EELAAEHR FA2EF2M Journal of Chinese Agricultural Engineering
THERHAEF6R M Vol. 42, No. 2, June 1996

Ko BN 5 AR K @ AR

Study on the Evaporation of Water from a
Nonhygroscopic Porous Medium

B FBREHEE A TEMEIER

F &k H

Maw-Tien Lee

"=

FXLABESABRARBEE LR NENRERRESR - HREA
30 ~ 50mesh By A H M RL MR R RENHBRABRBHARS - HESALBETER
HER - R KRHEBZE RO) HERMT DL RE - HEHEARIMQ - BT #
REARER > WHRHREEREERETH R BT > DHLARB R -
EABBECHSAMPORRACBE - 4 BARCERIFIMEAR S
BARBHR - AR BRESERBD TR - ZXF A BHEG - HEEH
KRR B - MERRBER > RVBOHZIIBRARBLE - WREHE
a5 3 T RIS 7% % (Liquid Film Evaporation) ¥ % L8R EAREHEE - M HHHF
1E » HABOEZ BN P -
BT - WIRAH M-

ABSTRACT

The behavior of evaporation of water from the surface of a porous medium is investigated
in this study. The porous medium was used to simulate the particle of soils. Quartz sand (30
~ 50 mesh) was packed as the porous medium. Pure water with electric resistance greater
than 10M Q was used in the experiments. Force convection with constant air velocity and
temperature was used in the experiments. Temperatures at the surface of the porous medium,
in the center of the medium, above the surface of the medium and in the ambient air were
measured. Weight of the porous medium with the liquid was also measured to get the rate of
evaporation. A theoretic model was developed to describe the evaporation of the water film.
The results of the experimental and theoretic analysis show that the addition of the salt has a
great influence on the rate of evaporation from surface of a porous medium. The drop of vapor
pressure by the addition of salt is considered to be one of the important factors in this system.




Another important mechanism may be the decrease of the evaporation of the liquid film, driven

by the gradient of the disjoining pressure, as well as the the interface of liquid surface

curvature due to meniscus effects.

Keywords : Liquid film evaporation, Salt.

D

— #l
KOELERAEARBERE THEERENHRE
FE X ERSHEBENEMN RATEER
41 Lockington(1994) i Kumiaki Sato Z (1990) - ¥ 7&
PHNABBREBEIBR - KARMHATHE
W BEfE-SHRMKHTEOHABERLE
8- AREEABEEFESEER S CZER
SATERE R K EE A H i BHREE R
-

HHER AT A 0 R EEREN T
BRSBTS

(DFEHUEE R (Capillary Theory) » 41 Peck 3

(1977) >
(DA HE T 1R (Receding Meniscus Model)
» 411 Arzan and Morgan(1967) >
(3) B3 &1 5, (Diffusion Controlled Model)
701 Suzuki & (1977) -

44 Lee and Maa(1992) #5 & B2 il U B K
FEHTEES BRARERASECEE DI
AEHPR AR  AEAREVESHER
o BREEEEREARERENEE TR
8 F AR 7 B i 1% Young-Laplace Equation
Frfdat iy - WM R ENARRES -F RN
%ﬁaﬁ °

BORNERHNE  ESOEALT2ER
HME - HHEBERBOK  aREFEEE
(dipole moment) H¥ETE - HEH S F M T S
(ionic diffusion double layer) » &t R EF & B am it E
HEHEE  WAKBRIERORAKESEE -
Derjaguin(1987) &5 ¢ B 53 B # Se B AU RER - HHFS
RERA BRSBTS WARBRERSTLLT
BHEERE S MEATERE  FEBEYE
o WEAHELERNA Y - RELARER

YNV

AWER > HESHEFENSEE  EHREH
HABAHOERYE > -5 TEESHER
MOEE - HRERWHE  UFEEERERN
}fz o

ZHEROW

ERLABREARWEE  CERER
o BEIRE > AHEE MR HETLEE
A BB S R R R A SR e 5
0014 V8 5 TR PO M A0 K+ 0 S0 B PO TSR 3 T 3¢
RN RS o RS S —S HR
B WEERRYE  £LABEE  dRPEEE
B NEEREASWEYE - EURED
SEHEREFRONERR - FUESS BEY
SAMRE » hAERR S BREWESEER - 7£
LABRTE R ARG - BB BT
Bt v

