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PREFACE

This report was prepared by Charles J. Korhonen, Research Civil
Engineer, Civil Engineering Research Branch, Experimental Engineering
Division, U.S., Army Cold Reglons Research and Engineeiring Laboratory, while
he was at the University of Alaska, Fairbanks, from September 1980 to June
1981. This report was submitted to the author's degree committee as part
of the requirement for completion of an advanced degree in Arctic Engineer-
ing., The degree committee consisted of John L. Burdick, Head, Departuent
of Civil Engineering; Elbert F. Rice, Professor of Civil Engineering; and
John P. Zarling, Head, Department of Mechanical Engineering.

Technical review was provided by S. Flanders and G. Phetteplace of
CRREL.

The contents of this report are not to be ugsed for advertising or pro-
motional purposes. Citatiou of brand names does not constitute an official

endorsement or approval of the use of such commercial products.
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ESTIMATING TRANSIENT HEAT FLOWS AND MEASURING SURFACE
TEMPERATURES OF A BUILT-UP ROOF
by <

Charles J. Korhonen

INTRODUCTION

To properly size heating and air-conditioning systems for buildings,
it is important to know the hourly heat flows through the building's
envelope. Because dbullding clements aot only resist the flow of heat but
store it as well, the maximum heating or cooling demand 1n the building is
not usually in phase with the cyclic changes in aabient temperatures., A
sudden increase or de:rease in temperatures acr>ss a building element will
rot cause a corresponding change in heat flow Lhrough the element. The

ASHRAE (1977) Handbook of Fundamentals presents a calculation procedure

that an engineer can use to estimate instantaneous rates of heat loes-gain
by knowing certain facts about the building envelope and the weather.

My first purpose was to verify this technique by measuring actual heat
flows through a model built-up roof with a heat flow sensor. My second
purpose was to measure the surface temperatures on that model roof with an
lafrared scanner and a thermocouple. Since infrared scanners are becoming
popular as a tool for diagnosing building temperatures and heat flow
problems, a comparison was made between the infrared scanner and thermo-

couple regults.

EXPERIMENT SETUP

A 4- by 4-ft model built-up roof was designed and built to serve as
the building component on which to evaluate the ASHRAE (1977) Handbook of
Fundamentals computation technique and on which to measure surface tempera-—
tures, The model roof was placed on an electrically heated box that was
set ~n the roof of the Duckering Building on the Fairbanks campus of the

University of Alaska. FEach layer of the model roof was carefully dimen-

sloned and 2ssembled to provide a building component of known cross
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Figure 1. Cross section of Figure 2. 1Insulation pattern
built-up roof. in built-up rcof.

section. Thermocouples, placed between each layer, and a heat flow sensor,
taped to the underside of the roof, were read hourly from 3 a,m. to 12 mid-
night on 24 April 1981 to furnish data for evaluating the Handbook of
Fundamentals technique (Appendix A). A thermocouple was embedded just
below a film of roof cement to measure surface temperatures.

Figure 1 shows the arrangement of the heat flow sensor and copper-
constantan thermocouples, The insulation in the roof consisted of four
l1-in. layers of perlite hoardstock, which 1s a blend of perlite particles
and reprocessed cellulose fibers. A 3/4-in. plywood sheet served as the
deck. The buillt-up membrane consisted of alternate layers of asbestos
cement that was applied cold and three plies of no. 1% roofing felt. No
gravel was applied to the roof surface. (As a note of interest, although
care was taken to exclude all voids during the construction of the built-up
membrane, a few small blisters yet developed in the membrane. It is easy
to understand how blisters can be built into actual roofs.)

Figure 2 shows the layout of the 2-ft-wide insulation boards in the
4-ft-wide rocf., This pattern created a 2~ x 2-ft test area for measuring
heat flows that was free of insulation seams.

Five 60-W light bulbs connected to a thermostat provided heat whenever
the box temperature dropped below 75°F. The inside air was continually
mixed by a small electric fan. The heat flow sensor was shielded from the
light bulbs by a sheet of plywood.

