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Unsaturated soil
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Convection from a surface
to a moving fluid

MNet radiation heat exchange
between two surfaces

I,>T.

Moving fluid, T_
—

g
— 4

— / |—T :

Surface, T,

Dr. Hasan Ghasemzadeh

K.N. Toosi University of Technology

4/10/2020




Unsaturated soil
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Unsaturated soil

Sl s

5yl Caldas o o
A=[1-n)A, +64,+(n-6)4, *”é;‘ﬁsw
_FA(A-nm)+FANnS, +FAN1-S,)

~ F(-n)+F,nS,+Fn1-S,)

A=thermal conductivity of the soil; A;=thermal conductivity
of solids, typically around A;=6 (W/m°C): \,,=thermal
conductivity of water, typically around \,,=0.57 (W/m°C);
Ag=Ngat Ay, Where Agy=thermal conductivity of dry air,
typically ~h4,=0.025 W/m®C and A,=thermal conductivity
of water vapor, assumed as A,,=(0.0736)S,, (W/m°C):
F,,=1/323 [1+(\, /N, ~1)g]": F,=1 (water assumed as
the continuum medium); g, ,=0.015+(0.333-0.015)S,,
(assuming spherical particles); and g;=1-g,—g,.

de Vries 1963

Sl el
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- Fluid T,
> —
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" i Velocity Temperature
distribution distribution
u(y) q" T(v)
T n

b——— ;) Heated
) surface

—— T
The convection heat transfer :

Energy transfer due to random molecular motion (diffusion)
Plus

Bulk energy transfer, or macroscopic, motion of the fluid
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Unsaturated soil
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Hot plate
) Boiling jiaCondensation 9
- )‘ Pl L>-4;L>-
q=h(T,-T,) T,>T,
convection heat transfer coefficient
It
Process (W/m®+ K)
Free convection
(Gases 2-25
Liquids 50-1000
Forced convection
(Gases 25250
Liquids 100-20.000
Convection with phase change
Boiling or condensation 2500-100,000
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Unsaturated soil
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q=h(T,-T,) T,>T, Sl b
CL,;\,_L Sl s
h = hs (1 - n) + hwnS’w heat capacity of saturated soil

) h, =2.235x10° J/m*C
de Vries 1963

h, =4.154x10° J/m*"C at35°C

C; : specific heat capacity of unsaturated mixture

CT = (l_n)pscps +9pwcpw +(n_0)pvcpv +(n_9)pgcpg +mMcCpc

C.C.,.C Cpg and Cpc are the specific heat capacity of solid, liquid, vapour, gas and solute

ps’ Zpw' =pv!

M, is the molar mass of solute

Dr. Hasan Ghasemzadeh 11
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Unsaturated soil
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Stefan Boltzmann law 4
E, =oTl

For ideal radiator or blackbody

T, absolute temperature

oc=5.67x10"*W/m2-K* Stefan Boltzmann constant

For real surface E = 80'T54

& Emissivity of the surface

0<e<1
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Gas Gas
T, h T, h
@ : Surroundings y
LLL\ ;;’ / g q;;s\ /
Surface of emissivity Surface of emissivity AT W i i
£, absorptivity «, and s =a,area d, and
temperature T, temperature T,
Gy =0aG o absorptivity
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Unsaturated soil 4/10/2020

b gy 4 Jlal
Qg = hrA(Tg _Tsur) heat exchange

hr = 80(-'-8 +TSUI’ )(I-SZ +TSUI'2)

linearized the radiation rate equation,
making the heat rate proportional to a temperature difference

Dr. Hasan Ghasemzadeh 15
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temperature T,

0 =0eony Traa = hA(Ts _Too)+gA0(Ts4 _Tsir)
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Unsaturated soil

Jle
[\ S ——
T =25C Known: Uninsulated pipe of

h =15 Wim?K prescribed diameter, emissivity, and
surface temperature in
a room with fixed wall and air

7 temperatures
<, G
D=70 m’&( Find:

1. Surface emissive power and
irradiation.

2. Pipe heat loss per unit length, .

Assumptions:
1. Steady-state conditions.
2. Radiation exchange between the pipe and the room is between a small surface
and a much larger enclosure.
3. The surface emissivity and absorptivity are equal.
17

Dr. Hasan Ghasemzadeh

Sl Jlas

Analysis:

E=goT}=08(567 X 10 *Wim® - KH)473 K)* = 2270 W/m®
G =0T} =567 %107 Wm® - K* (298 K)* = 447 W/m®

Heat loss from the pipe is by convection to the room air and by radiation
exchange with the walls.

q :qconv +qrad
A =7DL
g = W@DLYT, — T..) + e(@wDL)o(T; — Ty,

Dr. Hasan Ghasemzadeh 18
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Unsaturated soil 4/10/2020

CJ)‘J.>- d\i’b‘
Analysis: Jtﬁ

The heat loss per unit length of pipe is then

q =% = 15 W/m®+ K(ar X 0.07 m)(200 — 25)°C

+ 08(w X 0.07m) 567 X 107 W/m? - K* (473* — 298H K*
g = 57T W/m + 421 W/m = 998 W/m

The net rate of radiation heat transfer from the pipe

gra = ™D (E —aG)
ghg = % 0.07m (2270 — 0.8 X 447) W/m® = 421 W/m

Dr. Hasan Ghasemzadeh
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gldl b oS 5 (6551 gl dolaa
@ : the volumetric bulk heat content of medium ¢ =C; (T -T, )+ (n - H)pvhfg

hfg : the latent heat of vaporization

C; : specific heat capacity of unsaturated mixture

CT = (l_n)pscps +9pwcpw +(n_0)pvcpv +(n_0)pgcpg +6CMCCpc

Cost Cow Cpw Cpg and C; are the specific heat capacity of solid, liquid, vapour, gas and solute

M, is the molar mass of solute

Q : the heat flow

Q = -AgradT +[Cp,0,U +C,pV +C o pVy +Con (0, + Ay )T —To)+ o0V + oV, hyg

K.N. Toosi University of Technology 10



Unsaturated soil
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Unsaturated soil
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Unsaturated soil
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Unsaturated soil
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Unsaturated soil

Boom Clay, thermal volumetric changes

29
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Boom Clay, thermal volumetric changes

Drained heating under constant isotropic stress
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Unsaturated soil

Boom Clay, effects of temperature on the intrinsic permeability
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Unsaturated soil

Thermal pressurization coefficient A, COx claystone

0.32 7 = EST27396 n®l-iso

0.28 1
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L
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— Q_wa—ﬂfs]
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Mohajerani et al. JRMMS (2012)

Thermal hardening, Opalinus clay
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Unsaturated soil

Thermal hardening, Callovo-Oxfordian claystone
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Unsaturated soil

Heat transfer example

146 cm

O (]
O a
@ a

15. cm

Metal cell

sample

Heat source

Porous stone

Fig. 2 Schematic diagram of heat transfer cell (Villar et al., 1993)

Heat transfer example

Table 1 Physical characteristics of the medium

Properties Unit Values
Initial degree of saturation S, (Cm*/Cm*) 0.5
Porosity n (Cm*/Cm’) 0.73
Density of grain P ikglm‘) 2780
Calorific capacity of soil grain Cps (Jkg°C) 800
Calorific capacity of water Cow (Jkg®C) 4180
Calorific capacity of vapour Cpe (J/kg°C) 1870
Calorific capacity of air Cpg (Jkg"C) 1000
Thermal conductivity of soil grain Az (W/m°C) 0.9
Thermal conductivity of water A, (W/m°C) 0.6
Thermal conductivity of gas A, (W/m°C) 0.0258
Latent heat of evaporation hye (Jkg) 2.40 % 10°

K.N. Toosi University of Technology
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Unsaturated soil

Heat transfer example
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Fig. 3 Experimental (Villar et al.. 1993) and calculated

temperature

Heat transfer example
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Fig. 5 Experimental (Villar et al.. 1993) and calculated
void ratio
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Unsaturated soil

