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1 Introduction 

TEMP/W is a finite element software product that can be used to model the 

thermal changes in the ground due to environmental changes, or due to the 

construction of facilities, such as buildings or pipelines. The comprehensive 

formulation makes it possible to analyze both simple and highly complex 

geothermal problems, with or without temperatures that result in freezing or 

thawing of soil moisture. 

TEMP/W cannot be used to predict frost heave at this time. While TEMP/W can 

be used with SEEP/W to model the affect of moving water on heat transfer, it 

cannot deal with the very complex and little understood physical coupling between 

water, ice, air and soil during heaving. 

An assumption inherent in all TEMP/W analysis is that the moisture content does 

not change during the solution. The ground does not need to be saturated, but the 

total moisture content is assumed to be fixed. This means that the summation of ice 

and water always adds up to the total moisture content by volume.  

It is also possible to model situations where there is no moisture in the soil, which 

means that TEMP/W can actually be used to model heat transfer through any type 

of porous or solid material. Heat transfer in solid materials is actually a very 

simplified case of what TEMP/W is capable of analyzing. While this simplified 

case will be discussed periodically throughout the book, the main focus is heat 

transfer through porous media containing soil, water, ice and air at the same time.  

1.1 Typical applications 

Thermal design for roads and airstrips 

For designing roads and airstrips in areas that experience cold winters, the use of 

insulation to control the depth of frost penetration may be used to eliminate 

freezing of frost susceptible soils located beneath the subgrade. TEMP/W can be 

used to compute the transient distribution of subsurface temperatures during 

design.  

Figure 1-1 shows the maximum frost penetration below a cleared highway designed 

without insulation. Additional TEMP/W modeling could be used to assess 

alternative designs using insulation and various depths of drained subgrade to 

minimize the frost penetration directly beneath the highway. 
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Figure 1-1 Frost penetration beneath a cleared highway 

Ground freezing for soil stabilization 

For many geotechnical engineering projects, excavation through soft soils is 

required. Ground freezing is sometimes used before excavation to provide 

stabilized soil. For a successful soil freezing system, things like the appropriate 

number of wells, well placement, energy flux requirements, freezing time 

requirements, and coverage of frozen zones must all be estimated during design. 

TEMP/W is a useful tool for obtaining these estimates, because the ground 

freezing process can be modeled on a site-specific basis.  

Figure 1-2 shows the results of modeling axisymmetric freezing around a single 

brine pipe using TEMP/W. This particular modeling example can be used to 

estimate energy flux requirements, freezing time, and freezing coverage for a 

single well. An axisymmetric analysis works ok for a single freeze pipe, but 

multiple freeze pipes should be modeled in plan view to show the inter-relationship 

between adjacent pipes and growth of the frozen wall after adjacent frozen 

columns have connected. This is discussed in more detail in the illustrative 

examples chapter. 
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Figure 1-2 Frost bulb around freezing pipe 

In Figure 1-3, the convective heat transfer boundary condition option has been used 

to compute the actual heat removal from each freeze pipe in a mine shaft freezing 

program. The heat removed is a function of ground temperature, brine temperature, 

Brine Pipe
Ground Surface

  -
2
0
  

  -
1
5
  

  -
1
0
  

  -
5
  

  0
  

  5
  

  5  

  10  

  10  

Distance (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

D
e

p
th

 (
m

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0



Table of Contents TEMP/W 

Page 4 

brine flow rate, and pipe geometry. TEMP/W computes this value at each time step 

as it changes during the active freezing period. In this figure, the actual pipe 

geometry is entered into TEMP/W and then the heat flux boundary condition is 

applied at a single node in end view. This way, you do not have to create a fine 

mesh around the pipe and a coarse mesh far away from the pipe. The other 

advantage of the convective heat transfer boundary condition approach is that you 

do not have to assume the freeze pipe wall temperature, which is always less than 

the actual brine temperature. 

