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Numerical study of temperature oscillation in loop heat pipe
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HIGHLIGHTS

® Once a two-phase flow is generated in the liquid line, temperature oscillation occurs.
® A low reservoir temperature leads to a two-phase flow in the liquid line.

® When the condensation length oscillates highly, temperature amplitude becomes high.
® [ ow sink temperature can prevent temperature oscillation.

ABSTRACT

Loop heat pipes are high-efficient heat transfer devices. Many spacecraft have loop heat pipes to control the
temperature of equipment precisely. Temperature oscillation, however, sometimes occurs in the loop heat pipe when
the external conditions change. Temperature oscillation may impede the temperature-controlling ability of loop heat
pipes. Nevertheless, the cause of temperature oscillation has not been understood yet. To understand the internal
flow during temperature oscillation, we developed a transient model that can reproduce the fluid condition in the
transport lines. In this study, the reservoir temperature, the liquid line temperature, and the condensation length were
focused. Investigating the relation between each parameter, we found that the cause of temperature oscillation is
the inflow of two-phase flow into the liquid line, which is caused by decreasing the reservoir temperature. In
addition, as the amplitude of the condensation length becomes high, temperature amplitude also becomes high.
When the sink temperature is low, the condensation length can barely oscillate, and thus, temperature oscilla-
tion is less likely to occur.

Keywords: Loop heat pipe, Temperature oscillation, Transient model, Condensation length

A : Cross-sectional area (m?)

C . Heat capacity (J/K) or parameter in Lockhart-Martinelli model
Cp . Specific heat (J/(kg-K))

d :  Diameter (m)

dt . Time step (s)

G : Thermal conductance (W/K)

Gr : Grashof number

h . Enthalpy (J/(kg-K))

hy  : Latent heat (J/kg)

hne : Natural convection heat-transfer coefficient (W/(m*K))
he : Heat-transfer coefficient (W/(m*K))

k : Thermal conductivity (W/(m-K))

L : Length (m)

m : Mass (kg)

m . Mass flow rate (kg/s)

*Corresponding author.
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Nu : Nusselt number

P : Pressure (Pa)

Pr . Prandtl number

Q : Amount of heat transferred between the fluid in the pipe and the ambient or the sink (W)

Qin : Heatload (W)
. Reynolds number
Su  : Suratman number
T : Absolute temperature (K)
u flow velocity (m/s)
UAIL : Thermal conductance per unit length (W/(m'K))

\Y Volume (m?)

X Vapor quality

X Lockhart-Martinelli parameter
z Coordinate in axial direction
£ . Porosity

7 . Viscosity (Pas)

P : Density (kg/s)

o Surface tension (N/m)

@ Two-phase multiplier
Subscript

air @ Air

amb : Ambient
bulk : Wick material

cc : Reservoir

cond : Condenser

eff . Effective

evap : Evaporator or evaporation
f : Fluid

hb  : Heater block

i : Node number

in . Inner

int : Vapor-liquid interface
I : Liquid

Il,out : Liquid line outlet

out : Outer

sat : Saturation

sink : Sink

tp . Two-phase flow

Vv : Vapor

vg : Vapor groove

wall : Wall

1. Introduction

Loop heat pipes (LHPs) are highly-efficient and reliable heat transfer devices [1-3]. Many spacecrafts
mount LHPs for thermal control. Fig. 1 shows the schematic of an LHP. The LHP has working fluid and
consists of an evaporator, vapor line, condenser, liquid line, and reservoir. The heat applied to the evaporator
is absorbed by evaporation, and the generated vapor condenses in the condenser. The LHP can transport a large
amount of heat. The evaporator and condenser are connected with simple pipes. The capillary force of a pri-
mary wick in the evaporator circulates the working fluid. The LHP can precisely control the temperature of
equipment with a small amount of electric power. As the LHP has many advantages, there have been several
studies on the ground application of the LHP [4—7].
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One of the problems in the LHP, however, is tem-

perature oscillation. When the heat load applied to the Primary Wick ~ Heat load

evaporator or the temperature of the sink attached to the ' . '

