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Lecture — 09
Radiative Heat Exchange between Black Surfaces
Hello friends, so far in this course, on radiative transfer, we have learned about the radiative
characteristics of plane surfaces and we have also learned about the view factor now, in this lecture
we will combine the knowledge of view factors and radiative characteristic of surface is to solve
the radiative heat transfer problem between black surfaces.
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So, we will be studying the radiative heat transfer inside and enclosure, so there can be an arbitrary
enclosure, okay and the surface is of this enclosure will be assumed to be black initially, we will
assume that the temperature along the surface is not uniform that means, the temperature depends
on the location R and we assume that the surfaces are black, so by assuming that the surfaces are

black, we are basically removing the possibility of reflection from the surfaces.

So, the reflectivity or reflectance of the surface will be equal to 0 and these surfaces will be acting
as perfect absorber and perfect emitter, so

e=1



we have also assume the surfaces to be black because we want to make sure that alpha and epsilon
do not depend on wave length, although these relations are equally valid for gray surfaces also, we

will see.

So, we assume that the surfaces are black, they are perfect emitter and absorbers, there is not
participating medium, so medium inside this enclosure is vacuum, there is no participating media,
we will extend this method to participating media where them enclosure is filled with some kind
of gas, okay and the third condition is the surfaces are diffused that means, they emit radiation

uniformly in all directions, so they are diffuse emitter, okay.

Such surfaces are although we may think that these surfaces are lot of restrictions is there on the
black surfaces but still there are practical problems such as boilers and furnace where we have the
walls covered with the small carbon particles called suit and in radiation characteristics of surfaces
we have seen that the suit basically essentially acts like a black body, so this walls covered with
suit of these furnaces can be approximated as black surfaces.
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So, we basically are going to find out the relation between these surfaces, so here I am just going
to take a special enclosure where we have small opening for through which some kind of radiation

from outside can also come, okay, there is a small opening inside this enclosure and there is a small



elemental area let us call this d4, okay, so we want to write energy balance for the surface dA,

okay.

So, surface dA receives some radiation from rest of the enclosure as well as the outside radiation
okay, Ho; Hy is radiation coming from outside the enclosure, so the radiation received by surface
dA will have 2 components, radiation received from the enclosure itself and radiation coming from
outside that is Hy, okay in together with the radiation received by surface dA4; surface d4 will also

emit some radiation.

So, this radiation emitted by the surface, let us call this; write it as E;, okay or write this small area
as dA;, okay, so the total amount of energy transfer or exchange by surface d4; includes the energy
emitted, so this is the energy emitted and this is energy absorbed, okay, there is no a because a =
1, so energy emitted which is same as the black body because you are considering black body in

this case and it is the function of r.

Because we have assumed that the temperature varies with surface okay, so the emissivity or
emittance of the surface is also vary with surface location because the temperature vary with
location, so the emittance or emitted energy is simply the black body emits a power as a function
of R or as a function of temperature and then energy absorbed, so this energy absorbed is basically
a times energy received, a = 1, so basically it is equal to energy received.

qi(r) = Ep;(r) — H(r)
Now, energy received H; is basically some of the energy emitted by entire enclosure, so we can

write it in integral forms,

H(r)dA = f Ey (1) dF g, dA’ + Hy(r)dA
A

okay the energy received by the surface is equal to energy emitted by the enclosure at any location
integrated over this area dA’, so we have some area let us call this dA’, okay, so energy emitted

anywhere on this enclosure times the view factor dF ;,/_44dA’.

So, we have to look at the view factor between this 2 areas, okay energy emitted by this surface

times the view factor times the emissive power integrated over the entire area of the enclosure plus



outside radiation Hy, falling on this area dA4;, so that is the total amount of energy received at
surface dA, okay.
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So, using the reciprocity theorem, so we; what we have is here the view

okay, so using the reciprocity theorem that we are substituted here, now cancelling out the d4 term
on the both hand side, what we get is the total amount of radiation on surface d4, okay.

dF gur_qadA = dF 4,_4 1dA
So, we have just remove the d4 from the both hand sides, so total energy radiative by on the surface

dA or energy absorbed by the surface d4 is simply
H) = [ B () dF gy + Ho(®)
A

Where E,(r') that is emissive power of the black body at any location times the view factor
between the two surfaces, now substituting this value of H(r) in this equation, we get radiative

heat flux at any location.

