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Abstract: To strengthen the heat dissipating capacity of a heat pipe used for integrated insulated
gate bipolar transistors, as an extension of our earlier work, the effect of micro-groove dimension
on the thermal performance of flat micro-grooved gravity heat pipe was studied. Nine pipes with
different depths (0.4 mm, 0.8 mm, 1.2 mm) and widths (0.4 mm, 0.8 mm, 1.2 mm) were fabricated and
tested under a heating load range from 80 W to 180 W. The start-up time, temperature difference,
relative thermal resistance and equivalent thermal conductivity were presented as performance
indicators by comparison of flat gravity heat pipes with and without micro-grooves. Results reveal
that the highest equivalent thermal conductivity of the flat micro-grooved gravity heat pipes is
2.55 times as that of the flat gravity heat pipe without micro-grooves. The flat gravity heat pipes with
deeper and narrower micro-grooves show better thermal performance and the optimal rectangular
micro-groove dimension among the selected options is determined to be 1.2 mm (depth) × 0.4 mm
(width). Furthermore, the liquid–vapor phase behaviors were observed to verify the heat transfer
effects and analyze the heat transfer mechanism of the flat micro-grooved heat pipes.

Keywords: flat micro-grooved gravity heat pipe; rectangular micro-groove; thermal performance;
semi-visualization

1. Introduction

The demand for boosting modern transportation requires excellent performance of integrated
insulated gate bipolar transistors (IGBTs) as driving systems. The technologies of large-scale integrated
circuits and extra microfabrication enable IGBTs to hold thousands of transistors, and the operating
characteristic of high-frequency switching necessitates an enormous capacity for heat dissipation.
Due to the flexible configuration and effective performance, flat heat pipes are widely applied
in cooling electrical devices [1] to prevent the malfunction or irreversible damage of electronic
components [2]. A plate gravity heat pipe (PGHP) or flat gravity heat pipe (FGHP) is a cavity
of small thickness partially filled with a two-phase working fluid [3]. The liquid turns into vapor by
absorbing heat from the interface at an evaporation section and the vapor condenses back into liquid
at a condensation section by releasing the heat. For a flat micro-grooved gravity heat pipe (FMGHP),
similar to a FGHP, it also functions as a gravity-type heat pipe which operates in a vertical orientation.
The evaporation section and the condensation section lie in the bottom end and the top end of the heat
pipe, respectively. The working liquid flows as it is driven by a pressure difference. The liquid returns
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to the evaporation section through the combined effect of gravity and the capillary action generated
by the micro-grooves [4]. Micro-grooves act as a kind of wick on the inner surface of the evaporation
and condensation sections to help uniformly distribute liquid streams across the surface and create
enhanced heat transfer performance [5]. Thus, FGHPs combined with micro-grooves are simple and
effective to enhance heat transfer for removing heat.

In 1981, Tuckerman et al. [6] pioneered microchannel cooling. The use of high-aspect ratio
channels could increase surface area and reduce thermal resistance to some extent. Some micro-groove
geometries with a U-shaped [7], triangular [8,9], trapezoidal [10,11] and rectangular [12] cross-sections,
for example, were studied in the literature. Particularly, flat heat pipes with rectangular micro-grooves
are widely considered in research and utilization for their easy manufacture. Hopkins et al. [13]
performed experiments with rectangular micro-grooved flat heat pipes. They concluded that narrower
or deeper grooved wick structures had better heat removal performance.

Do et al. [14] developed a mathematical model for predicting the thermal performance of a flat
heat pipe with a rectangular micro-grooved wick structure. By using the proposed model, the optimum
width and height of the micro-groove based on the original model was determined with respect to
the maximum heat transport rate of the flat micro-grooved heat pipes. The results of the thermal
optimization showed that a narrow and deep micro-groove had a relatively high heat transport rate in
certain dimensional scopes.

With the numerical model developed by Saad et al. [15], an axially-grooved flat heat pipe was
investigated. They found that the dimensions of the rectangular micro-grooves considerably affected
the hydrodynamic parameters. It was concluded that for a given groove width (depth), the maximum
power increased with the groove depth (width). Consequently, good thermal performance was
obtained in deep and narrow micro-grooves. In their following study [16], flat micro-grooved heat
pipes with rectangular and triangular micro-grooves were compared, indicating the rectangular
micro-grooves allowed for higher capillary limits than the triangular micro-grooves.

