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Investigation of the Freezing Blowby Phenomenon in
Heat Pipes

J. M. Ochterbeck™® and G. P. Petersont
Texas A&M University, College Station, Texas 77843

The freezing blowby phenomenon in operating heat pipes has been previously hypothesized and experimentally
induced under laboratory conditions, however, no naturally occurring 1-g experimental evidence has been
presented to explain possible causes and results of this phenomenon. For this reason, an experimental investi-
gation designed to evaluate and better define the overall characteristics of freezing blowby was conducted using
a copper/water heat pipe for which freezing blowby conditions were found to occur naturally. Visual observations
of the freezing blowby phenomenon were made, along with internal temperature and pressure measurements.
The results from various rates of restart heat addition and channel blockage indicate that upon breakthrough,
the depressurization of the evaporator results in an effective heat transport capacity in excess of the steady-
state transport limit. The effective transport capacity was determined to easily exceed the capillary pumping
capability of the heat pipe by an order of magnitude. The resulting transient conditions can cause a loss of
liquid in the evaporator and potential dryout. Evidence is presented indicating that in order to prevent either
temporary or permanent dryout, sufficient liquid inventory must be present in the evaporator wicking structure
to accommodate the increased transient thermal load.

Nomenclature

area

= specific heat

differential area

= friction factor

= heat transfer coefficient
mass flux per unit area per unit time
length

length (time dependent)
molecular mass

mass

pressure, power

heat transfer rate
universal gas constant
Reynolds number

radius

temperature

time

volume

accommodation coefficient
= porosity

latent heat of vaporization
viscosity

= density
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Subscripts

a = adiabatic

b = blockage, breakthrough
¢ = condenser, capillary

e = evaporator

eff = effective

g = gas front
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h = hydraulic
[ = liquid
m = melt front
s = gaturation
vy = vapor

Introduction

REEZING blowby describes the phenomenon occurring

when a complete solid blockage, formed by freezing of
the working fluid. of the vapor and liquid passages in a heat
pipe is melted. This blockage of the channels effectively de-
couples the evaporator from the condenser such that during
the process of melting, a pressure differential exists between
the high-pressure evaporator region and the low-pressure con-
denser region. When dissipation of the blockage has pro-
gressed sufficiently to allow for breakthrough of the blockage,
liquid may be driven from the high-pressure evaporator region
into the lower pressure condenser region where subfreezing
temperatures may or may not exist. If enough liquid is trans-
ported into the condenser region, depletion of liquid in the
evaporator wicking structure and dryout can result.

The occurrence of freezing blowby was first postulated by
Antoniuk and Edwards during the evaluation of several anom-
alous deprimings in the variable conductance heat pipes
(VCHPs) utilized in the thermal management system of the
Communication Technology Satellite (CTS).!> The initial hy-
pothesized failure modes included 1) generation of gas bub-
bles in the liquid arteries, 2) mechanical accelerations, 3)
exceeding heat pipe capacity, and 4) liquid inventory deple-
tions, of which freezing blowby was a subset. To allow for
proper priming in 1-g testing, the VCHPs of interest were
overcharged; however, in a (-g environment, this excess charge
bridged the vapor passage in the condenser.! In situations
where the environmental sink temperature, and correspond-
ingly, portions of the condenser region fall below the freezing
point of the working fluid, this bridge could freeze and form
a solid blockage of the vapor and liquid channels.

Further experimental'> and analytical'* investigations
demonstrated that freezing blowby was a possible depriming
mechanism, however, it was determined that this mechanism
most probably did not cause the anomalous failures onboard
the CTS. To verify the freezing blowby phenomena in ground
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experiments, localized freezing in the condenser region was
required to induce the solid blockage formation since the
liquid bridge in the condenser was not a naturally occurring
phenomena in a 1-g environment. In the analytical modeling
of the solid barrier, the frozen solid blockage was assumed
to be of negligible thickness and to thaw only when the en-
vironmental sink temperature was elevated above the triple
point of the working fluid. The effects of the blockage mag-
nitude and the effects of variations in evaporator heat input
rate required to melt the blockage were not evaluated.

