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In the visible wavelengths many common building materials are not
good absorbers. The fraction of the black body radiation absorbed by
a body at a given wavelength A is given by the monochromatic absorpt-
ivity «,, the values of o, lie between zero and one. In the visible
wavelengths, white paint, wood and plaster have a, values between
about 0.1 and 0.5 see Table 3. In the infrared above 4 or 5um
wavelengths almost all common building materials except shiny metals
have o, of 0.8 or higher. Plate glass which is transparent in the
visible wavelength becomes a very good black body in the infrared
wavelengths with o, greater than 0.9.

Table 3
Absorptivity of Materials to Radiation
from a Room Temperature Source and a Solar Source

Absorptivity Absorptivity
Solar Source at
Radiation 500°R

Polished Aluminum 0.3 0.06

Slate Roofing 0.9 0.9

Concrete 0.6 0.85

Red Brick 0.55 0.9

Paper, Wood, Cloth, Plaster 0.1 - 0.45 0.85 - 0.92

Sieber,W. ,Z. tech. Physik. 22:130 (1941)
—

Heat Transfer Between Black Bodies

Consider two flat plates, A,
and A,, parallel to each other with Trensparen
small compared to the width of the
D Al A2
T1 T2

the spacing between the surfaces
plates, see Figure 21. The air
between the plates can be consid-
ered transparent.

Figure 21
Parallel Black Plates
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Each plate is a black body at a uniform temperature T, and T,,
respectively. The radiant energy emitted by the first plate is

— 4
912 = A10T1 (69)

All of the energy emitted by plate 1 is absorbed by plate 2.  Similar-
ly all of the energy emitted by plate 2, A, © T is absorbed by plate
1. The net radiative heat transfer is

a, = a0 (7,7 (70)

This heat transfer takes place independent of any conduction or
convection heat transfer assuming the temperature T, and T, can be
maintained. Thus the total heat transfer is the sum of the radiative
heat transfer given by Egn. 70 plus the convective heat transfer
between the two plates.

In many cases it is useful to linearize the relationship given by
Egqn. 70. Taking the mean temperature as (T,+T,/2) and A as the
temperature difference T,-T, then T,=T+A/2 and T,=T,+A/2 and

2 2
4_mi4 , ma g D03 A 2 a_, A3 a :
T, -T,” = T, +4———TM +6| — Ty~ Ty -4——-Tu +6 —| T, (71)
2 2 2 2
When A<<T,, where T, is the absolute temperature,

o (z4-7% = 407, (T,-1)) (72)

An effective or radiative heat transfer coefficient can be defined so
that

g, = h, Aa(r-T) (73)

and in this case,

hr = 4072 (74)
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Table 4 gives values of hy for different values of mean
temperature. These values should be compared to the values given
for convection in Table 2. At room temperatures heat transfer by -

Table 4
h, for Radiation at Mean Temperature Tn

Mean Temperature, Tn (°F) he (BTU/hr ft? oF)
0 0.66
60 0.96
200 2.0
500 6.0
1500 51

1 BTU/{hr ft? oF} = 5.68 W/{m® °C} |

radiation is comparable in magnitude to natural convection.
For radiation between walls and ceiling or between a person

and surrounding surfaces which are each black bodies at different
temperatures the geometry of the configuration must be included.

32
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The radiation emitted from surface A, which is absorbed by black
body surface A, is

_ 4
D12 = A1F120T1 (75)

where F,,, the configuration factor, is the fraction of black
body energy emitted from surface area A, which goes to surface
area A,. Similarly, the radiation emitted from surface A, ab-
sorbed by black body A, is,

— 4
Drz1 A2F210T2 (76)

where F,, is the fraction of the energy emitted by surface A,
which is directed at surface A,. When the two surface are at the
same temperature the energy from A, to A, must equal the energy
from A, to A,. Thus the product of AF,, must equal AF,,. Since
the configuration factors involve only geometry this equality
must hold no matter what the temperatures T, and T, are. In
general, the net radiation between the two constant temperature
black bodies must be,

