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Experimental Measurement of the Thermal
Stability Criteria for the Low Pressure

Methanol Synthesis

The mathematical basis was derived for the experimental measurement of the
“Slope Condition™ and of the “Dynamic Condition” of the thermal stability criteria
in a laboratory-scale internal recycle reactor. This work also resulted in clearer
interpretations and simpler expressions for the two stability criteria. The method
was experimentally demonstrated on the example of the low pressure methanol
synthesis. Only seven experiments were needed to evaluate the stability criteria

of this reaction for which the kinetics is unknown.

J. M. BERTY, J. P. LENCZYK and
S. M. SHAH

Department of Chemical Engineering
The University of Akron
Akron, OH 44325

SCOPE

The objective of this study was to develop an experimental
method for the measurement of the thermal stability criteria.
These are needed for the design of thermally stable commercial
reactors, including auto-thermally operated converters. The
knowledge of these criteria is needed already in the early con-
ceptual design stage of a new process, sometimes even before
a detailed kinetic model can be developed.

The second objective of this work was to show that even in
the absence of knowledge on the kinetics of the reaction, the
basic parameters for the stability criteria can be evaluated from
a few experiments. These can be made in an internal recycle
reactor operating as a CSTR at, or close to, the operating con-
ditions of anticipated commercial process. The results can be
used in the design of cooled tubular, or adiabatic production
reactors and the results are not dependent on any assumptions
made on the kinetics. In the opposite case, when kinetics is
known, these experiments can serve as checks that are inde-
pendent of the assumptions made in the kinetic study.

Historically, the original work of Liljenroth (1918), Damk-
ohler (1937), and Wagner (1945) went unnoticed while the papers
of Wilson (1946) and Frank-Kamenetskii (1939, 1961) had the
first impact on the industry, and Van Heerden’s (1953, 1958)
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papers started an avalanche of theoretical investigations. In the
papers of both Wilson and Frank-Kamenetskii, the thermal
stability criterion is expressed as a maximum permissible tem-
perature difference for heat removal, that is a unique function
of the energy of activation. An internal report from Union
Carbide by Perkins in 1938 revealed the existence of a limiting
maximum temperature difference for thermally stable operation
that can be calculated from the energy of activation. These are
simplified functions, and express conservative estimates built
on the assumption of a zero order reaction rate. Frank-Kamen-
etskii recognized this and modified it on the basis of geometric
arguments. Although these estimates were too simple and too
conservative, they served the industry better than most of the
work that followed. Theoretically better criteria developed later
are elegant mathematical solutions of variations of the same
problem. Generalization and basic understanding has not ad-
vanced much and Luss (1980) expressed the need for these.
Schmitz (1975) in his extensive review on the subject of sta-
bility estimated that only about 40% of the published papers
in the last two decades were referenced on his list that counts
close to 300 papers. He estimates also that references from areas
other than chemical reactions amounted to an even smaller
fraction. In spite of this, it is most likely that he caught all of the
approximately 45 experimental papers. Of these, only eight were
made on chemical systems that could have some industrial im-
portance. The rest of the experiments were made on model re-
actions, like the oxidation of Hjy, to test some theoretical
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points,

Conceptually significant experiments on thermal stability
were started by Wicke and Vortmeyer (1959) and continued by
their coworkers. One experimental study on an industrially
important reaction was published by Bush (1964).

Two more recent interesting publications in this field came
from Uppal et al. (1974, 1976) who organized various available
information on steady-state multiplicity, stability, and oscilla-
tions. Another important one is from Schmitz et al. (1979) where
experimental results on a model reaction were reconciled very
successfully with theory,

On the kinetics of methanol synthesis, Natta (1955) published

a Langmuir-Hinshelwood type model for the Zn/Cr type cata-
lyst that was extended by Cappelli (1965). A thorough literature
search indicates there is a complete lack of data for the kinetics
on the low pressure Cu-type catalysts. Also, Natta’s model con-
tains too many constants to have statistical significance and,
Shinnar (1978) and Weller (1976) have shown that such a model
cannot be justified either theoretically or practically.

Stephens (1975) published a paper on stability and optimi-
zation of an industrial low pressure methanol converter. He
discussed the effect of an outside heat exchanger and control
schemes on the auto-thermal operation without disclosing
anything on the kinetics.

CONCLUSIONS AND SIGNIFICANCE

The van Heerden diagram expressing the heat generation rate
as the function of temperature can be measured for industrially
important catalytic reactions at, or close to, the commercial
operating conditions in an internal recycle reactor. This was
experimentally demonstrated on the low-pressure methanol
synthesis example, for which reaction the kinetics is un-
known.

The above measurement has to be made at constant feed rate,
and feed concentration, with fixed catalyst quantity, i.e., at
constant residence time (§ = const.). The need for this was de-
rived for first order reactions, but holds conceptually for all
others, too.

