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A mathematical model based on an “aggregated-capacity” temperature analysis is presented and vali-
dated for predicting the temperature of thin polymeric films bonded to substrate materials. This model is
applicable to coatings on metallic or other substrate materials when the ratio of the thermal resistance
across the substrate to the resistance across the coating to ambient is less than approximately 0.1. An
analytical rather than a numerical method, was employed to circumvent formulation difficulties and
calculation constraints associated with the latter approach for extremely thin coatings. Periodic
measurements of ambient dry-bulb and dew-point temperature, wind speed (to estimate convection
coefficients), sky temperature, precipitation, and solar irradiation are inputs for determining heat
exchange at coating surfaces. In addition to convection and solar irradiation, the model accounts for the
effects of infrared exchange with the surrounding sky, dew formation on coating surfaces, and precip-
itation along with insulation and ambient convection at the back surface of the substrate. Based on
comparisons with National Institute of Standards and Technology data on specimen temperature and
simultaneous weather data compiled between 2006 and 2008, the analytical model correlated well to
measured temperatures, and provided a tractable, computationally efficient, and validated solution for
predicting long term transient temperatures in thin-coated specimens.

Published by Elsevier Ltd.
1. Introduction

Organic polymeric coatings are pervasive in many applications,
ranging from sports protection equipment to automotive industry,
Susceptibility of these coatings to environmental factors is
a primary limitation in the performance of these materials, which
often leads to premature device failure [1e4]. Solar radiation
(especially the ultraviolet (UV) component), elevated temperatures,
moisture sorption (from ambient air and precipitation), and atmo-
spheric particulates (such as salt) are important factors in the
service life of organic coating materials. Although UV radiation is
generally accepted as a primary degradation agent, humidity and
temperature are also critical accelerants [1,5,6]. Work in this labo-
ratory has shown that temperature-enhanced photodegradation of
styrene-ethylene-butylene-styrene block copolymer at 55 �C/0% RH
and 55 �C/80% RHwasmanifested in significantly higher initial rates
dards and Technology, Engi-
ithersburg, Maryland 20899,

hite).

Ltd.
of oxidation products that were approximately three and four time
greater than that of the lower temperature counterparts at 30 �C [6].

In the case of outdoor conditions, ambient air temperature is
often used as a metric for quantifying the severity of the exposure.
However, ambient air temperature does not reflect the actual
specimen temperature, which is a strong function of atmospheric
parameters and physical properties of the specimens. For example,
comparison of a white polymethylmethacrylate (PMMA) film and
a white polyvinylchloride film exposed to the same outdoor
conditions showed a film surface temperature difference of 2 �C;
but placing the films in a xenon arc weathering chamber resulted in
a substantial difference of 8.7 �C. In contrast, the surface temper-
ature of a black PMMA film differed markedly from that of a black
polyethylene by 15 �C when exposed outdoors; while a less
dramatic difference of 2.6 �C was found in the xenon arc chamber
[7]. On the basis of these observations, the discrepancy in the film
surface temperature is anticipated to have a profound effect on the
kinetics and mechanisms of degradation, and possibly lead to
diverse aging characteristics in the specimens.

The apparent strong correlation between degradation and
specimen surface temperature is undoubtedly due to the fact that
weathering is essentially a surface effect. Together, these findings
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Nomenclature

Bi Biot Number
U Effective surface conductance
L Characteristic thickness
k Thermal conductivity
hw Convection coefficient
Vw Wind speed
Gir Measured infrared irradiance
Tcs Coating surface temperature
Tsky Effective sky temperature
s StefaneBoltzmann constant
εc Surface emissivity
Ls Substrate thickness L_substrate p7
ks Thermal conductivity of the substrate (k_substrate p7)
Ta Dry-bulb temperature
Tdp Dew-point temperature
hb Convection coefficient for the back side of the

substrate
T Substrate aggregated temperature
Ti Initial specimen temperature
t Time
r Density