Gillot et al. [17] studied flat silicon heat pipes used as thermal spreaders in power devices such as
IGBTs. The results showed that when using a rectangular micro-grooved silicon heat pipe, heat was
more uniformly distributed and thermal resistance was decreased. For a heat transfer coefficient of
3 kW/(m·K), the thermal resistance for the flat silicon heat pipe with 100 µm high micro-grooves was
decreased by about 31% compared with the plain prototype without any micro-grooves.

In the literature of Nagayama et al. [12], they reported a simplified theoretical analysis to optimize
the micro-groove size for straight microchannels on a flat silicon heat pipe. The flat heat pipe made
of silicon substrate had a grooved area of 15 × 70 mm2. When the micro-groove height was fixed at
100 µm, the optimal value for width was 100 µm. Through conducting experiments, they concluded that
the driving force determined by the geometry played the primary role on the thermal performance of
heat pipes, while the number of micro-grooves played the secondary role on the thermal performance.

The exploration for flat heat pipes further combined with visualization can provide a better
insight of the characteristics of liquid–vapor phase behaviors. Wong et al. [7] investigated the
working characteristics of a micro-grooved heat pipes. With visualization, the behavior of the working
fluid was observed and the variation in evaporator thermal resistance with increasing heating load
was measured.

The aforementioned literature confirms the necessity and value for studying flat micro-grooved
heat pipes. Besides, in our previous work [18], we carried out the experimental study on an
FGHP. The effects of various heating loads and fluid filling ratios on the thermal performance
were observed and studied at unsteady state. As an extension of the previous work, FMGHPs
were studied in this paper. Considering the capillary limit and further avoiding dry-out happening
during the evaporation section, nine FMGHPs with different rectangular micro-groove dimensions
were designed and manufactured. Experiments were carried out to investigate their thermal
performance. The start-up time, temperature difference, relative thermal resistance and equivalent
thermal conductivity as thermal performance indicators were obtained under different heating loads



Energies 2018, 11, 2480 3 of 12

by comparing FMGHPs with FGHPs to determine an optimal rectangular micro-groove dimension.
Furthermore, semi-visualization was used to validate the heat transfer effect by analyzing liquid–vapor
phase behaviors.

2. Experimental

2.1. Fabrication of FMGHPs

The experimental setup is similar to our earlier work [18], except for the micro-groove part
of the FMGHPs. The semi-visualization of the FMGHP mainly consists of three parts: the base
plate (270 mm × 160 mm × 16 mm) and the frame structure (270 mm × 160 mm × 6 mm with an
internal cavity of 210 mm × 100 mm × 6 mm) made of aluminum alloy, and a visualized window
(240 mm × 130 mm × 10 mm) made of quartz glass. These were tightened with screws. The base plate
has an internal space with a dimension of 100 mm × 2.5 mm × 210 mm for filling with working fluid.
Rectangular micro-grooves were processed on the internal surface of the base plate and described by
width (w) × depth (d). Figure 1 shows a fabricated FMGHP (a) and the structure of the micro-grooves
in FMGHP from an A–A cross-section view (b).
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Figure 1. (a) A photo of a fabricated flat micro-grooved gravity heat pipe (FMGHP); (b) The A–A
cross-section of the micro-grooves in a FMGHP (units: mm).

The nine FMGHPs have the same micro-groove quantity (40) and different micro-groove
dimensions, which are divided into three groups according to the three widths marked with “w”
(0.4 mm, 0.8 mm, 1.2 mm) in Figure 1b. Three kinds of widths of micro-grooves are involved,
and different groove widths are obtained through adjusting the widths of fins marked with “f” in
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Figure 1b, which are the middle parts between two micro-grooves. Besides, there are three depths
(0.4 mm, 0.8 mm, 1.2 mm) marked with “h” in Figure 1b for each width. The specific dimensions of the
micro-grooves are shown in Table 1.

Furthermore, the procedures of cleaning, drying, sealing, tightness testing, vacuuming and filling
were carried out in sequence for the FMGHP, which are the same as those in our previous work [18].
The working fluid used in the FMGHPs is acetone, due to its working temperature, saturation
vapor pressure, and some other beneficial properties such as its liquid transmission coefficient and
thermal stability.

