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A loop heat pipe (LHP) is a very versatile heat transfer device that can transport a large
heat load over a long distance with a small temperature difference. All LHPs currently
servicing orbiting spacecraft are designed to operate in the room temperature range. Future
space telescopes and space-based Earth resource imaging satellites require passive cryogenic
heat transport devices that can thermally couple remote cryocoolers to sensor or instrument
of interest while providing the capability of payload vibration/jitter isolation, implementation
of redundant coolers, and coupling of multiple sensors to a common heat sink. All of these
requirements can be satisfied by using a cryogenic LHP (CLHP). Although the development
of CLHPs faces several technical challenges, NASA Goddard Space Flight Center has devoted
extensive efforts in developing CLHP technology over the past decade and has made
significant progress. In particular, the combination of the innovative ideas of using a
secondary capillary pump to manage the parasitic heat gain and using a hot reservoir to
reduce the system pressure under the ambient condition has led to the successful development
of the CLHP. Several CLHPs charged with nitrogen and hydrogen were built and tested in
thermal vacuum chambers. These CLHPs demonstrated reliable start-up and robust
operation during power cycle and sink temperature cycle tests.

Nomenclature

cC = compensation chamber

CLHP = cryogenic loop heat pipe

CTE = coefficient of thermal expansion

GSFC = Goddard Space Flight Center

LHP = loop heat pipe

NASA = National Aeronautics and Space Administration

SBIR = Small Business Innovative Research

Col = specific heat of liquid [J/kg-K]

Gecc = thermal conductance between primary evaporator and CC [W/K]
m; = mass flow rate in the primary loop [kg/s]

m; = mass flow rate in the secondary loop [kg/s]

Qcc = heat exchange between CC and environment [W]

Qconp = heat dissipation by condenser [W]

Qe = primary evaporator heat input used to vaporize liquid [W]

Qnigh = highest heat load for LHP to be controlled at a given temperature [W]
Qi = external heat input to the primary evaporator [W]

Queak = heat leak from evaporator to CC [W]

QLow = lowest heat load for LHP to be controlled at a given temperature [W]
Je = external heat input to the secondary evaporator [W]

Tee = compensation chamber temperature [K]

Te = evaporator temperature [K]
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Tin = temperature of returning liquid entering the reservoir [K]

Ting = temperature of returning liquid entering the secondary evaporator [K]
ATsue = amount of liquid subcooling to the primary loop [K]

XouT = quality of flow from CC to secondary evaporator

A = latent heat of vaporization [J/kg]

I. Introduction

LOOP heat pipe (LHP) is a very versatile heat transfer device which can transport a large heat load over a long

distance with a small temperature difference [1-3]. It utilizes boiling and condensation of the working fluid to
transfer heat, and the surface tension forces of menisci formed at the liquid/vapor interfaces on the porous wick to
sustain the pressure drop induced by the fluid flow. As shown in Figure 1, a typical LHP consists of an evaporator
pump with an integral reservoir (also known as compensation chamber or CC), a condenser, a vapor line and a liquid
line. The evaporator contains a primary porous wick which separates the vapor on the outer surface from the fluid in
the evaporator inner core, and a secondary wick which connects the evaporator inner core to the reservoir. The rest of
the loop is made of smooth tubes. The operating principles of an LHP can be found in the literature [1-3]. There are
different terms used to described the same item in the literature. In this paper, the terms reservoir and compensation
chamber (CC) will be used interchangeably. Likewise, the terms evaporator and pump will used interchangealy.

LHPs are being used on several commercial

communications satellites and NASA’s ICESat, Swift, Aura,
GOES-N and GOES-R spacecraft [4-11]. These LHPs were
designed to operate in the room temperature range. Future space
telescopes and space-based Earth resource imaging satellites
require passive cryogenic heat transport devices that can
thermally couple remote cryocoolers to the sensor or instrument
of interest while providing the capability of payload
vibration/jitter isolation, implementation of redundant coolers,
and coupling of multiple sensors to a common heat sink. All of
these requirements can be satisfied by using a cryogenic LHP
(CLHP).