condenser changes, the temperature of the LHP some- RSB, (% 11 1o \:_

times oscillates. This may impede the temperature-con- BRTRAY N R oy {

trol capabilities of an LHP and may cause equipment = s

failure when the allowable temperature range of the Liquid T Reservoir Evaporator

equipment becomes narrow. Line (c.c) Vapor
Various investigations on temperature oscillation Condenser Line

have been conducted. Ku et al. observed two types of

temperature oscillation in the experiments: high-ampli- ' ' '

tude/low-frequency oscillation [8] and low-ampli-
tude/high-frequency oscillation [9]. According to the
previous research [8], when the thermal mass attached
to the evaporator is high, the heat load applied to the
evaporator is kept to a minimum, and the sink tempera-
ture is lower than the ambient temperature, high-amplitude/low-frequency oscillation occurs. They also found
that the amplitude of temperature becomes high as the condensation length (the length required for vapor to
completely condense) oscillates highly [8].

On the other hand, the cause of the low-amplitude/high-frequency oscillation has not been understood
yet. The proposed experiment mainly focuses on the low-amplitude/high-frequency oscillation. Ku et al. [9]
predicted that the temperature oscillation would occur if the condensation length is either longer or shorter
than the condenser length. Chen et al. [10] also led to the same conclusion as Ku [9] and elucidated the influ-
ence of the LHP orientation on the temperature oscillation. Vershinin et al. [11] investigated the favorable
conditions for the temperature oscillation. They concluded that the shortage of the working fluid in the LHP
and the shortage of the liquid in the reservoir caused the temperature oscillation. However, the cause of the
temperature oscillation has been only deduced based on the experimental results.

Numerical simulation is useful to understand the cause of the temperature oscillation. Some researchers
developed transient models of LHPs [12—19]. There are only a few transient models related to temperature
oscillation. Launay et al. [15] developed a transient model for the temperature oscillation that yielded good
accordance with the experimental results. Hoang et al. [16] proposed the stability theory for the LHP based on
the analytical model. The stability criteria proposed in their research indicated that the higher the degree of the
subcooling in the liquid line, the higher the possibility of temperature oscillation.

However, the relation between the internal flow and temperature oscillation is still unclear. The previous
researches have not elucidated the reason why temperature oscillation occurs when the condensation length
becomes longer than the condenser length or when the degree of the subcooling in the liquid line is high. In
this study, we developed an analytical model to understand the internal flow during temperature oscillation.
The model can calculate the vapor quality in the transport lines and investigate the fluid condition.

Heat Dissipation

Fig. 1 Schematic of a loop heat pipe

2. Analytical model ' 0
nalytical mode 0i_s i_l 1 QIH sz

The LHP is modeled, especially focusing on the v
internal flow of the vapor line, the condenser, and the —4 2 +1 g -+1 e 1+r. +2 P
1+L

liquid line. The analytical model is divided into two
parts: the vapor line, the condenser and the liquid line;
the evaporator and the reservoir. The fluid is assumed  Fig. 2 Discretization of vapor line, condenser, and
to be incompressible and viscous. liquid line

2.1 Vapor line, condenser, and liquid line

The vapor line, condenser, and liquid line are discretized into small-volume nodes (Fig. 2). i expresses
the node number and starts from the vapor line inlet. The energy-conservation equation at node i is expressed
as
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dh . . kA kA
[PV E] = mhi-y = h) + Qi + wAPi—y = Piyd) + - (Tima = T) +— (Tiza — To). (1)
i
Q; in the vapor line and the liquid line is calculated by
Qi = Gf_amb (Tamb - Ti)- ()

G amp 1s given as follows.

