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ABSTRACT

A loop heat pipe (LHP), a two-phase heat transfer device, was studied both
analytically and experimentally. Thermocouples were used to measure temperatures
along the loop, and neutron radiography was employed as a visualization tool to see-
through the metal shell. A new gravity-assisted operating theory was formulated based
on these experimental measurements and observations. Trends of steady-state operating
temperature are presented and explained at adverse, zero, and positive elevations.

An improved 1-D steady-state model was developed, based on the newly
formulated operating theory at various elevations. The effects of sink temperature,
ambient temperature, elevation, external thermal conductance of the condenser, two-
phase heat transfer and pressure drop correlations, heat leak, and insulation, on the
performance of a LHP were studied in detail.

Experimental results of the measured temperatures when the LHP was operated at
2-inch adverse, zero, 1-inch, 3-inch, and 5-inch positive elevations, are presented and
discussed. Temperature hysteresis and low-power start-up problems were observed and
are also discussed. The measured temperatures are also compared to the results predicted
by the steady-state model when the LHP was operated at 3 Y2-inch adverse, zero, and 3
“-inch positive elevations. In all cases, there is excellent agreement between the
experimental data and the predicted results.

The most significant result of this study is the discovery, development, and
modeling of the operating theory at gravity-assisted conditions. The operating

characteristics when the LHP is operating at these conditions are unique and have never



v
been studied before. In this study, the gravity-assisted operating theory is explained

thoroughly and the LHP performance can be predicted analytically.
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Chapter 1

INTRODUCTION

Thermal management is always a challenging and interesting topic in various
applications, like permafrost stabilization, electronic equipment cooling, aerospace, etc.
How to effectively remove heat from the heat source or supply heat to the heat sink has
became a major obstacle for many newly developed technologies. Heat pipes have been
the solution to a lot of engineering problems for the past several decades. A heat pipe is a
two-phase heat transfer device used to transport heat in a highly efficient and effective
manner. The effective coefficient of thermal conductivity of a heat pipe can be orders of
magnitude higher than that of highly conductive solid materials, such as copper.

The heat transfer device investigated in this entire study is called a Loop Heat
Pipe (LHP). It is a particular kind of heat pipe in which the evaporator and condenser
components are separated, with the working fluid transported between the two
components via tubing or pipes. After successfully demonstrating the heat transport
capability and reliability in space applications, LHPs started gaining worldwide attention
in the 1990s. LHPs are proven to be robust, self-starting and passive thermal transfer
devices under regular operating conditions. Currently, LHPs have been used mainly in
the spacecraft industry. With more and more ground test data, engineers who design

terrestrial applications may find themselves interested in the development of LHPs.



1.1 FUNDAMENTAL OPERATING PRINCIPLES OF LOOP HEAT PIPES

A LHP consists of five key components: an evaporator, a reservoir, a condenser, a
liquid line, and a vapor line. Surface tension developed in a porous material is the source
of the pumping force used to circulate the fluid. A schematic diagram of a typical LHP
with a detailed cross-sectional drawing of the evaporator is shown in Fig. 1.1.

When heat is applied to the evaporator body, it is conducted radially into the
primary wick. Due to capillary action and surface tension, the liquid at the outer surface
of the primary wick is vaporized and collected in the vapor channel. The amount of
liquid vaporized depends on how much heat is applied to the evaporator. Because the
vapor in the vapor channel has the highest pressure in the system, it flows through the
vapor line to the condenser. In the condenser, where the heat is rejected, the vapor is
condensed back to liquid and slightly subcooled. The liquid then flows through the liquid
line back to the evaporator. In the evaporator/reservoir assembly, the liquid line is
referred to as the bayonet, which directs the liquid all the way to the closed end of the
evaporator. After the liquid exits the bayonet into the evaporator core, most of the liquid
wets the primary wick and the secondary wick. The excess liquid goes back to the
reservoir through the non-wick flow path. This completes the flow cycle in a LHP.

The primary wick in the evaporator is the divider between the vapor channel and
the evaporator core. The primary wick is usually made of sintered metal with very fine

pores (on the order of 1 ¢ m) to increase the pumping capability of the system. Unlike

the primary wick, the secondary wick resides in both the evaporator and the reservoir. It

physically connects the evaporator and reservoir to prevent the primary wick from drying
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out when the heat load is extremely high. The secondary wick usually has greater pore
size (on the order of 100 & m) than does the primary wick to minimize the pressure drop
induced by the liquid flow in it. The detailed design and specification of primary and

secondary wicks have significant influence on the performance of a LHP and are usually

proprietary.

A
* Evaporator Reservoir 6

v
1 Vapor Line 2
3 1 >
Condenser
Liquid Line
Evaporator Body Axial Vapor Channel
Non-Wick Flow Path Secondary Wick
Bayonet Primary Wick

Section A-A

Fig. 1.1: Schematic diagram of a loop heat pipe. The numbers indicate the locations
inside the LHP, and are used in Fig. 4.1 and Fig. 4.7 with corresponding thermodynamic
states.
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Because the evaporator and the condenser are separated by smooth and flexible
transportation lines, the pressure drop for the liquid returning to the evaporator is much
less than that in a traditional heat pipe. Along with the high pumping capability provided
by the primary wick with very fine pore size, LHPs can be operated against gravity
efficiently. This also allows the heat source and heat sink to be at different locations
within a reasonable distance (on the order of meters), while the system still functions
properly with minimal temperature differences. Another unique design of LHPs is that
the evaporator and the reservoir are physically connected. This design not only prevents
the primary wick from drying out but also allows vapor to exist in the evaporator core.
Excess liquid and vapor inside the evaporator core flow back to the reservoir following
the non-wick flow path. Since the reservoir contains both liquid and vapor, it remains at

saturation temperature while the LHP is operating.

1.2 DESIGN OF Loopr HEAT PIPES

For different applications, each LHP has its own design requirements. The
common requirements are:

1. Maximum and minimum non-operating temperature, which is the LHP

temperature when it is not functioning.

2. Maximum and minimum operating temperature, which is the LHP

temperature when it is operating.
3. Maximum and minimum heat to be removed from the heat source.

4. Distance between the heat source and heat sink.
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5. Other criteria like the orientation flexibility of the LHP or special operating

conditions may be encountered.

After determining all the design requirements, a series of choices has to be made
before a LHP can be manufactured, including the working fluid, the properties and
material of the primary wick, the size and design of each component, and how much
working fluid needs to be charged into the system. This section introduces the general

guidelines for making the choices in each design stage.

1.2.1 Working Fluids

The working fluid in the LHP determines the range of the operating temperature.
Table 1.1 lists some of the commonly used working fluids, their melting and boiling
points at atmospheric pressure, and the operating temperature range [Faghri, 1995].
Depending on the operating temperature, LHPs are classified into four categories:
cryogenic (4-200 K), low (200-550 K), medium (550-750 K), and high (750 K and above)
temperature ranges. Most LHP applications fall in the low temperature range.

Another concern about deciding the working fluid is the compatibility between
the working fluid and the material of the LHP. Any chemical reaction between the
working fluid and the material of the LHP creates non-condensable gas (NCG) in the
system. The existence of NCG degenerates the performance of a LHP. Information

concerning compatibility of metals with working fluids can be found in [Faghri, 1995].



Table 1.1: Operating temperature range of various working fluids [Faghri, 1995].

Melting Boiling Operating Classified
Working fluid point, K point, K | temperature range, temperature
at 1 atm at | atm K application
Helium 1.0 4.2 2-4
Hydrogen 13.8 20.4 14-31
Neon 24.4 27.1 27-37
Nitrogen 63.1 77.4 70-103 Cryogenic
Argon 83.9 87.3 84-116
Oxygen 54.7 90.2 73-119
Krypton 115.8 119.7 116-160
Ammonia 195.5 239.9 213-373
Pentane 143.1 309.2 253-393
Freon 113 236.5 320.8 263-373 Low temperature
Acetone 180.0 329.4 273-393
Water 273.1 373.1 303-473
Mercury 234.2 630.1 523-923 .
Sulphur 385.9 7178 530947 | Medium temperature
Sodium 371.0 1151 873-1473
Lithium 453.7 1615 1273-2073 High temperature
Silver 1234 2385 2073-2573

1.2.2 Primary Wick and Secondary Wick

The primary wick to a LHP is like the heart to a human, because the capillaries in
the primary wick provide the required pressure to circulate the fluid in the system. Thus,
the selection of the primary wick is critical to the design of a LHP. There are three major
properties of the primary wick that have to be considered, including effective pore radius,
wick permeability, and thermal conductivity. The effective pore radius determines the
capillary limit of the primary wick (Eq.4.11), the wick permeability determines the
pressure drop induced by the liquid flow across the primary wick (Eq. 5.66), and the

thermal conductivity determines the radial heat leak of the system. All three of them
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have great impact on the performance of a LHP. An ideal primary wick should have

small effective pore radius (1-5 x m), high permeability (> 1.0 x 10"* m?), and low

thermal conductivity. However, these properties are contradictory in the design of a
primary wick. For example, a wick with small effective pore radius and low thermal
conductivity may have a low permeability. Therefore, some compromise on properties
may be required in the real design process.

The secondary wick is used to supply the liquid from the reservoir to the
evaporator to prevent wick dry out. This requires much lower pumping capability than
that of the primary wick. Thus, the effective pore radius is usually much higher (50-200

4 m) than that of the primary wick (1-5 #m). A typical design of the secondary wick is

stainless steel wire mesh.

1.2.3 Sizing of Each Component

The size of the evaporator and the primary wick depends strongly on the
maximum heat load. Most evaporators are between 2-inch long with 1/4-inch O.D. and
24-inch long with I-inch O.D. The size of the transportation line is determined relative
to the size of the evaporator, and is typically between 1/16-inch and 1/4-inch. The main
design criterion is that the LHP does not exceed all the heat transfer limitations discussed
in Section 2.2 when operating within the operating heat load range.

The length and size of the transportation lines influence the pressure drop in the
system, heat transfer between the fluid and the ambient, and the size of the reservoir, all

depend on the distance required between the heat source and the heat sink. After
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determining the size and length of the transportation lines, the size of the reservoir can be
calculated. Sizing the reservoir is one of the most critical tasks in the design of a LHP.
The rule-of-thumb is that the volume of the reservoir be at least 110 % of the combined
volume of the vapor line and the condenser. Once the size of the reservoir is determined,
the total volume in the LHP is also determined. A reasonable safety margin must always

be considered when determining the size of each component.

1.2.4 Amount of Working Fluid Charged into the LHP

The amount of working fluid charged into the system is also critical to the
performance of a LHP. There are guidelines to be followed: one sets the minimum value
and the other sets the maximum value. Assuming the LHP is at the lowest non-operating
temperature and the transportation lines and the condenser are filled with liquid, there has
to be enough liquid left in the reservoir to prime the primary and secondary wicks. This
provides the minimum amount of working fluid to be charged in the LHP. On the other
hand, when the LHP is at the highest non-operating temperature, the liquid volume must
be smaller than the entire volume of the LHP. Also, when the LHP is at the highest
operating temperature, the liquid volume must be smaller than the sum of volumes in the
liquid line, evaporator core, and reservoir. The lower of these two criteria becomes the
maximum amount of working fluid to be charged in the LHP.

After the analysis, if the minimum value of working fluid is higher than the
maximum value, then the physical sizes of the components have to be redesigned. This is

usually achieved by enlarging the size of the reservoir.



1.2.5 Design of Evaporator/Primary Wick Assembly

The performance of a LHP also depends on the design of the evaporator and the
primary wick. Fig. 1.2 illustrates four different designs of the evaporator and the primary
wick. In Fig. 1.2a), axial vapor channels are extruded on the evaporator body to provide
the vapor flow to the vapor line. In Fig. 1.2b) and c), circumferential grooves are
threaded on the evaporator body to provide vapor flow to the main axial vapor channels.
In Fig. 1.2d), circumferential grooves are threaded on the primary wick to provide vapor
flow to the main axial vapor channel. These designs of the evaporator and primary wick
result in differences in heating area, heat transfer coefficient across the heating area, and
vapor pressure drop in the vapor channel. Therefore, the performance of the LHP

changes accordingly.

Axial vapor channel

Axial vapor channel

Circumferential grooves

Fig. 1.2: Design of evaporator and primary wick.
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1.3 INTRODUCTION TO NEUTRON RADIOGRAPHY

All material objects are formed from an arrangement of atoms, which can take
many forms, varying from the regular pattern of a crystal lattice to the free moving single
atoms within a gas plasma. No one has ever seen an atom — although the electron
microscope allows us to get very close — and modern theory represents it as a tiny nucleus
surrounded by a diffuse cloud of electrons, the outer boundary of which is not clearly
defined and may not even be spherical. The nucleus is itself a group of closely bound
neutrons and protons, the overall diameter of which is some 10,000 times smaller than the
size of the atom. For simplicity, an atom can be imagined as consisting of an extremely
small and dense nucleus surrounded by an enormous empty space (on the nuclear scale)
in which a retinue of electrons maintains their regular orbital motions. The radiographic
process requires free neutrons, and so they must be dislodged from the nucleus. This is
achieved by bombarding the nucleus and causing it to change into smaller nuclei and a
number of free neutrons. These liberated neutrons are electrically neutral (i.e. no charge)
and so are able to pass through the electron cloud surrounding an atom without disturbing
interactions.

Unlike the X-ray, which interacts with the electron cloud, the neutron interaction
is not characterized by a rational dependence on the atomic number of the object. There
are practically no generalizations that can be made which relate neutron characteristics to
atomic mass or atomic number, and the interaction between a neutron and an atom of a
particular nuclide is unique, the nature of the reaction being related only to the energy of

the neutron. A comparison of neutron radiography and X-ray radiography is shown in
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Fig. 1.3, where the mass attenuation coefficients of X-rays and thermal neutrons have
been plotted against the atomic numbers of most of the elements [Von Der Hardt and
Ro ttger, 1981]. X-rays show a continuous curve and so any two materials having a
similar atomic number lie close to each other on the curve and consequently have similar
absorption coefficients. Therefore, both materials attenuate an X-ray beam by about the
same amount, and it is difficult for a detector to discriminate one from the other. The
attenuation of neutrons, however, is a function of the nucleus rather than the density of
electrons in a material, and it is frequently found that adjacent-number elements, for
example boron and carbon, shown marked differences in neutron-attenuation coefficient
and are therefore readily discriminated. Hydrogen has high neutron attenuation, and so it
is possible to detect rubbers and plastics. Conversely dense materials such as lead and
tungsten have low coefficients and are readily penetrated by thermal neutrons.

To produce a neutron radiograph a continuous supply of free neutrons, must be
directed onto the object to be radiographed. The object modifies the neutron beam by
scattering or absorbing the radiation, and the beam reaching the detector has an intensity
pattern representative of the structure of the object.

Neutron imaging is an ideal flow visualization tool for LHP study if the working
fluid contains hydrogen (high neutron attenuation), and the shell of the LHP is made of
aluminum or stainless steel, which is nearly transparent to thermal neutrons. Liquids and
vapors can also be easily distinguished since a liquid attenuates neutrons much more than

a vapor of the same substance, because of the large density difference.
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Fig. 1.3: A comparison of mass attenuation coefficients for the elements for both

medium energy x-ray (about 125kV, solid line) and thermal neutrons (dots).
Hydrogen (H), aluminum (Al), and iron (Fe) are highlighted.

14 RESEARCH OBJECTIVES

Loop heat pipes are very attractive heat transfer devices that have great potential
in various applications. Although many papers regarding LHPs have been published,
most of them present test results and discussions on certain specific aspects of LHP

operation. Some aspects of LHP behavior are still not fully understood. Thus, a
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complete detailed operating theory of LHPs has not yet been developed and needs to be

studied further. The main objectives of this research were:

1.

2.

To study the characteristics of LHPs.

To verify the feasibility of using neutron radiography as a flow visualization
tool for study of LHPs.

To improve the performance of a 1-D steady-state analytical model based on
experimental studies and flow visualization observations.

To observe and explain the operating characteristics when a LHP is operated
at a gravity-assisted condition, which means the condenser is located above
the evaporator.

To develop a 1-D steady-state analytical model to predict the performance of a

LHP when it is operated at a gravity-assisted condition.
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Chapter 2

LITERATURE SURVEY

This chapter introduces the historical development of heat pipes, which are
considered the ancestor of LHPs, and LHPs. Various operating limitations of LHPs and

current issues regarding the performance characteristics are also included and discussed.

2.1 HISTORICAL DEVELOPMENT

Since a loop heat pipe is a particular kind of heat pipe, the history of heat pipes
must be discussed first. The uniqueness of a heat pipe is the existence of a wick structure
in the system to transport heat against gravity by an evaporation-condensation cycle.
However, many heat pipe applications do not need to rely on this feature, and the Perkins
Tube, which was invented decades before the heat pipe, is basically a form of
thermosyphon that is still being used today. Therefore, the Perkins Tube became an

essential part of the history of the heat pipe.

2.1.1 The Perkins Tube (Thermosyphon)

The predecessor of the heat pipe, the Perkins tube, was introduced by the Perkins
family from the mid-nineteenth to the twentieth century through a series of patents in the
United Kingdom. Most of the Perkins tubes were wickless gravity-assisted

thermosyphons, in which heat transfer was achieved by evaporation. A thermosyphon
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refers to a heat transfer device in which the working fluid is circulated by the density
difference between a cold temperature and a hot temperature fluid or between vapor and
liquid. The design of the Perkins tube, which is closest to the present heat pipe, was
described in a patent by Jacob Perkins [1836]. A schematic drawing of the Perkins tube
is shown in Fig. 2.1. This design was a closed tube containing a small quantity of water

operating in either a single- or two-phase cycle to transfer heat from a furnace to a boiler.

Expansion
Tube

Boiler

Heat
Interceptor

| Furnace

Fig. 2.1: A schematic diagram of Perkins Tube.

The water in the closed loop is boiled into steam when passing through the
furnace, and flows to the boiler. In the boiler, the heat is rejected and the steam is
condensed back to water. Because there is no wick structure in the system, it can operate

efficiently only when the boiler is placed above the furnace.
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In the development of the Perkins tube, the most interesting improvements were
made by L. P. Perkins and W. E. Buck [1892]. Their work focused on the study of the
fluid inventory. While water was the only specific working fluid, they tested the use of
anti-freeze type fluids, and fluids having a higher boiling temperature than water at

atmosphere pressure.

2.1.2 The Heat Pipe

The heat pipe was first conceived by R. S. Gaugler [1944] of the General Motors
Corporation in the U.S. Patent No. 2350348. Gaugler, who was working on refrigeration
problems at that time, envisioned a device that would evaporate a liquid at a point above
the place where condensation would occur, without requiring any additional work to
move the liquid to the higher elevation. His device consisted of a closed tube in which
the liquid would absorb heat at one location causing the liquid to evaporate. The vapor
would then travel down the length of the tube where it would condense and release its
latent heat. It would then travel back up the tube by capillary pressure to start the process
over. In order to move the liquid back up to a higher point, Gaugler suggested the use of
a capillary structure consisting of a sintered iron wick. However, it was not developed
beyond the patent stage, as other technology currently available at that time was applied
to solve the particular thermal problem at General Motors Corporation.

In 1962, Trefethen [1962] resurrected the idea of a heat pipe in connection with
the space program. The heat pipe concept received relatively little attention, until Grover

et al. [1964] published the results of an independent investigation and first applied the
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term heat pipe to describe a “synergistic engineering structure which is equivalent to a
material having a thermal conductivity greatly exceeding that of any know metal”.
Grover [1966] built several prototype heat pipes, the first of which used water as a
working fluid and was soon followed by a sodium heat pipe which operated at 1100 K.
Since that time, heat pipes have been employed in numerous applications ranging from
temperature control of the permafrost layer under the Alaska pipeline to the thermal
control of optical surfaces in spacecraft. The first commercial organization to work on
heat pipes was RCA [Judge, 1966]. They made heat pipes using glass, copper, nickel,
stainless steel, molybdenum and TZM molybdenum as wall materials. Working fluids
included water, cesium, sodium, lithium, and bismuth. Maximum operating temperatures
of 1650 °C had been achieved.

The early development of terrestrial applications of heat pipes proceeded at a slow
pace. Since heat pipes can operate in micro-gravitational fields due to capillary action
without any external force field or pump, most early efforts were directed toward space
applications. However, due to the high cost of energy, especially in Japan and Europe,
the industrial community began to appreciate the significance of heat pipes and
thermosyphons in energy savings as well as design improvements in various applications.

A heat pipe typically consists of a sealed container lined with a wicking material.
The container is evacuated and backfilled with just enough liquid to fully saturate the
wick. Because heat pipes operate on a closed two-phase cycle and only pure liquid and
vapor are present within the container, the working fluid remains at saturation conditions
as long as the operating temperature is between the triple point and the critical state. As

illustrated in Fig. 2.2, a heat pipe consists of three distinct regions: an evaporator, a
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condenser, and an adiabatic region. When heat is added to the evaporator region of the
container, the working fluid present in the wicking structure is heated until it vaporizes.
The high temperature and corresponding high pressure in this region cause the vapor to
flow to the condenser region, where the vapor condenses and gives up its latent heat of
vaporization. The capillary forces existing in the wicking structure then pump the liquid

back to the evaporator.

‘ ‘ ‘ ‘ Wick Structure t t t *

Vapor Flow, ____~

Vaporization 2 Condensation{_

i Lguid Rewmby 1111

Heat Addition Capillary Forces  Heat Rejection

| Evaporator | Adiabatic | Condenser

Fig. 2.2: A schematic diagram of a conventional heat pipe.

2.1.3 The Capillary Pump Loop

The capillary pumped loop (CPL) is very similar to the loop heat pipe. The CPL
was invented by F. J. Stenger [1966] of NASA Lewis Research Center, but serious
development did not begin until the late 1970s. In 1982, an aluminum-ammonia CPL
with the capability of transporting 6.4 kW (15 W/cm?) over 10 meters was manufactured

by OAO Corporation (NASA Goddard’s CPL-1). In 1985 and 1986, the first flight
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experiments of CPL technology were successfully tested [Ku et al., 1986]. In the 1990s,
extensive ground testing had been performed, and the potential of the CPL as a reliable
and versatile thermal transport system for space applications was demonstrated. Fig. 2.3

shows a drawing of a typical capillary pumped loop.

Evaporator

Reservoir Line

Vapor Line

Reservoir T

Condenser

Liquid Line

[ e e

Fig. 2.3: Schematic diagram of a capillary pump loop.

The main difference between a CPL and a LHP is the location of the reservoir
(a.k.a. compensation chamber). In a CPL, vapor generated in the evaporator flows to the
condenser, where the vapor is condensed back to liquid, and liquid exits the condenser
with a small amount of subcooling. The liquid flows back to the evaporator through the
liquid line and the bayonet. In the evaporator core, a secondary wick is usually used to
prevent any bubbles from blocking the liquid path to the primary wick. The liquid then

flows radially to the outer surface of the primary wick to complete the cycle.
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The reservoir in a CPL is physically isolated from the loop. It is connected to the
liquid line by a reservoir line to store excess liquid in the system. The primary wick in
the CPL is usually made of polyethylene to minimize the heat conducted through the
primary wick and vaporize the liquid in the evaporator core. The pore size of a

polyethylene wick is around 15 g m. Due to these construction differences, the behavior

between a CPL and a LHP differs in many ways. A major difference is the start-up
characteristics. A CPL requires pre-conditioning of the loop, usually by heating the
reservoir, in order to ensure that the wick is fully wetted. One advantage of CPL is that
the operating temperature can be controlled precisely by the reservoir set point
temperature regardless of changes in the heat load or sink temperature. CPLs and LHPs
have their own advantages and disadvantages depending on the application. A detailed

overview of CPLs can be found in Ku [1993].

2.1.4 The Loop Heat Pipe

Generally speaking, heat pipes are excellent heat transfer devices. Advantages of
heat pipes include a very high thermal conductance, no pumping power requirements, no
moving parts, and relatively low pressure drops produced by the system. But serious
constraints on conventional heat pipes are the reduction of transport capabilities over long
distances and when it is operated against gravity, which means the condenser is located
below the evaporator. Loop heat pipes are developed to provide the solution to this

problem.
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Loop heat pipes (LHPs) were invented at the Urals Technical University in Russia
in 1971 and patented in the USA by Maidanik et al [1985]. LHPs were used in space for
thermal management purposes, especially on satellites. After successfully demonstrating
the heat transport capability and reliability in space applications, LHPs started gaining
worldwide attention in the late 1980s. Since then, numerous studies focusing on
improving the efficiency of the system and understanding its operating characteristics
have been conducted. The LHP is known for its high pumping capability and robust
operation because it uses fine-pored metal wicks and the integral evaporator/reservoir
design. It is the baseline design for thermal control of several spacecraft and commercial

satellites.

2.2 HEAT TRANSFER LIMITATIONS OF LOOP HEAT PIPES

Similar to traditional heat pipes, LHPs are subject to a number of heat transfer
limitations. Among these limitations are the viscous limit, sonic limit, capillary limit,
entrainment limit, and boiling limit. Due to the different designs of LHPs, these

limitations have different magnitudes and characteristics than those of traditional heat

pipes.

Viscous limitation

Viscous limitation occurs when the operating temperature is extremely low and
the applied heat load is small. It refers to when the viscous forces are larger than the

pressure gradients caused by the applied heat load. Under this condition, there is no flow
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or low flow in the system and the heat transport capability is limited. This is usually

observed in cryogenic applications or in start-up from a frozen state.

Sonic limitation

Cotter [1967] proposed that compressible flow in a duct of constant cross section
with mass addition and removal (i.e., vapor flow in the vapor channel) and constant mass
flow in a duct of variable cross section (compressible flow in a converging-diverging
nozzle) share a number of common properties. Therefore, for some LHP applications,
especially those with liquid metal working fluids, the vapor velocity in the vapor channel
may reach sonic values during the start-up or steady-state operation. Under this condition,

the mass flow rate in the system reaches its maximum value and is referred to as choked.

Capillary limitation

With the combination of a specific primary wick and a working fluid, the
pumping ability of the capillary structure to circulate the working fluid is limited. This
limitation is usually called the capillary or hydrodynamic limit. If the total system
pressure drops surpass the capillary limit, the wick dries out and operation of the LHP

becomes unstable.

Entrainment limitation

The vapor and liquid flow in opposite directions in traditional heat pipe operation.
Surface tension and shear forces interact across the liquid-vapor interface. When the
vapor velocity is sufficiently high, the shear force may tear the liquid from the wick and
entrain it in the vapor flow. This phenomenon inhibits the return of liquid to the

evaporator. However, in LHPs, the vapor flowing to the condenser does not interact with
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the liquid flowing back to the evaporator. The liquid at the outer surface of the primary
wick may still be entrained by the high vapor flow in the vapor channel. However, this
does not affect the supply of the liquid to the evaporator. Therefore, the entrainment

limit is less important in LHP operation than in operation of traditional heat pipes.

Boiling limitation

In traditional heat pipes, the heat has to conduct all the way through the wick
structure, which is saturated with liquid, and evaporate the liquid in the core area. When
the applied heat load or the wall temperature becomes excessively high, boiling of the
liquid in the wick structure may occur. The vapor bubbles generated inside the wick
structure may block the liquid return paths and the wick can dry out.

The evaporator design of LHPs has the ability to tolerate the boiling limit better
than heat pipes because the heat is conducted from the evaporator body to the primary
wick, and evaporates the liquid at the outer surface in the primary wick. Boiling may still
occur right below the heating surface when the heat load is excessively high. However,
the generated vapor bubbles can be vented out to the vapor channel easily. Therefore, the

boiling limit of LHPs is much higher than that of traditional heat pipes.

2.3 CURRENT ISSUES OF LOOP HEAT PIPES

Increased interest in various applications of LHPs has resulted in more research
and development. Thus, more issues regarding the operating characteristics have been
discovered and studied. Currently, there are several operating phenomena that are not yet

fully understood, like temperature hysteresis, low-power start-up problem, temperature
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oscillation, etc. Some of the major phenomena are introduced and discussed in the

following sections.

2.3.1 Temperature Hysteresis

Early discoveries of temperature hysteresis were observed by Wolf and Bienert
[1994] and Cheung et al. [1998]. Temperature hysteresis occurs when for the same
operating conditions, namely sink temperature, ambient temperature and elevation, the
steady-state operating temperature of a LHP depends not only on the applied heat load
but also on the previous history of the heat load sequence. Kaya and Ku [1999%]
performed a series of experiments to investigate this phenomenon at various orientations
(tilt and adverse elevation). The typical trend of the steady-state operating temperature
with temperature hysteresis is shown in Fig. 2.4.

Generally speaking, there are two different trends for the steady-state operating

temperature to follow. The effect of the temperature hysteresis dominates the low heat
load region (less than QT in Fig. 2.4). When heat load is higher than QT, these two
trends collapse into one and the effect of temperature hysteresis vanishes. The lower

trend is not easily observed and the LHP is in an unstable operating condition. It usually

happens when the starting heat load and increment of the heat load are both small. Once
the heat load exceeds the transition heat load, QT , the steady-state operating temperature

should follow the upper trend from then on. Therefore, the upper trend is also referred to

as the stable trend.
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Fig. 2.4: Typical trend of steady-state operating temperature as a function of heat load
when temperature hysteresis is observed.

The temperature difference between higher trend and lower trend depends on the
design of the LHP and may be as large as 20 K. This may cause serious problems for
thermal management of different applications. After their experimental investigations,
Kaya and Ku [19997] suggested that temperature hysteresis was caused by the partial dry-

out of the secondary wick due to a rapid power decrease.

2.3.2 Start-Up Problems

LHPs are known to have reliable turnkey start-up ability. When heat is applied to

the evaporator, the working fluid in the LHP starts circulating to remove the heat from
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the evaporator to the condenser. However, a minimum heat load is required to establish
the forward flow of the fluid in the system; otherwise, the LHP start-up may fail. The
minimum heat load required to start a LHP depends strongly on the design and the size of
the LHP.