- 4_pm 4
q, = A, F,0 {Tl T, ) (77)

For two parallel plates close together F,, is 1. For a person
standing close to a large flat surface, F,, from the person to
the flat surface is approximately one half. The configuration
factor from a horizontal plate to the sun when directly overhead
is the solid angle from an cbserver standing on the plate to sun,
divided by m; this becomes the ratio of the square of the sun’s
radius to the distance from the earth to the sun. This is
approximately 2 x 10°. The product of this configuration factor
and oT,,, . ‘ is approximately 400 BTU / hr ft?. When the transmis-
sion loss through the earth’s
atmosphere is considered (a

cloudless day with the sun Non—DBlack Hleck Bod
directly overhead) the solar on—blac ack Body
flux becomes approximately 200 T1 2

BTU/hr f£t°.
Non-Black Bodies D

Consider two large paral-
lel flat plates A, and A,.
Surface A, is a black body and
surface A, is a non-black body Al
with absorptivity o,. The
amount of energy emitted by Figure 22
black body A, which is absorbed Non-Black Plates

A2
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by body A, is o, © T A,, the balance (1 - o,) is reflected back
to A, where it is reabsorbed.

Since surface A, is not a black body, the amount of radia-
tion energy it emlts is less than oT That amount is given at
€,0T, where e, is the emissivity, deflned as the ratio of the
energy emltted by a non-black body to the energy emitted by a
black body at the same temperature.

The net radiant energy exchanged between A, and A, becomes

- 4 4
q, = €,A 0T, ~a,A,CT, (78)

If T, and T, are at the same temperature, the net heat transfer
between the two bodies must be zero (If not, two bodies initially
at the same temperature would have one body spontaneously drop in
temperature while the second rose in temperature). If the net
heat transfer is zero,

€ =9 (79)

This hold when surface A, is a black body at a temperature near
A,. When the two surfaces are at temperatures far from each
other or neither surface is a black body then a good engineering
approximation is e, ~ «;,, at any given wavelength but «, does
not necessarily equal e,.

For the case when e, is equal to o, surface A, is termed a
gray body. If A, is a black body then the net heat transfer
between the two parallel plates becomes,

g, = €,AC (Terz) (80)

xr

If two parallel plates are both gray bodies it can be shown that
the net heat transfer is

R (01'14—01'2‘)
%= 71 1 (81)

_t -1

€ €

Note this reduces to equal equation 80 when e, is unity. The net
radiative heat transfer can be approximated as



- A€ 4_ 4
g = A—z— (Gfl'1 GTz)

when ¢, = ¢, and e,<<1.

35

(82)

Example

An insulation is constru-
cted from four parallel sheets
of thin plastic sheeting which
are 1/4 inch apart and are
filled with air. Both sides
of the sheets are coated with
an aluminized material to give
an emissivity of 0.1. Assume
the emissivity is equal to the
absorptivity. Find the R value
of this insulation from the
inside to the outside layer.

Solution

.11/ l'\

Numbering the successive
sheets from 1 to 4, for each
sheet the radiative heat tran-
sfer is given by equation 81,

q

x

oPt-op, ¢
s i i+l
A 1 1

q e
=z = (o'.r'.‘-otz'. ‘)
A 19 i i+1

This can be approximated as,
g

i i+l

= h_ (T.—T )

Figure 23
Parallel Layers

(83)

(84)

(85)

Note that in this case h, includes e/19. The radiation heat
transfer across the gap acts independently of the conduction heat
transfer (for the gap width of 1/4 inch there isn’t any convec-
tion, see figure 19). The conduction heat transfer is,
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) | (86)

1 i+l

Lk (T.-T.
A L

The total heat transfer across each gap is the sum of the conduc-
tion and the radiation,

ka.
qtotal =4 hr+.—l-’— (Ti_Ti+1) ) (87)

Using the concept of thermal resistances, each gap has an overall
thermal resistance of