C Specific heat
Tfs Temperature at the exposed water surface
asf Solar absorptance of the exposed water film
ifg Latent heat of water
m}

c Water transfer rate to the surface by condensation,
evaporation, or precipitation

rva, rvfs Water vapor densities in the ambient air and at the
water surface

hD Convective mass transfer coefficient
aa Thermal diffusivity of water vapor in the ambient air
ra Density of water vapor in the ambient air (Is p_va same

as p_a?)
Cpa Specific heat of water vapor in the ambient air
Dva Mass diffusivity of water vapor in the ambient air
MaMv Molecular weights of air and water vapor
Patm Atmospheric pressure
Pg Saturation pressure of water
Lf Variable film thickness
rf Density of liquid water
Dtwd Weather data time interval
asc Solar absorptance of the exposed coating surface
Tsasc “Sol-air-sky-con” temperature
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present a general and strong indication of the importance of
relating chemical and physical degradation to the specimen surface
temperature for more realistic description of the specimen condi-
tion and more precise degradation measurement. The scope of the
present analysis is to provide an accurate temperature simulation
model for predicting the temperatures of coatings under prevailing
outdoor conditions. This model is intended for use in conjunction
with outdoor exposures to accommodate an unlimited number of
specimens without having to continuously measure the tempera-
ture of each one. Experimental techniques for measuring temper-
ature of specimens exposed outdoors for long periods of time are
well established. A more efficient approach is to record the
temperatures of a limited number of “control” specimens, validate
the mathematical model in terms of coating material properties,
and use it to generate data for the sample set.

Previous efforts to mathematically simulate the transient
temperatures of coatings include investigating the applicability of
the established thermal model MOIST [8]. The latter is based on
a distributive transient formulation and provides good predictions
for temperature and moisture transfer in coating materials. Those
authors’ recommended enhancements included accounting for the
effects of wind on convection, dew condensation, and rainfall.
Additionally, Meyers [9] discusses heat transfer models correlations
for panels exposed to the outdoors, with emphases on convection
and meteorological data. He adapted a model originally developed
for predicting the transient temperature of photovoltaic panels. His
paper shows long term graphical comparisons with outdoor
measurements. Pickett and Sargent [10] also present a relationship
to correlate degradation in terms of coating temperature and
radiation. They define an annual effective exposure temperature to
account for the “total degradation damage” in terms of accumu-
lated solar radiation and specimen temperatures. Finally, Schönlein
et al. [11] present a simple equilibrium model that accounts for
solar and infrared radiation and wind-induced convection. Unfor-
tunately, the authors did not present the wind coefficient correla-
tion. Calculated temperatures compare favorably with mean values
measured over 10-min intervals.
2. Mathematical model

2.1. Overview

In this study, a previously developed thermal model [12] has
been enhanced to account for effects of radiation and surface water
on the transient temperature of polymeric coatings. The effects of
radiation exchange with the surrounding sky are based on infrared
measurements made with a pyrgeometer. Water effects include
condensate formation (dew), evaporation (when applicable), and
precipitation of various forms. The model accommodates climatic
data averaged over time intervals ranging from 1 min to an hour.
Hourly average temperatures are a primary output for thermal
simulations.

The temperature of all coatings is assumed to be the same as the
control coatings when measurements show significant precipita-
tion. This simplification is based on the assumption that coating
heat transfer properties, e.g., solar absorptance and emittance, do
not materially affect the temperature of wetted specimens. This
approach is taken as a result of the uncertainties in predicting the
ensuing thermal response, the ready availability of measurements
for the control samples, and rapid temperature response to
impinging precipitation. Polymeric coatings are typically less than
100 mm thick and bonded to substrate materials with thicknesses
on the order of 1 mm. Temperature transients and thermal storage
capacity are dominated by the substrate - rather than the coating -
and the composite specimens are thin enough to respond quickly to
changes in weather conditions, especially precipitation in the form
of rain, snow, sleet, etc. The development of a temperature
prediction model for the more common weather condition of no
precipitation but allowing for condensate formation and water
evaporation follows. In cases with precipitation, the thermal anal-
ysis bypasses the equations immediately below and resumes with
the water build- up calculation (Eq. (13)).

A significant reduction in the complexity of the transient
mathematical model results from examining the relative energy
storage capacity in layers comprising exposed specimens. Capacities
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of thin polymeric coatings are generally negligible compared to
those of the metallic substrates. The storage ratio for the specimens
used in the present validation tests is approximately 1.6 � 10�5. In
cases with wetted surfaces, the storage capacity of the water film is
also negligible. The relatively small thermal resistances across
conventional substrates and negligible storage capacity of coatings
justify the more tractable “aggregated-capacity (A-C)” analysis
method to be used in this study, which has also been used inmodels
discussed earlier. Themuchmore complex alternativemethod is the
conventional one-dimensional (“distributed capacity”) transient
model.
2.2. Aggregated-capacity thermal model

The simpler A-C (often denoted “lumped capacity”) method is
based on neglecting temperature gradients within the substrate
and applies when the ratio of internal heat conduction resistance is
much smaller than the film resistance at exposed surfaces. This
ratio is characterized by the heat transfer Biot Number (Bi) for the
substrate

