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STATUS OF A REFORMER DESIGN FOR A MODULAR HTGR
IN AN IN-LINE CONFIGURATION

by
R.GLUCK, W.H.WMTLING and A.J.LIPPS

GENERAL ELECTRIC COMPANY
SUNNYVALE, CALIFORNIA

INTRODUCTION

For the past several years the General Electric Company has had the
technical lead on advanced concept studies for the Modular High Temperature
Gas Cooled Reactor (HTGR) programs sponsored by the United States Depart-
ment of Energy. The focus of the Modular Reactor System (MRS) effort is
the development of a generic nuclear heat source capable of supplying heat
to either a steam generator/electric cycle or a high temperature steam
/methane reforming cycle. Some early ground rules for this study were that
the reactor be designed for 950°C direct cycle reforming and that the core
be of the prismatic type. Since the prismatic core required control rods
near the center of the core, the vertical in-line concept was selected to
promote natural circulation cooling of the core for all potential transients
except the depressurized core heatup transient. Although the requirement
for a prismatic core has been eliminated for recent cost reduction studies,
the vertical in-line configuration has been retained for its potential as
the lowest cost configuration. This paper presents the results of recent
design and analytical studies conducted to evaluate the feasibility of
using a steam/methane reformer in a Vertical In-Line (VIL) arrangement with
the generic nuclear heat source.

DESIGN REQUIREMENTS

The requirements for the study of the VIL reformer are presented below
in two broad categories. The first establishes those requirements arising
from the overall thrust of the MRS program, while the second establishes
the component functional requirements for the steam reforming process.

MRS PROGRAM REQUIREMENTS

The MRS program has as its primary goal the development of a generic
nuclear heat source capable of being utilized either in a steam/electric
cycle operating'mode or a steam/methane reforming mode. In arriving at this
peal the project has put primary emphasis on achieving passive safety and
reducing construction costs by:

a - utilization of a standardized modular design approach to minimize
site construction activity,

b - utilization of an in ground silo for housing and supporting the
pressure vessel,

c - providing passive decay heat removal capability.

Preliminary evaluations showed that a vertical arrangement in which a steam
generator or steam reformer mounted directly above the reactor vessel would



have many desirable features towards achieving the objectives. The follow-
ing programmatic and functional requirements were established for the VIL
reformer:

1 - Streamlined reactor vessel configuration with the reformer
mounted in the pressure vessel vertically above the pebble bed
core.

2 - Decay heat removal to be by natural or forced circulation of
primary coolant gas to the main cooling systems under normal and
upset conditions and by natural circulation of primary coolant
and natural circulation of external cavity coolant under emer-
gency conditions. [Normal, upset and emergency conditions are
defined in terms of frequency and probability for ASME Code
design purposes.]

VIL REFORMER REQUIREMENTS

The detailed performance and design parameters for the VIL reformer
are based on overall plant system analyses, i.e. heat balances, fuel
performance, cere heat-up analyses, etc.. These requirements are summarized
in Table 1.

REFERENCE DESIGN

A typical arrangement of a VIL-MRS is shown in Figure 1. The reactor
has a pebble bed core surrounded by graphite reflectors in the bottom half
of the reactor vessel. The reformer is mounted above the core and directly
supported by the upper half of the lower pressure vessel. Fuel loading,
circulator mounting and control rod penetrations are all accomplished
through the reactor pressure vessel structure.

The reformer is a baffled shell and tube heat exchanger using bayonet
tubes attached to tubesheets as shown in Figure 2. The vessel is constructed
as a cylindrical shell 4.76 meter (187.5 inch) in diameter, flanged at each
end. The lower section has a conical transition to the flange to enable
mating with the reactor pressure vessel. The upper flange mates with an
elliptical bolted head that provides closure of the pressure boundary. All
access to the vessel internals for installation, inspection and maintenance
of the reformer and steam generator is accomplished through this closure.
Penetrations are provided through the cylindrical portion of the vessel for
piping connections of the process gas inlet and outlet, buffer helium,
feedwater inlet and steam outlet. The vessel shell also has a ring ledge
for supporting the reformer internal structure and brackets for supporting
the helical coil steam generator.

