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NOTICE

This report was prepared as an account of work sponspored
by an agency of the United States Government. Neither the United
States nor any agency thereof, nor any of its employees, nor any
of its contractors, subcontractors, or their employees, make any
warranty, expressed or implied, or assumes any legal liability
or responsibility for any third party's use of the results of
such use of any information, apparatus, product of process
disclosed in this report or represents that its use by such third
party would not infringe privately owned rights.

DISCLAIMERS

The citation of tradenames and names of manufacturers in
this report is not to be construed as official Government
endorsement or approval of commercial products or services
referenced herein.

DISPOSITION’

Destroy this report when it is no longer needed. Do not
return it to originator.
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Summary

A 24 month program was carried out which contained four de-

velopment areas:

. System design analysis

. Catalyst activity, kinetics and mechanism
. Single tube and subscale tests

N Reactor design and subscale verification

Partial oxidation of methanol was chosen as the simplest system
for achieving a neat methanol reformer. This will not be the
most effective but it will be the simplest. A system of this type
might also be adapted for other fuels such as desulfurized diesel
and JP-4. The choice of the system most appropriate for a given
appl’cation requires detailed system analyses for all expected
operating conditions. For the present study simplicity and
proof of concept were most important. Typical fuel cell op-
erating conditions of 50% cathode utilization were used during
the testing of the final reformer design. This design utilizes
the cathode exhaust for partial oxidation of methanol.

The reformer performs the partial oxidation and reforming
separately using two different catalysts. The partial oxidation
section also incorporates a wick vaporizer. When the platinum
catalyst chosen for the partial oxidizer was initially tested
the activity was extremely high. In fact, significant con-
version to hydrogen was achieved. The spiralled platinized
metal monolith combined with the wick vaporizer produced a very
effective low pressure drop partial oxidizer. The kinetics of
the partial oxidation reaction were so rapid in this section that
little benefit would have been achieved in this initial design
phase by doing any additional development of the partial oxida-
tion section. Emphasis was, therefore, placed on evaluating
methanol reforming. A kinetic expression was developed and new
mechanistic information was obtained which showed the formation
of dimethylether as a side product and zinc aluminate formation
in the catalyst. These discoveries did not limit further
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development of the system. Component testing in single tube
reactors and subscale reactors culminated in a low pressure drop
design (2.5 inches of H20) of a full scale 3kW partial oxidation
reactor. The reactor was tested for start-up within 17 mi.autes
from room temperature and endurance tested for 300 hours.

-
H
.

ey,

"

'-F. N L .
; SN
. .. e B
PV TR VI ST S Y

.IL

P
LPLIN
NN

'
P -".

. 'Q-,ﬁ




:' ENERGY RESEARCH CORPORATION

>
»
.
i
.
o~
S
y

Preface

This effort was conducted under the direction of Dr. Larry
G. Christner and Mr. George Steinfeld with advisory support from
Dr. B. Baker, Dr. H. Maru and Mr. S. Abens.

By e

Material and energy balances and systems evaluations were

conducted by Mr. Dhilip Patel and Dr. Hossein Ghezel- Ayagh.

! Test operations including fabrication, component assembly, gas
' analysis and data acquisition were conducted by Mr. S. Koehler.

_ Drafting and drawings were done by C. DeCarvalho and C.
i Hunt. Word processing and layout were done by M. Shanley and J.
Muehlfeld.

The cooperation and support of all the above people is

appreciated and acknowledged in carrying out this effort.

The U.S. Army Belvoir R&D Center Project Manager was Lavon
Joyce.

Accession For
TRTIS GRARI y
DTIC TAB ! |
; Unanpnounced O 3
: ‘ Justiricatien —— -
: PER CALL 3% 3‘3
i i’Dl atritation/ o
? sintilaty Codes
: E ; ;_‘/ur

~
.. REECA NS
[
'
1
|

: D '
< |

L l

] | '

AN SO
L
‘l
.
e, o
.. . L , - »
PP

‘
”

‘a

‘. .

R N N N N A e PR e e e e e e T e e e e e e e e
R, T N U AP P n",A" PP, S S r-.tq ; MR o e e e T e e e e e T S AP N 5 .« o ay




INERGY RESEARCH CORPORATICN

SUMMATYY & &« &« o o ¢ o o « o o o o o o o« s o o
Preface . . . . . .

l.

4.4

REFERENCES . . . . . . . . . .

TABLE OF CONTENTS

INTRODUCTION . . ¢ ¢ o « o o o o o o o o o o o

INVESTIGATION AND DISCUSSION . . . . « & « o« o+ &
System Design Apalysis . . . . « « ¢ ¢ ¢ o « o« &
Catalyst Activity, Kinectics and Mechanisms . .
Subscale Single Tube Tests . . . . . « . .« .« + .

2.3.1 Partial Oxidation/Reforming Tests In One
Inch Diameter Tube . . . . . . . . . . .

2.3 2 Reforming Tests on Three Inch Diameter
Tubes . . ¢ & ¢ v v o ¢ + o v e e s e e

2.3.3 Integrated - Vaporization/Partial Oxida-
Bion . . . b s e e e s e e e e e e e e e

Reactor Design and Verification Tests . . . . .

2.4.1 Preliminary Integrated Reactor Tests . .

2.4.2 Reactor Design . . . . ¢ v ¢ ¢ & « « o &

2.4.3 Final Reactor Design Testing and Endurance

13
13
22

40

42

46

49
56
56
64
70

CONCLUSIONS '« . 4w & & o « « o s o s o o« &
System Design . . . . ¢ ¢ 4 4 e 4 s 4 s 4 e o .
Catalyst and Catalyst Configurations . . . . . .

Reactor Design and Operation . . . . . . . . . .

RECOMMENDATIONS . . . &« ¢ ¢ ¢ « o o s « o o o o
Catalyst Screening and Development . . . . . . .
Catalyst Configurations . . . . . . « . + « . .
Reactor Designs . . . . ¢ + o ¢ « & v 4« o o o

Reactor Testing . . . . . ¢ ¢ ¢« ¢ ¢« « ¢ o o o =

75
75
76
77

79
79
79

80
80

83

i
]

1

ety
PR

) e e
- B e e
v
AP Lt
. . Y O

v

ST TR

h J

"’ v
() 'l !, Y
ALY
a_2 4,
rler e,

.
2
.
(]
)

L
L

Ly

.
.
¥




ENERGY RESEARCH CORPORATION

LIST OF FIGURES ",
Figure No. Page No.
2.1 PAFC System Options . . . . . . . . . « . . 14
2.2 Relative Efficiency of Partial Oxidation
Reformer Compared to Conventional Reformer . 16
‘ 2.3 Fuel Processor Heat Balance . . . . . . . . 18
2.4 Fuel Processor Heat Balance . . . . . . . . 19
2.5 Fuel Processor Heat Balance . . . . . . . . 20
2.6 Fuel Processor Heat Balance for System No. 4
Utilizing Air as Oxidant . . . . . . . . . . 21
2.7 Reactor Tube Entrance . . . . . . . . . . . 26
2.8 ERC 3kW Fuel Processing Test Facility . . . 27
2.9 Effect of Témperature on Methanol Oxidation. 30

2.10 Dimethylether Formation from Methanol on a

Pt Catalyst . . . . . . « o « o . o oL L. 31
. 2.11 Reactor Temperature Profiles . . . . . . . . 32
: 2.12 Aging of Catalyst Pellets . . . . . . . . . 34
2.13 Aging of Crushed Catalyst . . . . . . . . . 35
N 2.14 Arrhenius Plot for Methanol Steam Reforming
On A Cu/Zn0O-Al03 Catalyst . . . . . . . . . 36
2.15 Single Tube Reactor System (1 Inch Diameter) 41
2.16 T2107 Pellet Tests . . « ¢ o ¢ « « o o o o & 44
ﬁ 2,17 Pt Alumina and T2107 Fiber Packet Tests . . 45
b