The experimentally measured van Heerden diagram is a valid
representation of the process even if the assumptions made in
the derivation for the first order rate example are not valid. No
previous knowledge of kinetics is needed for the measure-
ments.

The dimensionless residence time, the first Damkohler
number can be evaluated from the material balance for a CSTR
simply. In the case of non-stoichiometric feed mixtures and
complex reactions the heat generation rate Ggen divided by the
adiabatic temperature rise potential 8 and by the steady-state
temperature may serve well.

The dimensionless energy of activation, the Arrhenius num-
ber € = E/RT can be evaluated from experiments in a CSTR,
{Berty, 1979). The dimensionless adiabatic temperature rise
potential § can be calculated from thermochemical data;
therefore, the expression

s>

l+D82__l_
Da X2

can be used to demarcate the highest conversion where oscil-
lations are still not possible and the slope criterion alone is a
satisfactory condition for stability. This is the usual case in
commercial processes where secondary degradation reactions
limit the conversion and Da is small.

It was known that the “Slope Condition” can be expressed
as an inequality of temperature derivatives of the heat removal
and heat generation rates as:

d_rem ‘{agen
dT dT

Now we have shown that the second criterion named by Gilles
and Hofmann (1961) as “Dynamic Condition” can be expressed
in similar way as

d_rem > b(_]gen O_"'
dT oT lc oClr

This means that the increase of heat removal rate with the in-
crease in temperature has to be larger than the difference be-
tween heat generation rate increase due to the temperature
alone and the reaction rate decrease due to the concentration
drop alone.

The significance of the criteria expressed in previous points
is in their use for estimating the stability or thermal sensitivity
limits for cooled tubular reactors (Bischoff and Froment, 1976),
and for multistage adiabatic reactors with intercoolers (Berty,
1968).

THEORY

Bases for Balance Equations

The aim of this work is to find the experimental conditions that
can be used to measure the important parameters and functions
for the thermal stability criteria of reactions. In order to do this,
first the physical meaning of the stability criteria were clarified
and then the criteria were translated into experimental require-
ments. In the following clarification the basic work of Aris and
Amundson (1958) will be interpreted beyond the explanation of
Gilles and Hofmann (1961). In doing this, some changes in refer-
ence values and approaches were made to make the physical
meaning of the results easier to elucidate. These are as follows:

a. The changing of the balance equations to dimensionless forms
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will be delayed until their derivatives need to be evaluated to keep
the physical meaning easier to recognize.

b. The steady-state reaction temperature and concentration will
be used for reference state in converting to dimensionless quantities
because the local linearization in the temperature derivatives of
the reaction rate was made around the steady state.

Especially the second change will allow great flexibility in ex-
planations without losing any part of the rigor of the mathematical
derivation by Aris and Amundson (1958). Instead of using the
notation of these authors, an equivalent but simpler notation of
Carra and Forni (1974) is used as is reproduced in Carberry’s book
(1976). The same derivation is given yet another way by retaining
the variables in their original dimensions in the book of Froment
and Bischoff (1979). AH these approaches and what will follow have
to give the same results since they are only notational variations
of the same equations. The theory given next is not new, details are
stressed only for clearer interpretation.
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ANALYSIS OF THE BALANCE EQUATIONS FOR CSTR'S
The material balance function for CSTR is:

vdc
Qdt

where r(C,T) = k(T)C" refers to the power-law kinetics and n can
take on any value.

In steady state m(C,T) = 0, and (V/Q) = 8, therefore, in this
case:

=C, —C, = (V/Q)(C,T)Bm(C,T)

C, — C, = k(T,)C"

This equation establishes unique relation between any two of the
variables C,, C;, T,, and § when values are fixed for the other two.
In the following, while the general nth order form will be retained
to help in understanding the meaning of the expressions, from now
on, the simplest case of the first order reaction will be given also.
For first order reaction from the relationship given above fol-
lows:

Com o
1 + Bk,e—E/RTg
Using the definition of Da = (r,/C,)8, where Da is the first
Damkohler number, the dimensionless residence time, expressed
as the residence time 6 divided by the time constant for the reac-
tion, r;/C; = k for first order reaction.

With the Damkohler number the steady-state material balance
can be expressed as:

From this it follows that:

1+ Da = C,/C;, and the fractional conversion:
X =(C, — C;)/C, =Da/(1 + Da).

