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ABSTRACT

The exploitation of deep geothermal energy has created a great demand for super-long distance heat transportation technology. Heat
pipe is capable of transferring heat very effectively from its high to the low temperature end relying on the working fluid phase
transitions. We proposed using super-long gravity-assisted heat pipe to exploit earth-deep geothermal energy. The heat pipe that can
be used for earth-deep geothermal energy exploitation differs from its normal size (less than 10 m long) counterparts that have been
widely used in various industries due mainly to the extremely large length-to-diameter ratio. This geometric characteristic may
significantly affect the multiphase flow and heat transfer inside the heat pipe. In this work, a systematic experimental study on the
multiphase flow regimes and the performance of an extra-long heat pipe was conducted. The experimental heat pipe has a length-to-
inner diameter ratio (L/D=40 m/7 mm =5714), which mimics the major geometric characteristic of real super-long geothermal heat
pipes. Particular focus of the present work was placed on correlating the heat transfer performance of the heat pipe with the multiphase
flow regimes inside. The thermal performance of the experimental heat pipe was found to be significantly affected by the depth of
liquid pool accumulated at the bottom and can be correlated with four different multiphase flow regimes inside. The transition between
these flow regimes is closely related to the properties of working fluid and the fluid fill height. It is noteworthy that the correlation
of heat pipe thermal performance and the multiphase flow inside is quite different from that for normal size heat pipes. Besides too
deep liquid pool, the experimental results suggest as well the liquid dry-out operation must be avoided for real geothermal heat pipes.

1. INTRODUCTION

In recent years, with the development of geothermal energy utilization, it is essential to expand the utilization of geothermal energy
into the middle and deep layers underground.

Hot dry rock (HDR), a vast store of thermal energy that is contained in the hot impervious crystalline basement rocks, was found to
occupy more than 90% of the total US geothermal resource. Aiming to extract the energy stored in HDR, the prototype of an Enhanced
Geothermal System (EGSs) was designed and implemented by the Los Alamos National Laboratory in the 1970s. However, in spite
of the huge invest and research on EGSs, so far significant financial risks still exist for EGS projects since it remain as a major
challenge to effectively control the quality of the fractures’ network in EGS reservoir, which to a great extent determines the
production potential of the EGS[1]. Some practical issues also lead to operation and maintenance costs, such as corrosion and scaling
in wellbores and power plant components, and the loss of working fluid while circulating[2].

This has inspired an active demand for other super-long-distance heat transportation technology. In 2017, the technology using a
super-long gravity-assisted heat pipe to acquire the deep geothermal energy from the deep underground to above ground has been
proposed and preliminarily evaluated by Jiang et al.[3, 4]. This technology is soon considered as a promising technology, because it
can avoid the problems existing in the EGSs, including the loss of working fluid, the corrosion of equipment, and the huge cost in
building the artificial reservoir.

Heat pipe is capable of transferring heat very effectively from its high to the low temperature end relying on the working fluid phase
transitions[5, 6]. It consists of an evaporator absorbing heat, an adiabatic section transporting heat, and a condenser releasing heat.
Once the liquid reaches its saturation temperature at the evaporator, it evaporates into vapor which flows to the condenser and delivers
its latent heat to the coolant at the condenser. After the vapor condenses, the condensate working fluid returns to the evaporator by
gravity (wickless heat pipes) or by capillary force (wicked heat pipe). When the evaporator is positioned at the lower part of the
gravitation field, the heat pipes do not need wicking to return the condensate working fluid from the condenser to the evaporator due
to gravity. Based on the cyclic evaporation and condensation of working fluid, the heat pipes utilize the latent heat of the phase change
instead of conduction or convection. A large quantity of heat can be transferred from the evaporator end to the condenser end with a
relatively small temperature difference between them. Thus, the heat pipes have high thermal conductance.

