ARMY RESEARCH LABORATORY

MMM

Engineering Design of
Throat Valve Experimental Facility

Irving B. Osofsky
Duane T. Hove
William C. Derbes

ARL-CR-229
prepared by
SPARTA, Inc.

615 Nash Street, Suite 202
El Segundo, CA 90245

under contract

DAAL02-90-C-0073

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

19950830 080

a

June 1995

GPECTED 8
DT @ﬁ’ﬁLI“fY 1MEPEC




NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Army
position, unless so designated by other authorized documents.

The use of trade names or manufacturers’ names in this report does not constitute
endorsement of any commercial product.




REPORT DOCUMENTATION PAGE e S

ng mated 10 average T par rasponse, ol @ inetructions, g sxisfing data sources,
of Inf son. Send

mmgmmmgnfunmm g snd 9 garding this burden eet! or any other aspact of this

of Inciuding suggestions for reducing this burden, 1o Washingion Headquariers Services, D for op snd Reports, 1215
Davis Suhe 1204, Arlin VA 22202-4302. and to the Office of Mana t and Bud P Reduction 0704-0188), Washin DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

June 1995 Final, Jul 93 - Dec 93

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Engineering Design of a Throat Valve Experimental Facility C: DAAL02-90-C-0073
6. AUTHOR(S) Task 93-9273

Irving B. Osofsky, Duane T. Hove, and William C. Derbes

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS{ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

SPARTA, Inc.

615 Nash Street, Suite 202

El Segundo, CA 90245

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10,.SPONSORING/MONITORING
AGENCY REPORT NUMBER

U.S. Army Research Laboratory
ATTN: AMSRL-WT-NC
Aberdeen Proving Ground, MD 21005-5066 ' ARL-CR-229

11. SUPPLEMENTARY NOTES
Technical point of contact for this work is Audrey Mihalcin, U.S. Army Research Laboratory, ATTN:

AMSRL-WT-NC, Aberdeen Proving Ground, MD 21005-5066.

et ——————————
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

This report covers the design of a gas dynamic test facility. The facility studied is a medium-scale blast simulator.
The primary use of the facility would be to test fast-acting, computer-controlled valves. The valve would be used to
control nuclear blast simulation by controlling the release of high pressure gas from drivers into an expansion tunnel
to form a shock wave. The development of the valves themselves is reported elsewhere. The facility is composed of
a heated gas supply, driver tube, expansion tunnel, reaction pier, piping, sensors, and controls. The driver tube and
heated gas supply are existing components. The expansion tunnel, piping, sensors, and controls are all new
components. Much of the report is devoted to the design of the reaction pier and the development of heat transfer
relations used in designing the piping and controls.

14. SUBJECT TERMS 15. NUMBER OF PAGES
heat exchange, soil loading, shock tubes, blast simulation, test facilities 110
16. PRICE CODE
77, SECURITY CLASSINCATION | 18. SECURITY CLASSIFICATION 79. SECURITY CLASSIFICATION | 20 LMITATION OF ABSTRACT |
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-260 5500 Penes GBI 5% e 100




INTENTIONALLY LEFT BLANK.




~ FOREWORD

The facility design effort reported here was performed under contract DAAL02-30-
C-0037 to assist in the development of a Throat Valve Experimental Facility.
Related design and installation activities were performed under contract DAAA15-
87-C-0096 to support the design and implementation of a Pebble Bed Heater to
fill the 1/6th Scale Test Bed driver. The civil and mechanical engineering design
work of consultant Dr. Jerome Burns is gratefully acknowledged.
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1. INTRODUCTION

As part of an ongoing effort to improve nuclear blast simulation techniques,
the US Army Research Laboratory (ARL) has been studying the use of
computer controlled throat valves to replace conventional diaphragms used
in shock tubes. Diaphragms are consumed in testing and are costly and
difficult to mount in large sizes. Throat valves would be reusable, easy to
set up and operate and have the potential for eliminating the requirement for
heating the driver gas to achieve high fidelity nuclear waveforms.

Throat valve studies and related research efforts have been aimed at
providing the Defense Department with the capacity to conduct nuclear blast
and thermal survivability testing on full scale tactical vehicles in the Large
Blast/Thermal Simulator being built in White Sands, New Mexico. In support
of this objective, a 1/6th Scale Test Bed (Test Bed) has been assembled as
a technology demonstrator and is currently undergoing characterization
testing at Aberdeen Proving Ground. Both the LB/TS and the Test Bed
employ heated nitrogen driver gas with double diaphragms to produce
nuclear weapon waveforms in the expansion tubes. Heated driver gas is
required to remove a density (and therefore, dynamic pressure) discontinuity
at the interface between the driver and driven gas. Controlled metering of
ambient temperature driver gas has been shown by computation to achieve
the same effect. If throat valves prove successful, considerable cost savings
will be realized and test preparation time reduced.

A Throat Valve Experimental Facility (TVEF) is planned to develop the
computer controlled throat valves without interfering with ongoing Test Bed
technology development research. The TVEF is to be located on Spesutie
Island, Aberdeen Proving Grounds in the immediate vicinity of the Test Bed
and will make maximum use of existing equipment including the Test Bed
driver gas supply system.

Section 2 provides background information including design requirements.
Section 3 summarizes the concept design trade studies performed and the
selection of the baseline facility configuration. A preliminary facility design
is presented in Section 4 and Section 5 provides a cost estimate for the
remaining design work and the facility fabrication and installation. Section
6 summarizes the study results and Section 7 lists the references.




2. BACKGROUND

This section provides a general description of the TVEF, the requirements
upon which the designs were based and a summary of the soil properties at
the Spesutie Island site.

2.1 TVEF Description

The TVEF consists of a pressure vessel called a shock tube driver, an
expansion tube, a reinforced concrete pad to support the driver and
expansion tube and react the axial load when the throat valve is tested, a
heated gas supply system and an instrumentation and control system.

The TVEF driver is being adapted from hardware available through a
previous BRL project (Figure 1). The 3.66 m (144 in) long driver was formed
of three identical sections. A 0.36 m (29.5 in) diameter 1500 Ib weld neck
flange is welded to each end of a 0.61 m (24 in) long tube with a 0.29 m
(11.51in) L.D. and a 0.032 m (1.25 in) wall thickness. The three sections are
each bolted together with sixteen 2 1/4 inch bolts. The upstream end of the
driver is closed by a 0.36 m diameter 1500 Ib blind flange. The interior
volume of the driver is 0.25 m® (15000 in®) and the wall area is 3.37 m?

(5200 in?).

An existing expansion tube is a welded steel pipe 30.5 m (100 ft) long with
a 0.76 m (30 in) I.D. and a 0.0035 m (0.137 in) thick wall. The tube is
presently cut into four sections and is badly rusted.

The Test Bed driver is pressurized with heated gas by a unique SPARTA
designed and installed gas supply system (c.f., Figure 2). A constant
volume cryogenic pump supplies up to 1.6 kg (32 GPM) of Liquid
Nitrogen (LN,) at a constant flow rate independent of backpressure; lower
flow rates are achieved by venting part of the LN, after it leaves the pump.
The LN, is vaporized and heated in a single pass through an electrically
preheated Pebble Bed Heater (PBH). A remotely controlled LN, bypass
system provides positive control of the PBH outlet gas temperature by
mixing selected amounts of LN, with the heated nitrogen gas. The PBH
mixer is designed for a maximum metal temperature of 670 °K (750 °F) and
a maximum pressure of 153 atmospheres (2250 psig).
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Three phase 460 volt power is available at the PBH and 110 volt power is
available throughout the test site. Space is available in the Test Bed control
bunker to locate a Data Acquisition and Control System. An oxygen
depletion alarm system is inplace along with portable oxygen systems to
prevent operator exposure to asphyxiation should a large nitrogen gas cloud
form.

2.2 TVEF Design Requirements

The TVEF must be located so as to not interfere with ongoing operations.
Specifically, a keep out zone 6 m (20 ft) long was established at the Test
Bed diaphragm area. The TVEF expansion tube is to be 30.5 m (100) feet
long.

The driver is required to meet ASME Division Il Boiler Code standards.
Safety is a primary concern because people will be exposed to high
pressure, high temperature piping and pressure vessels. The control bunker
would afford only negligible protection if the heavy driver section failed.

The driver gas specifications are ambient to 126 atm (1850 psi) pressure
and ambient to 644 °K (700 °F) temperature. Accuracy requirements are
+ 5 percent on both temperature and pressure. The driver gas must be
heated, the driver filled and the test conducted in a short enough time that
the driver gas temperature does not decrease below the design point due to
convective heat transfer to the driver wall.

The driver design thrust was originally 92,000 Ibs. During preliminary design
this design criteria was changed to 400,000 pounds to accommodate future
expansion. The design crosswind criterion is 30 MPH.

Originally, the Army specified that the fill tube installation be designed in
accordance with ANSI and/or ASME Boiler Code Division 2 piping standards.
With Army approval SPARTA changed the design to be consistent with
aircraft/missile design standards because the driver fill tube on the SPARTA
pebble-bed heater was designed in this manner. ASME Boiler Code
materials properties were used in the original fill tube design and were used
in the design for the TVEF. The deviation takes place in the use of
commercial Swagelock compression fittings in the original 8 ft driver facility




and the use of commercial stainless steel Parker-Hannafin flare fittings in the
TVEF fill line. Swagelock has lowered the operating temperature of their
presently manufactured fittings to a value which is unsuitable for this

application.

The heavy wall SAE-4130 steel tubing and stainless steel Parker-Hannafin
flare type fittings can be used to temperatures of 1,000° F. For
temperatures above 1,000° F at pressures of interest, SPARTA believes that
the fill lines must be redesigned in superalloy and special welded/screwed

fittings must be designed.

The maximum TVEF fill temperature is presently structurally limited to 750°
F by the pebble-bed mixer and the 2 inch diameter fill line.

2.3 Site Soil Properties

The soil consists of 3 feet of sandy clay or silt overlying sandy silt with the
water table at 3.5 to 5 feet (Reference 1). The coefficient of friction used
during original shock tube design was 0.33 and a safety factor of 2 was
recommended by the 1966 shock tube foundation design report (Reference
2). The maximum bearing pressure is 2600 psf for 1 inch settlement and a
safety factor of 2 was recommended in the report.




3. CONCEPT TRADE STUDIES

Design concepts were developed in accordance with the design
requirements and trade studies were performed to select viable approaches.
Early design studies examined issues which could be quickly resolved and
therefore devote a majority of the resources toward fruitful design activities.

3.1 Early Design Studies

The use of an existing diese! engine mount as part of the thrust reaction
mass was quickly discarded. Examination and calculation showed that its
use was not feasible because:

M The number of reinforcing bars is negligible and the
concrete would probably break up under the shock loading
experienced in responding to the thrust of a driver.

B The rebars that are in place according to available data are
longitudinal with no provision for transverse loads.

W The stability of the block was insufficient to prevent rollover due
to transverse loads and the transverse load would cause allowable soil
pressure to be exceeded resulting in motion and sinking of the block.

SPARTA examined the existing TVEF shock tube driver and recommended
that the driver be disassembled, refurbished, reassembled with new spiral
wound 316 stainless steel seals, hydrotested and recertified in accordance
with the ASME Boiler Code. After passing the ASME hydrotest, the driver
should be coated with protective marine environment paint on all exterior
exposed surfaces. The interior should be protected with nickel plating,
phosphate or high temperature primer and paint. ltis probable that corroded
sealing surfaces will require machining and the interior will require grit
blasting. If the driver bolts and nuts cannot be identified as having the proper
strength and being made of approved materials, they should be replaced
with proper fasteners. '

Use of the existing expansion tube sections was discarded because of their
poor physical condition (rusted throughout), because the rust would have to

7




be removed in order to weld stiffeners onto the exterior and because they:
can be replaced with more substantial sections relatively inexpensively. .

Alternate siting arrangements were studied for a concrete pad supported
facility. A location next to the Test Bed was selected on the basis of

convenience and affordability.

The existing LN,/Pebble Bed Heater gas supply system was found to be
easily capable of meeting the TVEF requirements. Also, a single heated gas
supply system arrangement was found to be compatible with each of the
candidate facility configurations and is described in Section 4.1.2.

3.2 Alternate Facility Configurations

Five basic facility configurations were examined during the concept phase.
Sufficient engineering design analyses were performed to establish
feasibility, to size the structures and to differentiate their costs and
operational features. A configuration designed to accommodate the original
axial thrust requirement is designated as a 100,000 Ib design and a
configuration sized to meet the final, expanded capability is designated as
a 400,000 Ib design.

3.2.1 100,000 Ib Pad Supported Concept

The TVEF driver tube and expansion tube will be mounted on a reinforced
concrete support structure with integral tie down rails (Figure 3). A steel
driver support truss transfers the axial thrust to the 3000 psi concrete
reaction pier; the pier is 70 feet long by 8 feet wide and the shear keys are
5 feet deep. A sliding expansion tube section allows access to the throat
valve test section and a steel thrust stand accommodates the (small)
expansion tube thrust load. Commercially available rollers with height
adjustment bolts support the driver and the expansion tube.

