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ABSTRACT
The transient response of snow melting systems for pavements, by virtue of their thermal mass and the fact that they are
operated intermittently, has a significant effect on overall
system performance. Traditional steady-state methods of snow
melting system load calculation have not been able to take into
account the thermal history of the system or the transient
nature of storm weather. This paper reports on the work of a
recent ASHRAE-sponsored project that has sought to assess
the significance of these effects on system performance. The
development of a numerical transient analysis method that
includes a boundary condition model able to deal with melting
snow conditions is described. This numerical method has been
incorporated into a transient analysis tool that can be used by
practitioners to examine transient effects on system performance. The results of a parametric study that examined transient effects using real storm event data are presented. Effects
of storm structure were found to be most significant. Calculations of back and edge losses under transient conditions are
also presented.
INTRODUCTION
Previous research and design guidelines published by
ASHRAE for snow-melting systems (e.g., Chapman and
Katunich 1956, Ramsey et al. 1999a, 1999b) have been based
on steady-state conditions. Design loads (surface heat fluxes)
have been calculated by taking the instantaneous weather
conditions and calculating the flux required at the surface to
meet certain design criteria. These calculations—recently
updated following the work of Ramsey et al.—are presented in
the Applications Handbook (ASHRAE 1999, ch. 49) in tabular form for a range of locations. These loads have been calcu-

lated using twelve years of historical weather data and
processed to find various percentiles of loads not exceeded.
In steady-state calculations of this type, no account is
taken of the history of the storm up to the point of interest, and
no account is taken of the dynamic response of the heated slab.
However, this design heat flux can never be provided at the
surface instantaneously. As current practical snow-melting
systems employ heated elements – either hydronic or electrical – embedded some distance below the surface of a slab, the
system’s time constant is on the order of hours. Not only does
the heating system have significant thermal mass, but the
weather is also highly transient.
Designers of snow-melting systems are not concerned
only with determining the required surface flux to melt snow
at a particular location. A significant part of the design problem is to determine the necessary depth and spacing of the
heating elements, along with the operating temperature (or
electrical power) as well as the disposition of insulation, in
order to achieve the design surface flux. It is, furthermore,
necessary to consider the losses from the system at the back
and edges of the heated slab.
It is possible to use steady-state methods to find the relationship between the heat input at the heating element and the
flux at the upper slab surface. However, the fact that snowmelting systems are operated intermittently—depending on
weather conditions—and that the time constant of such
systems is relatively long, must mean that this is not a conservative approach. Because of the interest of snow-melting
system designers in simultaneously designing the slab
construction and in the possible significance of transient
effects, TC6.1 initiated a research project, “Development of a
two-dimensional transient model of snow-melting systems,
and use of the model for analysis of design alternatives”
(1090-RP). This paper reports on the work of this project.
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The type of model that has been developed can be
described as a transient two-dimensional finite volume model
with a comprehensive storm boundary condition model. The
development of the boundary condition model(s) and coupling
with a finite volume conductive heat transfer solver is
discussed. A research implementation of this model has been
used to calculate back and edge losses from slabs and find the
minimum input fluxes required to meet design criteria for a
range of design parameters. The model has also been implemented as a transient analysis tool, driven by a user interface,
and used with storm weather data from a library of storms. A
short description of the analysis tool is given, along with a
discussion of the resulting fluxes and edge and back losses
calculated in the parametric study.

Any buildup of snow on the slab acts as an insulator for
the losses from the snow-melting surface. This model assumes
any layer of snow acts as a perfect insulator. For this reason,
the convective, radiative, and evaporative losses may be
expressed in terms of the fraction of the snow-free area on the
surface. The snow-free area ratio is defined as the ratio of the
area of snow-free area of the surface to its total area. This is
given by,
Af
A r = ----At

(2)

where
Ar = snow-free area ratio;
= equivalent snow-free area, ft2 (m2);

BACKGROUND

Af
At

= total surface area of the slab, ft2 (m2).

Besides the one-dimensional steady-state approach
adopted within ASHRAE, most previously published models
of snow-melting systems have either modeled steady-state
behavior while accounting for the two-dimensional geometry
(e.g., Kilkis 1994a, 1994b; Schnurr and Rogers 1970) or have
modeled transient behavior while only accounting for onedimensional geometry (e.g., Williamson 1967). Two exceptions are papers by Leal and Miller (1972) and Schnurr and
Falk (1973).
Leal and Miller (1972) reported on a two-dimensional
transient model that used a “point-matching” technique to
solve for the temperature distribution. It is not clear from the
paper how the “point-matching” technique accommodated the
mixed geometry (round tube in square slab). The paper did not
present any results under actual snow-melting conditions.
Schnurr and Falk (1973) presented a two-dimensional, transient, apparently explicit finite difference model. It is unclear
from the paper how the mixed geometry problem was handled.
Given the relatively coarse grid, it appears that a fairly simple
approximation was made.
In the steady-state load calculation procedure developed
by Ramsey et al. (1999a, 1999b), the objective is to find the
instantaneous flux required to achieve a given free area ratio
condition. This approach can be thought of as a one-dimensional surface heat balance. The steady-state energy balance
equation for the snow-melting surface can be written as

Free area ratio is consequently used as a key design criterion in the design of snow-melting systems. Details of the
calculation of the terms of Equation 1 are given in Ramsey et
al. (1999b) and the 1999 ASHRAE Handbook—Applications
(ASHRAE 1999). These heat transfer relationships have been
used in this work where applicable. However, to deal with
transient effects, the coupled mass and heat transfer problem
has to be treated with special boundary conditions in which the
time varying mass of ice and liquid is calculated.

qo = qs + qm + Ar ( qh + qe )

(1)

where
qo

= total heat flux per unit area of the surface, Btu/h⋅ft2
(W/m2);

qs

= total sensible heat flux, Btu/h⋅ft2 (W/m2);

qm = melting load, Btu/h⋅ft2 (W/m2);
Ar

= snow-free area ratio;

qh

= sum of the convection and radiation losses, Btu/h⋅ft2
(W/m2);

qe

= evaporative losses, Btu/h⋅ft2 (W/m2).
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BOUNDARY CONDITIONS
Much of the effort of this project has been in developing
different boundary condition models suitable for modeling the
variety of conditions that can occur during winter storms. The
approach to this aspect of the modeling task has been to treat
the snow layer as quasi one-dimensional. Effectively, each
surface node of the two-dimensional slab model is coupled to
an instance of the surface boundary condition model. Hence,
variations in conditions across the slab are modeled, but no
lateral heat transfer effects within the snow layer are considered.
The situation of most interest in modeling the heated slab
during the storm is clearly when snow is being melted on the
slab. Indeed, this has been the focus of much of the modeling
work in the project. However, unlike the steady-state load
calculation, in order to model a whole “storm event” it
becomes not only necessary to be able to model melting snow
but also a wide variety of surface and weather conditions that
may occur. The simplest condition is clearly when the slab is
dry. This is likely to be the initial condition during the transient
simulations. The slab surface may also be wet, covered in
“slush,” or solid ice. The slab can be wet not only because of
rain but also at the final stages of melting the snow.
Consequently, the approach taken to modeling the surface
heat transfer has been to identify a number of possible surface
conditions and develop models for each situation. An algorithm has been developed that keeps track of the surface condition (in each cell on the surface grid). The surface condition is
determined from the surface temperature and the mass of ice
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and water on each cell. Which model is applied to calculate the
surface condition at the end of the current time step of the
simulation is decided based on the condition at the end of the
previous time step, the current type of precipitation, and the
current surface temperature. A summary of the possible
current conditions and the possible conditions at the end of the
time step are given in Table 1. The surface conditions that have
been considered are defined as follows:
•
•
•

