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Plough-extrusion Forming for Making Micro-groove Heat Pipes
on Hydrostatic Thrust Bearings of Heavy Machinery
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The present paper focuses on the manufacturing of micro-groove heat pipes on hydrostatic thrust bearings of heavy machinery. Special multi-
tooth tools were designed for plough-extrusion forming heat pipes on flat copper. Experimental results were conducted to determine whether
the plough-extrusion forming could achieve better performance than traditional wire electrical discharge. Furthermore, the processing
using multi-tooth tool with 10 mm length, 55 tooth number, 0.25 mm tooth depth and 0.22 tooth top width was found to achieve the best
performance among the six optional tools. The 50 mm/min forming speed was determined to acquire the best surface quality of the micro-
groove structure. Through heat transfer testing, the theoretical model for a micro-groove heat pipe made by plough-extrusion forming was also
verified.
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Highlights

*  Manufacturing of heat pipes on hydrostatic thrust bearing was investigated to improve heat dissipation.
*  Design and manufacturing of special multi-tooth tool used for plough-extrusion forming were introduced.
* A performance comparison between plough-extrusion forming and traditional wire electrical discharge machining for making

micro-grooves was presented and discussed.

*  Recommended parameters of the multi-tooth tool and plough-extrusion forming speed were provided.

O INTRODUCTION

Due to the increase in the accuracy requirements of
large parts in industrial environments, improving the
machining efficiency and accuracy of heavy computer
numerical control (CNC) vertical lathes is becoming
an important issue. The hydrostatic thrust bearing is a
critical component in heavy CNC vertical lathes, and
its performance directly affects the machining quality
and efficiency of the entire device. During machining,
the temperature of the oil film on the hydrostatic
thrust bearing will rise rapidly with the increase
of the rotating speed, which may make the load-
bearing oil film thinner and prone to rupture, leading
to lubrication failure [1]. Therefore, to control the
temperature of oil film for hydrostatic thrust bearing
is a problem that must be solved for high-speed
machining. A heat pipe is a very effective device
for transmitting heat with the advantages of high
thermal conductivity, good isothermal characteristics,
fast thermal response, simple construction and easy
control with no external electric drive [2] and [3]. It
can be used under various application circumstances.
A new design is presented to integrate heat-pipes into
a nuclear cooling system [4]. Light-emitting-diode
cooling [5] and battery-pack cooling [6] also need
help from heat pipes to remain stable. Micro-grooved
aluminium flat plate heat pipes are adopted to improve

the thermal efficiency of solar collectors [7]. The data
centres for the Internet or cloud computing also require
them for their air conditioning systems [8]. There are
also many studies on promoting the efficiency of
heat pipes. Flat-plate micro heat pipes with different
geometries were designed and fabricated to determine
the best geometries of wicking structures to improve
efficiency [9]. Micro-pillars added inside the micro-
grooves have been proven not only to improve the
wettability of micro-grooves but also increase the heat
transfer capability of two-phase flow inside the micro
heat pipe [10]. Nanofluids are shown to be effective
means for enhancing heat transfer of heat pipes [11].
A new ultra-thin aluminium flat heat pipe is studied
with regards to advantages including light weight,
good heat transfer characteristics, being convenient to
manufacture, and low cost [12]. It can meet the heat
dissipation requirements of electronic equipment but
does not meet the function of high load-bearing heat
dissipation. The research shows that the rotational
speed, oil viscosity, bearing groove size and position
have a great influence on the temperature performance
of hydrostatic thrust bearing [13]. It has also been
discovered that the heat pipes set on oil pad and
hydrostatic thrust bearing can take away the most heat
generated by the shear of the oil film and effectively
control the temperature rise and thermal deformation
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to avoid dry friction and improve the machining
quality of equipment [14].

The heat transfer performance of the heat pipe is
closely related to the structure of the capillary wick in
it. According to different structures and manufacturing
methods for the capillary wick, the heat pipes can be
divided into micro-sintered heat pipes and micro-
groove heat pipes. The micro-sintered heat pipe has
a high heat transfer capacity, but the manufacturing
process is complicated. Moreover, the structure of
sintered capillary wick is easily damaged, and the
copper powder particles in the wick structure are prone
to fall off when subjected to heavy load deformation
[15]. However, the capillary wick structure of micro-
groove heat pipe is directly formed on the inner wall
of the pipe [16]. It is lightweight, with no contact
thermal resistance, fast thermal response and is not
easy to be damaged. In order to improve the capillary
performance of the two-phase heat transfer device,
an aluminium micro-groove core with a cavity array
is developed using the orthogonal plough-extrusion
method [17]. It is also found that the wick structure
with liquid tanks can improve the performance of loop
heat pipes [18]. Studies show that the maximum heat
transfer capacity can be achieved through rectangular
or triangular grooves [19]. Moreover, the converging
micro-channel heat pipe has been developed to obtain
better capillary performance than the straight micro-
channel heat pipe [20].

