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Effect of solid particle diameter on fluid flow and heat transfer in

porous media by using Lattice Boltzmann method
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(School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)

Abstract: The lattice Boltzmann method is used to study the influence of solid particle diameter on fluid flow
and heat transfer in porous media. The different results of six particle diameters are analyzed, and the immersed
boundary method is used to deal with the curved boundary. The results show that the pore velocity in the porous
medium increases first and then decreases with the increase of particle diameter. When the particle diameter is
small, the contact area between the fluid and the particles is small, and the fluid will flow around. The
temperature of the fluid in the front half of the channel is low, and the heat transfer effect between the fluid and
the particles is poor. With the increase of particle diameter, the flow phenomenon gradually weakens, and the

heat transfer efficiency between the fluid and the particles increases.
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Analytical solution of flow and heat transfer in porous media-free flow channel under

the condition of interface velocity slip considering LTNE effect

Wang Zhaoyu! Han Yuanbo! Zhao Yiyuan? Li Qi'
(1 School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)
(2 Gudneng Ghenfu (Shishi) Power Co., Ltd., Quanzhou 362700, China)

Abstract: The local thermal non-equilibrium method was used to study the fluid flow and heat transfer performance in
parallel plate asymmetric channels partially filled with porous media. The effect of velocity slip at the interface is
considered. The accurate analytical solutions of velocity distribution, temperature distribution and Nusselt number in each
region are obtained. The effects of velocity slip coefficient, Darcy number, Biot number, thermal conductivity ratio and
porous layer filling thickness on velocity, temperature and Nusselt number are analyzed and compared with the results using
local heat balance model. The results show that the velocity discontinuity appears at the interface when the velocity slip
condition is considered. With the increase of velocity slip coefficient or the decrease of Darcy number, the velocity
discontinuity gradually weakens. When the thermal conductivity ratio is lower, there is a critical porous medium filling
thickness to minimize Nusselt number. However, when the thermal conductivity ratio is high, there is a porous medium
filling thickness that can optimize the heat exchange effect. And that fill thickness of the optimal porous medium increase
with the decrease of Darcy number or the increase of Biot number; As the thermal conductivity ratio, Darcy number and
porous layer thickness decrease and the Biot number increases, the degree of local non-thermal balance decreases, and the
local thermal balance method is applicable. The velocity slip coefficient has little influence on the degree of local
non-thermal equilibrium and on the temperature and Nusselt number of each region in the channel.

Key words: porous media; local thermal non-equilibrium; velocity slip; interface
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Abstract

Electrodialysis (ED) is used to extract lithium hydroxide and sulfuric acid from the lithium sulphate
solution, as a part of the recycling process of spent lithium-ion batteries. A multicomponent, two-
dimensional CFD model of Li;SO4 ED was developed using the discretizing finite element method to
solve simultaneously the Nernst-Planck equation, the Navier-Stokes equation, and species
conservation with electrochemical reactions. It is necessary to estimate the fluxes of H* and OH" ions
produced as a result of electrochemical reactions to satisfy the electroneutrality assumption in the
ED device. The present model yields important results regarding velocity distribution, potential
distribution, and species concentration distributions. The excellent agreement between the present
model and experimental data indicates the validity and accuracy of this CFD model. To determine the
effect of Li,SO4 concentration, inlet velocity, and membrane properties on the flux of ions through
IEMs a parametric study is conducted. An increase in Li,SO4 concentration raises the total flux of
lithium ions, thereby resulting in an increase in Li+ concentration in the concentrate channel.
Increasing the inlet velocity from 50 to 100um-s? results in a 37% increase in dilute channel
concentration. Additionally, increasing the water volume fraction of membranes significantly
decreases the transmembrane water flow rate.

Keywords: Electrodialysis; Transport phenomena; Salt-splitting; Multiphysics modeling.

1. Introduction

Electrodialysis (ED), which works based on the transport of anions and cations through ion exchange
membranes (IEMs) under an applied electrical field, is an appropriate method for desalination of
seawater, reducing the effluents salinity [1-3], and acid and base recovery applications [4,5]. Jung et
al. [6] reported a closed-loop process to recycle spent lithium-ion batteries by employing an ED. In
this recycling process, ED is used to extract LiOH and H,SO, from aqueous solutions of H,SO, that
remain after the recycling process. Due to the growing demand for lithium-ion batteries and the
importance of recycling them to extract valuable metals, the electrodialysis of H.SO. solution is
studied in the present work to investigate the efficiency and optimal control needed for the closed-
loop recycling of spent lithium-ion batteries.

Although, several mathematical models have been proposed to predict the behavior of ED to date
[7-10], the number of models using computational fluid dynamics (CFD) is still limited [11-13]. The



CFD modeling of ED provides more comprehensive information and enables the researchers to
simulate multi-component solutions and co-ion transport through IEMs more straightforwardly than
mathematical methods. In the present study, a multicomponent, two-dimensional CFD model of ED
was developed using the discretizing finite element method to solve simultaneously the Nernst-
Planck equation, the Navier-Stokes equation, and species conservation with electrochemical
reactions. The Nernst-Planck equation was coupled with the electro-neutrality and Faraday’s law
equations to estimate the current and potential distributions as well as ionic concentrations
throughout the ED. It is necessary to estimate the fluxes of H+ and OH- ions produced as a result of
electrochemical reactions in order to satisfy the electroneutrality assumption in the ED device. To
simplify the present model, the effect of gas bubbles produced from electrochemical reactions is
neglected, and also it was assumed that The ED operate at an under-limiting current density
condition, i.e., the applied CD is lower than the limiting current density (LCD) throughout the cell.

2. Model Development

The development of a 2D model to simulate a three-compartment ED cell is described in this section.
In Figure 1, the ED cell consists of cathode, concentrate base channel, CEM, dilute channel, AEM,
concentrate acid channel, and anode from left to right. Solutions of Li,SO,4, LiOH, and H,SO, flow
through the dilute channel, concentrate base chancel, and concentrate acid channel, respectively.
The voltage applied to the cell creates an electric current that flows from anode to cathode. The
present model considers the transport of ions and water through the IEMs within the electrical
potential field.
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Figure 1. Schematic diagram of an electrodialysis process for splitting Li,SO4

2.1.  Governing equations



Assuming steady-state, Navier-Stokes equations are solved to determine the velocity field in the
channels, as follows [13-16]:

=0 (1)
== + %+ (2)

where s solution density, is the velocity vector, is pressure, is dynamic viscosity, and s
body force acting throughout the volume of a body.

To calculate the flux of species , the Nernst-Planck (NP) equation is used [17—19]. lons move through
channels and membranes due to diffusion, migration, and convection fluxes which are the first,
second, and third terms on the right-hand side of the following equation, respectively:

N==D ¢c—FzMc +uc (3)

where superscript refers to the membrane ( ) or channel ( ) parts of the ED cell; is the Faraday's
constant, which is equal to 96485.33 A-ssmol?; s the electrolyte potential; is the velocity of
electrolyte solution;and , , ,and are the concentration, diffusion coefficient, mobility, and
valence of species , respectively.

The mobility of species is calculated using the Nernst-Einstein equation as [20,21]:
=— (4)

Where is the diffusion coefficient of ions in the flow channel; is temperature; and  is the
universal gas constant, 8.314 J. mol1-K?, respectively.

To estimate current density, the Faraday’s law is employed as follow:
= (5)

In an electrolyte solution consisting of species, the flux and concentration of all species (2
unknown) are calculated. CD is evaluated from Eq. (5), while electrolyte potential is computed based
on electroneutrality condition. With the assumption of under-limiting current density circumstances
in the present study, the electroneutrality condition is an appropriate assumption. Eqgs. (6) and (7)
present the electroneutrality condition in the channels and membrane parts.

=0 (6)
+ =0 (7)
where and are the valence and concentration of fixed ions of IEMs, respectively. In the

present model, all ionic species including Li*, SO4%, H*, and OH  are modeled within channels and
IEMs. Therefore, the electroneutrality condition in the channels and IEMs are defined as -
2 4+ - =0and + -2 4+ - = 0, respectively.

2.2. Boundary conditions

The boundary conditions (BCs) of the governing equations are shown in Figure 2. As depicted in this
figure, the velocity and normal flux of the outer walls is zero, and isolation boundary condition, i.e.,
zero current density, is assumed at the inlets and outlets of channels. The BCs set at the IEM-solution
and electrode surfaces are explained in detail.

EM-solution interfaces



The continuities of CD and species flux are assumed in the IEM-solution interfaces as:
= -1 (8)

However, due to considerable concentration differences occurring at the IEM-solution interfaces,
there is electrolyte potential variation at these boundaries [17]. This potential difference is estimated
based on the Donnan potential theory. With the assumption of the neglected effect of pressure
difference, the Donnan potential equation is written as [13,14,22]:

where superscripts and refer to the membrane and solution sides of the IEM-solution interface.
Electrode surfaces

At the surfaces of anode and cathode electrodes, the no-flux conditions for Li* and SO4* species and
no-slip BC are imposed. Also, in these boundaries, the constant CD is defined as:

= (11)

where is the normal CD supplied by an external power supply. Although electrochemical
reactions occurring at the cathode and anode surfaces were neglected in previous models,
considering these reactions is a crucial element to obtain converged solution and fulfilling the
electroneutrality condition in the simulation of large-scale EDs operated in practical CDs. The
cathodic and anodic reactions taking place in ED are expressed as:

Cathodicreaction:2 , +2 ~ 5 »,+2 n

o+2 T+2 7 (1

N

Anodic reaction: , -

Considering the number of reactions occurring at the surface of each electrode during the ED process,
the molar fluxes of ionic species in an electrochemical reaction occurring at an electrode-electrolyte
interface can be estimated as [23]:

=1 (12)

where is the number of participating electrons in the electrode reaction and is always a positive
number; and is the stoichiometric coefficients of the species participating in the reaction. It is
noted that stoichiometric coefficients is a positive or negative value for reduced and oxidized
species, respectively, e.g., the amount of  and in the anodic and cathodic reactions are -4 and
+2.

2.3.Computational method and meshing

The COMSOL Multiphysics 5.6 software employed to solve governing equations with their
corresponding BCs. The Tertiary Current Distribution (TCD) interface is used to obtain the species
concentration and electrolyte potential distribution in both channels and IEMs. The laminar Flow
interface is employed to specify the velocity distribution in channels. Fig. 2 illustrates the meshed
geometry of the computational domain and the BCs used in the present study.
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Figure 2. 2D meshed computational domain and BCs for the present model

3. Results

To validate the present model, the calculated concentrations of the Li* and SO, species at the outlet
of dilute and concentrate compartments are compared with the experimental data, as shown in
Table 2. The excellent agreement between the present model and the experimental data indicates
the validity and accuracy of this CFD model. the experimental condition and input parameters are
listed in Table 1.

Table 1 Experimental condition and input parameters

Parameter Value [6]

Temperature, K 298.15

Current, A 34

Inlet flow rate, m3-s? 0.555x10°

Concentrate channel width, m 0.03

Dilute channel width, m 0.03

Channel length, m 0.26

Total cell height, m 0.93

Electrode area, m? 0.24

Cell height wetted by solution, m 0.93

Li* inlet concentration, dilute channel, mol-m 1260

S04 inlet concentration, dilute channel, mol-m™3 554

SO, inlet concentration, acid channel, mol-m 50

Li* inlet concentration, base channel, mol-m 100

CEM type Fumasep FKE-50
Fumasep FAA-3-PK-

AEM type 130




Table 2 Outlet concentrations of Li* and SO47 species

ED Concentration in the channel,
mol-m3 Avg.
Li* Li* S0O,72 S0, error, %
base dilute dilute acid
[Eg]pe”me”ta' 565 | 828 375 297
2 Present model | 549 | 905 381 258
Error, % 2.8 9.1 1.7 13.0 6.6

To further examine the variations in the IEMs and their vicinity, a small-scale ED is modeled. This
model is used to display the distributions of velocity, electrolyte potential, and concentration of
species involved in the electrodialysis of Li>SO,.

Fig. 3(a) and 3(b) show the flow velocity and potential distributions of a lab-scale ED cell. Both
distributions in the ED compartments cannot be easily measured experimentally. Thus, the
simulation results are beneficial in analyzing the ED systems. From Fig. 3(b), one can see that the
current flows from anode to cathode, and the electrolyte potential, almost zero at the cathode
surface, increases along with the ED and reaches more than 0.5V at the anode surface.
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Figure 3. (a) Velocity distribution in channels; (b) electrolyte potential distributions through the

ED



The Li*, SO42, and OH concentrations are presented in Fig. 4. There is a concentration drop at the
dilute interface of IEMs, while a concentration increase is observed at the concentrate side of IEMs.
Because of the electroneutrality assumption and higher concentration of IEMs’ fixed ions than
channels concentrations, the concentration of Li* and SO4% reach their maximum in the CEM and
AEM, respectively. Due to the production of H* and OH" species at the electrode surfaces and the
electroneutrality condition, high Li* and SO4? concentration regions appear at the cathode and anode,
respectively. The hydroxide concentration distribution is shown in Fig. 4(c). Considering
electrochemical reactions, which lead to the production of hydrogen and hydroxide ions at the anode
and cathode surfaces, the concentration of these ions at the electrode surfaces is higher than their
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Figure 4. Concentration distributions in the ED cell: (a) Li* ions; (b) SO4?, (c) OH ions

bulk concentrations at the concentrate channels.

To determine the effect of Li,SO4 concentration, and the fixed ion concentration of membranes on
the ED performance, a parametric study is also conducted. Fig. 5 indicates the variation of Li* flux
through the CEM and outlet LiOH concentration at different inlet concentrations of Li,SO4 solution in
the dilute channel. The Li* flux is shown with negative values owing to the direction of Li* transfer,
from dilute to concentrate base channel. As illustrated in this figure, increasing Li»SO4 concentration
raises the total flux of lithium ions and subsequently increases the Li* concentration at concentrate
channel.
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Figure 5. Average Li* flux through the CEM and outlet LiOH concentration in different inlet
concentrations of Li,SO4 solution

Figure 6 shows that decreasing the inlet velocity results in higher and lower Li* and SO4% species
concentrations at the concentrate and dilute channels, respectively. Lower inlet velocity of solutions
increases the resident time of solutions in the ED’s channels and improves the ED performance.
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Figure 6. Effect of inlet velocity on average Li* and SO4% concentrations.

As indicated in Fig. 7(a), increasing the fixed ion concentration of CEM and AEM improves the
performance of ED by decreasing and increasing concentrations at the dilute and concentrate
compartments, respectively. According to Fig. 7(b), this improvement is caused due to the
enhancement of Li* and SO42 fluxes through CEM and AEM, respectively.
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4. Conclusion

In the present study, a comprehensive CFD model, which considers electrochemical reactions at the
electrode surfaces, is developed to simulate ED process for LSO, solution derived from a recycling
process of spent lithium-ion battery materials. The model results are compared with an experimental
case to assess the accuracy of the presented model. A small ED device is also modeled to
demonstrate the variations of velocity, potential, and concentrations throughout the ED. These
contours show the concentration growth and drop at the concentrate and dilute sides of IEM-
solution interfaces, respectively. In addition, it is shown that the concentration of LiOH and H,SO4
solutions are increased at both cathode and anode electrodes. Finally, from the parametric study
carried out to investigate the effects of various parameters on the performance of ED, it is found that
the lower the Li,SO4 inlet concentration, the lower concentration in the concentrate channels. Also,
doubling the inlet velocities of channels from 50 to 100 um-s? leads to the increment of outlet
concentration of dilute channels by around 37%. The effect of IEM fixed ion concentration is also
investigated, and it is concluded that increasing IEMs concentration enhances ions flux. The present
model can provide guidelines to optimal ED design and operation for recycling valuable materials
from spent lithium-ion batteries.
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SEBS, AR HAORAL BB T IR IE s J1— 7, AR 2 A 78 T B I 40Kl T
SRR 7T L T A BN SAE B 7T, TUE TR R WO B CO,. 5 2 AR AE
YK IE R SR S A B M ANIE M. BRI, ASCE M — 4Rk 2 AL, i
A RLAL SEI6 ELHRAF AR RAR IR B LA COL-it A A TR RFAE, MBI RIEASH S 9K
SRS CO2 B I AR R R AL -

1. XWHREZEFE
1.1 KRS

I RS H AR E KRG 5B 2O BB KRS A, i 1 R
JEAEZEZE (ISCO 100DX) H T FF AR N v A4 SE 58 B H 45 6 R GuHE 77, FEFEYIH 0.5% FS,
JE 175N 0-68.95 MPa. R4 | K /& &4 (OMEGA PX01C0) HITSEmf id sk 825
BE S, MEHKEFERN 0.05% FS, MEIEEA 0-24.13 MPa., SE36 A2 il W40 B8 i B 5
Bt (Nikon Ti-E) FIAHAL (Nikon DS-Ril) KA. fuiiidss s fydid Je B [l e 78 Wik i L e |
RIS Y, SRl RTIIR, % RS ATT K 15 MPa, i & SE56 77 5K .
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B s AT RS R 4

1.2 LWt hH

AHFFEE I T 3 DM FENR AR REE RS, RS 714 35 nm, 76 nm Al
133 nm, & A OKEIE MK A R, HP HOKIEIE % 100 pm, ¥R 10 um, 1EA
WK ZALE5H 5 A0 TN ERIEIE , AKIER: 2 FLRE S 25 IR BE R GIK R, [BIAE LA 40 pm,
FUMEIE]EE 3 pm, LXK AN 442 pm, 552N 46 3um, FLBRE 22.5%.

XIS OB RE 1 um) FEAJERR, SRARSIS . 2. 62l kB TZ
PREE T 200 A 38 AR S RN BCK 54 o N TRIEGKEE A (0 TRE S, K 21 Tk 28 99K %1k
ZJEAT . T YK IR B AR A 5 &N, PRI LEREZE, MELA 3, AR AR 7 Z
PRIX AR IR T 300nm JE ) A0, SRIR 2 AR B v A SR A AR LR, St mT
WA GRS 52 o B JE TERE R R T TOGES AL, MERS R BN IR o B, 3 IoH i
B L2 ZH A MR AN e G, AT SEINAN KB TE P 1 T RO o 3 2K S50 i A
AR FREUEE SR, SEIRE RO A IR IRIBIE N . S5 BEAIK & 12 AN/ i sk
R, TRCE L AR LA T RSB A A

1.3 LW HRESHIELIE

AR S AR A T - o B TR R0 2 A R e L P, 3% 3 T AL
KIS RS E A B AR 2 WA, B BB g2 B £ fL X N A R AR S, R
2 VB SEG T N AR . BEJE TR ZE 1, K CO2 VN B — MK EE SR 5 5 % 1.

