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Analysis of Supercritical Startup Behavior
for Cryogenic Heat Pipes

Y. H. Yan* and J. M. Ochterbeck¥
Clemson University, Clemson, South Carolina 29634

A theoretical analysis was conducted to describe the startup process from the supercritical state for
axially grooved cryogenic heat pipes. Using an approximation method, a heat-balance integral solution
was developed to predict the rewetting velocity, liquid front position, and transient axial temperature
distributions for axially grooved cryogenic heat pipes. The developed model assumes an initially uniform
axial temperature distribution and divides the startup process into two characteristic regions, based on
whether a liquid column is established in the condenser region. The predicted transient temperature
profiles of two cryogenic oxygen heat pipes were in good agreement with previous experimental micro-

gravity flight data.

Nomenclature

= coefficient defined in Eq. (12)
cross-sectional area of the working fluid
= cross-sectional area of the liquid channel
= cross-sectional area of the heat-pipe wall
= coefficient defined in Eq. (12)

= effective heat capacity

specific heat

coefficient defined in Eq. (12)

hydraulic diameter

thermal energy

force

groove thickness

= latent heat of liquid—vapor phase change
thermal conductivity

length of adiabatic section

length of condenser

length of evaporator

internal pressure

critical pressure

reduced pressure

gas constant

Reynolds number

capillary radius

temperature

critical temperature

condenser temperature

reduced temperature

initial temperature

time

liquid mean velocity

liquid rewetting velocity

specific volume of vapor

groove width

compressibility factor

effective heat diffusivity

coefficient defined in Eq. (3)
penetration depth

= liquid layer length
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6 = temperature difference
6, = Debye temperature

M = viscosity

p = density

7, = wall friction
Subscripts

cap = capillary

f = working fluid

frict = friction

1 = liquid

s

heat-pipe wall

Introduction

HE most severe transients that potentially result in heat-

pipe failure generally occur during the initial startup of a
heat pipe in thermal equilibrium with the environment, as the
working fluid is initially quiescent. Depending on the thermal
environment and the corresponding working fluid state, heat-
pipe startup can be classified into three separate categories: 1)
normal, 2) supercritical, and 3) frozen. In heat pipes for cry-
ogenic applications, a gaseous or supercritical state prevails
for the working fluids, e.g., hydrogen, nitrogen, oxygen, at
room-temperature conditions. During startup, the heat pipe
must be cooled until the fluid temperature is below the critical
point temperature. The startup process requires condensation
of the working fluid and wetting of the wicking structure be-
fore the heat pipe becomes operational.

Previous examinations of supercritical startup have been
conducted using numerical models and have presented good
basic information regarding the transient supercritical startup
characteristics. Investigations of supercritical startup for cry-
ogenic heat pipes in the past have been generally conducted
using finite difference numerical analysis' or by startup limits
associated with restart failure.> Although these investigations
have provided insight into issues of supercritical startup, over-
all analytical tools for supercritical startup remain limited.

Related to the problem of wetting of the wicking structure,
investigations have been conducted to examine the rewetting
characteristics of finite length grooved plates with uniform
heating and wall superheat to determine the transient response
time for evaporator rewetting.’~> These analyses have con-
firmed several apparent characteristics of rewetting:

1) Increasing either the wall superheat or the heat input rate
will decrease the rewetting velocity.

2) When no heat addition is applied, the liquid channel will
reprime for any initial value of wall superheat, although at a
decreasing rate for increasing superheat levels.
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3) A heat input value exists such that the rewetting velocity
may become equal to zero, i.e., the liquid supply rate is equal
to the vaporization rate and the advancing column stagnates.

This investigation expands upon previous work using inte-
gral methods and closed-form solutions for the rewetting of a
finite length grooved plate with uniform heating and wall su-
perheat, and applies them to the issue of supercritical startup
for cryogenic heat pipes. Analytical solutions are presented and
have compared favorably with experimental data for the start-
up characteristics of two axially grooved cryogenic heat pipes
flown onboard the Space Shuttle. With the integral solutions,
the rewetting velocities and axial temperature distributions of
the cryogenic heat pipe can be determined throughout startup.

Analysis

The startup process of an axially grooved heat pipe initially
at a uniform temperature 7, is considered, where the initial
temperature of the heat pipe is assumed to be greater than the
critical point value. During startup, the condenser is cooled by
a cryocooler, whereas the adiabatic section and evaporator are
cooled by axial heat conduction to the condenser. When the
temperature and pressure of the vapor decrease to levels below
the critical-point values, the vapor begins to condense. After
the condenser groove becomes filled with liquid, a liquid film
from the condenser, driven by surface tension, will advance
along the liquid channel.