Studies on the designing and manufacturing of the
micro-groove heat pipe found that the heat pipe can
perform better with scratches and cracks generated
synergistically. Under the same conditions, the thermal
conductivity of rough micro-groove heat pipe is more
than 2 times higher than that of the smooth micro-
groove heat pipe. Therefore, a special multi-tooth tool
is designed in this paper to form rough micro-grooves
on the inner wall of the flat using the plough-extrusion
forming mechanism. It can be well applied to solve
the problem of thermal control for hydrostatic thrust
bearing.

As shown in Fig. 1, the inside pipe is drawn to
be under a negative pressure of 1.3x(10-! to 10-4) Pa
and then charged with working fluid. One end of the
tube is the evaporation section, and the other end is
the condensation section. The insulating section
can be arranged in the middle as needed. When the
evaporation section is heated, the working liquid in
the capillary wick evaporates and vaporizes. The
steam flows to the condensation section under a slight
pressure difference to release heat to form a liquid. The
liquid then flows back to the evaporation section by
the capillary suction generated by the micro-groove.

Thus, the heat is transferred from one end of the heat
pipe to the other end. Therefore, the heat transfer limit
of the capillary wick structure determines the heat
transfer capacity of the micro-groove heat pipe.
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Fig. 1. The working mechanism of micro-groove heat pipe;
1. evaporation section, 2. working fluid area, 3. insulation section,
4. steam area, 5. condensation section, 6. pipe shell area,
7. trapezoidal groove core

1 THE WORKING PRINCIPLE
OF MICRO-GROOVE HEAT PIPE

In the process of heat transfer, the heat pipe includes
the following six interrelated main processes: 1) Heat
is transferred from the heat source to the liquid-vapour
interface through the heat pipe wall and the wick filled
with working liquid; 2) The liquid evaporates on the
liquid-vapour interface in the evaporation section;
3) The steam flows from the evaporation section to
the condensation section; 4) Steam condenses on the
vapour-liquid interface in the condensation section;
5) Heat is transferred from the vapour-liquid interface
to the cold source through the wick, liquid and tube
wall; 6) The condensed working liquid flows back to
the evaporation section due to capillary action in the
wick.
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Fig. 2. Model and coordinate of micro-groove heat pipe
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As shown in Fig. 2, a heat pipe can be divided
into three areas from the inside to the outside: the
steam area, the working fluid area, and the pipe shell
area. In the steam area of the heat pipe, the steam flow
can be described with the Navier-Stokes equation. For
a stable incompressible axisymmetric laminar flow,
the heat transfer equation is shown in Eq. (1).
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where p, represents the steam density, v, is the radial
velocity, u, denotes the axial velocity, Cp, is the steam
specific heat capacity, T, denotes the steam temperature,
and k, represents the steam thermal conductivity. For
the working fluid area, the heat transfer equation can
be described as shown in Eq. (2).
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where p; represents the liquid density, v, is the radial
velocity, u; is the axial velocity, Cp; denotes the
liquid specific heat capacity, k4 represents the liquid
effective thermal conductivity, and 7; denotes the
liquid temperature. Furthermore, the heat transfer
principle follows Eq. (3) in the pipe shell area.
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where m = /64k,; / (k,w) , w represents the channel

width, &, is the solid thermal conductivity, and T},
denotes the solid wall temperature. The more detailed
description for the principle of micro-groove heat
pipes can be found in previous research studies [21]
and [22].

Although the heat transfer capacity of the heat
pipe is great, it is impossible to increase the heat load
indefinitely, because many factors restrict the heat
transfer capacity of the heat pipe, including viscosity
limit, sonic limit, carrying limit, boiling limit and
capillary limit, etc. The viscosity limit refers to the
maximum heat transfer when the pressure of the steam
drops to zero at the end of the condensation section
of the micro heat pipe due to the effect of the viscous
force. This limit will be encountered when the working
temperature of the micro heat pipe is lower than the
normal working temperature range. Therefore, it is

also called the steam pressure limit [23]. The viscosity
limit of the micro-groove heat pipe follows Eq. (4).