HAE CO2 MMM LT, ¥ COx THE 2 SMiAHE K —BOHT TR V4, ZE417)
BEAIVER, CO2 Tk NGK 2 FLIX 38 i i FE Ak ZE RS T &1 CO, Fi Fy, Il W ise
AT IR FE A 92K 2 ALA TR I AL 5> 0 A o 248 B CO, SR CK AT 18 5 92K £ FLIX 45§
b T REANGOK Z FLA R, G0 SR Z] CO M 77, BIOMSRBEE /7. W& ¢ B Ja 5K 14
] V4, FEITIEIRETT V6 BT . K CO, i %5 THAH & BR 35 it 22 HRAS J5 R T IR V6.

BERTORE S0 TO0, ATl AH R AR N O F IR FFAa e, PRJETHEr CO2 E#THE 77,
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FEEITT V4o @k COo 7K 7T IR B N R MAR NGK 2 FL A ok, i s oy AL
S EN BT [A]FEAT COL YA BEZETIG R, JHAH VR BE FRAK . 24 CO 5 HIAH TR B (R FE AR E
D,M%WI%%%,%WW]WWﬁEm&Fhﬂm%cmmﬁ%§%~&%I%ﬁﬁ
SEEG
O IR TR 77 R R 0 200 B I 2R O SR AR AR A T I % o S B B AL PR A Tmage)
B, GIPAFNZ] CO-MAHAMAME, Gt COMMESENMKR, wRMTIE L
TR COL-iHI P AH IR I AR o

2. LWERS SR
2.1 BEiEAR
KB Z AN RN Z BRI RS, WANELE “ B30 BE, IR AR AR E KT
ZEER, 2N TS EREN[14]. AR EEZ 2N FILBREE . BETEIE
PELLR RIS XS . YK Z AL R CO2 JARIRAHIRMFEF, FLBR RN, £ A0St
AR BB AR, 5 B A R R D SRR BHAS CO2 AHENZ AL
AR ISR CO2 ENE T, WIE] CO2 FHTM 2 FLA BT A HAH LT, JE 3
Mz . B3 A=MARERE, & 1 MPa LI K CO2 M FEEER . Horp B AR
H R PR BETHT, AR 5, COL AN Bt . CO2 M T B I A 52, AFE—{7 A
BEXNGIK Z AN RGNS KU S G, B AL U F I HENGK Z AL AT P

(a) (b) (c)
B3 /% 0.1 MPa, ARG EEGIKIRIE & A CO2 IR A AR AT IR : (2)35 nm B EEIE, K7 2.0 MPa;
(b)76 nm FFJEIMIE, HEZ 1.0 MPa; (c)130 nm IR ZiEiE, E# 1.0 MPa
Gt ANFIEIE N COIENJR SR A R E 4 Fros. HER—EIEN, RS
ETb, RBEEE TR, HR RS BT R, 1E 35nm WRE Z AN, HEHRONKR
SRR, JABIEZEIE 1.30 MPa, M5 EFH R E 4.0 MPa i, JH 2K Z RN 0.36 MPa, iX
W THE TR, COy S5IE+ TR ME MR, O K AR B98N 15]. &
TR BN DI B S ARG 1 B AR, DRI R B R 22 . FEm R HR T, COx AHFR 2
BN A B0 22 B AT E ANNK 2 FL A0 5T P9 3R i AH o



Xof EEAS [R5 (38 18, 7ESMAR TS I 1.0 MPa T8, 35 nm JBIE ) CO2 BENEZEN 1.10
MPa, 76 nm {AJE1EIE 5 3K %4 0.61 MPa, 133 nm ¥R J% 1818 5 8) [k %8 0.36 MPa. 7EAH
T, #iE sk, BEi 2R B4 EARA =2 / BEIENSEA
g, = 0°ARN CO Ja sl E A EX M) CO2-1E+ ke F sk 1, 543 %] 35 nm, 76 nm,
133 nm R B4 E 7704 1.04 MPa, 0.53 MPa, 0.32 MPa, /~[E3R 838 A (0B 40 % 111y
BN TSR ERAS I B R ). COVEANZ LA 8 1 B4 PH ) 5838 = B R L, TE i
P E4HBE I KR R, TEGN K RUZ IIE MPa 2. IRILYEARIB 1% 2 CO2 IR Er S Ab Regd it F
L EALBRBUN , TARTHENE 177 AT CO2 HEN 2 FLIE 5T P 3R it A o

5. 14
I 1 1.2 15
At } & T A 1
A | a0 & |Mam o
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m 5 B = 04 "
1 S
1 eni 0l
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(a) (b)

K 4 % 0.1 MPa, AFEREGKZ LGN CO I FE A A HIER: (a)iR)E 35 nm, KZ 2.0 MPa;
(b) ¥R 76 nm, JEZ 1.0 MPa; (c) /¥ 130 nm, /EZ% 1.0 MPa

2. 200, 3% M E TR IHITIZ

COVENE S E T RBIE IR, COL #HENZ AL BT IR B il A 1) N . 7E1E IR
SRR, COL IRTIE AT I IR N — AR e LR B, 2 B FLMESE M MR K1, 7EIK & e 2
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F1% 73 T S R ANARIRD, Q] 5 P
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5302020205 2024
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(b)76 nm LRPEIMIE, K7 1.0 MPa; (c)130 nm ¥R EiEiE, K7 1.0 MPa
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HE16], Akl 6 Frax. Horokh B2 HE Dy B s AH 5545 g B AR B2 1 OB

1

== (1

2
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TERAAIEIE, HE S o A SR . FE BRI IR B I FE T, $R AT SR IEN
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DA S BETHT W PR BR 1), T AH TE 22 FLAE5 # P LI T 20 B o 308 4 Jeb 7 e 0K 5 A T PR AUAS Ik
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(© (d)
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FasE, BERAER AT B CO» i b4 1 KRBT FLIR, (0B 20 T AH DAB A% 20 BIGHRG 1 17 30
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Kl 8 76 nm IR E LALLM N CO2 IRINITFE 5 — 4RI N b, ) 2.0 MPa, [E#% 1.0MPa

Sof LCERAR 23 AT 285 TR, SR 9O o R T R 5 A A il 28 5 30 o W i R L MR R e 34, IX
Je BTN FE A, 9K 2 FLA T AR BRORG 1 BEL 77 i ek A X 5 0 S T 028 A, T
TEAH R R ZEAE FH R S VR P58 39 SR 40 K o AR TSI o 206 5 S R 8 5 B3 1) 3898 o0 A
R, —J7MH, COL WX B AR i B I AR 5330 77 1Al IE S AR S, S PRk i 742 o iy
T BTG DL R R A PR (FE R ,CO M E B B - A Fase, SFEURbr IR s
HIEHENS, 57T, EE2AHF IR, COL FHAN A Y EE Ak I AZ TG K, 52 S 9h
KRBELY R B4 R ZE BT ARG K, B4 ) R/ NGB HT G 5, DRIk S s 9k 8 i A LA S0 K i
BT
2. 3 FEEZE €02 IE;hiTFE 4

Kl 9 o4 35 nm WFEEIE A, WA E 3.0 MPa, A[FEZE TR T COu B HIEFE.
35nm JRFEIAIE P COL MK ZME 224 0.76 MPa. 47E NJE %4 1.0 MPa iFf, CO, i sk &
8%, RGP ERENMHERREZ AN TN 4 CO B HmIE S, A
HREHEARGEFFAL . T ENEZBAC, R BRI A A e kA5 206 58 5 v I FL I R 1
A RUEER, LIRS BB ERSE, COMMBERI. MIKEEER— ST, COox ik
NSRRI K FENIEZEN 1.5 MPa K BB, CO, 757 NI FE A 752 T8 i/ I T AR f [ 7%
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9 35 nm IRE L FLEE AN CO2 IR FE H 2 A1 43 A S5 A R TR it 7
1.0MPa, (d) ~ () JE# 1.5 MPa,

&, B 3.0MPa: (a) ~ (¢) JE#E

(h) ~ (i) JEZ 2.0 MPa, (j) ~ (1) K% 2.5MPa
Bl 10 Geit 7R ZE 564 T COo VAN B2 BE R 18] (AR K . CO, AH BIVRLURT BE Bl v N I R
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HEPIE ST E . KR W T HENE K, CO-il F Ak i/ Fri 7K 1 BEAR, AT B4R
TN, AR DR

LE] Jui—
¥
I F
v
B g 5
= T &
® , 4
A + J
Suf 7
¥
7 K% 1.0MPa
az o JEi 15MPa |
& B 20MPa
v % 1.5MPa
w0 ) X ) L
L] -] 1] 15 In

B is)
B 10 35 nm WE Z LA CO2 Tyt B A Al BEBEIN [R) 284K, 75 3.0 MPa, JEZ 1.0 MPa, 1.5 MPa,
2.0 MPa, 2.5 MPa
FEAR R ZENTOR, 35 nm W8 A 0 3AH 3222 DOPPIR IR AR 4 i) i, I LB
CO: IFFEEEN, THIE AT AR AR BOEN COMIZHITE K. I 11 9 35 nm iHiEA
T 3.0 MPa, BXE K72 2.7 MPa IR IZHNH KRR, fEREERAREREE, CO MK
VAN FEFEARLRIEFAAL, 3TN H AR ER AR AN REARIZ s/, FEBEIS R RHERS , 9K 2L
J5E PN A AL 38 T BT K

(a) (b)

(©) (d)
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(a) ~ (d) COR-JAH ST i 1R XE RS 1L 72
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2. 4 REEE 02 HITIE S H

Kl 12 Py 7T6nm R EETE N CO EARITEETA T, f£ 1.0 MPa [5 723X 3 T 9K ()
AR HHBEELT COfERNFT AR AR . 9 v [l A2 DA R OB 5 R 5 I R . H B
FR1F, COx AFRHERIERBEANGUK Z AN B, TR 5508 18 6, 2 7% i A, A2 )
LA T CO MR AR, PR TR R b AH R S A EAE 2 5 o IR I 72 v B
CO2 IRFEEN,  BIFRRIM AR BT SO MM R REEDK Z LN BTN .
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()] (k) )

Bl 12 76 nm IR )E 2 LGN CO2 RSP Z A M SAHAMIERZ LR, K2 1.0 MPa: (a) ~ (o) Tk
0.1 MPa, (d) ~ (f) HE1.0MPa, (h) ~ (i) ¥ 2.0MPa, (j) ~ (1) 7§JE 3.0 MPa

B 13 Goih 7T R O COo AHYURT FE B[] AR 4Y . BHIEIE S R R, COq 1
TN ZR IR, FERAUCE I FE AT, A K B B T, COL AHAZ RS PERH JJ PR, 3K
Bl REENI . 43,0 00, (EAHREE ST, WS, COy 5tk
FRARK, CO2 MR BN ST, 9K Z LA M AHSE 5 T4 COL JA 8IS . BRI M IK & Tk
ZERRIE N 1.0 MPa B, JHAHTS Bk, CO AHSZ 21K B4 BH 78R )N, AT E A B8 e R 3k
e
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MPa i, JHARICER (GeKZ AN RN COMBREE) mik 93%, Xtk E N KSJE 0.1 MPa
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T L R R AR B A, A SRR
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A g ""ﬂ\\

15 1.0 MPa
¥ 2.0 MPa
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2.0 MPa, 3.0 MPa

2.5 RE N 22 NaHLH)
I = AN FEREGK Z AL R A COx BRI 2, Wil 14 fras, fE#E 3.0 MPa, [k
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Z£ 1.0 MPa [ UL R, = FhiRBEEIE N CO2 MAMRIRE S5 18] (A8 ¢ R A FE AR — 5, Rl
TE N COL A EAN FEIZE WG R, I HLIEE NI SR 1 DB B PR AIG,  OB  A2 IE T 1G K
2 CO PRI LA B — e U e T HoE .

I I 5 AR, COL IR IR0/ o X2t T TEAH R g FE 246, AN
HTE N CO AHFHAR 1) P 5K D HUE— 8L B B A =2 / , JEIE SN,
BHH AR, FERIBTE AN BRI I K. B3R 2L R, % 3.0 MPa 214
T, 35 nm FREZ LA S S0 E 25N 0.84 MPa, 76 nm % £ LA B 31K % N 0.40 MPa,
133nm iR JE L LA S S0 E 2N 0.25 MPa. JEAJEZ A 1.0 MPa i, R0 1E 75 58 5 10k
TR Z AN A AR NE, B IR SRR IS A 8% Z FA%,  COL SR E i/ .

!
i
]

L

=
e

CO, 10

=
s

L 1:" nm

=
¥

®  Thnm
&— 133 nm

""'H-h.hp.,.,.._"

L " Ilﬂ II5 lvl]
I (5)
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SR, BB 00 52 FLWR i 2 L RAE PR 2 AL FLIRAL . BB CO2 IEN, AR B AN
A N IE RS 15 LS
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AT B B 35nm VRS 2 FL5H DY P9 R AR AR 0 IR R 20 A B R, BT TR L
TARRTHT 35nm & R AMAR K06, 45 REIEFTAIHRE THF, 35 nm liE Nk A
SR 35 B AR R IR 1 S b T L AR R P o R 2 I T A T 4
A RS T4k 2 FLEE MBI &L FErh BTN T RS R8N . 1 CO IR fEh, &
G ALk 3 BORE ST % 2 T8 3T ELASW AE 1% BT AR A TR o % T S IR (g K3, 2T Bk
WA TT et & SBUARH R A TEAS, (5l T 22 T BRI R SR, T8 SR 1 R A
%,

3. 4Eip

2R S I SR 4 N VR I — R 9K 2 FLESH, BT T COn AR R A, B
AR T Z AN RIS EE, B BHR T ARE BT COo AR I 15 28 (L. BF
FREERKY, COLENBHMIIGIK Z AL NAFAE SR B R 2, He 22 BB TE VR FE PR MK Al
W RN TG K . FEFE NIRRT, CO-MAH AT 240K R BN £ S, RIATBAITR
ARaE R, I BB AT, INEE Rk, EM TS E TR, CO YR it
ST GK I BEE N E TR, A 8 I 2 B R IR B R . MR 2 R, &
IE IR CO MU T Bk BIRa s, I B T @ R HUE . Sl B e gk 27L&
VAP CO2 THIFIZE QYK Y PR AR A IR B 1 R, 3 B T — 2 D IR 94K 32 B 23 ) P A
FEEZ B A, NTUE M IEIR . TF RS R () 2 MRS MR T 0F 56

SE 30k
(11 BRi. 9a A M. 28 PR R AR, 2006: 128-144.
Chen Shiyue. Mineralogy and petrology[M]. Dongying: China Petroleum University Press, 2006: 128-144.
[2] 4846, B, RS, TUEMIERLE] . b BTURAE OR R X S I]. A B4R 5 9F K, 2013,
40(1):14-26.
ZouCaineng, Yang Zhi, Cui Jingwei, et al. Shale oil formation mechanism, geological characteristics and
development strategies[J]. Petroleum Exploration and Development, 2013, 40(1):14-26.
3] £, SF, =0, 55 5 K I AT 4130 A DU AT HLEL ], G B R 5 T &, 2019, 46(4):

14



1-14.
Wang Min, Ma Rui, Li Jinbu, et al. Occurrence mechanism of lacustrine shale oil in the Shahejie Formation
of Jiyang Depression, Bohai Bay Basin, China[J]. Petroleum Exploration and Development, 2019, 46(4):
1-14.

[4] LiL, ZhangY, ShenglJJ. Effect of the Injection Pressure on Enhancing Oil Recovery in Shale Cores
during the CO2 Huff-n-Puff Process When It Is above and below the Minimum Miscibility Pressure[J].
Energy & Fuels, 2017, 31(4):3856-3867.

[5] LiL, ShengJJ, Su, et al. Further investigation of effects of injection pressure and imbibition water on CO2
huff-n-puff performance in liquid-rich shale reservoirs[J]. Energy & fuels, 2018, 32(5): 5789-5798.

[6] Dongjiang L, Zengmin L U N, Chengyuan L Y U, et al. Nuclear magnetic resonance experimental study of
CO2 injection to enhance shale oil recovery[J]. Petroleum Exploration and Development, 2021, 48(3):
702-712.

[7] Mijatovic D, Eijkel J C T, van den Berg A. Technologies for nanofluidic systems: top-down vs. bottom-up—a
review[J]. Lab on a Chip, 2005, 5(5): 492-500.

[8] Kim D K, Duan C, Chen Y F, et al. Power generation from concentration gradient by reverse electrodialysis in
ion-selective nanochannels[J]. Microfluidics and Nanofluidics, 2010, 9(6):1215-1224.

[9] Wong C C, Agarwal A, Balasubramanian N, et al. Fabrication of self-sealed circular nano/microfluidic
channels in glass substrates[J]. Nanotechnology, 2007, 18(13):135304.

[10] Qing Chen L, Chanpark M B, Hai Yan Y, et al. High aspect ratio silicon nanomoulds for UV embossing
fabricated by directional thermal oxidation using an oxidation mask[J]. Nanotechnology, 2007,
18(35):13288-13296.

[11] Tas N R, Haneveld J, Jansen H V, et al. Capillary filling speed of water in nanochannels[J]. Applied Physics
Letters, 2004, 85(15):3274-3276.

[12] Haneveld J, Tas N R, Brunets N , et al. Capillary filling of sub-10 nm nanochannels[J]. Journal of Applied
Physics, 2008, 104(1):014309-014309-6.

[13] Zhong J, Abedini A, Xu L, et al. Nanomodel visualization of fluid injections in tight formations[J]. Nanoscale,
2018, 10(46): 21994-22002.

[14] Hao F, Cheng L S, Hassan O, et al. Threshold pressure gradient in ultra-low permeability reservoirs[J].
Petroleum Science and Technology, 2008, 26(9): 1024-1035.

[15] Liang X, Yang J, Meng X, et al. Density and Viscosity Measurements of n-Dodecane and Carbon Dioxide+
n-Dodecane at Temperatures from (298 to 548) K[J]. International Journal of Thermophysics, 2023, 44(4): 52.

[16] Lenormand R, Touboul E, Zarcone C. Numerical models and experiments on immiscible displacements in
porous media[J]. Journal of fluid mechanics, 1988, 189: 165-187.

[17]Lu H, Xu Y, Duan C, et al. Experimental Study on Capillary Imbibition of Shale Oil in Nanochannels[J].
Energy & Fuels, 2022, 36(10): 5267-5275.

