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Introduction

The film boiling reactor (FIBOR)1 is analyzed to show the
influence of radiation across the vapor film on product yields.
The geometry is that of a horizontal, catalyst-coated, tube sus-
pended in a pool of saturated methanol at atmospheric pressure.
The vapor film surrounding the heated tube is the reacting vol-
ume and surface reactions are treated with an Arrhenius form of
the reaction rate. Previous analysis on film boiling without cata-
lytic reaction on a horizontal tube showed the influence of sur-
face emission.2–5 When coupled with catalytic decomposition,
film boiling analysis has neglected radiative effects.1,6 In this
note we set limits to this assumption.

We begin by outlining the model for film boiling with
chemical reaction and present results for a horizontal tube
with wall temperatures ranging from the minimum film boil-
ing temperature needed to support a vapor film (450 K for
methanol) to 1800 K though most catalysts will decompose
well before this upper limit and practical operational limits
may be under 1000 K. The present calculations are designed
to show general trends at high temperatures where radiation
may be important. The species diffusion process is derived
from the previously presented analysis.1 All of the assump-
tions of that analysis are adopted here with the addition of
those specific to radiation as discussed in the Analysis sec-
tion. We first consider the case where radiation is entirely
determined by surface emission between the tube wall and
liquid/vapor interface and neglect volumetric absorption and
emission; we then consider the effects of volumetric absorp-
tion and emission in the vapor film.

Analysis

Surface emission with negligible gaseous absorption
and emission

Radiation across the vapor film influences heat transfer
through an energy balance on a control volume in the vapor
film which neglects kinetic energy asZ

A

qhv � ndA ¼
Z
A

q00 � ndA (1)

where the heat flux is the sum of contributions from conduc-
tion and radiation, which can be expressed as

q00 � n ¼ kvDTsat
d

ð1þ GÞ (2)

G is a measure of the importance of surface emission from
the tube wall with

G ¼ Crd (3a)

where

Cr ¼ erðT4
w � T4

satÞ
kvDTsat

(3b)

For G � 1 surface emission is negligible compared to
conduction across the vapor film and the analysis reduces to
that of Urban et al.1 With Eqs. 2 and 3, Eq. 1 can be
expressed as

qv

Zd
0

ufLþ cpvðT � TsatÞgdz ¼ d
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(4)
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The mass weighted average velocity in the / direction (u)
and temperature distribution across the vapor film (T) are
based on the condition that Pr Red(d/v)

2 � 1. This limit
leads to simplified momentum and energy equations, with
corresponding velocity and temperature profiles across the
vapor film given by

u ¼ gðq1 � qvÞ
2lv

sin/ðdz� z2Þ (5)

and a linear temperature distribution across the vapor film,

T ¼ Tw � DTsat
z

d
(6)

where z is the distance measured from the tube surface, DTsat
5 Tw – Tsat and a no-slip boundary condition is assumed at
the liquid/vapor interface (the analysis neglects liquid motion
and v 5 0 at y = d as discussed in Ref. 1).

Substituting Eqs. 5 and 6 into 4 gives

d3 sin/
3B

¼
Z/
0

1

d

� �
ð1þ GÞd/ (7)

which is an integral equation. Differentiating Eq. 7 with
respect to / yields

dx

d/
þ 4

3
x cot/ ¼ 4Bcsc/ � ð1þ Crx

1=4Þ (8)

where x 5 d4, G 5 Cr x
1/4, and B is given by

B ¼ 4cpv � DTsat
2Lþ cpv � DTsat �

kv
cpvqv

� lvqv
g q1�qv

qv

� � d (9)

when G � 1 (no surface emission) Eq. 8, with the condition

that dd
d/

���
/¼0

¼ 0 or equivalently (from Eq. 8) that,

lim
/!0

dx
d/

� �
¼ 0; has an analytical solution1,6:

d ¼
ffiffiffi
2

p
B1=4

R/
0

sin1=3ð/Þd/
 !1=4

sin1=3ð/Þ (10)

Otherwise, the solution to Eq. 8 must be obtained numeri-
cally using the condition for x at / 5 08 (where x 5 xo and
lim
/!0

dx
d/

� �
¼ 0; from Eq. 8) that

xo � 3Bð1þ Crx
1=4
o Þ ¼ 0 (11)

A fourth order Runge-Kutta numerical method was used to
solve Eq. 8 with xo given by Eq. 11. To test the accuracy of
the numerical solution, Eq. 10 was compared with the nu-
merical solution of Eq. 8. The results agreed to less than 1%
deviation over the ranges 450 K \ Tw \ 1800 K and 0 \ /
\ 1798.