Bi ¼ UL
k

(1)

where U is the effective surface conductance (W �C�1 m�2), L is
a characteristic thickness (m), and k is thermal conductivity
(W �C�1 m�1). The thermal bond (contact) resistance between the
coating and the substrate is generally negligible. Accounting for the
coating conduction resistance, the effective surface conductance is
determined from

1
U

¼ 1
h
þ
�
L
k

�
coating

(2)

where h is the surface heat conductance. The latter comprises
convection and radiation contributions

h ¼ hw þ hr (3)

The convection coefficient hw (W �C�1 m�2) is a function of wind
speed Vw (m s�1) and a relationship by Watmuff et al. [13] is used.

hw ¼ ½2:8þ 3Vw� (4)

This relationship has been widely used to account for wind
convection from various flat surfaces exposed to wind, including
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Fig. 1. Schematic of c
solar collectors and photovoltaic cells. It is much simpler than other
correlations that are generally based on Reynolds and Raleigh
Numbers. These other correlations require a characteristic length,
which is difficult to determine for an array of small specimens; the
above relationship is independent of a characteristic length. The
ultimate justification for Eq. (4) is the comparisons of predictions
and data, as shown in a following section.

The long-wave exchange between the coating surface and the
ambient sky is governed by a nonlinear relationship between the
coating surface temperature Tcs and the effective sky temperature
Tsky. The latter is determined frommeasured infrared irradianceGirby

sT4sky ¼ Gir (5)

where s is the StefaneBoltzmann constant (5.67�10�8WK�4m�2).
This heat exchange is taken into account by a radiation conductance
defined as

hr
�
Tcs; Tsky

� ¼ εcs
h
T2sky þ T2cs

ih
Tsky þ Tcs

i
(6)

where εc is surface emissivity and absolute temperatures (K) are
used. This relationship applies when specimens are near horizontal.

The nominal criterion for safely using the A-Cmethod is Bi� 0.1.
The “worst-case” scenario for examining the applicability of the A-C
method, therefore, corresponds to maximum wind speed, hw,
maximum substrate thickness Ls, and the minimum thermal
conductivity of the substrate ks. Neglecting the surface resistance
contribution (reciprocal of heat conductance) yields:

Bi <
½L=k�substrate
½L=k�coating

The resistance ratio represented by the right side is approxi-
mately 0.04 for the present test specimens. The actual Bi, of course,
is somewhat less, making an A-C model is fully applicable.

The aggregated-capacity model is developed for a composite
specimen comprising a thin coating of thickness Lc bonded onto
a substrate of thickness Ls as shown schematically in Fig. 1.
Depending on specimen orientation and weather conditions, i.e.,
dew-point temperature and precipitation, a film of water may exist
on the front (coated) surface. The exposed coating surface, there-
fore, exchanges heat by convection and condensation-evaporation
with the ambient air at time-varying dry-bulb and dew-point
temperatures Ta(t), Tdp(t), and wind speed Vw(t); absorbs solar
radiation q}solarðtÞ; and exchanges long-wave radiation with the
bst 
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ambient sky at Tsky. The coating is assumed opaque. The back side of
the substrate may also be exposed to ambient air at Ta(t) with
a (different) convection coefficient hb(t) or be in contact with
another layer of material, e.g., insulation.

Using the A-C approach, an energy balance for the substrate
gives the governing differential equation

ðrCLÞsubst
dT
dt

¼
�
k
L

�
c
½TcsðtÞ�TðtÞ�þ

�
k
L

�
b
½TaðtÞ�TðtÞ�;Tð0Þ ¼ Ti

(7)

where T(t) is the substrate aggregated temperature (�C), Ti the
initial specimen temperature, t is time (s), r is density (kg m�3), C is
specific heat (J kg�1 �C�1), k is thermal conductivity (W �C�1 m�1), L
is thickness (m), Ta(t) is ambient temperature, and the subscript
b denotes the back surface.

The temperature at the exposed surface of the coating Tcs(t)
differs from that of the substrate at T(t). Noting that energy storage
in the coating is negligible and that it may be wetted, an energy
balance at the coating-water film surface is given by Equation (8).