A more recent investigation into the freeze/thaw charac-
teristics of a copper/water heat pipe, with varying levels of
noncondensible gases (NCG), resulted in experimental ob-
servation, both visual and thermal, of the formation of a vapor
and liquid channel solid blockage during the freezing process
in a 1-g environment.* This was the first time that solid block-
age of the vapor channel was observed to form naturally in
a heat pipe operating in a 1-g environment. In this investi-
gation, after heat was discontinued to the evaporator, the
formation of the blockage required several hours and was
found to occur at or near the diffusion zone located at the
gas/vapor front. For the heat pipe tested, three distinctive
regions were found to exist as a direct function of the non-
condensible gas charge present in the heat pipe: 1) solid block-
age formation along with evaporator dryout at low levels of
NCG, 2) no blockage formation and a fully primed evaporator
at high levels of NCG, and 3) solid blockage formation and
a primed evaporator with intermediate levels of NCG.

For levels of NCG that resulted in a primed evaporator and
a solid blockage formation (case 3), the freezing blowby phe-
nomenon was visually observed as the blockage was melted.
However, depriming of the evaporator for this case was not
experienced during restart, as low evaporator heat addition
rates were used, thereby resulting in a low-pressure differ-
ential and low levels of liquid blowby upon breakthrough of
the solid blockage. While this investigation provided defini-
tive evidence that freezing blowby could occur in a 1-g test
pipe. quantitative evidence remained unavailable.

Experimental Investigation

To better understand the freezing blowby phenomenon and
provide quantitative pressure and temperature data, an ex-
perimental investigation designed to evaluate and define the
overall characteristics of freezing blowby in a copper/water
heat pipe was conducted. This investigation included visual
observations of the freezing blowby phenomenon along with
temperature and pressure measurements for varying rates of
heat addition, and thus, different pressure differentials across
the blockage.

Experimental Apparatus

The experimental apparatus utilized in this investigation
consisted of a copper/water heat pipe with an overall length
of 2.0 m and internal dimensions of 25.4 by 11 mm, as illus-
trated in Fig. 1, and has been previously described in detail
by Ochterbeck and Peterson.* A small step was machined in
the internal channel to accommodate a 40-mesh copper wire
screen placed between the vapor and liquid channels. Four
additional layers of copper mesh were placed beneath the top
screen to form the wicking structure. To seal the heat pipe a
transparent lexan cover with a small o-ring groove was used.
This lexan cover allowed the behavior of the liquid, solid,
and vapor within the heat pipe to be observed visually. Heat
addition (£3.4%) to the evaporator section was provided by
a 0.58-m-long mica strip resistance heater, whereas the con-
denser section was cooled by a circulating fluid from a con-
stant temperature bath through a 0.74-m coolant chamber
located along the bottom of the condenser region of the heat
pipe. The optimum working fluid charge was calculated to be
160 cc, whereas the actual heat pipe charge used in all tests
was 170 cc. The heat pipe was slightly overcharged (6.3%) to
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insure full saturation of the wick. During testing, the over-
charge was visually observed to be swept to the condenser
region by the vapor and formed a very thin liquid layer along
the top screen surface in the far condenser region. When the
condenser coolant temperature was below the triple point,
the excess fluid formed a thin frozen layer, and thus had no
further bearing on the tests or solid blockage formation.

Instrumentation of the heat pipe included 13 stainless steel
sheathed copper-constantan (T-type) thermocouples (AWG-
30 and *0.3 K) located in the vapor channel, and 13 in the
liquid channel. Beginning at 0.143 m from the leading edge
of the evaporator in the liquid channel and 0.156 m in the
vapor channel, the thermocouples were placed at 0.152 m
intervals along the length of the heat pipe. Internal pressure
measurements were provided by two Druck, Inc., model PTX
510 pressure transmitters mounted in the lexan top of the heat
pipe. with one located at the end of the evaporator, P, at 0.58
m, and one in the end region of the condenser, P, at 1.94 m.
The PTX 510 pressure transmitters were fitted with pressure
sensors capable of linearly measuring absolute pressures over
a full-scale range from 0 to 24.7 kPa with a 1.5% accuracy
rating, including nonlinearities and hysteresis effects.

