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The design and analysis of plant-inspired loop heat pipes (LHPs) that would exploit nanoporous membranes to allow
for operation with large capillary pressures and superheated liquid are presented. The operating concepts of this super-
heated loop heat pipe (SHLHP) resemble the transpiration process in vascular plants: reduction of pressure in leaves
drives sap flow up from the roots and overcomes gravity, viscous drag, and reduced chemical potential of water in sub-
saturated soils. We present a model for steady-state operation and a linear response analysis of both the conventional
and superheated designs. Our analysis shows that these SHLHPs could: (1) extend the limitations of conventional LHPs
imposed by thermodynamic properties of the working fluid, (2) provide efficient heat transfer over long distances and
against large accelerations, and (3) allow for operation in a subsaturated state that would eliminate the thermal resist-
ance and entrainment effect of the liquid film of conventional designs. © 2013 American Institute of Chemical Engineers
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Introduction

Advances in technologies for transferring heat play a cen-
tral role in the progress of many fields. For example, the rate
of heat transfer can limit the practical speed of integrated
circuits, systems for the storage of portable energy, the
operational conditions of vehicles, environmental controls in
buildings, and efficiency of industrial processes.'™” Further-
more, the volume, mass, and complexity of conventional
heat exchangers based on sensible heat transfer can place
undesirable constraints on these applications.

Among many different technologies transferring heat, heat
pipes (HPs)—closed-circuit systems in which a working fluid
transfers its latent heat as it cycles between an evaporator
and a condenser—have offered an attractive alternative in an
array of applications.'® The central components required for
HPs are wick structures that allow for the existence of a
pressure difference, AP. (Pa) between the liquid and vapor
phases of the working fluid based on capillarity, as described
approximately by the Young—Laplace law

AP =2ycos 0. /1 (D

where y (Pa m) is the surface tension of the liquid, 0. is the
contact angle, and 7, (m) is the radius of the pore. This cap-
illary pressure can drive the working fluid around its cycle if
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a difference of temperature exists between the evaporator
and the condenser. The applications of conventional HPs
have been constrained regarding the length (typically, <1 m)
and their orientation with respect to gravity or acceleration.
The main origins of these limitations are: (1) the use of
wicks with large pores (r,>1 um) limits magnitude of AP,
(e.g., AP. < 1 bar from Eq. 1 with y=0.072 (Pa m) at 25°C
and 0.=0° for water on a perfectly wetting surface) such
that dry-out of the wick in the evaporator occurs as the vis-
cous pressure drop grows with length of the pipe and the
heat load and as the gravitational pressure drop grows with
the length of the pipe and adverse acceleration along its
axis. (2) The presence of liquid in the vapor path can
obstruct the flow of vapor and increase the conductive ther-
mal resistance at the condenser wall.

Loop heat pipes (LHPs) have been developed to extend
the limits of conventional HPs.'"'> To meet the goal of
operating effectively over large distance and under any ori-
entation or against acceleration, the main design rules of
LHPs (Figure la) are'”: (1) minimization of the distance that
the liquid must move within the wick by placing a thin
membrane in the evaporator separating macroscopic conduits
for the liquid and vapor; such designs allow for the use of
smaller pore diameters in the wick without introducing
excessive hydraulic resistance. (2) The introduction of a
compensation chamber in the cycle; this chamber accommo-
dates excess working fluid and allows the system to adapt to
changing heat loads and temperatures. LHPs have been
shown to provide robust operation and improved
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Figure 1. Schematic cross-sectional views of (a) a conventional LHP, (b) a saturated SHLHP, and (c) a subsaturated

SHLHP.

An acceleration, gy, (m s72) acts along the pipe axis. Heat enters at the evaporator with a rate g; (W). The LHP (a) and saturated
SHLHP (b) have identical condenser designs. The saturated SHLHP (b) and subsaturated SHLHP (c) have identical evaporator
designs with the elimination of the compensation chamber. Nanopoous coatings to allow for subsaturated liquid are shown in all
three cases. In the subsaturated SHLHP (c), a regulator connected to the vapor path pins the vapor pressure at an activity of .
All the external surfaces except the heat input and output surfaces are assumed to be ideally insulated. The numbers used in this
figure corresponds to those used in Figure 2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

performance relative to conventional HPs, including higher
heat load capacities and compatibility with a wider variety
of architectures for adaptation to specific alpplications.12
However, in conventional LHPs, vapor-liquid coexistence in
the compensation chamber forces the thermal cycle to
remain close to the saturation and leads to two important
constraints''"'>—the temperature head condition and the sub-
cooling condition—on operation. These constraints can lead
to strong dependence of the global thermal resistance of
LHPs on the pressure drop along the liquid flow due to vis-
cous drag and adverse acceleration (see the next section for
detailed explanations). Additionally, in the condenser of a
conventional LHP, the film of condensate can add a signifi-
cant thermal resistance to the heat transfer, and the
unbounded vapor-liquid interfaces can cause undesired oscil-
lations during the startup or in response to heat load
steps. '+

In this study, we explore, with a mathematical model, the
impact of three modifications of conventional LHPs (Figures
1b, ¢): (1) reduction of the diameter of pores in the wick
membranes such that larger capillary pressures (Eq. 1) can
be maintained between the liquid and the vapor. By using
nanoporous materials, the maximum capillary pressures
could extend to several hundred bars (e.g., 1, <10 nm for
water as working fluid). The increased pressure difference
developed by fine pores could extend the operational range
of LHPs with respect to heat load, length, and adverse accel-
eration by resisting dry-out from the surfaces of the wicks.
(2) Removal of the compensation chamber such that the
entire liquid path can become superheated and hence
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decoupled from the saturation curve. We will illustrate how
this superheated loop heat pipe (SHLHP—Figure 1b) would
eliminate the temperature head condition and the subcooling
condition of conventional designs of LHPs and could sub-
stantially decrease the effective thermal conductance at low
heat flow and large adverse acceleration. (3) Addition of a
nanoporous membrane at the condenser and a regulator of
the charge of the pipe such that the entire vapor path and the
condenser would remain subsaturated (Figure 1c). The
absence of liquid in the vapor path in this subsaturated ver-
sion of the SHLHP could eliminate the added conductive
resistances due to condensate film in the condenser (we char-
acterize this effect) and the instabilities that are observed
during changes in heat load (this transient phenomenon lies
outside the scope of our steady-state analysis).

There exist a number of foreseeable challenges for the
successful realization of both the SHLHP (Figure 1b) and
subsaturated SHLHP (Figure 1c). Of particular note are: the
potential for increased hydraulic resistance relative to con-
ventional wicks and the increased proneness to dry-out due
to boiling along the superheated liquid path. In the next two
sections, we discuss specific designs aimed at overcoming
these challenges. To motivate the possibility that LHPs could
operate reliably with nanoporous wicks and superheat, we
note that vascular plants operate with liquid at negative pres-
sures (a superheated state) in their xylem vessels with mem-
branes in their leaves and roots that separate the metastable
liquid inside the plant from subsaturated external phases.m’17
In the process of transpiration (motion of water from the soil
to the atmosphere through a plant), a plant serves as a wick:
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Figure 2. Schematic representations of working cycles on P-T diagram for (a) conventional LHPs, (b) saturated

SHLHPs, and (c) subsaturated SHLHP.