TcsðtÞ ¼

�
k
L

�
f
Tfs þ

�
ssfasc

�
eq

}
solar þ

�
k
L

�
c
TðtÞ�

k
L

�
f
þ
�
k
L

�
c

(8)

The subscripts c and f denote the coating and water film,
respectively. The effective solar transmittance through the film and
absorptance at the coating surface are (ssfasc)e respectively. The
temperature at the exposed water surface Tfs is determined from
the energy balance. By taking into account surface condensation-
evaporation-precipitation effects, assuming that energy storage in
the water is negligible, and that water is opaque for infrared radi-
ation, the relationship is:

Tfs þ
ifg
�
Tfs

�
m}

c
�
Tfs

�� �
hwTa þ hr

�
Tfs

�
Tsky þ

�
k
L

�
f
Tcs þasf qsolar

�

hw þ hr þ
�
k
L

�
f

¼ 0(9)

where asf is the solar absorptance of the exposed water film, ifg is
latent heat of water, andm}

c is the water transfer rate to the surface
by condensation (þ) or evaporation (�) and precipitation.
Condensing and evaporating rates are based on the traditional mass
transfer relationship

m}
c ¼ hD

�
rva � rvfs

	
(10)

where rva and rvfs are water vapor densities in the ambient air and
at the water surface. The convective mass transfer coefficient hD is
expressed in terms of hw using Reynolds Analogy

hD ¼ hw

raCpa

�
aa
Dva

�2=3 (11)

where aa, ra, Cpa, and Dva are thermal diffusivity, density, specific
heat, and mass diffusivity of water vapor in the ambient air. Using
the ideal gas equation of state for the densities of air and water
vapor and substituting Eq. (11) into Eq. (10), the condensate flux
expression is
m}
c
�
Tfs

� ¼ MvhwTa

MaCpaPatm

�
aa
Dva

�2=3

"
Pg
�
Tdp

�
Ta

� Pg
�
Tfs

�
Tfs

#
(12)

whereMa andMv are the molecular weights of air and water vapor,
Patm is atmospheric pressure, and Pg is the saturation pressure of
water. (The bracketed term indicates that condensation begins at
a surface temperature lower than the ambient dew-point temper-
ature. This variance is a result of modeling moisture transfer in
a nonisothermal situation using density difference rather than an
alternative form (e.g. in terms of water vapor-pressure difference.)

Taking the water deposited on the coating surface to be
a uniform film, the accumulation is given by

m}
f ðtÞ ¼

Zt

0

m}
cðzÞdz (13)

where m}
c is from Eq. (12) under condensing or evaporating

conditions and interpreted as precipitation rates from weather
data. Clearly, not all the water deposited remains on the surface
until it evaporates. Depending upon the design and orientation of
the test specimens, there is likely amaximum thickness Lf,max so the
variable film thickness Lf(t) can be estimated from

Lf ðtÞ ¼ min


m}

f ðtÞ=rf ; Lf ;max

�
(14)

where rf is the density of liquid water. Taking the ambient weather
variables constant during eachweather data time intervalDtwd, Eqs.
(7)e(9) and Eqs. (12)e(14) can be solved for the six dependent
variables. The solution algorithm must account for the effect of
precipitation as described earlier, the onset of condensation in
terms of dew-point temperature, and surface dry out by evapora-
tion or run off (Lf ¼ 0). The coefficient hr is maintained constant
during each time interval by basing it on mean surface (Tcsm) and
substrate (Tm) temperatures and using an iterative calculation
procedure. A “stickiness” parameter is needed to avoid convergence
problems when the condensation begins or surface wetting ends
during a time interval.

The solution results which follow are based on a closer exami-
nation of the wetted layer as related to the specimen orientation
and the actual temperature data. The specimens of interest are
oriented at least a few degrees from horizontal to promote cleaner
surfaces and none have protruding edges that would interfere with
drainage. Furthermore, the temperature data show negligible
evaporative cooling after periods of rainfall or condensate forma-
tion. Based on these and direct observation, water deposits are
assume to run off immediately so the cooling effect of the film layer
is neglected. Condensate forms, as predicted by Eq. (12), heats the
surface as a result of phase change, and runs off with no lingering
evaporative effect. In the case of precipitation, specimen temper-
atures revert to those measured for the control samples, as previ-
ously noted, and the water formed is assumed to run off
immediately. The ultimate justification is the agreement between
predicted and measured results, which are shown later.