Experimental Procedure

The heat pipe was initially charged with a predetermined
amount of noncondensible gas (air) to produce the desired
blocked condenser length. The NCG charge is presented in
terms of standard temperature and pressure (STP) conditions.
The heat pipe was then brought to a steady-state condition
with 160 W of evaporator power input and a condenser cooling
fluid temperature of —10°C. This condition was maintained
and the heat pipe was operated for a minimum of 1 h to insure
steady state and to verify the noncondensible gas charge. The
gas/vapor front was distinctive in nature during steady-state
operation as fine condensate droplets were formed on the
lexan cover in the condenser vapor region. Internal temper-
ature measurements confirmed the location of the NCG front.
This method allowed the NCG charge to be determined be-
tween 3.6 and 5.0% for the maximum to minimum NCG
charges, respectively, used in this investigation. Power to the
evaporator was then discontinued and the heat pipe was al-
lowed to freeze.

Once the blockage was formed, evaporator heat addition
was applied to restart the heat pipe and to melt the solid
barrier. Internal temperature and pressure measurements, along
with internal visual observation of the heat pipe, were con-
ducted continuously during the restart process. For some cases,
power levels below the initial 160 W were utilized during
restart. In these cases the power was increased to 160 W only
after the solid blockage had dissipated and only if the heat
pipe was operating at a steady-state condition.

Heat Pipe Transport Capacity

To quantify the heat transport capacity of the copper/water

heat pipe, the capillary limit of the heat pipe was evaluated

using the methods outlined by Chi.® Assuming that gravita-
tional forces are negligible, the capillary limit is given by

AP, = AP, + AP, (1)

where AP, is the maximum capillary pumping pressure, and
AP, and AP, are the frictional losses in the liquid and vapor
channels, respectively. These three terms are evaluated from
the following basic equations as presented by Chi®

AP, = 20lr, 2)
(fRe)u,
AP, = ————— "
! 2ery  ApA 9 (3)
Ap. = URe)p,
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The calculated transport capacity gL, is presented in Fig.
2 along with the variation in the calculated effective length
L. as a function of NCG charge (volume at STP) and evap-
orator operating temperature T,. The effective length L, was
defined as (L,/2 + L, + 1./2), where [ is the active condenser
length and is based on a flat front noncondensible gas blocked
region. Measured values of operating and dryout conditions
for the heat pipe used in this investigation are also presented
in Fig. 2, where dryout was specified to occur when a sharp
rise in evaporator temperature was observed after subsequent
increases in evaporator power input.

Analysis

The transient imposed on the heat pipe when the two re-
gions regain communication may potentially result in evap-
orator depriming/dryout due to several mechanisms. These
mechanisms include 1) mass freezeout of the fluid and de-
pletion of the available fluid inventory, either by liquid blowby
upon breakthrough or by vapor freezeout in the condenser
region; or 2) exceeding the capillary pumping capability of
the heat pipe during the imposed transient; or 3) vapor block-
age of the liquid channel resulting from boiling or flashing in
the evaporator wick—due to the rapid depressurization and
assumed only possible for very large pressure differences across
the blockage.
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The depletion of available working fluid inventory by mass
freezeout occurs in the frozen or freezing condenser regions.
The amount of liquid lost during blowby is very difficult, if
not almost impossible, to model and/or measure reliably, as
the phenomenon is a three-dimensional, three-phase, tran-
sient condition. The amount of working fluid lost by vapor
freezeout results from the variation in the vapor/gas front /,
and the melt front [, locations, see Fig. 3. As the blockage
melts, /, progresses along the axial length of the heat pipe
through the blockage. The gas front is assumed to exist di-
rectly behind the blockage on the condenser side of the vapor
channel and not to vary until communication between the two
sections reoccurs. However, once breakthrough occurs, the
vapor/gas front is rapidly driven into the condenser region.
The melt front, however, progresses at a much slower rate,
thus creating a solid-vapor region between the vapor/gas front
and the liquid melt front where mass freezeout 7, may occur.
With sufficient time, the vapor/gas front will recede back
toward the evaporator and/or the melt front will progress into
the condenser region, and the two will become coincident—
assuming evaporator depriming/dryout does not occur. It is
important to note here that this scenario differs slightly from
the conditions hypothesized in the CTS heat pipes, as non-
condensible gases were presumed in the CTS case to be pres-
ent on both sides of the blockage, and for the blockage to be
thawed by changes in environmental conditions.