•

•

•

•

Dry: The surface is free of liquid and ice. The surface
temperature may be above or below freezing.
Wet: The surface is above freezing and has some liquid
retained on it, but no ice.
Dry Snow: The snow has freshly fallen snow on it but no
liquid. The snow can be regarded as a porous matrix of
ice. The surface temperature is below freezing so that
snow is not currently being melted.
Slush: The surface contains ice in the form of snow
crystals that are fully saturated with water. Water penetrates the ice matrix to the upper surface. The surface
temperature is at freezing point.
Snow and Slush: The surface contains snow that is
partly melted. The lower part of the snow is saturated
with water and the upper is as dry snow. This is the general melting snow condition and the surface temperature
is at freezing point.
Solid Ice: The ice on the surface is in solid form rather
than porous like snow, i.e., as liquid that has frozen
solid. The surface temperature must be below freezing.
Solid Ice and Water: The surface consists of solid ice
and water. This can occur when rain falls on solid ice or
when the solid ice is being melted. Melting can be from
below or above. The surface temperature is at freezing.

The primary concern in the boundary condition models is
to find the correct relationship between surface temperature
and surface flux. However, dealing with this variety of weather
conditions requires simultaneous consideration of both heat
and mass transfer. In addition to finding the heat balance at the
slab surface at each time step, it is also necessary to keep track
of mass transfer in both solid and liquid phases. The mass of
both ice and liquid on each cell of the grid is calculated at each
step. Calculation of the height of the saturated layer in the
snow also enables the mass of snow (dry snow that is) to be
calculated. The mass of solid ice (sheet ice) is also calculated
if this condition arises. Keeping track of the masses of each
phase and type of solid requires the integration of the melting
rate, evaporation rate, and the rate of liquid runoff.
Calculating the masses of snow, ice, and liquid enables
these data to be used to define the condition of the surface at
the end of each time step. The rules used to define the surface
condition are as follows.
The surface is assumed dry unless the following conditions occur:
• If the mass of liquid is greater than zero and the mass of
408

TABLE 1
Possible Slab Surface Conditions
vs. Different Initial Conditions
Initial Surface
Condition

Precipitation Condition
None

Rain

Snow

1. Dry

1

2,6

1, 3, 4, 5, (2)

2. Wet

1, 2, 6

2, 6, (1)

2, 4, 6

3. Dry snow layer

3, 4, 5, (2)

4, 5

3, 4, 5, (2)

4. Slush layer

2, 4, 6, (1)

2, 4, 6, (1)

2, 4, 5, (7)

5. Snow and slush

4, 5, (6, 7)

4, 5, (6, 7)

4, 5, (6, 7)

6. Solid ice layer

2, 4, 6

2, 4, 6

5, 7, (4)

7, 6, 2, 1, (4)

7, 2, 6

5, 7, (2, 4)

7. Solid ice and water

•

•

•

•

•

ice is zero the condition is wet.
If the mass of liquid is greater than zero and the mass of
ice is greater than zero and the mass of snow is greater
than zero, it is assumed to be snow and slush.
If the mass of liquid is greater than zero and the mass of
ice is greater than zero, but the mass of snow is zero, it is
assumed slush.
If the mass of liquid is zero and the mass of ice is greater
than zero and the mass of snow is greater than zero, it is
assumed to be dry snow.
If the mass of liquid is zero and the mass of solid ice is
greater than zero, but the mass of snow is zero, it is
assumed to be solid ice.
If the mass of liquid is greater than zero and the mass of
solid ice is greater than zero, but the mass of snow is
zero, it is assumed to be solid ice and water.

The usual method of specifying the boundary conditions
of the finite volume solver can only be used directly for the
basic types of boundary condition – namely, fixed temperature, fixed flux, or a linear mixed condition. As phase change
occurs at the boundary of the finite volume model, the boundary conditions are highly nonlinear. This is because, generally,
there is an increase in surface temperature with flux. However,
at the melting point, the flux into the snow may increase without any change in temperature. Because of this, it is necessary
to have a much more complicated model for the calculation of
the slab surface temperature that is more loosely coupled to the
finite volume solver.
The finite volume solver is coupled to the boundary
condition models by passing surface temperature information
and heat flux information between the two models. Because
the temperature becomes fixed at the point of melting, it is
necessary that the finite volume solver pass the surface flux it
has calculated to the boundary condition model. The boundary
condition model is then responsible for calculating the surface
temperature (given the environmental conditions, current
mass of ice, etc.). This temperature is, in turn, passed back to
the finite volume solver. This process of passing the calculated
ASHRAE Transactions: Research

flux from the finite volume solver to the boundary condition
model, and the temperature back again, is iterative. When the
calculation has converged, the heat flux (temperature gradient) calculated by the finite volume solver becomes consistent
with the surface temperature calculated by the boundary
condition model. This iteration process has to be underrelaxed
considerably because of the highly nonlinear nature of the
boundary conditions. This means that considerably more
computational effort is required to reach a converged state than
with a simple boundary condition. When calculating steadystate loads for design purposes, it is conservative to assume
full cloud cover and ignore contributions to melting from solar
fluxes. However, when modeling the whole storm event (i.e.,
including hours before and after precipitation), solar fluxes
may be more significant. However, as no solar weather data
were available, this has not been possible.
The boundary condition model is really a collection of
models for each type of surface condition. Of these models,
the model of melting snow is probably of most interest and
complexity. Because of this, and due to space limitations, only
this model is discussed in detail. The complete boundary
condition model is discussed in a companion paper (Rees and
Spitler 2002) as well as in the 1090-RP final report (Spitler et
al. 2001).
The Melting Snow Model
First, conceptually, the snow during the melting process is
considered as a layer of “dry” snow (ice crystals with no liquid
water) and a layer of saturated snow (slush) adjacent to the slab
surface. Both the snow layer and the saturated layer may be
considered as porous media. The dry snow layer has air in the
void space between the snow crystals, and the saturated layer
has water in the void space between the snow crystals.
The mass transfers of interest to or from the snow layer are
shown in Figure 1. The snowfall rate is determined from
weather data. Snowmelt rates are determined based on an
energy balance, to be discussed below. Sublimation was not
finally included in the model, as it seemed an insignificant
effect. It is also assumed that as melting occurs, the slush-snow
line will move so that previously dry snow will become satu-

Figure 1 Mass transfer to/from the snow layer.
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rated slush. Mass transfers to and from the saturated (slush)
layer are shown in Figure 2.
All of the mass transfer processes described above have
some corresponding heat transfer. In addition, convection and
radiation from the top surface of the snow layer and conductive
heat transfer to and through the snow and slush layers are
important. The crux of the modeling problem is how to organize the heat transfer model so that an appropriate accuracy is
achieved given the limitations of the weather data available. A
number of degrees of complexity were examined, ranging
from a single node at the slab surface to a detailed finite
volume model of the snow layers. The approach finally
adopted employs three nodes—one at the upper surface of the
snow layer, one in the center of the snow layer, and one at the
saturated (slush) layer. This model is represented schematically in Figure 3.
A number of assumptions are made with this model.
These include the following:
•
•

•

Uniform temperature in the slush/liquid layer.
Melting of snow occurs at the lower node only, either at
the interface between the snow and slush layers or in the
slush layer.
Transfer of solid snow from the snow layer to the slush
layer is explicitly accounted for in the mass balance.
However, from a heat transfer standpoint, it may be
neglected. Because the lower node covers both the slush
layer and the bottom of the snow layer, it makes no dif-

Figure 2 Mass transfer to/from the slush layer.

