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Abstract—We have calculated the local absorption of thermal infrared radiation in humid air under non-

equilibrium conditions: constant air temperature and humidity, contained in a room with a higher constant

surface temperature (AT = 5 K). The result shows a non-negligible heat transfer of 3-6 W m~* K~' from

the surface to the air due to the absorption by the water vapor. The absorption is mainly concentrated to

an air layer of 10-30 cm near to the wall. The interaction is very much increased near to corners and edges
of the room.

1. INTRODUCTION

For the computation of the energy necessary for heat-
ing and/or cooling of rooms and also for the esti-
mation of comfort, the thermal behavior of rooms is
simulated with more or less complicated simulation
programs (see, e.g. ref. [1]). Most of them treat the
thermal coupling between the room boundaries (walls,
floors, etc.), the air and the occupant in an engineering
way: use of global coupling (or film) coefficients for
thermal radiation and for convection; or precise cal-
culation of the radiation field combined with a global
coupling to the air volume, etc.

It has been shown by various authors [2, 3] that
simulations performed with many of these programs
using the same configuration still result in big differ-
ences. This is most probably due to the over-
simplification of the thermal coupling mechanisms in
a room. For thesz reasons, much more sophisticated
programs have recently been developed for the com-
putation of the flow fields in a room under specific
conditions (see, e.g. ref. [4]). Most of them are based
on finite volume methods and they neglect any coup-
ling to the radiation field. They are quite successful
for the simulation of flow fields due to momentum
ventilation, where the momentum of the incoming air
dominates. For the displacement ventilation and/or
natural ventilation, however, thermal buoyancy plays
an important role, and thermal coupling to the room
boundaries becomes the key factor. This coupling
requires a detailed knowledge of the transitions in the
boundary layers. Up to now this interaction has been
taken into account by means of convective turbulent
boundary layer models alone (k—¢ models [5]).

The air flow field and the room boundaries are
subject to three principal interactions:

(1) direct boundary layer convective coupling as a
local coupling;

(2) indirect interaction with the radiation field
through the temperature distribution on the surfaces:
long-range radiation coupling, partially bypassing the
convective coupling;

(3) direct interaction with the radiation field
through the absorption and re-emission of infrared
radiation by the water vapor in the air (relative
humidity 30-60%): short-range radiation coupling.

All three interactions can principally influence the
flow field. The first and the third affect the direct heat
transfer and therefore the film coefficients. The second
one influences the temperature distribution.

Apart from the purely air flow oriented models,
only a few papers have dealt with the long-range coup-
ling through the radiation field (e.g. refs. {6-10]).
These studies have already shown that the radiation
field in fact does play an important role even at room
temperature [10].

Even fewer papers have dealt with the interaction
through absorption and emission by the water vapor
content of the air (e.g. refs. [11-14]); because of the
mathematical complexity, different simplifications
[15-17) have been used: instead of detailed high res-
olution spectra, band approximations have been used;
the influence of temperature and pressure variations
on the spectra has been neglected; and the geometry
has been mostly reduced to a simple two-dimensional
or even one-dimensional situation, neglecting corners
and edges with significantly higher radiation inter-
action and being of importance for the starting con-
ditions of boundary layers.

Whereas wide-band (or statistical) models are accu-
rate enough for strongly absorbing media, narrow-
band or even line-by-line calculations (e.g. the absorp-
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NOMENCLATURE
a absorption coefficient € emissivity or total emittance
A surface area 0 angle from normal of area
d’Q  Ith order differential of the quantity Q v wavenumber
e emissive power ¢ orthogonal distance from area
i radiation intensity T transmittance
L mean beam length X specific absorption
M number of areas the surface of the w solid angle.
enclosure is compos§d of Subscripts
N number of spectral lines
q a absorbed
q  cemergylfux b black body
Q energy per unit time
. . c corrected
r radial coordinate .
. . e emitted
R radius of ring
. g of the gas
s at distance s ; . .
.. . i ith spectral line
S spectral line intensity . .
j Jjth surface area
T temperature ..
r radiation
vV volume
Cartesian coordinates v water vapor
b2 ) w of the wall
v wavenumber dependent
Greek symbols o P
0 initial value.
o absorptance
Y half width at half maximum of spectral Superscripts
line ’ directional value.

tion and emission of each spectral line of water vapor
has to be calculated individually) have to be used for
optically thin media [18]. Results from such wide-
band calculations show that, in fact, for low water
vapor contents, the overall emissivity of the air volume
is not greatly changed [16, 19, 20]; but these cal-
culations cannot describe or quantify local inter-
acttons, e.g. within a boundary layer.