So, we have this enclosure, this is surface d4 okay, so the heat flux q = emissive power at this
location — total irradiation from all the surfaces of the enclosure and outside irradiation, so this is
basically the expression for heat flux on a black enclosure at any location r, so heat flux at any
location r depends on the amount of energy emitted from that location - total amount of energy

received at that location from the entire enclosure and outside irradiation.



4(r) = Ey(r) - f Ey(t') dF g5 — Ho()
A

Now, what we will do is; now this type of problem cannot be solved okay, we have to do some
kind of simplification to solve this integral, okay and what kind of simplification we can do is;
first we will approximate these enclosure using some plane surfaces, so we will fit some plane
surfaces inside this enclosure to make this problem solvable, okay, there can be N number of

surfaces, okay.

So, we have to basically do some kind of approximation, we have to approximate that the enclosure
contains some N number of surfaces and each surface has uniform temperature distribution, so
there is uniform temperature on the surface, okay, there is no variation of temperature on that
particular surface, from one surface to another, the temperature may change but or a particular

surfaces, the temperature is constant or uniform okay.

So, by doing this £ term can be taken out of the integration, okay, now the temperature is uniform
on a surface, so it does not depend on the area of that particular surface, so it can the pulled out of
the integral but it will be in the summation.
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So, we have divide the enclosure into N number of surfaces, so summation 1 to j =1 to N, Ep;, the
emissive power of j black surfaces and then in the integration we are just left with this view factor

- the outside irradiation, this is outside irradiation,

qi(r;) = Ep; _iEbj]

dFdAi—dAj - HOi(ri)
eed A
J=t

]
okay, now looking at the term in the integral, what we have is basically, dF the view factor between
small element 4; and small element d4; and we are basically, integrating over the entire enclosure,

okay.

We have to integrate over the entire enclosure, so this can be represented as the view factor dA;
that means view factor of a small element d4; or any location of the enclosure with the entire
enclosure, so Fy;_; represents the view factor of any location of the enclosure with the entire
enclosure, okay and we have eliminated the integration from this equation, so all we are left with

is heat flux at any surface ¢;, okay.

Now, we are still using the dependence on r;, okay, because view factor does depend on location,
so the view factor of this location on this particular surface is different from view factor of this
location for the same two surfaces, okay, the view factor between these 2 and these 2 is different
and that is why the heat flux will vary along the surface, so although the temperature is uniform,

we have assumed that the temperature does not vary from one surface to another.

But the view factor does vary, the view factor is not uniform over the surface, so view factor is
changing over the surface and that is why the heat flux is going to change that is why we have put
that heat flux on surface i at a location r;, okay, it is going to be different at different locations =
emissive power of the surface I because the temperature is uniform, it does not depend on r -

summation over the all the surfaces, okay.

N
qi(ry) = Ep; — z Epj Fai—j(r;) — Hoi (ry)
j=i
Ey; is the summation over all the surfaces and the view factor from all the surfaces to that small

element di, Fy;_; is the view factor between small element dA4; and all the surfaces of the enclosure



and this is going to change with r; minus the irradiation from outside, okay. Now, so again,
although this we have already simplified this problem by assuming that the enclosure can be

represented by a finite number of surfaces.

But still there is a problem in finding the view factors Fy;_;, so we have to do again some
simplification, so what we will do is; we have heat flux varying along the surface that is ¢; varying
with the location on the particular surface I, we will try to find out average heat flux, average

radiative heat flux, so what we do is; we integrate over the area d4,,

1
q; = a Aiqi(ri)dAi

And then divided by 4;, so this is going to be now, average heat flux, so ¢; is average heat flux, ¢>
is average heat flux, it is not a location wise heat flux, it is average heat flux over the entire surface
of the surface i orj. So, now we just substitute the value of g;, r; in this expression, so Ep; does not
depend on the surface area 4,

