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ABSTRACT

This paper describes the calculation of the heat transfer through the
standard stud wall structure of a residential building. The wall cavity
contains no insulation. Results from five test cases are presented. The
first four represent progressively more complicated approximations to the
heat transfer through and within a hollow wall structure. The fifth adds
the model components necessary to severely inhibit the radiative energy
transport across the empty cavity.

Flow within the wall cavity is calculated from the Navier-Stokes
equations and the energy conservation equation for an ideal gas using an
improvement to the Implicit-Compressible Eulerian (ICE) algorithm of Harlow
and Amsden. An algorithm is described to efficiently couple the fluid flow
calculations to the radiation-conduction model for the solid portions of
the system.

The results indicate that conduction through sill plates contributes
less than 2% of the total heat transferred through a composite wall. All
of the other elements (conduction through wall board, sheathing, and
siding; convection from siding and wallboard to ambients; and radiation
across the wall cavity) are required to accurately predict the heat
transfer through a wall. Addition of a foil liner on one inner surface of
the wall cavity reduces the total heat transferred by almost 50%.

IX



1. INTRODUCTION

Natural convection in rectangular cavities has been the subject of
scientific and engineering interest for a number of years. For example,
the heat transferred across the hollow cavities between the exterior

sheathing and the interior panel of a building wall represents an important
component of the energy costs of heating or cooling buildings.
Experimental studies reported by Catton (ref. 1) give an idea of the
complexity of the problem. Numerical simulations have been done by a
number of investigators with rather varied results. For example, De Vahl
Davis and Jones (ref. 2) compare the results of various calculations, using
different methods. For one value of Raleigh number (10 , the same order of
magnitude as for the flows considered in this paper), the prediction for
peak heat flux varied from 190% to 95% of the correct value on the single
problem of flow in a square cavity with isothermal walls. This range of
answers should instill a certain humility in the attitudes of numerical
fluid dynamicists.

The computational approach, however, has several advantages. Physical
experiments (as opposed to numerical experiments) are very difficult with
fluids of interest such as air. Water is relatively easy to use for
experiments, but the scaling laws from water to air span a wide range of
Raleigh numbers. That is, for values of temperature difference which can
be conveniently used in the laboratory, the balance between convection and
conduction is much different when using water than when using air. The
proper numerical algorithm, on the other hand, can simulate either fluid
relatively easily for many conditions. Thus many numerical experiments can
be run inexpensively with only occasional experimental verification
required.

This report documents a study of heat transfer through a building wall
which is typical of residential construction. For this study, the cavity
between the exterior sheathing and interior panel does not contain any
insulation. While the omission of insulation is not considered a good
building practice by modern standards, many houses have been built this way
in the past. Documentation of this study serves at least two purposes.
The first is to demonstrate the validity of the calculation method. Once
the algorithm has been shown to give results which match results for this
configuration from elsewhere in the literature, the algorithm may be used
for other configurations with some confidence. Because experiments
measuring heat transfer in cavities are expensive, a method which can be
used to calculate such heat transfer should be a valuable contribution to

the science. A second purpose for documenting this study is that the
results represent a baseline for comparison with the results of studies of
heat transfer using other numerical methods.





REVIEW OF MODEL AND ALGORITHM

The objective of this report is to calculate the heat flow through the
wall structure from the hot ambient on one side to the cold ambient on the
other. Details of the fluid motion and temperature within the cavity are
an important part of that calculation.

The geometric configuration is sketched in Fig. 1. A section of a
standard residential wall is shown. Starting from the inside (left), the
wall consists of gypsum wallboard, the empty cavity (which, in modern
construction, would be filled with insulation), a layer of sheathing, and
wood siding which is exposed to the outside air. The cavity is enclosed at
top and bottom by wooden sills.

In the structural parts of the wall, the standard heat conduction
equation, with constant thermal conductivity, is assumed to govern. In
this work, the conduction of energy from hot to cold ambients through the
studs is ignored. With that simplification, the problem which remains is
presumed to be two-dimensional. That is, air circulation and heat
conduction into or out of the plane of Fig. 1 are neglected. Thermal
radiation exchange between the interior surfaces of the cavity is described
using the Stefan-Boltzman equation and assuming that those surfaces are
"gray bodies." Thermal boundary layers between the room ambient and the
gypsum board and the outside ambient and the wood siding are represented by
constant values for thermal resistance taken from the literature.

