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Nomenclature

a.sr effective acceleration vector field on the LHP

ar radial acceleration component, g

at tangential acceleration component, g

az  vertical acceleration component, g

e coordinate axis unit vector

f acceleration frequency, Hz

g acceleration vector due to gravity

g acceleration vertical component due to gravity, g

Q heat rate, W

Qin input heat rate, W

r position vector

r position vector radial coordinate, m

R, reference position; accelerometer radial position, 1.208m (47.56in)
1 LHP condenser end radial location, 1.219m (48.0in)
) LHP condenser end radial location, 1.215m (47.82in)
t time, min or sec

T temperature, °C

Tcp  cold plate coolant inlet temperature, °C

z, position vector vertical coordinate, m

Greek

0 angular position of the position vector, degrees

0, angular position of the position vector at 1y, 0°

0, angular position of the position vector at r,, 16.82°
w angular velocity vector

) angular velocity vector component, rad/sec
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Subscripts

rLHP radial component of the acceleration vector oriented on the LHP

yiup radial component of the acceleration vector oriented with the accelerometer

x yp tangential component of the acceleration vector oriented with the accelerometer
z vertical component of the acceleration vector

zLHP axial component of the acceleration vector oriented on the LHP
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I. Introduction

The loop heat pipe (LHP), due to its passive heat transport capability, is one potential solution for a variety of
aircraft thermal management challenges such as cooling power electronics components. At best, the LHP represents
the transport of heat due to the complex interaction of numerous thermodynamics forces'. Its operation can embody
a variety of dynamical responses when perturbed by driving forces such as evaporator input heat rate load and
temperatures of the condenser and compensation chamber®. This dynamical behavior can introduce either long-term
low frequency oscillations or short-term dynamics leading to instabilities resulting in LHP failure. These oscillations
during LHP operation have been observed experimentally, however, the physics-based modeling of the dynamical
performance and stability criterion of a LHP has been limited®”. In addition, the LHP can also be sensitive to
external body forces, such as transitory acceleration induced forces, that may alter the LHP dynamical performance
and stability. Typically, the LHP has been assumed to be insensitive to acceleration induced forces due to the design
and wicking properties of the discrete capillary structure within the evaporator. Ku®’ studied the effect of the
acceleration induced forces on the LHP operating temperatures. When a centrifugal force was applied to the LHP, it
was found that steady-state acceleration induced forces altered liquid/vapor distributions within the LHP which
significantly influenced its performance and temperature oscillation.

Fleming et al." investigated the steady-state performance of a titanium-water LHP mounted on a centrifuge and
subjected to elevated acceleration. These preliminary experimental investigations defined the steady-state operating
characteristics of the LHP subjected to a combined steady-state input heat rate and steady-state acceleration field. It
was observed that the position of the liquid/vapor interface in the condenser was influenced by steady-state
acceleration induced forces. This either limited or enhanced condenser performance depending upon the extent to
which the liquid/vapor interface closed or opened up the condenser to allow the condensation process to occur. As a
result of poor condenser performance, the evaporator wick unexpectedly dried out at a relative lower input heat with
low acceleration. However, with an increased input heat rate, >500 W, the condenser performance improved
resulting in a steady-state operation for a radial acceleration up to 10g. It was believed that this reverse behavior is
associated with a nonlinear coupling of thermodynamic induced forces with the acceleration induced forces within
the condenser.

The physical meaning of and subsequent LHP performance resulting from acceleration induced forces on the

condenser operation is not well understood. It is suspected that with combined heat input and elevated acceleration,
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competing thermodynamic forces and steady-state acceleration induced forces must balance allowing the LHP to
either operate or fail. At best, the “normal” performance of a LHP involves complex coupled thermodynamics
associated with fluid thermal properties and thermodynamic forces throughout the LHP. In an accelerating
environment, steady-state or transitory, the prediction of LHP performance is difficult without a thorough
understanding as to the nature of competing or complementing thermodynamic induced forces with acceleration
induced forces across the entire LHP.

This study experimentally investigates the effect of a steady-periodic acceleration field, in the form of a sine
wave, on the performance of the LHP. Specifically, the initial transient behavior of the LHP due to a step-increase in
heat input and the steady-periodic behavior due to a steady-periodic acceleration are investigated. In addition, a
series of time-dependent acceleration equations were derived which relate the time-variant directionality of the
acceleration vector field to the time-variant directionality of the acceleration induced force field. Thus, the

thermodynamic induced forces can be compared with the acceleration induced force distribution across the LHP.

