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FOREWORD 

The facility design effort reported here was performed under contract DAAL02-90-
C-0037 to assist in the development of a Throat Valve Experimental Facility. 
Related design and installation activities were performed under contract DAAA 15-
87-C-0096 to support the design and implementation of a Pebble Bed Heater to 
fill the 116th 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 116th 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. 
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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 BAL 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 lb weld neck 
flange is welded to each end of a 0.61 m (24 in) long tube with a 0.29 m 
{11.5 in) I.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 lb blind flange. The interior 
volume of the driver is 0.25 m3 (15000 in3

) and the wall area is 3.37 m2 

(5200 in2
). 

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 (LN2) at a constant flow rate independent of backpressure; lower 
flow rates are achieved by venting part of the LN2 after it leaves the pump. 
The LN2 is vaporized and heated in a single pass through an electrically 
preheated Pebble Bed Heater (PBH). A remotely controlled LN2 bypass 
system provides positive control of the PBH outlet gas temperature by 
mixing selected amounts of LN2 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). 

2 
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Three phase 460 volt power is available at the PBH and 11 O volt power is 
available throughout the test site. Space is available in the Te'~t 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 II 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 tempera tu re 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 lbs. 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 SPART A changed the design to be consistent with 
aircraft/missile design standards because the driver fill tube on the SPART A 
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 
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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, SPART A 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 2.600 psf for 1 inch settlement and a 
safety factor of 2 was recommended in the report. 

6 



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

• 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. 

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

• 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. 

SPART A 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. It is 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 
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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 lb design and a 

configuration sized to meet the final, expanded capability is designated as 

a 400,000 lb design. 

3.2.1 100,000 lb Pad Supported Concept 

The TVEF driver tube and expansion tube will ~e 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 lb Piggyback Concept 

Recognizing that the cost and excavation for a new facility could present 
problems, SPART A 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 lb Side by Side Concept 

To avoid having operating personnel working on an elevated facility, Sparta 
designed a 100,000 lb 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. 
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3.2.4 100,000 lb Upgradable Pad Concept 

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

• 400,000 lb thrust reaction rails are integrated with the 100,000 lb 
reaction rails 

• the concrete pad width is increased to 1 0 feet to accommodate the 
400,000 lb rails 

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

• 400,000 lb pier rebar patterns are added to the 100,000 lb 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 lb pad supported concept remained the same. 

3.2.5 400,000 lb Pad Supported Concept 

The final candidate configuration assumed that the 400,000 lb 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 lb 
upgradable design. 
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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: 

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

• 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. 

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

This left a choice of building an upgradable 100,000 lb pad supported design 
or building a 400,000 lb 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 lb pad were simply built now. Further, construction of the 
upgrade to the 100,000 lb reaction pad would result in significant down time 
for the facility. Therefore, SPARTA recommended building the 400,000 lb 
pad now. Army Research Laboratory personnel agreed with SPARTA's 
recommendation and directed that engineering design activities proceed with 
the 400,000 lb concept. 
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4. ENGINEERING DESIGN 

Preliminary engineering designs were developed for the site layout and the 

components of the 400,000 lb 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 lVEF 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 transfers heated gas to 

the test bed driver. The cryogenic pump is a constant displacement pump 
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which has a rated capacity of 1.6 kgm/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 lb thrust requirement and one for the future 400,000 lb 
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 lbs 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 n_egative 
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 int9 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 lb 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 8.1; 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 valv~ 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 1 O 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 116th 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 heat~r 
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. 

11 O 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 chrome! alumel with a 

1/Bth 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 wherea~ the PC will be located in the control bunker 
approximately 50 feet away. The DACS contains 12 bit DIA and AID 

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

5. 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. 

6. 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. 

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

8. 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. 

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

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

11. 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. 

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

13. 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 116th 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 kgrn/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 m2 (1/4 inch diameter port) P.rovides 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. 