The second possible depriming mechanism, that of exceed-
ing the capillary pumping limit of the heat pipe, results from
the depressurization of the evaporator region. As the evap-
orator vapor pressure P, is rapidly reduced following break-
through, the mass flux leaving the vapor/liquid interface in-
creases significantly, as the saturation vapor pressure P,
corresponding to the evaporator liquid temperature 7, now
greatly exceeds the actual vapor pressure P, following break-
through. This increased mass flux results in an effective heat
transport capacity q.;, which exceeds the evaporator heat
input rate q,, where ¢, includes the superheat of the evap-
orator zone that must be transported to reduce the evaporator
temperature to an equilibrium state with the corresponding
vapor channel pressure, see Fig. 4. For the following analysis,
the expansion of the vapor into the gas-blocked region is
assumed to occur instantaneously (actual experiments showed
that the expansion process normally occurred over a period
of 10—15 s) after breakthrough as illustrated by the ideal
condition in Fig. 3 and to follow an ideal gas expansion be-
havior.

Utilizing a control volume over the evaporator and adi-
abatic sections containing solid or liquid elements, an energy
balance can be written as

dE dT,

= o)., )

Z—I qt' - u.i([) =

where the term (mc),_, is the corresponding thermal mass of
the evaporator and adiabatic regions and includes the heat
pipe case, heaters, wicking structure, and the liquid working
fluid in the wick. The heat interaction terms ¢, _,, include
the evaporator heat input, or

qef a b = qu (6)

and the heat released by the evaporating working fluid, or

Ge—ur = Qo = AL, (7)

where g is >q, if the evaporator temperature is decreasing,
=g, for steady-state conditions, or <q, if the evaporator tem-
perature is increasing, or in the case of evaporator dryout.
As stated previously, the evaporation at an interface is
extremely sensitive to variations in the vapor pressure, where
an expression for the evaporation rate of an interface with
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Fig. 3 Schematic of vapor/gas front and melt front behavior during
restart.
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Fig. 4 Behavior of the liquid saturation vapor pressure and vapor
channel pressure during the freezing blowby transient.

only small differences between the vapor and liquid temper-
atures is presented as®

i = 52 [@%T)] P ®

The pressure P, corresponds to the saturation vapor pressure
at the evaporator liquid temperature 7T, which is assumed to
be equal to the evaporator and adiabatic section temperature
T,_,. At the instant of breakthrough f,, the vapor pressure
P. in the evaporator and adiabatic regions decreases abruptly
causing the mass flux given by Eq. (8), to increase, as the
evaporator liquid temperature 7, and the corresponding sat-
uration vapor pressure P, at this liquid temperature do not
change as rapidly. The total evaporating mass flow rate is
then determined by integrating Eq. (8) over the evaporating
surface area

, = L jo(1) dA (9)

and is used to evaluate g,_, - in Eq. (7). The time for the
effective heat transport rate g, to return to an equilibrium
state (assuming no dryout occurs) with the heat input rate g,
is a direct function of the mass of the heat pipe container,
wick, and the working fluid liquid inventory. To evaluate the
effective heat transport capacity, Eq. (5) was integrated over
a specified time interval. The initial conditions of condenser
pressure P, and the evaporator temperature T, at the point
of breakthrough t, were specified. The accommodation coef-
ficient & was set to 0.21.
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If the effective heat transport during the transient process
is in excess of the capillary limit for the heat pipe, the dryout
process of the evaporator will be initiated and result in partial
dryout. In order to prevent this partial dryout condition from
propagating to a total dryout, the effective heat transport
capacity must not remain above the capillary limit for an
extended period of time, which is dependent upon the overall
thermal mass of the system, and that the liquid inventory in
the heat pipe wick must be great enough to sustain any initial
increases in effective heat transport levels in excess of the
capillary limit.