The particular reaction considered is catalytic decomposi-
tion of methanol with the overall reaction CH3OH ? CO 1
2H2 (i.e., two moles of hydrogen form at the expense of one
mole of methanol). The rate constants for this reaction were

taken from Ref. 6 based on measured heat transfer coeffi-
cients of a catalyst-coated tube in film boiling in methanol
and plug flow reactor data. It is important to note that in this
model we do not consider degradation of the catalyst (e.g.,
Pt-black) during operation of the FIBOR which, nonetheless,
can be an important consideration in practice. The hydrogen
yield is related to the mass fraction of methanol at the tube
surface as

M�
0�/;H2

¼ -H2

d

2

Z/
0

YCH3OH;wd/ (12a)

where1

-H2
� C e�

E
RoTw

� �
(12b)

E is the activation energy of the reaction, C is the fre-
quency factor of the reaction, and YCH3OH,w

is the mass frac-
tion of methanol at the tube surface (z 5 0) which depends
on /.

The procedure for determining YCH3OH,W
in Eq. 12a when

radiation is included is operationally identical to when radia-
tion is neglected.1 The analysis differs from Ref. 1 by the
presence of G 5 Crd = 0 in Eq. 8 and consideration of vol-
umetric absorption in the vapor film. An integral method is
used to analyze transport of species in the vapor film with
third order polynomials assumed for the chemical species
across the film. This approximation is the simplest approach
consistent with satisfying boundary conditions at both the
tube wall and liquid/vapor interface to give a reasonable
functional form for the species distribution across the vapor
film. The third order polynomial assumption satisfies four
boundary conditions, two each at the solid/vapor and vapor/
liquid interfaces. Integral methods in which distributions
(e.g., of concentration) are assumed as in the case here may
suppress errors in the computed yields (Eq. 12a). Further-
more, the predictions are strongly dependent on the reaction
rate appropriate for the catalyst under consideration (e.g., Eq.
12b). Rate constants and parameters are formally independent
properties of the system. However, the actual physical and
chemical effects are a manifestation of the complex interac-
tion between transport, radiation and chemistry. In that sense,
the rate constants and parameters are tied to the model. More
detailed analyses for species diffusion may not be any more
accurate than the rate constants used to predict product
yields.

Absorbing and emitting gas

The inclusion of volumetric absorption and emission in the
vapor film complicates the analysis because the temperature
distribution across the vapor film is then no longer given by
the linear form of Eq. 6. A comparatively simple approach is
taken which assumes the gas to be optically thin such that
s � 1 where s 5 dj and j is the Planck mean absorption
coefficient (m21) which depends on temperature and gas
composition. j can be calculated from the gas temperature T,
and the mole fractions of CO and CH3OH as a molar average
of the individual species absorption coefficients ji,

7
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ji ¼

R1
0

jikebkdk

rT4
(13)

The data for jik(T)
8 show that for CO and CH3OH a con-

servative (e.g., high) estimate for the gas mixture absorption
coefficient ranges from 17 m21 to about 26 m21 at room
temperature. Given that our results show that d is under
about 2 mm (except for the singularity at / 5 1808) the
optically thin assumption is reasonable for almost the entire
circumference of the tube surface.

The temperature distribution across the vapor film in the
optically thin limit7 can be put in the following non-dimen-
sional form

D
d2h
dZ2

¼ h4 � 1

2
h4s �

1

2
(14)

where we define D as

D ¼ k

4rT3
wjd

2
(15)

and Z ¼ z
d, h ¼ T

Tw
, and hs ¼ Tsat

Tw
: D is a measure of the rela-

tive importance of volumetric absorption and emission to
conduction: for large D gaseous absorption and emission are
negligible, conduction across the film thickness dominates
heat transfer, and a linear temperature distribution results
(e.g., Eq. 6); as D decreases, the temperature distribution
becomes progressively nonlinear indicating that the gas
absorbs and emits.

Results

Two parameters govern the importance of radiation: one
for surface emission (G) and the other for volumetric absorp-
tion (D). We first consider volumetric absorption.

Equation 14 is a nonlinear differential equation with no
closed form solution. However, Eq. 14 can be solved numeri-
cally by itself if D is considered a parameter. Doing so
allows determining the conditions under which volumetric
absorption are important. That is, if the solution of Eq. 14
results in a linear temperature profile, conduction dominates
and the analysis can neglect volumetric absorption; other-
wise, it must be considered. We first present the solution to
Eq. 14 for a range of D then determine which are most rele-
vant to a FIBOR, using the example of methanol decomposi-
tion considered here.