29 



Cu 
0 

TVEF DRIVER FILLING ESTMATE 
NO HEAT LOSS 

30~~~~~~~~~~~~~~~~~~~~~~~~ 

25 

-W 20 
0 
z 
0 
frl 15 
(/) -w 
~ 10 
I-

5 

PUMP CAPACITY 

QUARTER 

HALF ---··········-······· 

_./ . . ___ ... -····---· ---·- ::~-~----···· 

... ·· 

.. •·····/ 
... • 

.. ·· 

.. • 
.... : 

0--'-----r------..---,------.-----r-----.------.---
TP1 TP2 TP3 TP4 TP5 TP6 

TEST POINTS 

Figure 1 o. Estimate of TVEF Driver Gas Fill Time 

TP7 

7/26/93-



(.u ..... 

TVEF DRIVER GAS 
EFFECT OF HEAT LOSS - TP7 

1000---~~~~~~~~~~~~ 

900 

SZ 800 _...., 

w 
a: 
::J 700 r-

ffi 600 
a.. 
~ 
~ . 500 

400 

I , , , , 
I , , 

' , , 
I , 

I , 
I , 
• , 
• '· '· '· 

, 
,, , 

.. 
;' 

.. ----
······-··································-·····························-··············· 

----

,, 

<J--=====--

,, ,,, 

, . .,., ,, 
,, 

,, ,, 
.,., ---,, 

,. .,., 
,, ,, 

,. 
,. ,,, ,, 

.,., 
_,,,,,,--

NO HEAT LOSS 

,, ,, 

,, 
_,,,,,,, 

•• ,, .. 
___ ,, 

.,.. ,, 

,, ,, 
,. ,, ,, 

675 K INLET GAS 
0.8 KGM/SEC · 

.-~· ,!-

__ ,, .. .:, .c: 
,, ,, I 

200 

180 

160 

140 ~ 
r-

120 ~ 
w 

100 a: 
::J 

80 
en en 
w 

60 a: 
a.. 

40 

20 

0 3000 2 4 6 8 10 12 14 16 18 
TIME (SEC) 

10/15/93 

Figure 11. Effect of Heat Transfer to the Driver Wall 



800 

750 

700 
.--.. 
~ 650 
w 
a: 600 
::J 

w 
11 ~ 550 I\) 

a: 
~ 500 
~ 
w. 450 
I-

400 

350 

300 

TVEF DRIVER GAS 
INFLOW 0.8 KGM/SEC STOPPED AT FILL 

~ 250 

TEMPERATURE 

PRESSURE 

200 
......... 
~ 
1-

150 ~ 
w cc 
::J 

100 ~ 

50 

w 
a: 
a.. 

0 
r---,------r--.--r---.--------r----r----L0 

40 10 15 20 25 30 35 5 
TIME (SEC) 

10/19/93 

Figure 12. Effect of Terminating Driver Gas Filling 



TVEF DRIVER GAS 
0.8 GPM IN - VENT WHEN PRESSURIZED 

aoo I ~ I 250 

750 TEMPERATURE 

700 200 
,....,_ 

~ 650 ..--... 
~ 

w r 
a: 600 150 ~ 
::J w 

~ II ~ 550 a: 
a: ::J 

~ 500 100 ~ 
~ w 
w 450 a: 
I- 0.. 

400 I VENT AREA = 3.3 E-5 MA 2 

350 -
PRESSURE 

300 0 
0 5 10 15 20 25 30 35 40 

TIME (SEC) 

11 /4/93 

Figure 13. Extending Test Time by Driver Gas Venting 



5. ESTIMATED SCHEDULE AND COST 

Cost estimates were made by defining and scheduling the tasks (Figure 14), 
identifying the engineering services necessary to 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. Fabrication and site 
construction costs were developed from responses ~o RFQs. 

Major cost items are: 

Engineering Services 

Facility Hardware 

Gas Supply Hardware 

Instrumentation and Control 

Purchased Services 

Site Construction & Installation 

Total 

$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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6. SUMMARY 

6.1 Conclusions 

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

• The TVEF is technically feasible and can be designed and 

constructed with a high degree of confidence. Preliminary engineering 

design is complete. 

• The TVEF can be constructed in closed proximity to the existing 

facilities without interference and can share the use of the 116th Scale 

Test Bed heated driver gas supply system, electrical system and 

control bunker. 

• 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. 

• 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. 

