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ABSTRACT

The design of the BRDC Boiler No. 5 is presented. The boiler
meets all defined interfaces and regquirements of the Power Conversion

Jystem (PCS). Tantalum is used as the mercury contalnment ﬁla:be{ial

and type 300 stainless steels are used as the NakK containment

material .
Zirconium is employed at the mercury inlet and oublet sections

as a
"wettering" material for the dissolved gases in the static WakK

and to
the
Coextruded tantalum-to-stainless steel
transition joints ‘(bimetal tubes) are used at the mercury inlet and

minimize carbon transport from the Type 300 stainless steel to
tantalum by "gettering” carbon.

ocutlet.

This design, P/N 1268600, contains the salient features of the
BRDC Boiler P/N CF 751840 and BRDC Boiler P/N 1266911.
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I. INTRODUCTL ON

Historiecally, the first boiler fabricated for SHAP-8 was a single
pass Tube-in-Shell design. Four 0.902 in. inside diameter, Haynes 25
meterial, 60-foot long mercury tubes were coiled in a toroidal NaK shell.
Two of the four Hg tubes were coiled on a smaller helix than the other two,
resulting in a significant difference in the lengths of each pair. The NeK
- flow was a combination cross-flow and counter-flow pattern relative to the

Hg flow. Rach Hg tube contained an inlet plug insert and swirl wire.

The désign'was inadequate from the diagnostic viewpoint. The heat
transfer characteristics in terms of tube length conld not be determined
adequately because of the unavailability of accurate NeK temperature profile
measurements. Poor heat transfer and relatively high liquid ecarry-over

were attributed to the Haynes 25 flow pessage contamination.

The second boiler fabricated for SNAP-8 was a single—p#ss, Tube-in-Tube
design. Seven 0.632 in. ingide diameter, 9M steel, 30-foot long Hg contain-
ment tubes were twisted and then coiled in a 4.25 in. 0.D. helically coiled
tube. DTwisting the tube bundle prior to coiling resulted in equal length
Hg tubes. Fach Hg tube contained an inlet plug insert and swirl wire. The’
"Qry-wall" concept of Hg heat transfer was used in designing the boiler and
was based on SNAP-Ll and SNAP-2 experience using Haynes 25 and 316 stainless
steel material. Since 9M material was considered to be nonwettable, the

"dry-wall" concept was applied.

The main problem with this design vas metdlurgical (NaK-side embrittle-
ment, and Hg-side corrosion of the 9M materisl). The thermal performance was
adequate with clean 9M flow passege surface conditions. The preservation of
boiler Hg passage cleanliness in the integrated system'sﬁloop was not adequate
however, and the boller operated in a deconditioned state and relatively high

liquid carry-over resulted.



The SB-l test assembly was an experimental Te-SS, double-containment,
single-tube l/Tth scale boiler. TFurther investigations carried on with the
SB-1 test assembiy at AGN indicated that the two most important requirements
for proper conditioning of the boiler were cleanliness of the mercury side of
the boiler tubes and the assurance of a vacuum tight mercury system to preclude
tantalum surface oxidation. Out of 2,558 hours of testing the SB-1, the last
165 hours were run %ith a conditioned boiler. The changes instituted prior to
the last 165 hours were the thorough cleaning and the high %acuum integrity
of the facility.

A bimetal boiler was designed at AGC using a stainless steel tube
coextruded with & tantalum inner liner for the mercury containment tubes. The
purposes of the tantalum was to improve mercury corrosion resistance and to
enhance wetting by the mercury (which improves "conditioning" of the boiler).
The boiler design waé completed, and one was fabricated. However, this boiler

has not been used to date.

During the design period of the bimetallic boilers, LeRC went ahead
with the design and fabrication of an all-tantalum tube and header configurafion
for the Hg with a double-containment feature utilizing static NaK as the
barrier fluid between the flowing MaK in the primary loop and the Hg. The
AGC bimetal tube boiler was designed as a 30-fool long assembly while the
LeRC bare refractory, double-containment (BRDC ) Boiler was designed as a
37-foot long assewbly.

The experimental 1/7th scale, single tube bimetal boiler (SF-1A) was
designed aﬁd tested to investigate the bimetal tube and bimetal tube joint
structural reliability and the single-fluted helix configuration for heat and
- momentum transfer performance characteristics. A 1200 hour test showed that
the design had excellent and immediate performance throughout its operation.
Obviously, clean Hg flow passage surfaces were provided and maintained in the

leak tight Hg Lloop.

The SB-2 test assembly, simulating the design of the BRIDC #4 boiler was
tested at the Aerojet-General Corp., San Ramon facility.



The LeRC BRDC Boiler #. has been tested at the W-1 facility at
LeRC and at the General Electric Company while Boiler #2 has been tested
at AGC. Problems associated with thermml differentiasl bellows failures
.at the Hg inlet and outlet, shell failures at the NaK outlet, the incipient
failure of the tantelum-to-stainless transition Joint and the sagging of the
tube bundle in the stainless shell prompted the redesign of the boiler which
became BRDC #, P/N 1266911. ‘

The criteria used in designing the #4 boiler were:

1. It shall‘meet the redquirements o the ICS-Glprototype system using
specifications AGC-10621 - "Boiler, NaK/Mercury, Prototype, SNAP-8" and
AGC-10512 - "Power Conversion System, Model G, SNAP-8." The boiler envelope
and interfaces shall be as described by the PCS-G.

2. 'The mercury lines at the inlet and outlet shall incorporate a
coextruded tantalum-to-stainless steel transition joint in the form of a
bimetal tube.

3. The boiler shall have double containment utilizing static NakK as
the barrier fluid.

k. Collector rings at the flowing NaK inlet and outlet shall be used

to more efficiently mix the fluid and to reduce thermal stresses.

This boiler was fabricated at the NASA-LeRC facility and tested at the
Aerojet-General PCS-1 facility for 1620 hours and 28 cycles from March through
June;, 1970. Some deconditioning was noted during the initial runs due to
system contaminants. However, as testing progressed the boilex became
conditioned and peiformance wes excellent. There was no lnstability over the
extreme range of off-design testing and no failures or incipient failures
were expeiienced. One area of concern was the high ( < " 500°F) circumferential
gradient in the shell between the mercury inlet and the WaK outlet collector
ring. The thermal mep was similar to that experienced with BRDC #2. It was
deduced at the time of BRDC #+ design that the thermal gradient in BRDC #2
was due to forced convection of the flowing NaeK past the loosely fitting baffles.
BRDC #4 employed a_%ery low leakage baffie as well as annular evacuzted tubes
surrounding the mercury contaimment tentalum tubes in this area to reduce heat
transfer from the NaK to the colder mercury. Further aﬁalysis indiecated that
natural convection was the basic mechanism for non-symetricel cirecumferential
thermal gradients, resulting in stratification of the NaK (The colder, more

dense fluid settling to the bottom due to gravity).
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The current coiled boiler, BRDC #%, became obsolete when the PCS
system configuration changed from & coniecal shape to a paralielepiped and the
performance criteria were changed. The design of the new bare refractory

double-contained (BRIC) Boiler #5 is the subject of this report.
The ¢riteria used in designing the Boller were:

1. It shall meet the requirements of DE-OOlB, date& 13 July 1970
"Ground Rules, Design Approach and Program Flan for BRDC Boiler #5" which
includes reference to Memo No. 7978:70: 0002, dated 1 July 1970 "SNAP-B
12 Tube Boiler (BRDC #5) Design for Revised System State Point Conditions”

by E.S.Chalpin/A.J.Sellers.

2. The criteria for stress shall be as noted in Memo No. 7978:70:0003
dated 6 July 1970 "BRDC Boiler #5 Operating Criteria for Stress Analyses”
by E.S.Chalpin and Memo No. 797k:70:0047 (File SS 1020) dated 10 July 1970,

"Boiler #5 Critical Areas" by W. Weleff.

3. It shall be an "S" shape with a horizontal mercury inlet and outlet, |
coextruded tantalum-to-stainless steel bimetal tube transition joints, double-
containment, of a co-axial 12 tube array and have collector rings at.the NakK

inlet and outlet.

L. The "S" shape radii and gtraight sections shall meet the envelope
requirements of the PCS and the length of the boliler from the MaK inlet to
the NaK outlet shall be 21 f;et. This is 6 inches shorter than that noted in
Memo No. T978:70:0002 above du§ to space limitations in the PCS. However,

thermal performatice analysis s%ows that the slight change will be acceptable.

1T. PARE REFRACTORY DOUBLE-CONTATNMENT (BRDC #5) DESIGN
A. COMPARTSON OF DESIGN TO PCS REQUIREMENTS
Assembly Drawing No. 1268600, Figure 1, shows the new boiler design

that meets all the requirements of PCS as itemized in Specification AGC 10680

(Reference a) and the interface control drawing (Reference b).

e



The performance requirements wers based on the "PCS-G State Point
Conditions "~ Revision Date 4/21/70," Memo EDF Serial N-SA-OOL%. These reguire-
ments were analyzed and Memo No. 7978:70:0002, dated 1 July 1970, "SNAP-8
12 Tube Boiler (BRDC #5) Design for Revised System State Point Conditions"
by’E.S-Chalpin/A.J.Sellers was published which identified tﬁe performance map
for high and low NaK schedule as well as the basic configuration (see
Appendix A). The design was approved by Systems Management in Memo ﬁb.
79?2:70:0071, dated 6 July 1970 "Compatibility of Boiler Design Configurations
for PCS-G" by R.G.Geimer.

The "3" configuration, double-containment, bare refractory
(tantalum) mercury containment tubes with swirl wire inserts was approved
by NASA in thelr letter No. 5211, dated 12 June 1970, "SNAP-8 PCS-G Boiler
Design Contract NAS 3-13458" by M.J.Seari, Chief, SNAP-8 Project Office.
In this letter he approved the 13-tube configuration. However, further
anaiyses subsequent to the date of his letter indicated that the 12-tube
concept resulted in a more compact co-gxial design with acceptable

performance.
- B. OVERALL BOILER DESIGN

The boiler was designed for an effective boiler length of 21 feet
from the flowing M¥aK inlet to the flowing MK outlet, as shown in Draﬁing
No. 1268600 (Figure 1). fThe two radii of the "S" shape boiler are identical
at 25 inches. The NakK shell is 7.625 inches outside dismeter with a 0.120 inch
wvall, made of 316SS. The shell will be made in two halves and welded along
the centerline perpendicular to the plane of the "8". The flowing Nak
menifolds (tees) will also be made in two halves, welded along their center-

lines parallel to the plane of the 3 inch port.-

The tube bundle will be spaced in an annular array, co-axial with

a 3.5 inch central tube which will be evacuated and sealed.

Specers for holding the 12 tubes and the central tube concentric
with the outside shell will be placed throughout the hoiler.

Turbulator wires around the central tube and along the inside
diameter of the shell will be installed for 10 feet in the boiler, ending at
the NaK outlet tee.



The boiler support configuration for PCS can be seen in
Figure 5.

The overall design described above and the detail descriptions
to foilow have incorporated fhe best design features of previous boilers plus
design considerations to minimize circumferential and axial thermal gradien@s

at the mercury inlet end.

C. MERCU%Y INLET SECTION

The inlet header is-shown in Figure 1l as a centrally-located
axial entry configﬁraﬁion. A coextruded, tantalum-to-type 31688 bimeti
tube transition joint identical in size and length to that successfully used in .
BRDC Boiler #: for 1600 hours and 28 starts is shown. Emé bimetal tube is -
1.25 inches 0Q.D. by .750 inches I.D. which includes & .150‘inch'wall of Type 31688
metallurgicelly bonded to & .100-inéh wall of tentalum. The tube is Electron Beam
(EB) welded to the stainless steel end cap. The total effective length of the

transition joint bond is 8 inches.

The evacuated annular insulator between the tantalum dome and the
shell reducef is designed for thermal manggement. The phencmenon of inducea
convective patterns, wherein the colder NaK surrounding the tantalum tiubes
sinks due to gravity effects, has heen a persistent probleﬁ in all boilers
tested to date. The design minimizes this effect by the use of the "honey
camb" stricture in the area between the stainless steel header and the tantalum
header.

The 12 tantalum tubes are spaced on a 5.625 inch bolt circle such
that the oval static NaX tubes surrounding them downstream have a more distri-
buted WeK flow around them. The tantalum tubes are welded into the tantalum
header in the same manner as BRDC Boilers #1, 2, 3 and 4. The orifices shown
at the entrence of the tantalum tu%es are bored to .050 inches dismeter and
were calculated to ﬁroduce a pressure drop of 128 psid at full flow conditions.
The pressure drop versus flow for the orifice, added to the pressure ﬁrop
versus flow for the remipder of the boiler is calculated to ensure a positive
slop throughout all phases of the startup and steédy-state operation of the
boiler. This was a.requirement of the SNAP-8 system to preclude problems in

contrel and reactor operation.
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The tantalum plugs placed in the tantalum tubes downstream of
the orifices are 2.7 feet long. Sixteen equally spaced helical grooves
are cut along the length of the plugs at a 6 inch pitch. Circumferential
annuli are cut at ten inch intervals along theilr lengths to ensure a
redistribution of mercury flow, should a helieal groove become blocked or

not perform properly.

The- tantalum tube is swaged onto the tantalum plug. Seventeen
plugs mgde as spares for BRDC #1 are to be cut fram four feet to the required
2.;7 feet for this boiler. The swaged plug assemblies and the orifices will
be flowed with water to determlne the mctual pressure drop through each, as
was done for BRDC #&.

Zireonium.fodl 4s -shown:in the- taﬂ%&lm:dmezma. Zirconium was
found to be an excellent "hot getter” for dissolved gases &nd.carbon in the
static NeX as-evidenced by the: analysis of- BRIC Boiler #L and 2 following test.

The boiler shell ig shown expanded radially in the area between the
stainless steel header and the tantalum header. This is to allow for the
vacuum chember within the shell. The purpose and value of the vacuum insulator
is discussed later i:n this report. Another vacuum chamber shown abutted to the

stainless steel header is 8lso discussed.

The joint between the tantalum dome and the bi-métal tube will be
EB welded in the same manner as BRDC #4.

D. TNAK INLET AWD OUTLET MANIFOLDS

) The WaK inlet and outlet menifolds or tees are designed as colliector
rings which surround twelve (12) 1.25 inch diameter holes spaced between
mercury tubes and drilled into the 7.625 inch 0.D. fiowing MaK shell. The
tees are forged in two parts and welded in the plene of the 3 lnch port.

The two predominant reasons for the manifold des‘ign are the better
distribution of heat in the eritical zones where previous shell failures have
cecurred and the better mixing of the NaK entering and leaving the boilelr-

The acceptability of the design was borne out by plastic model tests with water
as well as the results of Boller #4+ tests.
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Mixing of the NaK leaving the boiler will also result in a
better measurement of the NaK mixed-mean temperature which is essential

to cbtain good thermal performsnce data.
E. TANTALUM TUBE BUNDLE AND STATIC NaK TUEES

The twelve (12) tantelum tubes are of egual 21 foot lengths.
They are not coiled along thelr lengths as in earlier boilers which
‘were coiled to obtain equal length t}lhes. BRDC Boiler #t was not coiled either
and its performance was excellent. The tantalum tubes are .75 inch 0.D. by
.c4o inch wall (the same as Boiler #4).

The tantalum tubes are placed in their respective Type 32185 oval
static NaK tubes. The tantalum tube must then be held against the side of the
oval tube such that it is at the greatest radius in both halves of the "8
shape. This means that the tantalum tube must cross over : in the straight mid-
seetion of the "S" (See Figure 1). Since the coefficient of thermal expansion
for the stainless steel oval tube is more than twice that of the tantalum tube,
the oval tube will grow outward or to a larger diemeter relative fto the tantalum
tube. Consequently, no loading will be experienced between the two metals as the

boiler heats up and cools dovwn.

Seven (7) lattice-type spacer assemblies hold the tubes in their

proper positions relative to the evacuated center tube and the NeK shell.

A .125 inch diameter wire with a pitch ©of 6 inches is wound on the
center tube for 10 feet, starting at the merecury inlet, prior to installation
of the 12 tantalum tubes and stainless steel static NaK tubes. Another wire
of the same dismeter, pitch end length is wound on the oﬁtsi&e of the 12 tubes
counter-rotational to the wire on the center tube. The purpose of these wires
is to promote mixing of the flowing NaX in the area of the boiler where the
greatest amount of heat transfer occurs. The adeguacy of thie configuration
was vividly demonstrated by using a full scale plastic model of the boiler
through which dye was injected in flowing water. The test also confirmed the

calculalions of the flowing HaK side pressure drop.

4 cofled 90% tantalum-10% tungsten (90Ta-1OW) .062 diameter wire with
a 2 inch pitch was placed downstream of the plug for the remaining length of the
tantalum tubes. The purpose of the wire is to maintain a céntrifugal field for
merceury droplets in the vapor such tlat the droplets would contaet the hot
tantalum tube walls, vaporize and thus "dry out" the mercury vapor before it leaves
the boiler.



F. BVACUATED CENTER TUEE

The 3.5 inch 0.D. by .120 inch wall center tube runs the full
length of the boiler. It is bent into shape, evacuated to 10'h Torr and
gealed. This tube was placed in the center of-the annular array of mercury
tubes to decrease the free flow area of the flowing MK which in turn
increased the NaK velocity to 3.4 feet per second, thus -assuring turbulent

flow {Reynolds number of 110,000) and subsequent good heat transfer.
G. MERCURY OUTLET SECTION

The mercury outlet, like the inlet, is a centrally located axial
discharge configuration. A coextruded tantalum-to-type 31685 bimetal tube
transition joint, ddentieal in size and length to that successfully used in
BRDC Boiler #4 for 1600 hours and 28 starts is shown in Figure 1. The tube
is 2.26 inches 0.D. by 1.76 inches I.D- which includes a.,150 inch wall of -
Type 316SS metallurgically bonded to a .100 inch wall of tantelum. The tube
is Electron Beam (EB) welded to the stainless steel end cap. The total effective
length of the transition joint bond is 8 inches, the same as the mercury inlet
Joint. Zirconium foll is located in the static WaK area surrounding the

bimetal joint for "hot gettering" dissolved gases and carbon.

ITT. DROILER PERFORMANCE EVALUATTON

Technical Memorandum 4921:68:550, "SNAP-8 Boiler Development Evaluation
of 8B=l Boiler Test Results and Proposed Design Modifications" (Reference c),
by A.J.Bellers, is an analysis of the l/Tth scale boiler and was applicable
to the BRDC # boiler design. This technical memorandum was the basis used for
determining many of the design aspects, especially as related to performance.
The scundness of the analysis was borne out by the excellent performancg of
BRDC #4 during its tests in PCS-1l over a wide range of operating conditions

(see -Reference d).

As a matter of fack, BRDC #¥ was the most stable boiler designed, fabricated
and tested in the SNAP-8 program to date.

