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ARTICLE INFO ABSTRACT
Keywords: Boiling performance while using raised hook-shaped metal features, manufactured from copper by a skiving
Two phase process, was investigated and compared with the boiling performance of a bare copper surface. Deionized water

Pool boiling
Heat transfer
Immersion cooling

at the saturated conditions at 1 atm was used as the working medium. These fins can potentially improve the
performance of immersion cooling spreaders in power electronics applications. The advantages of this tech-
Critical heat flux nology compared with other methods presented in the literature include its scalability, low cost, resistance to
Skiving erosion and clogging, and the industrialization of the manufacturing method. Four GRIPMetal hooked surfaces
GRIPMetal were investigated, each with different profiles (i.e., metal features, heights, and spacing) induced by the
manufacturing process. The results show that the surface with hooks had lower wall superheat at the onset of
nucleate boiling (ONB) compared with the bare surface. This appears to be due to the surface cavities—i.e., the
negative potions of the raised hooks created by the skiving process, which helped initiate bubbles earlier.
Moreover, the heat transfer coefficient (HTC) was superior for all surfaces with hooks at low heat fluxes because
of increased surface area and enhanced bubble dynamics offered by the arrangement of the hooks. The hooked
surface achieved a maximum HTC of 8.9 W/cm?K, which represents a 96 % enhancement ratio over the bare
surface. The surface area increase (A,/Apqre) offered by the proposed hooks and their corresponding grooves was
measured using the photogrammetry technique and was found to range from 1.35 to 1.8. Lastly, the critical heat
flux (CHF) was significantly enhanced, reaching a 67 % increase over the bare surface; this is attributed to the
available bare inter-fin area that can supply the liquid to the nucleation sites and the assisted suction flow
through the front of the grooves.

studied passive techniques and surface modification because of these

1. Introduction and background methods’ simplicity, cost-effectiveness, and lack of reliance on external
POWer sources.

Enhancing the rate of boiling heat transfer is crucial for many in- Common surface modifications can be broadly categorized into four
dustrial applications such as HVAC, boilers, nuclear reactors, and elec- areas:
tronics cooling. In the microelectronics industry, boiling-based cooling
systems have recently garnered attention because of their ability to 1. Increase of the heat transfer surface by adding fins [4,5] or grooves
remove high heat flux, enabling the development of miniature compo- [6].
nents. Liquid immersion is an advanced boiling-based system in which 2. Addition of artificial nucleation sites by roughening the heater [7] or
the device being cooled is fully submerged in dielectric that works introducing dimples [8] and cavities [9].
exactly the same as pool boiling. Such systems are characterized by their 3. Creation of capillaries or arteries to wick the liquid to the dry out
simplicity because of the absence of mechanical moving parts, resulting spots, i.e., separate the vapor and liquid phases by creating a porous
in operational cost reduction and reduced data center land use [1-3]. layer through sintering [10,11], deposition [12], or coating [13].
Two key metrics are used to characterize the performance of boiling 4. Engineering of the heater wettability by creating mixed patterns of
surfaces: critical heat flux (CHF) and heat transfer coefficient (HTC). The hydrophilic/hydrophobic surface features (biphilic) [14,15].
main aim for any augmentation technique is to achieve a simultaneous
improvement for both parameters. Many passive and active techniques Although some showed a drastic improvement, reaching 200-600 %
have been investigated; in the last decade, many researchers have of the HTC and CHF compared with bare surfaces [16-21], these
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Nomenclature

Symbol Definition

S Spacing

W Width

C Clearance between the hooks
€ HTC enhancement ratio

L Length

A Area

d Diameter

q’ Heat flux

k Thermal conductivity

dT/dx  Generated temperature gradient
T Temperature

U Uncertainty

Ax Thermocouple Position

t Thickness

H Height

Abbreviations

HTC Heat transfer coefficient (W/cm?K)
CHF Critical heat flux (W/cm?)
ONB Onset of nucleate boiling
LBPF Laser powder bed fusion

TC Thermocouple
PEEK Polyether ether ketone
SS Stainless steel

BS Bare surface

S1 Surface 1

S2 Surface 2

S3 Surface 3

S4 Surface 4

LED Light-emitting diode
FPS Frames per second
Subscripts

t Total

bare Bare surface

L Streamwise

T Spanwise

G Groove

m Mean

sat Saturation

sf Surface fluid
Zuber Zuber correlation
b Meter bar

h Hook

methods are susceptible to blockage over time, leading to performance
deterioration [18]. The creation of reliable, durable, and robust surface
morphologies that are easy to implement in practical application favors
more robust macro surface alterations such as the addition of fins,
dimples, cavities, etc., over other methods.

Macro modification studies have shown considerable enhancement
in pool boiling when the surface is augmented by either grooves or
nucleation pores, or both. For instance, Mark et al. [4] examined the
performance of finned surfaces at different geometrical parameters, such
as inter-fin spacing, fin height, and thickness. They concluded that
thicker fins have better performance at lower heat fluxes. The optimum
fin parameters have been extensively studied for different fluids such as
FC-72 and HFE 7100 [5]. The influence of the fin or the groove shape
was also investigated by Das et al. [22] who tested several tunnel con-
figurations: round, T-shaped, circular, and rectangular. To investigate
the surface orientation effect, Zhong et al. [6] performed a series of
experiments for downward-facing surfaces with triangular and quadri-
lateral extensions which formed re-entrant connected tunnels at
different inclination angles of 5°, 30°, 45°, 60°, and 90°. Compared with
the bare surface, the quadrilateral extension demonstrated a CHF
enhancement of between 61 % and 91 %, while the triangular coun-
terpart reached higher than 102 %, because of the liquid supply through
the tunnels. The CHF value also increased with the increment of the
inclination angle at high heat flux.