Points 1-8 correspond to the numbers in Figure 1. The red lines indicate the working fluid is in vapor phase (Path 2-4); the blue
lines (Path 5-1) indicate liquid phase. Point 1 represents liquid under the meniscus at the evaporator wick, which is in thermody-
namic equilibrium with Point 2, the vapor in the evaporator. Path 2-3 represents the adiabatic motion of the vapor along the
vapor path. Point 4 represents vapor in the condenser vapor cavity, in thermodynamic equilibrium with Point 5, the liquid surface
in the condenser. Point 6 is liquid before exiting the condenser; Path 6-7 represents motion of the liquid in the liquid path. Point
8 is liquid in the evaporator [in (a), this point is in the compensation chamber]. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

at the leaf (evaporator), reduced pressure in the internal lig-
uid drives flow up from the roots against gravity and the vis-
cous drag in the xylem conduits; in the roots (condenser),
reduced pressure transmitted from the leave allows for the
extraction of nearly pure liquid from the subsaturated soils
or sea water (e.g., in the case of mangroves). Many species
operate regularly with pressures down to —50 bars in the lig-
uid water within their xylem.'® Were a plant enclosed within
a fixed volume of vapor, it could act as the liquid path of a
subsaturated SHLHP as in Figure 1c. We have demonstrated
wicking at large negative pressures in a synthetic system
inspired by the operation of plants'’: using an organic gel as
a nanoporous membrane, we showed that water could be
transported at steady state from a subsaturated condenser
chamber to a further subsaturated evaporator chamber with
pressures in the liquid reaching ~ —70 bars. The success of
vascular plants in managing superheated liquid and our
proof-of-principle demonstration motivate our investigation
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here of the potential benefits that could be derived from
operating LHPs with substantial superheat if boiling and dry-
out could be avoided. In the Results and Discussion section
(Limits of operation of SHLHP) and the Conclusions, we dis-
cuss the challenges of manipulating superheated liquid.

Design and Operating Principles

Figure 1 shows schematic representations of a conven-
tional LHP (Figure la) and two designs of SHLHPs, one
with no membrane in the condenser (saturated SHLHP, Fig-
ure 1b) and one with an additional membrane in the con-
denser and a regulator (subsaturated SHLHP, Figure 1c). All
three designs separate the liquid and vapor paths such that
one can use solid-walled conduits for the vapor and liquid
paths instead of having a porous structure throughout. We
consider the possibility of nanoporous wick membranes in
all three cases. The design of the saturated SHLHP in Figure
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1b differs from the conventional design (Figure 1a) only in the
elimination of the compensation chamber from the liquid side
of the evaporator. This design allows the liquid to become
superheated throughout the liquid path, unpinning the liquid in
the evaporator (Point 8) from the coexistence curve of the
working fluid. This design closely resembles that of conven-
tional HPs (nonloop designs), except for the separation of the
liquid and vapor paths by a nonporous wall outside of the
evaporator region. Excess liquid volume would collect in the
condenser, as in conventional HPs. The subsaturated SHLHP
in Figure lc includes two additional elements: a regulator to
maintain a fixed degree of subsaturation in the system and a
nanoporous membrane in the condenser. These modifications
allow the system to be subsaturated throughout and free from
film condensation. Details of these two modifications are
described in the next section.

Figure 2 illustrates an idealized form of the working
cycles of conventional LHPs (Figure 2a), the saturated
SHLHP (Figure 2b), and the subsaturated SHLHP (Figure
2¢), with same pressure differences across the vapor path
(AP;_3) and the liquid path (APs_) and the same condenser
temperature. These cycles will allow us to gain a qualitative
understanding of the differences between these designs. The
numbered points in the cycles correspond to state of the
working fluid at the labeled points in Figure 1. We begin by
following the cycle for the conventional case and then point
out the important differences in the cycles of the proposed
SHLHP designs: In the evaporator, the capillary action holds
the meniscus of the liquid in the pores at the wick surface
from which evaporation occurs; this liquid is represented as
Point 1 and is near thermodynamic equilibrium with Point 2,
the vapor in the evaporator. The vapor at Point 2 is slightly
subsaturated due to curved menisci (this departure from the
saturation curve is often neglected in the literature and Point
2 is placed on the saturation curve). Path 2-3 represents the
adiabatic motion of the vapor in the vapor path. As the vapor
enters the condenser, the temperature drops until condensa-
tion occurs at a macroscopic, vapor-liquid interface on the
coexistence line (Point 4 is the vapor; Point 5 is the liquid).
Path 5-6 represent subcooling of the liquid before it leaves
the condenser. The latent heat released upon condensation is
evacuated to a sink. Path 6-7 represents the adiabatic motion
of the liquid in the liquid path. As the liquid enters the evap-
orator at Path 7-8, it is heated by the heat conducted through
the wick membrane. Due to the presence of vapor in the
compensation chamber, Points 8 is brought to saturation.
Path 8—1 corresponds to the liquid motion through the wick
membrane to the evaporating meniscus; the liquid confined
within the wick membrane becomes superheated.

The working cycle for the conventional design (Figure 2a)
illustrates three important conditions for the operation of a
conventional LHP'": (1) the capillary pressure (AP.) devel-
oped by the porous wick must be able to overcome the total
pressure drop in the entire loop, including pressure losses in
the working fluid along the liquid and vapor paths and
through the wick membranes (the pressure losses in the lig-
uid and vapor paths include gravity and accelerations, as in
Eqgs. A6 and AS8)

AP max > APV 4+ APld 4 A pWick @)
(2) The pressure difference between Points 2 and 8, AP, g is

responsible for driving the fluid motion through all compo-
nents except the wick membrane. Given that these two
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points are saturated (or nearly so for Point 2), their tempera-
ture difference is determined by the shape of the coexistence
line of the working fluid. This temperature difference must
be established across the wick to create the corresponding
pressure difference that drives fluid around. This condition
has been called the motive temperature head condition'?

. 4ps
APy g = T T_eATzfx (3)
where dpy/dT is the slope of the coexistence line at the evap-
orator temperature. (3) The heat leaked through the evapora-
tor wick membrane into the compensation chamber, @ax
(W), must be balanced by the sensible heat of returning cold
working fluid

AT)—g

Rwick,e

Qreak = =0C4(ATg-7) “

This balance implies that the temperature difference, ATy 5
(the subcooling of the liquid before it enters evaporator)
grows with increasing AT, g and decreasing the thermal
resistance of the evaporator wick, Rycke. This effect is more
pronounced at small heat fluxes for which the mass flow rate
Q is small such that a large degree of subcooling is required.
To minimize the required subcooling, Ryck. should be made
as large as possible in conventional designs. Combined with
Eq. 3, the required subcooling is coupled to the pressure drop
across the wick via AT,_g; we can call this coupling the sub-
cooling condition.

Figure 2b illustrates the effect of eliminating the compen-
sation chamber from the conventional design in a saturated
SHLHP (Figure 1b). Without vapor on the liquid side of the
evaporator, Point 8 is no longer constrained to be on the
coexistence line. As the demand for pressure drop grows
with additional heat load, acceleration or viscous drag, the
pressures in the liquid at Points 7, 8, and 1 drop deeper into
the superheated region. This use of reduced pressure or even
tension (i.e., negative pressure, as presented in Figure 2b)
lessens the demand for elevated pressure in the vapor at
Point 2, and the temperature head condition (Eq. 3) of the
conventional design does not apply. Hence, if evaporator
membrane remains wetted and the column of liquid does not
cavitate (boil), a small temperature drop throughout the
entire device can be achieved and the evaporator temperature
of SHLHPs is essentially independent of the hydrostatic
pressure load (see the section Comparison of the response of
conventional LHPs and SHLHPs for justification). A second
consequence of allowing Point 8 to drop below the coexis-
tence line is the temperature difference, ATg ; remains inde-
pendent of the load (via Eq. 4 and as the lack of dependence
of AT, g on load). This decoupling further allows us to use
membrane materials with larger range of thermal conductiv-
ities without constraint of the temperature head condition
and the subcooling condition. These trends are schematically
described in Figure 3, in which the working cycle diagrams
are used to illustrate the different response of conventional
LHPs and SHLHPs with increasing acceleration load (Figure
3a) and decreasing sink temperature (Figure 3b). Of course,
the trade-off for this improved performance of SHLHPs is
the extension of the superheated state to the entire liquid
path, rather than just the membrane as in the conventional
design. In consequence, the total volume of the liquid path
should be made as small as possible in a SHLHP to mini-
mize the tendency of the liquid to boiling.

DOI 10.1002/aic 765
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Figure 3. P-T diagrams for conventional LHP and SHLHP steady-state operation.