Figure 3 Schematic representation of heat transfer in the
three-node snowmelt model.
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•

•

•
•

ference whether the snow melts at the interface or in the
slush layer. Therefore, no heat transfer path accounting
for the transfer of solid snow from the snow layer to the
slush layer is shown in Figure 3.
While convection from the upper surface of the snow is
accounted for, convection due to airflow through the
porous snow layer is neglected. The model does not
necessitate neglecting this convection, so it may be
included if further research indicates that it is important.
Likewise, convection and evaporation from the slush
layer are neglected (when covered with a layer of dry
snow).
Rainfall occurring after a snow layer has formed is
accounted for directly only at the saturated layer.
The snow melting process is treated as a quasi-onedimensional process.

The model is formed by five primary equations—a mass
balance for the solid ice, a mass balance for liquid water, and
a heat balance on each node. The mass balance on the ice is
given by
dm ice
″
″
-------------- = m· snowfall – m· melt
dθ

(3)

where
mice

= mass of snow per unit area in the snow layer, lbm/
ft2 or kg/m2;
θ
= time, h or s;
″
m· snowfall = snowfall rate in mass per unit area, lbm/(h⋅ft2) or
kg/(s⋅m2);
″
= rate of snow that is transferred to the slush in solid
m· melt
form, lbm/(h⋅ft2) or kg/(s⋅m2).
The mass balance on the liquid is given by
dm l
″
″
″
--------- = m· melt + m· rain – m· runoff
dθ

(4)

= mass of liquid water per unit area in the slush layer,
lbm/ft2 or kg/m2;
″
= rainfall rate in mass per unit area, lbm/(h⋅ft2) or kg/
m· rain
(s⋅m2);
″
= snowmelt rate in mass per unit area, lbm/(h⋅ft2) or
m· melt
kg/(s⋅m2);
″
m· runoff = rate of runoff in mass per unit area, lbm/(h⋅ft2) or
kg/(s⋅m2).
A simple heuristic approach has been taken to estimate
the amount of runoff. In order to approximate the effect of
water being retained in the snow due to capillary action, the
runoff is limited to 10% of the melt rate until the saturated
layer is 2 in. thick. (Conceptually, there is some height at
which the capillary forces are in balance with the gravitational
forces on the retained liquid). The runoff rate is increased to
the melt rate after this point in order to prevent more water
being retained.

ml
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In order to calculate the heat balances on the snow and
saturated layers, it is necessary to work out the total mass of
these two layers. This can be done by assuming an effective
porosity (or relative density) and calculating the thickness of
these layers. The total height of the snow and slush layers can
be found from the mass of ice by
m ice
h total = -------------------------------ρ ice ( 1 – n eff )

(5)

where
htotal = the total thickness of the snow and saturated layers, ft or
m;
neff = the effective porosity of the ice matrix (applies to both
layers), dimensionless;
ρice = the density of ice, lbm/ft3 or kg/m3.
Similarly, the height of the saturated layer can be calculated from the mass of liquid,
ml
h sat = ------------- ,
ρ l n eff

(6)

and the height of the snow layer can be found by subtracting,
hsnow=htotal – hsat. Having worked out the height of the respective layers, the mass of the dry snow layer can be found:
m snow = ρ ice h snow ( 1 – n eff )

(7)

The mass balance equations are coupled to the energy
balance equations by the melt rate. The energy balance on the
snow layer is given conceptually as
m

dt snow
″
″
″
″
c ------------------- = q
–q
–q
–q
.
snow p dθ
conduction, snow
snowfall
convection
radiation

(8)
However, each of the various terms must be defined in
additional detail. The conductive heat flux from the slush layer
to the snow layer is given by
k snow
″
q conduction, snow = --------------------- ( t slush – t snow ),
0.5h snow

(9)

where
ksnow = thermal conductivity of the snow, Btu/(h⋅ft⋅°F) or
W/(m⋅K);
tsat = temperature of the slush layer, °F or °C;
tsnow = temperature of the snow node, °F or °C.
The heat flux due to snowfall is given as
″
″
q snowfall = m· snowfall c p, ice ( t snow – t a ).

(10)

The convective heat flux is given by
″

q convection = h c ( t surface – t a ).

(11)

The radiative heat flux is given by
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″

4

4

q radiation = σε s ( T surface – T MR ).

(12)

The snow surface temperature is found from a heat balance
on the surface node:
0.5h snow ″
″
t surface = t snow – --------------------- ( q convection + q radiation )
k snow

(13)

As this surface temperature appears in Equations 11 and
12, it has to be determined iteratively. The energy balance at the
slush node presumes that the liquid/ice mixture is in thermodynamic equilibrium and, therefore, the temperature is uniform at
the melting point. Then, the energy balance is given by
″
″
″
″
m· melt h if = q conduction, slab + q rainfall – q conduction, snow . (14)

Assuming rainwater will be at the air temperature, the
heat flux due to rainfall is given by
″
″
q rainfall = m· rainfall c p, water ( t a – t slush ).

(15)

The mean radiant temperature and convection coefficient
are calculated in the same manner as in Ramsey et al. (1999b).
HEAT TRANSFER IN THE PAVEMENT
The finite volume method has been used in the project to
solve the heat conduction equation that describes the temperature distribution within the slab and around the pipe. The
code uses block structured boundary fitted grids to deal with
complex geometries.
The FVM starts from the integral form of the partial
differential equation so that in the case of Fourier’s equation
for heat conduction, we start with
∂
---- ∫ φ dV =
∂t
v

∫ Γ∇φ n dS ,

(16)

s

where φ is the temperature and Γ is the thermal diffusivity, V
is the volume and S is the surface of a control volume, and n
is a vector normal to the surface. The left-hand term of the
equation is the temporal term and the right-hand term represents the diffusion fluxes.
A physical space approach for dealing with complex
geometries can be derived from the vector form of the equation
above. We will consider the diffusion fluxes and temporal term
in turn. The approach taken here is discussed in Ferziger and
Peri (1996).
A second-order approximation is to assume that the value
of the variable on a particular face is well represented by the
value at the centroid of the cell face. If we consider the diffusion flux at the east face of a cell, we can write
D

Fe =

∫ Γ∇φ n d S ≈ ( Γ∇φ ⋅ n )e Se ,

(17)

