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ARTICLE INFO ABSTRACT
Keywords: A common technique for enhancing convective heat transfer from a surface is to add extended surfaces (fins); the
Forced convection size and shape of these fins play a crucial role in their performance. Many studies have investigated ways to

Convection enhancement leverage novel manufacturing techniques to create different fin shapes to improve thermal-fluidic performance.

gillesPMetal A skiving process which creates a unique array of hook-shaped raised features (hooks) and cavities (dimples) on
Air cooling metal surfaces (GRIPMetal) has been developed. The present work experimentally characterizes the thermal and
Skiving hydraulic performance of rectangular channels with an array of these hooks and dimples on their opposing major

surfaces and compares these channels to channels with bare surfaces and other fin structures. Three different
hook sizes with nominal hook heights, h, of 1 mm, 1.5 mm and 2.25 mm and different inter-fin spacings were
investigated. The effect of tip clearance above the hooks, C, was investigated for clearances of h, 2 h, 4 h, 6.5 h.
Results were obtained for air at Reynolds numbers from 4,000 to 20,000. The overall Nusselt numbers and
friction factors were calculated, and empirical correlations were developed through nonlinear multivariable
regression. The array of hooks increased the Nusselt number, Nuy, up to a factor of 4 depending on Re, while the
maximum increase in the friction factor, f;, was 12 at the highest Re. Generally, increasing the tip clearance
decreased the friction factor and Nusselt number for the channel. Hook height and inter-fin spacings have no
effect on thermal performance at high tip clearances (above C = 4 h), while the hydraulic performance shows a
recognizable dependency.

generate high turbulence and mixing [10]. For short fins, the additional
area contribution to heat transfer improvement is relatively low and the
turbulent mixing component is the more dominant factor. In contrast to
long fins arrays where heat transfer from endwalls is relatively negli-
gible, the short fins arrays exhibit endwall heat transfer that is compa-
rable to the heat transfer from the fins themselves [5,11,12]. The heat
transfer from these endwalls depends strongly on the geometry of the
pin fins and their distribution [13]. Consequently, the correlations that
represent the heat transfer and the pressure drop for the long fins are not
suitable for the short fins [5].

In the last few decades, heat transfer and pressure drop performance
of the flow over arrays of short pin fins to better understand their flow
characteristics have been the subject of extensive investigation. For
instance, Sparrow et al. [14] showed that a staggered arrangement of
fins generally has better heat transfer capabilities and a greater pressure
drop penalty than in-line arrays; this difference increases as the pin-
height-to-diameter ratio, h/D, increases. Lawson et al. [15] and Ferster
et al. [16] demonstrated that heat transfer augmentation depends more

1. Introduction

The rapid advances in a wide variety of engineering applications,
such as heat exchangers, gas turbine blades, telecommunications,
aerospace and electronics devices require effective and reliable surface
cooling techniques. Pin fins added to the flow field have been used as a
potential technique to enhance heat transfer from surfaces [1-4]. Pin
fins can be classified into short and long fins, with short fins classified as
having pin-height-to-diameter ratios, h/D, of between 0.5 and 4, while
long fins have h/D of more than 4. Despite short fins’ heat transfer being
typically lower than that of long fins [5-8] short pin fins are commonly
used for cooling applications in compact spaces such as gas turbines,
cooling of electronic devices, and aerospace applications [9].

The addition of pin fins enhances the heat transfer of surfaces in two
ways: First, they increase the heat transfer surface area. Second, they
produce horseshoe vortices on the upstream endwall (uncovered fin
region) of the pin fin and wake vortices downstream which subsequently
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Nomenclature

Ap Base area subjected to the heat flux (m?

Ch Clearance between two adjacent rows of hooks (mm)

C Tip clearance (m)

Cq Drag coefficient of an array of hooks

Gy Specific heat capacity of air at the average bulk
temperature (J/kgK)

Dy, Hydraulic diameter (m)

fon Friction factor based on the hydraulic diameter

fn Friction factor based on the hook height

fo Friction factor of flat plate

Ay Convective heat transfer coefficient based on logarithmic
mean temperature (W/m3K)

Apuix Convective heat transfer coefficient based on average
temperature difference (W/m?K)

h Hook height (mm)

H Test section channel height (m)

hym Heat transfer coefficient (W/m?K)

Rpuik Heat transfer coefficient (W/m?K)

k Thermal conductivity of air at the average bulk
temperature (W/mK)

Ly Length of the test section (m)

L. Characteristic length (m)

Ly Hook length (mm)

Lg Groove length (mm)

Nupp Nusselt number based on the hydraulic diameter

Nup, Nusselt number based on hook height

Nu, Nusselt number of flat plate

AP Pressure drop across the heat sink (Pa)

Pr Prandtl number of air at the average bulk temperature

Qioss Heat loss rate (W)

Qelec Electrical input power (W)

Rioss Heat loss resistance (K/W)

Re, Reynolds number based on the array velocity

Re Reynolds number based on inlet velocity

Re* Modified Reynolds number for rectangular channels

Sr Spanwise spacing (mm)

St Streamwise spacing (mm)

ATy, Logarithmic mean temperature difference (K)

ATpuk Average temperature difference between the surface and
the air (K)

T; Fluid inlet bulk temperature (°C)

T, Fluid outlet bulk temperature (°C)

Ts,avg Test section average surface temperature (°C)

Ty Test section inlet surface temperature (°C)

Tso Test section outlet surface temperature (°C)

Tamb Ambient temperature (°C)

Va Array velocity (m/s)

Vin Mean inlet velocity (m/s)

Wh Hook width (mm)
Test section channel width (mm)

p Density of the of air at the average bulk temperature (kg/
m®)

u Dynamic viscosity of air at the average bulk temperature
(Pas)

n Thermal performance factor

on the streamwise spacing than the spanwise spacing, while the opposite
is true for pressure drop. They also concluded that to increase heat
transfer with the lowest pressure drop penalty, streamwise spacings
should be minimized and spanwise spacing should be maximized. This
was consistent with the findings of Lyall et al. [17] which indicate that
increasing the spanwise spacing decreases the pressure drop for a single
row array.