As will be elaborated on later, the development of
CLHPs faces several technical challenges, including: 1) start-up
of the CLHP from a supercritical state; 2) parasitic heat gains
along the liquid return line; 3) containment of the system Figure 1. Schematic of a Typical LHP
pressure at the room temperature; and 4) a mismatch of
coefficients of thermal expansion between the wick and the evaporator shell. Over the past decade or so, NASA/GSFC
has devoted extensive efforts to the development of CLHPs through the Small Business Innovative Research (SBIR)
program. In particular, the advanced CLHP concept employing a secondary evaporator and a hot reservoir can
overcome all of the above-mentioned CLHP technical challenges. Several advanced CLHPs have been built using
different working fluids, and all of them demonstrated excellent performance.

The concept of the advanced CLHP will be presented first along with its operating principles and techniques

used to overcome the CLHP technical challenges. This will be followed by a description of the design and testing of
a hydrogen CLHP as an example.

1. Concept of Advanced CLHP and Its Operating Principles

2.1  Technical Challenges of the CLHP

The CLHP must start successfully before it can commence its service. The start-up and subsequent
operation of the CLHP requires that both liquid and vapor of the working fluid be present in the evaporator and
reservoir. The fluid in the entire CLHP is usually in a supercritical state prior to start-up. The condenser can be
cooled relatively quickly due to its direct exposure to the cold sink such as the cold finger of a cryocooler. On
the other hand, cooling of the evaporator and reservoir will be very slow because they are located remotely from
the heat sink. Thus, liquid will form in the condenser first when the condenser temperature is colder than the
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critical temperature and the loop pressure is lower than the critical pressure of the working fluid. Once liquid is
formed in the condenser, the evaporator and the reservoir can be cooled effectively from a superheated state to
a saturation state by circulating the liquid around the loop. However, the circulation of fluid requires a driving
force, and the usual driving force provided by the surface tension force in the evaporator wick is not yet available
prior to the loop start-up.

The CLHP must be charged with a minimum amount of fluid in order to operate in the cryogenic
temperature range. At the ambient temperature, the fluid will be at a supercritical state and its pressure can be as
high as 15 to 22 MPa (~2000 to 3000 psi). Although the CLHP shell can be made very thick to contain the high
pressure, most flight projects regard this as a safety risk during processing and handling of the CLHP. More
importantly, unless the loop pressure can be lowered below the critical pressure, no liquid can be formed
anywhere in the loop, not even in the condenser where the local temperature has been cooled below the critical
temperature. Some measures are needed to lower the loop pressure below the critical pressure to ensure the liquid
formation in the condenser prior to engaging the loop start-up process.

During the CLHP operation, there is an internal heat leak from the evaporator to the reservoir. In addition,
the reservoir may have parasitic heat gains from its surroundings. The heat leak and parasitic heat gain are
compensated by subcooling of the liquid returning from the condenser in traditional LHPs [12, 13]. For CLHPs, such
liquid subcooling can rapidly diminish as the liquid flows along the liquid line which is exposed to surrounding at a
much higher temperature. This is especially true at load heat loads where the mass flow rate is small and the fluid
particles have a long resident time in the liquid line. How to overcome the heat leak from the evaporator and parasitic
heat gains from the environment is a critical issue for the CLHP operation.

The primary wick inside the evaporator must be in close contact with the evaporator shell in order to maintain
a low thermal resistance. A tight seal is also required in order to prevent the vapor at the outer surface of the primary
wick from penetrating into the liquid core of the evaporator. A mismatch in the coefficients of thermal expansion
(CTE) between the primary wick and the evaporator shell over the range from the ambient temperature to cryogenic
temperature could affect the required tightness of the seal between the two components. The possible CTE mismatch
is another issue that must be resolved in the design of the CLHP.