The partial derivative of the material balance function, m(C,T)
with regard to the concentration is:

om(C,T)

oC
and in dimensionless terms:
dm(C,T)/oC|r = —(1 + nDa)
For first order reactions, when n = 1, this equation is:
om(C,T)/oC|y = —(1 + Da).
The heat balance function for a CSTR is:

ocVdT/dt = Qpc(T — T,) + U,aV(T — T,)
— (-AH)Vr(C,T) = q(C,T)

Gad(T) + q{T) = Ggen(C, T} = g(C,T)
The temperature derivative of this function is:
Qpc + Uy,aV — (—AH)WV(dr/dT) = d¢(C,T)/dT
The partial derivative with regard to temperature is:
Quc + Uy,aV — (=AH)VOr/dT|¢ = 9g(C,T)/ 0T |
The temperature derivatives of the rate of reaction are:
r = kyexp(—E/RT) - C"

= =1 — OnkCn~!
T

OT/OTIC = (E/RT?) k,exp(—E/RT).C" = (E/RT?)r
dr/dT = (E/RT?) r + n (+/CXdC/dT)

From material balance at steady state, when C, and # are con-
stant:

C,=C,/(1 + ‘0koexp<—E/RTs)IC;l—l)'

For first order reaction the derivative of this becomes:

Page 916 November, 1982

@ _ —Co(E/RT?2)0k,exp(—E/RT)

dr {1 + bk,exp(=E/RT) ~°
therefore the temperature derivative of the rate is:
dr, E C,
el Gl
dT RT? C,

this result was shown by Perlmutter (1972).
The heat balance function in temperature dimension is:

U,af (T, = T.) - (—AH)ro
pc pc

= q(C.T) = Gad(T} + Gur(T) = el C,T).
The temperature derivative of the heat balance function is:
_aqC.T) _ 1 Uoat (-AH)8 dr
dT pe pc dT

For first order reaction and for steady state dr,/dT = (E/
RT?)r(C,/C,), therefore:

-qCT)=T,-T, +

_dgCT) . Ukl (—AHW E C,
dT e pe R—T—frsz‘:’
and in dimensionless terms this equation becomes:
- ____qf;;:T) =1+ UDa — ¢ . fal)a , and
the terms are equivalent to:
_ da(C;T) — darem _ dag('ll
dT dT dT ’

where
¢ = E/RT,; 8 = (—AH)C,/pcTy, and
Da 0 0kC, Cs
=—=—=Dg— =X.
1 + Da CU Co ¢ Co

The partial derivative of the heat balance function with respect
to the temperature is:
_0g(C,T) Uad (=AH)0 or
oT ¢ pc pc  OTlc

For first order reaction the partial derivative is:

_oaen| ., Uel (-AHW E
oT lc pc pc RT?”
and in dimensionless terms this is:
OG(C,T)l
it A R4 'Da —
oT e + UDa — €8Da,

where

d‘_]r('m Oc_y g
—22 =1 + UDa, and —E2 = ¢3Da.
dT oT

In summary it was shown that for first order reactions in steady
state and for cases where the heat transfer coefficient is indepen-
dent of the reaction temperature:

—ji%ﬂ=l+b'0a—fﬁ~l—f%—a= ()

q(C, T (
_%(;_)k =1 + UDa - ¢8Da, (2)
Qﬂég’—r)lr=—(l + Da). (3)
o—glﬂTﬂ (:=(BDa (3)

The above expressions are needed to elucidate the meaning of the
stability criteria and to derive the experimental requirements.
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ELUCIDATION OF THE STABILITY CRITERIA

General Forms. Expression for the two stability criteria that are
equivalent to those derived by Aris and Amundson (1958) can be
found in Carberry’s book (1976) who credits Carra and Forni
(1974) with the derivation. In the following chapter, this later form
of stability criteria, including their nomenclature, will be used. The
reason for this is primarily that the steady-state values Cs, T are
used for normalizing the variables and also because it is perhaps
easier for the reader to have access to Carberry’s book for the
necessary background information.

In Carberry’s book the two stability criteria are expressed as:

(l + L (—l— + U- 66) + €3> 0, for the slope criterion
Da} \Da

and
2

1+ Da + U — e3> 0, for the dynamic criterion.
a

(In Carberry’s book, on p. 134, this latter equation is identified as
slope condition by typographical error.)
This can be rearranged to:

¢Da
1 + Da
1+ UDa - ¢BDa + (1 + Da) >0,

14+ UDa — >0, (slope), and  (6)

(dynamic). (7)

These expressions are strictly valid only for first order reactions
in steady state and where the heat transfer coefficient does not
depend on the temperature.

Using the expressions for the ordinary and partial temperature
derivatives of the heat generation function Egs. 1 and 2 and the
concentration partial of the mass balance function Eq. 3 the two
criteria can be expressed as:

dg

—+> |

aT 0, (slope) and
39 om .
A0 -2 > .
5Tle " 3cls 0, (dynamic)

The validity of the criteria in the derivative form are not limited
to first order reactions nor to temperature independent heat
transfer coefficient anymore, but for practical calculations, the
proper expressions have to be substituted.

Another way of expressing the same criteria is:

dGrem - 4G
rem -, ZAgen 4
ar dT ’ &
qucn
oT
o dg;m>_o__£, for slope (8b)
oCIT
and
dq m Oq&“ ——Om
re| > ot b i iti :
dT > T lc ¥ ac|y,  fordynamic condition. (9)

Only two of the three derivatives have to be known to define
both criteria since:

b(—]gen
Goen oT Ic
dj; R—— (10)
m
FYat:

These expressions will serve as a guide for the experimental
program.