1 _ Gf_wall + Gwan + 1

)

Gf_amb Gf_wall “Gyan Gwall_amb

Gwai_amp 18 calculated using the natural convection heat transfer coefficient. The Nusselt number to deter-
mine the natural convection heat transfer coefficient is calculated by
1/15
Nu = 0.74(Gr - B, )", (4)

air
Q; in the condenser is expressed as

Qi = (UA/L)cona * 42 * (Tsinge — T1). (%)

(UA/L) cona is difficult to calculate theoretically and therefore assumed to be 4 W/(m-K) based on Ref. [20].
The vapor quality in each node is calculated as follows to investigate fluid condition.

hi - hl,sat

Xj=———"".
hv,sat - hl,sat

(6)

h; is calculated from Eq. (1). The vapor quality basically takes a value from 0 to 1 and shows the vapor mass
flow rate. If the vapor quality is higher than 1, it means that the fluid in that node is superheated vapor. If the
vapor quality is lower than 0, the fluid in that node is subcooled liquid.

When the fluid is superheated vapor or subcooled liquid, the Nusselt number for a laminar and a turbu-
lent flow is expressed as

Ny — { 3.66 . gliminar) 7
0.023 - Re”® - B.”° (turbulant).
The heat transfer coefficient of a two-phase flow is expressed as follows [22].
0.76 0.04

hec; = heep X {(1 —x;)%8 + 3.8x(Pi/§D1T;O§;) } (8)
The pressure in each node is calculated by

P, =P;_{ — AP; for i #1, 9)

Py = P,y — AP, for i = 1. (10)

The pressure drop is calculated based on the Darcy-Weisbach equation if the fluid is a single-phase flow.
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The pressure drop of a two-phase flow is calculated based on the Lockhart-Martinelli method [23]. The pres-
sure drop of a two-phase flow is calculated by

(@), = (&), a

¢,% is calculated by

c 1
2 _
o] =l+53+t52 (12)
where X is expressed as
dpP/d
P =( / Z)l. (13)
(dp/dz),

To calculate € in Eq. (12), Kim’s model [21] is used. The value of C is expressed as shown in Table 1. Re;,
and Su,, in Table 1 are given as follows.

R i (14)
e, = —,
to 7T.uldin
od;
Sy, = 22200, (15)
o

Table 1 Kim’s method for calculating C [21]

Liquid Vapor Parameter C
Turbulent | Turbulent 0.39Re, "3 Su,, 10 (%>0.35
Laminar Turbulent 0.0015Re;, 5% Su,,, °1° (%)0.36
Turbulent | Laminar 8.7 x 10~*Re, " Su,, 5O (p_i)o.m
Laminar | Laminar 3.5 X 1075Re;, *** Su1,, *° ( p_i )0.48

2.2 Evaporator and reservoir

The evaporator model is divided into the heater block, the evaporator wall, the vapor groove, and the
primary wick. The energy conservation equation for each part is solved to calculate temperature. The energy
conservation equation for the heater block is expressed as

dThb . . .
Chp 7 = Qin — th_evap - th_amb- (16)

The energy conservation for the evaporator wall is expressed as
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dTeva
p.wall . . .
Cevap,wall dt = th_evap - Qevap_vg - Qevap_wick - Qevap_cc- (17)

The energy conservation equation for the vapor in the vapor groove is expressed as

dT,,

pvcpvvvg dt = Qevap_vg - mcpv(Tvg - Tint)- (18)

The vapor-liquid interface is saturated. The interface temperature is the saturation temperature of the pressure
applied in the vapor groove. The pressure in the vapor groove is the sum of the reservoir pressure and the
capillary force of the primary wick. The capillary force is equal to the total pressure drop in the LHP. Therefore,
the pressure of the vapor groove is expressed as

Pvg = Pec + APotars (19)

where AP;,:q; 1S the total pressure drop in the LHP.
The primary wick is discretized in the radial direction as shown in Fig. 3. The amount of heat conducted
from node i to node i — 1 is expressed as

Qii-1= W Twici — Twick,i-1)» (20)

where ks is calculated as
kepr = (1 — &)kpuy + €ky. (21)

When i is equal to 1, the amount of heat conducted to the reservoir is expressed as

. 2mL 'kk
Qwick_in = = eff) (Twick,l - ch)- (22)

ln(dl /dwick,in
The energy conservation equation at the innermost node of the primary wick is expressed as