OIVIF 0 Ve=kn(0v— D yoc)Ap -rerrerereeeees 1)

Aeﬂ‘—gxl_’_h"ﬂpp VI =R(Too—T) woreeveereeeens ()

AFABETEABNERRER  OFERE
BB R (AN 1) - T : (8B by EEFRE
hogp * FRBEEL - h  HRBERE C Ay BEE
¥ o1 050 FRISWE » HEHEEEF
HKRACHEE AN CHEHBRSTH  REENRE
AT e o — A IR R R B R E TSR A » T B
SRIERRE L EEEENRERREL T HU RS
Am

BoRBERE —EERNENE  HES
TTHREEARERE (NE T RSB EBRT
B - Derjaguin 3 F 1930 FREHIEE B R HE W
STRERER - SHBAWMPEARMEEZEAN
DLV.O. B > MIE—H&WEH -

EERRH LR — MR - EERRIER

— 61—



a.

1 aZIBRTRE
b. L LRSI E

EHETAVE EE > B EHF S5 - Kaviany
(1992) 35 MR P R T B AABI B - SRIEXIET
o HEMGRIEEEYE - HEERE (0K)
WA SRR B B 43 AT 18 R 5T
% HEEREBNSmEREE - ERpRG
HAFFRENZES BRI KOABNESR B
REEEETE o ERLUE R R R
& WL EREERE— R -

gk MESBRES  THRATERED
FrEL  HARIDRBEEEMPE - _AHGE
B FRLAREERES R > HEERFEEAME -

M A EHGREE & (electric double layer)

B P BE £ Py ©
QOHRBINBLIERHEEPam -

(3) 8 R & N #5 M E # (4 solvation  interac-
tion) FfT 2 £E Py -
WA 'R T EEPu -
OHAEEER RGO TFHERNE I
{ERIFF B 4 P -
Rl BE LR REARFE > BEEH - REAHE
g ARSI RECESBE - HE&
B B BRI 0K  BE S REE - il E R
BEITR B BERRGR  (DH S - Teletzke 55 (1
987) 53 MR8 Pae ~ Pam ~ Pas —E MBI HIEE E
B RIBH=FHEERM . RRE -

# 1. B B IR SRR R R B

574 i x R’ BUBISE R R
Molecular London van der Waals force Ab  » smallh
Pu dispersion including
electromagnetic B/M* « largeh
retardation
Tonic-Electrostaic overlapping of double layer Ee™
Pe surface charge-dipole interation A/h : water
Structural short range forces A,
Pa Hydrogen bonding Avh » water

Pashley(1980) 734 KEE A LRI « BHEFRER - B
B BET FEARRHETBE +o & HMIFERE

WHEAG
_3RT1
Py= Y e 3)
=_V§Tln [PL;} ..................... 3—a

b+ PR -

Ve WM BEE R

h : YRR -
HA#E S EE SR | of Hydrogen bonding HYR R —% - 7E
Pashley(1980) 7 #f g J 3t 33388 » % h < 30
nm > QX AEA 0 B E h > 150nm R 5 & HEFr
EERMBREE >

Py=-D @)

ANBFEELTLERE RS - BhIE30 ~
50mesh . [ » HB#liksRkAk e BREEBK Y
REAAEAOBEERST - XRERENHEY
B > MEEE > BRI ARIK R
AYWEHT - LthERBUEMACRE S - 1

—62 —



HER HME S R R A E A R IE R - HHER
HEMAREREERESARRERABZIR
[ UTHRERENSARREARVEE -
W2 > WENZBIRP  RMHBIRP
R 18 Derjaguin % (1987) 2147 » WRER N & BB ) B8

