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A new platform, based on film boiling, is described for chemical processing by catalytic
decomposition of organic liquids. A model for conversion of pure methanol to hydrogen
and carbon monoxide is used to illustrate the operational and performance characteristics
of the reactor. The model extends film boiling theory to include catalytic reactions at the
surface. The results show that wall temperature exerts a dominant influence on product
yields, with tube diameter a secondary effect. The yields of hydrogen increase as tube
diameter and wall temperature increase, with the variation being nonlinear. At temper-
atures > 1200 K, the wall conversion rates reach an asymptote with wall concentrations
of hydrogen and carbon monoxide being lower and higher than stoichiometric, respec-
tively, because of the higher diffusion rate of hydrogen compared to carbon monoxide. A
dimensional “performance factor,” defined as the ratio of hydrogen yield to the total
energy required to maintain the vapor film and drive the reaction, is used to cast the
performance of the film boiling reactor in terms of the variables of the problem. For the
range of tube diameters examined (1.5 mm to 1.5 cm), the analysis shows the existence of
wall temperatures that optimize performance. The advantages of the new reactor system
are its simplicity and potentially large product yields, making it ideal for portable

applications.
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Introduction

Film boiling is usually associated with nuclear meltdown.
Less appreciated is that chemical reaction can occur in the film
boiling regime and be exploited for useful purposes in chemical
processing. Early experimental studies motivated by reactor
accident scenarios noted the potential for chemical reaction to
occur in the film boiling regime (such as for molten metal/
water interactions) but the understanding that emerged from
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these efforts was limited and of only a phenomenological
nature.!-> Epstein et al.® provided the first rigorous analysis of
film boiling on a reactive, noncatalytic surface for stagnation
point flow on a flat plate, again in the context of molten
metal/water interactions (such as zirconium/water). They noted
the potential for producing hydrogen from the zirconium/water
reaction at high temperatures (about 1300 K). The operational
limits for promoting reactions were not examined. The config-
uration of molten metal/water interactions as an industrial
process for hydrogen production is impractical because of the
high temperatures required for the reaction and the liquid
containment issues associated with it.

Various authors have reported related film boiling models
that do not include chemical reaction:
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Figure 1. (a) Schematic (idealized) of film boiling configuration for a horizontal tube (not to scale). (b) Schematic of
temperature, velocity, and concentration profiles (not to scale). (c) Schematic of transport flow paths during

film boiling (not to scale).

[Color figure for parts (a) and (c) can be viewed in the online issue, which is available at www.interscience.wiley.com.]

® For a vertical plate: Koh’

® For a horizontal tube: Sakurai et al.8 and Sarma et al.,°
who analyzed the importance of radiation and transport in the
liquid and turbulent flow in the film, respectively.

® Film boiling of miscible liquid mixtures: Liu et al.,'0
whose model obtained a numerical solution of the governing
equations that included mixture transport in the liquid to pre-
dict heat transfer coefficients and the influence of boundary
conditions (such as radiation and liquid motion).

® Catalytic decomposition by film boiling of a single-com-
ponent liquid on a catalyst-coated tube: Okuyama and lida,!!
who were the first to measure heat transfer coefficients and
noted that hydrogen could be formed by the reaction of meth-
anol. No attempt was made to determine conditions to optimize
product yields or to determine the operational parameters that
influence it.

The aforementioned investigations suggest the possibilities
for effecting chemical change by film boiling. In the following
we attempt to establish these observations on a more quantita-
tive basis and describe the system in terms of its potential as a
chemical reactor. The emphasis is on the more traditional
parameters, such as the influence of process variables and the
identification of operating conditions, to optimize product for-
mation associated with chemical reactors. Methanol decompo-
sition was used as a test case because the conditions!! for
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conversion are not that much different from those of many
other catalytic decompositions. Furthermore, the physical as-
pects to the system—fluid dynamics and heat transfer—are
completely understood. The present analysis is therefore gen-
eralizable to other catalytic systems. An important aim of this
paper is to call attention to the technical community with
respect to the potentialities of this system.

We choose a horizontal tube to analyze and focus on hydro-
gen yield and use rate constants pertinent to a platinum-black
catalyst in methanol.!" The horizontal tube configuration is
simple and the concept can be envisioned for scale-up in
industrial applications. Including hydrogen in the performance
metric is in keeping with interest in alternative methods for
producing hydrogen from organic liquids as a fuel for power
and propulsion. Indeed, one of the most impressive aspects of
the system described is its simplicity compared to that of
traditional chemical reactor systems. This may be particularly
important for practical systems for generating hydrogen.

Figure la schematically illustrates a cross-sectional view of
the film boiling configuration for a horizontal tube in a stagnant
liquid pool. Shown are the tube, vapor film, and transport paths
around the cylinder that lead to pinching of the vapor ligament
and formation of a free bubble. Figure 1b shows additional
details of the flow and concentration boundary layers and
temperature distribution across the film. Figure 1c illustrates
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the paths envisioned for transport and reaction of chemical
species in the film for surface reaction promoted by a catalyst
coating the tube surface. As illustrated in Figure lc, organic
liquid evaporates (a) and diffuses to the surface (b). Part of the
reactant is carried around the tube (c) in the vapor film (thick-
ness 6) arising from flow (e) and part makes it to the wall (b),
where it is adsorbed and reacts. Products diffuse back into the
film (d) where they are carried around the tube surface and
expelled through the percolating bubbles. In most instances we
can expect that the composition of the bubble will contain both
reactants and products. We term the process of chemical reac-
tion by the method as described above a film boiling reactor (or
FIBOR).

Catalytic reaction in a FIBOR has the potential for high-
temperature thermal decomposition, steam reforming, and wa-
ter—gas shift reactions in a cold bulk liquid containment. It
avoids some of the high-temperature containment requirements
of other reactor designs such as packed bed reactors. A FIBOR
accomplishes this by a natural separation of the high-temper-
ature reacting (vapor) volume from the cooler bulk liquid. In
this respect, the reactor itself—the vapor volume bounded on
one side by a catalytic surface—could be considered as self-
assembled as it forms as a natural consequence of heat transfer
from a heated horizontal tube in a relatively cold bulk liquid
through the phase change/boiling process.

