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Phases in stable

liquid water, ice
I, and water
vapor
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' Am. 1. Phys., 7, 187 (1939)
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Gas

Nitrogen
Oxygen

Argon

Carbon dioxide
Otherd
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SR gl S

Percent Percent
Formula by Volume? by Weight
N, 78.03 7547
0, 20.99 23.18
Ar 0.94 1.30
€O, 0.039 0.05
— 0.01 —
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Density of Air at 1 atm as a Function of Temperature
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| o andils
Density of Air, p, (kg/m?) Density Adjustments for Humidity (kg/m>)
Temperature, £ (°C) Temperature, © (°C)
Absolute Air Relative Humidity, R E——
Pressure, u, (kPa) 10 20 30 RH (%) 10 20
80 0.982 0.946 0.910 20 +0.003 +0.006 .
85 1.043 1.005 0.968 25 +0.003 +0.005
9% 1.105 1065  1.025 30 +0.002 +0.004
95 1167 1124 1.083 35 +0.002 +0.003
100 1228 1,184 1.140 40 +0.001 +0.002
101 1240 1196 1152 ‘;g +g~°°1 +g-°°1
105 1.290 1.243 1.198 P ~0.001 ~0.001
60 ~0.001 —-0.002
65 —0.002 —0.003
70 -—0.002 —0.004
75 —0.003 —0.005
80 -0.003 -0.006
Dr. Hasan Ghasemzadeh 15
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| o andils
m,
PaVa:nRT —> PaVa: M RT g’?{d‘f}g}‘s)'gb'f
a
Effect of temperature m P M
: p. = a _ _a a
< pin kg/m? TV, RT R =8.314 Nm/mol ‘K
-10 1.342
5 1317 Snad] S5 3l HLaS 5 a5 Y (gles o3 Tem ansls t Jlie
0 1292 (1.01325 x 10° N/m?) (28.97 g/mol)
. (o] =
o 1269 Pa20”C = 18 314 N m/(mol - K)][(278.15 + 20)K]
+10 1.247 = 1204 g/m® = 1.204 kg/m®
+15 1.225
+20 1.204
+25 1.184 Ap, _ M, AP, — M .P, AT _ AP, AT
+30 1.165 Pay  RTp., ° RT Zp,, P. T
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Unsaturated Soils

Pj = pressure at elevation zp, N/ m?

z = elevation, m

= temperature, K (273.15 + °C)

Py eM (zp — z,4)
P, R1

Dr. Hasan Ghase

|3 dendls

g = acceleration due to gravity, 9.81 m/s?

P, = atmospheric pressure at sea level, 1.01325 x 10° N/m?

M = molecular weight of air (see Table B-1), 28.97 g/mol

R = universal gas constant, 8.314N - m/(mol - K)
T

THERMOSPHERE

Liquid

Acetic Acid

Acetone

Alcohol, ethyl (ethanol)

Alcohol, methyl (methanol)
Ammonia (aqua)

Automobile oils

Beer (varies)

Benzene : C6H6

Brine

Citric acid, 50% aqueous solution
Cresol-methylphenols :CH3C6H40H
Crude oil, 48° API

Crude oil, 40° API

Gas oil- Diesel fuel oil 20 to 60 : C14-C20

Fuel oil

Gasoline, Vehicle : C7 to C11

OVl plny 4l

Temperature
-t-(°C)

25
25
25
25
25
15
10
25
15
15
25
15
15
15
15
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Density
-p - (kg/m?)
1049
784.6
785.1
786.5
823.5
880 - 940
1010
873.8
1230
1220
1024
790