With the absence of the water layer shown in Fig. 1, solar
absorptance, infrared exchange with the sky, and ambient
convection occur directly on the coating surface. Additionally,
when the surface is somewhat below the dew-point temperature of
the air, vapor condenses on the surface (and immediately runs off).
The coatings are assumed gray surfaces for infrared radiation
exchangewith the sky. An energy balance on the coating surface for
this situation gives
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hwTaþhrðTcsÞTskyþ
�
k
L

�
TðtÞþascqsolarþm}

cðTcsÞifgðTcsÞ

TcsðtÞ ¼ c

hrþhwþ
�
k
L

�
c

(15)

where the term (ssf asc)e is replaced by the solar absorptance of the
exposed coating surface asc. Substituting the right hand side into
Eq. (7) and rearranging gives the differential equation

dT
dt

þ

�
k
L

�
c
½hrðTcsÞþhw�þUb

��
k
L

�
c
þhrðTcsÞþhw

�

ðrCLÞsubstr
��

k
L

�
c
þhrðTcsÞþhw

� TðtÞ ¼

2
664UbTaþ

�
k
L

�
c

h
hwTaþhðTcsÞTskyþascqsolarþm}

c ifgðTcsÞ
i

��
k
L

�
c
þhrðTcsÞþhw

�
3
775

� 1
ðrCLÞsubstr

(16)

This equation can be integrated for each weather data time step
assuming that hr, m}

c and ifg are constant at their mean values over
a calculation time step Dt � Dtwd. From Eq. (15), the mean coating
surface temperature is

TcsmðtÞ ¼

hwTaþhrðTcsmÞTskyþ
�
k
L

�
c
TmðtÞþascqsolarþm}

cðTcsmÞifgðTcsmÞ

hrþhwþ
�
k
L

�
c

ð17Þ

where Tm(t) is the mean substrate temperature over Dt. Using the
above caveat, the result of integrating Eq. (16) is
TðtÞ ¼ ½Ti � Tsasc�expð�t=scÞ þ Tsasc

sc ¼
ðrLCÞsubst

��
k
L

�
c
þ hrðTcsmÞ þ hw

�
�
k
L

�
c
½hrðTcsmÞ þ hw� þ Ub

��
k
L

�
c
þ hrðTcsmÞ þ hw

�

Tsasc ¼

�
Ub

��
k
L

�
c
þ hrðTcsmÞ þ hw

�
þ
�
k
L

�
c
hw



Ta þ

�
k
L

�
c

h
hrðTcsmÞTsky þ ascqsolar þm}

c ifgðTcsmÞ
i

�
k
L

�
c
½hrðTcsmÞ þ hw þ Ub� þ Ub½hrðTcsmÞ þ hw�

(18)
where Ti is the substrate temperature at the beginning of each time
step. Tsasc may be denoted the “sol-air-sky-con” temperature, and
would be the equilibrium temperature for a specimen exposed to
ambient air and sky temperatures, solar irradiance, and condensate
formation. Note that Tsasc is also the temperature of a specimenwith
negligible energy storage capacity.

The mean substrate temperature during a time interval t is

TmðtÞ ¼ 1
t

Zt

0

TðzÞdz ¼ Tsascþ½Ti�Tsasc�

�
1�exp

�
� t
sc

��
t
sc

(19)

2.3. Simulation procedure

Calculations to simulate transient temperatures comprise four
nested loops. Since hourly average temperatures are an objective,
the algorithm comprises an outer (hourly) loopwith an inner loop to
read the weather data for each measurement interval. The data are
checked first for precipitation and then for dew formation, based on
the bracketed term in Eq. (12) being positive. In the next inner loop,
the weather data intervals Dtwd are divided into subinterval
time steps Dt. Eqs. (17) and (19) are solved simultaneously using
NewtoneRaphson iteration in the innermost loop. Eq. (18) gives
temperature at the end of each stepwhich is the initial temperatures
for the next step. The time response parameter sc (analogous to
a “time constant”) and Tsasc are updated for each step. The procedure
is repeated for each weather data interval with smaller time steps
until values of Tm and Tcsm converge during the last steps in the data
intervals. If needed, the final calculation time step is 60 s. At the end
of each hour the interval means are averaged for hourly means. The
mean temperature over several consecutivemeasurement intervals,
e.g., for an hour, is the average of the individual means.

The solution algorithm has been implemented as a Visual Basic
for Applications� (VBA) module in an Excel� spreadsheet.
Weather data is copied to a worksheet, input parameters and
calculated results are on another worksheet, and spreadsheet plots
show results graphically. The final Excel program that incorporates
the iterative procedure is designated PFTemp.xls version 9.

Calculation time for simulating hourly average temperatures of
specimens for a year is typically on the order of seconds, depending
somewhat on the weather duration interval and calculation time
step.
3. Validation of model

Predictions are compared with data provided by NIST from their
test facility located in Gaithersburg, MD. The specimens aremounted
as shown in Fig. 2 on the roof of Building 226. The outdoor conditions
measured include ambient dry-bulb temperature, relative humidity,
precipitation (rainfall), sky and solar radiation, wind speed and
direction, and barometric pressure.