ATwick1 - . ,
(pcp)effvl chiltc = Q2_1 - Qwick_in - mcpl(Twick,l - ch): (23)

where (pcp)e fF is calculated by

(pcp)eff = (1 - g)(pcp)bulk + S(pcp)l' (24)
The energy conservation equation at the innermost node of the primary wick is expressed as

ATyickn - . , '
(,DCp)effV;l % = Qevapwick - an—l - mcpl(Tint - Twick,n—l) - mevaphlv (25)

Meyap 18 calculated by the following equation.

mevaphlv = hevapA(Tevap,wall - Tint)- (26)
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(pCP)effVi

mg.c T
CPec dt

The energy conservation in the reservoir is expressed as

The evaporation heat transfer coefficient hgyq, varies with temperature. The heat transfer coefficient, how-
ever, is assumed to be constant. The energy conservations at other nodes are expressed as

= Qi+1i - Qii—l - mcpl(Twick,i - Twick,i—l)- (27)
. . _ kA .
= Qwick_in + Qevap_cc - mcp (ch - Tll,out) - E (ch - Tll,out) - Qcc_amb- (28)

Evaporator wall

— Wick
Qevap_wick i+
Qi+t sl
d;
Qii-1
\Qwick_in dffl
Evaporator
core
"T‘wickiJrl i
Twickl 2
=1
Twick'

Fig. 3 Discretization of the primary wick

Table 2 LHP geometry

Evaporator Vapor line
Length 100.0 mm | Length 800.0 mm
Outer/Inner 19.0/16.0 | Outer/Inner | 4.85/2.85
diameter mm | diameter mm
Primary wick Liquid line
Length 67.0 mm | Length 1100 mm
. Outer/Inner | 4.85/2.85
Pore radius 7.0 pm .
diameter mm
Permeability | 107'3m? | Condenser
Porosity 50% guter/lnner 6.35/4.35
iameter mm
dO~uter/Inner 16.0/7.0 Length 1200 mm
1ameter mm
Groove 2.12/3.22
height/width mm | Reservoir
Groove Outer/Inner | 45.0/43.0
60 mm .
length diameter mm
The number 7 Length 25.0 mm
of grooves

2.3 Calculation Conditions

Table 2 shows the LHP geometry used in this study. The geometry is determined based on the experi-
ments of Riehl et al. [24]. The primary wick is made of an ultra-high molecular weight polyethylene, and other
parts are made of stainless steel. The working fluid is acetone, and the ambient temperature is 19°C.
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3. Results and discussion

Fig. 4 shows temperatures at the evaporator wall (Evap. Wall), condenser inlet (Cond. Inlet), liquid line
inlet (L.L. Inlet), and reservoir (Resv.) where the heat load is 20 W and the sink temperature is 10 °C. In this
case, temperatures converge. In the experiment of Riehl et al. [24], the convergence temperature of the evap-
orator was 320 K when the heat load is 20 W, and the temperature of the cooling bath is — 5 °C. The temperature
difference between the calculation and the experiment of Riehl at al. [24] is caused by the difference of the
evaporation heat transfer coefficient and that of the ability to cool the condenser. The heat transfer coefficient
must vary with temperature, but is assumed to be constant in this model. Although the cooling bath temperature
is different between the calculation and the experiment of Riehl et al. [24], the temperature of condenser outlet
is same at 284 K. However, this LHP model can reproduce the basic operation of the LHP and is qualitatively
correct. Fig. 5 shows temperature when the heat load is 40 W. In this case, temperature oscillation occurs, and
we will discuss the internal flow based on the calculation results.

305 T T T T T 305 I I I Ll I
Evap. Wall
300 | - —. 300
- T4
% g d. Inl
< 295 Evap. Wall - S 2% . _Cond.Inlet ]
3 ——0—C—0—9 p i E Qx'x*"*ﬁ*'&*.x‘*‘“‘r‘x
g Cond. Inlet | Resv.
Q 290 | = 290 H
£ A
= L.L. Inlet
285 LL Inlet - 285 H -
........ B-O—-O-O-0-0-0-0-8 4
280 1 1 1 1 1 280 1 1 1 1 1
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time [sec] Time [sec]
Fig. 4 Temperature history Fig. 5 Temperature history
(Heat load is 20 W, sink temperature is 10 °C.) (Heat load is 40 W, sink temperature is 10 °C.)