Despite the relatively simple design and geometry, the thermodynamics of gravity-assisted heat pipe is quite complex. The normal
lengths of heat pipe are usually less than 10 m, while the heat pipe used to obtain the deep geothermal energy has to be a few
kilometers long. Due to the large length-to-diameter ratio (>104), the multiphase flow coupled with the phase change inside the super-
long heat pipe is even more complicated. It exhibits fickle flow regimes rather than the stable high-efficiency nucleating boiling as
the normal heat pipe[7].
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For normal size heat pipes, a number of experimental studies have already been carried out to provide data on heat pipe operation,
validation of theoretical models, and databases for design[8]. In addition, many theoretical analyses have incorporated empirical or
semi-empirical correlations to simplify the models and the solution process. For a heat pipe working in the designed operation, the
heat transfer coefficient of the condenser is normally derived from the Nusselt solution for film-wise condensation, while that of the
evaporator is derived from the solution for nucleating boiling[9]. Different from the general operation design situation, the multiphase
flow inside a heat pipe is not always in the stable phase-changing state [10]. The application of heat pipe is hindered in some cases
by the geyser boiling [11-14] or by various other factors such as dry-out of liquid film and flooding of counter-current liquid-vapor
flow [15, 16].

While the effects of such unsteady flow characteristics can most likely be neglected or easily avoided for normal pipes, they must be
considered in the design of super-long heat pipe. This is particularly true regarding the operating limitations, because such a large
aspect ratio may have a significant effect on the heat transfer limit when the hydraulic characteristics are considered. It is significant
to keep the super-long heat pipe working in a suitable multiphase flow status for the high-efficiency of phase change. At present, the
intrinsic connection of the multiphase flow status and thermal performance of super-long heat pipe is still not well understood. It is
necessary to recognize the transition of flow status inside the super-long heat pipe.

The aim of this work is to experimentally study the relationship between multiphase flow regime and the performance of super-long
heat pipe. A large length-to-inner-diameter ratio heat pipe (>5000) was built for the experimental tests. By the measurement and
analysis of performance and the evolution and distribution of surface temperature along the heat pipe, the transition of multiphase
flow regimes is identified. Moreover, the relationship between the flow regimes and the performance of super-long heat pipe is
carefully investigated. The flow regimes and thermal performance of the super-long heat pipe using water, ethanol and R134a as
working fluid were compared to explore the reason of the influence of working fluid on the thermal performance. Please be very
careful to use styles throughout the document, so that all the papers will have a similar appearance. Normal text is in <Normal Style>

2. EXPERIMENT SYSTEM

In order to study the correlation between the multiphase flow regime and the performance of super-long heat pipe, an experimental
apparatus consisting of a heat pipe with length-to-inner-diameter ratio of more than 5000 was designed and constructed, as illustrated
in Figure 1. A closed copper tube with dimensions of 40 m length, 7 mm inner diameter and 1.5 mm thickness, was used as the
wickless gravity-assisted heat pipe. The heat pipe was designed to be divided into three sections: the lower 20 m part is the evaporator
section, the middle 15 m part is the adiabatic section and the upper 5 m is the condenser section. In the evaporator, heat was supplied
by five groups of electrical heating wrapped around the evaporator. The heat flux was controlled by adjusting the output voltage of
the transformers and was measured using multimeters and wattmeters. In the condenser, a polycarbonate tube with 20 mm diameter
and 5 m length was employed as a water jacket. The coolant water flowed into the bottom of the water jacket and outflowed from the
top, carrying off the heat from the condenser. The flow rate was controlled by adjusting the liquid level of a tank. In order to approach
to the possible thermal insulation conditions in the actual geothermal well, the entire pipe was wrapped with thermal insulation
material (heat conductivity coefficient is 0.04 W-m™!-K-") which was 15 mm in thickness.
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Figure 1: Experimental system

To facilitate adding and replacing the working fluid, the top and bottom of the heat pipe were designed to be operable vents. The
bottom of the heat pipe was connected with a valve through a stainless-steel tube with 2 mm diameter and thickness of 1.5 mm, so
that the working fluid can flow out controllably. The top was connected with a stainless-steel tube. For the requirement of operation,
two vacuum valve were used to connect the tube with a vacuum pump and a working fluid tank respectively. The vacuum pump was
employed to produce vacuum condition inside the heat pipe, while the working fluid tank was used to supply working fluid.



Chen et al.

Eighteen T-type thermocouples were used to monitor the temperature at different positions. Fifteen of them (7: ~ T5) were fixed on
the outer surface of the heat pipe: 11 on the evaporator section (77~ T17) with 2 m equal spacing and 4 on the adiabatic section (772~
T15) with 3.75 m equal spacing. Two thermocouples (776, T17) were placed at the inlet and outlet of the water coolant flow at the
condenser section, and the last one (77s) was used to measure the ambient temperature.