I~
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RESULTS
Transfer function -
The transfer function method is presented in Handbook of Fundmentals g
- (ASHRAE 1977) for calculating the heat conducted through multilayered :;_.-;
. building elements exposed to transient thermal conditions. The Handbook
: recomuends that "sol-air” temperatures be used in carrying out the calcula- _
tions, but as I will show, the use of roof surface temperatures yields .
similar results, Thus, it might be possible to use an infrared scanner to ;
remotely gather these data. ."'.
The sol-air temperature can be represented by the following equation: -
Te = I‘o + = It/ho - EAR/ho (1) .
where To = sol-air temperature (°F)
T, = outdoor air temperature (°F) ‘__
« = golar absorptance .
It = incident solar radiaton (Btu/hr+ft?) s
hy, = air film heat transfer coefficient (Btu/hreft2-°F)
e = surface emissivity ”
AR = difference between the longwave radiation incident on the sur- ’

face from the sky and surroundings, and the radiation emitted
by a black body at outdoor air temperature (Btu/hr+ft2),
An estimate of the solar radiation incident on the test roof, I, is
given for latitude 64 degrees north in Table 25 of the Handbook of Funda- -
mentals (ASHRAE 1977, Chapter 26). The listed values cannot be used -

directly because they represent the solar heat gain through double-strength .
sheet glass. Consequently they must first be multiplied by 1.15 (ASHRAE 8
1977) to correct for the solar energy excluded by the glass. Since '
Fairbanks was on daylight savings time during this experiment, the .
tabulated data were shifted 1 hour. The corrected and shifted values of
Iy from the Handbook are listed in Table 1, These values increase from a

. very small thermal load in the morning to a maximum at 1 p.m. (solar noon) !
and then decrease in like manner in the afterncon. The day on which this

. experiment was run was nearly clear so no corrections were made for cloud

cover.




Table 2. Sol-air and test roof surface

temperatures.
Sol-air Roof surface

Time (°F) (°F) i
1 a.m, 1.2 31.8
2 29.4 27 .2
Table 1, Solar radiation 3 27.6 22.6
incident on test roof (clear 4 29.2 24.8
day). 5 22.0 29.0
6 31,9 36.2
Local time I 7 44.1 59.0
(hr) (Beulhr £t 2) 8 55,2 66.8
9 76.5 109.8
6 a.m, 2.3 1 89.4 111.4

7 24.2 11 100.9 121.2 .
8 58.7 Noon 112.1 121.2
9 97.8 1 p.m, 111.0 103.4
10 133.4 2 110.9 109.4
N 11 161.0 3 103.7 82.4
- Noon 178.3 4 92.4 73.0
. 1 pem. 184.,0 5 81.3 66.4
N 2 178.3 6 69.4 60.8
- 3 161.0 7 52.7 46,6
oy 4 133.4 8 42,1 39.0
-2 5 97.8 9 39.6 35.6
A 6 58.7 10 39.0 36.0
7 24,3 11 38.2 37.8
8 2.3 12 33.0 36,4

The Handbook indicates that a flat roof surface loses more longwave
= radiation than it gains from the surroundings. As a consequence, €AR/hg,
o equals -7°¥.
- By measuring air temperatures and selecting € and h, values, the
engineer can use eq 1 to calculate sol-air temperatures. For example, the

sol~alr temperature at 10 a.m. on 24 April with ¢ = 0.93 and h, = 3 is

- 0.923
. = 55% 4 —=22 -
T, 55% + 3 (133.4) -7

T = 89,4°F,
e

The roof surface temperature (Table 2) at that same hour was 111.4°F.

Although this is not good agreement, the sol-air and roof temperatures were

* The air temperatures are taken from Appendix A.

ri; 4
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Table 3. Heat flows (Btu/hr) through test roof calculared with eq 2 using