(a) Evolution of the working cycle with increasing adverse acceleration, gio.. (b) Evolution of the working cycle with decreasing
sink temperature, T, For conventional design, corresponding to Eq. 3, as the pressure load goes up, the temperature difference
across the evaporator wick goes up (a); as the sink temperature goes down, the slope of coexistence line decreases such that a
larger temperature difference is required (b). These demands in the temperature difference across the evaporator wick further
affect the subcooling temperature difference, according to Eq. 4. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 2c illustrates the effects of adding a condenser
membrane and a regulator that pins the fluid activity <1 to
form a subsaturated SHLHP (Figure 1c, the vapor pressure
at Point 4 is controlled by the regulator). In this case, the
entire working cycle moves below the saturation line. As our
model will illustrate (see Contributions of loop elements to
R4 for SHLHPs), replacing the saturated condensation pro-
cess (as in Figures la, b) with condensation of subsaturated
vapor directly on the nanoporous membrane (Figure Ic)
could substantially reduce the temperature drop in the con-
denser (smaller ATs_¢ in Figure 2¢ compared to Figure 2b).
Under subsaturated conditions, the thermal resistance associ-
ated with the condenser is just that of conduction through
the wetted membrane. A condenser membrane with low ther-
mal resistivity is, therefore, desirable in a subsaturated
design. Eliminating liquid from the vapor path could also
mitigate entrainment limitations and complex transients in
the two phase regions (our model does not attempt to capture
either of these effects).lo’14 Nevertheless, the total pressure
drop (AP.) in a subsaturated SHLHP would be larger than
those in the conventional or saturated designs, due to the
additional membrane in the condenser.

In summary, the important characteristics of the proposed
SHLHPs are the large pressure differences between the lig-
uid and vapor phases, the allowance of superheated liquid in
the liquid path, and the possibility to work completely below
the saturation curve. As we will demonstrate below, these
characteristics could improve the performance of LHPs by
unpinning the liquid from saturation curve and allowing the
system to be subsaturated throughout.

Specifics of Subsaturated SHLHP Design

The global design of a subsaturated SHLHP is similar to
that of reversible loop heat pipes?® in which the vapor and
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liquid paths are separate and there are wick membranes in
both the evaporator and condenser. The structure of the con-
denser and the evaporator can be designed to be identical to
one another such that a subsaturated SHLHP could operate
upon reversal of a heat flow, for example, due to changes in
environmental conditions. The condenser membrane serves
to allow for reduced pressure (below the coexistence pres-
sure) in the liquid in the condenser. This reduced pressure
will ensure that the vapor in the condenser remains subsatu-
rated and free of liquid. The regulator replaces the compen-
sation chamber in this design. Whereas the compensation
chamber pins the working fluid to the coexistence line in the
evaporator, the proposed regulator would pin the chemical
potential of the vapor at a subsaturated value at a position
along the vapor path.

Nanoporous membrane

Basic requirements of membrane materials for SHLHPs
(evaporator membrane in saturated design and both evapora-
tor and condenser membranes in subsaturated design) are
similar to those of conventional HPs, including large perme-
ability, high elastic modulus (to sustain pressure differences
between the liquid and vapor compartments), and compati-
bility with the desired range of working temperatures. More-
over, to generate the large AP. (Eq. 1) required for SHLHPs,
the pore size should be of submicrometer scale (e.g., for 20
bars of pressure difference with water as room temperature,
a pore diameter less than ~100 nm is required at the liquid-
vapor interface based on Eq. 1). As mentioned in the Design
and Operating Principles section, the thermal conductivity of
the evaporator membrane material in SHLHPs does not
affect the performance of the system. On the other hand, the
condenser membrane material in a subsaturated SHLHP
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Figure 4. Schematic diagrams of the nanoporous mem-
branes required in the evaporator of the satu-
rated SHLHP and in both the evaporator and
condenser of the subsaturated SHLHP.
Expanded cross-sectional views show the wick mem-
branes with a thin coating of a nanoporous material
(layer I) connected to a microporous membrane (layer
II). The nanoporous layer I has a pore diameter of
Dyore;y (m), thickness of Lpgee; (m), and is supported by
layer II with a span D115 layer II, thickness of Lge.ix
(m), supported by the connecting liquid channel. The
pores in layer I hold the menisci that define the vapor-
liquid interface. [Color figure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com.]

should be highly conductive to minimize the thermal resist-
ance between the condenser and the heat sink.

Figure 4 presents an enlarged view of Figure lc, high-
lighting the nanoporous membrane in the evaporator. As
indicated, we propose a layer of nanoporous membrane
(layer I) be supported by a microporous layer (layer II) that
connects to extended microchannels. The nanoporous layer
allows for the generation of large AP. between the liquid
and vapor phases; the supporting layer with micrometer scale
pores presents a high permeability to flow of the liquid and
serves as a structural support of the nanoporous layer. In
considering the structural stability of the membranes, we
note that the large pressure difference across the membrane
could cause the membrane to deform and potentially crack.
As the thickness of the membrane decreases (to minimize
the hydraulic resistance), the possibility of membrane col-
lapse increases. The micropores of the layer II must be of
sufficiently small radius to avoid collapse of layer I. Further,
the width of microchannels on the liquid and vapor sides of
the membrane should also be sufficiently small to avoid
deformation of the whole membranes.

Organic gels or inorganic sol-gels are candidates for the
nanoporous coating. Such gels present molecular-scale pores
that can provide large capillary pressures. A successful exam-
ple of using this kind of material is found in the work from
Wheeler and Stroock.'” In that work, an organic gel allowed
for capillary pressures in excess of 200 bars. Other candidate
materials include nanoporous semiconductors (e.g., porous sil-
icon®'™%?), ceramics,”* and metals.”>*® Appropriate candidate
materials should have the following properties: (1) high ther-
mal conductivity of the condenser membrane, (2) high
mechanical modulus (>10 GPa), (3) tunablity of pore structure
to enable, for example, the formation of membranes with gra-
dients of pore diameter, (4) favorability of surface chemistry
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with respect to wetting by liquids for stabilization of liquid
state with respect to heterogeneous cavitation of superheated
liquid, and (5) compatibility with microfabrication techniques
allowing for control in geometry and structure of the device
and integration of elements of sensing and actuation.

Regulator

To avoid the presence of liquid in the vapor path and satu-
rated liquid film in the condenser, one must regulate the
quantity of fluid circulating through the system and control
the chemical potential of the system. The inclusion of a reg-
ulator coupled to the SHLHP along either the vapor path or
the liquid path can achieve this regulation: (1) the regulator
acts as a reservoir that accommodates changes of the density
of the liquid due to changes in temperature (in the absence
of such a regulator, the expansion of fluid with rising tem-
peratures during operation would lead to saturation of the
vapor path, even if the system had been charged to a subsa-
turated level at ambient temperature). Additionally, unlike
the compensation chamber in conventional LHPs, the regula-
tor for SHLHP would not contain a vapor-liquid interface.
(2) The chemical potential of the fluid controlled by the reg-
ulator, e, (J mole "), is maintained at a value less than the
standard chemical potential, po(7T), thus maintaining a subsa-
turated state throughout the SHLHP.

In the design shown in Figure lc, the regulator is in the
vapor path. By connecting the vapor path at the condenser
with a pressure controller, one could adjust the vacuum level
to regulate the vapor pressure, such that

Pc
Qreg = — a5~ ~ constant < 1 5)
reg ps (TC dp)

For ayey <1, fireg < tto. A vapor supply inlet is also located in
the vapor path to allow the system to adapt to decreases of
applied power.

The regulator could also be located in the liquid path at
the condenser. For example, the regulation of a SHLHP with
water as the working fluid may be achieved as follows: the
pure liquid water in the condenser is coupled via an osmotic
membrane to a solution of temperature-independent water
activity, a,, ~ constant<1. Here, the water activity is
defined as the mole fraction of water in solution

_ [water |

et = oater] 1 [S(aq )] ©
where the brackets represent concentration and S represents
a solute. The solute should have a nearly temperature-
independent solubility constant K= [S(aq)] such that @, ~
constant.”’*® The osmotic membrane is required to be
mechanically robust to large pressure differences and have
high liquid permeability and high rejection coefficient. The
volume of the regulator must be variable such that it is able
to accommodate or to discharge the fluid to regulate the lig-
uid pressure in the liquid path. The response time of this
chamber should be fast compared to the transients in temper-
ature to which it is designed to respond.