Many studies have shown cavities (and especially re-entrant cavities)
to be a robust method for trapping trap vapor and providing stable
bubble nucleation sites, even at a relatively low wall superheat [22-30].
However, very few studies could fabricate separate 3D cavities due to
manufacturing capability limitations. Therefore, cavities were created
as 2D-shaped tunnels and sometimes coupled with pores; this enabled
their application in multiple commercial heat exchangers, such as
Turbo-B tubes, Thermoexcel-E tubes, and Gewa-T tubes [31-34]. The
pores work as stable nucleation sites, while the subsurface tunnels feed
the pores with subcooled liquid to delay CHF occurrence. Other stable
macro surface structures were also investigated, such as pin-fins, tun-
nels, and dimples [18]; these structures were mainly manufactured
using conventional machining methods such as milling and electrical
discharge machining.

Another manufacturing technology that has recently gained atten-
tion for boiling heat transfer is additive manufacturing—specifically, the
laser powder bed fusion (LPBF) method [35]. With the help of LBPF,
several stable intricate macro surface modifications have been proposed,
such as hollow-shaped structures [36], octet-truss lattice porous struc-
tures [37], metal grids [38], and 3D re-entrant cavities [39]. For
example, Hayes et al. [36] 3D printed a conical hollow-shaped structure
to separate the liquid and vapor pathways. This structure directs the
vapor and liquid phases through two holes built at the upper and bottom
sides of the cone surface. The vapor flow is directed to the conical upper
holes and the liquid to the side holes if the conical hole size is larger than
the bubble departure diameter, and vice versa. They concluded that
using multiple conical modules with embedded microchannels results in
a twofold and fourfold increase in the CHF and HTC, respectively,
compared with a bare aluminum surface. Wong et al. [37] used the LPBF
method to 3D print an octet-truss lattice array to form an organized
porous structure. When utilizing FC-72 as the working fluid, the lattice
array increased the HTC by 2.81 times that of the plain surface. This was
attributed to the additional nucleation sites, surface area, and capability
of the matrix to facilitate liquid suction through its capillaries. Zhang
et al. [38] implemented the scan line spacing scheme of the LPBF
method to precisely tune the process printing variables and construct a
fine grid made from stainless steel. They achieved 303 W/cm? for the
1.1 mm grid width sample, which is three times higher than the bare
surface’s CHF value; this is a result of the grid “partition effect” that
delayed the Helmholtz instability coalescence of the dry spots at high
heat fluxes. Recently, Elkholy and Kempers [39] employed LPBF to 3D
print an aluminum surface with 3D re-entrant cavities. The surface with
re-entrant cavities showed an increased nucleation site density and a
significant enhancement of the HTC, which reached up to 285 %
compared with the bare surface.

Although many surface modifications can greatly enhance boiling
performance, some of these methods, such as laser-etching, photoli-
thography, coating and micro-milling, are still in the technology
development phase or have a very high cost. The current study proposes
a unique skiving manufacturing technology developed by NUCAP En-
ergy [40] that can create a mechanically stable hooked surface that
enhances the pool boiling heat transfer rates of copper surfaces. This
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Fig. 2. Tested boiling surfaces: (a) Surface 1 (S1) (b) Surface 2 (S2) (c) Surface 3 (S3) (d) Surface 4 (S4).

skiving manufacturing method has key advantages over other methods,
such as its size scalability, mass production, simplicity of design and
function, long-term stability, applicability to most metals, resistance to
clogging, and low cost.

2. Boiling samples preparation

NUCAP Energy [40] has developed a proprietary manufacturing
technique for creating high aspect ratio metal features, trademarked as

GRIPMetal, as shown in Fig. 1. These spikes are available in various sizes
and gauge depths, depending on the material being processed. The
current study aims to employ these features to enhance the rate of pool
boiling heat transfer from copper surfaces in microelectronics cooling
applications.

Contrary to many traditional techniques, which completely remove
the metal chips from the matrix, the present skiving process only
partially removes the metal from the substrate, bending the resulting
chips upward to form high aspect ratio metal hook-shaped features, as
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Fig. 3. Description of hook patterns: (a) hook orientation, (b) hook geometrical parameters.