A smaller free standing concrete pier is used to support the aft end of the
expansion tube. This pier takes only vertical load.

The expansion tube is a 1/4 inch wall low carbon steel 30 inch diameter
tube. Two axial opposing WF beams welded to the sides increase its
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The tube is also reinforced with spaced circular rings to prevent local
crippling due to bending. Free thermal expansion is enabled by axial sliding
bearings installed on the aft mount.

3.2.2 100,000 Ib Piggyback Concept

Recognizing that the cost and excavation for a new facility could present
problems, SPARTA prepared an alternate design concept which piggy backs
on the existing Eight Foot Shock Tube. The estimated costs are significantly
lower than for the baseline design concept since no reaction pad and no
new excavation is required.

The TVEF driver and expansion tube are mounted on top of the existing
Eight Foot Shock Tube (Figure 4). Steel trusses transfer the driver thrust

axial load to the shock tube walls fore and aft of the primary reaction pier;
a smaller truss work transfers the expansion tube axial load to the Eight Foot
Shock Tube wall forward of the shock tube test section. The TVEF driver
and expansion tube are mounted on roller bearings as in the baseline design
and the bearings are supported by steel truss works welded to the shock
tube walls. A steel framework secures the end of the TVEF expansion tube.

The expansion tube would be sectioned and fitted with a strong back so that
the portion over the shock tube test section can be lifted out to clear the
area. Because the TVEF will be about 17 feet above the ground, standard
mobile work platforms would be used for access (Figure 5).

3.2.3 100,000 Ib Side by Side Concept

To avoid having operating personnel working on an elevated facility, Sparta
designed a 100,000 Ib rated TVEF driver/expansion unit to be installed on
the side of the 8 ft diameter shock tube (Figure 6). The centerline of the
side mounted TVEF was approximately 4 ft off the ground for ease of access
without ladders and stools. The design kept clear a 20 ft wide access way

to the 8 ft shock tube nozzle area.

A horizontal steel truss mounted on the 8 ft shock tube reaction block
supported the TVEF driver and expansion tube and transferred thrust and
moments directly to the reaction block of the 8 ft diameter shock tube.

10
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Figure 5. Mobile Work Platform and Sliding Expansion Tube Detail
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3.2.4 100,000 Ib Upgradable Pad Concept

Consideration was given to building a 100,000 Ib pad which would be
upgradable to a 400,000 Ib pad at a later date (Figure 7). Significant
complexity and cost is required to do this. Specifically:

W 400,000 Ib thrust reaction rails are integrated with the 100,000 Ib
reaction rails

M the concrete pad width is increased to 10 feet to accommodate the
400,000 Ib rails

B the concrete pad shear keys are increased to 6 foot deep

M 400,000 Ib pier rebar patterns are added to the 100,000 Ib pad
envelope, bent 90 degrees at the pad sides and ends and covered
with a six inch concrete layer which would be removed when the

expansion construction took place.
The balance of the 100,000 Ib pad supported concept remained the same.
3.2.5 400,000 Ib Pad Supported Concept

The final candidate configuration assumed that the 400,000 Ib pad would
simply be built now to accommodate both facilities. Further concrete pad
design optimization produced a 15 foot wide by 85 foot long concrete pad
(Figure 8) which allowed the reduction of the number of shear keys from 7
to 6. In addition, it is no longer necessary to re-excavate, remove the
concrete facing from the pad sides and ends, construct forms, extend the
rebar and concrete pad, backfill and remove debris.

The balance of the design remained the same the same as the 100,000 Ib
upgradable design.

14
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3.3 Concept Selection

All of the concept configurations were judged to be feasible and can be
constructed in approximately the same time frame. Concept selection was
made in the following fashion:

B The 100,000 Ib pad supported concept was eliminated because of
the desire to expand the facility at a later date.

M The piggyback concept was eliminated because of excessive
interference with existing operations and because of a desire not to
expose workers to unnecessary risks by operating at 16 foot heights.

M The side by side concept was eliminated because expansion to a
400,000 Ib capability was considered dubious.

This left a choice of building an upgradable 100,000 Ib pad supported design
or building a 400,000 Ib pad supported design now.

Consultation with a Professional Civil Engineer produced estimates that 30
percent of the cost of the reinforced concrete support pad could be saved
if the 400,000 Ib pad were simply built now. Further, construction of the
upgrade to the 100,000 Ib reaction pad would result in significant down time
for the facility. Therefore, SPARTA recommended building the 400,000 Ib
pad now. Army Research Laboratory personnel agreed with SPARTA's
recommendation and directed that engineering design activities proceed with
the 400,000 Ib concept.

17




4. ENGINEERING DESIGN

Preliminary engineering designs were developed for the site layout and the
components of the 400,000 Ib pad supported concept. A facility design
description is provided here along with installation and operation

procedures.
4.1 Facility Design

Engineering design calculations are summarized in Appendix A and the heat
transfer models used to size valves and develop operating procedures are
documented in Appendix B.

4.1.1 Site Plan

The TVEF will be located in close proximity to the 1/6th Scale Test Bed (also
referred to as the Eight Foot Shock Tube). The shock tube is oriented at an
angle 71 degrees clockwise from north. Essentially all of the building fronts,
sidewalks, roads and installations are parallel to this direction.

Existing Features

The diaphragm changing/compressor building is approximately 41 feet from
the centerline of the 8 ft diameter shock tube. Electrical power for the gas
supply system originates in this building. The control bunker is adjacent to
the diaphragm changing/compressor building and east of it. The bunker
" houses the test personnel, test data acquisition systems, valve controls
systems and power switching. An unused diesel engine mount east of the
bunker is oriented orthogonal to the 8 ft diameter shock tube; a wooden foot
bridge spans the diesel engine mount in line with a sidewalk leading to the

diaphragm changing/compressor building.

The Test Bed heated driver gas supply system is located near the
downstream end of the driver. Included are the Pebble Bed Heater (PBH),

the cryogenic pump, the liquid nitrogen cryogenic storage tank and the gas
supply electrical control boxes. A 2 inch O.D. line transtfers heated gas to
the test bed driver. The cryogenic pump is a constant displacement pump

18




which has a rated capacity of 1.6 kgmv/s (32 GPM). The PBH is preheated
by electrical resistance heaters using 460 volt, three phase power drawing
a maximum of 324 amps (150 Kw) plus 30 amps at 120 volts for switching
(4 Kw); the cryogenic pump draws a maximum of 105 amps (48 Kw). A
switching system prevents the PBH and pump from being operated
simultaneously.

A sump and sump pump used for draining the foundation of the existing
shock tube is located behind the liquid nitrogen storage tank and a runoff
drainage ditch is located in front of the diaphragm change building and
bunker. Left over concrete piers from earlier diesel engine tests must be
removed. |

TVEF Features

The TVEF driver will be mounted on a reinforced concrete pad via rails
embedded in the concrete. Two sets of rails are provided, one for the
present 100,000 Ib thrust requirement and one for the future 400,000 b
thrust requirement. The expansion tube will be mounted on the pad at the
upstream end and on an a support pier on the downstream end. The TVEF
reinforced concrete base will be alongside and parallel to the existing shock
tube and approximately twenty feet east of the driver flange. The shock tube
and ancillary buildings will not be affected by the TVEF installation other
than replacing underground electrical conduits which will be severed while
excavating for concrete forms. The TVEF driver is located east of the
control bunker so that radially expelled debris will not enter the building (in
the event of driver structural failure). When completed, the TVEF concrete
base will provide a smooth walkway for personnel.

The TVEF will have a drainage system connected to the existing sump from
which the drainage will be pumped to a field north of the shock tube.

The TVEF will be pressurized by the existing Test Bed gas supply system
via a new heated gas transfer line. A new 3 way manual valve will be
installed in the present Test Bed fill line to provide safe, positive control of
the heated gas transfer process. The TVEF driver gas transfer line will be
electrically heated with the 460 volt, three phase power coming from the
PBH power line. A vent valve located at the upstream end of the TVEF
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driver will be used to control the driver pressure; exhaust gas will exit via a
10 foot tall exhaust stack.

A remote Data Acquisition and Control System (DACS) will be located near
the driver to keep instrumentation lines short. Facility control and data
processing will be provided by a PC located in the bunker. Communication
between the DACS and the PC is via 150 feet of interface cable protected
by six inch diameter Schedule 80 PVC pipe.

4.1.2 Pier, Driver and Expansion Tube Overall Views (TVEF-1.1)

A 12 feet wide by 93 feet long reinforced concrete reaction pad supports the
6 ton TVEF driver and one end of the 7 ton expansion tube assembly and
reacts 400,000 Ibs of axial thrust. Six transverse shear keys and a single
vertical stem with footings on each were sized to transfer the loads to the
soil and to resist bending moments. The footings were added to the original
concept designs because it is assumed that excavation and forming is
required; therefore, footings are used to provide additional shear area for
transferring thrust loads to the soil, additional compression area for negative
moments and additional area for steel rebar to resist positive moments at the
most effective location.

The 3000 psi concrete pad is heavily reinforced with A-615 grade 40 steel
re-bars oriented to distribute shear key and thrust loads into the concrete
mass. A system of steel tee sections is cast into the concrete to
accommodate expected driver/expansion tube configurations.

A porous gravel bed is installed under the central spine of the reaction pad.
It runs the full length of the reaction pad and encloses a 4 inch diameter
perforated drain pipe. The perforated drain pipe slopes downward from the
exhaust direction of the expansion tube to the upstream end of the driver
and pipes drainage into a vertical sump formed from 30 inch diameter
concrete pipe. A submersible float actuated electric sump pump is used to
pump accumulated water through an underground pvc pipe to the existing
Test Bed sump.

A 9 foot wide by 5 foot long free standing reinforced concrete pier similar to
the main reaction pier is used to support the aft end of the expansion tube.
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The pier takes loads only in a transverse vertical plane as the expansion
tube is allowed to slip axially. Provision is made to shim and re-position the
expansion tube if earth movement takes place over time. The expansion
tube aft mount restrains the tube about a vertical plane but allows free
thermal expansion in the axial direction. The aft mount is fabricated by
welding from low carbon steel plate and painted with marine paint after
completion.

4.1.2.1 Concrete & Rails

The reaction pad concrete slab and the vertical keel are 16 inches thick; the
transverse shear keys are 18 inches thick. The footings are 12 inches thick
by 36 inches wide. Steel re-bars (#6 except where noted) are preformed
and inserted into the concrete forms prior to filling with concrete. The re-bar
pattern is as follows:

Top Slab:
Longitudinal Bars on 8 inch centers (top layer #8)
Transverse Bars on 10 inch centers

Transverse Keys:
Transverse Bars on 8 inch centers
Vertical Bars on 8 inch centers

Longitudinal Stem:
Vertical Bars (#4) on 10 inch centers
Longitudinal Bars (#4) on 8 inch centers

Longitudinal Footing:
Six #11 Bars

After most of the re-bars are in place, the driver reaction rails are aligned
and installed, the expansion tube reaction rails are aligned and installed and
the remaining re-bars are threaded through the rails and installed.

The driver and expansion tube thrust stand consist of four 18 foot long WT

13.5x47 T section rails held in place by two 2 inch diameter crossbars.
Thirty six headed studs 0.5 x 6 inches anchor each rail to the concrete;
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eighteen 1 1/4 inch holes allow the rebars to pass through each rail. Twelve
1 1/2 inch holes are drilled into each of the inner rails to accommodate the

driver and expansion tube thrust stand.

The expansion tube end support concrete form is a 16 inch thick horizontal
top slab over two 12 inch orthogonal vertical keys along with 12 inch thick
footings. Rebar are on 1 foot centers in single curtains.

4.1.2.2 Expansion Tube, Supports, Rings & Longerons (TVEF-1.1.2)

The expansion tube is a 1/4 inch thick low carbon steel 30 inch diameter
tube welded on opposing sides to two axial opposing WF beams which
increase its bending stiffness (see recommendation to minimize stiffener
length) so that only two expansion tube supports are required. The tube is
also reinforced with spaced circular rings to prevent local crippling due to
bending. Free thermal expansion is enabled by axial sliding bearings
installed on the aft mount. The assembly has a 6 ft long, 30 inch diameter
removable section along with a 5 ft long, 28 inch diameter sliding section on
the upstream end to allow access to the TVEF test valve. The expansion
tube assembly will be hot galvanized at the factory except for the local areas
to be welded in the field. These welds will be protected with cold galvanize.

The 30 inch diameter, 100 ft long expansion tube assembly is fastened to
the inboard pair of the four aft reaction rails embedded in the concrete base
pad. The aft end of the expansion tube assembly is fastened to a sliding
support mounted to the aft concrete support pedestal.