;g sol-air temperatures,.
Time First Second Third Fourth
(hr) iteration iteration iteration iteration ]
1 -0.9696940 ~2,4442700 ~2.4442710 -2.4442710 -
2 ~1.8340240 -2.7049590 -2,7049600 -2.7049600 g
3 -2.4379300 -2,9298360 -2,9298360 -2.9298360 -
4 -2.8442920 ~3.1179190 -3.1179190 -3.117919¢0 .
5 -3.1046800 -3.2560730 -3.,2560730 ~3.2560730 h
6 -3.2949180 -3.3785220 -3.3785220 -3.378522¢0 g
7 ~3.4269170 ~3.4730540 -3.4730540 =-3.4730540
8 -3,2887370 -3.,3141920 -3.3141920 -3.3141920
9 -2.8673470 -2.8813900 -2.8813900 -2.8813900
10 -2.1868970 =2.1946430 -2.1946430 -2.1946430
11 -1.2659210 -1.,2701940 -1.2701940 ~1.2701940 -
12 -0,2885270 -0.2908844 -0.2908843 -0.2908843 )
13 0.6516642 0.6503637 0.6503637 0.5503637 T
. 14 1.4486700 1,4479530 1,4479530 1.4479530 -
- 15 1.9694940 1.9690980 1.9620980 1.9690980 z
- 16 2.2109110 2.2106920 2.2106920 2,2106920 -
17 2,1383280 2.1382070 2.1382070 2.1382070 -
18 1.7770200 1.7769540 1.7769540 1.7769540 "
19 1.2124580 1.2124210 1.2124210 1.2124210
20 0.4780363 0.4780160 0.4780160 0.4780160
21 ~0.3839333 -0.3839445 -0.3839445 ~-0.3839445 -
22 -1.1876650 -1.1876710 -1.1876710 ~1.1876710 -
23 -1.7802520 -1.7802560 —~1.7802560 -1.7802560 -
24 -2.1646280 =2.1646300 =2.1646300 -2.1646300 !
closer during the eveniug hours. Since the sol-air temperatures are based
on estimated incoming solar radiation, and roof surface tewmperatures N
reflect actual conditions. I feel that the thermocouple readings will yield f
the best results in the transfer function calculatiors. N
Equation 2, which is recommended by the Handbook for estimating hourly 5
heat flows through a building element, was used to calculate the heat flow e
values in Tables 3 and 4. The sol—-air and surface temperature data in ‘
Table 2 simulated the outside ailr temperatures. Inside air temperatures .
were held at 75°F, while the indoor and outdoor air film coefficients were i
the same as those used in eq 1. .
i
9e,7 ~ nd )
= - - 2 -
q, . = A [ £ bty o = 08 T d ( X )=t 2 o] (2)
n=0 n=) n=0 ‘
where A =~ indoor surface area (ft?) :
4

de,1 = heat flow through indoor surtice {Btu/hr)

5
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Table 4.

actual roof temperatures.

Heat flows (Btu/hr) through test roof calculated with eq 2 using

Time Firsc Second Third Fourth
(hr) iteration iteration iteration iteration
1 -0.9573820 -2.6242310 -2.6242320 -2.6242320
2 -1.7733140 -2.7543960 -2.7543960 ~2.7543960
3 -2,3911340 ~2.9446140 -2,9446140 =2.9446140
4 -2.8852500 -3.1930050 -3.1930050 -3.1930050
5 -3.2545280 -3,4247800 -3.4247800 ~3.4247800
6 ~3.4288710 -3.5228840 ~3,5228840 -3.5228840
7 -3.3901210 -3,4420010 =3,4420010 =3.4420010
8 -3.0390340 -3.0676570 -3,06756570 -3.0676570
9 -2.3527220 -2,3685120 -2.3685130 -2.3685130
10 -1.3356600 -1.3443700 -1.3443709 -1.3443700
11 0.0230660 0.0182607 0.0182607 0.0182607
12 1.1916790 1.1890280 1.1820280 1.1890280
13 2.0744340 2,0729720 2.0729720 2.0729720
14 2.5047830 2.5039760 2.5039760 2.5039769
1% 2.5186090 2.5181640 2.5181640 2.5181640
16 2.2870190 2.2867740 2.2867740 2.2867740
17 1.6627210 1.6625860 1.6625860 1.6628860
18 0.9325699 0,9324952 0,9325952 0.9324952
19 0.2697038 0.2696626 0.2696626 0.2696626
20 ~0.3697135 -0.3697362 -0.3697362 -0.3697362
21 -1,0655870 -1.0655990 -1.0655990 -1.0655990
22 ~1.7079740 -1,7079810 -1.7079810 -1,7079810
23 -2.1906630 -2.1906670 -2.1906670 -2.1906670
24 -2.4769670 ~-2.4769690 -2.4769690 ~2.4769690
T = time

A = time interval
n = number of transfer function coefficients
te,r ~ nA = sol-air or roof temperature at time 1 - nA (°F)
tyc © indoor temperature (°F)
bp,dy,cq = transfer function coefficients.
The transfer function coefficients (b,,d,.c,) are listed for
typlcal wall and roof constructions in the Handbook. Alternatively, the

englneer can use Mitalas and Arseneault's (1972) computer program to

calculate transfer function coefficients, as I did for this report. The

Univergityv of Alagka has this program on file in its computer. The

computer calculated the transfer function coefficients after I supplied it
with an outdoor film coefficient hy, = 3.0 Btu/hr.£ft2+.°F and an indoor
film coefficient hy = 1.46 Btu/hr-ft2-°F, and the density, conductivity,

PR SR G e e |




apecific heat, thickness, emissivity and absorptivity of the roof.