Ku [1999] proposed four different situations of the liquid/vapor states inside the
evaporator prior to start-up as plotted in Fig. 2.5. Each condition has its unique start-up
characteristics, like required wall superheat or temperature overshoot. The temperature
overshoot during the start-up process refers to the rise of the reservoir temperature above
the initial or final steady-state operating temperature (whichever is higher). The
condition where the vapor channel is filled with liquid and the evaporator core is filled
with two-phase fluid (Fig. 2.5d) represents the most difficult condition for LHP start-up.
Detailed explanations of different start-up situations can be found in Ku’s paper.

Cheung et al. [1998] presented experimental data for the same start-up parameters:
one had less than 1 °C wall superheat and the other had more than 10 °C wall superheat.
The authors suggested that two-phase fluid existed in the vapor channel for the small

superheat case, and the vapor channel was filled with liquid for the large superheat case.
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Evaporator core Evaporator core

Vapor channel: two-phase Vapor channel: liquid-filled
a) Evaporator core: liquid filled ¢) Evaporator core: liquid filled

- Vapor ~~ [ .

Vapor channel: two-phase Vapor channel: liquid filled
b) Evaporator core: two-phase d) Evaporator core: two-phase

Fig. 2.5: Different start-up conditions in the evaporator [Ku, 1999].

Kaya et al. [1999°] performed experiments to study low power start-up
characteristics with different orientations. The authors concluded that the required
superheat, the maximum temperature at start-up, and the time required for start-up

strongly depended on the loop orientation.

2.3.3 Temperature Oscillation

For most operating conditions, the LHP can usually reach a steady operating
temperature with sufficient time. However, under certain operating conditions, the
operating temperature of the LHP never reaches a stable condition but oscillates within a
certain range. This phenomenon was identified by Ku et al. [2001] in a miniature LHP.

It was observed that whenever the temperature oscillation occurred, the liquid-vapor
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interface in the condenser moved back and forth around the condenser exit. In other
words, the liquid-vapor interface oscillated between the end of the condenser and the
beginning of the liquid line. The temperature oscillation is caused by thermal and
hydrodynamic interactions between the evaporator, the reservoir, and the condenser. Ku
et al. [2001] postulated that the oscillation of the temperature at the end of the liquid line
caused the temperature of the reservoir and the void fraction inside the evaporator core to
change accordingly. However, there is still no direct proof or verification of this

postulation for the cause of temperature oscillation.

2.3.4 Capillary Limit in LHP Operation

When a LHP is operating in a condition that the total system pressure drop
exceeds the capillary limit that the wick can provide, dry-out of the primary wick should
occur. Due to the vapor penetration through the primary wick, the operating temperature
of the LHP has a sudden increase when the capillary limit is exceeded. In traditional heat
pipe operation, dry-out of the wick structure should cause the operation to fail. However,
due to the integrated design of the evaporator and reservoir in a LHP, the LHP can still
operate even through the capillary limit has been exceeded.

Ku et al. [2002] presented test data showing the performance of a LHP when the
capillary limit was exceeded. Ku et al. installed a valve in the vapor line to introduce the
pressure drop required to exceed the capillary limit. With the valve, the LHP could reach
a high pressure drop with a low or moderate heat load. The test data showed that the

operating temperature of the LHP oscillated in a high frequency manner when the
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capillary limit was exceeded. With further increase of the heat load, the operating
temperature reached a higher oscillating temperature but could still function. In addition,
the LHP could recover from the dry-out of the primary wick by lowering the heat load
without the need to remove the heat load or to start over again. The ability to recover
from dry-out clearly shows that LHPs have a great advantage for high heat load

application than traditional heat pipes or capillary pumped loops (CPLs).

2.3.5 Effects of Non-Condensable Gas in a LHP

Non-condensable gas (NCG) always exists in a LHP system because of several
reasons, including the air left from the working fluid charging process, impurity of the
working fluid, and chemical reactions between the fluid and the LHP materials. In the
history of the development of heat pipes, ammonia has been shown to be compatible with
aluminum, stainless steel, and nickel. The amount of NCG generated in the system is
affected by factors including the amount of working fluid, surface area of the materials of
construction, the manufacturing process, and the operating conditions.

The effects of NCG on the performance of a LHP depend strongly on the
locations where the NCG accumulates. Possible destinations include the condenser and
the reservoir. NCG may also circulate with the working fluid, or be absorbed by the
primary wick. Theoretically, NCG in the reservoir increases the amount of heat leak.
Thus, the steady-state operating temperature increases with an increasing amount of NCG
in the LHP. Nikitkin and Bienert [1998] conducted an experimental study of effects of

NCG on the LHP operation in an ammonia LHP by injecting hydrogen and nitrogen into
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the loop through the vapor line. The amount of hydrogen gas injected into the system
ranged from 33 % to 1100 % of the predicted NCG in the system at end-of-life (NOL).
Test results indicated that the effects were almost negligible for small amounts of NCG
injected (less than 600 % of the predicted NCG at NOL). When there were large
quantities of NCG in the system (more than 600 % of the predicted NCG at NOL), the
required start-up period and the operating temperature both increased. But no LHP
failure was experienced during any of these tests. Therefore, Nikitkin and Bienert [1998]

concluded that the LHP is relatively insensitive to the presence of NCG.
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Chapter 3

EXPERIMENTAL SETUP

The LHP tested in this study was designed by TTH Research, Inc. and Swales
Aerospace and manufactured by Swales Aerospace. The LHP is a closed high pressure
tubing system with ammonia inside the tube as the working fluid. There are no pressure
or flow rate measuring devices in the system. Only temperature can be measured by
thermocouples on the surface of the tubing system. A data acquisition system designed
and tested by Bechtel Bettis, Inc. was used to record the temperature measured
throughout the experiment at a sampling rate of one data point per second. The LHP
along with the data acquisition system were shipped to Penn State in September, 2000.

After receiving the test rig, a Variac and a watt meter were added to control and
monitor the power applied to the evaporator. The room temperature in the Beam
Laboratory at the Radiation Science and Engineering Center oscillates at a magnitude of
5 °F every few hours. To control the ambient temperature around the test LHP, an
environmental chamber with an air conditioner and a control system was built.

From the observations made with neutron radioscopy, it was found that the
location of the liquid-vapor interface in the condenser moves as the applied heat load
changes. The performance of the LHP is very sensitive to the elevation difference
between the evaporator and the liquid-vapor interface. Due to the design of the
condenser, it is impossible to keep the elevation constant as heat load is varied when the

condenser is placed vertically. To ensure that the elevation remains constant while the
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applied heat load is changing, the condenser has to be laid horizontally throughout the
experiment. Therefore, the condenser is placed onto a supporting wood plate with a jack

mechanism attached underneath the wood plate.

3.1 LooP DESIGN AND LAYOUT

The test LHP was composed of a strip heater, a cylindrical evaporator, a
cylindrical reservoir, two transportation lines, and a condenser. A drawing of the test
LHP with the locations of the thermocouples is shown in Fig. 3.1.

The primary wick was made of sintered nickel powder and the working fluid in
the system was ammonia. The detailed specifications of the test loop are listed in
Table 3.1. The system was monitored by 18 chomel/alumel (type K) thermocouples.
There were four thermocouples on the outside of the reservoir: TC2 (top), TC3 (side),
TC15 (side), and TC4 (bottom). Because the reservoir was always under two-phase
conditions, the experimental steady-state operating temperature (SSOT) was obtained by
taking the average of the temperatures measured on both sides and the top of the reservoir.
The liquid near the bottom of the reservoir was usually subcooled and its temperature was
thus lower than the saturation temperature; therefore, TC4 was not used in the calculation

of SSOT.
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Fig. 3.1: A drawing of the test LHP with the locations of the monitoring thermocouples. (Modified
from manufacturer’s original drawing)
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The condenser used in this LHP design is a direct condensation heat exchanger
(DCHX). It is basically an aluminum plate with extruded tubes on both sides. As seen in
Fig. 3.1, a single smooth-wall aluminum extruded tube was bent into twelve parallel
paths attached to one side of the plate to provide a flow passage for the ammonia in the
LHP. On the coolant side, the cooling water enters an inlet plenum from which the water
is distributed to six evenly spaced cooling water extruded tubes. The active length of the
condenser tube is defined as the length having direct contact with the condenser plate.
From the flow directions of ammonia and cooling water, this condenser can be classified

as a cross counter-flow heat exchanger.



Table 3.1: Specification of the test LHP.

Working fluid
Designed maximum heat load

Designed range of operating temperature

Evaporator

Active length

Cylinder outer diameter

No. of grooves

Hydraulic diameter of each groove
Primary wick

Outer diameter

Inner diameter

Pore radius

Porosity

Permeability
Reservoir

Cylinder outer diameter

Cylinder inner diameter

Cylinder length
Vapor line

Outer diameter

Inner diameter

Length (including 12-inch flex line)
Liquid line

Outer diameter

Inner diameter

Length (including 12-inch flex line)
Condenser ammonia-side

Outer diameter

Inner diameter

Active length

Total length
Condenser coolant-side

Plate length

Plate width

Plate thickness

No. of parallel lines
Bayonet

Outer diameter

Inner diameter

Length

Ammonia

1000 W

10~50 °C

Axially grooved aluminum extrusion
24 in 0.61 m
0.95in 241E-2m
43

0.04 in 0.10E-2 m
Sintered Powder Nickel

0.75 in 1.91E-2 m
0.375in 0.95E-2m
1.6 ym

60 %

0.20E-13 m’

Stainless Steel

2.73 in 6.93E-2 m
2.69 in 6.83E-2 m
6.23 in 0.16 m
Stainless Steel

0.250 in 0.64E-2 m
0.210 in 0.53E-2m
29.2 in 0.74 m
Aluminum/Stainless Steel

0.250 in 0.64E-2 m
0.210 in 0.53E-2m
38.31in 0.97 m
Aluminum

0.250 in 0.64E-2 m
0.180 in 0.46E-2 m
144 in 3.66 m
183 in 4.65m
Water

18 in 0.46 m

12 in 031 m
0.25in 0.64E-2 m
6

Aluminum

0.1875 in 0.48E-2 m
0.1315 in 0.33E-2m
46.2 in 1.17 m
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3.2 EXPERIMENTAL SETUP

A strip heater with maximum power output of 1000 W was attached to the saddle
at the bottom of the evaporator to supply the required heat load. A Variac was used to
control the power output to the strip heater and a watt meter was connected to measure
the amount of heat load applied to the evaporator. The measured temperatures were
displayed on the computer in real time and were also recorded every second for later
analysis.

A picture showing the interface of the data acquisition system is shown in

Fig. 3.2.

L Inkslution | £ View

Fig. 3.2: The interface of the data acquisition system. (Designed by Bechtel Bettis,

Inc.)
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A recirculating chiller designed to provide a continuous supply of cooling water at
a constant temperature and volume flow rate was used. The unit consists of an air-cooled
refrigeration system, a sealable reservoir, recirculating pump, and a temperature
controller. The temperature of the chiller ranged from 5 °C to 35 °C with temperature
stability of £0.5 °C. The chiller reservoir can store up to 5.6 gallons of water. The
maximum operating volume flow rate is 3 GPM. The design operating volume flow rate
of the test LHP is 1 GPM.

For safety reasons, a control system was used to terminate heater power if
evaporator temperature exceeded 65 °C, the condenser water supply dropped to less than
0.5 GPM, or the cooling water temperature rise across the condenser exceeded 5 °C.
These controls ensured that the unit did not exceed design conditions.

A single set of steady-state experiments took more than 24 hours to complete and
the results were very sensitive to the ambient temperature. Thus, an environmental
chamber with an air conditioner and a control system was built to control the ambient
temperature around the test LHP. A picture of the environmental chamber is shown in
Fig. 3.3. The shell of the environmental chamber was made of % inch thick plywood as
an inner box of size 4x3x2 feet’ (lengthx width x height) covered by an outer box made
of 1 inch thick styrofoam. The air-conditioning unit, with a temperature controller, was
placed on top of the chamber. This environmental chamber does not have the ability to
heat the air inside the chamber. Therefore, the chamber temperature must be set lower
than the room temperature. The air conditioner has the capability to cool the chamber a
maximum of 5 °C lower than the ambient room temperature with an accuracy of + 0.5 °C.

The experimental room temperature varied from 19 °C to 22 °C when the experiments
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were performed. Thus, the environmental chamber was set to 18.5 °C in most of the

experiments.

Shell of
Environmental
chamber

Opening for
A/C system <

Air conditioner

Temperature
controller

Fig. 3.3: A picture of the environmental chamber lifted open above the LHP.

The neutron beam facility at the Radiation Science and Engineering Center, the
Pennsylvania State University, was utilized in this study. This facility is an ASTM E 544
Category 1 facility with a tangential collimator powered by the | MW TRIGA Breazeale

Nuclear Reactor. A schematic diagram of the facility is shown in Fig. 3.4. The neutron
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beam has an ASTM E 803 L/D ratio of 115, is 9.0 inches (0.23m) in diameter, and has a

neutron-to-gamma ratio of 3.1x10° (n/ecm®)/mR. The neutron imaging laboratory is a
2.4m x 3.8m well-shielded working area. A 9-inch Thompson tube is available for

radioscopy, along with image processing and storage equipment.

Reactor Core

Graphite Interface Box

_“‘52533:::5_. Pool Wall

Cross Opening A—— | —

3.8m

— Cross Opening B—>+—

Fig. 3.4: Schematic diagram of the neutron beam lab at the Radiation Science and
Engineering Center. (Top view)

A schematic diagram of the setup in the Neutron Beam Laboratory (experimental
room) and control room is shown in Fig. 3.5. During neuron radiography tests, the test

loop was placed in the radiation active experimental room, while the chiller, Variac, data
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acquisition system, computer, monitor, and video recorder were placed in the control
room. For safety, the experimental room has thick concrete walls to shield operational

personnel and equipment from neutrons.

Experimental Room
— | HP
Neutron ——a= Neutron
Beam |I|]|:> ' e = |II]I:> Camera
Outlet d
L _
5 :
Watt-meter o v
© .
3 Monitor
) 0
Chiller Variac |3 :
(5 °C ~35 °C) z H
% Tape
| :" PC @ Recorder
Volume Flow Rate |
Control Room
Cooling Water Flow Line ~ ==eeeeee » Image Transport Line
=9  Power Control Line — Data Transport Line

Fig. 3.5: A schematic diagram of the experimental setup in the control room and
experimental room of the Neutron Beam Laboratory. (Not to scale)
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A picture of the test LHP placed horizontally on a table is shown in Fig. 3.6. In

this picture, the reservoir, evaporator, strip heater, and vapor line are insulated. The
condenser is lower than the evaporator/reservoir assembly in Fig. 3.6; this configuration

1s referred to as adverse elevation.

Insulated reservoir

4

e Condenser
H__m—l—

e ——————e——

Insulated evaporator
and strip heater

B, o - = .
2 38 i - ) i

Fig. 3.6: A picture of the test LHP placed horizontally on a table.
A layer of fiberglass insulation was placed underneath the condenser to eliminate

heat transfer from the ambient. A rectangular wood plate was utilized to support the

condenser and the fiber glass. A jack mechanism was attached to the wood support plate
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to provide a way to adjust the elevation of the condenser during the experiments. A

picture of the jack system is shown in Fig. 3.7.

Fig. 3.7: A picture of the jack system underneath the condenser.

3.3 EXPERIMENTAL PROCEDURE

To obtain reliable experimental data, a standard procedure was implemented and
always followed, as listed below.

1. Precondition the test LHP by letting it sit idle for at least two nights.

2. Adjust the elevation and insulation of the LHP.

3. Connect cooling water hoses and strip heater power cord.

4. Place the cover of the environmental chamber onto the test LHP.

5. Turn on the computer and start collecting experimental data.



10.

11.

12.

13.

14.

15.

16.
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Turn on the chiller and set a chiller temperature (7, ).

Adjust the cooling water volume flow rate to be 1.10+0.01 GPM.
Turn on the air-conditioner of the environmental chamber and set an ambient

temperature (7, ).

Wait until all the temperatures, including cooling water temperature, loop
temperature, and ambient temperature, become steady. This usually takes
about 30 minutes.

Adjust the Variac to a desired heat load and turn on the heater power.

Record the amount of heat load input into the evaporator from the watt-meter.
Wait until all the temperatures reach steady-state values (defined as no more
than a 0.5 °C change over 25 minutes).

Adjust the Variac to another desired heat load and repeat steps 11 and 12 for
all heat loads.

Turn off heater power, chiller, and air-conditioner of the environmental
chamber.

Stop collecting data and export required data for post-processing.

Turn off the computer.
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Chapter 4

STEADY-STATE OPERATING THEORY

When a LHP is operating at steady-state conditions, the temperature distribution
along the loop does not change with time. In other words, the LHP has reached a thermal
equilibrium condition within each component and with the surroundings. A steady-state
condition should always be achieved if sufficient time is available with fixed heat load,
ambient temperature, sink temperature, and physical setup of the LHP. This chapter
contains a thorough discussion about the steady-state operating theory of the LHP when it
is operated at different elevations in a gravitational field. Positive, zero, and adverse
elevation refer to the condenser being located above, the same level as, and below the
evaporator, respectively.

With more and more terrestrial applications, the performance of LHPs with the
presence of gravitational force has become increasingly important. Most of the existing
literature regarding studies of LHPs focuses on the behavior of a LHP operating at
adverse elevation or at zero elevation. It is generally assumed that the behavior of a LHP
operating at positive elevation is similar to that at adverse or zero elevation. After
conducting a series of tests of an ammonia LHP operating at different elevations, it was
verified that they do have similar behavior when the evaporator heat load is relatively
high. However, the tests also reveal that a LHP operating at positive elevation and one
operating at adverse elevation behave differently when the evaporator heat load is

relatively low. In the following sections, the well formulated steady-state operating
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theory at adverse and zero elevations is explained first. Then the newly formulated
gravity-assisted steady-state operating theory, which applies to a LHP operated at

positive elevation, is presented and discussed.

4.1 ZERO AND ADVERSE ELEVATION

When a LHP is operated at adverse elevation, the operating characteristics are
very similar to those at zero elevation. The only difference is that the system needs more
capillary pressure gain to balance the pressure loss due to liquid head imposed by the

adverse elevation.

4.1.1 Thermodynamic Analysis using Pressure-Temperature Diagram

A thermodynamic analysis using a pressure-temperature diagram helps to explain
and understand the steady-state operation of the LHP. The thermodynamic states
corresponding to the different locations of the LHP when it is operated at adverse or zero
elevation are shown in Fig.4.1. The physical LHP location corresponding to each
thermodynamic state is shown in Fig. 1.1. In this theoretical analysis, it is assumed that
both transportation lines are perfectly insulated, so there is no heat exchange with the
ambient. In real applications, the liquid line is usually not insulated; thus, the fluid in it
can exchange heat with the ambient by convection. At a steady-state condition, the
operating LHP must satisfy mass, momentum, and energy conservation laws. Because it

is a closed loop, the mass flow rate must remain constant along the loop, the pressure
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gain must equal the pressure loss, and the energy must be balanced within each
component as well as in the whole system. Whenever steady-state is indicated, these

conditions are presumed to be fully achieved.

_________ Liquid flow through porous material
—_——— Evaporation

: Start of vapor channel

: Start of vapor line

: Start of condenser Saturation line
Liquid-vapor interface

End of condenser 1
End of liquid line

Inner surface of primary wick 3

cor D LA W —

: Outer surface of primary wick

Pressure

5

6 VAPOR

LIQUID

é

oo

(Superheated liquid) R

Temperature

Fig. 4.1: Pressure vs. temperature diagram illustrating steady-state operating
conditions when a LHP is operating at zero elevation or adverse elevation. (Not to
scale)

When the LHP is operating, the flow in the LHP is driven by surface tension
developed in the capillary of the primary wick. Menisci form at the outer surface of the

primary wick as depicted in Fig. 4.2. In Fig. 4.2, thermodynamic states 1, vapor-phase,
and 8, superheated liquid-phase, are shown across the meniscus. Also, the local radius,

R, corresponding to the pressure difference across the meniscus and the contact angle, 4,

between the liquid (ammonia) and solid (nickel wick) are illustrated.
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Capillary channel in Primary wick

Fig. 4.2: Magnified view at the outer surface of the primary wick. (R : local radius of
the meniscus in the primary wick and &: contact angle)

At the vapor-side of the meniscus, point 1, the vapor is at saturated temperature
corresponding to the highest pressure of the system. As the vapor travels down to the
exit of the vapor channel, point 2, temperature is increased due to convection heat
transfer from the walls, and pressure is decreased due to viscous losses. Therefore, the
vapor at the exit of the vapor channel is at a superheated condition. As the vapor travels
down the vapor line, the temperature remains the same while the pressure keeps on
decreasing due to frictional loss. At the end of the vapor line, point 3, the vapor is even
more superheated relative to the local saturation pressure. In the condenser, heat is
rejected to the heat sink and the vapor is condensed back to liquid. Instead of giving up
its superheat first and then condensing the saturated vapor, the sensible heat is rejected to
the heat sink while the vapor is condensed back to liquid until the fluid reaches a
saturated liquid condition, [Webb, 1998], point 4. This location is referred as the liquid-
vapor interface in the condenser. Depending on how much heat is applied to the

evaporator, the location of this liquid-vapor interface can vary from the beginning of the
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condenser to almost at the end of the condenser. Downstream of the liquid-vapor
interface, the liquid starts rejecting sensible heat to the heat sink and becomes more and
more subcooled. At the end of the condenser, point 5, the liquid is subcooled. In the
condenser, the pressure drops as the fluid travels down the tube. In single-phase flow, the
pressure drops solely because of friction loss: in two-phase flow conditions, since the
LHP is laid horizontally, the pressure drop comes from friction loss and acceleration loss.
In the liquid line, temperature remains the same and pressure decreases gradually along
the line (point 5 to point 6). If the LHP is operating at adverse elevation, the pressure
drop due to liquid head loss may dominate the system pressure drop. At the end of the
liquid line and the entrance of the bayonet, point 6, the liquid is still subcooled but at a
lower pressure than at point 5. After the liquid line goes into the reservoir, it is referred
to as the bayonet in the evaporator/reservoir assembly. In the bayonet, the liquid starts
gaining heat from both the reservoir and the evaporator until it exits at the end of the
bayonet and mixes with the liquid in the evaporator core. Because liquid has much
higher density (and therefore much lower velocity) than vapor, the pressure drop in the
liquid line and in the bayonet is very small compared to the pressure drop in the vapor
line and in the condenser. Since the evaporator core is thermally and hydraulically
connected to the reservoir, the temperature and pressure at the inner surface of the
primary wick, point 7, should lie along the saturation line. This represents the most
common operating condition, in which the evaporator core consists of both liquid and
vapor. However, this may not be the case for all operating conditions, especially when

the evaporator core is filled with all liquid.
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Capillary action draws the liquid at the inner surface of the primary wick to the
outer surface of the primary wick. As the liquid travels through the fine capillary, it is
heated by the solid part of the wick and also loses pressure by going through the porous

material. Thus, the liquid has the lowest pressure in the system at the liquid-side of the

meniscus, point 8, right before evaporation takes place. The liquid at point 8 is
superheated above its equilibrium saturation temperature and exists in a nonequilibrium
condition referred to as a metastable state (see Appendix A for details) [Carey, 1992].

The liquid is then vaporized across the meniscus and gains pressure, required as the

pumping force to drive the whole system (point 8 to point 1 in Fig. 4.1). This completes

the cycle of the fluid flow.

4.1.2 Trend of Steady-State Operating Temperature at Zero or Adverse Elevation

The typical trend of steady-state operating temperature (SSOT) as a function of
heat load is U-shaped when the sink temperature is lower than ambient temperature as

shown in Fig. 4.3. The SSOT first decreases as the heat load increases until it reaches a

minimum where the heat load equals QM in Fig. 4.3. The SSOT then increases almost

linearly as the heat load increases. The heat load QM corresponding to the lowest SSOT

is determined by the ambient temperature, sink temperature, physical setup of the LHP,
the operating conditions, and most importantly the design of the condenser. With the

self-adjusting capability of the overall heat transfer coefficient, the LHP can operate at
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two different modes: variable-conductance mode and fixed-conductance mode. The

differences between these two modes can be explained by the basic heat transfer equation:
QAPP = (UA)LHP (TSSAT - TS[NK) 4.1)

where (UA)LHP is the overall heat transfer coefficient of the LHP, T, is the steady-state

operating temperature, and T, is the sink temperature.

A
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Fig. 4.3: Typical trend of steady-state operating temperature (SSOT) as a function of
heat load when the sink temperature is lower than ambient temperature and the LHP is
operated at zero elevation or adverse elevation. Also shown are the trends of
temperature exiting the liquid line and the condenser.

In the variable-conductance mode, the overall heat transfer coefficient of the LHP,
(UA) ,p> Nas not reached its maximum value, which means that the condenser is not fully

utilized. Thus, part of the condenser is used to cool the liquid phase of the working fluid

rather than to condense vapor. In Fig. 4.3, the variable-conductance mode occurs when
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the heat load is lower than QC. When the heat load is equal to or greater than QC , the
LHP operates in the fixed-conductance mode and the condenser is fully utilized. The

liquid-vapor interface is consistently located near the end of the condenser and the overall

heat transfer coefficient of the LHP, (UA)LHP, has reached its maximum value. Under

this condition, since the overall heat transfer coefficient of the LHP and sink temperature
are fixed, the steady-state operating temperature of the LHP increases linearly as the heat
load increases.

To further explain this U-shaped relation, the parameters that determine the
steady-state operating temperature of the LHP have to be studied. At a steady-state
condition, the reservoir temperature is determined by energy interactions with the
evaporator, liquid return line, and ambient air. The energy balance equation of the

reservoir can be written as:
O = Op-a +9sc (4.2)
where Q,, is the heat leak from the evaporator to the reservoir, Q, , is the heat

exchange between the reservoir and the ambient, and QSC is the amount of subcooling

brought back by the liquid in the liquid line.

The energy that comes from the evaporator to the reservoir through the evaporator
core is referred to as “heat leak”. This heat leak may come from axial conduction
through the evaporator body and secondary wick, convection of the liquid in the
evaporator core, and heat carried by vapor evaporated at the inner surface of the primary

wick and then transported back to the reservoir through the non-wick path. In general
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operating conditions, the amount of heat leak is proportional to the heat load, and
depends strongly on the flow conditions inside the evaporator core.

At a steady-state condition, the heat leak from the evaporator must be balanced
with the heat loss to the ambient and the amount of subcooling that is brought back by the
liquid in the liquid line. Since the heat exchange between the reservoir and the ambient is
by natural convection, it is relatively small compared to the amount of subcooling

brought back from the liquid line. The latter can be written as:
Qsc =mC, (TSSOT - TLOUT) (4.3)

where TL,,,, is the temperature at the end of the liquid line. Theoretically, the mass flow

rate of the system can be calculated by:

(Q.APP; QHL) (4.4)

m=

where O »» 15 the total heat load applied to the evaporator and A is the latent heat of

vaporization.
From Eqgs.4.2 through 4.4, it is obvious that the steady-state operating
temperature depends strongly on the liquid temperature at the end of the liquid line. In

the liquid line, the heat exchange between the liquid and the ambient can be written as:
QLL—A = mcp (TCOUT - TLOUT) 4.5)

where TC,,, is the temperature at the exit of the condenser. The liquid temperature at

the end of the liquid line depends on the liquid temperature exiting the condenser and the

mass flow rate.
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When the LHP is operating in the variable-conductance mode and the heat load is
small — just enough to start the loop, the mass flow rate of the loop is small and the vapor
is quickly condensed back to liquid in the condenser. Thus, the liquid temperature
exiting the condenser is close to the sink temperature. In the liquid line, due to the low
mass flow rate, heat is exchanged with the ambient by natural convection and the liquid
temperature at the end of the liquid line is close to ambient temperature. As the heat load
increases, the mass flow rate increases almost linearly. Since the liquid temperature
exiting the condenser is still close to the sink temperature, the liquid temperature at the

end of the liquid line, 7L, , decreases as the mass flow rate increases. This trend

continues until the heat load is equal to QM and the liquid return temperature has reached

its minimum. As the heat load is further increased, the liquid temperature exiting the
condenser starts to rise above the sink temperature and the liquid-vapor interface in the
condenser moves closer to the end of the condenser. The liquid temperature at the end of

the liquid line increases as the liquid temperature exiting the condenser increases. This

trend continues until the heat load reaches the transition point, QC , where the operating

condition of the LHP transfers from variable-conductance mode to fixed-conductance
mode. In the fixed-conductance mode, the LHP behaves like a solid metal with fixed
conductance. The liquid exiting the condenser is slightly subcooled in order to bring
back the required amount of subcooling to balance the heat leak.

Because the amount of heat leak and mass flow rate both depend on the heat load,
the temperature difference between the liquid temperature at the end of the liquid line and

the SSOT in Eq. 4.3 remains nearly constant. Therefore, the SSOT follows the same
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trend as the liquid temperature at the end of the liquid line, 7L, . Thus, the steady-state

operating temperature first decreases and then increases as the heat load is increased.
The above discussion explains the typical U-shaped trend of SSOT as a function of heat

load.

4.1.3 Effects of Sink Temperature, Ambient Temperature, and Adverse Elevation
on the Trend of SSOT

Based on the analyses of the previous section, the effect of sink temperature and
ambient temperature on LHP steady-state operating temperature can be easily predicted
[Kaya and Ku, 1999']. Fig. 4.4 shows the trends of steady-state operating temperature at
three different sink temperatures. If sink temperature is higher than ambient temperature,
like T, , in Fig. 4.4, the steady-state operating temperature increases almost linearly
with the increase of applied heat load. In other words, the LHP always operates at fixed-
conductance mode like a solid metal. If sink temperature is lower than ambient
temperature, like T, , or Tg,, s in Fig. 4.4, the typical U-shaped trend line of steady-
state operating temperature is followed. The slopes of all three cases are the same when
the heat load is high and the LHP is operated at fixed-conductance mode, because the

overall heat transfer coefficient, (UA)LHP in Eq. 4.1, is constant for a specific LHP.
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Fig. 4.4: Effect of sink temperature on steady-state operating temperature. (Ambient
temperature 1s held constant at 7, .)