Q- — ﬂdjhjgpvpv

128, (1, +21,+1,)
where d, represents the diameter of the steam chamber
of the micro heat pipe [m], /; denotes the latent heat
of vapourization of the working fluid [J/kg], p, is the
vapour density of the working fluid [kg/m3], p, presents
the saturated vapor pressure of the working fluid [Pa],
1, denotes the vapour viscosity of the working fluid
[N-s/m2], [, is the length of the evaporation section
[m], /. is the length of the condensation section [m],
1, denotes the length of the adiabatic section [m]. The
sonic limit refers to maximum heat transfer limit when
the steam flows in the micro heat pipe and may reach
the speed of sound or supersonic speed at the exit of
the evaporation section to occur blocking because of
the effect of inertial force [24]. The sonic limit of the
micro-groove heat pipe follows Eq. (5).
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In addition to the parameters mentioned before,
where y, represents the steam specific heat ratio (5/3
for monoatomic steam, 7/5 for diatomic steam, 4/3 for
polyatomic steam), R, is the general gas constant [J/
(kmol'K)], 7, denotes the working temperature of the
micro heat pipe [K], M is the relative molecular weight
of the working fluid [g/mol]. The carrying limit refers
to the maximum heat transfer that the shear force at
the liquid-vapour interface may tear the liquid on the
surface of the wick and bring it into the vapour flow
when the steam velocity in the micro heat pipe is high
enough. The carrying limit of the micro-groove heat
pipe follows Eq. (6).
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In addition to the parameters mentioned before,
where o represents the surface tension of the working
fluid [N/m] and W denotes the width of the micro-
groove [m], when the micro heat pipe is at a low
heat flow rate, part of the heat is transferred to the
vapour-liquid interface through the wick and liquid,
and the other part reaches the vapour-liquid interface
through natural convection and forms the evaporation
of the liquid. If the heat flow increases, the liquid in
contact with the tube wall will gradually overheat and
generate vapour bubbles in the nucleation centre. The
formation of vapour bubbles should be avoided when
the micro heat pipe is working, because once vapour
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bubbles are formed in the wick, if it cannot smoothly
pass through the wick and move to the surface of the
liquid; it may hinder the circulation of the working
fluid and cause the surface to overheat. Therefore,
the maximum heat transfer amount of the evaporation
section when the liquid generates bubbles at the tube
wall is called the boiling limit [25]. The boiling limit
of the micro-groove heat pipe follows Eq. (7).
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Besides the parameters mentioned before, where
k. represents the effective thermal conductivity of
the liquid-filled wick [W/(m'K)], ¢ denotes the depth
of the micro-groove [m], 7, is the critical radius of
bubble generation [m], and W, denotes the width
of the bottom side of the micro-groove [m]. The
capillary limit of the micro-groove heat pipe is the
maximum heat transferred by the capillary suction
force generated by the micro-groove capillary wick
and the working fluid. In most cases, the mathematical
model of the capillary heat transfer limit of the micro-
groove heat pipe can be derived from Chi [26] under
the assumption that the heat load is evenly distributed
in the evaporation and condensation sections, and
is derived from the vapour flow under laminar
incompressible conditions as Eq. (8) shows.
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where the parameters are defined as below:

1) r, the 2/r. is the maximum possible value of the
wick structure (1/R;+1/R;). As the trapezoidal
micro-groove wick structure shown in Fig. 3,

R, =W,/(W—Wb)2+452/45, R, =0,

> ()

Fig. 3. Effective capillary radius calculation
of trapezoidal micro-groove wick
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Fig. 4. Trapezoidal micro-groove wicking cross-section

2) g=9.81 N/kg.

3) F;, is obtained by considering the various types
of wicks and the loss of liquid flow pressure in
different forms of flow channels [27], which are
calculated by Eq. (9).