Table 1
Measured geometrical parameters of the examined surfaces.
Surface Hook Height Hook Shape Streamwise Spacing Spanwise Spacing Width thickness Clearance Groove Length A¢/Apare
(Hr) (Fig. 1) (tn)
(S (Sv) (Wn) © (Le)
mm mm mm mm mm mm mm -
Surface 1 (S1) 1.52 “Standard” 4.021 1.897 1.322 1.31 1.265 5.049 1.56
Surface 2 (S2) 2.25 “Heavy Duty” 4.999 3.449 1.519 1.35 1.340 7.375 1.35
Surface 3 (S3) 1.00 “Mini” 2.968 1.408 1.523 1.43 0.959 4.667 1.80
Surface 4 (S4) 0.63 “Nano” 1.879 0.715 0.419 0.52 0.472 2.403 1.53

Fig. 4. 3D scan of boiling surfaces (a) Surface 1 (S1) (b) Surface 2 (S2) (c) Surface 3 (S3) (d) Surface 4 (S4).

shown in Fig. 1a. Each hook leaves a groove behind it in the surface, force, material, angle of attack of the tool, tool spacing, etc.), different
representing its approximate negative volume, as shown in Fig. 1b and hook configurations can be generated, which are commercially referred
Fig. 2. Depending on the tooling and fabrication parameters used (e.g., to as “nano,” “mini,” “standard,” and “heavy duty,” as shown in Fig. 1
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Fig. 5. Experimental boiling facility: (a) photograph of device, (b) half-section diagram.

[40]. The main difference between these configurations is the hook size,
which ranges from 0.76 mm to 2.43 mm in height.

In this study, four surfaces with different hook sizes were prepared;
these are hereafter referred to as Surface 1(S1), Surface 2(S2), Surface 3
(83), and Surface 4 (54), as shown in Fig. 2. Microscopic photos in Fig. 2
were captured using a Leica MZ10 F stereo microscope (Leica Micro-
systems GmbH, Wetzlar, Germany). Each surface had a staggered
pattern of hooks with a repeating unit cell, imposed by the
manufacturing process parameters and constraints, as shown in Fig. 3
(inset), in which the hooks and groove direction alternate with rows. In
other words, the groove location relative to the hooks varies every-two
rows (see the difference between the red and blue arrows). The altner-
ating hook directions is a manufacturing constraint of this technology.
As shown in Fig. 3, six geometrical parameters were used to describe the
hooked surface: groove length, L, hook height, Hy, hook thickness, t;,
hook base width, Wy, the clearance between hooks with the same di-
rection, Cy, the streamwise spacing, Sy, and the spanwise spacing be-
tween the hooks with opposite directions, Sy. These parameters were
measured from microscopic photos at multiple locations for all the
surfaces using ImageJ software and are given in Table 1.

Prior to applying the hooks to the surfaces, all the surfaces were
ground and polished to achieve the same roughness and ensure that any
performance difference originated only from the hook geometry. For
better comparison, two bare surfaces were also prepared and polished
using the same polishing procedure. The resulting roughness for bare
surfaces was about 232.2 nm. The contact angles were measured for the
bare surface at several locations using KRUS device (Model DSA100E).
The static contact angle was 80° + 5.6°, while the receding and
advancing angles were 21.9°, and 102.6° respectively.

The surface area increase offered by the hooks and grooves is a
critical factor in enhancing the heat transfer rate. Therefore, the surface
area of the samples was measured using the photogrammetry technique.
This method depends on extracting a 3D model by capturing several
overlapping images of the object from different angles. This was
implemented by setting up a studio shooting tent/lightbox that included
a turntable that accommodated the scanned part. To overcome the
reflective issue of the copper surface, no flash was used, and the system
was equipped with a diffused LED light. Matte black background cloth
was used for easier recognition of the part by the software. The subject

was rotated on a turntable at slow increments of approximately 7°; each
rotation was equal to a camera shot. A Canon EOS 4000D camera was
used to capture around 50 shots of each surface. A single shot was taken
without the subject but including cloth for the masking step in the
reconstruction software. All the images were loaded into Metashape
software for reconstruction purposes. Finally, the resulting mesh file was
imported into Blender software, where it was adequately aligned in
world space and scaled to match the required top surface area of 30 X 30
mm. Fig. 4 shows photos of the final generated 3D-scanned hook-shaped
surfaces. It was found that the surface increase ranged from a factor of
1.35 to 1.8 to that of the flat surface. S3 with the medium hook size of 1
mm showed the highest area increase; this was because of the large hook
size and their concentrated density over the surface.

3. Experimental apparatus and methodology

Fig. 5 shows a photograph and cross-section of the pool boiling
apparatus used in the current work. This briefly encompasses: (i) the
working fluid chamber, (ii) the main boiling surface and its relevant
heating and measurement systems, and (iii) the condensation recuper-
ation unit.

3.1. Boiling chamber

The boiling chamber was manufactured from stainless steel pipe
(Sch. 40) with an inner diameter of 202.7 mm and length of 457.2 mm
with four embedded sight glass panels with a diameter of 100 mm to
permit the visualization of the bubble dynamics. A 1 kW compact im-
mersion auxiliary heater with a diameter of 15.8 mm and a length of
123.8 mm was employed to control the working fluid temperature and
compensate for the heat loss from the chamber body. The top lid of the
chamber was also made of stainless steel and accommodated the
condenser inlet and outlet, the filling valve, two solenoid valves, and the
pressure and temperature safety and monitoring equipment. One sole-
noid valve was connected to a compressed air source (3 bars), and the
other was connected to a vacuum pump (Vacuubrand MZ 2C NT + 2AK)
for control purposes. The chamber was insulated with fiberglass to
mitigate heat loss and decrease the required auxiliary heater load.