Fig. 4.5 shows the trends of steady-state operating temperature at three different
ambient temperatures. When the ambient temperature is equal or less than the sink

temperature, like 7, ; in Fig. 4.5, the trend of the steady-state operating temperature is

a straight line. Again, when the ambient temperature is higher than sink temperature, like

T

AMB,1

or T

o 10 Fig. 4.5, the steady-state operating temperature follows the U-shaped
trend. The effect of the ambient temperature dominates the low heat load region, because

the lower the mass flow rate in the system, the more the fluid temperature changes in the

liquid line.
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Fig. 4.5: Effect of ambient temperature on steady-state operating temperature. (Sink
temperature is held constant at 7, .)

To explain the effect of adverse elevation on steady-state operating temperature,
heat leak from the evaporator to the reservoir must be discussed in detail. This heat leak

can be written as:
QHL = (UA)HL (TEVAP _TSSOT) (4.6)

where (UA)HL is the overall heat transfer coefficient from the evaporator to the reservoir
and 7,,,, is the evaporator temperature. The overall heat transfer coefficient from the

evaporator to the reservoir, (UA)HL , 1s composed of various heat flow paths. This

coefficient is one of the most important parameters in determining the performance of a

LHP. Heat may be conducted axially through the metal from the evaporator to the
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reservoir or radially from the outer surface to the inner surface of the primary wick and
into the reservoir. It is assumed that both the inner and outer surface of the primary wick
are at saturated conditions, and the temperature difference can be obtained from the

Clausius-Clapeyron equation [Moran and Shapiro, 1993]:

(d_Pj A
dT ). - T(vg —vL) 4.7)

where v, and v, are the liquid and vapor specific volumes, respectively.

The saturated pressure difference between the evaporator and the reservoir comes
from the fluid frictional pressure drop and liquid head. At a fixed heat load, the fluid
frictional pressure drop of the system caused by fluid flow remains the same and the
pressure drop due to liquid head increases as the adverse elevation increases. Therefore,
the pressure difference between the evaporator and the reservoir increases as the adverse
elevation increases. This in turn increases the heat leak due to a greater temperature
difference in Eq.4.6. From the energy balance of the reservoir shown in Eq. 4.2, it
becomes clear that more adverse elevation leads to higher steady-state operating
temperature. The theoretical analysis of the effect of adverse elevation on steady-state
operating temperature is shown in Fig. 4.6. This effect has greater impact on steady-state
operating temperature at low heat load than at high heat load because the pressure drop
due to liquid head dominates the pressure drop of the system when the heat load is low.
When the heat load is high, most of the pressure drop of the system comes from the fluid
frictional pressure drop. Therefore, the effect of adverse elevation on steady-state

operating temperature becomes almost negligible at high heat loads.
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Fig. 4.6: Effect of adverse elevation on steady-state operating temperature (SSOT)
when the sink temperature is lower than ambient temperature. Also shown are the
trends of temperature at the end of the liquid line and the condenser.

4.2 POSITIVE ELEVATION (GRAVITY-ASSISTED OPERATING THEORY)

A LHP operates at positive elevation when the condenser is located above the
evaporator/reservoir assembly. It is generally assumed that the operating characteristics
at positive elevation are similar to those at zero and adverse elevation. This might be the
case if the LHP is equipped with a large diameter vapor line. However, in most LHP
applications, the transportation lines are small tubes. Because of the surface tension and
contact angles of the working fluid, a liquid slug can be supported in a smooth vertical

tube effortlessly. Fig. 4.7 shows a liquid slug in a vertical tube in gravitational field.
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Fig. 4.7: A liquid slug in a small vertical tube to resist downward motion. (6, :
advancing contact angle and 6, : receding contact angle)
By assuming the pressure at the top of the liquid slug is the same as that at the bottom,
the length of a liquid slug that can be supported in a vertical tube can be obtained from

balancing the force in the vertical direction and can be written as:
p,8L = 4—0[005(9, )—cos(6, )} (4.8)
D

where 6, is the advancing contact angle, €, is the receding contact angle, o is the

surface tension, and D is the diameter of the tube. If a liquid slug can be supported in a
vertical tube, it can also travel with the vapor in the vapor line. From the observations of
the test loop using neutron radioscopy, liquid slugs can be observed in the vapor line
when the LHP is operated at positive elevation with small heat load (see Fig. 7.5). This

phenomenon makes the operating characteristics at positive elevation different from that
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at zero and adverse elevation. Therefore, a new operating theory has to be formulated to
explain the operating characteristics when a LHP is operated at positive elevation.

The operating theory developed at positive elevation is also referred to as gravity-
assisted operating theory. This is a brand new theory formulated from the experimental
study and flow visualization of the test LHP. When a LHP is operated at positive
elevation, vapor travels in the vapor line against gravity, while liquid traveling in the
liquid line is assisted by gravity. Because of the density difference between the liquid-
phase and the vapor-phase of the working fluid, the net pressure gain from the liquid head
can be written as: (provided that the vapor line is 100% vapor and liquid line is 100%
liquid)

APy =(p. =P, ) gh 4.9)

where p, and p, are the liquid and vapor density, respectively, and £ is the elevation

difference between the condenser and the evaporator.

4.2.1 Thermodynamic Analysis using Pressure-Temperature Diagram at Positive
Elevation

A pressure-temperature diagram illustrating the general operating conditions at
positive elevation is shown in Fig. 4.8. The physical LHP location corresponding to each
thermodynamic state is shown in Fig. 1.1. Most of the operating characteristics are
similar to those explained previously at adverse and zero elevations. The only difference
is that when the LHP is operating at positive elevation, there is a significant pressure gain

from the liquid head in the liquid line. Therefore, the pressure at the end of the liquid line,
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point 6, is higher than the pressure at the beginning of the liquid line, point 5. The

amount of pressure gained depends on the elevation difference, %, between the condenser
and the evaporator, and can be calculated by Eq. 4.9. This important feature makes the
operating theory unique and more difficult to predict when the LHP is operating at
positive elevation. The amount of pressure gained from gravitational head also
determines if the LHP is operating in the gravity-controlled mode or capillary-controlled

mode. The differences between the two modes are discussed in detail later in this chapter.

- QGravity-controlled mode (Subscript G)

Capillary-controlled mode (Subscript C)

Saturation Line

LIQUID

Pressure

VAPOR

°
é(, (superheated liquid)

v

Temperature

Fig. 4.8: Pressure vs. temperature diagram illustrating steady-state operating
conditions when a LHP is operating at positive elevation. (Not to scale)
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4.2.2 Analysis of the Pressure Balance Equation at Positive Elevation

Before discussing the trend of steady-state operating temperature in detail, it is
necessary to look at the pressure balance equation of the LHP system. The total pressure
drop of the system is the sum of the pressure loss in each component and can be written

as:

AIDTOTAL = APVAC. + APVALA + AIDC + APLALA + APBAYA + APW[CK + APGRAV. (4 10)

When at steady-state operation, the pressure gain from surface tension across the
evaporating menisci equals the total system pressure drop as listed in Eq. 4.10, if the total
system pressure drop is within the capillary limit of the primary wick. The capillary limit
depends on the wick design and size and can be expressed by the Young-Laplace
equation as:

20 cosé

AP ipax = 4.11)

rEFF.

where o is the surface tension, @ is the contact angle between the liquid and solid, and

1.+ 18 the effective pore radius of the primary wick.

In order to achieve a steady-state condition, the pressure gain of the system must
balance the pressure loss. When the LHP is operating at positive elevation, the system
actually gains pressure from the liquid head. It is then appropriate to write the pressure

balance equation of the system as:

APCAP +AF,y =AF, +AI)V4L. +APC +AP, +APBAY +APW1CK (4.12)
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Depending upon the source of the pressure driving the system, the LHP can operate in
two different modes: capillary-controlled mode and gravity-controlled mode.

When the LHP is operating in the capillary-controlled mode, the total pressure
drop of the system is higher than the net pressure gain from the liquid head. Therefore,
the system adjusts the local radius in the primary wick, as depicted in Fig. 4.2, to supply
the pressure required to balance the total pressure drop of the system. In the capillary-
controlled mode, the pressure gain from the liquid head remains at its maximum value
and can be calculated from Eq. 4.9.

The LHP operates in the gravity-controlled mode when the total system pressure
drop is less than the maximum pressure gain from the liquid head. In other words, the
pressure gain from the liquid head itself is enough to drive the flow in the system. When
the LHP is operating in the gravity-controlled mode, the capillaries in the primary wick

are all filled with liquid and there is no meniscus in the primary wick (AF,.,, in Eq. 4.12

is zero).

The total pressure drop of the system can be divided into three different sources:
single-phase (including vapor and liquid), two-phase, and liquid flow in capillary media.
For fully developed single-phase pipe flow, the frictional pressure drop can be calculated

from the Darcy-Weisbach equation:

Lpr

ARy =155

(4.13)

The dimensionless parameter f is called the Darcy friction factor and is a function of

Reynolds number and tube roughness. Two-phase pressure drop is composed of three

components: frictional, accelerational, and gravitational. The accelerational two-phase
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pressure drop is correlated by single-phase pressure drop and two-phase multiplier. Each
component depends strongly on the quality and void fraction of the fluid and is rather
difficult to calculate accurately. Generally speaking, the two-phase pressure drop
increases along with the increase of the mass flow rate in the system. This chapter
focuses on qualitative understanding of the operating characteristics. Chapter 5 has a
more detailed discussion about the two-phase pressure drop calculation. In the analysis
of the liquid flow in the wick structure, the flow is assumed to be steady, two-
dimensional, incompressible, laminar flow with negligible body forces, with flow in the
radial direction. Under these conditions, the pressure drop of the liquid flow across the

wick can be calculated by Darcy’s law for liquid flow in a porous medium:

um
AFycx :J.(_ oA K)dr (4.14)
W

where 4,, is the wick cross-sectional area, x is the permeability of the wick structure

and 7 is the radial direction. Because the LHP is equipped with a very fine pore size
metal wick, the pressure loss of the liquid traveling across the wick usually dominates the
total pressure loss in the system. In summary, these three types of pressure drop are all

directly related to the mass flow rate of the system.

4.2.3 Trend of Steady-State Operating Temperature at Positive Elevation

The trend of SSOT as a function of heat load when the LHP is operated at positive

elevation is depicted in Fig. 4.9. It is similar to that at zero elevation or adverse elevation

when the heat load is higher than Q2 (see Fig. 4.9). More specifically, the trend follows
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the U-shaped trend as explained previously because the LHP is operating in the capillary-

controlled mode. In contrast, the LHP operates in the gravity-controlled mode when the
heat load is less than or equal to Q,. Since there is no pressure gain from surface tension
across the menisci when the LHP is operating in the gravity-controlled mode, the local

radius of the meniscus in the primary wick, as depicted in Fig. 4.2, approaches infinity.

In other words, the liquid-vapor interface becomes a flat surface in the vapor channel.

The transition heat load, Qz, depends on how high the condenser is above the evaporator,

provided all other conditions remain the same. When the heat load is lower than 0, , i.e.

the LHP is operating in the gravity-controlled mode, the pressure balance of the system is

governed by:

APGRAV. = APV.C. +APV.L. +APC +APL.L. +APBAY. +APW1CK (4.15)

This transition heat load also separates the fluid flow condition in the vapor channel from
pure vapor (higher than Qz) to two-phase mixture (lower than Q2 ). With the appearance

of liquid in the vapor channel, the operating characteristics become more complicated

and the actual mass flow rate of the system becomes:

(QAPP; QHL) (4.16)

Mropy, =My, +M, =m; +

where 71, is the mass flow rate of the liquid pushed into the vapor channel and r1, is the

mass flow rate of the vapor evaporated in the vapor channel. When the LHP is operating
in the gravity-controlled mode, the total mass flow rate of the system is self-adjusting to

match the pressure balance equation, Eq. 4.15.
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Fig. 4.9: The trend of steady-state operating temperature as a function of heat load
when the sink temperature is lower than ambient temperature and the LHP is operated
at positive elevation. Also shown are the trends of temperature at the end of the liquid
line and the condenser.

To help explain the operating phenomena and the trend of SSOT in Fig. 4.9 when
the heat load is less than Qz, the chart shown in Fig. 4.10 was generated. This chart
features the vapor quality in the vapor line as a function of pressure gain from positive
elevation or pressure drop of the system. It is a chart used to qualitatively explain how
the LHP works when it is operating in the gravity-controlled mode. To be able to read

the chart, it is essential to understand how the lines in the chart were formulated.

Gravitational Pressure Head Line:

When two-phase flow exists in the vapor line, instead of applying Eq. 4.9, the

gravitational head of the system should be calculated by:
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APy, =(p,—P)gh (4.17)
where p is the average density of the fluid flow in the vapor line, which depends on the

vapor quality, x, of the flow. If the two-phase flow in the vapor is assumed to be

homogeneous flow, the average density can be calculated as:

S @.18)

Therefore, the gravitational head becomes a function of vapor quality in the vapor line as:

PL—P
AFoyy. = —~ xp,gh (4.19)
(1-x)p, +xp,

Constant Heat Load Lines:

In Fig. 4.10, the constant heat load lines are obtained by assuming that the total
frictional pressure drop of the system is proportional to the total mass flow rate. The
vapor mass flow rate at a fixed heat load is a constant and is equal to the heat load
divided by the heat of vaporization. Therefore, the total mass flow rate can be expressed

as a function of vapor quality:

I’hg (QAPP - QHL ) (4'20)

m =—
TOTAL
X x-A

For each constant heat load line, the minimum total mass flow rate occurs when the vapor
quality in the vapor line is equal to 1. When the vapor quality in the vapor line
approaches 0, all liquid in the vapor line, the mass flow rate in the system approaches

infinity. Therefore, as the vapor quality in the vapor line decreases from 1.0 to 0.0, the
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total frictional system pressure drop increases from a minimum to infinity as depicted in

Fig. 4.10.
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Fig. 4.10: A pressure-vapor quality chart illustrating operating conditions when the LHP
is operating in the gravity-controlled mode. (For qualitative study only)

Constant Mass Flow Rate Lines:

The constant mass flow rate lines are used to show that for the same total mass
flow rate, a lower heat load corresponds to a lower total pressure drop of the system.
This is because to maintain a constant mass flow rate, the operating condition with lower

heat load has to push more liquid into the vapor line, therefore yielding a lower vapor
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quality. The total frictional pressure drop consists of vapor-phase, two-phase, and liquid-
phase pressure drops, and the pressure drop due to liquid flow in capillary media.
Because the LHP is operating in the gravity-controlled mode, there is no vapor-phase
pressure drop in the system. The liquid-phase pressure drop is usually negligible. The
two-phase pressure drop of the system is proportional to the length of the two-phase flow,
which in turn is proportional to the heat load, provided that the LHP operates in the
variable-conductance mode. The pressure drop of liquid flow in capillary media is
proportional to the total mass flow rate. Therefore, with the same mass flow rate in the
system (i.e. the same pressure drop due to liquid flow in the capillary media), the lower
the heat load, the smaller the two-phase pressure drop, and thus, the smaller the total
frictional pressure drop of the system.

To satisfy the kinetic energy conservation law at a steady-state condition, the
pressure gain from gravitational pressure head must equal the total frictional pressure
drop of the system. In Fig. 4.10, each constant heat load line has only one intersection
with the gravitational pressure head line. This intersection represents a steady-state
condition corresponding to this specific heat load. For a heat load lower than point A,
when the vapor quality is equal to 1.0, the system yields minimum frictional pressure
drop and maximum gravitational head. The system is operating at a transient condition
because the pressure gain is higher than the pressure loss. To increase the total frictional
pressure drop in the system, higher mass flow rate is required. To increase total mass
flow rate at a fixed heat load, the system has to introduce more liquid into the vapor line.

On the other hand, this also decreases the gravitational pressure head. In order to achieve
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a steady-state condition, the mass flow rate adjusts itself to meet the pressure balance in

the system.

Example Cases:

Several states on Fig. 4.10 are marked to help explain how the LHP operates in
the gravity-controlled mode. At nonequilibrium point C’, the total pressure drop of the
system is much less than the pressure gained from the gravitational head. The system
increases the mass flow rate by pushing liquid into the vapor channel and then into the
vapor line. By increasing mass flow rate, vapor quality decreases, total frictional
pressure drop increases, and pressure gain from the liquid head decreases. This trend
continues until point D, where the pressure drop and pressure gain of the system are
balanced and a steady-state operating condition is achieved. Comparing steady-state
condition D with other steady-state conditions A and B, the mass flow rate of the system
at point D is higher than that at point A and lower than that at point B.

The gravitational pressure head line in Fig. 4.10 corresponds to different steady-

state operating conditions with specific heat loads. Point A corresponds to the steady-

state condition when the heat load is equal to O,, shown in Fig. 4.9, where the frictional
pressure drop of the system is equal to the maximum gravitational gain. When the heat
load is decreased from Q,, the steady-state condition follows the gravitational head line
towards lower vapor quality. While the heat load is gradually decreased from Qz, the

total mass flow rate corresponding to different steady-state conditions continues
increasing until point B, beyond which the total mass flow rate decreases. At steady-state

conditions, the maximum total mass flow rate of the system occurs at point B, where the
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constant mass flow rate line has only one intersection with the gravitational pressure head

line. This also explains the trend of SSOT at positive elevation when the heat load is

lower than Q, From Eq. 4.5, for the same ambient temperature and temperature at the

exit of the condenser, the higher the mass flow rate, the lower the temperature at the end
of the liquid line, provided that the temperature at the exit of the condenser is lower than

the ambient temperature. Furthermore, less heat load leads to less heat leak in the system.

In summary, with the decrease of heat load below Qz, heat leak decreases, the mass flow

rate first increases then decreases, and the liquid temperature at the end of the liquid line
first decreases, then increases. From the energy balance equation of the reservoir, Eq. 4.2,

and the equation of subcooling, Eq.4.3, it is clear that the steady-state operating

temperature first decreases then increases when the heat load decreases below Q,. This

fully explains the trend of SSOT as a function of heat load when the LHP is operating at

positive elevation.

4.2.4 Effects of Positive Elevation on the Trend of SSOT

Based on the above analysis, Fig. 4.11 shows the theoretical effect of positive
elevation on the steady-state operating temperature. The trends of the steady-state
operating temperature are plotted qualitatively. Just as with adverse elevation, positive
elevation plays an important role when the heat load is low. The trend of the steady-state
operating temperature at zero elevation is also plotted to compare with those at positive

elevations. The heat load corresponding to the transitional point between the capillary-
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controlled mode and the gravity-controlled mode increases as the positive elevation
increases. When the heat load is higher than the transitional point, i.e. the LHP is
operating in the capillary-controlled mode, the trend is almost identical to that at zero
elevation. When the LHP operates in the gravity-controlled mode, the steady-state
operating temperature follows the characteristics illustrated in Fig. 4.10. Experimental
data and flow visualization observations supporting the gravity-assisted operating theory

are presented in Chapter 7.
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Fig. 4.11: Effect of positive elevation on steady-state operating temperature (SSOT)
when the sink temperature is lower than ambient temperature.
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Chapter 5

1-D STEADY-STATE ANALYTICAL MODEL

At the beginning of this study (September, 2000), a 1-D steady-state code
(hereafter called the TTH code) was obtained from TTH Research, Inc. It was written
based on the mathematical modeling of LHPs formulated by Hoang and Kaya [1999].
The TTH code can predict the steady-state performance of a LHP when it is operated at
zero or adverse elevations, but not at positive elevation. The overall logic of the TTH
code is duplicated in the steady-state analytical model presented in this section, and was
used as the foundation of the new code. The new code is based on the steady-state
operating theory presented in Chapter 4, and was written by the author. Comparing the
new steady-state code with the TTH code, major modifications, improvements, and
newly added features are listed below:

1. Selections to study the performance of a LHP with or without insulation of the

reservoir or the vapor line are included in the present code.

2. All of the working fluid properties utilized in the present code are functions of
fluid temperature and are curve fitted from National Institute of Standards and

Technology (NIST) data. (See Section 5.5.1 and Appendix B for details.)

3. Four two-phase heat transfer correlations are included in the present code to
provide comparisons of two-phase heat transfer calculations. (See Section

5.5.3 for details.)
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4. Five two-phase pressure drop correlations are included in the present code to

provide comparisons of two-phase pressure drop calculations. (See Section

5.5.4 for details.)

5. A new heat leak model composed of axial heat leak and radial heat leak terms

is included in the present code. (See Section 5.5.7 for details.)

6. An empirical correlation is included in the present code to determine the wall
superheat across the heating surface as a function of applied heat load. (See

Section 5.5.8 for details.)

7. The convective heat transfer in the vapor channel between the walls and the

fluid is included in the present code. (See Section 5.5.8 for details.)

8. All the minor losses from bends in the transportation lines are calculated and
included in the pressure drop calculations in the present code. (See Section

5.5.9 for details.)

9. To provide the flexibility required in the liquid line and vapor line, 12-inch
long corrugated metal hoses are used in the test loop. The roughness of the
corrugated metal hose is included in the pressure drop calculation in the vapor

line and the liquid line in the present code. (See Section 5.5.9 for details.)

10. Most importantly, the capability to predict the performance of a LHP when it
is operated at positive elevation has been added to the present code. (See

sections 4.2 and 5.5.10 for details.)

The steady-state model presented in this section is formulated based on large-
scale control-volume analysis. In other words, the LHP system is analyzed in a finite
region, making a balance of flow in versus flow out, and determining gross flow effects

such as the total energy exchange.
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5.1 CONSERVATION LAWS

In this model, the conservation laws were analyzed based on each component
(evaporator, condenser, reservoir, etc.) and the whole LHP. Since a LHP is a closed loop,
the mass of the working fluid in the system is fixed. Therefore, the conservation of mass
in the whole LHP is automatically fulfilled. For each component, the conservation of

mass with a number of one-dimensional inlets and outlets can be written as:

0
I a—qu/-f‘Z(piAiV[ )ou = 2(PAV}), =0 (5.1)

cv i
where 9/ is the total volume confined in the control volume and “cv” stands for control

volume. For steady-state analysis, the conservation of mass can be further simplified and

written as:

2.(m,),, =2 (), (5.2)

which states that in steady flow the mass entering the control volume must be equal to the
mass leaving the control volume. This becomes the steady-flow mass conservation
relation.

For the momentum equation, there is no net force exerted by the surroundings on
the LHP system, except to support the rig. Detailed analysis of each component is
similar to that of fully developed pipe flow, where the forces due to pressure, shear, and
gravity must be balanced. This is combined with the energy equation to calculate the
pressure drop along the LHP.

The energy balance equations of the whole LHP and each component play the

most important role in this steady-state model, because predicting the temperature is the
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goal of this model. After all, a LHP is a two-phase heat transfer device. The first law of
thermodynamics says that the change of stored energy equals the sum of work done and
heat addition to a system. In rate form,

dE . .
=0 (5.3)

where O is the rate of heat added to the system, W is the rate of work done by the
system, and E is the total energy of the system. In steady-state heat transfer analysis
without additional work done on the LHP, the heat added in must be equal to the heat
coming out. This is true for the whole LHP and each component when steady-state is
achieved. For detailed energy analysis, the Reynolds transport theorem [White, 1999]" is
applied to Eq. 5.3, and the energy equation can be written as:

iU epdq/}jep(‘-ﬁ)d/l:Q—W (5.4)

dt cv (&)

where 7 is defined as the unit vector normal to surface area element d4 and e is the
system energy per unit mass. The system energy includes internal energy, kinetic energy

and potential energy, and can be written as:
1.,
e=u+EV +gz (5.5)

There are three mechanisms that cause heat to be exchanged between the surroundings
and the system: conduction, convection, and radiation. The work done on the system can

also be divided into three parts:

W=W,, +W +W

pressure visous stresses

=W, +W,+W, (5.6)
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The shaft work refers to the work done by a machine, like a pump or turbine, etc., and is
identically zero for a LHP heat transfer analysis. The total rate of pressure work W,

occurs at the surface of the control volume only and can be expressed as the integral over

the control surface:
Wy = [ p(V-n)ds (5.7)

The shear work due to viscous stress occurring at the control surface can be written as:

W, =~ 7V (5.9)

(&)
where 7 is the stress vector on the elemental surface d4. For some particular types of
control surfaces, the shear work may vanish or be negligible. In our LHP analysis, the
control surfaces are stationary solid walls. From the viscous no-slip condition, the shear
work is identically zero along these walls. Therefore, the final form for the energy
equation for a fixed control volume becomes:

Q%U

cv

(u+%V2+gz)pd(V}+j(h%—%Vz"'ngp(V'ﬁ)dA (5.9)

cs
where the enthalpy A=u+p/p. Assuming 1-D steady flow with one inlet and one

outlet, Eq. 5.9 can be reduced to its most popular form as:

Q':mom(h+%l/2+gzj —min(h+%V2+gzj (5.10)
out i

124

The enthalpy is composed of internal energy, u , and useful pressure head, p/p. In LHP

analysis, it is typical to separate the heat transfer analysis from the pressure drop analysis.

In the analytical model, the applied heat is used solely to increase the internal energy, and
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the pressure loss in the system is due to frictional loss. It is assumed that there is no
energy exchanged between internal energy and kinetic energy in the system. In other
words, viscous dissipation, @, is neglected. Viscous dissipation represents an increase in
internal energy due to friction. It causes deformation of the fluid elements and
transforms kinetic energy into internal energy. In pipe flow, @ can be calculated from
the mass flow rate and the pressure drop along the loop. From a sample calculation of the
LHP analysis, the viscous dissipation rate along the whole loop is less than 1.0 W for a
heat load of 1000 W (see Appendix C for detail). Therefore, it is valid to neglect the

effect of viscous dissipation.

5.2 ASSUMPTIONS

Because of the complexity of the related two-phase heat transfer phenomena, the
present model focuses on steady-state energy balance equations. In order to modify the
sophisticated LHP operating system, some simplifying assumptions must be made, as
listed below:

1. Heat is uniformly applied to the evaporator without any loss to the ambient.

2. The circulating chiller is supplying cooling water to the condenser at constant

volume flow rate and temperature, 7Ty, ., . The temperature of the cooling

water exiting the condenser, T, ., depends on the heat rejected to the heat

sink.

3. The walls of the tubing system are very thin and can be neglected during the
calculation of the overall heat transfer coefficient for the heat transfer between

fluid and ambient and between fluid and heat sink.
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4. The transporting lines, except the flexible metal hose portion, are assumed to

be smooth walled for the pressure drop calculation.

5. The reservoir and the evaporator core contain both liquid and vapor. In other

words, they are both at saturated conditions at all times.

6. The primary wick is usually long and thin, therefore, the mass and heat

transfer through the primary wick occur only in the radial direction.

7. Heat exchange between the LHP and the ambient is assumed to be due to

natural convection only.

8. Because the amount of superheat is substantially small, it is assumed that the
superheated vapor coming into the condenser loses its sensible heat first, and

then the saturated vapor starts to condense.

9. Axial heat conduction from the evaporator to the reservoir in the secondary

wick is neglected.
10. The increase of internal energy due to viscous dissipation is negligible.

11. The change of the saturation temperature caused by the pressure drop is

negligible, except for the heat leak calculation.

12. The temperature change in the evaporator body and in the primary wick is
assumed to be only in the radial direction. In other words, there is no

temperature change in the axial or circumferential direction.

13. The steady-state operating temperature is between 270 K and 380 K for the

best curve-fit ammonia properties.

Based on the assumptions made above, an analytical 1-D steady-state model was
established. The detail modeling logics and calculation procedures are discussed in the

following section.
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5.3 ENERGY FLOW ANALYSIS

In normal LHP steady-state operation, heat is conducted from the evaporator body
to the primary wick. Because both the inner surface and the outer surface of the primary
wick are at saturation conditions, evaporation can take place at both locations. Thus,
vapor can be generated both at the vapor channel and evaporator core. There are two
cycles of the working fluid circulation. The obvious circulation is that vapor generated in
the vapor channel travels through the vapor line to the condenser to reject heat to a sink,
and then the subcooled liquid returns from the condenser to the evaporator via the liquid
line. This circulation of the working fluid is referred to as the outer loop, which carries
the majority of the applied heat load. Another circulation path is that vapor generated in
the evaporator core travels to the reservoir along the non-wick flow path, where it is
condensed back to liquid. In the mean time, the same amount of liquid is supplied from
the reservoir to the primary wick by the secondary wick to complete the cycle. This
working fluid circulation is referred to as the inner loop, which carries only a small
portion of the heat load. These two loops are strongly correlated; any change in one of
the loops affects the other. In order to model a LHP system properly, the two loops must
be studied simultaneously and in detail to obtain accurate steady-state solutions.

A schematic diagram showing an energy balance of the loop heat pipe at steady-
state operation is illustrated in Fig. 5.1. For steady-state operation, the heat going into the
LHP must equal the heat coming out from the LHP. Therefore, from the energy flow

chart, the energy balance equation of the LHP can be written as:

QAPP + QLL—A = QVL—A + QC—A + QC—S + QR—A (51 1)
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Fig. 5.1: Schematic diagram of LHP energy flow at steady-state condition. (Not to
scale) Also denoted are the temperatures at various locations.