2.18 Reforming Technical Grade Methanol with

Fiber Packets . . «¢ o v + o o « « o o o o . 47 <

:.:J

. 2.19 Single Tube Reactor System (3 Inch Diameter) 48 13 Zj
. '_'. ..’-‘
2.20 3kW Partial Oxidation Reformer T/C Locations 50 iﬁ;&%

=

2.21 CH3OH Partial Oxidizer/vVaporizer . . . . . . 53 RS

2.22 Vaporizer/Oxidizer Temperatures . . . . ., . 54 lfffa

2.23 Start-Up Bed Temperature Profile . . . . . . 55 Sf:"ﬂ




LML DA e

e
ala'a el
)

; ENERGY RESEARCH CORPORATION
;_ LIST OF FIGURES CONTINUED
; Figure No.
% 2.24 Bed Temperature Profile Partial Oxidation
After Start-Up . . ¢ + ¢« ¢ ¢ 4 ¢ o o « o .
~ 2.25 Test POR 010 Exit Gas Composition . . . . .
2.26 3kW Partial Oxidation Reformer . . . . . .
2.27 Temperature Profile Partial Oxidation Tests
3kW POR 012-016 . . . . « &« ¢ &« &« o o & o &
- 2.28 Temperature Profile Test POR 012 . . . . . .
. 2.29 Equilibrium Constant for the Water Gas Shift.
Reaction at Temperatures from 300°F to 600°F. 63
E% 2.30 3kW Partial Oxidation Reformer . . . . . . . 66
i: 2.31 3kW Partial Oxidation Refmrmer . . . . . . . 67 ;fii
' 2.32 3kW Partial Oxidation Reformer Test Facil.i:y i
During 300 Hour Endurance . . . . . « . . . . 68
2.33 Partial Oxidation Reformer During 30U Houss
Endurance Test . . « v ¢ ¢ « o o o o s « « = 69
2.34 Temperature Profile Test POR 019 . . . . . . 71 ..
2.35 Temperature Profile Test POR 020 . . . . . . 72 ;J%%
K Ei;‘
'~ 0.

......
e

L) A I P
ROV AP W, L AL

!

a1 e o




‘ ENERGY RESEARCH CCRPORAT!ON

LIST OF TABLES

Table No. Page No.
2.1 Reforming Kinetic Models Used by Various

N Investigators . . ¢ & v ¢ ¢ v 4« 4 e e o« . . 23
{’ 2.2 Catalyst Properties . . . . . . . « . « « . 25
ii- 2.3 Methanol Used for Testing of T2107 Catalyst 28
s 2.4 Typical Kinetic Data for Reforming of
- Methanol as a Function of Gas Composition . 38
’ 2.5 Reactions Occuring in Partial Oxidation of

Methanol . . . . . . « ¢ ¢ ¢ ¢ v v v e v e 39

2.6 Catalyst Descriptions . . . . . . . . . . . 43
2.7 Partial Oxidation Tests Using 3 Inch Diameter
Reactor and External Methanol Vaporization . 51




Al S e e e e Jaiee ]

T

ENERGY RESEARCH CORPORATION

THIS PAGE WAS INTENTIONALLY LEFT BLANK

AN lie Ve e A/ e A an“Sow e 1o b - { AP LNATE (B, WA WL TR LRV e

’
[

PR R

L

i

FIRI
2




» ENERGY RESEARCH CORPORATION

1. INTRODUCTION

Methanol fueled phosphoric acid fuel cells has represented

: a major activity of Belvoir R&D Center development projects.
i Among these is a 6.3 Project at Energy Research Corporation
(ERC), directed toward 3 and 5 kW power units. The basic systems
o operate well, but require the use of a methanol/water premixed

fuel. ERC evaluated the overall fuel cell system and determined

that it was possible to build a fuel cell power unit, which
required only methanol as the fuel. Eliminating the need for the
water would greatly enhance logistic support for this system
within the military. Furthermore, the elimination of water may
result in low temperature characteristics and faster start up

for the power units. Water storage or water accumulation for

CHNC e e g e

premix systems or water recovery systems has the potential for
freezing and requires additional heat to raise steam. These
requirements affect the low temperature characteristics of the
standard reforming systems. Use of air during start-up of the
partial oxidizer/reformer may raise the temperature of the

system quickly and provide hydrogen immediately.

Recently, work in the fuel processing of methanol and
hydrocarbon fuels has focused on various system approaches to
allow operation without an external water supply. These ap-
proaches utilize anode and/or cathode off gases to supply water
and oxygen. Although the primary purpose of using the fuel cell
gases is to provide water for steam reforming, cathode gases
which contain oxygen can be used to provide heat. Methanol does
not require oxygen for an effective carbon-free steam reforming
even at very low steam to methanol ratios, but combustion of
cathode gas oxygen and methanol can provide heating inside the
partial oxidation reformer rather than the usual external heat
provided by a burner.

There are two basic technologies for conventional steam
reforming for hydrogen production; 1) cracking, and 2) partial
oxidation. There are several variations of these two basic

TR RO
B b . KN A = 2 e 2 L2 2 b 2 ot acs a C g g " nd o = S 2 "3 ~ = > = . . S o b 2 2 "3 s 2 a el ob a3 - o




ENERGY RESEARCH CORPORATION

types. Sometimes these variations are categorized as separate
& distinct types, but we considered them as falling within the

two general classifications. A list of these variations is given
below:

1) Cracking

a) Straight thermal cracking
b) Thermal cracking with gas clean-up
. carbon monoxide separation
. carbon monoxide methanation
c) Catalytic cracking
d) Catalytic cracking with gas clean-up
e) Combinations of the above systems

2) Partial Oxidation
a) Standard partial oxidation (fuel plus air)
b) Partial oxidation with gas clean-up

c) Combined cracking and partial oxidation

d) Partial oxidation with watei insertion (auto
thermal reaction)

e) Partial oxidation with fuel cell cathode and/or
anode exit water containing feeds

f) The above systems operated adiabatically

g) The above systems operated with external tem-

perature control.

Each of these systems requires less water than the con-
ventional steam reforming units but most have deficiencies which
limit their applicability to fuel cell systems. Al though
partial oxidation does provide a means of operation with a
variety of pure and impure fuels, it does require the presence
of water to lower the concentration of carbon monoxide. One
method of obtaining the water is injecting cathode and/or anode
off gas into the partial oxidation reactor. This process is
simple, and requires no external water.
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A considerable amount of work has been supported by govern-
ment agencies in the development of reformed methanol systems.
Automotive applications research by Los Alamos, NASA Lewis
Research Center, Solar Energy Research Institute, Institute of
Gas Technology, and the Jet Propulsion Laboratories have focused
on standard steam reforming and cracking for hydrogen produc-
tion. Recently, Energy Research Corporation has evaluated
various forms of partial oxidation. The basic conclusion has
been that these systems are viable, but require some development
to meet the demands of specific applications. This program was
designed to investigate those develcopment areas required prior
to building an effective neat methanol reformer for a 3 kW power
unit.

