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Energy conservation surveys of Navy facilities often require data
on in-place R—values of existing structures. Such information
has been difficult to obtain due to transient conditions caused
by day-and-ni ght temperature change~s. This study indicates R-

-
~ values can be calculated within abc~t a 6% accuracy from heat flux

and inside-outside wall surface temperature data that have been
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I. INTRODUCT ION

The U. S. Navy ’ s Civil Engineering Laboratory is interested in determining

the R factors of thermal insulation installed in existing buildings and houses

by the in-situ measurement of heat fl ux rates to or from such structures as

well as the corresponding temperature drops.

It is clear that R factors of thermal insulations are normally measured under

steady state heat transfe r conditions in specia l thermal insulation test appa ratus

wherein unidirectional heat flow exists. In order to measure R values for insu-

lation in existing structures under nonsteady state heat transfer conditions , it

is necessary to extract the H value.s from the transient temperature and heat

flow fields ut i l iz ing fundamental  heat t r ansfer  functions . Such procedures axe
*

described in this stud y.

~

_~~.0

*
The work was performed under contract N62583/76 M W928 over the period

May 1 to .June 30 , 1976. The effort consisted of 250 manhours .
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II. NONSTEA DY STATE HEAT TRANSFER SOLUTIONS (TASK 1)

In order to develop a back groun d for the measurement methods used in this

study , two representative, nonsteady state heat transfer systems are described

below to illustrate the thermal behavior in walls and ceilings of existing housing

structures. Although the systems presented are simplified in detail , they are

sufficiently complete to illustrate the princip les involved.

A. Periodic Heat Transfer System

Consider an idealized building wall (or ceiling) which has one side that

is kept at a constant temperature and the other side that experiences a

sinusoidal temperature change. This system approximates a real wall

or ceiling whose inner air  temperature remains constant (by a thermostat)

and whose outer air temperature (and solar radiation) create a periodic

heat flow . In the idealized system , the periodic heat flow is simplified

by a sinusoidal surface temperature function and the inner and outer

thermal resistances of the air are neglected because they are small corn-

pared to wall  or ceiling R values .

The idealized problem is divided into two simpler ones that are then

superimposed to obtain the comp lete solution.

One boundary value problem is defined by steady state in a wall (Figure’ 1),

,1 
0 = ~~~~~~~ (1)

t ( x  = 0) = t , t ( x  = L) = tb

______ 
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Figure 1. Steady state heat t ransfer  in a wa l l .
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Figure 2. Sinusoidal heat transfer in a wall (with no net heat flow).
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The solution to this equation set is

t = t -(t - t )~~~ (3)
a a b L

where

t , temperature at any point x within the resistance R

t , temperature of one wall surface

t
b 

temperature of the other wall surface

L , thickness of the wall across resistance H

x , distance through the wall (0 < x ~ L)

The second boundary value problem to be considered is sinusoida l heat

transfer in a wall with no net heat flow; this system (see Figure 2) is

defined by,

at (
5-
I

S 
= a (4)

( lx

2lr et (x  = 0 , & )  = t cos (5)

t ( x = L ,~~ ) = 0 (6)

• S •_ ~~~S~• S  ~~~~~~~~~~~~ 5- ~~
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where S

9 , time

a , thermal diffusivity

t , the amplitude of the sinusoidal temperature variation at x 0

period of the temperature variation

The solution of this boundary value problem is accomplished as follows :1

The solut ion for a semi-infinite solid is used to describe the first term of

the temperature function in the region 0 <~ x ~ L. Next , a second term ~b

developed whose surface temperature at x = L is the same as that of the

first  t e rm .  The first  term , however , decays w ith distance in the + x

direction and the second term decays w ith distance in the -x  direction

(starting at x = L). This process continues so that when many terms arc

superimposed, a solutio n for the boundary ~alue problem defined by

Equations (4), (5) , and (6) results , ~,a mely,

= t
m Ie~~

1

~ cos (
~

—
~
-
~ 

- b~ ) - 

- 

~
) 