Sparrow and Kadle [18] were the first to investigate the effect of
introducing a tip clearance on the heat transfer of a longitudinal fin
array. They concluded that for clearance-to-fin-height ratios of 0.1, 0.2
and 0.3, the heat transfer decreased by 85 %, 74 %, and 64 %, respec-
tively, when compared with the no-clearance case. Garimella and Eibeck
[19] tested the effect of tip clearance-to-fin-height ratio on the heat
transfer and pressure drop characteristics of rectangular pin fins. Their
results show that heat transfer decreases with increasing tip clearance
and becomes independent of Re at high values of C/h. Jubran et al. [20]
experimentally investigated the effects of inter-fin spacing and tip
clearance on the heat transfer from in-line and staggered circular pin fin
arrays. They discovered that a staggered array has a greater heat transfer
rate, regardless of the value of the tip clearance, and increasing the tip
clearance to equal the fin height results in a 40 % reduction in heat
transfer compared with the no-clearance case. Moores and Joshi [21]
examined the effect of tip clearance for a liquid-cooled array of circular
pins fins. They concluded that low tip clearance values enhance heat
transfer due to the additional heat transfer area added from the tips.

Tip clearances also generate three-dimensional vortices at the tips
that promote mixing, thereby enhancing heat transfer. More recently,
Tabkhi et al. [22] experimentally and numerically showed that the
presence of tip clearance significantly enhances heat transfer in the
wake region through improving the three dimensionality of the vortices
downstream of the fin and shortening the wake region.

Much effort has also gone into exploring the cross-sectional shapes of
pin fins to optimize the performance of these arrays beyond those of

circular pins. Metzger et al. [23] experimentally compared the heat
transfer and pressure drop characteristics of circular and oblong pin fins
with varying angles of attack and showed that the heat transfer of oblong
pin fins is higher than that of the circular pins by a maximum of 20 % but
at the expense of having double the pressure drop. Similarly, Chyu et al.
[24] studied an array of cubic/diamond fins using the naphthalene
sublimation technique and heat/mass transfer analogy. They found that
heat transfer for the cubic pin fins is 40 % and 80 % higher than that of
the diamond and the circular arrays, respectively. Sahiti et al. [25]
numerically investigated the influence of several pin fin cross sections
(NACA airfoil, drop shape, lancet, elliptic, circular, and square) on the
heat transfer performance for both staggered and in-line arrays. Their
results show that either the elliptic or the drop-form pin fins are superior
to the others depending on the geometrical parameters of the array (pin
length, transverse and longitudinal spacings, and coverage ratio). Also,
the heat transfer and pressure drop of six different pin fin cross sections
(circular, elliptic, oblong, drop-form, NACA, and lancet) in a staggered
array were compared experimentally by Xi et al. [26]. They concluded
that the circular pin fin had the largest heat transfer but also had the
maximum pressure drop penalty when compared with other shapes. The
elliptical pin fins showed a superior thermal performance to the others
because of their very low pressure drop with a moderate heat transfer.

Another method of enhancing heat transfer from pin fin arrays is the
introduction of dimples in the array. Chyu et al. [27] experimentally
compared the heat transfer performance from a dimpled rectangular
channel and a smooth flat plate. The dimples were circular, and teardrop
shaped. Both shapes showed higher heat transfer than that of the smooth
plate by a factor of 2.5. The effect of changing dimple shapes on the heat
transfer and pressure drop was also experimentally and numerically
investigated by Rao et al [28]. Their results show that heat transfer
enhancement is greatly influenced by dimple shape. For instance, the
enhancement for a teardrop-shaped dimple ranged from 1.89 to 2,
depending on the Re when compared with a smooth flat plate. This
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enhancement is 18 % greater than that of conventional spherical dim-
ples and 28 % greater than that of elliptical ones. On the other hand, the
pressure drop did not exhibit any dependency on the shape except for
the teardrop-shaped dimple for which the friction factor was 1.6-2.3
times the smooth flat plate friction factor. Moon et al. [29] studied the
heat transfer and pressure drop of array characteristics of circular
dimples at different channel heights. Their results show that heat
transfer augmentation due to these dimples with respect to a smooth flat
plate is approximately constant by a factor of 2.1. In addition, both
pressure drop and heat transfer are independent of channel height. More
recently, Gao et al. [30] experimentally studied both the liquid and
vapor flow of R134a over a dimpled flat plate in a rectangular channel.
The comparison between the obtained results and a correlation for a flat
plate with the same aspect ratio showed that the presence of dimples
resulted in multiplying both the friction factor and the Nusselt number
by a factor of up to 15.7 and 8.6, respectively. Rao et al. [31] introduced
the concept of hybrid pin fin-dimple arrays. They experimentally
compared the thermal and hydraulic performance of pin fin—dimple and
pin fin arrays and dimple depth on performance. They showed that the
presence of dimples improved heat transfer by up to 19 %, depending on
the dimple depth and Re number, while the friction factor is lowered
17.6 % more for the shallower dimples than for the pin fin arrays.

To summarize, altering the cross-sectional shape of pin fins and
implementing the concept of hybrid pin/dimple arrays enhances the
thermal-hydraulic performance of short pin fins. However, because they
are millimeter scale, most of these arrays require intensive, complex,
time-consuming, and unreasonably expensive manufacturing processes.
From this perspective, NUCAP Industries Inc. has developed a pro-
prietary skiving process which creates unique hook-shaped fins and
corresponding dimples/cavities on metal surfaces (trademarked as
GRIPMetal). Arrays of these features can be applied to the walls of
longitudinal fins of heat sinks or heat exchangers or the inner/outer
surfaces of tubes or serve as compact heat sinks themselves. These hook-
shaped arrays represent an attractive surface enhancement technique
because they are quick and simple to manufacture, have a relatively
lower cost and, most importantly, are readily and commercially avail-
able in the market. Due to the nature of the skiving process, these fea-
tures have a hook shape, heretofore referred to as hooks. These hooks
offer increased surface area, enhance the turbulent mixing of the fluid,
and/or promote boundary layer separation and three dimensionality of
the flow field, which increases convective heat transfer. Their dimples
increase the endwall mixing of the fluid by generating strong vortex
flows.

The heat transfer performance of a liquid-to-air finned tube heat
exchanger could be enhanced by the addition of an array of these hooks
in the flow field. In addition, a cold plate enhanced with such features
could also be an attractive cooling technology for modern power elec-
tronics such as IGBTs. However, the main challenge to design optimized,
application-specific cooling technologies which leverage this novel
surface enhancement is a lack of appropriate design tools or correlations
that can predict heat transfer rates as a function of flow conditions and
geometric parameters of the array. Therefore, the objective of the cur-
rent work is to experimentally characterize the heat transfer and pres-
sure drop of various arrays of hooks in a rectangular channel and
evaluate their performance compared with that of a flat plate and
existing short pin fin correlations. Variation of the clearance between
the hook tip and the opposing endwall is also evaluated and investi-
gated. This data will be used to develop correlations that can be used to
facilitate the design of heat exchangers with GRIPMetal-enhanced
surfaces.