During the period when a liquid column has been estab-
lished, and because the dry region is at an elevated tempera-
ture, some of the liquid at the leading edge of the liquid front
is vaporized and the remaining liquid advances with a rewet-
ting velocity U,, which is less than the mean film velocity U.
Heat required to vaporize the liquid is supplied by heat con-
duction from the dry region. If the heat supplied from the dry
region exceeds that required to vaporize all of the advancing
liquid, then rewetting would not occur and the liquid film will
recede. In the condenser, the liquid temperature is assumed to
be uniform and equal to the wall temperature as given by the
cryocooler temperature. It is important to note that although a
temperature boundary condition is utilized to allow direct com-
parison with existing experimental data, the model easily can
be adapted to utilize a heat-flux boundary condition. Other
assumptions for the following analysis were made:

1) The heat conduction is one dimensional.

2) The fluid temperature is equal to the adjacent wall tem-
perature and the fluid pressure is uniform.

3) The heat transfer between the heat pipe and the surround-
ings is negligible, although if known, any parasitic heat leaks
or applied heat loads can be included as an input heat flux.

4) The thermal conductivity of the working fluid is negli-
gible compared with the thermal conductivity of the heat-pipe
wall.

Because of symmetry, a segment, or single axial groove, of
the heat pipe was studied. The section was made through the
axes of two adjacent fins, with such a segment shown sche-
matically in Fig. 1.

The transient, axial heat conduction equation for the heat-
pipe wall and wick structure is given by

9 (a, 9L (pA,c, + pA )BT 1)
- s . | = 5 ACs ) T
ox ox P P o

where the specific heat of the heat pipe wall can be expressed
as a function of temperature®

T 3 ((6p/T) et
¢, =9R [~ — gy @)
<OD> L (e" — 1)

The specific heat of the working fluid is a function of tem-
perature and specific volume. Because the temperature and
specific volume of the working fluid vary axially and tempo-

w

Fig. 1 Schematic of the modeled heat-pipe segment.

rarily, the specific heat is a very complicated function of time
and axial position. For simplicity, the heat capacity of the
working fluid was incorporated by adding a constant coeffi-
cient to the heat capacity of the heat-pipe wall. This coefficient
was defined as

B = (AE, + AE)/AE, 3)

where AE, and AE; are the total internal energy change from
the initial state to the final state for the heat-pipe wall and the
working fluid, respectively. Using this assumption, Eq. (1) can

be simplified as
9 oT oT
koo )=c @
ox ox ot

where C, is defined as

C.=(1 + Bpc &)

The boundary condition in the condenser can be described
as either a specified heat flux or a specified temperature. In
this investigation, the case with specified temperature was ex-
amined. The analysis for a specified heat flux boundary con-
dition can be obtained in a similar manner. Because the tem-
perature in the condenser is assumed uniform, the origin of
the coordinate system was selected to be located at the inter-
section between the condenser and the adiabatic section (Fig.
2). Thus, the boundary condition at the condenser end can be
described as

T

=0 = Tcond (6)

As the vapor inside the heat pipe does not condense until
the temperature and pressure are lower than the critical tem-
perature and pressure, the startup process is divided into two
stages. In the first stage, the vapor temperature or pressure is
higher than the critical temperature or pressure, and the heat
pipe is cooled only by pure heat conduction. In the second
stage, the vapor temperature and pressure are lower than the
critical temperature and pressure, and the heat pipe is cooled
by conducting heat to the advancing liquid front. Based on this
consideration, the analysis is separated into two segments.
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Fig. 2 Coordinate system used in modeling of the cryogenic heat-
pipe startup process.

Stage 1: Tya > T, or P > P,

Because the primary mechanism of heat transfer in this stage
is diffusion, the cooling effect resulting from the condenser
heat rejection is not immediately propagated throughout the
heat pipe, but is confined to a region extending from the con-
denser x = 0 to some penetration depth x = 8(f), where 8(?) is
less than L. Beyond &(?), the temperature gradient is zero and
the temperature in this region is uniform. Therefore, this stage
can be further divided into two parts with § < L and 6 = L.