BRDC #5 boller was designed using the same criteria as BRDC # except that
the excess superheat length normally added to the boller on previous designs
was not added to BRDC #5. This wes not done for two reasons - one being that
its addition did not improve the performance of BRDC # appreciably and
secondly, the envelope restrietions of the PCS precluded the addition of the

extra length.



Appendix A shows the performance map and criiteris computed for the
high and low WaK schedule ag well as the basie configuration of the
BRDC #5 boiler.

Iv. BOILER THERMAL ANALYSIS

Appendix B shows the results of the various design approaches to
the mercury inlet section for the startup transient and steady-state comditions.

The analyses were concerned with the following eriteria:

. The inlet dcame mercury volume should be as smell ag possible
to minimize the time to fill during startup, yet not he so small that
mercury boiling and flashing in the dome causes such a high back preésure
on the mercury pump that startup becomes iﬁpossible. This can oeccur since
the boiler is preheated to the NaK inlet temperature prior to mercury

injection.

. No thermal gradients in any of the materials should be so high
as to canse thermal stresses which exceed the allowable strength of the

materials during the transient and steady-state operating conditions.

. Natural convection currents in the static NaK should be suppressed
or destroyed such that circumferential thermal gradients are minimized. The
analysis of the BRDC #4 design assumed the thermal gradients were caused by
forced convection. As & result, a close fitting baffie, was pldced in the
flowing NaK ares. However, the clrcumferential gradient remained essentially
the same as BRDC #2. Figure 2 compares the various designs of boilers and

lists the changes made to each in an effort to solve the problem.

However, it became evident as the design evolved, that the thermal
gradients. in the dome were too severe for a thick, flat dome which held the
mercury volume to & minimum. A thinner, fairly flat dcme was unacceptable
from & pressure stress standpoint. It was determined thet a hemispherical
head was the least'stressed but 1t alsc resulted in an unacceptably large
mercury volume. An ellipsoldal dome proved to be the most acceplable as Lo
stress, size and mercury volume. This configuration was analyzed for the
trensient and steady-state conditions. At the same time, the mercury inlet
steady-state temperature was decreased from 420°F to 3500F, in keeping with
the latest change dictated by the chenge from the 4-stage turbine to the dual

multi-stage reactlon turbine concept.
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The vacuum chamber between the gtainless steel header and the tantalum
header was found to be a2 requirement to reduce the thermal gradient across

the stainless steel header.

~ The vacuum chamber between the tantalum dome and the NaK shell was
required to reduce the thermal gradient in the shell and in the area adjacent
to the end of the NaX outlet manifold. The static NaK volume in-this area
was reduced to a minimum to decrease the available heat to the cold mercury

during startup, thus reducing the thermal shock of the materials.

' The compartmentalization ( "honey-combing") of the area around each tantalum
tube between the stainless steel header and the tantalum header is an approach
designed Fo minimize the natural convection of the statlc NaK as the colder
mercury flows through the tantaluym tubes. The NaK outlet manlfold was placed
around this area to further reduce the natural convection by supplying heat
over the whole ‘circumference. These approaches were not employed in the BRDC #2
and # boilers.

" An analysis of the netural convection phenomenon in liquid metals can be
seen in Appendix B. It should be poinied out that there is very little informa-
tion available on natural convection of liquid metals with the tubes-in-shell

configuration described herein.

The thermal maps shown in Abpendix B were then submitted to the Stress Group
so that the maximum stresses could be computed throughout the startup and

.steady-state operation.

V. . HYDRAULIC ANAI¥SES

A, MERCURY INLET ORTFICE PRESSURE DROP

ihe.available boiler inlet pressure from the mercury pump must not
he exceeded and fthe minimum pressure to the turbine must be met. Wﬁth these
defined, the total pressure drop sllowable acrcss the boller can be determined.
The pressure drop across the boiler (without inlet orifices) is positive
with flows up to approximately 5,000 1bs. per hdur and then goes negative fram
there to full flow. This can cause system perturbations that are undesirable,

especially for the reactor.
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The Ppressure drop through the short tube orifices upstream of
the plugs rises as & sgquare: function as flow increases to normal operating
conditions. Therefore, by choosing an orifice of the proper size (the sum
of its pressure drop and the pressure drop of the remainder of the boiler)
a positive slope of pressure drop versus flow can be attained throughout
the boiler transient and at steady-state operation. The orifice size was
calculated to be .050 inches dismeter. The exact pressure drop versus
flow curve desired was planned to be cbiained by chamfering the orifice inlet,
testing in water and then slightly rounding the inlet to achieve the proper

curve.

Appendix C shows the caleculations made by G.L.Lombard to determine the
proper orifice shape and pressure drop. It is worthy to note that the
determination of boiler pressure drop for past boller designs was computed
and then checked by building and testing single tube models in facilities
such as the l/Tth scale l1oop. The correlation of design and test data for
those earlier programs, plus testing of the BROC # at very low flows
(2500 1bs. per hr.) were used in designing BRDC #5 without the expensive and
time-consuming methods employed previously. The new analytical method can

be used on all future boiler designs as well.
B. TANTALUM PLUG SECTION PRESSURE DROP

The calculations to determine the tantalum plug pressure drop and
its .design 1enéth can be seen in Appendix A. Its relationship tc the orifice
pressure drop and the boiler overall pressure drop can be seen in Appendix C.
The design length was calculaeted to be 2.7 feet. Thérg are currently iT plugs
in stores that were made originally for two: more boilers to the BRDC #4 design
(4 feet long). However, a design change in the PCS ° from & conieal shape to
a parallelepiped shape and the changes in liquid metals temperatures, pressures
and flows dictated that the coiled, 7 tube boiler design would have to be
changed to the "S" shape 12 tube boiler design. Therefore, a minimum of 12
of the 17 maechined plugs will be remachined to the 2.7 foot length. They
will then be swaged into thelr respective tantalum tubes and tested with water
to determine the pressure drop cf each. The swaged plug assenblies of BRDC #4
were tested in this menner and found to vary from 49 to 63 psid. Knowing
each swaged plug assembly and each orifice pressure drop, they ean be matched
for the best comblnation for a more balanced .overall boller assembly.

-12-



Figure 3 is a sketch of the typical water flow pattern leaving
the plug section. It shows the helical, cone shaped swirl produced by the

plug.

C. ©NaK SIDE OVERALL: PRESSURE DROP.

An intermediate NaK loop side pressure drop analysis was
performed for the boller in the manner shown in Appendix D. The PCS~
system requirement called for a maximum allowable pressure drop of 3.0 psid.
The calculations showed that the totel pressure drop would be .50 psid
at the steady-state operating conditions.

Water testing of the boiler plastic model corroborated the
ealculations as & similar test did for BRDC #4. The testing of BRDC #
in PCE~1 with NaK elso agreed with the ecaleculations and water test. It
is concluded that BRDC #5 testing in PCS-L will be in agreement also.

VI. WEIGHT ANALYSIS OF THE BOILER

The wet and dry boiler weight analysis can be seen in Appendix E. To
sumnarize, the dry weight was calculated to be 833 pounds and the wet weight
was calculated to bhe 1030 pounds.

The weight of static NaK was determined to be 39.3 pounds at ambient
tepperature. A typleal design of a volume canpensator reservolr to compen-
sate for the expansion o the NaK through the thermal excursions of the

bvoiler can be seen in Figure k.

The conceptual design of the method of mounting the boiler based on
the weights above as well as the thermel growth of the boller can be seen

in Figure 5.

VII. MATERTALS AWALYSES

A. RESULTS OF TANTALUM~-TO-STAINLESS STEEL BIMRTAL TUBE TRANSITION JOINT
TEST AND INSPECTION "BROGRAM

Typical bimetal tubgctransition'joints used dn BRDC # and planhed
for BRIC #5 wege ultragonicelly inspeetéd at ANSC.and at Westingheuse. Agreement was
reached as to\the best method of inspection. Some disagreement was found in
the inspection ;esults of one of the samples. Indications of debonding was
noted at ANSC but no indications were noted at Westinghouse. This sample was
sectioned at Westinghouse and no debonding was fourd. The reason for the

evident disecrepancy in the ANSC results 1s being investigated.
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It was reported by the ANSC Materials Group tiet the thermal
cycling tests of representative bimetal tubes indicated that debonding
is not & problem. However, it was reported that a 7% décrease in inside
diameter of these bimetal tubes occurred during test. It is assumed that
the wide difference in expansion coefficients of the tantalum (h.lx10~6 in./in.)
and the Type 316 stainless steel (10.7;;10‘6 in./in.), the difference in their
vield strengths aund relaxation of the residual fabrication stresses caused
the change in diameter. The amount of change in diameter does not appear to be

of a significance to affsct boiler performance.
Appendix F deseribes the above test and inspection programs.
B. RESULTS OF TANTALUM PROFPERTIES TEST PROGRAM

The tantalum properties test program was directed by the NASA-LeRC
Materials Lab. Extensive work was done in connection with the deaign of
BRDC #4. Welded and non-welded tentalum was investigated. Phase I tests
for low cyele fatigue at 600°F and llOOOF, were completed, followed by °
Phase IT testing at 1350°F. <{not! conmpieted to date)+: Rebuitss indicetedi that

tentalum is an éxcellént maﬁﬁiiéi;for mereary contﬁinment in boilers.
C. MATERTALS ANALYSES RESULTS OF PREVIOUS BOILERS
Boilers #l, 2, 3, 4 and 5 all contein the same materials, namely:

1. Type 31638 for the NaX shell, headers, turbulator wire,

spacers and center tube.
2. Type 32188 for the static NaK tubes
3 Zirconium for the "hot getter.”
4. Tantalum for the mercury containment parts.

5. Tgntalum - 10% tungsten (Te-10W ) swirl wire in the tentalum
tubes.

Reference (&) is & report on the materials analyses of BRDC #1
performed by the General Electric Co. No materials problems were noted in
this boiler after 15,25b :héurs of steady-state operstion.

Reference (f) is a report on the materials analyses of BRDC #2
performed by ANSC. Other than cracking and failure of the Ta-1(W wire {due
£0 hydrogen embrittlement(); some ‘erobdion: of aiteitalum tube caused by *talus

the flow' of “prifry NaK thrtigh a crack im tHe statie NeK tube  F Wl “uis
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(due to excessive thermal stress), and cracking of the shell at the
NaK outlet port (again due to excessive thermal stress), the boiler materials

were found to be accepteble for future boller designs.

An excellent analysis of mass transfer deposition throughout the

boiler trantalum tubing can also be seen in Reference (%&. It was concluded that
mags transfer depositidon would not be a problem in the PCS.

VIII. OVERALL BOILER STRESS ANALYSES

A. BOILER OFERATING CRITERIA FOR STRESS ANALYSES

Appendix G itemizes the operating eriteris of the boiler for
sﬁress analyses. The criteria define the transient, steady-state and maximum
conditions for the flowing KeK side, the mercury side and the static NaK side.
The expected interface loads were also defined.

B. E-11401 COMPUTER STRESS ANALYSIS INPUTS

Also ineluded in Appendix G is 2 table of the inputs used 'in the
E-11401 Computer Code for calculating the stresses 'in the boiler. Pﬁrticular
emphasis was placed on the mercury inlet configuration where the most severe

pressure and, thermal transients ocecur.
C. BOILER STRESS AWALYSIS RESULTS

The following areas were stress analyzed in detail using the

eriteria for pressure and temperature noted above:
1. NaK shell
2. Static NeK tubes

Center vacuum tube

= W

Steinless steel inlet header
Stainless steel tees

Stainless steel vacuun insulstors
Mereury inlet,secfion

. Overall bhoiler stresses with mountings recommended “by PCS-;

O o =1 O W

Mercury outlet Becﬁion
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Appendix G contains the work done in the above areas. All
boiler stresses for the most severe conditions were caleulated using
the structural design criteria recommended in Reference {g). The
gpproach and methods of analyses included the use of the finite element
computer program E-11401L for the mercury inlet and outlet. These areas

have axisymmetrical geometry and loading directly suited for application of
this program. '

The shell, tubes, stainless steel header tees and the vacuum

insulators were hand calculated.

Thermal fatigue analyses employed the Manson egquation and the
computer output, vhere appliesble. - Thermal ratcheting was alsoc considered.

The bimetal cosxtruded mercury inlet and outlet tubes were
analyzed and compered to the values cbtained when BRDC #4 was designed
since the same size and length of tubes were used in BRDC #5.

The resulits of the boiler mounting analyses are shown in Appendix G.
The piping flexibility analysis computer code MEC-21 was used. Tigure 5
shows the recommended boller mounting for PCS.” It will be noted that'
the boiler is shown "eold sprung' such that the boiler stresses will be

a minimum when steady state operation is resached.

IX. FATLURE MODES AND EFFECTS ANALYSIS

Appendix H itemizes the failure modes experienced on previous -bollers
or exﬁected failure modes, the probable causes, effects on the boiler and
the system, the probability of each occurrence and the criticality of each

failure.

All of the failure modes occurred on all boilers to date with the
exception of the BRDC # boiler which experienced oaly one. This boiler
became deconditl oned during the start of testing due to oil contamination
from the mercury ioop. However, the boller conditioned fully after cont;nued
operation.

X. DESIGN REVIEW CHECK LIST

The Design Review Check List, Appendix I, is an integral part of the
design review documentation package as requlred by Power Systems Division
Procedure I-A6C. All items pertinent to the boiler were considered during
the design phase.

-16=



XI. CLOSING REMARKS

Many problems have been in evidence with past boiler designs.
Particular emphasis was placed on the resolutions of these prcoblems during
the design of BRDC Boiler No. 5 as noted below:

A.  THERMAT, STRATIFICATION OF THE INTERMEDIATE LOOP NaX FLOW

Manifolds or tees were -incorporated with radiel holes in the
shell to provide more complete mixing of the NaX when entering and
leaving the boiler. A turbulator wire was coiled around the center tube
counter-rotational to the wire around the tube bundle for the 10 feet
preceding the NeK exit. Water and dye tests on o plastie model of the hoiler
confirmed the efficacy of the design.

B. TANTALUM-to-STAINLESS STEEL JOINT RELIABILITY

Coextrﬁﬁed tubing of tantalum and stainless steel with an
effective length of 8 inches for the mercury inlet and outlet was proven
to be & relisble transition joint in BRDC #%. The same sizes and length
of tubing were used on BRDC #5.

C. MERCURY-~to-INTERMEDTATE ¥aK LOOP LEAKAGE CAUSING MAJOR
CONTAMINATION OF THE NaK LOOP

Static NaK tubing surrounding the mercury tubes as a double contain-
ment festure was employed in the same manner as BRDC #1, 2, 3 and U4 boilers.

D. DIFFERFNTTIAL EXPANSION BETWEEN THE TANTALUM AND STATNLESS STEEL

The same concept of oval static NaK tubes surrounding the tantalum
tubes for thermal growth allowances was used on BRDC #5 as was used on
BRDC #1, 2, 3 and 4.

E. NEGATIVE SLOFE MERCURY PRESSURE DROP VERSUS FLOW

ﬁesign of the merecury inlet orifices to result in a positive slope
of the mercury pressure drop versus flow was 1ncorporéted in this design.
A1l previous bollers had & negative slope.

-17-



F. NATURAL CONVECTION OF STATIC NaK AT MERCURY INLET

Compertmentalization of areas around the tantalum tubes
at the mercury inlet and the surrounding of this area with the Nak
outlet tee will effectively diminish or 'destroy the natural convection

currents which caused circumferential thermal gradients on all previous
boilers.

G. HIGH AXTAT THERMAL GRADIENTS IN THE SHELL AT THE
MERCURY INLET

Vacuum insulators were placed between the stainless steel
header and +the tantalum header as well as the érea surrounding the

tantalum dome. The stetic NaK volume around the tantalum header was
alsc reduced for the same reason.
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BRDC MERCURY INLET DESIGN EVALUATIONS
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GROUND RULES, DESIGN APPROACH AND PROGRAM PLAN
FOR
BRDC BOILER #5

1. SCOPE.- The design of the BRDC Boiler #5 shall be based on the salient features
of BRDC Boilers #2 and #4, and the analytical results of siress, thermodypamies and
materials. It shall incorporate double-containmment, tantalum as the mercury contain-
ment materiasls, swirl wire downgtream of the tantalum plug, tantalum/stainless steel
bimetal transition joints, twelve (12) mercury tubes and of an "8" configuration.
This design scope is based on the recommendations of M. J. Ssari, Chief, NASA SNAP-8
Project Office in his letter to Dr. W. F. Banks, subject "SNAP-8 PCS-G Boiler Design
Contract NAS 3-13458," dated 12 June 1970-

2. BOILER DESIGN APPROACH.-

A. Yhermal - As itemized in Memo 7978:70: 0002, E.S.Chalpin/A-J .Sellers, Subject
"SNAP-8 12 Tube Boiler (BRDC #5) Design for Revised System State Point Conditions,”
dated 1 July 1970. This was corroborated by R.G.Geimer, Systems Menagement, in
Memo 7992:70:0071, subject "Compatibility of Boiler Design Configuratioms for PCS-G,"
dated 6 July 1970. )

B. Mechanical - See Memo 7978:70:0002 above.

C. Stress - As itemized in Memo 7978:70:0003, E.S.Chalpin to Dr. W-Weleff/H-Derow,
Subject "BRIC Boiler #5 Operating Criteria for Stress Analyses," dated 6 July 1970.
The method of approach will be as itemized in Memo 79T74:70:0047 (File: SS1C20),
W.Weleff to H.Derow, subject "Boiler #5 Critical Areas," dated 10 July 1970.

D. Materials -~ This shall incluvde a review of the post-test inspection of
BRDC #1. and #2 noted in Memo 7978:70:0001, E.5.Chalpin to U.A-Pineda, Subject
"Post-Test Materials Analyses of BRDC Boilers Numbers 1 and 2," dated 22 June 1970,
dimensional inspection and metallurgical evaluation of the low cyele fatigue
exposure tests of bimetal sleeves and Memo T972:70:0075 (File: 2104)e H.Bleil to
H.Derow, subject "Metallographic Examination of E.B.Welded Tantalum,” dated 2 July 1970.

3. FPROGRAM PLAN.-

As itemized in PMR book, Ident. Code: 6-1.1.% Detail (July 1970). A plastic
model of the boiler design will be fabricated and tested as noted in Memo 7990-70-0011-9,
from A.H.Kreeger to M.J.Saari, subject "Additional Authorized Work," dated 6 July 1970.

A fina} design review is planned for 23 October 1970 and will include all of the
foregoing anelyses as well as a complete set of reproducible drawings to be delivered
to NASA-LeRC for fabrication of the boiler.