2. Hook geometry
The hooks are manufactured by a skiving process and consist of

material partially removed from the metal’s surface. Thus, downstream
or upstream of each hook there is a dimple/cavity from which the hooks
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were formed; thus, these dimples have an equal volume to the hooks.
Depending on the depth of the tool, its angle of attack, and the stroke
length, different hook sizes and arrays can be formed on the surface of a
plate. A unit cell of a hook array, shown in Fig. 1, consists of two groups
of hooks and each group has two adjacent hooks. Hooks 1 and 2 are
separated by a clearance, Cp, and placed in a staggered arrangement
with a streamwise pitch S;. Hook 3 and Hook 4 are in the same
arrangement as Hooks 1 and 2, but with a reversed orientation and at a
spanwise pitch of St. Then, the array is formed by creating a rectangular
pattern of unit cells in the streamwise and spanwise directions.

Fig. 2 shows the three different arrays of hooks that were tested,
along with a magnified image for each array. The microscopic images
were captured using a Leica MZ10 F stereomicroscope (Leica Micro-
systems GmbH, Wetzlar, Germany). The averaged normalized values of
each array’s geometrical parameters (height of hooks, spanwise pitch,
streamwise pitch, etc.) are reported in Table 1 and explained in Fig. 3.

3. Experimental setup
3.1. Wind tunnel

Forced convection experiments were carried out in an open circuit
wind tunnel using compressed air. The tunnel consists of the sections
shown in Fig. 4. First, a diffuser section was connected by a hose to a
pressure regulator placed on the compressed air line. This regulator
sustains a constant inlet pressure to the tunnel during the experiments
and, thus, a constant flowrate for a given Reynolds number. The diffuser
had a diverging angle of 15° to minimize the turbulence and prevent
flow separation from its walls. Second, a tube bundle section was
attached to the diffuser for flow straightening, followed by an orifice
setup for flow measuring. Finally, a contraction section was attached
upstream of the developing section, which leads to the test section. All
sections were 3D printed using PLA.

The test section is shown in Fig. 5. Here, the surfaces were tested in
pairs; the hooked surfaces formed onto aluminum plates which faced
each other to form a rectangular flow channel. Each pair had a different
array of hooks (i.e., different geometrical parameters skived on their
surfaces), corresponding to the hook arrays in Table 1. The plates were
50.8 mm wide and 101.6 mm long and manufactured from 3.175 mm
thick aluminum.

Two copper heater blocks were each quipped with four 50 W car-
tridge heaters and were mechanically fastened to the base test plates to
provide the necessary heat flux. Contact resistance was mitigated by
using a thin layer of thermal paste (k = 8.5 W/mK) between the copper
heater blocks and the aluminum test plates. All the remaining surfaces of
the copper blocks were insulated with expanded polystyrene to mini-
mize heat loss to the surroundings. Electrical power was provided to the
heaters of each block independently and in equal amounts using a DC

Flow
direction

Fig. 1. A unit cell of a GRIPMetal array of hooks.
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Table 1

Normalized values of the geometrical parameters for different arrays of hooks.
# Array Name H (mm) Si/h St/h Wip/h Cp/h Ly/h Lg/h
1 Standard 1.5 2.67 1.49 0.67 0.67 0.55 3.4
2 Mini 1 2.5 1.33 1 1 0.83 3.6
3 Heavy 2.25 1.78 1.69 0.71 0.44 0.67 3.33

S, = Streamwise spacing
S; = Spanwise spacing
C,, = Clearance

W,, > Hook Width
L, > Hook length
L, > Groove length

Fig. 3. Explanation of the geometrical parameters depicted in Table 1.

power supply (AIM-TTi CPX400DP). Power was controlled such that
there was a temperature rise in the outlet air of 15 K with respect to the
inlet (resulting in heat fluxes ranging from 0.19 to 1.9 W/cm?). This
temperature difference allowed for sufficient accuracy in the tempera-
ture difference between the tested plates and the air and was low enough
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, |

Fig. 2. Normal and microscopic images for tested arrays of hooks: a) heavy hooks b) standard hooks ¢) mini hooks.

to minimize thermal property variations in the test section and heat
losses to the ambient. The air inlet bulk temperature was approximately
25 °C, while the wall temperature ranged from 30 °C to 60 °C, depending
on the type of the surface being tested and the fluid flow rate.

Four 1.6 mm diameter T-type thermocouples were inserted into each
aluminum plate 1.6 mm below the surface to measure the surface tem-
perature distribution, as indicated in Fig. 5. Due to the high thermal
conductivity of the aluminum and relatively low heat fluxes, the surface
temperature, Ts, of the plate was approximately equal to the thermo-
couple readings. An additional thermocouple measured inlet air tem-
perature, T;. At the outlet, two thermocouples, of 0.8 mm diameter, were
used to measure the approximate bulk fluid outlet temperature, T,, and
their relative positions are shown in Fig. 6.

The mass flow rate of the air was quantified using an orifice plate
situated downstream of the fan section with properly sized upstream and
downstream pipe lengths based on ASME PRC19.5 recommendations
and [32]. Pressure taps were located at a distance of 25.4 mm upstream
and downstream of the orifice plate and were connected differential
pressure transducers, DPTs, (Amphenol All sensors BLVR series) to
measure the pressure difference and calculate mass flow rate. For
redundancy, variable area flowmeters were installed upstream of the
wind tunnel and downstream of the pressure regulator to measure the
volumetric flow rates. The readings from both methods were found to
have negligible discrepancy within the measurement’s uncertainties.

DPTs were also installed across the test section to measure its pres-
sure drop. Four DPTs (Amphenol All sensors BLVR series) with different
ranges of operating pressure were used, depending on the plate
configuration and spacing. These DPTs were calibrated against an
Omega PX409-001DWUI DPT which had an accuracy of 0.08 % of the
full scale.
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{ Pressure taps ]- [ZxThermocouples]

_— 5 U : T —_—
Compressed ﬂ R RO RIAROSES : To
air 1 . E ambient
= Diffuser Flow Orifice plate EEontraction ; Developing Te§t
Straightener assembly nozzle length section
Fig. 4. Wind tunnel assembly details (not to scale).
4xThermocouples T-type in
eaclate Insulation
12xM4
Screws
Aluminum — ?122?::
plates blocks
12xM4 (_I_
Screws Insulation
4xCartridge heaters in
each plate
Fig. 5. Detailed cross section of the test section.
2xThermocouples T-type (Toavg — Tamp)
OQloss =—F5—" 1)

50 mm downstream of the test section

Tunnel
Body (PLA)

A AL AA A AA QA AN AD AN AOVAA A M) A AA A4

W =50.8 mm

Fig. 6. Detailed position of the bulk fluid outlet temperature thermocouples.