Limits for Oscillation. Oscillation is possible according to Gilles
and Hoffman, if the slope condition is satisfied, but the dynamic
condition is not. These are expressed below in the form where the
L.H.S. is the same for both, and it is the temperature derivative of
the heat removal rate, as:
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Da

+ > R !
1+ UDa (/31  Da (slope)
1+ UDa > ¢8Da — (1 + Da), (dynamic)
Therefore, oscillations are possible if:
Da 1+ Dalz_ 1
eBl+Da<eﬁDa—-(l+Da),oreB>[ Do ] =1
Da
< (1 < - .
and éﬁl e (1 + UDa)<e¢BDa — (1 + Da)

When the opposite is true, the slope condition alone is a satis-
factory criterion for stability.

The slope Condition in Original Dimensions. Writing in the
original variables and parameters in the slope criterion:

14+ UDa > €8 _Da , we receive:
1 + Da

E C,

UyaV > —= Ggen — .

Qoc + Usa RT? Qge C,

In the “isothermal”™ CSTR where the feed is at the reaction
temperature, hence all heat generated is removed through the walls
by heat exchange, the equation further simplifies to:

E ¢ , ,
UsaV > I_in Ggen C—: and since UyaV = rq':LT—(—

and in steady state qrem = Ggen, therefore:

2
AT, < ’%g— and AT, = T, - T..

The last equation is strictly valid only for first order reactions
and where the heat transfer coefficient is independent of the
temperature.

The expression for AT, derived by Frank-Kamenetskii (1961)
and Wilson for zero order reactions:

RT?

AT <

is a conservative estimate for positive order reactions and is good
for low conversions. The expression

E C,

gives a somewhat better value for first order reactions and it is a
conservative estimate for reactions higher than first order. The only
parameter necessary to know is E. The AT ., calculated from the
R.H.S. of the inequality is a conservative estimate also, and it can
be exceeded somewhat if the heat transfer coefficient is increasing
with the temperature, as it does frequently in the presence of
chemical reactions.

AT <

EXPERIMENTS
Reaction

The experimental methods for measuring the important pa-
rameters for thermal stability calculation were demonstrated on
the example of the low-pressure methanol synthesis. The main,
synthesis reaction:

CO + 2Hy = CH30H, AH? = —97.4 kJ/mol
was accompanied by the CO shift reaction in reverse:
CO; + Hy = CO + H,0, AHY = +40.3 k] /mol

because, the feed has to have some CO; to prevent the complete
reduction of the copper-based catalyst (Kung, 1980).
The anticipated methane byproduct formation:

CO + 3H; — CH; + H0, AH? = —205 kJ /mol
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was totally absent as far as could be established within the analytical
errors. Since 3 mol% CH, was included in the feed gas to simulate
industrial composition, this methane as an inert was used for in-
ternal standard to correct material and elementary balances on
no-methane-change basis. The values corrected on no-change-
of-methane basis are indicated with a capital M added to the name
of the variable on Table showing the results of a typical experi-
ment.

Experimental Strategy. The R.H.S. of the two stability criteria
expressed in Egs. 8 or 9 and 10, contains three derivatives:

om ’oagen “and dGgen
oCiT 9T lc dT

Of these three at least two have to be measured experimentally
to estimate the two criteria.

In a recycle reactor that operates as a CSTR, rates are measured
directly. Therefore, to develop the derivatives for the rates, one
has to measure the rates at somewhat higher and somewhat lower
value of the argument, and calculate the ratio of finite differences
as approximation for the derivative, e.g.:

dagvn ~ age-nz - ggmn

dT T, — T,
where T, =T + é ATand T, =T - é AT.

Another approach is to measure the rate as a function of its
argument and then differentiate the function. The differentiation
can be done either by fitting an empirical function to the curve,
like Fourier series and differentiating it analytically, or plotting
the function and differentiating it graphically.

This latter method was used here because it illustrates the
method better. In these measurements, the highest possible heat
and mass transfer condition should be maintained to assure unique
steady states in all experiments.

The Partial Derivative of the Material Balance Function, with
regard to concentration, can be measured since:

om
oC T’
by measuring the rate at various steady-state concentrations by

changing the feed rate, i.e., residence time at constant feed con-
centrations and temperature. This results in the function of:

r = f(C), at const. C, and T.

Plotting r vs. C and differentiating it will give or/3C|y. Multi-
plying this with the corresponding residence time, and adding one,
will result in the desired expression. The use of this measurement
for the determination of the overall order of a reaction was shown
in a previous paper (Berty, 1979).

The main difficulty here is the lack of knowledge of which
concentration to use for argument in systems with multiple reac-
tions and non-stoichiometric feed concentrations.