A 24 month program was carried out whicia contained four
developmental areas:

. System design analysis

. Catalyst activity, kinetics and mechanism
. Single tube and subscale tests

. Reactor design and subscale verification

Partial oxidation was chosen as the simplest system for achiev-
ing a neat methanol reformer. However, a number of variations
were evaluated to different degrees before choosing a single
system for further development. The initial selection of a
partial oxidation catalyst produced an extremely active cata-
lyst and, therefore, avery limited development time was alloted
to it. Although methanol reforming had been studied previously,
additional analyses was deemed necessary to provide an effective
basis for a reactor design. After obtaining sufficient activity
and kinetic information, single tube and subscale tests were
performed to provide limited design data. This information was
used to design, build and test a partial oxidizer/reformer which
produced sufficient hydrogen for a power unit of at least 3 kW
net power.
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2. INVESTIGATION AND DISCUSSION

2.1 System Design Analysis

Due to the necessity of integrating the fuel processor with
the fuel cell stack, a systems analysis was conducted to study
available options; their advantages and their disadvantages.
Because the reformer is normally coupled to at least one of the
stack exhaust gases, several options are available in inte-
grating a reformer with a fuel cell stack. The objective is to
develop a system configuration which can run on neat methanol

with maximum efficiency and minimum complexity. Some form of
partial oxidation of methanol was identified as an attractive
means of generating water in-situ. The following systems were
evaluated in this program.

1. Partial oxidation using cathode exhaust and a con-
ventional air fired anode gas burner.

2. Recycle of anode and cathode gas burner exhaust (par-
tial oxidation during transients).

3. Partial oxidation with cathode recycle and no burner.

4. Partial oxidation with ambient air and no burner.

Figure 2.1 illustrates configurations for each of these systems.

System 1 is an extension of the conventional reformer system
with the addition of a cathode exhaust recycle. The unutilized

oxygen in the cathode exhaust serves to partially oxidize
methanol according to the following reaction:

CH30H + % Oy =—b 2H20 + COp

In addition, the moisture in the cathode exhaust also serves to
provide the water requirement for the reformer. The desired
steam/methanol ratio in the reformer can then be obtained by con-
trolling the amount of cathode exhaust recycled to the reformer.
By recirculating diluent N3 & COp into the reformer, the hydrogen
in the fuel gas leaving the reformer is diluted. The net result
is a loss of efficiency. A plot of the relative efficiency of

Page No. 13
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»

this partial oxidation system as compared to conventional re-
forming (Figure 2.2) indicates that an optimum exists at a
cathode utilization of 80%. At this point, the partial oxidation
system can achieve 89% of the efficiency of the standard re-
former. A penalty of 11% is being attributed to operation on

..
'll'..
-

.

neat methanol, and is due to the dilution of hydrogen in the fuel ET}
stream. D
3 s
ii System No. 2 utilizes reformer burner exhaust to recycle i;"
&I moisture to the reformer. Strictly speaking, this is not a :”{5
- partial oxidation system because oxygen in the burner exhaust St

should be very low and, therefore, methanol fuel will not be RCREN
oxidized to form water. The moisture required for reforming is jf
formed by combustion of Hy in the reformer burner. A »ortion of

the burner exhaust is then recycled to the reformer. This type

of system takes advantage of the moisture generated in the stack,
and recycles it without condensing and revaporizing the water.
This was the system chosen for development in Contract No.
DAAK70-84-C-0099, underwhich a fuel processor was developed.
There is, however, an aspect of this system which relies on the

partial oxidation of methanol. The start-up and transient
operation will result in partial oxidation because start-up will
require the combustion of methanol with air. Transients will

5 also result in partial oxidation during the load-increase mode.
In this case, as anode exhaust is depleted of hydrogen by a load
increase in the stack, there will be unconverted oxygen in the

.; burner exhaust, which will serve to partially oxidize methanol

. and boost the reformer output to handle the increased load.

Although the optimum partial oxidation system was calculated at iml
80% cathode utilization, this is not considered a practical '
operating point at this time.

System No. 3 is equivalent to system No. 1 when the anode
exhaust burner is removed and the CH30H/Cathode exhaust oxidizer
- is shown external to the reformer. This modification results in
less excess heat in the reformer. The amount of excess heat
depends on the utilization of the Hy and 0; in the fuel cell

Page No. 15
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x A

stack. Without burning anode exhaust gas, cathode utilizations

N

of 50% to 67% provide sufficient oxygen for the partial oxidation

l‘. 5,

to produce heat for reforming, vaporization and some excess
heat. Above 67% cathode utilization some additional heat would
be required from anode combustion. Figures 2.3 to 2.5 illustrate

e s
s

o the heat balance for system no. 3 at cathode utilizations of 0.50
' to 0.67.
System No. 4 is obtained when air is substituted for cathode 2

exhaust as the oxidant. Since air contains less moisture than
cathode exhaust, more oxygen is required for partial oxidation
;; with air to achieve an equal Hp0/CH30H ratio. The result is

that the excess heat generated is much greater for partial
cxidation with air. Figure 2.6 illustrates this excess heat.
‘’his magnitude of excess heat is not desirable under normal
operating conditions, but is suitable during start-up. Ey -

For the purpose of further testing, System No. 1 was
originally chosen to represent conditions under which a partial
oxidation/reformer system might operate. The condition chosen
for testing purposes was a cathode utilization of 67%, yielding

the following gas composition at the inlet of the partial

X oxidizer:
; mole %
- CH40H 24 o
4 Ny 57 -
s 0, 5 S
Hp0 14 o
After complete oxygen combustion, the steam to carbon ratio e

at the reformer inlet was calculated to be 1.0, a more near term,
practical cathode utilization of 67% was chosen for the design
- basis. Although this is not the optimum 80% cathode utilization,
- it is considered achievable in a real system using existing
technology. Having made this choice to accommodate the existing
stack technology, the anode gas burner is not necessary for heat
and the system configuration becomes System No. 1 without the

5 Page No. 17
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FIGURE 2.4 Fuel Processor Heat Balance
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FIGURE 2.5 Fuel Processor Heat Balance
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anode gas burner which is the same as system no. 3. This is due
to the fact that as cathode utilization is decreased, additional
oxygen becomes available for the partial oxidation of methanol,
until sufficient heat is generated for the reforming by partial
oxidation and no burner is required. As cathode utilization is
increased to the optimum of 80% the combustion of anode exhaust
becomes necessary to provide sufficient heat for reforming and
start-up.

Much of the preliminary testing was conducted using the gas
composition shown above. 1In later stages of the reactor de-
velopment, a cathode gas composition corresponding to 50% util-

ization was chosen for testing.

2.2 Catalyst Activity, Kinetics ard Mechanisms

A survey of the published literature revealed a consider-
able range of activity, kinetics, and mechanistic information (1
- 11) on hydrogen production from methanol. In 1983, H.
Kobayashi et. al. (1) demonstrated the variability observed
among a broad range of catalyst supports, copper loading, active
copper surface areas, and catalyst calcination temperatures.
Each of these factors was shown to affect the activity, activa-
tion energy, and product gas composition. Thus, it was not
surprising to find a rather broad range of values for activity
and activation energy in the literature. A selected summary of
this data is shown in Table 2.1. Kobayashi et. al. (1, 2) pointed
out in their studies that catalysts with copper surface areas
above 100 m2/g showed the most variability. As might be
expected, various methods of catalyst reduction employed by
different investigators produce different copper surface areas.
The time and conditions of operation typically result in varying
degrees of metallic particle sintering and thereby alter the

catalyst surface area.

It seemed apparent that the catalyst chosen for the present
study would have to be characterized under the conditions

anticipated for the partial oxidizer/reformer. This character-
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ization was as complete as possible within the limitations of the

program.

Previous studies reported in the literature (3, 4) and ERC
programs DAAK-53-76-C-0118 and DAAK70-79-C-0249 had shown that
Catalyst T2107 (United Catalyst, Inc.) is a very effective steam
reforming catalyst and is equal to or better than other com-
mercial copper catalysts such as UCI G66B, ICI 52-1, and BASF K3-
10. Therefore, UCI T2107 was utilized throughout this program.
A typical chemical analysis provided by the vendor is shown in
Table 2.2. The catalyst was tested as 1/8 inch X 1/8 inch pellets
and as the 14 to 16 Tyler mesh fraction of crushed material.