Model and Analysis for Steady-State Operation

The behavior and characteristics of conventional LHPs
under steady-state operation are well known."? A number of
steady-state models based on one-dimensional heat and
momentum balances have been presented.''?*=! These
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simple models provide useful predictions of steady-state per-
formance of LHPs. There are several more sophisticated mod-
els that focus on the evaporator element only, where the
steady-state governing equations for heat and fluid flow are
solved numeric21lly.32’33 However, to the best of our knowl-
edge, no steady-state models have included the condition of
local thermodynamic equilibrium between the superheated
liquid and subsaturated vapor phases. Neglect of this local
equilibrium (neglecting departure from the saturation curve)
is often reasonable for when the operating conditions remain
near saturation throughou‘[.34 However, to account for the pos-
sibility of significant pressure differences between the liquid
and vapor phases with nanoporous wicks, we must account
explicitly for the local thermodynamic equilibrium between
the phases. In this case, significant superheat may arise in the
liquid due to resistance to flow, adverse acceleration, or sub-
saturation; it is the goal of this study to elucidate the impact
of this phenomenon on the performance of the HP.

In the analysis of SHLHP, we assume that neither dry-out
(entry of vapor) nor cavitation (boiling) occur in the liquid
path. We discuss these assumptions in the Results and Dis-
cussion section (Limits of operation of SHLHP). To model
the steady-state operation, we consider heat and momentum
balances as in conventional analysesll’29’35; unified heat and
momentum balance equations for both conventional LHPs
and SHLHPs are presented in Appendix A. In the following
subsections, we highlight equations for the condition of local
equilibrium; we then proceed to linearize these equations to
extract expressions for the effective thermal resistance for
SHLHPs. The conversion of the nomenclature for tempera-
tures and pressures at different points in the loop can be
found in Figure 2.

Local thermodynamic equilibria

Applying the condition of local equilibrium, we set the
chemical potentials equal across the interfaces at which phase
change occurs: ,ufﬁrf: WP, The use of this condition neglects
the possibility of interfacial resistance due to, for example,
contaminates adsorbed on the interface. With this condition,
we can write down explicitly the thermodynamic balance equa-
tions at vapor-liquid interfaces. For the evaporator, we set the
chemical potentials of the liquid and vapors equal to find

Viig [P Zurf_l’s (Tevap)} :RgasTgapln %} @)
s(Te™)

In deriving Eq. 7, we have assumed that the liquid is inex-
tensible with molar volume, vjiq (m® mole™ ') and the vapor
acts as an ideal gas.*®

For conventional LHPs and saturated SHLHPs without
wick membrane in the condenser, vapor is in equilibrium
with the liquid in the condenser

P =pe ®)

Also, there is negligible curvature of the vapor-liquid inter-
face for conventional LHPs and saturated SHLHP without
condenser membranes, such that the pressure of the liquid is
simply the saturation pressure at the local temperature, so
we have

P =p (T™) (9a)

For subsaturated SHLHPs with condenser membranes, the
thermodynamic balance equations at subsaturated vapor-
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liquid interfaces, similar to the one for the evaporator wick
surface (Eq. 7), is used

sl P (1)) =Rt [ ] o
s(Tc )

Finally, in conventional LHPs, the liquid pressure in the
liquid cavity in the evaporator is simply the saturation pres-
sure of the temperature in the compensation chamber due to
the coexistence of the two phases

lig _ li
Pl=p (T)9) (10a)
For SHLHPs, the activity of the fluid is controlled by the
regulator. If the regulator is located in the vapor side of the
condenser, we have

Pe
— = 10b
P e
if the regulator is located in the liquid side of the
condenser

Viiq [P =ps (TE) ]| = ReasT¢In [aree (10¢)
For SHLHPs without regulator in the condenser to maintain
subsaturated condition, dye, = 1.

Equations A1-A9 and Eqs. 7-10 can be solved numeri-
cally to find the operating temperature, Tource, as @ function
of the heat input, ¢;, for a given sink temperature, Tg;,. The
numerical solutions presented in the discussion section are
solved iteratively by proceeding as follows: we start with ini-
tial guesses for T.® and Q, and then solve the rest of the
unknowns, including p.. Using this p., we solve Eq. 7 for an
updated T{* and Eq. A2 for an updated Q, and then solve
for the rest of the unknowns. We repeat the steps until the
relative change in the values of 7% less than 10”2 and Q
less than 10~ ° from one iteration to the next.

Linear analysis and expression of LHP
effective thermal resistance

The global effective thermal resistance, R.¢ (K W, is
used to characterize the LHP performance, and can be
defined as follows

T T _T‘in
Reff: source sink (11)
qi

In conventional LHPs, experiments and existing mod-
els!122935 jndicate that, in general, R.¢ depends on the heat
flow, g;; the response is nonlinear. In particular, at low heat
flow, the temperature difference (ATg 7) required to satisfy the
subcooling condition (Eq. 4) dominates and R.y decreases
with increasing ¢; (“‘variable conductance mode”); at high heat
flow, R. becomes constant (“fixed conductance mode™) as
heat transfer in the condenser becomes the limiting resist-
ance.'! In contrast, in a SHLHP, the subcooling condition is
not constrained by pressure load and we expect R.¢ to be con-
stant for a small to moderate heat flows; the initial response is
linear. Based on this expectation, we develop an analytical
expression for this constant R.¢ for SHLHPs. This expression
helps to elucidate the effects of the distinct components of the
system on the performance of a SHLHP. In the Results and
Discussion section (Validity of SHLHP linear response), we
check the validity of the following linear analysis against com-
plete solutions of Eqs. A1-A9 and Egs. 7-10.
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Linear response is defined as follows

_Tsink X g (12)

TSOUTCC

When this relation holds, Regr for SHLHPs can be written as
a function of (TY*—T14) as
Reff _ Tsource _Tgap + Tgap _Téiq + Tiiq _Tsink
qi qi qi
Te\:/ap _Tliq

(13)

:Rwall,e + +Rfilm +Rwall‘c

qi
By considering the limit of low heat flow and, thus, small
temperature difference, we arrive at an expression for R.g in
which we can separate out the contributions associated with
the evaporator wall, the vapor flow, the liquid flow, the con-
duction through the wicks in the condenser, and the heat
exchange with the heat sink (see Appendix B for details)

Retr =Ryuite TRyap T Riig T Ryick ¢ T Rfiim T Ryaltc (14)

In Eq. 14, Ryane and Ry, are the conductive resistances of
the evaporator and condenser walls
Lwall Lwall

andeall,c = (15)

Ryane =
’ kwall Asink

kwall Asource
where Ly, (m) is the thickness and kyy (W m™ ' K1) is the
thermal conductivity of the wall in contact with the heat source
or the sink. For the saturated SHLHP without a membrane in
the condenser, Ry;ick . = 0, while for subsaturated SHLHP

N L .
ﬁ,izl,Z,...,N (16)
i=1 "wiw

Ryicke =
where N is the total number of layers of the wick membrane
in the condenser (e.g., in Figure lc, N =2). Rg,, accounts
for the film condensation heat transfer in tubes

Riitm =1/ hitm Asink a7)

where we take the heat-transfer coefficient hg,, from the
literature>”-3

1
2/<nq3ﬂnq28L> ’ (18)

heim=0.76
i ( ’71ti

where kjjq (W m 'K is the thermal conductivity of the
condensate and 7;;, (kg m 1571 is the viscosity of the con-
densate. For the subsaturated SHLHP, the condensation
occurs directly on the surface of the condenser membrane
(with no film), so we take Rg, = 0.