The vapor/catalyst combination analyzed in this study is
methanol/platinum black, and the vapor bubbles will essen-
tially contain methanol, CO, and H, where the latter two
species are reasonably insoluble in methanol. The problem is to
predict the film thickness and product yields, which is equiv-
alent to the flow rates of species around the tube surface, and
how variables (surface temperature and tube diameter) influ-
ence them. The goal with such an analysis is to determine the
efficacy of film boiling as a potentially useful configuration in
which to do reaction engineering. The emphasis is on aspects
occurring within the vapor film that govern operation of a
FIBOR by using a model that captures the elements of the
problem and that allows one to understand the influence of
operational parameters on performance. The related problems
of analyzing how bubbles form in film boiling with reaction,
then detach from the tube and carry with them the reaction
products, and the operations required to separate the chemical
species inside the bubbles after the bubbles break through the
free liquid surface of the reactant pool and release the product
gases, are outside the scope of this study.

The article is organized as follows. We discuss the chemistry
of methanol decomposition and then outline the transport
model that couples heat and mass diffusion with chemical
reaction. The liquid/catalyst combination analyzed in this study
is methanol/platinum black because of the availability of rate
constant expressions for this combination.!! The task is to
predict the film thickness and product yields and how surface
temperature and tube diameter influence them. Mass transfer is
included by an integral method that uses a third-order variation
with distance across the vapor film and with the constants
satisfying the boundary conditions. Results are presented that
illustrate the influence of parameters on product yield. Al-
though the calculations are based on methanol decomposition,
the results can be extended to other reaction chemistries for
which a suitable catalyst and rate constant are available.
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Chemistry

The transformation of methanol gas into a hydrogen-rich
mixture is a multistep process that involves a variety of mech-
anisms,!? depending on the catalyst. For example, the interme-
diate reactions are

CH;OH — HCHO + H, (1
HCHO — CO + H, 2)

For simplicity we express the overall conversion of methanol
by the global reaction

K

CH;0H — CO + 2H, 3)

where K is the overall rate constant for the catalyst. By the
stoichiometry of Eq. 3, for every 2 moles of hydrogen the
system produces 1 mole of carbon monoxide. The global
reaction will capture the essential features of the coupling
between chemical reaction and heat/mass transfer that is at the
heart of the FIBOR. Without a catalyst methanol will not
decompose to produce hydrogen at the operational tempera-
tures of interest for a FIBOR.

In treating the conversion process by the single-step reac-
tion, details of the complex kinetic behavior associated with
intermediate reaction steps and the process of adsorption and
conversion at the molecular level are lumped into the rate
expression and are thus not explicitly considered. We assume
that the characteristic time of catalysis is much smaller than
that of desorption (as is the case for this reaction) so that nearly
all active sites will be covered by strongly adsorbed spe-
cies.!'>13 Considering a rate-controlled process is more complex
and outside the scope of the analysis.

In the present study, each species reacts at a surface rate
given by

w; = @¥cuonw (4a)
where
W PK (4b)
w,; =
WCH}OH

and the rate constant K is

E
K=A exp<— RT ) (4¢)

In Eq. 4a, w; is the mass flux of species i produced or consumed
by chemical reaction (kg m 2 s~ '), the W values are molecular
weights, the v values are stoichiometric coefficients (that is,
Venon = L Voo = 1, vy, = 2), and we have taken W as the
mean molecular weight. We should note that the predicted
trends are not strongly influenced by more rigorous definitions
of W. By choosing a single value for W, independent of species
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Figure 2. Operational range of a FIBOR.

mass fraction, there is then only one unknown variable to
consider: the mass fraction of methanol at the wall, ¥ ¢y, op .-
In what follows we take W as an intermediate value between
100 and 0% yield (that is, 11 = W = 32, for a gas mixture
consisting of CO + 2H, or methanol). We found that the
influence of parameters is not changed by selecting a mean
molecular weight in this range.

The values for £ and A we use are those determined by
Okuyama and lida!® from experiments on catalytic conversion
of methanol in a packed bed reactor using a platinum black
catalyst and then corrected based on measured heat transfer
coefficients of a catalyst-coated tube in film boiling in metha-
nol:

E=6.82X10* (J/mol) (5a)

and

A =17.54 x 10* [mol/(m?s™! MPa™')] (5b)
As expected, the results are very sensitive to the activation
energy because this parameter appears in an exponential in Eq.
4c, tied with these values. Because they are derived from
measurement,'' using them provides an ability to illustrate the
influence of parameters on a more realistic performance of the
FIBOR concept than would otherwise be possible with arbi-
trary values of A and E.

Operational Limits

The operational limits of a FIBOR are governed by the
boiling curve for a fluid, a general schematic of which is shown
in Figure 2.'4 To establish a vapor film, it is necessary that T,
> T,,. Various models's-'° for 7,, result in values in the range
of 400 to 500 K for methanol, independent of the transport
situation for the fluid (such as models that assume 7,, is the
same as the limit of superheat of a fluid).

Under the action of a constant heat flux boundary, the critical
heat flux (CHF, ¢, has to be reached to establish the vapor
film whereby T,, jumps to 7} as indicated in Figure 2. Formu-
lations for predicting CHF for horizontal tubes are well estab-
lished.'* The absolute upper limit on 7', is the melting point of
the tube metal, such as 1800 K for stainless steel. Under some
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conditions, it is possible that T, is greater than the melting
point, in which case the experimental configuration is physi-
cally destroyed upon reaching ¢, In practice, one obviously
wishes to avoid this situation with proper design of a FIBOR.

Once the vapor film is established a power reduction below
the critical heat flux lowers T,, toward 7,, arising from hyster-
esis that is typical of film boiling. Further reduction of the heat
flux beyond ¢,,;, destabilizes the film and reestablishes nucle-
ate boiling. The practical operating limit of a FIBOR is be-
tween 7,, and a temperature that is less than the softening point
of the metal. To avoid this situation, establishing a FIBOR may
require an automated power reduction capability to sense wall
temperature and/or its time rate of change.