The reformer internal structure consists of inlet and outlet process
gas plenums, each connected by means of bellows expansion joints to the
outer vessel nozzles. The inlet plenum is connected to both the upper and
lower tubesheet while the outlet plenum is connected to the upper tubesheet
only. The reformer tubes consist of an outer tube 64.5 mm (2.54 inch) in
diameter, 10.2 m (33 ft. - 4 in.) long with a monolithic type of reformer
catalyst and an inner return tube. The outer tube is attached to and
supported by the lower tubesheet. The inner return tube supports the mono-



lithic catalyst and is attached to and supported by the upper tubesheet.
The plenums, in addition to providing flow separation, must provide the
structural flexibility to accommodate the differential thermal growths
resulting from the differences in inlet and outlet process gas tempera-
tures. This is accomplished by providing sufficient length to the plenum
cylinders.

Directing the process gas flow from the pressure vessel nozzles to the
inlet and outlet plenums is accomplished by utilizing flanged, bolted in
sections having bellows expansion joints. The use of the bellows joints
provides a means for accommodating the differential thermal growths of the
reformer structure relative to the pressure vessel. The flexibility of the
bellows joint also allows the tolerances for manufacture, assembly and
replacement to be generous. The use of the bolted flanges provides e means
for inspection and replacement of internal structural elements.

The reformer tube bundle is shrouded by a cylinder 3.13 meter (123.1
inch) in diameter, connected to the lower tubesheet. This cylinder inter-
faces with internal reactor flow distribution baffles to direct circulating
core helium to the reformer inlet and to direct the return path of the
helium. Baffle plates are provided on the shroud to direct the helium flow
in a cross flow pattern and to provide lateral support to the reformer
tubes against flow induced vibration and seismic accelerations. At the top
of the shroud, the helium under cross flow conditions, exits at one side
only. An eccentric distribution baffle is provided to uniformly distribute
the flow into the steam generator section. The entire reformer structure is
supported by a conical support skirt between the lower tube sheet and the
outer vessel.

All internal surfaces of the outer vessel above the top of the steam
generator, the reformer support cone, and the underside of the lower
tubesheet are insulated to minimize temperature gradients and/or long term
exposure to elevated temperature conditions. The lower end of the insula-
tion will form a juncture with the steam generator shrouding.

FLOW ARRANGEMENT AND LOADINGS

Under normal operating conditions, helium flows upward through the
core and top reflector and exits at 950 C (1742 F). Flow is then directed
by internal baffling to the shroud encompassing the reformer tubes. The
helium after passing through the reformer tube bundle exits the tube shroud
at 625 C (1158 F) and flows down the annul us between the reformer and
pressure vessel to a helical coil steam generator. Helium exits the steam
generator at 350 C (660 F) and is returned to the core inlet.

The steam generator tubes are enclosed in their own shroud, which
forms an annulus with the pressure vessel wall. This annulus is closed at
the top to prevent flow from bypassing the steam generator. This creates a
"stagnant" helium buffer between the steam generator and the pressure
vessel wall which limits the heat transfer to the vessel wall to natural
circulation convection in the annulus and radiation from the steam generator
shroud. The vessel wall under normal conditions is calculated to be 393 C
(740 F) on the inside surface with a mean wall temperature of 371 C (700
F). The design temperature of the vessel is established at 400 C (750 F).



The corresponding process gas flow during normal conditions is
ducted to the inlet plenum where it flows down through the nickel
catalyst in the reformer tubes and returns through the inner tube to the
outlet plenum. The inlet process gas enters the reforming tubes at 482 C
(900 F) and is heated by both the reactor helium on the outside of the tube
and by the process gas in the return line to a maximum of 820 C (1508 F).
The process gas exits the return line to the outlet plenum at 596 C (1105
F).

During normal operating conditions the reactor helium and process gas
are maintained at pressure such that the maximum differential pressure load
on the reformer components is 0.42M Pa (60 psi). The differential design
pressures for the lifetime loading (300,000 hour) of the reformer compo-
nents are shown on Table 2.