4.1.2.3 Driver Thrust Frame (TVEF 1.1.3)

The TVEF driver thrust stand is a welded triangular steel trusswork
supporting a six inch thick vertical steel plate. This plate is bored out to 30
inch diameter so as to accommodate the 29 1/2 inch diameter driver flanges.
The driver is bolted to the thrust stand through a central spacer plate which
is bored out to 11 1/2 inches. The spacer plate/flange joint is sealed with
the same type gasket presently used. The thrust stand is bolted to the
reaction rails with specified torques. After assembly, SPARTA has
recommended that the installer paint all bolts, washers, exposed threads and
nuts with rust inhibiting paint and plug all holes in the driver.
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4.1.3 Driver Gas Supply System (TVEF-1.2)

Heated Nitrogen gas will be pumped from the Pebble Bed Heater to the
TVEF driver through 100 feet of 1.5 inch 1.D./0.188 inch wall SAE 4130 alloy
steel tubing. A three way 2500 Ib Globe valve is fitted into the Test Bed fill
line. On one position, this valve allows full flow to the Test Bed driver and
shuts off flow to the TVEF. When switched to the alternate position, this
valve shunts the full flow to the TVEF and shuts off flow to the large driver.
The valve is rated at 1,850 psig at a temperature of 1,000° F.

If the fill tube temperature is substantially less than the gas temperature, the
gas will lose significant thermal energy through convective heat transfer to
the tube wall. Driver inlet gas temperatures were calculated using the heat
transfer model described in Appendix B.1; initial tube wall temperatures of
300 K and 450 K were considered. In neither case did the gas temperature
reach the desired inlet temperature of 650 K in the proposed TVEF driver
filling time of several tens of seconds (Figure 9). Further, 63 percent and 38
percent of the gas thermal energy was lost to the tube wall respectively
during the calculated times. Therefore, the fill tube wall will be pre-heated
to the desired inlet gas temperature.

The fill tube is heated by a pair of resistance strip heaters that are fastened
to opposing sides of the fill tube by a series of stainless steel clamps. The
strip heaters come in 50 ft lengths which are controlled by an individual
power supply/controller. Thermocouples spaced at 10 ft intervals feed back
temperature data to the controller. Heater power is taken directly from the
main pebble-bed power supply.

The fill tube assembly including heater strips and fittings is insulated by
preformed cylindrical foamglass insulation. This insulation was chosen
because it is impervious to moisture and prevents corrosion of stainless steel
fittings exposed to salt air from the nearby Chesapeake Bay. The preformed
insulation blocks are cemented together by high temperature cement and are
covered with a stainless steel protective covering. The outer covering is
cemented in place and all joints are sealed. During the TVEF fill process,
the exterior surface temperature of the fill pipe will not pose a safety
hazzard. Substantial thermal energy remains in the fill tube which will
diffuse to the surface but the temperature is not expected to be high.
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A 1 1/2 inch remotely controlled vent valve is added to the upstream end of
the TVEF driver to control the driver pressure during operation and to
provide a method of bleeding down the driver gas if a throat valve
malfunction occurs. The pneumatic control valve is operated by a solenoid
valve which energizes a diaphragm operator which in turn actuates the valve
pintle on command. The solenoid valve will be operated by a 28 VDC signal
from the control system in the bunker. The vent valve pneumatic control gas
supply consists of a 2200 psi nitrogen storage bottle connected to a two
stage Airco regulator which reduces the input pressure to approximately 40
psig. In parallel with the solenoid valve is a small accumulator which
furnishes required high flow rates upon demand independent of the supply
line and regulator size. A bleed valve vents the pneumatic control system
when it is shut down.

Connected in series with the vent valve is a variable area manual ball valve
which provides a adjustable orifice in the vent line to tune the system for
various test conditions. Operating procedures are described in section 4.3.
A 1900 psig pressure relief valve assures that the driver will not be
overpressurized.

The exhaust from an open vent valve would be very noisy and is potentially
hazardous so the flow is directed into a vertical 6 inch diameter exhaust
stack approximately 10 feet high. The upper two feet of the steel pipe are
perforated with 1/8 th inch diameter drilled holes which reduce the noise
signature. Each end of the pipe is capped and a single 1/8 th inch diameter
drilled hole in the stack bottom drains condensate. The exhaust stack and
transfer line are electroless nickel plated during fabrication.

4.1.4 Electrical Power System (TVEF-1.3)

In the present 1/6th Scale Test Bed, 460 volt 3 phase power is provided to
the Pebble Bed Heater (PBH) and cryogenic pump via underground cable
directly from the compressor building. A four way switch in the control
bunker selects between AIR/PBH/LN/OFF but the power still routes through
the compressor building. A 3 phase power junction box is located on the
Test Bed concrete apron directly across from the compressor building.

460 volt 3 phase power from the junction box goes to a switch box with 200
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amp circuit breakers and a lockable manual lever arm. Power lines exiting
the switch box go to the heater rod power distribution box. PBH heater
elements are thermostatically controlled from a control box located in front
of the PBH and can be individually switched out by setting a low set point
temperature. 460 volt 3 phase power also goes from the junction box to a
separate manual switch box and on to the control box located in front of the

cryogenic pump.

110 volt single phase power from a junction box located directly across from
the control bunker provides control system power to the remote valves.
Instrumentation lines are routed through a conduit parallel to the 110 volt
power line conduit. These two conduits will be disrupted during TVEF

construction.

460 volt 3 phase power will be tapped off of the PBH power circuit after the
manual switch box and into the fill tube heater system control box. Thus,
the fill tube heaters will be switched off when the pump is switched in. In
the switch box the power is stepped down to 240 volts and routed to two
heater control units each of which supply power to two 50 foot long tube
heating units. Five thermostat circuits provide distributed temperature
control for each tube heater unit. The desired fill tube temperature is
manually set in the heater control units and left on throughout.

4.1.5 Instrumentation and Control System (TVEF-1.3)

Facility instrumentation will include 12 thermocouples, 1 pressure gauge and

one valve position indicator. The thermocouples are chromel alumel with a
1/8th inch sheath and have time constant less than 0.1 seconds. The
pressure transducer is a strain gauge type with an accuracy of + 0.2 percent
of span; the transducer will be mounted at the end of a standoff tube to
isolate its face from the hot driver gas. Limit switches indicate whether the
vent valve is open or closed. A sealed six inch Schedule 80 PVC conduit
will carry instrumentation and control lines from the TVEF to the control
bunker. This prevents damage to the lines and wires by weather, by people
and by vehicles. The conduit enters the control bunker through an existing

port on the north wall.

TVEF operation requires a PC based Data Acquisition and Control System;
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a remote DACS will be located at the TVEF facility to keep instrumentation
lines short whereas the PC will be located in the control bunker
approximately 50 feet away. The DACS contains 12 bit D/A and A/D
boards, a 16 channel thermocouple board, a power supply and the
communication boards. The PC is a 33 Mhz 486 system with 4 MB of RAM,
a 170 MB hard drive and six 16 bit ISA expansion slots. The Paragon
Control Software package already in use for the Test Bed will be adapted to
control the TVEF as well. The PC will be used to input the driver pressure
set point to open the vent valve (a manual overide provides backup) and to
record and display process valve position, gas pressure and gas
temperature. A data sampling rate of 10 Hz is more than adequate to
capture the TVEF filling process time history. Digital readout process
indicators will display the driver gas temperature and pressure for operator
convenience.

4.2 Facility Installation

Initially, the site is excavated as necessary, forms are installed, re-bars are
placed, severed cable ways replaced, and the reinforced concrete pad
poured. After the concrete has cured for 30 days, the following assembly
steps are taken:

1. The TVEF driver thrust stand is bolted to the reaction rails with
code specified (e.g., 1000 ft Ib) torques. All bolts, washers,
exposed threads and nuts are painted with rust inhibiting paint.

2. The hydrotested TVEF driver assembly including seals, spacer
plate and end flanges is bolted to the TVEF driver thrust stand.
All bolts, washers, exposed threads and nuts are painted with
rust inhibiting paint.

3.  The expansion tube (with sliding section installed) is aligned with
the TVEF driver and bolted to the concrete pad and aft support
pad. All bolts, washers, exposed threads and nuts are painted
with rust inhibiting paint.

4. The vent valve system is installed on the forward driver header
and connected to its pneumatic power supply and electrical
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10.

11.

12.

13.

power supply. All bolts, washers, exposed threads and nuts are
painted with rust inhibiting paint.

The existing 2 inch diameter Test Bed driver fill line is cut and a
the manual 2 inch three way valve is installed so that flow can
be diverted to the TVEF as required.

A 2 inch to 1.5 inch reducer is installed in one port of the 3 way
valve and the 1.5 inch line is connected to the TVEF driver using

the proper fittings.

Strip heaters are fitted to the 1.5 inch tube and fitting assembly
using stainless steel hose clamps.

The strip heaters are wired to their control boxes and
thermocouples are installed every ten feet on the fill line with
connections to the control boxes.

The strip heater control boxes are wired to the pebble-bed
heater power supply.

The fill tube insulation is installed after checkout of the strip
heater system.

Scientific instrumentation is installed on the fill line, driver and
valves. Transmission lines to the PC in the control bunker are
installed and all ground leads are connected to an approved

grounding stake.

Ground fault interrupter circuit breakers are installed on all
primary power leads connected to the TVEF system.

Covered tapered wooden cable crossovers are installed to
protect all top of slab wiring from contact with people, equipment
and vehicles.
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4.3 Facility Operation

As heated nitrogen gas is pumped into the TVEF driver, the gas temperature
is increased by compression heating but is simultaneously decreased by
heat transfer to the driver wall and by driver venting. The driver gas filling
process was analyzed using the thermodynamic and heat transfer model
found in Appendix B.2. Procedures described here are for the maximum
driver gas test condition of 644 °K temperature and 118 atmospheres
pressure (referred to as Test Point 7). '

The existing ARL 1/6th Scale Test Bed gas supply system is capable of
delivering 1.6 kgm/sec (32 GPM) of heated gas to the TVEF driver.
However, because of the TVEF driver's relatively small volume, the driver
would be filled in times on the order of 5 to 7 seconds if there were no heat
transfer to the driver walls (Figure 10). Halving the flow rate doubles the
driver fill time to 10 to 14 seconds and reducing the flowrate by a factor of
4 brings the fill time up to 20 to 30 seconds. For practical operating control,
a flow rate of 0.8 kgm/sec (16 GPM) is chosen.

Even at times as short as a few tens of seconds, heat transfer to the wall
has a significant effect on driver gas filling (Figure 11). Approximately 5
additional seconds are required to fill the driver to Test Point 7 (118 atm
pressure) and the driver gas temperature is several hundred degrees K
cooler than it would have been without heat transfer. At 0.8 kgm/sec of 675
°K gas, the driver fill time is about 17 seconds when convective heat transfer
is included in the analysis. ‘

If the driver filling process were to continue, the pressure in the driver would
continue to build linearly. Terminating the driver filling is not an acceptable
solution because the driver temperature and pressure drop rapidly providing
a few second test window (Figure 12). Venting the driver gas through a
constant vent valve area of 3.3E-5 m? (1/4 inch diameter port) provides the
required Test Point 7 driver gas conditions for a reasonable test period
(Figure 13). The adjustable area manual vent valve provides the capability
to achieve intermediate driver gas test conditions without an elaborate and
expensive feedback control system.
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5. ESTIMATED SCHEDULE AND COST

Cost estimates were made by defining and scheduling the tasks (Figure 14),
identifying the engineering services necessary 1o complete the design as

well as overseeing fabrication and construction and

by itemizing purchased

parts and services. Purchased part costs were estimated from catalog

items, vendor quotes and engineering estimates.
construction costs were developed from responses

Major cost items are:
Engineering Services
Facility Hardware
Gas Supply Hardware
Instrumentation and Control
Purchased Services

Site Construction & Installation

Total

Fabrication and site
to RFQs.

$436,000

$102,000

$ 43,000

$ 17,000
$ 27,000
$246,000

$871,000

All estimates are in 1993 dollars. No spares or contingencies have been

included and no consideration has been given to

satisfying Government

regulations such as environmental impact statements, site specific approvals

and facility procurement procedures.
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TASK MONTH

1. FINAL DESIGN

1.1 FINAL ENGINEERING

1.2 REGULATION COMPLIANCE
1.3 DRAWINGS/SPECIFICATIONS
1.4 GOVERNMENT APPROVALS

2. PURCHASING

2.1 RFQs

2.2 VENDOR QUALIFICATIONS
2.3 VENDOR SELECTION

2.4 PURCHASE ORDERS

3. HARDWARE ACQUISITION

3.1 FABRICATION
3.2 ACCEPTANCE
3.3 SHIPPING

3.4 RECEIVING

4. CONSTRUCTION

4.1 EXCAVATION

4.2 CONCRETE

4.3 FACILITY ASSEMBLY
4.4 PLUMBING

4.5 ELECTRICAL

4.6 INSTRUMENTATION
4.7 CONTROLS

5. CHECK OUT TESTS

5.1 HYDROTEST .
5.2 POWER .
5.3 PUMPING
5.4 PRESSURE/VENTING
6. DOCUMENTATION

6.1 CADM

6.2 AS BUILT MARKUPS

6.3 INSPECTION

6.4 QUALITY CONTROL

6.5 SAFETY

6.6 OPERATING PROCEDURES
6.7 FACILITY CHARACTERIZATION
6.8 MONTHLY REPORTING

6.9 FINAL REPORT

Figure 14. TVEF Completion Schedule
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6. SUMMARY

6.1 Conclusions

The following conclusions are drawn as a result of the design study:

B The TVEF is technically feasible and can be designed and
constructed with a high degree of confidence. Preliminary engineering
design is complete.