Se

where Se is the area of the east face. Our main difficulty is in
calculating the gradient of the variable ( ∇φ ) at each cell face.
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Figure 4 The local coordinate system at the east face of a
typical finite volume cell.
Referring to Figure 4, we can define local coordinates at the
cell face. In the direction normal to the face at its centroid, we
define the coordinate n, and on the line between neighboring
centroids, we define the coordinate ξ, which passes through
the face at point e'.
In order to calculate the gradient of the variable at the cell
face, we would like to use the values of the variable at the cell
centroid as we are calculating these implicitly. We could
calculate the gradient using the values at øP and øE and the
distance between these points, LP,E. In this case,
D
F e ≈ Γ e S e ( ∂φ ⁄ ∂ξ ) ′ , which is only accurate if the grid is
e
orthogonal. What we would really like is to preserve secondorder accuracy by making the calculation of the gradient along
the normal to the face and at the centroid of the face by using
the values of the variable at points P' and E'. However, we are
not calculating the values of the variable at these points implicitly. We use a “deferred correction” approach to calculating the
flux as follows:
D
∂φ
∂φ
∂φ
F e = Γ e S e  ------ ′ + Γ e S e  ------ –  ------ ′
 ∂ξ e
 ∂n e  ∂ξ e

old

,

(18)

where we use central differencing to get the gradients. The
terms in the square brackets on the right of Equation 18 are
calculated explicitly, i.e., using the previous values of the variable. As the solution approaches convergence, the terms
old
( ∂φ ⁄ ∂ξ ) ′ and ( ∂φ ⁄ ∂ξ ) ′ cancel out, leaving ( ∂φ ⁄ ∂n ) n as we
e
e
desired. In order to calculate ( ∂φ ⁄ ∂n ) n explicitly from the
central difference ( φ ′ – φ ′ ) ⁄ L ′ ′ , it is necessary to use interP
E
PE
polation to get φ ′ and φ ′ , but this is easily implemented.
P
E
In formulating a finite volume solution, we need to integrate the partial differential equation with respect to time. We
use a first-order backward differencing approach in a fully
implicit formulation. The fully implicit approach results in the
following discretized equation:
n+1

ρ∆V ( φ P

n

D

D

D

D n+1

– φP ) = [ Fn + Fs + Fw + Fe ]

∆t,

(19)
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where variable values at the previous time level have superscript n and those at the current time level have superscript
n+1. The discretized equation can then be said to be first-order
accurate in time and second-order accurate in space. This
scheme is unconditionally stable. After integrating the p.d.e.
and applying the discretization procedures we have discussed,
we arrive at an algebraic equation for each control volume of
the form,
a P φ P = ∑ a nb φ nb + b,

(20)

where aP for one control volume becomes one of anb for the
next cell. For a two-dimensional model, this results in a pentadiagonal matrix equation that can be solved conveniently
using the Strongly Implicit Method (Stone 1968).
Initial Conditions
In a transient calculation, the initial conditions applied to
the calculation can be just as significant as the boundary conditions. In a transient snow-melting calculation, the initial slab
and ground temperatures have to be initialized according to
location and weather conditions. In order to take account of
ground heat transfer, it is necessary, not only to specify the
temperature at the bottom boundary (as described above), but
also to calculate the temperature profile through the calculation domain. The approach taken involves using a one-dimensional model of the slab and ground. The ground temperature
is specified at the lower boundary, using an analytical solution
given by Kusuda and Achenbach (1965), and a two-week
period is simulated using the same boundary condition models
described above, using this one-dimensional model. To initialize the two-dimensional model, the final temperature profile
calculated using the one-dimensional model is taken and used
to define the initial temperatures (according to cell depth) over
the two-dimensional grid. For each storm, the two-dimensional calculation is made with six hours of weather data
before the start of any snow precipitation and twenty-four
hours afterward.

later). It is not possible to model a larger part of the slab in the
analysis tool, as the analysis would require excessive run time.
The key geometric parameters—pipe spacing, pipe depth,
and slab thickness—can be entered in the main interface. The
transient analysis tool includes interfaces to a number of
component databases. These allow the selection of the materials that are used in the construction of the pavement layers
and the type of cable or pipe used as a heating element. The
user is able to select specific storms from 46 cities to be used
as input data along with different ground conditions and
system controls. An illustration of the user interface is shown
in Figure 5. Output from the tool includes mass of ice, height
of snow, surface flux, and temperature. These data are
presented in the form of plots of hourly averaged data and the
distribution over the surface at each hour, along with the
numerical results in tabular form.
The transient analysis tool includes two other components besides the conductive heat transfer solver. These are the
user interface and the grid generation software. The organization of these three elements is shown in Figure 6. The graphical user interface allows the user to input the basic design
parameters and view the results of the calculations. Behind the
scenes, however, a detailed description of the slab geometry
has to be set up for every calculation. This is done by code in
the user interface and by the grid generator.

THE TRANSIENT ANALYSIS TOOL
A tool for practitioners that is able to carry out transient
analysis of snow-melting systems has been one of the
outcomes of this work. The tool is designed to allow the simulation of the operation of hydronic, constant wattage electric
and self-regulating electric snow-melting systems. The pavement can be either on-grade or suspended, and its construction
can be defined in up to six layers. The geometry of the slab and
embedded heating elements is modeled in two-dimensions,
using a section of the slab that includes half of the heating
element and a section of the slab that is one-half of the pipe/
cable spacing wide. This makes maximum use of the geometric symmetry and means that the thermal boundary conditions
are representative of the central part of the slab. Back losses
can be considered using this approach but not edge losses (the
geometric model is different in the edge loss study discussed
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Figure 5 The transient analysis tool user interface.
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Grid Generation
The solver that is used to calculate the conductive heat
transfer from the heating elements through the slab requires a
numerical grid to be supplied that defines the geometry of each
design to be analyzed. The geometry of a flat slab with embedded circular pipes or cables is not easy to represent as a computational grid, using either rectangular or polar coordinate
systems (it is a mixed geometry problem). The approach taken
here has been to use an existing finite volume solver that is able
to deal with a multiblock boundary fitted grid system. In this
type of grid system, the cells are arranged in a structured
manner but are deformed where necessary to allow the geometry of the domain boundaries to be followed exactly.
The purpose of the grid generator is to generate the coordinates of every grid vertex from a description of the geometric
boundaries. The geometry in the problem of concern in this
project is always similar (i.e., a pipe or cable in a slab),
although exact dimensions vary for each case. This allows the
use of a parametric grid generator rather than one that requires
interactive user input. The problem geometry can be deduced
from a few design parameters, such as pipe size, slab thickness, pipe depth, and pipe spacing. The grid outline can then
be defined in terms of a number of lines and arcs, along with
the number of grid cells and their spacing along the boundary
of the slab and pipe/cable. This information is then passed to
the grid generator module. The grid generator module interprets the description of the grid outline to generate the
complete grid coordinates. The numerical method uses a
multiblock approach. This means that the geometry is broken
down into a number of subdomains or blocks. Within each of
these blocks, the grid cells are arranged in a regular row and
column manner and each of the blocks is effectively “glued”
to one or more others at the block edges. This enables more

complex geometries to be defined and allows better control
over the grid cell distribution. A simple algebraic grid generation algorithm (Gordon and Hall 1973) is applied to calculate
the cell vertex positions in each block.
The most important factors that define a good grid are the
number of cells and their distribution. Numerical errors are
minimized when the grid is dense, smooth, and orthogonal.
One way of optimizing the grid design it is to have small cells
in the region of the grid where greater temperature gradients
are expected and to increase the size of the cells in other
regions. Therefore, since the cells close to the pipe have more
temperature gradient as compared to the cells far away from
the pipe/cable, the size of the cell should increase with its
distance from the pipe. While doing this, special care has to be
taken to retain reasonable smoothness. An algorithm was
developed to control the distribution of cells along the block
edges for the whole range of geometric parameters expected in
this application. The final topological arrangement adopted
was to use four blocks for the representation of the half slab
and pipe geometry. This arrangement of blocks and an example grid is shown in Figure 7.
Storm Selection
A large amount of storm weather data have been collected
by the previous project (926-RP) for the calculation of steadystate design loads—12 years of data for 46 cities. The transient
calculation method is significantly more computationally
intensive than a steady-state calculation and so it is only feasible to make calculations for specific storm events (about 5060 hours of data). This means that storm events had to be
selected from the original data for use in both the transient
analysis tool and for use in the parametric study discussed
later. There are a number of possible indicators that could be
used as criteria for selecting storms from the twelve years of
data for each city. It is important that the selected storms
include some of the “severest” storms at each cite (i.e., those
that might represent a system design condition for a class III
system1), as well as some that might represent design conditions for lower classification systems. It was also thought
important that the storms be categorized in a way that is meaningful to the average user of the software.
It is possible to conceive of a number of measures that
could be used to rank different storm events. The criteria
examined were
•
•
•
•
•