Heat transfer example

Fig. 4 Experimental (Villar et al.. 1993) and calculated

degree of saturation

Heat transfer example
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Fig. 6 Calculated suction in present study
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Unsaturated soil 4/10/2020

. Fy
a\o r
o ~, Sol - wat 3
) ol - water Z . .
5 characteristic £ Thegnal c‘:fbr]d;ctlgntyl ﬁJr:lchon
E‘ curve, SWCC _§ - Sum of Indiviqual phases
=
: :
5 15
S’ 0 » 0.1 >
o1 v ' log(Sail suction), kPa 1000000
01 log(Soil suction), kPa 1000000 ol )
3

wr Specific heat

o - Sum of individual phases

2

O

=

3

(=X

0

0.1 |oqg(Soil suction), kPa 1000000

Table 7. Functions for Heat Capacity and Thermal Conductivity of an Unsaturated Soil

Reference Equation Description
de Vries (1963) L=L(1=n)+{unS, {=heat capacity of the soil; {;=volumetric specific heat of
(heat capacity of air phase is neglected) solids, x 10° [J/m*°C]; and L, = volumetric specific

heat of water, 4.154 % 10° at 35°C [J/m**C].
de Vries (1963) A=thermal conductivity of the soil; A,;=thermal conductivity
of solids, typically around A\;=6 (W/m®°C): A, =thermal
conductivity of water, typically around Ay=0.57 (W/m°C):
Ag=Agy+Ay,. where Ag,=thermal conductivity of dry air,
typically ~Ag,=0.025 W/m°C and A,,=thermal conductivity
of water vapor, assumed as A,,=(0.0736)S,, (W/m°C);

Fas= 1133114 has/ o= gl Fu=1 (water assumed as
the continuum medium); g; ;=0.015+(0.333-0.015)S,
(assuming spherical particles): and g1=1-g;—g>.

A= Fih1 = n) + FuhynSy + Fahon(l = 8y)
- F{l=n)+FenSg+ Fn(l - 8,)

Note: n=soil porosity and S,=water degree of saturation.

K.N. Toosi University of Technology 22



Unsaturated soil

Ll s e Juel
First Law of Thermodynamics

Conservation of energy

closed system or a region of fixed mass
open system  or control volume

The increase in the amount of energy stored in a control volume must equal the
amount of energy that enters the control volume, minus the amount of energy that
leaves the control volume

ﬁ —===-. & "
Y £ e
# . i’
AElt | “I En— Ez_ Ey \\\
| 2 b _'_ - E:u
(a) (b}
closed system over a time interval a control volume at an instant

dQ =dU +dw AEY =Q -W

K.N. Toosi University of Technology
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Unsaturated soil

ol se Juel
First Law of Thermodynamics
Conservation of energy

7= —s{
7< AEf ﬁrfst k.

AEtot =E;, —E. TE,

out
dE E -E,, + E

out

S5 E

m

ol se Juel
First Law of Thermodynamics

Conservation of energy_ for steady flow of a open system

Energy per unit mass

«t thermal,
flow work,
kinetic,
potential

Reference height

MU, +pv +1/V 2 +92), —mU, +pv +1/V *+92), +q-W=0

mass flow rate

i = u, + pv Enthalpy per unit mass

K.N. Toosi University of Technology
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Unsaturated soil

Sl g e Jal
Example person is in air and water

Known: Inner surface temperature of a skin/fat layer of known thickness, thermal
conductivity, emissivity, and surface area. Ambient conditions.

L=308K gt
T, =297 K—
Geons—> ]!
k=03 WmK ——— T,.=297 K
h =2 Wim?K (Air)
fe—L =3 mm—»| h = 200 W/m?K (Water)

Air or water

Find: Skin surface temperature and heat loss rate for the person
in air and the person in water.

Ll s e Juel

Example T;=308K Skin/fat
T, =297K
g2 og—1l
F=0.3 Wm-K T, =297 K
1 h =2 Wim*K (Air)
l—L=3mm—+| 7= 200 Wim?-K (Water)

Assumptions:

1. Steady-state conditions.
2. One-dimensional heat transfer by conduction through the skin/fat layer.

3. Thermal conductivity is uniform.

4. Radiation exchange between the skin surface and the surroundings is between a
small surface and a large enclosure at the air temperature.