The uncertainty in the measurement of the temperature readings (77 ~ T1s) is about +0.3 K. As most of the temperatures in this
experiment are in the range of 30~100 ‘C, the relative error is about 0.46% (= 0.3/[(30+100)/2]). The uncertainty in the measured

value of the input heat of the evaporator section Qi is about 0.4%. The heat transmitted from the condenser section Qow is equal to
the heat absorbed by the coolant water in the jacket, and was calculated by:

Qout = vac (7—{6 _7—1'7) (1)

where C, is the isobaric heat capacity. The uncertainty in measuring the flow rate value v. is around 0.4%. Therefore, the uncertainty
in Quut is:

20,10, = \/(arm IT ) +(0T, /T, ) +(0v, /v, ) =2x0.46 %> +0.4 % =09% ()

The experiments were performed with ethanol or deionized water or R134a as the heap pipe working fluid as these three fluids are
widely used in heat pipes. In each case, all the temperatures were measured every two seconds. Other details of parameters
investigated in this experimental study, such as heat input (Qir), fill height (FH) and fill ratio (FR, which is the fill height divided by
the evaporator length) are shown in Table 1.

Table 1. The parameters considered in this experimental work

Heat Input Fill height Fill ratio
Working fluid

Oin (W) FH (m) FR
Deionized water 200~900 2~10 10% ~ 50%
Ethanol 100~500 2~8 10% ~ 40%
Acetone 100~400 6~8 30% ~ 40%

3.RESULTS AND DISCUSSION
3.1 Flow regimes

Figure 2 shows the outflow heat Qo and the transient temperature response of the heat pipe using water as working fluid. As can be
seen, the outflow heat increases with the inflow heat. The efficiency (i.e., Qo divided by Qin) of heat transmission is in the range of
30% ~ 40% when the Qix is in the range of 100 W~ 350 W, but lower than 30% when the Qi is higher than 350 W. The heat loss due
to the thermal insulation is generally negligible for normal size heat pipe but significant for super-long heat pipe. As shown in the
analysis of heat dissipation in our previous research, the heat loss (more than 50%) is attributed to the unavoidable heat release (to
the ambient) through the thermal insulation covering the heat pipe. When Qi is less than 100 W, the Qou is almost zero, which means
the heat pipe is not started up. Considering the case of F/H = 6 m for instance, the surface temperature response shows four different
stages with the increase in Qin, as shown in Figure 3a-d.
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Figure 2: The performance (a) and the stable surface temperature (b) of the heat pipe
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Figure 3: Four regime along with the heat load increase. Temperature evolution on the outer wall of heat pipe during typical
(a) Regime I-Nucleating pool boiling regime; (b) Regime II-Geyser boiling regime; (c) Regime III-Evaporating film boiling
regime; (d) Regime IV-Overheated boiling regime. FH = 6 m. The inside sketches illustrate the liquid-vapor distribution in
each flow regime.

Four different flow regimes of phase change are indicated by these characteristics:
(1) Regime I: Nucleating pool boiling regime

At low Qin, less liquid is evaporated into vapor or flowing on the inner wall of pipe, while most of the liquid is still reserved at the
bottom of evaporator as a liquid pool. The liquid pool is in the state of nucleating pool boiling, while the two-phase flow in the
evaporator is similar to the quasi-bubbly-flow.

In this regime, the hydrostatic head of the liquid pool is essential for the saturation temperature in the evaporator. The change in liquid
level in the pool due to boiling is negligible. Thus, the pressure at the bottom of the pool is:

P/ =P, +pgh 3

where P.v.” is the theoretical local evaporation pressure, Ps is the saturation pressure at the top of the evaporation section, p; is the
density of working fluid, g is the gravitational acceleration and /4 is the height of the liquid pool, which is roughly equivalent to the
fill height. The theoretical saturation temperature at the bottom of the pool, Tew’, is depended on the pressure of the working fluid,
Psar. Obviously, the liquid pool is significant for the temperature distribution in this regime. Due to the effect of the hydrostatic head,
the saturation temperature of evaporation is high, which limits the rate of evaporation. Figure 2b shows the temperature distribution
on the surface of super-long heat pipe and the efficiency of heat transfer. The efficiency of heat transfer in the nucleating pool boiling
regime is low, as can be seen. The effect of the hydrostatic head of the liquid pool is dependent on the liquid height. Thus, the liquid
pool usually leads to negligible or slight difference in normal heat pipe. However, in the super-long heat pipe, it has a great effect
due to the relatively large liquid height. Notably, liquid height of several meters can enlarge the saturated temperature by dozens of
degrees. It would be even more significant for the working fluid whose saturated temperature is sensitive to the pressure.