The resulting tranfer function coefficients for the test roof are:

bo = 0.00018 dg = 1.00000
b, = 0.00795 d, = -0.79820
by = 0.01409 I cy = 0.02526 d; = 0.14593
by = 0.00297 =0 d3 = -0.00552
b, = 0.00007 d, = 0.00003

o

Inspection of eq 2 reveals that the calculation of heat flow for any
given hour requires temperztures at that hour and preceding hours, plus
heat flows at preceding hours. Since, initially, heat flows are not known,
any value of heat flow can be used as a first guess. Through an iterative
process the actual calculated heat flow will evolve,

Equation 2 is composed of three sections, The first section sums the
product of each b coefficient and simulated outdoor condition. The present
outdoor temperature, either sol—air or roof surface, is multiplied by the
b, coefficient, Next the outdoor temperature from the previous hour is
multiplied by the b; coefficient. This continues until all the b coef-
ficients are used and then the products are summed to complete the first
section of eq 2.

The second section is the summation of the d coefficlents multiplied
by the previous values of heat flow. Equation 2 does not use dy in its
calculations. The d;, coefficient is multiplied by the heat flow calculated
for the previous hour, then d; 1s multiplied by the heat flow 2 hours back
in time. This continues until all the 4 coefficients (except d,) are
used. The products are then summed to complete the second section of eq
2. The third section is calculated only once since there is only one c
coefficient and the inside temperature 1s constant.

Once all three sections are calculated they are combined to give the
values of heat flows for each hour of the day. This process 1s repeated
until the latest calculated heat flow closely agrees with the previous
iteration. This convergence of values is shown in Tables 3 and 4. In
this case either the third or fourth iteration yields the desired estimated
heat flow., Appendix B lists the BASIC computer program written to perform

the calculations,

-
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Heat flow and temperature messurements

Copper-constantan thermocouples were used for this experiment. A

Fluke Model 2175A Digital Thermometer was used to measure the thermocouple

readings. It maintained its cwn Internal reference and automatically con-
verted the millivolt signal from the thermocouples into a temperature in
degrees Fahrenheit,

The heat flow sensor used in this experiment consisted of a number of
thermocouples embedded in a material of known thermal conductivity. Half

of the thermocouples were embedded near the top surface and half near the

bottom surface of the sensor to measure the temperature
sensor. This produced a millivolt reading proportional

heat flow sensor had a calibration constant of 93.1 mV,

change across the

to heat flow.
equal to 300

This

Btu/hr-ft2. A Keithley Instruments Model 155 Microvoltmeter was used to
obtain heat flow sensor readings. Data obtained from the heat flow and

temperature sensors are presented in Appendix A,

Infrared temperature meagsurements

I used an infrared camera to determine how accurately surface tempera-
tures could be measured., An AGA Thermovision 750, which measured radiant
energy within a wavelength band of 2 to 5.6 um, was used for these measure—
ments,

The energy emitted from the surface of a body 1s a function of the
object’'s temperature and emissivity. Emissivity relates to the ease with
which &n object ewits infrared radiation. Not all surfaces emit the same
amount of energy when they are at identical temperatures. A surface that
emits the maximum amount of energy has an ewmissivity of 1. All objects
in nature possess emissivities less than 1. Therefore, an accurate
measurement of surface temperature requires a knowledge of the longwave
emissivity of the object to correct for varylng radiation potentials,

Equation 3 accounts for both radiation emitted and reflected from the
surface of an object. (This emissivity equation is presented in the
owner's manual [AGA Infrared Systems 1973] for the infrared camera,)

Al € €
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where Ai,, = image isotherm difference (i, - 1) read from display
unit
= object emissivity (roof)
er = reference eatssivity (timber)
I, = absolute isotherm read from calibration chart (Fig. 3)
knowing reference temperatures Ty
I, = absolute isotherm read from calibration chart (Fig. 3)
knowing ambient temperature T,.
By knowi 1 the temperature and emissivity of a reference object and the air
temperat 2 and the emissivity of another object we can use eq 3 with
Figure = o calculate the unknown temperature of the second object.