5. Liquid water is opaque to thermal radiation.

6. Bathing suit has no effect on heat loss from body.

7. Solar radiation is negligible.

8. Body is completely immersed in water in part 2.

Air or water

" " "o
Ocond ~Yconv T Yraa =0

K.N. Toosi University of Technology
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Unsaturated soil

ol se Juel

Example S
T, =297 K
k=03 Wm-K T, =297 K
n h=2 W/mg-Kz(Alr)
= 200 Wim?K (Water)
E in - EOUt = 0 Air or water
" " "ro_
Ucond —Yeov T s = 0
T. -1,
k= 7 S=(T,— T,) + eo(T}—T2)
T.— T,
k- 7 = W, —T.)+h(T,— T,) KT,
“+(h+ )T,
P AR
| k
—~ +(h+nh,
7 H+h)
[ )‘ Ball. (n S JLQI.:‘
Example i sosx
T, =297 K
k=03 Wm-K T, =297 K
=2 Wim*K (Air)
7= 200 Wim?-K (Water)
person is in air IERCETT

h =eo, +T, )T 2+T,*)=59W /m?°K

sur
03Wm-K X308 K

T — 3X10°m
: 03 Wm-K
3x10°m

+ (2459 Wm’-K X 297K
=3072K

+(2+59)Wm?-K

(308 —307.2) K

=146 W =37+109
3X10%m

T,-T, B
qs = k4 7 =03Wm-K X 1.8m" X

Radiation is not negligible
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T,= 308K
Example '
T, =297K
F=0.3 Wm-K T, =297 K
=2 Wim*K (Air)

person is in water

J = 200 Wim?K (Water)
Air or water

liquid water is opaque to thermal radiation, heat loss from the skin surface is by
convection only. h, =0

03 Wm-K X308 K
T = 3X107%m

+ 200 Wm* - K X 297 K

S AW/ =300.7K
03Wm-K | 560 wim?-K
310 °m
T,— 1T, , (308 —300.7)K
g, = kA =03Wm-KX18m X ———————=1320W

3% 107°m

typical rate of metabolic heat generation is 100 W

C))‘j>- 9 CJ.:>- JLas!
Second Law of Thermodynamics

naturally occurring processes are directional & irreversible

The efficiency of a heat engine is defined as the fraction of heat transferred into
the system that is converted to work

77:W :Qin _Qout -1 %

Qin Qin Qin
T
S
. T,

Carnot efficiency is the maximum possible efficiency that any heat
engine can achieve operating between those two temperatures

T.and T, are the absolute temperatures of the low- and high-temperature reservoirs

K.N. Toosi University of Technology 27
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Second Law of Thermodynamics

High-temperature T
. reservoir 3 L]
77 _ 1 Qout _ 1 qout _ 1 TC,I High-temperature - Gin |—
m = - — 1= — 1= side resistance
Q. q T i |__ T
in in h,i
Heat . Internally
e - n . . eat engine . . -
Modified efficiency for (irreversible) heat walls reversible w
heat engine
transfer processes -
[#§
. Low-temperature = ! |—
Gin = (Th — Iﬁl:!'}"llR!‘:h side resistance ¥ O |__ .
Low-temperature ‘
. reservoir
G ont — (‘?—f‘:f - f)"'Rr.f
R R Internally reversible heat engine exchanging
t,h » "M ¢ Thermal resistance heat with high- and low-temperature
- _ reservoirs through thermal resistances
T =T, ‘Ii.nRr:h g

Tr_r' = -Tc + QO‘UT‘R!‘:C = Ic + Qm(]- - ﬂrn)Rr_c

Ll s e Juel
Second Law of Thermodynamics

T R

C

_c =R
Th —iy I:atot

+R

Umzl— tot t.c

t,h

Rt,h:Rt,c :Oor qin :0_>77m :nc

For realistic case Rtot #0 —> 77m < 770

T =T +a.R. > =0 no power could be produced even though
h ¢ tlin N T the Carnot efficiency is nonzero

T

C

power output W =0,,7, =0, ]l-———
Th_QmRm
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Examp|e large steam power plant
Known: Source and sink temperatures and heat input rate for an internally reversible
heat engine. Thermal resistances separating heat engine from source and sink under
clean and fouled conditions.