825
820 - 950
890

737
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Unsaturated Soils

Dynamic (or Absolute) Viscosity:
* u=F/(A*u/h)

p=z/(u/h)  N-s/m®
Kinematic Viscosity :
v=ulp m?/s

Dr. Hasan Ghas

Shear stress

Ideal solid

T Real solid

/
L8 ln andls
Gas Formula Molecular Weight, g/mol Density, g/L
Air — 28.972 1.2928
Ammonia NH; 17.03 0.7708
Carbon dioxide CO, 44.00 1.9768
Carbon monoxide co 28.00 1.2501
Hydrogen H, 2.016 0.0898
Hydrogen sulfide H,S 34.08 1.5392
Methane CHy 16.03 0.7167
Nitrogen No 28.02 1.2507
Oxygen 0, 32.00 1.4289
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Unsaturated Soils

Temperature . . R
oC P viscosity [Pa-s] Dynamic Viscosity of Water
(eC] - 44— Melting Point
10 1.308 x 103
18
20 1.003 x 1073
-_14
.7978 x 1073 z =
= ezl A Liquid Water
40 0.6531 x 1073 ';;
s 1
50 0.5471 x 1073 3 Super-
>, critical
3 208
60 0.4668 x 10 $ Wetcr
70 0.4044 x 1073 20 Critical
e Point
80 0.3550 x 1073 = {
90 0.3150 x 1073 02
Vapora :& Y
100 0.2822 x 1073 0
00 350 400 450 500 550 600 00
Temperature [K]
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g Yoo
5 100 g
8 .
h) 11 R _peiT Early equation; accurate only
Z ’ Mmejl?ilo% . §>\\ i Reynolds n=be for a very limited temperatuze range
§ 20 S (hlosrq_ih;mted
>— e'_m — — cone ¢ R " bl N t‘_l
o 150 VI 185 VI = easonable; usefuln
=] 10 { Slotte n=alb+T) numerical analysis
£ 8.0 Mineral Oil f
I 00T | N
“ . i | Walther w+a) :MH' Forms the basis of the ASTM
40 Mmer;o% - A viscosity-temperature chart
5.0 BN N :
7 BIT- ost accurate; very useful
20 Vogel LEECR in engineering calculations
15 ‘
-40 -20 0 20 40 60 80 100 120 140 1e0

Temperature [°C]
L o Sl mle VL o les 51530
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Temper Dynamic Kinematic

ature  Viscosity Viscosity!)

(K) -u-10° -v-10°
(kg/ms) (m%/s)
175 1.182 0.586
200 1.329 0.753
225 1.467 0.935
250 1.599 1.132
275 1.725 1.343
300 1.846 1.568
325 1.962 1.807
350 2.075 2.056
375 2.181 2.317
400 2.286 2.591
450 2.485 3.168
500 2.670 3.782
550 2.849 4.439

=

ity

KK [Klo Ho
1» 120 291.15
Ohs i 111 300.55
GheS) 127 292.25
28l (p S 240 293.15
S sige cn S 118 288.15
GOsoua 72 293.85
Slisd 370 293.15
wslsa s KL 416 293.65

ala 794 273

~—
)l u“”""’ 63}5‘;
[10® Pa s]
18.27
17.81
20.18
14.8
17.2
8.76
9.82
12.54
19
Al o 25658 OV e 51
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Unsaturated Soils
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Kinematic Viscosity
Some common Gases and Fluids
1000,000
= 100,000 }
? \ =hercury
o =if\ater
g 10.000 Ol SAE10
.-%“ Ol o3
2 -
; 1000 \ Hydrogen
= i
5
_:% 0100
0010
0 10 20 30 40 S50 60 VO 80 S0 100
Temperature (deg C)
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Composition of dry air at 0°C and 1.0 atm
Percent Percent
Gas Formula by Volume? by Weight
Nitrogen N, 78.03 75.47
Oxygen 0, 20.99 23.18
Argon Ar 0.94 1.30
Carbon dioxide CO, 0.039 0.05
Otherd — 0.01 —
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Unsaturated Soils
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P% — noz
P, Z n

Tazm 53 YO Lo s Jslas LIl )3 4B o suades p

PM,  (18kg/kmol)(3.17kPa)

o, = = =22.99gr /m’
RT  (8.314J /mol"K)(298.2°K)
s Casby 5 o sla,lis
(17. 7T;2§36.2j
P =061l T
RH _ pV — P\/

pv,sat Pv,sat

Relative humidity (RH) is the ratio of the partial pressure of water vapor
to the equilibrium vapor pressure of water at the same temperature