The important and less obvious predictions that emerge
from the linearization are for the contributions of the vapor
and liquid paths

1 To
Rvap vap e — 1—‘vap (19)
/{dp\ ‘To izpvap,()
and
pvap 0
Rll (rh + 1—‘chk) (rh + 1—‘chk)
4 phq 0 /L ‘TO 4 Z ;zpllq 0 ! Z

(20)

where T'y,, and T, are the hydraulic resistances of the
vapor and liquid paths, and XTI i is the sum of the hydrau-
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lic resistances of the wick membranes through which the lig-
uid flows. We have used the Clausius—Clapeyron relation
(neglecting 1/pyq relative to 1/py,,) to arrive at the second
equalities in Eqgs. 19 and 20. While earlier investigators
derived the expression in Eq. 19°° we are unaware of a pre-
vious derivation of Eq. 20. These expressions clarify the
importance of the latent heat, the slope of the saturation
curve and the fluid viscosity (present in the hydraulic resist-
ance terms) in defining the impact of hydraulic resistances
on SHLHP performance. Comparing to the hydraulic resist-
ance in the vapor path, we note that the impact of hydraulic
resistance in the liquid path is less by a factor of (py.p/piiq)
for equivalent hydraulic resistances; this factor is less than
1072 for water up to 100°C. This observation points to the
opportunity to use conduits of small caliber for the liquid
path as one designs HPs of large dimensions with nanopo-
rous wicks.

Comparison between the R of conventional
LHPs and SHLHPs

For conventional LHP and saturated SHLHP which have
the same condenser design, the terms Ry.je, Raim and Ryac
are the same. The difference of the global thermal resistance
of the two designs lies in the expression for Ry, and Ryq.

For the conventional design, these resistances can be iden-
tified by combining the temperature head condition (Eq. 3)
and the subcooling condition (Eq. 4)

TVap _Tliq
Rvap +Rliq =2 <
_ ATy Tha —7lia
q q 20
o APy T T
d
Q) ps q

By further replacing AP, g/Q by the hydraulic resistances
and using Clausius—Clapeyron equation, we can get
T T
1—‘vap—’— 22 (Fliq+rwick)+
A pvap

lig __ 7liq
Te Tc

Rvap +Rliq = 2

v Pvap

(22)

The third term from the right hand side of Eq. 22 is a non-
linear term associated to the subcooling effect (Eq. 4)

TH—TH ATy 7 = AT, g
q 4 PCyRyicke /2

(23)

At small heat flux or small evaporator wick thermal resist-
ance, this term becomes large and can even dominate the
global effective thermal resistance.

For comparison to the saturated SHLHP, Eqgs. 19 and 20
give us
L Ft o Mg+ Twia)  24)
A pvap pliq

Rvap +Rliq =

The first term associated with the hydraulic resistance in the
vapor path is identical to R, for the conventional LHP. The
second term, Ry associated with the hydraulic resistance in
the liquid path, is different from that in conventional LHP
(Eq. 22) by a factor of (piig/pvap). This difference comes
from the fact that, for a conventional LHP, the vapor
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Figure 5. Effect of the adverse acceleration (ranging for 0-1 time gravity) on conventional LHP, saturated SHLHP
and subsaturated SHLHP with (a) ammonia and (b) water as working fluid.

Presented data are numerical solutions (Eqs. A1-A9 and Eqgs. 7-10). Sink temperature, T, is 25°C for (a) and 150°C for (b).
Varying gt between 0 and 1 times gravity has no effect on the SHLHPs. The results for saturated LHP overlap with the line for
convention LHP at 0 g.. For the conventional case, D;j, =1 mm; for the SHLHPs, D), =350 pm. Other operational parameters:
Lyipe =10 m, porosity of the membrane = 0.6, thermal conductivity for the evaporator wick membrane material =13 W/m K,

vap = 6 mm, Lpore,l =2 pm, Dpore,l =20 nm, Lpore,l =3 mm, Dpore,l =2 pm, Asource =1 cm_z’ Lwnll =1 mm, and kwall =400 W/m
K. For saturated condenser, D .onq =4 mm, Agn, = 100 cm™~2; for subsaturated SHLHP, a condenser membrane with thermal con-
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the condenser tube. The vapor pressure in the subsaturated SHLHP is controlled by the regulator and has activity, a,e, = 0.99.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pressure in the evaporator must push both the vapor and lig-
uid phases through their respective sections of the loop. In
contrast, in the SHLHP, the reduced pressure in liquid in the
evaporator drives the liquid flow; the vapor pressure is only
responsible for driving the flow of the vapor phase. As we
will see in the Results and Discussion section, this distinc-
tion leads to significant differences in the responses of the
LHP and the SHLHP as the pressure drop along the liquid
path increases. The nonlinear term accounting for subcooling
(Eq. 23) does not influence the SHLHP because the tempera-
ture across the evaporator wick, AT, g, is not directly
coupled to the entire pressure drop in the vapor and liquid
paths.

Results and Discussion

In Figures 5-9, we present the predictions of the model in
the Model and Analysis section for the performance of con-
ventional LHPs and SHLHPs for heat transfer over a dis-
tance of 10 m with various operational parameters. The
geometries of the systems are as depicted in Figure 1; we
take a smaller diameter liquid conduit in the SHLHPs (350
um diameter) than in the LHPs (1 mm). All parameter val-
ues are provided in the captions. The predictions are made
by solving Eqgs. A1-A9 and Eqs. 7-10 numerically for T,
at fixed heat flow and Ty, or by evaluating the expressions
for effective thermal resistance in Eqs. 14-20.

Comparison of the response of conventional
LHPs and SHLHPs

Figure 5 presents the operating curves (steady-state
evaporator temperature vs. the heat input) for ammonia
(Figure 5a) and water (Figure 5b) with acceleration load,
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Zrotal, Varying from 0 to 1 times gravity (g1 = 0, 0.25, 0.5,
and 1 g,, where g,=10 m s~ %) for 10-m long pipes. The
performance of SHLHPs is essentially independent of accel-
eration: varying guwm has no effect on the performance of
either the saturated SHLHP or the subsaturated SHLHP. The
operating curves of the saturated SHLHP overlaps with the
curve for conventional LHP at g, = 0. At high heat flux,
the effective thermal resistances of both designs are domi-
nated by the thermal resistance of the condenser. On the
other hand, for subsaturated SHLHP with condenser mem-
brane design (as detailed in Figure 3), the effective thermal
resistance is reduced to that of the condenser wick and con-
denser wall material, as discussed in the Design and Operat-
ing Principles section (comparison between Figures 2b, c),
and the rise in the evaporator temperature is significantly
slower than in the saturated systems.

In the predictions for conventional LHP in Figure 5 (with
the liquid path taken to be perfectly insulated), the evapora-
tor temperature increases with increasing heat input over the
entire power range when no adverse acceleration is imposed
(8tota1 = 0). When there is adverse acceleration imposed on
the system, characteristic u-shaped curves'*~® appear at the
low heat flux. Looking at a single heat input, the higher the
adverse acceleration load, the larger the liquid path hydro-
static pressure must be, as required by the temperature head
condition (Eq. 3) and shown schematically in Figure 3a. For
a fixed acceleration, the increasing heat input leads to
increasing flow rate, providing more efficient cooling for the
evaporator and reducing the temperature difference in the
compensation chamber; as the heat input keeps increasing,
the conventional LHP enters its fixed conductance mode
where the impact of acceleration becomes small compared to
that of the viscous pressure head, and the system is
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dominated by the resistance to heat transfer in the condenser.
The larger the acceleration load, the later the operating curve
enters the fixed conductance mode.

In summary, while the effective resistance of conventional
LHPs is strongly affected by the adverse acceleration due to
Eq. 3 and Eq. 4, the resistance of SHLHPs is independent of
the pressure load in this range due to the absence of the sat-
urated state in compensation chamber. Further, by eliminat-
ing the film resistance in the condenser, the global resistance
of a subsaturated SHLHP is predicted to be lower than that
in either the saturated SHLHP or the conventional LHP.