During upset and emergency transient conditions the reformer
structure is generally exposed to both increased temperature and increased
differential pressure loads for short time loadings (< 100 hour). The
actual service temperature, pressure and duration are functions of the
transients imposed. Maximum pressure loads occur as a result of depressur-
ization of coolant on one side of the boundary while pressure is maintained
on the other. Typically these are events such as core depressurization or
process line rupture accidents. An envelope of the differential pressures
that can exist on the reformer structures for these type events is also
shown on Table 2. These short term loading events generally govern the
size of the structural elements of the reformer.

THERMOCHEMICAL PERFORMANCE

Analysis for the steady state reforming behavior of the steam reformer
bundles was performed using the DSRDSRN computer code (Ref. 1). This code
uses an empirical chemical kinetics model for the steam methane reaction
and assumes that the water shift reaction is at equilibrium. An iterative
solution is employed in order to calculate heat transfer rates and chemical
compositions in an axial model of an average reformer tube in a tube
bundle. The accuracy of this code was verified for single tubes in tests
conducted at KFA in the EVA-I test rig. DSRDSGN is a modification of the
DSR1 code (Ref. 2) that incorporates the improved crossflow heat exchange
resulting from the inclusion of the baffles. Each baffled flow region is
assumed to be characterized by the average helium temperature for that
region. The pressure drop across each baffled region was calculated in
three steps; the frictional pressure loss across the tubes, a 180 degree
turn from one region to the next, and an orifice pressure drop as the
helium passes between the end of a baffle and the bundle shroud.

Heliun leakage flow through the reformer tube penetrations in the
baffle plates causes a reduction in the heat transfer coefficient from true
cross flow. This effect was included in the serpentine flow heat transfer
correlation as a 10% reduction in heat transfer coefficient (Ref. 3). This
helium leakage also results in a 20% reduction in helium pressure drop a-
cross the reformer tubes and baffles.

The performance requirements for the reformer tube bundle were
shown on Table 1. The tube bundle design geometry selected to meet those
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requirements consists of 1039 64.5 mm (2.54 inch) outside diameter tubes
with an active reforming length of 10 m (32 feet 9.7 inch). The tube wall
thickness required to satisfy structural requirements is 15.2 mm (0.6
inch).

Significant results of the analyses with the DSRDSGN code are shown on
Table 3. Typical conditions as they exist along the active length of the
reformer tube are shown on Figure 3.

DECAY HEAT REMOVAL

Decay heat from the reactor core is, under normal shutdown conditions,
removed by continuation of coolant flow to both the reformer and steam
generator tubes with forced circulation of reactor helium. The Vertical
In-Line Arrangement, however, also provides a is that the vertical height
separation between the core and the heat exchangers giving a thermal
driving head capable of sustaining core cooling under natural circulation
conditions. This feature enables removal of decay heat without reliance on
the circulator or heat exchangers during abnormal events. This is accom-
plished using either the heat exchangers or the vessel cavity cooling. The
various modes of decay heat removal are summarized in Table 4.

Analyses have shown that a reactor trip coupled with decay heat
removal by natural circulation using the steam generator as a heat sink
does not result in severe transients for the reformer steam generator steam
generator or reactor structures. Except for the reformer tube temperature,
the maximum value for all key parameters occurs at the design point.

Isolation of reformer cooling after reactor trip results in a severe
transient for the upper portion of the reformer tubes. Even more important
is the extreme temperature gradient across the lower reformer tubesheet
during these transients. When no reformer cooling is available, the steam
generator is also subjected to a severe transient. To reduce the severity
of this transient, several reformer cooling options were investigated.

The use of an auxiliary boiler to provide steam cooling to the
reformer was evaluated. Decay heat removal transients with reformer cooling
present showed that the reformer, steam generator and pressure vessel
transient problems were mitigated. The vessel design pressure and temperature
are maintained within design condition values.