T RES
AP1=—dPg4d(k g ) «ooreererereermmrereeaninnnn 5)
Ak ¥R Hl 3K (curvature)
o FERS
Y | . X
Yz //{b“d/ W

B 2 WS - AR TEE

Wayner % (1976) 534738 5 > FEETE RIE - WARHY
B E AT HR > ERER 0 RREME
]

APy = — P revreeemenrerrarearnananiniicaecens 6)
ui » A (4) AR R

%z_zAh' h=3 (©)
RN s - BRI A

LT ——— ®

St U SR 7 ROV o S W R -
251 8 — WO S ) T 7 T WO A
B > GRS ) 08

o= (2] (L) o o
PRl BATEE MBERTRES ¢

I = p1flUe)dy= *3")'3 d;;l ..................... (10)
H )7 (10) =X

TV a

ERERET  ABEHBPE IR EEET
# &

1R #8 Sukhatme B Rohsenow(1966) 43 #7 55 i 7% 3% i

FE O THOXMAEE

-2 () (2 2)
a (2zR Tyz T2

A BHEM @RS TE Po KRR
ZARE > T R—EHRECHE T & H
RECEE P SRMECHKRE - R - BEK
BREH -

R W K (Super heat) RARRKE > (13) 5 AT
(=3

M,

1
= 2a M )_2‘ —_—F ) cesecsncenns
Me—z_a [27[R}J (Pvlv Py) ceeeeenees (14)

- Tw+T,
Rep 7=

i (12) 8 (14) A%

1

24,._ 2a [ 17
Ll = | (P, —P,) ceeeeeee (15)
3 2nrr) PR

T2—a
K| Wayner(1976) Ht 3. BR (=01

Mh ViP(—Py)
Pa=P=P, (g | =T+ 50D

A, R R VIRERE I EEEHE -
Ha5 00 =45

-+ (16)

1
3 v 2a M z P\Mh(g Tl\'_7\
G_2A2—a [ZT[R}] [ R ] [ T ] (18)
1
_3 2a (M Y2WpPo
=21=a [27:1&} RTy, a9
= rTE{bes
h 26—% .......................................... 20
Y b £ —Bh 2 BAE R T AR R
h
h’:_[gi_? [G_TIZ_J ..................... 21)
(TIV—TV)T

FEE -~ W — REMAE KR E R ho T X
h=0%3Z] - JI

1 AViT,
=A== Y 22
=NG =Ny —T) @2

AR PR E AR



25

15 —

10 —

h;’d:__h.[&l .................................... (23)
(Tlv - Tv)7
E—R < B AR B A A R
1

G___.
: W 11

2
R Tl & S

BB R 2 T R S

o h,rdh 5
= "Oh zl_TO ........................... 25)
[ an
)
EE
n Z'%E‘J?:l—# ........................... (26)
Xy =1—L 27
4 V_}IO-EJY 7 @n
G
Rl AT — S |
L/ D
=l 28)
=0 e I Y ST TRIPRR (28 —1)
E=0 Z( =0 e 28 — 2)

28) XBIEAREH B2 /772 » Bl Runge-Kutta Fj
R BB AR 3 - bH bl 4 8 ] R A R Ry
T MRS HEER -

T ‘ T ‘ T
0 4 8
film length

12

B 3. #EEsHiE

BEES  BBERCSALEHREE/OE
4 > PEELEASHER —PRE r NH > H
Princen(1969) K53 fr & 4] -

Y o= 01547 7 rereiiiiiii i)
HI SRR 77 (Lee & Maa 1992) &

9 =tan—! [7—787_8} ........................... 30

Ro= 7 pCS8C @ wrrrrrreevmmneeressanmiiiiiiciienenen, a0

R= 7 0SCO rvrrrrmereesrmmmmsisniniisiniiicneenns )

@=277/R=275sin 0 rroerererernnes a9

Ye

B 4. % FLESRME (L

B S REREREAB L AZRREAHRH
xR

=2a (M Y p_p o,
Jo—m [ZHRT] (Ps—Py) 34

=Dp(Py—P) /1 reereeeeraneinininaniin 34-1)
Dab_%};_{ .................................... 34 —2)