Temperatures sensors are thermocouples. Solar and sky radiation
are measured using precision pyranometer and pyrgeometer
instruments mounted horizontally. Wind speed and direction are
measured by an adjacent anemometer located approximately 0.3 m
above the specimen surfaces. A film-type humidity sensor measures
relative humidity; dew-point temperatures are calculated. (Weather
data is also available from theNISTBIPWeather Station that is located
about 75 m away on the same roof. Data from the two sources agree
well and supplement each other during outages.)
3.1. Specimens and properties

Test specimens comprise a 20 gauge aluminum substrate
(approximately 1/32 in. or 0.8 mm thick) with a specially prepared



Fig. 2. Specimen exposure setup.
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coating of latex paint on the exposed surface. The coating is 20 mm
thick, as measured by the paint manufacturer. Five specimens of the
arrayhaveblack paint and5havewhite paint. Each specimen is 5.4 in.
(137.2 mm) long by 1.82 in. (46.2 mm) wide. The specimens are
mountedflush in a sheet of closed-cell foamplastic insulationwith an
estimated back side R-value of 4 ft2$F$h/Btu (Rm ¼ 0.83 �C m2 W�1).
The assembly of 10 specimens is sloped approximately 5� - to facili-
tate draining e and faces south. It is exposed directly to solar irra-
diation, the surrounding sky, and prevailing wind. Two
thermocouples sandwiched between the foam and aluminum sheet
at bottom and top corners measure the temperature of each
specimen.

The thermal properties of the paint material needed for the
simulation model are either measured, handbook values, or esti-
mated from test observations. The latter is used in cases where
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Fig. 3. Weather data for 29 June 2006 along with measured temp
direct property measurements are not yet available. The NIST
provided measurements for the total normal emittances of the
paint materials using a Gier-Dunkle reflectometer. The values for
the black and white paint are 0.905 and 0.869; these are taken as
hemispherical properties. The solar absorptance of the white latex
paint is taken as 0.26, which is a handbook value listed for “white
acrylic resin” paint [14]. This reference, and others examined, did
not list black latex measurements, so temperature measurements
during the peak solar radiations are used to indicate an approxi-
mate value to compare trends and differences in temperatures. The
remaining less critical property values were estimated from
handbooks based on similar materials. For the paint film, the
density, specific heat, and thermal conductivity were taken as
1200 kg m�3, 1250 J kg�1 �C�1, and 0.25 W �C�1 m�1. For the
aluminum substrate, the respective values are 2700 kg m�3,
903 J kg�1 �C�1, and 238 W �C�1 m�1.

4. Results and discussion

Fig. 3 shows a plot of the relevant weather data for 29 June 2006
along with measured temperatures for two typical samples with
a black paint coating. Measurements of specimen temperature and
ambient conditions were made every 12 s and averages for each
minute were recorded. The figure shows the 1-min insolation
averages as measured along with the 15-min. averages that were
generally used in the temperature simulations. This day-of-the-
year (doy) 181 was relatively calm with a maximum wind speed
of 1.3 m s�1, had a few scattered clouds, and the relative humidity
ranged from 35 % to 100 %. Note that for the first 7 h shown,
specimen temperatures were less than the ambient dew-point
temperature, indicating surface condensation. The lower spec-
imen temperature is a result of the decreased sky temperature at
night; the ambient dew-point is only slightly less than the ambient
dry-bulb temperature, corresponding to high relative humidity.

An examination of the data at any given time for all like-color
coatings shows only small temperature differences between all
the specimens at both thermocouple locations (except for obvious
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Fig. 4. Comparison of measured and predicted temperatures for a white specimen
during 29 June 2006. Prediction from the equations agrees well with experimental
data.
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instrumentation malfunctions with white specimens (Fig. 4) and
black specimen (Fig. 5). Furthermore, the figure shows that differ-
ences between the temperatures measured by the thermocouples
at top and bottom corners are not significant. Considering the small
differences and the significant uncertainties in the thermal prop-
erties of the coatings, comparisons of predicted and measured
temperatures are shown for only two representative specimens of
each color.

4.1. Comparison of predicted and measured temperatures

Fig. 4 compares the predicted mean temperature over each 15-
min. interval with the measured averages over the same interval
for a specimen with white paint coatings. The differences in
measured temperature (squares and diamonds) at the two locations
are negligibly small. For this composite specimen, the differences
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Fig. 5. Comparison of measured and predicted temperatures for a black-coated spec-
imen exposed to the same weather conditions shown in Fig. 4.
between the temperature of the substrate and exposed coating
surface are insignificant.