The technique used to calculate the radiant interchange and the heat
flow through the solid portions of the wall and the coupling of the fluid
calculation to the ambient temperature boundary conditions is discussed
further in the appendix.

The fluid motion in the cavity is governed by the Navier-Stokes
equations (Newton's Second Law applied to a fluid). These are solved
numerically, along with the conservation laws for mass and energy. In
calculating the fluid motion, the most important assumptions made are that
the transport properties (specific heat, viscosity, and thermal
conductivity) are constant; that the fluid motion is laminar; and that the
viscous dissipation of mechanical energy can be neglected. The fluid
within the cavity (air) is presumed to obey the ideal gas equation of
state.

Mathematically, the physical laws are expressed as four nonlinear
partial differential equations. The dependent variables are the horizontal
and vertical velocities, the pressure and the temperature throughout the
cavity. The density can be calculated from the pressure and temperature
using the equation of state.

The partial differential equations describing the fluid motion are
solved using a well established finite difference algorithm, the Implicit
Compressible Eulerian (ICE) technique due to Harlow and Amsden (refs. 3,4).
The equation describing the steady-state temperature in the solid portions
is solved using a lumped parameter technique described in the appendix.
The finite difference equations approximating the fluid motion are marched
forward in time, developing a numerical description of the transient fluid
motion. The steady-state values for the solid temperatures on the cavity
edges are calculated at each time step, driving the solution toward a
steady-state answer more rapidly than a fully transient solution. Since
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the ultimate boundary conditions (the bounding temperatures from the
environment) are constant, the calculated fluid velocities eventually reach
a steady state. Calculations are stopped and the results analyzed when an
overall heat balance has been achieved and the fluid motion has reached a
steady state.





THE PROBLEM

Five separate cases have been evaluated using the numerical model
summarized above. The first four represent progressively more complicated
approximations to the heat transfer through and within a hollow wall
structure. The fifth adds the model components necessary to severely
inhibit the radiative energy transport across the empty cavity. These
cases are summarized in Table 1.

Table 1. Description of cases modeling heat flow through a
hollow wall cavity

Case Title Description
No.

Isothermal Walls The temperature of the inner wall is fixed
at 540R; the outside wall is fixed at
530R.

Conducting walls Film resistances for boundary layers are
added at the outer edges of the wall
materials; heat conduction through the
wall is calculated.

Case 2 with sills Heat conduction through the sill plates at
top and bottom and conduction between gas
and sills are added.

Case 3 with radiation Thermal radiation between inner surfaces
across the cavity is added.

Case 4 with foil A foil backing (high reflectivity) is
backing added to one surface of the cavity to cut

radiant transfer.

For the most simple case, the natural convection within the empty
cavity, bounded by the exterior sheathing and the interior wallboard, is
calculated assuming that the sheathing is at a uniform temperature and that
the wallboard is at a different uniform temperature. No heat transfer is
allowed from the air in the cavity to the sills at the top and bottom of
the cavity. For the second case, the uniform temperatures are assigned to
the ambient air on either side of the wall structure. Conduction through
the exterior siding and the interior paneling, and convection across the
boundary layers between the siding and paneling and their respective
ambient air temperatures, are added to the heat transfer path. For the
third case, conductive paths are added from the cavity to the ambient air



temperatures through the sill plates at the top and bottom of the wall.
For the fourth case, radiant heat transfer within the cavity is added to
the calculation. Finally, in the fifth case, reflective foil is added to
the inside wall panel. For each model, wall temperature profiles, wall
heat flux profiles, and integrated total heat flow rates are presented.

The wall structure used in these calculations was the standard wall
defined in ref. 5. Dimensions and thermal conductivities are given in
Table 2. The configuration is sketched in Fig. 1.

Table 2. Thermal resistance used to calculate heat transfer
through a wall cavity *

Component Resistance Thickness
(sq ft-hr-R/Btu) (ft)

Inside surface (still air) 0.68

Gypsum wallboard panel 0.45 0.0417

Reflective liner (Case 5 only) 0.00

Sheathing 1.32 0.0417

Wood siding 0.81 0.0417

Outside surface (15 mph wind) 0.17

* Taken from ref. 5, p. 22.18, Table 4A.