Effective partial oxidation requires a low temperature
combustion catalyst. Previous ERC reformer programs have em-
ployed a platinum coated metal monolith catalyst prepared by
Johnson Matthey Co. This monolith is a one inch wide corrugated
stainless steel sheet coated with platinum black that can be

wound into a right circular cylinder or twisted into a spiral.

Each of the cetalysts was tested in a one inch diamet:r
tubular reactor. A schematic drawing of the reactor is shown in
FPigure 2.7 and a photograph of the complete test facility is
shown in Figure 2.8. A typical analysis of the methanol used for
this program is shown in Table 2.3. Although it is a reagent
grade methanol, there are a number of impurities. A very
important impurity is the chloride. Copper catalysts are poi-
soned by chloride and the zinc oxide support provides some
protection. The chloride in our methanol was identified as
methylchloride. Other impurities were below our chromato-
graphic detection limits and were identified by mass spectro-

scopy.

Initial testing of the platinum monolith was performed
using a gas composition of 0.248 CH30H, 0.734 H; and 0.018 O3.
Using a very high flow rate of 62.5 liters per minute to keep the
conversion down, the catalyst was very active at 250°F, Later

testing of the reactor showed that combustion occurs spon-
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TABLE 2.2

CATALYST PROPERTIES

SPECIALTY CATALYST

Catalyst TYPE tiveveeeanoeann ceocaan T-2107

Catalyst Form ......ucieeinnnns ... Tablets

Catalyst Size ... innennns ... 1/8" x 1/8"

Chemical Composition Weight% (Oxide Basis)
L L . 43 + 4
7 0L 20 7
O O 30
Cr 0 % ittt ittt sttt nnnnnns . 3.2 + 0.4
C i e i et e it ee et .o 1 3
S, <0.05

Physical Properties

A. Bulk Density, lbs./Cu.Ft.* ............... 70 + 5

B. Surface Area, M?/g* .......ce... Ceeeeeeaean 130 + 30

C. Pore Volume, cc/g ......... Ceesescaet e 0.25 - 0.35
D. Crush Strength, lbs., DWL* ....ccicrveannnn 10 minimum

* Properties normally measured by UCT Quality Control.
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TRAVERSING T/C +6B

S.S. SCREEN -
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S.S. RETAINING SCREEN
'/ 02+ CH,OH IN (FROM VAP. TUBE) N
N, + >
SNIFFER TUBE
H,0 IN

(TO G.C.)
(FROM VAP. TUBE)

FIGURE 2.7 Reactor Tube Entrance
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TABLE 2.3

METHANOL USED FOR TESTING OF T2107 CATALYST

“anufacturer: Ashland Chemical Co., Columbus, Ohio 43219
Tispributor: KEM Chemical Corp., Mt. Vernon, New york

csarigtion: M-368 Reagent A.C.S.

Absolute, Low in Acetone

Specifications:

CH10H F.W., = 32.04
Maximum Limits of Impurities Meets A.C.S. Svecificarions

Appearance - ~ACST
Assay (Ch.OH) - a3

Color (APHA) -
water (H,0) -
Residue after evaporation -

Solubility in water -

Acetone, Aldehydes (as Acctone) -

Titratable Acid ~ 0.0003 >ed., 3.
Titratable Base ~ 0,0002 Moag. 3.

Substances darkened by

Sulfuric Acid -~ PACST
Substances reducing

Permanianate - PACST

Nanphotochemically Reactive

Methanol
Methyl Alcohol
CHsOH

Properties

Morecu arwenant 22

Bouing goint, *C G
gt -:q
i Freezing goint °C -=7
Analysis ng gt "L _5s
Metnanol wennt % 23 r5 e, Fasnp:m ok 22
Algenuaes s att s 102 raear VAo soms iy st e

HyarcCarcons passesiests 3 36
Fodarat Seacincaron O-M-27323 Uses

Nenve 21es we ot %, ZLStmer The targest use for metnanot s in tre manutacture of
RS formaicenyge. 1t 1s 3!sO USed N the manuiasiure of
many c'rar chem Cais and © astes re'ua rg airethyt-
A teresninalate. acryacs, methylergrce, metny.ene
Cooor wermei ("6 @) st AALare R AL g chionge. meihyl amenes ard plastelers LMethardl
~

Ac Cav R nnl® 35320 C

serves as 3 fud Lar Auto 1 NG raead Car ana ifuck
healors (Qmos and TGS 33w as Lemo a e
naturanttor clbvl . cchol i has ey et Lot

<, Ve gt o P AP D] Propones and can e uued as a teiracement 1ot
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’ taneously at room temperature. Raising the reactor temperature !E'G
™ with external heaters increased the conversion of methanol but ?;ﬁj
& . . . . oA
. also increased the formation of dimethylether and methane side s
= . . . i, .‘-uf w
o products as shown in Figure 2.9. Removing the oxygen from the ]

_ inlet gas demonstrated that the platinum monolith was a very good
b - dehydration catalyst. As shown in Figure 2.10, the dehydration
is significant as low as 350°F. Since the expected operating
- temperature is above 750°F as indicated by the temperature
il profiles demonstrated in Figure 2.11, dimethylether will be
formed in sustantial quantities.

Dimethylether must be reformed if this partial oxidizer

configuration is to be effective. Dimethylether and steam were
passed over a 20 gram b:d of crushed T2107 catalyst at 267°C and
no reaction was observ:d. Raising the temperature to 370°C pro-
duced a significant reaction although it produced methanol in
addition to carbon dioxide and hydrogen. For a period of 42

hours the conversion to hydrogen and carbon dioxide remained

about the same but the conversion to methanol steadily in- }if}

creased. Raising the temperature to 390°C and holding for an
- additional 100 hours increased the conversion stepwise to hy-
drogen, and the conversion to methanol steadily increased.
E Because of this aging phenomenon an accurate measure of the
f; dimethylether reforming activity could not be obtained. It was
= not deemed necessary to pursue this aspect of the system; the
a ability to reform dimethylether was adequately demonstrated.
» The data collected lead us to the following conclusions with

respect to the behavior of dimethylether:

1. Dimethylether and methanol approach equilibrium over
UCI T2107 catalyst
2 CH30H& (CH3)20 + Hy0

2. Catalyst aging changes its selectivity

(CH3)20 + XHy0 <— 2C02 + 4 Hy + (x-1) Hy0

X

o 2 CH30H + (x-1) Hy0
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FIGURE 2.11 Reactor Temperature Profiles
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3. The apparent rate for eliminating dimethylether at RN
A

390°C is given as: PN

Ry

el

e

r=3.37 p0.6 p, ~0.14
(CH3) 20 2 -

Previous methanol reforming kinetic studies (1 - 7) have re-
sulted in different rate expressions, activities and activation o
energies. As Kobayashi et. al. demonstrated, the physical state ii
of a catalyst may determine the values obtained. The physical ?iﬁf
state of a catalyst changes with operating conditions and time. .
During a single tube endurance run described in Section 2.3, the
catalyst was observed to form zinc aluminate from the zinc oxide
and aluminum oxide in the initial material. X-ray diffraction
analysis also showed that the coprer crystallites increased to
between 2903 and 500§, depending on their position in the bed.
This conversion occurred at 399°C which is slightly higher than
the anticipated temperature for the inlet to the reforming bed.