A. Elkholy et al.

Boiling Surface

Meter bar

Applied Thermal Engineering 219 (2023) 119665

Boiling Surface
TC

PEEK

Insulation

Heater
Block

TC

Meter bar
pocket

i 30.00 i
©0.50
4 /
420 | 7
T
o P
38,00
O J

(b)

Fig. 6. (a) Cross-section of heating system, (b) boiling surface design.

Table 2
The uncertainties associated with all input variables.

Parameter Uncertainty

Boiling surface area,A 3.5X10° (m?)

Thermocouples, T
+0.2K

Copper thermal conductivity +2% of the nominal value

Thermocouple position,Ax
ple p +5% of the hole diameter

3.2. Heating system

Fig. 6 shows a detailed section view of the heating system, which is
composed of a stack of five components clamped together and confined
in a SS pipe 152.4 mm in diameter. These components comprise the (i)
interchangeable boiling surface, (ii) heat flux meter bar, (iii) meter bar

support, (iv) PEEK (polyether ether ketone) insert, and (v) the pipe
flanges. The boiling chip was fabricated from an oxygen-free copper
block with a thermal conductivity of 390 W/mK and a square upper
surface width of 30 mm. The chip had a small lateral extension to
accommodate a high-temperature silicone gasket which sealed it against
the PEEK insert. The boiling chip was clamped against an insulative
high-temperature PEEK insert in order to drive the heat flow axially and
induce the nucleation only from the chip top surface. The input heat was
supplied to the boiling chip through another copper block with 14
embedded 400 W cartridge heaters (9.5 mm in diameter and 50 mm
long). This block converges in a square section of 30 mm x 30 mm x 40
mm long to intensify the heat flux and serve as a heat flux meter bar to
measure the input thermal power to the surface. The boiling chip
included a 1.5 mm deep pocket to facilitate easy attachment to the meter
bar. The heat flux was calculated by measuring the thermal gradient of
the meter bar using four K-type thermocouples (d = 0.5 mm) separated
by 6 mm. The wall temperature was extrapolated using the measured
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heat flux and measured temperature of the boiling chip at 10.3 mm
beneath the boiling surface. To ensure one-dimensional heat flow of the
input power, the meter bar and its extension were wrapped with high-
temperature ceramic insulation.

3.3. Condenser section

The condenser, shown in Fig. 5, was a spiral coiled copper tube with
an outer diameter of 6.35 mm located near the working fluid top lid. It
was connected to a controlled water liquid bath to recover the evapo-
rated vapor. The pressure was kept constant at all the heat fluxes by
changing the cooling water flow rate through the condenser and using a
solenoid valve, whose set point was 0.01 bar above the test pressure. The
solenoid valve opened when the condenser response was insufficient,
particularly when increasing the input power.

The whole test rig can rotate on a swing mechanism consisting of an
aluminum frame, two rotational bearings, and a winch. The fixation
frame was thermally insulated from the rig body with thermal breaks
made of Garolite G10 which were clamped around the sides of the
chamber.

3.4. Instrumentation & data acquisition

The five K-type thermocouples in Fig. 6a were employed throughout
the system. The pressure was instrumented using a Gems transducer
(connected by T-fitting with the dial gauge). The pressure and temper-
ature measurements were sampled every 2.5 s using an Agilent 34970A
data acquisition unit. Electric power to the heaters was provided by two
power supplies (Aim TTi, CPX400D) and measured using the power
supplies’ internal current and voltage measurements. Although the
boiling curves were plotted using thermal power measured from the heat
flux meter bar, the electric power was used to quantify the thermal ef-
ficiency of the whole heating system. It was found that the heating losses
ranged from 16 % at low heat fluxes to 5.8 % at high heat fluxes. A
MATLAB script was written to control and read data from all devices. To
ensure safe operation, an adjustable pressure relief valve was employed.
The bubble dynamics were monitored at 2000 FPS utilizing a Phantom
high-speed camera (Phantom v4.3) with a 50 mm/F2.0 lens and
appropriate lighting through the sight glasses.

Fig. 9. Bubble behavior at low heat flux of 0.92 W/cm?.
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3.5. Experimental procedure

For filling, the system was brought to low pressure using the vacuum
pump. The pressure difference then caused working fluid to be drawn
from the storage tank to the boiling chamber. The pool was filled with
approximately-five liters to completely cover the immersion heaters.
Prior to testing, non-condensable gases were eliminated by constantly
boiling the water and purging of the gases while the chiller was kept off.
Under testing conditions, the input heat flux was increased by in-
crements of 3 W/cm? until a heat flux of 10 W/cm? was reached.
Thereafter, the heat flux increment was increased to 10 W/cm? until a
heat flux of 100 W/cm? was reached. Beyond this value, the heat flux
increment was decreased to 5 W/cm? to precisely detect the CHF. The
CHF was identified when the surface temperature exceeded 150 K. Once
the CHF was reached, the input power was immediately stopped, and the
system pressure was simultaneously increased to 3 bar by the com-
pressed air solenoid valve, immediately causing the vapor film on the
boiling surface to condense and bringing the system back to the nucle-
ation regime. This procedure allows fast, safe removal of residual heat
from the copper block and the meter bar. The quasi-steady-state con-
ditions were identified at each power when the maximum averaged
slope of all recorded temperatures was less than 0.003 K/S over 18 min.
All tests were performed with deionized water at saturation at a pressure
of 1 atm.