Table 1. The nine kinds of dimensions of rectangular micro-grooves.

FMGHP Number
Depth (d) Width (w) Micro-Groove Length

Micro-groove Number
(mm) (mm) (mm)

1 0.4
0.4

200 40

2 0.8
3 1.2

4 0.4
0.85 0.8

6 1.2

7 0.4
1.28 0.8

9 1.2

2.2. Experimental System

The experimental system includes the semi-visualization FMGHP, a heating system, a cooling
system and a data acquisition system. The semi-visualization FMGHP was experimented with in a
vertical orientation. In the heating system, the heat for the evaporation section was provided by a heat
block (100 mm × 90 mm × 10 mm), which was tightened to the external surface of the evaporation
section (with a width of 100 mm and a height of 90 mm). In the cooling system, the condensation
section (with a width of 100 mm and a height of 90 mm) of the FMGHP was cooled by forced air at a
constant temperature and flow rate. There is a transition/adiabatic section between the evaporation
and condensation sections, which has a width of 100 mm and a height of 30 mm. In the data acquisition
system, three K-type thermocouples were arranged at selected positions on the Z-axis to monitor the
temperature variation at the evaporation, transition and condensation sections. The visualization was
performed using a high-speed camera (model i-SPEED3). In addition, the heating and cooling system
were wrapped in insulation cotton to minimize heat loss during the experiment. The experimental
system is shown in Figure 2.
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2.3. Experimental Conditions

The FMGHPs were evacuated down to a pressure of 1 × 10−3 Pa and then filled with acetone.
A filling ratio of 48% is adopted according to the optimal filling ratio for FGHPs reported in our earlier
work [18], although the heat pipes in this work are distinguished from those without micro-grooves.
The thermal performance experiments of each FMGHP at different heating loads (80–180 W) were
carried out at least three times.

3. Thermal Performance Indicators

The start-up time, temperature difference, relative thermal resistance, and equivalent thermal
conductivity are used as four indicators of the thermal performance of FMGHPs.

(i) The start-up time denotes the time from the beginning of heating at the evaporation section
to the beginning of the FMGHPs working. The work starting can be analyzed by the first obvious
fluctuation of the temperature at the evaporation section under various heating loads [18].

(ii) The temperature difference ∆T at stable operation between the evaporation and condensation
sections in the cavity of the FMGHP is measured as another indicator. It is shown as Equation (1) [18].

∆T = Te − Tc (1)

where Te and Tc represent the average temperatures in the evaporation and condensation sections of
the heat pipe, K, respectively.

(iii) Thermal resistance refers to the required temperature difference to transfer per unit heat.
In the present work, the focus is given to the relative resistance of the working fluid circulating
between the evaporation and condensation sections at stable operation. The relative thermal resistance
is defined as Equation (2) [18].

R = ∆T/Q (2)

where R is the relative thermal resistance of the working fluid, K/W, and Q is the heating load, W.
(iv) The equivalent thermal conductivity at stable operation is defined as Equations (3) and (4) [12,19].

k = Q · leff/(A · ∆T) (3)

leff = le/2 + lt + lc/2 (4)

where k is the equivalent thermal conductivity, W/(m·K); A represents the cross-sectional area of the
vapor cavity in the FMGHP, m2; leff is the effective length of the FMGHP, m; and le, lt and lc denote the
lengths of the evaporation, transition and condensation sections, m, respectively.

4. Results and Discussion

4.1. The Effects of FMGHP Micro-Grooves on Start-Up Time

The start-times of the FGHP and FMGHPs with different micro-groove depths (0.4 mm, 0.8 mm
and 1.2 mm) decrease with an increase in heating load, as shown in Figure 3a (w = 0.4 mm), Figure 3b
(w = 0.8 mm) and Figure 3c (w = 1.2 mm), respectively. In the FMGHPs and FGHP, at the beginning of
heating in the evaporation section, the interior working fluid is calm, and the average temperature of
the working fluid is low. With the constant input of heat, the working fluid absorbs heat continuously,
which results in the superheating of the working fluid. The energy accumulates to generate nucleation
and the obvious fluctuation of the temperature in the evaporation section occurs. Then, the heat pipe
starts to operate. To accumulate the same amount of heat for the start-up, the higher heating input
leads to the shorter response time required for the FGHP and FMGHPs.
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When the heating load remains constant, the start-up time of FMGHPs decreases with the
increasing depth of the micro-grooves. The FGHP without micro-grooves has the longest start-up time.
FMGHPs three, six and nine have the shortest start-up times as shown in Figure 3a–c, respectively.
When the heat pipe has deeper micro-grooves, the working fluid filling into the micro-grooves is
closer to the heating block, which enhances the heat transfer from the heat block to the working fluid.
Besides, the contact surface between the working fluid and the heated evaporation section of the heat
pipe is increased. The working fluid in the micro-grooves can obtain more heat per unit time from a
larger contact surface. Therefore, the response time of the FMGHP is shortened.