Tests were conducted through a nominal Reynolds number based on
the hydraulic diameter, Re, ranging from 4,000 to 20,000. Due to the
nature of the implemented manufacturing technique, it is impractical to
have the hooks of the two plates interdigitated. In addition, as discussed
in the literature [21,22] the presence of tip clearance can potentially
improve the performance of the array. Therefore, Standard hooks were
tested at nominal tip clearances, C = h, 2 h, 4 h and 6.5 h. Then, the other
two types of hooks, (i.e., Mini and Heavy hooks) were tested at tip
clearance values of 4 h to evaluate the effect of changing the inter-fin
spacings. This was achieved by changing the test section height, H,
from 1.5 mm to 11.25 mm, according to the type of hooks being tested;
this corresponds to an aspect ratio, H/W, of from 0.03 to 0.22. For
comparison, at each test section height, a pair of flat plates was tested.

3.2. Heat loss calibration

Before running any test, heat loss to the surroundings was quantified
by performing a series of calibration runs with no airflow in the test
section. A PID controller was tuned to produce the approximate range of
plate temperatures of interest. When steady state was reached, the input
power, the average plate temperature, T4, and ambient temperature,
Tamp, Were measured so that an overall thermal resistance for the heat
loss, Rjess, could be anticipated according to

R loss

Consequently, while running a test, the heat loss from the test section
was calculated according to the measured plate and ambient tempera-
tures using (1).

An energy balance was also performed on the test section to compare
the energy gained by the air based on the measured temperature rise to
that of the input energy introduced to the air by the heaters minus the
heat loss. The error between the two energy values was evaluated. The
average error was found to be 2.9 % for all the tested channels except H
= 11.25 mm with most of the cases having an error of less than 9 %. The
highest deviations were found to be for the H = 11.25 mm tunnel due to
its relatively low fluid velocity that resulted in poor mixing of the fluid at
the outlet and affected the outlet temperature measurements.

3.3. Data reduction & uncertainty analysis

In the current study, it was noted that the streamwise wall temper-
ature gradient did not follow the constant heat flux distribution; instead,
the gradient tended to be more isothermal. This behavior was more
pronounced at low Nusselt numbers (i.e., low values of Re and/or wide
tunnels). This can be attributed to the relatively high conductivity of the
copper heater block and the aluminum test sections which offer a heat
flow path in the axial direction that is an attractive alternative to that
offered by the relatively low convection of air [33-39]. This axial con-
duction in the wall carries substantial amounts of heat in the opposite
direction of the fluid flow, which tends to level out the temperature
distribution. Therefore, the fluid exhibits a drastic rise in bulk temper-
ature in the first portion of the test section. This is consistent with the
findings of Maranzana et al. [35] who state that the bulk temperature
profile is not linear. Consequently, the bulk temperature profile between
the inlet and the outlet can be approximated to attain an exponential
behavior and logarithmic temperature difference ATj, which is adopted
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and calculated as

(Toin —T:) — (Too — T.)
ln(T.r,in - Ti) - ln(TA.,,, - Tu)

ATy, = (2)

where Ty, and T, are, respectively, the inlet and outlet surface tem-
peratures, obtained by linear extrapolation of the four thermocouple
readings of each plate. Then, the overall heat transfer coefficient of an
array of hooks, hj,, was calculated for each plate as

— Qetec = Qloss

Wy = ——F7— 3
I AAT,, 3

where Q. denotes the input electrical power to the heaters and Ay, is the
nominal area (101.6 x 50.8 mm?). This form of hym reflects the heat
transfer characteristics of the array as if there is a heat source mounted
on the flat side of the plate, such as electronic-chip or plate heat ex-
changers. Finally, the average between the two plates was calculated,
noting that the discrepancy between the values of hy, for the two plates
were found to be less than 7 %.

Another way of calculating the heat transfer coefficient employed in
some studies [26,40-42] is to average the temperature difference be-
tween each thermocouple reading, T;;, for each plate and its corre-
sponding local bulk air temperature, Tj; as

> (T, — Tp,)

ATy = 1

()]
such that Tj; is calculated by assuming a linear rise of the air temper-
ature along the test section. Then, the heat transfer coefficient, hpyy, is
calculated the same as hy,, but replacing ATy, with ATy, such that
Qelec - Qloxs
hypy = —————. 5
bulk AbATbulk ( )
The average difference between the calculated value of h between
the two methods is 5 %; thus, only the first one is reported in this study.
It is common to present heat transfer results in the dimensionless
form of a Nusselt number, Nu,

_ L.

Ni
U 3

(6)
where k is the thermal conductivity of air at bulk temperature, which is
equal to 0.0257 W/mK, while L. is the characteristic length, which is
either the fin height, h, or the hydraulic diameter of the channel, Dy,
computed as

2(HW)
T H+W

D, ()

where H and W are the height and the width of the test section channel.
To characterize the pressure drop, the friction factor fis calculated as

2APL,
CLVip

f ®
where p is the density of air at bulk temperature, which is equal to 1.174
kg/m®, AP is the difference across the test section measured by the DPT,
and Vj, is the mean inlet velocity to the test section.

Finally, the Reynolds number, Re, is calculated as

_ pVin Dh
H

Re ©

where p is the dynamic viscosity at air bulk temperature, which is equal
to 1.861e” Pas.

For a comprehensive assessment of both heat transfer and pressure
drop characteristics of the hooks compared to those of the flat plate, the
overall thermal performance 5 (proposed by Gee and Webb [43]) is
evaluated as
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n= (Nup, /Nu,) 10)

(fl)n /fﬂ) 3

where Nu, and f, are the Nusselt number and the friction factor based on
Dy, for flat surfaces, respectively, and Nupp and fpp are the Nusselt
number and the friction factor based on Dy for channels with hooks,
respectively.