3.6. Data reduction & uncertainty analysis

Upon reaching quasi-steady conditions, the heat flux was evaluated
thermally by measuring the temperature gradient in the copper meter
bar, as given by the following equation:

dr
q=- ks @

where, k, is meter bar conductivity, and dT/dx is the generated
temperature gradient inside the bar.

q// Az

s

T, =T,

@

"

q

HTC =
T.\ - T.\ar

3

where, T,, is the boiling surface temperature recorded at 10.3 mm
beneath the boiling surface, while Ty, is the working fluid saturation
temperature, measured using a T-type thermocouple.

All thermocouples were calibrated against each other using 303 K to
573 K, resulting in an uncertainty of 0.2 K, as shown in Table 2.
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Thereafter, the combined uncertainty in measuring the HTC was
determined using the error propagation method described in [41]. This
technique was applied to HTC as follows

2
o=\ (g0 ) + (v )Z(ﬂu ) @
! aq" " or, " M ™

where U; is the uncertainty for the quantity i.

The uncertainty in the temperature gradient, dT/dx, was evaluated
using the Monte Carlo method used in [42,43]. This method assumes an
uncertainty window for each thermocouple reading, bounded by the
uncertainties in both temperature and position. Then, a multitude of
possible linear trend lines can be determined by randomly moving the
temperature readings within their respective windows. The output un-
certainty of the temperature gradient can be calculated through the
standard deviation of the many slopes found in the previous step. The
total uncertainty was approximately 17 % for both heat flux and HTC at
lovs; heat flux and dropped to less than 6 % beyond a heat flux of 10 W/
cm”.

4. Results & discussion

Experiments were performed to analyze the overall pool boiling heat
transfer of the hooked microstructures and to study their boiling activ-
ity. The results section begins with a description of the validation of the
boiling facility by comparing the performance of the bare surface with
the Rohsenow correlation and with many studies from the literature.
Next, the main working principle of the proposed structure is discussed
by analyzing the bubble behavior on one of the hooked surfaces. Then,
the effects of the hook shape, design, and geometry on both HTC and
CHF were investigated. Finally, activity/dynamics of the bubbles were
compared across all surfaces to qualitatively evaluate the boiling process
and build a hypothetical approach to the heat transfer mechanism.

4.1. Bare surface validation

The boiling facility was validated by testing two smooth bare sur-
faces and comparing their boiling performance with the popular Roh-
senow correlation and other studies from the literature [9,44-46] (see
Fig. 7 and Fig. 8). Both surfaces were prepared using the same polishing
procedure (described above) and resulted in a close average roughness
(232.2 nm and 255 nm). As shown in Fig. 7, a huge discrepancy already
exists between the results reported in other studies for bare surfaces,
which can be attributed to differences in numerous factors, such as
surface roughness, contact angle, and surface aging. The current results
align well with the results of Kwark et al. [47], Shi et al. [48], and
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Fig. 11. Comparison between the performance for all surfaces: (a) boiling curve, (b) HTC.

Jaikumar and Kandlikar [49]. However, none of these studies
mentioned the roughness of the tested surfaces. Interestingly, the bare
surfaces from our results are very close to the Rohsenow correlation at
surface-fluid constant, Cg, of 0.012, which agrees well with the value of
0.013 reported by Lienhard [50].

Despite having a good agreement with the HTC, the obtained CHF of
73.4 W/cm? is low compared with other studies and the Zuber corre-
lation. The CHF is greatly impacted by the heater size [51,52], contact
angle [53], and the surface roughness [7,53]. With respect to size, to
achieve the infinite condition, the heater’s characteristic dimensionless
length should be larger than 20, as described in [51,52]. The heater’s
dimensionless size is defined as the ratio between the heater length and
the capillary length of the working fluid. The heater size in the current
study is 30 mm x 30 mm, which is relatively large compared with other
studies (see Fig. 7); however, the heated surface did not achieve the
infinite condition when working with water. As a result, it is expected to

have a lower CHF, and should be around ~ 0.75 CHF zyper according to
the graph presented in [54], which is still higher than the obtained
value. With respect to roughness, Kim et al. [7,53] found that decreasing
the roughness from 2.36 um to 0.041 um deteriorated the CHF from
162.5 W/cm? to 77.5 W/cm?. This was demonstrated for a relatively
small heater size of 10 mm x 10 mm. Therefore, the low CHF (~74 W/
cm?) measured in the current study is very reasonable given the rela-
tively large and smooth boiling surfaces used as a baseline. Also, another
surface with high unidirectional roughness (Ra of 0.337 pm) prepared
like Kim et al. [7] was examined and compared with the two smooth
surfaces mentioned above, as shown in Fig. 8. The new rough surface
reached a CHF near 90 W/cm?. This indicates that the CHF is sensitive to
roughness and even the roughness configuration, i.e., unidirectional or
bidirectional or random. It is worth mentioning that all the hooked
surfaces used in the current study were machined and polished before
applying the hooks on the same machine used to machine and polish the
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Fig. 12. Heat transfer enhancement ratio for all surface (a) S1, (b) S2, (b) S3, and (b) S4.