Figure 3d compares the three FMGHPs with a FGHP. It is shown that the FMGHPs have the same
depth of 1.2 mm and different widths. The start-up time of the FMGHPs decreases with a decreasing
width of the micro-grooves at each heating load. For instance, when the heating load is 120 W and the
width is 0.4 mm, 0.8 mm and 1.2 mm, the shortest start-up times are 170 s, 180 s and 204 s, respectively.
They decline by 29%, 25% and 15% compared with the FGHP without micro-grooves. FMGHP 3,
with narrower and deeper grooves, has the shortest start-up time at each heating load. The bigger
capillary force due to the narrower micro-grooves primarily affects this performance [1,5]. When the
heat pipe has narrower micro-grooves, the condensed working fluid draws back to the evaporation
section in less time with the effect of bigger capillary force and gravity. Thus, the response time of the
FMGHP is further shortened.
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4.2. The Effects of Micro-Grooves on FMGHPs on Temperature Difference

In Figure 4a (w = 0.4 mm), Figure 4b (w = 0.8 mm) and Figure 4c (w = 1.2 mm), it is shown that the
temperature differences of the FGHP and FMGHPs with different depths (0.4 mm, 0.8 mm and 1.2 mm)
of micro-grooves decrease as the heating load increases. When the heat pipe operates steadily, lots of
saturated vapor circulates between the evaporation and condensation sections. Liquid absorbs heat in
the evaporation section and vapor releases heat in the condensation section. Plenty of latent heat is
transferred through the formation and split of bubbles. When the heating load increases, more bubbles
are generated to transfer more heat. Meanwhile, the disturbance to the boiling working fluid resulting
from the movement of the bubbles is enhanced near the heating surface. The temperatures in the both
the evaporation and condensation sections of FMGHPs and the FGHP are close to uniform. Therefore,
the temperature difference between the evaporation and condensation sections is reduced and the heat
transfer capacity of the heat pipes is strengthened.

When the heating load is kept constant, the temperature difference of the FMGHPs decreases with
an increase in micro-groove depth. The lowest temperature differences occur in the curve of FMGHP 3,
FMGHP 6 and FMGHP 9 in Figure 4a–c, respectively. The FGHP without micro-grooves has the highest
temperature difference. There are three main reasons for this. Firstly, deep micro-grooves enhance
the capillary force which is required to draw the condensed liquid from the condensation section
back into the evaporation section [20], and the capillary force affects jointly with gravity in FMGHPs.
The increased capillary force enhances the thermal performance of FMGHPs by reducing the thickness
of the condensed liquid film. Secondly, the nucleation rate increases in the presence of a scratched
surface compared to that of a smooth surface [21], which makes it easier to form bubbles [22,23], so the
micro-grooves create conditions for the formation of bubbles in the evaporation section. The increased
number of bubbles and the enhanced disturbance of the working fluid lead to the better heat transfer
ability of FMGHPs. Thirdly, the micro-grooves in FMGHPs enlarge the cross-sectional area of the vapor
section and further reduce the flow resistance in the vapor section [12,14]. The increased depth can also
cause a reduction in the flow resistance in the micro-grooves because the additional flow resistance
due to liquid–vapor interfacial shear stress is decreased [14]. These influences contribute to a decrease
in the temperature difference between the evaporation and condensation sections and an increase in
the thermal performance of the FMGHPs. On the contrary, the deeper micro-grooves also increase the
conduction path between the micro-grooved base and the fin top of the micro-grooves, which adds
additional thermal resistance to some extent [2]. Nevertheless, the three factors stated above still
predominantly reduce the temperature difference and strengthen the heat transfer of the FMGHPs.