The agreement between measured and calculated temperatures
during daylight hours is remarkably good. The close agreement
between the daytime predictions and data indicate that the present
paint and “acrylic resin” have about the same solar absorptance.
The maximum deviation occurs after about 17 h as the specimen
cools and is of the order of 3 �C.

As noted earlier in Fig. 3, condensate forms on the coating
surface during the initial hours and the heating effect is taken into
account in the predictions. After about 8 h, the surface temperature
is higher than the ambient dew-point thus condensing ceases and
any residual surface liquid would start evaporating. These and
subsequently presented specimen temperature data indicate the
evaporative cooling effect is small, which supports the assumption
that most condensation runs off rather than evaporates on the
coating surface.

Fig. 5 shows the comparisons for a black-coated specimen
exposed to the same weather conditions as in Fig. 4. The predicted
effects on specimen temperature of moisture condensation and sky
temperature are also presented to compare capabilities of the
present and earlier thermal models.

The peak measured temperatures are of necessity used as the
basis for an expected value of solar absorptance, since neither
a measured or handbook reference value is currently available for
this black latex paint. The measured peak temperatures for the
black specimen are approximately 20 �C higher than for the white
specimens under the same exposures. Based on NIST data and the
analytical model, the latex paint is expected to have a solar
absorptance in the 0.55e0.65 range. An absorptance value of 0.6
was used for the calculated temperatures shown in the figure to
examine trends and differences. The predicted temperatures follow
the measurement trends of the data well using the estimated
absorptance value.

The corresponding dotted line plot shows the predicted error
when condensate heating (and evaporative cooling) of the spec-
imen is neglected. When the surface is approximately 5 �C below
the ambient dew-point temperature, the error is about 3 �C. Note
that when the surface temperature rises above the dew-point,
there is no apparent cooling effect of any residual liquid on the
surface. For the weather conditions and specimens in the present
investigation, surface condensing noticeably effects only predicted
minimum temperatures.

The other dotted line shows that neglecting infrared radiation
exchange with the sky can be highly significant. The effective sky
temperature is generally less than that of the ambient air and has
the greatest effect during periods of high insolation. The results
show that infrared irradiance, or effective sky temperature, is an
essential measurement for accurate temperature predictions.

4.2. Comparison of instantaneous and equilibrium temperatures

Some previous temperature models in the literature are based
on equilibrium rather than transient formulations. The former are,
of course, much simpler; Tsasc in Eq. (18) corresponds to the equi-
librium version of the present formulation. The validity of this
simplification depends on the ratio of the weather measurement
interval Dtwd to the response time parameter sc (Eq. (18)). Based on
the present specimen properties and for doy 181 conditions,
calculations show that sc ranges from 1.7 to 4.1 min.

The stacked plots in Fig. 6 compare predicted equilibrium
temperatures Tsasc, and interval mean temperatures Tm(t) with data.
Referring to the upper plots and left ordinate scale, the equilibrium
simplification is fully valid for the present conditions and 15-min
data averages with 3.7 � Dtwd/sc � 8.8. Referring to the lower
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plots and right ordinate for the shorter 1-min. averaging interval,
the differences are slightly more pronounced since 0.24 � Dtwd/
sc � 0.59.

The above comparisons are with data from a relatively calm and
clear daywith no precipitation. Comparisons follow for awindy day
with sporadic cloud cover and rain. These are to examine the
applicability of wind convection correlation, Eq. (4); the assump-
tion that all specimens exposed to precipitation reach the same
temperature; and evidence of changes in coating properties after
prolonged outdoor exposure.

4.3. Applicability of wind convection correlation

Fig. 7 shows the weather conditions for 18 March 2008 along
with temperature data for two specimens coated with white paint.
The total precipitation measured was 3.4 mm, which is not shown
in the figure. The average wind speed is 8.2 m s�1 compared to
0.6 m s�1 for the day shown in Fig. 3.

Fig. 8 compares the data and calculations for a white specimen
during this test day. The predicted temperatures shown are 15 min.
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Fig. 7. Weather conditions for 18 March 2008 along with temperature data for two
specimens coating with white paint.
averages connected by smoothed lines. As expected, the specimen
substrate temperature is essentially the same as the coating surface
temperature. The maximum difference between predicted and
measured temperatures is of the order of 3 �C. The relative agree-
ment ofmeasured and predicted temperature indicate that the solar
absorptance and emittance of the coating surface has not changed
significantly after nearly two years of continuous outdoor exposure.