1 measured radiation with an old wooden timber of an assumed emis-
sivity of 0.9 in the same field of view as the model roof. One thermo-
couple monitored the timber's surface temperature while a second neasured
the air temperature. (The air temperature thermocouple was shaded from the
sun.) The roof was assumed to have a high emissivity of 0.93 since it was
fresh, clean asphalt.

During one measurement cycle the timber and air temperatures were
44.6°F and 46.9°F respectively. The resulting absolute isotherm levels
I, and I, as read from a calibration chart (Fig. 3) were 12.8 and 13.4
respectively. The isotherm markers of the timber and the roof, read from
the camera display unit, were 0.5 and 0.4 respectively. The image isotherm

levels i, and i, were then obtained by multiplying the isotherm markers
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Table 5. Surface temperature of test roof as measured by a
thermocouple and an infrared camera on 24 April 1981.

Thermocouple I.R.

Measurement no. 7 camera
namber (°F) (°F) Time Conditions
1 112.2 111.2 10:30 a.m. Sunny
2 113.0 106.7 12:50 p.n. Partly cloudy
3 91.4 83.8 1:15 p.m. Cloudy
4 102.6 95.9 1:20 p.m. Sunny
5 105.6 98.6 1:22 p.m. Sunny
6 108.2 102.4 1:25 p.m. Sunny
7 37.8 35.2 9:30 p.m. Clear
8 37.6 36.5 9:40 p.m. Clear
9 37.4 35.6 9:45 p.m. Clear
10 37.6 36.5 9:50 p.m. Clear
11 37.9 36.9 11:30 p.m. Clear

by the range setting of the camera, which was 20 during this measurement
cycle; 1, and i, became 10 and 8 respectively. I, was then deter-

mined by inserting the above values into eq 3:

8 -10 . 0.9
I, =557 * o093 128 + (1 -

0.90
0.93

] 13.4

I = 10.7.
(o]

The roof surface temperature taken from Figure 3 was 36.9°F. Thermocouple
7 (Fig. 1) measured the roof surface temperature to be 37.9°F.

I repeated this procedure a number of times; the results are shown in
Table 5. The greatest discrepancy between the roof temperatures measured
with the thermocouple and those measured with the infrared cawmera occurred
during the daytime. Measurement 3 in Table 5 was 7.6°F below that of its
corresponding thermocouple measurement. The evening radiation measurements
were all within 3°F of the thermocouple temperatures. The best correlation
occurred later at night. 1In all cases the radiation measurements fell
somewhat below the thermocouple measurements. Although Table 5 does not
show complete agreement between the two measurement techniques, it does
show that surface temperatures can be approximated with an infrared camera,

especlally during the nigit,

Uncertainty analysis

An area of uncertainty in deterrining unknown temperatures from radia-

10
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tion measurement lies in how accurate the values substituted into eq 3
are, Holman (1971) describes a method for specifying the uncertainty in
the results of experimental data. His analysis will be followed to deter-
mine the uncertainty in the results of eq 3.

The result, I,, of eq 3 is a function of the independent variables

My, €Egy €rs Ly and I,; thus

I = f(Aior, ey €00 1, Ia). (4)

If W, represenis the uncertainty of I, then W,, W,, W3, W, and Wq
represent the uncertainty or range of possible values of the independent
variables. By specifying this range of possible values for each in-—

dependent variable, we can determine the uncertainty in I, as shown

below:
91 ) 3[0 2 BIO 2
r = [(33;;— W)t (57 W)t + (5 vs)
1 ol
+ (‘3'1_0 w,)? + (ﬁ w5)2]1/2. )
T a

The independent variables have the following ranges: e, = 0.93 % 0.02,
er = 0.90 * 0.02, g4 = 1.0 £ 0.02, I, = 12.8 *+0.20, I, = 13.4 ¢t
0.20. Although I, and I, are functiors of temperature, the chart from
which I, and I, are taken controls the uncertainty in these values. I

feel that I, and I, can only be read within * 0.2 of their actual
values as shown above, Al,pr is a function of how well the isotherm
marker can be read from the display unit of the camera, Due to the flicker
of the cathode-ray tube, I do not feel that I could consistently read the
isotherm marker closer than * 0.02,

Using eq 5 along with the stated ranges of the independent variable

glves

91 /ALt 1/¢ = 1/0.93 = 1,08
0 or [o] -

3T /3¢ = -Ai /e?2 - eI /e2 + ¢ 1 /e?
(o] [s] or o rr o ra o

- -2/0.932 - 0.30(12.8)/0.932 + 0.90(13.4)/0.932

= 2.94
11

u
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Figure 4. Thermocouple temperatures.