Decay heat removal without reformer cooling results in heat up of the
reformer tubes and tube sheets to elevated temperature extremes, 950 C
(1742 F) for limited time durations. The severity of the temperature,
duration and number of cycles varies with the concurrent condition of the
steam generator availability for heat removal; the most severe condition
occurring without steam generator cooling. This condition also results in
peak vessel wall temperatures. Decay heat is removed by the dry steam
generator structure rising in temperature to reject heat to the vessel wall
by radiation and natural circulation in the annulus, and rejection of the
vessel wall heat to the cavity cooling system. Below the steam generator
the vessel wall also increases in temperature to reject heat to the cavity
cooling system. Structural analysis of the reformer have concentrated on
this condition and results are presented below.



For cool down following a helium depressurization accident and loss of
circulator, heat is removed from the core radially by conduction and
radiation through the reflectors, core barrel, vessel wall and finally to
the cavity cooling system, with no reliance on the heat exchangers.

STRUCTURAL EVALUATION

The structural evaluations conducted have been limited to establishing
structural feasibility rather than a fully comprehensive analysis as
required for ASME code certification. This was done using stress equations
and techniques as outlined in Appendices 2000 through 8000 of Section III
of the ASME Code, that utilize pressure and temperature differentials in
the metal to evaluate primary and secondary stress responses. All analyses
were based on elastic methods. No attempt was made to use the more sophis-
ticated finite element technique that would be used for a final analysis.
Table 2 gives the pressure differentials analyzed and Table 5 is a summary
of the major transient conditions considered.

The thermal response of the metal to these transients was analyzed
using a finite difference computer code, SINDA (Ref. 4) and the response to
these transients at a typical location, i.e. center of the lower tubesheet
is shown on Figure 4. This is provided to give an indication of the thermal
severity of the transients at an arbitrarily selected location. The actual
stress state is a function of the variation in temperature throughout
the region including mismatch with other regions at different temperatures.

The various regions analyzed together with the primary (PI ,Pb)
stress and secondary (Q,F) stress results are shown in Table 6. The
complete stress analysis is given in Appendix A of Reference 5. The
associated material property curves used to deduce the material allowables
are shown on Figures 5 and 6. From these it is seen that the material data
at high temperature are uncertain and extensive extrapolations are used for
both Alloy 800 and Inconel 617. Pending confirmation of this data the
material selections for the reformer tubes are not yet firm.

Table 6 shows the various failure modes that have been considered
for the selected locations. These include ductility limits for primary
stresses, stability limits, and strain range control associated with low
cycle fatigue. This is not the fully comprehensive set of conditions as
required by the ASME for qualification of a final design, but it is consi-
dered sufficient in the preliminary phase to show structural feasibility.

On these bases, the structural margins contained in Table 6 are shown
to be positive, and it is expected that, following confirmation of a material
data basis, and completion of a full Code analysis this conclusion should
not chanoe.

OPERATION AND MAINTAINANCE

The design of the reformer shown in Figure 2. is, because of balanced
pressure between the helium and the process gas, able to be designed using
bolted joints while retaining confidence against leakage. The use of



bellows expansion points also minimizes loadings that would tend to unload
sealing surfaces, and as noted earlier, allows for generous manufacturing
and assembly tolerances. The free use of bolted joints enables access to
many structural elements for in-service inspection and replacement of
sub-assemblies if necessary.

FUTURE DEVELOPMENT

The design and analysis of the VIL reformer has progressed
sufficiently to be considered a feasible option in future applications of
the modular HTGR program. Near term plans are to continue developing the
design with supporting stress analyses in the creep-fatigue regime. For
the efforts to be meaningful, parallel efforts concentrating on obtaining
elevated temperature properties of candidate reformer tube and tube sheet
materials along with development of failure models are required.
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TABLE 1
DESIGN REQUIREMENTS FOR A 250 MW(t)

VIL-MRS REFORMER

REACTOR
VESSEL

CRDMREMOVAL
CELL

HEAT BALANCE
TOTAL REACTOR HEAT AT 100% POWER - MW{0
REFORMER HEAT TRANSFERRED - MWIl)
STEAM GENERATOR HEAT TRANSFERRED - MWIl]
SYSTEM LOSSES • MWW
CIRCULATOR INPUT MWft)

