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The numerical simulation for the unsteady heat and mass transfer
process in capillary pumped loops evaporator
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Abstract: The flow in the porous medium is modeled by using the Brinkman-¥ orchheim er extended Darcy mod-

el based on the volume averaging of microscopic conservation equations. For the liquid-saturated layer and the va-

porsaturated layer,the two sets of equations coupled with the matching conditions at the liquidvapor interface are

developed. T he unsteady state calculations with methanol as a working fluids at different heat loads allow us to

trace the evolution phases in the porous wick of a CPL evaporator: growth of vapor zones from origin. Detailed re—

sults of the evolution of pressure and heat are provided. The results indicate that at the initialization of start—up

process, the low heat load exerted on the evaporator is suggested in order to avoid the dry-out situation in the

porous wick. Adopting warm-up device to improve the vapor outlet condition in the vapor groove will increase the

steady characteristic after start-up or with working condition variation. The analysis of evaporator of CPL system

based on the numerical calculation will offer an important direction to the CPL design and system optimization.
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0 Introduction

With high efficiency, dependability, and energy
saving, the Capillary Pumped Loop, as a two—phase
heat transfer system, drives the working-media cir—
culation with the surface tension. The CPL can be
applied in many fields such as in cooling high pow—
er density electronic devices, controlling heat trans—
fer on aircraft and so on. Cao and Fa,ghri[l] devel -
oped an analytical solution of two-dimensional
model and later presented numerical simulations on
three—dimensional model by conjugate analysis in—
cluding a segment of wick and a groove. T his solu-
tion is however restricted to homogeneous wicks
and situations in which the wick is completely sat—
urated with liquid. This study was restricted to sit—
uations where the phase change takes place at the
groove wick interface and not within the wick.

Demidov and Yatsenko'” firstly presented a nu-
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merical study showing that vapor zones can take
place within the wick under the fin. These studies
display the liquid—vapor interface change in capil-
lary porous media, the character of the pressure—
field and evaporating quantity of evaporator outlet.
C. Figus and Y. Le Braym considered the capillary
zone in the evaporator as the liquid-saturated layer
and the vapor-saturated layer, their study present—
ed the solutions on the processing of heat and mass
transfer in the porous wick under the saturated as—
sumption. Based on the case that the continuum ap-
proach to porous media is not adapted for modeling
a system close to a percolation threshold, they de—
veloped a pore network model to predict the fractal
patterns of the mvasion percolation type. With the
steady models they used on capillary study, the
CPL non-steady characteristics including start-up
and operation are not displayed with the variations
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of conditions. Muraoka'" developed a mathematical
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model for describing the transportation of heat and
mass inside the loop during all its operational
regimes based on the nodal method.

When the parameter such as temperature the
CPL non-steady operation educing deviating from
its normal value or displays continual oscillation
characteristic after start-up or working condition
change, the CPL system is then defined as in non-
steady operation state. It is of great significance to
find out the factors which inducing non-steady

" In

this paper, the analysis of evaporator of CPL sys—

. . . 5
characteristics harmful to system oper ations'

tem based on the numerical calculation will offer
important directions in controlling and removing
the harmful influence, also in the CPL design and

system optimization.
1 Physical model

Due to the symmetry of the evaporator fins of
the CPL system (shown in Fig. 1), the study is re-
stricted to a segment of the wick as sketched, a
two-dimensional geometry is considered domain
marked ( ABCDE). The upper of the typical com—
putational domain is the highly density heat flux
from the evaporator fin, the left (AE) and the right
(CD) of the domain is under symmetry condition,
and bottom of the domain (ED) is the liquid com -
pensation cavity. The vapor flowing through the
grooves towards the condenser and condensed liq-
uid returning to the evaporator are derived from
the capillary pressure cross the surface tension
formed at the interface of the liquid-vapor inter—
face. The size of the evaporator is 200% 150x 20
(mmg) ,and there are 29 grooves inside. the dimen-
sion of the geometry is 5% 5 (mm®) that was used
as the coordinates in the calculation procession.
The wick porosity ¢is 0.611(6= 0. 389) , consider—
ing the heat transfer conditions, we use methanol
(Evaporate T emperature is 337. 15K) as working
fluids. Under the laboratory condition, the con-—
denser is cooled by water. At the start-up,the lig—
uid in the porous media is considered as saturated,

during the procession of start-up, the ‘bottom tem—

( the
temperature) keeps the constant and is set as

335. 15K.
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Fig-1 Sketch of the CPL system (a) and

the Physical dom ain (b)
2 Mathmetic model”’

The flow in the porous medium is modeled by
using the Brinkman-Forchheimer extended Darcy
model based on the volume averaging of microscop-
ic conservation equations. Considering the CPL
working conditions, in the paper, we will neglect
the affection of gravitation. Because the vapor is
flowing into groove continuously, several assump—
tions are made in order to obtain a closed set of
governing equations at macroscopic scale:

—the saturate vapor in the porous media;

—the local thermal equilibrium assumption;

—the viscous dissipation are negligible.