Analysis

We use an integral mass balance approach in the concentra-
tion boundary layers, coupled with a solution to the momentum
and energy equations for transport in the vapor film for a
simplified set of assumptions, to model reaction, product de-
velopment, and transport through the vapor film. The major
assumptions around which the analysis is based are the follow-
ing:

(1) Reactant liquid is at saturation conditions

(2) Radiation is negligible

(3) Boundary condition at the liquid/vapor interface is in-
termediate between zero shear and zero slip

(4) 8/x << 1, where x is the arc length along the tube
surface

(5) Only surface reactions occur on the catalyst-coated tube

(6) Laminar flow in the vapor film and the liquid/vapor
interface is stable

(7) Catalyst does not degrade and coke does not form during
operation

(8) Bulk liquid is stagnant
The above assumptions create a useful starting point to analyze
operation of a FIBOR. While the formation of coke limits
performance, the Fibor concept is versatile enough to incorpo-
rate modifications that address this problem.

The importance of radiation has been shown to depend on
the extent of subcooling of the bulk liquid and emissivity of the
tube. For film boiling from horizontal tubes in saturated liquids
the radiation contribution is generally small.$10

The vapor film in film boiling depicted in Figure 1 is
characterized by a smooth interface. Otherwise, the film can
exhibit a wavy character, especially for large tube diameters.
Accounting for the generation of an unstable wave pattern, and
the detachment and percolation of bubbles through the liquid
pool is beyond the scope of this study. Film boiling with a
smooth liquid/vapor interface will occur when R/A.;, =
0.63'420 and Res < 100,2! where A_,;, is the Taylor unstable
wavelength for bubble detachment from the surface. These
conditions are satisfied by choice of parameters in the present
study. At larger tube diameters, an unstable wave pattern exists
at the liquid/vapor interface, which results in a wavy
pseudoturbulent flow pattern of bubbles around the periphery
of the interface, and within the vapor film.?!

A scale analysis on the momentum equation written in
cylindrical coordinates shows that if Res(8/x)? << 1, where Re;
= u,,,0/v, u,,, is a representative velocity in the ¢ direction in

rep rep

the film, and y is the arc length along the tube surface (that is,
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X = R¢), then inertia can be neglected and friction is balanced
by gravity to give

2

g(PI_ pv)Sind)_‘_“'vaiyZ:O (6)

where y = r — R and the solution domain is 0 = y =< &. The
simplification of Eq. 6 is based on the product of Res and (8/x)*
being small. For the conditions of this study, Reg is of order 10
as will be seen later when the model results are discussed. The
neglect of inertia then rests on 6/y << 1, which breaks down at
the stagnation point of the cylinder and as ¢ — 180°, where we
will see that & exhibits a singularity.

Similarly, scale analysis on the energy equation shows that
energy transport in the vapor film is largely one of conduction
across the film if Pr Reﬁ(é}/)()2 << 1, where Pr is the Prandtl
number of the vapor and, again, it is the product of these
variables (and not on the individual terms) being much less
than unity that makes this assumption valid. With Re(8/x)*Pr
<< 1 the energy equation then simplifies to

o*T 0 ;
iy 7
Diffusion of reactants and products in the vapor film is ana-
lyzed by a global method as discussed in the following text.

The boundary conditions for fluid, thermal, and mass trans-
port are taken to be the following:

y=0:T=T, u=20 Y=y,
aY; @ 9%, 0 o
ay = oD CH30H,w 8y2 = (8a)
Ju du, Y,
y=&T=T, =0 (8b)

l—’“u@:ﬁ‘d@ ay

where w; is the rate of formation of species i by chemical
reaction at the surface (Eqs. 4 and 5). A discussion of the
species mass fraction boundary conditions aty = 0 and y = &
is given in Appendix A.

Based on Eq. 8b, transport in the liquid should in general be
considered. However, doing so considerably complicates the
analysis. As written, Eq. 8b states that the shear is matched at
the liquid/vapor interface and, thus, that liquid motion must be
considered in the analysis. There is a historical basis in film
boiling analysis for treating the liquid as completely stagnant,
beginning with the first study of Bromley?? for film boiling
without chemical reaction. Later work by Koh” included fluid
motion in the bulk liquid for film boiling on a vertical plate in
a saturated liquid without chemical reaction in the vapor film.
Results showed that the magnitude of the liquid velocity in-
duced by flow in the film was quite small compared to the
maximum vapor velocity in the film. More recent analyses
have compared results when motion is included to neglecting it
completely®-*—for cases where there is no surface reaction—
which have shown comparatively small differences. The inclu-
sion of transport in the liquid and radiation in the vapor is a
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problem for future work when considering subcooled liquids.
Further discussion of boundary conditions is given in Appendix A.

The influence of liquid motion on vapor transport comes
through the boundary condition at the liquid/vapor interface.
Lienhard'# notes that the surrounding liquid is not easily set
into motion by the shear stress at the liquid/vapor interface.
This consideration is the basis for a boundary condition at the
liquid/vapor interface y = & that is intermediate between a zero
stress and no slip condition:

u

afy—O )

u=20 or

The important point is that invoking either of Eqs. 8 removes
from consideration transport in the liquid. This simplifies what
is already a complex problem. Nonetheless, the basic features
of reaction in the vapor film are still captured. We later show
that some of the important aspects of the problem such as
optimal operational conditions (for tube diameter and temper-
ature) have a comparatively weak dependency on the type of
boundary condition assumed at y = 8, whether no slip or zero
shear.

An integral energy balance on a control volume that is
bounded by ¢ and ¢ + A, and & and 6 + A (see Figure Bl
in Appendix B) equates the enthalpy carried by the vapor
flowing around the cylinder in the film to enthalpy transported
across the liquid/vapor interface by evaporation of methanol
and heat conducted into the vapor film at the surface of the
cylinder. A mass balance on the control volume eliminates the
mass flux across the liquid/vapor interface to give (see Appen-
dix B)

d d[*oT
pzr M[L + Cpl/(T - Tsm)]dy = _kvi aiy

0 0

do (10

y

Equation 10 provides the condition to determine how & varies
with parameters.

