LAWS OF HEAT TRANSPORT IN THE GROUND:





Deep in the ground, rate of temperature increases with depth = 1(C/33 m (a unit of geothermal depth).


The up flow can be only 0.0001 cal cm-2 min-1.  





With sandy soil a volume of air “breathed” through the surface of the ground in 1 day is equal to a 22m column over that area.  The air will assume the temperature of the ground.  Warm air will give up liquid water in contact with colder soil (internal dew); this is less than 0.01mm/hr, equivalent to 


0.01 cal cm-2min-1 – important in building technology and water conservation during drought. Penetration of cold or warm rain into ground has significant influence.





All natural ground has a fundamentally different compound:





the soil property


free available water


The air occupying the spaces between soil particles. 





 Air – poor conductor, good insulator.





Soil moisture regulates soil temperature.  Dry soil – smaller specific heat than wet.  Wet soils – slow to respond to warmth of spring,





Soil is not a solid.  Particles 1( sizes:


Clay - 1(;	sand - 100(


�
SOIL TEMPERATURE AND HEAT FLUXES:





Surface temperature – by contact thermometry, subject to error.  Difficult to maintain good thermal contact without disturbing conditions at surface.





Largest temperature gradients occur within ( cm of boundary > 5(C/cm.





Over ocean – temperature change of 0.5(C in top mm of water because of evaporative cooling.





Equation:	


QL( = º(T4 + (1  + º) (L( 





Could be used for soil temperature computations, but º cannot be determined accurately.  It is used therefore to obtain the apparent surface radiative temperature T*.  Problems of calibration and radiative flux divergence are not fully resolved.





Rate of heat flow through soil at a depth z below the surface to vertical temperature gradient at that level: 





G1 = -(1 ((T/(z), 





when the heat flow is positive and down when the temperature decreases with depth.





Physically, ( represents the rate at which heat energy passes through the unit are of a given substance, when a temperature grade of 1(C cm-1 exists.  A good insulator has a low thermal conductivity.





If no horizontal temperature gradient, the rate at which a soil layer is warming or cooling can be determined.





Vertical flux through layer:





G2 = -(2 ((T/(z)2





G1 = -(1 ((T/(z)1 





(G = G2 – G1 = (1((T/(z)1 - (2((T/(z)2





(G is net flux of heat energy out of the layer.





	Net heat gain or loss:	( (z (A c (T 





	per unit time and cross section area net heat flux:


( c (T/(t (z 





(G = -c (T/(t (z


�






HEAT TRANSFER IN SOIL (Sellers p.127):


 


In absence of horizontal temperature gradient, the rate at which a soil layer is warming or cooling.  Steady state:





 (QG = (1 ((T / (z)1 = ( (T1 – T2) / (z2 – z1) = ( T/(z


QG – rate of heat flow (cal cm-2sec-1)


( - thermal conductivity (for chemically pure substances ( is a constant, in natural soil, ( varies.


( = ((composition; moisture; temperature of a soil)





Substance�
T ((C)�
K (cm2/sec)�
( (m ca / cm-1sec-1(C-1 1 mcal = 10-3cal)�
�
Quartz �
10�
0.044�
21�
�
Clay minerals�
10�
0.015�
7�
�
Organic matter�
10�
0.001�
0.6�
�
Water (still) �
10�
0.0014�
1.37�
�
Ice�
10�
0.0114�
5.2�
�
Air�
10�
�
0.06�
�
Stirred water�
�
�
�
�
Very stable�
�
0.1�
�
�
Mod. St.�
�
50�
�
�
Neutral �
�
300�
�
�
Still air�
10�
0.202�
�
�
Substance�
T((C)�
K(cm2/sec)�
( (m ca/cm-1sec-1(C-1


1 mcal = 10-3 cal)�
�
Stirred air�
�
�
�
�
Very stable�
�
1.0 x 103�
�
�
Neutral�
�
1.0 x 105�
�
�
Very moist �
�
1.0 x 107�
�
�
A good insulator – low ( 


De Vries (1963) – values of ( for soil constituents


( large for soils with quartz


( small for soils rich in organic matter


( higher for moist soil, for frozen than unfrozen.





Why North Pole warmer than Siberia? 


In land , solid layer below, no heat available





On the North Pole – the polar sea covers about 5m ice, get a gradient of heat from water below, it is about 272K and above 230K ( great heat flux �( warmer.