Pellets and crushed catalyst were tested in the one inch
differential reactor at lower temperatures to evaluate the loss
in activity with time. Figures 2.12 and 2.13 show that both
pellets and crushed materials stabilize after about 125 hours of
operation, irrespective of temperature and particle size. This

suggests that the loss was due to copper sintering and that the

1M',‘,".'.'.'.' :
£ FI MR L

sintering was not very temperature dependent in the range of
1859C to 320°C. Since its activity does change with time it is

important to precondition the catalyst prior to determining the
kinetic data. When this was done the change in activity as a
function of temperature indicated that the activation energy was BRESE

21 kcal/mol in the diffusion-free region and 10.5 kcal/mol in the

diffusion region. The typical Arrehenius plot shown in Figure
2.14 demonstrates that the 1/8 inch pellets become diffusion
limited at about 180°C and the 14 to 16 Tyler mesh material
becomes diffusion limited above 205°C. The normal operating
temperature of the methanol steam reformers is 200°C to 300°cC.
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FIGURE 2.13 Aging of Crushed Catalyst
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FIGURE 2.14 Arrhenius Plot for Methanol Steam Reforming On A
Cu/Zn0-Al703 Catalyst
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This means that the reaction is definitely diffusion controlled
so that the smallest possible particles should be used within the

SRR

allowable pressure drop of the system. The final design took
this fact into account.

Understanding the significance of changes occuring in the

inlet gas composition requires definition of the kinetic para-
meters. After establishing the previously discussed aging and
diffusion characteristics of this spectrum, kinetic experiments
were performed after 100 hours of conditioning at temperatures
less than 180°C. Using 15.3 grams of 14 to 16 Tyler mesh UCI
T2107 catalyst in the differential reactor, a series of tests
were performed with varying partial pressures of methancl and
water. The data was analyzed and fit with a simple power law rate
expression. The data shown in Table 2.4 resulted in the

following rate expressions:

. -10 -21,000 0.32 -0.12 0.20
3.9 % 10 T R Pcryom H,0 Protal P

H
Il

r u moles CH30H converted/gram unreduced catalyst/sec

This rate law indicates that the steam/methanol ratio should be
kept as low as possible within the constraint of the allowable

carbon monoxide level exiting from the reactor. Higher levels ROV

of water will decrease the carbon monoxide level, and must be Bf”‘

. UL sl
B B RS
1 e e e PorLELN

balanced against its effect on the reforming rate.

The primary activities occurring in this system are listed

;: in Table 2.5. The system is complex, but the three areas; a) .
partial oxidation; b) reforming and c) shift, are dominated by !5»-
their anticipated reactions. The side reactions are also

significant and play an important role in the overall per-

formance of the integrated reactor.

The partial oxidizer temperature profile indicated in Fig-
ure 2.11 showed a rapid increase in temperature in the catalyst

section and beyond, with a final temperature in the 850 - 950°F
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TABLE 2.4

TYPICAL KINETIC DATA FOR REFORMING OF
JETHANOL AS A FUNCTION OF GAS COMPOSITION

SAMPLE PCH30H, atm PH20, atm RATE
3 .389 .509 2.774
4 .065 .510 1.557
5 .065 .085 1.943
6 .065 .510 1.553
7 .129 .169 2.294
8 .064 .252 1.710
9 .129 .084 2.463
10 .129 .169 2.252
11 . 389 .509 2.789
12 .065 .085 1.916
13 . 389 .309 2.772
14 .065 .085 1.923
15 . 064 .252 1.752
R-5Q: .996 CORR R-SQ: .995
SER: .014 SSR: >>5>>>
Catalyst: T210/, Crushed, 14/1%6 Tyler Mesh.
Data taken after 100 hrs. run time
Temperature: 184°C
Total Pressure: 1 atm
Rate: Micremoles of Cil30n converted/gram unreduced

catalyst/sec.
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TABLE 2.5

REACTIONS OCCURING IN PARTIAL OXIDATION OF METHANOL

- 1. CH30H + 30, - CO, + 2H,0 AH = -161.6 kcal Combustion
2 298K —_—
; 2 g mol
!. 2. CH;OH - CO + 2H, AH298K = 21.7 kcal Decomposition
o g mol
b 3. CH;0H + H-O ~» CO» + 3H, AH = 11.8 kcal Steam
, 298K _ .
g mol Reforming
4. CII.OH + 2C0, - 3CO + 2H:-0 4H =  41.3 kcal CO> iy
298K _xca_ . o
g mol Reforming -}
z : = ~-2.8 kcal Dehydration
11 - - . SH i,
__ 5. Cil-OH % (CH;) .0 + % H,0 298K T mol T
< 2 S
e
N
DA,
6. (CH;O» + H-O0 -~  2CO + 4H; LH =  48.9 kcal Reforming i‘,q
. 298K =g e
- g mol NN
- S
= 7. CO + 3H. + CHus + H:O AHy90k = -49.3 _kcal Methanat ion o
qg mol
. 1A C - 5 N = - . ‘_: ~ «
8 CO + H:0O . CO- + H-, AHy g0k 9.9 cal Shift
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<.
.

range. Gas compositions showed that the oxidant is almost
completely utilized to partially combust methanol to CO; and
H70. The heat generated serves to increase the temperature of
the reactants, and promotes some decomposition and possibly some
reforming of methanol. This is evident by the hydrogen detected
after partial oxidation. Dimethylether is also formed and
detected at low levels. The partial combustion of methanol
generates Hp0 and heat which in turn raises the temperature of
the reactants so that, decomposition and reforming can occur in
the presence of the platinum catalyst. Reforming can be ac-
complished with steam or COj, although CO; reforming requires
a greater degree of heat. Dimethylether can be formed by the
dehydration of methanol, but can also be steam refcrmed to CO and
Hy at a large heat penalty. Traces of methane appear by the
methanation reaction, and the shift reaction determines the
changes in CO and COj levels.

2.3 Subscale Single Tube Tests

A test apparatus was built to test the partial oxidation of
methanol in an electrically heated reactor. Boilers for meth-
anol and water were installed, and the test facility was set up
to simulate cathode exhaust gas composition over a range of
flows. A traversing thermocouple was installed for monitoring
reactor temperatures. Figure 2.15 illustrates the test system.
Three combinations of partial oxidation and reforming catalyst

considered for the final reactor design were tested in 1 1/2 and

vt AR
»

IR .

o L

PRI M AN B
P AR S RN

3 inch diameter tubes prior to the fully integrated tests which

A
cl
)

are described in section 2.4. This provided an opportunity to
{; identify any potential problems due to high temperature gas
2 exiting the partial oxidizer or fouling from the dimethylether
and other gas constituents during extended operation on research
and technical grade methanol. A scaled up version of the single

tube was operated to examine temperature profiles and possible
size limitations. Finally, the partial oxidation and vaporizer
were tested as an integrated unit.
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ORAIN 2b 7 T { 5b
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120V 1kw
120V _1kw
120V 1kw

© JMETERING PUMP

—=a—— METHANOL SUPPLY

120V 1kW
120V _thkW
120V 1kW

KEY:

NITROGEN SURPLY SYMBOL DESCRIPTION

M AAMAINAARM

OXYGEN SUPPLY g Traversing T/C

Fixed T/C

120V 1kW
120V_1kW
120V tkw

WATER SUPPLY ‘

L
36
Pt

Pressure Tap

REG X 0D

Check Valve
P2

DN Metering Vaive e
- .."