Penetration Depth Less than Heat Pipe Length 6 < L

The resulting governing equation and boundary conditions
for this portion of the startup process are

0 i1 06
= <k —) =C.— @)
ox ox at
0'.\»:0 = Ucond (8)
9|x=5 =0 (9)
a0
— =0 (10)
ox|, . s

where 6 = T — T,. Equation (9) indicates that the temperature
at the penetration depth is equal to the initial temperature,
whereas Eq. (10) specifies that the temperature gradient at the
penetration depth, x = §, is zero. The solution to the set of
Egs. (7-10) was obtained using an integral method. Integrat-
ing the governing equation from x = 0 to x = § yields

9 8
D =C, Py (J; 0 dx) (11)

Assuming a parabolic temperature profile

0=A + Bx + Dx* (12)

and substituting Egs. (8—10) into Eq. (12) yields the definition
for the coefficients A, B, and D as

A = Ucond>» B = _(20cond/8)» D = cond/a2 (13)

Substituting Eq. (13) into Eq. (12) yields the expression for

the temperature prOﬁlc as
26, X 6 .x2 X :
cond cond eond <1 ) (1 I)

9 = Bcond - 6 82 5

Substituting Eq. (14) into Eq. (11) provides a description of
the time rate of change of the penetration depth

T TS 1)

where «, is defined as

a, = k/C, (16)

In Eq. (15), the only unknown is the penetration depth 8. After
0 is obtained by integrating Eq. (15) numerically, the temper-
ature profile can be obtained using Eq. (14).

Once the axial temperature profile is known at a given time
step, the internal pressure can be obtained from the thermo-
dynamic relation

P = zRTlv a7

The compressibility factor z in Eq. (17) can be expressed as a
function of reduced temperature and reduced specific volume’

z2=UT,, v) = z2(T,, v) + 0z(T,, v) 18)

where
T, =TT, (19)
v, = vP./RT. (20)

Detailed information for the calculation of the compressibility
factor is found in any thermodynamic text.’

Penetration Depth Equals Heat Pipe Length, 8 = L

At this point, the cooling effect of the condenser has prop-
agated over the entire heat-pipe length, and the governing
equation and boundary conditions are given by

9d 30 a0

|k =C— 21

E)x( ax) ¢ at @h
0!.\':0 = Ocond (22)
a0
- =0 (23)
ox|._,

Integrating Eq. (21) from x = 0 to x = L yields

L
= % <J 6 dx) 24)
x=0 0

Again, assuming a parabolic temperature profile

6_0
ox

o,

6=A + Bx + Dx’ (25)

and substituting Egs. (22) and (23) into Eq. (25), yields the
new definitions for coefficients A and B as
A = bonas B =—-2DL (26)
Substituting Eq. (26) into Eq. (25) yields an expression of
the temperature profile as a function of the coefficient D
0 = O.ona — 2DLx + Dx* @27

The time rate change of the coefficient D is obtained by
substituting Eq. (27) into Eq. (24)

dD 3 (dfm
e 28
dr 21}( a D) @8)

In Eq. (28), the only unknown, D, can be numerically ob-
tained by integrating Eq. (28), whereas the temperature profile
can be obtained from Eq. (27). After the axial temperature
profile was determined, the internal pressure is estimated in
the same manner as described for the condition 8 < L.
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Stage 2: Topa < T, and P < P,

When the condenser temperature is lower than the critical
temperature and the internal pressure is lower than the critical
pressure, the vapor begins to condense in the condenser sec-
tion. The rewetting process was modeled as the rewetting of
a rectangular groove. The advancing liquid layer is subjected
to a capillary driving force that is induced by surface tension
and opposed by the wall shear stress. The total liquid layer
was taken as the control volume, and the liquid film advances
at an average velocity that will vary with respect to the length
of the liquid layer.’” The momentum equation for the control
volume therefore is given by

d(mU)
Fcap - Ffric( = dt (29)
or
20h
% — 1.eCh + w) = hw g(%ltie_) (30)

where the two terms on the left side of Eq. (30) represent the
capillary force and the wall friction, respectively, and the right
side of Eq. (30) represents the change of momentum.

Assuming that the liquid flow is laminar and Newtonian, the
wall shear stress can be approximated as

_pU 16 _8uU 2uUQRh + w)
~ 2 Re D, hw

3D

Tw

The capillary radius r for a rectangular groove is given as®
r=w (32)

Substituting Egs. (31) and (32) into Eq. (30) yields the rela-
tionship

2
+
20h  2Ue (Zh w) - oh d(Us) 33)

W b\ w dr

The associated initial condition for the advancing liquid col-
umn is given by

t=0, &=0 (34)

and the solution to Eq. (33) was determined as

Ue = oh? - _2[Q2h + wywPut
€= NCh + wivla xp ph?

