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Figure 1 (Color online) The SEM images and boiling curves of several typical single-layer geometry gradient porous surfaces. (a) Mountain-like
porous surface!'; (b) 3-D porous copper surface!'”; (c) honeycomb-like porous copper surface!; (d) forest-like porous copper surface!'); (e)
honeycomb-like porous nickel surface"; (f) boiling curve of honeycomb-like micro-nano porous copper surface!"”; (g) relationship between the
nucleation site diameter (D.) and the wall superheat (AT,,) 1, (h) boiling curves of the forest-like copper surfaces
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Figure 2 (Color online) Several typical multilayer geometric gradient
porous surfaces. (a) Gradient density porous nickel surface 27]; (b)
schematic of microchannels with porous copper deposited on top of the
fins™"; (c) schematic of microchannel covered with a porous copper
layer above™; (d) gradient structured porous surface consisting of
several layers of geometrically graded structures”'; (e)—(h) composite
two-layer porous surface (TLCS)DZ]: (e) The upper layer of honeycomb-
like structure; (f) the underlying forest-like structure; (g) the complete
composite two-layer porous surface; (h) an enlarged view of (g); (i) the
boiling curves
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Figure 3 (Color online) Several typical gradient structure porous
surfaces covered by micro/nano-layer. (a) The silicon micropillars with
metal nano-porous structures deposited on the surface®"; (b)—(d) the
honeycomb-like structures with a gradient structure samplem]: (b) The
original honeycomb-like porous surface without modification (original);
(c) the gradient structured honeycomb-like porous surface modified by
wall surface (modified); (d) the pool boiling curves
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Figure 4 (Color online) Micro-nano porous surface samples with
radial diameter gradient[42]. (a) Photo of the sample with uniform
diameter of about 60 um, and (al)—(a3) are microscope images of
positions 1, 2, and 3 on this sample, respectively; (b) photo of sample
with uniform diameter of 120 um , and (al)—(a3) are microscope images
of positions 1, 2, and 3 on this sample, respectively; (c) photo of sample
with radial diameter gradient, and (c1)—(c3) are microscope images of
positions 1, 2, and 3 on this sample, respectively; (d) the pool boiling
curves
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Figure 6 (Color online) The g-h curves of different gradient structure porous surfaces
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Figure 7 (Color online) Ultra-thin flat heat pipes using forest-like
porous copper as the wick ®1, (a)—(d) The conception of forest-like array
for flat heat pipes: (a) The common Q-like groove for heat pipes; (b) the
Q-like groove can be formed between the trees; (c) the forest can form
interconnected Q-like grooves; (d) the SEM image of a typical forest-
like wick; (e) the fabrication of the ultra-thin flat heat pipes; (f) the
evaporation temperature of UTFHP and copper plates under different
heating power; (g) surface temperature distribution (infrared image) of
copper plates and the ultra-thin flat heat pipe at 6 W
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Surface micro/nano processing is an important method and research hotspot for enhancing the boiling heat transfer process.
However, the effects of a structural gradient on a boiling surface have not been systematically studied. In this paper, we
review researches that focus on porous surfaces with a structural gradient and their effects on the enhancement of boiling
heat transfer and performance of phase-change devices from two main aspects: Geometric gradient and wettability
gradient. Porous surfaces with a geometric (structural) gradient were divided into four series: single-layer geometric
gradient structure, multi-layer geometric gradient structure, surface covered with a micro/nanolayer, and surface with a
radial gradient. In addition, the surface with a wettability gradient also has a considerable improvement in boiling heat
transfer. Especially, we present some of the work related to the improvement in boiling heat transfer for porous surfaces
with structural gradient, which has been carried out by our research group.

Honeycomb-like and forest-like porous copper surfaces are typical single-layer geometric gradient porous surfaces with
excellent boiling heat transfer performance. They have abundant microstructures and sub-microstructures/nanostructures,
which are favorable for vapor escaping and liquid rewetting, respectively. For all the mentioned single-layer geometry
gradient porous surfaces, the critical heat flux increases as the sample thickness increases.

Furthermore, we fabricated a two-layer composite porous surface (TLCS) with a honeycomb-like porous copper surface
on top of a forest-like porous copper surface. This TLCS is a multilayer geometric gradient structure porous surface that
can further enhance the boiling heat transfer process. The heat transfer coefficient (HTC) of TLCS is 1.5 and 1.2 times
larger than those of the biomimetic copper forest and honeycomb structures, respectively.

When a small current is applied to the honeycomb-like porous copper surface, the dendrites on the pore wall transferred
to micro balls and a surface with a structural gradient is obtained. The modified surface is a microstructural porous surface
covered by a nanolayer that further enhances the HTC (1.7 times).

The diameter of the honeycomb-like porous copper surface can be controlled with a radial diameter gradient. A sample in
which the diameter around the center is much smaller than that around the edge enhances the HTC 1.4 times compared with
a sample with uniform diameter.

When the TLCS was modified with polytetrafluoroethylene (PTFE), it became a hybrid wetting surface. The
experimental results show that the wall superheat temperature at the same heat flux during the heat flux decreasing can
repeat that during the heat flux increasing well within 0.5°C, demonstrating that the boiling hysteresis was successfully
eliminated.

As the porous surface with a structural gradient has excellent performance in boiling heat transfer, it has been widely used
in phase-change devices, such as loop and flat heat pipes, to improve their functioning. An ultra-thin flat heat pipe (UTHP),
which is only 0.6 mm thick, can significantly reduce the evaporator temperature by 10°C under a 6 W heat load compared
with a copper plate.

This paper summarizes the most relevant features related to boiling heat transfer enhancement when using structural-
gradient porous surfaces and the improvements in phase-change devices that use such surfaces. Despite the advances in this
aspect, the porous surfaces can be further optimized to achieve a better heat transfer performance.

gradient structure porous surface, multi-scale, wettability gradient, enhanced boiling, phase-change device, heat
pipe
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