=t 9
" Kdyphy ®
where K denotes the permeability of trapezoidal
grooved wick calculated by Eq. (10) in which ¢
represents the void ratio of trapezoidal grooved wick
calculated by Eq. (11) and , is hydraulic radius defined
by Eq. (12) and calculated by Eq. (13) for trapezoidal
grooved wick as shown in Fig. 4; The f;Re; in Eq. (10)
can be found in Fig. 5 where a=W/26 if W<26 and
o=20/W if W>20; Ay represents the cross-sectional
area of wick structure calculated by Eq. (14). Thus, the
F can be calculated by Eq. (15).
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Plough-extrusion Forming for Making Micro-groove Heat Pipes on Hydrostatic Thrust Bearings of Heavy Machinery 727



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)12, 724-735

r,=24,/C, (12)

(w+w,)é
T = (13)
W, +(W -w,) +45°

2
(Wb (W -w,) +452) fRe,

F = NGE))
’ n(W+W,) 8 pih,,

24

22F B

20- B

JiRe

18- : 1

16 : ,

14 I i i i
0 0.2 04 0.6 0.8 1

a

Fig. 5. Drag coefficient of laminar flow
in trapezoidal micro-groove [28]

4) F, is the friction coefficient of the steam flow
according to the flow conditions of the steam,
which is related to the steam Reynolds number
and the Mach number. The steam Reynolds
number Re, can be calculated with Eq. (16).

Re — 2rth
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(16)

where, r,,=d,/2 for micro heat pipe with a
circular steam chamber, then Eq. (16) can be
expressed as Eq. (17).
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The Mach number M, can be calculated by Eq.
(18).
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Then the parameter Fv can be calculated by Eqgs.
(19) to (22) according to different situations.
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Thus, the capillary heat transfer limit of the
trapezoidal micro-groove heat pipe can be calculated
by Eq. (23).
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Thus, when the temperature of working fluid and
the effective length of the micro heat pipe are constant,
the capillary limit is influenced by the diameter of
the steam chamber, the top and bottom width of the
trapezoidal micro-groove, the depth and number of
the grooves and the flow conditions of the steam.
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2 PLOUGH-EXTRUSION FORMING
USING MULTI-TOOTH TOOL

Plough-extrusion forming of metal uses the special
plough-extrusion multi-tooth tool on the machine
tool to plastically deform a part of the metal on a
metal wall and build fins with many micro-grooves.
Thus, plough-extrusion forming is a metal-processing
technology with the characteristics of both plough
and extrusion. Although it uses the lathe machining,
and its tool is similar to the turning tool, the forming
mechanism is different from turning. Plough-
extrusion forming has both characteristics of plough
and extrusion deformation. Therefore, it can be called
plough-extrusion forming. Turning makes the required
shape by cutting the extra metal from the material.
However, plough-extrusion forming produces plastic
deformation and slicing via the effect of extruding to
form grooves and fins without cutting. Thus, the fin
it produces is much deeper than what the turning tool
does.

tool

cutting direction -ea—} main fins

composite fins

. i workpiece
workpiece direction P

®

Fig. 6. The diagram of plough-extrusion forming
for making fin structure

The workpiece material in this research is copper
T2, and the tool material is bearing steel GCrl5
or high-speed steel W18Cr4V. The workpiece is
mounted on the machine tool table, as shown in Fig. 6.
As mentioned before, the process of plough-extrusion
forming is different from turning on common machine
tools. The turning process forms the required shape
by cutting the extra metal, and the removed metal
materials often become chips. However, in plough-
extrusion forming, a special multi-tooth tool is used
to plough, crush, and tear to form sub-structures and
micro-structures of fins, which are superimposed on
the macro-structure. There are no chips or only a few
cutting materials during machining.

For making sub-structures and micro-structures
of fins, the entire plough-extrusion forming process