Table 3
The HTC and CHF enhancement attained by the proposed surfaces.
Surface 1 Surface 2 Surface 3 Surface 4
CHF (W/cmz) 122.41 98.81 113.16 85.33
CHF Enhancement Ratio 1.66 1.33 1.54 1.16
Max HTC Enhancement Ratio 2.84 2.77 3.70 2.87

smooth bare surfaces. Therefore, one of the smooth bare surfaces was
used as a baseline surface for comparing the boiling performance of
hook surfaces.

Finally, Fig. 8 also shows a very slight difference between the results
of both smooth bare surfaces with a difference in wall superheat of less
than 1 K, which demonstrates the reproducibility of the results, and the
accuracy of this facility.

4.2. Working principle

Typically, roughing the heated boiling surface or adding more arti-
ficial cavities helps initiate bubbles faster, enhancing the HTC. We hy-
pothesized that the same behavior would be caused by the grooves
created by the GRIPMetal skiving process that forms the hooks. This
hypothesis was investigated by visualizing the bubble behavior at a very
low heat flux (~1 W/cm?) for one of the surfaces (S2 with biggest hook
size), as shown in Fig. 9. An organized staggered pattern of bubbles was
formed, which followed the hook spacing pattern; this helped confirm
the conjecture that these cavities trap the vapor and facilitate the gen-
eration of the bubbles. Specifically, the bubbles were formed at the
interface line where the hook-shaped fin meets the groove, as shown in
Fig. 10. Commonly for bare surfaces, when the wall superheat increases,
more bubbles become activated when the trapped vapor bubble sizes
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exceed the required critical radius for the bubble to grow. A good feature
of the present enhanced surface is that most of the bubbles are activated
at once, indicating good repeatability of the manufacturing process of
the hooks to produce almost the same size of grooves.

At this low heat flux, the bubbles are discrete and do not disturb or
coalesce with each other. Also, no bubbles are formed at the unfinned
area of the surface, leaving it wetted and the grooves are fed with
replenishing liquid. At very few locations, the bubbles coalesce in the
lateral direction (perpendicular to the groove direction), as denoted by
the arrows in Fig. 9.

In summary, the hook—groove surfaces functionally enhance boiling
heat transfer by (i) increasing the heat transfer area; (ii) creating stable,
organized nucleation site patterns which enhance the HTC; and (iii)
separating the liquid—vapor phases by leaving a un-nucleating bare
surface between the hooks to serve as liquid feeders, which we think can
delay the horizontal coalescence and impact the resulting CHF, as dis-
cussed below. The effects of changing the hook shape and consequently
the groove size and density is discussed in Sec. 4.3.

4.3. Effect of hook geometry

The pool boiling curves for all surfaces at saturation at a pressure of
1 atm are shown in Fig. 11a. The reproductivity of the results for hook
surfaces was examined like what was performed for the bare surface in
Sec. 4.2, which showed good repeatability with a difference in wall su-
perheat of less than 1.4 K. A significant improvement in the HTC for all
surfaces is evident at low and high heat fluxes when compared with the
bare surface. All the hooked surfaces immediately initiated nucleation,
achieving a much smaller wall superheat (less than 2 K) at the onset of
nucleate boiling (ONB), compared with 4 K for the bare surface (eval-
uated by the slope change of the boiling curve). All surfaces showed
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Fig. 13. Comparison between the behavior of the bubbles for all surfaces at a low heat flux of 3.1 W/cm2. (a) bare surface, (b) S1, (c) S2, (d) S3, (e) S4, and (f)

reference of hook orientation.

monotonic increasing trends for the HTC; the highest HTC achieved was
8.9 W/em?K at a wall superheat of 12.6 K for $3, as shown in Fig. 11b. At
a heat flux of 1.7 W/cmz, surfaces S3 and S4 had the lowest wall su-
perheat of 0.92 K and 1.6 K, respectively, with a similar trend to other
hook-shaped surfaces; however, beyond a heat flux of 38 W/cmz, S4 had
a lower slope, achieving a slightly higher CHF of 85.3 W/cm? than the
bare surface. S1 had a significant CHF enhancement, achieving 122 W/
cm? compared with 73.4 W/cm? for the bare surface (67 %
improvement).

For better comparison between the surfaces, a new factor named the
enhancement ratio, ¢ HTChook/HTCpare, Was defined and plotted
versus the heat flux for all surfaces, as shown in Fig. 12. The heat transfer
coefficient for the bare surface, HTCpqare, was predicted using the Roh-
senow correlation even after the CHF because it offered an excellent
agreement with the bare data shown in Fig. 8. Overall, the maximum
HTC enhancement ratio value happened at low heat flux for all surfaces
and measured 2.84 (S1), 2.77 (S2), 3.7 (S3), and 2.87 (S4), as summa-
rized in Table. 3 (critical heat flux improvements for all surfaces are
given in this table).

In Fig. 12, a horizontal line is plotted to represent the area ratio,
which distinguishes the enhancement offered by the bubbles’ dynamics
from the increased surface area offered by the hooks and grooves.
Therefore, the two regions can be easily identified: 1) the light orange
region above the area ratio line where the boiling activity and surface
area collectively cause the HTC enhancement, and 2) the light grey re-
gion below where the boiling activity destroys the HTC. However,
however, the enhancement ratio, &, is still higher than 1 since the area
enhancement has the dominant positive effect.