Figure 6 The design tool software architecture.
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1.

correlation with storms reported in the news media,
total precipitation in the storm,
hours above a certain percentile steady-state snow melting load,
total snow-melting energy consumption (from the
steady-state calculation), and
total storm duration (hours of snow precipitation).
A class III system is defined as one that will keep the surface
snow-free during snowfall (Chapman and Katunich 1956).
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Figure 7 Block definitions of the numerical grid for a slab containing a pipe and an
example grid.
It was found that the weather data did not correlate well
with storms reported in the media. The media tends to give
emphasis to depth of snow (including drift effects), whereas
the peak steady-state loads often occur when there is strong
wind and low temperature. Of the other criteria, those that use
integrated data (total precipitation, energy consumption,
storm duration) give too much emphasis to longer storms that
often do not include the severest steady-state loads. The criteria we decided upon was to select on the basis of number of
hours the steady-state load was in a band about a given percentile (the 75th, 90th, 95th, and 99th percentiles). This often
gives many more storms than required for the storm library
and so this list was sorted again according to total energy
consumption. This resulted in approximately 15 storms being
selected for each of the 46 cities and the data being formulated
into a database for use in the transient analysis tool.

both studies, soil to the depth of 18 in. (450 mm) below the slab
surface was included in the model.
For each combination of parameters studied, multiple
simulations were performed with different heat flux levels. An
iterative scheme was used to determine the heat flux level,
resulting in a minimum free area ratio of zero (Ar=0, see Equation 2), and the minimum heat flux level, resulting in a minimum free area ratio of one (with the heat flux level fixed
throughout the storm). Since the original steady-state loads
were based on nonexceedance percentiles, fluxes were determined that would maintain either
•

•
THE PARAMETRIC STUDY
The objective of the parametric study undertaken in this
work was to analyze the effects of two phenomena on the
snow-melting load not previously considered in the handbook
presentation: back and edge losses and transient design conditions/operation of the snow melting system. To that end, two
parametric studies were undertaken where the parameters
varied include configuration, location, and storm. In the first
study (the center zone cases), a model with a width equal to
half of the pipe/cable spacing (as in the transient analysis tool
discussed above) was used to examine back losses and the
effects of transient operation. In the second study (the edge
zone cases), a geometric model corresponding to the two pipes
closest to the slab edge and including a width of soil of 18 in.
(450 mm) was used to examine the effect of edge losses. In
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a free area ratio of one, for all hours of the storm, except
a number of hours equivalent to the number of hours for
which the steady-state 99% nonexceedance conditions
were exceeded,
or, for the free area ratio of zero case, the minimum flux
was found that only allowed the snow height to increase
for a number of hours equivalent to the number of hours
for which the steady-state 99% nonexceedance conditions were exceeded.

For the center zone parametric study, the tube spacing,
tube depth, insulation, soil conductivity, location, and storm
type were the parameters varied (see Table 2). The soil
conductivity was only varied when the insulation level at the
slab bottom was 2 in. (50 mm); hence, the number “1.5”. This
corresponds to 360 different cases, although a substantially
larger number of simulations were required in order to find the
correct minimum flux.
The edge zone parametric study, summarized in Table 3,
was organized in a way similar to that of the center zone.
However, because the edge zone in many cases cannot be kept
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TABLE 3
Edge Zone Parametric Study

TABLE 2
Center Zone Parametric Study
Number

Parameter Levels

Number

Parameter Levels

3

Tube spacing (6,8,12 in.; 150, 200, 300 mm)

3

Spacing (6,8,12 in.)

2

Tube depths (2,4 in.; 50, 100 mm)

2

Depths (2,4 in.)

2

Insulation levels at the slab bottom (none, 2 in. [50
mm])

2

Insulation levels at the slab bottom (none, 2 in.
expanded polystyrene)

1.5

Soil conductivities (for noninsulated case, two values
corresponding to saturated clay and dry light soil; for
insulated case, just use saturated clay)

1.5

Soil conductivities (for noninsulated case, two values
corresponding to saturated clay and dry light soil; for
insulated case, just use saturated clay)

10

Locations (Spokane, Reno, SLC, Colorado Springs,
Chicago, OKC, Minneapolis, Buffalo, Boston, and
Philadelphia)

10

Locations (Spokane, Reno, SLC, Colorado Springs,
Chicago, OKC, Minneapolis, Buffalo, Boston, and
Philadelphia)

2

Storms (one 99% storm each for free area ratio one or
zero)

2

Storms (one 99% storm each for free area ratio one
or zero)

Varies

The number of simulations required to find either the
minimum flux for Ar=1 or Ar=0 varies

1

Heat flux (the same as the minimum flux found by
center zone study).

snow-free (without idling) without unreasonably high heat
fluxes, it makes little sense to search for the heat flux that
maintains the Ar=1 or Ar=0 condition. Furthermore, the
amount of computational time required for an edge zone is
much higher. Therefore, it was decided to just simulate the
edge zones for the minimum flux found by the center zone
study.

•

More than any other factor, the results are most sensitive
to the storm itself. This will be discussed in more detail
below. Briefly, it has been noted that storms that start off
with relatively low loads, perhaps even ceasing to snow
for a few hours, then increasing in intensity, will have
much lower ratios than storms that start off with high
loads.

•

After the storm, the results are most sensitive to the
spacing. The farther apart the tubes, the more difficult it
is to maintain a completely snow-free surface. Also, as
the tubes are placed deeper, the effect of spacing is less
important.

•

The results are somewhat less sensitive to the depth of
the tubing. Generally, the depth is more important for
the storms that are intense early on. With storms that are
less intense in the early hours, the depth makes relatively little difference. Furthermore, there are a significant number of scenarios where increasing the depth
decreases the flux requirement. This will be discussed
below.

•

The results are almost completely insensitive to the soil
conductivity and whether or not insulation has been
installed.

PARAMETRIC STUDY RESULTS
The results for the center-zone parametric studies, with
Ar=1, are summarized in Table 4. Table 4 shows the ratio of the
minimum required heat fluxes to maintain a free area ratio of
1 for the entire storm (excepting the number of hours where the
steady-state design loads exceeded the 99% nonexceedance
level) to the steady-state 99% nonexceedance loads (shown in
the second row of the table). The minimum heat fluxes are then
presented for each combination of the parameters (with and
without insulation, two soil conductivities, two different tube
depths, and three different spacings.) The ratio of the minimum required heat fluxes to the 99% nonexceedance loads
shows the relationship between the steady-state design loads
(without back losses) and the actual transient loads when back
losses are included. Results for the Ar=0 cases are shown in
Table 5.
Looking at the results shown in Tables 4 and 5, the following observations may be made:
•

Many of the fluxes exceed, by significant margins, a
level that is feasible to obtain in practice. The very high
fluxes required indicate that, in many situations, it is
impractical to meet the design goal of maintaining a free
area ratio of one at the same statistical level assumed in
the steady-state analysis without idling the system.
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The fact that insulation is relatively unimportant here
does not mean that insulation might not be important in energy
consumption or some other facet of operation. Also, unless
further research proves otherwise, we would not assume that
the storms are typical of the location. We would not draw the
conclusion that systems in, say Minneapolis, can be sized on
steady-state considerations only, whereas systems in Spokane
must be sized significantly higher than what might be drawn
from the steady-state analyses.
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No insulation layer