Let us examine the energy balance in each component during steady-state
operation. During typical LHP operation, heat is applied uniformly to the evaporator,

0 /- The majority of the overall applied heat load, QEVAP, vaporizes liquid on the outer

surface of the primary wick and superheats the vapor in the vapor channel:

QEVAP = m[ﬂ' + CP,g (TVCOUT _];’ZT )] (5.12)
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where m is the rate of mass evaporated, A is the heat of vaporization, 7VC,,, refers to

the temperature at the exit of the vapor channel, and T,,, denotes the saturation

temperature at the outer surface of the primary wick. Since the latent heat is much

greater than the sensible heat in Eq.5.12, the mass flow rate is calculated by

m = QEVAP / A. The generated vapor travels along the axial vapor channel, and exits the

evaporator to the vapor line. The remainder of the overall applied heat load, QHL, leaks

to the reservoir. This portion of the overall heat load is called heat leak. The steady-state

energy balance equation in the evaporator can be written as:
Qirr = Qpvar T 91 (5.13)
In the vapor line, the fluid carrying the amount of heat Q,,,, flows in from the

evaporator and goes into the condenser with the amount of heat QVL_C. Assuming that
the ambient temperature is lower than the fluid temperature in the vapor line, and heat,
QVL_ . » 1s transferred to the ambient by natural convection, the steady-state energy

balance equation in the vapor line can be written as:

QEVAP = QVL—A + QVL—C (5.14)
In the condenser, most of the heat is rejected to the heat sink, Q. ,, while some is
rejected to the ambient, QC_ ,- For LHP steady-state operation, it is typical that the fluid
coming out from the condenser is subcooled, —Q,.,,. It is defined that the rate of heat

transfer, O, is positive, therefore the subcooling liquid leaving the condenser, —QC_LL,
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and entering the reservoir, —QSC , are both denoted with a negative sign. The steady-state

energy balance equation in the condenser can be written as:
QVL—C = Q'cfs + QC—A + (_Q‘cfu ) (5.15)

The energy flow in the liquid line is similar to that in the vapor line. The only difference
is that the liquid temperature in the liquid line is lower than the ambient. Therefore, heat
is transferred from the ambient to the liquid line. The steady-state energy balance

equation in the liquid line can be written as:
O 1 +01 4 =0 (5.16)
In the reservoir, heat leak from the evaporator, Q,, , must balance the subcooling brought

back by the liquid from the liquid line, —QSC , and the heat loss from the reservoir to the

ambient, QR_ .- The steady-state energy balance equation in the reservoir can be written

as:
QHL + (_Qsc) = QR—A (5.17)

where the heat leak term is discussed later in Section 5.5.7. The heat exchange between
the reservoir and the ambient is through natural convection. The amount of subcooling

brought back by the liquid in the liquid line can be calculated by:
QSC :ch,L (TRES _TLOUT) (5.18)

The sum of the energy balance equations in each component, Eq. 5.13 through Eq. 5.17,

must be equal to that of Eq. 5.11 in the whole LHP.
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The energy balance equations in the evaporator, transport lines, and condenser are
satisfied automatically during the operation of the LHP. However in LHP operation, the
energy balance in Eq. 5.17 of the reservoir is achieved only at steady-state conditions. In
the process to reach a steady-state condition, the LHP self-adjusts the saturation
temperature in the reservoir. When a steady-state condition is achieved, this saturation
temperature is also referred to as the steady-state operating temperature. This condition

serves as the major iteration criterion for the steady-state calculation.

54 USER INPUT AND OUTPUT PARAMETERS:

For the model to function properly, a list of parameters has to be correctly
supplied to the model. These user input parameters include the detailed dimensions of
each component, heat load, wick porosity, wick permeability, wick effective pore radius,
cooling water volume flow rate, sink temperature, ambient temperature, amount of
elevation, external thermal conductance of the condenser, and selections of two-phase
heat transfer and pressure drop models. By varying the parameters in the input sheet, the
user can also study the effects of insulation of the vapor line and reservoir. Among these
input parameters, the external thermal conductance of the condenser is the most
ambiguous one. It is the heat transfer coefficient from the inner wall of the condenser
tube to the heat sink, and it does not include the convective film coefficient due to the
fluid flow inside the condenser tube. Typical values for the external thermal conductance

per unit length of the condenser vary from 4 to 18 W/m-K, depending on the flow
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arrangement and the thermal contact resistance between the condenser tube and the
condenser plate [Kaya and Ku, 1999']. It is usually determined empirically.

The purpose of the steady-state model is to predict the steady-state operating
temperature as a function of heat load. To determine the steady-state operating
temperature, detailed pressure drop and heat transfer calculations are performed.
Therefore, the pressure and temperature distributions along the LHP, the location of the
liquid-vapor interface, the amount of heat leak, and the amount of liquid subcooling
brought back from the liquid line are all included as output parameters. The code can

also be easily modified to output any steady-state parameters that needs to be studied.

5.5 MODELING CALCULATIONS AND PROCEDURES

As discussed previously, the calculation procedure can be divided into two main
parts: one is the pressure drop calculation and the other is the heat transfer calculation.
All detailed calculation procedures are discussed and a simplified flow chart of the

steady-state code is shown later in this section.

5.5.1 Fluid Properties

To eliminate the errors caused by using incorrect properties, all of the fluid
properties utilized in the code are curve fitted from National Institute of Standards and
Technology (NIST) data. These properties include saturation pressure, latent heat, liquid

density, vapor density, liquid viscosity, vapor viscosity, liquid thermal conductivity,
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vapor conductivity, liquid specific heat, vapor specific heat, and surface tension. They
are expressed as functions of saturation temperature in the form of 5™order polynomial

equations (see Appendix B for detail):

5
Y=> AT, (5.19)

n=0
where Y represents a fluid property and A, are the corresponding polynomial

coefficients.

5.5.2 Single-Phase Pressure Drop and Heat Transfer Calculations

The single-phase frictional pressure drop calculation can be derived from the

energy equation and written as:

Ap=f(Di](p2V j (5.20)

This is known as the Darcy-Weisbach equation, which is valid for duct flows of any cross
section and for laminar and turbulent flow [White, 1999]>. The dimensionless parameter,

£, is called the Darcy friction factor. For laminar flow, f =64Re™; for turbulent flow,
the solution proposed by H. Blasius, f =0.316Re™* for 4000<Re<10’, is used.

By assuming thin wall effects, the single-phase overall heat transfer coefficient

for pipe flow can be obtained from inner and outer thermal resistances and expressed as:

() . !
L Jr sor-s L, 1 (5.21)
Nu-kz | (hA, /L) s
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where Nu is the Nusselt number, “ F'— A” represents heat exchange between the fluid
and the ambient, and “F —S§ ” represents heat exchange between the fluid and the heat
sink. In a circular tube for laminar, fully developed flow, the Nusselt number can be
shown to be [Incropera and DeWitt, 1996]":

4.36 for uniform surface heat flux
u= (5.22)

3.66 for constant wall temperature

In the steady-state code, the Nusselt number for constant wall temperature is used for
laminar flow. The Nusselt number for fully developed turbulent flow is determined by
empirical correlations. The Dittus-Boelter equation is used for the calculation [Incropera

and DeWitt, 1996]:
Nu=0.023Re*’ Pr” (5.23)

Where Pr is the Prandtl number and 7 = 0.4 for heating (wall temperature is higher than
fluid temperature) and 0.3 for cooling.

For heat exchange with the ambient, the heat transfer coefficient from the outer
wall to the ambient is assumed to be that of natural convection. The outer heat transfer

coefficient, A

,.4» Of a horizontal cylinder can be written as [Holman, 1990]:

1/4
h,, = 1.32(—T v ;)T AMB} (5.24)

o

where 7,, is the outer wall temperature. For heat exchange with the heat sink, the outer

heat transfer coefficient, 4, ¢, is obtained experimentally. As discussed in Section 5.4,
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. h A . .
the external thermal conductance per unit length of the condenser, (%) , 1S an input
N

parameter.
From the energy conservation equation, the temperature change of single-phase

fluid flow along the pipe can then be expressed as:

~mC,dT, = K%} (7, —TAMB)+(%j (T — Ty )}dz (5.25)

o T : UA .
Note that while in the transportation lines, the coefficient (Tj is zero because there
F-§

is no heat rejected to the heat sink. To solve for the fluid temperature along the loop, a

UA UA
_(JH TAM“(LLS T

EFF ,SINK — [UA] . (UAJ
L F-A L F-S

introduced. Then the temperature at loop distance, L, can be expressed as a function of

parameter called effective sink temperature, , 18

inlet temperature, 7}, :

T=T,

EFF ,SINK + (T1N -

T,

EFF,SINK )exp

[Wa/L),_,+UAIL), ]
mC,

L] (5.26)

5.5.3 Two-phase heat transfer models

The purpose of the two-phase heat transfer calculation is two-fold: to determine
the vapor quality along the tube, and to locate the liquid-vapor interface in the loop. In

the two-phase portion, the energy balance equation becomes:
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. UA UA
—Qpy4pdx = {(Tj (TSAT — Ty ) + (Tj (TSAT —Topg )} dz (5.27)
Fod Fes

where x is the vapor quality, and the overall heat transfer coefficient between the fluid
and heat sink and ambient is similar to that in single-phase heat transfer, Eq. 5.21, and

can be written as:

)T
L Jrturs | { 1 (5.28)
(

+
h, 7D, hA, /L)

where £, is the tube-side two-phase heat transfer coefficient, which is a function of

vapor quality. The outer heat transfer coefficient, ( } , in Eq. 5.28 is the same as
AorS

(O}
that for single-phase. Since Q,,,», Tyny» Tsir»and T,,,, are constants, Eq. 5.27 can then

be written as:

dz = ﬂf(hw, x)dx (5.29)
TSAT o TSINK
Ty, T B
where f(hy,, x) = —| (UA/ L), s+ 22 (UA/L),, | . Integrating Eq.5.29, the
TSAT —Lsivk

two-phase length with corresponding inlet and exit vapor qualities can be obtained:

xOUT

Ly = =2 [ fn,, xx (5.30)

2¢
T, SAT T T, SINK X,

To solve Eq. 5.30 explicitly, the tube-side two-phase heat transfer coefficient
must be calculated first. There are several correlations available for the convective

condensation two-phase heat transfer coefficient. Four correlations are included in the
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steady-state code: Ananiev et al., Traviss et al., Shah, and two-phase multiplier. All four

correlations are based on vapor quality and fluid properties. The correlation proposed by

oy =, F (531)
Iom
L =(LJ (1_x)+£i}c (5.32)
P Pr Pq

and / is the single-phase heat transfer coefficient for the entire flow as liquid. Traviss et

Ananiev et al. [1961] is:

where

al. [1973] proposed the following relation for annular-flow convective condensation:

k,)0.15Pr, Re?’| 1  2.85 G(1-x)D
b=\ || 5 T | Re, =——"— (5.33)
D F; X, Xy Hy
where
1 0.9 05 0.1
an(—_xj (&] A (5.34)
X pL lng
and

5Pr,+5In(1+5Pr,)+2.5In(0.0031Re}™)  for Re, >1125
F, =4 5Pr,+5In[1+Pr,(0.0964Re;™~1)|  for 50 <Re, <1125  (5.35)
0.707 Pr, Re?* for Re, <50
The third two-phase heat transfer correlation in the code is that of Shah [1979]. It is

based on a purely empirical approach as a best fit to available convective condensation

heat transfer data for round tubes:
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3.8x0A76 (1 _x)0.04
h,=h | (1-x)""+ 5.36
24 lo {( x) (P/Pcr)osg ( )
where
0.8
h =0.023 k—L @ Pr’* (5.37)
lo D ILI L
L

and P and P, are the absolute local and critical pressures, respectively. For the working

fluid in the LHP, ammonia, the critical pressure is equal to 11,290 kPa.
The last correlation assumes that the relation between single-phase and two-phase
heat transfer coefficient is similar to that of single-phase and two-phase pressure drop.

Thus, a general correlation of two-phase heat transfer can be written as:
h2¢ = ¢LhL (5.38)

The two-phase multiplier is defined as:

[(aPraz),, 1" <10
= (dP/dz), -39

where (dP/ dz)2 s is the two-phase pressure drop and (dP/ dz)L is the single-phase

pressure drop for liquid flow alone, which can be calculated from Eq. 5.40.

After applying a correlation to obtain the two-phase heat transfer coefficient, the
finite integral in Eq. 5.30 needs to be solved to obtain the two-phase length associated
with the inlet and exit vapor qualities. A numerical method called “Gaussian
Quadrature” with Legendre polynomials of degree 10 is applied to solve the finite
integral. A detailed description of Gaussian quadrature and a table of Legendre

polynomials can be found in Appendix D.1.
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5.5.4 Two-phase pressure drop models

Two-phase pressure drop consists of gravitational pressure drop, frictional
pressure drop, and accelerational pressure drop. Since the condenser is placed
horizontally, the gravitational pressure drop in the condenser is identically zero.

Frictional two-phase pressure drop can be calculated from the two-phase multiplier, ¢, ,
and the single-phase pressure drop, (dP/dz), , in Eq. 5.39.

The single-phase pressure drop for liquid flow alone in the tube can be written as:

(d_Pj — _Lﬂ(ﬁj (5.40)
dz ), D 2p, \ 4

where the liquid-phase friction factor, f,, can be calculated from Reynolds number as

discussed previously for single-phase pressure drop. The Reynolds number of the liquid-
phase can be calculated as:

_ 4ni(1-x)

Re,
mu, D

(5.41)

After substituting Eq. 5.40 into Eq.5.39 and applying the chain rule, the two-phase

pressure drop becomes a function of vapor quality:
dP 1-x)* (' ( d
dx ), D 2p, \4) \dx

where (dz/ dx) is derived from the two-phase heat transfer calculation in Eq. 5.29.

Integrating Eq. 5.42 from inlet vapor quality, x,, , to exit vapor quality, x,,, , the

frictional two-phase pressure drop can be written as:
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B Xour ~ 2@(1_)‘_)2 ﬂ 2 %
AP, = | [ D 2 ( A] ( dxﬂ dx (5.43)

Xiv

To solve Eq. 5.43, several correlations are included in the code to calculate the
two-phase multiplier. Among the correlations included in the code, Constant Smooth
[Crowley et al., 1992], Wallis [1969], and Chen [1989] are correlations established based
on annular flow. In annular flow, the two-phase pressure drop in the liquid- and vapor-

phase can be written as:

d_PL 1 1 (- x)2 . \2
(dzL iy 20, (I—ay ( j (>:44)
ar\* 1 2 (mY
(;L } ‘5( wa a—(ﬂ G4)

where o is the void fraction and f; is the interfacial frictional factor. Comparing

Eq. 5.44 with Eq. 5.42, the two-phase multiplier can be written as:

1

g, = — (5.46)
-

Therefore, the two-phase multiplier can be obtained from the void fraction. The local

pressure gradient of the vapor-phase, (dP/dz); ,» and that of the liquid-phase, (dpP/ dz)ﬁ ;

are required to be the same, and a relation between void fraction and vapor quality can be

established:

S
L -« X J P

The interfacial shear ratio f;/ f, is typically correlated as a function of void fraction, « ,

and can be expressed as:
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% = 4da” + C (1-a)” (5.48)

g

where constants A, B, C, and D are listed in Table 5.1 for different correlation methods.

Table 5.1: Constants of correlations for interfacial shear ratio.

Correlation A B C D

Wallis 1 0 75 1
Chen 1 0 6.8 0.39

Constant Smooth 1 0 0 0

Therefore, the relation between void fraction and vapor quality can be expressed as:
2 2
Q[Aaﬁ +Cl-a)]= o (Lj (1_—)‘) Lo (5.49)
11 l-a X P

where the single-phase friction factor can be calculated from Reynolds number:

(5.50)

B 64/Re for laminar flow
~ 1 0.316/Re"* for turbulent flow

and the Reynolds number of the vapor-phase and the liquid-phase can be calculated as:

¢ mu,D 7, D

(5.51)

From Eq. 5.49, the relation between void fraction and quality can be obtained implicitly.
A numerical method called the secant method is employed to solve for void fraction as a
function of quality, o =func(x) . A detailed description of the secant method is
discussed in Appendix D.2.

There are two other correlations available in the steady-state code: Lockhart-

Martinelli and Friedel. Lockhart and Martinelli [1949] proposed a generalized
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correlation for the two-phase multiplier from a series of two-phase flows in horizontal

tubes:

C 1 1/2
" :(1+}+F] (5.52)

where the Martinelli parameter, X , is defined as:

(dpldz) | NG
x|\ [ S [P (_1"“] (5.53)
(dP/dz)g Sy ol X
The recommended value of the constant C in Eq. 5.52 depends on the flow regimes

associated with the flow of the vapor and the liquid alone in the pipe. Table 5.2 indicates

the constant for four different possible combinations.

Table 5.2: C value in two-phase multiplier proposed by Lockhart and Martinelli.

liquid Gas Subscript C
Turbulent Turbulent tt 20
Viscous Turbulent vt 12
Turbulent Viscous tv 10
Viscous Viscous % 5

The last correlation available in the steady-state code is proposed by Friedel
[1979]. Friedel developed a correlation for the two-phase multiplier, ¢, , based on

25,000 data points:

(5.54)

where
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CF1 = (1—X)2 +x° (&](&j (5.55)
g pla
0.91 0.19 0.7
Cpy = X" (1- x| £e (”—] [1 —&J (5.56)
pg /’lL lLlL
G2
Fr= . (5.57)
gdhptp
G*d
We =—n (5.58)
P,
-1
p, = x l-x (5.59)
pg IOL

Note that o in Eq. 5.58 represents surface tension. From the definition, the relation

between the two two-phase multipliers can be written as:

» o (1)
¢ =9, e (5.60)

Once the two-phase multiplier is obtained from the correlations, the finite integration in
Eq. 5.42 can be solved using a numerical method called Gauss-Legendre integration (See
Appendix D.1).

The accelerational pressure drop in two-phase flow can be calculated from vapor

quality and void fraction:

dP d|Gx G (1-x)
i il = + (5.61)
dz )y, dz| pa  p(l-a)

Integrating Eq. 5.61 from the inlet to the exit of a pipe yields the accelerational two-phase

pressure drop:

2.2 201 \2 2.2 201 \2
ap _|:Gx LG x)} _l:Gx LG x)} 5.6
E; Inlet

bl pa pl-a) pa p(-a)
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There are various correlations for void fraction as a function of vapor quality. Lockhart
and Martinelli [1949] correlated the void fraction as a function of the Martinelli

parameter, X :
a=[1+028x""]" (5.63)

where X is defined in Eq. 5.53. Other correlations available in the steady-state code can

be shown to be of the general form:

n2 n3 7!
1-x\"( p,
a= 1+BB(TXJ [%j (%J (5.64)
L g

where the values of the unspecified constants corresponding to different correlations are

listed in Table 5.3.

Table 5.3: Constants for different void fraction correlations.

Correlation B, nl n2 n3

Zivi model [1964] 1 1 0.67 0
Wallis model [1969] 1 0.72 0.40 0.08
Thom correlation [1964] 1 1 0.89 0.18
Baroczy correlation [1965] 1 0.74 0.65 0.13

To summarize the two-phase heat transfer and pressure drop calculation, a flow
chart showing a sample iteration is drawn in Fig. 5.2. This flow chart shows how to
calculate the exit vapor quality and two-phase pressure drop for a given tube length and
inlet vapor quality, assuming that all the input parameters listed in Section 5.4 are known
parameters. The flow chart shows the condition where both inlet and exit flows are two-
phase flow. In other words, inlet and exit vapor qualities are between 0 and 1. Other

conditions may also be solved from similar iteration in the steady-state code.
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Known: Tube length, L and inlet vapor quality, x,,

A

\

Guess exit quality, x,,,

A J

Choose a correlation for two-phase heat
transfer coefficient, 7,,

\

Solve Eq. 5.30 and obtain two-phase flow length,

L,,, corresponding to the guessed exit quality, x,,;

v

No

Check if L,,=L

Yes

A

Choose a correlation for two-phase multiplier, ¢,

y

Solve Eq. 5.43 and obtain frictional two-phase
pressure drop, AP, ,

Yy

Choose a correlation for void fraction, &

Y

Solve Eq. 5.62 and get accelerational two-
phase pressure drop, AP,

v

Obtain exit quality, x,,,, and two-phase pressure
drop, AP, =AP,, ,+AP,,

Fig. 5.2: TIteration procedure for two-phase heat transfer and

calculations.

pressure drop



99
5.5.5 Liquid Flow in Capillary Media

In the analysis of the liquid flow in the wick structure, it is generally assumed that
the liquid flow is steady, two-dimensional, incompressible, laminar flow with negligible
gravity forces. The fluid and the wick structure are assumed to be in local equilibrium,
and the wick is assumed to be isotropic and homogeneous. In the LHP application, the
primary wick is usually long and thin; therefore, the liquid flow in the wick can be
simplified as one-dimensional radial flow. Also, the liquid velocity and its gradient in the
radial direction are very small. After simplifying the steady-state conservation equations
for mass, momentum, and energy in the wick region, the pressure gradient in the radial

direction can be written as [Faghri, 1995]:

dp _ __pym
dr P Ay K (5.65)

where 4, =2zrL is the wick inner surface area, and x is the permeability of the wick

structure. The equation is also known as Darcy’s law for liquid flow in a porous medium.

Integrating Eq. 5.65 from the inner surface, r = DVIV /2, to the outer surface, » = D; /2,

the pressure drop across the primary wick can be expressed as:

. 10)
Hym Dy
Ap,, = xIn 5.66

P P, K2 (DVIV j (5.66)
5.5.6 Effective Thermal Conductivity of Wick Structures

The effective thermal conductivity of the wick saturated with the working fluid is

required for calculating the heat leak. It is dependent on both the solid wick material and
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the working fluid. Parallel (Fig. 5.3a) and series (Fig. 5.3b) models are most commonly
used for calculating effective thermal conductivity. They are both based on a volumetric

average of individual conductivity.

a) Parallel b) Series
Working — |
Fluid
Solid Wick
Material
Heat Flow Heat Flow
Direction Direction

Fig. 5.3: Schematic for determining the effective thermal conductively: a) Parallel
Path; b) Series path.

The effective thermal conductivity with the two phases in parallel based on volumetric

average can be written as:
kepp :(I_E)kWICK +é&k, (5.67)

where k, is the thermal conductivity of the working fluid, 4, is the thermal

conductivity of the wick material, and ¢ is the wick porosity. For the series case, the

effective thermal conductivity can be written as:

ke k
koo = wick %1
EFF koo +(1_5)kL (5.68)
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Due to the requirement of very fine pore size, the primary wick in the LHP is
usually sintered metal powder wick. The exact geometry of the sintered wick is
impossible to predict because of the random dispersion of the particles and deformation
during the sintering process. Another correlation of effective conductivity proposed by

Maxwell [1891] for heterogeneous material can be expressed as:

k.. = 2+kL/kW[CK_28(1_kL/kW[CK)
EFF WICK 2+kL /kWICK +é‘(1—kL /kWICK)

(5.69)

This correlation was verified by Gorring and Churchill [1961], and agreed with the

experimental data reasonably well. Therefore, it is used in the model.

5.5.7 Heat Leak Model

There are two different heat flow paths for heat leak from the evaporator to the
reservoir. One, called radial heat leak, is by radial conduction across the primary wick,
into the evaporator core, and then on to the reservoir. The other, called axial heat leak, is

by axial conduction through the joint between the evaporator and the reservoir:
O, = QHL,A + QHL,R (5.70)

A schematic diagram of the connector between the evaporator and reservoir is drawn in
Fig. 5.4. The heat can be conducted either through the solid material or into the fluid.

Therefore, the axial heat leak term can be expressed as:

. T.,..,—T, T..o—T,
QHL’A :kAC( EVAPL RES)"’F(NukLﬂ'L)( EVAP2 RESJ (571)
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where tube cross area A. :(7z(Do2 —Df))/ 4and k is the thermal conductivity of the

material connecting the evaporator and reservoir. Note that the average wall temperature,

Toryo+ T, ) . .
M , is used to calculate the heat conducted into the fluid.

Wall Fluid
To Evaporator To Reservoir
Di D 0 T, RES
/ ~ L =\
Tyyap Toes

Fig. 5.4: A Schematic diagram of the connector between the evaporator and the
reservoir.

Radial heat leak refers to the heat conducted radially from the outer surface to the
inner surface of the primary wick. This can be derived from the combination of heat and
mass transfer in the primary wick. A diagram illustrating the heat and mass flow in the
primary wick is shown in Fig. 5.5 . The energy balance equation from mass transfer and

heat conduction in the primary wick control volume can be written as:
ac, [0V ][ @)
dr ) 2 dr ) 2
dr\| dT (d’T \dr dr\| dT (d’T \dr
27k gy L — || —- — |- r+—= || —+ —|r=0
Werr W[CK{(r 2){0’7’ (erJZ} (r 2){0’7’ (erJZ}}

(5.72)




103

Primary Wick

T 1

r
Evaporator Core 4 =)
e

Sttt

L >

WICK

— Direction of Mass Transfer m=) Direction of Heat Conduction

----- Control Volume

Fig. 5.5: Schematic of the heat and mass transfer in the primary wick.

After rearrangement and by neglecting the higher-order terms, a simplified equation can

be obtained:

d(de_ mC, AT _,

o r; (5.73)

27z-kEFFl’WICK dl"

It is assumed that the evaporator core is always at a saturated condition and the outer
surface of the primary wick is where the evaporation occurs. Therefore, the temperature

boundary conditions can be written as:

T=T! atr=D" /2
{ SAT y (5.74)

T=T3, atr=Dj /2

By applying the boundary conditions on Eq. 5.73, the temperature distribution in the

primary wick is given by:
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¢ ¢
Ty —Tour (DMO//D;/) ( 2r ]g _TSZT_ITS‘;T (Dl/g/DI/IV)

T(r)=|Ty; + (5.75)
(Do /Dy) -1 Dy (Dg/DL) -1
where ¢ = mC, . The radial heat leak due to conduction across the primary wick
2ﬂ-kEFFLWICK

can be calculated as:

. oT
Orir = Kppr (”DVIVLWICK >(5_j (5.76)
r r=D;, /2

Substituting Eq. 5.75 into Eq. 5.76, the heat leak can be expressed as:

O = 2R bnekS \p 3.77
HL,R AC.WICK
s (5.77)

where the temperature across the wick AT .« :(T o =T, S’AT) When the mass flow

rate in the primary wick is very small, the coefficient ¢ approaches zero. After

calculation, the radial heat leak in Eq. 5.77 becomes pure condition and the equation can
be written as:

_ 27z-kEFFLW]CK

Ornn = In(Dg/Dy,)

T e wick (5.78)

For a LHP with small mass flow rate, pure conduction in the primary wick is usually
assumed to calculate the radial heat leak. The effect of fluid flow in the primary wick on
radial heat leak is studied in Appendix E. Because both the outer and inner surfaces of
the primary wick are at saturated conditions, the temperature difference across the

primary wick can be obtained from the pressure difference across the wick:

dT
AT e ek = [ j (APTOTAL - APW]CK) (5.79)
SAT

dpP
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where (dT/dP)__ is calculated by the Clausius-Clapeyron equation in Eq.4.7.

SAT
Combining axial and radial heat leak, the total heat leak can be written as:

T,

EVAP ~

TRES) +(NukL7Z_L)[TEVAP —Tais j+ 27k g Lo

2 In(Dy /Dy, )

QHL = kA AT ek (5.80)

This heat leak equation is valid when AT .«

is positive, i.e. the pressure at the outer
surface is higher than that at the inner surface. When the LHP is operating in the
capillary-controlled mode, this is always the case.

When the LHP is operating in the gravity-controlled mode, the pressure at the
inner surface of the primary wick is higher than that at the outer surface. The
temperature at the evaporator core might be higher than that in the vapor channel. With
the existence of liquid in the vapor channel, the detailed analysis of the temperature
distribution in the primary wick becomes much more complex. To simplify the
calculation, it is assumed that the radial heat leak equals zero. Therefore, the heat leak

model for the gravity-controlled mode can be calculated by:

T,

. -T _
QHL =kAC ( EVAPL RES) _I_(NukLﬂ_L)(TEVAPZ TRESJ (581)

5.5.8 Heat Transfer from Evaporator Body to Primary Wick

This section discusses how heat is transferred from the evaporator body to the
primary wick. A relation between the overall heat load and the amount of wall superheat

across the heating surface is given as:
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Agzh(TW_TSAT) (5.82)

h

where Q is the applied heat load, 4, is the heating surface area, and (T, - Ty, ) denotes

the amount of wall superheat. A magnified view of the heating surface between the

evaporator body and the primary wick is shown in Fig. 5.6.

TEVAP

Evaporator Body—\
Vapor ‘/\4
Channel
Heating Surface

o
T:S'A T

Primary Wick

Fig. 5.6: A magnified drawing of the heating surface.

Liao and Zhao [1999] observed heat transfer phenomena from see-through
experiments and presented relations between imposed heat flux and heat transfer
coefficient. A qualitative diagram showing the heat transfer coefficient as a function of
heat flux is drawn in Fig. 5.7. This diagram also shows the heat transfer phenomena
underneath the heating surface corresponding to different levels of heat flux. A detailed
explanation of the experimental observation can be found in reference [Liao and Zhao,
1999].