1

R, = '
L)

If the temperature level from sheet 1 to 4 does not change
appreciably than h  and k, can be assumed constant. The four
parallel sheets form three gaps. The overall thermal resistance
is three times that for a single sheet. The mean temperature
will be evaluated at 60°F. The R value is the thermal resistance

per unit area,

R-value = 3
ka
btz
R~-value = 3
(8. 17x1078)(5203%). 1) ,_-016 (89)
19 .25
(%)
3 3 Bty !
R-value = = = 3.8 | —
(5%1073+0.77) 0.775 hr ft2 °F

Note that in this instance the heat transfer by conduction is
much larger than that by radiation. The result would be about
the same if only one surface in each gap had a low emissivity and
the other was a black body.
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One way to conserve ener-
gy in a building in the winter Cold Air . Te
is to use the hot air exhaust- T
ed from the building to heat 4 4d dA
the fresh cold outdoor air
brought into the building for VA7 7777770777y
ventilation. The two air '
streams are kept separated by .
a metal surface and heat is Hot Air Th
transferred across this sur- ’
face from the hot air stream
to the cold air as shown on
figure 24. The partition may
be a flat surface or it may be
a tube with one air stream
flowing inside and the second flowing over the outside. It is
necessary to calculate the size of the heat exchanger required
to transfer a certain magnitude of heat between the two streams.

Figure 24 Heat Transfer
Between two Air Streams

The overall coefficient of heat transfer for exchange
between the two air streams is

g 1,5, 1)7
Sttt (90)
h, k B,

The heat transfer between the two streams for a differential area
dA can be written as,

dg = U dA (T,-T) (91)

In this expression T, and T, represent the mean air temperature
of the hot and cold stream, respectively, at the coordinate x
where dA is located.

We can also write an en-
ergy balance for the hot and CoTTTTT T T T e T
cold streams by taking a con- Cold Air
trol volume over each of the
streams from distance x to
x+dx, see fig. 25. For the ﬁnopk}
cold air stream with steady
state conditions,

f
.
1
3
]
1
v
'

dg=mc d4T (92) : '
epe e Hot Air :Th :
| |
. . : -
and for the hot air streanm, (mep)h :
| |
dg = -m.c_dT, (83) | = TrTToTrrmm— s -
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Proceeding in the x direction, the cold stream temperature rises
while the hot stream temperature falls. For good energy effi-
ciency it is useful to transfer as much energy from the hot to
the cold stream as possible. Then T. should approach the hot
stream temperature, T,. The question is how large must the
surface area of the heat exchanger partitions be to achieve a
given cold stream temperature rise?

The difficulty in dealing with this guestion is that T, and
T, vary with x. In the general case equations 91, 92 and 93 must
be solved simultaneocusly.

Rather than starting with the most general case, consider a
situation in which the hot stream has a much higher mass flow
rate than the cold air stream. In this limit, comparing equa-
tions 92 and 93 it can be assumed that the hot stream temperature
remains constant over the entire length x while the cold stream
temperature continuously increases with x. Combining equations
91 and 92 since dg is the same,

U da (TH-TC) = (m cp)c ch (94)

This can be rewritten with T, as a constant,

d (TH_TC) _ Uda

Ry e,

Integrating equation 95 yields,
(7T,

UA
iT TL_ ) —im cpic (96)

As the area is increased, the cold stream temperature approaches
the hot stream temperature. Note the diminishing returns of
increasing A as the magnitude of the coefficient on the right
hand side of equation 96 gets larger.