( 
- h ( 2  -

- b(2 + )
L

.
~ e cos — b (2 +

L ))t  ...
~~~

S ~~ ~~~~~~~~~~ ~~~~~~ 
S — ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ S S .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The comp let e periodic solution (see Figure 3) is the sum of Equations (3)

a nd (7) ,

t = t - (t - t )a a b L

N=~ ~ b(N+o+ (_ l)
N X

)

+ t
m > (_ 1) N 

e 
L 
cos(~~~

° - b(N +6, (_ly ~ 
x~
)

N=0

whe re

b = J ~~~~~

o = 0 for even N values

6 = 1 for odd N values

B. Step Function System

Another unsteady state heat transfe r system of interest involves a step

function change in the outside surface temperature of a wa l l  that has been

at steady state. The description of this boundary value problem follows:

at
— (9)— 

2
(~ x

_________ - .~~~.. ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S~ ._S-’~- .5- S 5 - •
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t(x , 9 = 0 )  = f(x) = t
a 

- (t - t
b

)
L (10)

t(0, 9 )  = 0, t (  L ,  9 )  = tb (11)

The solut ion of th is problem is2

t = t -
~~~

- S
b L

2 2 L
f l=-L  n a ~~r~~~

+ ~~~ e L2 
sin~~-~~~ j ( _ 1) ’

~~~~+f 
f(x) sin (n7r~ ) dxl (1:

hi. . .. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S . • 1 ~~~~~~~ 8 4  ~~0~ 5. . 5 l 5 ~55 55-5 S5-Sl0• S• S ~ S•S 5 l~~5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Ill. AP P LI CATK~N OF NONSTEADY STATE

HEAT TRANSFER SYSTEMS (TASK 2)

-\ . Specific and Step Function Applications S

The periodic heat transfer system described in the previous section was

evaluated for a simple wall consisting of a two-inch thick cork board.

Equation (8) was used to determine relative phase shift between the maxi-

mums of the temperature difference across the cork board and the heat

flux as measured by a heatmeter located on the opposite side of the wall

from which the sinusoidal surface temperature variat ions were added to

the system. The heat flow equation was obtained from Equation (8) by

differentiating it w ith respect to x to obtain the temperature-distance

derivative and evaluating it at x = L. The theoretical phase difference

between the maximums in the temperature differences across the resistance

H and the heat flow at x = L was found to be 11 hours. In the next section

this result is compared to some experimental data obtained in a laboratory

system.

The step function system was also evaluated for the cork board wall utilizing

Equation (12) ; specifically, a calculation was made to determine how long it

would take a steady state condition to reestablish itself af ter  it was disturbed 
S

by a step function surface temperature cha nge. It wa s  found that a t ime

constant  for this system based on a ten percent deviatio n value wa s  equal

to 11. G hours. This result is also compared to some experimental  info r-

mat ion  in Section IV.

-~ 5- S_ 5-• S  5- S  ~~~~~~~ 5~ 5 S~~ ~~~~~~~~~~~~~~~~~
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13. General Definition of the R Value in Terms of Heat Flow and Temperature-

Difference Time Integrals for Periodic Operation

If the outer surface temperature of a building wall (or ceiling) is exposed

to periodic environmental temperature variations (as a result of solar

radiation and air temperature changes), the R value of the wall or ceiling

can be obtained by relating it to the quotient of’ the ratio of the mean tempera-

ture difference to the mean heat flux over a repetitive 24-hour period , as

show n below :

9 9

= 

(9)d6 t + ~ t )  d6

~f~ O d 6  
f( er~~~ )sY& S

9 9 9

dO + 

J
~~ t d& 0 + J~t dO

= 

[~~~per 
dO + dO 

= 6~ 
S

L i t
= = H ( 13)

IjmNpPPF.
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •5-~~~~ 5~~~~~ S S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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In othe r wo r ds , for a periodic system , the ratio ci the tempera ture  difference

and h eat  flux integrals over a day period , 9 ,  reduces to the st eady tempera-

ture dif ference -heat  flux ratio which is defined as the R value.