15



[ TR B 2 R
ARSI f'7: 233399

Ce &% Ni-Al EL KRB IR FER R M
M gE B BB A B
S, I, E&R, @RS

(P92 5B R REIR 5 80 ) TR B iRk 5 TR A f s iR %, BRI E %2 710049)
(Tel:15319400485, Email: yangww@xjtu.edu.cn)

ol

FEE: BB BRI AR H 2 T, Fbe T R T 2T O KR = A o TR SR, B
FHEMTRE L. ACH & T AFEBIRE R Ce-NUyALOs ALK T ke TR M. 45 REH, X4
IR 800 °C, Ce #BIREN 5.0 wi% i, HILEHALRIAB RN 98.33%, A/RME A A& N 433.15
mmol/geaho 4 BIFI AT AT 2805 o AR I SRS AT IR P, DR IR I AL, 45 Ni-Al-Ce Ju 3 2 [H] ¥ LT
MEAER, BEE COLEFIEFRAIEAAE, DA I RIRRAT R IR, SR AT 1 F 5
KB LT EE, B, B, T

0 AIS

AR FEERRR TR T R B RS R Sl s AUk, W eRRUEM I 5SS 2R
PR gt Rk, 2015 FEFE RN COP21 il b, 195 ANE SA i, Kl
HFE L TAAL 2 Fi i 2°C, H TS HIAE 1.5°CYaE 2 1231 X0 BEVR IR F 5 e Y 4
K.

HHGEVE R 5 B A RV B L P T SRR AT, Rz BAURE R R 2
VR, R R AR K COo,y T HA By 20 4 BRI A2 T AR B 141,
sk, Hibesr e R HARE, Horh C-H AR EAE (435k)/mol), FHULKH
IRALTRE R EAE IR =R S S REAEIAE T A R TE . X O PR e M R
— D) £ E AT

FAT, R T 22 N, Bk et v & i (Ho 5 COoD,
PR B O Ho s A2, TR UL (R R e b 2B T, SRS
Rl 2 BERE 2 o5 BB N 50% VA L, X EWRAE LA I Befil 5 R e B RE R
SR RERAL N R AT AT PR S 22 B At

He T B RV L A BRI i O, HURNGE R . RAIEAL R R
R ERE TR IR R IIOME, BIAEE 23] 7 IROROGE. eAh, dEd T
SRR, AT R R P R & SR Oy = B EL AAL TR, BAT R I Tk
AT St S B e B, W T ERR O RE S 25 2 IR, GRS RGRE . Bt

HEEH: EXKARREHEA(52090063) 5 H gt m i AR L 45 3% & 10U 4 (x2y022023033) % B



AR JE AR BPIR IS, o, i AR R A R TN RS F G H B

PEREIR R IR R T KBS T F e T B A IR S BRSPS N 251, /b BEAE
Xof T B AL I 3R AR AR VIR Mt U 42 )8 1, Bl Niv Co. Pt. Ru%%. &
T A Bt & @ e (Pt Rw) MIEST&EusE (Niv Cod. H, Si&)afEfl
FIEA BRI FIPTRIRAEE S Mg T, (R AR, @S, AEATE T K
BRI T, SR1 Ni & B i T EE SR A E S RE R A MEAEHE, BNk
B, X A A Tl A A = i 2 B I St 2 AF ). Egelske %5 APV %
Ni-Pt/y-ALOs AL, WF 7L T IR R, R IAEB AR R 4 5] N Bh AT 4G 24 B A
R . Tang %5 NUOBEILTE CeOn 4oKAE 412k Ni Al Ru 62J&, 70 il il 4% H XU iR
1 CA K B SR i AR ) o AT 90 R BRRU B -5 1 ) Ni-Ru A6 F7UAE T 888 s oy
R BRI F A SRS A RE 22, DL R AL SR — S B P A R, X R
T Ni #l Ru Z [AI P F O o BB THER I, FGE AT — S AR AE AKX BN T 23 I 7E Ni Al
Ru A7 LiEAk, 2805 Ni A7 EFeE 0 H R F 276 Ru il ESHE HIERFRERS,
M 242 Hao Askari 55 NUR A J a2 V2] 5 T NiCoOx/y-ALOs {467 . AL 4%
S X L BB RN, R ARIAEE NiCo & &k K 4E TR R MIER 7B, Ni
TR BB AR, 1 Co [FIFURL N FER . 76T HAEE NI FEF, 43 B 45 AE Ni
VERNFBERTEHAL, A Co 7824 Ni A, P9 U IRIVE S AL s
FPTAmPERE .

gk, 75 Ni KU, F5E SIS R N PR AR
o RBLARAEEE R R AT T IR IR 0T, R EAE F ot T 2 4 ao e v R 3 82 ) A v A
BRI SE A7 TH o PRI SCER XS BRI RRHEAT 7 Ni-AL X8 J@ fE AR 2 P 1 H BT 5
VLRI

AHFFELL ALOs NEMR, Ni NMEEATEEY A SO R MR R, IRk R 4%
HEAS [R] )5t B LU B /S /K R, Kt o s AE MBI 5 N RSO . SR F0H b T
RAEA R AR AN B FE R I e e R 5 A%, JR@id SEM,
Raman. XRD SEMIAREAT I SR A B AL BE A o 120 SRR B T SR I AR, 9F
REINGRERBIA, T2 RIEFEAR SN A i Lt b, AR BAH R A2 =i e, N H b
T-EH I TV LSRR T 2%,
1 LW H*E
1.1 EUFIE R

B IR 4y IR BUEH % T x Ce-Ni/yALOs AL . B AR B BT . ¥
Ni(NO3), 6H,0 H 2 B F /K 58 AW f#, S8 )5 AR R IR IE LU 76 V8 9 P 43 H50RE B o & 1)
y-ALO; ¥ R I M AR 3 he )5, WIRIEHE I FEaAE A Fit—2 08 3 h 5T
O, FEFIMELATIRA . AL ATIRAARAE 110 °CHREE T E 2 T 12 ho £ HARAEI R
J&» 1E 30% Ho/He ZF, 600°CHEE T JEALILJE Ni F74E 2 h, 153 Ni/yALOs L7 .

F5 NI/ALOs AT & 56 S I BE ik, BT LB 7oK, [R5 3 g
ININASTR BE SR G IR Ce(NOs)3-6H20 ik, HEE LRH AR . M IHis s b g,
HAFE x Ce-NiyALOs AL AT IR . Hor x R FEMEAL A i c R E . &5,



TEALF BT IRAARAZE 110 CCHRE N EZ T4 12 h J5, BA D84 d B 10 °C/min [T HEIE %,
£ 600 °CHJ Ar ZUFH A EEHE 2 h, 15 2.
1.2 LR ARGRIRIERIE

AN T —E MR RS, SO T EER SR, 0E 1 PR, 2%
B 300 W AT« ARG R PR G, B RS 0] R g AU S . S5 L
20 °C/min FEEFE N RGN, BERRMRE, NAGRIESEN Ar, FRESLEIFEEN
FaE. #AJE, LA 10 ml/min PR EENF 5 R, TECHER G R N8 LR Z
WHHT T BB RN . T4, P55 ARSI RERIA G E G, TN SAH G RE G
178 R .
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1.3 fELLIEMENIK

K CHAE A B AT B b T B RO R I R RS TR REAT T R Ak, 1R
BARIT 2, 4 0.1 g AT N8 R RV, RLE N 25 mm X 25 mm X 7 mm )57
Jr X3 MAHT, fEAFIFE 700 C A Ho ¥t (10 mlvmin) JSAEJR 2 /N o 3B 5 5,
FHERR (AR 40 mI'min”',  CHs:CO2:Ar=10:10:20) W39 30 min, JFEEE MR .
R N [ 3y AEA TR AR S S (B 12 he ZEMIRIEFE A, RERE 30 2%
FHACHE R A AR 2o & VSRR G . AR B E (650 °C. 675 °C. 700 °C.
725 °C. 750 °CH1 800 °C), HfA] (3h Al 12h) PLEASEKIMEILF] (NiyALOs, 3.5 wt%
Ce-Ni/yALOs, 5.0 wt% Ce-Ni/yALOs Fl 6.5 wt% Ce-Ni/yAl,03). CH4/CO, L E H T
A5

F... —F
XCH4 — CH4,in CH4,out % 100% ( 1 )

CH4,in
Hordr, Xi G=CH4) N R, Fiy (i=CHg) At SR RE (mlmin™) | Fi o (i=CHa,
CO,, CO B Hy) A AEMARE (ml'min).




2 HBFR5HL
2.1 LTI EEI 5 a3 F=AE
2.1.1 XRD

ANE AL (Ni/YALOs, 3.5 wt% Ce-Ni/yALOs, 5.0 wt% Ce-Ni/yALOs Al 6.5 wt%
Ce-Ni/yALO3) H) XRD BN 2 Fion. yALOs F i AH 45 K W 23 il /3 A 4 20=25.61°,
35.13°, 37.75°, 43.33°, 52.52°, 57.51°, 61.33°, 66.57°, 68.21°, 76.89°4t, H.I&(H 1A
o XU AT A B RAFINUROREE, fEMER RO R, Reke. TRa5s
VEIFRBE Hg4e . XM 2 ALE5 0] I AT TP i S ok B A AL A, JFRT 44k
TRAIK 285 N EA RIFIRVER, I AR R A b 5 = ik i e 4t
NiO [ S M 45 KW 23 ) o0 A E 20=37.28° , 43.31° , 62.95° , 75.49° , 79.53° 4b. {&
BERNE, FEMCRBIRERNRI, NiWgR58E BB, X R et
FEAF TR BRI S R A A, R Ni i &, XS B K. BT Ce TENIBIR
HAE 3.5 wt%-6.5 wt% 2 [8], DA I A A B R 37 HE R

v

v 7ALO; & NiO

NiO/yALO,

Intensity (a.u.)

3.5 wi% Ce,0,-NiO/ALO,

5.0 wi% Ce,0,-NiO/ALO,

6.5 Wi% Ce,O,-NiO/ALO,
1 1 1 1

1 1 1 1
10 20 30 40 50 60 70 80
2 theta (degree)

B2 AL X SR AT
2.1.2 SEM

Bl 3(a) F(b) 73 A 7 1 FF i o HA AR I BT SR AL R (Ni/yALOs 1 3.5 wt%
Ce-Ni/yALO3) (1) SEM B, W FRIHB BN SRS . 1XUE B AL 2k
PR RE A, RS TR RE IR ARy ALOs SO ZE A P A e EL M, RS R B B
ZALEH, BARSLBET F P 5w 2 ks, R R4, X — S5 LEIE 7 XRD Ml (&
2) HIERETE.

ERERNE, UEEAINGIN Ce uE)G, o KIRGRL 1) REFR ARG E,
WK 3L R, thah, BB 3c)fI(d) T, AR R P 1 3 B B T Ny ALOs
7, HEATETEYIR NI R EEAE 6 wt%~13 wt% i 4, WA AmERA L. B2 Ce Jt
REHBI N FE S —EFEE B/ Ni 5 ALRIB R S E, L7 2SN Es ., X2
ARG RIS R R T AL-NI-Ce 2 [B] ) SR AEEHE), (2t T UKL A1 2R, AT 56 6 A 77 225 1)
HAEFHRTE, WK 3e)fn. M H, @il EDS Al MR350, A3 f AL FIRE S,
Ce LR RE G HIN: 3.5% 5.0%F 6.5%, /PHUFREE RIF, 2H0EHS Ni mEES,



W 3(D-( . RIEFI 2 BeRr A A TR 5 RN 78 0 s,  HAE Ce Bl
TR T e it 2 FLR = IR IR S L mid R, ST SONVIREE -

&l 3 (a) Ni/yALO; fEALFIAI(D) 3.5 wt% Ce-Ni/yAlLOs EALFIH SEM E{%; NiyALOs L5 (c) Al JTE
A(d) Ni JCHE ) EDS BEHE; 3.5 wt% Ce-Ni/yALOs #EALFFIH(e) Al 03, (f) Ni JuE A(g) Ce JuH I EDS
Bt

2.2 Ni-Al NEREX LNRRTEER NEE R

AL 3B RENE, 2 BlH1E NiyALOs L], 3.5 wt% Ce-Ni/yALOs 1L,
5.0 wt% Ce-Ni/yALOs HEALFI AT 6.5 wt% Ce-Ni/yALOs fE4LF, FH7E 650~800°C V& [Hl 4 7
IR RE AT R T EER A M. hE 4 58 505, Bl R 5857 %
BEE IR T IR TR TF . 24 MR E N 800 °C, Ce $BIRE N 5.0 wtols), Flefeih ik
FIIEAE N 98.33%, A/~ 8N 433.15 mmol/geh, HLAHENEE T NifyALOs {1k
4> BT T 2.66%, 47.83 mmol/geaho

AA, AEFERMAE, M MIRERT 700 °CHF, 5.0 wt% Ce-Ni/yALO; fiEALF_E &
AR R T B N B R AR HEERRAEE (700 °CPLE) T, 6.5 wt%
Ce-Ni/yALOs HEFI B A B m A= 3. 1X ULl o 2= M s iR 586 R B b i &l e it
o (HRXFRHEFFAKIE, Y PR ELE] 800 °CHF, P LTI B A 1T T4 R A
PR,
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T MRAA R SRR AG TR AR E P, ACHIE FEARARE F e T B B8 S SRR 7 750 °C R EAT
T AMESES: . RN CHRGER A0 #EELEE N 10 ml'min!, RIS GERAD i
JEH 20 ml'min!, SEEGECHE AR 30 min DS —K, RMETKN 12 h, 2L RUE 7 Fios.
B 7yl %0, M ST A, 5.0 wt% Ce-Ni/yALOs AL 7 ) i s R fye i, HAE
12 h /BT S, ARSI R I B3k ok, HoRoePE AR TR AR B Ak
TETERRIRILG, (H2 3.5 wit% Ce-Ni/yALOs fEALFIFT NifyALOs AL F Gt i A 26 B
Tk, XA ARG A IR JZ IR 73 A AN S A A 2 3 B0



K 7(b)E s T 12 h AASFHEALTIZE 750 °C R IES 3R o {HIRAEAH I A Y 6.5 wt%
Ce-Ni/yALOs AL T A= K i i, 5 7(a) T kLR SO IET & . 1EE AN,
JUE R TOER B IR TS PEY) TR T A T RS, (ER Z0HE 58 T AL IR Z NS0 I 4
FEgit FE, AR sSORHR PR, XX R bR 2 E 2, Mo R B R =LK,
Rk T2 5T ER RN, ESEEMRE FRER. T, R RRE,
HRE . ot R TR ML SR A T B R, I8 RERE =2,
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AA A AATALAL :
ol A,a 410
Vv v 6 A
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2.3 Ni-Al WERBELX LR =¥ R MR AHLS

K 8 N Ni/yALOs flEALFIAN 3.5 wt% Ce-Ni/yALOs fHEALFFIZE 800 °CHINEE T [ b Jim 1]
SEM K145 EDS GBI K. Ni/yALOs AT OB 5 ol I AR LRI AR, yALOs %
Mg B gk e ke, (eI FEA IR RIS, X UL B R iR, R s
{ERTE B 8(a)ili 7 XA TR T /D 5 2R M BRGOR T G540, X PP i J T R o 1
T, MeHESM R, KEIIMER SO EATE YY) TR BB, A A 15 1 R R PRI,
PR B 8(b) A 3.5 wit% Ce-Ni/yALOs AL 5 ) EE, HAMLE5 145 NifyALOs
HEAL AL, (ER BRI X I T SR SRR R, X IR AT e R TE eI R, 5%
B AEAE Ni-Al-Ce 7T % i M 45 14 R A2 o8, AT 36 i 45 SR o 3K b I R 7 8 B 1
Ce-Ni/yALOs Bt AL [FFEAEAE, Wil 3(b)Ts .

Bk, JEid EDS MK (B 8(c)-(1)) KL, Ni/yALOs AT R M 5tk o 2 5 & 5 b
Ak 28 wt% L b (& 9), X UE B H AR R B AR B . FRBRIRE F R AR TR 0 N
T € bk 5 [ B CBRANKE ), ToE TEBRAE Rl Tl b —0 OB, Bl BN, (Hi2
W] e R e, SZIR R/, AR TEYI R, SO AR TR

ERERERE, BUERATIAN Ce iR)E, S ERNERME, HEE 5
6.13 wt%, Wl 9 fivn. HBEA Ce Ju3 S & MBI, ALK R AR & 5 B0 — D IK,
BT 410 wi%. fER T EE RS, FETZEIRMN, BB R AR R 2
AR I R B R % RS A B R AR AR A AR R R RS A b o, ERE g R
s Lok, ERIKSIER T, BAKEHN Ce¥/Cet AR ENT . w1 201
AR MRS, AN IRZ 5, i SRR e 3 7, AR R B KRR
b, IR O TR & & NiyALOs AL 3 &, an ¥ 8(h) Kl 9 Fis o



Kl 8 (a) NifyALOs flEALFTIFNI(b) 3.5 wt% Ce-Ni/yALOs EALFTSURL S 1) SEM B NifyALOs A5 2 B
JE(c) C JLE, (d) Ni JLEM(e) O JLE M EDS AEilk; 3.5 wt% Ce-Ni/yALO; AL M 5 () C JLE, (g) Ni
JGE, (h) O JLHEH() Ce JTLEI¥) EDS B il

30 - [ INipALO,
T U271 3.5 wt% Ce-Ni/yAl,04
LY Y 5.0 wt% Ce-Ni/yAl 0,

B2 6.5 wt% Ce-Ni/yAl0,

V%@ ]

oL # CIL#H NiC# Cert#

B9 A7 9 AR [ G 25 1 5 e L

I 2R AT, AR E AR OB S AR E AL B 9 IR T 600-2200 cm!
X3k 4 261, NifyALOs 1L 71, 3.5 wt% Ce-Ni/yALOs HEALF], 5.0 wt% Ce-Ni/yALO;
TEALFIAN 6.5 wt% Ce-Ni/yALOs HEALFK) In/l ELAE 20514 071 0.76. 1.01. 0.91. Hrf
G B (1595 em™) J& TR A TR, D B (1340 cm™ J& T 07 15 &4 -
S RIS T ROV AL, IBHIEOLN, @R 7 Rl s B R, A 5 TH
T 76 78 T Al ) 2 38 0 ik S A 6 0 B4 0 A B i SR (R SR TR S T i), — T A Ca
I CeRorU2), PRITG 8 T, ARDOHEIR, AT DAIE I 5 1 14 7] 2 T PREUT 1T 1l B I 17 ¥
fifte — HARGASIRIVEFE RS T AR R, JERSm S IGER T RIRE, I
THEE SR EA Pk, FBUSPEREIRIE FEK . I In/le AT AR AL ) BRI A i

JF A 5 L (%)

0




Yo Hrpr 5.0 wt% Ce-Ni/yALOs AL FIFE [ 80 Ja B fie i Y In/l EUARL,  BERAEL P& o7
B LU AR L A = R AL FEE 2 . BH T Ce-Ni/yALOs AL Mm%, HRTR P T H %
(K] CO2 B H20,  MTTTANIE 1 20 JC R PR AN M P, i) 1 S RS P AT P Bk (1 72
Jo

FHNKIL, BEE Ce BiRERIIGZ, MAFIMH2IEE 2 THEEY, XRUIMAE
AN BRI T XM, Ce JTuRRE Y 5.0%KN, W H KRR
JE S A FPRIE . BEA Ce JUR bR & Ut — B 5T, X R 5E /gy, H
FEATSREES B R4 i A .