The partial derivative of the heat generation rate with regard
to the temperature can be measured considering that:

a(_Igen _ (-AII)() _()_r
oT ¢ pc OTic
by measuring the rate at various temperatures as:

r = f(T), at constant Cy and C.

T

This is done with constant feed concentration and by keeping the
steady-state concentration constant through adjustment of the feed
rate, and with it the residence time. Differentiating the curve with
temperature will give dr/dT|c. The minor changes in value of
(—AH)/pC with temperature can be neglected and this can be
considered as a constant multiplier. If warranted, calculating this
value for every measurement temperature can be done before
multiplying the rate with it, to get a more precise heat generation
rate. The product has then to be multiplied with the 8 corre-
sponding to the C value. The use of the measurement of r at various
values of T with constant C, and C, was shown in previously cited
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CO +2Hy —=~CHgOH
COp+Hy —=CO+H0

T P CO Balance
505K, 5.27mP, Q x ¢ = Qc
232°C, 52.0atm, mol mol mol
449.6°F, 764psia. h mol h
T~ 105 x (14548) = 153
- 5850.0 x (11048) : 646.31
]~ 5860.5 x (11054) - 64783

-Wr s 49
- 58594 x (11048) = 647.35

" ~5850.0 x (11048) -

Recycle ratio =

646.31
9.4 x (11049) : 1.04
18.4

5859.4/9.4-624 Pl
R = 2850 -r = “9/.0265 =
°p co mol/h. kg
AOTadtot 160K a
ATag pas - 25K ggen = 176 K
ATcat-gas= 31K qgen = 14.3 W
= 539 W/kg

Figure 1. Experiment: methanol synthesis.

paper for the estimation of the energy of activation.
The ordinary derivative of the heat generation rate with regard
to temperature:
dgen _ (ZAH)0 dr

T oC -E,where r=f(T,C)and C = f5(T)

at fixed ). Therefore, measuring the rate at fixed ¢ and C, at var-
ious temperatures, where C will vary to correspond to C; at the
given temperature, will give r = f)(T fo(T)). This multiplied with
the practically constant (—AH)8/pc) will result in Gge,. A plot of
the heat generation rate vs. the temperature is usuaﬁy called the
Van Heerden diagram. Differentiating this curve at given values
of T gives then dgg.,,/dT at these values of the argument. These
measurements are reported in this paper.

Apparatus. The internal recycle reactor developed by Berty
(1969, 1974) was used for the experimental study. Recycle reactors
at high recycle ratios approximate the perfect CSTR operation very
well.

A conceptual diagram of the recycle reactor is shown on Figure
1, with the data of an actual experiment added, with details given
on Table 1. The standard 127 mm (5 in.) I.D. recycle reactor and
the full experimental system was made by Autoclave Engineers,
Inc. A sketch for the reactor and the flow sheet for the experimental
unit was given elsewhere (Berty, 1979).

While physically the 127 mm (5 in.) I.D. high pressure body,
together with the blower and the inside return channel is called the
reactor, for this experimental study only the assemblage of catalyst
particles will be considered as the reactor proper. Aris (1969)
pointed out the similarities between the CSTR and the catalyst
particle problems. The remaining differences all vanish when the
internal gradients in the catalyst particle become negligible, as was
the case in our measurements. In our view the catalyst particle or
particles are the reactor and the fluid flow not only supplies the
reactants, but also cools the “reactor.”

At the high recycle ratios and mass velocities, all gradients are
minimized, therefore, in limiting case the reactor approximates
well; both the isothermal and adiabatic operation. Since the tem-
perature changes are very small, calculating a heat balance from
these small temperature differences would be heavily error-laden.
Therefore, to avoid these errors and those involved through the heat
capacity of the system, the heat generation rate is calculated from
material balance and thermochemical data. The ultimate aim is
not to experiment with the thermal stability itself, but to measure
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TABLE 1. COMPUTER PRINTOUT OF EXPERIMENTAL RESULTS