• 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: 

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

• 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 boxes, 
electrical junction boxes, diaphragm building and control bunker. 

• Soil tests shall be made at the TVEF site to obtain current soil 
properties to a minimum depth of 1 O feet. 

• The existing 116th Scale Test Bed drainage system should be 
inspected and serviced so that it can accommodate the TVEF. 

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

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

• 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. 

• The present driver gas filling model should be used to design 
definitive 116th 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. 

• 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. 

• 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 

A Reaction Pad Soil Loading 

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

C Reaction Pad Stresses 

D Reaction Pad Universal Mounting Rails 

E Reaction Truss Loads, Stress Resultants and Stresses 

F Expansion Tube Loads, Stress Resultants and Stresses 

G Heated Fill Tube Stresses 
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PROJECT-:....'-v~c~r------------.1 

SUBJECT REACTIO/\J PAD LOADS Cl<D-----t B 
N/J STRE.55 RE5VLTAN75 ~ V. ('M <\~,:,:1-:~3-:.'. .. · 

-§ 

R 
~§] 
~ 

I 
~"t.u-

I ~© 
:::!- ~ . 

'-, '-., 

""'' 
I 

~~ 
I ~~ 

'-"'\ '-J 
. t::) ~ 

~ ~" c:-,.. 
Lt; ~ < \j 
II ~t=::: 

;§. ~ ........ 

@ \J ~ 
~ \J 

J \lJ \..... 
~ ~ 

54 



PROJECT ___ ,_v_c_r __________ --1 

SUBJECT REACTION PAD J..OAl;S CICD---1 B 
NO STRESS RE5VLTA-NTJ' N'V.fM) 

571<.ESS RE5LILTANi5 IN l<EY FOOTING-: 

A5Jt/M£ WA, TH-e RELAT,vc .177;::,cAh'EffEf Aile. Jl/c1-1 ,HA, 77r-£ 
"5J-1€AI< IN~Le CT/ON LIN€" (ZERO 51-/eAtt.) occvR J IN We ke°Y 
WALL 6" ABo ve We ToP o;:; ,ff/E. Fo 0T11t1c.. 0 1..i. l F-i" ---=- ~~--~ ~ . .I q,q~ I'- . 

~ ~~ ~--- . 

j_oA-0 

5,ose 
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--------- ---- ------------

PAOJECT~._t: ___ /-_________ ~ 

SUBJECT REA CT/ON PAO LOADS CICD----t 8 
ANIJ 57!{£SJ /?EJVL7AIVif N \I.(~. 

STRESS RE J'l/L 7/-/4V7f IN {lll\11r w10Tu o~) /4;y WA-u.. 
A-NI? 1,11 7oP fLA-1.? A-./ /NOvt:..£a IJ)' l<IE"Y w,A.4: 

UNJT ( ONc Foo,) WI01H o,c .fL.48 Jt.)J7 ABOIII= KeY WALL: 

UN/7 (ON.€ Foo,) w1071-1 
- OF KEY WA~~ BE.LOW 

5'-AB: 

3,5 

56 

Ns ,._t:.Ns 

\1<s 

I 



PROJECT_,_Y'-___ r _________ ....,. 

SUBJECT REACTION PAO LOAD5 
ANO STR E. 55 RES LIL TANT.5 N V. ( M 

IN we X.EY WALL: _VJ<-~ 
LoA-o ~@ 

¼(~'7/53) XIX 3-5'::: /.?.52 }< 

• 2 o 44 x I >< 3 . 5 -:::: . 71 5 

/.96'71<. 

Ml<.,- =- 4. 2 F-t ·I~ 

MK.r 
£<&.;5 

x -½•3 .. 5 ::: 2...92/ 

X -r " 3 .) :; ) . 2 5 2 

~ 2../2//-:::. 4-.J?'3 
( 2.5. 5 ,, ) 

IN 1/-1-E. .SLAB A-8ov£ TH£ K..£Y WA-u.: 

2. ,At1 .r :: M l<5 ..} ( i) V }l..f 

M;:::: f(4.J? ~ J J.<=,r;)-::: 2..14- Fi•/£ 

57 

CKD__, 8 

A-I<-



PROJECT---,-~'--------------' 

SUBJECT REACTION PA-o 57~ESJ~S CKD---4 C 
/1 

REBA!< STEEL: A5J/./MF_ T/-IA-7 17 W/L..l- 91£. 9/LLE'i 

ST&EL {le A 615) WHICH /5 TH£ Moli llEArJJ(..Y AVAILA-l3L£. 