II. Experimental Approach

Figure 1 schematically shows the experimental apparatus consisting of a 2.44-m horizontal centrifuge table and
a titanium-water LHP. Figures 1a show the centrifuge table, data acquisition system, accelerometer, rotary hydraulic
coupling, and cool bath used for the experiments. Power and instrumentation signals were passed through separated
rotational slip rings to minimize electrical noise and interference. Transient acceleration measurements were made
using a rectangular coordinate system orthogonal triaxial Columbia (model SA-307THPTX) accelerometer with an
uncertainty of +0.01g. The accelerometer was mounted such that the radial acceleration component was aligned with
y-axis. The accelerometer output was consistent with a right-hand coordinate system with the y-axis and x-axis
mounted in the radial direction and the tangential direction respectively. To ensure proper control of the centrifuge
table during the experiments, radial acceleration profiles were digitally generated, stored on a Fluke Waveform
Generator (Model 292), and integrated into a LabView data acquisition and control program for the centrifuge table.

For this experimental investigation, an intermediate water coolant loop supplied coolant to the cold plate heat
sink mounted to the LHP condenser. A Tek Temp cool bath, consisting of a pump, reservoir, and liquid-air heat
exchanger, was operated external to the centrifuge in order to provide sufficient temperature control of the water

coolant to maintain the cold plate inlet temperature, Tcp. Water coolant flow, from the cool bath, was supplied to the
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centrifuge through the use of a rotating hydraulic slip ring. The cold plate coolant flow rate was measured and
maintained at 0.077kg/s, with an uncertainty to within 5%, using a calibrated Sponsler (model SP 711-3) flow meter
mounted on the centrifuge table. Figure 1b schematically illustrates the titanium-water LHP and thermocouple
locations monitored during the experiments. The LHP was fabricated by Advanced Cooling Technologies (ACT) Inc
as discussed in detail by Fleming et.al. To reduce ambient temperature effects and minimize system heat loss, the
LHP was insulated with overlapping (multiple) layers of 4" FiberFrax” with an outer layer of aluminum foil. The
entire LHP is enclosed within an additional aluminum sheet metal skin covering a 80/20 support framework.

Temperature measurements were made using both calibrated type-T and type-E thermocouples with an
uncertainty of approximately +0.05°C. All of the low voltage thermocouple outputs were preconditioned and
amplified on the centrifuge to minimize losses through the instrumentation slip ring. Bare thermocouple beads were
mounted in place with thermal grease and secured with Kapton tape.

The evaporator input heat rate to the LHP was provided using a mica heater (Minco) mounted on the evaporator
and powered from the output of a Kepco (model ATE-150-7M) power supply. Evaporator heater power was
determined from voltage measurements across a precision resistor, in series with the evaporator heater, with an
uncertainty of ~2.0%.

During the LHP operation, the compensation chamber was insulated without additional heating or cooling.
Thermocouples were mounted around the centerline circumference of the compensation chamber to measure any
temperature variation as a result of fluid slosh due to induced accelerations. The LHP was mounted in such a manner
as to minimize the radial variation along the length of the LHP. The vapor and liquid lines were bent to maintain the
radius of curvature of the centrifuge. However, the condenser/cold plate and evaporator/compensation chamber
varied in radial location due to their linear construction. This introduced an acceleration gradient along the length of

the condenser/cold plate and evaporator/compensation chamber.

III. Acceleration Vector Field
Figure 1c shows the centrifuge coordinate system and the condenser mounting position used to derive the

position vector and subsequently the vector form of the acceleration field across the condenser. To align the right-

N

handed coordinate system, &,,&,,8&, , with the accelerometer right-handed coordinate system, &y, ., 8y, €, it is

rotated clockwise to align the radial acceleration component, r , with the y-axis of both coordinate systems. The
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linear region bounded by (r;, 8;) and (1, 6,) represents the tubular condenser region of the loop heat pipe. The
position vector, r, is bounded by this linear condenser region and can be described and formulated in rectangular

coordinates by

r=ré, . +z.8&,. (1)

The component, r, can easily be transformed in terms of 6 where the linear portion of the condenser can be
described as

yr =ax; +b, (2)
where
X, = rcosB,andy, = rsin@. 3)
In terms of ry, 1,, and 6,;
_ I, sin 0,
" rycos0,— 1,
and
be — rir, sin 6,
r;cos®, — ry
Substituting Eqn. (3) into Eqn. (2);
) (r,sin0,)(r; —rcos )
y, = rsinf = ,

(ry —rycos0,)

where the radial component, r, can be shown to be

((sm 0)(r; — I COS 0,) + cos 6)
(r,sin0,)
“)
The position vector can now be written as
Iy A A
((sin 0)(r; —r,cos8,) ) Cyinp + Zru
- + cos @
(r, sin6,)
(5)
where 0, <0<80,.
The effective acceleration vector field on the LHP becomes
—dzr— +[ 2 xdr + dwx )+ X X
@y =gz = 9°+|(20x ) + (G xr) +ox @xm).
(6)
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where g = —geé, represents acceleration due to gravity. With the LHP being affixed to the centrifuge table,
dr