DATE: 4/9/80
TIME: 13.33 TO 15.07
NO. OF CYCLES: 2

RUN TIME IN MINUTES = 94.00
LIQUID COLLECTED = 27.80 GMS

H2 Cco CH4 CO2 H20 CH3OH
FEED [ PCT
AVG 70.478 14.548 5.883 9.091 0. 0.
STD 0.088 0.127 0.040 0.076 0. 0.
MOLES/ RUN 11.585 2.391 0.967 1.494 0. 0.
VENT PCT
AVG(G) 70.843 11.786 7.008 10.018 0.058 0.345
STD(G) 0. 0.056 0.037 0.050 0. 0.026
AVG(L) 0.113 0.887
STD(L) 0. 0.
MOLES/ RUN(G) 9.955 1.656 0.985 1.408 0.008 0.049
MOLES/ RUN(GM)* 9.776 1.626 0.967 1.382 0.008 0.048
MOLES; RUN(L) 0.103 0.811
REACTOR { CON 66.481 11.060 6.577 9.402 0.744 5.737
REACTOR | CONM 66.407 11.048 6.569 9.391 0.755 5.829
RATE MOL/KG. HR
FAVG -39.275 —17.714 0.428 —2.086 2.682 20.695
AVGM —43.597 ~18.433 0. —2.697 2,679 20674
STD 0511 0.694 0.034 0.130 0. 0.088
BAL PCT C H o) PRE ATM AUTO VENT
AVG 98.881 98.294 98.861 52.020 1.000
AVGM 100.391 99.868 100.366
FLO M/HR FEED VENT
TEMP C BED CONDENSOR AVG 10.493 8.970
N 232.000 STD 0.017 0.017
louT 234,000 27.000 AVGM 10.493 8.808

Concentrations are in mol % * M indicates results corrected on no change in CH, moles basis.

the heat generation rate and its dependence on conditions under
thermally most stable operation. To increase the measurement
precision, the inner, per-pass material balance is replaced by the
equivalent outer overall material balance. This and other concepts
were explained in a previous paper (Berty, 1979).

Experimental Procedure. Feed composition was set by Brooks
regulators and measured by rotameters at 0.6 MPa (6 atm) pressure.
A Haskel compressor was used to boost the pressure to 12.0 MPa
(120 atm) for storage. The feed rate to the reactor was controlled
by a Brooks mass flow meter-controller. The reactor was operated
isothermally and with very high recycle rates and high mass ve-
locities. Leaving the reactor, the gas was cooled, a condensate
separated, drained and analyzed. The non-condensable gases were
depressurized by a Grove back pressure regulator, analyzed, and
metered by a wet test unit.

From the two chromatographic analyses of each phase, the re-
actor discharge concentration was calculated. This and the feed
rate and feed concentration were the basis for material balance and
rate calculations. The results of one typical experiment are shown
on Figure 1, with the details given on Table 1.

Experiments were carried out at seven different temperatures
with several repeats totaling 17 measurements, all made at a fixed
feed composition and feed rate. Experimental conditions are shown
on Table 2.

Recycle flow was calculated from the blower speed and pressure
drop vs. flow relationship on the catalyst bed, (Berty 1974). The
recycle flow was the basis for calculation of the heat transfer
coefficient between catalyst and the gas. Some preliminary cal-
culations have indicated that pore diffusion limitations did not
significantly influence rates. The highest experimental methanol
production rate of 21 mol/kg catalyst - h is in the lower industrial
production range, while the lowest rate is about one order of
magnitude less (ICI, 1969).

The gaseous hourly space velocity, GHSV was calculated from
the make-up feed rate at STP and the catalyst occupied volume.
Due to the high pressure and high RPM of the blower, very high
mass velocities were achieved with the correspondingly high heat
transfer coefficients in the recycle. The calculated temperature
difference between catalyst and gas was less than 0.5 K. Because
of the over 600:1 recycle ratio, the adiabatic temperature rise
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per pass was only a few tenths of K, therefore, the operation fairly
well approximated ideal isothermal and completely mixed oper-
ation. In addition, the slope of the heat removal line on the van
Heerden diagram is so steep that it is practically vertical, assuring
unique steady state in all experiments.

Experimental Results. The chromatographic analyses were not
as good as usually can be expected, due to limitations of available
instruments and funds. Part of this handicap was compensated by

TABLE 2. AVERAGE EXPERIMENTAL CONDITIONS

Catalyst
Type Cu-based  United Catalyst T-2370
Size d, = Y6 in. ¢, 4.76 (10~%)m

Y6 in. long, 4.76 (10~3)m

Bed Volume = 20 cm3, 20(107%)m?
Weight W= 265 g, 26.5 (1073) kg
No. of Pellets 166
Bed ¢ 1.875in.. 47.6 (10~3)m
Depth L= 0.659 in., 16.7 (107%)m

Operating Conditions

Feed Rate = 65.7 (107%) £ 0.35 (1076) m%/s
10.55 £ 0.056 mol/h
Feed Components, H, CO COq CH,
mol %
Desired 70.0 15:0 10.0 3.0
Concentration,
Actual 69.6+0.60 153 +044 9512035 3564 0.43
Concentration,
Space Velocity (STP) GHSV = 11,830 £ 60 h~! 0r 3.29 + 0.018 ™!
Residence Time fl= 9.03s,
(Tr, Pr)
Recycle Ratio 620 + 20
Mass Velocity G= 9.2 + 0.29, kg/m2s
Reynolds No. %bC = 3,050 + 150, £ . 795 % 40
u au
Blower Speed 1500 + 50 rpm, 30 £ 257!
Operation, Pressure P = 52.0 atm abs. = 5.27 MPa,
Temperature T, = 464 to 533K, Variable,
Heat Transfer U, = 2630 £ 50 W/m2K.
Coefficient
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TABLE 8. EXPERIMENTAL RESULTS ON METHANOL SYNTHESIS