: I ——NifALO;
fEfGTISEE ' ——3.5 Wt% Ce-Ni/yALO;
. —— 5.0 wi% CeNi/JALO,
NiyALO, L) o7 ) 0wt Ce-MipALY,
1

—— 6.5 Wi% CeNiJALO,
3.5 W% Ce-NifyALOSfLH]  0.76

5.0 wt% Ce-NiyALO;HELHA  1.01

6.5 wt% Ce-Ni/yALO,fEMLF] 091

Intensity (a.u.)

1 1 1 1 1 1 1 1
600 800 1000 1200 1400 1600 1800 2000 2200
Raman shift (cm™)

B9 N Ja fHE AL R K i 2 e

34 it
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(1) 7E Ni-Al W& JRMEAR TGN Ce LR AT H BT H iR SRS %,
HEEHE B E ST RN, & BIEE RN 800 'C, Ce LRI & LN 5.0%, H hif:
PR 5ES 7R B 00N 98.55%, 433.15 mmol/geah-

(2) NilyALOs AL 7N 51N Ce Ju 3 J5 oI A 3 TH A FH A dw . Hh 5.0 wt%
Ce-Ni/yALOs AL AT 6.5 wt% Ce-Ni/yALOs AL FITEIZES: TAF 12 h 55 Re O+ R 17
PR HE PR, RIEOUELEE RIS .

(3) Ni/yALOs EAFITE R PG H LT KRR (28.00 wt%), oW F AT 52 5]
RAPKEE AT K. Ce-Ni/yALOs EWFI G C JoH 5 HUAE 4.27%~6.13% 2 [8], 1

2 p N1 i

(4) B Ce BIREMMZ, MALA RIS B . 55k, CemETE b
ELoR 5.0%0, 1] S KRR BRI = A P BRI . 24 Ce LR & A7 thidk— 542 T, IXFhm
HilEe 055, HR AR S R A PR /E .

X TARLEAE FAT A 55 4@ B 2k a1, 84818 Ce 0, #4% fL Ni-Al
WA BT, e A R AT R KRR T, BRAR T AR R N AR R 45T



G, JFRFFER T RNEA, O Ni-Al X @ AR ROHE 5 F e T 3 8 i SR N 1 T
Wtk #ERESR M T 5% .
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Fig. 1 SGMD desalination experimental platform based on cross flow hollow fiber membrane contactor.
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Table 1 Geometric parameters of the hollow fiber membrane contactor.
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Table 2 Adjustment range of inlet operating condition parameters of the hollow fiber

membrane contactor in the numerical simulation.
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Fig. 4 Calculation and test results of heat and mass efficiency and membrane flux for different solution inlet

temperatures.
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Fig. 5 Variations of the membrane flux, heat and mass transfer efficiency with solution inlet temperature at
different solution mass fractions: (a) membrane flux; (b) heat and mass transfer efficiency.
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Fig. 6 Variations of the membrane flux, heat and mass transfer efficiency with solution inlet Volume flow rate at

different solution mass fractions: (a) membrane flux; (b) heat and mass transfer efficiency.
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Fig. 7 Variations of the membrane flux , heat and mass transfer efficiency with air inlet temperature at different
relative humidity: (a) membrane flux; (b) heat and mass transfer efficiency.
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Fig. 8 The effect of air inlet flow rate on membrane flux (/) and heat mass transfer efficiency.
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(@) Bi-side-diffusion battery structure (b) The wetting states of the gas-diffusion layers
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Table 2 The total melting time of heat storage unit under different porosities and pore densities
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Coupling optimization of PEMFC auxiliary flow channel and diffusion layer based on neural

network
TIAN Cong  YUAN Fang*  XI Fang
(School of Energy and Power Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China)

Abstract: To improve the mass transfer and output performance of the proton exchange
membrane fuel cell (PEMFC), a three-dimensional non-isothermal PEMFC model is developed in
this paper, and the effects of the auxiliary channel under the rib and the diffusion layer porosity
gradient on the cell performance are explored and the optimal scheme is determined by combining
artificial neural network (ANN) and particle swarm algorithm (PSO). The optimization results
show that the optimal scheme can effectively improve the uniformity of cathode reactant
distribution, thus increasing the maximum output power and ultimate current density of the cell.
Among them, the optimal scheme increases the maximum output power by 16.7% and the ultimate
current density by 20.5% compared with the parallel flow channel PEMFC.

Key words: proton exchange membrane fuel cell; artificial neural network; particle swarm

optimization; mass transfer performance; performance optimization
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Figure 1 The mechanism of the continuous adsorption dehumidification device. (a) Design schematic diagram;

(b) Movement trend of aqueous solution of adsorbent material under sunlight.
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Figure 2 The composition of the core component of the continuous adsorption dehumidification device and the
design of the device experiment set up. (a) Composition of the core component and heat and mass transfer of
the working progress; (b) The experiment set up of the device and the physical composition of key

components.
NIRTCIE B BRI B ROTERE, ASCHE T — P EAEA (E2 (b)), st
T—ANE P AT E, RSN 100 mmX 40 mme. 748 £ — MR8 A XHE 2
MIpsE . FREFREN . AN IR IR AL RS, AN SNBE. H%, AR



T A 70 o 2 B MR BE O s, SEIG R FE AR RSB N 100 mm*90 mmx125 mm, Ff
FFE N AR RS W B TAZ O IE R 20 2 em, FHAMNGIE AL R % B T H k2
30mm k. HIR, fERREEIRIALE T, ARIER E M FRIBIERE, SR AR RN R
BN 300 mm>200 mmx90 mm, JHFTAHNE N N7 3em 5 5em &b, FEIMEAKL 1/4 =
Wb ds T IRIR AR AR . )G, RSB NPIEIRE T, it — DR 2 B ERIE
PERE, SIS AR R ST E N 400 mmx300 mmx250 mm, JFEFREARN . AhE 135 em Ab
I3 2 s T IRV R A A
2 LWERS S
2.1 ACF+LiCl HYNR P4 RE

ACF+LiCI(30%wt) I B 3l 1 2 e an € 3 Fo . b, B3 (b) R T 7E 25°C,
RH60%M 551,  ACF+LiCl(30%wt) V- Fy (1) Bz [ AR i B 5 B A o e & th 4 T, G
AN, TR RS 18 W 30 R AR BT o P R MR R R IA 1,72 kg/m? R 1,76 g/g. SREGHEATZ 400
min I, ACF+LIiCl “F A WG &5 1.5 kg/m?, WF di 2t P, B3 (o) MR
T fE 23.5°C . RH61% ¥ 55, 58 F A 1000 W-m2 {85 480 6 I K, W B i A i
ACF+LiCI(30%wt)>F v (1) 5 A7 ThI AR i I ot A L it 2R 1 o SR 3EAT 4 h B, 2E B
W AR 40 33l 9 1.37 kg/m? Fil 23.65% . o, ACF+LICI(30%wt)*F- /7 Jii & 7E 200 min
RN R, XTSRRI L ) 1.3 g Al 24%, ARG IT T . X T
ACF+LIiC1(30%wt), &3~ ErbR A I B A () 5 e IR B [ ) bRABL 20 1.82: 1. BRIk, B
MR R3S BAE TARIRZS T, WP i AR 2 2 ROA R T AR 1.82 fif . B RE2EE TAER
A5 U B P X A AL I B 5 i R Sl 2 T S, 2 R A R T 6 5 e PR T T A b 8
P — iR . BADIRE T, WREEAEM T = A R, ReEE T = AN AR
WTHl . PRI, ARSCH, RSB BRI AE P -U B AR L BN 1 6.

{a) (] <)

) 8 P S il S ¥ S SR S
B R | Aot | e
Ll 120 £ i 4

F+LICH || & 2|E ]
s T 158 ;
[ 30%wt ) ] - 0
Jor § _r".-' ?' E' &
= T1a - 1o F]
4 1 g
e =l
(1], L1
———— 4
e — r n
‘_EI[ fal
] F= 4 s = v & 13 18 e

K 3 ACF+LICl (30%wt) FIWR B AIARIRPEREDIRSC . () MERAEREMIASLIR GonEE; (b)) 25 C,
HIXFHESE 60% AR, ACF+LICL (30%wt) [ A HIARIRGE B 5 R AL BRGR R &R (o) R
SEPZ 1000 W-m2, 23.5 C. AHXHRE 61% FEET, ACF+LICI(30%wt) i 547 [ AR A2 5 g L i 2
Kl
Figure 3 Adsorption and desorption performance test of ACF+LiCl (30% wt). (a) The experiment set up of
desorption performance test; (b) The water uptake per area and per mass of ACF+LiCl (30% wt) under the
ambient condition of 25 “C, 60% RH. (c) The desorption rate per area and the desorption ratio of ACF+LiCl
(30% wt) under the ambient condition of 1000 W-m? of solar irradiation intensity, 23.5 ‘C and 61% RH.
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Figure 4 The dehumidification performance of the continuous adsorption dehumidification devices with
different concentration of salt solutions. (a) The experiment set up of dehumidification performance test; (b)
The relative humidity inside the box and (c¢) moisture content difference between inside and outside of the box
under the irradiation intensity of 1000 W-m with the initial LiCl mass concentration of 10%, 20%, 30%, and
40%.
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Figure 5 The dehumidification experiment set up of the continuous dehumidification devices with inner water
sources and comparison of dehumidification performance of different devices. The dehumidification
experiment set up of (a) the 3D+LiCl device, (b) the 2D+LiCl device, and (c) the 3D+air device with inner
water source. The tests with the simulated light are named the light group, and other tests are named the dark
group. (d) The total mass change of the light group of the 3D+LiCl device, the dark group of the 3D-+LiCl
device, the light group of the 2D+LiCl device, and the dark group of the 2D+LiCl device. (e) The total mass
change of the light group of the 3D+LiCl device, the dark group of the 3D+LiCl device, the light group of the
3D+air device, and the dark group of the 3D+air device. All of the light groups are under irradiation intensity
of 1000 W ‘m™2.



*1 RESEMME GEAHEE>80%) T, SRESBINWREBTIURE

Table 1 Mass change rates of different parts of each device in a stable high humidity environment (relative

humidity>80%)
PR Ak T A RN B KO ME
(g/h) Das K S Das K S pas K S
=4 +LiCl -2.20 0.84 -1.64 -1.31 -3.84 -0.47
4k +LiCl -0.74 0.19 -0.25 -0.91 -0.99 -0.72
=4+ BR 0.24 0.33 -0.72 -0.86 -0.48 -0.53
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Figure 6 The dehumidification experiment set up for the continuous dehumidification device without inner
water source and the temperature and humidity inside and outside the box. (a) The dehumidification
experiment set up of 3D+LiCl device without water generation. At the beginning of the experiment, the

adsorption material is in equilibrium with the ambience (30 C, RH70%); (b) The relative humidity and

temperature inside and outside the box under irradiation intensity of 1000 W-m-2.
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Figure 7 The comparison between ACF+LiCl(3D) and sorbents of passive dehumidification units presented in
recent articles.
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Figure 1 Gas diffusivity calculation domain and boundary conditions
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Figure 4 Oxygen concentration distribution in GDL containing liquid water
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Figure 2.1 Solubility of p-benzoquinone in different acid systems
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Figure 2.3 Charge and discharge curve and efficiency diagram of 1M citric acid system

Kl 2.3 () JBIR T1E 1 MATE R REAF far FARAS (State of Charge, SOC) T
eI . TR 2.3 (b) MR 1S RE T R AR . RS RERACE LA
[l SOC FHIAEERFFIE L. 1ZLW, AHUETEYIR AR 0.1 M, TS HE B s
4 2.5 M NaCl.

MR ELULSE 26 8 N RN, BB SOC MM R, Ml rIRERRR —
TGS N5 BN . X ERE R SOC FHHT A& SRR RS L. HReR AR
KL, AR MEEE SOC MG K E DA PRI AR AL S, . IX R I FE O R i) i i e
BRCRAER m SOC N IZ#T TR,

HREERBEMERBEAR, LR SOC KM KT IN . Kl E1E 80%SOC
W, HRRCRAEE 100%, XEPRE AR SOC T AA ARH i B IR M H e . 1k
b5 1E 20%A01 40%SOC I, PEAERCRBIEE] T 100%, XEHRAEFEIXLE SOC N HITAITE
TR R A B L B A AR R

i bprid, SRR T RIFEHOEAMLE, AR R FR T X AR A 78 TR R R I H A A
MIREETE. R RN — P TR IR R VAL 2 RE R AR R T A AN S
*,
3 FEMEREES

A BRI, O RERAAL N Ry, FeHRZ . A HLIEVEY B A ORI R -

o H
Q +2e” +2HF =2 é

N T RN FCRT b BRIt P B AR BRI S T AR A AR S it i 2 )

HEETH: EXARBEELECQHITABATIE (No. 52021004);
BRI A A AR (No. CQYC2021059563)



FIRAL, LASRAHA SR VAT B T B IR . BEAL( PR  2R

(1) R A 5 AR )

LERETL P o T MR LRI, PRV P R R o 2 R K TRV AL A, 75 7 FLRT
AR, R AR B T . ST R RRR A SRR . XS AR R
B 5 o T SR A S S T B 5 7 A

eff
—6 (;Ci) +V- (—DfﬁVci - —ZiciDi FV ¢+ ufﬂcij =,
t

Horb g RILMIZE, R. T MIF 4 BURBER SRS MARIRERER S HH. ¢ .
D, .z, Fls, VI BREE . § RS MAERIET. @ u M, W T, &
FREAH RN SOR MR . 78 2 AL I BRSO Bruggeman 121E, 19514 20 #
2H DY .

DY =&*?D.
% L FEL B T B SR A PR T 2 R
U

2
Vp = —;gue/f + uVu,,

Hpp 2K, xREERE, p EFNITHIE.

LRV AL 5 R 5 p B S 7 RE AN ] R AR AR N 4 /R - HE s 0 5 AR5 H
V-u=0

pZ—l;+p(u-V)u:—Vp+uV2u

(2) HifafspIE
el R R B Y, IR T AR

Zz[c[ =0

Ry TR, BIHEN BB AR FEART ;5 B T [ A A B AT 6 AHAE, A
Vi +Vi =0
RV PR B PR N R 3R IA
i, =—cV¢-F) zDVc,
(3) AL

HETH: EXRARBEESQFTTBATIE (No. 52021004);
HRIEA AA R (No. CQYC2021059563)



A A 1 B 2 S B ARy 8 — IR R B S R i -

(l—ammydﬁum}emo[amjﬁhm]

. Bros 1-a
Lpps = AkaOS (aHQ) (aPQ) [exp RT RT

Hrp kR IERRA R SIER TR, 1, R ERAE A, o, 25 KT AT

pos

A o AR (FEZAEA A R B IF B n A2 SN R T AR
SRR
77 = ¢s - ¢l - Eeq
Eeq 2 RN TET LS, AR IEFORMRAL B B Nernst 57245 H -
2
oo sl
nk’ Crg
Horp P S IEAR (b B g

(4) W%

TEART G, ATIHATEBESH . EADA, BEFEFRU—EMiiESKEEEMNERT
HENEM, WM N u=uin
EH O, FHuEERNE, HEJBFFER:

-DVe,-n=0

P = Pou
AR (R 2R S T H v i 22 E it FEyh AR B R RE B . X — i R &5
LA R SR B e A db s B v MR R, ROV, O AR E Q: Q=
UinAout’ :/H\:EP Aout%tlj D*ﬁﬁ&ﬁ /E{o E_Hj Diﬂﬁﬂ\%ﬁjﬂzg'

™ :Iy:hcidx

M AU P PR B N ELBR BRI R A, AT R SRS 2

dc]' out _
4B

r

c"(0)y=c’
Horr M i IWIGRIRIE, Ve g AR ISR B AR

HETH: EXRARBEESQFTTBATIE (No. 52021004);
HRIEA AA R (No. CQYC2021059563)



mol/m? mol/m?>
HI A0205 M 4400

100
0.25
0.2
0.15
0.1
0.05
1

0 99.8
1

an Y-00176 ¥ 99.8

A

Bl 3.1t=1700s B, XTARERE (fe) FIXEZRE (£7) WK

Figure 3.1 Distribution of concentrations of p-benzoquinone (left) and p-phenol (right) at t=1700 s

Bl 3.1 R THERCB I AR A, B =1700 s B AOBRES IR B Ap ARt il . 70 B s 1 0 2
BRI P o0 A, A PR 1 0 R IR BE 73 A . (E t=1700 s I, RGEIELEBEATINA,
A XIHS R Z AL, 250 SRR AR, TR AR B RS A R AE_ERE)

FH T B B BRAR AT ) 22 AL HELAR XS FR AL PE RO, SR SRS SR, R PR P ik
WOLJE R KTy, PR AR X — DX 28y (R P e, ORI BERUIR. SR, BEE A
SERBLE X, FAE SRS NS 218, S BONIRER IR LR, RORBIK AR,
BERE A PN Z (BT T — AR R 22 5 i . AEimah 77 1) b, i st o f AR
2, TR T FALL TR IR 2 X3

FA, fEFRHREY, RGN H5Z, ARGATRABREN, B
BRI R DX FRLR B FE UK, R IR IB AR SE A S 2R, TR X — [XEon] 2R
IR P o TR B A SR AR R X, bR T S T S S T 3R G, 0 2Ry R IR PR
K. XFE, ERHE R BT R — AR A .

PA_E P I R AE Fe OB A R P R I, SRR RE A1 ) 2 e S LU R AN
AL 5 ML AR 2 TE) [ OR SRV O, BE— R iSRRG B AT N .