Results

In the previous investigation of the freeze/thaw character-
istics of the copper/water heat pipe, freezing blowby was pres-
ent for the solid blockage corresponding to a 0.814-cm® gas
charge of air at STP (40.5% NCG blocked condenser at 160
W).* As previously stated, this condition resulted in the evap-
orator remaining primed and the condenser and evaporator
regions being decoupled by a frozen, solid blockage. The
typical initial and final liquid channel temperature distribu-
tions along with the solid blockage formation contours are
presented in Figs. 5 and 6, respectively, for the freezing pro-
cess. The magnitude of the blockage is described by the es-
timated blockage volume V,,, and for this test case was esti-
mated to be 25.0 cm?. It is important to note here that the
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Fig. 5 Transient liquid channel temperatures during freezing for
0.814-cm® NCG charge.?
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blockage magnitude was sensitive to changes in the NCG
charge. Further tests demonstrated the characteristics of the
blockage formation as a function of the NCG charge, see Fig.
7, and found that three regions with varying characteristics
exist.” For NCG charges up to approximately 0.7 cm?, evap-
orator dryout was found to occur along with the formation of
a solid blockage, whereas for charges greater than approxi-
mately 1.0 em?, the solid blockage no longer formed, or formed
incompletely, and the evaporator remained primed with lig-
uid. The region between 0.7—-1.0 cm?® resulted in the condi-
tions favorable to the freezing blowby phenomenon.

The initial restart from the configuration in Figs. 5 and 6
utilized 30 W of evaporator heat input. The corresponding
transient liquid temperatures at several axial locations and
the visual measurement of the solid blockage contours are
presented in Figs. 8 and 9, respectively, for an estimated V,
of 25.0 cm?, with the thermocouple numbers presented in Fig.
8§ corresponding to the thermocouples and locations outlined
in Fig. 1. No pressure measurements were available for this
restart case.” As shown, the temperatures in the evaporator
region decreased immediately following breakthrough of the
blockage, due to the corresponding decrease in vapor pressure
as the high-pressure evaporator region vented into the pre-
viously decoupled condenser region. However, depriming of
the liquid channel was not observed for this restart condition,
and as shown, the heat pipe was returned to an operating
state with a power input of 160 W. Visually, liquid was ob-
served to be propelled into the condenser region by the vapor
to a distance of approximately 6.0 cm from the condenser end
of the blockage. However, the liquid driven into the con-
denser was limited to liquid supplied from the melting block-
age. After breakthrough, it was impossible to determine with
any accuracy the percentage of liquid that resulted from the
solid blockage that was frozen out in the condenser, and the
percentage that re-entered the wicking structure.

Further analysis of restart with low evaporator heat inputs
(30 W) and internal pressure measurements resulted in similar
observations and the ability to return the heat pipe to the
previous operating condition. The transient liquid channel
temperatures and vapor channel pressures for a blockage vol-
ume of 20.9 cm?® resulting from a NCG charge of 0.995 cm?
are presented in Fig. 10. From the pressure measurements,
it was apparent that no communication between the two re-
gions was present prior to melting of the barrier. The most
noticeable difference between the results occurring for a

X=16m

I
|
|
|
|

X=11m

Fig. 6 Solid formation contours for 0.814-cm* NCG charge during freezing.*
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Fig. 9 Solid blockage contours during restart with V, = 25.0 cm?
and 0.814-cm* NCG charge.*

blockage volume of 25.0 cm? and 20.9 cm?® was the time re-
quired for breakthrough of the barrier, 25.5 min vs 15.0 min.
This is indicative of the overall heat necessary to melt the
blockage, and as the time required for breakthrough de-
creased, the magnitude of the evaporator temperatures was
also found to decrease. Also presented in Fig. 10, are the
calculated effective heat transport capacity and capillary limit.
As seen, g easily exceeds the capillary limit by a factor of
3 in this case, even for a very low pressure differential across
the blockage (=200 kPa). However, g, rapidly decreased
below the capillary limit and the heat pipe was able to operate
without dryout occurring.