AEROJET NUCLEAR SYSTEMS COMPANY

POWER" SYSTEMS OPERATIONS DATE: 1 July 1970
7978:70:0002 tmrs
MEMORANDUM Bldg.160/X5522
TO: Distribution
FROM: E. S. Chelpin/A.J.Sellers
SUBJECT: SNAP-8 12 Tube Boiler (BRDC #5) Design for

Revised System State Point Conditions

COPIES TO: W.F.Banks, R.Chesworth, H.Derow, C.Hawk, J.Hodgson, A.Kreeger,
G.Lombard, L.Lopez, U.A.Pineda, R.W.Marshall, Jr., L.Breindel

REFERENCES: (1) "BODEPE - IBM 360 Computer Code for SNAP-8 Boiler Heat
and Momentum Transfer Anelysis,” TM 4921:68-551, Oct. 1968.
(2) "PCS-G State Point Conditions - Revision Date 4/21/70,"
EDF Seriasl N. SAoblh

ENCLOSURES: Table I - SNAP-8 PCS-G BRDG #5, Boiler Design Specifications
end Opersting Parameters
Fig. 1 - SNAP-8 PCS-G BRDC #5, BODEPE Temperature and
Pressure Profilles

This memo presents the summary of the bare refractory double contained

12 tube beoiler design analysis., Per NASA«LeRC direction (5-19-70) , Tthe mercury
flow containment in the oval/roimd SS-Te.tube assembly with a multipessage plug
insert (MPP) and swirl wire (SW) internal geometry was assumed to be identical

to that of BRIC #. To meet the revised P(S-G state point conditions {Reference 2)
the tube count was increased 'from 7 to 12. Lower boller operating pressure level
and pressure drop, and increased mercury flow rate were reasons for -the increase in
the tube count.

Relatively good agreement between the BODEPE code design predictions and
the test results of the S5B-2, SF-1A and BRDC #4 boilers is the basis for the new
hoiler design approach. The heat and momentum transfer correlations used in this
analysis are those established from the wetting and non-wetting two-phase flow
models in & helical flow passage (Reference 1).

The summary of the thermal design analysis is presented in Table I. It
specifies the assumed boiler cross section geometry and the calculated boiler MPFP
and tobal length reguirements for low NaK inlet temperature schedule as well as
the boiler operating thermgl and dynamic. parameters.for _the prescribed PCS-G
systems state polnt cogditlona. Figure-lL.shows the:gxaphicsl.ipheppretation of
the predicted boiler performance characteristics at low a.nd high XX inlet temperatures.

'ﬁféég Chalpin, Supervisor

Mechanlical Design Group
Design Engineering Section
Engineering Department

/i?g . Sellers

Analytical Desipgn Group
Design Englneering Section
Fngineering Department
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TABLE Y

7978:70: 0002 s mrs
" Fage 1 of 2

SHAP-§  FCS-G_ BRDC Ne. 5

BOYLER DESICH

SEECIFTCATIONS AND OPEEATING PARAITRTERS

Dezign Concept s
Boilex Typa:

Design Confipuratien:
Kumber of Hf} Tubes
Hg Contzinment:

TH Tube
*Oval -32185 Tube:

Effective NP Lengths -

Number of Helical
MPP Flow Famsages:

1PP Flow Pass. Piteh:

‘MECHANICAL

' MPP Flow Pussame Crossection

Suirl Wire:
MeX Shell Tube:
Length-Centerliine to

Centerline of "akK.Tnlet

and Cmtlet’

¥Onee Througn” rereury vrihegt,
boiling ernd suverhkeat

Ferallel commuerfloy [2K-Tc-TI ot
exchanger

Perallel tute Pundle-rr~Tdbs

12

In round 1. tube contained in

oval 32188 tube with stagnent Xz2K
in annvlsr space.

s750" 0D x .049 wall
B350 21 L5t w389 wall
2.7 Ft., Tentalum . .

16
&" ,‘,1 :L&,E.:—i
_E}’L 32

DA0 R.

062" Dia, x 2" Pitch. 9C% To-10%
T£25" OD x 120" Wall, 31488

21.5 Fte.



TABLE I (continued) Rt oMt
'‘Page @ of 2
7973+ TO0082 tmrs
Boiler Crossection: S'éé""";able I
Effective Boiler Length: 21.5 P&,
THERMAT -
Bim - Dimen . Nak Inlet m. Sg
(tem Parameter bel sien _ T
L.  Nak Flow Rate W, LBAR 57148" T8
>,  NaX Inlet Temp. Tod - %p 1185 ey
3.  WaK Temp. Drep AT, B 170 167
4. NeX Pressure Drop P, I -~ 3 8
5.  HG Flew Fate Ve LB/HR 13775~ 13600 .
5. HG Exit Pressure o " PSIA 1148 147
7.  HG Exit Temp. Toe | F 1165 1190
M O,
3. HG Inlet Temp. Tl 0 T 420 420
3.  HG Vapor Region Pres. Drop AP, . PSL 38 - 46,
0.  HG Flow Restr.Pres. Drop APy PSIT 143 140
i.  HG Inlet Pressure PHbj‘_' PSTA .‘-‘:325.‘“ ,?;33
2 Pinch Point manp'. Diff. ATPP °p 38 L
3. Terminal MNaK-To-HG T ATt Op 20 .22
k. Vapor Suﬁerheat ' & To Op 197 '-‘?:.;211'1
5.  Mean Preheat Flux §", B/ERET - 188165 315553,
5.  Mean MPP Boiling Flux EXT I " lge3y T12g2
7.  Mean SW Boiling Flux - " 57921 63338
3. Mean Superheat Flux ] "SH " 51'1§, - 5707 -
T .

J. Boiling Termination Point LlOO P A15% 13.4
0. MPP Vepor Exit Quality o, % 12 18
L. Thermal Power Req'd. | & KW 600 598,
2. External Power Loss (Assumed) R " 5 5
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AEROJET NUCLEAR SYSTEMS COMBANY
Power Systems Operations
TO: E. 8. Chalpin DATE 6 July 1970
RGG:mhm: 79922 TO: GOTL
FROM: R. G. GEj:mer
 SUBJECT: Compatibility of Boiler Design Confilgurations for PCS-G
COPIES TO: ANSC-Azusa: WF Banks, B sreindel, CE Hawk, JN Hodgson, AH Kreeger,

GL Lombard, LP Lopez, RG Geimer, RW Marshall, JH Noble,
: AJ Bellers, File
ANSC-Cleveland: WL ‘Snapp

NASA-LeRC: - ER Furmap, HG Hurrell, AW Nice, MJ Saari, A Stromguist,

GM Thur
NASA-Plum Brook: IM Entrikin
NASA-Hes -FR Miller

NAVPLANTREP: DE.Blasco

Reference: {a) Memo T992:70:0068 from K@, Gelmer to Distribution, dtd 1 July

1870, Subj: PCS-G State-Point Conditions - Revision Date
26 June 1970

(b) Memo TOT3:70:0007 from ES Chalpin/AJ Sellers to Distribution,
dtd 27 May 1970, Subj: SNAP-8:13 Tube Boiler (BRDC No. 5)
Deslgns for Revised Sta.te—Point Conditions

(¢) . Memo T96L:T70:0567 from CE Hawk-to Distribution, dtd 22 June
1970, Subj: 18 June 1970 Preliminary Conceptual.Deslgn
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The FCS-G stebe-point conditions presented in Reference (&) are based on
the boiler design cdlculations for the 13 tube configuration, as contalined In
Table I of Reference (k). The results of the boller design review, per
Reference (c), indicated that a 12 tube configuration should also be evaluated
before a final configuration is selected for POS-G. - Ap action item from
Reference (c¢) requested that the Systems Group evaeluate the acceptability of
the 12 tube configuration. A performance evaluation of the 12 tube, configura-
tion was conducted, based on the following preliminary deslgn point information
from Mr. A. J. Sellerss

_ 0,
Thek tn = W185F
AP, .- 32 pet

— o -
a T_1_3:I.nc'n point ~ B°F
= on°
A’Tt‘.e.-:r'mimsﬁl. temp. 20°F

The results of the evalua.tion by the Systems Group are presented below,
along with the design conditions for the 13 tube .configuration.



E. S. Chalpin - 6 July 1970

RGG:mhms 799227020071

13 tube config.

12 tube conflg.

Wit (1b/hr) 57050 57050
T in (°F) 1185 1185
vapor (psi) 32 26
AI'Ipinch polint (OF) 30 bh
AT e rminel temp. " (°F) 20 2 |
Wiz vapor (1b/hz) 13775 13775
Pboiler out ) (ﬁsia) 146 145

A comparison of the above results shows that, although some variations
exist in the boiler opersting characteristics, the interface conditlons remain
esgentially unchanged. Therefore, if the 12 tube configuration is adopted In
the fubure, there wlll be no &ignificant changes in system state-polnt condi-
tions, but boiler operating characteristics would be reflected in a state-polnt

revisione.

b doten

R. G« Gelmer
Systems Mansgement

SNAP-8 Systems -and Test

SWAP-8 Program
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- INTRODUCTI O

The purpose of this memorandum is to present the boiler mercury.inlet end
thermal design analysis. Because of relatively very high temperature
difference bebween the primary NaK flow exit temperature (F 1210 to 1045 F
and the mercury inlet temperature (T 80 to 420°F) durlngothe startup, the
boiler mercury inlet end: structural HEements are exposed to severs thermal
transient gredients. One can also visualize that under the steady-state
operatlng conditions there is a 51gn1flcant temperature difference

{ 1045 - 420 = 625 F) between the NaK exit and mercury inlet ports.
To assureH%ﬁe boiler mercury inlet end structural reliability, the above
temperature conditions have been investigated in a series of different inlet
end-design configurations. The readily available TAP- IBM 360 computer program
was utilized to determine the thermal gradients in the various structural
elements of the boiler duranglstart-up transient .and for the steady-state
operating conditions of the boiler. The following sections describe the
analytical approach, thé results of the gnalysis and the selection of the optimum
mereury inlet end design configuration.

I. THERMAL, TRANSIENT AND STEADY—STATE CONDITIONS I THE BOILER MERCURY
INLET SECTION

The basic mercury intet end design configuration is shown in Flguse 1.
Prior to mercury injection the boller is exposed to NaK flew at T=1210 F. The
forced convection NeX flow region extends up to the stainless steel header where
it exits from the WaK shell tube by means -of 12 radial ports and an annular
menifold arcund the NaK shell. Under these conditions the structural elements
‘as well as the stagnant NeK contained between these structural elements assumes
the flowing NeK temperature when there is no heat loss from the outer surface’
of stagnaent MeK containment shell. - During mercury injection, the mercury flow
and inlet temperature as well as the NaK tempersture are acting as forecing.
funetions in accordance to Reference (b). conditions until the steady-gtate boiler .
operating conditions are establisghed. The .early part of the mercury injection is
-visunalized as immediate mercury vaporization (flashing) on the hot tantalum surfaces
until the buildup of the pressure in the.boiler surpresses the mercury vaporization.
Thereafter, the relatively high availsble capacitance around the tantalum bell
can be the reason for transitional subcooled mercury boiling until the thermal ~
capacitance is consumed and the T wall-to-bulk Hg temperature difference is
reduced to a level cempatible with the forced convection liquid mercury pre-
heating flow regime. ¥Following the capacitance consumption and the final Hg
flow establishment, the boller assumes the performance characierisftics ag
provided in Reference (). , The determination of the temperature distribution
in the boiler Hg inlet end is provided by the following analytical approach.

B-3
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IT. . ANALYTICAL APPROACH

The basic inputs for the hoiler Hg inlet.end therm&l mepping are the
structural geometry and the- time functlons ‘of TNb Hg and Eﬁb respectlvely.
In view of the radial symmetry of the boiler eross-section only 1/éh or a 15
sector was selected to generate ‘the three dimensional R-C network for the thermal
analysis. Readily available TAP-T TBM 360 computer code was utilized for the
analysis. Typical radial and axidl R-C ‘network arrangeménts are shown in
Figure 2 and 3 respectively.- Strictly cenductive heat transfer passages were
assumed through the stagnant NaX volume and structural elements of the geometry.
The heat source. T = ( @ ) in the forced convection region ne to-.the
SS header was coubled a.x:.e.lly to R-C'nétwork by hy = 3000 Btu/hift=-°F, which
is ‘the caleulated NaK side film codefficiént ih 'the boiler proper:’ Simllarly,
TNQO— £. (-0 ) was coupled radlally to R-C network axial layers surrounﬂed by
the annular NaK exit manifold u31ng a conservative = 1000 Bﬁuﬁhf—ft P, Tne
heat sink represented by Hg-flow: rassage volume capacitances was coupled to the o
Ta wall by mercury side £ilm coeff1c1ents of . = 5000, 1000 and 5Q0 Bﬁu/hr«ft “ F
in the plug ingert” region, open tube reglon end“the Heg inlet region up to the
Ta, header respectively. In view of poseible flashing and subeooled film boiling
of mercury, as will be shewn in the following section, these film coefficients
may not be realistic during the early part of.the mercury 1nject10n_period
(6 =0 to 30 sec.). Based on Reference (c) Figure VII-2 plot, the mercury
vaporization at elevated surface-to-saturatlon temperature differences ~
(AT = (T surface - T..,) 320 F) takes-place in thé transition ahd £ilm
boiling regime. Thlss%%lllng regime. is charactgrlzed by relatively low flhm
heat transfer coefficients ( h & 500 Btu/hr-ft - %} .and high tempersture
gradients across the, vapor film. The latter condition implies that: relatively
uhiform Ta chllllng will. take place in-the Ta bell area during the early-part
‘of the mercury injection period. The employment of relatively high-merecury side
Pilm coefficients as indicated earlier during the transition .pericd will, fherefore,
result in conservative (hlgh) thermal gradlents in the structural elements
containihg the stagnant NaK. The assumptlon of strietly conduchtive Heatb transfer
passages through the stagnant NaK volume is based on the conditien that this
volume will be subdivided in relatively small cells in the actual design thus
approaching & solid configuration. The purgose of these cells is to prevent The -
natural convection effects in theestagnant NeK volume. In view. of the relatively
high thermel diffusivity (L.47 £t°/hr) of the NaK the compartmentized NaK volume
can be treated as & solid conducter. Under these conditions s uniform and
symmetric R-C network can be visuslized around the individual Hg tubes between
the 88 and T headers and the Hg inlet passage up to the Ta header. The
vhysical properties of the gtructural materials and working fluids were taken
from the SNAP-8 H-100 Manusl.

Several mercury inlet end design configurations were investigated to
determine the most plausible themmal mep for the boiler startup transient and

steady=state operating conditions. The purpose of this mapping is to identify
the locations of the maximum temperatures gradients in the structural meterials
and to evaluate the most prospective design configuration in the light of allow-
able stresses and overall structural relisbility. To minimize the thermal
gradients in critical areas, the application of vacuum insnlation was considered
in the form of anhular and/or radial stainless steel vacuum cans. Radiant heat
transfer across the vacuum space wae specified assuming the emgissivity of the
shell 8S surface (g = .55) for thé temperature range O to 1210 F.
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ITT. DISCUSSION OF THE RESULTS

The initial results of the analysis are provided in F.Lgure Lk, 1t
representg the basic boiler mercury inlet end design configuration with’
different amnulsr NaK exit manifold locaticns denoted by DES A, B, -C, D, E
and F respectively. The comparison .of the corresponding Nak shell-tube )
temperature profiles ( 6—->9 ) uder steady-state operating conditions
(6,, = 1200 sec.) reveals that relatively severe NaK shell ~tube axigl .
telMPerature gradient occurs at the termingtion point of the annular Na.K exit
manifold. The plot (x----x) referrlng to DES E and F represents the SS header
radial temperature profiles for KWD-1 and 2 respectively. Both (x----x-)
profiles also indicate severe radial therma.l gradients bebtween points
1, 8 3 and 4 and 9, 10, 11 and 12 in the radial plane of XKND=L and 2-respectively.
To minimize.the NeK shell-tube axial therma.l gm.dlent at the MaK exit ma,nifold
termination point, the vacuum insulastion can was placed inside the Nak, shell-
tube, and the NaK exit manifold termination point was located between the
XND = 4 and 5 as shown by the DES. G in Flgure 5. . The NaX exit manifold | |
termination point location as prov:l.ded in the DES G is a compromise consldemtlon-
Firstly, ‘it.ensures & symmetrlc pr:l.ma.ry ek temperature enviromment around the
stagnant MaX volume between the SS and T headers, thus prevemting’ the, stagnant
MaK temperature stratification under adverse’ hea'b input conditions into the
mercury. Secondly, in conjunction with the vaciuum insulation, it reduces the
heat input from the primery NeK into Ta bell mércury volume thus mlﬂlIﬂlZng
the mercury vapor generation during the early part of the mercury injection
period. A complete thermal map of DES G is dépicted in Flgures 5 and 6. for the
88 and Ta struchtural elements of the 'bon.ler- As denoted by (x -— %) plot. in
Figure 5, the meximum axial’ temperature gra.dlent oceurs in the ste.gna.nt MK .
containment tube (SS) during the’ tra.nsient state (65 = 300 sece, AT = 1031 °F/in).
A relatively large temperature gradient’ also results in the sa.me tu‘be o
( AT = 708% /in ) and the SS header (308 °F/in)’ at the steady-state opefrabing
point (@ 1 = 1200 sec. ): To minimize the themmal gradients in the stagnsat NeK
containmenit tube and the SS header ag well, tlie DES G was modified by placing
the vacuum can insulation around “the Ta tubes in the S5 header ares as shown .
in Figure 7 for the DE3 I-I. The redulting temperature profiles of this design are
depicted in Figures 7 and '8 for the 58 and Ta’ structural elements of the boiler
mercury inlet end. The examination ‘of these pro:E'J.les ghows them to be The most
plausible thermal gradients in all the snructure.l elements of this design
configuration. When cons:Ldered in the light of the mercury tube circumferéntial
pitch spacing as specified in the boiler layout (D = 5.65 in) the yaculm
can placement around the tantalum tybes is not posgﬂﬁ_fe because of spacing
limitations unless the Ta tube pitch diameter in the 5SS and Ta header area is
incressed. An alterrste modification of DES G and the associated. tempersture
profiles are shown in Figures 9 and 10 which becomes DES J. This design
incorporates the radisl vacuum insulation can placed on the S5 header face on
the stagnant NaK volume side. The purpose of this vacuum can is to mininmize
the axial and the radiasl temperature gradients. in the stagnant NaK contginment
58 tube and the 85 header. As compared to DES (g the temperature gradien'b reduction
in DES (J) at g and @, are from 1034 to 1028°F/in. and from 757 %o 748°F /1n.
respective}.y. e ccmpe.re.tive e.xia.l A T reduction acrose the §8 header is from
hop to 412°F/in and from 406! to 151+ “F/in respectively. The latter is a signi-
ficant improvement over DES-G. The combined effect of vacuum can placement on
the Ta tubes in the S5 header area and next to the S8 header on the gtagnant
NaK side is shom in Flgure 11 and 12 for the DES K. As compared to DES G, the
effect of the DES K vacuum can placement is the S5 ‘header exial tempera.ture
gradient reduction from 495 to 55°F/in. and from 406 to 34 °p/in. at transient

and steady-state operating conditions respectively.
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The stress analyses of the ftercury inlet dome indicated that the initially
proposed configuration would not meet the stress requ;rements- During the
same periody a decision was,mede to replace the 4 stage turbine with-a
multi-stage reaction turblne. Thls ehange resulted in a decrease of the
steadywstate mercury inlet’ tanperature from 420 B to 350 F. These two -
inputs prompted & redesign of the mereury inlet conflguration- Thid designm
change is shown in Figures 13 and lh CEN

The use of the vacuum cans, the location’ of tﬁe flewing NeX manifold (tee),
etc. remained the same as that noted in DES K. However, the distance between
the tantalum header and the mercury inlet bimetal tube was 1ncreased “to-
accommodate the. lerger tentalum dome. 'The volume of the mercury in-the dome
was increased over DES.K which in turm inereased the time to rili.