Rate of Reaction Percentage Conversion

mol/kg-h to CH3OH Rate of Heat  Theoretical Adiabatic Material Balance

Run No. Temp. of Gas, K H,O CH3;OH from CO & CO, Generation (W) Temperature Rise, K C H (0]
14-1 464.0 0.35 2.0 1.963 1.81 20.28 102.49 101.88 103.35
14-2 464.0 0.59 3.21 3.241 1.79 19.88 99.74 102.64 100.25
15-1 477.0 1.68 7.10 6.022 4.76 52.69 100.73 100.74 100.89
15-2 477.0 1.80 6.82 6.810 4.82 53.42 101.59 102.20 101.79
14-7.8 477.0 2.03 8.26 8.177 5.18 57.38 99.70 97.24 99,73
21-3 486.0 2.10 11.57 11.562 7.64 85.41 99.49 104.28 99.99
21.4 486.0 1.73 11.46 11.463 7.59 85.02 100.02 104.47  100.33
13-1 491.0 2.14 15.50 15.760 11.30 131.88 102.48 101.32 102.62
15-3 491.0 2.27 13.21 13.174 9.41 106.52 101.62 101.71 101.58
21-1 491.0 1.60 13.64 13.728 9.19 104.65 97.42 97.22 95.37
21-2 491.0 1.63 14.0 13.910 9.36 106.45 96.42 94.13 93.60
12-1 505.0 2.69 2067 22.082 14.3 159.76 100.39 99.87 100.36
12-2 505.0 253 21.05 21.998 15.1 168.38 102.32 99.80 102.86
12-5 519.0 250 20.84 21.258 14.5 162.49 100.30 9743 100.34
12-6 519.0 243  20.23 20.667 14.9 168.10 102.85 101.01 103.03
12-3 533.0 2.61 18.90 20.032 12.9 142.22 99.57 100.49 99.47
12-4 533.0 2.62 18.98 19.595 13.9° 151.83 102.08 99.97 101.86

repeating experiments several times. Satisfactory results were
obtained for the methanol synthesis reaction this way. Some in-
formation on the by-product, methane, formation would be very
important. This reaction is even more exothermic than the meth-
anol formation and it is not limited by equilibrium conditions,
therefore, it can cause temperature runaways in methanol con-
verters.

In these experiments, methane formation was not observed
within the analytical errors. Therefore, methane was used as an
internal standard in the feed and material balances were corrected
on no methane formation and consumption basis. In future ex-
periments catalyst contaminated with iron-carbonyl will be used
to study the methane formation rate, because the same occurs in
commercial units. No change of catalyst activity was observed
during these experiments.

Experimental results are summarized in Tables 3 and 4. Figure
8 & 4 shows the experimentally measured van Heerden diagram
in more detail.

Results that can be read from the van Heerden diagram are
shown on Table 4. For example, at 477 K temperature, the heat
generation rate is 5 watts or in temperature units it is 60 K. The
tangent to the curve intersects the abscissa at 458.5 K;; therefore,
this AT = 18.5 K is the maximum permissible for stability by the
slope condition. Dividing the AT = 18.5 K into the heat generation

TABLE 4. EXPERIMENTAL RESULTS

No Assumptions Involved

Temperature T 477K
Methanol Rate ' CHgOH 10.0 mol/L-h
Water Rate TH0 2.4 mol/L-h
Heat Gen. Rate Qgen S50WwW

Ggen 60.2 K
Maximum AT AT max 185K
Slope Condition dGgen/dT 3.25

These Assume First Order Rate with {Cy, — Cyypeq)
and Consider Methanol Reaction Only

Concentration (Cry — Chgeq.) 0.204 mol/L
Ad. Temp. Rise Pot. B8 1.01
Reaction Time [ 0.00262 h
Damkahler No. Da 0.128
Conversion X =Da/(1 + Da) 0.113
(9Ggen/0T)|c ¢BDa 3.68
Arrhenius No. € 28.5

Energy of Activ. E 112.6 kJ/mol
(0m/oC)r —(1 + Da) —1.128
Dynamic Cond. €fDa — (1 + Da) 2.55

Heat Transfer Coef. UDa 760
dGrem/dT 1 + UDa 761
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rate of 60K gives the slope condition in dimensionless form
dGgen/dT = 3.25 (K/K). These data do not involve any assumption,
therefore, the results are valid no matter what may be the mech-
anism or the kinetics of the process.

In Table 4 further results are shown. These involve the as-
sumptions that 1, the difference in steady-state and equilibrium
hydrogen concentration is the driving force (expressed in mol/L
at T, and P,); and 2, the reaction is first order on this driving
force.