4 2 g

g BRI, IR T R L . SEIRIGE LA % £ W 1 BRI S T B,
XTI RR IR R T BN SRR LE AT WL TR AL vt ) AT TR AR AL, 15
HUAUR S8 Mgk R R X R B VA R MR B I F Ak 2 v e, L%
JTREE S AR A R E R E 2R,

B, HEZRMEISHESREY, EBRIERT, XS TR SR
H IR IR 2> TR RS R IR A, TSR ) SRR VMRS o o, FaAL 2 RE
IRTTE R, KR BRI 22 TR AR oR ST 7 W 2 T 2 0 L G Py P A P R 2 e
PR R, BARIF I AL R BB S . ok, B SR IAE R L, R
WK 22 T B0 ZEBRAE R P b b S B BB B S A o K TR IR ER I R %
G, O AR Y ER A A R S 1) AR A, AR WL 8 W B 1 S VR ) S

HETH: EXRARBEESQFTTBATIE (No. 52021004);
HRIEA AA R (No. CQYC2021059563)



MG X R EIR IR R BENE A WL BT SR B AT SE B R AR AR R, B A K HUIAR
SEIBATIE T, BeAh, R RARXT T SRR A R B A — 2 L. HARR
PERS RUAE AT LI AR e R A I e P RE 0 B IR IR TR AH S (K 8 T A 22 4 RSz o Rk, 7
BRIR oy TREME, AR T s R F P B A PRI R AP o T EL, AT BRI R JE b ek AR X
B, BE6EIE i R SR8 A5 i O B ARZED AR

Rl e T-% B2 s ER T . SR IR UEAN 2 W) R 0] AR R A i ST A5 R R
B, AR iR SR A A WL IE JRBOAR P i BRIk 2 1R 1 B R A i A R R B T
ATPEANLERAERE o XA LB B i AR R RS REIR B A7 PR 1 a6, IOt —
D HIRHEAE TN TR AR T EE S,

S Hk
1 BT, APVEAGE R BT LR e, A L% 2018, 24, 466-487

Xia Lixing, Research progress of organic redox flow batteries. Electrochemistry 2018, 24,
466-487.
2. Xu, Y; Wen, Y-H; Cheng, J.; Cao, G.-P; Yang, Y.-S., A study of tiron in aqueous
solutions for redox flow battery application. Electrochimica Acta 2010, 55 (3), 715-720.
3. Ulaganathan, M.; Aravindan, V.; Yan, Q.; Madhavi, S.; Skyllas - Kazacos, M.; Lim, T.
M., Recent advancements in all - vanadium redox flow batteries. Advanced Materials Interfaces
2016, 3 (1), 1500309.
4. Wan, F; Zhu, J.; Huang, S.; Niu, Z., High - voltage electrolytes for aqueous energy
storage devices. Batteries & Supercaps 2020, 3 (4), 323-330.
5. Hu, B; ZLuo,J; Hu, M; Yuan, B; Liu, T. L., A pH - neutral, metal - free aqueous
organic redox flow battery employing an ammonium anthraquinone anolyte. Angewandte Chemie
2019, 131 (46), 16782-16789.
6. Skyner, R;; McDonagh, J.; Groom, C. R.; van Mourik, T.; Mitchell, J., A review of
methods for the calculation of solution free energies and the modelling of systems in solution.
Physical Chemistry Chemical Physics 2015, 17 (9), 6174-6191.
7. Wang, G.; Chen,J.; Wang, X.;; Tian,J.; Kang, H; Zhu, X.; Zhang,Y.; Liu, X;
Wang, R., Study on stabilities and electrochemical behavior of V (V) electrolyte with acid additives
for vanadium redox flow battery. Journal of Energy Chemistry 2014, 23 (1), 73-81.
8. Ding, C.; Zhang,H.; Li, X.; Liu, T.; Xing, F., Vanadium flow battery for energy storage:
prospects and challenges. The journal of physical chemistry letters 2013, 4 (8), 1281-1294.
9. Parasuraman, A.; Lim, T. M.; Menictas, C.; Skyllas-Kazacos, M., Review of material
research and development for vanadium redox flow battery applications. Electrochimica Acta 2013,
101, 27-40.

HEETH: EXARBEELECQHITABATIE (No. 52021004);
HRIEA AA R (No. CQYC2021059563)



HE TR R
2R g 14xxxx

X BB Z IR RR M EAE B ah AR

A RESER AfF 5
Ch E R LSRR, i, 200083
PR BRI, dEa, 100049
c RiFET RS, ki, 200093
FIRAR Tel: 021-25051183, Email: wyn@mail. sitp.ac.cn

I Tel: 021-25051188, Email: jiangzhenhua@mail. sitp. ac.cn
WE: REIABAE (CLHP) I 77 /8 2 o BRI R R BUE R 9 CLHP H S AR 30-100 f. B
BENME, CLHP BT KB . AT T 1.2 m YR EIEE AL CLHP (RIS ATRE, EEARR
AR B SR 22 5540 T SEUUR BN A2 I8 4T - BIFFUIE R AR s IR 28 48 1) JE Bl 3 o] LAk s J3 By
B S ERI TR BLAh, SHRZ RSN A RERN B 2 A e #, A CLHP 7E/NDh# R igdT. At
Y 190 K, F BIEOMALIEAT F KR RRED 50 W, AR 0. 29 K/W.

REEH: (R, BEA, Rk, RERSERE, SRR

1948

TR ) FH 00 ST P R 45 AR 0 S v R i (126 B . 1975 4F Maydanik[1]
R T IR, T 1994 SE X PRI AVE 10 AR JEEA R F BT SH3AT T VEGRIRIR[2]. 3R
P B EROR R EREE K. iR RiE. LisshilfE. WREEmSRL. e, %
IR (LHP) [ 2 B TR B2 [3-71 R H 185 F B [8-10] Bl A R Sl (0 %
O S 22 TR T T 28 A A 1% 2 R %o b U0 A 2 ) e S 5 7 FH P 7 AR UE L AE 250 K BAR I
TE. BEAE RN ATEENE, K dar. DML, S HLE R 2 S I 7E 2 M I H H .
VA ML PRI 2% A F R TS RO UARAIR 30 PR AN R 2, R Lk 9 2 2 T 75 K B 8 ()RR v
BE . IR HE (CLHP) I TR B K RS A & R 250 A BN R R
AR IR AL A7) 8 A RE AR

Lizhan Bai %[ 11 3HERIEIFBE IVE H R IAT 7 AR EE, JE CLHP 73 v H AP,
o e [ g AU A B AVE IS T S (8 e 7 JR B AR AN . Triem T. Hoang 57 2003 4F
RS RHAT TR IR UE[12, 13PN 14]0 BT AN 27 K B iy sl BEL 7
REARPIR B 2 A IRV 3, 138 7T 2 RV E R AT « SHECIR IR B 2V 3 SR R S (R 3R
B ST EEASE . AR ERAER SR [15-21]. AR FRIEE[13, 22, 23] ARFEEE S
[17,18,21,24-29] AN[A RE LA R[30]. TATA B 4 1[28, 311 B4 A Bt g 45 1[32]
P T3 ) RN [33] AR AR [34]. TUARIT[35]. SR NG (36, 3715 . RAMEH
FIRFERZRIA X CLHP #IFRPERERIFZM[38]. FIRE . & Wt CLHP [F3256 1
BT AR T 288N CLHP H SRS Hob, TARIRA B4/ IS P2
FUNBE B AR 30-100 £, IR IEYA BE AT LUK SR 25 B0 25 AV 1 B AR 10 15

SRIM, FRAERTA IR A TIERT# R A WY &, R PERE M, K CLHP

HEETH: LilE#mitkl (20YF1455800)



{10 5 2 ) AR ISR O R Gt VAR BRI, 2o B2 /N RS- T R AT e LR A 2
IR e AR T T SRR B% B CLHP 15 SRR EAT BT 9T, B S IVE R sl IR 28k
TS REABILE R R SKIAEHLAVE B S AN 46 mL, UEABN 1000 mL, <
PEARBONE 5 S AP 22 £, R AT 2SI BN UBCR 5 3h FF A8 2 1817

2 ERARGNA

AHE T BRI A CLHP M5 an ¥ 1 Frzs . CLHP A4 3 [l B A R ml B o 32 [ 50
PREFEEAER A EARRS . FARR . FAMERMERARE L. KEESS SRR
B R BSAR B 2. Horh R R BB B, R E MR 4Lk . CLHP
(10 2 B 5 8 IR R B AV SR ALL, CLHP [0 BT FH T4 B 3= [R1 B6 U5 3l 53 4%, 8 T fR4E CLHP
REMGFEZ), B EE - NERKRGE) . R 1K T SRS

X F CLHP, #ZELRFF 5 TAER X ARBCRAE, W& TAEREE RS A7 T 0 i
FZER K. DAFRIEIE E 298 K IS EAFA A 1000 mL Y 24 CLHP N6, 4 R G8E /1439
4 0.10509 MPa 1 1.3196 MPa I}, i 87 (AR FE 4393 170 K AT 230 K, SRS A TR
JRES AN 1.197 g F1 16,215 go #X 0 i 28I FAEIRAR AN, KHEFHE N 60
mL AR RS . & ERER T N 14 mm, KK FHEN 390 mm, M LU L SZR R
TR ASLIGRENL TR S K 3 60 mm, 78 HEAT A [RJRL IX SEAg I, 3 i 8 7E 4
JE /348 CLHP 78RN 70%.

TR A SR R P DU 2 ) 1 77 50, b 51 2R LB B2 . PT 1000 A% f 14U 5 0 B AN
Wit eI £0.15 Ko JE L% 0K g 0-1000 psis K/ 0.25% F.S, ILIE /Al
BEAHE RN 2.5 psi (0.017 MPa).  FLFLFE$2 HL IR Y FA R F L0 HR 98 B 43000 9 0-60 VAl
0-1.6 A, K5 HIN 0.1%F.S A1 0.15% F.S. N T Ik/b ok HREIMA LR, g basE
ZZETHESES, Wi EERH E S E R I RFFE 4E-4 Pa LU R . WS EATH50R,
T IR P A R S I, PR BRI R FFTE 3001 Ko

——aly

BT R ImT R R AIIR PA  FAE 5 H
R 1 SHRHNSH

A AR R
FIRFE RS 14/ 15.5 x 80 mm (P 1&/FME XK )
F/IREHE P4 St N

5% 70/ 14 x 75 mm (N1Ex N KB/ I )
1/1x70x 12 (B9 / FEER < fEK > i N4
2um (FL4%) 0.53 (FLER =) & (WD
W 2B 400
3.5/5 % 70 mm (W R/FMEXK )



20 pm (fL42) 0.7 (FLBE =) 316L (B4}

F/RAE A 14/ 15.5 x 60 mm (N 42/AME <K )
B e 2/3 % 457 mm (AR KJE)
U e 2% 2/3 % 219 mm (NE/IMEXK )

FRARE L 2/3 % 1210 mm (N R/5ME =<K )

FAEE L 2/3 % 1240 mm (N 2/5ME =K )
S 1000 mL

3 SEREERNT

ARSI TT T ADUEE 170-230 K WY 735K 77 1.5-2.3 MPa) 414 ~, CLHP )5
BN (Rl B8 B B B RA A fE

3.3 sk T

PLFE3e Ik 77 1.5 MPa, JF/a fillAHLE 46 FAGTIREE 170 K 5258 THL A5, B 2 5 CLHP
FAEN R SRS 2k . CLHP B 3hid 24> ot F =B

BB 1 (7-118 min): AN B J5 AT M PRI, 5 A UT B ) 3458 . Ik
LRI A B ST WA R IR o 5 IR IR AT T A% R TR 11 IR 208 4 o i IR e U

BrEe2 (118-157 min): HIRZE K 48 BALS 7R AR, XHRZE K A im# s, IRZ%
W A R R SN Y4 R N e e 52 0 s e 1 N W) [ E A E | o N B s e R ¥ A ST )|
BEL 3/ A A TN, RS H AR N B 2. — BN S, R R EL
O P TIENE -

BrEe3 (157-200 min): 478 K A BALE 78RR, 0 32 28 K a8 i n #4674 5 30 &
2% o B 3 5 I A ] B R B A B R BN AT N R . R IRIBE R AN, (RIR IR AV HE R
BB B (200 min LG ).

320k

300

280
260

240 F

e (K)

240
200

L
e iv g A
150 b b

5 il
e b T -
h e
I

D

160 (2 T

0 20 40 60 80 100 120 140 160 180 200
B i (min)
K 2 CLHP JH3hid REilk 2k (584577 1.5 MPa, FAJTHRE 170 KD
ANTR] 78256 1 770 AT il DXORH R 708 4 28 R IR RS2 M ] 3 o o B FADTIR B (AR
DO T, il LB N, XN R 8ok, IR R A& KRBT & . BE S
PSRN, RS THE, IRFER R LW 2 T o i 58 k26 K 2 28 il R it
A LA S s B SUE AR TR, CLHP E R FE AN IVE B 5288 22 511500
NA E B AR TR BIE SRV, AT B TR R IR A 7 2SI TR B R A H
[



BT (K)

M L
1.4 1.6 1.E 2.0 2.2 24 26

e ) (MPa)

B 3 TR IS U AR A 4% 75 AL BE (R R
327 RS T

2 CLHP Fas€ LARJE Al KRS R Ak Bl 4 IR ds i 8idi v 0 W i) CLHP 1)
FRASPH . MAGTREA ST 210 K B, CLHP =[5l B{S2 IS AT (1 5/ E AT 9 30 We
X AE RO T MR AR A CLHP S2M &, [ ERAA S 20 BB BN, A fg
SRR AR R0 . S RAPTR R (230 KD B, FREEAE SR A IS, CLHP F 5]
FESTIZAT (0 B/ T2 A AR 20 W

L}

—s— Tsink=170 K
—e— Tsink=190 K
- —i— Tank=2 10 K

= 06} \v Tsink=230 K

t’ I 'l 'l 1 'l
0 30 40 A

Heat load (W)
4 CLHP M8 H (RZER SN 0 W)

IR EEHE STIR AVE JE AR, T T IR 75 R s A A B DA 0 = A A 2 [ R A ) o
W, R A BN, AER AR N TR PR K . MIRZE R BRIy 2 W S
W I}, CLHP [fa A0 5 fE 6 Fion. ik 2R as i — 2 i, APHEEE 3 A
(R3G90, e Lt A TR R () T v B A o IR R A i S W B, CLHP 1] BATE
170-230 K 5 X A AT B R A8 5 W B RS S AR TR A . IRZE R B Iy 2 W
B, ATLAFE 190-230 K iR X N80 E#G o 10 W B IR 27 AR e v . Y #piiR s it —
WRERE 170 K IRIXES, 2 W IR Z R # A a TRIEHPL RN 10 W 3R 5E 25 A= U
e, SRR T R AR A A 2 58 CLHP 2R3

=
-

= = =
- Ea L

Thermal Resistance (KW

=
s




5 F

Thermal Resistance (K/W)

=2
(=)

i L L i i

10 20 30 40 50
Heat load (W)

K 5 CLHP fIAE &AM (RZE A AR Y 2 W)
7

) i LA =

Thermal Resistance (K/W)
b

L i i i

0 10 20 30 i A0
Heat load (W)
¥ 6 CLHP IR (RZE R BT 5 W)
MIGTIR LN 190 K B, AFEIRZ R ZH AT CLHP PIFRASHRBHME 7 s . IREKR

A AT 2 W R S WS ] R AR A AR IR A, DRI R B AR A N CLHP F2dS
PERERISZ A ZE A K . ERIBMALIZITH (Q=0 W), ME#MAifir Q<20 W, CLHP —J7
M2 BN AR AR RAA RN, R FERRBATE TR 55— 52 CLHP f£ 35 %
BOKEY, RGENFEFEAEN LRREN I, CLHP v]fga B A TR A 2 1M K A2 288
F A B ALIE AT (Q2=0 W), CLHP fe KA #vEy 50 W, LEF CLHP [ #4#FH A4 0.29 K/W o
IR ZE R A AT OIS, CLHP BEARHBH K o PRtk TR B vk i 75 AR B8 S bt i &
P L PR

Thermal Resistance (K W)

10 20 kil 40 50
Heat load (W)
& 7 CLHP fIFazs300H GRITIREE A 190 KD



4 REERE

ARSI (B % BRI B AR 1) U SRR AT B 9, I I vk 7% s 1 Jia 2R mT LA
N BB BOM A ER RN TR SR IE B 5 AN 46 mL, EAIJY 1000 mL.

1. IR R B R IR E, AT LUE CLHP 2SR B RN IVE B B A 22 511
B MR JE 3

2. FANIRZE KA AR AT DA R BT 5 2R e A6 CLHP 3847 [ R2m, {# CLHP ]
LAFE /NI 2 R I184T .

3. HIPUIRE N 190 K B, T [FIEEASIE AT e KL G 50 W, I CLHP (1) 4% #uik
PH M 0.29 K/'W, FEHEEEN 1.2 m.

S 3R

[1] Y.F. Gerasimov, Y.F. Maidanik, G. Shchegolev, G. Filippov, L. Starikov, V. Kiseev, Y.E.
Dolgirev, Low-temperature heat pipes with separate channels for vapor and liquid, Journal of
engineering physics, 28 (1975) 683-685.

[2] Y.F. Maidanik, Y.G. Fershtater, N.N. Solodovnik, Loop heat pipes: design, investigation,
prospects of use in aerospace technics, in, SAE Technical Paper, 1994.

[3] K. Goncharov, M. Nikitkin, O. Golovin, Y.G. Fershtater, Y.F. Maidanik, S. Piukov, Loop heat
pipes in thermal control systems for" OBZOR" Spacecraft, SAE Technical Papers, (1995).

[4] A. Orlov, KA. Goncharov, E. Kotliarov, T.A. Tyklina, S.N. Ustinov, Y.F. Maidanik, The loop
heat pipe experiment on board the'GRANAT'spacecraft, in:  Sixth European Symposium on
Space Environmental Control Systems, Vol. 400, 1997, pp. 341.

[5] EW. Grob, System accommodation of propylene loop heat pipes for the geoscience laser
altimeter system (GLAS) instrument, in, SAE Technical Paper, 2001.

[6] HX. Zhang, M. Mi, 1.Y. Miao, L. Wang, Y. Chen, T. Ding, XW. Ning, Y.H. Huo, Development
and on-orbit operation of loop heat pipes on chinese circumlunar return and reentry spacecraft,
Journal of Mechanical Science and Technology, 31 (2017) 2597-2605.

[7]1 T. Yang, S. Zhao, T. Gao, Z. Zhao, P. Zhang, Effects of External Heat Flux during Orbital
Period of Spacecraft on Operating Characteristics of Loop Heat Pipe, in:  Journal of Physics:
Conference Series, Vol. 1820, IOP Publishing, 2021, pp. 012089.

[8] R. Singh, A. Akbarzadeh, C. Dixon, M. Mochizuki, R.R. Riehl, Miniature loop heat pipe with
flat evaporator for cooling computer CPU, IEEE Transactions on Components and Packaging
Technologies, 30 (2007) 42-49.

[9] W. Zimbeck, G. Slavik, J. Cennamo, S. Kang, J. Yun, E. Kroliczek, Loop heat pipe
technology for cooling computer servers, in: 2008 11th Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems, IEEE, 2008, pp. 19-25.

[10]J. Choi, J. Yoo, B. Sung, C. Kim, D.-A. Borca-Tasciuc, An Experimental Investigation of the
Miniature Loop Heat Pipe Cooling Systems for High Power Density Computer Chips, in:
International Conference on Nanochannels, Microchannels, and Minichannels, Vol. 44632, 2011,
pp. 421-426.