G-RAOE, 4 0 60 ( EITHER 01< !3071-1 Gl<.AOE..f MAY BE). 
1.1.JE.D A5 A-PPLJ_CA8J...E.. 

--
--

70 

40 
9o 

60 
1IENJIL£ fT/l..FfiC.11-+ (K.rl) 
ll/3. LO J Tl<..EN t--71-l ( /<..J(.j 

ALT£f).NA7£J //1/Clt//JI:. 7/-1-E AAIL )/Nl'.J AXLE .J7£1E.LS: 

A-{;/'7 w1-+1l1.+ 11-A-J //)clllTICA,{_ 1EN;1L€ fT/l.ENc.mr, 
YlcU) 57/l/E.tv {; 71-15.I ~NI? c.(..otv(;A. 7/"IV f IN ~e. ~ 
/-1-NIJ /1}£,N 71 C.A-t_ TEN,(lt..e .f7/l..Pfi?7H.$ ,4Mn 'ltet..~ 
(T/U-Nv71+S- J/11 &/l..Al7E.. 60 (,4,No ONL't .11..1e,~,zy 

/ZEIJvd-P /;Lo1L1 ~A 77otv J IN 11-1-e .5~~ 011-n. r12,¢.1). 

A--b/fJ 'wl-UU-1 HA-f I/JEN7/CAL l~Nf/Lr- JT/lENC.iHf ANd 

Yiet.r.J fT/LP-N~7#f {8(/r .f/(;-N1r1CA-NT'->- /2.£0(,,1~6::J' 

eL.O/t/~AtlO/VJ) I__N (r/'LA-1?1£ € 0. 

/JI /J;£ /#A I Ir fr/I-/ /VO ~/'l.A/7,z.. 4 O ,1 '9t/-;- / r HA-f 
/hV /Nlt/2.Nte/?IA7c 6/lAl'JIE. S-o ( 801 So l<r,-J _ 

FOi<.. A-L..L )7c.EL (INCL-VO/NG- l<.E-t]A-IL AN!? fT/c f/C.. 71./flA-C.. 

/ZOLi...£0 J'rlAPEf .,1 PL/-1-1€,,1 /JAl'l~ 11//3/;~ 1;.7c.) .L/-fft,,,,e,1/E: 

E = 2 9 X/0 
2 (k..1«:) MOOVLVJ OF E.LAJTIUT'I -

y. == • 3 (-) po I JfONs fl.A 710 

l~.,) I = "l-70 (#/;::,e1 ) WEIGHT /JE/Vf/TY 

ex = 6.5 Y/0-~ (/ 0
;;) COE.r~IC/c/VI o,c TH&/l.Nl#L c)(PAIVf/lJN 

* #OT£ THAT THc.fe A-LTEaNA7E 1<A-1L ANo AXLE .rreeLr 
,4-l<E /VOT G-cNel<ALLY /(.e,,tJ.(7/lY ;4-V~II-AIJU. 
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•==~R~e_A_c_Ti_10-N-~-~-o-5_T,_~_e_s._T._~-J~~~_3_~~n~~ 

[ONCRE:TE: 

A.SJVM£ lflA-7 17 w,~L /Jc 3o() o pr/ CoNc/1.£,a = 

Fe'== 3 ooo (p1/) ULTl1111A-7E. 1'£1 0,4-y CoM/'/l£ff"11,1£ J1iUNe,.r1-1 

Ee= 3200 (l<;i') M0OVL<./J 01= ELAJTlc.17y (Ec.=33\J{.5/f,) 
Y~ =. 2 (-) ;?()/ffONJ 1<..1+7/tJ (= ~J56~ouvp.r,j 