2 in. (50 mm) insulation layer

2

2

99% Steady Load, Btu/h⋅ft (W/m )

City

4.6
3.3
3.8
5.4
2.3
2.7
5.0
3.4
3.7
5.4
2.3

Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)

4.3
3.1
3.3
4.5

Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)

2.7

2.7

Spacing 8 in.
(200 mm)

Spacing 8 in.
(200 mm)

2.3

Spacing 6 in.
(150 mm)

159
(502)

Spokane

2.1

1.8

1.8

2.3

1.8

1.6

2.6

2.2

2.2

2.7

1.8

1.6

2.6

2.2

2.2

2.7

1.9

1.7

137
(432)

Reno

1.2

1.1

1.1

1.3

1.1

1.1

1.6

1.4

1.5

1.6

1.3

1.2

1.5

1.4

1.4

1.6

1.3

1.2

120
(379)

SLC

3.2

2.5

2.3

2.9

2.0

1.7

3.7

2.7

2.5

3.1

1.9

1.6

3.8

2.8

2.6

3.2

2.0

1.7

219
(691)

Col. Spr.

3.1

2.3

2.2

2.7

1.7

1.5

2.9

2.2

2.1

2.4

1.5

1.4

3.2

2.4

2.3

2.6

1.7

1.5

235
(741)

Chicago

3.4

2.5

2.3

3.3

2.0

1.7

-

2.5

2.3

3.1

1.9

1.6

-

2.6

2.4

3.3

2.0

1.6

260
(820)

OKC

2.0

1.6

1.6

2.0

1.5

1.4

2.2

1.8

1.7

2.1

1.5

1.3

2.2

1.8

1.7

2.1

1.5

1.4

254
(801)

Minneapolis

1.5

1.3

1.3

1.8

1.4

1.2

2.0

1.6

1.6

2.1

1.5

1.3

1.9

1.6

1.6

2.1

1.5

1.3

330
(1041)

Buffalo

TABLE 4
Normalized Minimum Required Heat Fluxes for Transient Conditions with Back Losses (Free Area Ratio = 1)

Soil conductivity,
0.50 Btu/h⋅ft2.°F
(0.87 W/m⋅K)

Soil conductivity,
1.4 Btu/h⋅ft2.°F
(2.4 W/m⋅K)

Soil conductivity,
0.50 Btu/h⋅ft2°.F
(0.87 W/m⋅K)

Pipe Depth
2 in. (50 mm)
Pipe depth
4 in. (100 mm)
Pipe Depth
2 in. (50 mm)
Pipe depth
4 in. (100 mm)
Pipe Depth
2 in. (50 mm)
Pipe depth
4 in. (100 mm)
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1.5

1.3

1.3

1.8

1.4

1.3

2.1

1.7

1.7

2.3

1.7

1.5

2.0

1.7

1.6

2.2

1.6

1.5

229
(722)

Boston

1.4

1.2

1.2

1.7

1.2

1.1

1.9

1.5

1.4

1.9

1.4

1.3

1.8

1.5

1.4

1.9

1.4

1.2

246
(776)

Philadelphia

No insulation layer

2 in. (50 mm) insulation layer

2

2

99% Steady Load, Btu/h⋅ft (W/m )

City

4.0
4.1
2.7

Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)

5.1

4.1

Spacing 6 in.
(150 mm)

Spacing 12 in.
(300 mm)

4.1

Spacing 12 in.
(300 mm)

5.0

2.4

Spacing 8 in.
(200 mm)

Spacing 8 in.
(200 mm)

2.2

Spacing 6 in.
(150 mm)

5.0

4.8

Spacing 12 in.
(300 mm)

Spacing 6 in.
(150 mm)

4.7

Spacing 8 in.
(200 mm)

5.2

4.7

Spacing 6 in.
(150 mm)

Spacing 12 in.
(300 mm)

4.8

Spacing 12 in.
(300 mm)

3.0

2.9

Spacing 8 in.
(200 mm)

Spacing 8 in.
(200 mm)

2.4

Spacing 6 in.
(150 mm)

67
(211)

Spokane

2.0

1.7

1.7

1.8

1.4

1.3

2.1

1.8

1.7

2.1

1.5

1.3

2.3

1.9

1.9

1.9

1.4

1.3

113
(357)

Reno

2.0

1.5

1.4

1.7

1.3

1.2

2.6

1.8

1.7

2.0

1.4

1.3

2.5

1.7

1.7

1.9

1.4

1.2

104
(328)

SLC

1.1

1.1

1.1

0.7

0.6

0.7

1.2

1.2

1.2

0.7

0.6

0.7

1.2

1.2

1.3

0.8

0.7

0.7

112
(353)

Col. Spr.

3.1

2.5

2.4

2.9

2.3

2.1

3.6

3.0

2.9

3.5

2.5

2.2

3.5

2.9

2.8

3.4

2.5

2.2

83
(262)

Chicago

4.9

3.7

3.5

4.4

2.5

1.9

5.0

3.0

2.6

3.5

1.8

1.3

5.2

3.7

3.2

4.3

2.1

1.6

113
(357)

OKC

2.7

2.5

2.6

3.3

2.5

2.2

3.3

2.8

2.9

3.5

2.6

2.3

3.4

2.9

2.9

3.6

2.7

2.4

113
(357)

Minneapolis

2.9

2.5

2.4

3.2

2.1

1.6

3.4

2.3

2.0

2.9

1.7

1.5

3.3

2.6

2.3

3.2

1.7

1.5

112
(353)

Buffalo

TABLE 5
Normalized Minimum Required Heat Fluxes for Transient Conditions with Back Losses (Free Area Ratio = 0)

Soil conductivity,
0.50 Btu/h⋅ft2.°F
(0.87 W/m⋅K)

Soil conductivity,
1.4 Btu/h⋅ft2⋅°F
(2.4 W/m⋅K)

Soil conductivity,
0.50 Btu/h⋅ft2⋅°F
(0.87 W/m⋅K)

Pipe depth
2 in. (50 mm)
Pipe depth
4 in. (100 mm)
Pipe depth
2 in. (50 mm)
Pipe depth
4 in. (100 mm)
Pipe Depth
2 in. (50 mm)
Pipe Depth
4 in. (100 mm)
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1.9

1.8

1.9

2.1

1.6

1.5

2.3

2.0

2.0

2.3

1.7

1.6

2.2

2.0

2.0

2.3

1.7

1.6

172
(543)

Boston

-

4.4

4.1

5.3

3.2

2.7

-

4.6

4.2

5.3

3.1

2.6

-

4.6

4.3

5.4

3.2

2.7

150
(473)

Philadelphia

Figure 8

Weather conditions and loads for Spokane, Ar = 1.

Figure 9 Weather conditions and loads for Salt Lake City,
Ar = 1.