REFORMER REQUIREMENTS
PRIMARY HELIUM

REFORMER INLET TEMPERATURE C (F)
REFORMER OUTLET TEMPERATURE • C (F)
REFORMER INLET PRESSURE • MPa (psia)
PRESSURE DROP • MPa Ipsil
FLOW RATE - kg/s ( Ib/M

PROCESS GAS
STEAM/METHANE RATIO
METHANE CONVERSION RATIO
INLET TEMPERATURE C IF)
OUTLET TEMPERATURE -C(F)
INLET PRESSURE MPa Ipsia]
PRESSURE DROP • MPa (psi)
FLOW RATE - kg/s (Ib/hrl

250
135

115.8
3

3.8

950(1742)
625(1158)
4.137 1600)

4:1
60%

482 1900]
596 11105)
4.447 (645)

0.31 (45)
79.0 (627400)

Figure 1. VERTICAL IN-LINE MODULAR REACTOR SYSTEM
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TABLE 2
DIFFERENTIAL PRESSURE LOADS ON
INTERNAL REFORMER STRUCTURES

INTERNAL
COMPONENT

INLET PLENUM

OUTLET PLENUM

UPPER TUBE SHEET

LOWER TUBE SHEET

INTERNAL SUPPORT CONE

REFORMER TUBE

TUBE BUNDLE SHROUD

NORMAL CONDITION
DIFFERENTIAL

MPa (psi)

0.03 ( 5)

0.35 (50)

0.31 (45)

0.3 155)

0.42 160)

0.38 (55)

0.10(15)

ACCIDENT CONDITION
DIFFERENTIAL

MPa (psi)

4.38 (635)

4.3B 1635)

0.35 1 50)*

5.52 1800)

4.38 (635)

5.52 (800)

0.10 1 15)

BAYONET REFORMER
TUBES
[1039)

STEAM GENERATOR
TUBE BUNDLE
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Figure 2. VERTICAL IN-LINE REFORMER



TABLE 3
ENERGY BALANCE

TOTAL ENERGY TRANSFERRED FROM HELIUM
ENERGY STORED IN CHEMICAL REACTION
SENSIBLE HEAT ENERGY

PRESSURE DROPS
PRIMARY HELIUM, MPa (psi)
PROCESS GAS-REFORMER TUBE, MPa (psi)

RETURN TUBE, MPa Ipsi)

CONVERSION ACHIEVED

AVERAGE HEAT TRANSFER COEFFICIENT

135 MW
109.3 MW
25.7 MW

.104 (15)

.170 (25)

.118(17)

60%

REFORMER TUBE
RETURN TUBE

1036W/m2-K(182BTU/Hr-ft2-FI
785W/m2-K(138BTU/Hr-f l2-F)

TABLE 4
VIL-MRS MODES OF DECAY HEAT REMOVAL
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Figure 3. DSRDSGN CODE ANALYSES RESULTS
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TABLE 5
UMBRELLA TRANSIENTS FOR STRUCTURAL EVALUATION

DESCRIPTION

ISOLATION AND SLOWDOWN
OF STEAM GENERATOR.
REFORMER AND CIRCULATOR
CONTINUE TO OPERATE.

DEACTIVATION OF THE
REFORMER CATALYST.
STEAM GENERATOR, REFORMER,
CIRCULATOR ALL OPERATING.

ISOLATION OF REFORMER
PROCESS GAS.
STEAM GENERATOR FUNCTIONS.
CIRCULATOR IS TRIPPED.

ISOLATION ANDBLOWDOWN
OF STEAMGENERATOR WITH
REFORMER ISOLATION
CIRCULATOR TRIPPED.

PROCESS GAS LINE RUPTURE.
PRECLUDES ISOLATION OF
REFORMER, FOLLOWED BY
REACTOR TRIP.

CLASSIFICATION
AND NUMERICAL
DESIGNATION

UPSET
B11

UPSET
B16

UPSET
B17

EMERGENCY
C2a

EMERGENCY
C7

CONDITIONS

iiP - 700 psi (EXTERNAL)
Tm3x S G * 1 1 5 0 ° F l o r

160 HRS. NO. OF
OCCURRENCES N = 20

APPLIES FOH 10% OF
REFORMER LIFE.
AP 1 = G 5 p ! i T T U B E W A L L =
173S°F for 14700 HRS.