9T /3¢ =1 /e -1 /e
o] r r (o] a o

. = 12.8/0.93 - 13.4/0.93
- = ~0.65

91 /31 = ¢ /e = 0.90/0.93 = 0.97
. [o] r T (o] R
v 91 /31 =1 -¢ /e =1 - 0.90/0.93 = 0,03
a o] a T o —_—

The uncertainty in

measuring I, (eq 3) becomes

% W= [(1.08 x 0.02)2 + (2.94 x 0.02)%2 + (-0.65 x 0.02)?

. 1/2
3 + (0.97 x 0.2)2 + (0.03 x 0.2)?] /
- W= 0.20
2 r
_% Thus the I, reading of 10.7 from the Infrared Temperature Measurement
_j section obtained with the infrared camera is accurate to * 0.20 unit.
% Evaluation of transfer function
? The transient nature of the heat flow through the test roof 1s shown
»

by the graph of thermocouple temperatures in Figure 4 (values taken from

Appendix A)., The effect of a maximum surface temperature occurring at 11

12



Table 6. Heat flow through teat roof (Btu/hr).
A negative sign indicates heat being lost
to the outdoors.

Transfer function

(based on roof Heat flow

Time temperatures) sensor
1 a,m, -2.6 -3.9
2 -2.8 =4,1
3 -2.9 -4,3
4 -3.2 =4,4
5 -3.4 =45
6 -3.5 -4,7
7 -3.4 -5,9
3 -3.1 -4.,4
9 -2.4 -3.2
10 -1.3 -3.2
11 0.0 1.2
Noon 1.2 3.0
1 pom, 2.1 4.3
2 2.5 4.2
3 2.5 3.3
4 2.3 2.1
5 1.7 1.6
6 0.9 ~0.5
7 0.3 -0.9
8 -0.4 -1.1
9 -1.1 -3.0
10 -1.7 -3.4
11 -2.2 -3.7
12 -2.5 -3.8

a.m. 18 not sensed by the underside of the roof until about 2 p.m. This
should come as no surprise when the heat storage effects of the insulation
are consldered. We also see a maximum heat flow at the inside roof surface
at 2 p.m.

Does the transfer function predict the same thermal lags shown in
Figure 4? Table 6 compares heat flow through the roof as computed with the
transfer function to that measured with the heat flow sensor. (Roof sur-
face temperatures, which are actual values, were used to derive the trans-
fer function values as opposed to using the estimzted sol-air tempera-
tures.) The heat flow sensor data were taken from Appendix A. Generally,
the transfer function predicts the same thermal lag as shown in Figure 4.
Also, the perlods of heat loss and gain correspond for the results from the
transfer function and the heat flow sensor., Both measurement techniques

show heat being lost from the roof until 1l a.m,, then the roof gaining
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heat until 6 or 7 p.m., whereafter it again began to lose heat, It appears
that the transfer function is able to model the time and direction of heat
flow.

However, the magnitude of heat flow in Table 6 differs considerably
between the transfer function results and the heat flow sensor results.
Because of the short measurement period of this experiment, it is difficult
to assess this discrepancy other than to explain some of the potential
gsources of error.

In reading the microvoltmeter it was often necessary to tak2 an aver-
age of several readings to get one hourly reading because the meter needle
often swung back and forth, At first I thought the cycling on and off of
the lights to be the probable cause of the apparent jumps in the heat flow
readings, but careful control of their cycling did nothing to dampen the
swing of the needle. Even turning the fan off did not help. Conseguently,
I used a system of averaging several readings. Perhaps some other sort of

recorder, such as a stripchart recorder, would have yielded better results.

SUMMARY AND CONCLUSIONS
I used a computer method that was modified to employ roof surface

temperatures and heat storage capacities of materials to estimate the

hour-by-hour transient heat flow through a known cross section of built-up
roof. Thermocouples and a heat flow sensor provided a check. Also, 1 com-
pared roof surface temperatures measured with an infrared camera to roof
surface temperatures measured with a thermocouple.