2.2  The Concept of Advanced CLHP

Figure 2 shows the flow schematic of an advanced CLHP [14-16] which can overcome the four technical
challenges faced by the CLHP. The main feature of the advanced CLHP concept is the incorporation of a secondary
evaporator and a hot reservoir into the traditional LHP. The secondary evaporator is located in a cold-biased
environment to ensure that its wick is always primed. It connects to the regular reservoir via a secondary fluid line,
and to the main vapor line via a secondary vapor line. The primary functions of the secondary evaporator are: 1) to
maintain the reservoir saturation temperature by managing the heat leak from the evaporator and the parasitic heat
gains from the environment as liquid flows along
the liquid return line; and 2) to ensure a
successful start-up of the loop. The fluid flow Reservoir
from the secondary evaporator through primary
condenser, primary liquid line, reservoir, and
secondary fluid line forms a secondary loop.
When the secondary evaporator receives no net
heat load and becomes inactive, the function of
the advanced CLHP degenerates to that of the
traditional LHP, which is termed the primary
loop here. The hot reservoir is used to reduce the
system pressure under ambient condition. It must
be large enough to ensure that the systempressure
is lower than the critical pressure of the working
fluid prior to CLHP startup. The hot reservoir -l
will be in thermal equilibrium with ambient, and Pressure Reduction
there is no need to control its temperature. As the “Hot" Reservoir
operating condition of the CLHP changes, there
can be mass exchange between the CLHP and the
hot reservoir.

Primary Evaporator

Vapor Line

Secondary
Evaporator

Secondary Condenser
onanan)

Primary Condenser \

Primary Liquid Line

Secondary Fluid Line

Figure 2. Flow Schematic of an Advanced CLHP
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The operating temperature at which liquid vaporizes in the primary evaporator is governed by the saturation
temperature of the working fluid in the reservoir. The reservoir saturation temperature is a result of energy balance
between the subcooling of liquid returning from the condenser and heat gains including heat leak from the evaporator
and parasitic heat. The liquid subcooling and heat leak are functions of the heat load to the evaporator, condenser heat
sink temperature, and the ambient temperature along the
liquid line [2, 12]. For a traditional LHP with a well- i
. . . . Natural Operating
insulated reservoir and for a given condenser sink Temperature
temperature that is lower than the ambient temperature, the
reservoir saturation temperature as a function of the
evaporator heat load yields a V-shape curve as shown in
Figure 3. This is defined as the LHP natural operating
temperature. The reservoir temperature can be controlled at a

Fixed Operating Temperature

CC Temperature
g

desired temperature by using a control heater for heat loads T

between Qiow and Qnigh because the LHP natural operating

temperature is lower than the desired set point temperature. Heating Required

This is the essence of cold-biasing in LHP operating .

temperature control. For heat loads below Qjow, the natural Cooling  Quow Qrign

operating temperature is higher than the desired set point Req'd Power  Input

temperature and some active means of cooling the reservoir . .

is required in order to maintain the desired reservoir set point Figure 3. LHP Operating Temperature Control

temperature. For CLHP, the parasitic heat gained by the

liquid along the liquid line can be so large that the liquid loses all subcooling and becomes two-phase fluid. The
operating temperature of the CLHP may keep rising until it exceeds the critical temperature of the working fluid, and
the CLHP will cease to function.

When the secondary evaporator in the CLHP is operational, it takes heat out of the reservoir by removing
two-phase fluid from the reservoir. Thus, the secondary evaporator works as an active cooling device for the reservoir.
Figure 4 shows the operation of the advanced CLHP. The advantage offered by the CLHP in managing the parasitic
heat gains is best illustrated by looking into the governing equations for heat transfer.

During the operation of a traditional LHP where the secondary evaporator and the hot reservoir are absent,
the heat applied to the primary evaporator Qy is divided into two parts [17]: an amount of Qg is used to vaporize the
liquid to generate a mass flow rate of my, and the remainder is transmitted through the primary wick to the reservoir
as a heat leak; i.e.

Qin = Qe + Qreak (1) o
o Qn
Qc = my. @ e (L PIVLLL L

Qreak = Gecc (Te - Tec) (3) g ——— Primary Evaporator
. S — = \_ X m :%l
The heat leak from the primary evaporator g = out 177
to the reservoir plus any heat gains by the & 2 Im,
reservoir must be balanced by the subcooling M £ Secondary q
. .. . . s IS Evaporator N
carried by the liquid returning to the reservoir: 3 g
.‘g 2] Secondary Condenser
o
E

Primary Condenser

Qu + Qcc = MCp ATsus 4)