^ P - 3 3 0 p . i T T U B £ S H E E T .

1600°F* 100 HRS ABOVE

1200°F N » 20

4 P - 3 3 0 p i i T T S =
176d°F FOR 520 HRS.
N - 7

A P - 7 1 0 p i i T T S -
1350°F FOR 32 HRS.
TWALL " " S ^ F FOR
2HRSN " 7

COMMENT

LOWER T/S
TEMPERATURE IS
SUPPRESSED BELOW
1600° F BY SUPPRESSING
NC IN TUBESHEET

AS ABOVE

AS ABOVE

* THESE CONDITIONS WERE FOUND TO 8E UNACCEPTABLE STRUCTURALLY IN THE LOWER TUBESHEET
AND THE CERAMIC INSERTS WERE EXTENDED FROM THE REFORMER TUBES INTO THE TUBESHEET
REGION THEREBY REDUCING THE NATURAL CIRCULATION HEAT INPUT TO THE TUBESHEET.
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TABLE 6
STRESS ANALYSIS RESULTS

REFORMER
TUBES

800H

REFORMER
TUBES

617

LOWER
TUBESHEET

800H

LOWER T/S
SUPPORT
CONE
800 H

UPPER
TUBESHEET

UPPER T/S
SUPPORT
CYLINDER

CYLINDER

HEAD

STRUCTURAL
PARAMETER

Pm

INSTABILITY
PL + PB + Q+F

DAMAGE FACTOR)

INSTABILITY
(DAMAGE FACTOR)

PL + PB

PL + PB + Q

PL + PB + O+ F

Pm

PL + PB + Q

P|_ + Pg + Q+ F

pL + PB

PL + P B +Q

PL + PB + Q+ F

Pm
Pm

INSTABILITY

Pm
Pm

INSTABILITY

Pm

INSTABILITY

LOADING
EVENT

NORMAL IA-3)
UPSET (8-16)

EMERG. (C-7)

ALL TRANSIENTS

(A-3)
(B-16)
(C-7)

PRESSURE ONLY

ALL TRANSIENTS

EMERG. (C-7)

(C-7)

PRESSURE ONLY

(B-17)

NORMAL

EMERG. (C-7)

(C-7)

NORMAL
EMERG. (C 7)

(C-7)

EMERG. (C-7)

(C-7)

VALUE

239 psi
305 psi

710 psi

0.18

239 psi
305 psi

3332 psi

6352 psi

25991 psi

0.81

10956 psi

23782 psi

2403 psi

23424 psi

6490 psi

11800 psi

200 psi

1740 psi

15950 psi

550 psi

14575 psi

ALLOWABLE

570 psi
720 psi

72987/2.5 =
29195 psi

1.0

600 psi
800 psi

4830 psi

Smt<s>l118°Fand
300Hrs =

14,100 psi
3Sm,@1067°Fand

300Hrs =
42,300 psi

1.0

S m t @950°F and
300Hrs =

14,600 psi

43,800 psi

Sm t<ai005°F =
14,400 psi

3S @1179°F<9>
1000 Hrs =

37,500 psi

13,400 psi

16,560 psi

1692/2.5 =
677 psi

13,400 psi

4794/2.5 =
1917 psi

17,160 psi

MARGIN

1.38
1.36

04
LARGE

4.56

1.51
1.62

LARGE
LARGE

1.33

0.63

0.23 -

0.33

0.84

LARGE

4.99

0.60

1.06

0.40

2.38

6.70

2.49

0.18

LARGE

PRIMARY MEMBRANE STRESS AT 1735°F
617 MARGIN > 800H MARGIN

NATURAL CIRCULATION SUPPRESSED IN
TUBESHEET
RIM/HOLE INTERACTION

CONSERVATIVE BASE ON USE OF "HOLD TIME"
FATIGUE CURVES

AP REDUCED BY USE OF RUPTURE DISKS

84-176-01