Response to acceleration load. Figures 6a, b compare
the effective thermal resistances (numerically solved Eqgs.
A1-A9 and Eqgs. 7-11) of a conventional LHP and a satu-
rated SHLHP as a function of the adverse acceleration for
ammonia (Figure 6a) and water (Figure 6b) for ¢; =10 W.
For both fluids, the resistance of the SHLHP is small [Rg,
~0.4 for (a) and 0.3 for (b)] and varies slowly with g
The predicted decrease in the resistance with increasing goal
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comes from the impact of acceleration on the film resistance
in the model we have used (Eq. 18). As we will illustrate in
the section Contributions of loop elements to Ry for
SHLHPs, the other resistances are insensitive to acceleration.
The resistance of the conventional LHP is much larger than
that for the SHLHP for gy, >0 and increases with the
increasing adverse acceleration; this trend validates the sche-
matic description provided in Figure 3a. At the heat input
considered (10 W), the conventional design is operating
below its fixed conductance regime (see Figure 5). We note
that the impact of increasing acceleration is more pro-
nounced for water than for ammonia at the temperatures
considered, due to the weaker slope of water’s saturation
curve.

Response to sink temperature. Figures 6¢, d compare the
effective thermal resistances of the two designs as a function
of sink temperature for ammonia (Figure 6¢) and water (Fig-
ure 6d) with g, = 1 g, in the adverse orientation. The tem-
peratures for each fluid were chosen to be within their most
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Figure 7. Predicted effective thermal resistances of (a) saturated SHLHP and (b) subsaturated SHLHP as a function

of the sink temperature, Tgnk-

Water is used as the working fluid. Purple diamond symbols are numerical solutions of total effective thermal resistance (Eqs. A1-
A9 and Eqs. 7-11) for ¢; =100 W. Red solid line is the solution from linearized expression, R (Eq. 14), and dashed lines are com-
ponents of R.i due to different components in the loop—the vapor path is gold, dotted line (R,,,, Eq. 19), the liquid path is green,
dashed line (R)i;, Eq. 20), and the condenser is blue, dash-dot line (Ryick,c + Rwane, Egs. 16 and 15). Operational parameters:
8total = 10 8e (100 m 5_2)5 Lpipe =10 m, Asource =1 cmZ’ Dvnp =6 mm, Dliq =350 jum, Lpore,l =2 pum, Dpore,l =20 nm, Lgore,z =300
pum, Dyorez =2 pm, and Ly, = 0.5 mm. For (a), D¢ong =4 mm, Ay =100 cm?; for (b), Qreg =0.99, A, = Agip =1 em”, k,, =130
W/m K, and ky,; =400 W/m K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

efficient ramges.13 For both fluids, the resistance of the
SHLHP is small [Rg, ~ 0.5 for (¢) and 0.4 for (d)] and
nearly independent of T, The slight rise at the lowest tem-
peratures is due to the resistance to vapor flow, as we will
see more clearly in the section Contributions of loop
elements to Ry for SHLHPs. The resistance of the conven-
tional LHP is much larger than for the SHLHP for all condi-
tions and varies significantly over the ranges of temperature
considered. The large effective thermal resistance of the
LHP arises from the need to generate sufficient pressure in
the vapor at the evaporator to drive the fluid around the loop
and against gravity. As discussed in the Design and Operat-
ing Principles section (Eq. 3) and shown schematically in
Figure 4b, the evaporator temperature must rise until the
vapor pressure is sufficiently high to drive the flow; this rise
in the T,* raises the global thermal resistance for a given,
fixed T As Tk increases, the global temperature differ-
ence decreases, and the effective resistance falls. The predic-
tions in Figures 6c, d validate the schematic description
provided in Figure 3b and illustrate the potential advan-
tages—constant, low thermal resistance over a broad range
of sink temperatures—of the SHLHP design.

Validity of SHLHP linear response

To test the predictions of our linear response treatment
(Egs. 14-20) against full numerical solutions of Eqs. A1-A9
and Eqgs. 7-11, and to elucidate the relative contributions of
distinct components of the system, Figure 7 presents the total
thermal resistance of saturated SHLHP (Figure 7a) and sub-
saturated SHLHP (Figure 7b) with an adverse acceleration of
10 g. (gotar = 100 m 372). Other operational parameters are
included in the caption. The symbols in Figure 7 present the
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full numerical solution for the total effective thermal resist-
ance, R (Eqs. A1-A9 and Egs. 7-11), as a function of Ty
for ¢; = 100 W; the continuous lines are the predictions of the
linearization, Eqs. 14-20. For these parameters, the predictions
of the linearized equations are in good agreement with the full
solutions except at the lowest temperature. We can understand
the origin of the breakdown of the linearized theory by noting
that among the conditions for the validity of this linearization
(Egs. B2-B7 and B9-B10): Eq. B4 is the first to breakdown
for water in the temperature range considered as the rate of
heat transfer is increased. When re-expressed in terms of the
effective thermal resistance, it requires that

Ds,0

(l’ ).
Retr de
Ty

qi < (25)

for the linearized solution to be valid. This condition fails as
the total resistance increases due to the increasing resistance
of the vapor path, R,,, as the saturation pressure of vapor
decreases at low temperatures.

Contributions of loop elements to R for SHLHPs

We return to Figure 7 to see the distinct contributions of
the components of the SHLHP to the effective thermal resist-
ance. The terms Ry, Rwicks and Ry, are simply the con-
ductive resistance of the wall material, the wick membrane
in the condenser, and the heat-transfer resistance for con-
ducting the heat out to the sink. We are particularly inter-
ested in the effective thermal resistance due to the resistance
to the flow of the vapor and liquid. Despite the substantial
hydraulic resistance to liquid flow through a capillary 10-m
long and 350 um in diameter, the contribution of the liquid
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In the range of ambient temperature (—30 to 50°C),
ammonia serves as a better working fluid in that its
total effective thermal resistance is constant and lower
than that of water. g =10 g, Lpipe =10 m, other
operational parameters are the same as for Figure 7b,
provided in the caption of Figure 7. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

path to the total thermal resistance is negligible. This fact
allows for the design of long SHLHPs with small volumes of
liquid (e.g., ~1 mL of liquid per cm* of wick for this 10-m
long pipe); the minimization of the volume of liquid is impor-
tant for weight and for stability of this superheated phase. For
SHLHPs, the temperature variation within the working fluid
itself is small compared to the temperature drop between the
condenser and the sink. The global resistance, R is essentially
Reim (o Ryjickc) T Ryane, €xcept at low temperatures at which
R, ., becomes of the same order and affects the total resistance;
of course, the magnitude of R,,, could be decreased by
increasing the size of the vapor conduit. As the operating tem-
perature rises, Ry, decreases as the slope of the saturation line
increases (Eq. 19) and the total thermal resistance is dominated
by the condenser resistance in most of the temperature range.
As discussed in the Design and Operating Principles section,
the inclusion of regulator and condenser wick membrane adds
the Ryick term but gets rid of Ry, term by eliminating con-
densate from the vapor side of the condenser; for the case stud-
ied, this change leads to a 10-fold reduction in the global
thermal resistance (Figure 7b). The elimination of condensate
in the subsaturated SHLHP further allows us to use less con-
denser area compared to the saturated case. In Figure 7, the
condenser area used in the subsaturated case (Figure 7b) was
100 times smaller than in the saturated case (Figure 7a), yet
the R for subsaturated SHLHP is lower.

The increasing evaporator temperature is accompanied by
an increase in the slope of the saturation line, resulting into
a decrease of resistance in vapor path, R,,,. Therefore, after
the operation temperature goes up, the resistance from vapor
path eventually becomes small relative to the resistances of
both the liquid path and wick membranes. Given that the
thermal resistances of these solid components and the liquid
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path have weak temperature dependence, the effective ther-
mal conductivity becomes nearly constant as temperature
increases further, such that the total thermal resistance is
dominated by the conductive resistance of the condenser
wick and heat sink, Ryickc + Rwane. In summary, as the
operational temperature rises, the performance of SHLHP
shifts from the monotonically decreasing R.g into higher
temperature regime in which the effective thermal conduct-
ance becomes temperature independent and controlled only
by the conductive resistances of the wick and wall.