{5 3-Way Vaive :.::..-_
4 R
Flame Arrestor te N
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Regulator - X
l“‘!ixh.

te A"
B
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FIGURE 2.15 Single Tube Reactor System (1 Inch Diameter)
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2.3.1 Partial Oxidation/Reforming Tests In One Inch

Diameter Tube

The three catalyst configurations listed in Table 2.6 were
tested to evaluate their endurance capabilities. The first test
utilized the Johnson Matthey stainless steel monolith con-
taining platinum ahead of 175 grams of United Catalyst T2107 1/8
x 1/8 inch copper catalyst. This test ran for only 48 hours
before the pressure drop required that it be discontinued. Upon
disassembly, the T2107 pellets were found to be severely spalled
at the inlet of the bed, and normal from the middle of the bed
to its end. The gas compositions and catalyst temperatures shown
in Figure 2.16 revealed no abnonrmality. Bed temperatures were
uniform from inlet to outlet. Some mechanical abrasion may have
occurred but at the low flow rates used, this seemed unlikely.
X-ray diffraction of material from the inlet revealed complete
absence of zinc oxide and zinc aluminate. The exit had zinc
oxide reflections and no zinc aluminate. Apparently, the
conversion to zinc aluminate weakened and/or spalled the pel-
lets. Most likely, mechanical action packed the material and
resulted in a high pressure drop. In order to provide a back up
to this potential problem for the full scale reactor, a fibrous
catalyst packet was manufactured to entrap 14 to 16 Tyler mesh
particles in a stainless steel fiber mat.

The second endurance test utilized a crushed 1/4 inch
Engelhard 0.1% platinumon alumina, entrained in stainless steel
fibers. A fiber packet of this material was substituted for the
monolith catalyst. A similar fiber packet containing crushed
T2107 copper catalyst was substituted for the pellet bed. A 120
hour endurance run was conducted with no pressure problems and
steady conversion after the first 30 hours. Gas compositions and
bed temperatures shown in Figure 2.17 indicate that the much
smaller copper catalyst bed (30 grams verses 175 grams) resulted
in methanol, dimethylether and oxygen exiting from the reactor.
The composition was constant for the last 90 hours of the test.
Apparently, these gases do not cause any significant decay
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FIGURE 2.16 T2107 Pellet Tests
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FIGURE 2.17 Pt Alumina and T2107 Fiber Packet T-:sts
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beyond the particle sintering which is expected during the

¥
0

initial hours of operation. These results suggested that the

[
[}

system may operate for much longer periods.

I

'

i Sy }

A longer endurance test was initiated using the platinum
monolith in combination with the 14/16 mesh T2107 fiber packet.
The amount of catalyst and the operating conditions were chosen
so that unconverted methanol would be obtained at the exit.

During preliminary tests it is very important to have less than

100% conversion so that any change in conversion can be observed.
During the first 145 hours of operation there was a small,
gradual increase in methanol exiting from the reactor as shown
i in Figure 2.18. This is consistent with the expected decrease
in catalyst activity during the first 100 hcurs. After this
break-in period, the reagent grade methanol was replaced with
. technical grade. There was a stepwise decrease in methanol con-
- version which did not alter when reagent grade methanol was
; returned. After an extended shutdown period the reactor was
started again using reagent grade methanol. A second switch was
. made to technical grade and back again to reagent grade. Product
E gas compositions changed but the methanol conversion remained
constant. After a second shut down the system was restarted

. without any decay. Total operating time was 483 hours. The shut
E~ downs, restarts and technical grade methanol did not signif-

: icantly alter the methanol conversion, however, the product gas »
composition was altered. This suggested tha‘ the changes .;ijT
occurred in the portion of the copper catalyst which was op- f{j?

: erating as a shift catalyst. These changes were not considered 1':3

E to be significant enough to delay testing a scaled up version of iéwij

these 1 1/2 inch single tube tests.

2.3.2 Reforming Tests on Three Inch Diameter Tubes

A three inch single tube reactor was built to handle higher
flows, as depicted in Figure 2.19. The partial oxidation
section was heated at the top of the reactor, and the re-

forming/shift catalyst bed filled the remainder of the reactor.
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Initially, no provision was made for vaporizing methanol in the
reactor, so that methanol was vaporized in a separate boiler, and
fed in as a vapor. Figure 2.20 illustrates the thermocouple
locations. The six tests conducted on this reactor are sum-
marized in Table 2.7. Due to the external vaporization of
methanol, lower flow rates were required in order to prevent over
heating. Methanol conversion of 100% was achieved at flows
designed to achieve a H30/CH30H of 1.3 at the reformer inlet,
using a simulated 50% cathode utilization exhaust gas. The CO
level was at 5.38%, and the exit temperature was 830°F. These
tests were conducted to characterize ‘the performance of this
reactor for partial-oxidation reforming. The conclusions drawn
were as follows:

External vaporization of methanol results in high
reactor inlet temperatures as expected.

High reactor inlet temperatures of 873 - 1640°F result
in conversion rates of methanol of 97.67 - 100%.
Conversion generally increased with inlet tempera-
ture.

CO compositions of 2.29 - 5.38% were 20 - 659F approach
to equilibrium.

Dimethylether ranged from 0.04 - 0.47% and decreased
with an increasing H70/CH30H ratio.

Vaporization of methanol must be incorporated into the
reactor system, and its effect determined.

2.3.3 Integrated - vVaporization/Partial Oxidation

The partial oxidation reformer system can be considered to
have three basic components:

o methanol vaporizer

N partial oxidizer

. reforming/shift

Testing in the early part of the program was carried out with
vaporized methanol in order to study the partial oxidation of

methanol. However, in order to incorporate the concept into a
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partial oxidation reformer, a vaporization section was added.
Since partial oxidation generates a large amount of heat, it was
desirable to have the methanol vaporization in the partial
oxidation =zone. This also serves to moderate the maximum
temperatures generated in the partial oxidation process. A

vaporizer/oxidizer was constructed to simultaneously test va-

i A/
AR ]

porization and partial oxidation of liquid methanol with a
. simulated cathode exhaust. A 24 inch long, 1 1/2 inch diameter

v

tube with a stainless steel wick lining was used with a spiralled
‘ platinum monolith filling the void volume. Figure 2.21 il-
: lustrates the geometry of the reactor.

5 Testing of the vaporizer/oxidizer at 2.2 kW and 3.63 kW
gross flows indicated that the heat required for vaporizing
moderates the temperature in the vaporizer/oxidizer and pro-
duces a maximum temperature of 800°F at mid bed. Wall tem-
peratures of the tube indicated that the methanol is completely
vaporized within approximately the first 8 inches of the 24 inch
reactor. Figure 2.22 depicts the temperature profile obtained.
Analysis of the exit gases indicates that 78 to 79.7% of the

a methanol is converted in the vaporizer/oxidizer. In addition,
a small amount of CHyq (0.21%) was detected, and dimethylether was
measured at 0.55%. The overall result is that almost 80% of the

methanol is converted before coming in contact with the re-

forming catalyst and only a small amount of methanol (4%) and L
(CH3)20 (0.55%) requires reforming. The CO level leaving the T
vaporizer/oxidizer is relatively high at 8.7%, and will require ﬁ;?"\
shifting to CO and Hj. It appears that the catalyst bed :
following the vaporizer/oxidizer will function more as a shift R
bed than as a reformer, and in this case will require more

cooling than heating.

The vaporizer/oxidizer was also tested to simulate start-
up using air instead of cathode exhaust for heating up the
reactor. The test data indicated that air start-up resulted in
. 1200°F at the inlet within one minute. The rest of the reactor

required longer to heat up, as shown in Figure 2.23. After
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FIGURE 2.23
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switching off the air and replacing it with simulated cathode
exhaust gas, the temperature profile changed, as shown in Figure
2.24. The inlet cooled down to about 300°F, and higher tem-
peratures (around 1100°F) were demonstrated in the second half
of the reactor. Methanol conversion during start-up with air
was 81.2% with approximately 16% hydrogen and 10% CO leaving the
vaporizer/oxidizer reactor (Figure 2.25). After switching to
partial oxidation conditions using cathode exhaust, the meth-
anol conversion dropped to 54%. This was a lower conversion than
obtained previously in tests without air start-up. The dif-
ference between the air start-up tests and the previous tests
without air (using cathode exhaust gas) was the operating tem-
peratures obtained. The previous testing produced temperatures
of 342 - 772°F (Test POR 007) and resulted in higher methanol
conversion than the air start-up in which operating temperatures
were 312 - 1079°F. Apparently, the start-up procedure tested
here generates a much higher inlet temperature which sustains a
higher operating temperature when switching to cathode exhaust
- gas. The net result of the partial oxidation, and reforming and
decomposition of methanol at the higher temperature was less
conversion of methanol at 312 - 1079CF as compared to operation
at 347 - 7729F. This suggests that the platinum catalyst operates
more efficiently at the lower temperature or that the catalyst

was deactivated in some way at the higher temperature.