The exterior siding is backed by a sheathing material. This exterior
laminate is separated from the interior wall by an air cavity the width of
stud spacers. The interior wall is gypsum wallboard. Conduction through
the vertical studs is neglected, although conduction through timber plates
at the top and bottom of the cavity is included in the last three versions
of the model. Heat transfer coefficients between the ambients (exterior
and interior) and the wall composite are as prescribed by the American
Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE)
Guide (ref. 5).

For a finite difference mesh of 25 cells in the horizontal direction
by 48 cells in the vertical direction, about 15 min. of CPU time (IBM 3033
system), 2500 time steps, were required to reach a steady state. The mesh
was nonunifonn in both the horizontal and vertical directions, with
computational cells concentrated in the boundary layers near the solid
surfaces.



For all calculations, an overall temperature difference of 10°F was
imposed. Values for physical parameters and the usual nondimensional
groupings are given in Table 3.

Table 3. Fluid properties and non-dimensional groupings

Property Value

Nominal pressure (lbf/sq. ft.) 2132.017

Specific heat (c , Btu/R-lb ) 0.24
p m

Thermal conductivity (Btu/ft-R-s) 4.25 x10

Viscosity (lb /ft-s) 3.841x10~7
m

Temperature of hot ambient (R) 540.0

Temperature of cold ambient (R) 530.0

Emissivity of wallboard 0.93

Emissivity of sheathing 0.93

Emissivity of reflective foil 0.05

Prandtl number 0.698





4. PRESENTATION OF NUMERICAL RESULTS

Results of the five cases are presented and compared in this section.
Plots of streamlines and air temperature contours are presented for the
fourth problem (Figs. 2,3). Wall heat flux and wall temperature values are
presented for each problem. Integral quantities (overall heat flow rate,
thermal resistance) are presented in Table 4.

Figure 2 displays the streamlines for the fourth (and most realistic)
problem. The left wall is the hot wall. Streamlines separate channels
containing equal mass flow rates. In Fig. 2, each channel carries 3.3 x
10 lb /ft-s of mass flow. The direction of circulation is indicated by
the arrow on the plot. As expected, the fluid rises on the hot (left) wall
and falls on the right (cool) wall.

Figure 3 shows the isotherms for the fourth case. The isotherms are
plotted for 1°R increments. If the fluid were not circulating, these
isotherms would be vertical lines spaced equally between the two walls.
The circulation, however, has carried hot fluid to and along the upper
sill. The heat transfer from the air to the sills is rather small so that
air flowing near the upper sill is very nearly at the temperature of the
inner (left, hot) wall. Similarly, the cold fluid on the outer (right,
cold) wall is carried along the bottom sill so that the temperature of the
outer wall is virtually the same as that of the right wall.

The total energy transferred through the wall system, and the
corresponding R values for the various problems are shown in Table 4. The
maximum stream function value, a measure of the circulation rate, is also
tabulated. The R value is calculated by dividing the product of wall area
(8 ft) and overall temperature difference (10°F) by the heat flow in
Table 4.

Table 4. Total energy transfer rate through the wall system

Case Description Heat flow, R Value Circulate.on rate

No. (Btu/ft-s) (sq ft-hr-R/Btu) (lb /ft-
m

•s)

1 Isothermal Walls 4.09 x 10-3 5.43 3.18 x 10~3

2 Conducting walls 2.45 x 10-3 9.03 2.30 X ID"3

3 Case 2 + sills 2.53 x 10-3 8.77 2.34 X 10"3

4 Case 3 +
radiation

5.15 x 10~3 4.31 1.82 X 10"3

5 Case 4 + foil

backing
2.94 x 10_3 7.55 2.31 X 10-3

11
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5. DISCUSSION OF HEAT TRANSFER RESULTS

In this section, numerical temperature and heat flux solutions are
presented for each of the five cases. In each case, an ambient
temperature, a wall temperature, and a gas temperature 0.025 ft from the
wall are presented as functions of distance above the bottom sill. For the
first case, the wall temperature and the ambient temperature coincide so
that only one curve appears. Similarly, local heat fluxes along the
vertical cavity surfaces are plotted against the height above the sill.
For cases 4 and 5, both convective and total heat fluxes are plotted so
that the magnitude of the radiative transport can be observed. All five
cases exhibit rapid change in temperature and heat flux near the corners of
the cavity. These phenomena result from flow stagnation or formation of
small eddies in the corners.