B The TVEF can be constructed in closed proximity to the existing
facilities without interference and can share the use of the 1/6th Scale
Test Bed heated driver gas supply system, electrical system and

control bunker.

m Within the uncertainties in the data set taken by ARL in its initial
shakedown run, the coded driver filling model reproduces the
measured temperature and pressure time histories reasonably well
thereby validating the ad hoc heat transfer correlation.

m Sufficient heated gas supply and control authority are available to

provide design test conditions for test times adequate to initiate Throat

Valve tests. Heat transfer has a significant effect on the driver gas

temperature and pressure even at the short times necessary to fill the

TVEF driver. Preheating of the driver gas fill line to the design
temperature is required.

B Venting a controlled amount of driver gas after the driver is filled
while continuing the fill gas supply is an effective means of extending
the test time. Appropriate driver gas venting can be achieved with a
simple constant area vent valve thereby relieving the need for an

expensive feedback control system.

6.2 RECOMMENDATIONS

The following recommendations are made as a result of the design study:

B The TVEF facility final design and construction should proceed as
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soon as funds are available.

B The TVEF site should be surveyed by a licensed land surveyor to
develop maps with true dimensions, land elevations, and site details
including the pebble-bed heater, cryogenic pump, NEMA Dboxes,
electrical junction boxes, diaphragm building and control bunker.

B Soil tests shall be made at the TVEF site to obtain current soil
properties to a minimum depth of 10 feet.

B The existing 1/6th Scale Test Bed drainage system should be
inspected and serviced so that it can accommodate the TVEF.

W The existing TVEF driver must be refurbished, reassembled and
hydrotested to ASME standards to assure safe operation.

W Final engineering can achieve additional simplifications. For
example, it appears that the expansion tube stiffeners are only
required near the support locations.

B The TVEF driver thrust stand, expansion tube, expansion tube
thrust stand, mounting rail assemblies and expansion tube aft support
structure should be prefabricated and shipped to the site for installation
by a construction contractor.

B The present driver gas filling model should be used to design
definitive 1/6th Scale Test Bed driver filling experiments which
encompass various processes included in the model. In particular,
careful experiments should be defined to test the validity of the heat
transfer correlation over a wide range of Raleigh numbers of interest
to TVEF filling strategies.

m Alternate driver filling methods should be developed to minimize
driver gas stratification if it proves to be detrimental to throat valve
performance and shock waveform formation.

W Fast response (time constant less than 0.1 seconds) thermocouples
must be used to measure the TVEF driver gas temperature.
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APPENDIX A DESIGN CALCULATIONS

Reaction Pad Soil Loading

Reaction Pad Loads and Stress Resultants (N, V & M)
Reaction Pad Stresses

Reaction Pad Universal Mounting Rails

Reaction Truss Loads, Stress Resultants and Stresses
Expansion Tube Loads, Stress Resultants and Stresses

Heated Fill Tube Stresses
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F o = ( , 3

FRICTION ON COoT7om OF JLAGB T

= (.l N5 23 =237.61< (@ 1 DEPTH)
Fu, = (N5x/0.67)x 7] A
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PROJECT _/ VEF sy %%‘ 3
1 e |

z@? DISTRIBUTED Z @D
TOTAL Y ONGr TUD/NVAL FRICT/ION FORCE AWA—/(.M/_:

B7¢ K x [ Fe= B76 F-K

/) 279.0 X < = 5()92

79.4 x 5 = )47

2 & x & = 291 i
?57.6 K€4./67 =074 ~=-K

) o, 63,

!

D)5 77/ BUTED LONCITUDINAL FRICTION FORCE AVAILABLE!

F_ 2576 |
|+=F="5—= 2770 K JFe © 4 /69 Fo DEPTH f

APPDITIONAL [ ONGI TUOINAL D/SCRETE F/Z/Q//o/v FORCES ! .
OMN THE FOOTINGS 0OF THE KEYSr- 3

(On FoT7om SURFACE OF FOOTING OF EACH /(5)’) |
/;—“f«:.’(-6‘70"3)"@1’?)*-?3 = 56 < (@ 6’ pEPTH)

t

!
f

ADDITI ONAL Fozcg on ALL SIX KEYS (To7adl):

STk @ 67 =22.3 AK

Y €L, €

TOTAL [oNG/TVOINAL FRICTION FORCE AVAILARLE:

Q745 K @ 4398 A=) 095.4 AR«
) GE) €
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PROJECT L VEA BY ﬁ_ P
93/11 | op_|
SUBJECTREdCWOA/ JAD JOIL LOAP/NV CKD " | A

IE WATER TARLE IS @ <t Foo7 DELTH

REDUCTION /N FRICTIONV FORCES ON S/IPES:

A%-—_Z</xz)x93x ag-—éé K (@ 5.333 2£P7H '~

JREDULTION /N FRICTION FORCES ON FOOTING:
(OV 70P SURFACE OF FooT/ve)

o S
£m, =-(0s0x22 ) 92022226 < (@5 pEoTm

/u/:{— 2— s
(ov B0T70m SURFACE OF FooTive]

Aeu_:_(_/[)ox_g)x?'j’x_j}:—‘?.zI< (@é/OEFT#)
~y ]

TOTAL REPUCTION /N RyCTION FORCE AYRILALLE : ,
-6./] K = L3377 -32.7 Ak NOTE THAT THE \f

-2.6 x £ = -/2.8 PRE[ENCE OF WATEAR ‘I
-7.2 x 5 = -55.2 REDUCES THE i
’ AVAILABLE FILICTIoN |
-/7.3K@L6LT = -/008 K \\cypee gy 6.9 % /
l

TOTAL DISTRIBUTED LONGITULINVAL FRICTION FORCE AVAILAGLE !
2575 kK x4(69 = /074.] Fu-K ( AVAILABLE IF DRY ) ,

-)7.9 x5¢19 =-/00.%8 (-BUOYANT Lro05ss5) |
2397 1k @ &060' = F73.3 Fe-k | (NET AVAILABLE IF WET)|
@ ® @ -

DISTRIRUTED LONCITUOINAL [FrRUCTION FORCE AYMLRAGLE :

F=L= 22020577 k/p @ 4.06 Fe vEPTH
(VERIFY TrEsE “wWeT ' VALVES BY DIRECT CALCULATION )
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PROJECT _/ VYL~ BY/(;;U// f;
SUBJECT REACTION /RO SOIL LOADING loyey | 5
i | —
/6'5’/; = (//%06(0)x93x 33 = 3"?6 Kx )’ = 23"7'6 K
2 (" > X4)x93&33f 56.5 x2667= |504
FM;= 2 (460 x2)x93x.33= 565 x5 = 28173
| 2 (065 x2)x93%x33= B0 »5333 = 426
u. = 515x (52 )x97x35= 269 x5 = 343
L., = .590x 3 x97x332 543 X6 = 31579 |
DIRECT CALCULATION CHECc| 237.77 K@4060'= §73.3 Fe-i<

@y @’ @
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PROJECT L VEF

B\’%_
23/ Cé_

cxo —| A

suBsecT REACTION /AD SOIL LOADIVG

LONGITUDINAL PASSIVE SOIL FRESTURE FORCES AVAILALLE:
JE SoiL 15 "oy

(fe. \WATER Ta40lE BELOW & DEPTH):
/.O/VG/TUD/M/#L FORCE AVAILAGLE ACAMNIT END SR CE:

. =9 Z0D
):’/‘,‘2‘3—:3" =% | x(11-.333) = ) 94 K % 667'= 113 Fe-k
firem = 3% (’9°xéx/ 333 = 8.2 x4 =332
G5y
M 3 x 575></x(.: /333)= 2.88 x5.5 =[56
) ax ka6 = 19 x5467 = 163

[3.18 kK @3.899'= 51,79 F=-k
D) ) G
JONCATVOINAL FORLES AVAILABLE AGCAINIT EACH OF & KEY:
. =@ = @

r Ix. /5 x4x(12-1.337) = J401k x 3 = 44)6 Ak
S (3% 46(’*4*/0 667 = 29,44 x3.667 =/07.95

g RELP "75></X(/2—°) = J5.53 x5.5 =853%
«gﬁ ) 3 x /25 | x S = .55 x5.4667=2.90

(Gl.24 Kk @ 4012 =243 k)
@2 @9

L ONGITUDINAL FORCE AVAILAGLE ACANST ALL J/X KEvs (ToiAd):

3LY5K@ <k 022" =475 Ak |

@D 2 @
TOTAL [ oNC) TUDINAC FASTIVE S0I1C FREJJURE FORCE AVAILAGLE

380.7 K @408’ =/529.5 A~-K
3 ) @
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SUBJECT NEALTION fAO JoiL LquA«g cxp ——| A

' /
TOTAL LoV TUDIVAL FORCES AVARILAGLE:
Fricnon Fore (p3) | 2745 K@4.378'= /2954 Aok
PASSIVE Joi Fopc (p€) | 380.7 KR @4,0/8'=|529.5 R-k

X
TOTAL FORCE AVAILABLEY| 675. LK @4,184" =2815.0 R-K

‘ il’l‘\wchl VAN A g'ﬁ/‘/_/_,!n{—

< ) CxIm
APPLIED LOAD: 400 K @ 5 ¥*¥= 7000 Feil
NOTE THAT * ¥¥ABOVE GRADE

2 SOl FRICTION FURNISHES S1/CHTLY LELS THAN HALF

| OF THE AVANAFLE REACTIVE FORLE z%%(i‘é}%

o (UIL FRISIVE FREISUINE REFSTANCE [ NISHES
LICHTLY MORE THAN HALF OF THE AVAINLALLE

REACTIVE FORLE | 2 5§ Yo (363;;3 =.56,39 % ).

4L —
» AROUVT 60 Yo (éfgz =£7,14 %) OF THE

AVAILACLE REACTIVE Foreg [f UVJED T¢
REACT THE SL00 I€ REALTION LUVUAX.

IN ORDER TO JNMVEST/GHATE JHE JLEACTION FAL,
1TSS AVAILABLE SO/L LOADING WILL BE FRORATED
pownwn T0 REACTIVE SOIL LOADING THAT EQUILIBRATES
THE  AAPLLED 400 K LoAninve, THAT /5,-56.38 % .
OF THE MVAIUALCE REACTIVE 50/L FORCES WILL BE
LN lED To THE REACTION FAD.

¥ JERY (ONSERVATIVE ESTIMATE
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I ¥\

IV\

I\

PROJECT

/I VEF

K=

SUBJECT

KEACTION A0 S50IL LOARO/INVG

BY/
23 /1 _oF__|
CKD ———-A

SUMMARY OF EOUILIBRATING Soit REACTIVE ] DADING:

FORCE

| /v TErms oF 501 DEPTIH

WRT. JLAB-STEM [NTERAACE

DISTRIBUTED LONHTUDINAL FRICTION FORCE : 5'20@96 Eiﬁf
| /152.62k ||@4./69"| 626.285-k|@3./6% ‘| 483667k
&) ___ © &2 &
DISCRETE FRICTION FORCE ON BOTTOM OF EA4CH KEY :
344Kk @6 Fe | 2185 A K|@ 5 R |82 Ak
) G3) (€T
TOTAL DISCRETE FRICTION FORCE O BOTTOM OF AlLL KEYS:
21.85 K |@ 6 Ft |31 Ak @5 A |]09.26 Pk
G 9 €
7074l REACTIVE Joi FR/CTION FORCE!?
17447 K |@4.398 Fr|767.39 Ak |@ 3.398 Fe|592.% Fe-k 2
@) G® €D &
PASSIVE SoiL PRESFURE FORCE ACAINST ENO SURFACE:
7.7 K |@ 3.899 & | 30.68F-K|@72.895 A | 22.81 Feric
22, €12 &> €5
PASTIVE S0I1L PRESSURE FORCE HCAMNST EACH KEY:
36.28 K ||@401L Fe | /45,70 AK|@ 3.021 R |/09. 62 Fuk]|
TOTHAL PASSIVE PRESIURE FORCE AGCAINST ALL KEYS:
217.66 k. ||@4.012 A | 87540 A-Kl@ 3.022 Fr | 657.94 Rk
@ a2 I &3
TOT7AL REACTIVE S0IL PASSIVE PRESSURE FORCE:
27553 K ||@4.018 A |9506.07 A«|@ 3.0/8 Fe| 680.55 F-KE
& CD D &
TOTHL LONC/TUDINAL S01C REALCTIVE Force-
400 K |@<4184 A |1673.96 =k @ 3./84 Fe| 121734 AKE:
& %9 22 @D
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PROJECT L=

BY 7
3/ | _or |
CKD— A

SUBJECT REACJ/?/\/ FAD S0IL LOADING

VERTICAL REACTIVE Joit [Lo4p/nG To REJIST
ODVERTURMNG MOMENT ON REACTION FAD,

| SSUME THAT THE [300 k]/0Amive occurs
56 /VCHES] ABOVE THE TUP OF THE FAZ.
Tie. 8 Fe ABOVE THE JSLAB-JTEmM /NTERFACE).