ATsug = Tec - Tin 5) C}

Pressure Reduction
“Hot” Resenvoir

When the traditional LHP is operating in

the cryogenic temperature range, the parasitic Figure 4. Management of CLHP Heat Gains

heat gain by the returning liquid from its hot

surrounding can result in liquid boiling in the liquid line, i.e. ATsus = 0, and there is no subcooling liquid to compensate
for the heat gains. The reservoir temperature can keep going up until it is higher than the critical temperature, rendering
the LHP inoperable.
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With an advanced CLHP, a heat load of ge can be applied to the secondary evaporator to generate a mass flow rate
of my:

Qe = Mz[A + Cpi(Tec - Tin,2)] (6)
The energy balance for the reservoir can be re-written as:
QL + Qcc = m1CyATsus + MaCp ATsus + M2 A XouTt (7

The effect of applying ge to the secondary evaporator is clearly seen in equation (7). The second term on the
right side is the additional subcooling entering the reservoir, whereas the third term is the amount of heat taken from
the reservoir. The heat removed from the reservoir is dissipated into the secondary condenser. Thus, the secondary
evaporator serves as an active cooler to cool the reservoir.

In addition to managing parasitic heats, the ability of the secondary evaporator to remove heat from the
reservoir proves particularly useful for the loop start-up. Initially, the entire CLHP is full of supercritical vapor. When
the cryocooler is activated, the primary condenser, secondary condenser, and secondary evaporator all decrease in
temperature until they reach the cryocooler set point, which is lower than the critical temperature of the working fluid.
When the loop pressure is also lower than the critical pressure of the working fluid, liquid will form in the condensers
and secondary evaporator but nowhere else, as shown in ,

Figure 5. At this time, heaters attached to the secondary Reservoir Primary Pump

evaporator are turned on to initiate a fluid circulation in =

the secondary loop, i.e. vapor generated in the secondary

evaporator flows to the primary condenser and

condenses into liquid, and liquid moves from the primary

condenser to the primary evaporator (via the bayonet

tube) and reservoir, and is eventually drawn from the

reservoir back to the secondary condenser and secondary

evaporator. This is shown in Figure 6. When A "

temperatures of the liquid line and primary evaporator ey e Cryocooler

become subcritical, liquid will be formed in those places. -, LHP Coldfinger | Id d

The CLHP is finally ready for start-up and power can be I_lgqre 5 C . start-up: cryocooler cooldown an
. . P iquid formation

applied to the primary evaporator as shown in Figure 7.

The problem of the CTE mismatch can be solved by using the same material for the primary evaporator and
its wick. For example, stainless steel wick with pore size on the order of 1 um has been developed, and the stainless
steel evaporator shell has an adequate thermal conductivity for heat transfer between the heat source and the CLHP.

Reservoir . Reservoir
Primary Pump

2nd Condenser

2nd Pump

Liquid Line
Vapor Line

Primary Pump
o 2" Condenser g o 2n Condenser i g
3 - p 3
: :
8 > =5 >
Eg?ﬁgs Cryocooler Primary Cryocooler

_ Coldfinger _ o Condenser Coldfinger
Flgure 6. CLHP start-up: cooling and priming the Figure 7. CLHP start-up: applying power to the
primary evaporator primary evaporator

Several CLHPs have been built and filled with nitrogen and hydrogen, and have been successfully tested in thermal
vacuum chambers to demonstrate the operation for temperature around 80K and 22K, respectively. The following
section describes the design and testing of a hydrogen CLHP.
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I11. Testing of a Hydrogen CLHP

Under the NASA SBIR program, TTH Research, inc. has built and tested a proof-of-concept advanced CLHPs
using hydrogen as the working fluid to demonstrate the feasibility of such as design [14, 15, 18]. Figures 8 and 9
show the component layout and picture of the hardware of a hydrogen advanced CLHP, respectively. Major design
parameters are shown in Table 1. All LHP components are made of stainless steel.
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Figure 8. Component Layout of Hydrogen CLHP

Table 1. Design Parameters of Proof-of-Concept Hydrogen CLHP

Component Dimensions

Primary Evaporator 19mm OD x 25.4mm L

Primary Wick 3 micron pore radius, 45% porosity, 0.5x107*® m? permeability
Reservoir 19 mm OD x 25.4mm L