~ IuIISupNI!r- _5-•_____~~~~ •S_ 
~~~~~ 5-S-S~~S-S-SO~~~ I 



IV. LABORATORY VERIFICATION TESTS (TASK 3)

A . Steady State ASTM C-177 and C-518 R Value Determinations for Cork

Test Panels

Geoscienc e ’ s ASTM C-177 apparatus was used to determ ine the H values

of two 48 x 48 x 2-inch cork board panels which later were used to simulate

a wall system that is exposed to periodic heating on one side. The two

cork panels installed in the ASTM C-177 apparatus are show n in Figure 4.

A flat plate heater system separates the two cork panels . The inner

heater is used to generate unidimensional heat flow in the R value measure-

ment effort and the outer heater performs a guard function. A thermop ile

system is woven between the edges of the inner and outer heaters ; when

one heater power is so adjusted relative to another that the output signal

of the thermop ile between the two heaters is zero , or nearly so , all of the

heat release of the central heater leaves in a one-dimensional manner

from its two surfaces (no flux fringing) . This feature is mandatory to y iel :

S 
an accurate , steady state R value for the two slabs. Figure 5 shows the

overall view of the ASTM C-I?? apparatus including the power control and

measurement equipment. Figure 6 shows a closeup view of an unp lugged

surface thermocouple hole and the ends of the two cork boards separated

l y  the flat plate heater system. Heat flux meters in the metering anü

guard zones are also visible in Figures 4 and 5: these sensors cons t i tu t e

the ASTM C-518 method.

Stc ;idy state P. values as determined by the two methods ar c  shown in 1 d i t  1.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .SS - - S S S S  -. 5- -- . - “-5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 - -rn 
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TA BLE I.

Steady State R Values by ASTM C-177 and C-518

Run Rc i i7 
R C 5].8 

it R
hr ft

2 °F/Btu hr ft
2 °F/Btu

a 7.13 7.55 34.0

b 6.78 7.17 35.8

B. Simulated Periodic Heating of Cork Test Panels

The ASTM C-177 and C-518 system shown in Figure 4 was also used to

perform periodic wall heat flow simulation tests . Specifically, the steady

state heater system electrical inputs were left on for sixteen-hour periods

(from 5:00 p.m. to 9:00 a. m.) and then interrupted w ith eight—hour periods

of no heater power (from 9:00 a .m .  to 5.00 p .m . ) .  Such an arbitrary cyclic

schedule simulates the case for ~ house r building wall in the summertime

which is exposed to a period of so’ar radiation and warmer outside air
*

temperatures during the daytime; for this situation , air conditioning is

5 normally used to keep the room temperature at some comfortable , constant

temperature. Heat fl ux meter output signals and temperature differences

*The choice of s ixteen hours of power on and eight hours of! wa~ a rb i t r a ry ;
the order could have been reversed. The t imes for changing  the power were
related to the arr ival  of company personnel and the t i m e  req u ired to make man ua l
measurements.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 50 S S~~~~~~~~ ‘S~~~~~~~~~~50~~~~~~~~~~~~
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across the cork board were recorded by a Hone~~~ell recorder that con-

ta m ed a switching circuit  so that the temperature differences and

corresponding heat flows could be measured by one recorder. The results
obtained for a 48-hour period (two successive periodic days) can be seen
in A ppendix A. In addition to the recorder traces , additional system heat
flows and temperature differences were recorded manu a lly throughout the

daytime periods and part of the nights ; a typical data set can be seen in

A ppendix B.

The B value results for the simulated , periodic heating data wer e evaluated

for two consecutive days and the results are shown in Table 11. Equation (13)

was used to make the evaluations .~~

TABLE 11.
S 

Transient R Values as Determ ned by Equation (13)

hr f~ °F/ Btu

June 22, 1976 6.S5
s s -

June 23 , 1976 6.~ s

C. Comparisons of Steady State and Transient H Values

Table Hi shows a comparison between the stead y state and t rans ient  U

values determined for the cork board wall :

The in teg ra t ions  wer e  p er fo rmed  n u m er i c a l l y  u s ing  th e  ~~t l(  I and ‘I • \i ~~i l e : I~~ u i I -

ments  at h a l f  hour t i me  in t e r v a l s  over th e  2 1—hour  iicr iod .

- - . 5  - — - -S - 5S 5 . -S~~~~~~~~~ S S -- -” - - 5 0-- -  - - - ---_ -  - --- -S -- a
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TABLE III.

Comparison of Steady State and Transient B Values for

A Two-Inch Thick Cork Board Wall

Mean R , Mean R , Deviation ,
2 

S5 trans