THE <vo K /NOVCLED OVERTURNING MOMENT /5!

o)
M= 400 x§+1273.46 = 400 x(6+3.184) =32673.4¢
/N = 3673.56 Fek | *(5.184) |

(v=3673 Fe-k) 7

J <N
(=1.249 /(//:f/ = H.5 *j
>

x46.5)(x, 46.5) =M
Z 3 Z

l Mm_. =
N = %—4—2’5" [.2*3673.5 = 2.54836 K/F

“46.5*

W =2.548 K/ ("/w?c' TUAT THIS OVERTURN/NG MOMEWT]
83 INDUCES VERY Low S0/t PRESSURES

7‘(.
NOTE THAT T./9%4 FT |J THE EFFECTIVE ECENTRIUTY
JA THE MOMRE [EVERE ‘“Orvy Jjoi' CHIE.

THE EFEECTIVE ECCENTRIGTY Amd CORRESPONGING
VERTICAL SO/ LoAR/NG ARE REDUCED /N THE
LESS FCCENTRIC ALY SEVERE SUBMERGErD JSoit CALE,
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[4
or__

23/1

BY/
cKb — B

75 (M V.E€m)

REACTION PAD LOADS

I N e [

AND STRESS RESULTAN

PROJECT
SUBJECT

¢

N 2L8-
_ avd P WVIIVId LNTWOW
| GLE|- _ _
vie- _ 2 95/ -
o - £9 gz-L_E¢™
SsL— 98 - - w
XM EE( 161
2LE
(- 058)
NOOt —,..c M 00 -
)
- Wvyaovia YVYIHS
o
89
o 0t

LbZ6S  ISITS
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PROJECT [ VL /[~ BY

3//‘

susseer _REACTION PAD LOADS | oper

AND STRESS RESULTANTS (M V,em) iz~ -

aigd
N
Q
“Q“Q )
\\A. II /
<\/ | !
/
k \/
N /;'
/ op
f:_)—\ ’/67-‘7 7
=X ,f {:,
A —®
x| YA q
SY—a

QYA a

o [T«
* o Yo -“m
2/ < [

A VAN

B

!

~

REACTION FAD STRESS RESULTANTS
AT CRITICAL SECTIons (A) € (B
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PROJECT | YE£ mﬁ..{;.
. 73/ | or_ |

AND STRESS RESULTANTS (N V€M)
STRESS RESULTANTS N KEY FOOTING=

ASSTUME THAT THE RELATIVE JSTIFFNVEITES ARE SUCH THAT THE
"SHEAR INELECTION LINE " (ZERO SHEAR) OCCURS N THE KEY
M%u.6”A8m£‘nf7WP0F7MEFbDWNC-'Mﬂ $”Z

1

“\\~ \/ /l}" .qiq

L OAD

£(.9/9741.0219) x.5 x 45 = 2.1§4 K x1(45) =45 Fe-k
|/ (1.02194/2263) x | x4.5 = 5058  x 225 =).3g1
(./349) X3 x4.5 |.g 21 X2.25 =497

I 064 K @(zz.zs)’ =70.394 Fe-k
17”
V =9 | K NOTE THAT e & my MAY VARY ACLOROING
£ : T0O WHRERE THE 4cTval ZERO SJHEAR
Me=20.4 F- K\ \ fimE (convEn) OCCURS /v THE KEY wacc,
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PROJECT [ VS w;é?_ 5

sussect _REACTION PAD LoADS |0 | g
AN _STRESS RESULTANTS (N, V. §M) '

STRESS RESULTANTS /N (U7 WinTe 0F) KEy waic
AND IN TOP JLAR AS /WDUCED 2Y KEY WAHALL:

UNJT (ONE FoOT) WIDTH OF SLAB JUST ABOVE KEY WALL:

M AT

[

3.5

UNIT (ove FooT) WinTid /Y/
|\OF KEY wALL BELOW | F"
345 - 7 K/ ‘

| Ou‘*
1




PROJECT L Y&/~ Byﬁ__ 5
23/ | or_ |

ecr _[REACTION PAD LOADS cxo—| B

SUBJ

AND STRESS RESULTANTS (M, V. E€m)

IN THE KEY WwWaLL: Vs My,
LoAD e S

|\

5 (.1153) x| x3.5 = 1.252 ¥ #%:3.5 = 2921 Fe-i
2044 X1 x3.5 = U5 x1x385= ) 252
.56 k @2.1217 = 4,173 Fe-le
(25.5")

Vs = 2.0 K
Mus =42 Fe-K&

IN THE SLAB ABOVE THE KEY WALL:

Mg = My (‘%) Vs
M= (407 +%)57)=2.74 Fe-k

Ms=2.8 Fe-K |

57




19.6)

PROJECT L YV &~ BY -/
73/1 | or |

susgecT LSEALTION PAD STRESSES \opn | -

It

RERBAR STEEL: ASSUME THAT 17 Witl RPE BILLET

STEEL (/é/q 6/5) WHICH 15 THE MOST LEARILY AVAILABLE,

EITHER OR BOTH GRADES MAY BEN
é’?AOE 40 60 (weo AS APPLICABLE,

£ o= 70 | 50 | TEvsE sTrencm  (Kksé)
Fy = | 40 | 60 | VNELD STRENGTH (/IC)

>
ALTERNATES JNCLUPE THE RAIL AND AXLE STEELS ¢

A=L]7 WHICH HAS [PENTICAC TENSILE STRENGTHS,
VIELD STREN GTHS, AND ELONCAHTIONS /N CRADE &0

AND  IDENTICAL TENMILE JTIENCTHS AMG YECD
STRENCTHS [N CRAJE (0 (ANO ONLY JLICHTLY
SLEDUCER FromcATIonS IV THE SAMALLER BAR SI2Es),

A=616  WHICH HAS IDENTICAC TEMIIE STRENGTHS Awnp

YIELD STRENCTAS [(BUT S/CNIF/CAVTLY REDUGD |
ELONCATIONS ) /M CRADE §0.

NOTE THAT /T HAS NO [LAAZE GO, 507 /7 HAS
A INTERMEDIATE GRARE 50 (80850 ksc).
FOR ALl STEEL (/ch,ua//vé REZAR ANr STRUCTURAC
ROLLED JHAPES , FLATE, BAR, TVRBE, /E7¢.) AfrvneE:
E =19 x0°(ksc) Mopvrvs 0F ELasTici7™ |
y = .3 =)  PoIsronS RATIO

Y = 490 é#/Ft?) WE/GHT DENIITY

X =6.5 010 ° (/°F) COEFFAICIENT OF THERMHAL EXPhN s1on

K NOTE THAT THESE ALTERNATE RAIL Anp AXLE JSTEELS

ARE NOT GENERALLY READILY AVAILAGLE.

58




l rRwetL |

—~—

ity

2 W

suplecr REACTION AD STRESSES

cKkb — C

CONCRETE :

/
£ =
E =
Y., =.2

-

n =9

ASSUME THAT /7 witt BE 3000 psd CONCRETE =

2000 (Pﬂ') ULTIMATE 29 DRY CLOMPRESSTVE [TRéw oTH
1.5
c 3200 (/(;;‘) MoDRVLYS OF ELASTICr7Ty (EC:B’BWL /E)

)

W, = /45 (/53 WEIGHT DENSI7Y

-4
o<, =550 ( /°F) COBEFIC/EAT OF THERMAL Exransiun

=)

POlSrony RATI0 (= 3156000 2D

RATIO 0F mopbuLt oF ELA}T/C/T'Y<§22:7'06)
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PROJECT L r = BY |
73/l

SUBJECT REALCTION FPAD JTRESJES cxn |

nllzw

@ SECTION A4 : (SEE p B-12,§3)

NOTE THAT THIS 15 THE CRITICAL SECTION FOR
MAXIMUM POSITIVE MOMENT THAT /NOUCES THE
MAXIMUM TENSILE Loap /N THE RE-GARS THAT
ARE IV THE ST7Ean (1. THE LONC/TURINAL RE-BARS
/v THE FooT/ve), g

ﬁfﬁfp@ﬂ&/ THIL JECTION GCOVERNS THE MAX/Aumn
AMOUNT OF [STEM RE-FAR STEEL /N THE REACTION [AL,
THE [LOCATIONS OF THE “CUT-OFF" PoINTS WHERE THE
STEM RE-AR ANEA MAy BE REDUCED AMAY BE
OF TAINED DIRECTLY FROM THE MOMENT /46 RA.

THE MAX/ MU SHEAR ALS50 OCCURS AT THRIS SECTIoN
(A4S WELL AS AT SECTION B). THIS MAX/MUM SHEAR

CENERATES THE MAX/MUM  SREAR STRESS /N THE
STEM, THEREFORE, THEJE JECTIoNS GOVERN THE
THICKNETS OF THE f TEm /N THE REACTION A2,

MLIO NOTE THAT THE MAX/mum AX(AL NO7im AL
COMPRESIIVE STRELS 12ZEf 74T (V) AlSo OCCURS

AT THIS JSECTION. THIS MAXImum N (/v CowawnwcTron
W/TH THE MAXIMUM PoIITIVE M OM ENT ) CENERATES THE
Ax/ i  COMALESIIVE STRESS /N THE CONCRETE /v
THE FLAvGE (staB), HOWEVER THIS 17 OF
ACAPEMIC INTERELT ONLY [BECAUVIE THE JLEACTION [AD
WALl INHERENTLY [FE HMHICHLY (NDER REINFORERS [DUVE
To THE MAST/VENESS OF THE CONCAETE, HENCE,
THE CONLETE JTRESIES WitL /NHERENVNTLY &= VEY

L 0w,
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|ll- e §

" 937// | ?:_
|

SUBJECT REACTION A0 STRESJES CKD — |

FECAVJE THE CONCRETE STREJJES ARE VERY Low,
A “CRACKED -JECTION " LINEAR ELASTIC ANALY SIS
CVES A REASONARLY Covrd REPREJENTATION OF THE
JTRUCTURACL ALTION, CONSE@RUENTLY, THIS JfECTionv
WiLL BE ANMALYSELD UJINC THE /4L7'ER/ VATE PDES/CN
METHOD (/2. WonrlkinG STRESS DES/EN) RATHESR
Than Tre STRENCTH DESICN METHOR (e,

ULTIMATE JTninveiH bLesien ), ( REF. AC| 318 CGDE>.

/R THER, THE COMPILESSION JTEEC Witk LPE Cow f1PERE
TV BE EFFECTIVE [D/NECTLY WITH THE MOpvLAR 2ATI0
(THAT 15 STRAIN CompaT/L/LITY WITHOUT LONC JERM
CREEL JLIPPAHCE), THS /S LBECAUIE /N THEZ REACTION
FPAD THE VERY [HORT TEAM [IVE LOAD STRE/SES
GREATLY DOMINATE OVER THE LOWNG TERM DEAC [LoAD
STRESTES ., THIS CoNTRAITS 7o U4l ConNngE7€
STRUCTURES vV WHICH THE STEARADPY J747E£ Lowvc
TERM GCRAVITY JNDUCED FEAD LOAD STAESES
DOMINATE  OVERL THE TRAVI/IENT LIVE Loaz STREITES.
70 ACCoUnNT UL LONCE TERA NEEL /N THE '
CONCIETE TRANSEERING LOAD TO THE JTEELFL [Frioan
THE CoNCnETE (Jt. ESENTIALY RELAXATION OF
DISELACEAMENT CONPARAIZG L) 7Y BETWEEN THE CONCNETE
A THE STEEL) AT LECOMMENZS (A—x///’ UrES /o
fel THEIR EWVATIONS — BoTH ADM Awrg S0M )
DoBLING THAE STRET LEvEC N THE COomMPILE M 1urr -
S TESL FROan THAT WHICH WovLo OCCurt BASEZ v
Com PR7ARIL/ T,

CONSEQUENTLY | THE TRANSFORMED [ECTION Ansa OF
Comenesyon STEEC Wiee BE [FHED ov N (A7 )T /5
For TENIILE STEEC ) JMTEAD 0F 21 (or @n-1)] As
/T /S N THE AT CorRE. HMHEME THE Copl CEVELATED

ELUVATIONS D7/r2/vC COMALESSION FEEL CaAwweT PE LsED
DIRECTLY WITHOUT MUOIMAHCATIvA.
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PROJECT L L=/ BY#% :__7
93/ f,-_

THE S50 -k MOMENT @ JECTION 4 /5 EQUIVALEXT
TO 4 COUPE CONSISTING OF A J4/R OF [FEQuUAL AVD

OPFPOSITE FORCES 5.667 Fr=p @ /NCHES AranT (E2).