The uncertainty of each parameter is evaluated based on the prop-
agation method proposed by Kline and McClintock [44]. It was found
that the maximum uncertainty in Re was 17 %. This occurred at low flow
rates and narrow channels, while at higher flow rates and wide channels
the uncertainty was lower than 4 %. For f, the maximum uncertainty at
wide channels and low flow rates was up to 60 % and the minimum was
8 %. Regarding the Nu, the maximum uncertainty was 3 %.

4. Results
4.1. Comparison of flat plate to correlations

Fig. 7 compares heat transfer results for flat surfaces at different
channel heights with two different correlations for turbulent heat
transfer in a duct. The first correlation is the well-known Dittus-Boelter
correlation [45] given by

Nu = 0.023 Re"¥Pr*4 an)

The correlation is then multiplied by a correction factor to account
for the thermally developing flow [5,46] as

02 0.275
Nu = 0.023 Re**Pr™ | 1.11 LOS 12)
(L/Dy)”

for L/Lqg < 1 and

0.144 Re*>
Nu = 0.023Re"*Pr®* |1 + ————— 1
u NPy { S2B ] a3
for L/Lg > 1 and such that Ly is the developing length given by
L; = 0.693Re"> D, a4

The second correlation for comparison is the Petukhov correlation,
modified by Gnielinski [27,28]:

_( f/8*(Re — 1000)*Pr )(1+[)“2/3) as)

1+ 12.7,/f/8*(Pr** — 1) L

where the friction factor, f, is calculated by Haaland correlation [49]
given by

80

® Flat Plate - H=3mm

Flat Plate - H=4.5mm
70 1 ¢ FlatPlate - H=7.5mm
Flat Plate - H=11.25mm
60 {----- Dittus-Boelter - H=3mm
- - = Dittus-Boelter - H=7.5mm

50 Ao Gnielinski H=3mm
=40
= 40 -
J g
30 e o
20 A ¥
o
10 4
0 T T T T
0 5000 10000 15000 20000 25000

Re

Fig. 7. Comparison of current facility’s flat plate Nu number with correlations
(11) & (15).
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1 e/D]"" 6.9
N —1.810g<{ 3.7} + o 1e6)

such that Re* is the modified Reynolds number proposed by Jones [50]
to ensure a geometrical similarity between circular ducts and rectan-
gular channels in calculating the friction factor given by

Re" = {2+ 1A <27£> }Re. a7

3724w w

The experimental results for H = 3 mm spacing agrees well with the
corrected Dittus-Boelter correlation and deviates from the Gnielinski
correlation by only 8 % to 16 %. For channels H = 7.5 mm and 11.25
mm, the experimental Nu values are almost equal over the whole range
of Re which is in good agreement with the corrected Dittus—Boelter
correlation. We conjecture that this is mainly because the flow is ther-
mally developing over the flat plates for those channels. The H = 3 mm
channel has a thermally developing region that ranges from 30 % to 45
% of the plate length depending on Re; hence, it shows lower Nu than the
other channels.

Fig. 8 compares the friction factor results for flat surfaces at two
different channel heights with the Haaland correlation. The discrepancy
between the experimental results and the correlation is 6 %-11 % within
the Re range. For the H = 4.5 mm channel, the correlation overpredicted
the friction factor. For the H = 3 mm channel, the correlation under-
predicted the friction factor. We attribute this to the relatively large
uncertainties in the velocity measurements, the characteristic dimension
of the relatively small channel, and the roughness of the channel walls.
In addition, the very high-aspect ratio of the rectangular channels in-
creases the friction factor beyond the flat-plate correlation.

Overall, the heat transfer and pressure loss measurements for the flat
plates are reasonable given the high-aspect ratio channel shape and
thermally developing region for large spacings.

4.2. Effect of tip clearance

The variation of the Nusselt number of the GRIPMetal Standard
hooks array with Re for the four tip clearances is shown in Fig. 9. Nuy
decreases with increasing clearance-to-fin-height ratio, C/h, at any
given Re. This is primarily for two reasons: First, the increase in C/h is
achieved by increasing the channel height, thus lowering the approach
velocity at the same Re. Second, increasing C/h creates a lower resis-
tance path for the flow; consequently, more flow will bypass the array,
resulting in the array being washed by lower velocity flow. For all cases,
Nup, follows an increasing trend with Re. It should also be noted that with
increasing C/h, the Nuy, becomes less dependent on Re, and it tends to
reach an asymptotic value. This indicates that at relatively high C/h the
hooks represents boundary layer roughness that enhances the heat
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Fig. 8. Comparison of current facility’s flat plate friction factor with correla-
tion (16).
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Fig. 9. Nuy vs Re for rectangular channels with array of Standard hooks at
different values of C/h.

transfer; this is consistent with the findings of Garimella and Eibeck
[19].

Fig. 10 shows the ratio between hydraulic diameter Nusselt number,
Nupy, for the array of GRIPMetal Standard hooks and the Nusselt number
for flat plate, Nu,, at various tip clearances. At each tip clearance, a
comparison is carried out with the flat plate at the same channel height.
Thus, the hydraulic diameter is the constant for any given channel.
Therefore, this ratio represents the heat transfer augmentation factor
due to the presence of the array hooks. This augmentation is due to i) the
addition of more heat transfer surface area which is 20-25 % more than
the flat plate area, and ii) the enhanced fluid mix and promoting
boundary layer separation. This ratio is greater than unity for all tested
channels, indicating that the presence of these arrays enhanced heat
transfer. Based on the literature, we conjecture that this enhancement
can be attributed to the occurrence of the following phenomena in the
flow field [10,51-54]: i) the presence of horseshoe vortices at the
hook-endwall junction upstream of the hook that enhances three-
dimensional advection in the flow, ii) the existence of secondary flows
due to the vortex pairs shedding from two transverse rims of the dimple
which increases the turbulence mixing intensity near the endwall
downstream of the dimple, iii) the flow attachment and impingement in
the trailing rim of the dimple, and iv) the promotion of turbulence
mixing in the main bulk flow due to the shear layers separated from the
tip of the hooks.

Except for C/h = 6.5, this ratio is the highest at low Re; then, it de-
creases with increasing Re approaching an asymptotic value. This occurs
as the flow regime over the flat plate changes from transition to fully
turbulent, i.e., increasing the heat transfer capability of the flat plates.
Maximum enhancement in heat transfer is found for the C/h = 2 and C/
h = 4 cases, with a factor of 4.6 at low flow rates and 3.75 at higher flow
rates. The C/h = 1 case shows a slightly lower augmentation factor than
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Fig. 10. Nuy, / Nu, vs Re for rectangular channels with array of Standard hooks
at different values of C/h.
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the two latter cases; the factor is 4.45 and 3.45 at low and high flow
rates, respectively. For C/h = 6.5, the flow sees the array of hooks as
boundary layer roughness, i.e., at such relatively high clearance the
plate is acting more like a roughened plate than the benchmark flat
plate. Consequently, the augmentation factor maintains a relatively
constant value of 3, regardless of the Re. This represents the lowest
enhancement for all tested tip clearances, as expected.