At low heat fluxes, the boiling activity positively enhanced the HTC
for all surfaces, especially S3, which displayed an enhancement ratio
close to 4. It can be observed that the light orange region (enhancement
by boiling activity) is almost the same for all surfaces except S3 at fluxes
of less than 30 W/cm?. This indicates that the hook density is not the
only factor that controls the HTC—it is possible that the cavity size
formed by the groove plays a role. If the hook density is the main factor
enhancing the HTC, we would expect that S4, with the highest density of
hooks, would achieve the highest HTC enhancement by boiling activity;
however, this did not happen. Since the groove width for S1, S2, and S3
is close (Fig. 2) and much bigger than S4, it is more accurate to say,
increasing the hook density (i.e., nucleation sites) at low heat flux ex-
hibits better HTC if the groove size, t, within 1.3-1.4 mm (Table 1).
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At high heat fluxes, the boiling activity had a detrimental effect on
the HTC and worked against the area enhancement ratio (S1, S3, and
S4), except for S2, which exhibited a positive enhancement by boiling
activity of its HTC at the whole range of the tested heat fluxes until 1
hitting reaching the CHF. The main characteristic of S2 is that it has the
lowest density of hooks and high spanwise spacing between the fins, St.
This coincides with observations by Masri et al. [60], who found that it is
possible to have higher HTC with fewer nucleation sites. They related
this phenomenon to postponing the coalescence process between bub-
bles, which we examined in a visualization study in Sec. 4.4. Higher
nucleation sites yield better HTC at low heat flux if the groove size, ty, is
within 1.3-1.4 mm. On the other hand, reducing the nucleation sites
with some bare areas in between hooks may not achieve the same
enhancement in HTC observed in S3 at low heat fluxes, but it extends the
flux range, in which the boiling activity has a positive effect (S2).

With respect to the CHF, comparing S1 and S4 (with almost the same
area ratio) show that fewer nucleation sites help increase the CHF. A
similar conclusion is seen by comparing S1 and S3. However, this
conclusion cannot be generalized because S2 (with the least number of
hooks) achieved a CHF of 98.8 W/cm? (less than surfaces S1 and S3).
Also, Surfaces 1 and 2 have a very similar number of nucleation sites and
cavity widths, t, leading to almost the same enhancements of HTC at
low heat flux. However Surface 1 shows a better CHF because it pos-
sesses a larger heat transfer area. Therefore, surfaces with fewer number
of hooks and higher area ratios (i.e., optimum spacing between the
hooks) result in higher CHF.

In conclusion, three connected parameters are responsible for the
boiling performance of hooked surfaces: (i) nucleation site density
which affects the left part of the graph, (ii) bare area between the hooks,
which affects the right part of the graph, and (iii) the area ratio which
affects the whole range. Because changing the hook type changes the
other parameters, there is a need to investigate the impact of each
parameter separately which will be performed in a future study with
only one type of hook.

4.4. Visualization study

To understand the results in Fig. 12, the bubble behavior was
captured at low and high heat fluxes, as shown in Fig. 13 to Fig. 15.
Fig. 13 shows that the nucleation started for all hook surfaces compared
with the bare surface. Only a few bubbles exist on the bare surface. Other



A. Elkholy et al. Applied Thermal Engineering 219 (2023) 119665

Fig. 15. Comparison of the bubble behavior for all surfaces at high heat fluxes near the CHF: (a) 47 W/cm?, (b) 84.5 W/cm?, (c) 84.7 W/cm?, (d) 85 W/cm? and (e)
64.4 W/cm?.

bubbles seen in the view of the bare surfaces in Fig. 13a are generated at the bubbles created at the hooks with the opposite orientation, as shown
the edges. S1 had relatively few nucleation sites at this low heat flux, explained in Fig. 9. Surfaces 3 and 4 showed an early coalescence be-
indicating that larger superheat is needed to activate other locations. tween bubbles, resulting in a larger bubble which covered several hook-

By contrast, S2 achieved an almost organized nucleation pattern, and-groove features. Consequently, at low heat fluxes up to 5.7 W/cm?
with one bubble occupying each groove. At this heat flux, bubble coa- (Fig. 12), S3 showed the lowest wall superheat, which indicates that
lescence rarely occurred for this surface and usually happened between hook size (i.e. groove size) controls the ONB while hook density dictates

12
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coalescence at the surface.

As heat flux was increased from Fig. 13 to Fig. 14, the surfaces
activated more nucleation sites and induced more bubble coalescence
for all surfaces. All surfaces nucleate everywhere except S2 which has
some un-finned, non-nucleating areas denoted by red arrows in Fig. 13c.
Coalescence happens either at the surface between small bubble seeds or
downstream between the departed larger bubbles; this occurs for most of
the surfaces at a moderate heat flux as shown in Fig. 14. The big bubbles
depart and merge, while other small bubbles are generated at the sur-
face. However, there is a distinction in terms of the extent of coalescence
between surfaces S1-S4. Each surface is covered with a different ratio of
small and large bubbles. For instance, S1 and S2 exhibited mostly small
bubbles everywhere on the surfaces, and the coalescence happens
downstream (Fig. 14c). For S3 and S4, the share of large bubbles at the
surface is significantly higher than small bubbles (Fig. 14c). In partic-
ular, Surface 4 is occupied by several very large and merged mushroom-
shaped bubbles at a heat flux of 28 W/cm? (Fi g. 14¢) which we
conjecture sped up the coalescence in both directions (streamwise and
spanwise) and triggered the CHF (Fig. 15e). Together, these results
indicate that hook density (i.e., spanwise, St, and streamwise, Sy) is the
governing parameter of coalescence.