Results of restart for a high-power input level of 200 W are
presented in Fig. 11 for a NCG charge of 0.800 cm? and
corresponding blockage volume of 30.9 cm?®. This increased
heat input rate significantly reduced the time required for
melting of the solid blockage, however, it also increased the
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evaporator pressure and temperature prior to breakthrough.
Visually, the liquid in the case of an increased heat addition
rate resulted in the liquid being propelled by as much as 12.0
cm past the condenser end of the blockage. Again, this liquid
appeared to be limited to liquid supplied by the melting block-
age only. Evaluation of g, also demonstrated a marked in-
crease in the effective heat transport rate during the depres-
surization process. The heat pipe for this test was again returned
to a steady-state operating condition. It is important to note
that the calculated evaporator temperature decreased at a
noticeably greater rate than the measured liquid tempera-
tures. This is presumed to result from the assumption of an
instantaneous expansion of the high-pressure evaporator re-
gion into the condenser region. Correspondingly, the initial
calculated g, will be slightly exaggerated, however, the time
required for g, to fall below the capillary limit will be in-
creased, as the overall quantity of heat carried out of the
evaporator region must be the same in both cases.

A restart with 160 W of evaporator heat addition is pre-
sented in Fig. 12 for an NCG charge of 0.754 cm?® and a much
greater blockage volume of 36.4 cm?, with internal liquid
channel temperatures only because the pressure transducers
had not yet been installed. In this situation, evaporator dryout,
marked by the sharp rise in evaporator temperature, was
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Table I Summary of experimental results
NCG. Vi, Power, AP, T, s Ly
cm? cm? w Pa °C min Dryout
0.738 352 30 N/A 6.8 28.5 No
0.747 38.2 160 600 15.0 8.0 No
0.754 36.4 160 N/A 17.3 10.5 Yes
0.794 19.5 160 620 14.3 7.6 No
0.800 30.9 200 601 15.2 6.6 No
0.814 25.0 30 N/A 9.6 255 No
0.823 26.4 160 380 9.5 4.7 No
0.836 22.8 160 1300 21.0 11.4 No
0.852 23.7 80 N/A 6.8 8.0 No
0.995 20.9 30 200 53 15.0 No
5(2) T /J ; s i The heat pipe utilized in the current investigation was be-
18 F4.=10:5min", o T.2(e) l lieved to not dry out for the vast majority of tests due to the
}i C S ° Hggu) { availability of sufficient working fluid in the wicking structure
g2} i a 7:26(3 ; to sustain the imposed depressurization transient. As stated
SeE Te-cac. | earlier, the single dryout was believed to result from the in-
3 ef L8 A 3:;’:;?:;: i adequate supply of working fluid in the wicking structure and
& 2 = . IR highlights the above requirements for the heat pipe to sustain
L S el the imposed transient. Also, the fluid melted from the block-
-4 F age during initial thawing (i.e., prior to breakthrough) was
= b visually observed to rewet the adjacent wicking structure slowly
~-10 [ 1800 due to the combination of the governing fluid properties near
o E }igg £ the triple point (i.e., liquid viscosity, surface tension, and
o 11200 § wetting angle) being elevated, and therefore, least favorable
b -{ 1000 2 for wetting of the wick.
. Vo R 283 E The liquid feed to the wicking structure is dependent on
P=160W 5'\.'_'_ .............. -f400 ¢ the advancement of the melt front in the condenser section.
_______ - 200 o .
: 0 As discussed earlier, the vapor that penetrates the blockage
0 5 0 15 20 2 rapidly progresses into the vapor channel of the condenser
Time {min) while the melt front takes several minutes to progress the

Fig. 12 Restart for V, = 36.4 cm® and 0.754-cm* NCG charge.

observed to occur following breakthrough of the barrier. As
the evaporator temperature prior to breakthrough was greatly
elevated, g, after breakthrough easily exceeded the capillary
limit by an order of magnitude.