 

Figure 1-3 Plan view of freeze wall growth around a shaft excavation 

Note: in Figure 1-3, the ground water being frozen is Sodium Chloride rich so the 

actual freeze point temperature was set in the model to be minus 11 degrees 

Celsius. The "frozen ground" isotherm is the curvy blue line. In this case, the 
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ground water being frozen was set to freeze at zero degrees Celsius, so the frozen 

ground isotherm is at the zero degree point. 

Insulation design for shallow buried piping 

Many buried pipes, such as water supply pipes, do not require insulation design 

because they are typically placed below the frost line. Even when frost does 

penetrate to buried pipes, sufficient fluid flow through the pipes carries enough 

latent heat that the fluid does not freeze while flowing through the pipe. However, 

in cases where there are limitations on trench depth and/or intermittent flow 

through the buried pipe, a design which includes insulation to protect against 

freezing may be required. TEMP/W can be used in these cases. 

Figure 1-4 shows the results of an analysis performed during the design of a 

shallow buried piping system for a groundwater remediation project. The pipes 

were located beneath inverted-U insulation at a depth of about 1.0 m below the 

ground surface. Insulation design in this case is important because of the 

limitations on trench depth and the intermittent water flow within the buried pipes. 

The figure below shows the maximum frost penetration, which occurs in early 

spring as the thaw front is migrating downward from the ground surface.  

 

Figure 1-4 Frost penetration around shallow buried piping 
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Thawing or freezing beneath heated or chilled structures 

Construction of heated structures on permafrost is complicated by the fact that 

excessive permafrost thawing can have detrimental effects on the structure’s 

foundation. Successful design of these structures therefore depends on an analysis 

of the heat transfer from the structure into the underlying soil. TEMP/W can be 

used to perform these analyses. 

Figure 1-5 illustrates the results of an axisymmetric analysis of heat transfer below 

a warm circular structure. The results show the long term thawing of the 

permafrost beneath the structure. This analysis shows the permafrost thawing in 

the absence of any insulation in the foundation of the structure. Additional 

modeling could show the effect of installing insulation to minimize thawing. 

 

Figure 1-5 Thawing permafrost beneath a heated structure 

In the next example, thermosyphons have been installed beneath the building to 
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used to predict the ground temperature beneath the snow or on the exposed ground 

surface. The thermosyphon is a special type of boundary condition in TEMP/W. 

 

Figure 1-6 Thermosyphons used to support permafrost beneath a structure 

Freezing around chilled pipelines 

Chilled pipelines, for transporting commodities such as natural gas, typically 

traverse large distances through a diversity of soil types. An important factor to 

consider in the design of chilled pipelines is the size of the frost bulb that will 

develop in the soil around the pipe. In frost susceptible soils, the frost action 

around the pipe will cause frost heave which will lift the pipe vertically. This is 

especially troublesome where the pipeline crosses the interface between a frost 

susceptible soil and soil which is not very frost susceptible. In these cases, 

differential frost heave will cause the pipe to bend, thus placing stresses on the 

pipe. Pipeline design therefore depends on factors such as native soil type, backfill 

material, pipe diameter, pipe wall thickness, pipe temperature, and amount of 

insulation applied to the outside of the pipe. Central to the design is the heat 

transfer from the soil to the pipe in both the transient, start-up phase, and in the 

long term operational phase. TEMP/W can be used to perform the heat transfer 

analyses required for pipeline design. 

Figure 1-7 shows the long term distribution of temperature around a chilled 

pipeline. The analysis shows the depth of frost penetration below the pipe and can 
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be used to determine the heat flux into the pipe from the surrounding soil. In this 

example, fluid flow is affecting the shape of the thermal profile. TEMP/W can 

account for transient fluid flow in the heat transfer analysis. It does so my 

simultaneously solving SEEP/W which provides water contents and flow 

velocities. 

