat transfer rate from extended fin only for 
the PFHXs. 
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• Despite having less surface area than both the rectangular and NACA 
0030 plate fin heat exchanger, the denticle had the highest heat 
transfer rate from its wall surfaces. The streamlined shape of the 
denticle fin creates less boundary layer flow separation along its 
surfaces, thereby improving its heat rejection capabilities compared 
to the other plate fin heat exchangers.  

• The effect of the denticle fin shape on pressure drop reduction is high 
when compared to the rectangular plate fin heat exchanger. An 
average decrease of 19 % was noted in pressure drop compared to the 
rectangular fin. Additionally, the denticle fin exhibited increasing 
pressure reduction characteristics with increasing Reynolds number 
(Re). Further, a peak improvement of 26 % was noted in pressure 
drop at Re = 22.9x104 for the denticle fin with respect to the rect
angular fin. However, the NACA 0030 fin and the cylindrical fin had 
significantly better pressure drop performances compared to the 
denticle fin.  

• Average Nusselt number improvements of 13.1 %, 5.4 % and 75.7 % 
were noted for the denticle fin with respect to the rectangular, the 
NACA 0030 and cylindrical plate fin heat exchanger for the range of 
tested Reynolds number.  

• At Re = 22.9x104, a peak thermal performance factor (ƞ) of 1.29 and 
1.53 were noted for the denticle fin with respect to the rectangular 
fin and the cylindrical fin.  

• Overall, the denticle fin is more efficient than both rectangular fin 
and cylindrical fin, with a thermal performance factor of greater than 
unity for the range of tested Reynolds number. However, the denticle 
plate fin heat exchanger is less efficient than the NACA 0030 one for 
the range of simulated Reynolds number. 

This current study has shown the potential of using a shark denticle- 
inspired fin geometry as compared to commonly used conventional fin 
geometries for plate fin heat exchangers. Further, this study has 

Fig. 10. Streamlines of turbulent kinetic energy at Re = 22.9x104 for PFHXs: (a) Rectangular fin; (b) Denticle fin HX; (c) Elliptical Fin; & (d) Cylindrical Fin.  
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Fig. 11. Surface heat transfer coefficient plots at Re = 22.9x104 for PFHXs: (a) Rectangular fin; (b) Denticle fin HX; (c) Elliptical Fin; & (d) Cylindrical Fin.  

Fig. 12. Plots of performance indicators for PFHXs: (a) Nusselt number; &(b) Friction factor.  
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provided an outlook on the process to evaluate the efficiency of a nature 
inspired geometry by using biomimicry and a combination of numerical 
and experimental methods. Results have shown the possibility of using a 
shark denticle plate fin heat exchanger for its enhanced heat transfer 
capabilities for 9.8x104 < Re ≤ 22.9x104. Additionally, flow visual
isations have demonstrated promising results in terms of boundary layer 
attachment to the surface of the denticle plate fin heat exchanger 
compared to the streamlined NACA 0030. These results show exciting 
prospects for the use of the shark denticles in arrays and/or as surface 
textures for the creation of more compact heat exchangers. To conclude, 
the denticle fin had the highest heat rejection capabilities compared to 
the other plate fin heat exchangers used in this study. Hence, by using 
biomimicry, nature can be used as a source of inspiration to design novel 
fin geometries to create more efficient plate fin heat exchangers. 
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