The computer method predicted the time and the direction of heat flow
through the buillt-up roof but the magnitude of those heat flows did not
correspond well to heat flows measured by the heat flow sensor. This could
be due to the insensitivity of the heat flow sensor and to the instability
of the microvoltmeter needle when readings were taken. The accuracy of the
transfer function should be further checked by use of better equipment and
longer measuremenc cycles.

Surface temperature measurements taken with the infrared camera cor-
responded fairly well with the roof surface temperatures recorded by a
thermocouple. I found the best results at night when there was no solar

influence.

14
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APPENDIX A: THERMOCOUPLE AND HEAT FLOW READINGS

p- s Thermocouple readings in °F; heat flow readings in mV; negative sign
- indicates heat flowing from inside surface of roof up into insulation.
TC *] a.m. *2 a.m. 3 a.m. 4 a,m, 5 a.m. 6 a.m,
X 1 73.5 73.5 73.6 73.2 73.2 74,0
) 2 71.5 71.5 71.6 71.0 70,6 70.8
3 62.5 61.5 60.6 60.2 59.8 60.2
4 53.5 51.5 49,4 49.0 49.0 50.6
5 43,5 40,1 36.8 37.0 38.4 41.0
6 33.1 28,7 24,4 25.8 29.4 35.2
N 7 31.8 27.2 22.6 24.8 29.0 36.2
iy Alr 38.2 36.4 34.6 36,2 37.6 28,2
:" Heat
~ flow -0.73 -~0.77 -0.80 -0.82 -0.84 -0.87
v TC 7 a.m, 8 a.m, 9 am, 10 a.m. 11 a.m. Noon
-
n 1 76.2 76.6 78.6 78.6 79.8 80.2
X 2 71.6 70.0 74.8 75.6 77.4 80.6
b5 3 62.0 63.2 75.8 77.2 82.6 88.4
-7} 4 54.6 59.6 79.8 82,4 88.8 96.6
5 51.0 60.4 90.0 92.4 100.0 107.4
6 57.4 64.8 107.8 110.4 119.8 121.8
7 59.0 66.8 109.8 111.4 121,2 121.2
Air 43.6 44.0 53.2 55.0 58.0 63.8
: Heat
' flow ~1.1 -0.82 -0.60 -0.60 0.24 0.56
TC 1 p.m. 2 p.m. 3 p.m, 4 p.m, 5 p.m. 6 p.m.
1 78.0 80.4 77.4 76.4 76,2 76,2
2 80.2 80.2 79.2 78.0 77,2 75.2
3 89.2 89.0 85.2 81.4 79.4 77.2
4 98.8 95.4 89,6 84.6 79.6 76.3
. 5 111.0 97.8 90.6 85.4 76.0 71.9
3 6 116.4 105.0 83.2 79.0 68.4 63.2
7 103.4 109.4 B2.4 73.0 66.4 60.8
Air 61.0 62.6 60.8 58.0 58.C 58,2
Heat
flow 0.80 0.79 0.62 0.40 0.30 -0.10
TC 7 peme 8 p.m. 9 p.o. 10 p.m. 11 p.m. Midnight
1 74.8 74.4 73.8 73.8 73.6 73.4
2 75.0 74.0 72.4 72.2 71.8 71.4
3 72.8 69.0 65.4 64.8 63.8 63.4
4 69.0 62.8 57.8 57.0 56.0 55.6
5 6l.2 53.0 48.0 47.0 647.4 46.8
6 48.4 40.4 36,8 36.6 38.8 37.4
7 46.6 39.0 35.6 36.0 37.8 36.4
Air 52.2 48.4 46,4 46.0 45,2 40.0
o Heut
L flow -0.17 -0.20 -0.56 -0.63 -0.68 -0.70

*Readings derived by prorating the midnight and 3 a.m. readings.
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FRINT "PRESENTELD RY ASHRAE »HANOROOK OF FUNDAMENTALS 1?00
F-

RINT RO XOKAOKEROR KRR KA INFORMATYON 30K KKK E KKK KR KRR OK Ok X X4 & °
RINT

RINT "THIS FROGRAM CALCULATES THE HOURLY TRANGSIENT®

RIMT "HEAT FLOW THRU A MULTILAYERED RUTLTING COMPONENTY
RINT "RY USING THE <TRANSFER FUNCTINON METHOD "