3.1 Internal flow at the start of temperature oscillation

The internal flow at the start of the temperature oscillation is investigated. As shown in Fig. 5, the liquid
line inlet temperature rapidly rises before the temperature oscillation starts. To explain that reason, Fig. 6 shows
the reservoir temperature, the liquid line inlet temperature, and the vapor quality at the liquid line inlet. When
the liquid line temperature rises rapidly, the vapor quality becomes greater than O (the line (a) in Fig. 6). It
means that a two-phase flow penetrates the liquid line. This causes the rapid rise in the liquid line temperature.
After the two-phase flow is generated in the liquid line, the two-phase flow returns to the subcooled liquid (the
line (b) in Fig. 6). Now, the liquid line temperature starts to drop, and then the temperature oscillation occurs.
In Ref. [9,10], the authors predicted that the cause of temperature oscillation is the vapor penetrating to the
liquid line. This result is in accordance with these previous researches. However, after the two-phase flow in
the liquid line return to the subcooled liquid (after the line (b) in Fig. 6), it does not get regenerated in the
liquid line.

The generation of the two-phase flow is caused by the low reservoir temperature. The reservoir temper-
ature is almost the same as the saturation temperature in the LHP because the proportion of reservoir volume
to the whole is large. When the reservoir temperature is low, the vapor becomes difficult to condense, and the
two-phase flow is generated in the liquid line. Hoang et al. [16] suggested that the high degree of a liquid
subcooling in the liquid line causes temperature oscillation. The calculation result is also in accordance with
Hoang’s suggestion because the liquid’s high degree of the subcooling will lower the reservoir temperature.
Therefore, when a subcooled liquid from the liquid line decreases the reservoir temperature, and when a two-
phase flow is generated in the liquid line, the temperature oscillation will start.

8
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295
Resv. Temp. ,':
< i =3
o 20 ! @
o ]
2 i 5
& . i L.L. Inlet Temp.T] 005 -8
8_ | 1 ! =
£ 285 | ‘S oonagi O
| |t Two-phase flow =
1 [ —+
1 A v N / - =
/i1 [ subcooledliquid | =
280  — 005

0 300 600 900 1200 1500 180(_}

Time [sec]
Fig. 6 The relationship between the fluid condition in the liquid line and temperature in the liquid line and
the reservoir

289 3.2 Internal flow during stable temperature oscillation

290 To understand the internal flow during temperature oscillation, we focus on the condensation length,
291  which is the length from the condenser inlet to the position where the vapor is completely condensed. Fig. 7
292 shows the condensation length during temperature oscillation (Heat load is 40 W, sink temperature is 10 °C),
293  and a two-phase flow is generated in the liquid line only once. However, when the sink temperature becomes
294 15 °C, the two-phase flow repeatedly penetrates in the liquid line (See Fig. 10).

— Liquid Line Outlet

2400 T 1 1 1 1 2400 T T T T 1
'E 2200 |- o 'E 2200 | .
= L Liquid Line Outlet E
— 2000 } - —' 2000 | i
e <
=) =
2 1800 | . 2 1800 | 7
(Y} Q
= 1600 L - = 1600 | i
2 k)
© o I Condenser Outlet © 1400 i
S 1200 S 1200
[} Q
S W oy ] o l.",l! .
S 1000 g € 1000 i
o o
v 1 U Condenser Outlet
800 1 1 1 1 1 800 1 1 1 1 1
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time [sec] Time [sec]
Fig. 7 The condensation length Fig. 8 The condensation length
(Heat load is 40 W, sink temperature is 10 °C.) (Heat load is 40 W, sink temperature is 15 °C.)
295 Fig. 9 shows the temperature amplitude in the liquid line inlet against the amplitude of the condensation