Heat transfer from the heater to the working fluid is a combination of conduction,

convection, boiling, and evaporation. Since the wick provides additional nucleation sites,
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the wall superheat required for incipient boiling is lower than that from a smooth surface.
The heat transfer in the wick is much more complicated then the boiling heat transfer for

plain surfaces. Therefore, most of the related studies are based on experimental data.

h, Heat Transfer Coefficient

O/ A, , Heat Flux

Bubbles Two-phase Region Vapor Film

C D

A

Fig. 5.7: Heat transfer coefficient vs. applied heat flux, and drawings of observations
corresponding to different values of heat flux. (Adapted from Liao and Zhao, 1999)

From the current experimental measurements, it is impossible to directly measure
the wall temperature and liquid saturation temperature at the heating surface. It is
assumed that the temperature change in the evaporator body (thin aluminum wall) is

negligible. Therefore, the temperature measured at the outer surface of the evaporator is
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assumed to be equal to the wall temperature at the heating surface. Since the system is
operating at a high pressure condition (around 10 atm), the change of the saturation
temperature along the LHP due to pressure drop is negligible (less than 0.1 K) when the
heat load is equal to 1000 W. Thus, the saturation temperature in the whole system can
be assumed constant. The temperature measured at the outer surface of the reservoir

(always at a saturated condition) is close to the saturation temperature at the heating

surface. Using these assumptions, the amount of wall superheat, (7, — Ty ), can be

calculated from the experimental data. The heat transfer from the evaporator body to the

working fluid can then be written as:

0
IZPP = h(TEVAP _TRES) (5.83)
h

Fig. 5.8 shows the experimental results of the heat transfer coefficient as a function of
heat flux when the LHP is operated at zero elevation. The heat transfer coefficient
increases with the increase of applied heat flux. Compared to Fig. 5.7, it is clear that for
the range of applied heat load, the heat transfer coefficient has not yet achieved its
maximum value. Due to the constraint of the maximum heat load, the condition where a
vapor film resides underneath the heating surface cannot be achieved with the present

experimental setup.
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Fig. 5.8: Experimental data of heat transfer coefficient as a function of heat flux.

Another chart showing the relation between the wall superheat and heat flux is
presented in Fig. 5.9. This chart is commonly used for nucleate boiling heat transfer
studies. There are five data sets at different elevations shown in Fig. 5.9, including 4-
inch and 2-inch adverse elevation, zero elevation, and I-inch and 3-inch positive

clevation. A 4™-order polynomial trend line is made to fit the experimental data:

4
qnzzCn(TEVAP_TRES )n (5.84)

n=0
where Cp= -43650.42 W/m?, C; = 102311.69 W/m*-K, C; = -73757.95 W/m*-K>, C; =

23698.18 W/m*-K>, C,= -2513.69 W/m>-K*. This equation is used in the steady-state
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code to calculate the amount of wall superheat with corresponding heat flux. In Fig. 5.9,
the experimental data agree with the trend line within 10% when the heat flux is higher
than 2x 10* W/m?. When the heat flux is lower than 2x 10* W/m? greater differences in
superheat can be found between various elevations, and the experimental data agree with
the trend line within 30%. In this study, the effect of elevation on heating surface heat
transfer coefficient was neglected in the steady-state code because of the small amount of
scatter in the data (less than 1 °C). If the range of elevation of the LHP were larger, the

effect of elevation would have to be accounted for in the code.

10° ——————
H A 4-inch adverse elevation
m 2-inch adverse elevation
e Zero elevation s
o 1-inch positive elevation o
| x 3-inch positive elevation
—— 4th-order polynomial trend line
[ )
4 <o
10 >
(\T\ v
g 'y
=
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& me, K
10° ]
o
N
10
0.1 1.0 10.0

(TEVAP o TRES ) (K)

Fig. 5.9: Amount of wall superheat vs. heat flux from experimental data.
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There are two reasons to calculate the amount of wall superheat, i.e., the
temperature difference between the evaporator body and the reservoir: one is to obtain
the axial heat leak in Eq. 5.71 and the other is to calculate the superheated exit vapor

temperature in the vapor channel, 7VC, . The exit vapor temperature in the vapor
channel can be calculated from:

(hA/L)

TVCoyr = Tpyap _(TEVAP _Qir)exp{_FAL:l (5.85)
P.g

where A4 refers to the evaporator body wall area in the vapor channel.

5.5.9 Minor Losses and Tube Roughness

There are various minor losses in LHP system including sudden expansion or
contraction, bends, fittings, valves, etc. To accurately predict all the minor losses is
extremely difficult because the detailed configuration of the LHP is usually considered
proprietary by the manufacturer. Besides, the complexity of the fluid flow condition
makes it even more unpredictable. In the steady-state model, only minor loss due to
bends is considered. Since there are usually many bends in the transportation lines and in
the condenser, the corresponding pressure drop is substantial, especially in the vapor line
and in the condenser. The pressure drop induced by minor loss is calculated by loss

coefficient, K, and can be expressed as:

R R
Ap—K( 5 j—K(pAzj (5.86)
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For two-phase flow conditions, the average density defined in Eq. 4.18 is applied into
Eq. 5.86.

Smooth walls are assumed in most of the flow paths in a LHP. Some LHPs (such
as the one used here) are equipped with flexible hose in both the vapor line and liquid
line to permit elevation changes. The flexible hose is usually made of corrugated tubes
and the roughness of the tube is significant. Therefore, the effect of rough walls is
considered in the steady-state model when a corrugated tube exists in a LHP. A formula
given by Haaland [1983] is used to calculate the friction factor in turbulent flow with

rough walls:

L 1810 Q{—Mdjm (5.87)
T Re T3 '

where o is the roughness height and (5 /d ) is the roughness ratio.

5.5.10 Positive Elevation

When a LHP is operated at a positive elevation, it can operate in capillary-
controlled mode or gravity-controlled mode. When a LHP is operating in capillary-
controlled mode, the vapor channel is filled with 100% vapor, and the total mass flow

rate can be calculated as:

0
== (5.88)

Mrora, =M

When a LHP is operating in the gravity-controlled mode, the fluid flow in the vapor

channel becomes two phase. The mass flow rate is then calculated as:
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. )

Moy =M, +11, ==+ m, (5.89)

A

where m, denotes the liquid mass flow rate forced into the vapor channel. Therefore,

when the LHP is operating in the gravity-controlled mode, the steady-state code has to
create an additional iteration loop for the total mass flow rate in the system. In the
gravity-controlled mode, the pressure gain from the liquid head must balance with the
system pressure drop when a steady-state condition is achieved. Therefore, the total

system pressure drop must equal zero:

+AP,

APory, =AF, o« +AF, | +AF. + AP, | +AF, wick + APy =0 (5.90)

BAY.

5.6 SIMPLIFIED FLOW CHART OF THE STEADY-STATE CODE

Fig. 5.10 shows a simplified flow chart of the steady-state code. First, all the
input parameters have to be read in from the input data sheet. A steady-state operating
temperature (SSOT) is guessed by the code to initiate the calculations. From the guessed

SSOT and ambient temperature, the heat exchange between the reservoir and the ambient,
QR_ . » 1s calculated from natural convection heat transfer. The evaporator body

temperature is obtained using the correlation in Eq. 5.84 obtained from the experimental
data. The axial heat leak is calculated from the evaporator body temperature and SSOT
by Eq. 5.71.

In the initial calculation, the LHP is assumed to be operating in the capillary-
controlled mode. Therefore, the total mass flow rate equals the vapor mass flow rate in

the vapor channel and is obtained from Eq.5.88. The temperature and pressure
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distribution along the loop is obtained by a series of heat transfer and pressure drop
calculations. The subcooling brought back by the liquid in the liquid line is calculated
from Eq. 5.18, and the radial heat leak is calculated from Eq.5.77. The steady-state

operating temperature has to be iterated until the energy balance equation in the reservoir,
0,y =0 +0,_,, is satisfied. If the LHP is operated at adverse or zero elevation, it is

always operating in the capillary-controlled mode. The steady-state condition has been
achieved and the SSOT is obtained when the iteration converges.

If the LHP is operated at positive elevation, it can be operating in gravity-
controlled mode or capillary-controlled mode. If the pressure drop induced by the vapor

mass flow rate, 1, , is less than the pressure gain from the liquid head, then the system is

operating in the gravity-controlled mode. When the LHP is operating in the gravity-
controlled mode, an additional iteration procedure for total mass flow rate needs to be
performed. The system is considered to have achieved a steady-state condition when
both the energy balance equation in the reservoir and the pressure balance of the LHP
meet the closure criteria. At the end of the program, all output parameters are written to
several output sheets for data analysis. A more detailed flow chart of the steady-state

code is included in Appendix F.
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Fig. 5.10: Simplified flow chart of the steady-state code.
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Chapter 6

PARAMETRIC STUDY OF LOOP HEAT PIPE PERFORMANCE

6.1 STUDY OF LHP PERFORMANCE USING THE STEADY-STATE MODEL

The performance of LHPs is studied using the steady-state model developed in
this study. The predicted results help not only to understand the performance of LHPs at
various conditions, but also to provide details of how LHPs operate. The steady-state
model is the easiest and most important tool to study LHPs. As discussed in Chapter 4,
LHPs perform differently when operated at zero and adverse elevations than when
operated at a positive elevation. A baseline configuration is established first, and then the
performances based on the baseline configuration at zero elevation and 2-inch positive
elevation are studied. All results shown in this chapter were predicted from the steady-

state model.

6.1.1 Baseline Configuration

The details of the baseline configuration are selected based on the experimental
test conditions and are listed as follows:
1. The detailed specifications of the LHP are the same as the test loop and are

listed in Table 3.1.

2. The external thermal conductance of the condenser, (/,4, /L) , inEq.5.21,1s

assumed to be 10 W /(m-K).
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The condenser cooling water is running at a volume flow rate of 1.0 gallon-

per-minute (GPM).

The evaporator and the vapor line are insulated to prevent any heat exchange

with the ambient.
The condenser, liquid line, and the reservoir are not insulated.

The cooling water inlet temperature, Ty, , is set at 5°C and the ambient

NK >

temperature, 7, , is assumed to be 19 °C.

(MB >

Constant smooth and two-phase multiplier correlations are used for two-phase
pressure drop and heat transfer calculations, respectively. The void fraction
calculated by the constant smooth correlation is also used to obtain the

accelerational two-phase pressure drop.
Vapor superheat is considered in the vapor channel heat transfer calculation.

Both radial and axial heat leaks are considered in the heat leak calculation.

Zero and Adverse Elevation

The baseline configuration is applied to the input parameters in the steady-state

model. The predicted results when a LHP is operated at zero elevation were studied in

detail. There are 11 different heat load conditions calculated, and the predicted results

obtained from the steady-state model are listed in Table 6.1. The parameters listed in

Table 6.1 include the total heat load applied to the evaporator, O »p» the steady-state

operating temperature of the LHP, T, the fluid temperature exiting the liquid line,

TL,,; , the fluid temperature exiting the condenser, 7C,,,, , the amount of total heat leak,
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QHL , composed of radial heat leak, Q'HL, »» and axial heat leak, Q'HL, ,» the heat leak as a
percentage of total heat load, the vapor-phase pressure drop, AP, .., the liquid-phase
pressure drop, AP, the frictional two-phase pressure drop, AP, ,, the accelerational
two-phase pressure drop, AP, ,, the total two-phase pressure drop, AP, the pressure
drop of liquid flow through the primary wick, AF,,. , the total system pressure drop,
AP, » and the location of the liquid-vapor interface in the condenser, L,,,. The total

system pressure drop, AP, , 1s defined as:
APTOTAL = APVAPOR + APLIQUID + Aquﬁ,f + AP2¢,a + APWICK + APGRAV (6- 1)

Charts were plotted based on the experimental data in Table 6.1 to analyze the
performance of the LHP. These charts include trends of loop temperatures, loop pressure
drops, location of the liquid-vapor interface in the condenser, amount of heat leak, and

change of vapor quality in the condenser.



Table 6.1: Predicted results by 1-D steady-state model for baseline study at zero elevation.

Parameters \ Step 1 2 3 4 5 6 7 8 9 10 11
0 ,pp (W) 10.14 2521 4029 70.48 100.71 202.51 304.30 405.78 507.04 759.48 981.42
m (kg/sec) 8.42E-6 2.10E-5 3.34E-5 5.81E-5 8.27E-5 1.65E-4 2.49E-4 3.35E-4 4.24E-4 6.54E-4 8.70E-4
Tyor (°C) 19.84 1859 17.30 1544 1421 13.02 1539 1847 21.64 2949 36.62
TL,yr (°C) 18.65 16.09 14.01 11.55 1020 832 11.21 1479 1833 2720 34.95
TC,,, (°C) 562 562 562 562 562 577 1014 1443 1830 27.60 35.63
0., (W) 0.14 021 029 048 071 251 430 578 7.04 948 11.42
O (W) 011 012 013 015 0.17 025 032 038 041 048 052
Oz (W) 003 0.09 016 033 054 226 398 540 6.63 9.00 10.90
O, 10,pp (%) 141 083 071 067 071 124 141 142 139 125 116
AP,,,pn (Pa) 3.8 9.8 163  30.6 450 1339 2222 3127 4050 639.0 9989
AP, i (Pa) 1.1 2.7 4.1 6.4 8.0 7.3 7.8 9.7 11.7 165 205
AP, , (Pa) 0.1 0.8 2.2 87 219 161.0 340.7 523.0 7139 1217.3 16469
AP, , (Pa) 0.0 -0.3 0.7 22 45 -187 -393 -645 -93.1 -1743 -2499
AP, (Pa) 0.1 0.5 1.6 6.5 174 1423 3014 4585 620.8 1043.0 1397.0
AF,cx (Pa) 173 434 699 1233 1772 3563 5287 6955 8582 1251.5 1585.0
AP, (Pa) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
AProry (Pa) 223 565 919 1669 2475 6399 1060.1 1476.4 1895.7 2950.0 4001.4

L, (m) 0.10 0.28 0.52 1.10 1.71 3.90 4.42 4.49 4.53 4.58 4.61

611
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Fig. 6.1 shows the steady-state operating temperature and fluid temperatures
exiting the liquid line and the condenser as functions of heat load. The trend of the
steady-state operating temperature agrees very well with the U-shaped trend explained in
Section 4.1.2. The minimum steady-state operating temperature occurs when the heat
load is around 200 W. The transition heat load between the variable-conductance and
fixed-conductance modes is a little higher than 200 W (~230 W). The fluid temperature
exiting the liquid line has the same trend as the steady-state operating temperature. When
the LHP is operating in the variable-conductance mode, the fluid temperature exiting the
condenser is close to the sink temperature. The fluid temperature exiting the condenser
increases with heat load when the LHP is operating in the fixed-conductance mode.

Since the ambient temperature equals 19 °C, the fluid in the liquid line gains heat from
the ambient if the temperature exiting the condenser is lower than 19 °C (Q,,, < 520W).

The fluid temperature change in the liquid line depends strongly on the mass flow rate.
When the heat load is low and the mass flow rate in the LHP is small, the fluid
temperature difference between the inlet and the exit of the liquid line is significant. In
contrast, when the heat load is high, the fluid temperature difference between the inlet
and the exit of the liquid line is barely noticeable.

Fig. 6.2 is a chart showing the ratio of component pressure drops over total
pressure drop as functions of heat load. This chart classifies pressure drops according to
the fluid flow conditions. The total pressure drop is divided into five different
components: vapor-phase, liquid-phase, frictional and accelerational two-phase pressure

drops, and the pressure drop for the liquid flow through the primary wick.
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In Fig. 6.2 and Fig. 6.3, the frictional two-phase pressure drop is calculated by the

constant smooth correlation defined in Section 5.5.4. Other two-phase pressure drop
correlations predict different results. Among the available two-phase pressure drop
correlations, the constant smooth correlation usually predicts the smallest two-phase
pressure drop.

The accelerational two-phase pressure drop is negative because the fluid
decelerates when condensing and the pressure increases. The accelerational two-phase
pressure drop is typically small compared to the frictional two-phase pressure drop.

Fig. 6.3 shows the magnitudes of the component pressure drops as functions of
heat load. The pressure drop of the liquid flow across the primary wick increases almost
linearly with increasing heat load. The frictional pressure drop has two different trends:
one when the flow is laminar, and the other when it is turbulent. The two different trends
can be easily observed in Fig. 6.3. For example, the liquid-phase is always under laminar
flow conditions, the two-phase flow becomes turbulent when the heat load is between
100 and 200 W, and the vapor-phase turns turbulent when the heat load is between 750
and 980 W. For this baseline configuration at zero elevation, vapor flowing in the vapor
channel becomes turbulent at a much higher heat load than vapor flowing in the vapor
line or the condenser because the hydraulic diameter of the vapor channel is much
smaller then that of the vapor line or the condenser.

The analysis of the system pressure drop is very helpful for understanding the
fundamental operating characteristics of LHPs. The amount of the system pressure drop
has direct impact on radial heat leak and the amount of heat leak determines the steady-

state operating temperature of the loop.
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The total pressure drop in the loop is dominated by the pressure drop induced by liquid
flow through the primary wick, especially when the heat load is lower than 200 W. This
is typical when the primary wick is composed of very fine porous material and the
permeability is extremely small. The liquid-phase pressure drop is almost negligible
because the liquid velocity is much smaller than that of the vapor-phase.

Fig. 6.4 is a plot of the location of the liquid-vapor interface in the condenser and

the mass flow rate as functions of heat load.
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Fig. 6.4: The location of the liquid-vapor interface in the condenser and the mass flow
rate as functions of heat load. (7,, =5 °C, T,,, =19 °C, and zero elevation)
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The mass flow rate increases almost linearly with increasing applied heat load.
The total length of the condenser tube is 4.65 m (183 inches). When the heat load is
lower than 200 W, the location of the liquid-vapor interface moves rapidly toward the
end of the condenser with increasing heat load. Under these conditions, the LHP is
operating in the variable-conductance mode, and the condenser is not fully utilized.
When the heat load is greater than 300 W, the interface resides almost at the end of the
condenser and moves toward the exit of the condenser slowly with increasing heat load.
Now the LHP is operating in the fixed-conductance mode and the whole condenser is
used to condense the vapor and to provide the required subcooling to the liquid. The
transition heat load between the variable-conductance and fixed-conductance modes can
be easily observed in Fig. 6.4, and is between 200 and 300 W. This analysis agrees with
the observation from the trend of the steady-state operating temperature in Fig. 6.1.

Fig. 6.5 shows the amount of total heat leak, and the ratios of axial heat leak and
radial heat leak to total heat leak as functions of heat load. Generally, radial heat leak
dominates axial heat leak, especially when the heat load is high. However, when the heat
load is extremely small (< 50 W), the total heat leak is dominated by axial heat leak.
Total heat leak, axial heat leak, and radial heat leak are normalized by total heat load, and
plotted in Fig. 6.6. The trend of the normalized total heat leak first follows that of the
normalized axial heat leak when heat load is small (< 50 W), and then follows that of the
normalized radial heat leak when the heat load is high (> 100 W). Axial heat leak,
Eq. 5.71, follows the trend of the temperature difference between the evaporator body
and the reservoir as a function of heat load (see Fig. 5.9). The radial heat leak, Eq. 5.78,

is determined by the temperature across the primary wick, which is calculated by the
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pressure difference across the wick times (dT / dP) The pressure difference across

SAT *

the wick increases almost linearly with heat load. The temperature difference divided by

pressure difference along the saturation line, (dT / dP) is a property of the working

SAT °

fluid. For ammonia, (dT / dP) .,y decreases with increasing heat load (see Fig. B.2 for

detail).



12.0 120 1.6

1.4
10.0 | L 100 i

®
=}
s
‘
[}
S

(24) el 18y JO oney

—o— Total heat leak —o— Heat leak/ total heat load

—&— Axial heat leak/
total heat leak

—=— Radial heat leak/
total heat leak
| + 20

Heat Leak (W)

hin
o
‘

06 +}--+ | —a— Axial heat leak/ total heat load

T
N
o

—a— Radial heat leak/ total heat load

Normalized heat leak (%)

2.0 1

|

|

-

—& —A
0.0 & ] ‘ 0
0 100 200 300 400 500 600 700 800 900 1,000

|

|
0 100 200 300 400 500 600 700 800 900 1,000
Heat Load, Q,,, (W) Heat Load, Q,,, (W)

Fig. 6.5: Total heat leak and the ratios of axial heat leak and  Fig. 6.6: Normalized total heat leak, axial heat leak, and radial
radial heat leak as functions of heat load. (7, =5°C, heat leak as functions of heat load. ( Ty, =5 °C ,

T s =19 °C, and zero elevation) T, =19 °C, and zero elevation)

LTI



128

Besides studying various trends of LHP operating characteristics as functions of
heat load, the steady-state model can also be used to study the changes of temperature,
pressure, and vapor quality along the loop at a specific heat load. Fig. 6.7 shows the
change of temperature and vapor quality of fluid flow when a LHP is operating at the
baseline configuration and zero elevation with a heat load of 100.7 W. The x-axis in
Fig. 6.7 represents the distance that the fluid travels down the loop from the high pressure
side in the vapor channel. After the fluid leaves the vapor channel (V.C.), the fluid flows
through the vapor line (V.L.), condenser, liquid line (L.L.), bayonet, evaporator core
(E.C.), and the primary wick to return to the starting point and completes a cycle. Since
the primary wick is so thin (9.5x 10 m) compared to the whole length of the loop (8.8
m), it is not included on the chart. However, the conditions at the outer surface and inner
surface of the primary wick can be referred to as the saturated conditions in the vapor
channel and in the reservoir, respectively. To study the change of the vapor quality in
detail, the condenser is divided into 12 sections. Temperature, pressure, and vapor

quality are studied at the inlet and exit of each section.
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For the predicted results presented in Fig. 6.7, the saturation temperature in the
vapor channel is equal to 14.21 °C. This temperature is denoted as Ty, , which means

the saturation temperature at the outer surface of the primary wick. As the saturated
vapor flows through the vapor channel, it is superheated by the walls and reaches a
superheated temperature 15.59 °C when exiting the vapor channel. It is assumed that the
vapor line is perfectly insulated. Thus, no temperature change occurs in the vapor line
and the vapor remains superheated.

In the first section of the condenser, the superheated vapor quickly loses its
superheat and returns to its saturation temperature, 14.21 °C. From the plots of vapor
quality and fluid temperature in Fig. 6.7, it is seen that the saturated vapor is fully
condensed back to liquid in condenser section 5. The saturated liquid is then further
subcooled and the liquid temperature exiting condenser section 5 is equal to 6.62 °C.
After condenser section 5, the condenser is used for subcooling rather than condensing.
The subcooled liquid enters the liquid line at temperature 5.62 °C. In the liquid line, the
liquid gains heat from the ambient by natural convection and enters the bayonet inside the
reservoir at a higher subcooled liquid temperature of 10.20 °C. In the bayonet, the liquid
keeps gaining heat from the fluid in the reservoir and the evaporator core, and exits the
bayonet into the evaporator core at a temperature of 14.21 °C.

In the evaporator core and reservoir, the fluid is at another saturated condition

corresponding to the local pressure. The saturation temperature in the reservoir is then
equal to 14.20 °C. This is denoted as T},, , which means the saturation temperature at the

inner surface of the primary wick. Since the pressure difference between the vapor
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channel and the reservoir is less than 100 Pa for this case, the difference between the

saturation temperatures at the outer and inner surface of the primary wick is less than

0.01 °C. The fluid in the evaporator core flows though the primary wick and is vaporized

at the outer surface to complete the cycle.

To summarize the operating characteristics of the condition predicted in Fig. 6.7,

the following observations can be drawn:

1.

The steady-state operating temperature is 14.21 °C.

The temperature of the superheated vapor exiting the vapor channel is 15.59

°C, which is 1.38 °C superheated.

The location of the liquid-vapor interface is in condenser section 5, which is

near the middle of the condenser.

The difference between the subcooled liquid temperature at the end of liquid

line and the saturation temperature is 4.0 °C. This is an important index for

the amount of subcooling brought back to the reservoir, Q...

The LHP is operating in the variable-conductance mode because the

condenser is not fully utilized for condensing.

The LHP is operating in the capillary-controlled mode because the fluid
exiting the vapor channel is 100% vapor (vapor quality=1.0).

6.1.3 Positive Elevation

The baseline configuration is applied to the input parameters in the steady-state

model with 2 inches positive elevation. There are 11 different heat load conditions

calculated, and the predicted results obtained from the steady-state model are listed in
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Table 6.2. The parameters listed in Table 6.2 include the total heat load applied to the

evaporator, Q,,,, the mass flow rate in the system, 7z, the vapor quality exiting the
vapor channel, x,. ., the steady-state operating temperature of the LHP, Ty, , the
fluid temperature exiting the liquid line, 7L, , the fluid temperature exiting the
condenser, 7C,,,, , the amount of total heat leak, QHL , composed of radial heat leak,
Q'HL’R, and axial heat leak, Q'HL’ ,» the heat leak as a percentage of total heat load, the
vapor-phase pressure drop, AR, , the liquid-phase pressure drop, AF,,,, , the

frictional two-phase pressure drop, AP, the accelerational two-phase pressure drop,

2¢.1 2

AP, ,, the total two-phase pressure drop, AP, the pressure drop of liquid flow through

2¢°

the primary wick, AF,,.. , the total system pressure drop, AP,,,,,, and the location of
liquid-vapor interface in the condenser, L,,,. The total system pressure drop, AF,,,,, , 1S

defined in Eq. 6.1. If the LHP is operating in the gravity-controlled mode (like case 1
through 5 in Table 6.2), the total pressure drop is zero.

As in the previous section, various charts are plotted based on the predicted
results in Table 6.2 to analyze the performance of the LHP, including trends of loop
temperatures, loop pressure drops, location of the liquid-vapor interface in the condenser,

heat leaks, and change of vapor quality in the condenser.



Table 6.2: Predicted results by 1-D steady-state model for baseline study at 2-inch positive elevation.

Parameters \ Step 1 2 3 4 5 6 7 8 9 10 11
0 ,pp (W) 10.11  25.12  40.13 70.15 100.17 150.21 200.28 352.95 505.19 707.51 980.18
m (kg/sec) 1.01E-4 1.06E-4 1.08E-4 1.07E-4 1.04E-4 1.23E-4 1.64E-4 2.92E-4 4.24E-4 6.07E-4 8.70E-4
Tssor (°C) 008 019 031 054 079 1.0 1.0 1.0 1.0 1.0 1.0
TL,.r (°C) 12.42 1222 1219 1225 1239 11.77 12.05 1671 21.50 27.81 36.54
TCphyr (°C) 953 936 933 935 945 895 994 1431 19.09 2586 35.16
0., (W) 562 562 562 562 562 563 7.87 13.84 19.09 2620 35.84
Oui (W) 011 012 013 015 017 021 028 295 519 751 1018
Oz (W) 0.11 012 013 015 017 021 025 035 041 047 052
O, 10,pp (%) 000 0.00 000 000 000 000 003 260 478 7.05 9.66
AP,,,pn (Pa) 1.10 048 033 021 017 014 014 084 1.03 106 1.04
AP, 1oup (Pa) 0.0 0.0 0.0 0.0 00 944 1383 2687 4066 593.9 1000.7
AP, , (Pa) 139 143 140 124 9.9 6.6 5.1 8.2 113 152 202
AP, , (Pa) 507 547 573 655 799 100.6 208.8 4529 722.1 1139.6 1653.1
AP, (Pa) 0.0 03 -07 22  -45 -187 393 -645 -93.1 -1743 -2499
AP,k (Pa) 506 544 566 633 754 819 169.6 3884 6289 9652 1403.2
APy, (Pa) 219.5 2317 2342 2325 2254 2688 3580 6132 858.6 1174.6 1585.4
AProry (Pa) -284.0 -300.5 -304.8 -308.2 -310.7 -310.7 -309.6 -305.6 -301.5 -295.6 -287.0
L, (m) 0.0 0.0 0.0 0.0 0.0 141.1 3614 9729 1604.0 24533 37225
0 ,pr (W) 002 0.13 031 090 175 352 445 454 456 459 462

eel
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Fig. 6.8 shows the steady-state operating temperature and the fluid temperatures
exiting the liquid line and the condenser as functions of heat load. The trend of the
steady-state operating temperature agrees very well with the trend proposed at positive
elevation in Section 4.2.3. The transition heat load between the variable-conductance and
fixed-conductance modes is around 200 W. The transition heat load between the gravity-
controlled and capillary-controlled modes is between 100 and 150 W. The trend of the
fluid temperature exiting the liquid line is similar to that of the steady-state operating
temperature. The trend of the fluid temperature exiting the condenser is the same as that
in adverse or zero elevation, and is explained in the previous section. Since the ambient
temperature equals 19 °C, the fluid in the liquid line gains heat from the ambient if the

temperature exiting the condenser is lower than 19 °C (Q ' < 520 W). The change in

fluid temperature in the liquid line depends strongly on the mass flow rate. When the
heat load is low (< 100 W), the LHP is operating in the gravity-controlled mode and the
mass flow rate of the system does not change much. Therefore the temperature
difference between the inlet and the exit of the liquid line is almost constant.

Fig. 6.9 is a chart showing the ratio of component pressure drops over total
pressure drop as functions of heat load. The total pressure drop is divided into six
components: vapor-phase, liquid-phase, frictional and accelerational two-phase pressure
drops, the pressure drop for the liquid flow through the primary wick, and the

gravitational head.
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Fig. 6.8: Predicted trends of steady-state operating temperature and fluid temperatures exiting the liquid

line and the condenser for the baseline configuration. (7y,, =5 °C,T,,, =19 °C, and 2-inch positive

elevation)
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Fig. 6.9: Comparisons of pressure drop components as functions of heat load.
( Ty =5°C, T,,;=19°C , 2-inch positive elevation, and constant smooth
correlation)

Because the LHP is operated at positive elevation, the system gains pressure due
to the gravitational head. The pressure ratios in Fig. 6.9 are then defined by the
individual pressure drop divided by the total pressure drop minus the gravitational head.
For example, the frictional two-phase pressure drop ratio is calculated as:

ABy.r

AP,

GRAV

Ratio of two-phase pressure drop =

6.2
) (6.2)

( TOTAL ~—
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When the LHP is operating in the gravity-controlled mode (Q,,, < 100 W in

Fig. 6.9), two observations can be made from Fig. 6.9: the gravitational head provides all
the required pressure drop in the system, and the vapor-phase pressure drop is equal to

zero, because there is no pure vapor flow anywhere in the system. When the LHP is

operating in the capillary-controlled mode (O p» = 150 W 1n Fig. 6.9), evaporation

across the menisci at the outer surface of the primary wick takes place and provides the
additional pressure gain required in the system. The overall behavior is then similar to
that in zero and adverse elevation, as explained in the previous section.