The velocity u in Eq. 10 is the mass-weighted average
velocity in the ¢ direction. The solution of Eqs. 6 and 7 with
Eqgs. 8a and 9 gives u as

g(pi— pJ)
u=——

2 sin p(mdy — %) (1D

v

where m = 1 is the no slip condition and m = 2 is the zero
shear stress condition. The temperature distribution across the
vapor film is linear from Eq. 7, so that

Yy

T = Tw - ATmtg (12)

Substituting Eqs. 11 and 12 into Eq. 10 and solving for the
vapor film thickness 6 gives

(fg& sin”3d>dqb)”4

_ 1/4
8 \/Z B sin”3<;l>

13)
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where

4 k‘ll My
Cpy* AT.mt
3 om — 4 CpiPu Po | "
B 2m — 1 Cpy* ATsut PPy ( )
L1+ DA ——
6m — 4 L & Py

Within the region 0 = y = §, we assumed that the concen-
tration boundary layers reached the liquid/vapor interface (that
is, 8; ~ 6 in Figure 1b). This assumption considerably simpli-
fies the analysis, and we later verified that it is a reasonable
assumption for the variable ranges of interest to our process.
We approximate the concentrations of product species by third-
order polynomials that satisfy the boundary conditions of Egs.
8a and 8b:

Vo =y, — @y, Yemonw n @y, Yemonw 5 (15)
e Haw vaHz,m y 3vaHz,m82 y
@eoYemomw @eoYemonw 5
Yeo = Yoo, — (16)

J’_
vaCO.m y 3vaCO,m82 y

We feel that a third-order polynomial assumption is a reason-
able one to capture the reaction and diffusion process in the
vapor film to illustrate capabilities of a FIBOR. It was also used
by Okuyama and lida'' to analyze their measurements of film
boiling. As noted previously, the rate constant parameters (Eq.
5) were obtained by fitting them with measured heat transfer
coefficients in a model similar to the one discussed here. In this
manner, the assumption of a third-order variation of mass
fraction with these parameters is acceptable. Because the mass
fraction of components must sum to unity everywhere in the
film,

Yemon + Yoo + Yy, = 1 (17)

we can write for Yy op that

Yeron = Y. LT, o
CH30H — £ CH30H,w » DHZ,m DCO,m Y

1 W, Weo |\ ,
3pv82 <DH2,m * DCO,m>y (18)

The importance of knowing the wall concentration of meth-
anol is that it determines the mass throughput of species
through the vapor film as a function of the angle ¢. For
methanol, the mass throughput is expressed as

5
M?;—(p,CH;oH = Pvf u(l — YCHgOH)dy

0
d[¢

= (Wﬂz + o) 2 Yenonwdd  (19)
0
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For hydrogen and carbon monoxide,
* a d * _Tm )
M()—d)Ha = Py uYy,dy :MO—d)CH OH
,H2 2 B 3 w: + w,
o ( H» CO)

and

Cco

5
W,
Mﬂ(;—cbco =p f uYcody = M;)k—d)CH OH (21)
: Y S (o, + @,
o ( H> CO)

The total gas throughput in the vapor film around the cylinder
(that is, from ¢ = 0° to ¢ = 180°) is

5
Mﬁ)tal = 2PUJ’ udyrb:lSO
0

3m—2 - Py
~ 2.040(25/233’4)p,,< ) 8 = p)

‘ % (22)

v

where the right-hand side of Eq. 22 is obtained with the aid of
Eq. 11.

The total molar throughput N; (mol h™' m™") is found by
dividing the mass throughput M7 _, ; with ¢ = 180° from Egs.
19-21 by the molecular weight W;:

*
M50,

Ni Wl-

(23)

The reaction proceeds stoichiometrically according to Eq. 1 so
that the molar throughput of CO will be half that of H, and the
mass throughput of CO will be sevenfold that of H, (that is,
Wy, = 2 and W = 28). For later reference, the mole fraction
n; of individual components is related to mass fractions Y, as

oW, o
e 2alll species YI/VVL ( a)
> om=1 (24b)

all species

To determine the mass fraction of methanol at the wall, Eq.
11 is substituted into Eq. 19 and differentiated with respect to
¢ to give

d
E [sin d(C, 8'Y, CH:OHw T C253 - C283YCH3OH,W)] = Gi¥ensonw

(25)
where
Wco Wy,
C,=(48m — 35 + 26
l ( ) ( DCO,m DHz,m) ( )
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Figure 3. Vapor film thickness vs. angle (see Figure 1)
and wall temperature for m = 1 (blue) and m =
2 (red).

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

and
R (28)
YT gl —p,) T 0y

Expanding Eq. 25 yields

C5Ycpsom,w = €OS ¢[C134 Yemonw G, (1 - Y, CH}OH,W)]

ds Y emonn
+ sin qb{c1 (453 g Yo + 5t Chot )

do
dd dY cyom,
+ C2[352 b (1 = Yeuonw) — 6 d¢>]} (29)

which, with Eq. 13 for §, is the equation for methanol concen-
tration at the wall. A condition for ¥Ycy,on,, to integrate Eq. 29
at ¢ = 0 also comes from Eq. 29 evaluated at ¢ = 0°:

C,&
Y crsomwle—0 = o+ Go -G, (30)

The various integrals that appear in the above set of equa-
tions were computed using a Lobatto quadrature method from
the MATLAB library. The function attempts to approximate
the integral over an interval with an error tolerance of 10~°
using a high-order recursive adaptive quadrature. The accuracy
of the integration was tested against several functions with
known integrals to ensure reliability and accuracy.

In cases where the Lobatto quadrature was used as an inter-
mediate step, the technique was applied many times. To com-
pute & as a function of ¢, the function was integrated on 1000
subintervals from ¢ = 0° to ¢ = 180°. In this way, & is known
for 1000 evenly spaced points from 0 to 180°. Equation 29,
integrated using a fourth-order Runge—Kutta formulation, re-
quires evaluation of inner and outer integrals. Quadrature was
used on the inner function and Simpson’s rule was applied to
the outer function.