Table I shows a tebulabion of the waximun axial temperature gradients of
various merecury inlet and design cenfigurations censidered hereim.

-CONCLUSIONS AND REC@MMENEATIONS

The results of the b01ler mercury- 1nlet end thermal analysisz under the prescribed
start-up ‘trangient and steady—state operating conditions lead to, the fellewing
conclusions and recommendatlons-

1. Because of relatively hlgh temperature differences between the NaK
heat source and the mercury-heat sink the-3S NaK shell tube, the SS header and
the 85 stagnant NeK containment tube are expesed to relatively high thermal -
gradients in the Basic inlet end design configuration.

2. Under steady-state operating conditions the meximum thermal grad1en$s
are located in the structural elements next to the convective heat source,

3. Under gtart-up tranaient conditions the maximum thermal gradlents are
located in the etructural elements next to the cepacitative heat source,

4. Plausible thermal gradient reduction in the critieal structural
elements can be secured by selective utllization of vacuum can insulation,

5. To minimize the axial thermal ‘gradient in the NaK shell the place-
ment of veecuum can insulation on the' ID of the NeK ghell is recommended between
the anmilar NaK exit menifold termimatien point and the mercury inlet 58 plate,

6. The ammular NeK exit manifold termination point is to be located in
the. radial plane next to the tantelum header in the downstream mercury flow
direction. This apnular manifold lecation will secure a symmetrie thermal
envirorment around the stagnant NaK volume between the two headers, and
substantially reduce the temperatire st ratifications in 1%,

7. To prevent possible free convectien effects in the staguant NaK
volume the cempartmentization of this volume 1 to be provided,

B-6
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8. To secure the minimum axial and radial thermal gradients in the
88 stagnant Nel containment tube and the 58 header, the vacuun can placement
on the T.tubes.in the.S8 header ares-ls visuvalizred ag s most desirable
design feature. ' Unless the Ta tube piteh diameter is modified to a larger
value in the S8 and Te header aree.the vacuum can utilization on the Tw
tubes can't be realized, ’

9. Because of relaf::l.vely High thermal conduct1v1ty, the therml’
gradients in the tantalum structuz'al elentents are expected to be within
acceptable limits »

10. The . recommended mercury inlet end design configuration and the
agsociated thermal trangient and steady-state conditions of the structura.l
elements are depicted in Figures 1, 13 and 14 respectlvely.

11. The thermsl mapping shown in Flgures 13 and 14 is provided for the
purpose of checking the boiler mercury inlet- end structural reliability fram
the combined thermal and pressure stress viewpoint.

REFERENCES : (a) "SNAP-8 I2 Tube Boiler (BRDC #5) Design for Revised

) System State Point Conditlions ,"7978 T70:0002, July 1, 1970.

(b) "PCS Startup Transients Affecting Boiler Inlet Section, "
EDS Serial No. SA-0051, June 2, 1970.

(¢) H.F.Poppendiek, J.F.Brown, et al. "Investigation: of
SNAP-8 Boiler Conditioning and He&t Transfer Character-
isties in & Mercury-Tentalum Sygtem, ""NASA-TeRC Contract
NAS3-11836, Geoscience Final Report GLR-78

ENCLOSURES : (1) TFigure 1, Mercury Inlet End, Design Configuration,
DES.L
(2) "2, Typical Radial R-C Network, DES.L, KND =
. "1 and 7.
(3) "3, Typlcal Axiasl R-C Network, DES.L, KND= -3
through 21. :
(&) " 4, BROC #5 DES A, B, C, D, E, and F
Thermgl Map - - :
(5) " 5, BRDC #5 DES @, SS Thermal Map
(6) " 6,BRC# DESG, Twa " "
(7) " 7, BRDC #5 DES H, 88 " "
(8) 1t 8 . n H n 11 'IE b 11
]
(9) " 9’ L It DES J, SS H . L
Elo) r: 10, ;: :: ] " Ta, " "
ll 1! ll t 113 n
(’123 :: 12: ) fr D}Es IIE’ is‘ " n
(13 13, " "DESL,ss " "
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2
(15) , Teble I, BRIC #5 - Temperature Gradients of Various
L Hg Inlet End Design Configurations
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BRIC #5 - TEMPERATURE

DABLE L

GRADIENTS OF VARIOUS HG INLET END DESIGN CONFICURATICNS

I VK- AXINL, TERPERATORE QRADTENE, CF/1H | EDE _REPERECE . 1 -
RaK SHELL|STAG.NaK TUBE|TA TUEE 88 HEAIZR | TA HEADER | TRANSIENT | STEADY REMARICS

| ls | 2 |8 » g |r I8 e (8. | 5

A i 587 363 | x 7

‘B 4 649 372 X

c 4 416 354 X

D L 364 348 "X

B 4 g Log X

F 4 508 ~ [4ss X.

¢ 5,6 539 | 2L7| 1e34( 757 [ 502 317) 588] 409 [*188] 130 X X o Bell

H 7,8 530 | 217 198| 129 |855| 489 | 4ol 301 | %188 133 X X *Ta Bell

J 9,10 539 217| 1081 748 | s569| 314 480|335 | *188 ) 125 X X *Ta Bell

K 11,12 539 .2}7 394] 308 }917.| 498 551 34 %188} 122. X X ¥Ta Bell

L ..|-13,1% ~3he| 186 717|509 Lseg ape| ~s5 G0 | 334 137 |
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Subject: Interpretation of BRIC #4 Mercury Inlet End
NaX Shell-Tube Surface Temperature Measurements

Analysis of boiler BRDC 44 mercury inlet end NaK shell-tube
temperaturé measurement leads to the conclusion that the relatively large s- 3.
stagnant. NaK volume contained betlween the vertical baffle plate and header .
in the horrl-z'cintaﬂy ldcated NaX shell-tube mer;:ury iﬁlet end is.condusive
to free convection and body force effects of the NaK. Free convection is
induced by a relativedi high baffle plate wall temperature (1140°F).

The body force (buoyancy) and resulting NaK temperature stratification

is caused by the heat sink (Hg tube bundle) placed in the NaK volume,

To eliminate non-symmetric WaK shell-tube temperature distfibution, the
honeycombing of the stagnant NeK volume is recommended for the purpose of
providing a-conductive heat transfer pass. Typical BRDC # temperature
distribution is shown in enclosure (1). Utilizing the liquid metal

free convection heat transfer correlations, the possible film inductances
(R) and heat flow rates (gq) are shown in Enclosure (2) for a range of
‘wall-to-bulk temperature differences derived from Enclosure (1).

Based on the above analysis, it is concluded that BRDC boiler #5
with its héneycpmb structure in this are and the envelopment of the area
with the flowing NaK in the tee and the incorpération of evacua.fed, bgffles,
that the problem of natural or free convection of the static NaK will be '
eliminated.
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INTERCFFICE MEMORANDUM
AEROJET NUCLEAR SYSTEMS COMPANY

7996 T0: 0856 : GLIFplb
Date: 1 September 1970

TO: E, 8, Chalpin
FROM: G. L. Lombar
SUBJECT: Predictéd Boiler Pressure Drop with a Multipassage Plug

Insert Length of 2.7 £t and 12 Tubes,

DISTRIBUTTION: A, H, Kreeger, A, J, Sellers, File
NASA/LeRC ~ B, R,|Furman

A. INTRODUCTION

The following analysis was made in order to establish the effects of
vayying multipassage plug insert length, NaK inlet temperature-and NaK flow
on the boller Hg-side pressure drop. From the test data on bollers with 4.0
ft, 3.5 £t and 3.0 ft multipassage plug inserts, it wae noted that the boiler
pressure drop versus mercury flow increases with flow to & meximm value then
decreases as the flow is increased further. .It has been concluded that this
pressure drop versus flow behavior is characteristic of this mercury sides
geometry, namely, & multipassage plug insert and a bare tube with a swirl wire.
From the test operstions it wasg also gleaned that system control, i.e. NaK
heater résponse, was difficult to maintain when the system was operated in the
range where the boller pressure drop decremsed with increased mercury flow.
_Whether this is a detrimentel effect when the system is tested with a reactor is
not known at this time. However, 1t iz felt that it would be desirable to have
a boiler that would have, at all conditions, an incremsing presgsure drop- with
increasing mercury flow.

In order to accomplish this it is ‘necesssry to place a flovw restrictor
at the inlet of each boller tube., The gize of the restrictor flow path would
be such that when its pressure drop is added to the boiler pressure drop, the
total/\ P would increase as )::he flow was increased. Statéd mathematically:

(AP , .
= Q; FOR O &wyd W

0 = J H H{MmAXY .

oW ()

However, before an inlet flow reatrictor can be designed for a particular boller
degign, the boiler pressure drop versus lg flow functlon must be known. The
repsinder of this report describes the method used to extrapolate data on plug
lengbths that have been tested to determine .performance of shorter plug inserte
considered for use in fubture bollers. Ultimately, the information will aliow gn .
optimm choice of restrictor size to be made for & given boller design.

B. DATA

Plotted in Figure 1 is BRDC Boller #2 pressure drop (less restrictor
AP) versus 1liquid mercury flow at NeK side flow and inlet temperature
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of 48500. 1b/hr and 1310°F respectively. Figure 2 shows the data taken on
the SB-2 Boiler, tested at AGN, San Ramon, at the same NaK conditions. BRIC
Boiler #L date at NeK flows and inlet temperatures from 48000 to 27000 1b/hr
and 1300°F to 1150 F, respectively, are presented in Figures 3,4 &75. Each
boller tested had plug inserts of different length per the following:

Boiler #2 -4.0 £t
Boiler #4 =3.5 £t
SB~2 ~3.0 £t

Figure 6 compares tha pressure - drop versus’ llquid mercury flow for the
three boilers at the same NakK condi'!:ions of flow & temperature. It should be
nobed that the NaK flow and mercury flow are stated in terms of lb/hr/tube 80
that the pressure drop can be compared on an equal basis regardless of the
nunber of tubes.. Also shown in Figure 6 is & deshed line drawn through the
peaks or inflection points of each curve.- A review of figures 3 to 5 showe that
the liguid Hg flow at-which these peaks occur is a function of the NaXK flew
and NaK inlet temperature and from Figure 6 ig also a functien of plug insert
length. It 1s important in the choice of a flow restrictor to know this peak
Z\ P and the liquid mercury flow at which it occurs for & given plug ingert and
different NeK flows-and inlet temperatures.: The curves showh in Figures 1 & -

2 for the #2 and S3-2 boilers, respectively, represents all of the reievant
data avallable for these two bollers.

C. METHOD

1. Neglect the dlfference in boiler lengths between #2, SB2 & #lt bollers
since the larges't. percentage of boller A P occurs in the plug insert, "

2., Plotted in Figure T are curves of peak presgure drop versus plug
insert length. 'The curve for TNBI = 1300 F wag egtablished from Figurse
6 using the pesk pressure drop established by the dashed straight
line intersecting the pressure drop versus flow rate curves, The B
-eurves for 1250, 1200, and 11~5€J°F were drawn parallel to the-1300%F
curve and used Boiter # data’ only, since that was the only ki
available. (NakK flov 1s constant at 6860. 1b /hr [tube).

3. Figure 8 was generated using the data_f»rom Figure 6 for 1300°F and
Figure’T. - The ‘1ines of constant TNBI are drawn parallel to ome anobther.
-The curve of peak pregsure drop vs., peak flow for Boiler 4 wag first
plotted (from Figwre.3). 'Then Boiler #2 & SB~2 values at 1300°F & --=.
6860 1b/hr /tube wexe plotted (froi Figure 6). Next the constant temper-
ature lines were drawn, The}.; tha. peak pressure drop values (from
Figure T) were laid in on thé .conatant temperature lines and conngeted
wlth the curved lines.

L, Figure 9 was generated in & gimilar menner to Figure 7. First, the
curve for 1300°F and 5860. 1b/hr/tube was plotted using Figure '8 points
at the intersection of the dashed line and the pressure drop vs. 1ig.
flow curves.

€-3
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Then the curves for 1250, 1200, 1150°F and 6860. 1b/hr/tibe were
plotted and are the game lines-as given in Figure T. e curves
Tor .5360. & 3930. 1b/hr/tube’& 1300, 1250, 1200 & 1150 F were
dravn parallel to their corresponding curve at 6860. 1b/hr/tube
using Boiler #+ data’ points. :

Figure 10 through 13.show variations of pegk pressure drop versus

peak 1liquid mercury flow for TNBI = 1300, 1250, 1200 and 1150°F with
variation of NeK flow from 3930 to 6860 Lb/hr/tube and plug insert
lengths of 2.2 £t to 4.0. As an example, let us look at Figure 10
for 1300°F. First plot the peak pressure drop versug peak liquid -
flow for the 3.5 £t plug insert (Boiler #4) from Figures 3,k and 5. for
1300°F and NaK flows- of 686Q, 5360-& 3930 1b/hr/tube. Next plot

from Figure 8 the points for the I-I-.O'ft‘, 3.0 £t and 2.2 £t at, 1300QF
apd 6860 1b/hr/tube and connect them with a line {which is straight).
Then draw.lines for 5360.% 3930 1b/hr/tube parallel to the 6860 15/hy/
tube line through the 3.5 £t plug data. Finally, using Figurg 9, -
pick off. the necessary points to complete the plot. -A gimilar pid~ -
cedure is used.in generating the remsining plots for 1250, 1200 &
1150°F.

-~

‘Plotted in Figurs 1b is the pressive dfop versus 1ijuid Hg flow for

the new PCS-G, stabepoint and new boiler with 12 tubes. The bldéked-
in triangles were interpolated from the plets in Figures 10 through
13 for-the 2.7 £ plug. The open triangles are from the BODEPE
computer progranm. )

Table 1, 2 & 3 sve the data listings for Boiler §B-2, #2 & #4 reéipect-
ively. Also included are the PHBO versus liquid Hg flow curveg used °
as a guide in making corrections to flow rates which seemed . to be in
error.

ORIFICE STZE

Plotted in Pigure 15 is the ﬁressu_r.e drop vergu'é _J.i&uid meyeury
flow (%) for the 2.7 £t plug insert, émifice presaure drop anﬁ“ﬂ%’g@l
beiler pressure drop. ' ‘ ’

It is recommended,-if the system can tolerate the total pressure
drop at design flow, that the. new PCS-G botler have an orifice with a
.050 inch diameter, with a square édge.’ Ak1009 design flow forvliguld
mercury the total presmure drop across the boiler would then be ITh.

¢. L, Lombard
Static Components. -
Power Syetems Operptions
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7 47600. /3073 /2475 2.20 2880. 2968  )73.2 91.7 41.3 26.7 3.1 25,4
8 37300, l3elo 10724 /.39 /1800, 3920 {249.9 2387 2384 /00,5 46,0 595
9 27600, /203.4 Firl .l 7.4z 9400, 349.9 J25).8 I AA 0.0 114.8 344 £4.9
io 37/00. /3035 /M58 444 . qoo. 3854 2437 294.2 [66.3 134.8 2.4 124
1 J8000. /2985 . /189.8 136 5500 3.0 12272 2378 8.} 4.9 2.0 /07.9
12 37€00. /2R 12326 /.33 3330. 338.9 200,00 - 108.] y 31 250 46 _ 310
13 :
14 26500, /294.8  /003.6 0.74 /0050, | 3902 JIZ1] 275 . R06.4 L2.4 EYRA 24.8
/5 20500, /2963 10665 0.76 F700. 785 2368 2519 161.3 918 X Y 8.8
1 G 26500, 1297.3 HETLl 0,60 5600. 37.0 /223.5 2316 1203 M2l A 79.9
17 21400,  t296.8 /194,01 0,69 2450, 3093 /96.3 116.7 75l 74,3 4.z go.!
18 / B -
19 qedn0. )25 /0818 245 N1%0. 2188 00,0 3%.9 . 2358 101.6 46 50
z0 48400 /2523 /1149 234+ ge00. 316.4 /97,3 30,.8 1968 /13.}
21 48/00,  j150.5 /392 2,37 Fe00, 372.0 N850 278.0 1556 123.4 224 el o
22 48000,  1259.8 /74T 217 5490 .59% 3011 /190, 3 241.4 120, 1224 12409 710,00
29 47100, j26L0 (2053 2.6 3450, 2718,2° 1e8.0 1720.4 80.3 42.5 42 783
24 47602 [25L6 (21 2.4 2830. 2858 [/134.3 855 57,2 29.0 .
25 37300, /12472 1638.8 /34 /0800, 37175 /792,0 292.0 s 773 43.0 34,3
76 37000, /145.8 /0518 145 F¢00. 376.0 /95.9 277.3 1972 B3.0 34.4 486
217 37000, 12455, J093.7 /.85 7700, 2857 - /8.4 257.9 /56.6 1624 no . 79
28 37000, 12019 /50,9 132 5610. 363.) AR 2327 /4.7 H5,9 42.3 /03,6
29 26800, ji44.8 NAT /30 338087 2783 M5B 124.7 F-7% 455" 4,000 gg,5965)
30 . 37000. 12506 }/98.7 434 2380.%" 239.0  //33.9 84,6 574 28.4 2509 255 s
31 27/00. f253.0 9947 067 700, me /1958 233.8 178.8 5Z.8 PrES 28.3 .
3Z 27600,  1253.3 /0218 &.69 F600. 376.4 /193.3 2%%.6 1570 9.4 224 470, 7ABLE 3
‘33 Jedoo.  /253.4  /085.0 0658 © 5500, 385 /E54 5.4 a2 95,6 12,2 £3.4
34 26000, /244.1 /1304 0,65 34608%% 2777 T M5S0 /40.0 80,7 PANA 4zt g4 lss
35 26000.  [4498.6  }168.0 A 2430, 4.6 11311 82.3 58 16,0 2.6 | 23.4

c-23



DATA PTC Wa TNEI TNBO APy Wity  THBI THBC PHBL PHRO Afup) OF) AR )

3¢ 48400, /1999  [040.8 242 11250.0%71 3712.8  N30.b 294 2204 76.9 A6, S0, 30,4 T
27 48200.  /198.4 /053, 2,42 9700. 37%.)  /s0.0 273.7 /95,7 80.2 260 44,2

38 AB200.  N9N2Z  .70BS.0 245 7850, 3720  /l44.2 249.4 /5.8 93.3 3L 697

29 48l00. (7011 /118.8 2.17 $550. 8% N30 2218 nes 1654 12.0 92.4

4o 48100,  /199.2 /4L 216 3520. 380 L8 //2.8 75.7 373 4.5 32.8

4! 48000.  [20237 /IS 2.14 2540. 24490  1088.] 789 545 242 2. 2l

q2 137800, /987 _roi58 151 9700, 378.1 /f38.0 253.2 7948 ¢0.8 360 24.8

43 37700 p9S.} /0505 X7 7400- 4.9 N384 7358 /53,0 7.8 72.4 544

14 37000. /1979 /0836 /21 5700. 3849 /331 2iZ.1 He2 9.8 13.0 78.8

43 avooo. W90 123t 21 3450. %Y 3217 078 129.0 155 529 4.54%  4g.q
96 3L900.  /H98.4  147. 9 /19 2650. 2.2 /o850 77.3 542 22.8 3.0 19.8

47 2¢c00. [//99.8 28/.3 0.63. 7400- 87%.0 /M3 2014 /640 455 224 23.)