2.4 Reactor Design and Verification Tests

iy 2.4.1 Preliminary Integrated Reactor Tests

Following the testing of the vaporization/oxidizer and
conversion of approximately 50% of the methanol by partial
oxidation, the reforming/shift catalyst section was added.
Figure 2.26 depicts the reactor tested. Five tests were con-
ducted covering a flow range from 0.78 kW to 5.5 kW gross flows.
At 3.9 kW and higher flows, temperatures were high enough to
obtain 100% conversion of the methanol. These temperatures were
in the range of approximately 530 to 7259F, Figure 2.27 depicts
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the temperature profiles and conversions obtained in these
tests. The temperature profile of the catalyst bed section of
the reactor indicates that an endothermic reforming zone occurs
in approximately the first third of the catalyst bed, and that
the last two thirds of the bed catalyzed the exothermic shift
reaction. This is indicated in Figure 2.28 where the reforming
zone is in the decreasing temperature region, and the shift zone
is in the increasing temperature region.

Methanol conversion in the catalyst bed is 100% when tem-
peratures in the bed are above approximately 530°F at the lowest
point in the reforming zone. These temperatures were achieved
at flow rates of 3.9 kW gross flows and above. When lower flows
were tested, the m.nimun temperature in the catalyst bed
dropped, and resulted in unconverted methanol leaving the
reactor. The catalyst bed temperature, particularly at the exit

-of the reactor affects the CO concentration leaving the reactor.

This is due to the effect of the CO shift equilibrium. Figure
2.29 1illustrates the effect of temperature on the CO shift
equilibrium constant Kp.

CO + Hy0 COy + Hy
[cO][H,0]

As the temperature increases, the equilibrium constant de-
creases. This has the effect of increasing the CO concentration
at equilibrium. Although the gas composition leaving the
catalyst bed was not at equilibrium (approach to shift equili-
brium was 150°F to 300°F), the CO level leaving the catalyst bed
generally increases with temperature.

An attempt was made to lower the CO level exiting from the
catalyst bed by adding a small reactor at the exit of the partial
oxidation reformer. It was determined that additional catalyst
volume was required due to the large departure from equilibrium
(150 - 300°F) measured with the existing catalyst volume of the
partial oxidation reformer. An additional catalyst volume of
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860 gm of T2107 RS pellets in the added reactor served two
purposes. It allowed additional surface area for heat loss,
thereby allowing the catalyst bed temperature to drop from 480
to 415°F, and it provided more catalyst volume to obtain a closer
approach to a lower equilibrium level of CO. The end result was
a decrease in the CO level from 3.3%, without the reactor, to
2.5% with the reactor. This level of CO was not sufficient to
reach the desired level of 1% but did allow us to estimate the
volume required toward optimal shift conversion.

Based on the data obtained and space velocity considera-
tions for the additional shift reactor volume, a larger reactor

was designed.

2.4.2 Reactor Design

‘ Testing of the preliminary integrated partial oxidation
1 reactor provided data and input for the following final 3 kW

b reformer design.

= . The 3.2 liter catalyst volume tested was sufficient
& for 100% conversion of methanol, at 3 kW net flows. _
. Additional catalyst volume is required to lower exit i
CO level below 1%. -
. Vaporization and partial oxidation of methanol with -_.f‘
simulated cathode exhaust can be carried out in the ‘f’ 1

presence of a platinum catalyst, at the conditions

tested. Sufficient H20 is generated for reforming
CH30H.

. Sufficient heat is generated to vaporize methanol and
provide the heat for reforming.

. Start-up can be accomplished with air in less than 10
minutes.

. Pressure drop in the vaporizer/oxidizer is 12 to 20
inches of water.

. Pressure drop in the catalyst bed is 9 to 13 inches of
water.
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Design objectives were as follows: el
. Maintain 100% methanol conversion e
A
. Reduce CO level to 1% or lower e
. Minimize over-all system pressure drop A7
R
. Minimize over-all size and weight of reactor Ry
system K
o Maintain good start-up and transient response o la
capabilities N

N Reforming/Shift

L RN A

Catalyst Volume - Based on test data and space velocity

o Lamim S ot o0 g ooy
. o Ty

considerations, catalyst volume was

calculated to obtain a space velocity S

Loy

of 5000 hourly in the volume above the

3.2 liter volume tested. This re- J-
sulted in a total catalyst volume of
5.6 liters.

. Vaporizer/Partial e
Oxidizer Section - In order to reduce the pressure drop in -L,
this section, a larger diameter was

chosen. The section was increased

fromal 1l/2 to a 2 inch diameter. The

amount of platinum monolith was de- E,,d

creased from 74.8 in2 to 54.3 in2. The

wick vaporizer was platinized, which

increased the over-all platinum load- e

ing from 115.6 mg Pt to 1.35 gm Pt. p_

This is a factor of an 11.6 increase.

The overall geometry of the reactor allows for heat loss
from both sides of the shift catalyst bed section. The reforming
section of the catalyst bed is expected to be in the lower 1/3
of the bed. The reactor design for final testing is shown in
Figure 2.30. Fiqures 2.32 and 2.33 demonstrate the test facili-
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FIGURE 2.30 3kW Partial Oxidation Reformer

Catalyst Weight: 6870 gm
Catalyst Bed Volume: 5.6 liter
Overall Volume: 11.53 liter (0.4 ft3)

Total reactor weight: 9,476 gm (20.27 1bs)
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ties. A photograph of the reactor components is shown in Figure
2.31.

2.4.3 Final Reactor Design Testing and Endurance

Following fabrication of the reformer, three tests were
conducted as summarized in the table below:

TEST NUMBER CONDITIONS CONCLUSIONS
POR 019 4.7 kW gross flow, Methanol conver-
No heat-up sion 100%. CO at

exit 2.3% is higher
than desired.

POR 020 4./ kW gross flow, Methanol conver-
insulation removed, sion 100%. CO at
N7 heat-up exit 2.03% is

little better.

POR 021 4.7 kW gross flow, Completed 300 hr
250°F cathode re- endurance methanol
cycle temperature, 100%. CO increased
No insulation, gradually from
Air start-up 1.44% to 1.87%.

300 hr. endurance

The two short tests conducted prior to the endurance test
produced the temperature profile and gas compositions shown in
Figures 2.34 and 2.35. The vaporizer temperature rises accord-
ing to an "S" shaped curve, and reaches about 740°F. The
difference between the vaporizer exit and catalyst bed inlet is
due to heat loss, and reforming at the catalyst bed inlet. The
rapid drop in catalyst bed temperature ends at about 1/3 the bed
height (4 inch), at which point the shift reaction plays a more
dominant role. The exothermic heat of the shift reaction, and

the available surface area for heat loss results in a more

gradual temperature drop to the exit of the reactor.
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The 300 hour endurance test was conducted with a slightly
cooler simulated cathode exhaust gas. The temperature was 250°F
as opposed to the typical 3509F. This was done to achieve a
slightly lower catalyst bed temperature. Methanol conversion
was maintained at 100% throughout the test period. The CO level
increased slightly during the test from 1.44% to 1.87%. This
indicates a decay in shift activity, possibly due to sintering.
The decay may be minimized by operation at lower temperatures and
can be achieved by several methods:

N operation at higher cathode utilization

. recycling less cathode exhaust (lower H,0/CH30H)

. cocling cathode exhaust prior to recycling to the
reformer.