Sensitivity to the Storm
As noted above, the most important factor in the ratio
between the minimum heat flux for transient conditions and
the 99% steady-state load is the storm itself. To illustrate this,
we might first consider a storm where the ratio is fairly high,
in Spokane. Weather data for this storm are plotted in Figure
8. For this storm, the high intensity loads occur early. As an
alternative, consider Salt Lake City, which has relatively low
ratios between the transient requirements and the 99% steadystate loads. Weather conditions and loads for the Salt Lake
City storm are shown in Figure 9.
For this storm, what is immediately obvious is that there
is a 75th percentile load occurring well before the rest of the
storm. In this case, the system will come on and warm the slab
before the rest of the storm hits. This will be analogous to
idling the slab. Therefore, a relatively lower heat flux applied
to the slab for some time before the high intensities occur is
very effective. To further demonstrate this phenomenon, the
storm was artificially modified by moving the second batch of
precipitation forward in time. This artificially modified storm
is shown in Figure 10.
If we compare the case with no insulation, soil conductivity of 0.5 Btu/h⋅ft⋅°F (0.87 W/m⋅K), spacing of 12 in. (300
mm), and depth of 2 in. (50 mm), the minimum heat flux
required with the original storm is 191 Btu/h⋅ft2 (603 W/m2);
with the artificially modified storm, it increases to 229 Btu/
h⋅ft2 (723 W/m2). This represents an increase in the ratio from
1.6 to 1.9.
More examples can be added, but what this shows is that
a chance event—the actual snowfall pattern over time—can
have a significant influence on the ratio required heat flux for
transient conditions. This makes it difficult to come up with
simple correlations to relate the transient requirements to the
steady-state loads. Ultimately, if a free area ratio of one is
absolutely required, idling at some level will probably be
required. On the other hand, if some time lag in clearing off the
snow is allowable, then the steady-state heat fluxes or moderately increased heat fluxes might be acceptable.
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Figure 10 Artificially modified storm in Salt Lake City,
Ar = 1.
Effect of Depth on the Minimum Flux Requirement
It might be expected that increasing the depth of the tube
in the slab would increase the heat flux requirement. However,
there are a large number of cases where increasing the depth
either decreases the heat flux requirement or has a negligible
influence. Generally speaking, for the storms that had relatively high ratios, as discussed above, increasing the depth
tended to increase the heat flux requirement. Presumably, this
is due to the high intensity hours early in the storm, placing a
premium on the quickness of the response. Conversely, for the
storms with relatively low ratios, increasing the depth either
decreased the heat flux requirements or had little effect. This
appears to be due to the fact that, for the lower ratio storms, the
latter hours of the storm are more important, and, therefore, the
additional time delay due to putting the tubing deeper is not
important. Instead, the more uniform heat flux allows more
uniform melting.
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Within any given storm, the wider the spacing, the more
likely it is that increasing the depth of the tubing will decrease
the minimum heat flux requirement. Again, the more uniform
heat flux yielded by the deeper tubing is more important when
the tube spacing is higher. This can be demonstrated by
considering that, for any given storm, there is one hour that
tends to control the required heat flux (i.e., decreasing the heat
flux slightly will cause the free area ratio to drop below one for
that hour). For the Salt Lake City storm, Figure 11 shows the
surface heat flux for an input heat flux of 165 Btu/h⋅ft2 (521 W/
m2), 12 in. (300 mm) spacing, and 2 in. (50 mm) and 4 in. (100
mm) depths, at the controlling hour. In Figure 11, the normalized distance “0.0” represents the location above the tube; and
the distance “0.5” would be midway between the tubes. What
we can see is that for this hour, a higher surface heat flux is
achieved at the position between the pipes (0.5 position) with
the deeper pipe spacing. With the shallower pipe, a “stripe” of
snow would be seen at the position between the pipes.
Transient Load Less Than the Steady-State Load?
One interesting factor for the Ar=0 cases (Table 5) is that
for Colorado Springs, the minimum required heat flux is actually lower for some parametric combinations than the 99%
steady-state load. While, at first glance, this may seem rather
unlikely, reviewing the actual storm weather data will demonstrate how this is possible. Figure 12 shows the dry-bulb
temperature and steady-state snow-melting loads, starting 18
hours before the storm. As can be seen, the air temperature is
quite warm prior to the storm. Therefore, it is expected that the
slab will be above freezing when the snowfall begins, and it
will melt some of the snow using the thermal energy stored in
the slab. Therefore, in this case, the transient effects help,
rather than hinder, the performance.

Figure 11 Distribution of the surface heat flux.
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Back and Edge Losses
So far, the required heat fluxes under transient conditions
(with back losses) have been compared to those required under
steady-state conditions (without back losses). It is also interesting to review the actual back losses for the various cases.
The back losses vary every hour of the simulation, but generally they are near zero when the system is switched on, then
climb to a moderately stable value as long as the system
remains on. For the sake of simplicity, we report the maximum
percentage of back losses, which should be representative of
the moderately stable value. Table 6 gives the maximum
percentage back loss and Table 7 gives the maximum percentage edge loss for the Ar=1 cases. The results for the Ar=0 cases
are not shown, as space is limited and the results are very similar.
The edge zone simulations were calculated using the
minimum required heat flux inputs determined for the center
zone simulations. The percentage edge loss is defined here as
the ratio between the heat transfer through the edge of the slab
and the heat input in the adjacent pipe. As noted above, the
model geometry is extended to include two whole pipes and
soil beyond the edge. Where insulation was included, this was
2 in. (50 mm) thick and extended the full height of the slab
edge. In brief, they show trends and orders of magnitude similar to the maximum percentage back losses.
The following trends regarding the back and edge losses
may be observed:
• Back and edge losses vary significantly from storm to
storm.
• Insulation is quite successful in reducing the back and
edge loss, often giving an order-of-magnitude reduction.
• Compared to whether or not insulation is used, soil conductivity has a small impact on the losses.
• Spacing also has a relatively minor impact. As the tubes
are spaced farther apart, they run at higher temperatures
and, hence, have higher back losses.

Figure 12 Colorado Springs storm with warm conditions
prior to snowfall.
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no insulation layer

2 in. (50 mm) insulation layer

Soil Conductivity,
0.50 Btu/h⋅ft2⋅°F
(0.87 W/m⋅K)

Soil Conductivity,
1.4 Btu/h⋅ft2⋅°F
(2.4 W/m⋅K)

Soil Conductivity,
0.50 Btu/h⋅ft2⋅°F
(0.87 W/m⋅K)

City

16.6
22.5
21.6
21.0
17.3
18.4
16.9
24.5
24.1
23.6
2.3

Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)

3.5
3.6

Spacing 12 in.
(300 mm)

3.6

2.5

Spacing 8 in.
(200 mm)

Spacing 6 in.
(150 mm)

Spacing 12 in.
(300 mm)

2.5

17.1

Spacing 8 in.
(200 mm)

Spacing 8 in.
(200 mm)

16.4

Spacing 6 in.
(150 mm)

Spokane

3.5

3.3

3.3

2.4

2.4

2.4

28.8

28.4

27.8

22.0

21.2

20.3

24.6

24.4

23.9

19.0

18.7

18.1

Reno

3.4

3.3

3.2

2.4

2.2

2.2

28.7

28.8

28.4

19.4

19.4

19.1

24.6

24.6

24.3

16.7

16.8

16.6

SLC

3.42

3.34

3.23

2.29

2.13

1.97

26.74

25.58

24.76

17.37

15.56

14.15

23.22

22.50

21.82

15.32

13.86

12.89

Col. Spr.