— =0,
dt

Aepp = g+[(i—?xr)+wx(wxr).
(7)

For these experiments, the radial acceleration is controlled as a sine wave of the form of an offset sine wave,

w? Ryef = Asin2nft + B. Accounting for the clockwise rotation of the centrifuge, the angular velocity vector

becomes
R (Asin2nft + B) _
w=—-weée,=— |———¢,,
Rref
3
where
_ (@Thigh — aAl'jow
A= ( 2 )
ary;,n, + ar
B = ( high low))
2
and
dw Amf cos 2mft
—_— - e
dt Rrer (Asin 2mft + B) ?
©)

The cross products in Eqn. (7) can now be evaluated where the final form of the effective acceleration vector field,

at any given point on the LHP as defined by 6, now becomes

R dw _ g R
+azé, =r——@,,,, tr(-w)e,, .+ (-9,

+ are
dt

aeff = ate

XLHP YLHP

ry

Anf cos 2mft R
XLHP

((sin 9)(915;1 o ;05 92) | cos 9> <_ JRres (Asin 27t + B)
2 2

((A sin 27ft + B)) ry X
' e
Ryer ((sm 6)(ry — 1, €05 6,) + cos 6) YLHP
(ry sin 6,)
+(_g)éz- (10)

To determine acceleration field within the LHP, the coordinate system &y, ,.,&,,,,, €,, as shown by Eqn. 10,

can be rotated to align with the radial and axial coordinates, &,;yp, €,.yp, €,, of the LHP, Fig. 2. (Note, the radial
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acceleration component as described is really a transverse acceleration component generated by a combination of the
radial and tangential acceleration of the centrifuge. For this discussion, this component is acting normal to the

centerline of the LHP.) Now from Eqn.10,

Qopp = até, ., +aréy,, +azé, = a, up€,pp + aruplrnpr + (—9)8,

for the case where ¢ < 90°and B = (90° — ¢);

azup = (arsinf + at cosf)
and

ar yp = (arcosp — at sinf).
Similarly, where ¢ > 90°and 8 = (¢ — 90°);

a,yp = (at cosp —arsinf)
and

a, yp = (at sinP + arcosp).

The angle ¢ can be determined by the relationship

®=(0+91),
where

" (rz sin 92)
P1 A

Figure 3 shows the acceleration components; axial, a,; yp, and radial, a, yp, referenced to the LHP condenser for
varying position vector angle, 6. Comparing the two endpoint cases at r; and r, where § = 6, = 0° and 0 = 6, =16.82°
respectively, the axial acceleration components at the condenser ends are acting in opposite and outward directions
with a maximum magnitude up to ~1.5g. The axial acceleration component located at the r; position is slight greater
which is consistent with the fact that r; > r,. This may contribute to additional acceleration-driven pumping forces
due to acceleration gradients down the length of the condenser during the LHP operation. It must also be noted that
while the radial and transverse acceleration components remain consistent with the transitory radial acceleration
generated by the centrifuge, the vertical acceleration component due to gravity also contributes and remains

constant, az = —g.

IV. Results and Discussion
Figure 4 compares experimental to calculated acceleration where 6 = 14°, f= 0.05Hz, and 1.0g < ar < 10.0g. At

the angular position of 6 = 14° the effective radius, R,.,,= 1.208m (47.56in), is the same for both the accelerometer
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and the LHP radial position. Figure 4a shows the radial and tangential acceleration components obtained from the
experimental accelerometer. The tangential component was determined using the rate of change of radial

acceleration, ar, to calculate the tangential acceleration component

d./ar/r Ay/ar/r
=r .

T At

Figure 4b shows the corresponding acceleration calculated using Eqn. (10). It must be noted that the tangential
acceleration component is not symmetrical implying that the direction of rotation will potentially have an effect on
the LHP performance.