In addition, the adiabatic temperature generation potential 3
that can be calculated from thermochemical data is listed there also.
From these all the additional information listed in column one can
be calculated by the formulas given before. These results show that
the slope condition is greater than the dynamic condition, therefore,
oscillations are not possible here. In the last line the dimensionless
heat transfer coefficient UDa is given. This was calculated from
the recycle flow and heat transfer correlation. The value of UDa
is more than 2 orders of magnitude larger than the slope criterion,
therefore, the system was stable at measurement conditions, in

INFINITELY ACTIVE CATALYST
LIMITED BY FEED RATE AND
THERMODYNAMICS

- 10.‘

RATE OF HEAT GENERATION [CAL./SEC.

6/ EXPERIMENTAL RESULTS
4;
2]

464. 477, 491. 505. 519,

TEMPERATURE DEGREE K

Figure 2. Heat generation rate vs. temperature in the low-pressure methanol
synthesis.
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essence on the scale of Figure 2, this heat removal slope would be
virtually vertical.

A similar calculation for the uniqueness criterion could be at-
tempted at the steepest part of the heat generation curve, that oc-
curs around 496 K. Since there are few and not very good data in
this region and estimating the slope would be error-prone, the
calculation is not justified here.

In the industrial methanol processes, and in most industrial
processes, dGrem/dT will be in the high values used here. Therefore,
temperature runaway will be seldom caused by poor heat transfer
between catalyst and reacting gas; it will be caused in tubular re-
actors most likely due to inadequate heat transfer area at the tube
wall. Nevertheless, measurements made the way proposed here
are independent of the experimental reactor, and the results will
supply the basic information for a thermally stable design. On the
other hand, oscillating conditions will be possible only at very poor
heat transfer rates occuring mostly in some laboratory reactors and
will remain mainly interesting laboratory phenomena that can help
to test theoretical conclusions.

The Damkéhler number was calculated from the methanol rate
alone by dividing it with hydrogen concentration difference and
multiplied by the reaction time. With multiple reactions in non-
stoichiometric mixtures, 3 can be calculated on the basis of the
difference of all the heats of formation of materials at steady-state
and at thermodynamic equilibrium. This 8 and T, divided into
the heat generation rate gives:

9gen _ g,

BT,
In these experiments, taking in account the methanol equilibrium
only, the calculated Da is the same as that from the methanol re-
action. In cases where methane formation or complete decompo-
sition is possible, an ultimate thermodynamic equilibrium calcu-
lation like those in the NASA program (Zelenik, 1962) is advisable
for estimating 3.
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NOTATION

= heat transfer area per reactor volume or per catalyst
particle
= concentration
= heat capacity
a = Damkohler number, dimensionless reaction time, k@
= activation energy
H, = heat of reaction
= kinetic constant
= pre-exponential factor
= mass balance function
= order of reaction
= heat generation rate
= heat rate, in temperature dimension
feed rate
rate of reaction
gas constant
temperature
= time constant ratio = U,a/ pc k,
» = overall heat transfer coefficient
Da = dimensionless heat transfer coefficient U,a8/ pc
= reactor volume
= fractional conversion
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Figure 3. Experimentally measured van Heerden diagram for the low-pressure
methano! synthesis.

Greek Letters

8 = dimensionless temperature rise potential = (—~AH)C,/
pcT;

€ = Arrhenius no. = E/RT;

6 = reaction time = V/Q

P = density

Subscripts

o = feed

) = steady state

gen = generated

tr = transferred

ad = adiabatic
rem = removal
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Time Dependence of Pressure

In a Bubbler Tube

An experimental and theoretical study is presented of the time dependence of
air pressure in a bubbler tube used to measure the liquid level in a tank, The ob-
served time dependence of the air pressure is a superposition of two components.
The first component is a repeated slow rise and sudden fall in the air pressure that

A. K. GAIGALAS
and
BALDWIN ROBERTSON

is associated with bubble growth and breakoff. It is the sudden breakoff that

generates the second component consisting of damped oscillations associated with
sound waves in the air interacting with an oscillating flow of the liquid. The air
pressure during bubble growth is described theoretically. This result is combined

Fluid Engineering Division
National Bureau of Standards
Washington, DC 20234

with the gas law to predict the functional form of the slow pressure rise; this pre-
diction agrees with experiment. An equation for the oscillation frequencies is de-
rived, solved, and compared with experiment; agreement is within the measure-

ment accuracy of 5%.

SCOPE

A widespread method for measuring the level of liquid con-
tained in a tank uses a tube inserted down into the liquid and
through which air (or nitrogen) is forced under pressure. The

Correspondence concerning this paper should be addressed to A. K. Gaigalas.
0001-1541-82-6525-0922-$2.00. © The American Institute of Chemical Engineers, 1982.
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method is used in industry where a pressure transducer cannot
be put inside the tank. Since the pressure necessary to force the
air out of the lower end of the tube depends on the height of the
liquid above the end of the tube, a measurement of the air
pressure can be used to infer the height of the liquid. This can
be used to determine the volume of liquid in the tank if the cross
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