N
qi:Ebi_Z' EbjFi—j_H0i7 i:1,2,...N,

j=1

So, this is the expression that we will use in solving our problems, okay so our final expression is
gi that it is heat flux on surface i = emissive power of surface i - summation j = 1 to N emissive
power of surface j and the view factor between i and j, so this is the heat transfer between surfaces
minus the outside irradiation a surface i, okay, so Hy; is the outside radiation, so this is the first
form of the energy balance between black surfaces okay.
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We have another form of this same equation, what we do is;

N
Epi = Z EpiFi_j
j=1

N
Because Z F_;=1,
j=1

Multiplying both sides by Ej;, we get

N
z_ EpiFi—j = Ep;
Jj=1

so if you write this in this form and substitute for Ebi in this equation here, we get
N
q; = Z ' 1Fi—j(Ebi — Eb]) - HOi L= 1,2, N,
]:
now we have the relation; the same relation we have written in another form in terms of difference

in emittent; black body emissive power of the surfaces.

And then summing over, so we have this difference in emissive power; blackbody emissive power,
okay, this is another form sometimes this form is preferred, sometimes the other form is preferred
okay.
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Problem

Problem-1; A small black-walled cylindrical furnace is 20 ¢cm long and has a
diameter of 10 cm. The bottom surface is electrically heated up to 1500 K, while
the cylindrical wall is insulated. The top plate is exposed to the environment, such
that its temperature is 500 K. Estimate the heating requirement of the bottom
wall and temperature of the cylindrical wall, Ty 40K

Solution:

I = 190K

it Madative Heat Tuanler. Second Liten, Michee! F Medeil ACkdemd Friss. 100)

So, let us do one problem to understand this method now, in this method we have taken a small
furnace, okay the furnace basically is cylindrical in structure, the bottom surface A4; is electrically
heated using some coils, okay and it is maintained at a temperature of 1500 kelvin, the cylindrical
sides of the furnace are insulated that means the heat flux through these walls is zero, 0 let us called

this surface 1.

The cylindrical surface is 2, it is insulated, so g> = 0 and the top surface is exposed to the
environment in such a way that the temperature at the surface is uniformly maintained at 500 K
so, we have to find out how much heating we have to provide to this electric heater at these surface
in other words, we have to find out ¢g; because the amount of energy in the electric heater is

basically the heat flux.

And we have to find out the temperature 7>, so these are the 2 quantities that we have to find out
so, we will use the theory of the blackbody enclosure that we have derived to solve this problem,
so let us write down the solution of this problem, so we will use this expression.
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So, let first write down this expression, so we are going to use this expression
N
q; = Ep; — z EyjFij — Hyi,
j=1
okay, there is no outside irradiation, so Hy; will be 0, okay, so we will have i =1, 2 and 3, where
i = 1 means the bottom surface, 2 is the cylindrical surface and 3 is the top surface, okay, so
q1 = Epy — EpaF12 — EpsFis
let's call this a question one
Now
q2 = Epz — Ep1Fp1 — EpaFop — Ep3Fas

let us call this equation 2.

please note there is a term for F,, here because the cylindrical surface whatever it emits although
some part of it will be received by bottom and top surface but some part of the emission from the
cylindrical surface will fall on 2 itself, okay so there is a term for F,, here, there is no term for F;4,
because they are flat surfaces, so no radiation emitted from surface 1 and 3 will actually fall on to
themselves.

q2 = Epy — Ep1Fp1 — EppFpp — EpzFp3 = 0

So from, let us call this equation 2, so from equation 2, we can solve for Ej> because Ep;, Ep3 are
known, all the view factors we can look at these view factors from the book, these are standard
configuration, we have already learned many methods to calculate the view factors, so E»; can be

written in terms of view factors and the emissive power as



_ Ep1Fa1 + EpsFys

Now, we can simplify this relation at little bit, from summation rule
For+Fop+ Fx=1
SO
| — Fo2=Fo1 + Fa;
Now what is F>; and F»3, F2; is the view factor between cylindrical surface and the bottom surface
and F; is the view factor between cylindrical surface and top surface which has equal, so
F21=Fo3
so with this, we get Ep; or Ep2,
Ep> =" Ep1 + Ev3)
so, we have taken the this out.

so now Ep; and Ep3 we already know, so we can solve for this okay, so
1
oTy = > (oT! + oT5)

o will cancel out and from this we can get
T>=1265 kelvin
So the temperature of the surface 2 that is the cylindrical surface is 1265 kelvin, okay. Now, to

find out the heating requirement that is amount of energy we have to supply to the electric heater.