The CHF was triggered when the high-velocity vapor flow impeded
the downward liquid supply. We conjecture that the triggering mecha-
nism for the CHF on the hooked surfaces is related to the available
unfinned area on the surface, i.e spanwise, St, and streamwise, S;. The
nucleation commonly happens at the groove end near the hook, leaving
the rest of the groove and the unfinned area wetted with the liquid, as
described in Sec. 4.2. We hypothesize that the groove front works as a
liquid artery and supplies the nucleation sites with the required sub-
cooled liquid either from above or from the unified space, as shown in
Fig. 10 (inset).

Coalescence starts between the adjacent hooks with the opposite
orientation (perpendicular to groove direction shown in Fig. 13f), since
St is smaller than Sy, for all surfaces, as discussed above in Sec. 4.2. We
think that the CHF is triggered at the moment the coalescence happens
in both directions, filling the unfinned area with a big bubble. Another
possibility is that the bubble formation on the unfinned area is due to the
high wall superheat; this facilitates the lateral coalescence between the
bubbles. As a result, the liquid movement through the groove front and
the unfinned area is disturbed, triggering the CHF. This supports the
observation found in Sec. 4.3, that the surface with highest area ratio
(A¢/Apare) and fewest number of hooks (large St, and Sy) is better with
respect to the CHF. Therefore, S1 and S3 had the highest CHF, as the
available unfinned area per grooves is relatively large compared to the
low hook density of these surfaces. S3 had a minimally unfinned area,
but still some parts of the grooves were wetted and not nucleating. This
also explains the issue experienced by S4, which had the smallest hook
size and the highest hook density. Because the unfinned area is minimal,
and the grooves are very close to each other, a fast transition between
the boiling regime occurred.

5. Summary & conclusions

A unique skiving process was used to create robust, low-cost, high-
aspect-ratio hook-shaped fins (GRIPMetal) to enhance the pool boiling
heat transfer rate for immersion cooling heat sinks for electronic com-
ponents. The hook manufacturing leaves a groove in the substrate,
representing its approximate negative volume. A bare benchmark sur-
face and four copper surfaces with different sizes, densities, and shapes
of hooks were fabricated. Experiments were performed with water as the
working fluid at saturation conditions. All surfaces were tested hori-
zontally and upward facing at a pressure of 1 atm. The main outcome
and conclusions are summarized as follows:

e Overall, the surfaces with integrated hooks improved the boiling
heat transfer coefficient and increased the CHF significantly
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compared with the bare surface. This is attributed to the additional
surface area offered by the hook-shaped fins and their corresponding
grooves, superior nucleation site density, and assisted liquid wicking
through the front of the grooves.

S3, with a medium hook size (1 mm), showed the maximum HTC of
8.9 W/em?K, representing 96 % enhancement compared with the
maximum HTC achieved by the bare surface. A significant portion of
this enhancement relates to the additional surface area offered by the
hook shape and specific area of these surfaces. The total surface area
of the developed hooked surfaces was measured using the photo-
grammetry technique; S3 was approximately 1.8 times higher than
the flat surface. The other contribution to enhancement came from
the increase in density of the nucleation sites.

S1, with a hook size of 1.52 mm, achieved a significant increase in
CHF of 122 W/cm?, which is a factor of about 1.6 greater than the
bare surface. We propose that available non-nucleating parts of the
grooves and the unfinned area of the surface are reasons for the delay
in reaching CHF. Bubbles nucleated at the interface between the
hook and the groove, leaving the rest of the groove and the unfinned
area wetted and the nucleation sites fed. This only happened for
surfaces with big hook sizes and high hook density (S1 and S2).

For higher hook densities and smaller hook sizes, it was found that
large bubbles occupied several hooks and grooves. This sped the
lateral coalescence of the bubbles at the surface, leading to a fast
transition between the boiling regime and the CHF being triggered
very early. This occurred for S4, which had the smallest hook size
(0.6 mm) and the highest hook density, and S4 achieved a CHF of
85.3 W/cm?, which is slightly lower than that of the baseline surface.

The current study has shown that, with a strategic distribution of the
hooks on the boiling surface, simultaneous enhancement of the HTC and
CHF can be achieved. These surfaces can be implemented in advanced
two-phase cooling systems, such as thermosyphons, immersion coolers,
and vapor chambers; this impacts many industries including but not
limited to electronics cooling, aerospace, and telecommunications.

The next step of this work is to study the bubble departure properties
of GRIPMetal hooked surfaces and to examine the boiling enhancement
offered at different orientations to simulate operating conditions similar
to many practical immersion cooling systems.
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