98 26300, 194.6 /8313 2,56 5620, 36,2 127.8 140.0 174 e .. 2.1 587

49 26000, 7i97. 9 fofe.9 057 3370, 2718 - /04 S 748.1 76.3% 78 4.0 ¢85

50 soo.  N97.E5 #oRT 0,61 2550, 239.4 10729 7.2 56 2)0 FNA 18.4,

5} 48500, /1451 /5/5.8 2,45 7300, 378.8 /9922 2%4.1 182.1 59 320 P)

52 48200,  [I51] /047G 2,49 7850, 3720 Hooe 2240 /534 L85 23k 44,2

53 48400. /1544 2079 2.14 5660 368.0 /0920 2009 74,3 83.8 125 700

54 48500, /53,6 10979 2.1z 3420, 2224 poen7 /544 807 764 4.2 gz 7004
55 48l00. . 48,2 /1704 211 2550, 2320  so41.0 75,7 557 209 2.6 18.3
.56 37600,  /i48.1 9942 148 8100, 3.0 /0952 211.8 /61.7 477 250 24.7

57 37300,  /53.0 Jodo.! /.20 S0 368.0 1 r073.0 790.% 7.4 70.6 13,0 576

58 37200,  w5Ls  Jo77Z  L2S 342077 2182 JosES /52.1 20,7 74.0 4.2%° [a.8 1m0y
59 S7200.  HAER /09748 hik Z575. 234.0 /043,55 75.6 56,2 /9.4 28, 4t .
6o - - :

é1 .

62 26300, Ja3. /033.3 o.58 34.50. 262.4 1061, 4 142.0 77.8 66,1 4.5 6l

63 e300, /52,0 7073.8 0:60 2600, Z34.0 /03,5 75k 56.4 /a7 27 ‘6,0

" TABLE 3 (conTD)

G2



THBO

DATA PT: Wi N8I TNEO APy Way  THBI PHEI PAEO £Rye) ABi) BBy

64 33400, /22).8 /o744 102 é500. 320,0 /634 276.3 /35 qo0./
‘5 37508 /2205 /o528 /.04 7610, 3100 /67 234.4 1561 79%.0
Le 3600, 2240 o303 fow g0, 379.0 /A2 2436 176.7 Live
1 23300,  (1944. (o488 ' 02 6600, 31,7 }138.0 212.4 35,3 7.6
L8 380. /.4 /0356 403 7600. 375.7 #48.0 273.8 /534 695
69 3400.  /203.8  /0/8.0 109 8700. 3193 usl4 . 3530 /768 611

70 3370. 4743 /0304 L.a0 6600, 378 . 11207 2029 /34.3 66.3
1 ‘93800 /177.9 Il 9 /.07 7600. a17¢ /23,0 212.4 /154.6 5%.4

72 24000,  y76.9 991. 2. 8sjo. 3794 M8 220.7 172, 2 4.4

Lo7
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ot-07i-00 &

AEROJET AEROJET-GENERAL CORPORATION

aw f AZUSA, CALIFORNIA
QUADRILLE WORK SHEET , 2
PAGE or PAGES
. pare DEPT. 3, /T2 0
ounsecr BRDC  BOILEL NOS w5 LOMEBARD  wonrk oroen_[ 275 -44-01/4

ﬁeewlc* reb WATEE FLOW Pfé‘s.s UEE DROP
' OF -
SWAGED 2x Vs INSEET  AND . 7'4/5&' 45SY'’s

THE METHOD OF ANALYSIS (T1L/26S THE
REYNOLDS NUMBEL  RNALOGY.

/PE&O = ﬁ@g(t-/ﬁ?) (l)

(V?: g)yzo ) (\M)@(uq) )
V= W /Ag 3

SUBSTITUTING (3) INTO (2) GIVES !

(v",z\i/'{%e)ﬁzo (A T )us(ua “)
since  De/A 1S consTAMT !
' - (W
(ﬁ,‘)uzo B (./‘T)H%(Llﬁ) | LS)

THE . TOTAL FPRESSUEE DROP AcCROSS THE
FLUE  INSERT CHAN B& EXPRESSED AS THE SUM
OF THE FRICTION LOSS , AND ENTEANCE/EX/T
EFFECTS LOSSES. SUCH THAT :

AP = Bpeper, + APeurifex. » PsId ()

- .__...._.-—-——_\

"30 i 8TK, NO, D-{-103



br-o71-00%

REROJET-GENERAL CORPORATION

AZUSA, CALIFORNIA

QUADRILLE WORK SHEET |
. PAGE_&_ QF,_LPAGES

vare_SEPY. T, /97D
sunseer LBEDC  SBOILER NO.KX av_Ge LOMBARD *  work onoen

Apegier. * Fex (Le /D) @4 (2)3.)R)(144)] 4 pst {7)

WHERE o = FRICTION. FACTOR DETERMINED EX-
PERIMENTALLY. FROM REFERENCE |,
Le = SQUIVALEMT Flow PATH LENGTH, IM.

>

De EQUIVALENT DIAM‘E'TEE. iN.
Q. = MASS VELOCITY = W/A | LB/SEC FY2
g FLUID DENSITY , LB/F-r3

e - SGRAVITY CONSTANT‘, FT/sec?
DPerey = Kex (Le /D63 /2a) @X)] 5 psi ()

WHERE Keyx = ENTEANCE § €XIT LOSS COEFFICIENT
EXPERIMENTALLY ~DETELMINED I
REFERENCE | FOR A S-GrDOVE
MULT! PASSAGE 2Ll INSERT . AND
EXTRAPOLATED FDL /& PASSAGES.
SEe Frevee /.

THE FLOW FATH GEOMETEY IS AS FOLLOWS :

a 029 - cposS- SECTION
033 OF A SINGLE
f . sreove,
‘-‘:.OBq
O41

éhgi i 8TK. NO, D-1.103



01-071-002

AEROJET-GENERAL CORPORATION

AZUSA. CALIFORNIA
A PAGE. 2 or A PAGES
DATEM

sussear_ GELL __30/&37@ VO S Bv__ﬁp_‘m WORK CRDER

QUADRILLE WORK SHEET

MINIMUM —~ 4REA, PELINETER § BRUIVALENT DIA,
A,= . 00464 sQ.IN.

PrT.42586 IN.

De =, 0716 1. = 3% /p,

MAXIMUNM] — APEA , PERIMETER & &QUIVALENT DIA.
Az= 00534 S@.IN.
P2 = .2768 N
De, = .0770 iN

THE EQUIVALENT FLOW FPATH LENGTH 1S:
' 1

.La = 35, ce _HJ.

FLUID  PROPEETIES

7;&0 = 70%”
Smoe = 62.3 lB/F’TB
Ao = 2.37 L8/ue-FI

Tag ™ F50F
Sy = BEZF
,L“fg’ = 2.6 Lé/”ﬁ'FT'

e e b = ¢

g-%2 ATK, NO, D-1-103



01-071-002

AERQJET-SENERAL CORPORATION

AZUSA,. CALIFORNIA

PAGE. { OF 8 PAGES
DATE g ) 3 / 0
sunsecr_LBRDE [FOMER NO. S o G ldOMBARD . work oroan

QUADRILLE WORK SHEET

CALCULATION oOF WATER AP Rasep onN
[UNIMUM  FLOW FPASSAGE DIMENSIONS

KREyp = /76 x/o4(u'%o) 5 DIM.
3' . r
Suo= 1:94x16 (Wy,0) 5 18/sec-F7

[G2. /(2X4XSX144Y] = .51 (Wao)™ 5 pos

\;Vu,_o = O.QIZ(M?) o LB/sEC

FLOW RATES :

Wfégg ;AL) L8/ ;};Zﬁ‘fUBE LB/;;::? FUBE
LO00. 139 . 127
fa'a's o} | 232 214
|4000. | .325 296

¢-33 &TK, NO. D-1-103



€01-1-a "ON "MI8

WHTEE  Feow AP BASED SN _MUNIMUM DIMENSIONS

"9

r o, ' 2

Wio | G51(Wg)| Te 1-6_.1 Kex | DBevr | DRy | OP
<127 .10 22.4 |12.0 2.3% {0 2 Lo 3.6
2i2 | .z93 | 184 2.0 | 539 | 3.52 | 8.4
.29k , 870 /5.9 |\2.0 q.07 L. .84 is.‘H
\;\/“LO EE‘“"—‘: -?Q;t.

127 2240. |,04S

AV 3730. L037

296 5210, 032

ADIArens

aa—

oo won  —[IVFHGT “E

e
S
5
5
R
£
q

YINHOSITYD 'VYSNZY,
NOLIVNOR0S TVEINTS-1310EY

i~ aava

40 TZD‘U’J

SOV

TOO-1LG1O



©-071-008

AERDIET-GERERAL CORPORATION

AZUSA,. CALIFORNIA
pace__ & __or__ £8__ paces
oare_SELT. 3, /970

susseer_BRDC BOIER NO. S sy G- LO WORK ORDER

QUADRILLE WORK SHEET

CALCUWATION OF WaTeL AP BASED oN
. MAXIMUM  FLOW PASSAGE DIMENSIONS:

Pl = 1615 Y0% (Wg0) 5 Dir2.
[ ™ /,69'5")(103( b\}yz D) 9 LB[sec-FT*
[Gl:;.o /62)(36Y5x144;ﬂ = 4,93 ( Wyzo)z 2 PS5/

Le . 4¢2.
Del.

WATEE FLOW RATES HEE 7THE SAME AS
GIVEN OR FAGE 4. ‘

-0-35 87K, NO. D-1.103



£01-1-0 "ON 'M18

9%-0

WATER FLOW AP BASED oN MAXIMUM  DIMENSIONS

W0 | 49| Fex 22| Kex | OPruict| OBenfer| AP
127 | 080 209 2.0 L 67 0.96 | 2.63
212 | s 222 176 12.0 | 3.4 2.6 | 6 .57
296 | ,432 S22 2.0 | G.6O 5.201 .86
Wmal EE.“I.Q "i:QK
127 | 2050. |,0452]
U2 3420. |, 0380
296 4780. |.0330

“LDArens

I=4

AIVEHOT ">

HAQHO JNHOM
0Ll & IJFS mMva

1FIHS HOM ITIRAVND

a0vd

¥ * £

S30vd

>
-]
" 5
]
>
0O
»
C o
7
o
)
3
»

TOO-1LO-10



Gi=071-002

AEROJET-SENERAL CGRPORATION
AZUSA, CALIFORNIA

QUADRILLE WORK SHEET

mca:__a__ or PAGES
. _ mm_ﬁfﬁz-_a*_m
SUBJECT DL (274 . ov_G . L OMEARD  worx onoer

THE MHAYIMUM & MINIMUM PREDICTED WATER
FLOW, PRESSUBE LOROP VALUES  APE LLOTTED
N FIGURE L.

REFELENCES &

Il Sel 8RS, AN, FOKED <CONVECTION
MERCURY BOIING = SXPELIMENTAL NVEST/-
GATION _USING A HELICAL MUTIPASSAGE
Plya INSEET IN A ONCE THROUGH BOKEL

)
AGE TECHNICAL MEMDLANDUM 493467 459
DATED 3| MAgcH 1967,

e-37

8TK, NO, D-1-103
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1153

LTy

oo

PEeppreny

NUMBER OF PASSAGES

i
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LOSS COEFFICIENT , Ke o
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FlGUueE Z.
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APFENDIX D

BRIC BOILER NO. 5, PRESSURE DROP

THROUGH NaK SIDE OF THE BOILER



NeK - SIDE HYDRAULIC TEST RESULTS
ON A PILASTIC MODEL OF
BRDC BOILER NC. 5

Ge L., Lombard, Static Components

INTRODUCTION

The purpese of hydraulically testing a shell-side model of the SHAP-8
NaK-to-Hg boiler is to confirm the N=K ‘flow mixing characterigtics and pressure
drop requirements are met by the current design, Tests similar to those
discusged herein were conducted on BRDC Boiler Nos 4 whicli‘ was a T-tube design,
The results of these tests accurately predicted NaK-side pressure drop. It was
demonstrated that a helical wire turbulaitor, wound about the tube bundle was
definitely adirantageons in promoting turbulent mixing of the NeX fluid and

!
subsequent uniform circumferential temperature distribution,

Pressure drop tests were performed at water flow rates based on the Reynolds
mmber analogy with the loss clsoefficient expressed in terms of the shell-side
velocity head. Dye injection tests to demonstrate shell-gide mixing capabilities
were performed with water velocitles equivalent to NaK velocities.

The remainder of this report presents the tests perfomec‘i, results and
methods of analyzing the dasa. '

SUMIARY

Results of the dye injection tests run at water velocities of 5.0, 4.0, and
3.0 feet per showed that the fiuid is mixed and that the wire coil pitch and wire
diameter of 6.0 inches and ,125 inch, respectively, are satisfactory.

The loss coefficients fop the tube bundle supports, wire coils and inlet

& exit manifolds are swmarized'below (values are based on shell-side velocity

head) @

D-2
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1. K= 0.50/Spacer ® 70000 <Re<cO
sp

2. K= 5,65/Manifold @ '70000< Re<co
man,

34 K = 0.50/T% of Coil @ 70000<Re< o
coil

The total boiler NaK-side pressure drop at 58,000, 1b/hr and temperature
equal to 1135 F is 1,69 psid, -This value is well within the system requirement
of 3,0 psid, .

In conclusion, the MNaK-side fluid dynamics of the pl;Opﬂeed design are
satiefactory.

PRESSURE, DROP TESTS

A full scale cross-sectional model boiler containihg three {3) tube bundle
supports, twelve (12) flattened oval tubes, two (2) helical wire coils (one right-
hand, one left~hand and both with a 6.0 inch pitch) wounﬁ around the 3.5 inch
0.D center tubs and the tube bundle and the inlet/exi‘b 'mgn;'.folds ig showm in
Figure 1, The pressure drop readings were ;neasured acrosé-three sections of the
test piece as shown in Figure I,

The water flow rates were determined on a equal Rsynclds number as given

by the followings

and

W= (M/M)
Hp0 NeK HHEO MeK

D-3
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The physiéal properties of NaK and water are as follows:

Water temperature 75 Op

Density 62,26 1b/eu, ft.
Viscosity 2,20 1b/iar-ft.
NaX temperature 1135 °F (Average)
Density 4543 1b/eu. £t.
Viscosity 0.38 1b/hr.-ft.

therefores

I:I = 5,80 I:I
Hho NaX
Data of pressure drop across sections(D)=(Q@-G)and(d)-@ere listed in

Table 1 over a range of flows from 32.0 lb/sec to 91.0 1b/sec. Listed in Table 2
are the caleculaied loss coefficients (based on ‘the sheli-side velocity head) exi
Reynolds mambers for the different water flows. It should be noted that the
coil loss coeffigien‘b exeludes frietion. The coil pressure losses were obtaineé
by subbtracting the pressure loss(3-f)multiplied by 3.0 (the total mumber of

spacers between 2-5) and gj&ﬁ&l?xxfrom pressure lose (2-5)as follous:

AP{;[_‘_}P = 3@?3 )- JANS R

Piotted in Figures 3 and 4 are manifold pressure drop, wire coil and
spacer pressure drops, respectively, versus water flow in 1b/sec. In Figure 5,
the shell-side velocity head, Hy, is plotteé versus water :F“lm.r for convenience
" when caleulating the head loss coefficients, Figures 6,7 and 8 give manifold

spacer and wire turbulator coil loss coefficients versus Reynolds muiber,

Dk



wld -

To generalize the wire turbulator coil loss calculations for NeK flow the
coefficient is expressed on a per foot of axlal coil length basis. Table 3
gives the equations fqr Reynolds mmber and Hs used in the anzlysis.

In the follolwing calculationsthe NaK-side pressure loss for a full-scale

BRDC Boiler Ho. 5 is made for Wy=58000,1b/hr and an averagé temperature of 1135%F

NaK density 45,3 1b/cu.ft.
NaK viscosity 0,38 1b/hr,-ft. -
Velocitys Vp=(58000/3600) (L4440/14e25)(1/45:3)= 3560 £t/sec.
Reynolds Mo, ¢ RE,=(3.60)(.915) (45.3/0.38)(300,)= 117700
Shell-side velocity heads 35(3.60)2(45.3)/(2%144;) = L0633 psi
Spacer pressure loss?
APspz nKSp Hyypsi vhere n="7 spacers
Ayspz (7.0)(0.50) {2,0633) = 0,222 psid
Inlet & Outlet menifold loss:
APman.: %(Hs) , psi where n= 2 manifolds
A Ppan, = (2)(5.65) (.0633) = 0.715 psi
NeK turbulator coils losss
AR = (D)), psi  shors' L= 0.0 feet
AP = (10,)(0.5) (.0633)= 0,317 psi
Frictional pressure losst
APf‘Z(fax) (I'I'J) Hy, pei " where im: : é?fv%'b

D = 0,915 in
APe= (.0171) (12.)(21.)(.0633)/(0.915) = 0,298 psi

p-5
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Pressure loss due to 95" bends:
APp=(8, ) (), psi
Where K = function of R/d ; R= 25 ing d= 1,88 in
R/d=13,3 and from ref, 1 page 318, Fig 137
Ky, = 408 ; and n=the number of 180° bends = 2.0
AP, = (2)(.0633) (1,08)=.0,137 psid
The predicted total NaK-side pressure loss across the boiler is:
A\Py= 0,222+ 0,715+ 0,317+ 0.298+ 0,137 psid
A Pp= 1.69 peld |
éhown in Figure 9 is predicted NeK-side pressure drop versus fak flow,
NeK - Side Mi Tests _
" Fluid mixing was observed by injecting dye (food coloring) into the fluid
stream ag shown in Figure 2. These tests were performeﬁ at water velocities

and Reynolds numbers tabulated below & a water temperature of 76°F,

1,0 Velocity, £t/sec REpob
540 39100.
440 '31200.
3.0 23400,

Visual observation of the fluid stream after i'njection revealed that
complete mixing occurred within 1.5 feet downstream of the injection point
at 5.0 ft/sec within 2.5 feet at 3.0 ft/sec., Mixing characteristics of the
inlet &nd outlet manifolds were also observed at the same velocities as listed
above, Complete mixing in tize manifolde was evident., Photographs were taken

during the dye injection tests as a means of recording these tests,
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In comparing the Reynolds number at which the dye injection tests were
) periiormed they are substantially lower than the design value of 117700 (1:I= 58000, 1b/hr)
This was done for two reasons, One, at low Reynolds mmbers, i.e, ab water
velocities equal to NeK velocities, observation of mixing is facilitated.
Second, if adequate mixing was observed at thess lowReynolds numbers then, at
design conditions, good mixing would be assured in the boiler,
GONGI:,USIGNS
1. The expected NaK-gide pressure drop for this design (1.69 psid)
is well within the system requirement of 3,00 psid,
Z2e _The design of the NeK turbulator coils is sztisfactory for the
purpose of promoting fluid mixing during boiler operation over a
range of NeK £lows from 30000 to 58000 Ib/hre
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QUADRILLE WORK SHEET

ovsieer BEDC BPILER. NO.S
PLASTIC FeOw prp0LEL.