hr ft OF/Btu hr ft2 °F/Btu

7.16 6.77 5.6

D. Comparison of Experimental Performance with Predictions

it is also of interest to review the experimental results in the ligh t of the S

idealized mathematical sinusoida l and step functio n models . Althoug h t he

experimental apparatus was not operated as a sinusoidal or step function S

surface temperature system , the periodic heating used does have s imilar

features. From the ~ t and q/A traces in Appendix A , it is clear that t ime

constants , to say the ten percent value , are of the order of eight to ten

hours . This result is in general agreement with the 11 and 11.6 hour t ime

constants for the sinusoidal and step-function predictions , respectively,

given above.

50 5 - -  — - -~~~~~~~~-~~~~~-S---
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V. OPERATING MANUA L (TASK 4)

The material in this section consists of an outline of the operating procedures

that are suggested for use in measuring R values of existing structures that

are exposed to nonsteady state heat transfer conditions .

A . Instrumentation

The instrumentation for such a measurement system would consist of

(1) a heat flux transducer , (2) a M thermopile , (3) a potentiometer or S

microvoltmeter for the monitoring of the output signals, and (4) a mliii- S

volt recorder for output signal trace recordings .

The heat flow transducer must be sensitive enough so that small heat

fluxes of the order of 0. 1 Btu/hr ft 2 can readily be measured. The ~ t

thermopile should have enough junction sets ~a that large mullivolt readings

result from temperature differences across walls or ceilings as small

as two or three degrees Fahrenheit. The potentiometer or microvoltmeter

should be sensitive enough to measure five microvolts; the millivolt 
S

recorder should also have this sensitiv ity .

B. Installation

The heat flux transducer can be affixed to either side of a wal l  or ce i l ing

to be studied. If the sensor is located on the outside wall of a bui lding,

however , it is suggested that a thin layer of insulatio n (sma l l  compared

to the wail R value) be added to the hea t flux transducer to reduce the

environmental thermal noise. The ~ t thermop ile which is uaed to nicasure 
5

- — 5 0
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the temperature difference across a wall or ceiling resista nce should be

located in the same vic inity where the heat flux transducer has been located:

the junction sets on the outer wall should also be thermally insulated a little.

These two sensors can be attached to the surfaces by a sticky adhesive or

by masking tape. Window areas or ceiling crawl holes can be used to po-

sit ion the 4t thermopile. The heat flux transducer and ~ t thermop ile

sensor set can be located in various regions of a building where it is

thought information on H values is required.

C. Modes of Operatio n

1. Periodic Operation

If it is desired to determine the H value for a sinusoidal or periodic

cycle (a 24-hour period) , the data obtained by the instruments de-

scribed above should be substituted into Equation (13) and then

evaluated as discussed on page 16.

2. Quasi-Steady State Operation

From the heat flow temperature traces shown in A ppendix A , it is

noted that after 3:00 a.m. in the morning, the heat flow and tempera-

ture difference traces for insulations w ith R values of about 10

appeared to have reached a quasi-stationary state. The R value

determined from the data in this region agree very closely with the

steady state R value data sets shown at the beginning of the trace in

A ppendix A . Therefore , another method of evaluating B values would

be to make transient measurements early in the morning prior to the

rise of the sun and then to use these quasi-steady state values to

determine an R value. if the wall H is significantl y greater than 10,

quasi-steady state may not be reached and then the method cannot be

used.
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— A PPENDIX A .

This  A p p e n d i x  con si s t s  of a o n e — t e n t h  scale  r e p r o du c t  ion  of a 3 0 — f o o t

r o l l  of c o nt In u O U S  r e c o r d e r  traces  of t e mp er a t  or e  di f  t ~~re11~ e and h e a t

f l u x  m e a s u r e m C f l t~ f o r  the  s i m ula t e d  w a l l  svstc ’m .
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APPENDIX A .

~n d ix  c o n s i s t s  of a o n e — t e n t h  s i a l e  r e p r o d uct  of a 30—foo t

c o n t i n u o u s  r e c o r d e r  t r a c e s  ot  t e m p e r a t u r e  d i f f e r c n c e  and hea t

~urements  f o r  the  s i m u l a t e d  w a l l  sy s t e m .
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