So that the bottom surface can be maintained at a temperature of 1500 kelvin will be
the radius of the cylinder is already given, okay, the diameter is given as 10 centimetre, so R in
this case is 5 cm or 0.05 meters, so R we know and then q1;
Q1 = A1qy = TR?[Epy — EpoFiz — EpsFis]
so Ep; we know,

Q= ﬂRZU[Tf - T24F12 - T§LF13]

Now, all this view factors, we can calculate using the table in the book, I will just give you the
value here, so F/;3 that is parallel disc
Fi15=0.0557
and F';; that is between disc and the cylindrical surface

Fi1=0.944.
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Solution

And with these values, we can substitute in the relation, we get
Q, = A1q, = 1.175 kilowatt
So the total amount of energy that is required from the electric heater is 1.175 kilowatt, so this is
a simple example on the radiative transfer between black surfaces, okay.
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Problem-3: A right-angled groove, consisting of two long black surfaces of width
0, is exposed to solar radiation g as shown. The entire groove surface is kept
isothermal at temperature T, Determine net radiative heat transfer rate from the
groove, Ais s a

Solution:
Q = Peac( 443y

= Q {%“%LJ

We will do one more problem, now in this case the problem also considers the radiation from
outside that is we have radiation coming from outside the enclosure, so we have basically

rectangular right angle grooves, there is a 90 degree angle, we have 2 surfaces, they have infinite



width in the plane of the board, so the surfaces have a basically an area A; = 4> = A4, assuming unit

depth in the plane of the board.

The angle between the two surfaces is 90 degree, okay, now radiation on this enclosure or groove
is basically the solar radiation at an angle alpha as shown, the temperature of this enclosure is
maintained, so it is an isothermal groove and the temperature is kept 7, so we have to determine
the net radiative heat transfer from the groove that means we have to find out total amount of heat

transfer rate due to radiation.

That means

Q = Area(q1 + q2)
this is the quantity that we have to find out, so this will be simply, this quality we have to find out.
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So, let us solve this problem, this problem is again very simple problem, so we will use this

expression

N
q; = Z Fi_j(Ep;i — Epj) — Hoi
=

So this is Hy; is irradiation from outside the enclosure, so we write for surface 1;

q1 = Ep1 — EpaF12 — Hoq



Now there is no F;; and F22 because these are flat surfaces. And
g2 = Epz — Ep1F12 — Hop
Where Hy; and Hy> are basically the radiation falling onto this surface from outside, so
Ho1 = qso1c08
Hoz = qso1Sina
Q501 18 the solar energy coming onto the surface at an angle a4, so one plate makes an angle a and
other surface will make an angle 90 — a, so what do we get; and the view factor
Fi2=F
because of symmetry.
And we can find out again using tables, so there is the entry in the view factor table in the book
for 90 degree grooves, okay and this fact
Fi2=F> =0.293
if we calculate using the table. Now, all the quantities we know, E»; and Ep2 we know, they are
same, o T*, the temperature of the 2 plates is same and F> and F>; are also same.
So, what do we get;
q1 = Ep1 — EpaF12 — qse1C08@
And

4z = Ep; — Ep1Fi2 — qso1Sina

Now, the total energy; total irradiation,
total radiation exchange from the groove

Q=2a(q, + q2) = 2aE,(1 — Fi3) — agse(cosa + sina)
So this becomes

Q=2acT*(1 - 0.293) — aq,,;(cosa + sina)

T is the temperature of the groove.
So, this is how you can incorporate the irradiation from outside the enclosure into your problem
okay, okay, so in this lecture, we develop relation for radiative heat transfer, radiative heat
exchange between black surfaces in an enclosure together with irradiation from outside the
enclosure, in the next lecture, we will consider radiation exchange between gray surfaces, thank

you very much.