can be divided into four stages: cut-in, extrusion, fin
forming, finishing. The cut-in process uses the multi-
tooth tool to cut the copper surface with the front blade
and forms the opening of groove, then the surface
metal is ploughed by pressure in front of the multi-
tooth tool, and forcing the metal to start diverting to
both sides. In the extrusion step, after the surface layer
of copper is cut in, the two extrusion surfaces of the
multi-tooth tool begin to extrude the metal. With the
continuous deepening of the multi-tooth tool, when
the applied stress of the multi-tooth tool reaches the
yield limit of the copper material, the copper begins
to undergo plastic deformation. The copper is then
forced to flow in the direction of minimum resistance
after hindered by metal resistance. In other words,
the copper flows outward along the normal direction
of the tool pressing surface, and the metal bulging
occurs continuously on both sides of the pressing
surface to form the first fin. The fin-forming process
is relatively complicated, and under the combined
forces of friction and extrusion, the first formed fins
begin to crack to form a jagged structure. In the case
in which the multi-tooth tool continues to plough and
extrude, the top of each fin is re-cracked to form a
periodic serrated fin structure. In the finishing step,
after ploughing and extruding to form a relatively
complete fin structure, the secondary extrusion
surface of the multi-tooth tool will still extrude and
repair on the fins formed in the previous step. At this
time, a small amount of metal will undergo minor
plastic deformation, and flow along the secondary
extrusion surface of the multi-tooth tool to make the
fin structure grow upward and form the sub-structure
and micro-structure superimposed on the macro-
structure. Through repeated cycles of these above four
processes, the sub-structures and micro-structures of
fin are continuously produced and stacked.

3 DESIGN AND MANUFACTURE OF MULTI-TOOTH TOOL
3.1 Material Selection for Multi-tooth Tool

High-speed steel is especially suitable for the
manufacture of complicated tool with high thermal
stability, high strength, a certain degree of hardness
and wear resistance. It is easy to be shaped into a sharp
cutting edge. The ploughing tool is more complex,
so bearing steel material GCr15 or high-speed steel
material W18Cr4V are used. The bar diameter is
chosen to be 20 mm.

Plough-extrusion Forming for Making Micro-groove Heat Pipes on Hydrostatic Thrust Bearings of Heavy Machinery 729



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)12, 724-735

3.2 Design of Multi-tooth Tool

The parameters of six designed multi-tooth tools are
shown in Table 1 (the parameters in parentheses are
derived from the geometric calculation, not from
direct design). The cross-section of a single tooth of
the multi-tooth tools is an isosceles trapezoid, and the
angle between the two sides of a single tooth is 120°.
The tool length is 10 mm, the tooth number is 50, 55
or 60, and the depth of groove is 0.2 mm or 0.25 mm.
As the number and depth of tooth increase, the plough-
extrusion force is also increased, and the micro-chips
will become more numerous, which accelerates the
wear of the tool.

3.3 Manufacture of Multi-tooth Tool

The manufacturing process of the multi-tooth tool is

as follows:

1) The raw material is cut into bars of 10 mm length.

2) A centre hole of ®5 mm is drilled on a ®20 mm
bar for tool mounting.

3) Heat treatment and quenching steps are shown
in Figs. 7a and b. There are two common kinds
of materials for making multi-tooth tool for
different needs, W18Cr4V6 and GCrl5. For
high-speed steel W18Cr4V6, it is first quenched
(oil cooling) between 1200 °C and 1300 °C, and
then tempered 3 times at 550 °C for 1 hour each
time; For bearing steel GCr15, it is first quenched
between 800 °C and 860 °C (oil cold), and then
tempered 1 time between 150 °C and 170 °C for 2
to 3 hours.

4) The process of wire electrical discharge
machining for a multi-tooth tool is shown in Figs.
7¢c, d and e. In order to improve the efficiency
of wire electrical discharge machining, the five
treated bars are put on the positioner together to
perform cutting, and the use of positioner can
help to locate the central axis of the inner hole
during the wire electrical discharge machining.
A low-speed is taken to minimize the error
because the wire may break if the speed is fast.
If the wire breaks, the micro-grooves of the

Fig. 7. Heat treatment and wire electrical discharge machining in multi-tooth tool producing; a) heating, b) quenching,
¢) clamping, d) workpiece localization, e) wire electrical discharge machining, f) formed multi-tooth tool
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tool cannot be machined correctly due to the
positioning problem. In other words, it is not able
to correspond with the point and form the correct
number of micro-grooves and that will also waste
the raw material of the tool. Therefore, the voltage
and current of wire electrical discharge machining
should be controlled within a reasonable range.
In addition, the cutting wire should be as close
as possible to the tool, but do not approach the
material; otherwise, it will cause greater error.

5) Grinding. One end of the multi-tooth tool is
sharpened, and reasonable parameters are
obtained, such as the anterior horn, the dorsal
horn, the rake face and the rear face.

6) Cleaning. After cleaning, the final formed multi-
tooth tool is acquired as shown in Fig. 7f.