 

Figure 1-7 Freezing around a chilled pipeline 

Convective cooling of surfaces 

TEMP/W has a special boundary condition that considers the heat removal from 

the model due to a fluid flowing past the edge of the model. Consider Figure 1-8 

which shows a model set up to compute the cooling of a fabricated 10 mm thick 

Pyrex tile for two cases: still air and forced air. In this case the tile cools from 

140°C to about 25°C; therefore, phase change is not an issue and the model is quite 

easy to set up and solve. TEMP/W can compute the actual removal of heat from 

the model surface based on the specified fluid temperature and the continually 

changing model boundary temperature. 
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Figure 1-8 Heat flow vectors during air cooling of a fabricated Pyrex tile 

1.2 About this book 

Modeling the flow of heat through soil (with or without water changing phases) 

with a numerical solution can be very complex. Natural soil deposits are generally 

highly heterogeneous and non-isotropic. In addition, boundary conditions often 

change with time and cannot always be defined with certainty at the beginning of 

an analysis. In fact, the correct boundary condition can sometimes be part of the 

solution, as is the case for artificial ground freezing, where the amount of heat 

removed from the ground through the chilled pipe depends on the difference 

between the pipe fluid temperature and the ground temperature itself.  

Furthermore, when a soil becomes partially frozen, the coefficient of thermal 

conductivity becomes a function of the negative temperature in the soil. It is the 

temperature that is the primary unknown and needs to be determined. Because of 

this, an iterative numerical technique is required to match the computed 

temperature and the material property, making the solution highly non-linear. 

These complexities make it necessary to use some form of numerical analysis to 

analyze thermal problems for all but the simplest cases. A common approach is to 
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use finite element formulations, and TEMP/W, the subject of this book, is an 

example of a numerical software tool. 

While part of this document is about using TEMP/W to do thermal analyses, it is 

also about general numerical modeling techniques. Numerical modeling, like most 

things in life, is a skill that needs to be acquired. It is nearly impossible to pick up 

a tool like TEMP/W and immediately become an effective modeler. Effective 

numerical modeling requires some careful thought and planning, and it requires a 

good understanding of the underlying physical fundamentals. Aspects such as 

discretization of a finite element mesh and applying boundary conditions to the 

problem are not entirely intuitive at first. Time and practice are required to become 

comfortable with these aspects of numerical modeling. 

A large portion of this book focuses on the general guidelines of how to conduct 

effective numerical modeling. In fact, Chapter 2 is devoted exclusively to 

discussions on this topic. The general principles discussed there apply to all 

numerical modeling, including thermal analysis. In this chapter, however, the 

discussion pertains to seepage analyses because it is more intuitive to most people. 

It is easier to mentally understand the flow of water than heat.  

Broadly speaking, there are three main parts to a finite element analysis. The first 

is Discretization: dividing the domain into small areas called elements. The second 

part is specifying and assigning material properties. The third is specifying and 

applying boundary conditions. Separate chapters have been devoted to each of 

these three key components within this document. 

Frozen / unfrozen numerical modeling is a highly non-linear problem that requires 

iterative techniques to obtain solutions. Numerical convergence is consequently a 

key issue. Also, the temporal integration scheme which is required for a transient 

analysis is affected by time step size relative to element size and material 

properties. These and other numerical considerations are discussed in a chapter 

titled Numerical Issues. 

Two chapters have been dedicated to presenting and discussing illustrative 

examples. One chapter deals with examples where geotechnical solutions are 

obtained by integrating more than one type of analysis, and the other chapter 

presents and describe how a series of different geotechnical problems can be 

solved.  

A full chapter is dedicated to theoretical issues associated with the finite element 

solution of the partial differential heat flow equation for frozen and unfrozen soils. 
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Additional finite element numerical details regarding interpolating functions and 

infinite elements are given in Appendix A. 

The chapter entitled “Modeling Tips and Tricks” should be consulted to see if 

there are simple techniques that can be used to improve your general modeling 

method. You will also gain more confidence and develop a deeper understanding 

of finite element methods, TEMP/W conventions and data results. 

In general, this book is not a “how to use TEMP/W” manual. This is a book about 

how to model. It is a book about how to engineer thermal problems using a 

powerful calculator; TEMP/W. Details of how to use various program commands 

and features are given in the on-line help inside the software.  

 