3.0

2.9

2.8

1.9

1.7

1.5

28.8

28.3

27.7

19.8

18.7

18.0

25.7

25.6

25.2

18.1

18.0

17.5

Chicago

2.3

2.2

2.2

1.3

1.1

1.0

-

24.0

23.2

15.2

13.1

11.6

-

21.3

20.6

13.5

12.2

11.1

OKC

3.1

3.0

2.8

2.0

1.7

1.6

25.5

24.4

23.8

16.4

14.7

13.5

21.9

21.3

20.7

14.3

13.1

12.2

Minneapolis

3.0

2.0

1.9

1.9

2.6

2.7

24.6

24.1

23.5

14.9

14.3

13.9

21.6

21.3

20.9

13.3

12.6

12.1

Buffalo

TABLE 6
Maximum Percentage Back Loss for Transient Conditions with Back Losses (Free Area Ratio = 1)

Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
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3.1

3.5

3.0

2.0

2.5

2.1

25.5

25.3

24.8

22.1

15.5

15.0

22.4

22.4

22.0

18.6

13.7

13.3

Boston

3

2.7

2.7

1.8

1.6

1.5

26.0

25.4

24.8

16.5

15.7

15.0

22.6

22.4

21.8

14.5

14.1

13.5

Philadelphia

no insulation layer

2 in.
(50 mm) insulation layer

Soil Conductivity,
0.50 Btu/h⋅ft2⋅°F
(0.87 W/m⋅K)

Soil Conductivity,
1.4 Btu/h⋅ft2⋅°F
(2.4 W/m⋅K)

Soil Conductivity,
0.50 Btu/h⋅ft2⋅°F
(0.87 W/m⋅K)

City

Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
Pipe Depth
2 in.
(50 mm)
Pipe Depth
4 in.
(100 mm)
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27.3
26.9
20.9
30.5
28.5
24.5
4.1

Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)
Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)
Spacing 6 in.
(150 mm)

4.8
4.3

Spacing 8 in.
(200 mm)
Spacing 12 in.
(300 mm)

5.0

21.8

Spacing 12 in.
(300 mm)

Spacing 6 in.
(150 mm)

24.9

Spacing 8 in.
(200 mm)

3.6

27.2

Spacing 6 in.
(150 mm)

Spacing 12 in.
(300 mm)

19.6

Spacing 12 in.
(300 mm)

4.1

23.1

Spacing 8 in.
(200 mm)

Spacing 8 in.
(200mm)

23.7

Spacing 6 in.
(150mm)

Spokane

4.4

4.6

4.8

3.6

3.8

4.0

31.1

35.0

36.0

28.1

31.9

33.0

26.1

28.7

29.4

22.7

26.4

27.2

Reno

4.4

4.7

4.8

3.6

3.8

4.0

31.7

35.7

36.8

28.4

32.7

34.3

26.6

29.3

20.2

22.8

25.6

26.8

SLC

3.7

4.0

4.1

2.9

3.0

3.1

27.0

31.3

32.6

23.1

26.8

27.6

21.9

24.5

25.8

17.7

20.2

20.8

Col. Spr.

3.3

3.6

3.8

2.5

2.8

2.9

23.3

31.0

32.0

23.1

26.2

28.1

19.8

22.9

24.2

17.2

20.7

21.6

Chicago

2.5

2.8

2.9

1.8

2.1

2.2

-

26.7

28.9

17.9

21.9

23.4

-

21.1

22.3

13.8

16.4

17.3

OKC

TABLE 7
Maximum Percentage Edge Losses (Free Area Ratio = 1.0)

3.6

3.9

4.0

2.7

3.0

3.0

24.3

27.6

29.1

19.2

22.8

24.3

20.0

22.2

23.1

15.6

17.8

18.7

Minneapolis

3.4

3.7

3.8

2.6

2.9

3.0

25.8

29.9

31.2

20.9

24.9

26.3

20.8

23.6

24.7

16.4

19.4

20.4

Buffalo

3.3

3.6

3.7

2.4

2.7

2.8

25.4

30.0

31.6

20.4

25.0

27.0

21.2

24.2

25.3

16.4

19.6

20.9

Boston

2.91

3.18

3.30

2.14

2.37

2.48

24.03

27.99

29.50

18.66

22.94

25.07

19.73

22.85

23.79

14.84

18.01

19.62

Philadelphia

The depth is relatively important—the deeper tubing has,
as expected, higher back losses. Naturally, this is more significant for uninsulated slabs and higher conductivity soil.
CONCLUSIONS
A new computer tool for transient analysis of snow-melting systems has been developed. The key features include the
following:
•

•
•

•

•

In contrast to previously reported simulations, the tool
performs transient simulations and accounts for back
losses. Furthermore, it uses a boundary-fitted grid to
accurately represent the geometry of the hydronic tubing
or embedded cable.
A boundary conditions model accounts for accumulation and melting of snow and ice.
A library of design storms, compiled from 12 years of
weather data, allows the program user to select sample
storms from a wide range of U.S. locations.
The program is capable of modeling control systems
where the system is automatically turned on when snow
is detected, as well as scheduled operation, which could
be used to model a system that is idled.
The program has a user-friendly interface with libraries
for pavement properties, tube types, etc.

Besides the development of the software, a parametric
study of snow-melting systems that investigated the effects of
transient conditions, back losses, edge losses, tube spacing,
tube depth, insulation, and soil conductivity on system performance was conducted. Key findings for cases with a free area
ratio of one include the following:
•

•

•

•
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The 99% steady-state nonexceedance loads are not
closely correlated to the performance of the system
under transient conditions with back losses. In other
words, the heat flux required to maintain the pavement
snow-free for the number of hours with steady-state
loads less than the 99% nonexceedance loads may be
anywhere from one to five times as high as the steadystate 99% nonexceedance load.
Many of the calculated fluxes exceed, by significant
margins, a level that is feasible to obtain in practice. The
very high fluxes required indicate that, in many situations, it is impractical to meet the design goal of maintaining a free area ratio of one at the same statistical
level assumed in the steady-state analysis without idling
the system.
More than any other factor, the results are most sensitive
to the storm itself. Storms that start off with relatively
low loads, perhaps even ceasing to snow for a few hours,
then increasing in intensity, will have much lower ratios
(of heat flux required under transient conditions with
back losses to the 99% nonexceedance load) than storms
that start off with high loads.
After the storm, the results are most sensitive to the

•

spacing. The farther apart the tubes, the more difficult it
is to maintain a completely snow-free surface. Also, as
the tubes are placed deeper, the effect of spacing is less
important.
The required design heat fluxes under transient conditions with back losses are almost completely insensitive
to the soil conductivity and whether or not insulation has
been installed. Insulation is, however, useful for reducing back losses, particularly as the snow event increases
in time.

For a free area ratio of zero, the results are much more
difficult to interpret. With respect to the importance of the
storm, the tube spacing, and the tube depth, the results are
similar to those for a free area ratio of one. However, with
respect to the ratio between the heat flux required under transient conditions with back losses to the 99% nonexceedance
load, the results depend highly on how the concept of a free
area ratio of zero is mapped to transient conditions.
As to recommendations for future work, we found there
is almost no published literature that describes any experimental measurements of snow melting. Experimental validation
would be worthwhile. Two kinds of experimental validation
might be considered: first, laboratory scale testing of snow
melting under highly controlled conditions. This would be
useful to characterize the transport of water through the snow
and runoff. A second type of experimental validation would
involve testing of sample sections of snow-melting systems
under actual snow conditions.
There is some question about how conservative the results
in this work are, due to the fact that solar radiation was
assumed to be zero. While this is probably a very reasonable
assumption during the storm event (and in steady-state calculations), assuming this to be the case for weeks beforehand
probably causes the temperatures in the slab at the beginning
of the storm to be somewhat low, compared to reality. Therefore, it might be prudent to examine the possibility of obtaining the solar irradiation data, and then modifying the
simulation program developed in this work to include the
effects of solar irradiation.
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