Figure 5 shows typical initial transient responses of the LHP without acceleration. In these cases the input
evaporator heat rate, Qin = 300W and 600W, were introduced as a step inputs. The inlet condenser cold plate
temperatures were maintained at Tcp = 31°C and 56°C. Key evaporator and condenser temperatures and their
locations are shown as a function of operational time after the step input heat rate was initiated. Prior to applying the
evaporator input heat rate the loop heat pipe was preconditioned to a constant cold plate inlet temperature, Tcp. For
the experimental run shown in Fig. 5, the evaporator temperature was initially at ambient temperature and the
resultant condenser temperature was due to the fixed inlet condenser cold plate temperature, Tcp. Initially, the liquid
temperature in the vapor line (between the evaporator outlet, TC08, and condenser inlet, TC09) is at ambient
temperature. With the application of a step increase in the evaporator input heat rate, sensible heating occurs
followed by a gradual rise in evaporator temperature, TC04, and sudden rise in the evaporator outlet temperature,
TCO8, as vapor exits the evaporator. Due to the increased pressure at the outlet of the evaporator, the cold liquid in
the vapor line is forced into the condenser resulting in a sudden decrease in the condenser inlet temperature, TC09,
followed by a sudden rise in condenser inlet temperature as the vapor from the evaporator enters the condenser. As
the cold liquid slug enters the condenser followed by the vapor, downstream condenser temperatures, TC10 and
TCl11, also display a similar dynamic due to the passing cold liquid slug and subsequently increase as the vapor
penetrates deeper into the condenser. Comparing Fig. 5a and 5b one can see the effects varying the evaporator input
heat rate, Qin, and inlet cold plate temperature, Tcp. Most noticeable is the delay in the transient response as well as
a reduction in the active portion of the condenser with decreasing evaporator input heat rate and colder inlet cold

plate temperature.
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Considering the typical transient response of this loop heat pipe without acceleration, one can now compare the
transient response with and without the induced forces resulting from a steady-periodic acceleration. Table 1 shows
the experimental test matrix for the experimental portion of this investigation. Also shown in Table 1 are
informational comments during the course of the experimental runs. For these experiments, the evaporator input heat
rate was applied as a step increase either before, mode I operation, or after initiation of the steady-periodic
acceleration, mode II operation. The radial acceleration, ar, was controlled as a sine wave function with a frequency,
f = 0.1Hz, 0.05Hz, 0.01Hz, and peak-to-peak radial acceleration, 0.5g < ar < 10.0g. Once the steady-periodic
acceleration was initiated, the input heat rate was varied as a step increase from OW and experimentally maintained
to within +/- 5%.

Initially the loop heat pipe was operated to determine the time evolution of both the evaporator and condenser
temperatures for a fixed evaporator input heat rate, Qin = 300W, and inlet cold plate coolant temperature, Tcp = 30-
35°C, when subjected to a steady periodic acceleration, f= 0.05Hz and 1.0g < ar < 6.0g. Figures 6-11 show the time
variant temperatures, in five minute increments, across the titanium-water LHP. The temperature measurements
shown; consist of evaporator and condenser temperatures, evaporator outlet and condenser inlet temperatures,
compensation chamber inlet (TC19 Bayonet In) and outlet (TC20 Evap CC) temperatures. Figure 6 shows the 0-5
minute loop heat pipe temperature response from an initial temperature condition. The transient response to a step
input of evaporator heat rate can be compared qualitatively to Fig. 5a, for the case without acceleration. For this case
there is a similar transient response with the exception of an additional superimposed oscillatory temperature
variation due to the steady-periodic acceleration profile.

Figures 7-11 show various transient operating dynamics in the first 5-40 minutes of operation in five minute
increments. Comparison of these dynamics clearly demonstrates the extent to which the motion of the fluid within
the loop heat pipe drives the loop heat pipe performance. Specifically, the steady-periodic acceleration oscillation
was shown to drive liquid oscillation within the condenser helping to improve performance over the performance
with steady-state 6-g acceleration as shown by Fleming et al.'’. Over time, a variety of dynamics evolve from
steady-periodic non-sine wave dynamics to dynamics that are consistent in frequency of the acceleration sine-wave
but with the potential for phase shift. As an example, the initial evolution of the steady-periodic dynamics of the
compensation chamber temperature, TC20, occurs within 5-25 minutes is shown in Figs 7-9. These dynamics are

periodic but with a dynamical form that evolves over time. After 30 minutes, Figs 10-11, the compensation chamber
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temperature has evolved to a steady-periodic dynamic at the same frequency, but with a slight phase shift, to the
steady-periodic acceleration sine-wave.

The loop heat pipe was then operated to determine the heat transport performance due to the coupling of inputs;
evaporator input heat rate, Qin, inlet condenser cold plate temperature, Tcp, acceleration frequency, f, and radial
acceleration, ar, peak-to-peak values. After the aforementioned preconditioning period, the loop heat pipe was
operated in two modes. The first mode (Mode I) consisted of initially operating the loop heat pipe to a step increase
of the evaporator input heat rate but without acceleration. After approximately one hour of operation, the steady-
periodic acceleration was applied to the loop heat pipe. The second mode of operation (Mode II) consisted applying
the steady-periodic acceleration prior to the adding the evaporator input heat rate. After several minutes, a step
increase in the evaporator input heat rate was applied to the loop heat pipe.