ASSUME /714~y THaA T THE COMPRESSTTVE FONCE
/N THE CONENnETE (C) ACTS AT A piS7AvCE
2t JNCHES BELOW THAE 7072 SURFACE OF THAE
CONIETE REACTIUN FAD, HEANCE, THE
COMPRESSIVIE FOonreg NV THE TOP LAYER OF S7EEC
N THE FLAneE (reap) (C7) 1S (oMCIoENT WiTH
THE FOonE /v ThE Cownc/E7€ (&), FURTHER, THE
L0770 [AVER OF JTEEC /N THE FLANVCE (SLAZ)
)5 COINCIDENT W1TH THE NELTRAC AXls (WhICH
)5S AT A DEPTH (kd) OF 12 IMCHES) SO THAT THERE
ARE NO TENSIE OR COMPRESSIVE FORCES I /7.

NOTE THAT THIS AsfumEn LocaTion OF(C) Bo7+
SIMPLIFIES THE JNITIAC AVALY /1S CALEVLATION Aarg
/S A VERLY RATIONACLY ASTUMED LOCATION. THAT /5
FOR A4 BEAM SURJECTED To PURE FLEXVRE (watH
No APD)TIONAC TENSILE OR COMPRES/IUE AXIAC LOARS)
Awnr  WITH NORMAL MOPERATE LUNOERNEN FONCEMENT
TH1s plriAavcE [V kd)] wouln BE ApouT 4 7o DY
(/,.e‘_/VOM//VAiLY ALouvT [}8 70 = 8.75% ”] ( WHERE NOAMINACLY:

K = 3/@ ) (,%}() =yz>/ AND j:(/-—{/;)() = ’7/3),

e A DECNAEASE /N NLEINFORCEMENT Ang/oR THE
AOD)TION OF AN AXIAC TENIILE [OAP TEMNZS 70
JLEpUCE THEE DIrTAVGE [0F (C) § (MALPELOW Top Suness,

o AW INCOEASE IN NEMFOILEMENT Awr) O THE
Aop) 7708 OF An AXIAC ComPRESIIVE LOArD TENDPS 70
JNNERSE THEME DITANVCES LEConw THE ToP SUIHFACE.

HERE IV THE [LEACTION (A0, THE UNOERILEINFORCEM ENT DominaTs]
OVER THE (COMMRESI7VE FORLE (V) AND THE 4" AfumP7Ion IS cool.
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PROJECT _/ Y& BY 6
j 935// or_|

sussect REACTION PAD STRESIES

HENCE, AT SECTION A:

THAT THE NEVTRACAXIS /S
LOCATEND 12" PELOW THE

(E/U’EO on THE A)fwmpr/o,v) 150 K | T T
T0P SURFACE. (¢ C@4") T

e (<) A E

I T REFERENCE DIMENSIONS

kd T
til . LI
16 127g \34 crCs e ¢ = e
K< ] 1
41 :
T nd ),
. e 70 | |
48 58 58 66 | | 54
J i | NI A A o
u — 65 —F'J L—CONCRETE ANVALYSIS o
DIMENSIONS

REACTION FAD DIMENSIONS
EQUIVALENT STRESS REJULTANT DIMENSfONS ——
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PROJECT _/ VL /- BY%’_ 7
93/11 | op_|

supiecT REACTION FA0 STREJIES |on ¢

HENCE , N TENSILE STEEL )N STEm (FooTIvG):

T:-/':_g.ééx/j‘oz/zg.fs’ K TENSILE LoAD |
Agzgxlsem™ = T30t Area (62 pepans)
£ = —;}: / %7732 = /% 60 K TENIILE [TRESS

€ = _g—(-z 2/3;;03 = ,0290/46‘/ ININ ELON CATIONAL [T/LAsA

AND IV FLanvcE (SLAG):

C=17150+127.3 =277.3 K TJOTAL CoMPRESSIVE FORCE
hfexinxigg =C o =C-Cl CONCRETE STRELS Vorumi
$ = Ce . 2535k_ 193 50 MAX CONCRETE [in&ss (@Sunrace
CTexi4¢ T Be% T T g ASSUmvG C |5 Smmee fx138Kk)
- J:c LC — -
&, = E =STwoc = . 000, 0/9// 68 v MAK CONETE S7rAMW
/ g - 2- —— — —
657_: = €% = 000, 0(%}/)2 Imine STEEL ST/ fbsar
L= F & = )77 ° Ks¢  JTEEC STNRESS
Sr S JSr L o
An=i0xng = usZs ot (7eee anga (17 F5)
Cj;:{,;_x Af; = 23.8 K VYV (OMPRESSIVE STEEL FORCE

CHECK The AssumeTion THAT (C) 1S LocaTEn @ 4 /.
T _

=5 =
kd=.16355x70 = [1.448" V5 ASSUMED )1 LocaTion
[4kd) = 3.8/6" Vs ASSUMED 4" LolATion

HENCE, THE 4" ASIvmeTION WAS VERY CLOSE AND

J)7ERATIVE WEMENT [ NOT NECES/ARY, HOWEVELR,
OA/fE /rgm-r/afif'zuu BE DonE [FOR NEFEJLENCE /MEOAMATION.

@_ — a
W—./éé_‘;.g()
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jfﬂ
a
2 ©

: PROJECT | VC T |
’ suBiecT REACTION FAD STRESTES loxm—|

Y

C
HENCE, B
AT SECTION 4:° 150 K |t .
FIRST |TERATION: “‘[
—‘-J b € T
¢ B(kd)] k€ "68
== = &, 559
ﬂ(&?
|
— Yoo .
i T fg 122
| v L),
. 70
L6 ‘
56.1 &6 '
f 6.1 o4

- REFERENCE DIMENSIONS
REACTIOAN PAD DIMENIIONS

-

EQUIVALENT STRESS REJULTANT DIMENSIOMS ——

L_L/»-J

I— CONCRETE ANALYSIS e

DIMENSIONS
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PROJECT YL/ ﬁ
BY
92/1/ z
sussect FEACTION FA0 STREJIES | caem c
HENCE , M TENSILE STEEL N STEm (FOOTING):
55,9 126,85 %
T =7 ===«/50 = > : y,
/ ‘5&6/6./ -/—-7-®'-77“"' f TENSILE LoAD
_ z _ ]
m IS m Tl s (O aenar)
%; ey AFE0 K¢ TENSILE [T7RELS

€ 467

€ ..'Ef—-' /3.6 = 'y —
5T E, T 29103 .Og/—‘*/"’//’v LLON CATIONAL [TRAvAr

AND I ELANCE (SLAG): |
— /26.95 27 6. 85 }

f/: = /5/‘/ 0,,"'44‘%6 :2:9—6%/3‘ /< | TOTAL COMPIES[IVE FORCE |
G o x4 x /4,42;;: C.=C- C;;Cs@ CONCRETE JIRESS Vo/_wm.-‘i

. 301
; — ¢ e K- L) . MAX CONCNETE JINESS (@
C.s: | 4& _8-6#'1/“ e )< ASSummnve, C ’/: f:ulu.ffi {U i
- fn Qﬁi‘L. k. 3,99 Awup Csp 7T veay el (¢ .57-"3'
=3 = . 000, 0358 IMw MAX COMNETE S7;

D496 ToP LAvEr: (2

'Q"L - (4
c - 3.1v ‘
E. ~ 3.1 = 23.57 K)

’_ ﬁ']-q . p — N N
€ = *257/%}' = .000, 0% it STEEL ST/ NIy
/ - —_ ) ‘
.= 5 &, = —P?'@T Ks¢ JTEEC STRELS
/ —_— / ~
Al=)7x79 = /354‘:;# 725 Anga (17 #8)
. r ’ Y - .
G = .(.} Ix A = 238 K Y (OMPRESSIVE STEBEL FORCE
€’ _.3 @ BoT7om LAYER:
sg =7n S = _000}®()0 2,H INfIn  STEEL STRAIN
-Q; = £, eﬂ’? = .op i STEEL STRELS
A,L; =)0 x &Y< = 7.96“/~1 STEEL AnrEa (In #¢)

@
c’ =% / - S K —  TEwn EL Fonc

CHECK THE ForRCE /v T CONCRETE.

Cc=C-Cs— Cy)y = 276.85-2409+.52=253.3K |4 S 0K |
@©
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PROJECT / ¥V &/

BY /0
I3/ | or__

SUBJECT EEA’CWON FAD STREJTES

ek — C

VERIFY THAT (c) 1) LocATED 3.9"BELow ToP SURFACE:
€

/<= es*ecz@@z'/6%45 (’)
kg = kxno = //.le/ /M

(witkms 021" 0F [1700")
/% kd = 3.9507 /¥ {W/TH/A/ .007"0/: 3,900”)
o= /—73,}< = G442 (<) @ _ o i U
:/’d = J)Jx 70= 466,093 I~ E/VOTE THAT ) IJ IV QU6T4T/on

MANKS BECAUSE /T /S 76 THE
CENTRO/IO OF CC OMLY (/Vo/" CENTROID OF C'C+C;I7+C,S; >.

NOTE THAT

THE STTRESS VALVES [FAJED2 ON THE /I 774c¢

ASrvmp7ion  THAT () occunegp 4" PEtow THE 7P
SU Fack

OF THE JREACTION PAL WENRE CEARATAIMLY
ACCUILATE EnvouUCt [JECAVIE THEY OwnwtyY CHANCED LY :

c ABOUT 50 PSC Fort THE TENSICE STEEC (% /3,60 => 13.55 Kks¢)
sABOUT 8 F5C ok THE CONCAETE (1€ 293> 30/ Ps5c)

/N THE FIRST (Awg Fradc ) JTERATION .

N Sumamany (@ SEcTion A):

THE JTRESS /N THE CowiAgTE /S ABOUT .
£, =300 PsC| % LIk

x 12%% OF THE ACT Attowhbls

JTress oF 45 L= ]350 psc
THE STRESS IV THE TENJILE JTEEL 1S ABouT

F,=/3.6 ks |5 ok (=68 % 0F 20 ks (F Fon GrAgE 49)

x 50 % OF 24K [F Fore (nsok 60)
THE STRESS /N THE COMPREJIION JTEEL /] AROUT:
f = .8 Ks¢

% 0l (N0 CONCERNM wWiT LATER AL RESTRAINT)

THE SHEAR STRESS /W THE CONCRETE IS ABQUT*
=V _ _259000 _ -l o 88 % OF 60 PsL
v’bJ(J )6 x 66 ’53 /U;C oo OK <%g7/°° Z; gg;;f)
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PROJECT L VL~ BY%_ /1
Z3/1 | or |

v

@ SECTION B (see p. B-1,2,43)

THIS 1S THE CRITICAL SECTION FOR MAX/MUM
NECATIVE MOMENT THAT INDUCES THE MAX/IMUNM
TEMIILE LOAQ I THE RE-GALS THAT ARE /N THE
FranvceE  (le, THE LomM&TuDINAL RE-BARS /V THE
SLAZ) .

THE MAX/mum Axs4C Nopmace TENSILE STRESS
RELULTHNT (N Aiso  OCCUNS  S7TMULTANEOUSLY
AT TR SEcTION,  THIS JMOLLES ApQITIonAcC

TENILE JTRESSES /N ALl OF THAE [LE—FRAMS,

HENCE, AT THIS SECTION, THE S/MULTANEOUS
COMBINATION OF MAXIMUM (/N) AN AMAX/rquan (n/
CENERATES THE MAX/mom  TENSIGE ST7/2E7505 /A/
THE UPPEN LAYE/R OF THE LONE/TULINAC RE-BARS
/N THE fFeanves (SLad).