Figure 1 shows the numerical solution of Eq. 14 for 0\ Z
\ 1 (i.e., 0 \ z \ d) using a collocation method. For D 5
10, the temperature distribution is linear which signifies that
volumetric absorption is negligible. Slight deviations are
observed for D 5 1 and significant difference from a linear
profile are seen for D � 0.1 for both Tw 5 500 K (Figure
1a) and 1000 K (Figure 1b). Figure 2 shows the variation of
D with parameters based on Eq. 15. We simply varied d
over the range in the figure to obtain the result shown. The
numerical solution shows d to be within the range depicted
in the figure. For all combinations of conditions above the
horizontal line (D 5 1) absorption is negligible.

Figure 1. (a) Variation of gas temperature across the
vapor film for Tw 5 500 K.

Deviations from the conduction limit (linear variation) are
observed for D \ 1. (b) Variation of gas temperature
across the vapor film for Tw 5 1000 K. Deviations from the
conduction limit (linear variation) are observed forD\1.

Figure 2. Variation of D with Tw at the indicated d.

For conditions above the blue line (D 5 1), volumetric
absorption in the vapor film is negligible (cf, Figure 1).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Considering the practical operational limits of a FIBOR, a
lower bound of D using Eq. 14 is obtained from the lowest
value of k and highest (reasonable) values of Tw, j and d for
a gas film comprised of methanol, CO and H2. We estimate
that k � 0.03 W/mK (methanol9), j � 26m21 using Eq. 13
and data from,8 d \ 2 mm, and Tw \ 1800 K as an upper
value limited by the melting temperature of the tube material
(e.g., stainless steel). With these estimates we find that D [
5.7 which is the smallest value that is relevant to present
conditions. Figure 1 shows that even for D 5 1 which is al-
ready too low based on the above estimate, the temperature
distribution is nearly linear. As a result, for the parameter
values considered here there are no conditions where volu-
metric absorption would be important when using methanol
as the reactant liquid. Under this circumstance, the solution
of Eq. 14 is in effect given by Eq. 6 (as / 5 1808 YCH3OH,w

decreases so that from Eq. 12a the contribution from the
region around / 5 1808 may also be small). Also, when vol-
umetric absorption is negligible, the chemical reaction pro-
cess itself has no influence on radiation because the absorp-
tion coefficient which is influenced by the product species
does not then enter into the analysis.

Considering only surface emission from the tube with
e 5 1 in Eq. 3b for illustration (e.g., formulations in the Sur-

face Emission with Negligible Gaseous Absorption and
Emission section), Figure 3 shows scaled images of the struc-
ture of the vapor film around a 5 mm diameter tube at four
surface temperatures. The red curve includes surface emis-
sion and the blue curve neglects radiation). At low Tw, the
vapor film thickness is very close to the tube surface except
for the singularity at / 5 1808. Increasing Tw also increases
the vapor film thickness as a higher tube temperature enhan-
ces heat transfer which in turn increases the evaporation rate
and thickens d. At high temperatures, greater than about
1000 K, the effect of radiation on the film thickness becomes
noticeable, again increasing the film thickness compared to
neglecting surface emission because of the added contribution
to heat transfer by radiation in addition to conduction.

Figure 4 shows the variation of vapor film thickness with
Tw and tube diameter at a reference position of / 5 08(do)
for both the nonradiative and the radiative cases (i.e., from
Eq. 11). When surface emission is included, do is larger than
when radiation is neglected for the range of tube diameters
shown in Figure 4, as well as for Tw above about 1000 K. At
lower temperatures, radiation has almost no effect on d

Figure 3. Scale depiction of vapor film thickness around a 5 mm diameter tube at the indicated value of Tw.

Divisions are in 0.5 mm and 22.58 increments. Red line includes radiation; blue line neglects radiation. For 500 and 750 K cases, results
are virtually coincident. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 4. Variation of vapor film thickness at / 5 08 as
a function of Tw and d showing the influence
of radiation (red) vs. the surface emission
neglected case in blue.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Influence of surface emission on vapor film
thickness for three Tw for a 5 mm diameter
tube: dotted lines include surface emission;
solid lines neglect radiation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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regardless of tube diameter. Figure 5 shows the variation of
d with / for Tw 5 500, 1000, and 1500 K using a tube di-
ameter of 5 mm as a reference. With increasing /, d also
increases (see also Figure 3). At 500 K, the difference
between the nonradiative film thickness and radiative thick-
ness is negligible; at 1500 K, the film thickness is 15% larger
when surface emission is included. These effects are again
attributed to increased heat transfer to the liquid/vapor inter-
face by including radiation compared to neglecting radiation,
and to the resulting effect of this increase on evaporation at
the liquid/vapor interface.