[11] L. Bai, L. Zhang, G. Lin, J. He, D. Wen, Development of cryogenic loop heat pipes: A
review and comparative analysis, APPLIED THERMAL ENGINEERING, 89 (2015).

[12] T.T. Hoang, T.A. O'Connell, J.T. Ku, C.D. Butler, T.D. Swanson, D.K. Khrustalev, Design
optimization of a hydrogen advanced Loop Heat Pipe for space-based IR sensor and detector
cryocooling, in: J.B. Heaney, L.G. Burriesci (eds.) Cryogenic Optical Systems and Instruments X, Vol.
5172, 2003, pp. 86-96.

[13] T.T. Hoang, T.A. O'Connell, K. Jentung, C.D. Butler, T.D. Swanson, Performance
demonstration of hydrogen advanced loop heat pipe for 20-30 K cryocooling of far infrared
sensors, Proceedings of the SPIE - The International Society for Optical Engineering, 5904 (2005)
590410-590411-590410.

[14] T.T. Hoang, T.A. O’'Connell, D.K. Khrustalev, Development of a Flexible Advanced Loop
Heat Pipe for Across-Gimbal Cryocooling, (2003).

[15] L. Bai, G. Lin, H. Zhang, J. Miao, D. Wen, Operating characteristics of a miniature



cryogenic loop heat pipe, International Journal of Heat and Mass Transfer, 55 (2012) 8093-8099.

[16] L. Bai, G. Lin, H. Zhang, J. Miao, D. Wen, Experimental study of a nitrogen-charged
cryogenic loop heat pipe, Cryogenics, 52 (2012) 557-563.

[17] C. Du, L. Bai, G. Lin, H. Zhang, J. Miao, D. Wen, Determination of charged pressure of
working fluid and its effect on the operation of a miniature CLHP, International Journal of Heat
and Mass Transfer, 63 (2013) 454-462.

[18] Y. Guo, G. Lin, J. He, L. Bai, H. Zhang, J. Miao, Experimental study on the supercritical
startup and heat transport capability of a neon-charged cryogenic loop heat pipe, Energy
Conversion and Management, 134 (2017) 178-187.

[19] ). He, Y. Guo, H. Zhang, J. Miao, L. Wang, G. Lin, Design and experimental investigation
of a neon cryogenic loop heat pipe, Heat and Mass Transfer, 53 (2017).

[20] Y. Guo, G. Lin, L. Bai, J. Miao, G.P. Peterson, Experimental study of the thermal
performance of a neon cryogenic loop heat pipe, International Journal of Heat and Mass Transfer,
120 (2018) 1266-1274.

[21] Y.n. Zhao, T. Yan, J. Liang, Experimental Study on Cooling Down Process of a
Nitrogen-Charged Cryogenic Loop Heat Pipe, Journal of Thermal Science, (2022) 1-13.

[22] P. Gully, T. Yan, Thermal Management of a nitrogen cryogenic loop heat pipe, in:  AIP
Conference Proceedings, Vol. 1218, 2010, pp. 1173-1180.

[23] Y.n. Zhao, T. Yan, J. Liang, Effect of shroud temperature on performance of a cryogenic
loop heat pipe, in: . (ed.) AIP Conference Proceedings, Vol. 1434, 2012, pp. 409-416.

[24] P. Gully, M. Qing, P. Seyfert, P. Thibault, L. Guillemet, Nitrogen cryogenic loop heat pipe:
results of a first prototype, in Proc. of 15th ICC, (2009).

[25] T. Yan, Y.-n. Zhao, J. Liang, F. Liu, Investigation on optimal working fluid inventory of a
cryogenic loop heat pipe, International Journal of Heat and Mass Transfer, 66 (2013) 334-337.

[26] Y.-n. Zhao, T. Yan, J.-g. Li, J. Wang, J. Liang, Experimental Study on the Secondary
Evaporator of a Cryogenic Loop Heat Pipe, in: J.G. Weisend, S. Breon, J. Demko, M. DiPirro, J.
Fesmire, P. Kittel, A. Klebaner, J. Marquardt, G. Nellis, T. Peterson, J. Pfotenhauer, S. Yuan, M.
Zagarola, A. Zeller (eds.) Advances in Cryogenic Engineering, Vol. 1573, 2014, pp. 20-27.

[27] Y. Guo, G. Lin, H. Zhang, J. Miao, Investigation on thermal behaviours of a methane
charged cryogenic loop heat pipe, Energy, Vol.157 (2018) 516-525.

[28] J. Lee, D. Kim, J. Mun, S. Kim, Heat-Transfer Characteristics of a Cryogenic Loop Heat
Pipe for Space Applications, Energies, 13 (2020).

[29] $R7CTR, FESR, XURKFY, BRED, K42, MRF, 35 KRMEH L EREHERA KR
R, A= 51KIR, 28 (2022) 353-358.

[30] L.Z. Bai, G.P. Lin, HX. Zhang, J.Y. Miao, D.S. Wen, Effect of component layout on the
operation of a miniature cryogenic loop heat pipe, International Journal of Heat and Mass
Transfer, 60 (2013) 61-68.

[31] Y.N. Zhao, T. Yan, J.T. Liang, Experimental study on a cryogenic loop heat pipe with high
heat capacity, International Journal of Heat and Mass Transfer, 54 (2011) 3304-3308.

[32] H. Cho, L. Jin, S. Jeong, Experimental investigation on performances and characteristics
of nitrogen-charged cryogenic loop heat pipe with wick-mounted condenser, Cryogenics, 105
(2020).

[33] D. Bugby, B. Marland, C. Stouffer, E. Kroliczek, Across-gimbal and miniaturized
cryogenic loop heat pipes, in: M.S. EIGenk (ed.) Space Technology and Applications International
Forum - Staif 2003, Vol. 654, 2003, pp. 218-226.

[34] Y. Guo, G. Lin, J. He, L. Bai, Y. Sun, H. Zhang, J. Miao, Experimental analysis of operation
failure for a neon cryogenic loop heat pipe, International Journal of Heat and Mass Transfer, 138
(2019) 96-108.

[35] Y. Guo, G. Lin, L. Bai, X. Bu, H. Zhang, J. He, J. Miao, D. Wen, Experimental study on the
supercritical startup of cryogenic loop heat pipes with redundancy design, Energy Conversion
and Management, 118 (2016) 353-363.

[36] J. He, Y. Guo, J. Miao, T. Ding, H. Zhang, Y. Chen, Y. Zhao, J. Li, G. Lin, Pre-flight thermal
performance test of a 35 K cryogenic integrated system, International Journal of
Refrigeration-Revue Internationale Du Froid, 98 (2019) 372-380.

[37]Y. Guo, Q. Zhou, X. Liu, T. Ding, H. Zhang, Z. Fu, J. Miao, J. He, G. Lin, J. Li, Co-designing
Cryogenic System with Pulse Tube Cryocooler and Loop Heat Pipe for Infrared Energy
Management, APPLIED THERMAL ENGINEERING, (2021) 117228.

[38] H. Cho, L. Jin, S. Kim, S. Jeong, Experimental validation of heat switch capability of



cryogenic loop heat pipe, Cryogenics, 121 (2022) 103403.



T E TR 2 fedhtt iy

FREVWIL L 5. 23xxxx
K PABEIR BN RY FR bt B 2R R I v 25 1 BEAA

WhEE":, E&E, Taa”
(LG R KRR P, 7i% 710054
2GR RS AR TESB, 7% 710054)
(Tel:13991117058, Email:jingyu.wang@xust.edu.cn

T AN A B K NI 7 8% P B o 2 S i FE TR 9T, @it ANSYS FLUENT 457 7 3%
PO Bh % A R -2 N 2 B RS AR, BE AR S8 ORI . N TE . OSIIE A7
IRBREL) o IS BT BE RIS . 45 SR . RGP X SR BB S R B, IR R T RS AT
N FL B R8I0 2 AR TR e A R s USEONI o0 e AL 3R (S S5 N OB 5% T /KB EL I 3
Wi FEAN IR o BT 405 ot TR B R 25 vl A BRI A 2 e L L
XHEE: WIS, BRSPS, KPHEE, ARe
0 AIS

KR EMEFEE . M) . S, R ESS, SNy
FARRYRE, HEHEAFRE. NELL, MRHERKREKHEREATA . KGR E
B TG b =R 0 JL A I 2 A DL i B AR AR S A
TR AAE LGN GO 2 P2z N, ORI R R BB R B (SMR) MU
SRR, H PP A AR TEEREIR . —,  TRRs F b 2573 E I N 5 K P R il 74
WA, SCHUKPHRE AL g, 2SR P RE &5 il AR BRIR A H M EER A, Tk
(1) B o B g N 38 7E 1023~1223 K AT, (E2 H A R EE B 1 4 1 =K BH e
HE BB AR BT ST B 1 B8 PR BE AV 573~673 KB, X ANIR EEA A T SMR P 75 2 1
T, DR ey S B A iR SR FR e BB S B R i AR 7R AR R 1 ) A e B s it
X BEFER IR RS E, AT AR 1 IR, MR 4R Le Chaterlier Ji U - iy # a) 7=
YIRS, G B S IrRJE  H e B S A A

TR, B2 FEHRANGII T B e 2577 5 5 I N AE S 87 2 N IR AL EE . Wang
S NDL H br B R N 5 R K FHRE ARG &, @  TE R A BT EAE
FENLIAS (Pd) R S B #5 H K FH A8 O 20 1 B e 25 88 e N IR BUE A RS, 5 T Rk
K BH B8 HR e 5 25 B (1) A A R b A R VA, RS R SE B B S MR AN )5,
£ 400°C &, KPHEESARLH 0 Z 0] =ik 38.25% . AR B T HEEYS
rF I IR A BH BE IR R AH 45 & B T 4T 1%« Alrashed A1 Zahid[IH% 4 2675 F Jog 25 B AII4E
RILPE AR e R AT T LRI AT, AT, B SMR L2 Wi E 8 AE K 1A
12 30 bar £ 550°C, Tfif&48 SMR 1.2 1) i FE 5 AE i 1 AR /& 23 bar Fil 900°C .
WEREE K, B SMR T2 HAE4 SMR T2 B 8 m i H e tb R, S B/ L
SRER A R AR B A . Lee 25 AN U@ 4 TH = 41 ik sh 712 (CFD) 4 #r,
IOUE 7 AR S N A 0 R RV AR, SR AR, BATIRE R R K
MIEIT S8z —, AHRREMNEINSSE HBERE D, B 136N
B 3, HLEEAE N 45%38 2] 49%.

H B R 5 S 4 58 9 1T, SR = 22 o ER] 30T e I 4 P AR o0 A 368 A s AR5 2 52 i
WL R G MR . A SCK @ FLUENT %237 K BH 8 9K 30 1 H e 25 %8 5 s )97 24 PN TR 9

'

REITIH: ERBAREIHIESE (52206115), BEFGE B AR HIEM 711K (20221Q-401).



B-AR AR SR - S N AR AR, AT SRONR S . AN R E S OB T KR
BT I 52 L e P ) B
1 YEHRE

AR SR U BB S L s XU A, ANE ORI, DB IEM, AME T
SEL PR AR RURE g Y Jo B8 S S AR VR I 7 . M AMEN 25.4 mm,  AEN 22.4 mm;
WERNZIMIR, SMEN 12mm, WK 8 mm, FBEMETENEIMEE |, A5
ZIEBE. REHCEN 70 mmo AHETCE S N 8S RS BOE H WK 1.

® 1 BIERTE%

ZH B
AR 723.15~1023.15 K
AL 4.95%x10°~2.81x 10 kg/s
SN E T (RED 4~8 bar
BIEMNET) (R -0.65 bar
B R OKREED 2~3

2 BESE
2.1 15575712
A A BN S B A ] T R, T SR I T AL R BUORL, SR R 2 AL
. Hyswm TR
SR T R
V-(pv)=S5, (D
Bt oy e 7 R
v-(prE)=—vp+v-(y(v;+vf))+s,. (2)

b, v NRWRERE, p NIREERE, p NEIE, WS TREEE, 1 8h
K&, S, NHTYRSE RN EEm, HEREXFER T, S s EER, K
H Ergun A XEHEIR .

REH T T2

v .(pfcp,f‘jT):v'(keffVT_ihi‘_jij-'-Schem (3)

i=1

Schem = vm rj(_AHj)ﬂj (4)
K, ke RZ AN FHIARSARE, b BRI ES RS, 2T Y #cl
B, EXAH = ¢ im io H, i NIREWTHE MR R R BREL A
I ER AN ROSL S N AN N A, m o OSSR, SRORER AN OV A AL
T

Yolsisania Ji ke -



v'(pf@i)=_v'ji+s‘

i,h,chem

b,y RIRE i MBI EDEL S, e HHIA G EIER ¢ A5 IE I,
Sim AHEZE SRR i MBTRIEI, B TEEE ARG, Rara g,
WA Ho VBT RE 75 T8 Simy AT HARIIT,  Sin=0. HIATAFIE S 7 R 1 5T
%ﬁlﬁ Eﬂy‘j H> ?ﬁ@%’ ED Sm:SHZ,mo
(T R T 3 R IR s, th R R
ACJH MH
Siym = —
: Ve
A, AWM ERTB, J, NARBEEE, M, NEATEKRRE, Vel
M ER . HTEERKEABERMN, SRS BEAHD KM% %5 EHBE
SU R, A T IR A, S, . —0. JEMABEE SEE R TH Sievert

NAPERIR

+S (5

(6)

2.2 FIFEER
SMR i FREHE =AM, W1 N RIR:
CH, +H,0 = CO +3H,,AH},, =206 kJ/mol (7
CO+H,0=CO, +H,,AH},, =—41.1 kJ/mol (8)
CH, +2H,0 = CO, +4H,,AH,; =164.9 kJ/mol (9
AN 1K) I8 5 0,
k
H :pzl_s(pcmpﬂzo_p;lzpco/Kl)/DEN2 (10)
HZ
k
n= f(pcoszo — Pw, Peo, | K> )/DEN2 (1
H,
k
r =p§_5(pCH4pﬁ2o—pﬁzpcoz/Kg)/DENz (12)
HZ
DEN =1+ KCHAPCHA +KeoPeo + KHszZ + KHZoPHzo/pH2 (13)

A, s n M RN RN ER, ks koM ks RRRNEE, K. KM KRR
AN IR N Koy, ~ Koo~ Ky, %”KHZO F NS Pen, > Pu,~ Peo~ Peo,

T py o BRI o
2.3 Mgkl SREUIE

DU TR, AR SORE = 2 N A TR AL 9 T 4R O BB R BEAT I AT, T4 S Y
SR 1 PR . AERIRE R, SRV AT G5 A RS, A5 s ML s B T A 755 {01
BEEBTRMIR . i RR AR HE ket R



IR NLEREE, T,

R H e

SE @ jeeeee

BT TR — R R I B b 7 i
N TR, ARSCE e LSCIRM SEREF v 2%, /£ FLUENT B B
JURTS AL T4, T EAARIEIE . B e AR i S E 5B IE I B AL 1
PR, AT LUE SR I0AE S AR ME B 22 /0 T 20%, 1 A SO BUE R R AT §E, AT T
TV Ja SRR 5T

+20%% .
El .
W
. -
-
-
~ R ™
= -
Py LI
. # .
o= Al Fl -
L= =
23 L
E i
10
it
a 1 0 1 &0 i & 0 Rl L

LMK, (%)
Bl 2 e e A AR (AU 5 SRR A X B
3 HRSE
AW FCIREE . 3R KRR OB e 73 DG A 35 4 2 o i 2
AR IS SRR IR . B B RAL R O o) SRR C ) MR
ek C oy, =AEREN R R N R AR bR, = AN S SOl R

inlet __ proutlet
XCH4 =— FinletCHA x100% ( 14)
CHy
Foutlct
Y, =—=—x100% (15)
2 inlet
4><FCHA
F;utlet
_ 5,per
RHz - outlet ( 16)
H, rec
Aofr, L G get QU A Qutet g il KSR A AL R R L i

FIAR ) B B BE R IR Y DRV BE R T B 3398 M HE 1 R 070 B R VA & AR s S A
MR ESBE/RLE (mol/s).



3.1 REGREHIEM

PN 135 RN B T L R e O AR RIE, 0 3o 723.15 K. 823.15 K. 923.15 K
1023.15 K, fR¥FAKAEREE (S/C) A3, MNANE I 4 bar, HF TR MR X RN #5PE BE
sz, B 2 R T I N 23 FEAFRE LA RN DRE T, iR a5~
R

HE 2 o %0, BEEEREEM 723.15 K 382 1023.15 K, HEHEAR . AR MEA
SRS LLERAE AT G I, RS R SRR R A AR B R ER SRR R
MEHINCOEN 9.9x 100 kg/s, KBKEHA 3, KN F74 4 bar B, H G FE LR M
18%32 = 5 98%, A/ HM 18%IE 5 89%, A/ MIULELM 0.51 #2EF 2.22, X%
et 3 P X6 S B ) J) AR 3, iR R T e R B (AT

20

o S
Jim i
t‘;-» s e i
\ ST i
hadl L Rt T, =
5, - p ]
et Yy -
- Y T _
L = - ; L
= L L \d =
l-..___‘_“ b S
% !T e
[ S Ty . 1
e el bt |
—i—T2L15K - 15K - £] 4
= ELISK L] 15K [ K
- 213K L SBE AR - LK ||
30 - b OIRISK| | e HELIIE| e WELISK |
500 | -5 1.5F-3 TOE-8 3 2E-5 105
CTL R (kgs)

Bl 3 S5 IS I o 7 5 A i 1 B

32 NORERF

W 2 ATt aefF 2], BEE N DM EMHEN, FRfEiE, S5 FKULEAR
[ AW R /D o X RN EFN ER R 2 AR, N E AR B2 S AN
M RARL, N DR K, I NAIAE IO A N A B I TR AR R, S A R Y
MO (4R R0, 5050 IS AR S B L H
3.3 RINMEF8952 0T

BN 1 B FIRE TR BE 30N 823.15 K, A LI/KBREL S/IC RN 3, BBRAFR &
T RSN s wp A p, ISR, S5 R0 3 fos. BB 3 &1, A
MEAEL) 1.5x 105 kg/s LLRAS, [l [ BN 77 0038 n, B GE 4 A0 R F S0 2R R i
WK (HYNIIREAEL 1.5x 105 kg/s LB, BEE NN E /78800, H s bR
AEA PR S FEARCE, BBk, HAEOC, @ik atalam, kM
0 7356t 52 Jo7 33K R (R S e XLCEE PR, BB T F e 2 S N A AR RS R s v, TR T g
R FEAF T BRI T BIE S38 K JE SR E R R, Jid PR, w36 B
ST 2 A, AR TIRmRMNEER ., HAh, B KR, AR R N
MEA o, omBiE, (Rt MIERBHT. Bk, XN O ER B E )2 B 47A7E
SEF ML, SOV AR, FRE S N D EA I .