The mass fraction of methanol at the wall was obtained for
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1000 equally spaced intervals from ¢ = 0° to ¢ = 180° by
numerical integration of Eq. 29 using Eq. 30 as the initial
condition. Methanol throughput was then computed at each
step in ¢ from Eq. 19, and the result used to find the CO and
H, throughputs from Eqgs. 20 and 21, respectively. The values
of Yco,, and Yy ,, were obtained from Eqgs. 20 and 21 and
compared with Eq. 17 as a consistency check.

The question of verification of the model and assumptions is
addressed through the selection of the particular rate parame-
ters of Eq. 5. As noted previously, these values were deter-
mined'! by fitting experimentally measured heat transfer coef-
ficients for horizontal tubes in film boiling with predicted
values from a model that assumes a stagnant liquid with a
third-order polynomial approximation for the species mass
fractions by using the rate values as fitting parameters. As a
result, predicted trends using these rate parameters should
provide a reasonable expectation of how a FIBOR would
perform. Recognizing that the rate parameters exert a strong
influence on quantitative predictions, we prefer to use a model
that is paired with a specific set of rate parameters. As such, we
expect that the predicted trends should be reasonable for how
parameters will influence product yields, and illustrate the
operational limits of the FIBOR, which is our main purpose.

Results

Figure 3 shows the dependence of film thickness on ¢ and
T,, for a 5 mm diameter tube. In the following, we take T,, up
to 1800K to illustrate how variables influence the results. In
practice, of course, the tube melting temperature limits 7, and
the FIBOR is destroyed at that point. All properties are eval-
uated at 0.10 MPa and at an average film temperature 7,,, =
0.5(T,,, + T,), unless otherwise noted. The exception is ther-
mal conductivity for which we used a value 1.4 times that of
methanol (that is, as in Ref. 11). In this figure and all of the
results presented, all required physical properties are extracted
from accepted literature correlations.?>2* In Figure 3, predic-
tions using the two boundary conditions of Eq. 9 are shown;
differences are within a factor of 2, which reflects the influence
of boundary condition at the liquid/vapor interface. At ¢ =
180° & is singular. Using Eq. 11, and from Figure 3, represen-

z

1,

Mass Fraction, Y,

x 10
Temperature, Tw [K]

Diameter, d [m]

Figure 4. Wall mass fraction as a function of wall tem-
perature and diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5. Wall mole fraction vs. wall temperature for a
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tative values (at 1000 K) of velocity and film thickness are 5
m/s and 300 wm, respectively (that is, using ¢ = 90° as
representative), for a cylinder diameter of 5 mm. With v =
9.2 X 107° m%s, x = 0.008 m, and Pr = 1, then Re; =
u,,,0/v =16 and &/ = 0.038. Therefore Pr Res(8/x)> =~ 0.02,
which is consistent with the approximations made.

Figure 4 shows the dependency of wall mass fraction Y;,, on
tube temperature and diameter for m = 1. At high tempera-
tures, Ycp on, approaches zero as methanol catalytically de-
composes at the wall, whereas the sum of Yy,, and Yco,,
approaches unity to satisty Eq. 17. Increasing the wall temper-
ature in the high-temperature range cannot produce an appre-
ciable change in the mass fractions of products. This fact
translates into slowing the rate of change of hydrogen yield
with temperature. At high temperatures, where methanol com-
pletely decomposes at the wall, one might expect the concen-
trations to approach the stoichiometric mass fraction ratio of
Ycouw: Yi,. Of 7:1, or mole fraction ratio, neo,, © fig,,, Of 1:2.
However, given that hydrogen diffuses faster than carbon mon-
oxide because of the higher diffusion coefficient for hydrogen
compared to carbon monoxide,?? the amount of hydrogen at the
wall is lower than stoichiometric, and for carbon monoxide it is
higher than stoichiometric. The differences increase as temper-
ature increases as a result of enhanced diffusion at high tem-

fkgyhefm]
=85k 8

10

Threughput, M
wh

Figure 6. Total mass of methanol processed (includes
both reacted and unreacted methanol travel-
ing through the system).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7. Hydrogen yield (molar throughput) as a func-
tion of process variables.

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

peratures. To better illustrate this behavior, Figure 5 shows the
influence of wall mole fraction, n,,,, with surface temperature
for one particular tube diameter of 5 mm.

Figure 6 shows how the total mass processed in the vapor
film, M* , ., (units of kg h~ ' m™ "), varies with wall temperature
and tube diameter. The two surfaces in the figure are for
boundary conditions corresponding to m = 1 and m = 2 (Eq.
9). Differences for the two conditions are again within a factor
of 2. The results show that the amount of reactant that can be
processed is quite large.

Figure 7 shows the dependency of molar throughput in the
vapor film, Ny, and Ny o 150 from Egs. 21 and 24, on wall
temperature and tube diameter. The hydrogen yield is compar-
atively high for tube diameters = 9 mm and for temperatures
of >800 K, and are close to hydrogen production in portable
generators mentioned in the literature.>> As noted previously,
other organic liquids can be used such as ethanol and aqueous
mixtures.

1200
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24 1
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= | 1w /'/’ .
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0830 800 1000 1200 1400 1600 1800
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Figure 8. Predicted hydrogen yields (m = 2 only shown)
for constant tube diameter.