The model and expressions for effective resistance provide
a unified picture that will allow us to apply our SHLHP
designs to extremely broad range of conditions. For example,
with appropriate choices of working fluids, we could operate
the SHLHP under a wide range of temperatures (around —50
to 100°C) with stable performance (effective thermal resist-
ance <0.1 K W™'). Ammonia is a particularly attractive can-
didate due to the large slope of its saturation curve around
ambient temperature. Figure 8 compares the performances of
ammonia-based and water-based subsaturated SHLHP. The
predictions indicate that using ammonia as working fluid will
lead to higher effective thermal conductivities near ambient;
moreover, the system will be operating in the higher tempera-
ture regime, providing approximately constant global conduct-
ance. The use of water as a working fluid is predicted to be
more appropriate for higher temperatures (i.e., Tk > 70°C).

Impact of activity pinned by the regulator and negative
pressures in the liquid

In the expression of R.; for SHLHPs, there is no depend-
ence on activity controlled by the regulator. Physically, a
decrease in the activity of the regulator lowers the vapor pres-
sure in the evaporator and thus lowers the temperature required
to evaporate the liquid; a decrease in the activity of the regula-
tor also lowers the pressure of the liquid, such that the temper-
ature required to drive evaporation increases. These two effects
tend to cancel each other, such that the total thermal resistances
are essentially independent of the activity for slightly subsatu-
rated condition as long as the capillary pressure developed by
nanoporous wick is sufficient to sustain large stress in the lig-
uid. For example, in a 10-m long, ammonia-operating subsatu-
rated SHLHP with design parameters the same as those for
Figure 7b, variations in T7* is less than 10~ %C within the
activity range of 0.95 < a., <0.99. As the activity goes below
0.95, the pressure difference between the vapor and liquid at
the meniscus of evaporator wick membrane starts to exceed
the maximum capillary pressure of 20 nm pores.

Figure 9 shows the variation of liquid pressure as functions
of the sink temperature (Figure 9a) and the heat load (Figure
9b) in a subsaturated SHLHP. The reduction of pressure
comes from hydraulic resistances, adverse acceleration, and
the regulation chamber. In this extreme operation scenario,
tens of bars of tension are required to operate the SHLHP;
this stress is still small compared to the maximum capillary
pressure for pores of 20 nm diameter (AP, > 100 bars
throughout the sink temperature range considered). We note
that the tension required is also small compared to the largest
tensions achieved with synthetic membrane (~ —70 bars)'%;
further, this degree of tension is of the order of stresses found
in many plants. In both cases, continuous transportation of the
liquid under tension has been shown.

In Figure 9b, a maximum evaporator heat flux of 500 W/
ecm® can be achieved while the system is still under
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Figure 9. Liquid pressure profile in subsaturated SHLHP as a function of (a) sink temperature, Tg;., and (b) heat

load.

Diamonds represents the pressure at the condensation surface in the condenser, Pi“’f; crosses represent the liquid in the condenser,
Plc‘q; asterisks represent the pressure in the liquid in the evaporator, PL“’; and circles represent the pressure at the evaporation sur-
face in the evaporator, PZ“”. The pressure values are calculated from Eqs. A1-A9 and Egs. 7-10 numerically. gta1 = 10 g¢, Lpipe = 10
m, the working fluid is water, ¢; = 10 W for (a) and T, = 150°C for (b). Note that 100 W of heat load corresponds to an evaporator
heat flux of 100 W/cm?. Other operational parameters are the same as for Figure 7b, provided in the caption of Figure 7.

subsaturated condition. Under this high heat flux, the Mach
number in the vapor path is 0.063, which is far from the sonic
limit. Higher heat flux is possible for a SHLHP with lower
activity in the regulator; as discussed above, activity controlled
by the regulator has negligible effect on the total thermal
resistance. Nonetheless, the higher the tension in the liquid, the
more the system is prone to cavitation and drying out if defects
exist in membranes, as discussed in the following subsection.

Limits of operation of SHLHP

The design of SHLHP could significantly extend the capil-
lary limit as well as eliminate the entrainment and other nega-
tive effects of condensate film in the vapor path and the
condenser. Nevertheless, the maximum heat flux of SHLHP is
subject to constraints including dry-out from the membranes,
boiling or cavitation along the liquid path, and choking in the
vapor path. The capillary structure in SHLHP is designed to
hold large pressure differences between the vapor side and
the liquid side of the evaporator. Yet, the maximum capillary
pressure will be defined by the largest pore that crosses
between the vapor and the liquid sides of the membrane. Any
defect, such as a large pore or crack, could compromise the
maximum tension achievable before dry-out occurred.

Another underlying challenge is the metastability of liquid
under tension.***" As observed in plants, the liquid under neg-
ative pressure is vulnerable to cavitation and the subsequent
formation of gas-filled (embolized) conduits****; such events
would lead to a dramatic loss of hydraulic transport capacity of
the device or even dry-out of the entire liquid path. Both
homogeneous nucleation and heterogeneous nucleation of the
gas phase can lead to cavitation. One strategy observed in
plants to manage and control the spread of cavitation is their
segmented xylem structure—a network of conduits separated
by rigid plates but hydraulically connected through a large
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number of bordered pits that traverse the plates.'® The nanopo-
rous membranes in the center of pits serve as vapor locks that
prevent vapor bubbles from expanding beyond the confines of
a single conduit. This structure can be mimicked synthetically
in a SHLHP, for example, by separating the liquid flow path
into individual subunits by nanoporous membranes.

The SHLHP design is prone to the same limitations due to
potential choking of the vapor path as in conventional HPs and
LHPs.!® As with conventional LHPs, the choking limit can be
avoided by increasing the diameter of the vapor path. For the
case of a 10-m long pipe with a 6-mm diameter vapor conduit
operating with ammonia at ambient temperature, the Mach
number is less than 10~ for heat flows less than 1000 W.

Conclusions

We have analyzed SHLHPs in which nanoporous wick
membranes and the absence of a compensation chamber allow
for the transport of superheated liquid. We have further pro-
posed the introduction of a regulator to maintain the fluid in a
subsaturated state throughout the liquid and vapor paths dur-
ing operation. Comparing the working cycles of the conven-
tional and the SHLHP designs, we have illustrated that the
advantage of SHLHPs are (1) elimination of the temperature
head and subcooling conditions that limit the conductance of
conventional LHPs and (2) improvement of the condenser
thermal conductivity. Our analysis indicates that large hydrau-
lic resistances and large adverse accelerations have negligible
impact on the total resistance, such that SHLHPs could be
particularly valuable in applications such as cooling of avion-
ics and energy management in buildings in which heat must
be transferred over large distances (tens of meters) and
against gravity or acceleration (many time gravity). Our ana-
lytical expressions for effective resistances provide a valuable
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basis for the design of these systems, for example, for the
choice of the size of conduits and of the working fluid.