For these reasons we shall determine in detail the
interaction between the thermal radiation field and
the humid air in a realistic three-dimensional box-
shaped geometry on the basis of high resolution water
vapor spectra [21]. We work with an air volume of
constant temperature enclosed in a box of constant
but different temperature. This simplified situation is
chosen to set the effect of the infrared absorption of
the water vapor apart, avoiding any interference with
the effects of temperature gradients in the gas. These
effects, as for example the naturally evolving con-
vection currents or the thermal boundary layer, would
mask the effect we are looking for and would com-
plicate the problem. The situation with temperature
gradients will be investigated in a subsequent publi-
cation.

2. ANALYSIS

Figure 1 shows the absorption spectra of water
vapor at a temperature of T, = 296 K in combination
with the characteristic radiation intensity of an object
at T = 20°C considered to radiate like a black body,
e.g. the walls of the enclosure or the fluid. It is clear

at once that for typical room temperatures only the
absorption lines in the range 0-500 cm~' and the
lines constituting the 1595 ¢cm ™' absorption band are
important. The rotational bands of H,O at 3755, 5331
and 7250 cm ™!, which play an important role in com-
bustion processes, can be completely neglected in our
model.

The model used for this study is illustrated by Fig.
2. Boundary conditions are of the first kind, i.e. the
three-dimensional box-shaped enclosure is sur-
rounded by isothermal walls. The basic assumptions
made in the analysis are as follows:

(1) the enclosed air is at a given uniform tem-
perature and stagnant;

(2) All physical properties are constant (i.e. inde-
pendent of temperature);

(3) the walls are gray diffuse emitters and reflectors
of radiation;

(4) the density of the radiatively participating fluid
(air-water vapor mixture) is uniform.

The validity of the first assumption can be ques-
tioned for the high precision calculations which we
perform. A non-uniform temperature profile (e.g. refs.
[22, 23]) near the wall, however, would significantly
increase the complexity of the computations [see equa-
tion (4) below] and consequently seriously augment
the necessary CPU times. For a more detailed dis-
cussion on this subject refer to Section 1.

The assumption of constant (temperature—inde-
pendent) physical properties is primarily a numerical
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Fig. 1. Absorption spectra of water vapor combined with the spectral intensity of a black body at a
temperature of 7, = 20°C.
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Fig. 2. Isothermal box shaped enclosure filled with an air—
water vapor mixture,

convenience and is almost always adopted in analyses
in order to decrease the number of independent par-
ameters.

Toor and Viskanta [24] have shown that for most
enclosures the assumption of gray diffuse walls is a
reasonable approximation to reality.

The shape of a single line of the absorption spec-
trum of water vapor is assumed to be Lorentzian.
Furthermore, the gas is assumed to be in a state of
local thermodynamic equilibrium.

The spectral absorption coefficient for the Lorentz
(dispersion) line shape is

a () =2 D (1)

T (=) +ils)
where s is the spatial position, S(s) is the line strength
of line i and y«(s) is the half width at half maximum
(HWHM) of the line. The reference of the spectral
position is the line center v,. S(s) is assumed to be a

vi(c(s),p(s)) may be a function of the concentration
(molar fraction) of active gas ¢(s), total gas pressure
p(s) and temperature.

We compute the absorption spectrum of H,0O as a
superposition of all Lorentzian-shaped spectral lines
in the spectral region of interest (i.e. 02500 cn—")

N NTS, i
a=F o= 3 30 0]

i=1

@

Here N = 5950 is the number of spectral lines found
in the wavenumber interval mentioned above. For an
absorbing and emitting but non-scattering medium
the equation of radiative transfer is given by [19]

(V) iy = —a,(i; =1, (Ty) 3

where s is the direction of propagation. The first term
on the right-hand side of the above equation gives the
decrease of intensity due to absorption in the medium
under consideration and the second term derives from
the increase of intensity due to the emission of the
same medium. Integrating the above equation from a
reference position s” = 0 ¢cm to 5" = s results in

if(s) = £,O)e T4 4 J a,- Ip(Ty(s)) e~ 0 dy’