Inset shows low-temperature range. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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As the temperature or diameter increases, the vapor velocity
increases as well, which increases the hydrogen throughput.
With an increase in temperature, the reaction rate (w,) also
increases, which increases H, and CO yields. Figure 8 is a
cross-plot of Ny, with T, and d. At low temperatures (<800
K), the total vapor throughput and the amount of methanol
reacting are both comparatively small in this range. At medium
temperatures (800—1200 K), the vapor throughput reaches a
modest value but, more important, the fraction of reacted
methanol increases. In this temperature range, @; increases
rapidly. To satisfy the hydrogen mass balance of Eqgs. 17 and
20, w; increases so that ¥y on,, decreases, whereas Y, and
Yy, both increase. This results in a high fraction of H, and
CO in the vapor film, thus causing a rapid increase in Ny, and
Nco-

In chemical systems the time available for chemical reaction,
which we term the “residence time, ” is an important parameter
to characterize reactor performance. To give the reader a better
feeling about the reaction process, we calculated the influence
of parameters on residence time. We take a simple scaling of
the residence time as the time for a packet of fluid to be
transported around the tube in the vapor film at a representative
velocity, u,,,:

dl?2
i 31)

urep

The representative velocity around the tube circumference was
determined by first averaging u in Eq. 11 across the film
thickness and then from that result computing the average
velocity around the circumference, 0° = ¢ = 180°:

u rep

2B" [3m — 2\ g(p, — p,) [* ¢ v
_ v <13 173
- 6 2, f sin d)f sin?¢pdd | d
0

0

(32)
Numerically integrating Eq. 32 gives

glpr—p.)
2,

. 3m—2
U, = 1.766B g (33)

Figure 9 shows how the residence time varies with 7, and d for

= 1 and m = 2. The trends are consistent with the scaling ¢,,,
= d”2 [AT, /(1 + CAT,,)]1"? which follows from Egs. 14 and
31, where C depends on fluid properties. As T, is reduced, the
residence time increases and the reaction slows because of the
strong dependency of the rate constant on temperature. As the
tube diameter increases the residence time increases as well.
Figure 9 shows that residence times in the FIBOR are in the
range of 1 to 20 ms. This situation resembles conditions en-
countered in the short contact time reactors described by
Deluga et al.2®

Although there are some similarities of a FIBOR with other
reactor configurations (such as packed bed reactors) there are
also notable differences. Tubular reactors allow for indepen-
dent adjustment of operating temperature and reactant flow rate
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Figure 9. Time available for methanol production in va-
por film.

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

and thus may be considered to have two degrees of freedom.
This is not the case for a FIBOR. For a FIBOR, the flow rate
is determined by the wall temperature and physical configura-
tion. Furthermore, the reactor volume itself is determined by
evaporation of bulk liquid, which is a function of the wall
temperature—a consequence of self-assembly of a FIBOR.
Thus, we lose a degree of freedom in operating a FIBOR
relative to more conventional reactor systems. This concern is
offset by the fact that one does not need high-temperature
containment of a FIBOR and the reactant serves as its own
insulator.

To better evaluate the operation of a FIBOR, we define a
dimensional quantity termed the “performance factor ” as the
ratio of molar throughput of hydrogen to the total energy
required by the system:

]\IH2

th

e = [(mol/h)/(W)] (34)

¢ is similar to an efficiency in that it is a measure of the amount
of hydrogen that can be produced per unit total energy. It does
not consider any parameters of the catalytic surface. In partic-
ular, the model assumes that the catalytic surface to be infi-
nitely operable with no degradation during operation. A more
rigorous definition would have to include the effectiveness of
the catalytic surface and such parameters as porosity, chemical
activity, and adsorption.

The variation of Ny, with wall temperature and tube diam-
eter has already been dlsplayed in Figure 7. Q,,, is the total
power needed to maintain the boiling and reaction processes. It
is the sum of the power required for film boiling (heat conduc-
tion through the vapor film + heat of vaporization of saturated
methanol) and the energy to decompose the reacting methanol:

th = Qh + ern (35)
where Q,, the energy per unit length to maintain the vapor film,

is expressed as
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kAT,d li ' dd = 2720 dATak, (36)
= Ky sai m N = 2.
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The right-hand side of Eq. 36 is obtained by substituting Eqgs.
12-14 into Eq. 33 and numerically integrating the result.

Regarding Q,,,, because each mole of methanol reacted
yields 2 moles of hydrogen according to Eq. 1 we can evaluate
Q,,, by multiplying the enthalpy of reaction with the molar
throughput of hydrogen, Ny from Egs. 20 and 23, and dividing
by 2:

1
ern = E AHRNHz (37)

The enthalpy of reaction, AHy for Eq. 37 is expressed as
AHy = (th,Hz + hf,CO) - hf.CHgOH (38)

where the temperature-dependent /4, values are computed from

T2
hf;i(TZ) - hj;i(Tl) :f Cp,idT+ 2 An; (39)

T transitions

There are no transitions at the wall, so the rightmost term is
zero. Thus, h,; can be computed for any temperature, provided
one knows an expression for ¢, (7) and h;, Values of standard
heats of formation are readily available in tables,?”® and a
specific heat correlation with temperature for the three compo-
nents of interest are given in Reid.?*> The result of this integra-
tion is

B

Fuwet.QM[w.fm];
e o)
Rl it ;)
=

—

1800
Temperature, T_[K]

Diameter, d [m]

Figure 10. Total power (Q,,,) required for methanol de-
composition as a function of temperature and
diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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AHp=73.3X10°+ 65.7 X T, —5.05

X 107272 4+ 3.00 X 107°73  (J/mol,.)  (40)

Because the reaction occurs on the surface of the tube, it is
logical to use the wall temperature instead of the average film
temperature when computing the heat of reaction. The varia-
tion of Q,,, with wall temperature and tube diameter is shown
in Figure 10. The influence of parameters is comparatively
weak up to about 900 K, and then Q,,, increases at a higher rate
in an almost linear fashion.

Figure 11 combines the variations of hydrogen yield and
total power (that is, from Figures 7 and 10, respectively) to
show the variation of & with d and T,,. The trends indicate that,
at constant temperature, the variation of & with tube diameter is
comparatively weak. Although increasing d does increase &
and produces a slightly more efficient conversion process,
other factors such as economic and size constraints on a FIBOR
will limit the largest tube diameter in an application. On the
other hand, for a constant tube diameter, € has a strong depen-
dency on T, and exhibits an “optimal ” operating condition in
the sense of a peak of e. This trend is further illustrated in
Figures 12a and 12b, where predictions for a no slip (12a) and
zero (12b) shear condition are given (there is little difference
between the choice of these two boundary conditions). Figure
12 further shows that the peak value of performance factor has
a comparatively small dependency on tube diameter. For 1.5
mm < d < 1.5 cm, the optimal wall temperature is in the range
1080-1225 K. The peak in € may be explained as follows.