(35

Equation (35) represents an expression for U as a function of
the liquid layer length and the rewetting time for an unheated
rectangular groove. Because the velocity and position of the
liquid column are related by

de
=— 36
v dt (36)

then Eq. (35) can be expressed in the form

ad_é‘ _ o’ | - _2[(211 + wywlut
dr - wlh + wywlip Xp o

(37

Solving Eq. (37) with the initial condition provided by Eq.
(34) yields

< 20h° )”2 ( ph?
e=\—m——m—m—m—m t+ ——/——m—/mm
wlh + wywls 20k + wywa

2 172
AeolB ) e

If the length of the liquid layer is less than the length of the
condenser, &£ < L., the rewetting process is restricted to the
condenser. The heat conduction in the region between x = 0
and x = L is not affected by rewetting, i.e., the heat transfer
process within the heat pipe remains pure heat conduction. The
wall temperature was calculated using the same procedure as
described in the previous section with the condition 8 < L.

When the liquid front reaches the interface between the con-
denser and the adiabatic section, &€ = L., two possible cases
exist. If the liquid mean velocity in the condenser is not suf-
ficient to provide cooling to the dry region, the liquid front
will stagnate and will not advance immediately. Thus, the wall
temperature in the dry region remains independent of the re-
wetting. With increasing time, the liquid mean velocity in the
condenser increases, because the liquid temperature continues
to decrease with time, which results in the surface tension in-
creasing and, thus, increasing the capillary driving force. Ad-
ditionally, the heat flux from x = 0" to the condenser decreases
and the latent heat of vaporization increases. Thus, the liquid
front eventually will advance again. The heat transfer problem
in this stage can be described as

d a0 a6
— (k —) =C,— 39)
ox ox ot
ol.\‘-—-s—Lr = econd (40)
a6
— =0 41)
ox|._,
a6 de
kA, — =pAh, |U— — 42
ry et Py fg< dt) (42)

where Eq. (40) indicates that the liquid layer temperature
equals the condenser temperature, and Eq. (42) represents the
thermal energy transmitted across the liquid front line that is
removed by liquid evaporation.

Assuming again a parabolic temperature profile

6=A + Bx + Dx’ (43)

and following the same procedure as outlined for the condition
8 < L, the temperature profile can be expressed as
0= 0ma — 2DL(x — £ + L) + D[x* — (¢ — L)*] (44)

Integrating Eq. (39) from x = & — L. to x = L yields the
time rate change of the coefficient D as

dD _ 3
dr " 2L — e+ L)
0con d dBCDH
x| 20,0+ 2D — &+1,)%5 - s S8 Cleond
dt L—e+L.dr dr
(45)

Rearranging Eq. (42) yields the liquid rewetting velocity

de 2kA,D(L — & + L))
U===U+ (46)
dr piAhy,

where ¢ and D are obtained by numerically integrating the set
of Egs. (45) and (46). The temperature profile and rewetting
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velocity then are obtained from Eqgs. (44) and (46), respec-
tively.

Results

Brennan et al.” presented experimental results for the startup
process of two axially grooved oxygen—aluminum heat pipes,
referred to as the TRW heat pipe and the Hughes heat pipe.
The two heat pipes were flown onboard STS-53 in December
1992 as part of the CRYOHP flight experiment, and were
mounted and flown as a Hitchhiker canister experiment. Sev-
eral platinum-RTDs were utilized per heat pipe for axial wall
temperature measurements. Each heat pipe condenser section
was cooled using a Stirling cycle cryocooler. The primary di-
mensions and parameters as presented by Brennan et al.” for
the two heat pipes are given in Table 1. As part of the
CRYOHP experiment, several startup cycles were performed
for each heat pipe, both in microgravity and ground environ-
ments. Microgravity and 1 g data demonstrated that the startup
process, and corresponding isothermalization, occurred more
rapidly in ground tests. The decreased startup time in 1 g was
attributed to the formation of a liquid puddle in the condenser
region. The added hydrostatic height of the liquid puddle aids
in the priming and rewetting of the heat-pipe wick structure.
Therefore, as the current model does not include the effects of
the added hydrostatic height, the comparison between the cur-
rent model and experimental data was made using the micro-

Table 1 Parameters for the TRW and Hughes heat pipes’