)

where the first term on the right-hand side is now the
contribution due to boundary radiation (i.e. walls)
and the second term stems from the emission and
reabsorption of radiation by the medium. If the tem-
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Fig. 3. Geometry for the derivation of the absorption
through a volume of medium.

perature T, and the absorbtivity a, are considered
constant throughout the fluid (i.e. for an isothermal
and homogeneous fluid), equation (4) reduces to

L) = 00 + 1 (T (1 —e ™). ®

If we now consider an infinitesimal control volume
dV of the participating fluid inside the enclosure as in
Fig. 3, with absorption coefficient a,(v,7,p) within d ¥,
the change of intensity in dV as a result of absorption
is [19]

diy(s) =

The radiative power absorbed in the differential sub-
volume ds d 4, of the control volume d ¥ per frequency
interval and per unit solid angle from this incident
radiation is

—i,(s)a,ds. 6)

d°Q;, = —dijd4.dvdw, = i, ,(s)a,dsd 4, dvdw,
@)

where the solid angle dw, spanned by the surface
element d A4, is defined as

d4;cos (6))

e ®)

N

dw; =

and d4; is the projected area normal to 7;; The
notation d°Q;, has been chosen in analogy to ref.
[19]. We have put the index j to clarify that the inten-
sity i, originates from the surface element dA4,. The
energy coming from the direction of d4; and absorbed
by all of dV is found by integrating over dV (note that
dV is regarded as a second order differential d4 - ds),

dA.ds = a,i,;(s)dVdvdw,.

dav

4401, = i, ()a.dvde, J

€))
In order to obtain the contribution of the whole
enclosure, it is necessary to integrate over all dw, of
surface j and take the sum over all surfaces 4, enclos-
ing the fluid

d*Q,, = Z adVva i, {(8)daw;. (10)

Jj=1
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®dy

Fig. 4. Subdivision of the rectangular area into rings of radius
R and variable thickness dR.

If we further consider that the walls are gray emitters
and reflectors, then the intensity of the radiation emitted
by the wall is i;; = ¢;i};,; and the emissive power [19]
ey; = Tiy,;. By also setting the transmissivity 1,(s) =
e~*”, we then have the following relation for the
absorbed energy.

_4% dvdv Y,
n

daQ Z |:J‘ [ajevb,i(]-;')rv(s)

J=11J4,

()] an

9 A;
ewmg(T) (1= cosfd ]

To account for the radial symmetry of the integral
(Fig. 4), we can modify the integral part of equation
(11) as follows

- J T KOl (T)1,(6)

+evb,g(Tg)(l _Tv(s))] - (12)

Eiryedr;
S}
where K(r) <1 accounts for rings which do not
entirely fit into area 4;, and ¢£; is the orthogonal dis-
tance from the control volume dV to the surface
element A, The exact formula for K(r) will be deduced

in the following section.

The gas contained in the control volume dV also
emits energy. It can be shown that the following
relation holds [19]:

d’Q,. = 4a,e,,(T,)dVdv. (13)

Finally, the net heat gain or loss of the control volume
dV is found by integrating over the whole spectral
range of interest

d2Q = f’"‘“ @0, ~d*0.)dv. (14

In the literature d*Q is also called div g, or net heat
gain through radiation and has as units watts per
cubic meter. For our simplified set-up with constant
temperatures in the gas and on the walls we can define
a specific absorption  as long as (7, — T,)/T,, « 1 by
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(15)

where AT = T,—T,. This value allows us to make
comparisons with other transfer mechanisms.

3. METHOD OF SOLUTION

Computations are performed to investigate inter-
actions of infrared radiation and water vapor in a
box-shaped enclosure by employing the mathematical
model described in the previous section.

Air at a reference pressure of 1 atm, temperature
T, =293 K and relative humidity f, = 50% is the
considered medium. The wall temperatures are set to
T, = 298 K and their emissivities to g, = 1.

First, the absorption spectrum of water vapor is
computed at a spectral resolution of dv = 0.0l cm~".
The resolution is then reduced to dv =0.1 cm~' by a
smoothing algorithm in order to reduce computer run
time. Since the mean distance from spectral line to
spectral line is of the order of 0.42 cm ™', this reduction
in resolution does not overlap lines but only affects
their shape. Test calculations with high (dv = 0.01
cm™") and lower (dv = 0.1 cm™") resolution showed
no significant differences in the result (of the order of
1%).