Fig. 9 compares hourly averaged temperatures for the same day
and specimen. Averages based on each hour are likely to be the
primary results from the present model that will be used as input
for research in predicting service life of coating materials. The
smoothing effect of the longer time interval and somewhat better
agreement with data is apparent.

Although there is more scatter in differences compared to those
in Fig. 4 for a relatively calm day, overall relative agreement in the
two figures with the much higher wind speed indicates the simple
wind convection relationship is adequate. In both figures, the
equilibrium temperature Tsasc agrees closely with predictions based
on the transient model.

4.4. Temperatures of specimens during rain

The validity of assuming all specimens of each generic type
exposed to precipitation attain the same temperature is examined in
Fig.10. Data show rainfall in the amount of 0.1mme0.2mmoccurred
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Fig. 10. Mean temperatures of three black and three white-coated samples along with
the ambient dry-bulb for each period during intervals with rain. The discrepancy
between the two different samples are generally within � 0.5 �C of each other; while
the sample temperatures are 1 �Ce2 �C below the ambient temperature.
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during 30 one-minute periods for doy 76. The measured mean
temperatures of three black- and three white-coated samples along
with the ambient dry-bulb for each period are cross plotted for
comparison. Ideally, all data pairs would lie on the diagonal if equal.
Although some outliers appear, the temperatures of the different
specimens are generally within � 0.5 �C of each other when it is
raining.On theotherhand, the surfaces are generally 1 �Ce2 �Cbelow
the ambient temperature. These observations indicate that during
periods of precipitation the temperature of exposed specimens can
be safely taken as that of control samples. An alternative of assuming
them to attain ambient temperature is not as accurate.

5. Discussion

The most critical uncertainties in predicting temperatures are
likely to be the coating surface property values and exposure-
induced changes, i.e., solar absorptance and emittance. The
effects of different correlations for convection coefficients in terms
of ambient wind speed and direction; various forms of precipita-
tion; and evaporation also merit additional investigations. The
condensate heating effect is only significant for predicting
temperatures below the ambient dew-point temperature. It is
included in the present model to establish its significance. The
present investigation advances the state-of-the-art in predicting
temperatures of thin organic coatings relative to the thermal
aspects of service life research. Feedback frommaterial researchers
is needed as a guide for future enhancements and refinements to
the mathematical model.

6. Conclusions

A tractable mathematical model based analytical relationships
for comprising components of composite specimens is presented.
The closed-form solution is computationally efficient for predicting
transient temperatures in thin-coated specimens. The thermal
model accounts for effects on coating temperature of ambient air
temperatures; wind-induced convection; infrared sky radiation;
solar radiation; dew formation; precipitation; and thermal energy
storage within the substrate material.

A simpler “aggregated-capacity” formulation was shown to
apply and is used for predicting the temperature history for typical
composite specimens. It is justified by the small Biot No. criterion,
which was described and implemented. The criterion for using the
latter, which is simpler that the transitory formulation, is pre-
sented. The equilibrium, i.e., steady-state, temperature relationship
is included in the formulation. Comparisons show that the equi-
libriummodel is applicable to the present test specimens when the
weather measure interval is about 15 min, or longer.

Even with limited property and test data for the coating mate-
rials, comparisons of predictions with measurements indicate that
the present mathematical model is satisfactory for supporting
service life research on thin organic coatings. Results compare
favorably for a calm, nearly clear 24 h day and for a windy, mostly
cloudy day. An uncomplicated correlation for wind convection,
independent of a characteristic dimension and air properties, is
shown to be satisfactory for two significantly different wind
conditions. The temperature model accounts for the heating effect
of dew formation. The data support the observation that liquid
water, from condensation or precipitation, runs off the (tilted)
specimens surfaces quickly so that the evaporative cooling effect is
negligible. The data also show that in the presence of rain, coated
specimens with different heat transfer properties attain nearly the
same temperature. This observation along with measurements for
one or more “control” specimens is used to approximate the
temperature of all test specimens in situations that are otherwise
difficult to analyze.

Simulations with the model show that peak temperatures are
highly dependent on the solar absorptance of surfaces and on sky
radiation. Consequently, solar absorptance and surface emittance
properties for the coating surface and changes resulting from long
term outdoor exposure are critical material characteristics for long
term simulations. A precision pyranometer and a pyrgeometer, for
measuring solar and infrared radiation, are essential components of
the weather station instrumentation.
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