The first case is an idealized problem. The only resistance to heat
flow through the cavity is that of the air in the cavity. Since the
convection tends to pump heat from the hot wall to the cold wall, the
effective resistance is much less than that for pure conduction.
Examination of Fig. 4 reveals that the heat flow is not uniform. Much of
the heat enters the cavity at the bottom of the hot wall and leaves
through the top of the cold wall. This, of course, is a consequence of
the thickening of the boundary layers in the direction of flow. McAdams
(ref. 6, p. 181, Eqs. 7-9b) recommends a correlation for heat transfer
under these conditions which gives a resistance of about 5.5 sq ft-hr-
R/Btu. This is consistent with the value of 5.43 from Table 4.

For the second case, ASHRAE values for thermal resistance for the
vertical walls and convective coefficients for the ambient conditions are
added to the model. As expected, the heat flow rate is reduced as
resistance to the heat flow is added (Table 4). Heat flux and temperature
profiles along the cavity walls are shown in Fig. 5.

For the third case, sill plates above and below the cavity are added
as parallel conduction paths. As can be seen from Table 4, and by
comparing Figs. 5 and 6, the effect of these on the overall heat transfer
is slight (less than 3%). The small increment of heat transfer added by
the sills is not surprising. The top and bottom sill structures have less
than 4% of the the total cavity surface area. In addition, the heat path
from the gas-sill interfaces, through the sill plates to the ambient, has a
higher resistance than the path across either wall to the ambients.

The fourth problem represents the most complete model of the ASHRAE
wall. Realistic values for radiant energy transport parameters were used,
along with the sill models and conduction-convection parameters from the
third case. From Table 4, the parallel energy transfer due to radiation
increases the heat transfer through the wall significantly. The calculated
overall R value of 4.31 from the table compares well with the value given
by the ASHRAE Tables (R = 4.44), establishing some confidence in both the
tabulated value and the present calculations. Figure 7 shows the
temperature and heat flux profiles for this solution.

The differences between the third and fourth cases illustrate how
important radiant heat transfer is for an uninsulated wall. Adding radiant
heat transfer doubles the total heat flow. Looking at the heat flow
results in Table 4, one might be tempted to say that the convective path

13
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across the cavity carries about 2.6 x 10 Btu/ft-s, and the radiant path
carries approximately the same amount. The truth is more complicated. An
examination of Figs. 6 and 7 shows that the differences between wall-gas
interface temperatures on the right and left are reduced by a factor of
more than 3 by adding the radiant path and that the convective heat fluxes
are reduced by an even larger amount. Integrating the curves of heat flux
from Fig. 7 gives a total radiant heat transfer of about 4^5 x 10"^
Btu/ft-s and a total convective heat transfer of about 0.6 x 10"^ Btu/ft-s.
For the fifth case where the emissivity of the paneling was reduced to 0.05
(from 0.93). the total radiant heat transfer is about 0.8 x 10"^ Btu/ft-s
with a total convective heat transfer of about 2.1 x 10"^ Btu/ft-s.

Some additional conclusions can be drawn by comparing the results from
the third and fourth cases. Radiant heat transfer and conductive heat
transfer are parallel paths. These two mechanisms have individual heat
transfer coefficients which are of comparable magnitudes; thus, an
insulation which is to achieve a high resistance across the cavity must
decrease the heat transfer due to both. By neglecting heat transfer
through the sills and subtracting all other R values (Table 2) from the
total given in Table 4, an R value for the cavity can be calculated. From
the results for the third case, an insulation that suppresses all radiant
heat transfer but leaves the convection undisturbed gives an air gap
resistance of about 5.4 sq ft-hr-R/Btu. For the fourth case, the radiant
heat transfer dominates the total heat flow. The air gap resistance for
this case is about 1.0 sq ft-hr-R/Btu. As one test of the computer
code, a heat transfer rate was calculated for the same conditions as the
fourth case but allowing only radiation in the air gap. This test gave a
cavity resistance of about 1.1 sq ft-hr-R/Btu. Clearly, an insulation
which eliminates convection in the cavity while leaving the radiant heat
transfer path undisturbed will gain almost nothing in air gap resistance
over an uninsulated wall. On the other hand, while an insulation which
eliminates radiant heat transfer without limiting the convective heat
transfer will gain in insulating power, the gap resistance is much less
than the rated thermal resistance of commercially available foil-faced
fiberglass insulations. Thus, the most effective strategy is to inhibit
both mechanisms of energy transport.