Fig. 11 depicts the friction factor, fp, for an array of GRIPMetal
Standard hooks with varying tip clearances at different Re. Over the
whole range of Re, the channel with C/h = 1 shows the greatest friction
factor. This is logical because in this case the two opposing hooks are
touching at the tips (i.e., no gap is present between the two hooks for
flow). Therefore, the fluid is forced to flow entirely through the hooks
array itself, which imposes very high restriction. In addition, the small
channel height requires relatively high velocities to achieve the same Re
when compared with the other cases. As a result, the velocity of the flow
within the array is very high, producing more frictional losses. That is
why the friction factor for this case follows a declining trend with Re
because the frictional losses are dominant. On the other hand, the f;
values for the remaining arrays are much lower than the C/h = 1 case
and are independent of Re. Here, increasing the tip clearance produces a
gap with lower resistance to the flow, which consequently lowers the
average flow velocities at a given Re. In addition, the bypass flow results
in a lower velocity flow through the array itself, hence decreasing the
skin friction between the hooks and the fluid, and the inertial losses
become more significant. The dominance of the inertial losses over the
frictional losses is the primary cause of the flattening of these curves
[55].

Fig. 11 also shows the friction factor for a flat plate with a channel
height of 11.25 mm, equivalent to the C/h = 6.5 case, calculated from
Haaland’s correlation (16), considering the roughness, ¢, to be the fin
height. The correlation is modified to account for the definition of f;
implemented in this study. The experimental results of f; for the C/h =
6.5 case agree reasonably well with the values obtained from the
empirical correlation. This further supports the conjecture that at such
high values of C/h, the flow considers the array of hooks to be more like
boundary layer roughness that increases the friction rather than as
raised features.

For the final assessment of the performance of these different values
of tip clearances, the overall thermal performance factor, 7, was evalu-
ated (shown in Fig. 12). According to the plot, within the studied Re
range, 7 is independent of the value of C/h. In addition, as Re increases
from 4,000 to 12,000, 5 gradually decreases from a value of 2.1 to 1.8,
after which it also becomes independent of Re. Although the C/h = 6.5
showed a very low Nuy, compared with the other cases, having a friction
factor that is comparable to a flat plate’s resulted in the deterioration of
its heat transfer capabilities. Having a n > 1 illustrates that the heat
transfer enhancement provided by these hooks outweighs the pressure
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Fig. 11. f, vs Re for rectangular channels with array of Standard hooks at
different values of C/h.
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Fig. 12. n vs Re for rectangular channels with array of Standard hooks at
different values of C/h.

drop penalty.

One should carefully choose between these tip clearance values
when implementing them in any given heat exchanger or heat sink
application because having the same value of 5 can be deceiving. For
instance, most electronics heat sinks or cold plates impose pressure drop
constraints; thus, higher C/h values should be used, not lower ones. In
this case, using a lower C/h value is not appropriate because it will incur
a high pressure drop to the flow, lowering the Re and hence the Nuy. On
the other hand, choosing the high C/h value for its minimum pressure
drop will yield a low heat transfer when applied in a particular heat
exchanger and, hence, a higher surface temperature that might exceed
design limitations.

4.3. Comparison with other surface enhancements

To the best of the authors’ knowledge, no data on finned surfaces in
the available literature captures the convective thermal-hydraulic per-
formance of the present GRIPMetal arrays. This is because of i) the
uniqueness of the proposed array in terms of the shape of the fin (hook-
shaped) and its accompanying dimple, ii) the type of arrangement (i.e.,
changing orientation of the hooks and their dimple with respect to the
flow from one column to another), and iii) the current rectangular
channel is double-sided with arrays opposing each other. Nevertheless,
comparisons of previously reported channels with state-of-the-art
hybrid pin fin—dimple arrays [31] or dimple arrays [28,30] have been
made to evaluate relative thermal-hydraulic performance.

Comparisons between hydraulic diameter based Nusselt number,
Nupp, and friction factor, fpy for a Re range of 8,000 to 20,000 were
made. Fig. 13 shows the comparison of Nupy, for channels of GRIPMetal
Standard hooks array at C/h = 2 and 6.5 with the heat transfer data from
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Fig. 13. Comparison of Nuj between rectangular channels with array of
Standard hooks C/h = 2 and 6.5, pin fin and dimple arrays from the exist-
ing literature.
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[28,30,31]. Because the Nusselt number calculation in the present study
is based on the nominal base area and not the heat transfer surface area,
the reported Nusselt number for comparing studies was adjusted
accordingly. First, a comparison between the GRIPMetal Standard hooks
rectangular channel of C/h = 2 and the rectangular channel with the
hybrid pin fin—dimple array of [31] seems relevant because they both
have almost the same aspect ratio. It is seen in Fig. 13 that the GRIP-
Metal Standard hooks channel shows higher Nusselt number values than
the other by 35-55 %, depending on Re. This can be contributed to the
presence of a clearance between the two opposing hooks tips that in-
duces severe vortex shedding and promotes turbulence in the main bulk
flow because of the separated shear layers from those sharp hook tips
[53]. Second, the dimples of the Standard hooks array can be approxi-
mated as the teardrop dimples investigated by Rao et al. [28]. Thus, the
GRIPMetal Standard hooks channel of C/h = 6.5 was used for the
comparison because it has an aspect ratio in the same magnitude as [28].
Also, the convex dimple studied by Gao et al. [30] was used for com-
parison because the dimples were applied to both endwalls of the
channel as in the current study. From Fig. 13 we can conclude that the
GRIPMetal Standard hooks array exhibits higher convective heat
transfer than the dimple arrays within the compared range of Re, which
is in good agreement with findings of Rao et al. [31].