At low temperatures, Q,,, is also low (Figure 10) but the
hydrogen yield is lower than Q,,, for the same tube diameter
and wall temperature. The performance factor is accordingly
low. As temperature is increased, hydrogen conversion in-
creases faster than Q,,, so that ¢ increases as well. Eventually,
hydrogen production tails off as 7, increases as shown in
Figure 5 (for a particular tube diameter for illustration) and
Figure 7, whereas Q,,, continues to increase almost linearly
(constrained by the burnout limitation for the tube material) as
shown in Figure 10, thus lowering & at high T,,.

DOI 10.1002/aic 2591



600 800 1000 1200 1400 1600 1800
Temperature, T [K]

a)

0.040

T0.035

(o

0.030:

—

o
=]
[
n

0.020
" 0.015
0010
0.005:

Performance, « [(malfhrim)

500 800 1000 1200 1400 1600 1800
Temperature, T = [K]

b)
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(a) m = 1; (b) m = 2. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Summary and Conclusions

A platform for catalytic conversion of organic liquids has
been analyzed based on film boiling. It is shown that the
physical conditions are close to those found in short contact
time reactors. The aspects of this new reactor platform are its
simplicity, scalability, and as a tool for developing a better
understanding of the mechanism of catalytic conversions under
real process conditions.

The results indicate that catalytic conversion of methanol on
the FIBOR surface produces appreciable amounts of hydrogen
gas that suggest its use as a means of hydrogen production. A
performance parameter (&) is used to compare the hydrogen
yield with the total energy input to the tube to maintain the
vapor film and drive the reaction. This factor has a weak
dependency on tube diameter. For methanol using reaction rate
values appropriate for a platinum black catalyst, optimal tem-
peratures are predicted to be in the range of 1080 and 1225 K
for 1.5 mm < d < 1.5 cm.
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Notation

A = frequency factor of catalyst, mol/(m* s~' MPa™')
¢, = specific heat, J kg7! K™!

D = diffusion coefficient, m*/s

d = tube diameter, m
E

8

= activation energy of catalyst, J/mol
= gravitational acceleration, m/s>
hy; = heat of formation of species i.
AHy = heat of reaction, J/mol
k = thermal conductivity, W m~' K™'
L = latent heat, J/kg
M* = mass throughput of component, kg h™' m
= unit vector
= molar throughput of component, mol h~' m
= system pressure, MPa
power, W/m
= universal gas constant, J mol™' K™!
= temperature, K
= minimum film boiling temperature
wall superheat (7, — T,,,), K
= vapor velocity in the ¢ direction in the vapor film, m/s
= vapor velocity in the y direction in the vapor film, m/s
= molecular weight, kg/kmol
= surface rate of reaction of species i, Eq. 4a, kg m 25!
mass fraction, dimensionless
coordinate normal to heat transfer surface, m

—1

\]?(Q N =2
Il

!
|

3

=
ﬂ
Il

-
g

e~ S =
|

Greek letters

& = vapor film thickness, m

& = performance factor, (mol h™" m™")/(W/m)

¢ = angle from lower stagnation point of cylinder, rad, °
A = wavelength, m

1 = static viscosity, Pa-s

p = density, kg/m*

o = surface tension, kg/s2

v; = number of moles of component i produced by the reaction per

mole of methanol
x = arc length around tube circumference (R¢)
w; = reaction rate parameter of species i, Eq. 4b
Subscripts

b = boiling

i = species i (H,, CO, CH;OH)

[ = liquid

rep = representative value

sat = saturation condition vapor
v = vapor
w = wall
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Appendix A

The choice of a third-order polynomial for the mass fractions
requires four boundary conditions, which are given in Eq. 8.
The boundary conditions for Y; at the solid/vapor interface (y =
0) and the vapor/liquid interface (y = d) are derived from the
general species transport equation written for the bulk of a gas
in vector form as?®

V : (pv;}Yi - vai,mVYi) = W”i’ (Al)
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where w"/ is the volumetric rate of production of species i by
chemical reaction in the bulk (kg m ™ * s~ "). By applying Eq.
Al to CO and H, (that is, i = CO or H, in Eq. Al), the mass
fraction of methanol is obtained from Eq. 17. In writing Eq.
Al, it has been assumed that the binary diffusion coefficients of
all pairs of species are equal. This may not be the case, but
nonetheless we assume it even though we use the subscript i,m
in Eq. Al for the diffusion coefficient. For a gas with no
chemical reaction in the bulk w"”; = 0 in Eq. Al.

In Eq. Al, v is the mass-weighted average velocity vector of
the vapor, defined as* v = E_,- Y;v;, where v, is the average
velocity of molecules of type j (that is, j = CO, CH;0H, and
H,). It is the ordinary flow velocity of fluid mechanics. The
average velocity of molecules of type j, v;, is a more complex
quantity that requires determination of the velocity distribution
function for molecules of species j. The scalar velocity normal
to the surface is defined as v = v * n, where n is the unit
outward normal to either the tube surface or the liquid/vapor
interface. # would similarly designate the mass-weighted av-
erage velocity vector in the ¢ direction (or along the circum-
ference of the tube). However, u is not needed in the develop-
ment of boundary conditions.

For an impermeable wall in which there is no accumulation
of mass, a no-slip condition is valid (v = 0) regardless of
whether a chemical reaction is occurring at the wall. This
requirement does not necessarily mean that the individual
molecular velocity vectors v; are identically zero at a wall.
Rather, it means that the summation, >, ; Y;v;, must be such that
the individual v; have directions that are opposite to the extent
that they sum to zero when multiplied by the mass fractions.
We also note that the molar-weighted average velocity, v =
2; n;v;, where n; is the mole fraction of component j, may not
in general be zero at a wall where surface reactions occur even
if the wall is impermeable. Nonetheless, this issue is not
relevant in our analysis because we are always considering the
mass-weighted average velocity in the species transport equa-
tion.

The condition that the concentrations assume their wall
values,

Yi(y=0) =7, (A2)

needs no discussion. The Y;,, are unknown and must be deter-
mined as part of the problem.