The experimental realization of SHLHPs presents outstand-
ing challenges. The construction of nanoporous membranes
must be achieved without introducing excessive hydraulic
resistance into the liquid path and in a manner that can support
large pressure differences without fracture or collapse. Such
structures should couple a thin and uniformly nanoporous layer
to hierarchical macroporous supporting layers with increasing
diameters and decreasing hydraulic resistances. Another con-
cern about the membrane is that any trace quantities of surfac-
tants or solvents adsorbed to the membrane surface would
reduce the effective surface tension (less than the prediction by
Eq. 1); suitable choices of membranes and a careful design of
fabrication process are needed to minimize the possibility of
contamination that may deteriorate the performance of the
membranes. The robustness of SHLHP technology depends on
the suppression of cavitation in the superheated liquid and the
development of means to reconnect the liquid path if cavitation
does occur. For the former, pipe wall materials that are hydro-
philic and defect free are basic requirements; compartmentali-
zation of the liquid path, as is found in the xylem conduits of
plants,** could help to control the spread of cavitation. For the
later, integration of source of energy to drive refilling must be
developed. On all of these fronts, plant physiology may con-
tinue to provide significant guidance.***>

Notation

y = surface tension of the liquid, Pa m
AP = capillary pressure (=2y cost./r,,), Pa
Niiq = Viscosity of the condensate, kg m s
0. = contact angle between the liquid meniscus and the pore wall
J.= heat of vaporization of the working fluid, J kg~
WP = chemical potential of the vapor at the vapor-liquid interface, J
mole ™!
,uf,;"f = chemical potential of the liquid at the vapor-liquid interface, J
mole ™!
Vvap,0 = Kinematic viscosity of the vapor at Ty, m>s”
Viig,0 = kinematic viscosity of the liquid at 7, m>s”
Pvap,o = density of the vapor at T, kg m?
Piigo = density of the liquid at T, kg m?
Asource = area conducting heat into the evaporator, m’
A,, = area of the wick membrane, m>
Agink = area conducting heat out of the condenser, m?>
ey = activity of the regulator
Dy, = diameter of the vapor path, m
Dyiq = diameter of the liquid path, m
D.onq = diameter of the condenser tube (for saturated cases), m
Dypore = diameter of membrane pores, m
Zroral = the sum of gravitational and dynamic acceleration, m s?
g. = time of gravities (g, = 1, g1 = 10 kg m )
H*™ = enthalpy of the vapor in the evaporator, J

1
1

ng_ = enthalpy of the liquid in the liquid cavity in the evaporator, J
Hg“f‘ = enthalpy of the liquid at the wick interface in the condenser, J
Hi‘q = enthalpy of the liquid in the liquid cavity in the condenser, J

hgink = overall heat-transfer coefficient conducting heat out of the
condenser, Wm 2 K!
ham = heat-transfer coefficient for the condensate film, W m 2 K !
ky = effelctive thermal conductivity of the wick membrane, W m "~
K-
kyan = thermal conductivity of the pipe wall material, W m~ ' K~
kiiq = thermal conductivity of the condensate, W m 'K!
Lyipe = length of the HP, m
Lyore = thickness of the wick membranes, m
Ly, = thickness of the pipe wall material, m
MW = molecular weight, kg mole™
P = pressure at the surface of the wick membrane of the evapora-
tor, Pa
qu = pressure in the liquid cavity of the evaporator, Pa
P = pressure at the surface of the wick membrane of the con-
denser, Pa
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P4 = pressure in the liquid cavity of the condenser, Pa
ps(T) = saturation vapor pressure at a given temperature 7, Pa
Ps,0 = saturation vapor pressure at T, Pa

Pe = vapor pressures in the vapor cavities of the evaporator, Pa
Ppe = vapor pressures in the vapor cavities of the condenser, Pa
Q = mass flow rate of the working fluid, kg s~
¢; = heat input, W

Gieak = heat leaked into the evaporator liquid cavity, W

R, = the gas constant, J K~ mole™!

I'\4p = hydraulic resistance of the vapor conduit, Pa s kg !

I'jijy = hydraulic resistances of the liquid conduit, Pa s kg™!

I'wicke = hydraulic resistance of the wick membrane in the evaporator,
Pas kg™
I'yick c = hydraulic resistance of the wick membrane in the condenser,
Pas kg !
Rege = effective thermal resistance, K W ™!
Ryane = thermal resistance of the evaporator wall, K w!
Ryanc = thermal resistance of the condenser wall, K w!
Ryjick e = thermal resistance of the evaporator wick membranes, K w!
Ryjickc = thermal resistance of the condenser wick membranes, K w!
Ryap = the contribution associated with the vapor flow within Reg, K

wo!

Riiq = the contribution associated with the liquid flow within Reg, K
w!

R = thermal resistance of the film condensation heat transfer, K
wo!

rp = radius of the pores, m

Tsource = temperatures of the vapor side wall material in the evaporator,
K
TY* = temperatures in the vapor cavities in the evaporator, K

Ye"éiq = temperatures in the liquid cavities in the evaporator, K
T;*™ = temperatures in the vapor cavities in the condenser, K
TH9(T,) = temperatures in the liquid cavities in the condenser, K
Tsink = temperature of the heat sink outside the liquid side of the con-
denser, K

_ . 3 -
Viig = molar volume of liquid, m” mole !
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though the wick in to the liquid cavity; this heat transfer can be related
to the temperature difference across the wick membrane

)

0=Q(H'™ —H"")— ( (subsaturated SHLHPonly)

R wick,c
(A4)

where T;* is the average temperature in the vapor cavity in the
condenser, and T is the average temperature in the liquid cav-
ity in the condenser. The temperature of the heat sink in contact
with the condenser wall is fixed at a constant, known value
Tgink, Such that

0= Rgink Asink (T2 = Tgink ) —qi (AS)

where Ay, is the overall heat-transfer coefficient and Agp. is
the heat exchange surface area between the liquid in the con-
denser and the heat sink. We note that for conventional design,
Eq. AS is a simplified version of the condenser tube energy bal-
ance; more detailed model can be found in the literature.®® This
simplification does not affect our results or comparisons between
the conventional design and the designs proposed in this article.

Momentum balances

For the liquid phase
0=0Ttiq + piiq total Lpipe — (P24 —P1%) (A6)

where gy (M s7?) is the total acceleration along the pipe due
to both gravity and acceleration (g1 = go + gayn» Where go and
gayn are the projections of the gravitational and dynamic acceler-
ation onto the axis of the pipe.). For the wick membrane in the
evaporator

0=0T ik e = (P =P (A7)
For the vapor phase
MW L
0=0T yup +peexp (— %) —pe (A8)
gaste

The Boltzmann factor in the exponential term accounts for the effect
of acceleration, g, along the axis of the pipe on the vapor.

In the case of conventional LHPs and saturated SHLHPs,
pressure losses in the condenser are usually negligible; while for
a subsaturated SHLHP, liquid overcomes hydraulic resistance
flowing through the condenser wick membrane

P =P (conventional LHP and saturated SHLHP) (A9a)
or

0=0T yickc — (P —P19) (sub-saturated SHLHP) (A9b)

Appendix B: Linear Analysis and Expression of
LHP Effective Thermal Resistance

To find the expression of the second term in Eq. 13 for Reg,
we use AT =(T'®—TH4) and To=T"4. We begin by recasting
the local equilibrium at the evaporator, Eq. 7, into a nondimen-
sional form and as an expansion in AT,

dps dps %

Pe—r 1 > Pe
—9L0 (AT, )+ *(1—&)— dl Ty dUT | Ap,
PsoTo Ty pso) ResTo  pl
Vliq
Psurf _
, ww_p_e) 0
gas 10 Ps.0
Vlig

(BI)

In arriving at Eq. B, we have expanded p,(T¥*) to first order
in AT, about T, expanded the logarithm to first order in
l—pe/pS(Te“p), and expanded 1/p; (Tg“") to first order in
(dps/dT|r,)/psp- These approximations hold for the following
conditions

dps
ATy <200, (B2)
ar? 1Ty
Pe ‘
1-— | <1 (B3)
) Ps (Te P )
and
AT
— <1 (B4)
ps,O/d_Ts |T0
If we further assume
AT
—l <1 (B5)
Ty
'1— Pe | < (B6)
Ds,0
and
b, |
LRS! (B7)

gas
Viiq

we can simplify Eq. B1 by neglecting terms that are the product
of two small factors and solve for ATy,

2 surf
. psurf
AT =— ps,O ( e ps,0)+ i_i (Bg)
tot dps Rgas To
dT 1To g Pe e Pso

By differentiating ATy, with respect to ¢; (i.e., looking for the
dependence of p, and P on ¢,) and assuming the following

(P& —pso)

RenTo <1 (B9)
Viig
and
ng totaleipe
— <K 1 B10
ReT® O (B10)

we arrive at the expression of R.; in which we can separate out
the contributions associated with the vapor flow, R,,, (Eq. 19),
the liquid flow, Ryq (Eq. 20), the conduction through the wicks
in the condenser, Ryck . (Eq. 16).
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