Secondary Evaporator 19 mm OD x 25.4mm L

Wick in Secondary Evaporator 3 micron pore radius, 45% porosity, 0.5x107*2 m? permeability
Vapor Line 3.2mm OD x 2.4mm ID x 2500mm L

Liquid Line 2mm OD x 1.6mm ID x 2500mm L

Additional Vapor Line 2mm OD x 1.6mm ID x 2500 L

Serpentine Condenser Length 3.2mm OD x 1.6mm ID x 813mm L

Length through 2" Condenser 6.4mm OD x 4.9mm ID x 6152mm L

Pressure Reduction Reservoir 101.6mm OD x 91mm ID x 678mm L

The hydrogen advanced LHP was mounted in a stainless steel frame. The test article was placed inside a 752 mm
(30 inches) diameter x 3.05 m (10-foot) length thermal vacuum chamber for performance tests. A Kapton-backed foil
heater was bonded to the primary evaporator to simulate the heat load. The evaporators were insulated with MLI
blankets. The main condenser was a copper plate with an area of 76mm x 139.7 mm with a serpentine line brazed to
it. A rectangular copper plate with an area of 76mm x 139.7 mm. was brazed to a 6.4 mm O.D. tubing on the liquid
side of the secondary evaporator to form this additional condenser. Cooling was achieved by bolting the two condenser
plates together on a cold finger of a mechanical cryopump. The transport lines were gold plated. The pressure
reservoir was kept at room temperature during the testing, while the rest of the loop was enclosed in a Nitrogen cooled
shroud. The loop was instrumented with 18 Type T thermocouples. The Type T thermocouples were calibrated with
readings from a high precision Lake Shore DT-670 silicon diode. The thermocouple locations are shown in Figure 8.
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Several long duration tests were
conducted. The main objectives of
these tests were to demonstrate: 1)
startup  from a  supercritical
thermodynamic state; 2) operating in
the temperature range of 20-30K; 3) a
heat transport capability of 10W; 4)
the ability of maintaining the loop
operating temperature within 0.5K;
and 5) a reliable operation. For
testing, the shroud was cooled to 80 K,
and then the cryocooler was turned on.
Some test results are described below.

Start-up procedures for an initially
supercritical loop were simple,
straightforward, and reliable. Figure
10 shows the cool-down of the loop
from the room temperature. Around
13:15, the cryocooler was turned on to
cool the condensers. Temperatures of
the cold finger and the condensers
decreased steadily at the same rate. At
17:02, the cold finger temperature
reached 30K, which was below the
hydrogen critical temperature of 32K.
Temperatures of the secondary pump
and its compensation chamber
dropped quickly but, at the same time,
the secondary condenser temperature
went up sharply. This indicated that as
liquid was drawn into the secondary
pump; superheated vapor from the hot
reservoir was forced into the
secondary condenser. At 17:08, the
secondary condenser temperature
started to decrease and eventually
leveled off at 30K along with the
secondary pump temperature at 17:20,
suggesting that the secondary pump
was filled with saturated fluid (if not
liquid).

Over the next 4 hours, the primary

Figure 9. Hydrogen CLHP in Thermal Vacuum Chamber
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Figure 10. Initial Cooldown of Hydrogen CLHP

pump and its CC, and the vapor line temperatures continued to drop very slowly. At 21:32, 2.5W was applied to the
secondary pump to initiate a flow. Several events occurred subsequently: 1) The secondary evaporator temperature
(TC13) rose and the liquid line temperature (TC9) dropped, indicating that a flow is initiated in the secondary loop;
2) The reservoir temperature (TC11) continued to drop because warm vapor was leaving toward the secondary
condenser while cold fluid was drawn from the primary condenser; 3) The secondary condenser inlet temperature
(TC15) initially increased because the warm fluid was drawn from the primary CC, then its temperature dropped along
with the CC; 5) The primary evaporator temperature (TC2) dropped because the cold fluid from the primary condenser
must flow through the evaporator core before it reached the CC and moved toward the secondary condenser. With the
secondary loop running, the primary evaporator, CC, and the liquid line could be cooled very quickly.
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At 22:30, it was clear that a steady
flow had been established in the
secondary loop, and the primary loop
was ready for startup. At 22:46, 2.5W
was applied to the primary
evaporator, and the primary loop
started immediately as indicated by
the drop of the vapor line temperature
(TC4). The loop continued to operate
steadily with 2.5W to the primary
evaporator and 25W to the
secondary evaporator as indicated in
Figure 11.