Fig. 6.10 shows the magnitudes of component pressure drops as functions of heat

load. Two different trends can be observed in the chart, one is when the LHP is operating

in the gravity-controlled mode (Q,,, < 100 W in Fig. 6.10) and the other is when the
LHP is operating in the capillary-controlled mode (Q,,, > 150 W in Fig. 6.10). When

the LHP is operating in the gravity-controlled mode, the mass flow rate does not change
much as the heat load changes (see Fig. 6.11). Therefore, the magnitudes of the
component pressure drops are nearly constant. When the LHP is operating in the
capillary-controlled mode, the mass flow rate increases almost linearly as the heat load
increases (see Fig. 6.11). Thus, the component pressure drops have similar trends as that
of the mass flow rate in the capillary-controlled mode. As in the zero elevation case, the
pressure drop induced by liquid flow through the primary wick dominates the total

pressure drop when the heat load is low.
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Fig. 6.10: Component pressure drops as functions of heat load. (7j,, =5 °C,
T, =19 °C, 2-inch positive elevation, and constant smooth correlation)
The location of the liquid-vapor interface in the condenser and the mass flow rate
are plotted as functions of heat load in Fig. 6.11. The mass flow rate increases almost

linearly with increasing applied heat load when the LHP is operating in the capillary-

controlled mode (Q,,, > 150 W). When the LHP is operating in the gravity-controlled

mode (Q pp < 100 W), the mass flow rate remains at around 1.0x 10 kg/sec. The total

length of the condenser tube is 4.65 m (183 inches). From the location of the liquid-

vapor interface, the transition heat load between the variable-conductance and fixed-
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conductance modes can be easily identified to be around 200 W. This analysis agrees

with observations from the trend shown in Fig. 6.8 for the steady-state operating

temperature.
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Fig. 6.11: The location of the liquid-vapor interface in the condenser. (7, =5 °C,
T, =19 °C, and 2-inch positive elevation)
When the LHP is operated at positive elevation, the vapor channel can be either
full of vapor (capillary-controlled mode), or a two-phase fluid (gravity-controlled mode).
A plot of the vapor quality exiting the vapor channel is shown in Fig. 6.12. From this

chart, by assuming the vapor quality has an linear relation with heat load when the LHP
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is operating in the gravity-controlled mode, the transition heat load between the gravity-

controlled and capillary-controlled modes is estimated to be 127 W.

1.2

0.8 1

0.6

Vapor quality, x

0.4 1

0.2

/ Transition heat load ~127W
0

0 200 400 600 800 1000
Heat Load, Q,,, (W)

Fig. 6.12: Vapor quality exiting the vapor channel as a function of heat load.
(Tyue =5 °C, T, =19 °C, and 2-inch positive elevation)

Fig. 6.13 shows the amount of total heat leak, and ratios of axial heat leak and
radial heat leak to total heat leak as functions of heat load. From the heat leak model
presented in Section 5.5.7, the radial heat leak term vanishes when the local pressure in
the evaporator core is higher than that in the vapor channel. When a LHP is operating in
the gravity-controlled mode, this is always the case. When the heat load is just a little
higher than the transition heat load (e.g. 150 W in Fig. 6.13), the condition might still be
true because of the existence of the primary wick. Thus, when the heat load is lower than

150 W, the heat leak is composed only of axial heat leak. Generally, radial heat leak
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dominates axial heat leak when the LHP is operating in the capillary-controlled mode,
especially at high heat load.

Total, axial, and radial heat leaks, normalized by heat load, are plotted in Fig. 6.14
as functions of heat load. The trend of normalized total heat leak first follows that of
axial heat leak when the heat load is small (< 150 W) and then follows that of radial heat
leak when the heat load is high (> 200 W). The trends of axial heat leak and radial heat

leak are the same as those in zero elevation as explained in the previous section.
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Fig. 6.15 shows the change of temperature and vapor quality of fluid flow when
the LHP is operating at the baseline configuration and 2-inch positive elevation with a
heat load of 100.7 W. The x-axis in Fig. 6.15 represents the distance that the fluid travels
down the loop from the high pressure side in the vapor channel. For the predicted results
presented in Fig. 6.15, the saturation temperature in the vapor channel is equal to 12.39
0

°C. This temperature is denoted as T, , which means the saturation temperature at the

outer surface of the primary wick. The vapor quality exiting the vapor channel is equal to
0.79, which also confirms that the LHP is operating in the gravity-controlled mode. The
vapor line is perfectly insulated; thus, neither temperature nor vapor quality change in the
vapor line provided that the change in the saturated temperature due to pressure drop is
negligible.

In the condenser, the saturated vapor begins to be condensed back to liquid. The
condensation process continues in the first 4 sections. In section 5, the saturated vapor is
fully condensed back to liquid and the saturated liquid starts to be subcooled. The liquid
temperature exiting condenser section 5 is 7.26 °C. After condenser section 5, the
condenser is used for subcooling rather than condensing. The subcooled liquid enters the
liquid line at a temperature of 5.62 °C. In the liquid line, the liquid gains heat from the
ambient by natural convection and enters the bayonet inside the reservoir at a higher
subcooled liquid temperature of 9.45 °C. In the bayonet, the liquid keeps gaining heat
from the fluid in the reservoir and the evaporator core and exits the bayonet into the

evaporator core at a temperature of 12.40 °C.
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Fig. 6.15: Temperature and vapor quality of the fluid flow along the loop starting from the high pressure
side in the vapor channel. (T, =5 °C,T,,, =19 °C, 2-inch positive elevation, and Q,,, = 100.17 W)
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Because the LHP is operating in the gravity-controlled mode, the local pressure

inside the evaporator core is higher than that in the vapor channel. Therefore, the

saturation temperature in the reservoir is slightly higher than that in the vapor channel

and is equal to 12.40 °C. It is denoted as 7T;,, , which means the saturation temperature at

the inner surface of the primary wick.

To summarize the operating characteristics of the condition predicted in Fig. 6.15,

the following observations can be drawn from the figure:

1.

The steady-state operating temperature is equal to 12.39 °C.
The location of the liquid-vapor interface is in condenser section 5.

The difference between the subcooled liquid temperature at the end of liquid

line and the reservoir temperature is 2.95 °C. This is an important index for

the amount of subcooling brought back to the reservoir, QSC.

The LHP is operating in the variable-conductance mode because the

condenser is not fully utilized for condensing.

The LHP is operating in the gravity-controlled mode because the vapor

channel is composed of a two-phase fluid (x,. o, =0.79).

6.2 PARAMETRIC STUDY OF LOOP HEAT PIPES

The performance of LHPs is influenced by many parameters, including the

material and size of each component in the LHP, the design of the condenser, and the

operating conditions. This section studies the effects of major parameters using the

steady-state model, which is formulated based on the model presented in Chapter 5.
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6.2.1 Effect of Sink Temperature

In this section, the effect of sink temperature on the performance of a LHP is
studied at zero elevation and positive elevation. The effect of sink temperature on the
performance of a LHP when it is operated at adverse elevation is similar to that at zero

elevation.

Zero Elevation:

The baseline configuration is studied at three sink temperatures: 20 °C, 5 °C, and -
10 °C, when the LHP is operated at zero elevation. The trends of the steady-state

operating temperature at three different sink temperatures are shown in Fig. 6.16. When
the sink temperature is lower than the ambient temperature (e.g. 7y, =5 °C or -10 °C),

the typical U-shaped trend line is followed. The transition head load between the
variable-conductance and fixed-conductance modes is around 200 W when the sink
temperature is 5 °C and is around 400 W when the sink temperature is -10 °C. The
transition heat load increases as the sink temperature decreases because a condenser with
a lower sink temperature has greater cooling capacity than one with a higher sink
temperature. When the sink temperature is equal to or higher than the ambient
temperature, the LHP is always operating in the fixed-conductance mode. The liquid line
becomes another condenser, and the location of the liquid-vapor interface may reside at

the end of the condenser or in the liquid line.
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Fig. 6.16: Effect of sink temperature on the trend of steady-state operating
temperature. (7,,, =19 °C and zero elevation)

Positive Elevation:

The baseline configuration is studied at three sink temperatures: 19 °C, 5 °C, and -
10 °C, when the LHP is operated at 2-inch positive elevation. The trends of the steady-

state operating temperature at different sink temperatures are shown in Fig. 6.17. The
transition heat load, Q2 , between the capillary-controlled and gravity-controlled modes,

is between 100 and 150 W for the three different cases. When the heat load is higher



than Q2 , the trend is similar to that at zero elevation. When the heat load is

Q2 , the trend follows the proposed trend for positive elevation in Section 4.2.3.
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Fig. 6.17: Effect of sink temperature on the trend of steady-state operating

temperature. (7,,, =19 °C and 2-inch positive elevation)

6.2.2 Effect of Ambient Temperature

The effect of ambient temperature on the performance of a LHP is studied at zero

elevation and positive elevation. Again, the effect of ambient temperature on the
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performance of a LHP when it is operated at adverse elevation is similar to that at zero

elevation.

Zero Elevation:

The baseline configuration is studied at three ambient temperatures: 30 °C, 19 °C,
and 0 °C, when the LHP is operated at zero elevation. The trends of the steady-state
operating temperature at three different ambient temperatures are shown in Fig. 6.18.

When the ambient temperature is higher than the sink temperature (e.g. 7, =30 °C or

MB

19 °C), the typical U-shaped trend line is followed. The transition heat load between
the variable-conductance and fixed-conductance modes is around 300 W when the
ambient temperature is 30 °C, and is around 200 W when the ambient temperature is 19
°C; it increases as the ambient temperature increases. Higher ambient temperature leads
to higher steady-state operating temperature, and thus, greater temperature difference
between the steady-state operating temperature and the sink temperature. Therefore, to
remove the same amount of heat, the higher ambient temperature condition requires less
condenser length than the lower ambient temperature condition. When the ambient
temperature is lower than the sink temperature, the LHP is always operating in the fixed-
conductance mode as explained in the previous section.

A higher ambient temperature leads to a higher steady-state operating temperature,
as can be explained from the energy balance equation in the reservoir (Eq. 4.2). Higher
ambient temperature means more heat gain or less heat loss from the ambient to the
reservoir. This has to be fulfilled by bringing back more subcooling from the liquid line

through higher steady-state operating temperature, 7y, . In addition to that, the higher
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ambient temperature also leads to a higher liquid temperature at the end of the liquid line,

TL,,, . This makes the steady-state operating temperature even higher for a high ambient

temperature condition than for a low ambient temperature condition.
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Fig. 6.18: Effect of ambient temperature on the trend of steady-state operating
temperature. (7, =5 °C and zero elevation)

Positive Elevation:

The baseline configuration is studied at three ambient temperatures: 30 °C, 19 °C,
and 0 °C, when the LHP is operated at 2-inch positive elevation. The trends of the

steady-state operating temperature at three different ambient temperatures are shown in
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Fig. 6.19. The transition heat loads, Q,, between the capillary-controlled and gravity-

controlled modes are between 100 and 150 W for three different cases. When the heat

load is higher than Qz, the trend is similar to that at zero elevation. When the heat load is

lower than Q,, the trend follows the proposed trend at positive elevation in Section 4.2.3.
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Fig. 6.19: Effect of ambient temperature on the trend of steady-state operating
temperature. (7y,, =5 °C and 2-inch positive elevation)
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6.2.3 Effect of Elevation

The effect of elevation on the performance of a LHP is studied. The baseline
configuration is applied as the input parameters at five elevations: 4-inch and 2-inch
adverse elevation, zero elevation, and 2-inch and 4-inch positive elevation. The trends of

the steady-state operating temperature at these five elevations are shown in Fig. 6.20.
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Fig. 6.20: Effect of elevation on the trend of steady-state operating temperature.
(Tyue =5°Cand T,,, =19 °C)

Elevation has little effect on the LHP when the heat load is high (= 400 W in

Fig. 6.20), because when the heat load is high, the frictional pressure drop in the system
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overwhelms the gravitational head gain or loss caused by different elevations. In contrast,
elevation has a great impact on the LHP when the heat load is low (< 350 W in
Fig. 6.20), because when the heat load is low, the gravitational head plays an important
role in the total system pressure drop. Thus, higher elevation results in higher system
pressure drop, which in turn increases the amount of radial heat leak. Finally the steady-
state operating temperature increases as the heat leak increases.

It can be observed from Fig. 6.18 and Fig. 6.20 that elevation has a similar effect
on the trend of steady-state operating temperature as does ambient temperature. The
more adverse elevation leads to a higher heat leak from the evaporator to the reservoir
whereas the higher ambient temperature leads to less heat loss or more heat gain to the
reservoir. From the energy balance equation from the reservoir’s point of view, these two
phenomena have the same impact on the system.

The transition heat load between the fixed-conductance and variable-conductance
modes increases as the elevation decreases from positive (+) to adverse (-), because the
more adverse elevation condition has a higher steady-state operating temperature, and
thus, higher cooling capacity in the condenser as explained in the previous section. From
the location of the liquid-vapor interface in the condenser in Fig. 6.21, the transition heat
load can be identified. It is around 200 W for both positive elevation conditions and is a

little lower than 400 W for 4-inch adverse elevation.
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Fig. 6.21: Effect of elevation on the location of the liquid-vapor interface in the
condenser. (T, =5°C and T, =19 °C)

When the LHP is operated at positive elevation, the transition heat load between
the capillary-controlled and gravity-controlled modes increases as the positive elevation
increases. Fig. 6.22 shows the vapor quality in the vapor channel as a function of heat
load at different elevations. For zero and adverse elevation conditions, the vapor channel
is always filled with vapor. For a positive elevation condition, the LHP may operate in
the gravity-controlled mode where the vapor channel is filled with two-phase flow. From

the observation in Fig. 6.22, the transition heat load is between 100 W and 150 W, and
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around 200 W when the LHP is operated at 2-inch positive elevation and 4-inch positive

elevation, respectively.
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Fig. 6.22: Effect of elevation on the vapor quality exiting the vapor channel.
(Tyue =5°C and T,,,, =19 °C)

6.2.4 Effect of the External Thermal Conductance of the Condenser

The effect of the external thermal conductance of the condenser on the
performance of a LHP is studied. The baseline configuration is applied as the input

parameters with three values of external thermal conductance: 20 W/m-K, 10 W/m-K,
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and 5 W/m-K. The trends of the steady-state operating temperature for these three values

of external thermal conductance are shown in Fig. 6.23.
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Fig. 6.23: Effect of external thermal conductance of the condenser on the steady-state
operating temperature. (7, =5 °C, T,,,, =19 °C, and zero elevation)

When the heat load is low (< 100 W ), there is almost no effect on the
performance of the LHP, because the LHP is operating in the variable-conductance mode
and the liquid temperature exiting the condenser is close to the sink temperature for all
three cases. When the heat load is high, the LHP is operating in the fixed-conductance
mode and the steady-state operating temperature follows different slopes for different

value of external thermal conductance.
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The cooling capacity of the condenser increases with increasing external thermal
conductance. Thus, the transition heat load between the variable-conductance and fixed-
conductance modes increases with increasing external thermal conductance. It is around
150, 200, and 300 W, when the external thermal conductance equals 5 W/m-K, 10 W/m-

K, and 20 W/m-K, respectively.

6.2.5 Effect of Two-Phase Heat Transfer Correlations

The effect of two-phase heat transfer correlations on the performance of the LHP
is studied. The baseline configuration is applied as the input parameters with four
different two-phase heat transfer correlations. The trends of the steady-state operating
temperature for the four correlations are shown in Fig. 6.24.

Basically, different two-phase heat transfer correlations result in different tube-
side thermal conductance (inner thermal conductance), where the external thermal
conductance of the condenser is fixed at 10 W/m-K. When the heat load is lower than
200 W, there is almost no effect on the performance of the LHP, because the length of the
two-phase fluid flow in the condenser is very short. When the heat load is higher than
200 W, the LHP is operating in the fixed-conductance mode and the steady-state
operating temperature follows different slopes for different correlations. After careful
review, similarity can be found between the effects of external thermal conductance
(Fig. 6.23) and two-phase heat transfer correlations (Fig. 6.24). This is because the
overall thermal conductance is composed of external and inner thermal conductance.

Thus, a fixed inner thermal conductance with increasing external thermal conductance
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should behave similarly to a fixed external thermal conductance with increasing inner

thermal conductance.
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Fig. 6.24: Effect of two-phase heat transfer correlations on the steady-state operating
temperature.  ( Ty, =5 °C, T,, =19 °C, zero elevation, and smooth annular
correlation)

It can be observed from Fig. 6.24 that the Ananiev and two-phase multiplier
correlations have one similar trend and the Traviss and Shah correlations have a different,
but similar trend. The difference between the steady-state operating temperatures
increases with increasing heat load. Fig. 6.25 shows the inner two-phase thermal

conductance as a function of vapor quality when the heat load is around 900 W. The
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inner two-phase thermal conductance increases with increasing vapor quality. For the
Traviss and two-phase multiplier correlations, the heat transfer coefficient increases

rapidly when the vapor quality is close to 1.0. This is because the correlation depends on
parameters which increase dramatically when x is close to 1.0, like (1—0{)71 in the two-
phase multiplier or ( o,/ pm) in the Traviss. Generally, for the same heat load, the higher

the inner two-phase thermal conductance, the lower the steady-state operating

temperature.
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6.2.6 Effect of Heat Leak

The most challenging task in LHP modeling is how to accurately determine the
amount of heat leak in LHP operation. The heat leak model proposed in Section 5.5.7 is
the theoretical prediction used in the steady-state model. In a real application, depending
on the design of the evaporator and primary wick, the proposed heat leak model may not
be accurate. This section studies the effect of heat leak on the performance of a LHP.
The amount of heat leak is composed of two parts: axial heat leak and radial heat leak.

The effects of axial heat leak and radial heat leak are studied independently.

Axial Heat Leak

The effect of axial heat leak on the performance of the LHP is studied by
changing the axial heat leak obtained from the baseline configuration manually. Four
cases are studied: the baseline configuration, and three other cases assuming that the axial
heat leak is one tenth, ten times, and twenty times that obtained from the baseline
configuration. The trends of steady-state operating temperature for the four cases are
shown in Fig. 6.26.

Axial heat leak refers to the heat conducted from the evaporator to the reservoir
through the connection in between. The amount of axial heat leak obtained from the
baseline configuration is extremely small due to small conduction area, low thermal
conductivity of the material (stainless steel), and low temperature difference between the
evaporator and the reservoir.

As discussed in Section 6.1.2 and 6.1.3, axial heat leak dominates the total heat

leak when the heat load is small. Thus, when the heat load is higher than 400 W, the
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steady-state operating temperature is not affected by the amount of axial heat leak. When
the heat load is lower than 350 W, the effect of axial heat leak is important. The steady-
state operating temperature increases with increasing axial heat leak. The transition heat
load between the variable-conductance and the fixed-conductance modes increases with

increasing axial heat leak.
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Fig. 6.26: Effect of axial heat leak on the steady-state operating temperature.
(Tyx =5 °C, T,,,, =19 °C, zero elevation, and smooth annular correlation)



162
Radial Heat Leak

Similarly, the effect of radial heat leak on the performance of a LHP is studied by
changing the radial heat leak obtained from the baseline configuration manually. Four
different cases are studied: the baseline configuration and three other cases assuming that
the radial heat leak is one tenth, three times, and five times that obtained from the
baseline configuration. The trends of steady-state operating temperature for the four

different cases are shown in Fig. 6.27.
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Fig. 6.27: Effect of radial heat leak on the steady-state operating temperature.
(Tyue =5 °C, T,,,, =19 °C, zero elevation, and smooth annular correlation)
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Radial heat leak refers to the heat conducted across the primary wick, into the
evaporator core, and then on to the reservoir. The amount of axial heat leak obtained
from the baseline configuration depends on the pressure difference across the primary
wick and the effective thermal conductivity of the primary wick. The primary wick in the
baseline configuration is made of nickel and has a thermal conductivity of 93.0 W/m-K.
The effect of radial heat leak is important throughout the whole range of the heat load. It
can be observed from Fig. 6.27 that a higher heat leak leads to a higher steady-state

operating temperature.

6.2.7 Effect of Two-Phase Pressure Drop Correlations

The effect of two-phase pressure drop correlations on the performance of a LHP
is studied. The baseline configuration is applied as the input parameters with five two-
phase pressure drop correlations. In the baseline configuration, instead of using the two-
phase multiplier, the Traviss two-phase heat transfer correlation is used in this study.
This makes the comparison more accurate, because the two-phase heat transfer
calculation using Traviss correlation is independent of the two-phase pressure drop
correlation. The trends of steady-state operating temperature for the five correlations are
shown in Fig. 6.28.

When the heat load is at the lower end (< 75 W) or higher end (= 500 W), the
differences of the steady-state operating temperature among the five different correlations
are minimal. When the heat load is at moderate level, the effect of two-phase pressure

drop correlations is noticeable. Basically, different two-phase pressure drop correlations
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result in different frictional two-phase pressure drops (see Fig. 6.29). This in turn
changes the radial heat leak across the primary wick: the higher the pressure drop, the

greater the radial heat leak.
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Fig. 6.28: Effect of two-phase pressure drop correlations on the steady-state operating
temperature. (7y,, =5 °C, T,,,, =19 °C, and Ananiev correlation)

When the heat load is small (< 75 W), the two-phase length in the condenser is
short and the frictional two-phase pressure drop is not important in the total pressure drop.
Thus, there is almost no effect of two-phase pressure drop when the heat load is smaller
than 75 W. On the other end when the heat load is high (> 500 W), the mass flow rate

in the system is high. A small temperature difference between the liquid temperature
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exiting the liquid line, 7L, , , and the steady-state operating temperature, T, , can

bring enough liquid subcooling to balance the difference of the heat leak caused by the
difference of the frictional two-phase pressure drop. Therefore, only a small steady-state
operating temperature difference can be observed when the heat load is higher than 500
W. When the heat load is increasing between 75 W and 500 W, the frictional two-phase
pressure drop is an important component in total pressure drop and the mass flow rate in
the system is moderate. With the combination of these two characteristics, the effect of
two-phase pressure drop correlations on the performance of the LHP becomes significant.

Fig. 6.29 shows the frictional two-phase pressure drop as a function of heat load
for five different pressure drop correlations. The constant smooth correlation predicts the
lowest frictional two-phase pressure drop while the Wallis correlation predicts the highest.
When the heat load is around 900 W, the ratio of frictional two-phase pressure drop to
total system pressure drop predicted by the Wallis correlation is around 70 % while that

predicted by the constant smooth correlation is around 40 %.
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6.2.8 Effect of Insulation of the Reservoir

The effect of insulation of the reservoir on the performance of a LHP is studied.
The baseline configuration is applied as the input parameters with or without insulation
of the reservoir. The trends of steady-state operating temperature are shown in Fig. 6.30.

From the energy balance equation of the reservoir, the amount of heat leak must

be balanced with the amount of subcooling and the amount of heat exchange with the
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ambient. The heat exchange between the ambient and the reservoir is assumed to be
through natural convection, and depends strongly on the temperature difference. When
the heat load is higher than 350 W in Fig. 6.30, insulation of the reservoir has almost no
effect on the steady-state operating temperature. At the highest heat load around 910 W,
a small effect can be seen because the temperature difference between the steady-state
operating temperature and the ambient temperature is significant.

If the reservoir is insulated, there is no heat exchange with the ambient and the
amount of heat leak must be balanced with the amount of subcooling only. Depending on

the steady-state operating temperature, T, , the ambient may act like a heat sink
(Toor >T,y5 ) or like a heat source ( Ty, <7, ) to the reservoir. Thus, when

T

Ssor

>T

".ws» insulation of the reservoir makes the steady-state operating temperature

higher than the case with no insulation, and the situation is opposite when T, <7, -
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Fig. 6.30: Effect of insulation of the reservoir on the steady-state operating
temperature. (7y,, =5 °C, T,,,, =19 °C, and zero elevation)

6.3 CONCLUSION OF PARAMETRIC STUDY OF LOOP HEAT PIPES

A LHP is a complex two-phase heat transfer device that is very sensitive to many
parameters. A slight change of one parameter may result in a considerable difference in
the steady-state operating temperature. In addition, it may take a couple of hours to
achieve a steady-state condition. The effect of a parameter on the performance of a LHP

may be important only when the heat load is low or only when the heat load is high or it
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may be important over the entire range of the heat load. Nevertheless, all the parameters
have direct or indirect impact on the energy balance of the reservoir, Q,, =0, , + Oy .
Table 6.3 summarizes the effects of different parameters on the performance of a LHP

qualitatively. The LHP performances listed in the table include the steady-state operating

temperature, the transition heat load between the variable-conductance and fixed-

conductance modes, QC, the heat load corresponding to the minimum steady-state
operating temperature, Q'M, and the effect of the studied parameter at different ranges of
the applied heat load.

The effects of different parameters on QC and QM are very complicated and

determined by ambient temperature, the amount of heat leak, the amount of liquid
subcooling brought back from the liquid line to the reservoir, the mass flow rate, the sink

temperature, and physical setup of the LHP. It is very difficult to predict the change of
QC and QM by intuition. Therefore, the present steady-state mode provides a unique tool

to study the effects of various parameters in the design stage.



Table 6.3: Summary of the effect of various parameters on the performance of a LHP.

pressure drop

Insulation of the Reservoir

T (Tssor > Tyus)
‘L (Tssor > Tous)

D)

Change of Low Medium High : :
Parameter parameter Tssor O ipp O ipp Q ipp Oc Ou
Sink temperature, T, 0 0 (-] Q@ @ J \2
Ambient temperature, T, 0 0 . [ O 0 0
Elevation (adverse: -, positive: +) ) J . G O J \s
External thermal conductance
of the condenser, (4,4, /L) T v O - ® T T
Axial heat leak, O, , 0 0 ® (- O 0 0
Radial heat leak, O, , 0 0 (- o (- 0 l
Inner two-phase

heat transfer coefficient T v O G . T T
Frictional two-phase A 2 O . G A !

T : Increase, ¥ : Decrease, ‘: Strong influence, G: Moderate influence, O: Little influence, ==: Not applicable.
Low Q,p: 0~ 100 W, Medium Q,,,, : 100 — 400 W, HighQ,,, : 400 — 1000 W.

Q.. : Transition heat load between variable-conductance and fixed-conductance modes

0,, : Heat load corresponding to the minimum steady-state operating temperature

0LT
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Chapter 7

DISCUSSION OF RESULTS

The results discussed in this section are divided into three parts. The first part is
the neutron radiography and neutron radioscopy results, which are used to demonstrate
the ability of using neutron imaging as a tool to enhance both the design and the
modeling of a LHP. The second part is the results of the loop heat pipe temperature tests,
which are used to describe the characteristics of the test loop. The last part is the
comparisons of the LHP temperature tests and the predicted results calculated by the
proposed steady-state model. Due to physical restrictions on the flexible tubing, the test

LHP could be operated only between 5-inch positive and 5-inch adverse elevations.

7.1 NEUTRON RADIOGRAPHY TESTS

Neutron radiography and radioscopy were employed in order to see through the
aluminum casing of the LHP and to visualize the working ammonia flow within. The
neutron beam facility at the Radiation Science and Engineering Center, The Pennsylvania
State University, was utilized for these experiments. Most experiments were done with
neutron radioscopy to observe the change of the flow condition in the LHP in real time.
Some films were also taken using neutron radiography to observe the characteristics of
steady-state conditions. Several key issues and findings were identified through the

observations of neutron radiography.
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7.1.1 Real Time Tests (Neutron Radioscopy)

Neutron radioscopy can be used to monitor the loop while it is operating.
Dynamic and transient phenomena can be identified by neutron radioscopy. Radioscopic
images were recorded on high-resolution videotape. Real-time difference images were
used to qualitatively study the change in ammonia distribution.

One neutron radioscopic image of the reservoir is shown in Fig. 7.1. This image
shows the details inside the reservoir, including the liquid level in the reservoir and the
details of the bayonet. The aluminum and stainless steel portions of the LHP are
essentially transparent to the neutrons. The ammonia and cooling water are sufficiently
attenuating to produce good contrast, even in two-phase flow. This technique has great
potential to help resolve issues of LHPs, including pressure oscillations, temperature

hysteresis, start-up, and transient problems.

Evaporator

Reservoir

Fig. 7.1: Neutron radioscopic image of the reservoir and the evaporator.
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7.1.2 Neutron Radiography Tests

Neutron radiography is the more traditional technique of exposing a film to the
neutron beam. Due to the long exposure time (several minutes), neutron radiographs are
useful only for steady-state operation or for long time averages. The radiographic
method gives higher spatial resolution than the radioscopic method, but provides no
temporal information. These radiographs show more detail than the radioscopic pictures.
A sample radiograph, which shows details of the reservoir and the evaporator, is provided

in Fig. 7.2.

Primary wick
vapor path

Evaporator

Reservoir

Fig. 7.2: Neutron radiograph of the reservoir and evaporate regions.
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7.1.3 Observations Made by Neutron Radiography and Radioscopy

From the results obtained with neutron radiography and radioscopy, operating
characteristics like reverse flow in the liquid line or two-phase flow in the vapor line

were observed; these are discussed as follows.

Reverse Flow:

The flow of the working fluid in the liquid line is sometimes opposite to the
normal flow direction, as observed with neutron radiography. This is a transient
phenomenon, observed only when there’s a sudden drop of applied heat load, e.g., when
the heater is turned off. With less heat load, the liquid-vapor interface moves toward the
inlet of the condenser, which draws back liquid downstream of the interface from the
evaporator core. This interface self-adjusting phenomenon causes reverse flow in the

loop.