Parameter TRW Hughes
Outer diameter (mm) 11.2 15.91
Vapor diameter (mm) 7.37 8.64
Wall thickness (mm) 1.02 2.54
Length (m)
Evaporator 0.15 0.15
Condenser 0.15 0.15
Transport section 1.32 1.37
Oxygen charge (g) 10.3 33.7
Number of grooves 17 27
Groove width (mm) 0.445 0.658
Wetted perimeter (mm) 2.09 3.25
Total groove area (mm?) 6.07 23.2
Platinum—RTD location (m)
Transport 1 0.15 0.39
Transport 2 0.72 0.87
Evaporator 1.17 1.22
Initial temperature (K) 280 285
300 T T T T T
L &
*
250 . evaporator
°.'. \V '\\'
- AN ™.
» 200} o “
o~ N =015m x=0.72m '\,
2 N,
2 N\
5] \
& \
g 1801 condenser 0, '\
= W
0 x
~8.
100
500 1 2 3 4 5 (]

Time ( hours )

Fig. 3 Comparison between predicted and measured® tempera-
tures (TRW heat pipe).

gravity data presented in Brennan et al.’ In the current model,
the condenser temperature was obtained by interpolating the
experimental data at different time intervals, as the cryocooler
head temperature was the dominant factor in setting the con-
denser temperature.

The model was first compared with the TRW heat pipe,
where the results of the analysis and the corresponding data
are shown in Fig. 3. Four locations of temperature measure-
ments were selected for comparison between the analytical
model and experimental data. The selected axial locations are
specified in Table 1 and include temperatures for the con-
denser, the evaporator, and two separate locations in the adi-
abatic, or transport, section, where the transport section tem-
peratures are indicated by the corresponding axial location.
Experimental data are represented symbolically, whereas pre-
dicted temperatures from the present model are represented by
the corresponding curves. During the initial phase of the start-
up process, the condenser temperature remains above the crit-
ical point temperature of the oxygen working fluid (7, = 154.8
K), and the heat transfer process only occurs by heat conduc-
tion. Additionally, in this initial period, the evaporator tem-
perature remains constant and equal to the initial temperature.
This indicates that the penetration depth associated with the

E
=
S osf
2
g osr
St
=]
'3
o
5 04f
0.2r
G0 1 2 3 4 5 6
Time ( hours )
Fig. 4 Predicted liquid front position (TRW heat pipe).
300 T T T T T T L
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260
240
220

200

.'0.

Temperature (K )
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160F \ X
\
°. X Xy
1401 ‘o \
o,
1201
100 .~ L A . . . A
0 1 2 3 4 5 6 7

Time ( hours )

Fig. 5 Comparison between predicted and measured’ tempera-
tures (Hughes heat pipe).
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Fig. 6 Predicted liquid front position (Hughes heat pipe).

axial wall conduction has not yet reached the evaporator, as
confirmed by the experimental data, i.e., the cooling effects in
the condenser have not propagated over the entire length of
the heat pipe. As seen, good overall agreement between the
analytical model and the experimental data was found.

The formation and position of the liquid column in the
grooves was analytically determined, where the location of the
liquid front position for the TRW heat pipe is given in Fig. 4.
As seen, for approximately the first 2 h following startup, no
liquid was predicted to be present in the heat pipe. After ap-
proximately 2 h from startup, a liquid column was formed in
the condenser, where it is interesting to note that even though
the liquid column was established, the column was not pre-
dicted to immediately advance. The liquid column stagnation
results from insufficient capillary pumping to overcome the
high heat flux supplied to the leading edge of the liquid column
by axial heat conduction. As the gradient of the temperature
profile in the dry region is decreased over time, the liquid
column begins to advance as the heat flux at the leading edge
of the liquid column correspondingly decreases. Additionally,
as the penetration depth in the dry region reaches the evapo-

rator end of the heat pipe, the rewetting process accelerates
and the liquid column advances more rapidly. Similar results
were found with the data and model comparison for the
Hughes heat pipe presented in Figs. 5 and 6.

Conclusions

An integral method was used to study the startup process of
axially grooved cryogenic heat pipes from the supercritical
state. The supercritical startup model incorporates hydrody-
namic and conduction effects within the cryogenic heat pipe.
The model presented is an easily integrated system of equa-
tions, does not require numerical code development nor utili-
zation, and provides insight into the startup behavior and char-
acteristics for the given systems. Using the developed model,
the rewetting velocity, transient temperature distribution, and
liquid front position were obtained. The theoretical analysis
and experimental microgravity data for two oxygen-—alumi-
num heat pipes were found to be in good agreement.
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