In the fifth problem, a piece of "foil" (emissivity = 0.05) was added
to the model in an attempt to reduce the radiant heat transfer. The foil
was laminated to the face of the inside wall of the cavity. The conductive
resistance of the foil was ignored. In contrast to the first four models,
which were successively more complex and realistic approximations to an
actual wall design, this problem is an attempt to improve the thermal
performance of the ASHRAE wall by modifying it. Again, from Table 4, the
overall heat transfer was reduced significantly by installing the
reflective foil. Since the heat flow for case 5 is higher than that for
case 3, it is evident that some radiant heat transfer still occurs.
Temperature and heat flux profiles are shown in Fig. 8. The resistance of
the cavity for this case (calculated as described in the previous
paragraph) is about 4.1 sq ft-hr-R/Btu. For comparison, the ASHRAE Guide
(ref. 5) suggests an R value for the foil lined air gap of between 3.7 and
3.9.



O
111

Q

545.0

Hi 535.0

111

530.0

525.0

TEMPERATURE PREDICTIONS

FOR A COMPOSITE BUILDING WALL

CASE « 5

LEGEND

AMBIENT

WALL-GAS INTERFACE

GAS
AIR FLOW >

AW FLOW

1.0 2.0 3.0 4.0 5.0 6.0 7.0

Y-DISTANCE ABOVE BOTTOM SILL. FT.

'? ,5.0

111
CO 12.5

o.o

HEAT FLUX THROUGH

VERTICAL CAVITY WALLS

CASE » 5

LEGEND

RIGHT-TOTAL

LEFT-TOTAL

- LEFT-CONVECTION
RIGHT-CONVECTION

10 2.0 3.0 4.0 5.0 6.0

Y-DISTANCE ABOVE BOTTOM SILL. FT.

Fig. 8. Temperature and heat flux profiles on inside surfaces on an ASHRAE wall cavity
with foil liner added.

h-1

7.0 8.0





6. CONCLUSIONS

The following conclusions are supported by the work reported in this
paper.

1. The convective heat transfer calculation algorithm used on the
"isothermal wall" configuration yields a heat transfer rate which is within
1.551 of that given by McAdams' correlation of experimental data (ref. 6).
Further, calculations of real wall configurations, including radiation heat
transfer with and without a foil liner, yield heat transfer rates that are
within 3% of industry accepted values published in the ASHRAE guide. These
successful comparisons lead to increased confidence both in the numerical
technique used in this report and in the published results to which the
comparisons are made.

2. The thermal resistance of the vertical wall materials must be

included in an accurate model of the entire wall system; use of constant-
temperature walls leads to falsely high predictions for heat loss through
the wall system. Further, the isothermal approximation does not reveal the
substantial temperature differences which develop between the top and
bottom of the wall system.

3. Timber sills conduct less than 2% of the energy transferred by the
uninsulated wall cavity which they bound.

4. For the uninsulated cavity, thermal radiation is an important
transport mechanism even with modest temperature differences.

5. Use of a reflective backing on one face of the wall cavity reduces
overall heat transfer by half. Even if the emissivity could be maintained
at a low value, bringing the wall up to the values of thermal resistance
usually seen in modern, high quality construction will require a
considerable degree of control on the convective heat transfer as well.
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APPENDIX

DESCRIPTION OF THE MODELS USED TO CALCULATE BOUNDARY
TEMPERATURES AND HEAT TRANSFER FROM THE AMBIENT

TO THE WALL CAVITY

For the analyses described in this report, it was convenient to divide
the physical problem into two model problems, one for the heat transfer
through solid boundaries and the other for the fluid flow within the wall
cavity. After one fluids time step, the gas temperatures calculated in the
fluids model provided boundary conditions for the heat transfer problem.
Using those temperatures, a "steady-state" heat transfer solution was
generated. Finally, the temperatures on the edges of the cavity were
updated, providing boundary conditions for another time step in the fluids
solution. In this appendix, the heat transfer model and the method used to
couple the two analyses together are outlined.