The parameter G (Eq. 3) determines the influence of sur-
face emission across the vapor film. Figure 6 shows how G
depends on Tw. As with Figure 2, we varied d over the range
shown in Figure 6 to illustrate its influence on G. The hori-
zontal line corresponds to conditions where surface emission
and conduction exert a similar effect. For G � 1, surface
emission is important; for G � 1 it is negligible. Precisely
how large or small is required is determined by the specifics
of the solution. For example, comparing Figures 5 and 6 it is
seen that at / 	 1408 and 1500 K, d 	 600 lm and Figure
5 shows that there is a significant effect of radiation. From
Figure 6 at these same conditions, G 	 4.

Figure 7. Hydrogen yield (per unit area of tube surface) as a function of T, (a) d 5 3 mm, (b) d 5 5 mm, (c) d 510 mm,
and (d) d 5 15 mm.

Red lines include radiation and blue lines neglect radiation. Insets show predicted yields below Tw 5 700 K. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

Figure 6. Variation of G with Tw at the indicated d. For
conditions below the blue line (G 5 1), radia-
tive emission from tube surface may be
neglected.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7 shows the predicted hydrogen throughput as a
function of Tw and tube diameter. The hydrogen yield was
computed from Eq. 12 as outlined in the surface emission
with negligible gaseous absorption and emission section.
Including radiation in the analysis increases M*

02/,H2
(Eq.

12) for Tw above 1000 K but that there is virtually no effect
at Tw \ 700 K as indicated in the inset figures. Figure 8
shows the variation of YCH3OH,W

with / at two temperatures
(750 and 1000 K) for a 5 mm diameter tube for illustration.
The area under the curves shown in Figure 8 is the integral
in Eq. 12a. A slight increase is evident when radiation is
included (red line) compared to when radiation is neglected
(blue line). This effect is due to increased evaporation of
methanol when radiation is included. The higher methanol
wall mass fraction at Tw 5 750 K compared to Tw 5 1000
K is the result of Tw strongly influencing reaction rate (Eq.
12b) such that at low temperature more methanol accumu-
lates at the surface without being converted compared to
high temperature. While M*

02/,H2
is proportional to the area

under curves like those shown in Figure 8, the higher area at
lower Tw is compensated by the much stronger increase of
-H2

(Eq. 12b) as Tw increases to produce the increase of
M*

02/,H2
with Tw shown in Figure 7.

The effect of radiation on predicted hydrogen production
is, as expected, important only at relatively high temperatures
here being greater than about 1000 K for the conditions of
the calculations as shown in Figure 7. In practice, the opera-
tion of a FIBOR would be at temperatures which are high
enough to drive product yields to appreciable levels and to
maintain film boiling yet without compromising the integrity
of the tube material and catalytic coating.

Concluding Remarks

The operational range of parameters is identified where
radiation effects—either from surface emission from the tube
wall or volumetric gaseous absorption and emission in the

vapor film—should be included in the analysis of film boil-
ing with chemical reaction. For the conditions examined
here, volumetric emission is not an important consideration
and surface emission from the tube influences product yields
at wall temperatures only above about 1000 K. Above this
temperature, including surface emission in the analysis
results in higher methanol mass fractions at the tube surface,
larger vapor film thicknesses, and higher product yields com-
pared to neglecting radiation. Two nondimensional parame-
ters are shown to determine the importance of radiation, one
concerning volumetric absorption and the other concerning
surface emission.
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Notation

A5 area (m2)
cpv5 specific Heat [J/(kg K)]
d5 tube diameter (m)

ebk5 spectral blackbody emissive power (W/(m2-lm)
g5 acceleration due to gravity, (m/s2)
h5 enthalpy (J/kg)
kv5mean vapor thermal conductivity [W/(m K)]
L5 latent heat (J/kg)

M*5mass throughput of component [kg/(h m)]
�n5normal vector
Pr5Prandtl number
�q00 5heat flux (W/m2)
T5 temperature (K)

Tw5 temperature at the tube wall (K)
Tsat5 temperature at the vapor/liquid interface, DTsat 5 Tw – Tsat (K)
�v5velocity vector [m/s]
v5vapor velocity in ‘‘y’’ direction
z5distance measured normal to tube surface (m)

Greek letters

d5vapor film thickness (m)
q5density (kg/m3)
e5 emissivity, dimensionless
k5wavelength (m)
l5viscosity [kg/(m s)]
r5Stefan-Boltzmann constant [W/(m2 K4)]
/5 angle measured from bottom of tube (rad)
v5 arc length around tube circumference (d/2 /)

Subscripts

v5vapor
l5 liquid
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