P} BB RENTIE S RRE
D : 7K. Diffusivity » 1 : i8S R EEE
E#H

1
R Ioa \ZmRr) | e 35)
1 = Dﬂb ------------------------------------ j—
V7R 35—-1)

— 64 —



Ul
Q0=P:(1—Pr)A0/(Re+Rd) ..................... (36)
B R R EAE 6

[ D ———W

-, E) R
B 5. 2REREHEMERE
4
v R
2
A
6. H iy FRKEH R E
Q= Q1+ Qe =AoDap(Pi— Py) /1 wooeeeees G
ETERSILBNAR B/ TBEA
Q1=12Aq(P;—P}) /R, ++erreereeerrearcaaienniens (38)
O - WIHARRE
Q. - WIARTR
u R

NEEHERECARE
P:<PV1V§PS

XA

_ —RTy, Py
Py= v, 1n [T] ........... (39)

A

Pvlv . VnA
TS_ @ RINT »rrreeresrenitiiiiseetetttniitiiarioranan (40)

HERAR TEER

_2a M
Je~2-a {27rRT

BREARBUHERE
Qe=JJedA
Ho ExRE

Qe=7Ae(Ps—P:)/Re ........................... (44)
7 AR~

A SRR TH®
(1)5;‘QEFIA", =A,+uAp
HWHEARRE

0= 01+ Q=5 PAo(Py—P)+ 7 AP~ P/ Ry
D * D -
= A0 TPy = P,) = Ao PP —P,)erreereees (45)

oy BEEHA=A, Al

. (1 - D .z
(=) [ g+ Ry A | =T-ao(Pi=P) (46)

2 Ar P
RTRTE
P,'-=;;”—_i— ........................... 47)
1w r
R + R + R, Ar
T 24P, —PY) 7 ALP,—P}
QrzR—g(Pv—Pv)u O(R, )+7 (Rz ) . (48)
AO Pt P)= 1 2 - P " 49
Ry PP =30t T AN PY) oo (49)
R . — .
R; (Pr=P)= (2 + 7 A)Ps—PL) wreeveerenes (50)
Ifi_i"= 2" 1 e, 51
v NGt A )
Qe Ay B—P)/Re_Ri, —(P—P) o

7) R T (Pi—P,)

AO -
E‘(P\"—Pv)

— 65—



Qe/Qt

B (51)(52) 18
Qe TA ! 3
& 2y ya,

drk=-» BRI SCRR (Lee & Maa 1992) &1
Ap=A2SIN Q H2hpu +oorrrrererrnsarnrirnaniaes (54)

FIIF (54)(53) B (55) » ] BBt K 0 A L 80 1 55
LS EAD TR - B7#Er =9 TH

k (A R AR 2 2 et
0.8
3 k=0.05
] k=0 |
] k=02
] k=0.3
3 k=04
0.6 k=05
] 0
o.z_f D\S\S\M
o-o : TT VYT T T FETIT ITI TT1TTTr1rrTr l TTTTITT T TrrrrT
0.4 0.6 0.8 1.0
u(saturation)
B 7 REMSENEERABCEE
= K E&

B8 S EREEE - TRUAMESRALERT
DR HBES - BEZ A/NE l4em X 16cm >
£ 50cm - EH AL 0 WEEHMAEN - #H
BB REGERH — 1 H 23 - BERATRMK
DBERE RO HREABE T BREOL X
EIHE 10M Q DL & > HZERP £ Showa Chemical Inc.
ZEEGh 0 K/NE 30 ~ 50mesh » S;0, & B 998 %
Ak HABEAALOs « Fea05%:15 /N 0.05 96 LA
T o VAW LLE K NagSO4BE 8 + NapSO4 5 Hayashi
Pure Chemical Industries Ltd. 255 * NaaSOs 2 FiEEZE
P L - BEENLBNEERSYS AT
A ERERB_EHE S TEE  DERESS