By comparing FMGHP 3, FMGHP 6 and FMGHP 9 with FGHP in Figure 4d, it is shown that the
temperature difference of the three FMGHPs decreases with the decreasing width of the micro-grooves
at each heating load. For instance, when the heating load is 120 W, the temperature differences are
0.848 K, 0.901 K and 1.100 K respectively, which are declined by 66%, 64% and 56%, compared with
that of the FGHP without micro-grooves. The lowest temperature difference is obtained by FMGHP 3.
In this case, the micro-groove width is reduced, and the fin thickness is increased without changing
the depth and quantity of the micro-grooves. This leads to a higher capillary pumping force and
better thermal performance. In fact, the narrower width brings negative effects. The reduction in
width causes a reduction of the cross-sectional area in the micro-grooves, which results in higher flow
resistance [14]. However, the driving force from the pressure difference plays the primary role on the
thermal performance while the heat transfer area and the liquid–vapor phase change area play the
secondary role [13]. Therefore, in this case, these counteracting influences ultimately contribute to an
increase in the temperature difference and thermal performance of the FMGHPs.

4.3. The Effects of Micro-Grooves on FMGHPs on Relative Thermal Resistance

The curve trend of the relative thermal resistance at different heating loads and the influence
analysis for the micro-groove dimensions are similar to that of the temperature difference. The relative
thermal resistances of FGHP and FMGHPs with different depths (0.4 mm, 0.8 mm and 1.2 mm) of
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micro-grooves decrease with increasing heating load, described in Figure 5a (w = 0.4 mm), Figure 5b
(w = 0.8 mm) and Figure 5c (w = 1.2 mm), respectively. When the heating load remains constant,
the relative thermal resistance of FMGHPs decreases with the increasing depth of the micro-grooves.
FMGHP 3, FMGHP 6 and FMGHP 9 have the lowest relative thermal resistances shown in Figure 5a–c,
respectively. The FGHP without micro-grooves has the highest relative thermal resistance.
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1–3 and FGHP; (b) FMGHPs 4–6 and FGHP; (c) FMGHPs 7–9 and FGHP; (d) FMGHPs 3, 6, 9 and FGHP.

Figure 5d compares FMGHPs 3, 6 and 9 with the FGHP. The relative thermal resistance of the
FMGHPs decreases with the decreasing width of the micro-grooves at each heating load. For example,
when the heating load is 120 W, FMGHPs 3, 6 and 9 have the relative thermal resistance of 0.0070
K/W, 0.0075 K/W and 0.0092 K/W, respectively, which are respectively declined by 80%, 79% and 74%
compared with that of the FGHP without micro-grooves. It is found that the lowest relative thermal
resistance is obtained by FMGHP 3 at each heating load.

4.4. The Effects of Micro-Grooves on FMGHPs on Equivalent Thermal Conductivity

The equivalent thermal conductivity is a general indicator for heat transfer performance of a heat
pipe. The equivalent thermal conductivity of the FGHP and FMGHPs with different micro-groove
depths (0.4 mm, 0.8 mm and 1.2 mm) increases as the heating load increases, shown in Figure 6a
(w = 0.4 mm), Figure 6b (w = 0.8 mm) and Figure 6c (w = 1.2 mm), respectively. When the heating load
remains constant, the equivalent thermal conductivity of the FMGHPs increases with the increasing
depth of the micro-grooves. FMGHPs 3, 6 and 9 have the highest equivalent thermal conductivity
shown in Figure 6a–c, respectively. The FGHP without micro-grooves has the lowest equivalent
thermal conductivity.
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(a) FMGHPs 1–3 and FGHP; (b) FMGHPs 4–6 and FGHP; (c) FMGHPs 7–9 and FGHP; (d) FMGHPs 3,
6, 9 and FGHP.
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Figure 6. The equivalent thermal conductivity of the FMGHPs and FGHP at different heating loads:
(a) FMGHPs 1–3 and FGHP; (b) FMGHPs 4–6 and FGHP; (c) FMGHPs 7–9 and FGHP; (d) FMGHPs 3,
6, 9 and FGHP.
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As shown in Figure 6d, FMGHPs 3, 6 and 9 have the same depth of 1.2 mm and different widths.
The equivalent thermal conductivity of the FMGHPs increases with the decreasing width of the
micro-groove at each heating load. For instance, at the heating load of 120 W, FMGHPs 3, 6 and 9
reach the equivalent thermal conductivity of 67,925 W/(m·K), 63,964 W/(m·K), and 52,363 W/(m·K),
respectively. Their capacity for thermal conductivity is respectively 2.55, 2.41 and 1.97 times as that of
the FGHP. The capacity for thermal conductivity of FMGHP 3 is the highest.