THEREFORE, THIS SECTION COVERN THE MUX/IM U
AMOUNT OF FLANCE [LE-CAR JTEEC /M THIE REALCTION
PUO.  THE LOCATIONS OF THE “CUTOFF™ POINTS
WHERE THE /FLANCE RE-FAR ANRE4A Mmay G REOVLED
NAY BE OB 7A4/MED D/IRECTLY FroA THIE MOMENT
D/ACLL AN :

TMHE ANAX/ram  COMPRESSIVE JTRESS /N THE CONMCUETE
Occuny /W THE JTEm (Foo7iae) 47 THIS - SJECTIO
PDUE TO THE MAX/pum  NECATIVE MO ENT. NoTE
THAT THE MaxX/pmum TENFICE (V) wice TEXZ To
REPUCE THELE CONCNETE COMPIESTIVE STILET/ES
SOMEWHAT | Bu7 THEY WILL STILe FE MAax/mum HERE,

THE MAKIMUM  SHEAR ALso OCCURS AT THIS
SECTIoNn (AL \WELL Af AT JECTIOoM A), HOWEVER,
/7 WL RE MORE CUTICAC /¥ THE STEM AT
SECTIoN &, JEE JEcTiom A DIJCvSIIon FOR TS EFFECTS.
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II‘HWB&-O

— ¢

b.'; 73 7/1

¢

suptecT [XEACTION FAD STRESTES

CKD ——{
A7 SECTION B: _
737"
i
ﬁé 8 T = | 28744
TS
T ‘+* it
48 | 67.044
70 55 044
! Y
A9 e | L |
it 4 C Vammeyl T 1r
* * 10.644 +
—> 4—65/
—p—t "_Ec
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PRoJECT | VES BY%— /3 |
301 or
suBJecT _XEACTION FPAD STRESTES cko— C

COMCRETE COMPRESIIVE STRESS VOLUME Dlacrtann :

VOL x DIST = Ahom

A
CAVEY) (D . )
f343016= 104 xi32 =132 ] 43{’( %) 4
)56

3.6x12x36=)558 x & = 9331 39y |
’/Lxlleleé-:?—f”?l X « :/0/368 ¢ 6i74_v 12636) l
4251 @4.956 =21,06% + i‘ Y “
tzZ»{ < 3.6

/5. 6 —>
EXPRESS ALl [TEEFL FORCES /M TERMS OF Tgnt

48.4-\ [ 17x.44\— —
738:< )(}7;‘,’79) /fr "'4776?/6"6 /Ir

56.4 6D
i_ /9.6 éx/.%) _ ,
Cs = <5’é.4)(l’7><.’7$ Trr = ‘//%9“7 757
=M =0

£7.04%4 T +59.094 T, =044 (' = )42 )28.0%%
@’7,044 +59,00%x.479,%¢ —*2.04—9‘&//9,63’:’ Ter = ]42x/28.0%%
ZFy =0 - T, =)92.057 k€3

63
7'57 =/92./5 K -'.-(/’7xf7<}): /420’;1 K¢ ;.--E_'7 L'.-Ziaao: ,00(_))%3/4. = &,

FTsz= 7184 K = (172 44) 3 12,28 ks ={ 729 wo:.ooo,%@‘f =&, -
/= —{(6x 3 - A P = = /
—C = -22.7% <7 (6x1.56) Zgt s £+ 19000 000, 0840 €'

- %2 C BASED ow
C=/15.2 1« | [¢& GASED f"fa) (.rmerr BLY u<)
@) EQuiLignive VoLvme

(___/56 E = = = Ksc= 251) - =
&%.‘Jr .000,/36,5 = €, x3200 ﬂ?@é_@’?/ﬂ -FCXC&G) N?Q.D@K C
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SUBJECT REAC?’/O/V FAD f7/<E.rpsf KD —|

e "

THERE 1] EXCELLENT ACREEMENT LETWEEN THE

CONCRETE COMPREIIIVE [ForrciZ (c) BPASED On
EQUILIBIUM Al THAT RASED O JTRESS FLocic
VoLymeE, THEREFORE, THE NEUTRAC AXIS /T AT
)75 PROPER LOCATION AND ALl THE CalCulATED
VALUES ANE  |JALlP.

WNOTE THAT JF THeE comprersive ronce (C) FaE
ON STRESS FLowe olLumnmiE Wasl [LAMGER THAN THAT
NECESTALY o/l EQuUitBriivna T WoULD MEAN
THE CONCAETE J7ArnS A (TRES/EZS WENE 7o
LANCE BECAVIE THE NEUVTAC AXS WAL 700 FAR
Loum THE CowcgTE  COMPIESSIVIE  SUN-FA<E
CONMEQUENTLY, THE NEUVTRAC AXIS JHovtr BE
JHIFTED NEANER 7o THE CoNCPETE Jorlrace.
ViCE-vEnra 10 Tk STRESS Locume (<D /S Smatcen
ThtAR T E@uictpfiven (). :

M Summany (@ SEcTiow B):

THE STRESS /A THE COMCRETE /] AROoUT:

£ =440 psc| & oK ( ~ 30 Yo OF THE ACT ALLOWAGLE
STRESS OF ,45 £ '= /350 ps¢
THE STRESS /N THE TEwSiwE [LE-BAR [TEEC /S ALOVT:

.¥5‘—'—' J4.3 Kse | @ok (271 7 0F 20 Ks¢ (£ For Ghéant %o
~b0% OF 94 Ks¢ (/7 For CRAE 64

THE STRESS /v THE COMPRETIION JTEEC /S APOUT:

'E" = 2.4 Ks¢ |& Ok ( NO CONCEpnr ApouT /./J»TEA/ﬂ,)
JLE { TILAIAT

71

!
|
)




PROJECT _/

Ve,

¢

SUBJECT REACT/QN FAD STRESSES

STRESSES IV KE

Y FoOT/NG: (SEE p B-4)—<i2>t+

| (/3:29?'/4/? ‘K>

[kd1[4kd](1.8)
k* ][3*

6

62

@FGLE c7)

»— .

(54)
N

(Z%)(za.z)% 3,3

0,

4.-

™

__ -7

T )2 x30

_ 29000
3200

@~Gd
k=2(rn){on)*- (pr) =

-—

—
——

T>v*}

=.00219() STEEL RATIO
@

= 9.0615 (=) MODULAR RAT/O

!

{CXX)

VALVES ARE} Y
CALCUVLATED

Y
Y

/|
+ #8 RE-BAR

0/9 89 (—) STIFFNESS RATIO

/g@os -

= 5.4/( /¥
kd /é

ki3 | = oso2 ©)  Kkd= ].805 In
J=/-%: = 9398 (- Jd = 28.195 /¥
? |
T= M 20.4&/1 = 5653 K
Jd  28.195 . \
F_T 868 _[1 0 ksi =4 %0&(255% OF 20 Ks( For Go40|
ST As T 79 X46% OF 24 Ksd For é060/
{C_—_.Zkﬁg =1267pPs¢ = § |5 Ok (:\: 20, OF )350 psc)
_ V - 9,/00 __‘ ‘= oo 0K
V=57 G - m Ve
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R “Js53/i] L2 |
|
'sua.:ecr REAcCTION FAD .ST/?ESIZJ axo— | ¢

STRESSES IN _KEY WAeLL: (SEE P BeC) <12
(/M = 4.1 F- ) [kd][% kd] (1-0) *8;,‘1
Y

V= 17,0 K i
(3.1 * A X S
:r—_E f [:g][d] 3 | {

WecLECT (9.9 )(2.0) I3
(CONJEA vrnw) + + + Y

XX) VALUES ARE
(.66) CALCULATED

asil

P= As _ (") s =,004 23 (7 STEEL+RATIO
bd @’

U ~<—-CD->1 N e
4+
|
|
4

T J2x13 #5@8"
n=fs - 29000 _ G0¢75 (1) MODULAR RATIO
" Ee 3200
pPn = @G = .%9,34 ~) STIFFNESS RATIO
K=/2 n)+Pn)—‘\-(PM)= 2412 (F) kd = 3,136 v
J2(pr)| 4,
D‘/B] = ,0804 &) W kd= ].045 IV
k (=)
= |- ¥/ = 9196 (= Jd = 1L.955 IN
J =173 >
_m _ 41x]2
7233 = 71553 4%’ K
F T 4.22 6.4 Ksi j OK (*32% OF 20Kst 6040)
ST As - 66 e 22NY OF 24 Ks¢ 6O 6o

»

=58 =B
4

Psc =L | & oK (:17% oF )350 P5()

V__ 2092 _[

= — PS¢ = v | eo OK
“pyd T )2xED (o3) N
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PROJECT _/ V£~ BY, -/
72 // | or

L4

SuBJECT EACTION FPAO UNIVERSAL lmen | D
MOUNTING RAILS :

O VSUVAL CONCRETE STRVUCTURES /N WHICH THE
REFAR JTEEC [f EMBEANED /N THE COwW<NETE,
AN HENCE AT THE JAME TEAMPEAATURE Af THE
CONCRETE, THERE ARE N0 PROBLEMS iTH
DI/IFFEERENTIAL THERMAL LEXPAN SO0/ BETWEEN THE
STEEL ANp THE CONCRETE [LECAUVIE THE STEEL AND
THE CONMLCNETE HAVE ALOUVT THE SAME COEFFICIENT
OF THERMAL EXPANIION.

HOWEVER, THE UN/IVERSAL MOUNTING JLAILS /& THE
REACTION FPAp HAVE EXPOSED [ALANGCES THAT CAv EE
AT A STCMI A AN TLY DIFFERENT TEMPERATUINE
THAN THE CONCRETE. [ARTICULANRLY ON 4 PR/ GHT
Sunnvy PAY, THE TEE LEam [FLANGE (AN GET
JNVCH HOT7E/R 7HANV THE CONUETE /N WHICH /T
/S EMBEPPED, HENCE , THE TEE LEAM WANTT To
EXPANGD L ONCITUDINALLY (A0 POwW UPWANY 47 THZ
CENTER) WITIA RESPECT 70 THE CONCETE A~ Whick
ST EaBEJPED, NOTE THIS /T NMNO PROBLEA FOR
NOMAC Ay /0% CONCGUETE BLECAUSE THE LA
ARE  SIMPLY MHECD /N Placs fY CLEa7r WHICH ALlow
THE R4, T JLIP LONC/ TOOINALLSY SUT /TEVENT
THE NAICS From [Fowiare VERTICALLY. HOWEVER,
THIS S AOT ABpMISTIRLE FOR THE RAISs CAwW f/OT
SLIP Ax/ 4~ LECARVIE THE/R FuwlTrons /f T
TRANTEFER LOVNCITUVPINAL LOARPING ON THE A
DIECTLY INTO THE CONVUETE [WEACTION PAD,

TO SECUNELY AvCrHoRr THiE RAILs /& THE CONCruz 7€
AND  ASTUNE  STRAw ComPATI5/Ly 7y (N0 PIFFEANTIAC
DIFLACEMENT BETWEEN THE JUbkic AmrD Ti4E CovNEgTE)
EACH [LAR1C MUST BE JECVRELY ANCHONED AT /77 Zwris,

TS REQUINED Fwo ANCHOLACE |5 FURNISHERD. BY THE

D JMCH DIAMETER LAY AT THE ENMD OF E4ck A,
THIS ANCHOLS THE IS Fope LUP T0 ABoUT A 70 °F BT,
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PROJECT _( VEF BW 7
WAV

suRJECT REALTION PAD UMIVERIAL \oen | 1
MO unTIN G RAILS .

IN ADIITION 70 THE 1.9 BARS AT EALH END OF
EACH RANI To ANCHOR THE RAINS TO THE
CONC/ETE 70 PREVENT RELATIVE LON G/TUDINVAL
DISPLACEMENT EETWEEN THE RAILS AND THE
CONENRETE WHEN THE RAICs A4N0D THE CONMCRETE
ARE AT PIFFERENT TEMFPERATURE S THERE ANE
JAEADEY STUOS ALONC THE RAal1c TO TRANSEER
SHEML PFPETWEENn THE RA1LS ANy THE ConfETE.

THERE ARE 18 [t 0F Ya®x (" STuof prowé
LACH JLAIC ON  JO INCH CENTERS. [7HE 4T
ALl OWABLE JHEAR L0AD FPER AR OF SuUcH MHEAMZED
J7vns e 23 k.

THEREFONE, THE SHEAR LOAD TIRANTFER AVAILAZs
PER A Jf J)@x23 = &4/4 K THRovGH THE
LUGCS ALoNE (AOMITIonAL CAPACITY )5 AVAILABLE
THROUVCH THE 2¢ g JLONS Aweg FoND BETWEEN
THE STEEL [TEAn AMD THE CONCNETE, ETC.).

THE DI TRIFUTIOAr OF JHEAMN TLAN /7R Fort
THE “oo K NREACTIon TRULS )f, OF COVRIE,
DES/en IP/C/F/¢/ RPuT THESE SHEAL LUEC
CONNVNECTUONS THoOUte PE APELVATE.