Figures 12 and 13 show the mode I transient loop heat pipe response with and without acceleration, the inlet
cold plate temperature, Tcp = 31°C to 56°C, and for an evaporator input heat rate, Qin = 600W and 300W,
respectively. Figures 12a and 12¢ show the transient response to a step increase in the evaporator input heat rate
without acceleration. Figures 12b and 12d show the transient response, from steady-state conditions for Qin =
600W, to a steady-periodic radial acceleration sine wave with frequency, f = 0.01Hz, and peak-to-peak radial
acceleration, 0.5g < ar < 10g. For both cases the condenser shutdown after applying the steady-periodic acceleration.
This can be seen by the sudden decrease in condenser temperature, TC11, indicating condenser shutdown. This
resulted in a rapid increase in evaporator temperature, TC4, and subsequent failure of the loop heat pipe. For the
case of the inlet cold plate temperature, Tcp = 31°C, shutdown of the condenser occurred within the first cycle of the
acceleration transient, Fig. 12b. However, with the inlet cold plate temperature, Tcp = 56°C, shutdown of the
condenser occurred during the sixth cycle of the acceleration transient; approximately eight minutes later than that
for Tep = 31°C.

Similar to Fig. 12, Figs. 13a and 13c show the transient response to a step increase in the evaporator input heat
rate without acceleration for Qin = 300W. Figures 13b and 13d show the transient response, from steady-state
conditions for Qin = 300W, to a steady-periodic radial acceleration, sine wave, with frequency, f = 0.01Hz, and
peak-to-peak radial acceleration, 0.5g < ar < 10g. For both cases the LHP operated as expected without acceleration.
As shown in Fig. 13b, the addition of the acceleration profile resulted in a slight increase in the LHP operating

temperature. The condenser temperature located at TC10 oscillated with the same frequency as the acceleration
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profile. This also indicated that the liquid-vapor transition point was located and oscillated around the mounting
position of TC11. However, as shown in Fig. 13d, with the inlet cold plate temperature, Tcp = 53°C, the LHP failed
to run for a sustained period of time. This was evidenced by condenser shutdown approximately at the 20-minute
operating point after initiating the acceleration profile.

Figures 14 and 15 show the mode II transient LHP response in a steady-periodic acceleration environment for a
step increase in the evaporator input heat rate, Qin = 600W and 300W, respectively. The steady-periodic
acceleration was generated as a sine wave for the radial acceleration with frequency, f= 0.01Hz, and peak-to-peak
radial acceleration, 0.5g < ar < 10g. Figures 14a and 14c show the evaporator input heat rate started at the maximum
acceleration and Tcp = 31°C and 51°C respectively. Figures 14b and 14d show the evaporator input heat rate started
at the minimum acceleration and Tcp = 31°C and 51°C respectively. For the cases shown in Figs. 14a and 14b, with
Tep = 31°C, the LHP failed regardless of whether the evaporator input heat rate was started at the maximum or
minimum of the acceleration profile. When the evaporator input heat rate was started at the minimum of the
acceleration profile, rather than the maximum, the condenser temperature dynamic response appeared to be
somewhat delayed. This is noted by the dynamical temperature response of TC09 and TC10. The exception to this is
the condenser temperature reflected by TC11. At this location in the condenser there was an increase in temperature
followed by a temperature decrease that was a precursor to the condenser shutting down with a subsequent failure in
the LHP operation. For the case of the evaporator heat rate initiated at the maximum of the acceleration profile there
was a significant delay in the condenser temperature dynamic response, at the TC11 location, compared to the case
of the evaporator heat rate initiated at the minimum of the acceleration profile.

However for Tcp = 51°C, Figs. 14c¢ and 14d, the LHP operated in a normal fashion with some differences in the
startup dynamics. Of particular note are the variations in dynamical temperature responses of condenser
temperatures TC09, TC10, and TC11 resulting from the evaporator input heat rate started either at the maximum or
minimum of the acceleration profile. These variations in the dynamical temperature responses consisted of the
narrowing of or broadening of the temperature spike due to the cold liquid slug passing through the condenser. The
dynamical temperature profile of TC11 also showed a significant delay in the temperature rise once the liquid slug
had passed the condenser location of TC11. This may be due to acceleration induced forces impeding the liquid-

vapor flow required to open up the condenser sufficiently to sustain normal operation.

13
American Institute of Aeronautics and Astronautics

Approved for public release; distribution unlimited.



Similar to Fig. 14, Fig. 15 shows the evaporator input heat rate, Qin = 300W, initiated at either the acceleration
minimum or maximum. Figs. 15a and 15c show the LHP initial temperature response when started at the maximum
acceleration with Tcp = 30°C and 52°C respectively. Figures 15b and 15d show the LHP initial temperature response
when started at the minimum acceleration with Tep = 30°C and 50°C respectively. As shown in Figs. 15a and 15b, it
was generally noted that there very little deviation in the transient of the LHP response for the inlet cold plate
temperature, Tcp = 30°C. However for Tep = 50°C and 52°C, Figs. 15¢ and 15d, there was a notable change in the
LHP dynamics which led, in both cases, to a slow degradation to failure or “graceful failure.” The differences in the
dynamics can be seen in both a delay and widening of the temperature spikes as the cold liquid slug is forced
through the condenser.