(2) Regime II: Geyser boiling regime

With the increase in Qu, the surface temperature of the heat pipe begins to fluctuate. As shown in Figure 3D, this periodic fluctuation
occurs from 77 first, followed by T to 75 successively. However, T2 and T show reverse fluctuation direction compared with others.
It is because that the liquid level is below the T’ position. These kinds of fluctuations indicate the typical geyser boiling phenomenon
(GBP), which is illustrated in Figure 4.

As Qi increases, the evaporation of the liquid pool in the evaporator is enhanced. The formed bubbles in the liquid pool increase.
This increases the possibility of coalescence and the sudden explosive growth of bubble, which leads to the formation of a long large
bubble due to the limited space. The long bubble floats and keeps growing due to the evaporation and coalescence, leading to a quasi-
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slug-flow. The liquid on top of the bubble is lifted towards the condenser by the pressure of bubble. Subsequently, the growing bubble
reaches the liquid level and breaks up, and the relatively cool liquid returns back to the evaporator by gravitational force. After the
returned liquid takes some time to be heated to be hot enough, another long bubble forms again, perpetuating the cycle. As a result
of this liquid-gas periodic flow, the temperature on the surface of the heat pipe also fluctuates accordingly, which is shown in Figure
3c. The geyser boiling phenomenon relieves the temperature difference caused by the liquid pool, as shown in Figure 4. On average,
the temperature along the heat pipe becomes more uniform compared to the nucleating pool boiling regime. In addition to the effect
on the heat transmission, it is worth noting that this fast-moving liquid may produce a considerable mechanical vibration accompanied
by a loud sound. This may be due to the large fluctuation amplitude of the pressure rise in the channel along with the GBP.
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Figure 4: Evolution of a geyser boiling bubble.

(3) Regime III: Evaporation film boiling regime

When the Qin continues to increase, the liquid pool is finally depleted due to the increasingly fast evaporation. Most of the liquid
flows on the inner wall of the heat pipe after being condensed. The condensate liquid is completely evaporated just before or after it
reaches the bottom of the heat pipe. The two-phase flow in the interior heat pipe is similar to annular gas-liquid countercurrent flow
(Figure 3c). There is neither obvious temperature variation due to the liquid pool, nor dry-out section. The whole evaporation section
works in evaporation film boiling regime with a high heat transfer coefficient. The temperature difference along the heat pipe is
mostly due to the decrease in saturation vapor pressure caused by energy consumption of the vapor after the long-distance gas-liquid
counter flow. Therefore, the temperature along the heat pipe is relatively small and the performance of heat transmission is generally
higher than that of other regimes, as shown in Figure 4.

Considering the case of FH = 6 m, the film of working fluid should be less than 300 um on average assuming that the liquid covers
the inner wall uniformly. Obviously, it is difficult to establish such a smooth film of liquid on the whole inner surface of the pipe
because of the surface tension and the vapor-liquid countercurrent flow. It is likely that the liquid film breaks up into a series of
rivulets with some dry patches in between, as indicated by previous research [17]. This decreases the heat transfer coefficient of the
evaporation to some extent. This regime is maintained only in a narrow operating condition and can easily shift into the local
overheating regime when the Qi» increases.