DATA TABULAT/ON

AEROJET-GEMERAL CORPORATION

] AZUSA. CALIFORNIA

PAGE,

DATE.

my G LOMEBAEL  wonk onoen

TABLE

Wwao | AP APg *AP R

(LBfsec)| ( Psa?)@ (Pg I? %?1@ : ésﬁ( %Dsﬁo)lL
32,0 LO05 O.101 Y 0426 0.78
35.8 /.30 026 /.87 0319 0.98
4{.0 /.70 0.160 2.40 0.660 .26
48.0 2.25 0,215 3.22 0.871 .70
53.0 2490 0.255 | 3.85 1,038 | 2.05
0.0 | 355 ©.326 | 4490 [.288 2,63 -
8.0 | 4685 0408 | 531 |.L1O 3.3}
75.0 5.60 0.50.. 7.4 1913 4.00
81.0 & .60 0.58 8.64 2.19 471
90.5 8.2.0 ON 1IN 10.7 2.7 585

A%@ = APMAN.

]
OLipg = APse

*A-Pm = 'FAx-!B He ) 'FAX'*-3IC=/]'?€'?‘:S For 8.der=L

ARoiL = A-P@@ —-Abx - 8,0 (AP@)@)
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TABLE R — LOSS COEFFICIENTS

: AP ® @ «) 1@;

By | S | SRl ZIm ]G3 | | P Ko PRa
32.0 | 403s0. | /.05 c.iol | o728 |.0223| 583 | 56f | 535
35.8 | 45080.| /.30 o126 | 0498 | 0217 | 5.78 | .568 | 538
41.0 | Sle0O.| /.70 0160 | .26 |.0210| 5.74| .548 .s2%
48.0 | ¢0SO.| 2.25 0,218 | /.2® |.0202| 5.54 | ,529 .51k
53.0 | 46800.| 2.90 0,285 | 2.85 |[.0197 |'S5.85| 88| .8l0
75600, 3.5% 0326 2.83%3 |.0191 | 5.60 | 343 8¢l
68.0 | 85600.| 4.65 o408 | 3231 |.0185| S8 447 .s00
75.0 | 94500.| 5.60 0,50 4.00 |.0l80| S.60 300! .4494
8.0 |102000.] 6.60 | 0.58 4.7h 101775661 498, .500
6.5 |]{4000.] 8.20 076 | 8.85 |.0l172| 5.2 488 .49%5

e
>
O
a4
=
fr
2
Q
0
~
152
L
i
q

TIGON MO7H DILIV IS

®© 25

£ = 0316 / Re BLASIUS — FRICTION FACTOR

@ Kuaw, © ARaan. / HSHELL._ f__ﬁEP/?Es&WT‘S LOSS COEFFICIENT
' FOR ONE MAN!FOLD. :

YINNOAITYD ‘¥SNZY
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Hlswer ° SHELL ~SIDE VELOCITY MEAD (PSI) 5 UPON WHCH AL
EXPELIMIENTAL £DES COFFFICIENTS ARE LRSED.
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AEROJET-GENERAL SORPORATION

AZUSA, CALIFORNIA

QUADRILLE WORK SHEET G

PAGE OF PAGES

DATE.

" SUBJECT. 5/? 0C_ 60/ éé’ £ _NO S 576‘ LOfIEARD WORK ORDER
FLASTIC FLow MOopEL

JABLE 3 - &EQUATIONS

Revydodbs  NuMBER. °

R~ (1 ) (B m (55 )L (o)
H- hy

(T’z%é}
Re = (0o De)($)/1-

VELOCITY HEAD?S

H'=(V,H— _Salb)/[?.gc NG )]oes

= (vV)&)a270. 5 pst

DARCY ~ WE/SBACH EQUAT/ON ¢

GA-P:'"F'.]%‘_ H S PS!

OR .

AP KH 5 PS| WHERE K~ L
. De

8TK, NO. D-1.103
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FOLDOUT FRAME!

EOLDOUT FRAME 2

4 AEROJET
1 SEMERAL

H, ol er.ow BARTON
AP grgES
//_ MANIFOLD
® ® @ A ®
r s — . T
- o S | I 2]
| | (8] O | |
P — —— e —— —————————- b —————— -
Lh_= _ : 2
Loa
TUBE BUNDLE '
SPACERS
TESE DIA.
H,0 FLOW
12 FLACES -ouT
i LOTES !
_ AREA - FREE FLOW = /4,25 Sa. (M.
/ EQUIVALENT DIA. = O,F15 M.
COIL PITCH 6.0 /N f250" -
\ EFFECTIVE LENGTH T /0.0 FT. 4 .
e WATER FLOW RANGE = 32.0 70 940 LB8fsEC.
. SPACERS ARE FALACED 30, IN, APART:
Y g
/
3,50 D/A. Figure 1
A~A  cross-secTioN e




FOLDOUT FRAME | FOLDOUT, FRAME 7
AEADJET . N
BEMERAL

N, GAS

/16 1N 0.D.
LINE

AABTIC

? %

N—— R . 0D, LINE

DYE INJECTIOM SCHEME

FIGRE &
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ENCIOSURE: Figure 1 - 316SS/Ta Coextruded Tube Thermal Exposure-Specimen
Figure 2 - Ultrasonic Inspection of 3165S/Ta Coextruded Tubing
Figure 3 - Std. for Ultrasonic Bond Inspection of 316SS Ta

Coextruded Tubing
Figure 4 - std. for Ultrasonic Inspection of Ta Liner in
31688/Ta Coextruded Tubing
Figure 5 - Dimenslonzal Changes in 316SS/TE Coextruded Tubing
Resulting from Thermal Exposure at 1350 Op
Figure 6 - Appearance of Coextruded 3168STa Tube Spe01mens
After Approximately 4800 hrs. at 1350°F
Figure 7 - Coextruded 316SS/Ta Ring Specimens Afiter Flattening
. Test -
Figure 8 - Hardnesses of Coextruded 316SS/Ta Tubing After 1350°F
Exposure
9 - Bond Interface of 31688/19 Coextruded Tube Specimens

Figure
- After 1350 OF Thermal Exposure
Figure 10- Microstructure of 3168S in Coextruded 316SS/Ta mubing
After b4,364 hrs. at 1350°F
Table 1 - Summary of Thermal Exposure and Evaluation of
' Coextruded 3168S/Ta Tubing

SUMMARY, COWNCLUSIONS AND RECOMMENDATIONS

Evaluation of 3168S/Te coextruded Bube specinens was conducted after a
maximum of 56353 hours exposure at 1350 F including 275 thermal cycles between
250 and 1350°F. It is concluded that:

1. Coextruded 31685/Ta tubing of 100% initial bond exhibits mo tendency
of debonding under simulated SNAP-8 boiler low thermal. fatigue cyecling.
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2, The sleeve bushing design is adeqguate to prevent 316SS/Ta debonding
at the tube ends during thermal exposure.

3. Changes in Ta hardness resulting from thermal exposure were attributed
to interstitial element diffusion from the 3168S into the Ta.

4, Additional data is required to predict the effect of sigma phase on
31688 ductility reduction resulting from 40,000 hour SNAP-8 boiler exposure.

5. 1t is unknown whether the dimensional changes of the bimetal tube
specimens which occurred after approximately 3,000 hr. thermal exposure are
representative of dimensional changes expected during boiler operation due to
a 65°F axial gradient along the specimens' lenghhs.,

6. The evaluation indicated that 316SS/Ta tubing manufactured by the coexe
trusion process is capable of maintaining adequate bonding during 40,000 hr.
BRDC boiler exposure.

The following recommendations result from this study:

1, Continue thermal exposure of the two remaining ccextruded tube specimens
to accumlate additional data on the effect of sigma phase formation. .

2. Review the 31685/Ta coextruded fabrication procedure for possible
modifications ﬁo reduce sigma phasecformation potential.

3. Perform a stress analysisoto-determine the effect of a 65°F axial
temperature gradient upon the 1350 F dimensional stability of.3l6SS/Ta-coextruded
tubing.

4. Perform a stress analysis to determine the effect of BRIDC boiler operation
upon the dimensional stability of 31688/Ta coextruded sleeving.

INTRODUCTION

One conceptual design of a SNAP-8 boiler uses a bonded 316SS/Ta bimetal
tube as the Hg containment material. The tantalum (Ta) serves as the Hg exposed
liner. Bare refractory-double containment boilers No. 4 and 5 employ coextruded
Ta/3l6SS sleeves at the Hg inlet and outlet to provide the transition from the
31658 Hg liquid and vapor lines to the Ta boiler material, Evaluation of the
metallurgical stability and debonding potential of the bimetal tubing during
boiler operation is necessary to establish reliabiliiy for forty thousand hour
service, This investigation evaluated the metallurgical sbability and debonding
tendency of 316SS/Ta coextruded tube specimens under s simulated boller operating
environment of thermal exposure at 1350°F in combination with both low thermal
fatigue cycling and fast thermal cycling between 250 and 1350°F,

TEST PROCEDURE

Four 15 inch long 316SS/Ta coextruded specimens were prepared. The specimzns
were cut from 17 foot long tubes fabricated by Nuclear Metals, Concord, Mass, The
tube specimens contained 31685 I.D. support bushings at the tube ends, Figure 1.
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Bushings are an integral part of the bimetal boiler design to support the Ta -
thus minimizing potential tube end debonding stresses-due to differentisl
thermal(ifpansjon between the Ta liner and the 316SS clad during thermal.

cycling One bushing in each test specimen was solid, forming an end cap.
The other tube end was sealed by electron-beam welding a flat 316SS disc o

the bimetal tube 3168S clad. Electron beam closure welding results in a vacuum
of approximately 10™% Torr inside the tube serving two purposes. FFirst, the Ta
liner was protected against oxidation during elevsted temperature exposure.
Second, a simulation is produced of the vacuum conditions imposed on the Hg
containment tube during boiler hot outgassing in preparation for system start-up.

The four sealed specimens were thermally exposed in a stainless steel
susceptor in a vacuum induection furnape at 102 Torr for redundant protection
of the tantalum liner against oxidation. The furnace controls provxded automatic
shutdown in case of loss of vacuum and/or excessive temperature ( 1375°F along
centerline of susceptor). Both fast and slow cycling rates were used during
thermal exposure. The thermal cycle was defined as fast if the exposure temper-
ature was increased and/or decreased at a rate greater than 250°F/hr. A slow
eycle was defined as the cycle resulting when both the heating and cooling rates
-were less than 250°F/hr and is equivalent to the presumed severest SNAP-8
boiler thermal operatlng conditions., The slow thermal cycle is considered to be
a low fatigue cycle because differential thermal expansion stresses plastically
‘strain the tantalum during each heating phase and cooling phase of the cyele.

EVALUATION PROCEDURE

The thermal exposure was interrupted occasionally for ultrasonic bond
inspection, ultrasonic Ta liner evaluation,. metallography, and dlmenslonal
inspection, Table 1,

1. Ultrasonic Bond Inspection

Ultrascnic bond inspection employed the pulseiéchd, immersion, C-scan,
longitudinal wave technique, Figure 2. The test standard had simulated unbond
for ultrasonic eguipment calibration, Figure 3. Unbond was simulated by four
eloxed, 1/8 inch diameter holgd on the Ta I.D. with depths of .010, .020, .030,
and, OhO inch respectively., Ultrasonic equipment was 'calibrated to show all defects
parallel to the 316S8/Ta interface between .010 and .040 inch from the Ta surface
a8 urbond. The 316SS/Ta interface is a nominal ,025 inch distance from the Ta
I.D. surface.

2, Ultrasonic Ta Idner Inspection

i Ultrasonic inspection for Ta liner "integrity employed the pulse-echo,
C-scaén, lmmersion, shear wave technique, Flgure 2. For ultrasonic equipment
calibration, the test standard, Figuve !, had two 1/4 inch long .005 inch deep
notches eloxed on the Ta I.D. surface. One notch was parallel and the other notech

(1) Thermal expan510n coefflcients, 75 to 1350 ®F are 4.1 x 10 -6 and 10.7 x 10-6

in./in.-°F for Ta and 316SS, respectively.

Bl
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was transverse to the bimetal tube axis. Ultrasonic equipment was calibrated
to show all Ta 1.D. defects with depths egual to or greater than .005 inches.
Axial and radial shear scans were used In inspect for both longitudinal and
transverse type defects.

3. Dimensional Inspection

During the periodic interruptions of the thermal exposure, -the.
bimetal tube specimens were measured for possible changes in diameters result-
ing from the thermal exposure.

. Flattening Test

Flattening tests were performed on & pre-exposure specimen and on
thermally exposed specimens to determine whether the ductility of 31688 was
affected by thermal exposure. Ring specimens were flatiened between parallel
plates until either cracking occurved or opposite I.D. surfaces came into
contact.

5. Metallography

One end was removed from specimens after exposure at 1350°F for times
of 1,000 hr., 4,095 hr., and 4,86k hr. Two longitudinal cross-sections at 180.
and one full transverse sectimm were examined microscopically to determine the
effect of thermal exposure upon 316SS/Ta bond integrity and microstructure.
Microhardnesses were measured across the Ta and 31688 to campare with before
exposure hardnesses.

EVATUATION RESULTS

1, Ultrasonic Bond Inspectibn

No debonding was revealed by ultrasonic inspection. The last bond
inspection was performed after a maximum of 3,043 hours at 135CCF.

2. Ulbtrasonic 'Ma Liner Inspection

No Ta liner defects were debected by ultrasonic ianspection. The last
inspection was performed after a maximum of 3,043 hours at 1350°F.

3. Dimensional Inspection

o changee in the tube specimens' outside diameters were apparent after
approximately 3000 hours at 1350°F, but all four specimens showed significant
changes in diameters resulting from 13500F exposure to times greater than 3,043
hours, Figures 5 and 6. After exposure period No. 8 was complete, Table 1, it
appeared that the dimensional changes were a function of axiasl position, and that
non-uniform specimen temperature may have contributed to the unequal dimensional
changes along the specimens’' lengths. Therefore, specimens AA’end PP were
repositioned in the furnace susceptor to ensure a 1350°F fapop along the specimens!
lengths. During the ensuing exposure of 489 hr, at 1350 ¥, both specimens AA and
PP showed additional changes in dimensions, Figure 5.
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k, Flattening Test

No cracking oécured in either the '316SS or Ta in the pre-exposure
specimen which was flattened until opposite I.D. surfaces came into contact,
Specimens which had been exposed to 4,095 and k4,864 hours at 1350°F cracked
in the 3168S when flattened to 0.10 inch separation distance between I.D.
surfaces, Figure T.

5. Hardness Measurements

The hardness of the Ta increased adjacent to the SlGSS/Ta interface, -
Figure 8. The hardness of the 316SS was unchanged.,

6, Microscopic Examination

At magnifications up to 1000X, no debonding was observed either at
the end of the tapered Ta liner, or along the 316SS/Ta bond length. At 2000X
magnification, very localized areas of microcracking were observed in approxi-
mately 0.2% of the bond length examined, Figure 9.

No apparent change in the width of the diffusion zone between the 3168S
and the Ta resulted from 1350 r exposure, Flgure 9, -

Thermal exposure caused sigma phase precipitation -across the 31685 cross-
section, Figure 10. After 4,86k hrs., thermal exposure, specimen LL had 5.1%
sigma at one end (end location corresponding to tube end of greatest dimensional
change, Figure 5) and 3.8% sigma at the opposite end, Carbide precipitation in
the 31688 microstructure occurred prior to thermal exposure during coextruded
bimetal tube fabrication,

DISCUSSION

The intact bond line at the tube end indicates that the support bushing
design is adequate to prevent end debonding. It is unknown whether the micro-
cracks in the 316SS/Ta bond in specimen II away from the support bushing area
after 14,864 hr. thermal exposure are fabrication defects or a result of thermal
exposure, The extremely short crack lengths, approximately 2 x 10~% in., are not
detectable by ultrasonic inspection. Also, The linear distribution of the micro-
cracks, along approximately 0.2% of the bond line, makes metallographic determin-
ation of the presence or absence of microcracks in pre-exposure specimens difficult.

The unchanged Ta liner I.D. hardnesses indicate that the vacuum protection
of the Ta liner during thermzal exposure was adequate to prevent air contamination.
The increased Ta hardness adjacent to the 31685/Ta interface indicates that
diffusion, probably of interstitial elements, from the 316SS into the Ta
occurred as a result of thermal exposure. An earlier investigation by Westing-
house, Reference (a), reparted similar results in that quantitatively determined
interstitial changes were attributed to diffusion across the bimetal interface,

I

The length of time required for dimensional changes 10 begin occurring may be
related to the relaxation of residual fabrication stresses. A stress anaslysis,
Reterence (b), indicated that approximately 3000 hrs. continuous soak at 1300°F is
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required for complete relaxation of the pre-stress induced in the coextrusion of
the 316SS/Ta tubing. The coextrusion process imposes a tensile stress in the
3165S and a compressive stress in the Ta. With relexation of pre-stress, the
stress pattern in the bimetal tubing is reversed due to differential thermal
expansion stresses. The stress patiern reversal apparently results in signifi-
cant reductions in bimetal tube diameter with low thermal fatigue cycling.