- —&— dbar, —&— dbar| —=— dbar
LA = = fhar #= Hlar = @= Ghar
= b .:-_ A —-&-- fhar, |--& - Bhar| —-&-- Bhar 1 10
A s
L]

Ay ".1".-\.]

A VLN (kg's)

P 4 5 s 706 JEE J5 E 2 11: E F1 5

3.4 JKERELEORM

o N 1L AT B T IR B 4 B B N 82315 K, O BEAMIAR XS IS /1 4 bar, 2% 25l ;B
N TR, AREKBRIX cun B g R, SR 4 fios. HE 4
AL, HHA S AR, S/IC=3 1 H b i R A S R T S/IC=2 1, HJE
B S/C=3 KK A IIFAE K ST B BERE KB N, Rk % S/c=2 ik,

T — 1M 5 10
Y —a—5/C=2| [—=—siC=2| |—e—siC=2]

[0S 3 — =B =503 ~#-50C=3 6 A9

& | \_x_ 160 A8

44 |-

0 46
= =
= ot =
a5t 1= 5
o3 F P
s Ja0 Ja
I |
as b 13s 43
. 1
30 E 43 =
L 1
3 12 41

|

5 [>I]:-6 l.IZIII'Z-F 1 ﬁ;l'-.‘ . I']1I'Z-F 15E-5 i El.ti?:‘
A EVRENE (kgis)

B 5 K BRI e I s 1 BE AR S TR
4 5P

AR A FLUENT BES7 [ F B 7K 26 03 B I e 7 28 R 3-8 T A% -4 22 | 8 2
YRR G I T AERME R, RGBT T RBORE . NEAVE . RBE . KRR
BU XS B s 7 12 BE BRI RE ML BIF T 45 SR AR Y -

(1) S Bl BEXT [ N8l g 2 560 s 2%, i A T ORI R AT, ] A A &
AR, AT SRR, e A 3R AR T i

(2) MM SHEAR, SN DR, AR S R 5
WD, DR A e R R A R b i B, B RS IE N R

(3) B S N A, N R UM, e A3 5 N H R ) BEAH
KK FR: MANDRERKRN, HLEEARS NOENRFAHR KR, Bk SR



TIFEAE YT 5

(4) JKH ELR T foxt e B AL R IR R AR, A 3R /KR LU S 2 18 0

REFE, DHULT L RRERE, FIEFEIERIKIRLL.
SE

(1]
(2]
(3]

[4]
(5]

H SRR A AR 4 L VR RE S AE K BH BEFR K R Gt B 2T [D]. 46 B BT K %42,2020.
FIEE, FIOR, EREE ARG ASOR KB UK Sk Fe (0] 40 T3k F2,2018,37(12):4586-4595.
A, BT, AR, HICE IR ROR PR RS IS RS S R B A L B 2 0], 555
ARG, 2022, 39(06): 92-96.

ZEE % Le Chatelier JiUER [ FA S UE W] P8 T2 A AR (FU AR RR),  1987(02): 64-69.
Wang Hongsheng, Liu Mingkai, Kong Hui, Hao Yong. Thermodynamic analysis on mid/low temperature
solar methane steam reforming with hydrogen permeation membrane reactors[J]. Applied Thermal
Engineering, 2019,152:925-936.

Alrashed, Firas, Zahid, Umer. Comparative analysis of conventional steam methane reforming and PdAu
membrane  reactor  for the  hydrogen  production[J]. Computers & Chemical
Engineering,2021,154:107497-1-15.

Upadhyay, M., Lee, H., Kim, A., Lee, S.-h., Lim, H.. CFD simulation of methane steam reforming in a
membrane reactor performance characteristics over range of operating window[J]. International Journal
of Hydrogen Energy, 2021,46:30402-30411.

Ergun, S., Fluid flow through packed columns[J]. Chemical Engineering Progress, 1952, 48:89-94.
Fausto Gallucci, Luca Paturzo, Basile, A. Hydrogen Recovery from Methanol Steam Reforming in a
Dense Membrane Reactor: Simulation Study[J]. Industrial & Engineering Chemistry Research,
2004,43(10):2420-2432.

[10] Jianguo Xu, Gilbert F. Froment. Methane Steam Reforming, Methanation and Water-Gas Shift: 1.

Intrinsic Kinetics[J]. AIChE Journal, 1989,35(1):88-96.

[11] Peng Yan, Yi Cheng. Design and operational considerations of packed-bed membrane reactor for

distributed hydrogen production by methane steam reforming[J]. International Journal of Hydrogen
Energy, 2022, 47(86):36493-36503.

[12] Rong Gu, Jing Ding, Yarong Wang, Qinquan Yuan, Weilong Wang, Jianfeng Lu. Heat transfer and

storage performance of steam methane reforming in tubular reactor with focused solar simulator[J].
Applied Energy,2019,234(1):789-801.



[ TR B 2 SR AR
ARSI e 233602

=B ERNREEIEREN AT RE R
'& ) ?‘E

TE, M, P, AEF
CHRERER S (RBRERIR 530 1 LR, TLI% 4RI, 221116)
(Tel: 0516-83592000, E-mail: zhengzj@cumt.edu.cn)

WE: EHRIBEART LA BRI B R F 2N R 2 il B, i T RN T IR R A
T, S FEME DAEAT, ORISR R MRS 0L 0 7 vt 2 B e i AR A T 9T o SR R B UL
FUPNANL RN Z, ML SARGE AU Y, AR T 20 TR S-SR, 25T Fa L
BEHEAREWARFEFERURE, 5 ERESKSKESZ ML, 2T ERNREEERES
IKBA BN FVAUHE A BRI R R . 25 BRI A5 ARIHE B A ROLH AR SR, FaBX (173
R R X GH AR ZE 64.8%. 475 £ 45 A AETEMRA /KIS, i OO S 4 JR 7 B id 78, 5 R
DRI RLAALG, P BRI AIAE 22 95.82%. T3 4h, BRUEA (I BEAE 1 2= SN D 3R I3 K i o>,
FHPR A TIEN 0.139 n/s Eb 0.125 m/s BT 58 RO (M 4556 32.5%, FH 7840 47.45%.

KR RRM, ESRIE, AR, 2R, HUE A

0 BIS

SRMFEATESAE KIS, R Efr s s ir e —02, 1452
RN LR E L5, B EAROY 5 mm J2 A A o LA 22 44 [ — 2 TR g o T S
M T GG A AN 5 e, BIAE R AR, ARMEREAT RS, AR AR dy B 4%
REEGRMMMEM . BEKMBRREAMAE ., KA ERRESENE N, E2E
BAATIR RN, FBCESEA SN2 5 7 A e e i B B A B 2 IR 75 Al i
I R KSR B DA B MR T R P A K B @ B G Y. oK 7 HE N £85I R
JaSE B E BN AR a2 A AR T, b T SRR R AR, IR R IR SR,
FAG MW 2Ol JF HAES R A3 ardade, 19 na A 8 AT J0 10 AT

LB P E AT, — D RE RS, SRR, RSRIE AR
SR ELEHAT R B RUAME BRI EER, BiIL MR E SN 505 BRI B
IESRJE S, ToIE MARAS _F AR e 32 255 A PR A 22 5 o ) O, 49 3 45 P R R i P
60%IS, 248 PR A A B b R A SURI T U0, DRI R R BB BRIRROR, a4 i
AR LR 23l B e 5 1R A A7 sORPER T2 48 AR 2 = AR Tk KT
TR TAEALEAL 7 L0 KA, T B R EZE AR IE IS, IR Pk

HEWH: AR EY KT FRAEMFTHRITE (2023WLICRCZL216) FEZ 5 2R %5
¥ T H (No. 52176215) I,



KA SRR, DL EAT A SR

H A% 32 28 E B BRig ik R 78 3 B 2 A AE =40 N SRR B B TN 5 T . B3
I ST AL T SR LOL R, SR R R b, A3 R ARRTE 2 B R B
B OBy WRERE I A KR R IR IR AR, T ERNRABEEZ, W
HEFCNE S, Tu S0 RGP RAAZ N PR, SERN SRR
BRI RECHAT RGBS EHCEHES . SRR 7 R BUE R, PR
A, Eeam i STE X AR50 A AT IOUE . TEK E LN e Z AL R, Bk
SEOSHE 0 AN R X 3 v B A FFLBR R 7%, R8T B8N A FHER A SRR B 1 5
Wi, &k SRR I LR 3R R A B 2 SO 3 SR T PR B o0 AT il 32 BBk 1T P9 7K 40
(18 &, Jia VST T —ANSLIR 6, i SLIG A 2 R 458 KRR I AR TP AL R R
B, fESRIGWEALARE B, S THERRIMAER AN A SENBERFEERER
GEc AR AT XTI, TIRIE L0 A G AT . RS0 S E AU 70 T 3240
PRUEIRE, R TAFRESSE T EE N K AR =D ALR AL, H55L00 T
XTEG, SRR REA RBATB IES B EA50 A2 (H AR BRSO 70 o6t 25 88 i
IKKRFATHE.

MH BT SRR AT, F2 BNERIB B AR T DA R0 ke 32 25 P SN 22 v ) R, %
BEMFLFINRBEA M CE IR T IS5 DB ERI T, FERETERE
WA, RN R AR AR A5 A X, R REER T
TH LR > AR RS, R AEUERARR R AL 5B R XU, Rk Ak 5K
AR U AR S B, H AT T RSN K S KBS AR RS R . R,
A SCAEWE AR A AR RS SR, SR —FE TR RN R 24450 T AR
AR AL, MR Bl AR A OB, 38 ik BB AR 1 T v 55 32 28 N A% A i 2
BT . RNIREE S AR AE RS BRIT IBNAS 40, W90 32 80 P I P B B 1] 38 4 DA K%
IFTIEAS SN DT X R ot B VR FE R B
1 IBiRE

ARSCHEFE R A P 1 A 2 s . B R R4 H 2 N IA AN 2 ALK,
MAE TRESERRA, 20 3 S5 F7 ki 2 U R 2PN W 1 R, fEIXFHE
TERF, TR LR G EOT, B NGIT 32 88 A REHT T B — E R BN 22 2, R
RABRIX,  Fa B P S 1) B R, R 40 0 22 K i A R A 5 IXC T AR B 15 L ALBR R
22.42%. EBINEE TN 2 R XIBON B RIX, HALBRE N 18.57%. E4IN SNZIR
11557 R, FOBIE ERT AR E N 20%08), HHEAH ERERS & N 0.6m. BT
BEFTEHAKKIAE K, AN TGKEE Ly 1 m 705, ZEMH 08 2=0 4.
A ESEPIENR AR, BEARE T A 2 (a) AfafikEn. B E kll%s
J, FERWGERI LG, —H SRR TS, 57— RN %S Ik )
MNESFLFMEL N BAEALDEHENOIm, KERNO0.1m. BEALEHER da
H5KE L33~ 0.68m 5 0.4 m.



B 2 =4k RS R AR

2 HFiEny
2.1 E=HlFRE
HTFRRF LS NETRL R NE, E WL SRS NE S, IR 20
JRRERY g 2 4 P T DX AR g B A B I I A XA, T T A B T R G s IS
DLEA R . BN AR T R, BRI AT EgRAE, . RHZ AN TS
B E R, FEHI7TR N PUR:
HEAEE TR
6_p+8_u+8_v+6_w:Sm (1)
o ox 0oy 0z
K uv v wlx yy z TAEEE; S WESFETFRIED, THE AR 6-2 Fr

7N
S =m )



A A Q) L m NER
BT

el

o

—u —5+ , (3)
> S (4)

©)

(©)

B (3) M (4 AT =I0ORA £ LR KA (5) 5
(6), H—TUFPEMLAI, 5 TN, UK BRI RE G i
SRS DL EB MR FREOB Ergun A0 (AR (7)) HEEIHHAR (8) A1 (9)
i

1 1-¢)* 1. 1—-
|Ap| _ 502#( 38) v+ 75p ( 38)Vf
An Dp & D &

P

(7)
e An HZANFEE (m), D, NEKLEAE (m), Vi NERWHEE (m/s), uh
BIIKE (kg/(sm)), pAEE (kgm®), eRfLBR.

1 _150(0-¢y ®)
K D¢
_ 35(1—6’) (9)
> D&

B BN ARSI E R M m RS RS, HEPEENAX (10) Fios:
AP, Apw?
s P (10)
L 2d

e

A ap JEFE (Pa), L AKEE (m), wy Az FAPIEIEE (m/s), doAMEH

7 (m), HEARW QD For, MEREEIREL HEAKCN (12).

4
d, =4==4R, (11)
X

A A NERETR (m»), pERE (m), R WKAEE (m).

64 pw,d,
_ o o=

A= R 12
2o P (12)



M s RN
ow ow ow ow o*w o*w oO*w) oP
pl —+u—+v—+w— = pu +—+ -—+8 13
X oz (13)

A U o Al 7 [ 2 3T AR -

S, =L wlw (14

Co RYE R w SWFEE R R wp: w=ew,, PASAR (100, (13) F1 (14)

G = (15)

or or or oT T o*T oT
[(l—s)(pcp)s+e(pcp)ha]5+(pcp)h(ua+v5+ng: ef{¥+§+¥J+ST(I6)

A FThr s AR, ha REBIRTS: TRHEE: ka NAGHRREL St AREE
FFEJRT,  an=t 17 Fios:

S, =mL a7

A LONERIER (Kkg.
oy is iR ) T AR 2 18122231,

(ay o(uy,) o(vy) a(wY,.)) (GJ. aJ, aJ_] (18)
pl —+ + + =—| —+—+—— |+,
ot ox oy Oz ox oy Oz

b iy i BRI EG O8 JONIREEZE AR SOl R S5 @ A A TR
= 19 fros .

S;=m (19)

P 5 R R A BRAR AR SR A . %6 SIMPLE S0VESR AR T )-8 BE R &, 0 15 e Y
Green-Gauss Cell Based /1%, & /1B #ME = KA PRESTO! J5i; shE IR REE RS
oy 7 AR R ol A S G RN T E NN I A R 4N
JEJTH T, H AR R 508 0 Pas %5 BRI AN AT FR a3 AR AR A 3E N 248 4 g
SIREN 298.15 K, /KZES R 0.00608; F45 A WIEAIRIE N 288.15 K, AHXHEE N
80% CKZEIRHIFTE 7%k 0.0088), 4w THESLE AT AN, F AN FLFRAK S 5 FLBR I 5%,
RIS DS K 70N 2.82 kg/m, ¥ 5) 0 BUERES A
2.2 YERE

AN T A ST H (0K 32 SR PN AN 22 S L TR B AR 22 FLEE AL, SR R ] A
b3 75 5, a7 K T A RIS AR Z LN TS5, sk, 2ivErH



SHEE, SSPTARREEIE 3 (a) Pos, EERI R, XTSRS Bt At
H, ﬁu@3 (b) EPFEZT—\‘; %Eﬁ&iﬁ)ﬂm%;ﬁ PnE/\JEP‘EA‘éI‘é*ﬂ—_“ (Xpn’ ypn) (n E‘JEX{E?E
N A~my m TSR R ECRD, I H R B RN 22 TR X ke B 22 TR R X dde A

e AR AR RS TR K DR T AN 2 LA 2L BRI A 1A%

Fih

BT O A B R
Py (1, )

ENETEH

WA B At

T ‘ / TR

FIWRE B A2 ALK

FAIX FLERE 2R,

Py (xp2s yp2)

B3 (a) [EE MR E 7GR (b) RS FLIR A U 7 i
TG RKSy, SRR NER T M TK RN REE S R, R
PRI (R 7595 SE B o ABCBE 2 WS FRR K AZAE I, 4R B — N HERSAS I I e KRR

LR EAO

SE NS 2 2

ENEEEAN IEas
E SRR BRERE

friERRARRBULE E—HRIHKE

K 4 FikEs KRBT
BEATZE, A 4 R BOR SRR R B DU R A B8P TR KB . B it
RSN GKE, HEBNRAKDE, ELEKEN 0. HRIR NGRS, ZH
RET AR5, A AT S AR M ZE, B ZEDNT 0.1%0, BB,



WHEAKENE; SWHENTER, EIFHRN, WZERGERREET R, ABNRES
PORR KN, MR IGIRER TR, EWAEAL, WinEEE, UERLE
BT RARER, AR E, BEbEkE. DICAREIEZ R NE, HE
WERARERE, Nl RKERES =R EKEEME.
3 MIIEE % R ASEBIIEIE
3.1 MIEE

BT WA E X o B BT UR S T H 2 SR I P I e, DR AT RS TG G 1 e
TIE SR T s X B P 22 SR i St SR i . X 3RS A e R g ST S R R, R
FEA P R EONE T O, 3R D R B O N O, AT W R
A . RS8R E N 0.139 m/s (IR, 2B 4 RS R R SFIRIPIRS 248,
1SR B> BN 275124 55236+ 108504 5 234960, 1K 5 ARFE MF K K 3401k
H R ) Z RGO, BARPRRR RSB, AR on it DR 1 (9 s ) Z {8 AP.
MBI LG, BEE AR A3, 2t 0 22 A EE S 2R, AR
%o MMEEECEN 108504 A (EIFRF LG Zebr D) B, Lt H 00 22 1 50 R0 X A% £
BN 234960 N R ZEBUE BN, T EREEE DS W ZEARZEAE] 1%, R
rhASE ) X A% 2B 108504

142

234960
108504

27512

126

1 1 1 1 1 1 1
0 30000 60000 90000 120000 150000 180000 210000 240000

MR ()

B 5 MR R

3.2 HEBIIE

ARSL B R 2 AL T R IR SR AR ) R, S EY Liu 5 N AR TE P S R
RLRY IR AT AR 5 FL 4G AT XS b, DSBS IR B P B (A AU 2 vt 1k o G5 0.01
m, K4 0.05m BFETE TR, 0P HEH 1o B E N DRI i, A v B
BET . 2SN 1.225 kg/m?, BHERN 1.7894 X107 kg/(m s), KIEE R E N 1 m/s.
EFXS AN FLBR S B, 4ot 2 AL B s AT TR I R 2N, SR 6 Fw.
Pl e 2 7 HH AN [ FLIB 22 348 8 2 A R AT A SRS AUMEL N L, T DU HR B 25 SR it 26 5185
BT A i 2R ST AAH A o DR LIGAIE 1 A ST HR o P 50 A 40 45 TR v A 12



11

1.0 F

0.9 |

0.8 |

0.7 F

0.6

u/uy,

0.5 F

04 |

03 F

0.2

0.1

0.0

_

L0g

0.5 0.6 0.7

- — - ppi-35-HUEBI
ppi-35-fF4T iR
- - - ppi-60-F A B
ppi-éO-ﬂg*ﬁﬁ

%59 0.4332m, & 6m IR X,

K 6 BIREHIESSR
N T IR RSB B IE BT, A0S Tu 55 DR SEIGHE AT T XS . HCE

P2 /=R

i S

FEN 1.225 kg/m?®, RiE N 1.789X 10

kg/(ms), fLERFEE N 19.8%, %%F 0.02m/s, 0.03m/s, 0.04m/s, 0.05m/s, 0.06m/s
ARV P EE o P AT BB AL, B ALSS 5 S0 o Lo g Rl 7 Fras, nTRUR I
B S A MF . 5S2i0as BARE, PR ZE 7.9%, KECIGIE 14 E 280 il
TE 2 8 EAR R E N RSN P EER .