Two-Phase Flow in the Liquid Line:

Under certain operating conditions, the liquid line may be filled with vapor or
two-phase fluid rather than liquid. These conditions include when the sink temperature is
higher than the ambient temperature, and at transient operating conditions (after
adjustment of the heater power or the sink temperature). These phenomena were
observed by neutron radioscopy as shown in Fig. 7.3. These observations agree with the

predicted results of the steady-state model.
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Heater

Evaporator

Fig. 7.3: A sample neutron radioscopic image of the liquid line demonstrating two-
phase flow in the liquid line. (Transient condition with decreasing heat load.)

Location of the liquid-vapor interface:

Observations like the location of the liquid-vapor interface in the condenser and
the liquid level in the reservoir at different heat loads were also identified by neutron
radioscopy. When the LHP is operating in the fixed-conductance mode, the liquid-vapor
interface in the condenser is observed to consistently occur near the condenser exit. This
observation agrees with the analysis and predicted result of the steady-state model.

Details of these discussions can be found in reference [Cimbala et al. 2001].

Two-phase flow in the vapor line (gravity-assisted operating theory):

To wvalidate the proposed operating theory at positive elevation, neutron

radiography was used to examine the LHP vapor line. Images were taken at different
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heat loads with a positive elevation of 4 inches (102 mm). The images from neutron
radioscopy are difficult to interpret without knowing the physical setup of the LHP in

front of the neutron camera, therefore a picture of the setup is shown in Fig. 7.4.

eutron Camera

Insulated

Liquid Line

Fig. 7.4: A picture of the LHP setup in front of the neutron camera.

Fig. 7.5 shows images from neutron radioscopy taken at steady-state conditions
when the heat load is equal to 5, 25, 70, 150, and 300 watts, respectively. These images
give qualitative information of what happens in the vapor line. When the heat load is
equal to 5 W, liquid chunks in the vapor line can be easily observed, and the flow pattern
is slug flow (Fig. 7.5a). As the power is increased to 25 W, liquid slugs could still be

observed in the vapor line (Fig. 7.5b). However, the slug at 25 W is lighter than that at 5
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W, indicating less liquid. From the neutron radioscopy, it is observed that the slug travels

at a higher speed with the heat load equal to 25 W than with the heat load equal to 5 W.

\

Liquid film

\

Liquid film

1.

Fig. 7.5: Images from neutron radioscopy when the heat load is equal to a) 5 W, b) 25
W, ¢) 70 W, d) 150 W, and e) 300 W at 4-inch positive elevation.
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As the heat load is further increased from 25 to 70 W (Fig. 7.5¢), the flow pattern

changes from slug flow to stratified flow. Instead of liquid slugs, a thin liquid film at the
bottom of the tube is consistently observed. When the heat load is further increased to
150 W, this liquid film at the bottom can still be observed (Fig. 7.5d), although it is
thinner than that in Fig. 7.5¢). As the power is further increased to 300 W (Fig. 7.5¢e), the
liquid disappears completely and the vapor line is filled with 100% vapor. In this test, the
LHP operates in the gravity-controlled mode when the heat load is equal to or less than
150 W, and in the capillary-controlled mode when the heat load is equal to or greater than
300 W. The transition heat load fell somewhere between 150 and 300 W. The
observations from the images of neutron radioscopy agree very well with the proposed

gravity-assisted operating theory.

7.2 ANALYSIS OF THE EXPERIMENTAL DATA

To obtain reliable experimental test data, a substantial understanding of how a
LHP works is necessary. For the past three years, by gaining more and more knowledge
of LHPs, the author made changes to the procedures of taking experimental data. As
discussed previously, the performance of a LHP is very sensitive to many parameters,
like the setup of the LHP, the environment, applied heat load, etc. To ensure that the
experimental data were reliable, the following guidelines were followed when performing

the experiment.
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Orientation of the test LHP:

The condenser was horizontally oriented at all times for a fixed elevation of the
liquid-vapor interface in the condenser. The elevation refers to the vertical distance
measured physically between the center of condenser tubes and the center of the
evaporator. The evaporator/reservoir assembly was always placed horizontally. In other
words, there was no tilt of the evaporator and the reservoir. The evaporator was
connected to the reservoir with an offset rather than in the center (see Fig. 7.6b). This
design is to ensure that the liquid level in the reservoir is higher than the evaporator.
Therefore, the evaporator/reservoir assembly was placed as the position shown in

Fig. 7.6b) throughout the entire study.

a) Top-view

Evaporator ] Reservoir

b) Side-view

Reservoir
Evaporator |

Fig. 7.6: A schematic of the evaporator and the reservoir. (Not to scale)

Sink temperature and cooling water volume flow rate:

The sink temperature was fixed for a set of experimental data. This was
controlled by the recirculating chiller. Also, the volume flow rate of the cooling water

was controlled to be 1.1+ 0.1 GPM by a valve.
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Ambient temperature:

Without a fixed ambient temperature, a real steady-state condition could never be
achieved. However, since a set of experimental data usually took more than 24 hours to
complete, it was extremely difficult to control the ambient room temperature. An
environmental chamber with an air-conditioner was therefore constructed and used to

control the ambient temperature.

Applied heat load:

The applied heat load is the driving force of the LHP. For a reliable set of steady-
state data, the heat load applied to the evaporator must be steady. A Variac and a watt
meter were used to control and measure the heat load applied to the evaporator. The
evaporator and strip heater assembly was insulated at all times to ensure minimum heat

loss from the strip heater to the ambient.

Steady-state operating temperature:

The steady-state operating temperature (SSOT) of the LHP refers to the reservoir
temperature when the LHP achieves a steady-state condition. In the experiments, the
criterion for a steady-state condition to have been achieved is that the operating

temperatures measured on the reservoir changed by no more than 0.5 °C over 25 minutes.

Period of the experiment:

When the heat load is low, the LHP may take hours to achieve steady-state
conditions. Thus, with a study of the whole range of the heat load, an experimental set of
data usually took more than 24 hours to complete. The reliability of a steady-state

experimental data set with a short experimental time period is questionable.
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Preconditioning:

It was found that the performance of the LHP depends greatly on the
preconditioning of the system, which determines the vapor quality in the evaporator core.
This is the most ambiguous guideline to follow because there is no way to verify the
vapor quality in the evaporator core. Different vapor quality in the evaporator core
would result in different LHP performances. Thus, to ensure uniformity of the
experimental sets, the rig sat idle for more than two nights between each experiment. In
addition, the chiller and the environmental chamber were turned on more than 2 hours

before applying any heat to the evaporator.

7.2.1 Experimental Study of Steady-State Operating Temperature at Different
Elevations

After the flow visualization study (discussed in Section 7.1.3), detailed steady-
state experiments for the LHP operating at different elevations were performed. To
ensure similar vapor quality in the evaporator core, the following precondition was
consistently used for all the experimental data sets: right at the beginning of each data set,
high power (700 W) was applied for more than 30 minutes. The sequence of the heat
load applied to the evaporator was 10, 25, 40, 70, 100, 150, 200, 300, 400, 500, and 700
W. The actual heat load was measured by a watt meter and might vary slightly from one
data set to another because it was difficult to adjust the Variac to the same reading every
time. Each experimental data set took more than 24 hours to complete, because it took
more than 4 hours to achieve a steady-state condition when the heat load was extremely

low.
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To improve the accuracy of the data, some components of the LHP were insulated.
As described previously, the evaporator and strip heater assembly was always insulated
to control the heat load applied to the LHP. The reservoir was also insulated. Therefore,
the amount of heat leak from the evaporator must be balanced by the amount of
subcooling brought back from the liquid line, as seen in Eq.4.2. To prevent any
condensation or evaporation from occurring in the vapor line, the vapor line was
insulated also.

The inlet temperature of the cooling water supplied by the chiller was set at 5 °C.
Because the cooling water tube and condenser plate were open to the ambient air, there
was heat gained from the ambient. Therefore, the actual sink temperature depended on
the heat load and was slightly higher than 5 °C. The ambient temperature of the LHP was
controlled by the environmental chamber and was set to 18.5+ 0.5 °C.

Experiments at five elevations: 2-inch adverse, zero, 1-inch, 3-inch, and 5-inch
positive elevations, were performed. The results of the measured heat load and
temperatures at these five elevations are listed in Table 7.1, Table 7.2, Table 7.3,
Table 7.4, and Table 7.5, respectively. Trends of steady-state operating temperature,
temperature exiting the condenser and the liquid line, and ambient temperature at 2-inch
adverse, zero, l-inch, 3-inch, and 5-inch positive elevations, are plotted in Fig. 7.7,
Fig. 7.8, Fig. 7.9, Fig. 7.10, and Fig. 7.11, respectively. These data sets agree with the
trends presented in Section 4.1.2 for zero or adverse elevation and in Section 4.2.3 for

positive elevation.
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Table 7.1: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at 2-
inch adverse elevation.

1

Step 2 3 4 5 6 7 8 9 10 11
QAPP (W)| 9.0 | 24.0 | 41.0 | 71.0 | 100.0 [153.0|197.0|302.0 |396.0|507.0 | 698.0
Tyor (°C) 27.1 2522392241207 | 184 | 168 | 157 | 17.1 | 20.2 | 25.3
TLyr (°C) 20.7 | 188 | 18.1 | 16.7 | 156 | 13.8 | 13.0 | 12.7 | 144 | 17.1 | 21.9
TCyyr (°C) 80 | 7.3 | 7.1 72 | 7.1 70 | 7.1 91 | 123|163 | 223
T, (°C) 18.7 | 18.7 | 18.5| 18.6 | 18.7 | 184 | 18.6 | 185 | 18.5 | 18.6 | 184
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Fig. 7.7: Trends of steady-state operating temperature, temperatures exiting the liquid
line and the condenser, and ambient temperature as functions of heat load.

(Tyue =5 °C, 2-inch adverse elevation, insulation on evaporator, reservoir, and vapor

line)
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Table 7.2: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at

zero elevation.

Step 1 2 3 4 5 6 7 8 9 10 11
QAPP (W)| 9.0 | 26.0 | 37.0 | 69.0 |{100.0[150.0|203.0{299.0|400.0|498.0|703.0
Tyor (°C) 233221 [ 21.7]206|193 | 17.7 | 16.0 | 155 | 17.4 | 199 | 254
TLyyr (°C) 19.1 | 187 | 184 | 17.1 | 156 | 14.1 | 13.1 | 129 | 14.7 | 17.3 | 21.7
ICyyr (°C) 79 | 7.5 74 | 7.2 7.1 7.3 7.4 93 | 13.1 | 16.6 | 22.1
T,s (°C) 185|185 | 18.6 | 185 | 185 | 185 | 186 | 185 | 18.5 | 189 | 18.8
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Fig. 7.8: Trends of steady-state operating temperature, temperatures exiting the liquid
line and the condenser, and ambient temperature as functions of heat load.

(Tyux =5 °C, zero elevation, and insulations on evaporator, reservoir, and vapor line)
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Table 7.3: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at 1-
inch positive elevation.

Step 1 [ 2 [ 3] 47567 8 [ 9 [ 10 ] 11
O.pp (W) 11.0 | 23.0 | 40.0 | 70.0 | 101.0 [ 153.0 | 199.0|300.0 | 397.0 [ 498.0 | 683.0
Tyor (°C) 22.8 | 22.3 1209 | 203 [ 19.0 | 17.3 | 163 | 15.5 | 17.4 | 19.9 | 25.3
TLoyr (°C) 18.9 | 18.7 | 183 | 17.1 | 15.7 | 14.1 | 13.4 | 133 | 149 | 17.5 | 21.8
TChy (°C) 74 | 72 | 70 | 71 | 7.1 | 7.1 | 73 | 93 | 129 | 16.7 | 22.3
To (°C) 17.8 | 17.8 [ 17.9 | 18.1 | 18.1 | 182 | 18.4 | 18.4 | 18.5 | 18.7 | 19.0
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Fig. 7.9: Trends of steady-state operating temperature, temperatures exiting the liquid
line and the condenser, and ambient temperature as functions of heat load.

(Tyue =5 °C, l-inch positive elevation, and insulations on evaporator, reservoir, and
vapor line)
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Table 7.4: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at a
3-inch positive elevation.

Step 1 [ 2 [ 3] 47567 8 [ 9 [ 10 ] 11
O.pp (W) 11.0 | 25.0 | 41.0 | 69.0 | 103.0[148.0|199.0|301.0|401.0 [ 502.0 | 685.0
Tyor (°C) 179 | 17.2 | 17.1 | 173 | 17.0 | 16.9 | 16.1 | 155 | 17.4 | 202 | 25.3
TLoyr (°C) 17.0 | 159 | 15.7 | 15.8 | 154 | 143 | 133 | 13.4 | 154 | 17.7 | 21.9
TChyy (°C) 7.0 | 70 | 70 | 7.1 | 72 | 7.1 | 73 | 94 | 134 | 17.0 | 224
Tos (°C) 18.0 | 17.9 [ 18.0 [ 17.9 [ 18.0 | 17.9 | 17.9 | 18.1 | 18.4 | 18.6 | 19.3
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Fig. 7.10: Trends of steady-state operating temperature, temperatures exiting the liquid
line and the condenser, and ambient temperature as functions of heat load.

(Tyue =5 °C, 3-inch positive elevation, and insulations on evaporator, reservoir, and
vapor line)
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Table 7.5: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at 5-
inch positive elevation.

Step 1 2 7 8 9 10 11
0.,p (W) 10.0 | 24.0 203.0|304.0 | 404.0 | 500.0 | 698.0
Tyor (°C) 12.8 | 124 15.0 | 159 | 174 | 20.1 | 25.6
TLyr (°C) 12.7 | 11.8 12.6 | 12.7 | 155 | 182 | 22.5
TC,yr (°C) 69 | 6.9 7.3 91 | 14.1 | 173 | 223
T, (°C) 18.5| 18.5 183 | 183 | 183 | 18.6 | 18.6
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Fig. 7.11: Trends of steady-state operating temperature, temperatures exiting the liquid
line and the condenser, and ambient temperature as functions of heat load.

(Tyuk =5 °C, 5-inch positive elevation, and insulations on evaporator, reservoir, and

vapor line)
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Fig. 7.12 shows a comparison of the steady-state operating temperature as a
function of heat load at different elevations. The steady-state operating temperature was
obtained by averaging the temperatures measured by four thermocouples on the reservoir
(see Fig. 3.1 for details) with an accuracy of + 0.5 °C. It is clear that for all five
elevations, the transition heat load between the fixed-conductance and the variable-

conductance modes was between 300 and 350 W.
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Fig. 7.12: Comparison of steady-state operating temperature as a function of heat load
at different elevations. (7,, =5 °C and insulations on evaporator, reservoir, and
vapor line)
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From the data analysis, the actual average sink temperature was around 6.5 °C

instead of 5 °C because of the heat gain from the ambient and working fluid. The

maximum heat transfer coefficient of the LHP, (UA)LHP, was calculated to be 37.5+ 1.0

W/K. The overall trends of the experimental data at different elevations agree with the
results predicted by the steady-state model presented in Section 6.2.3. The steady-state
operating temperature increases with increasing adverse elevation or decreasing positive
elevation. FElevation has significant influence when the heat load is low, but little
influence when the heat load is high. The transition heat load between the capillary-
controlled mode and the gravity-controlled mode increases with increasing positive
elevation. The transition heat load corresponding to 1, 3, and 5-inch positive elevation is
between 40 and 70 W, 100 and 150 W, and 200 and 300 W, respectively.

The fluid temperature exiting the condenser, 7C,,,, , as a function of heat load at

different elevations is plotted in Fig. 7.13. This temperature was physically measured by
a thermocouple with an accuracy of + 0.5 °C at a location 0.5 inches downstream of the
exit of the condenser. In Fig. 7.13, it is seem that the fluid temperature exiting the
condenser was not a function of elevation. Because the temperature was measured 0.5
inches downstream of the condenser, the temperature measured might be slightly
different than the actual temperature exiting the condenser, especially when the mass
flow rate in the system is extremely small. This explains why the fluid temperatures at 2-
inch adverse and zero elevation were slightly higher than those at positive elevation when

the heat load was lower than 50 W in Fig. 7.13.
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Fig. 7.13: Comparison of fluid temperature exiting the condenser, 7C,
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From theoretical analysis, the temperature exiting the condenser depends mainly

on the saturation temperature and applied heat load for the same condenser operating

conditions, like cooling water temperature and volume flow rate. When the heat load was

lower than 200 W in Fig. 7.13, the vapor was quickly condensed back to liquid and then

subcooled to a temperature close to the sink temperature.

From a point of view

concerned with the performance of the condenser, this operating condition is referred to

as the variable-conductance mode. In contrast, when the heat load was higher than 300
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W in Fig. 7.13, the vapor was fully condensed back to liquid almost at the end of the

condenser and then slightly subcooled. The temperature exiting the condenser follows

the trend of the steady-state operating temperature.
Fig. 7.14 shows the fluid temperature exiting the liquid line, 7L, , as a function
of heat load at different elevations. This temperature was physically measured by a

thermocouple with an accuracy of £ 0.5 °C at a location 0.5 inches upstream of the exit

of the liquid line, just before the entrance to the reservoir.
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Fig. 7.14: Comparison of fluid temperature exiting the liquid line, 7L, , as a function

of heat load at different elevations. (7j,, =5 °C and insulations on evaporator,
reservoir, and vapor line)
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The fluid flowing in the liquid line exchanges heat with the ambient by natural
convection. Thus, the temperature exiting the liquid line depends on inlet temperature,
mass flow rate, heat transfer coefficient, and ambient temperature. Since inlet

temperature, 7C,,,, , was consistent for different elevations, and ambient temperature was

UT »
controlled by the environmental chamber and varied within 0.5 °C, the temperature
exiting the liquid line depended only on mass flow rate in the LHP. An operating
condition with a lower mass flow rate resulted in a greater temperature difference
between the inlet and exit temperatures.

In Fig. 7.14, the fluid temperature exiting the liquid line for 2-inch adverse, zero,
and 1-inch positive elevation conditions was very consistent. For 2-inch adverse and zero
elevation conditions, the LHP was always operating in the capillary-controlled mode.
Thus, the mass flow rate depended only on applied heat load and heat of vaporization,
and should be consistent. For 1-inch positive elevation, experimental data show that the
test LHP is insensitive to small elevations, like 1 inch, and the operating conditions are
similar to zero elevation.

When the LHP was operated at 3-inch or 5-inch positive elevations, the trends of
the fluid temperature exiting the liquid line were obviously different from those of 2-inch
adverse, zero, and l-inch positive elevations. The transition heat load between the
capillary-controlled mode and gravity-controlled mode was around 100 W and 200W for
3-inch and 5-inch positive elevation, respectively. The trends agree with the theoretical

analysis presented in Section 4.2.3.
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7.2.2 Study of Temperature Hysteresis

Temperature hysteresis is identified by the fact that the steady-state operating
temperature depends not only on the imposed heat load but also on the previous history
of the heat load variation and pre-conditioning. The phenomenon of temperature
hysteresis was observed in the test LHP at different elevations. Fig. 7.15 shows the
steady-state operating temperature, the temperature exiting the liquid line and the
condenser, and the ambient temperature as functions of heat load when the LHP was
operated at 3 '2-inches adverse elevation. The results of the measured heat load and
temperature are listed in Table 7.6. The test LHP was allowed to lay still overnight
before the experiment. There were 13 steps of heat load performed in this experimental
data set, starting at 20 W (step 1), increasing gradually until 600 W (step 7), and then
following the same path back to 20 W (step 13).

In Fig. 7.15, the steady-state operating temperature followed the lower trend with
increasing heat load, and followed the upper trend with decreasing heat load. A 4 °C
magnitude of temperature hysteresis was observed in this data set. The temperature
exiting the condenser and the liquid line for the upper trend and lower trend did not show
significant hysteresis, except at steps 5 and 9. The higher steady-state operating
temperature (step 9) resulted in lower fluid temperature exiting the condenser and the
liquid line, because a greater temperature difference between the sink temperature and the
steady-state operating temperature required less condenser length to remove the same

heat load (300 W). However, when the heat load was low and the location of the liquid-
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vapor interface was well within the condenser (steps 1, 2, 3, 4, 10, 11, 12, and 13), the
fluid temperature exiting the condenser was always subcooled to sink temperature.

When the heat load was around 20 W in Fig. 7.15, the fluid temperature exiting
the liquid line was higher than the ambient temperature. A certain amount of heat was

conducted from the reservoir to the liquid line. Because temperature 7L,, was

measured at 0.5 inches before the end of the liquid line just upstream of the reservoir, and
the thermocouple was mounted on the outer surface of the tube. It is reasonable that the
measured liquid temperature exiting the liquid line is higher than the ambient temperature

when the mass flow rate in the LHP is small.
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Table 7.6: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at 3
2-inch adverse elevation.

Step 1 2 3 4 5 6 7 9 10 | 11 12 13
Opr (W)| 21 | 48 | 100 | 152 | 311 | 459 [ 598 | 450 | 303 | 150 | 96 | 50 | 20
Tosor (OC) 22.0122.1120.6119.3|117.7|121.3/24.6(21.3(19.9(22.3(24.4(26.1|26.3
TL,,r (OC) 21.5119.51159|14.1|113.8/15.0(20.1{15.0{12.0]14.2]16.6|19.7|22.0
1C, (OC) 7678|7778 11.2113.6(19.1|135|84 |76 | 77|79 | 80
T (OC) 19.1(19.7119.3120.7|121.8{21.3122.5/21.5/20.9|20.8(20.8120.4|20.4
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Fig. 7.15: Steady-state operating temperature, temperatures exiting the liquid line and
condenser, and ambient temperature as functions of heat load. (7,, =5 °C, 3 Y%-inch

adverse elevation, and insulation on the evaporator). The numbers represent steps in
the sequence of applying heat load.
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Fig. 7.16 shows the difference between the steady-state operating temperature and

the fluid temperature exiting the liquid line as a function of heat load. This temperature
difference represents the amount of subcooling, Q,., brought back by the liquid from the
liquid line to the reservoir. It is assumed in the energy balance equation of the reservoir

(Eq. 4.2) that the heat exchanged between the reservoir and the ambient, Q,_,, is through
natural convection and is substantially small compared to heat leak, QHL , and subcooling,

QSC. Thus, more subcooling brought back to the reservoir means more heat leak from

the evaporator to the reservoir.

In Fig. 7.16, when operated at the same heat load, the upper trend had higher heat
leak than the lower trend. This observation confirms that although the LHP is operated
with the same operating conditions including heat load, the heat leak from the evaporator
to the reservoir may be different and thus results in a different steady-state operating

temperature.
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Fig. 7.16: Difference between the steady-state operating temperature and the fluid
temperature exiting the liquid line as a function of heat load. (7, =5 °C, 3 %-inch

adverse elevation, and insulation on the evaporator). The numbers represent steps in
the sequence of applying heat load.

The phenomenon of temperature hysteresis was also investigated experimentally
when the test LHP was operated at zero and 3 's-inch positive elevation. The results of
the measured heat load and temperature when the LHP was operated at zero elevation are
listed in Table 7.7. Fig. 7.17 shows the steady-state operating temperature, temperature
exiting the liquid line and the condenser, and the ambient temperature as functions of

heat load when the LHP was operated at zero elevation.
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Table 7.7: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at
zero elevation.

Step 1 2 3 4 5 6 7 8 9 10 | 11 12 13
O, (W)| 20 | 51 | 100|154 | 296 | 458 | 600 | 444 | 310 | 148 | 98 |51.5|18.0
Tyor (°C)[23.6(23.0(21.3|19.7|17.7|20.5|24.6|21.0|19.7|22.9|24.2|25.1|25.3
TLyr (°C)|(22.6(19.9|16.5|14.8(13.3(18.8(20.2|15.4|12.7|15.1|16.8(20.1|23.4
1C, (OC) 8317978 781100(174(19.1|1139(89 | 7.8 | 7.8 |79 | 8.1
T (OC) 224122.6(22.3(122.8(22.7/123.1123.5(22.9122.5(22.5|22.3|122.4(23.4
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Fig. 7.17: Steady-state operating temperature, temperatures exiting the liquid line and
condenser, and ambient temperature as functions of heat load. (T,, =5 °C, zero
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sequence of applying heat load.

The numbers represent steps in the
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A maximum temperature hysteresis of 3.1 °C was observed in steady-state
operating temperature. The difference between the steady-state operating temperature
and the fluid temperature exiting the liquid line as a function of heat load is plotted in

Fig. 7.18.
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Fig. 7.18: Difference between the steady-state operating temperature and the fluid
temperature exiting the liquid line as a function of heat load. (7, =5 °C, zero

elevation, and insulation on the evaporator). The numbers represent the steps in the
sequence of the applying heat load.

The results of the measured heat load and temperature when the LHP was

operated at 3 '2-inch positive elevation are listed in Table 7.8 and plotted in Fig. 7.19.
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Table 7.8: Applied heat load, steady-state operating temperature, temperatures exiting the
liquid line and the condenser, and ambient temperature when the LHP was operated at 3
Y-inch positive elevation.

Step 1 2 3 4 5 6 7 8 9 10 | 11 12 | 13
QAPP (W)| 20 | 50 | 100 | 150 | 300 | 453 | 606 | 458 | 298 | 150 | 100 | 50 | 20
Tor (°C)[20.3119.5/20.2119.7|18.1|20.9|25.0|21.5|20.3|22.9|22.5|21.7|22.2
TL,r (°C)|15.0(13.7|14.5|13.913.1|18.8/20.9|16.0|12.1|13.9|14.3|14.5|15.9
TCyyr (°C)| 75|74 7475196 |17.1119.7|14.1|8.1 73|73 |75]|75
T, (°C)|22.8/23.0(23.3|23.1(23.1|23.4|23.6(23.2(23.0(22.8(22.4(23.7|24.1
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Fig. 7.19: Steady-state operating temperature, temperatures exiting the liquid line and
condenser, and ambient temperature as functions of heat load. (7, =5 °C, 3 Y-inch

positive elevation, and insulation on the evaporator). The numbers represent the steps
in the sequence of applying heat load.
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A maximum temperature hysteresis of 3.2 °C was observed in steady-state
operating temperature. The difference between the steady-state operating temperature
and the fluid temperature exiting the liquid line as a function of heat load is plotted in

Fig. 7.20.
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Fig. 7.20: Difference between the steady-state operating temperature and the fluid
temperature exiting the liquid line as a function of heat load. (7, =5 °C, 3 Y%-inch

positive elevation, and insulation on the evaporator). The numbers represent the steps
in the sequence of applying heat load.

Comparing the experimental data of temperature hysteresis obtained from
different elevations, it was very consistent that the upper trend of steady-state operating

temperature had higher heat leak than that of the lower trend. To further understand the
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phenomenon of temperature hysteresis, the heat leak from the evaporator to the reservoir
has to be studied comprehensively. Total heat leak consists of axial heat leak, which is
heat conducted axially from the evaporator to the reservoir, and radial heat leak, which is
heat conducted radially from the primary wick to the evaporator core and then to the
reservoir. Axial heat leak is relatively small compared to radial heat leak, except when
the heat leak is extremely small, and is determined by the evaporator temperature and
reservoir temperature. Radial heat leak is more complicated and depends on many
parameters, like temperature at the outer and inner surfaces of the primary wick, primary
wick effective thermal conductivity, and the vapor quality in the evaporator core. The
vapor quality in the evaporator core cannot be controlled externally and it determines the
amount of heat transferring into the reservoir. If the evaporator core is filled with liquid,
the radial heat leak is essentially zero because the heat transferred to the liquid in turn
flows back to the primary wick. However, if the evaporator core is filled with two-phase
fluid, heat transferred from the primary wick into the evaporator core increases the vapor
quality in it, and the vapor is then transported to the reservoir. Under this condition, the
amount of heat transferred from the primary wick to the fluid in the evaporator core
depends on the two-phase heat transfer coefficient in the evaporator core, which is a
function of void fraction. Therefore, a change of vapor quality in the evaporator core
results in a change in the amount of radial heat leak. This characteristic becomes a key
parameter that determines the performance of a LHP.

After careful review of the experimental data, the initiation of temperature
hysteresis happened at either step 9 (3 '2-inch adverse elevation) or step 8 (zero and 3 V2-

inch positive elevation). More specifically, temperature hysteresis began with a
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decreasing heat load because the location of the liquid—vapor interface receded into the
condenser and drew liquid from the evaporator core to the condenser. This action in turn
introduced more vapor from the reservoir to the evaporator core and resulted in higher
radial heat leak.

The above discussion explains the cause of temperature hysteresis qualitatively.
To further study the vapor quality in the evaporator core, the detailed design of the
secondary wick, including the configuration, material, and properties, has to be taken into
consideration. = However, information regarding secondary wicks is considered
proprietary to the vender. Thus, it was not possible to study temperature hysteresis
quantitatively, and no model could be formulated to predict the performance of

temperature hysteresis.

7.2.3 Study of Low-Power Start-Up Problem

A successful start-up of the LHP means that a forward flow of the fluid in the
system has been established. In other words, the circulation of the working fluid in the
outer loop, explained in Section 5.3, has to be functioning. In our experimental tests,
both successful and unsuccessful start-ups were experienced.