�



Assume surface temperature T(0,t) at time t is given by:





T(0,t) = T + (�To sin (t





T – mean (daily or annual soil temperature; assume the same at all depth)


(To – amplitude of surface temperature wave


( – angular frequency of oscillation = 2(/p


p – period of wave (24hours or 12 months)





with these boundary conditions Carslaw and Jaeger (1959), showed the solution is:





1)	T(zt) = T + (To e-z((/2K)1/2 sin[(t – ((/2K)1/2z]


	


( = (To e-z((/2K)1/2 





is the amplitude of the temperature wave at depth z.  Take the ratio of amplitude at 2 depth, z1, z2 and get the amplitude equation.





(2/(1 = e-(Z2 – Z1)((/2K)1/2  = exp{-(Z2 – Z1)((/KP]





(K/()1/2 – the damping depth D, since the amplitude is reduced to 


      e-1 = 0.37





Note:	The amplitude (To of the temperature wave at the soil surface rarely known.





De Vries(1958) relates it to the amplitude (T2 of air temperature at 2m.  He concludes, that for annual cycle (To/(T2 over bare soil falls within the range 1.1. – 2.0.  Over short grass (To = 1.25 (T2





No similar relations can be given for daily cycle, because of the great variability.





Example: A day when a variation (1 of 48 days in temperature was measured at surface z1 = 0 of dry sandy soil k = 0.0.13 cm2sec-1.  The daily temperature at depth z2 = 8cm ( (2 = 10deg.
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Heat conduction in one dimension: 





To derive this relation:





Consider arbitrary depth (z of any substance, density (, cross section (A 


Its mass ( (z (A





Its internal energy (( (z (A) CT1





c – specific heat


T1 – mean temperature





After a while, when heat added or taken internal energy – (( (z (A)cT�2.


change (( (z (A) c(T





Net heat change = ( (z (A c(T per unit time and cross sectional are net heat flux 


(c (T/(t (z





(c = C heat capacity (specific heat by volume)





k – thermal diffusivity





This is a one-dimensional conduction, e.g., relates the warming or cooling of a soil column to curvature of temperature profile. 





Can be solved for the simple case of a homogeneous semi-infinite soil whose surface is heated in a periodic manner, that corresponding to the daily or annual heating cycle experienced by soil. 





Its surface value at z = D.  The amplitude equals 0.01(To at z = 4.61D – penetration depth.  Values of D and 4.61 are listed for different values of K and for different values of K and the daily and annual temperature cycles, for which w1/2 equals 8.53 x 10-3 and 4.46 x 10-4(red sec-1)1/2


�



		Daily Cycle





K (cm2sec-1)�
D (cm)�
4.61 D(cm)�
�
�
�
�
�
0.001�
5.2�
24�
�
0.004�
10.5�
48�
�
0.008�
14.8�
68�
�
0.012�
18.2�
84�
�
15�
6.4 x 102�
30 x 102�
�



 


 	Annual Cycle


D(m)�
4.61 D(m)�
�
�
�
�
1.0�
4.6�
�
2.0�
9.2�
�
2.8�
13.1�
�
3.5�
16.0�
�
123�
566�
�






K for most soils is between 0.001 – 0.012 cm2/sec.  Hence, the daily cycles penetration to depth of 10 to 80cm and  the annual cycle to 5 to 20m.  In warm ocean current, as the Gulf Stream, the diffusivity over 0.15cm-2sec-1 ( daily and annual cycles penetrate to depth of 80 to 600m.





From e.g. 1, the time of max soil temperature at any depth, when:





sin[(t – ((/2K)1/2z] = 1 


or when 


(t – ((/2K)1/2z = (/2








solving for t, applying to two depth z1 & z2 and subtracting we get the phase equation:	 





(tmax = tmax(2) – tmax(1) = (z2 – z1)(1/2(K)1/2		(2)





The time of max or min temperature is delayed with increasing depth.


Equation (2) can be used to determine the depth of penetration of daily or annual temperature. 





Penetration depth – where the fluctuation is reduced to 0.01 of its surface value.  The daily fluctuation is calculated to penetrate to a depth of 764k2cm, the annual fluctuation to 19.1 times this distance.