(4) Regime IV: Overheated boiling regime

When the Qi increases further, the condensing liquid flowing on the inner wall of the heat pipe fails to return to the bottom of
evaporator. It is completely evaporated on the way back or it is entrained by the rapid vapor uprush due to the large evaporation rate.
The multiphase flow inside the heat pipe in this regime is also similar with the annular gas-liquid counter-current flow, but the flow
path is shorter than the one in regime III, as shown in the embedded sketches of Figure 3¢ and Figure 3d. Due to the lack of wetting
by the returned liquid, the temperature of the bottom becomes overheated and much higher than that in the wetting section (Figure
3d). The further increase in Qi raises the difficulty in the return of the condensed liquid, leading to the spreading of the overheated
region from the bottom up. Therefore, the inflow heat cannot increase anymore with the increase of Q. The coefficient of heat
transmission decreases once the overheating occurs, as shown in Figure 4. This overheated boiling may be controlled by dry-out of
liquid or the entrainment limit. The controlling mechanism still needs further in-depth research.

3.2 Filling height

When the filling height is 6 m, the variations of flow regimes with inflow heat are obvious, which are reflected in the distribution and
evolution of surface temperature, as discussed in Section 3.1. In comparison, Figure 6 shows the surface temperature of the heat pipe
in different regimes when the fill height is 2 m. Figure 7 shows the temperature distribution of super-long heat pipe with water as
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working fluid when the fill heights are 2 m and 4 m. As shown in these figures, when the fill height decreases, the changes in surface
temperature of the first three regimes become less obvious. It must be noted that different from the normal size heat pipe, in which
geyser boiling does not occur for the fill ratio lower than 30% [18], the geyser boiling phenomenon occurs even when the fill ratio is

just 10% in super-long heat pipe. This indicates that geyser boiling is a more common phenomenon in super-long heat pipe than
normal size heat pipe.

As can be seen in Figure 5, the temperature difference due to the liquid pool reduces when the fill height decreases. The periodic
fluctuation in the case of FH = 2 m is much less significant compared to the case of FH = 6 m, while the GBP boiling regime does
not occurs. The reason may be that the long bubble cannot form before the bubble groups reach the gas-liquid level due to the small
liquid height. Consequently, the first three regimes does not distinguished in the case of smaller fill height. Moreover, the temperatures
of heat pipe are more uniform before the heat pipe enters the overheated boiling regime because of the negligible influence of the
liquid pool. In addition, the overheating of the super-long heat pipe with water as working fluid occurs at Qi =200 W when FH =2
m, Q=300 W when FH =4 m, Q=350 W when FH = 6 m,and Q=400 W when FH = 10 m. This indicates that the decrease in
FH results in the earlier occurrence of the overheated boiling regime and smaller maximum heat outflow.
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Figure 5: The flow regime along with the heat load increase (2 m)
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3.3 Coolant temperature

Figure 7 shows the heat transmit performance of super-long heat pipe with ethanol as working fluid in different coolant flow rates
when FH=6 m. As can be seen, the increase of coolant flow rates increase the outflow heat before around 300 W where the evaporator
begins to be overheated. The maximum outflow arises from 67 W when v.=2.1 g/s to 85 W when v.=3.25 g/s and 98W when v.=4.1
g/s . The flow regimes also show some differences with the coolant flow rate. The geyser boiling regime begins since Q=100 W
when v=2.1 g/s, Qin=150W when v. =3.25g/s, and Qi»=200W when v. =4.1 g/s. The intensity of GBP also decrease along the coolant
flow rate increase. It is indicated that the increase of coolant flow rate can restrain the occurrence of geyser boiling phenomenon.
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Figure 7: The effect of the velocity of the coolant water

The coolant mass flow rate has no much effect on the inflow where overheated boiling begins, while it arise the outflow heat when
the overheated boiling happens, as show as Figure 7. However, along with the inflow heat increasing, the outflow heating in high
coolant flow rate begins to drop fast, while the outflow heat hold steady when the coolant flow is low.

3.4 Working fluid

Figure 8 shows the heat transmit performance of super-long heat pipe using water and R134a as working fluid. The heat pipes are
actually working in different regimes even in the same inflow heat for these two kinds of fluid. In the cases Qix between 150~300 W,
the heat pipe with water is working in the nucleating pool boiling regime, while the one with ethanol or R134a is working in the
geyser boiling or evaporation film boiling regimes. Thus the one using ethanol performs better. In the case Qi > 300W, the heat pipe
with ethanol or R134a is working in overheated boiling regime, while the one with water just begin to working in geyser boiling or
evaporation film boiling regimes. Thus the one using water performs much better. Though the heat pipe using ethonal and R134a has
similar regime range, but ethanol show slightly better performance. For one thing, the performance of the heat pipe using R134a is
casily effected by the filling height, and drop sharply when the inflow heat is more than 300 W, though the temperature does not
show overheated. It should be because of the high density, the small latent heat and low critical temperature (7 of R134ais 91°C,
while the temperature in 350 W is around 75°C).
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Figure 8: Performance of water and R134a

It is also illustrated that the limitation of heat transmit of super-long heat pipe is about 85 W for ethanol as working fluid, and about
250 W for water. As recommended in reference, the below two equations are used for calculating the maximum heat flux of heat pipe
due to the boiling limit and the entrainment limit.