The necessary line information is given by the
HITRAN database [21], with which we calculated the
line intensities S, the air broadened halfwidths y,, and
the spectral positions of the lines v, for the standard
situation (T = 296 K, p = | atm). The line intensities
are accurate to ~5% for the stronger lines. For
weaker lines, the uncertainty is ~20%. In general, the
accuracy of the line positions is better than
Av = +0.005 cm™ .

Secondly, the inner surface of the enclosure is sub-
divided into M rectangular areas A, The integral
[equation (12)] is solved by means of a finite dif-
ferencing algorithm. Therefore each area 4; is sub-
divided into a set of rings (Fig. 4) with radius R, and
thickness dR,, where k€ {0,1, .. ., kpao - The thickness
of the rings increases with increasing distance from
the center C(dV), i.e.

dR, =fdR,_, f>1 (16)
to account for their increasing distance from the con-
trol volume dV and thus the reduced solid angle they
subtend. With equation (16) the value for k., is given
by

k __ln(1+(f_l).Rmax)
max ~ ln (f) -

1. an

C,(dv), in turn, represents the orthogonal projection
of the center of mass of the control volume dV onto
the plane in which area A4, lies. The starting value of
the thickness of the rings is chosen as follows:
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dR, = min(dRmin; %) (18)

Rings that do not completely fit into area A; are
accounted for by the multiplication factor K(r) [cf.
equation (12)], which in turn is obtained by the fol-
lowing considerations. Here we suppose that C; lies
inside the considered area 4; but the case where this
is not true can easily be solved in an analogous way.
Let A, i=1,...,4 be the orthogonal distances of C,
from the borders of the area A,. Then for K(r) we have
the following rules:

0 if r> Ry
if r<R.n
K() = L
1 24: 25 +—2 lC therwi
2 2nm o i otherwise
(19
where
A,
cos (B) =5 Ruw =, max, [AT+AD]  (20)
i#j
Rein = _min  (4)
and

1 if the ring intersects border {
of surface Aj at least once

N =

0 otherwise

1  if the ring intersects border i
i = of surface Aj exactly once

0 otherwise.

@n

The finite thickness of the rings can be neglected in
the determination of K(r) since R, > dR, for every k.

In our simulations we chose M = 6, i.e. each wall,
floor and ceiling represents an individual area 4;. A
difference of less than 1% in the results was detected
in varying the factor f'between f = 1.001 and f = 1.01.
Finally we performed our calculations with dR;, =
0.02 cm and »n = 50. Equation (12) is solved for each
infinitesimal spectral interval dv in the range of inter-
est and then integrated [equation (14)]. The whole
process is repeated for every other control volume
inside the enclosure.

Calculations have been performed on a network of
several SUN SPARC 10 workstations at the Institute
of Theoretical Physics at the Federal Institute of Tech-
nology in Zurich, Switzerland. The typical CPU time
to compute div(g,) for one control volume dV is
approximately 30 min.
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Fig. 5. Local specific heat absorption due to radiation as a function of the wall distance for air temperature
T, = 293 K, wall temperatures T,, = 298 K and relative humidity f., = 50%.

4. RESULTS AND DISCUSSION

Figure 5 shows the net specific absorption,

_ div(g)
TOAT

as a function of the distance to one wall for different
locations within the box (Fig. 2). In spite of the low
temperature, there exists a considerable specific
absorption between 3 and 6 W m 3 K~'. The specific
absorption decreases exponentially within the first 10—
30 cm of the air and flattens out to values between 0.4
and 3 W m~* K~'. This air layer of the first 10-30
cm from the wall corresponds approximately to the
boundary layer which occurs under ambient con-
ditions in natural convection in a room. In other
words, under such conditions the absorption inter-
action would take place mainly in the boundary layers
and would influence their temperature profile. This is
in good agreement with the results of Benjelloun ez
al. [11] in other situations. It can be understood, by
inspecting the water vapor spectra (Fig. 1), that the
absorptance is mainly concentrated in narrow but
deep lines.