(E1JIKG) 55T 6551 5 bomd Jomiliy b oo S sboy o

- R 2 | R RrHy
w M pv,sat M

w

w
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Unsaturated Soils

e Sasby g o slalis
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emperature | Potassium | Magnesium | Sodium | Potassium | Potassium | Potassium
°C Carbonate Nitrate Chloride Chloride Nitrate Sulfate
0 4313+066 | 60.35£055 | 7551034 | 88.61£053 | 9633229 | 98.77+1.1
5 4313+050 | 58.86+043 | 7565+027 | 87.67+045 | 06.27 2.1 98.48 + 0.91
10 4314+039 | 57.36+033 | 7567+022 | 8677+ 039 | 959614 | 98181076
15 4315+£033 | 5587+027 | 7561£018 | 8502+ 033 | 9541£086 | 97.89+ 0.63
20 4316+033 | 5438:023 | 7547+014 | 8511+029 | 9462£066 | 97.59% 053
25 4316+039 | 52.89+022 | 7529+012 | 8434+ 026 | 9358%055 | 97.30+ 045
30 4317+050 | 5140+024 | 7509+011 | 83624025 | 9231060 | 97.00+ 0.40
35 4991+£029 | 7487:012 | 8205+025 | 9079+ 083 | 96.71+038
40 4842+037 | 7468+013 | 82324025 | 8903+12 | 9641+038
45 4693+047 | 7452+016 | 8174+028 | 87.03+18 | 96.12+040
50 4544£060 | 7443:019 | 8120£031 | 8478:25 | 9582+045

31

: 150.:
g F |
=
ag H
E E E 101.3 kPa
£ =
] g
E H

n

L]

'

Il 0 T y s i |

-3 -20 -10 0 10 2 3 40 °C o =
Temperatura
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e Sasby g o slalis

Table H

e
Vapor Pressure of Four Liquids

50, S
Temperature (*C)

32
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e adls
_ Pa,dMa,d
PRt
P M I:)v satMv
=% DTy = 5 RH
Py RT RT P sat
_PM, +(P,-P)M,
pa,moist RT
Ma,d
pa,moist = pa,d - M\, -1 Py
Mad
pa,moist :pa,d - M; -1 pv,satRH

S e 5 O sl slS

gLl s sles 51 VL gles 53 Jbe ol sl 1 20
Lt Sl 5La I a8 Hlid Ol sl 10 gl 51

ﬂ‘z /?vl
P=F|l-— To= 288.15 k,2=11000 M plis,| 6 jiuasl ;3 [0 L5

A=-dT/dz=6.5°k/km,P, =1013.25mbar

P Lo 5Lid 53 L sh e jtend] ol
R =R.|1+0.38RH v0 ITm O PPN B Sl
v d 58 JS 5L ol 5 55 S S s
0 R, =29.271 m/°k
P, =P,—P,=P,~RHP, SIEIEE
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Unsaturated Soils

calies glajle S Wl

. O .G
mi S8 0y
M, KPP
V—— Hi'i kg)'\fb,.- m,
I kg/mol 58 JSsep > M,
G-L“V"?’ N
i8 o7 B
m°2 +mN2 +...
Mo, Mo K P 4Ky, P =K,.P
V. ~ "“Ho, 02+ HN, N2+"'_ Ha' a
|
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calies glajle S Wl
At a constant temperature, the amount of a given gas that SR 0‘55\3

dissolves in a given type and volume of liquid is directly
proportional to the partial pressure of that gas in equilibrium with
that liquid

Vi o R
Vv, ! P,
V, +V, + P, Py
- : =h, —=+h, —+..=h,
Vv, ' P * P,
\ﬁ KHai RT hai i
VI Pa
\A = KHaRT = ha