It appears that the greater dimemsionasl changes that occurred at one end
of each tube specimen is related to a 65°F maximum axial temperature gradient.
The temperature of one end cf each specimen may have approached lhOOPF, ‘the
temperature of the stainless steel susceptor I.D., The temperature of the other
end of each specimen may have been ag low as 1335°F, the temperature along the
susceptor centerline. Cross-gections through the tube revealed that although
the wall thickness remained constant, a marked variation in the Ta:316 thickness
ratio occurred around the circumference of the tube at the end which exhibited
the maximum dimensional change. This condition did not exist at the other eng
of the tube. -Therefore, a stress analysis is required to determine if the
dimensional changes which resulied are comparable to or greater Than the effects
expected as a result of boiler operation. The existence of an axial temperature
gradient is also indicated by the greater amount of sigma precipitation at one
tube end (5.1%) than at the other tube end (3.8%), as the amount of sigma
formation is temperature independent. The unchanged width of the diffusion zone
between the 316SS and the Ta after 4,86k hrs, of test indicates qualitatively
that the 1350CF exposure was not greably exceeded, as it is reported that 1600
hours exposure at 1500°F caused 2.5 x 10-% inen growth in diffusion zone width
of Ta/stainless steel composites, Reference (c).

Sigma phase, FeCr, is & hard, brittle comstituent that forms on heating
stainless steel alloys between 1000 and lTOOOF. The amount of sigma formation
depends upon the specific composition and structure of the stainless steel, the
length of thermal exposure, and as mentioned previeusly, -the temperature of
exposure, Sigma formation is important becuase of the effect on the ductility
of 316SS. The flattening test results indicated qualitatively reduced 316s8
duetility with sigma formation. Tensile tests are required to quantitatively
determine the change in ductility, but the remaining -ductility appears to be
acceptable as the flattening characteristics of the bimetal tubing after k4,B86k4
hrs. at 1350°F meet the requiremente of both the ASTM and ASME specifications
for high quality, seamless 316SS tubing (ASTM A213 and ASME SA 213).

The current boiler design (BRDC) ubilizes 10-inch long coextruded bimetal
sleeves (of which 8 inches is effective) for transition.isections between the Ta
boiler tubing and the 3168S loop piping at the boiler inlet &nd cutlet. 31688 to
Ta bonding in the bimetal sleeving is required to maintain separation of the
static NeK from the Hg loop. Test data indicates that 3168S/Ta tubing manu-
factured by the coextrusion process is capeble of maintaining adequate bonding
during the required M0,000 hr. BRDC boiler exposure. The significant effects of
diameter reductions in the bimetal sleeves are changes to the Hg pressure drop
across the boiler. However, if the sleeve diameter were to decrease in the same .
ratio as the bimetal tubing maximum diameter reduction (7%), no noticeable effect
on boiler performance would occur. The effect of thermal exposure upon bimetal
tube specimens dismeters of this investigation camnnot be extrapolated to the
bimetal sleeve design because of differences in wall thickness relationships.

The ratio of 3168S thickness to Ta thickness is 2.4:1 for the thermal exposure
specimens and 1.5:1 for the bimetal sleeves. A stress analysis is required to
predict potential changes to bimetal sleeve diameters resulting from boiler
operation.

F-7
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Information on sigma effects due to long time elevated temperature
exposure is insufficient to make a guantitative prediction on either the total
smount of precipitate -formed or the exfent of ductility reduction which would
oceur in 40,000 hr., 1350°F exposure. Cyclic thermal exposure of the two
remaining coextruded Tube specimens should be continued to accumulate additional
data on sigma effects. The BIGSS/Ta coextruded Ffabrication procedure should be
revieved and modified if possible to reduce sigma phase formation potential.

} L
C. G. Iﬁeitsch

Materials Engineering Group

APPROVED:

M ALY

H, E, Bleil, Bupervisor
Materials Engineering Group
Technical Resources Section
Engineering Department
Power Systems Operations
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F:é,é. Coextrvded 72/3165s Tube Specimens
after ex posvre ay:‘tzhlsso"f’.



Specmun

KK afier
4,095 hrs.
at [3S0°F

As coextrud-

ed specimen

V78% o149

Fl.3.7. Cocr‘truJOA TQ/8"$; 'tube sfec_'.mens affer;/at*eﬂl‘ﬂs

test, showing end cracking in thermally evposed

.s'oecfmen and absence of cracking /'n as c,oertruJeJ
specimen.
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(a)

(c)

Figure 9.

3048 (b) 0135

0519 (a) 0520

Ta-316SS interface of coextruded tubing, 2000X
All interfacial diffusion zones are 10'5 inches thick.

(a) As coextruded specimen, (b) specimen KK after 4,095 hours

at 1350°F, (c) specimen LL after 4,864 hours at 1350°F), (d) specimen
LL after 4,86k hours at 1350°F showing microcracking which was
present in approximately 0.2% of the interface.
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TABLE I - SUMMARY OF THERMAL BXFOSURL AND EVALUALION OF CORALIRUDED stoMs: ta LyBLpG .

W0, OF CYCIES CYCIE DESIRIPTION (HRS. ) SPICIMER Ev.iuarioath)
: .| mEaTING 1350°F _DWRLL, TIME . COOLING 31688/1a '
. - IPTMRE FER LIME BIND 28 LIER
SPECIMEM, .y |EXPOSURE | PER EXPOSURE | ACCUMU-| 250 10 .| BXPOSURE| ACCUMU-] 1350 O ULTRASOHTIC| UNLTRASONIC DIMEISIONLL
igH [ENGIR'S/ | PERIGD FERIOD LATEL 13509F, | PER CYCL® | PERICD LAYED 2500F | . CYCLE WYPE | INSPECTION] IRSSECTINH| MELALLSCRWFHY THEBECT O
ra 1 1 1/2 95 95 o5 2.1/2 Fast KK PP - - -
f 2 25 26 i/z2 5. 125 220 2-1/2 Fast KK, FF - - -
| 3 1 21 1/2 100 100 320 . 2.1/2 Fast KK, BP - - -
1\ b 51 78 helfe 13 | 963 983 6-1/2 Siow KK, PF - . PRt KK PF
5a i 79 53-3/2 [, 13 Siow - - - -
\ “ b 1 & 1-1/2 8 i fl Fash . - -
K (mek) 4 c 1 81 7 164 5 1,034 Slow - - - -
PP (126) ) a 1 82 7 58-1/2 | { Siow ; - -
/ e 1 83 3-1/2 314 1 7 Fest - - - -
: 61‘ i gu b ugg y Wi 2,017 13 Fest KE. FF Kk, FF - ¥i PP
a 1 5 T 380-1/2 " 12 Slow - - - -
( b 1 35 7 Bh5-1/2 | S 1,026 | 3,043 12 Slon KX, B KK PP a KX. PP
ol 8 164 8ur/t thea/l | 1,052 | 5,095 9-1/2 Slew - - g & XK
EP {1126} 8 52 2156 8-1/Y4 -1/ Thly | 4,839 9-1/2 Slev - - P
PP ([28) 9 35 251 8-1/k a1/l 489 | 5,328 9.1/2 Slaw - - TF
P I 25 25 1/2 b 125 125 2-1/2 Fasl E LA, LI - - -
| 2 1 25 1/ 95 95 220 2.1/2 Fast A, LI - - -
J 3 25 Sk 1/2 b 125 344 2-1/2 Fast Lh Ll - -4 -
A (Hah) [ I 5L 102 k-1/2 13 663 | 1.008 6-1/2 Stow LU - R 7 AN L LL
L (mes) - | 1 103 T, 53-1/2 13 slow - - .
L 1 100 l.is2 2 ¢ 13 Fast ! - ! - -
! e 1 105 T 16k ¢ 1,034 13 Slow - - E - -
I. a 1 106 T u8.1/2 13 Slow - . | - -
: e L 107 3-172 3ih 13 Tast - - i - -
T 1 108 k 436 o 2,042 13 Fast AA, LL &4 L4 - AL LE
{ 6a 1 109 T 380-L1/2 I 12 Slow - - [ - -
i b 1 110 T 645-1/2 |J 1,026 | 3,068 12 Silow Ar, IL A, LT | - AL TL
! 1 78 188 8-1/h w1k [ 1,052 | k120 9-1/2 Siow - - . -
-l 8 52 2% 8-1/4 M-1/M Thi | 486y 9-1/2 S10w - - ) AA LD
AA (520 9 35 275 8-1/4 W-afh kg | 5,353 9-1/2 Slow - . - - AA
{2) cpecimens were cut from either N2l or W26, N24 and K26 were 2 tubes of a 10-tube order (17 Ft. lengths) receaved from Huelear Metals
(b} Evaluailon fillowed exposure per.od indleated,
(e) Ore-inch length eut from tube end for hardness end interface exemination. Specimen was then resealed and thermal exposure conbinued

{4)

Thermal exposure dlsconlinmed

F-19



ABRGIET NUCLEAR SYSTEMS COMPANY
POYER SYSTEMS CTERATTIONS

MEMORAINDUM

FILE: ME 11:1]C

DATE: 8 Cctober 1970
T9TE:70:0111:CGH:eh
Bldg. 160, X6730

T0: E. 8. Chalpin S
FROM: C. G. Neitsch
*SUBJECT: Re-evaluation of Ultrasomic Bond Inspection of Ta/316SS Bimetal

Sleeve No, T

COPIRES TC: H. Derow, A. H. Kreeger, G. L. Lombard, J. R. Pope, U. A. Pineda
Cleveland: W. L. Snapp
NASA, LeRC: E. R. Furmsn, P; L. Stone
NAVPLANTREP/NASA-COR: D. E. Blasco

REFERENCE: (a). J. R, Pope te P. L. Stome, Letter T9T2:70:007T, "Ultressoaic
Bond Inspection of Sleeve Jointe No. 6 amd No. 7", 15 July 1970
(b) D. R. Stoper to 4.E. Bleil, Weatmghouse Ietter T0:132:DRS,
26 August 1970
(e} C. G. Neitsch to E. S. Chalpin, Memo 7972 70:0067, "Ulirasonic
Bond Inspection of Boiler No. 4 Hg. Inlet and Outlet Bimetal
Sleeves", 17 June 1yT0 :

SUMMARY & CONCLUSIONS

4 re-evalustion of the ANSC/CONAM bond inspection of Ta/316SS Bimetal Sleeve
No. 7 was made after wWestinghouse proved the originsl imnspection results unrelisble.
It was comncluded thet:

1., The original vlitrasonic inspeetion of Sleeve Io., T was interpreted
imcorrectly as indicating unmbond due to failure to follow the previously
developed inspection procedure. The present inspection revealed no
debonding .of Sleeve No. T.

2. 'The reported results of the ultrasonic irspection of BRDC Boiler Ho. L
Hg Inlet and Outlet Bimetnl Slesves zre relisble.

3. The ulirasonic procedurs developed by ANSC to inspect the bond of bimetal
sleeves i5 adequata.

INTRODUCTION

In July 1970 Ultrasonic Imspsetion of 1‘&/ 316585 bimetal sleeves No, 6 and Ho. T
was performed st Coman for ANSC. 'This.inspection resulted- in reporting that sieeve
No. T exhibited debonding at the Ta/316 interface anc that slewve No. 6 was bonded,
Reference (a). .Subsequent ultrasonic and metallographic examinetion of the sleeve
by Westinghouse indicated that joint Ho. 7 was not debonded, Refererce (b). Re-
inspection of the remnsnt ssctiom of sleesve Ho. T was comducted by Conen uxder ANSC
surveillance on 5 October 1970 to determine the cause of the originsl arromeocus

reporé of the presemnce of debond.

F-20



L. O. Chalpia T &.Consbar LT
TI9T2:70:0111

ULTRAEORIC RECHECK OF JOINT NC, 7 REMNANT

The remnant of joint. No. 7 remaiming afier Westinghomse matallography

was ultrasonically inspected using the C-scan technique reported previously

in Reference (a). A variable reflection was received from the 316S5/Te bond
interfaces of both the inspection standsrd, T1286791, and joint No. 7.without

a corresponding- loss of reflection from the I.D. surfices, but the amplitude

of the bond interface reflection was greater from joint No. 7 than from the
inspection standard. During the original inspection of joint No. T, the greater
ampiitude of the interface reflectisn was interpreted incorrecily ss indieating
unbosd. The grester suplitude results from a combination of two effects:

(L) The 3168S thickness im joinmt No. 7 (.16 in.) is greater than the imspection
standard thickness (.12 inch) vhich results ia the bond interface distance froam
the joint 0.D. being greater in joint No. 7 than in the inspection standard,
and (2) The emplitude of the signsl reflection is greater at .15 in. than at

.12 in, distance from the 0.D. due to variation in eigpal strength with specimen
position. The origingslly developed inspection procedure determined that unbond
is indicated by a loss of reflection from the I.D. surface, Reference (c}.
Therefore, no unbond of joint No. 7 is indicated as no loss of I.D. surface
reflection occurred during inspection. The originally reported resuits of urbord
in joint No. T resulted from the unacceptable deviation in the developed ulbrasonic
inspection procedure of not monitoring tihe I.D. surface reflection vwhen reflections
from the 3168S/Ta interface were received.

The previously reported results of ultrasonic bond inspection of Boiler No. 4
bimetal sleeves are relisble as unbonding was reported only at locations where
loss of I.D. reflschicn eaeemganj.eu bond line reflections, Refersnee (c).

Vo

Materials Engineering Group

APPROVED:

580

H. ®. Bleil, Supervisor
Materials Engineering Group
Teehrical Resources Sectlon
Engineering Departument
Powar Systems Operatlons

o1
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BRDC BOILER #5 OPERATING CRITERIA FOR STRESS ANAIYSES

ABSTRACT -
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AEROJET WUCLEAR SYSTEMS COMPANY

POWER SYSTEMS OFERATIONS DATE: -6 July 1970

7978:70: 0003 :mrs
MEMORANDUM Bldg. 160/X5522
TO: Dr. W. Weleff/H.Derow
FROM: E. S. Chalpin
SUpunvx: BRDC Boiler #5 Operating Criteria for Stress
Analyses '

COPIES TO: B. Breindel, R. G. Geimer, C. Hawk, J. Hodgson, S. Krikopulo,
G. L. Lambard L. Lopez, R. W. Marshall U. A. Pineda, File

ENCLOSURE: (1)5 Table I - "BRDC Boiler #5 Operating Criteria”

>

When analyzing the stresses for the BRDC Boiler. #5 ‘please use the values
tabulatéd in Enclosure (l) and the materials properties used when you analyzed
_ the BRDC Boiler #4 design in April through June 1969.

The following operational modes must also be considered in your anzlyses!

Heatup --Boiler heats up from ambient to lElloE. Mercury pressure is at
Zero ps%a during this time. Static NaK pressure rises from ambient to 30 psia
at 1211°F.

Flowing primary MaK inlet and outlet- temperature rises from
-ambient to 1211 F and the pressure rises from ambient to 60 psia.

Startup - See A. J. Sellers' thermal map for the maximum temperature
gradients during the transient state. Mercury inlet pressure rises from zero
psia to0.333 psia during this time. Static MaK pressure remains at 30 psia. Flow-
ing primary NaK are at 60 psia and 57 psia respectively. NaK outlet temperature
drops to 1044° F This can occur 100 times Quring the 5 year Life of the boiler.

Steady-state - Mercury inlet temperature will remain 420 ¥ and the pressure
will remain at 333 psia. The mercury outlet temperature will remain at 1190 F and
the pressure will be 148 psia.

The static NakK pressure will be at 30 psia and & tgmperature of
1190° °F. The flowing primary NaX 1nlet will be at 60 psia and 1211 F while the
outlet will be at 57 psia and LOM4°F.

Emergency Conditions - Consider that for 20 cycles of hO seconds duration
each, the following conditions w111 exist:

‘Mercury inlet - 500 psia and 600°F

Mereury outlet - 222 psia and 13T5OF

Flowing primary NaX inlet and outlet - 90 psia end 1485°F
Static NaK - 90 psia and 1485°F

Gl



.,E; -'\.::. et
Br W o Weleff/H. Derow -2- & July 1970

Calculate the low cycle fatigue life of the tantalum-for the 5 years
of operation.

There are two (2) boilers in series for PCE-G as far as the flowing
primary WaK is concerned and the mercury loops are in parallel along with the
statlc NaK loops. Therefore, consider thalt one boiler will bte af the "heat

''state (zero mercury pressure, statlc RKMaK at 30 psia and 1211 F with the
flow1ng primary MaK at 60 psia and 1211 F) This results in hkaving one boiler
at this condition while the other is at the "steady-state” condition for the
5 years of operational life.

Please ses Barxry Breindel for the piping and bracketry lcads imposed on

the. boiler.

E. S. Chalpin, Supervisor
Mechanical Design Group

Deglign Bhgiteering Séction
Engineerihg Department .

G-b



=9

TABIE T - BRDC BOITER #5 OPFERATING CRITERIA

snewesure { %

Hg Inlet

Hg Outlet

NeK Inlet .

. NaK Outlet-

Static . NaK . .7

Low Schedule

Inlet Press.<Zero
to 323 PSIA
Inlet Temp.=70 F.

to 420%F -
Flow = 7,740 #/hr.
in 75 &ec.
=13,775 #/br. <~
(@ steady state.

Outlet Press. = Zero
to 148 PSTA.

Outlet Temp.=70 to
1185 to 1165°F.

Inlet Press.=Zero
to 60 PSIA. o

Inlet Temp.=f{O0F
to 1185°F - :

Flow=57,148 #/nr.,

H

T/ﬁutlef Press.=Fero

to 5T PSIA.

Outlet Temp. =70%F _|.

to 10LS5"F.

W7

33

 Press . =30_PSTA F
' Temp: =70°F to 1185°% -

High Schedule

Inlet Press.= Zero
to 333 PSIA.

Tnlet Temp. = TO°F.

to 420°F.

Flow = 7,740 #/hr
in 75 sec.
steady state

Outlet Press. = Zero

to 147 PSIA.
Cutlet Tbmp-lng to
1211 to 11907F.

Inlet Press.=Zero
to 60 FSIA

Inlet TEmp.o=

TO0 to 1211°F. -

Flow =57,148 #/nr.

Outlet Press.=Zerol

to 57 PSIA o
Outlet Tgmp.s'(o F.
to 1044°F.

, Press. = 38 PSTA
Temp. = 70°F to
n211%r. A}

Max. Conditions

500 PSTA

Press. o
600 F.

Temp.

m

+

Press .
Temp .

222 gSIA
1375°F.