RINT

RINT

RINT "YOU WILL RE FROMFTED TO SUFPFLY NEEDED INFORMAT [0, "
FRINT

FRINT

FRINT®*THIS FROGRAM WILL FRINT QUT 4 ITERATIONS OF HEAT FLOW FOR®

FRINT®*EACH SET OF DATA ENTEREL. TF YOU WISH MORE OR LESS ITERATVTONA

RINT“CHANGE STATEMENT NUMEBZIR 410,"

RINT

RINT = 30K K 0K KKK 3K R K K OK KR OK 0K K 3K KK KK KK Kk K R R A KK KK K I0OK JOKOKKOKOKOK KX !
RINT

RINT

DIM T(100) s ACI00) yR(20)y (20X s QC100)»Q1(L00) » T1(20)
RINT*HOW MANY HOURLY 3J3URFACE TEMFERATURES DD YOU HAVE®S
INFUT I

FRINT

PRINT

FRINT "HOW MAMY EB-COEFFICIENTS LO YOU HAVE“s

INPUT I1

ERINT

PFRINYT "HOW MANY D-COEFFICIENTS [ YOU HAVE";
INFUT I2

FRINT

FRINT

FRINT "WHAT IS THE VALUE OF YOUR C-COEFFICIENT®;
INFUT C

FRINT

FRINT

FRINT *WHAT IS YOUR AVERAGE INDOOR TEMFERATURE IN DrosREES FAHRENHELT

INPUT T2

FRINT

FRINT

FRINT *TYFE IN EACH HOURLY TEMFERATURE";
MAT INFUT A

FRINT

FRINT*TYFE IN EACH E-COEFFICIENT®»
MAT INFUT R

FRINT

FRINT*TYFE IN EACH I-COEFFICIENT®S
MAT INFUT D

FOR N=I1 TO (I1+I-12

S=N-11+1

T(N)=A(S)

NEXT N

FRINT

FRINT
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RO Friw: "THF Fi LOWTNG ARE THE SURFACE TEMPERATURES USEL I THTS FROGR MM ®
31 FRINT
La-ERINT * HOUE TEME »
183 FRINT |
190 FOR N=T1 TO (T1+1-1)
191 S1=N-T1+1
200 FRINT 81y T(N)
210 NEXT N |
220 FOR M=1 T0 (T1-1) !
. 2X0 L=pM+T |
o~ 240 T(M)=T(L) .
o PHO NEXT M
- 277 BPRINT
278 FRINT*THE EB~CORFFICIENTS ARE® '
279 FRINT .
280 FOR J=1 TO Il
201 FRINT USING 302y JyR(D
3023 *X3] I TTET T
303 NEXT )
332 FOR Ul=1 TD 12
333 M1=U1-1
324 D(M1)=D(U1)
~ 335 NEXT Ul
e 337 PRINT
: 338 PRINT *THE D-COEFFICIENTS ARE"
39 FRINT
340 FOR K=0 TD (I2-1) :
361 PRINT USING 362:K»D1(K)
346213 44 $&.FHEEHE
370 NEXT K
371 PRINT
372 FRINT® HOUR HEATFLOW ETU/HR® .
373 FRINT |
410 FOR A=1 TO 4 |
: 420 FOR #=11 TO (I+I1-1) |
e 430 X=F-(I1-1) |
o 450 FOR S=1 T0 I1
; 460 Fl=(F+1)~8 |
470 T1(S)=T{F1) |
480 NEXT S |
490 R2=0 .
500 FOR U=1 TO T1i
510 B=BUHXT1(U)
520 R2=K24FE
530 NEXT U
540 Q(0)=0
550 N2=0
560 FOR V21 TO (I2-1)
570 Vi=F-V
600 D=D(V)*QA1 (Y1) |
610 D2=D24D ‘
620 NEXT V |




630 Q(X)=R2-D2-(T2¥0)
640 FRINT X»Q(X)
, 650 FOR G=I2 TO (I2+I-1)
- 440 H=G-(I2~1)
% 670 QL(GI=Q(H)

: 680 NEXT G

i ¢90 FOR L=1 TO (I2-1)
700 W=L+1
710 Q1(L)=R1(W)
720 NEXT L
721 NEXT F
722 FRINT
730 NEXT A
800 ENT