The velocity boundary conditions for the fluid motion within the
cavity (no slip and no flow at the surface) were applied as described in
refs. 3,4. For the first case presented, in which the vertical cavity
walls were maintained at different but constant temperatures, those
temperatures were prescribed as boundary conditions on the energy equation.

To prescribe the wall temperatures in the more general non-isothermal
case, the conduction problems within the solid building materials
surrounding the cavity must be solved. The outer boundary condition for
those conduction problems is convection across boundary layers to specified
ambient temperatures. Because only steady-state results are of interest
for the current problem, detailed calculation of the temperatures within
the solid materials is not needed and, to minimize computing costs, should
be avoided if possible.

To avoid calculation of detailed wall temperature distributions at
each time step, the heat flow through the vertical walls was modeled as
one-dimensional conduction. The thermal resistances of the material and
the boundary layer next to the ambient temperature were used to calculate a
lumped equivalent resistance for the composite. In this type of analysis
one calculates temperatures at the "nodes" connecting the resistances. The
network of thermal resistances and associated nodes is sketched in Fig. 9.
By enforcing a heat balance on each node and equating the heat flux from
the gas in the cavity with the heat flux through the composite wall, a
linear relationship was developed between the gas temperature at the node
nearest the edge of the cavity, the cavity edge temperature, and the
specified ambient temperature. This expression was substituted for the
boundary condition on the energy equation for the gas. Thus the local gas
temperature was related directly to the local ambient temperature; and the
detailed analysis of heat flow within the solids was bypassed, as desired.
The essential one-dimensional assumption of this model is that conduction
up and down the wall structures is negligible compared to conduction
through the wall structures. Since the aspect ratio of the wall components
is at least 96 to 1, this assumption seems justified.
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Fig. A. 1. Schematic of thermal resistance network showing
coupling from gas to cavity and ambient temperatures.

' Heat flow in the sill plates at the top and bottom of the cavity can
also be modeled using lumped parameter models, but the heat flow within the
sills is two-dimensional. The sill and the conductance paths from the sill
to the ambients were replaced with a network of equivalent thermal
resistances. The network is sketched in Fig. A. 1. By requiring that the
heat flows into each node sum to zero, a system of linear equations was
derived which relates the unknown sill nodal and edge temperatures to the
ambient temperatures and the gas temperatures near the sill edges. An
approximate linear relationship between each edge temperature and its
nearest neighbor in the gas was generated by setting all other gas
temperatures to their most recently calculated values. With this
approximation, the gas temperature and edge temperature were coupled to the
ambient temperatures in a linear fashion similar to that constructed for
the vertical walls.

The lumped parameter models relating gas temperatures in the cavity
directly to the specified ambient temperatures were substituted into the
finite difference expressions for the conservation of energy in the
computational cells next to the wall. Thus the fluid motion is controlled
directly by the ambient conditions. Computationally, time saving implicit
solution of the energy equation for the air in the cavity is justified
since the driving boundary conditions can also be treated implicitly.

Radiant heat transfer between the walls and sills of the cavity was
calculated using the Stefan-Boltzman equation and assuming that the
surfaces were "gray bodies." The view factors were calculated using common
methods of view factor algebra (ref. 7).
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These equations describing the net thermal radiant transfer from the
surface were linearized in the usual way, by factoring the fourth power of
temperature terms into the product of linear and cubic parts. The
resulting quasi-linear equations were combined with the conduction-
convection models described in previous paragraphs, forming an energy
balance about the surface node. These equations were used to couple the
gas temperatures near the cavity walls to the ambient (driving)
temperatures as described above.

Addition of radiant heat transfer to the system of quasi-linear
equations couples the temperature of every surface node in the cavity to
the temperature of every other. This system was uncoupled in the same way
that the system of sill equations was uncoupled. Given the equation for
any surface node, the temperatures at all of the gas nodes in the equation,
except the nearest, were assigned the most recently calculated values.
Since the coefficients in the "linear" equations were actually nonlinear
functions of the surface temperatures, they were recalculated periodically.
A gain in computational efficiency due to the quasi-linearization process
resulted from careful scheduling of the linearization. Linearizing too
often increased the computing cost and too seldom inhibited convergence of
the computational process. The combination of periodic relinearization and
approximate uncoupling of the linearized system of equations by lagging gas
temperatures resulted in a cost effective, convergent solution technique
for the heat transfer portion of the overall problem.
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