Use: 


(2 = (1 e-(z2 – z1)((/2K)		set:  (2 = 0.01(1





0.01 = e-z2((/2K)^1/2                                            z1 = 0





ln0.01 = -z2 ((/2K)1/2





Solve for z2 to compute the ratio of percentage, depth between daily and yearly:





0.01 = e-Zd ((d/2K)1/2		ln0.01 = -Zd((d/2K)1/2





0.01 = e-Zy((y/2K)1/2		ln0.01 = -Zy((y/2K)1/2





1 = Zd/Zy ( ((d/(y)1/2 ( Zd/Zy = ((y/(d)1/2 = ((2(/Py)/(2(/Pd)) ( Zd/Zy = (Pd/Py)1/2 = (1/365 = 1/19.1





�



The thermal diffusivity can be estimated from the amplitude and phase


	equations, solving for K.





	K = (/2[(z2 – z1) / ln (1/(2]2 = 1/2([(z2 – z1)/(tmax]2





When applied to natural soils, gives satisfactory results for annual cycle , but not for the daily cycle (( change with z as moisture varies).  These factors most important in the upper meter ( effect daily cycle.





More complicated theories of heat transfer in soil, accounting for depth variation of ( and of surface temperature wave exist.





Penetration in two different material:





	z2/z1 = (K2/K1





Penetration Depth of Temperature Fluctuation


Thermal diffusivity (cm2sec-1)�
0.02�
0.01�
0.007�
0.001


�
�
Type of soil�
Rock�
Wet sand�
Snow�
Dry sand�
�
Daily fluctuation (cm)�
108�
76�
64�
24�
�
Annual fluctuation (m)�
20.6�
14.5�
12.2�
4.6�
�



The condition on which the math stat., based are not fulfilled.  Conductivity and scientific heat by value both vary systematically with depth and time.  The temperature wave original at surface departs from sine wave.





K = (/c(	





The most important thermal property as far as agriculture is concerned.  It is an index of the rate at which the temperature is changing through a substance.





( - rate at which heat energy passes through unit area where temperature grade of 1(C/cm exists.





�



Water table – the surface defined by the upper limit of the zone of saturation, or the surface of unconfined ground water.  No water table exists if the ground water is confined by an overlying impermeable stratum, as in the case of artesian ground water.





Zone of saturation – the soil or rock beneath the water table.  Pure spaces in the zone of saturation are filled with water, in contrast to the pure spaces above the water table, which contains considerable air.





Ground water – subsurface water which occupies the zone of saturation; this; only the water below the water table, as distinguished from interflow and soil moisture.








Artesian ground water – ground water occurring in on aquifer which is overlain by as impermeable stratum so that the water under hydrostatic pressure caused by the elevation of the water at the upstream end of the aquifer and by the weight of the overlying soil and rock





Because of this pressure - the water level in a well penetrating through the confined layer into the artesian stratum will rise above the confining stratum and in hazy cases above the ground surface to form a flowing or artesian well.





Aquifer – a geological formation that transmits water in sufficient quantity to support wells and springs; a permeable medium.





�



Combine: 





G1 = -(1((T/(z)1 and T(zt) = T + (To e-z((/2K)^1/2 sin [(t -(/2K)1/2z]





( G(z,t) = (To(( C()1/2 e-z((/2K)1/2 sin [(t – ((/2K)1/2 z + (/4]








used:





sin y + cos y = 21/2 sin(y + (/4) 





at the surface z = 0 and





G(o,t) = (To (( C()1/2 sin ((t + (/4).





(/4 corresponds to 1/8 of the period of oscillation, it follows by comparison with equation:


                	 


 T(o,t) =   T   + (To sin (t  





That the time of max heat flux precedes the time of max surface temperature by 3hrs for the daily cycle and 1 ½ morth for annual cycle.  Also, the heat flux will drop to zero 3 hrs or 1 ½ morth after the time of max temperature.  This is well established by actual measurements. 





The magnitude of surface heat flux ~ (To, (C ()1/2 





or C K1/2 – the conductive capacity by Priestley (1959).








�



Importance of ground temperature:  





No seed will start germination till the temperature at the depth of seed is not 5(C.  





Tomatoes require 15(C.





Rule of thumb to find the temperature at 5cm or 10cm.





t5 = 0.9 ta + 2	ta – temperature of air





t10 = 0.8 ta + 2





Not oily ground temperature important, also air specific combination of soil and air temperature required for growth and development of plants.





In many cases – soil temperature more important to plant life: 





the germination of seeds, 





transfer of plant nutrients by microorganisms, 





the absorption of water & nutrients, 





winter survival  of forage crops, survival of insects and development of certain diseases.








	