296  length when the condensation length oscillates in the condenser like Fig. 7. The temperature amplitude at the
297  liquid line inlet is proportional to the amplitude of the condensation length. Fig. 10 shows the temperature
298  amplitude in the liquid line inlet against the minimum condensation length in the case where the condensation
299  length oscillates over the condenser length like Fig. 8. The temperature at the liquid line inlet is affected only
300 by the fluctuation of the condensation length in the condenser, which can be expressed as the difference be-
301  tween the condenser length and the local minimum condensation length during steady oscillation. The short
302  minimum condensation length indicates the high amplitude of the condensation length in the condenser. There-
303  fore, Figs. 9 and 10 show that the high-amplitude of the condensation length causes the high-temperature

9
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amplitude. The high-amplitude of the condensation length indicates that the subcooled region in the condenser
fluctuates significantly. The fluid temperature is decreased only in the subcooled region because the heat is
released for phase-change in the two-phase region. It means that the long subcooled region reduces the liquid
line inlet temperature. Therefore, the fluctuation of the condenser length is important for temperature amplitude.
According to Ref. [8], the same phenomenon was observed when the high-amplitude/low-frequency oscillation
occurred. Our calculation indicates that the relationship between the temperature amplitude and the condensa-
tion length is the same for the high-amplitude/low-frequency oscillation and low-amplitude/high-frequency
oscillation.

g 5.5 T T T T T A g 7 T T T
+—
B st 30W - T s} 40wWa ]
= 50w IS 0

. 45 . -
- -4 5r 7
= i
= AF 4 - 50w 4

4L i

© st 40 W ] o
2 60 W S 3F 40W 1 .
3 T ® Tink=0°c | T =

€ st - £ °r B o . ]
<(‘ 70 W A ) i < Tsink =5 °C

aQ Lt Tsink=15"C| | g 1F | & tsink=15°c|] 70 W W -
g ® 40W £
|_ 15 1 1 1 1 1 L li) 0 1 L L

20 40 60 80 100 120 140 160 1000 1050 1100 1150 1200
Amplitude of condensation length [mm] Minimum condensation length [mm]

Fig. 9 The relationship between the temperature  Fig. 10 The relationship between the temperature
amplitude and the amplitude of the condensation = amplitude and the minimum condensation length
length (The condensation length oscillates in the  (The condensation length oscillates over the conden-
condenser.) ser length.)

3.3 Influence of the heat load and the sink temperature

Fig. 11 shows the reservoir temperature for each heat load. The sink temperature is 10 °C. The temper-
atures start to oscillate when the heat load is larger than 40 W. When the heat load is high, the degree of
subcooling in the liquid line becomes low, and the reservoir temperature does not drop much. Therefore, the
temperature oscillation is less likely to occur at a high heat load.

Fig. 12 shows the reservoir temperature for each sink temperature. The heat load is 40 W. When the sink
temperature is lower than 0 °C, temperatures converge smoothly. The reason why the low sink temperature
can prevent the temperature from oscillating is related to the condensation length. As mentioned above, the
liquid’s high degree of the subcooling is necessary to cause the temperature oscillation, and low sink temper-
ature will lead to a high degree of the subcooling. However, when the sink temperature is low, a large amount
of heat is released in the narrow region. At this time, a condensation length is very hard to be changed and
does not change enough to cause temperature oscillation. Therefore, even if the two-phase flow is generated
in the liquid line due to the low reservoir temperature, temperature oscillation can be prevented by the low sink
temperature.

10
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Fig. 11 Reservoir temperature at different heat loads ~ Fig. 12 Reservoir temperature at different sink
temperature

4. Conclusions

We investigated the internal flow of an LHP during the temperature oscillation by using the transient
model. The calculation results show that the cause of temperature oscillation is the penetration of the two-
phase flow into the liquid line, which is caused by the low reservoir temperature. After the penetration of the
two-phase flow, when the reservoir temperature rises enough, the subcooled liquid flows in the liquid line.
Even if the penetration of the two-phase flow in the liquid line occurs only once, temperature oscillation occurs.
In addition, we found that when the condensation length starts to oscillate highly, the temperature amplitude
becomes high. The condensation length must continue to fluctuate to keep oscillating temperature.
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