In Fig. 14, fpp for channels of Standard hooks array at C/h =2 and 6.5
is compared with the friction factors from previous studies. The friction
factor of the channel C/h = 2 of the current study is lower than that of
the channel with a hybrid pin fin-dimple array of [31] by about 45 %.
One possible explanation for this is the presence of a gap between the
two opposing plates which offers a lower resistance path to the flow; this
consequently lowers the pressure drop at a given Re when compared
with the hybrid pin fin-dimple array that filled the whole channel. On
the other hand, the GRIPMetal channel of C/h = 6.5 has a friction factor
that is 7 times the friction factor of the teardrop dimples [28] and 10 ~
13 times that of the convex dimples [30]. This is mainly because the
presence of the hooks obstructs the flow, creating a low-pressure area
downstream of the hook and a high-pressure area upstream due to the
stagnation of the flow. Although the presence of the dimple downstream
of the hooks reduces the intensity of the wakes downstream of the hooks
and, thus, reduces the pressure drop, this effect still did not counteract
the drag imposed by the hooks.

4.4. Nusselt number correlations

The Nusselt number, Nup, in Fig. 9 was correlated through a
nonlinear multiple variable regression analysis. The correlation took the
following form as a function of Re and C/h:

Nuy, = aRe”(C/h)" P+ 18)

where Pr is the Prandtl number of the air at the mean bulk temperature.
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Fig. 14. Comparison of f;, between rectangular channels with array of Standard
hooks C/h = 2 and 6.5, pin fin and dimple arrays from the existing literature.
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Including Pr in the correlation will allow potential users to easily assess
different fluids. An attempt was made to generate a single correlation for
the four tested tip clearances; however, the correlation could not predict
Nup, accurately enough, especially for the C/h = 6.5 channel which had a
root square mean error (RMSE) of 21 %. Consequently, an alternate
definition of the Reynolds number is considered to correlate the exper-
imental data; this is referred to as the array Reynolds number, Re,. The
distinction between the array Reynolds number and Eq.(9) is the usage
of the array velocity, V,, as a reference velocity instead of the mean inlet
velocity, Vi,. This Re, was previously defined by Garimella and Eibeck
[19]. The motivation for using the array velocity Vg, is as follows. The
presence of the tip clearance, C, divides the flow into two streams: i) the
bypass stream and ii) the array stream and their ratio depends on the
value of C (i.e., the ratio between the pressure drops of these streams).
Thus, the actual velocity affecting the heat transfer from the array is not
the mean inlet velocity but, rather, the velocity to which the hooks are
exposed (i.e., array velocity, V).

Because most of the pressure drop in the channel is due to the drag
encountered by the presence of the hooks, the drag is the determining
factor for the ratio between the array velocity and the mean inlet ve-
locity. As the tip clearance increases, more flow bypasses the array,
resulting in lower drag coefficient and indicating a decrease in the array
velocity. Hence, the mean inlet velocity and the array velocity are
related to each other through the drag coefficient of the hooks as

Vo = Vinr/ Cui/ Cac=n 19

where Cjy is the drag coefficient of an array of hooks defined by

2 AP
c, =228 20
‘T Vip 20)

Because the C/h = 1 case corresponds to the situation where there is
no tip clearance between the two opposing plates (i.e., all the flow passes
through the array), the drag coefficient of this channel, Cq c—p, is used as
the reference coefficient. Fig. 15 shows the drag coefficient for an array
of Standard hooks with C/h = 1, 2, or 4 at different Re (the omission of
C/h = 6.5 is discussed below).

After applying the definition of Re, in the experimental data, the Nuy,
for channels with C/h values of 1, 2, or 4 could be correlated to a single
correlation. However, the prediction of Nuy, for C/h = 6.5 employing the
Re, definition did not produce an accurate correlation. This is because at
such high values of tip clearances, the array affects the flow as surface
roughness rather than as an array of raised features; thus, the array
velocity V, is no longer the effective velocity, and the heat transfer
augmentation mechanism is different. Therefore, two sperate correla-
tions were developed. The first,

Nuy, = 0.1063 Re>* (C/h) ™7 Pr** for 1 < C/h < 4 (21)
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Fig. 15. C4 vs Re for rectangular channels with array of Standard hooks at
different values of C/h.
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is for channels with C/h values of 1, 2, or 4, implementing Re,.
The other correlation,

Nuy, = 0.1542 Re®™°1(C/h) ™" Pr% for 4 < C/h < 6.5 (22)
is for the C/h = 4 or 6.5 channels using Re.

The presence of channel C/h = 4 in both correlations is to check the
validity of (22) for intermediate values of C/h and to prove the adequacy
of the proposed claims.

A comparison between the experimental data and the above-
mentioned correlations is depicted in Fig. 16. The y-axis represents the
Nup, normalized by Pr%% and (C/h) "in a log scale such that n is the
exponent defined in correlations (21) and (22). The RMSE between
predictions using these correlations and the experimental data is 3.7 %
and 2.4 %, respectively. The collapse of the experimental data for
channels with C/h values of 1, 2, or 4 on a single straight line helps
justify the use of array velocity, Vg, as the physically significant refer-
ence velocity.

The value of Reynolds number’s exponent of either 0.646 or 0.7301
shows that the convection through these arrays is dominated by strong
turbulence and flow separation. The Reynolds number index for corre-
lation (22) is higher, indicating that it exhibits lower dependency on the
Reynolds number than (20). Also, it is approaching the 0.8 power
dependence of the flat plate’s heat transfer, supporting the claim that at
high C/h values the flow is affected by these arrays as surface roughness.

The exponent of C/h for correlation (21) suggests that Nuy, for such
arrays is not greatly affected by tip clearance; however, this is not the
case because the effect of C/h is already included in the Re, term. For
correlation (22), the exponent C/h indicates that the effect of increasing
C/h is to decrease the Nup; however, this effect declines with increasing
C/h, indicates the possibility of using the same correlation for predicting
the Nuy, for channels with C/h values greater than 6.5 wit ha reasonable
accuracy.

4.5. Friction factor correlations

In addition to the Nusselt number, the friction factor, f,, shown in
Fig. 11 was correlated through performing nonlinear multiple variable
regression analysis. Inspired by the friction factor correlations in the
literature, the correlation took the following form as a function of Re and
C/h:
fi= [alogRe n b(C/h)d] . 23)

Following the same procedure as above for correlating the Nuy, data,
two separate correlations were developed for two different ranges of C/
h. The first correlation,
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Fig. 16. Comparison between correlations of Nuy, and experimental data for
Standard hooks array.
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)
= [0.66 logRe + 0.363(C/h)"763] ford < C/h <65 (24)
is for channels with C/h values of 1, 2, or 4.
The other correlation,
£ =001 [flogReJr 11.5(C/h) %! ] ford < C/h <65 (25)

is for the C/h = 4 or 6.5 channels.