24
21 F
—— H{EAR
—— %R
18
=
= 15
H
H
2
9 =
6 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07

4 FRE511R

HE (m/s)

B 7 BUEBASRS SIS Rt

4.1 BREEEP ELERREN R BRI
FLBRI) 73 A 2 M 22 AL A BRI SN, A SORI AT I %€ WS 17595, AN RN 22 3R X
IR F AR AL R LA Z AL L 28, aTDAHER R e X 5 R IX A 5. R



& 298.15 K\ AHXHRSE 30% F 40 N SARTEEE 0.125 m/s I, 5 40 i sh Rtk

ITEEBIE . B 8 4 H T z=200 b F B MR E HF =B, WEFATLLEH, 81

B A A, AALBRRERRT, R, FARIXEE S B R XA 2 64.8%.

KSR RN BLIX LR R, B2 S MR ANE A BCS X it 580 [a B R X A 44
R, K. BN ORI, He SRRSO KB

HE (m/s)

0.196 FABIX ALK 22.42%

0.182
0.168
0.154
0.140
0.126
0.112
0.098
0.084
0.070
0.056
0.042
0.028
0.014

0.000 TR X AL %18.57%

B 8 z=200 A = L5 A T 4 A

NIAEFIE 2=0.5 m, SIAE 0.3-0.5 &b T F225 A 38 22 FL A 52 X el 17 37 5 sk
FTWEFE, 1EHL 0.083 m/sy 0.097 m/s. 0.111 m/s. 0.125 m/s. 0.139 m/s ASFEN CIEEJE, B
FHFEE N SR X A0, x=0, y=200 Ab il 734 B A7 45 R a0 9 fio. A 9 ]
DAE H,  F80 P i R A O A B e = ik, IR R, HARJE
w5 EARALEFE B BN TR B, RO S SR M O NSRRI ARG, |
FERXILERA, K, AL ESRINTILFERN LN, KSR
RIGRAPM ELi 2 5, FHEANFELNE.

0.12

y

.

HEE (mfs)
o
S

4
=)
T

0.04 |

0.03 |

0.02 1 L 1 1 1 1 1 L 1 1 1
-01 00 01 02 03 04 05 06 07 08 09 10 11

ZBALE (m)

B9 AR VL b e 5 JBE 70 A



4.2 FRIIK 5y 33 BRIEIT F2 RO 20

TE RSN IR 0.125 my/s DLBGE N R 2 SR E N 298.15 K, FHXTE N 30%
MR, SRS K-S AT IS K B R AT B AL, B o BB i ] 221k
XTI 10 fros . MBI ATCAUE H, ARSI KET, 3288 P9 7K 28 SO0 &40 BUR 3
A, BRI R R AR, ISR G, ESPKERRES BN, FE
b CaniE 10 ORI R R BRIEEFERT 75 ZE IR R . X2 RN TEIMABE G, A
WA A KRR NIRRT R R B SN K SR RS ETF, B FEAES N
RS S AR B RAR, AT DAIRISOK 28, TERUBAUKZE R MM, ARG R R
(2 SABIRSOK ZE SIS R, (675 35 28 P SRR BE B o IR 73 S5 AN /K 7
BRI FE T T (R AE 22 95.6%, 3K AR 35 BN I ZK 73 T LA BE 4 (14340 5 5 45 P4 SR bR i i A

Bl Cs)
0 20 40 60 80 100 120 140
0.0095 ; : : T ; ;
I Cs)
0.0 3 1.0 1.5 2.0 25
YU 0.0095
0.0090
0.0094
0.0085 [-
0.0093 i
i
#0.0080 |- 0.0092 X
0.0091
el 0.0075 [
=8
0.0090
0.0070 |-
0.0065 |- —A— IIAKS
—a— RIS
0.0060 1 L 1 1
0 1 2 4 5 6

3
B (s)

B 10 /KZEAUTTR T HEIN AR 1

K 11 05 z=200 4b EGEm 7R ik 73 i EGEm K RE S M m K, 15 s
AU HKZ8 U B O TR 8 R &= 7 BT A6 0.0088 A3 A (Lo 7 it
IR, IR AR R T K ORI S BUK R AR U . 35 s R
FRTLLE N, ESLE BB, XK 2RI, BEAE A X
1 BUR MR 2 AW IOK R, KRR ED BB . W AR T LA, BR
AR E AR AINE, AR FLBRBOR, B2 AL, FEEt
ANERIX o M 15545 s BT DI Y, BEIRRIZS ], SRR XA T 2405
KX E, HREURED RS, KRB TERXERAD, HABKR, s
PASE N T TEIE R -



0.0101
0.0099
0.0097
0.0094
0.0092
0.0090
0.0088
0.0086
0.0084

0.0082
0.0080 @15s (b)25s
0.0078
0.0076
0.0073
0.0071
0.0069
0.0067
0.0065
0.0063
0.0061
(©)35s (d)45s

B 11 2=200 ik B TEIR IR 5 5 7K 28UR 24 B = 1)
4.3 FEIFRSPRITIT FERY R0

DREFEN KA I8 B BRI R (R e, 7RIS SR A 298.15 K, AHX R AL
N 30%MI AN, B G N E, 43 U EE Y 0.083 m/s. 0.097 m/s. 0.111 m/s.
0.125 m/s. 0.139 m/s AT BUER . ASFEDEEE N S/KERZRAWE 12 Frw, AEHFH]
DUEH, SEOK, SKE2A RSN BENN k. FRE, WE 13 KESRES

3.0

2.5

—=—(0.083 m/s
—o—0.097 m/s
—4+—(.111 m/s
—v—0.125 m/s
——0.139 m/s

0.5

0 20 40 60 80 100 120 140 160 180
BFR) (s)

0.0

B 12 RIFE R Ak B T AR
FOSLE R T DAE Y, TERRIBNITFARET, K28 SRR KA K 283, 24k
FEREINA 5 7K 7800 53 2 3 B8 /b B 75 (0 e TR0 B 8 SR T 4 2 SRV A 10 my/s BE 6 my/s
FRIE S P T 465 1 32.5%, (HILFH 1340 47.45%. Fritbz s, ME 12 513 W]
DIEH, F—REF, S EsCR, F8H K 5KESMRE S BN, X2
AN DR, BERMREN K, BEREEZ MK, s T RHHZ



[A] FR) A 5 o

0.0100
0.00975
0.0095
0.00950
0.0090
0.00925
i 0.0085 -
1 0.00900
X 0.0080 |-
% 0.00875 + - -
2 0.0075 [
R —=—(.083 m/s
—o—0.097 m/s
0.0070 |- —a—0.111 m/s
—v—0.125 m/s
0.0065 |- ——0.139 m/s
v =g = = = o o T
0.0060 -
0 25 50 75 100 125 150 175 200
B (s)

B 13 ANJREEE T 7K 28U Bt e TR 22 A A 10
5 &g

SR 22 FLA OB R ¥ S 32 48 N RS A PEREAT 10T, AR IR A Rr T ST L
X 48 N BRI IR P R AR AR SR 20 R T 1M, ARYE R BE A AR A I IR K
T T IR KR BRI RE A s A RS K I OL R, BT VIR AAFA
PR BRIAR DL RIS . T ZE5 BT -

(1) Fgigmizh LIRSS, FUBRRMOR, S B, LN, X
LR R TERX, B2 MSLBR AR AR T, g o KT SR X
FARGIX 21 5 R IX A2 64.8% 0 SRR DX LR, A2 BOMERR R 1 X 35

(2) HAGIK I RERAR L, oI/ 73 SR AT DL A (I8 JR B 78, P BRIt
FEPT IS [ AH 22 95.82%.0 FEAT K3 HIMEIL N, 7K Ir 28R AR FEA, ZKZ&AU5 & 2 20
BRI FRGERI T REN LR N IR SRR RUR, ABTROK A, 1K
AR B, TABIBRIE R H

(3DTEZ & ININK o B A (B Ak, 533 I U S0 0.083 m/s.0.097 m/s+0.111 m/s
0.125 m/s+ 0.139 m/s FEAT HAARLIL, BIF TR FEXT BRIEARDL M o BEE TR K,
IR AR PRI ), AR — 2R, slEEBOR, s A i KR ALK 28U
BN HOED o SRIEE A 0.139 s L 0.125 /s BRI 58 AR M 455 T 33.8%, BHL 773
My 47.45%.

SE IR
[1] Ostenfeld K H. Evolution of suspension bridges[J]. Hormig. Y Acero, 2019, 70(289): 103-113.

[2] Defraeye T. Advanced computational modelling for drying processes — A review[J]. Applied Energy, 2014,
131: 323-344.

[3] Yang Y, Fahmy M F M, Guan S, et al. Properties and applications of FRP cable on long-span
cable-supported bridges: A review[J]. Composites Part B: Engineering, 2020, 190: 107934.



[4] Zhang M, Huang S, Li P, et al. Application of dehumidification as anti-corrosion technology on suspension
bridges: A review[J]. Applied Thermal Engineering, 2021, 199.

[5] mAHE. BN ER RS HEEE B, 2021, No.261(09): 139-142.

[6] Jiang C, Wu C, Jiang X. Experimental study on fatigue performance of corroded high-strength steel wires
used in bridges[J]. Construction and Building Materials, 2018, 187: 681-690.

[7] Korpela T, Kuosa M, Sarvelainen H, et al. Waste heat recovery potential in residential apartment buildings
in Finland's Kymenlaakso region by using mechanical exhaust air ventilation and heat pumps[J].
International Journal of Thermofluids, 2022, 13.

[8] Xue S, Shen R, Chen W, et al. The corrosion-fatigue measurement test of the Zn-Al alloy coated steel
wire[J]. Structures, 2020, 27: 1195-1201.

[9] Chen W, Shen R L, Que M, et al. New dehumidification system design and dehumidification test for the
main cable of suspension bridge[J]. JOURNAL OF CIVIL STRUCTURAL HEALTH MONITORING,
2021, 11(5): 1321-1335.

[10] Bloomstine M, Sorensen O, Thomsen J. Main Cable Corrosion Protection by Dehumidification[J].
IABSE Symposium Report, 2006: 1-8.

[11] EEE. BEMELBRRE RS LHE AR ], i@t 5, 2021, No.593(35): 92-94.

[12] #tte, K%, HBRE, & SR ESRENE —BAER[C). TEABKEL RN TR
72 2017 FEAEMRAAR S WICE, 2017: 964-968.

[13] By, B/0F, &E. 8RS TR RBIERSIE R RIGHT 7E[I]. oA %, 2015,
35(01): 198-203.

[14] Tu Z, Peng F, Wei Z, et al. Simplified Calculation of Flow Resistance of Suspension Bridge Main Cable
Dehumidification System[J]. Fluid Dynamics & Materials Processing, 2021, 17(5): 1195-1211.

[15] W2z, Hetkoy, FiHE, 55 ARENLHERIS T &R ELRBIER]. BBk T, 2021,
21(09): 3807-3813.

[16] JiaDY, Sui LY, He M L. Experimental Study on Mass Transfer Coefficient of Dry Air in Main Cable of
Suspension Bridge[J]. Advanced Materials Research, 2012, 461: 151-154.

[17] BTA, AR, Z2U0F, & SRV R0 KR EVE THR SR w 7T ()], TRV B 24,
2016, 37(12): 2495-2501.

[18] Beabes S, Faust D, Cocksedge C: Suspension bridge main cable dehumidification — an active system for
cable preservation, 2015: 3-18.

[19] Zheng Z-J, Yang C, Xu Y, et al. Effect of metal foam with two-dimensional porosity gradient on melting
behavior in a rectangular cavity[J]. Renewable Energy, 2021, 172: 802-815.

[20] Das A, Das R S, Das K. Numerical analysis of liquid desiccant dehumidification system with novel
trapezoidal baffled surface[J]. International Journal of Refrigeration, 2023, 145: 457-466.

[21] ZE. LN BB B BB R[], DX, 2022, No.220(05): 136-141.

[22] Thorpe G R. The application of computational fluid dynamics codes to simulate heat and moisture
transfer in stored grains[J]. Journal of Stored Products Research, 2008, 44(1): 21-31.

[23] Ma H, Cai L, Si F, et al. Exploratory research on annular-arranged moist media to improve cooling



capacity of natural draft dry cooling tower and thermo-flow characteristics of its radiators[J].
International Journal of Heat and Mass Transfer, 2021, 172: 121123.

[24] Lu W, Zhao C Y, Tassou S A. Thermal analysis on metal-foam filled heat exchangers. Part I: Metal-foam
filled pipes[J]. International Journal of Heat and Mass Transfer, 2006, 49(15-16): 2751-2761.



[ TR B 2 fethfle 52
ARSI . 233611

ENZLAURERS TRBERFE

FH, WHE, BBRR
(W ZBRENEAE SRR TS, i 710049)
(Tel: 13201622059, Email: xiaohuyang@xjtu. edu. cn)

WE: EAZAIWME R, 5 H LA R R R LK R AU R A A AL &4 VOCs f77E
SR AR AR R e E A A T B ) — RN 2 ) 2 N 3 S BRI S Se f A SCE R  a 3
LR WL LESY N IR A AT A b, MR 2 LA 4R IGBAR ST B, 1532 M
BURA R . i TSR EA . SR, TR FE SRR % A VOC A% BURFIE RS2 AL,
XHE T EARTITRIER] . R 1 R e 1R AR S

X RGN EY: Z2A9W: ENIE; PG, LTURHE

0RIS

NATT—A2 91 90% LA [ B 1) R 7E =25 P4 BE ST, DRI =8 P 23 S0 Bt R B A i R 52
REE YK AR B — KT P48 R SRR, XSS R n]dd C k. IR
B RR G BERE NN, o R S P T8 3 . KB filid &30 P AR E R 58, T8
PE5T« WERWEIR . B S RE S RE R AN FLARAGE HE IR ACRE,  ARF Sl o A P P P e A
JLEFNE NS 5 I AR,

JUEAEEX S, (A Z AL B NIER K B A4 2 RO T 8504, B2
H & R AR i 92 25 5 181, NG A K B2 8 VOCs i EZORIE, 8% KB
FIRRHGEE, FEE S ARG, SR ENAM VOCs =4, m4WAEH 21
WP RE, A P AR AR T IR, SE K ) VOC 15 Y, == Y VOCs JEFTE
X VOCs 43 F R HURIIR B, (5% 4 VOC 43 FIIEREHLEIE N & %, 75 23 FE W/ i
TBAUK T B SRR S K B, DA AR, 8RS &Rl 2 IR AHL
454 . Ak, Esparza 55 APHIE B AU B A D 0 AERE, (HERE L S iR 41
VIR LH oy S50 o IR L ST F PRI N T TN VT4 2= N VOC I B2 X B

I A 5 L IR IE 9 22 B v 7 5 A8 AEDGE 17 B0 1Y) A SRR RE B L 48 K 22 502 40 ) ok I B2
FRIAF AR PR SR 3R 4743 BT 5- OVl 2 308 2o K Fsf ) S 36 SR A5 HAT RS IR 81, UK i S A
B . NIRRT AR VOC LR W SR R D> . L, AXE
TEFEH —FPE 2 VOC 1L S B T, MR BhSIR AR T E N VOC ££ 5
R, ] B 5 Y IRAIAEE T 4 VOC ShaS TR RR A .
1 HRFE
1.1 {REE L

HEEWH: ExREHREIEREST ETH (52278129)



iy 22, RESW 2 TEFE AW (hEs, 8. &H) MHFARE
FIdh CInpRER . BEAO . XAl =B B . [k (DPELF4D), Wik RO
AR OKZRSD . v TS AEAE FH T4V 1R AR, Autsiit—
R V0 A R AL A N D ZR B P IS KRR 78 S L S EFLERR PR IS KRR ZE S
W 1 PR, BT AEAESUERME R PIRICE N VOC (Rl LW Hdeiits NiE
BHLH, TR IME, RS BRI — BT 5 AT 5, PR SLBR R B3
FEFEHITRE . B EANT RG], REMGES, A AT, SRS
RIARFRI, AR AT LAA YR L H 1 a3 o i 5

ik [ R
1 :
Lo -
g
0))
o
\/
T ¥
»  AEE ¥ T ot
L1 4 4% gy T
i VOCs
'
i KEN
AT Li2
: be J
" . VOCs 5 _ .
Fp
2) (8] i) (c)

B 1 BRI SRR, (BT, (o) FIAE MR R, (o) R
1.2 =HI5E
MRS ST e, 1E 0 F I
(1) Deki5], HEERMBIER RS,
(2) 5 LEFAE IR K A T 7222 0 T AT AS TS 1T LA B AR
(3) G P 0 S R AT, B0 A 0 4% s LB AN D N PO B K, 53
s CEfk, Wk, S Tk,
(4) N3 2 FLLT AR A TR LI S 2 43 A
(5) % 2 FLEU & MR IR 77T A2
(6) BUMMIH. RIS — AR,
KRR TR,
B R e AL ok
ot SOt T Ox

a

(D

A, o Mler i BN EE R K ZE SR G RT3 4G Con G « CoF Ca



T MR GABERE PR IR L . 2P 4RI &R AN b VOC WKREZ; wy Al
w2 73 3 ST HER B AR 7K 28 SRS K IO LB s oy DOIK 3 A%38 288 S 9 A AR AR
FIZE KRR D NSRRI BUAREG w NIRRT B2 1E R 2.
TBAH K 4 Jod 5 R - 100,
0s,

oC, D-p 0% oe

S 1~ K / i

p—+w,-&,———h_-S (C,-C )= +a-p —
lat 2 f @t mw v( e a) T[ a 2 1 pl a

@)

)

{51 +te,=l-¢,=¢

w=1-w,

o, p AL, e WAV A K AR 4G DBk 9 1
RA o ROWIRIR A T REG o NSRS R AL
B A I A,
T or oC,
CvEZKmiX 8x2_ga'ﬂ"h'ﬂw'sv(ce_C“)+(wl'ﬂﬂ"?f’+wz'j1'¢?,-)?f 4)
A, Ko OIS HRAG 2 2 A0 A RIONARIH . KRR 2

TH R IS0 o
= N IEE T VOC 1% B 5 7 12
V%:Ab.muAf-bg—N.V(ca—co) (5)
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