Figure 16 shows the results for an increase in the frequency, f, of the acceleration profile. Figs. 16a and 16¢
show the transient LHP response without acceleration for a step increase in the evaporator input heat rate, Qin =
600W, and input cold plate temperature, Tcp = 30°C and 50°C, respectively. Figures 16b and 16d show the transient
LHP response for the steady-periodic radial acceleration frequencies, f = 0.05Hz and 0.1Hz, respectively. Figure 16b
shows this transient response for the peak-to-peak radial acceleration, 0.5g < ar < 6g, and Tcp = 32°C while Fig. 16d
shows the transient response for the peak-to-peak radial acceleration, 0.5g < ar < 10g, and Tcp = 52°C. For both
cases, there were only slight variations in the LHP transient response with and without acceleration. The steady-
periodic acceleration imposed an oscillatory temperature, as evidenced by the transient thermocouple response, most
likely due to the periodic fluid motion within the LHP. However, the acceleration frequency in these cases did not
appear to otherwise significantly alter the LHP performance.

Figures 17-20 show the transient LHP response due to varying the minimum radial acceleration, ar;,, for a
steady-periodic acceleration with frequency, f = 0.055Hz, with a maximum peak acceleration, ar,, = 7g. The
evaporator input heat rate was applied as step increase, Qin = 450W, with a cold plate inlet temperature, Tcp = 42
°C. Figure 17 shows the extended transient response for ary, = 0.5g, 1.0g, and 1.5g. Figure 18 shows the initial
transient response with varying ar,;,. Figures 19 and 20 show the acceleration driven transitory responses leading to
either a transitory partial condenser shutdown or permanent partial condenser shutdown. Figures 17-20 also expand
the temperature information to include the condenser outlet temperature, TC17, and compensation chamber inlet and
outlet temperatures, TC19 and TC20 respectively. Also shown is the compensation chamber wall temperature,

TC21. The compensation chamber wall temperature shown in the plots is one of several thermocouples mounted
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around the centerline circumference of the compensation chamber. During the experiments temperature differences
around the circumference of compensation chamber were within the thermocouple calibration uncertainty. It must
also be noted that due to the linear construction of both the condenser/cold plate and evaporator/compensation
chamber, the evaporator/compensation chamber is also subjected to a similar acceleration gradient as the condenser,
Fig. 3.

Varying the minimum radial acceleration, ar;,, resulted in significant variations in the long-term LHP
performance, Fig. 17. As shown in Fig. 18, the initial dynamical response showed little change when ar,,;, was
varied. However, after 20-30 minutes the LHP exhibited a unique temperature response, Figs. 17a and 17b, driven
by either a transitory partial or permanent partial change in condenser performance with the liquid-vapor front
moving toward the evaporator. For the case where ar,;, = 1.5g, Fig. 17a, the evaporator temperature increased
toward a dry out event but ultimately recovered to a stable operating condition although at an elevated temperature
consistent with a permanent partial condenser shutdown. For ar,,;, = 1.0g, Fig. 17b, there were multiple evaporator
temperature spikes possibly due to the transitory condenser operation. For this case the LHP also operated at a stable
operating condition, although at an elevated evaporator temperature. For ar,,;, = 0.5g, the LHP operated in a stable
manner consistent with a typical LHP steady-state response. For all three cases, the compensation chamber wall
temperature remained constant for approximately 70 minutes after which there was a gradual increase in wall
temperature until the LHP was experimentally shutdown.

Figures 19 and 20 show the detailed temperature response during the partial condenser shutdown events while
varying the minimum acceleration, ar,;,. From these plots there is not a clear role for that of the compensation
chamber inlet or outlet temperatures as a dynamic contributor to these partial condenser shutdown events. Increased
thermocouple placements on the condenser will increase the spatial resolution needed to increase the transitory
resolution to determine the time-variant liquid-vapor interface location. This will help to determine the time variant
sequence of events driving the LHP dynamical performance.