The governing equations are educed as fol-
lows:

(1) Vapor phase

Continuity equation

@%p”% S(PV) =0

Msmentum éguation
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LV, P -

p &+ é(Vl Y= - P, -
Moy o eop
K]/Vl)+ 6/- Vl

(2) Liquid phase
Continuity equation

ael) | - (piy= o0

3 =
Momentum equation
%%*‘ %U}l YVi=— P
U pC - . .
—+ — Vi AN
K. < :| Vi+ a Vi
3) Ener uation of the porous media:
( gy eq p
pe Ly pa(v. T
De(Vi YT = 7 (ks T)

where the Pc = [Ped + (1 - YPlecle+ (1-

€ (Pe)s, €is the wick porosity, ker is the effective
thermal conductivity, K is the permeability, ¥ is the
liquid fraction in pore space, u is viscosity. The
subscript v stands for vapor, ! stands for liquid, and
s stands for solid. The energy equation should be
satisfied the conjugate action between the two
phase,so it is involved in the whole zone during the
calcul ation.

2.1 Initial condition & Boundary conditions

In this study, the initial boundary conditions
are mathematically expressed as

(1) Initial condition (t= 0)

At time t= 0, the porous media filled with sat—
urated working fluent, that is:

a(t= 0)= P= 0.611.

The evaporator is at a uniform temperature T
= 335. 15(K) and both the liquid and vapor veloci-
ties are zero.

(2) Boundary conditions (t> 0)

At the bottom surface (DE) :

pi= po, Ti= To
At the left and right surface( A £,C-D):

@ _ or_
F=0 5 =0

At theheating part of the top surface (A-B):

> or
= 07 A= =
) o~ T
At the wick outlet of the top surface (B-C) :

o _ o O PLK @
G = AT = T),A% . 5

At the surface of vapor and liquid layer:
Ti=T.= Tsu[,

plI—/l = pLI_)L

n— X"Ti n= PAV: nL,
pe= pv— pi= 20/r

)\1}-'.. T1:

where pe is capillary pressure, L is the latent heat
of vaporization, Kis the heat transfer coefficient be—
tween the wick and the outlet vapor, the value was
assumed to be 3% 10°W - m™ 7+ K. Liquid is
drawn from the bottom of the wick structure and
flow to the liquid—vapor interface. The evaporator
gradually reaches a steady state under the given
conditions. At the wick outlet, the balance between
the conduction heat from the wick and the latent
heat of the working fluid is considered, and the
heat is equal to the convective heat transfer-.
2.2 Numerical procedure

T he conservation equations and boundary con—
ditions were solved by applying SIMPLE method
(Semidmplicit Method for Pressuredinked Equa—
tions), the difficulty of attaining the front position
was deal with a front tracking method, based on a
moving structured grid that progressively adjusts
to the front shape. This implies to regenerate the
grids at each step according to the surface moving.
The overall numerical procedure can be summa-—
rized as: Specifying an initial arbitrary liquid—~vapor
front location; Generating the grid; Solving the
pressure Equation; Computing the velocity and the
flow rate; Solving the energy Equation; Computing
the new front location; Going back to generate the
new grid; Repeating the procedure until conver—
gence. A 25% 25 elements grid turned out to be sat—

isfactory-.
3 Results and discussion

The numerical model was examined by check-
ing the overall mass and energy balances over the

simulation’ process: The unsteady state calculations
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were first made with methanol as working fluid at
different heat loads: ge= 6kW - m~ : compared with
¢= 9% W- m ’is applied. In the practical applica—
tion, Because of the liquid occupying the vapor
pipe, a warm-up device is usually installed in the
system at the outlet of the CPL evaporator, at the
start-up, the device can heat and turn the liquid in-
to the vapor therefore improving the outlet condi-
tions of vapor flowing into the groove. In this pa-
per, the two situations with or without the warm-—
up device were performed in order to compare the
results and find the essential reasons, so the op-
tional design can be attained by analyzing the do-
main factors.