NOTE ThaT The LAcér “2°x6" sreEan Luc
CONMNVECTOLS Cowtp [RE UVIEDP Af WELL AS

AL TEANATE SPACINGS, THESE LAMLERZ Ly CS
HAVE A CAPACTY JF 3] K PER A4t OF
CONMNECTOR S, THIS WOUen [LEFULT /M AN
AvAILARLE  THEAN (APACITY OF [/@x31= 559K
PER foare 4T THE  STAmME /0" SJPA4AcCiwe.
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PROJECT [ VE BY W
G3/11 | o

¢

supsect REACTION TRUSS LOADS, oo — | £
STRESS RESULTANTS_AND STRESSES .-

LOADS AND STRESS RESULTA/VT_S

W\

\\

\

NORMALIZE THE REACTION LOAD TO 100 K:
(50 K PER 5IDE)

25/(? T
qu,Oe\L —-__\; 1
&+ 17
.:ﬁ 9 ‘
1 + € T — 50K
T 7
24 -
—L” 25 K
7
S

\
M=/54.2 /Nv—104zk
v25 /D

ST
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: PRoJECT !/ VEFX W%_ 2|
93/ or

suBJecT REALTION TRVSS LLADS,

CKD—| F
STRESS RESULTANTS, AND STRELES

REACTION TRUSS L OADS:

NORMALIZE THE TRUST REACTION LOAY To Joo K.
DUE 70 VERTICAC LONCITUDINAL FLANE OF
SVMAMETIVY, RALE THE LoAr /S SUFPPORTED [PY EACH f/ﬂf)

o THE NOMINAL MAXIMUM THRUST LOAD IS $7 K
o THE EXTREME MAXIMUN THRUVST LOAD 15 300 K

DIACONVAL STRUT /v REACTION TRUSS:

THE APPLIED AXIAL COMPRESS]VE /NTEANMAC LOAD (STRESS

RESULTANT (M) IS 27.1 K @ NMoRmMalriEp Joo j¢c Lodo
24.9 1K @ 92 /K THRUST LoAr
81.3 K @ F00 K THRUST LoAP

THE DIACONMAL STRUT /S A W §x25¢

THE ALLOWABRLE COoLUMNAN Loap 15 FBASED on Alrc’s
ALLOWARBLE [0405 BAMED OV THE E/FSFECTIVE
coLumn JLENDENNESS RATies (KE) For EACH OF THE
TWO QOILTHOGCONAC FPrINCIPAC Axg_( (7(7( 577) |

THE AXIS WHICH HAS THF LARCEST
SLENDERIVESS NLATIO ('“ HA&s THE
LOWEST ALLOWALPLE AX)AC "
COMPRESSIVE LOAP Ao 0 D(Ss
THEREFORE COVIZRNLS
THE ALLO WARLE

LDAD. # |
R
—< 54 —re 42 |
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proJECT | VEF gy%?;
93/7 | o

3

. OF.
SUBJECT RFAC‘/’/O/V TROSS LOAD, CKD — ' E |
STRESS REIVL//WV/I AND STRESTES |

ABOUT THE STRows (xx) Axis (KE) witt woT Excsen:
</<L) bx104 _ 23

7.70

KL
ABoUVT THE WEAK (YY) AX1S ( )WILL/VOT EXCEED

}<L 5’x56’5_
( /.52 30 7

THE (\/ V) fXlS COVERNS, S0 THE MAXIMUM
ALLOWABLE AXIAC COMPRESSIVE JTIYESS /f2

/9.9 ks (Fere A-36 STEE) ]
Fa = , o

27,1 Kse ( For 50 Kse STEELS)
US/ING A-36 STEEL THE ALLOWARLE [OAQ /N THE ST I
Ps=AxFg =734 /%99 kimw= 146 k

Py = 14¢ I

HENCE THE COMPRESSIVE LoAp 10 THE [TRVT /12

[7 % OF THE ALLOWAGLE (AT THE Noam/nAC LOAD OF 71X
/S Yo OF THE ALLOWARLE (HT THE Nermpico Loan OF vk

56 % OF 7HE AlLowABLE (AT THE MAXIrum LoAn oF 300K
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TVEF Il
£

sumiect REACTION TRUSS LOADS, | coyp,
STRESS RESULTANTS, AND STREJIES.

SHEAR STANCH/ON :
148 PoLTr Wite BE PLACED /N OVERJIZED MHOLEr
(=g, ID% HoLs) So THAT THE LOADS WiLL BF
TAKEN N PILECT TENS 707 AND - SHEAN Fril CTioa,
TAHE [LOLT FPILELOAD TENfro0n7 WLl BE CREAT
EVoUGH  THAT TIHE CLAMPED f~LiCTro8 PLrLEVEMN TS
Any LELATIVE MOVEMEN T, THILS 1S JTAND4D

SRALCTICE /A7 A1SC S0l TERD FILi 7100 JUIvTS
USING STANOARD STRUCTUAC RocTs (/8. 4325 on A4sa).

A3B25 |A490 | TYPE OF J7RULTURAL BucT

56 K | 8OK | M/MMUM REGVIRED BoLT PAELIRD TENV 1w,
|15 K | 19 K | M/M/Musm ALLOWABLE SHEAR AL/ 7704 zmo!

SERVICE Loaos: ‘
SHEAR: (EICAT BOLTS § NOAMALILED /00 K THpuw sT)'

- g
63 % @ Foule

__2__5_—3/25 17 % @92 lc |
- 21 7% OF AtLowaBLE@uic § Ak 325 Rocts

V=3IK| = 0K S /55 @ 91i
C @ NOfAmacs2€0 )7 %% OF ALLOWARBLE @ Jvo /<‘§ A G490 BoeTr
/00 te THRVST 50 Y% @ 300k

USE 1% P 4325 BolLTs
ARPLY A MINMum PIELOAD TENS7ON OF 56 k/@w_-r,
(e.y.j TORRUE Tuv HBOVT /00O [fe-3)

NOTE THAT :
4325 STRUCTURAC BOLT) ANE ABOUT GRACE 5
A 490 STRUCTURAL Bol7/ ARE ABOUT (HLApF B
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PROJECT T VEF Bvﬁ
/98 /1 i__

COMPRESS|ON
7/_”1(_: ?f 7;"0 :,./34 I3 0 (4\ )

o
7/140:/28‘:7 K @ ,’307_! \ ‘; 1 }.:3012

LOAND DUE To THRUST LOAT ( 5/@44 co@/%ﬂm To MIN /’/@Lam 04@5‘6 k)

IV AVY RorT SYs7Em (CongifTING OF A BOLT CLAmPING
SURNOUNPING MATERIAL) A CERTAIN PORTION OF THE
APOLIER L OA? S CARNED [BY THE SURAOUNIING
MpTERIAC (Nomivawy S0 Ye To 70 Y% SA—MI) THE
REMmMnpER (NOMINALLY [0 Yo To 30 Yol /5 CAnr/er
BY THE LBocT ITSECE., THE LOAD PISTRIBUTIONn 1S A
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APPENDIX B HEAT TRANSFER MODELS
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B.1 Heat Loss in the TVEF Driver Gas Fill Line

Heat transfer to the fill line wall was modeled in the same manner as the
Pebble Bed Heater heat transfer. That is, two simultaneous ordinary
differential equations are solved subject to appropriate boundary conditions.
The solution is available in Reference B.1 in tabular form (Figure B.1) in
terms of the nondimensional temperature

where {; is the fluid temperature, t, is the ambient temperature and t; is the
inlet fluid temperature.

The nondimensional distance

hA
m Cp

3
~IX

E =

where h is the heat transfer coefficient, A, is the pipe wall area, m is the
fluid mass flow rate and C; is the fluid specific heat.

The nondimensional time
hA,t

n s —
mepw

where m,, is the pipe wall mass and C is the pipe wall material specific
heat.

The necessary parameters are

diameter 0.038 m
wall thickness 0.005 m
steel density 7800 kgm/m?®
mass flow 1.6 kgm/sec
length 30 m
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Coy 1050 J/kgm/K
Cow 460 J/kgm/K

650 K

The calculated nondimensional distance at the driver inlet (where we care the
most about the gas temperature) is £ = 6.5. Figure B.2 plotted from Figure
B.1 was helpful in interpolating values of T,

B.2 Heat Loss in the TVEF Driver

The driver gas temperature is time dependent because the driver is being
pressurized (compression heating), because thermal energy is lost to the
driver wall and because driver gas is selectively vented.

Thermodynamic Model

The driver tube is an open thermodynamic system with mass entering and
leaving thereby adding and subtracting enthalpy. The driver walls are rigid
so no work is done by the system but thermal energy is lost to the walls by
heat transfer. The time dependent thermal energy in the system is

E=m/h,—mvhv‘ Q'
where m is the driver gas mass, h is specific enthalpy, Q is thermal energy

transferred to the wall, the subscripts i and v denote flow into and vented out
of the driver respectively and the dot symbol indicates a time derivative.

The thermal energy in the system at any time t is

E=mC,T

where C, is the gas specific heat at constant volume. The enthalpy

where C is the gas specific heat at constant pressure. By integrating the
mass and enthalpy entering and leaving the system over time and averaging
over the instantaneous mass in the system
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T=m[mTo+ [y (i T,-m,T,)-C/ Qld]

where v is the ratio of specific heats and

m=my + [ (i~ 1) at

The driver gas pressure is obtained from the perfect gas law.

For choked flow venting through a constant area port the mass flow rate out

: P
mv=C1 Arﬁ_
where v o1 1
Cc. =X 2 \y-172
R A

and R is the gas constant.

To account for temperature effects on the gas properties, the nitrogen gas
viscosity and conductivity were approximated by

T o7
T )

a

Bo= pg (

and
k=k,[1+0.0024 (T - 300) ]

Heat Transfer Model

Heat transfer to the wall is dominated by free convection; complex circulatory
flow fields driven by buoyancy provide a mechanism for establishing a
thermal boundary layer next to the wall. In this work a steady state empirical
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correlation of the form
Nus = A Ra®

is used where Nus is the nondimensional Nussult number, Ra is the
nondimensional Rayleigh number and the geometry dependent coefficients
- A and B are historically determined from test data (or more recently
numerical solutions of the Navier Stokes equations). Using the steady state
correlation implies that the driver flowfield adjusts to the changing driver gas
thermal conditions within the time step used in the analysis.

The Rayleigh number is the ratio of the gas buoyancy forces to viscous
forces

3
F,’a:ﬂ)__g__D_Pr
p v2

where g is the acceleration of gravity, p is the average gas density, Ap is the
gas density gradient at the wall, D is the driver diameter, v is kinematic

viscosity and Pr is the Prandtl number.

The maximum Rayleigh number occurs at the peak driver gas conditions for
which the normalized density gradient is about 1 and the kinematic viscosity
is about 5.E-7 giving a Rayleigh number of 1.E12. This is two orders of
magnitude beyond the range of any substantiated heat transfer data.

The nondimensional Nussult number is

o

c

k

Nus =

where h_ is a film coefficient and k is the thermal conductivity of the gas.

Finally, the heat transfer rate to the wall is

Q=hA,(T-Ty,)

where A, is the driver wall area and T is the average driver gas temperature.
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No heat transfer correlations are available for the geometry and flow
conditions of interest (Reference B.2). In order to make engineering
predictions for the driver filling strategies, it was assumed that the driver
cross section is square and free convection heat transfer correlations were
examined for free standing walls and upward and downward facing flat
plates (Reference B.3). These were averaged to obtain the correlation

Nus = 0.1 Ra%%

This approach will be less accurate as time progresses and the flow in the
driver stratifies. However, the driver gas cannot be allowed to cool
substantially so the approach should provide reasonable estimates for the
allowable deviations from design conditions.

Model Validation

Prior to recent driver filling experiments conducted by ARL in the 1/6th Scale
Test Bed, suitable test data simply did not exist to validate the heated driver
gas filling model. Early test data from the shakedown test were generously
made available by ARL without editing or caveating for comparison with the
driver filling model; subsequent ARL tests will benefit from improved test
procedures so the present comparison should not be viewed as the final
word.

The 1/6th Scale Test Bed driver was instrumented with 3 thermocouples
distributed along the top of the driver, 3 thermocouples along the bottom of
the driver, a rake of 15 thermocouples near the center of the tube, one
thermocouple at the gas inlet and one pressure gauge; the liquid nitrogen
supply rate to the PBH was measured with a turbine flowmeter.

Heated gas was supplied to the driver by the PBH at a variable rate starting
with 0.25 kgm/sec (5 GPM) at 200 seconds, increasing to 1 kgm/sec (20
GPM) at 325 seconds, increasing to 1.35 kgm/sec (27 GPM) at 690 seconds
and ceasing at 850 seconds. An 0.025 m (1 inch) diameter vent valve was
initially open and was closed at 500 seconds. After making certain
adjustments to the test data (reducing the mass flow rate by 15 percent and
delaying the rake temperature record start up time by 150 sec.), a model
calculation using the test parameters was compared to the measured gas
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temperature (Figure B.3).

Mode! calculations provide a mass averaged temperature. A simple average
of the 3 upper and 3 lower thermocouple measurements did not agree well
with the calculation. On the other hand, temperature measurements from a
thermocouple located on the rake centerline agreed very well with the
model calculations including a rapid rise to peak temperature. It was
subsequently learned that the rake thermocouples have a much faster
response time (10 msec compared with 6 and 11 sec) than the 6
thermocouples; however, it is difficult to imagine that difference accounting
for discrepancies at times on the order of 100s of seconds into the fill cycle.
It is important to note that once the gas supply is shut off, the model does
an excellent job of calculating the driver gas cooling. The temperature
record from the rake centerline is chosen as representative.
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ADDENDUM TO APPENDIX B

The simultaneous first order differential equations governing the heat transfer
in the fill pipe are:

ar
de'—'T—Tf Enl=7-f_7—

m

where T, is the pipe material (wall) temperature. The boundary conditions
are:

These equations can be evaluated at any distance x albng a pipe of length
L. Of most interest is the end of the pipe where x/L = 1. For the present
TVEF peak driver fill conditions, the heat transfer coefficient h = 4004

Watts/m?/°K.
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