Boiling limit [19] O, /S =0.12H,,(p,)*[o2(p~p,)]~ @)

Entrainment hmlt [16’ 20] Qmax / A = ﬁlv (pv )0-5 [O-g(p[ - lov )]0‘25 (5)

where Qmax is the maximum heat outflow, Hyy is the specific latent heat of vaporization, 4 and S is the cross-sectional area and the
surface area of evaporator, p; and p, are the density of the vapor and liquid, and fis the empirical coefficient. It is uncertain that which
limitation is restricting the maximum heat flux up to now. However, the maximum rate of heat transfer due to both these limitation

is linear to the function of physical properties H, ( P, )0'5 [a g ( P =P, )]O'Zs . Assuming that the maximum heat outflow of the two heat

pipe is controlled by the same limitation, then
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H,0 H,0 1,0 \ _H0 0%
Q 2 H 2 p 2 p 2 O-Hzo
Cmax — ‘lv v 1 (6)
0 2HsOH ™ pyCyH;OH C,H;OH CoHsOH - C,HsOH
max pv pl

When the heat pipe using water, ethanol and R134a as working fluid reach limit of heat transfer, the temperature is about 75, 50 and
67 degree respectively. At these temperatures,

H° =2320.57k] / kg; p!° = 0.2422kg | m’; pi-° = 974.815kg / m*;6":° = 63.6mN / m
HOM =891.3kT / kg; p " = 0.5114kg / m’; p"" =763.111kg / ;=" =19.9mN / m

HEY™ =143.3kJ / kg; pR* =80.1kg / m’; pf** =1069.1kg / m’ ;""" =2.98mN / m
Therefore,

0201 Q0N £ 25472 (7)

max
QR134a / CZHSOH ~1.4 (8)
Depending on the experimental result, we have

010 1 QNI =950 /85=2.94 (9)

Of ) 0ol =08 /85=1.15 (10)
The deviation of two value is about 20%, which may come from the deviation of actual saturation temperature. This comparison
indicates that the limit of heat transfer of heat pipe is partly applicable to the super-long heat pipe, though the empirical coefficient
may be different. The fill height and coolant may also change the saturation temperature and further affect the maximum rate of heat
transfer. Thus, the heat flux of rock layer should be considered carefully before the determination of working fluid, in order to make
sure it works in the good performance regime.

4. CONCLUSION

In conclusion, a systematic experiments have been conducted to measure the heat transmit performance and surface temperatures
distribution and evolution of a super-long heat pipe (L=40m, D=7mm). It is found that with the increase of inflow heat, the phase-
change flow inside the super long heat pipe changes in turn as below:

(1) nucleating pool boiling regime in which the effect of liquid pool is significant;

(2) geyser boiling regime in which the surface temperature show periodic fluctuation;

(3) evaporating boiling regime in which the temperature distribution is relatively uniform in space and time;
(4) overheated boiling regime in which the bottom of heat pipe is seriously overheated.

The heat pipe show the best heat transmit efficiency in evaporating boiling regime, and the next is geyser boiling regime. The heat
transmit efficiency is relatively low when it works in nucleating pool boiling regime or in the overheated boiling regime. This flow
regimes transition law have been found in both the super-long heat pipe using water and ethanol as working fluid, though the
corresponding inflow heat is different. Due to the difference of flow regimes, water and ethanol show superiority respectively in
different heat inflow rate. In addition, the transition of these flow regimes are also influenced by operation condition such as the fill
height and the coolant flow rate. Therefore, the surface temperature along the super-long heat pipe can be used to identify the flow
regimes for adjusting the operating parameters accurately to improve the thermal performance.
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