Contrary to conclusions from low resolution spec-
tra (well-dispersed absorptance), this leads to high
local absorption coefficients which make the cor-
responding part of thermal radiation partially dis-
appear after a short way in the air; because this
‘cleaned away’ part is small and will also be succes-
sively filled up by the contributions of deeper air
layers, the overall emissivity of air volume will be
changed only slightly by the absorption due to its

humidity content [16, 19]. The concentration of the
absorption of this small part of radiation power into
a relatively thin air layer near to the wall, however,
will have a non-negligible effect and influence the heat
transition or the thermal coupling to the surface.

Integrating the specific absorption over the whole
volume of the room considered yields the total
absorbed power by the water vapor. By means of
numerical integration we obtain:

Q0= J ”div g.dV = 263.9[W]. @2

Due to the limited number of calculated reference
points available and the linear interpolation algorithm
we have adapted, this result represents a slightly too
high value but certainly lies within the correct order
of magnitude.

For a comparison with the other thermal transition
mechanisms as convection or radiation, we should
derive the corresponding film or transition coefficient.
This, however, is not easy, as we now do not have a
further local surface-to-surface (wall surface to ‘sur-
face’ of air volume) interaction as in convection, but
a surface-to-volume interaction. Each element of the
volume has radiation absorbed from all surface
elements of the room. We can deduce a corresponding
transition coefficient «, in the sense of a mean value if
we make use of our set-up: constant wall temperatures
and constant air temperature:

Q

=m=0.56[Wm‘ K™ ']

(23)

v
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This value can be compared with the values for natural
convection a,, & 2 W m~2 K ! and thermal radiation
oy ~ SWm~2K ™! (all in ordinary rooms under ambient
conditions). Although it seems to be relatively small,
it cannot be neglected.

This clearly demonstrates that the radiative coup-
ling must be taken into account as soon as one deals
with humid air under conditions of naturai convec-
tion. In other words: the local heat transition between
the wall surface and the air has to be completed by a
non-negligible thermal radiation part and this part is
a function of the humidity content of the air and of
the radiation geornetry (plane, edge, corner). Along
edges and in corners, where the convective transition
is very weak, the radiation part is strong, thus yielding
soon a radiative dominance. To compare our com-
putation with well-known results from the literature
[16, 19, 25], we take the approximate method from
Siegel and Howell [19]. With this method, the total
radiation from the entire gas volume to all of the
boundary can be determined. A heat balance between
the gas and the emitting boundary of the enclosure is
given by

[,

1= 4= [e(T) T —og(TW)T0]  (24)

where ¢, is the total emittance of the gas and «, the

total absorptance of the gas for radiation emitted from

the wall at temperature 7,. Since in our model

AT = (T,—T,) « T, it follows that a, = ¢, and there-

fore the above equation reduces to
[N O

= - = g, [T T2

A A 25)

For our situation the mean beam length L for the limit
of an optically thin gas is [19]

4v
L=""=255D
=255

(26)
and for an optically thick gas the ‘corrected’ mean
beam length L can be approximated by

L.=09-L. Q7

With these values and the partial pressure of water
vapor in our model, ¢, can be determined from exper-
imental data [25]. We obtain a value of ¢, ~ 0.12 and
thence

=068[Wm2K"']. (28)

* = A(T,—-T,)

This must be compared with our result of a, = 0.56 W
m~2K ~!and confirms at least the order of magnitude.

5. CONCLUSIONS

Our results agree with the global considerations of
gas radiation in an enclosure found in the literature.
In addition, they demonstrate that:
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(1) the heat transfer due to the radiation absorp-
tion in the water vapor content of the air is not neg-
ligible;

(2) the main part of the absorptance of water vapor
is concentrated into a relatively thin layer near the wall
surface—this is due to the narrow but deep absorption
lines;

(3) there exists a pronounced dependency on the
geometry, i.e. a strong increase of the absorptance
near edges and corners.

Since this thin air layer approximately corresponds
to the thickness of boundary layers in rooms with
natural convection under ambient conditions, we con-
clude that the absorptance due to the water vapor
will influence the temperature and possibly also the
velocity profile in the boundary layers. Therefore a
dependence of the convective heat transition on the
humidity content of the air can be expected.

The pronounced interaction between infrared radi-
ation and humidity near edges and corners opens new
perspectives in the understanding of the conditions of
surface condensation in rooms.

An experimental set-up is being developed to verify
these calculations under controlled conditions. For
this purpose, new heat flux sensors of ultra-high sen-
sitivity have been developed at our Institute [26].
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