4 EXPERIMENTS OF PLOUGH-EXTRUSION
FORMING AND THE RESULTS

The plough-extrusion forming experiment was
performed on the XK5032 CNC vertical lifting table
milling machine. The whole procedure was as follows:
1) A plate was clamped on the worktable as shown
in Fig. 8a. 2) A 3-mm-deep hole was drilled using
the centre drill to effectively reduce the error from
shaking when the drill meets copper block as shown
in Fig. 8b. 3) The hole was drilled and reamed to an

aperture of ®10 mm as shown in Fig. 8c; 4) The multi-
tooth tool was mounted on the pull rod to perform
plough-extrusion forming as shown in Fig. 8d. The
position of the horizontal plane of the multi-tooth tool
was fine-tuned, and the chamfer of the multi-tooth
tool was used to guide the positioning. Then, let the
pull rod directly go down without rotating for plough-
extrusion forming, and the illustration of the process
was shown in Fig. 8e. Finally, the formed inner micro-
grooves on the plate were shown in Fig. 8f.

Fig. 9 shows the comparison between wire
electrical discharge machining and plough-extrusion
forming for making the structure of the heat pipe.
Figs. 9b and e were acquired by the digital camera
equipment and it was found that the wire electrical
discharge machining method did not make the weight
and volume of the micro-groove larger when compared
with the plough-extrusion forming method, and the
surface of groove was smooth without the fin structure
shown in Fig. 9f. However, the surface of micro-
groove made by plough-extrusion forming was rough
as shown in Figs. 9d and e. The surface roughness
of the groove can increase the area of the surface,
thereby increasing the wettability of the working
fluid and improving the heat transfer performance of
the flat heat pipe. Fig. 9¢ shows the enlarged view
of micro-grooves manufactured by plough-extrusion
forming, where the formed grooves have better height,

Fig. 8. Plough-extrusion forming for micro-grooves by multi-tooth tool; illustration of; a) clamping, b) central positioning, c) of drilling,
d) clamping multi-tooth tool, e) plough-extrusion forming, f) formed inner micro-grooves
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depth, and width than the ones made by wire electrical
discharge machining. The plough-extrusion forming
also made a secondary groove structure superimposed
on the main groove structure, as shown in Fig. 9c to
improve the roughness.

Furthermore, the wire electrical discharge
machining method is more complicated and costs
more than the plough-extrusion forming method. The
plough-extrusion forming can even be carried out on a
simple self-made cutting platform. Thus, the plough-

extrusion forming method has an advantage of making
micro-grooves providing higher capillary force at a
lower manufacturing cost.

For the experiment, six multi-tooth tools with
different designed geometric sizes (Table 1) were
adopted to compare their forming performance in
plough-extrusion procedure. All these tools were
made of bearing steel GCr15.The intercepted formed
micro-groove of the heat pipe was magnified and
focused with a 12-million-pixel digital camera device,

Secondary
Iroove

Fig. 9. The comparison between wire electrical discharge machining and plough-extrusion forming for making the structure of heat pipe;
a) micro-grooves manufactured by wire electrical discharge machining, b) enlarged view of micro-grooves manufactured by wire electrical
discharge machining, c) the structures of main and secondary grooves from enlarged view of micro-grooves manufactured by plough-
extrusion forming, d) micro-grooves manufactured by plough-extrusion forming, e) enlarged view of micro-grooves manufactured by plough-
extrusion forming, f) the structures of fin and groove from enlarged view of micro-grooves manufactured by plough-extrusion forming
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Table 1. Design parameters of multi-tooth tool

Number of tool 1 2 3 4 5 6
Tooth number 50 50 55 55 60 60
Angle for each tooth [°] 7.20 7.20 6.54 6.54 6.00 6.00
Tooth top width [mm] 0.25 0.25 0.22 0.22 0.20 0.20
Tooth bottom width [mm] (0.1973) (0.1842) (0.1673) (0.1542) (0.1473) (0.1342)
Tooth fin width [mm] (0.2527) (0.2527) (0.2365) (0.2365) (0.2189) (0.2189)
Tooth depth [mm] 0.2 0.25 0.2 0.25 0.2 0.25

and then the photographed surface was compared and
analysed. According to the comparison, it was found
that the multi-tooth tool with 10 mm length, 55 tooth
number, 0.25 mm tooth depth and 0.22 mm tooth top
width, which corresponds to No. 4 in Table 1, could
achieve the best performance in these six designed
tools.