Sl - EREBEL—K type #4 8 {5 — PID 1/
B DHEHARIEE  RECRELIRES
(Hgrometer Model HD-8501H) & #] - HBE ¥
BB/ AR R BB R IR o R R
FA#AR R HET (Swema Air 30) B » HERER]ZE 0.0
Im/sec - EEHRE L2 B ELL0.05mm 2 T type 2 B4
AR o ML R PCLTIS AD 5
PCLD-779COOL JUNCTION & 82 T A SAY » LA
Genies SR FEUEE - AL ZERHKIFR RS-232
EEK DGIEERER - KEZHEEER 0.1
mg - AHBBRRABNHEZE - R EBRERR

?

4
7
. _‘[‘;TO PC
| ¢
2 TO PC

B 8. HWERKE:
LA 2 6B 3 ES T H L
4K-type BEME 5. KT 6. AR LY
7.T-type ZAE MR 8. KBS

HMEREE  DERNERRRARERE -

- FERBEETA

EAMACERBD » KBEAREBREZHREM
B DT ETASR -  HERYERER
FRY SR, R0 T o B i R B A S W o Y R SR A o Bl
BEEEIMEE > BRI EREARER RS
ﬁ °

B O RMAKESIBEREABRHEE - B
HEFLEERR B0 REABLEANEEREE
PR - ARG EILNSE  BEABENELE
HKWE  HZFLEREmE L IRER 2 ~ 3 Cl
EE HERBEUBALRARCHEHEHRAS
(Lee et al 1995) - FEIAZE ek E —REMH
iR — RN AR E RS
MEE: - TORMEZE b BIREHEE - 43X E
N ERHENER - MAERBERTERR
RIS HRA0.5kg/hr—n? o



B 10 3 0.0SM [ B A M A B EBHR -
RG24 ABARFZHASHMS > HATRE
B RARIB R R o i R A MERE LR 0.4kg/hr-m2 £2
A - BREREmAEERL - B FLRRERER
LT HEMOKEERAE - LyRELEE
IKBRERERH AR -

B 115 0.IMBM BB R - HE R AR
R E0.4kg/hr-nmiE s - B 12 S 0SMEE > 8
A B HEEA0.35kg/hr-m? - B 9 BE 1209 H
B R A B R R - BB RS
B MK ERARERE SRR BRER
ERER - FEIMAD BEFIERS » BT AES
RE(EZA B HEOR - {H0.0SMEE 0.IM Z FiLERENTA ¥R -
HERUA+0EE - KERBETBECTEY
FiAER  ARNEBECABREZRE/ B
BEREMTEREIEAR CEE > B bEE
B -

HEERTHALREERREEARRR
B AEBRARB TRATER ASBE T
A AERWB/E - LLOSM BRI S » RE
4 ¥y F 12 (Raoults Law) HH % B f4: & (colligative
property) » HIXRRBEREASE S 2.67 % » R HFB#
ROE > CTHAPAIHARATEERCESZ
o BRBEARR TR AEREERELE
R MEBENEETTREE TR - AREEE
TR BEATIE R - R Derjaguin %5 (1987) B9
SR KBS RESHREHSEEENEE
THHSEE X8 NEFEWNFAgRERR

Time(sec)
° 40000 80000 120000
08 T T T T 80
T T T
— 50
§ o4
£ 3
5 ¥
r]
‘g {40 §
g ;
02
— 30
0.0 -+ 20
° 10 20 30 40

Time(hr)

B 9. MiAKARREREEE

— 67 —

05

Drying rate(kg/hr.m2)
e

0.2

60

30

Time{hr)

B 10. 0.05M AR HRILIR AL

Time(sec)

] 40000 80000 120090

Drying rate(kg/hr.m2)

20
Time{hr)

B 11 0.IM YA RS R

Time(sec)
80000 120000 160000

40

0.0

I i T ' T T T

1
-] 10 20

Time{hr)

B 12. 0.5M P AR H R IR

20

20

Temperature(C)

Temperature(C)

Temperature(C)