The presence of channel C/h = 4 in both correlations is to check the
validity of correlation (25) for intermediate values of C/h.

Fig. 17 shows a comparison of the experimental data of f with its
corresponding predicted values implementing correlation (24) and (25).
The RMSE between predictions using these correlations and the exper-
imental data are 6.5 % and 5.3 %, respectively.

4.6. Effect of hook geometry

In this section, the effect of streamwise and spanwise spacings be-
tween hooks and the hook size on the heat transfer and pressure drop
characteristics is evaluated. To this end, two additional arrays of
“Heavy” and "Mini” hooks (see geometrical parameters given in Table 1)
were tested at tip-clearance-to-height ratio C/h = 4. Fig. 18 shows the
Nuy, for three different arrays of Standard, Heavy and Mini hooks at C/h
= 4 over the range of Re. As expected, the Nuy increases with Re irre-
spective of the hook type. Results for the three types of hooks are shown
as collapsing onto a single straight line, with a slight difference between
the Heavy hooks and the others of only about 3 %. This indicates that at
this C/h value and above, inter-fin spacings and hook shape have limited
influence on the heat transfer of these arrays. It also shows that the
choice of hook height as the characteristic length is appropriate. Thus,
the correlations provided in Section 4.4 could be applied to the other
types of hooks for C/h > 4.

On the other hand, Fig. 19 represents the change of friction factor, fp,
for the three tested types of hooks at C/h = 4 with Re. It should be noted
that, regardless of the value of Re, the Mini hooks array exhibits the
greatest friction factor by a factor of 2.2 compared with the Standard
hooks. This increase in fy, is attributed to two factors: First, to achieve C/
h = 4 for Mini hooks, the channel height is reduced to 5 mm while the
Standard and Heavy hooks require a height of 7.5 mm and 11.25 mm,
respectively. This height results in a 33 % reduction in the flow area
compared with that of the Standard hooks case and, therefore, at any
given Re, the approach velocity is the highest for Mini hooks. Second,
the Mini hook array has spanwise spacings that are almost half those of
the Standard and Heavy hooks arrays. As previously stated, and as found
in [15-17], the pressure loss is greatly affected by spanwise spacing as a
direct result of flow restriction between the hooks.
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Fig. 17. Comparison between correlations of f;, and experimental data for
Standard hooks array.
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5. Summary & conclusions

In this study, the thermal and hydrodynamic performance of arrays
of hook-shaped raised features and dimples on metal surfaces (GRIP-
Metal) developed by NUCAP Industries Inc. was experimentally char-
acterized and compared with flat plates to develop predictive
correlations to serve as design tools for heat exchanger applications.
Such arrays are an attractive option for convective heat transfer
enhancement due to their manufacturing simplicity and speed, low cost,
and commercial availability in the market.

The effect of tip clearance, C, for an array of GRIPMetal Standard
hooks with a nominal height, h = 1.5 mm, was investigated at values of
h, 2 h, 4 h, 6.5 h. Then, two more arrays with hooks of h =1 mm and h =
2.25 mm, and different inter-fin spacings were tested at C/h = 4. Results
were obtained at Reynolds numbers ranging from 4,000 to 20,000 using
air as the working fluid. The results show that these hooks have good
potential for practical air-side heat transfer enhancement and the
following conclusions can be drawn:

e The array of Standard hooks improved the heat transfer capabilities
of the rectangular channel depending on the value of tip-clearance-
to-fin-height ratio, C/h. Maximum enhancement in heat transfer
was found to be for C/h = 2 and C/h = 4 cases with a factor of 4.6 at
low flow rates and 3.75 at higher ratios.

e A comparison of Nuy, for Standard hooks with the flat plate, Nu,, at
various tip clearance values showed that the heat transfer augmen-
tation due to the presence of the hooks is the highest at low Re, then it
decreases with increasing Re for the C/h = 2 and C/h = 4 cases by a
factor of 4.6. While for C/h = 6.5 the enhancement maintains a
relatively constant factor of 3 regardless of the Re.
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The Nusselt number decreases with increasing tip-clearance-to-fin-
height ratio, C/h, at any given Re approaching an asymptotic value
at higher C/h ratios, which is consistent with [18].

The friction factor, f5, of the channel with tip-clearance-to-fin-height
ratio, C/h = 1, is the greatest with a declining trend with Re. How-
ever, for the remaining values of C/h, the friction factors are much
lower and are independent of Re. This f, - Re curve flattening is
consistent with [38].

The experimental results of f;, for the C/h = 6.5 case are coincident
with the values obtained from Haaland’s correlation [36]. This re-
inforces the claim that at such high values of C/h, the array of hooks
act as boundary layer roughness rather than as raised features.

e The heat transfer performance of GRIPMetal Standard hooks array
was found to be higher than performance data available in the
literature for a hybrid staggered pin fin—dimple array, teardrop
dimples staggered array, and convex dimple staggered array. On the
other hand, GRIPMetal Standard hooks arrays exhibited pressure
drop characteristics higher than both dimple arrays and lower than
the hybrid staggered pin fin-dimple array.

Two distinct correlations were developed for the Nuy, as a function of
the array Reynolds number, Re,, and tip-clearance-to-height ratio, C/
h. Also, two correlations were obtained for the friction factor as a
function of Reynolds number, Re, and tip-clearance-to-height-ratio,
C/h. These four correlations can be used as design tools to employ
these hooks in any given application.

The overall thermal performance factor, 7, is independent of the
value of C/h within the range of Re investigated. It steadily declines
from 2.1 to 1.8 as Re increases from 4,000 to 12,000; then, it becomes
independent of Re. These hooks have 7 > 1 which demonstrates that
the heat transfer enhancement offsets the pressure drop penalty.

e Geometrical parameters of such arrays of hooks (i.e., hook height
and streamwise and spanwise spacings between them) is found to
have no effect on heat transfer characteristics at C/h = 4. Therefore,
the developed correlations of Nuy, for Standard hooks can be used for
the other two types for C/h > 4.

The friction factor, fp, of the Mini hooks array showed higher values
than that of Standard and Heavy hooks arrays at any given Re. This
can be attributed to i) the array’s approach velocity is the highest for
Mini hooks; and ii) the Mini hooks array has a spanwise spacing that
is almost half that of the Standard and Heavy hooks arrays.

Future work will explore the application of these GRIPMetal-
enhanced surfaces to real-world heat exchanger applications.
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