Discussion of Results

The experimental results presented in the above section
along with several other restart tests in this investigation are
summarized in Table 1. These include the following values
prior to breakthrough: the maximum pressure difference across
the blockage AP, the maximum evaporator liquid channel
temperature 7, ..., and the time required for breakthrough
t,. As seen from these results, only one case resulted in evap-
orator dryout, that of a blockage volume of 36.4 cm® and an
input evaporator power of 160 W. Intuitively, this could be
attributed to the larger temperature drop, and correspond-
ingly, the greater pressure gradient driving the working fluid
farther into the condenser region. However, the cause of the
evaporator dryout in this case may also be attributed to the
magnitude of the blockage formation itself. The working fluid
that froze to create the increased blockage must have been
supplied from the evaporator wick, thus reducing the available
working fluid, or the level of saturation in the wicking struc-
ture. Because this blockage formation was the greatest in
magnitude, the level of desaturation in the evaporator would
be assumed to be the greatest as well. Upon breakthrough of
the blockage, the rapid decrease in pressure resulted in an
instantaneously increased vaporization rate, represented by
q.q» 10 the evaporator and imposed a transient on the heat
pipe liquid channel too great for the depleted wicking struc-
ture to accommodate. This increased evaporation rate is seen
to be more significant in heat pipe dryout as the actual mech-
anism of liquid being blown into the condenser region.

same distance. Thus, the liquid feed rate is dependent on the
time required to melt the fluid in the condenser region and
may lag behind the fluid transport rate to the condenser. It
is important here to note the differences when the heat pipe
with larger levels of NCG (>1.1 em?®), such that no blockage
formed, were tested.*” The liquid melt front and the vapor
front in this case proceed at essentially the same rate into the
condenser during restart. Thus, without the blockage, the
coincident melt front and NCG front rates are the controlling
factor in the restart characteristics of the heat pipe.

In contrast to the current investigation, the VCHPs used
onboard the CTS were assumed to be operating prior to
breakthrough of the solid barrier, as the barrier was only
deemed to melt when the environmental temperature was
increased. Also, noncondensible gases could be present on
both sides of the blockage—unlike the conditions found in
this investigation. If the heat pipe is operating prior to break-
through, the wick in the evaporator may not be fully saturated
and thus, the liquid inventory may not be able to sustain the
imposed transient. Also, the liquid that is blown into the
condenser would inevitably only result from the melted block-
age, which was formed from the excess charge. Any transport
of fluid from the evaporator to the condenser, where it may
or may not freeze, would be in the form of vapor freezeout
(assuming that the increased vapor velocities do not induce
entrainment). Thus, the transient inflicted by the depressur-
ization of the evaporator may be as great, if not greater, a
mechanism resulting in evaporator depriming.

For industrial applications of heat pipes, two additional
problems could exist. First, the heat pipes are typically at-
tached to a thermal mass of much greater thermal capacity
than the heat pipe itself, thus, the effective heat transport
capacity would remain above the capillary limit for a signif-
icantly increased amount of time and more easily induce dryout.
If dryout occurs, the effective heat transport must decrease
below the capillary limit based on the open artery or axial
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pumping capability of the wicking structure for rewetting to
occur. Secondly, the temperature measurements for the given
heat pipe were not sensitive enough to determine the mag-
nitude of the solid blockage formation. Only visual data through
the use of the lexan cover could provide this information.

Conclusions

The phenomenon of freezing blowby was investigated for
various rates of restart and magnitudes of vapor channel
blockage. Restart was accomplished in all cases except one,
which was believed to result directly from the reduced liquid
inventory in the wicking structure prior to restart. Upon
breakthrough of the blockage, the depressurization results in
an increased evaporation rate at the liquid surface in the
evaporator and may cause evaporation in the adiabatic region
as well. This increased evaporation rate corresponds to an
effective heat transport capacity in excess of the existing evap-
orator power input. The transient imposed on the heat pipe
by the effective heat transport capacity can be more severe
than the loss of liquid blown into the condenser section after
breakthrough, and may be a more significant parameter in
the potential failure of the heat pipe, since for this case the
traditional capillary limitation of the heat pipe must be able
to sustain the increase. The analysis demonstrated that the
effective heat transport capacity can easily exceed the capil-
lary pumping limit by an order of magnitude.
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