Gas analysis of the vaporizer exit and the catalyst bed exit
revealed that a methanol conversion of 53.25% was achieved in the
vaporizer. Dimethylether and formaldehyde were also detected
at the vaporizer exit. At the catalyst bed exit no formaldehyde
was detected, but dimethylether was still detected at 0.1%. This
is a slightly higher level than at the vaporizer exit. Ap-
parently, more dimethylether is made in the catalyst bed.

. .'7'.;.. &‘ -.'..'!. 'I‘ 4"0" \.' 1.'.' T --.
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3. CONCLUSIONS
3.1 System Design

The Partial Oxidation/Reforming system based on cathode
exhaust recycle has been demonstrated to be a viable option and
operates as anticipated. The basic building blocks for a neat
methanol reformer were tested and incorporated in the final
reactor design provided in this report. This type of reformer
and the components evaluated during this study can be used in a
number of neat methanol system options as evidenced by the fact
that the wick vaporizer and catalyzed wick materials were
incorporated in a companion Army 5kW neat methanol reformer
(contract DAAK70-84-C-0099). These components were key ele-
ments in the successful operation of the reformers tested on the
present and companion program. Although the basic components
may be common to many reactor designs each system option requires
a different overall reactor design. The components and ma-
terials developed on this program are applicable to all of the
system options.

The choice of system and reactor design depends on many
variables and the priority assigned to each variable. The
simplest system is less efficient than the more complex option.
In addition the overall heat requirements for each potential
application and the possible use of excess heat for space heating
will affect the system rated efficiency. Availability and
reliability can also influence the choice of the simple or
complex system.

For the present study the simplest system which could
utilize a fuel cell exhaust gas was chosen for evaluation to
prove the viability of the concept. A simulated cathode gas was
used since the exact recycle gas (anode, cathode or both)
composition for any chosen system will depend on the specific
application and fuel cell operating conditions. A separate
study would be required to evaluate specific applications before
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making a more definite choice among the system options and
possible reactor designs.

3.2 Catalyst and Catalyst Configurations

The vaporizer/oxidizer is very effective and only has a 1/2
inch pressure drop. It not only functions as a vaporizer/-
oxidizer but converts additional methanol. In its present
configuration, only 10 inch of the 12 inch length is required for
complete reaction. An optimization of the catalyst loading and
configuration should be able to reduce this size even further
while retaining good endurance. No decay was evident during the

300 hour endurance run.

The unconverted methanol exiting from the vaporiz«r/oxi-
dizer appears to be completely converted in the first 4 inches
of the copper catalyst bed and the shift reaction requires the
last 8 inches Although the catalyst is one of the most effective
commercially available, the exit gas does not reach equilibrium
at the exit temperature of the vaporizer. Initially a 67°F
approach was achieved which decayed to 119°F. This behavior
demonstrates how the shift reaction controls the exit gas
composition and the ultimate size of the reactor. A pressure
drop of two inches for the reformer and shift bed resulted in a
total pressure drop of only 2 1/2 inches. Analysis of the
kinetic data for reforming showed that the reaction rate can be
expressed by the following power law expression:

r= 3.9 x 10-10 (¢ -21,000y) p0.32 p-0.12 p0.20
RT CH30H H3O0 Total P

When pellets are used the activity is diffusion controlled with
an activation energy of 10.5 kcal/mol. A fiber packet catalyst
was manufactured which utilized small particles of catalyst and
still retained a low pressure drop. The catalyst packing density
of the 14/16 Tyler mesh particles did not reach 50% of the 1/8
inch x 1/8 inch pellets which is required to achieve equal
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activity. Some additional development will be required to reach
this level and possibly beyond.

3.3 Reactor Design and Operation

- The reactor operated effectively for 300 hours at a gross
f. hydrogen production level equivalent to 4.7 kW. This is more
*' than sufficient for a powerplant with a 3 kW net power output.
‘ Overall weight is 21 lbs. and overall volume is 0.4 ft3. This
is considered compact and light weight in comparison to con-

ventional reformers. Start-up was achieved from room tem-

perature within 17 minutes and the ease of start-up suggested

that this time could be significantly reduced. With only 2.5 in.

of pressure drop for the complete refo.mer there should be no
difficulty in obtaining a cathode gas blower to supply the air

required. Control interfacing will require development, but at
this time there does not appear to be any large stumbling blocks.

Components developed for this reactor design were instrumental

in the successful operation of a 5kW neat methanol reformer on RN
another Army contract (DAAK70-84-C-0099). The alternate system iim;
used for the 5kW reformer was a logical outgrowth from the L
present program and provided additional evidence that the basic

concept is viable and a number of systems, as well as, reactor

designs are possible. Specific applications and requirements

will dictate the preferred design.
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4, RECOMMENDATIONS
4.1 Catalyst Screening and Development

The partial oxidation, reforming, and shift conversion of
methanol and its products of combustion have been tested in the
compact reformer design developed under this program. It is
recommended that further screening and development be conducted
to identify improved catalysts for the following functions:

. Lower temperature shift conversion

. Methanol decomposition

. Methanol reforming - minimizing dimethylether
production

. Multifuel capability

Areas of improvement desired include:

. Increasing activity at lower temperatures
. Better selectivity to Hy and CO production
. High activity for other fuels

An improved low temperature shift conversion catalyst is
particularly desired in order to reduce catalyst volume re-
quirements. Since shift catalysts are available from various
commercial vendors, a screening process is needed to evaluate
several candidates at the required conditions.

Improvements in these areas are expected to allow reduction
in overall size and weight of methanol fuel processors when
incorporated with extended surface heat transfer features, for
more compact thermal management.

4.2 Catalyst Configurations

Low pressure drop catalyst configurations with minimum
diffusion resistance were investigated under this program.

Improvements in catalyst densities in these confiqurations can
potentially result in improved catalyst activity per unit volume

ii of reactor without increasing the pressure drop. Additional
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development in this area is required to develop the technology
for supporting small catalyst particles in a matrix which allows
high catalyst density, low pressure drop, and good heat trans-
fer. 1In addition, techniques must be developed for producing
this catalyst system on a larger scale.

4.3 Reactor Designs

As more testing is conducted with the 3 kW partial oxidation
reformer at a fixed set of operating conditions, more will be
learned about its operating characteristics. This information
can be utilized to suggest further improvements in design which
can improve performance, reduce size and weight, simplify con-
struction and possibly extend the system to multifuel capa-
bility. Further optimization of the reactor design can be

carried out, with possible improvements in the following areas:

. Improvement in thermal management by extended surface
for heat transfer, and enhancement of ambient air flow
outside the catalyst bed annulus.

. Optimization of platinum loading and configuration of

the vaporizer/oxidizer.

Prior to extending these results to new reactor designs,
however, an evaluation of system options and reactor designs
with respect to specific applications will be required. This

effort would identify important areas of development for those g

applications. SRS

\;:

4.4 Reactor Testing _??;ﬂ

. o

Although there was significant developmental testing and s :
endurance testing, this program did not address the area of ;
system integration. If the reactor developed here is to be o

incorporated into a power system, several additional areas of if;ﬁ
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testing will be required:
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. Transient response with a fuel cell
. Start-up with a fuel cell
. Cathode recycle blower and methanol fuel control

integrated with a fuel cell.
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