Additional boundary conditions are obtained by integrating
Eq. Al over the volume (retaining w"; in this term-by-term
integration) and passing to the limit in which the volume of
integration approaches a surface (see Williams?® for a discus-
sion on this point). The result of this integration and limit

process is a boundary condition written in vector form as

1
[PUY:(;}_ Di,m?iVYt) 'ﬁ]

"

where in this limit process w"/ in Eq. Al is transformed to a
surface rate of reaction of species i, w; (kg m s~ ') as given
by Eq. 4a. In the coordinates of Figure 1 and with Eq. 4a, Eq.
A3 becomes

= Wi|)‘:0 or & (A3)

y=0or &
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Di,m

Y; Y, (A4

w;
y=0ord y=0ord p”Di*’”
where v is the velocity perpendicular to the interface (solid/gas
or liquid/gas) and the coordinate y is measured perpendicular to
the boundary (see Figure 1b).

With v = 0 at y = 0, Eq. A4 reduces to

aY; w,
dy =0

Y. AS
val,m ' ( )

This is our second condition for Y; (Eq. 8a).

For a third condition on Y;, we return to Eq. Al written for
the “bulk ” of the gas in the vapor film. Because there is no
chemical reaction in the bulk of the film (w” = 0) and we
neglect compressibility effects so that V - (p,v) = 0, Eq. Al

becomes
pva.VYi - vai,mVZYi = 0 (A6)

Another condition for Y; at y = 0 is developed from Eq. A6
as follows. We imagine approaching the reactive surface of the
tube wall as a limit process. As the tube wall is approached the
velocity must gradually vanish. We take this as a limit process:

hm(pxr?} : VYI - valmvzyt) = lim(pv?}‘ VY:)

y—0 y—0

- lim(vai,mVZY[) = 0 (A7)

y—0

which for the coordinate system of Figure 1 becomes

im( po ) < i T g A8
im p,,va im pID;,mTyz = (A8)

y—0 y—0

Equation A8 shows that diffusion must track with convection.
As the wall is approached (y — 0), v — 0. At the same time,
Eq. A5 shows that the gradient in mass fraction does not
exhibit a singularity. As a result, Eq. A8 reduces to

i (62?’1-) 0%y,
m\|\|— | = ——5
so\dy?) a0y

=0 (A9)

y=0

which is the third condition on Y; (Eq. 8a).
A fourth condition, Eq. 8b, is developed at the liquid/vapor
interface by applying Eq. A4 at y = & where w; = 0:

aY,
ay

=0 (A10)

y=s

We assume that CO and H, are insoluble in methanol (Y, o
= Y, 15, = 0). Given that a mass balance across the liquid/vapor
interface is v = v,p,/p, then if v, = 0 (stagnant liquid assump-
tion) we conclude that v = 0 in Eq. A10 as well, so that
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aY;
Jdy =

=0 (A11)

where i = CO or H,.

Taking v = 0 at y = & (which follows from assuming the
liquid to be stagnant) is at odds with the fact that methanol
evaporates at the liquid/vapor interface. Nonetheless, there is
some historical basis for making this assumption in film boiling
analyses: the early analysis of Bromley?? assumed that the
liquid was “stagnant”; Sakurai et al.® later compared full nu-
merical solutions for the nonreacting case in which liquid
motion was both included and ignored and found that for
saturated liquids the predictions are consistent with experimen-
tal trends and differ between the two cases by a relatively small
numerical factor; and Liu et al.'® examined mixture transport
for the nonreacting case and compared results with the stagnant
liquid case with the analysis in which motion in the liquid was
considered. Lienhard'# also noted that in film boiling the liquid
is not easily set in motion by flow in the vapor film. More
recently, Sarma et al.® analyzed the problem of film boiling of
a saturated liquid including the effect of turbulence in the vapor
film surrounding the cylinder and assumed that the shear at the
gas/liquid interface was the same as that at the solid/gas inter-
face, in effect taking the liquid/vapor interface as a rigid
boundary. Their results correlated well with their selected data
set. All of these approximations are various ways to justify
neglecting motion and transport in the liquid.

Appendix B

The integral energy balance of Eq. 10 begins with the first
law statement written in a form that neglects kinetic energy:

f ph - fidA = —j g’ - idA (B1)
A A

where the integrations are taken over the surface of a volume
(per unit length of the element). For the present discussion this
volume is illustrated in Figure B1.

Note that it is bounded on one side by the catalyst-coated
tube of radius R, the liquid/vapor interface on another, and the
remaining sides by rays at ¢ and ¢ + Ad intersected by arcs
of radius R + dat pand R + & + Ad at ¢ + A, as illustrated
in Figure B1. Assuming that the liquid is saturated and an
equilibrium evaporation process is in effect, Eq. B1 applied to
this volume is

8+A8 3
f pvhﬂudy - J‘ pvhvudy - hl.rplleAd)
0

B+ad 0

=—k o A 2
= k5 RA¢ (B2)
y=0
where £, is the enthalpy of saturated liquid. Dividing by A¢

and taking the limit as A¢ — 0, wherein also A — 0,
transforms Eq. B2 to
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Figure B1. Control volume.
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An integral mass balance on the control volume of Figure B1

gives
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d¢

d )
f pvudy = plv[R
0

whereupon by combining Eqs. B3 and B4 and grouping terms
we get

d

5 h,— hyudy | = —k o B5
d(i) pv( v l:)u Y| = 7k ay R ( )
0

y=0
From the definition of specific heat,

oh,
€ = 9T

(B6)

P

Assuming that ¢, is constant over the temperature range 7 and
the saturated state signified by 7,,, and h,,, integrating Eq. B6
between T and T,,, gives

hv = hzrs + va(T - Tsm) (B7)

Combining Eqs. B5 and B7, noting that h,, — h,;, = L is the
heat of vaporization and that R = d/2, we obtain

d ® B doT
db pulL + c,(T — Ty)ldy; = —kﬂga*y (B8)
0

y=0

Integrating Eq. B8 from ¢ = 0 to ¢ and noting that u = 0 at
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(B3) ¢ = 0 (Eq. 11) gives
8 d [¢oT
Py M[L + Cp1/(T - T.mt)]dy = _kvi aiy _Odd)
0 0 r=
which is Eq. 10.
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