Press. = 90 SBIA
Temp. = 1485 F

Preas. = 90 gSIA
Temp. = 1485 F




ATROJET NUCLEAR SYSTEMS COMPANY
POWER SYSTEMS OQPERATIOQNS

MEMORANDUM

FIIE: SS 1020
DATE: 10 July 1970

7974270200072 gk
Bldg 160/%6255

T0O: . Derow
FROM: W. Weleff
SUBJECT: Boliler #5 CGritical Areas

COPES 103 E.SGCha,lpiﬂ,‘ AaH.KI‘BEgEI, L.PQLUPEZ, RoWoMBh&ll’— UvoHneda"
Dept 797l File

ENCLOSURE: . (1) ERDC Boiler #5 Opera.tixig Criteria « Table I
(2) Boller #5 NaK snd Hg Inlet and Outlet Interface Loads -
Table IT

This memo contains & brief description of the critical areas in the
5 boiler which reguire stress analyses, the input date needed for performing
this analysis, and the spproach to be undertaken,

‘A, .CRITICALA AREAS

The -Boiler #5 design regquires evalustion of the stresses due to the
transient and steady-state operational conditios., The followlng areas
will require analyses and evaluation.

i, Hg Inlet End

Ble-metallic tube
Tantalum Dome -
58 Headers
S8 Dome
Static NaK Tube-to-Header
. Boiler Shell-to-Header
. NaK Oatlet TeeeSection

2. Hg Cutlet

Bi-metalliec Tube
Tantalum Dome

Pantalum Hesder

35 Headers

88 Dome

Static NaK Tube«tae-Header
WaK Iniet Tee-Section
Boiler Shell

o & 7 P O 6 O

2'0 6 ¢ 9'e & &


http:7974:7:O04".gk
http:SYZTE.MD

H. Derow -2. 10 July 1970

3. Overall Boller

o  Spacers
Shell Deformation
Ta=Tube vs SS Housing Relative Movement

4, Boiler Mounting

o  Design Details
o Integration

B, DATA REQUIRED I'OR FERFORMING THE STRUCTURAL ANALYSIS

There are. three types of informetion needed to conduct this analysis:

1. - Operational Data

Proper consideration must be given to the pressure, gravity-
loads and temperature., Axial and radial temperature distribution of all
critical locations, perticularly where sharpgradients are expected is
required to properly evaluste the thermal stresses. This is of considerable
importance st the Hg inlet end. This information needs to be very specifiec

for aetugl velucs (sée Enclosure (1)),
24 Interface Loads

The interface requirementa at the NaK =nd Hg. inlet and- outlet
junctions are specified in Bnclosure (2).

3, - Material Properties

Mechanical and physical properties data at various temperature
levels are required., This includes tensile yield and ultimate strength,
elongation, area reduction modulus of elasticity, therms! expansion, creep
and stresserupture data.

C. APPROACH AND METHOD OF ANALYSIS

1.  Finite elements Computer Program E-11401 will be used for the
Hz iniet and oubtlet ends. These components have axisymmatrical geometry
and loading directly suited for application of the fi.nita elements computer
programe..

2. Hand calculation will be used for evaluation of the boiler body,
bagsed on the thermal expanaion characteristies of the.two structural
materials (Ta and S5).

3. - The analyses of the interface loads and supporting structure
will be performed by hand.

L, Thermgl fatigue analyses will be made, using the Manson's method
and the computer outpub, where applicable,



H. Dexrow -3 - 10 Jaly 1970

D. SIRESS CRITERIA

Mirii.mum degign safety factora for Boiler {'s for the most critieal
loading condition shall be 1,25 sgainst allagable creep load or yield
strength, 1.50 ageinst ultimate strength and %50 against endurance (fatigue
strengths., )

MSis of the boller evaluation of the most critical lo=ding con-

ditions, primary and sccondary stress safety margin, ete., should be in
accordance with AGC-10650

The primsyy stresses for all components should be kept below the yield
strength of the materisl whenever possible. The thermal stresses should
be maintained at a minimum level by providing free expansion of the various
components and by reducing the axisl snd radiel thermsl gredients. Materials
with coupatible coefficients of thermal expansion are desired. Supporting
the boiler in the frame structure should be in such a way to permit free
expansion or contraction of the overall boiler, thus, reducing the effeets
of thermsl stresses on the structure which in turn will result in longer
gervice life,

Wo Weleff, Su isor
Structural Analysis Group
Technical Re;j ces Section
Engincering Department
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TABLE I - BRDC BOILER #5 .OFERATING CRITERIA

Enclosure (1)

Hg Inlet

Hg Outlet

NaX Inlet

Z Outlet

Static NaK

e

Low Schedule

Inlet Prees.=Zero
to 323 PSTA o
Inlet Temp.=70 F.
to 420

Flow = 7,740 #/ur.
in 75 sec,
=13,775 #/hr.
@ steudy state.

Qutlet Press. = Zero

to 148 PSIA.

Outlet Temp.=70 to

1185 to 1165°F.

Inlet Press.=Zero
to 60 PSIA.

Inlet 'I‘emg.=':’001"
to 1185°F

Flow=57,148 #/nr.

Outlet Press.=Zero
to 57 P3IA. o
Outlet 'I'gmp.-’f() ¥

to 1L0L57F.

Press. =3OOPSIA
Temp. =70 F to 1185

Cp

High Schedule

Inlet Press.= Zero
to 333 PSIA.
Inlet Temp. = TO°F.

Outlet Preas. = Zero

to 14T PSIA.

Outlet Temp. =70 to

Inlet Press.=Zero
to 60 PSIA
Inlet Temp. =

Outlet FPresas.=Zero

to 57 PSIA o

Outlet Tgmp.=70 F.
F.

Pregp. = 38 PSTA
‘I\Bmp- - ?0 F to
1211%.

e kEOOF.h y 1211 to 1190°F. 70 to 1211°F. to 10kl
Flow = 7,740 #/hr -

in 75 sec. Flow =57,148 #/hr.

= 13,600 #/br @

steady state
Max. Conditions

Pres. = 500 PSTA Press .= 222 PSTA Press. = 90 PSIA Press. = 90 PSIA Press. = 90 PSIA
Temp. = 600 TF. Temp. = 1375 F. Temp. = 1485 F Temp. = 1485 F. Temp. = W85 F




TABLE II - BOILER {/5 NAK AND HG INLET AND OUTLET INTERFPACE LOADS

Enciilure (2)

‘3

FORCE (1b)

MOMENT (ih,~1b)

OT-D

INTERFACE DESCRIPTION : LOAD TYFE
FxX Fy Tz Mx My Mz
-15.1 | —-10.1| 39.h k33 hiy -283 Thermal, T = 1190°F
Toiler Ilg Outlet -12 . 9 285 333 267 235.5 | Welght
-27 - 19.1] 67.9 - | 1766 681 . 518 Combined
-2,1 0 o] 0 19.1 =lt.25 | Thermal, T = L17°F
Boiler lig Inlet 2 -8 0 49 ~20 ~250 Weight
-l -8 0 ~h9 0.9 ~254.5 Combined
, +17.7 =67 +06 .6 T-hj}h ~276 50k Thermal, 1185°F, AT = 1110°F
Loiler #1 NaX Inlet -1k | 485 +4 659 -259 +347 Welght
3 ina OD x .085 inq Wm’ 3].6 SO 3.7 18 30.6 : -1093 ‘535 . -‘15? Total
‘ ’ -1 P 11 368 -234 102 Thermal, 1185°F, AT = 1110°F
Boler #1 Nak Gublet ~95 29 | -10 hoh | 2010 1545 | Wedgnt
3 in. OD x .083 in. Wall, 316 8S -96 -27 1 . 882 e 1647 Potal
. -1 ) 11 =513 10 183 Thermal, 1185°F, AT = 1110°F
Toiler #2 Inlet <95 -123 | -10 302 90 ~100k Welght
3 in. OD x .083 in, Wall, 316 88 96 121 1 o111 530 1207 Tobal
Boiler #2 Outlet Lo u 3 331 - =830 ~g4 Thermal, 1015°F, AT = QLO°F
3 ta. O x ,083 fn, Wall,316 SS 39 2.1 -3 132 | -2k8 ~13h | Welght
88 .13 -28 463 -1078 208 Total




01-071-003

REROJET-GENERAL CORPORATION.
AZUSA. CALIFORNIA

QUADRILLE WORK SHEET

PAGE ! oF ! PAGES
E-l1401 Compuene, ITRESS

parz__ ) SEPT 1970
uBIECT ARNALYSIS nPuTrs oy : wonrk oroEr_|415-44-0114

T. MarteriaLs Proree Ties JNPuTS —

£ = ModuLus OF BLAasTiciTY M TénTrium § 316 55
From 70°F, To [485°F

Vv = Poisson's Bertio Mor Tavracum é, ";l(a 5SS

0.35 For Ta y 030 For ik S5,
Sg = Yiewy Steess Fo’ Tauvtaom & Si6 53

VaLoes At 70,500, 900 € 1485 °F

. E - _PLASTIC MODULLS
Modburos Ketio ¥ TQigeric MoboLuS

X = Coermiaient OF Theemat EXPAusIon Toe Ta €316 5%
Feam T0°F, To 148S°F
P -

= . Ps?,essup.es} INTERNAL & EXRTERNAL
IL. Nobna Pom-rs

Determing LocaTtion OF Nabdat Points 1N RZ PLawes

. Mavson EqueTion Toe Deterriwntion OF Cycie Lire —

b e = (RS2 (5% 0 (™

Where -
A €.y, = Erprecrive DTN
Y = Yoisson's BwTio
Fro

= DLTiMats SteeveTh At lemPeedrore

= Modurus B BEunsticity kbt TemPeeaTory
= (Newss 08 Lisg
D = Duetitity = A TpoRE

RA = Renverion Or A (%)

DeTermive Vg , Then Tare 10% O N B2
Pesnicred Lire Cycles.

<
= N

G-11.

STK, NO, D-1-103


http:MObUL.US

LOW CYCLE .FATIGUE ~ ELEVATED TEMPERATURE,
LOW FREQUENCY, LONG TIME EXPOSURE

by: U. A, Pineda

Tn low oycle fatlgue investigatlions, strain rather than atress lavels
and ranges become the guiding factors. Plastic strain is the dominant element
and en extremely important variable in predicting low oycle fatigue behavior,

The total strain range experienced during cyoling consists of plastlc and
elastic strain components, thus

Ae‘-": &ep“"bee '-----—--—---—-——-—(1)

where A€ = Total strain range, in/in
A€p = Total plastic strain rangs, in/in
&€, » Total elastic strain range, in/in.

A relationship exists between the plastic strain, the numbsr of cycles to
failure and the ductility of the material. Experimental investigations have
shown that the relationship can be mathematically expressed by a linearization
of the logelog plot of data as followsas

<, D"
BEy = g e oo e == (D)

whare (G, = coefficient to linearize the log-log plot

D .
» Duetility = ]ﬂ[’i-ﬁ%g—gﬂﬁx

D

RA = Reduction of Area

N = Cycles to failure

n = Slope of the linecarized log~-log plot of
cyclic life vs. dictility

Slope of the linearized log-log plot of
plastic strain range vs, cyclic 1ife.

-~
[
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The elastic atrain rangs is z direct proportlonal relationship with

the stress range in the Hooka's Law regime:

AT
BEe = —F~ - — - oo h e e — o= ()

ACS = Stress range, pai
E = Young's Elastic Modulus, psi

Cyclic patterns in the elastic range are normally referred to ss
the endurance strength of the material,

AT 2aR commmmmm s e =)
F -- Endurance strength, psi ‘

However, in view of elevated temperature, long time exposures, craep/rupture
bshavior of the material predominates;. therefore,

AS =af - m e e e e == —(8)
= Rupture strength at exposure temperature and time, psi

Fy

The creep-rupture stress~time curve is linsarized in the 1qé-iog plot
to an extrapolated rupture stress level gquivalenig to x times the ultimate

strengths

whera: A = {ime intercept on the linearized log-log plot
) at an extrapolated rupture level.equivalent
to X3F " hours
tR = time to rupture at FR level, houra

‘X = arbit.rary- multiple of the ult.:lmat.a tanxile ﬂtmngth
for 1inearizing the curve

m « slope of the linearized log-log plot of rupture
strezigth v8. tinme,

t

G-13



using X = 1,75, adequate multiple for linearization

F. = 1,75 F [tR] - ~me (64)
R u "X
However, t, = ‘% S (N

where G = strain cycling frequency, cycles per hour

. . q
Hence, F_ = 1.75 F, [m.l - (8)
Using equations (8) and (8) in equation (3) results in:

Ae & 35T [ N -)-m -~ (9)

e o ~i

Equation (1) becomes:

n =
A_c-.T . WP + 305 Fur ! 1 (10)
E LAQ) J

wnich is the low cycle fatigue equatiéon. Coefficients and axponents are to
be formulated from test data and materiel property curves.

a"g':- ,
G-14



Dept. Lo27 ANATYSIS NO. SA-2Ls

DATE 3 September 1970

SUMMARY. OF ANAT.YSIS

Project SNAP-8 Cbmﬁonent ERIC #5 Distribution:
Part_NeK & Hg Inlet/Outlet Drawing No. 1268605 . E. S. Chalpin
Sub ject - Interface Losds H. Dérow
Referénce(s) Memo E, Chalpin to W, Weleff, 6 July 1970, ) U. A. Pineda

Subject: -Operating Criteria for Stress Analysis G.1. Lombard

Engineer d. C, Shen Approved MW File: 85 1020-03

OBJECTIVE: To evaluate the structural integrity of NaK and Hg inlet/outlet
for the piping interface losds.

ASSUMPTIONS

Critical loading condition assumed when axial and radial forces are combined
with axial and radial moments torque and internal pressure,

REFERENCES (Analysis Methods):

1. AGC-10650 - Structural Design Criteria, SNAP-8,
2. Materials Manual H-100,

RESULTS AND CONCLUSIONS :

1. The stress levels due to each individual loading condition are below the
corresponding allowables,

2. The results of the interaction equation indicate sufficient margins of safety
Tor each component.

3. The stresses in the Weldsfat the proposed location are 'acceptable,

RECOMMENDATTONS AND COMMENTS:

All parts are considered structurally safe for the given interface loads.

G-15
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Dept. 4927 ANATYSIS NO. SA- B-246

DATE 3 September 1970 -

SUMMARY OF AWALYSIS

Project SHAP-8 Component___ Roiler #5 Digtribution:

Part 31688 Header Drawing No. : E.S. Chalpin

Sub jeet Structural Analysis - Interim Report G.L. Lombard _
Reference(s) Memo E. Chalpin to W. Weleff, 6 July 1970, U.A.Pineda/H. Derow

Subject; Operating Criteria for Stress Analysis

Engineer 8. Krikopulo Approved &/ »M File: 88 1020-03

ORJECTIVE: To evaluate the integrity of the 31688 header for the transient and steady
state operational condition.

ASSUMPTIONS

Most critical loading condition is assumed due %o internal pressure differential (max.)
and maximum thermal gradient -- high schedule,

REFERENCES (Analysis Methods):

AGC-10650 - Structural Design Criteria for SNAP-8
Materials Manual H-100.

RESULTS AND CONCLUSIONS:
1.

The -stresses in the stainless steel header (flat plate section) are found below the
corresponding allowables.

At the juncture of the header to the exterior shell toward the inlet end a small
yielding will take place,

3. The stress level at the Juncture of the headgr _toward the interior portion of the
boiler unacceptable stress levels were obtained,

RECOMMENDATIONS AND COMMENTS:

n Inyestlgate & change in transition Jupcture of the header to the exterior NaK shell
toward the inside section of boiler,

Finite. element computer program analysis is recommended.

NOTE: The loading condltion was found unrealistic

This analysis is cancelled,

G-19
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Dept. 4927 ANALYSIS NO._ SA- 24T

DATE 3 September 1970

SUMMARY OF ANALYSIS

Project SNAP-8 Component Boiler #5 Distribution:
Part Mercury OQutlet Drawing No. : W.3., Chalpin
Subject Struetural Analysis ' . . G.5. Lombard
Reference(s) Memo E.S. Chalpin to W.Weleff/H. Derow, dated U.A. Pineda

6 July 1970, Subject: Operabing Criteria for Stress Analysis H. Derow

Engineer 8. Krikopulo Approved d/ @W File: SS 1020-03
. k') /

OBJECTLVE: Evalﬁate the structural integrity of the mercuﬁy outlet end for Boiler #5.

ASSUMPTTIONS:

The most eritical loading condition is assumed to be the maximum operational pressure
and uniform steady state temperature at the emergency case:; p = 222 psi
T = 1375°F

Il

REFERENCES (Analyeis Methods):

AGC-10650 - Structural Design Criteria for SNAP-8.
Materials Manual H-100,
AGC Finite Flement Computer Program E-11401

RESULTS AND CONCLUSIONS:

1. The stress levels obtained in most areas of the outlet-are close to the stress
levels obtained for Boiler #4 :

2.  Comparison tables of the stresses for the bimetallie section and tantalum dome
for Boilers Wo., 4 and No 5 are included.

3. Fatigue life is estimaited to be close Lo the fatigue 1ife of Boiler #4.

RECCMMENDATTONS AND COMMENTS:

The design for the mercury outlet end is acceptable,.
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Dept. k92T ANATYSES NO._ SA-248
DATE U4 ‘September 1970
SUMMARY OF ANALYSTS
Project _ SNAP-8 Compenent Boiler No. 5 Distribution:
Part Oval Tube' Drawing No. E. 8. Chalpin -
'Su'bjec{-, Structural Analysis G. L. Lombard

Reference(s) Memo E. Chalpin to W. Weleff/H. Derow,

dated -© July 1970, Subject: Operating Criteria for
Stress Analysis

U.A.Pineda/H. Derow

Engineer 8. Krikopulo Approved // M/% File: S581020-03
OBJECTIVE: Determine the stress levels and safety margl d.ue ‘to: the given loading.
ASSUMPTIONS

Maximum internal pressure of 30 pSI at 1211°F is the only load.

REFERENCES (Analysis Methods):

(1) AcC-10650 - Structural Design Criteria, SNAP-8
(2) Materials Manual H-100
(3) Hand caleulations

RESULTS AND CONCLUSIONS:

Maximm calculated stress 6600 PSI (compression) MS is large (> 1.5)

RECCMMENDATTONS AND COMMENTS :

Oval tubes are struci:urally sound for this application under the above stated load:

G-45
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At

Dept. T97h ANATYSTS NO. Sa- 249,

DATS 4 September 1970
SUMMARY OF ANALYSIS
Project__ SNAP-8 Component Boiler #5 ’ Distribution:
Part_Center Vacuum Tube Draving No. 1268665 E. S. Chalpin
Subject Structural Analysis ’ G. L. Tombard
Memo, E,S.Chalpin to W.Weleff/H.Derow, dtd 6 July 197D :
Reference(s)_gybhi: Operating Criteria for Stress Analysis U. A, Pineda/H., Derow
Engineer 8. Krikopilo Approved ([/ M File: 83 1020-03
N : V__

OBJECTIVE:

‘Evaluate the structural integrity of the inner vacuum tube - Boiler #5

ASSUMPTIONS :
Critical loading conditions external pressure of 90 psi at 14B5°F

REFERENCES (Analysis Methods):

AGC-10650 Structural Design @riteria SHAP-8
‘Materilals Manual H-100

RESULTS AND CONCLUSTONS:

Critiecal buckling pressure 1980 psi > 90 psi-

RECOMMENDATIONS AND COMMENTS:

The inner vacuum tube is -capable of resisting the external pressure

Safety margin against buckling is high (> 2.0)

G-50
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