Products of combustion
g, = 2500,MW 'S T, = 1000 K
R, =8 % 107% K/W (clean) L
R, =9 % 107° K/W (fouled) B
— Ths
Power plant —
— I
R, = 2 % 107% K/W (clean) | []

-8
R, = 2.2 X 1077 K/W (fouled) ¥

: o L 7 = 300K
Cooling water ‘

Find:
1. Efficiency and power output for clean conditions.
2. Efficiency and power output under fouled conditions.

ol se Juel

Examp|e large steam power plant e .
R, = & 107% KW (clean) = []
R, = 9% 107% KW llauled)
Power plant  ——= "
) 1= Mo
g 2x 10 7 KW (el
for clean conditions & a0 Sk toley o
LT = 300K
Cooling watar

Ryu=R,+R,.,=8X10°K/W+2x10*K/W=10x10"KW

=1 — T - 0K
™ 1000 K — 2500 X 10° W x 1.0 X 10 "K/W

Tk - q]'.n-R'.o'.

W =g,m, = 2500 MW x 0.60 = 1500 MW

Under fouled conditions

1y = 0.583 = 58.3% and " = 1460 MW

= 0.60 = 60% -
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Comments:
1. The actual efficiency and power output

the foregoing values, since there would

be other irreversibilities internal to the
power plant

of $0.08/kWh

of a power plant would be much less than

R, = & 107% KW (clean)
R, = 9% 107% KW llauled)

R, =2 % 10°% KW (clean)
R, = 2.2 % 10°% KW foulad)

C =40,000 kW * $0.08/kWh * 24 h/day = $76,800/day

ol se Juel

Examp|e large steam power plant

Products of combustion
§in = 2500, MW r— T, = 1000 K

Pawer plant ~ ——~ ¥
T T
;
Tout a0
Coaling water T, = 300K

2. The Carnot efficiency Ne=1—I1/T,=1— 300 K/1000 K = 70%
W= GinMe = 2300 MW = 0.70 = 1750 MW

3. Fouling reduces the power output of the plant by 40 MW and electricity at a price

daily lost revenue

ol e Jll

Residential/
commercial
17.4%

Nuclear power 8.3% Alternative sources 6.8%
l Petroleum Natural gas Coal
39.3% 23.3% 22.9%
i L j
| ¢ !
e f | :
i :
: |
i R [ reCCETS EERN ICST TR EEPSY Y IR
: Y. v . 1 1
Electricity generation Transportation Industrial
35.4% 25.4% 21.7%
¥ J ' 4 l
(6856% | 199% | 19.9% | 785%
Useful power
Waste heat 42.4%
57.6% .

Energy production and consumption
United States in 2007
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Petroleum Natural gas Coal
43.2% 20.7% 36.1%
|

iy

-

Electricity generation
40.6%

Transportation
33.5%

_l .
J l {“
Industrial Residential/
16.5% commercial
9.4%

Dr. Hasan Ghasemzadeh

Carbon dioxide by source of fossil fuel and end-use application
United States in 2007
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* Summary of heat transfer processes

to random molecular
motion plus energy
transfer due to bulk
motion (advection)
Radiation Energy transfer by
electromagnetic waves

Mode Mechanism(s) Rate Equation
. . c e s ~ ) r Tlama2y — - d}"
Conduction Diffusion of energy due ¢e(Wim~) = —k—
to random molecular dx
motion
Convection Diffusion of energy due g'(Wm?) = WT, — T..)

¢'(Wh') = eo(T} — Ty,
or Q‘(\V) = h:-ii(n - JTsm‘)

Dr. Hasan Ghasemzadeh
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