The more usual representation of heat exchanger performance
is in terms of the effectiveness defined as,

q(actual) _ (m cp)c (TG'L—TC:O)
q (A"°°) (m cp) c (TH_TC, o) o7

where the actual g is found from an energy balance on the cold
stream. The maximum g is the limiting value of heat transfer for
the same flow rate and inlet hot and cold stream temperatures
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while the area of the heat transfer surface gets very large.
From the solution of equation 96,

.- Ty=T. o~ (T~ T, 1) - 1-exp-_UA (98)
(TH—-TC, 0) (m cp)

C

The coefficient of the right hand term is written as NTU or
number of transfer units. The final form of equation 92 is

=1 - exp(- NTU) (99)

In the general case when the mass flow rate of both streams are
the same magnitude, the effectiveness, e, is a function of the
NTU, but it is also a function of the specific flow geometry and
the ratio of product of the mass flow rate and specific heat of
the hot stream to the cold stream, or the ratio of the mec, prod-
uct for the stream with the lower of the two values, (mc) min €O
the stream with the larger value, (mc)),_,..

Consider the case of a hot and cold stream with equal value
of mc, with both streams flowing in the same direction, referred
to as parallel flow, see figure 26. As the hot stream experi-
ences a temperature drop, the cold stream experiences a corre-
sponding temperature rise. In the limit both streams will
approach the same temperature, the average of the inlet hot and

Hot
> »HO‘t
Lol Lt 2 2 2 2 2727072077272 71 ’_ V/////////////////f/])
- Cold 44— (Cold
AT AT ;
Hot Hol :
0 :
X C X
o _d

Figure 26
Parallel and Counter Flow
Heat Exchangers
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cold temperatures.

When the two streams are flowing in opposite directions,
termed counter flow, then the outlet cold stream is at the same x
coordinate as the inlet to the hot stream. In counter flow when
the area gets very large the cold stream temperature can approach
the inlet hot stream temperature. '

In the definition of effectiveness, the maximum g refers to
the optimum flow geometry which is always the counterflow. Thus
the limit of the effectiveness for counterflow is unity while the
limit for the effectiveness in parallel flow is one- half.

Figure 27 shows the effectiveness versus NTU for different flow
geometries.

Esxzsample

An air-to-air heat exchanger is to be designed to pre-heat
fresh air entering a house in winter. The house interior is
2000 ft® and is maintained at 70°F. The exterior air is at 40°F.
One air change per hour is desired with the exhaust air preheat-
ing the incoming air. The incoming and exhaust air streams are
separated by a series of thin parallel aluminum plates. The air
velocity is 20 ft/sec and the spacing between plates is 1 inch.
What is the total area of plates necessary if the outside air is
to be heated to 60°F?

Solution

To find the surface area, first calculate the U values. The
heat transfer coefficient for flow between parallel plates can be
closely approximated by using the results for flow inside tubes
with the tube diameter replaced by the hydraulic diameter, D,

4 x cross section area / wetted perimeter. In the parallel plate
case, D, is 2 x plate spacing. Note, eqn. 50 flow over a flat
plate is only wvalid when the flow is exterior to a single plate
and approaches a uniform temperature and velocity far from the
plate surface.

Using equation 55,

0.8 0.8
n=03aY " -0.34 20" _g, BT
D2 1|°%?® hr ft? °F (100)
12

Neglecting the thermal resistance of the metal plate,
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-1
1 1 BTU
U=|—+— =3.05———— 01
> h} (101)

hr ft? °F

The heat exchanger effectiveness is

60-40
€= ——— =0.67
70-40 (102)

assuming counter flow with Curn=Ciuaxr from figure 26 the number of
transfer units, NTU, is approximately

UA
MIN
Then
2¢C
A = UMIN (104)

For one air change per hour

C,,, = (Volume flow rate) C. Pair
C,.. = (2000)(10)(.24). 076) i;s l::YF j__:‘: (105)
Cppy = 36515??;

a- 20365 _ 239 ft? (106)

If each plate is square, 2 ft x 2 ft, then 60 plates are neces-
sary. With a one-inch plate spacing, the stack of plates are
five feet wide. To make the heat exchanger more compact, narrow
plate spacings would be used in combination with a different
surface geometry--e.g., a roughened surface, which gives a higher
heat transfer coefficient. Note in the calculation of NTU the
area used is the area of one side of each plate.