Dr. Hasan Ghasemzadeh
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u.l:.h-.ﬂ LSLA)L‘B u,:..f)u\.:‘
Henri constant SR
b P
gas mol/(L.bar) ' L.bar/mol Hpc = —
Caq
0, 13E3 769.23 Caq= CONcentration (or molarity) of gas in
H 7.8 E-4 1282.05 solution (in mol/L)
co, 3.4 E-2 29.41
3 = H
N, 6.1E-4 1639.34 p Qgr‘tlall pressure of gas above the
2 solution (in atm)
He 3.7E-4 2702.7
Ne 45E-4 2222.22
Ar 1.4E-3 714.28
co 9.5E-4 1052.63
Dr. Hasan Ghasemzadeh 37

S b

When the temperature of a system changes, the Henry constant will also change
A simple example is which is a form of the van 't Hoff equation:

1 1

) :
HM=HTexp 77 Tom2k

H for a given temperature is the Henry's Law constant

C= Usolution _ - d In(H(T)) U goiution is the enthalpy of solution
B R B d (1 /T) R is the gas constant.
Values of C (in K)
Gas 9, H, co, N, He Ne Ar co
C 1700 500 2400 1300 230 490 1300 1300
Dr. Hasan Ghasemzadeh 38
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Unsaturated Soils
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Jlos

,uuu.de,:,wug,;c@;mTtw)\Jgt,@;ﬁ;uﬂx;,@ -\
Oyl lon s Cusby 5 Canlon el 5 OT 1) Ol i deo )3 ¥r .l Ao p5 Fr il
&:’-&Lﬁqﬁ\:u.a}m(ﬁ .Mpgslfgu@)s\‘blﬂ&b:.ﬁpg Loy
S oyl o pinn o dales S gllan Sl (oo ozl 0 SV/FD 4l oS

€215 355 T p 5 i S ol CaSl 0 60 s Splidl

pa,sealevel:o(kpa) =101.32kPa

— m m
9—9.813_2 X 9_9{1“1
M = 2897 x 10—3_9 ln[e+(y//a) }

mol
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dlwe

J
V, Vy+V 14
e=—=-"—2-04,5,=—"=03 > V,=012V,, V,=0.28V,
Vs Vs Vy
V=V+V,+V, =14V, T =273.2435=3082K
m gr gr
Py = VS > m,=p,V =GV, =265 e Pu =1 om
Ph=1300_ex _ gM(1300-0)
Pro P RT
9.81 x 28.97 x 1073 x (1300 — 0)
= Pp=1300 = Posmoist = 101.32 X exp |— 8314 x 308.2 = 87.716 kpa

308.2—273.2

T-273.2
P, =RH x 0611 x 7?7736 ) = 0.5 % 0.611 x *7?7* 3082-36 ) = 2.815 kPa

Dr. Hasan Ghasemzadeh
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Unsaturated Soils

Jlue J= aals!

AL (e dae )l e JLEE B ke p i) ol g pladl HLA s )l e
 PyxX Myt (Pamoist = Pu) X My 2.815 X 18 + (87.716 — 2.815) x 28.97
Pamaist = ] RT = 8.314 x 308.2
T
=098 2 =98x107* 2
m cm

m _ (mg+m,+mg) (P XVstp, XVytp, i %X Va)

Vv Vv Vi+V, +V,
(265X V,+1x 012XV, +9.8x 107* x 0.28 x V,)) gr
- =1.979 —;
1.4 %V, cm?3

M, = pVu /V + pooVa /V = (1000x0.12+0.98x0.28)/1.4 =85.91 kg
QM\OJATMB:A)J}C.M‘J:?L‘}AQ‘))@}:

8L a2 8 i e JE 5 el Sl (1sa Cugha ) 1o JAN 6) A 53 3 se il laie
e 0.4

= —= = (. L0 = r = 0. a3 = 0. ) E— x = 0.
T7e 1404 029 ,6=nxS 0.29x0.3=0.087 ,8,=nx1=0.29

n
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