3.1 Results

Figure 2 and 3 show the temperature contours

in x — y planes,in the y direction, it gradually in-
creases from the inlet temperature to the highest
temperature at the inner surface of the cover plate
fins. In the figure 2, the heat loads are 9kw and the
affection of the warm-up is negligible, while in the
figure 3, the heat loads are 6 kw and the affection
can’t be neglected. T he unsteady state at t= 10 min
or t= 30 min show that the magnitudes of the tem-
perature increase as it approaches to the liquidva-
por interface. The temperature contours in the fig—
ure 3 are more planar than in the figure 2, that is,
the vapor in the wick can more easily emit out and
flow in to the groove through the wider outlet.
Adopting warm-up device to improve the vapor
outlet condition in the vapor groove will increase

the steady characteristic-
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Fig.2 Temperature field at = 9kW+- m™?, without warm-up device
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Fig-3 Temperature field at q= 6kW+ m™ > with warm-up device
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Fig.5 Vapor velocity vectors in the porous wick

Figure 4 and 5 show the unsteady-state flow
vector field in the x — y plane at different time or
different heat loads. Since the magnitudes of the
liquid and vapor velocities are vastly different, the
vector velocities of liquid or vapor phase are given
in different figure. The magnitude of the liquid ve—
locity increases as it approaches the liquid-vapor
interface, also the magnitude of the vapor velocity
increases as vapor travels down the groove, due to
the mass accumulation at the vapor zone in the
wick. Not surprisingly, the interface is gradually
moving down into the wick as the time is prolong-
ing, therefore, the vapor outlet dimension is also
changing and the vapor outlet velocity is waving.
As can be drawn out that the interface oscillation is
one of the essential factors leading to the pressure
waving in the system. At the unsteady-steady

state, mass balances Tor Tiquid fiow in the porous

wick and vapor flow in the vapor zone are satisfied
the continuum level. The moving velocity or the
position of the predicted interface offers important
limits in optimizing the heat loads or structure di-
mension. The results indicate that at the initializa—
tion of start-up process, the low heat load exerted
on the evaporator is suggested in order to avoid the
dry-eut situation in the porous wick.

In the figure 6, the pressure contours show the
liquid pressure in the wick structure. The vapor
zone are saturated, the figure also shows the pres—
sure drops in the wick structure. The maximum
capillary pumping force available balances with the
resistance of the whole system, the pressure differ—
ence between the interface and the position the
pressure contours denoted are equal the flow resis—
tance in the wick. The unsteady-state simulation

describes "the process how “the initial state dis—
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turbed by exterior conditions approaching to the
new state. Figure 7 shows the temperature varia—
tion of the point nearby the vapor outlet during

whole the unsteady process.

5

|‘n‘--.[m-.'|’n

yvimm

Jinm

Fig.6 Pressure distribution along the boundary of
the computational domain (q= 9%kW/m?, t= 40min)
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Fig.7 T emperature variation of the point nearby
the outlet during the unsteady process
(q= 9%k W/m?*t= 0- 50 min)

3.2 Conclusions

For the liquid-saturated layer and the vapor—
saturated layer, the analysis of the unsteady-state
simulation reveals such conclusions as follows:
During the start-up process of the CPL system, the
liquid-vapor interface is moving down into the wick
with the prolongation of the time, and the vaporiz—
ing area and the dimension of the outlet is increas—
ing. The initial heat load is one of the main factors
in predicting the final position of the interface.
Therefore, lower heat load is suitable to the mitial

state to avoid the interface surpass the limit of the

porous wick. In or to enhance the system stability,
such methods can be taken as optimizing the vapor
outlet condition, groove and fins dimension. A
warm-up device will be convenient for the system
start by removing the liquid in the vapor pipe. T he
inlet temperature play a important role to the sta—
bility of the system, by reducing the inlet tempera—
ture, the over-heat vapor will be decreased, the
heat loads that the system can undertake will be
increased. The whole temperature variation in the
evaporator is small because of the phase changing
n it.
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Study on a new type of continuous rotary electro-hydraulic
servo motor applied to simulator

CAQ Jian, LI Shang-yi, ZHAO Ke-ding

(School of mechanical and electrical engineering, Harbin Institute of T echnology, Harbin 150001, China)

Abstract: The working principle of a new type of no—pulsation continuous rotary electro-hydraulic servomotor
applied to simulator is introduced- The Lugre frication model used in this paper can meet the requirements for fric—
tion compensation of hydraulic system, because it could describe complex friction behavior, and two step offdine i—
dentification methodology of the Lugre parameters has been proposed. By way of experiment research,we have got
a new type of friction model of continuous rotary motor,and the low speed and step response of the motor have
been researched. Experimental results have proved that using fraction compensation could eliminate stick—slip mo—
tion at the low speed and this servomotor culd be applied to simulator.

Key words: Hydraulic servomotor; Frictional model; Frictional com pensation; Experimental study