Different forming speed was also tested to
determine the best setting. The testing plough-
extrusion forming speed was increased from 30
mm/min to 70 mm/min using the tool with best
performance, and the corresponding length, height,
width and spacing of the formed fin structure were
recorded in Fig. 10. It can be found that with the
increase of plough-extrusion forming speed, the fin
height, the fin width and the spacing between two
fins changed little, and they tended to be stable.

Furthermore, the fin length varied slightly with speed.
Thus, 50 mm/min is taken to be the most suitable
forming speed for acquiring the largest fin length in
this experiment.

In order to verify the effectiveness of the
theoretical model in guiding the actual manufacturing,
the verification test was carried out in experiments.
The heat pipes used for the verification were made of
copper, and were formed by the multi-tooth tool with
the parameters of No. 5 item in Table 1 according to
the method described in this research. The number
of the micro-grooves is 60, the depth of the micro-
grooves is 0.20 mm, and the bottom width of the
micro-grooves is 0.15 mm, the width of the top side of
the micro-grooves is 0.20 mm, and the micro-grooves
are evenly distributed in the circumferential direction.
The formed micro-groove copper tube shell was
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Fig. 10. The relationship between the plough-extrusion forming speed and the structure parameters of serrated fins
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pumped to a negative pressure of 1.3x(10-! to 10-4) Pa
and then filled with an appropriate amount of working
fluid, which was water in the test, so that the capillary
porous material of the wick was filled with liquid and
then sealed to form a micro-groove heat pipe. During
the test, the heat pipe is placed horizontally, the
temperature of the evaporation section is kept at 60 °C
and the condensation section is cooled with water to
below 30 °C.

W MR T A

.i J

)

Fig. 11. Example of experimental system for heat transfer test

The effective length of the micro heat pipe is 235
mm, of which the length of the evaporation section is
50 mm, the length of the adiabatic section is 85 mm,
and the length of the condensation section is 100 mm.
The relevant parameters of water at 60 °C are shown
as below: M = 18.0156, p, = 1.99919x104 Pa, hy,
= 2.3584x106 kl/kg, p;= 983.28 kg/m3, p,= 0.1302
kg/m3, ;= 4.63x10-4 N's/m2, 1, = 1.06x106 N*s/m2,
k;=0.653 W/(m'K), 0 = 6.607x10-2 N/m. According
to the theoretical model described in Section 1,
the theoretical parameters of the heat pipe can be
calculated as below: its viscosity limit is 3.01x105
W, sound velocity limit is 1.31x103 W, carrying limit
is 223 W, capillary limit is 79.3 W, and boiling limit
is 6.82x103 W. Because its maximum heat transfer
is determined by the capillary limit, the maximum
theoretical heat transfer of a micro-groove heat pipe
with these parameters is 79.3 W. Ten micro-groove
heat pipes formed in the experiments with the same
parameters as the theoretical sample were tested by
the specific heat transfer testing system as shown in
Fig. 11. Their heat transfers were 80.3 W, 78.6 W, 79.6
W, 792 W, 789 W, 79.3 W, 79.7 W, 78.9 W, 80.1 W
and 78.8 W. The average value was 79.4 W, which had
a deviation of 0.1 W compared with the maximum
theoretical heat transfer. Using the scanning electron
microscope (SEM) to analyse the cross-section of

the micro-groove heat pipe, it was found that due to
the influence of various factors in the processing,
as well as the influence of plastic deformation flow
and partial recovery, there was a certain error in the
actual micro-groove. However, the error between
the experimental value and the theoretical value was
within an acceptable range, and the model in Section 1
could be considered correct.

5 CONCLUSION

The heat transfer performance of the heat pipe mainly
depends on the structure of the inner wall wick.
The plough-extrusion forming method proposed in
this paper can quickly make micro-grooves in the
inner hole of flat. However, there are micro-chips
in the machining process. In order to ensure smooth
discharge of the chips, vertical top-down processing
is adopted. According to image analysis of forming
experimental results, the multi-tooth tool with 10 mm
length, 55 tooth number, 0.25 mm tooth depth and
0.22 mm tooth top width was chosen to be the most
suitable forming tool and the 50 mm/min forming
speed was taken to achieve optimization. During the
manufacturing procedure, if the forming speed is too
fast, the pull rod may be damaged. However, if the
forming speed is too slow, the effect of ploughing is
not obvious, and it is a waste of time.
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