B> BT R W R TR B I - LBl 7 40 > FEKH
BABRET (G2 ARERZGC UL I
RARBMARAL > WITHARBERBEAROE
HERHEEYE -

A =R
LINHERHEEDRE BB iR LEE /¥
¥ EEERVEIMSBYUE  RRETE
RORE I SR AR - B BRAS R BB AT IR A
DLt o -
2BOHERR T EBEH  AEBRERER
HHERTBONRBRELEER > LER
BRBREMN -
SEBARERZ B ERBEARMAERBRE
FrEARISTE - BRI HWEREAER
ARRBREEN  TTERERRARZHEMN -

AN B

et ER X RN G RE M o (FHER
%% © NSC-83-0402-E-021-001)

+ - 2EXK

1. van de Griend, A.A. and Owe, M., 1994, "Bail Soil
Surface Resistance to Evaporation by Vapor Diffusion
under Semiarid Conditions.",
Research, Vol.30, No.2, pp.181-188.

2. Arzan, A A, and Morgan, R.P., 1967, "Transient Two-

Moving Boundary Analysis of Drying
Process.", Chemical Engineering Progess Series, Vol.
63, No. 79, pp.24 ~ 33.

3. Derjaguin, B.V, Churaev, N.N, and Muller, V.M., 198
7, "Surface Forces",Consulatants Bureau, New York.

4. Kaviany, M., 1992, "Principles of Heat Transfer in

Water Resources

Region,

Porous Media." Chapterll. - Springer-verlag., New
York.

5. Kumiaki Sato, Teruyuki Fukuharaand Serge Bories, 19
90. "Dynamic Analysis of Heat Mass and Solute
Transfer Due to Evaporation from a Soil Surface.",

Heat Transfer Conference, pp.235 ~ 240.

6.Lee, M.T. and Maa, J.R, 1992, "On the Interline
Evaporation Region of a Wetting Thin Film.", Drying
Technology, Vol.10,No.1, pp.101 ~ 122,

7. Lee, M.T., Chou, L.H. and Huang, J.C., 1994, "The
Effect of Salt on the Surface Evaporation of a Porous
Medium.", Drying 94, pp.223-230.

8. Lockington, D.A., 1994 "Falling Rate Evaporation
and  Desorption  Estimates.”,Water =~ Resources
Research, Vol.30, No.4, pp.1071 ~ 1074,

9. Pashley, RM,, 1980, "Multilayer Adsorption of Water
on Silica; An Analysis of Experimintal Results.”
Joumal of Colloid and Interface Scicence, Vol.78,No.
1,pp.246 ~ 248.

10. Peck, R.E., Vyas, K.C. and Toei, R., 1977, "Capillary
Theory Applied to Drying.", AIChE. Symposium
Series, Vol.73, No.160, pp.63 ~ 70.

11 Princen, H.M.,,
Assemblies of Parallel Cylinder2:Capillary Rise in
System with More Than Two Cylinders.", J. Colloid
Interface Science, Vol.10,No.3,pp.359 ~ 371.

12 Sukhatme, S.P. and Rohsenow, W.M., 1966, "Heat
Transfer during Film Condensation of Liquid Metal
Vapor"”, ASME Journal Heat Transfer, Vol.86,pp.19 ~
28.

13, Suzuki, M., Keey, R.B, and Maeda, S., 1977, "On the
Characteristics of Drying Curve", AIChE, Symposium
Serier, Vol.73, No.163, pp.43 ~ 62.

14 Teletzke, G.F. Davis, H.T. and Scriven, L.E., 1987, "

1969, "Capillary Phenomena in

How Liquid Spread on Soilds", Chemical Engineering
Communications, Vol.55, pp.41 ~ 81.

15. Wayner, P.CJr, Kao, Y.K. and La Croix, V., 1976, ’
The Interline Heat Transfer Coefficet of a Evaporating
Wetting Film.," Int. Journal Heat Mass Transfer, Vol.1
9, pp-487 ~ 492.

Wi 8538128
18IEBHI: 85FS5H 1H
BEHM: 8F5H15H

— 68 —