In summary, FMGHP 3 is selected from the nine FMGHPs with different micro-groove dimensions
for the best performance in start-up and heat transfer aspects.

4.5. The Semi-Visualization Comparison of FMGHP and FGHP

To clarify how the micro-grooves increase the thermal performance of FMGHPs, the liquid–vapor
phase change heat transfer was observed by the visualized window. Taking comparability into account,
the photos taken at the same time were chosen to obtain a reasonable observation. In Figure 7,
the liquid–vapor two-phase behaviors at 300 s of FMGHP 3 (Figure 7a–c) and FGHP (Figure 7d–f) are
compared at different heating loads (80 W, 120 W and 160 W).
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When the heating load is 80 W in the FGHP at 300 s, a small amount of bubbles can be observed in
Figure 7d. The relatively calm working fluid at the bottom zone of the evaporation section in the FGHP
also proves the relatively weak liquid–vapor two-phase behavior. In comparison, the liquid–vapor
two-phase behavior in FMGHP 3 shown in Figure 7a is relatively intensive. Larger and more bubbles
can be seen in FMGHP 3 compared with the FGHP. Similarly, the coincident observations also exist in
Figure 7b,e (120 W) and Figure 7c,f (160 W).

The gas–liquid two-phase behaviors begin by the formation of nucleation sites and the evolution
of bubbles. The roughness of the wall creates conditions for the nucleation sites, the heterogeneous
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nucleation (which requires less nucleation energy) firstly appears on the micro-grooves and accidentally
fabricated tiny cracks. Then, homogeneous nucleation is formed in the low-density region resulting
from turbulence of the working liquid [21,24]. When the energy of the working fluid in the cavity
accumulates with heating, the bubbles are generated from the nucleation sites. Moreover, the existence
of micro-grooves which are embedded into the heated base contributes to the shorter distance from
liquid to heat source and the larger heated surface. They are beneficial for the formation of nucleation
sites and the evolution of bubbles.

With absorbing heat, the bubbles become larger and more are formed. They will rise, separating
from the heated surface under multiple effects of surface and inertia force. In the evolution process of
the bubbles, the strong interactional disturbance existing in the surrounding fluid and vapor prompts
the merging and split of bubbles, which strengthens heat transfer ability. During the gas–liquid
two-phase heat transfer process, evaporation and condensation coexist in the cavity of the heat pipe.
Vapor releases latent heat in the cooling surface and condensed liquid flows back to the evaporation
section. The micro-grooves play a positive role in strengthening heat transfer through exerting the
capillary force and reducing the flow resistance in both the vapor and liquid sections.

5. Conclusions

Nine FMGHPs with different depths (0.4 mm, 0.8 mm, 1.2 mm) and widths (0.4 mm, 0.8 mm,
1.2 mm) were fabricated and experimented with at various heating loads (80–180 W). The findings can
be summarized as follows:

(1) With the increasing heating load, the start-up time, temperature difference and relative
thermal resistance of FMGHPs show a declining trend and the equivalent thermal conductivity
is enhanced.

(2) The deeper and narrower micro-grooves show better thermal performance and the optimal
rectangular micro-groove dimension among the selected options is determined as 1.2 mm
(depth) × 0.4 mm (width) within the experimental range.

(3) The start-up time, temperature difference, relative thermal resistance and equivalent thermal
conductivity of FMGHPs are all better than that of the FGHP. The four indicators of FMGHP 3,
which has the best thermal performance among the nine FMGHPs, are enhanced by 29%, 66%,
80% and 155%, respectively.

(4) At the same heating load, the liquid–vapor two-phase behaviors in the FMGHP are more intensive.
Larger and more bubbles can be observed in the cavity of the FMGHP compared with the
observations of the FGHP.
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