Figure 12 shows another loop

startup.  After the  secondary
evaporator and the secondary
condenser were cooled below the
critical temperature, 2.5W was

applied to the secondary evaporator
to initiate a flow in the secondary
loop. The subsequent events were
similar to those shown in Figure 11.
At 16:05, 5W was applied to the
primary pump, and the primary loop
started immediately.

In addition to facilitate the startup
of the primary loop, the secondary
loop can also compensate for the
parasitic heat gain along the liquid
return line. Figure 13 shows that the
loop continued to operate steadily
afterwards with 25W to the
secondary evaporator and 5W to the
primary evaporator after a successful
startup. At 18:05, the heat load to the
secondary evaporator was reduced to
zero, and the primary loop operation
degenerated to that of an ordinary
LHP. The primary loop functioned
well without the help from the
secondary loop. This is because at a
relatively high heat load (and mass
flow rate) of 5W to the primary
evaporator, the parasitic heat gain
along the liquid line could be
compensated for by the subcooled
liquid returning to the CC. When the
heat load to the primary evaporator
was reduced to 1W at 19:20,
however, the primary loop dried out
due to insufficient subcolling to
overcome the parasitic heat gain
along the liquid line, i.e the the
reservoir temperature continued to
rise above the critical temperature of
hydrogen. An attempt was made to
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recover the loop by applying 1W to the secondary evaporator, which turned out to be insufficient to overcome the

parasitic heat gain. By increasing
the secondary evaporator power to
2.5W, the primary loop was
completely recovered, and the loop
operated steadily with 1W to the
primary evaporator and 2.5W to the
secondary evaporator.

Figure 11 and 12 show loop
startup with 2.5W and 5W to the
primary evaporator and secondary
evaporator, respectively. In general,
startup with low power is more
difficult. A startup with 1W to the
primary evaporator was tested and
the loop temperature profiles are
shown in Figure 14. Again, the
events after 2.5W was applied to the
secondary evaporator were similar
to those shown in Figure 11. At
14:50, 1W was applied to the
primary evaporator, and the primary
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loop was able to start without any difficulty.
Test was continued to study how low the heat load to the primary evaporator could go with 2.5W to the secondary
evaporator, and how the loop would respond to a rapid change in the primary evaporator power. Figure 15 shows that

the primary loop could operate with
a heat load as low as 0.25W to the
primary evaporator and 2.5W to the
secondary evaporator. This
illustrates the effectiveness of the
secondary loop in compensating for
the parasitic heat gain along the
liquid line. Figure 15 also shows that
the primary evaporator power could
vary rapidly between 0.25W and
2.5W, achieving a turndown ratio of
10.

IV. Conclusions

Next generation space infrared
sensing instruments and spacecraft
will require drastic improvements in
cryocooling technology in terms of
performance and ease of integration.
Projected requirements for
cryogenic thermal control systems
include high duty cycle heat loads,
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low parasitic heat penalty, long transport distances, highly flexible transport lines, and low cooling temperatures. All
of these requirements can be satisfied by using a CLHP/cryocooler system. Adding a secondary evaporator to the
traditional LHP solves the problems of parasitic heat gains and the difficulty of starting the loop from an initially
supercritical state. The issue of a mismatch of coefficients between the evaporator shell and the primary wick can be
resolved by using the same material. Adding a hot reservoir keeps the system pressure at a safe level at ambient
temperature and at a subcritical level prior to the loop start-up.
Several CLHPs have been built and tested using nitrogen and hydrogen as working fluids, and these CLHPs
demonstrated excellent performance in thermal vacuum tests. This paper described the performance of a hydrogen
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CLHP in thermal vacuum testing. The loop demonstrated its reliable start-up, robust operation during transients of
rapid power changes, low power operation and recovery from a dry-out condition.
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