1.10, there

In general, if one considers the testing of this LHP to a steady-state radial acceleration by Fleming et a
appears to be a correlation with the maximum steady-state radial acceleration and the peak radial acceleration, ar,y.
If the peak radial acceleration, ary,,, is equal to or greater than the maximum steady-state radial acceleration, there is

a greater likelihood that the LHP will fail. This is particularly true if the minimum radial acceleration, ar,, is

increased. Figure 21 shows the steady-state performance plotted with the heat transported by Fleming et al.'” For
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this current study, the heat rate transported is on the order of 70% of the evaporator input heat rate, Qin, resulting is
a transported heat rate of approximately 315W. From Fig. 21 the maximum steady-state radial acceleration for this
case is between 4g-6g which is less than the peak radial acceleration, ar,,, = 7g. As such, there should be an
expectation that the LHP will fail as the minimum radial acceleration, ar;,, is increased. For the cases shown in Fig.
17 there were also distinct regions of LHP operation with degraded performance as the minimum radial acceleration,
arnin, was increased. It may also be possible to correlate the maximum steady-state acceleration value to the
maximum peak-to-peak steady-periodic acceleration using either the root mean square (RMS) or average values of

the acceleration transient.

V. Conclusions

Dynamic forces generated from acceleration transients, when combined with thermodynamic forces, can
significantly impact the dynamical performance of a LHP. In some cases acceleration driven forces can compliment
thermodynamic forces improving LHP dynamical performance. However, the converse is also true in that transient
acceleration driven forces can also counter thermodynamic forces. This can result in immediate total failure of the
LHP to operate, delayed total failure, or in some cases, in stable operation but in a degraded condition. Either way,
one should clearly understand the nature of the resulting forces, i.e. magnitude and direction, which are generated
from a transitory and spatial acceleration vector field and their impact on the dynamical performance of two-phase
thermodynamic systems such as LHPs.

Transient acceleration frequency and peak-to-peak amplitude combined with the LHP operating history appear
to be a critical factor in the performance of the LHP. Whether the LHP is operating prior to or started up after an
acceleration transient can result in differing LHP dynamical performance characteristics. In general, it appears that
the higher the acceleration frequency and peak-to-peak amplitude the less detrimental influence there is on the LHP
performance. For these cases, there appears to be an improved LHP performance due to the increased motion of
condensate within the LHP condenser driven by the acceleration component along the length of the LHP.
Conversely, decreased acceleration frequency and increased peak-to-peak amplitude appear to have a greater
detrimental influence on the LHP performance. This is particularly true if the magnitude of the acceleration peak is
near to or exceeds a failure mode for the LHP subjected to steady-state acceleration. Furthermore, as the frequency

is decreased the resulting LHP performance should be consistent with and approaching that of a LHP subjected to
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steady-state acceleration. There also appeared to be natural oscillation of the fluid in the condenser during the LHP
operation when subjected to steady-state acceleration in frequencies ranging from 0.008Hz to 0.2Hz. Exciting these
natural frequencies through a transient acceleration may also lead to failure of the LHP to operate.

Conclusions drawn from past LHP performance studies, with steady-state acceleration, should also be
considered as special cases. One should be careful not to infer or draw any conclusions toward the dynamical
performance behavior or stability of the LHP in transitory acceleration environments from steady-state acceleration
testing. However, steady-state testing can provide valuable information regarding the operational limits of a LHP
provided one understands the nature of the forces generated from either a steady-state or transitory acceleration

field.
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Figure 1. Experimental schematics showing the (a) centrifuge, (b) titanium-water loop heat pipe
experimental setup, and (c) centrifuge and accelerometer coordinate system corresponding to the

condenser mounting location.
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Table 1. Experimental test matrix
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Figure 2. Accelerometer reference frame rotated to align with the LHP radial and axial coordinate system
for (a) ¢ < 90°and B = (90° — ¢) and (b) ¢ > 90°and B = (¢ —90°).
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Figure 4. Comparison of experimental to calculated acceleration components, for 0 = 14°, f = 0.05Hz, 1.0g <
ar < 10.0g, where (a) the acceleration is obtained from the experimental accelerometer and (b) the
acceleration is calculated using Eqn. (10).
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Figure 5. Typical loop heat pipe initial transient response without acceleration and subjected to (a) a step
input evaporator heat rate, Qin = 300W and inlet condenser cold plate temperature, Tcp = 31°C and (b) a
step input evaporator heat rate, Qin = 600W and inlet condenser cold plate temperature, Tcp = 56°C.
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Figure 6. Loop heat pipe initial temperature response for 0-5 minutes. Evaporator input heat rate, Qin =
300W, inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz

and 1.0g < ar < 6.0g.
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Figure 7. Loop heat pipe temperature response for 5-10 minutes. Evaporator input heat rate, Qin = 300W,
inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz and 1.0g <

ar < 6.0g.
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Figure 8. Loop heat pipe temperature response for 10-15 minutes. Evaporator input heat rate, Qin = 300W,
inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz and 1.0g <

ar < 6.0g.
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Figure 9. Loop heat pipe temperature response for 20-25 minutes. Evaporator input heat rate, Qin = 300W,
inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz and 1.0g <

ar < 6.0g.
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Figure 10. Loop heat pipe temperature response for 30-35 minutes. Evaporator input heat rate, Qin =
300W, inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz

and 1.0g < ar < 6.0g.
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Figure 11. Loop heat pipe temperature response for 35-40 minutes. Evaporator input heat rate, Qin =
300W, inlet cold plate coolant temperature, Tcp = 30-35°C, and steady-periodic acceleration, f = 0.05Hz

and 1.0g <

ar < 6.0g.
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Figure 12. Mode I transient loop heat pipe response to (a) a step input evaporator heat rate, Qin = 600W,
no acceleration and Tcep = 31°C, (b) a steady-periodic radial acceleration, sine wave, with frequency, f =
0.01Hz with peak-to-peak amplitude, 0.5g <ar <10g at steady-state conditions for Qin = 600W and Tcp =
31°C, (c) a step input evaporator heat rate, Qin = 600W, no acceleration and Tcp = 56°C, and (d) a steady-
periodic radial acceleration, sine wave, with frequency, f = 0.01Hz with peak-to-peak amplitude, 0.5g <ar
<10g at steady-state conditions for Qin = 600W and Tcp = 56°C.
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Figure 13. Mode I transient loop heat pipe response for an evaporator heat rate to (a) a step input
evaporator heat rate, Qin = 300W, no acceleration and Tcp = 31°C, (b) a steady-periodic radial
acceleration, sine wave, with frequency, f = 0.01Hz with peak-to-peak amplitude, 0.5g <ar <10g at steady-
state conditions for Qin = 300W and Tcp = 31°C, (c) a step input evaporator heat rate, Qin = 300W, no
acceleration and Tep = 53°C, and (d) a steady-periodic radial acceleration, sine wave, with frequency, f =
0.01Hz with peak-to-peak amplitude, 0.5g <ar <10g at steady-state conditions for Qin = 300W and Tcp =
53°C.
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Figure 14. Mode II transient loop heat pipe response for a step input evaporator heat rate, Qin = 600W,
with a steady-periodic radial acceleration, in the form of a sine wave, with frequency, f = 0.01Hz, and
peak-to-peak amplitude, 0.5¢g <ar <10g, for (a) the heat input started at max acceleration and Tcp = 31°C,
(b) the heat input started at min acceleration and Tcp = 31°C, (c) the heat input started at max
acceleration and Tcp = 51°C, and (d) the heat input started at min acceleration and Tep = 51°C.
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Figure 15. Mode II transient loop heat pipe response for a step input evaporator heat rate, Qin = 300W,
with a steady-periodic radial acceleration, in the form of a sine wave, with frequency, f = 0.01Hz, and peak-
to-peak amplitude, 0.5g <ar <10g, for (a) the heat input started at max acceleration and Tcp = 30°C, (b) the
heat input started at min acceleration and Tcp = 30°C, (c) the heat input started at max acceleration and
Tep = 52°C, and (d) the heat input started at min acceleration and Tep = 50°C.
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Figure 16. Transient loop heat pipe response for an evaporator heat rate to (a) a step input evaporator
heat rate, Qin = 600W, no acceleration and Tcp = 30°C, (b) a steady-periodic radial acceleration, sine
wave, with frequency, f = 0.05Hz with peak-to-peak amplitude, 0.5g <ar <10g at steady-state conditions
for Qin = 600W and Tcp = 32°C, (c) a step input evaporator heat rate, Qin = 600W, no acceleration and
Tep = 50°C, and (d) a steady-periodic radial acceleration, sine wave, with frequency, f = 0.1Hz with peak-
to-peak amplitude, 0.5g <ar <10g at steady-state conditions for Qin = 600W and Tcp = 52°C.
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Figure 17. Extended transient loop heat pipe response due to a variation in the minimum radial
acceleration, ar,,, at f = 0.055Hz and ar,,, = 7g with a step input evaporator heat rate, Qin = 450W, and
cold plate inlet temperature, Tcp = 42 °C, for (a) ary, = 1.5g, (b) ary, = 1.0g, and (c) ary, = 0.5g.
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Figure 18. Initial transient loop heat pipe response to a variation in the minimum radial acceleration, ar,;,,
at f = 0.055Hz and ar,,,, = 7g with a step input evaporator heat rate, Qin = 450W, and cold plate inlet
temperature, Tcp = 42 °C, for (a) ary,, = 1.5g, (b) ary;, = 1.0g, and (c) ar,, = 0.5g.
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Figure 19. Acceleration driven transients resulting for ar,,;,= 1.0g leading to a transitory, partial condenser
shutdown.
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Figure 20. Acceleration driven transients resulting for ar,;, = 1.5g leading to a permanent, partial
condenser shutdown.
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Figure 21. Steady-state performance map of the LHP relating radial acceleration and heat transported by
Fleming et al."
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