Fig. 7.21 shows an example of a successful start-up temperature profile when the
LHP was operated at zero elevation with both the evaporator and the reservoir insulated.
The temperature profile shown in Fig. 7.21 includes the working fluid temperatures
measured at the evaporator, reservoir, vapor line exit (0.5 inches before the condenser),

and condenser exit (0.5 inch after the condenser), the cooling water temperature, and the



204

ambient temperature. Before heat was applied to the evaporator, the chiller was turned
on and the condenser temperature changed from the ambient temperature to the sink
temperature. The sink temperature, condenser exit temperature, and vapor line exit

temperature reached steady condition before the LHP was started (12:30).
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Fig. 7.21: Successful start-up temperature profile when heat load was equal to 5 W.
(T =5 °C, zero elevation, and insulations on the evaporator and the reservoir)

A 5 W heat load was applied to the evaporator at 12:14 (hh:mm), and the LHP
was successfully started after 16 minutes (12:30). The successful start-up was identified
by two signs: sudden decrease of the temperature difference between the evaporator and

the reservoir, and sudden increase of the fluid temperature measured at the exit of the
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vapor line. Similar to pool boiling, wall superheat is required to initiate nucleate boiling.
Before the LHP was started, the heat was transferred via heat conduction and convection.
In this data set, when the superheat reached about 3.0 K, nucleate boiling in the
evaporator began and the temperature difference between the evaporator and the reservoir
decreased suddenly. After boiling started, heat was transferred from the evaporator body
to the working fluid much more efficiently than by conduction; thus, a smaller superheat
was required. The sudden increase of the fluid temperature at the vapor line exit
confirmed that the forward flow in the LHP was established. This is a typical start-up
temperature profile.

An example of an unsuccessful start-up temperature profile is shown in Fig. 7.22
when the LHP was operated at exactly the same operating conditions (zero elevation with
both the evaporator and the reservoir insulated). A 5 W heat load was applied to the
evaporator at 13:05, and the LHP was unsuccessfully started (inner loop only) after
around 28 minutes (13:33). In this data set, when the superheat reached about 4.5 K,
nucleate boiling in the evaporator began and the temperature difference between the
evaporator and the reservoir decreased suddenly. However, the fluid temperature at the
vapor line exit remained the same, close to the sink temperature. There was no sign of
forward flow in the LHP. The fluid temperature measured at the vapor line, condenser,
and liquid line remained unchanged, which meant the fluid was stagnant. This confirmed
that only the inner loop circulation of the working fluid, explained in Section 5.3, was

functioning.
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Because the evaporator and the reservoir were insulated, the heat had nowhere to

go and the temperature kept increasing after unsuccessful start-up. The heat load was

turned off after 2 hours and the evaporator and reservoir temperature was around 30 °C.
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Fig. 7.22: Unsuccessful start-up temperature profile when heat load is equal to 5 W.
(T =5 °C, zero elevation, and insulations on the evaporator and reservoir)

To further study the unsuccessful start-up, a specific preconditioning was used

before applying heat load to the evaporator.

Among four different start-up scenarios

proposed by Ku [1999], the worse case is that the vapor channel is flooded with liquid,

and the evaporator core is two-phase. Under this condition, the boiling process takes

place at the inner surface of the primary wick rather than the outer surface. Thus,a 10 W
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flexible heater tape was installed on the reservoir, and the reservoir was heated right
before the experiment. The purpose of heating the reservoir is to increase the local
pressure in the reservoir to force the liquid to flood the vapor channel.

An example of an unsuccessful start-up temperature profile is shown in Fig. 7.23
when the LHP was operated at 3 '2-inch positive elevation with only the evaporator
insulated. The small heater on the reservoir was turned on to heat up the reservoir before
the experiment. It was then turned off after the reservoir temperature was 5 °C higher
than the ambient temperature. Right after the small heater on the reservoir was turned off,
a 10 W heat load was applied to the evaporator at 11:16. The LHP was unsuccessfully
started (only inner loop) after around 16 minutes (11:32). In this data set, the superheat
required to initiate nucleate boiling was around 3.5 K. Again, no forward flow was
identified because the fluid temperature at the vapor line exit was much lower than the
saturation temperature in the reservoir. A sign of reverse flow was observed from the
temperatures measured at the condenser exit and vapor line exit when the LHP was
unsuccessfully started. Because the boiling process took place in the evaporator core, the
liquid in the evaporator core was pushed into the bayonet. This action developed a
temporary reverse flow in the liquid line, condenser, and the vapor line. Thus, the fluid
in the liquid line (at ambient temperature) went into the condenser (at sink temperature)
and the condenser fluid (at sink temperature) went into the vapor line (at ambient
temperature). This explains why the temperature at vapor line exit dropped while the
temperature at condenser exit increased when boiling occurred. After the temporary
reverse flow when incipient boiling occurred, the fluid in the vapor line, condenser, and

liquid line returned to their stagnation conditions.
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Fig. 7.23: Unsuccessful start-up temperature profile when heat load is equal to 10 W.
(Tgue =5 °C, 3 Ys-inch positive elevation, and insulation on the evaporator)

Although the outer loop circulation was not successfully started, the experiment
continued running and more heat load was applied to the evaporator for further study.
Fig. 7.24 shows the temperature profiles over 26 hrs of the start-up experiment. Four
different heat loads: 10, 20, 30, and 50 W, were applied to the evaporator successively.
After the incipient boiling in the evaporator core (11:32), the LHP took about three hours
to achieve steady state at temperature 36.1 °C and the evaporator superheat reached
around 1.5 K. Under this condition, the vapor generated in the evaporator core traveled

to the reservoir and then condensed back to liquid due to heat loss to the ambient. The
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entire heat load became heat leak from the evaporator to the reservoir because there was
no flow between the evaporator and the condenser (outer loop). The reservoir acted as a

condenser for this operation and the ambient became the heat sink.
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Fig. 7.24: Temperature and heat load profiles of whole period of start-up study.
(Tgne =5 °C, 3 Ys-inch positive elevation and insulation on the evaporator)

After the LHP reached a steady-state condition at 10 W, the heat load was then
increased to 20 W. Similar operating conditions continued, and there was still no flow
between the evaporator and the condenser. It took about four hours to achieve another
steady-state condition at temperature 45.0 °C, and the evaporator superheat reached

around 3.5 K. Then the heat load was further increased to 30 W. About one hour after
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the heat load was increase to 30 W, the LHP was successfully started when the
evaporator superheat reached around 4.5 K. A sudden increase of the temperature at the
inlet of the condenser confirmed that forward flow in the LHP had been established.
After the LHP successfully started, the temperatures of the evaporator and reservoir
dropped more than 16.7 °C within an hour. When the heat load was further increased to
50 W, the loop achieved a steady- state operating temperature of 26.7 °C after around 5

hours.

7.3 COMPARISON OF EXPERIMENTAL AND MODELING RESULTS

The experimental data were compared with the predicted results by the steady-
state model presented in Chapter 5 at three elevations: 3 '2-inch adverse, zero, and 3 V2-
inch positive elevations. The following input parameters were selected in the steady-state
model based on the experimental test conditions:

1. The external thermal conductance of the condenser, (h,A4,/L) ¢ in Eq. 5.21,

was assumed to be 11 W /(m-K).

2. The condenser cooling water was running at a volume flow rate of 1.0 gallon-

per-minute (GPM).

3. Only the evaporator was insulated to prevent any heat exchange with the

ambient.

4. The cooling water inlet temperature, 7,, , was measured to be around 6 °C

due to heat loss to the ambient. The ambient temperature, 7

" » Was input

depending on the measured ambient temperature.
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5. The constant smooth and the Ananiev correlations were used for two-phase
pressure drop and heat transfer calculations, respectively. The void fraction
calculated by the constant smooth correlation was used to obtain the

accelerational two-phase pressure drop.
6. Vapor superheat was considered in the vapor channel heat transfer calculation.
7. Both radial and axial heat leaks were considered in the heat leak calculation.

The results predicted by the steady-state model were compared with the experimental
data presented in Section 7.2.2.

Comparisons between the experimental and modeling results of steady-state
operating temperature and temperature exiting the liquid line and the condenser as
functions of heat load at 3 2-inch adverse, zero, and 3 "2-inch positive elevation
elevations are plotted in Fig. 7.25, Fig. 7.26, and Fig. 7.27, respectively.

The modeling results of the temperature exiting the liquid line and the condenser
agreed with the experimental data very well. Although the sink temperature was set at 5
°C, the lowest temperature of the working fluid exiting the condenser was around 7.5 °C
due to heat loss to the ambient. Temperature hysteresis was observed in three sets of
experimental data. The results predicted by the steady-state model followed the upper
trend of steady-state operating temperature when the LHP was operated at 3 !2-inch
adverse elevation. In contrast, the predicted results followed the lower trend of steady-
state operating temperature when the LHP was operated at zero or 3 's-inch positive

elevations.
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Fig. 7.25: Comparisons between the experimental and predicted results of steady-state
operating temperature and temperature exiting the liquid line and condenser as
functions of heat load. (Ty,, =5 °C, 3 %-inch adverse elevation, and insulation on the
evaporator)
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Fig. 7.26: Comparisons between the experimental and predicted results of steady-state
operating temperature and temperature exiting the liquid line and condenser as
functions of heat load. (7, =5 °C, zero elevation and insulation on the evaporator)
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Fig. 7.27: Comparisons between the experimental and predicted results of steady-state
operating temperature and temperature exiting the liquid line and condenser as
functions of heat load. (7T, =5 °C, 3 Y-inch positive elevation, and insulation on the
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7.4 SUMMARY OF RESULTS

In the early stage of this study, neutron radiography was utilized to observe the
operating characteristics inside the LHP. Successful observations were made through the
transportation lines, the condenser, and the reservoir. Different two-phase regimes in the
condenser, reverse flow in the liquid line, and condensation in the reservoir were
successfully observed. With the aid of neutron radiography, the newly formulated
gravity-assisted operating theory was confirmed.

Temperature tests of the LHP were performed throughout this study. The quality
of the experimental data consistently improved with better understanding of the LHP
operating characteristics. The parameters affecting the performance of the LHP, like sink
temperature, ambient temperature, heat load, and elevation, were all controlled and
monitored. Experiments were performed at different sink temperatures and elevations.

Temperature hysteresis was observed when the heat load was lower than 300 W at
different elevations. There are two trends of the steady-state operating temperature:
higher heat leak results in the upper trend, while lower heat leak results in the lower trend.
For the same operating conditions, the steady-state operating temperature might be
anywhere between the upper and lower trend depending on the vapor quality in the
evaporator core.

Studies of low-power start-up problems were also performed. For normal
operation, the minimum heat load and superheat required to start the LHP was around 5
W and 3.5 °C, respectively. With certain conditions, e.g., when the reservoir temperature

is higher then that of the evaporator, the minimum heat load to start the LHP can be
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higher than 10 W. When the LHP was not successfully started, only the inner loop was

operating to remove the heat load. Under this condition, the steady-state operating
temperature (50 °C) could be much higher than normal operation (20 °C). After the LHP
was unsuccessfully started, the minimum required heat load to start the outer loop was
around 30 W. After the outer loop was started, the LHP resumed normal operation, and
the steady-state operating temperature decreased rapidly.

The experimental data were also compared with the results predicted by the
steady-state model presented in Chapter 5 at different elevations. The predicted results
agreed with the experimental data reasonably well. The newly developed steady-state
model is the only available mathematical model that can predict the performance of a
LHP when it is operated at positive elevation.

Accurate prediction of the performance of a LHP is extremely difficult because it
involves empirical correlations of pressure drop and heat transfer calculations. In
addition, the current heat leak model, presented in Section 5.5.7, might not be accurate.
Radial heat leak is calculated from the difference of the saturation temperature across the
primary wick, which in turn depends on the local saturation pressure. This might be true
for the liquid flowing in the primary wick, but is not valid for the temperature distribution
in the wick material. A new heat leak model must be developed based on both liquid and

metal temperature distribution in the primary wick.
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Chapter 8

CONCLUSIONS AND RECOMMENDED FUTURE WORK

8.1 CONCLUSIONS

This study presents a theoretical and experimental study of loop heat pipes
(LHPs). The most significant result of this study is the discovery, development, and
modeling of the operating theory at gravity-assisted conditions. The operating
characteristics when the LHP is operating in the gravity-controlled mode are unique and
have never been studied before, neither experimentally nor analytically. In this study, the
gravity-assisted operating theory is explained thoroughly and the performance of a LHP
can be predicted analytically.

In addition, a non-invasive visualization tool (neutron radiography) was utilized
to see-through the test LHP. Numerous temperature tests were performed to study the
operating characteristics of steady-state and transient operation of a LHP. A steady-state
model with the capability to predict the performance of a LHP at different elevations was
also developed and studied.

The newly formulated gravity-assisted operating theory is presented and
incorporated in the steady-state model. The observations from neutron radiography
confirmed the operating characteristics when the LHP was operated in the gravity-

controlled mode. The predicted results agreed with the experimental data very well.
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In this study, neutron radiography was proven to be a useful visualization tool to
study the operating characteristics of a LHP. It would be an ideal tool to study specific
problems like temperature oscillation, which can be identified in the transportation line or
in the condenser. However, due to the construction of the evaporator, neutron
radiography was unable to see-through the evaporator. The operating conditions in the
evaporator core were unable to be identified, which is the key factor for several important
issues, like temperature hysteresis and low-power start-up. To see through the evaporator
core using neutron radiography, special design of the evaporator is required, including the
geometry, thickness, length, and material. With proper design, neutron radiography has
great potential for visualizing what is happening in the evaporator core.

Obtaining an accurate and reliable experimental data set of LHP temperatures is
very difficult because the performance of a LHP is sensitive to many parameters. Most
of the parameters can be easily controlled like heat load, elevation, and tilt. However,
ambient temperature is difficult to control, and vapor quality in the evaporator core
cannot be controlled at all. An environmental chamber with fine temperature control is
necessary to control the ambient temperature. Both cooling and heating abilities are
required to study the effect of ambient temperature on the performance of a LHP. It was
often found to be very frustrating that the same operating conditions resulted in different
steady-state operating temperatures. This was because the vapor quality in the evaporator
core was different and resulted in inconsistent heat leak from the evaporator to the
reservoir.

Modeling of LHP operation is very complicated because it involves two-phase

pressure drop and heat transfer, fluid flow through porous material, and boiling on a



219

porous surface. Without experimental measurement of pressure drop, mass flow rate, and
temperature in the LHP, it is impossible to verify the accuracy of the modeling results.
The steady-state model can be an ideal tool to study the performance of a LHP under
normal operating conditions. However, each LHP has its own features and designs,
which determine its own performance.

Currently, the main challenge and biggest unknown in the LHP community is
how to determine the radial heat leak from the evaporator to the reservoir, which is a
function of the temperature distribution in the primary wick, effective thermal
conductivity of the primary wick, vapor quality in the evaporator core, and design and
properties of the secondary wick. The design of the evaporator is the key factor
determining the performance of a LHP. The designs vary from company to company and
are not fully developed yet. Furthermore, they are proprietary, and therefore, no specific
information can be found in the open literature.

Despite the complexities and uncertainties, LHPs offer a potential solution to the
next generation’s thermal management problems. LHPs are the most reliable two-phase
heat transfer devices, and have very high thermal conductivity. Within 10 years, LHPs
may become the most popular device in the thermal management industry, both in space

and ground applications.

8.2 FUTURE WORK

This study initiated the research of LHPs at The Pennsylvania State University.

Both experimental and analytical work has been investigated thoroughly on an ammonia
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test LHP provided by Bechtel Bettis, Inc. A steady-state code was written based on the

general operating characteristics of a LHP. Solid understanding of the fundamental

operating characteristics of LHPs has been established. In the author’s opinion, the

following research directions can be investigated in the future:

1.

Design and build a LHP with sufficient devices to measure pressure drops
along the system, mass flow rate, and temperature distribution in the

evaporator.

Design and build an environmental chamber with the capability to control the
ambient temperature from 0 °C to 100 °C with an accuracy of +0.5 °C. It is
highly recommended that the environmental chamber can simulate both

natural convection and forced convection inside the chamber.

Study the vapor quality in the evaporator core. Neutron radiography can be
utilized to study a specially designed LHP, or the evaporator can be

constructed of transparent material.

Establish a better radial heat leak model based on heat load, temperature
distribution in the primary wick, orientation, properties of the primary wick,

and vapor quality in the evaporator core.

Develop a transient model of LHP operation using commercial software like

Sinda/Fluint or computational fluid dynamics (CFD) codes.
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Appendix A

STUDY OF LIQUID SUPERHEAT IN THE PRIMARY WICK

The necessary requirement for a bubble to exist in a liquid is that the liquid must
be superheated. The amount of superheat depends on the size of the bubble and the
properties of the working fluid. A drawing of a bubble in a liquid is illustrated in

Fig. A.1.

TP, )
T,P

Liquid &2
Vapor

Fig. A.1: Drawing of a bubble in a liquid.

The temperature and pressure in the vapor and liquid can be written as:

TL :Tg :Tf
2 (A1)
F, -P, =

From the thermodynamic analysis using a pressure-temperature diagram, the amount of
superheat can be derived. Fig. A.2 illustrates the liquid and vapor thermodynamic states

on the pressure-temperature diagram.
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Saturation line

Py evaluate at 7

R #State of vapor

Pressure

f-----eState of liquid

LIQUID

VAPOR

v

T, SAT T f
Temperature

Fig. A.2: A sample pressure versus temperature diagram.

The pressure difference between the vapor and P, , can be calculated by:

P 20
PSAT,f - Pg = (p—_gp)(T) (A2)
L g

Thus, the amount of superheat required for the existence of a vapor with a radius » can be

obtained from the Clausius-Clapeyron Equation (Eq. 4.7):

(PSAT/'_PL) 20 o T(Vg _VL)
AT, =T, -T, =—"—+=— ‘
seens (dP/dT) r [pL—pg A (A-3)

SAT

Since the liquid density is usually much higher than the vapor density, the

superheat can then be written as:

ATSH:Q__O-{T(Vg—VL)J (A4)
r A
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From the analysis above, a sample calculation of the superheat required for a
bubble to exist in the primary wick is performed. It is assumed that the radius of the

vapor bubble is equal to the pore radius of the primary wick (1.6 xm), and the properties

are those at 25 °C. The amount of superheat is calculated to be:

]zl.()l K (A5)

A 1.6x10°m 1.1664x10°J/kg

25 (T(v,=v.)] 2x0.0249N/m (298K x0.127m’/kg
AT, =22 - x
p

Therefore, the minimum liquid superheat required for boiling to occur in the
primary wick is around 1 K. If the liquid temperature is less than 1 K superheated, it

exists inside the primary wick as superheated liquid.
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Appendix B

PROPERTIES OF AMMONIA

All of the working fluid properties utilized in the steady-state code are functions
of fluid temperature, and are curve-fitted from National Institute of Standards and
Technology (NIST) data. These properties include saturation pressure, liquid density,
liquid viscosity, vapor density, vapor viscosity, surface tension, latent heat, liquid thermal
conductivity, vapor conductivity, liquid specific heat, and vapor specific heat. They are
expressed as a function of saturation temperature in the form of 5" order polynomial
equations, and are plotted in Figs. B.1 to B.12. The polynomials in the equations shown
in the figures have only three significant digits while the properties utilized in the steady-

state model have more than 8 significant digits.
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Fig. B.1: Pressure of saturated ammonia.
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Fig. B.2: Temperature change/ Pressure change of saturated ammonia.
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Fig. B.4: Vapor density of saturated ammonia.
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Fig. B.6: Vapor viscosity of saturated ammonia.
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Appendix C

CALCULATIONS OF VISCOUS DISSIPATION

Viscous dissipation represents an increase in internal energy due to friction. It
causes deformation of the fluid elements, and transforms kinetic energy into internal
energy. In the present steady-state model, the viscous dissipation was neglected. This
section performs a sample analysis to calculate the viscous dissipation in our test LHP
operation.

From Eq. 5.10, the energy equation of 1-D steady flow with one inlet and one

outlet can be written as:

Q=mout[u+%+%V2+gZJ —min(u+§+éV2+gzj (1)
out

Assuming that there is no elevation change, that the inlet velocity is equal to the outlet

velocity, and that there is no heat exchange between the LHP and the surroundings, the

viscous dissipation can be written as:

® = rir(u,, —u, ) = i H%} - (%j } (C.2)

In pipe flow analysis, viscous dissipation, @, can be calculated from the mass flow rate
and the pressure drop along the loop.

Table C.1 shows the predicted results of the sample calculation when a LHP is
operated at zero elevation. In predicted results, the Wallis correlation was selected to

calculate the two-phase pressure drop in the LHP because it predicts the highest pressure
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drop among the correlations. The predicted viscous dissipation was small numbers in all
cases, as expected. For example, when the heat load was 1000 W, the viscous dissipation
was only 0.0923 W. Therefore, it is valid to neglect the effect of viscous dissipation in

the steady-state model.

Table C.1: Predicted results of the sample calculation of viscous dissipation when a LHP
is operated at zero elevation.

Case No. 1 2 3 4 5 6
QAPP (W) 10.0 50.0 100.0 300.0 600.0 1000.0
AP . (Pa) 22.0 116.0 258.0 1550.0 4585.0 8403.0

m (kg/s)| 8.56E-6 | 4.27E-5 | 8.49E-5 | 2.53E-4 | 5.16E-4 | 9.04E-4

D (W) | 2.27E-5 6.02E-4 | 2.66E-3 | 4.75E-2 | 2.87E-1 | 9.23E-1

(©/Q4s) (%) | 0.0002 | 00012 | 0.0027 | 0.0158 | 0.0479 | 0.0923
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Appendix D

NUMERICAL METHODS IN THE STEADY-STATE MODEL

D.1  GAUSSIAN QUADRATURE

The basic procedure for approximating the definite integral of a function f on
the interval [a, b] is to determine an interpolating polynomial that approximates f°, and

then integrate this polynomial. The Midpoint rule approximation [Faires and Burden,

1993] can be easily determined geometrically, as shown in Fig. D.1.

a+b
f( 2 ] R R S N

v

[ e
>

o

a+b
X, = 5

Fig. D.1: Midpoint rule approximation.

Gaussian quadrature chooses the points for evaluation in an optimal, rather than

equally spaced, manner. The nodes x,, x,,..., x, in the internal [a, b], and coefficients
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¢, ©C,,...,c, are chosen to minimize the expected error obtained in performing the

approximation
J rdr=Ye fx) (D.1)

for an arbitrary function f. To measure the accuracy, we assume that the best choice of

these values is that producing the exact result for the largest class of polynomials.

Legendre polynomials can be used to approximate

b 1 (b—a)t+b+a (b—a)
x)dx = dt D.2
J.a f( ) J.—lf( 2 ] 2 ( )
Using the roots , |, 7, ,,..., ,,, and the coefficients ¢, ¢,,,..., ¢,, given in Table D.1

transforms the approximation to the following: (Gaussian Quadrature)

Lbf(x)dx=(b;“)icn,jf((b_a)r”z’f+b+aJ (C3)

Table D.1 is an excerpt from Gaussian Quadrature formulas [Stroud and Secrest,
1966], rounded to 16 places after the decimal point to make the values suitable for
double-precision computer use. In the steady-state model, Legendre polynomials of

degree 10 were applied to solve the finite integral.
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Table D.1: Roots and coefficients of Gaussian Quadrature. (All roots are £ except for

the zero values)

n Roots, 7, ; Coefficients, c,;

2 0.577 350 269 189 625 8 1.000 000 000 000 000 0

3 0.000 000 000 000 000 0 0.888 888 888 888 888 9
0.774 596 669 241 483 4 0.555 555 555 555555 6

4 0.339 981 043 584 856 3 0.652 145 154 862 546 1
0.861 136 311 594 052 6 0.347 854 845137 453 9
0.000 000 000 000 000 0 0.568 888 888 888 888 9

5 0.538 469 310 105 683 1 0.478 628 670 499 366 5
0.906 179 845 938 664 0 0.236 926 885 056 189 1
0.148 874 338 981 631 2 0.295 524 224 714 7529
0.433 395 394 129 247 2 0.269 266 719 309 996 4

10 0.679 409 568 299 024 4 0.219 086 362 5159820
0.865 063 366 688 984 5 0.149 451 349 150 580 6
0.973 906 528 517 171 7 0.066 671 344 308 688 1

D.2  SECANT METHOD

In the steady-state model, the Secant method was used to solve for the void

fraction, . The void fraction can be expressed as:

4f (@)

1+ Af ()

where A4 is a constant. The Secant method was used to solve:

fla)y=a-

Afi(@) _
1+ Af (o)

(D.4)

(D.5)

The Secant method is the approximation p,, to a root of f(x)=0 computed

from the approximations p, and p, , using the equation:

f(p)(pi—py)

P =P~

f(p)-1(p)

(D.6)
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In the steady-state model, the following calculation was performed, starting with

an initial guess, «,,:

_ . Afi ()

=1 4 andf (a) = 1+ 4f; ()
R ACON _ ()
T4 (ay) andf(eq) = 1+ 47, ()
_ () _ A=)
T 4f (o) andf(e,)=a, 1+ 4f, (a,)

Then an approximation of void fraction can be obtained from the Secant method:

(062 _al)f(aZ)
f(a)=f(a)

a=a,—

(D.7)

(D.8)

(D.9)

(D.10)
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Appendix E

STUDY OF FLUID FLOW IN THE PRIMARY WICK

The radial heat leak of a LHP due to heat and mass transfer in the primary wick is

discussed in Section 5.5.7 and can be written as:

. _ 27k Ly S T
Our = 0 g \E ACWICK (E.1)
(Dy /Dy ) -1

where ¢ = mCp . When the mass flow rate in the primary wick is very small, the

Tk g Lyyrex
coefficient ¢ approaches zero. Therefore, the radial heat leak becomes pure conduction,
and the equation can be written as:

_ 27k grr Ly

Ouir = m ACHICK (E.2)

Comparing Eq. E.1 and Eq. E.2, the difference between considering and neglecting fluid

flow in the primary wick is studied in Table E.1.

Table E.1: Study of the effect of fluid flow in the primary wick on radial heat leak.

s 1
s N S .
: (Dg/DL) -1 In(DY /D)) Error (%)
0.001 1.4422 1.4427 0.035
0.01 1.4377 1.4427 0.347
0.0331 1.4262 1.4427 1.157
0.1 13933 1.4427 3.547
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In the test LHP, the design maximum heat load is equal to 1000 W. The

parameter ¢ can be calculated from the properties of the primary wick and operating

conditions of the test LHP as followed:

- 0.000876 <& 4800kJK
= km Z ~ Sev‘;] % _0.0331 (E.3)
Therrbwick 27 %331 x0.6096m
m_

The corresponding maximum error of radial heat leak by neglecting the fluid flow in the
primary wick is 1.157 % (shown in Table E.1).

Although the fluid flow in the primary wick was considered in the calculation of
the radial heat leak in the steady-state model, it is valid to assume pure conduction in the

primary wick in our test LHP modeling.
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Appendix F

DETAILED FLOW CHART OF THE STADY-STATE MODEL

The steady-state model is used to predict the LHP performance with given
operating conditions. Known parameters are read in from the input datasheet, which acts
as the user interface for the calculation code. A detailed and sophisticated calculation
program is included in a macro within the spreadsheet, and is illustrated as a flow chart

shown below:

Read in all the input parameters from
the input datasheet.

4

Set constants used in the calculations: T,,, =-273.16 °C, Stefan-Boltzmann constant

= 5.669E-8 W/m2K4, 7 =3.14159, and gravitational acceleration = 9.81m/s>.

A
Initialize the variables: T, ., T, ,and DO.

Y

w
Set the iteration criteria: DO =0, —0, , +0,. <0.0001 or
reached the maximum number of iterations (1000).

\ 4

| Guess steady-state operating temperature, 7T, . |

<
<

Y
| Calculate evaporator body temperature. |

Guess a new
steady-state
Y operating

| Calculate mass flow rate. | temperature.

A

\
Calculate pressure drop and temperature
superheat in the vapor channel.

l




pressure drop
in the vapor
line.

\.

Vapor line is
| not insulated.

transfer calculation

and obtain the vapor

quality at the vapor
line exit.

Vapor line is
insulated.
T;‘SUT < T:iMB
A
Perform pressure
A
drop and heat
Calculate P

T;’SUT > T:L\/IB
\ 4
Perform pressure drop
and heat transfer
calculation and obtain
the length of the

two-phase flow, L,,.

L.

0y > L

V.L.

\ 4

L <L

24 V.L.
Y

Perform pressure
drop and heat
transfer calculation
and obtain the vapor
quality at the vapor
line exit.

Y

Calculate the pressure
drop in the vapor line,
condenser, and the liquid|
line and the liquid
temperatures at vapor
line exit, condenser exit,
and liquid line exit.

the length of the two-phase

Perform pressure drop and heat transfer calculation and obtain
flow in the condenser, L,,.

L. >L

24 c

Y

L

0 <L

(e}

A A

Perform pressure
drop and heat
transfer calculation
and obtain the vapor
quality at the vapor

Calculate the pressure
drop in the condenser
and the liquid line and
the liquid temperatures
at condenser exit, and

line exit.

liquid line exit.

T,

Ssor

<T

AMB

Y
Perform pressure
drop and heat
transfer calculation
and obtain the vapor
quality at the liquid

line exit.

T,

SsoT

>T

AMB

Y

Perform pressure drop
and heat transfer
calculation and obtain
the length of the

two-phase flow, L,,.

le > LL.L.

L2¢ < LL.Ll
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|

l

Calculate the

Perform pressure
drop and heat

quality at the liqui
line exit.

transfer calculation
and obtain the vapor

pressure drop in the
liquid line and the
liquid temperatures
d at liquid line exit.

y

Calculate pressure drop in the bayonet and temperature at the exit of the bayonet.

v

\

A
Calculate heat
exchange
between the
ambient and the

reservoir, Q, ,.

Calculate total pressure
drop of the system and
the pressure difference
across the primary wick.
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Calculate the

Y

amount of Y

subcooling Calculate
brought back by axial heat
the fluid from the| |leak, QHL.A ]

liquid line, Q...

Calculate
radial heat

leak, Q'HL,R .

A A

Check if the convergent criteria have been achieved:

DO=0,, -0, ,+0, <0.0001.

Guess a liquid mass flow rate
in the vapor line, m,. The
total mass flow rate becomes

No

Yes

mode

mmmL = mL + mh .
)
No
Check if total pressure drop, Gravity-controlled
|APTOTAL| <1. B
Yes

Capillary-
controlled
mode

Y

Achieve State-state condition and
obtained final answer.

!

Output the calculating results to the
output sheets.
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