I 
W c :: / ~5 (j;t/ ,Jy1) wEJC--1-1 T .OcN .fl7Y I 

c<<. -:= S.5"401::. ( / 0;=} (0£,CF/C/£/Vt Q,C:. T#E/l...MA-t_ c.,<PANf~O/V 

n = 9 (:-) 1<A110 01= Mo ovL, o,; £LA1,1c.,rY (~= 9.06) 
3.2 i 

I 

59 



r-lftNa.;& _,___.r---•--------------1 
SUBJECT R EACTJON PAO J7j E.JJ/Ef CICD--t C 

@ SECTION A: 

NOT£ T)IAT THIS 15 THE C.!<17/CA-L .fe.CTION roR 
MAXIMUM Pof/7/Vc. MOM£N7 TI-IA7 /IIIJVt:£1 TH£ 
MAXJMllM 7ENJIL£ LoAo I# m.£ 1?e-11,,412I Tf/A-r 
A-/<E. /N me _r 7£/Vl {1.e./ 7J-fE i-ONC.1rvo/NA,i. /<E-BAIZ.J 
/IV tffE !=oo7IN6-). 

7llc1<eF01Z..E. 7}11f Jee 110/\1 C-oveRN.f TJ.JE /AA><1Mv,v1 

A-M Of/N' ol= .r 'T&/Vf JZE-/JA-l'l. S'7UL /t11 TH-c. /2.F-A<.710/1/ ?A.a 
THc LoLA 7/oNS o;= 7Hc '' c (,11-oPr '• po1N,f .wl-le/Z-4 TH-E 

JleM /2.£-lfAI<. ,A-17.£A MA-y 8e. /Z.eovc.eo M,4.y 8E 
087A-1Nea 1)1/lcc.TLY FRoN, TH-e MoMeN, OIA-6-/l~. 

TH£ MA'/./MI.IM SHeAR A-L5D occ.vRs AT 71+1..1 fec710N 
(A-I W.eL.L. A.S ,4-T J£.c.710AI 8),, 7/-1-1.5 MAX/MUM 5/#=-AR 
G-€Net<.A7ef Tffc. MAX/Nll/M JH-eA-1< ,;7/l.ef.f IN Ti+£ 
..JT.eM. 1HEfl.£Po/U./ 77-leJc .JEC77oNr G-o~ TH£ 
71-NCJCNEf r o,c 77+£ .f7GNt /N 7};-e /Ze.A<-.TJoN PAO. 

/-!-L50 /VOTE 7/.fA-T 7J.1-E /YJ,4X/M l,INI A-XIA< /Vo/ZMAL 
C.oM/7/Z.efflJ/c ft/2.&f.f 12.cfl/L "TA-'IV T ( IV} A-UCJ OC...C.CJ/Z.S 

fi7 7#1.f /cc. -r10N... T/-11.5 MAXIM C/NI N (IN co1t1Jt,1Nt:..7't,JN 
W/7.H 7H£ MA-X/Mt/M Paf17tv£ MoMeNr) ~eAtUA7ef ,11-e 
/UAX/Ml/M COM/7/l..£.JJ/Vc JT/2£.fJ /IV 7H-£ CONCflF-7€ /IV 
71+£ FLANC-e ( fLA-e), Ho wr-ve12..,, 7H1J IJ ()t= 

,A-CA-l:?£M1c. /At7£1<r-f1 ONLY 8EG4vJ£ We. /1-£Ac TION /:?A;? 

W/l,,L /NHe/l.ENTL 'I /Jr- f/lCI-ILY (/N.Oel'< /2.EIN!=OIZ-~ [)I/IE 

-ru !He MAff/V£.Ne/./ 01= 77-rc. e-oNcl't-471£, J-1.eNCE, 
jf-fe Co/VU2,£1t£ fT/2.eff£J WILL /NHt:/'lF-IVTl..Y oe VE/ty 
Low. 
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• ~= f?EAC TION PAO 57/<E.J..JES CICD---t C 

BECAllJc 7#£ CoNCAETE. STl?eJJEf A!Ze ve,t.y Low/ 
A l'cfiACK.eo-JE.c710N '' L!NEA-R £LAJ77c /-J.NA-l.YJIJ 
C./Vcf A- /2£AftJNA-/?l "/ c;..o"I? l<c;:'/l.£.15N"T/-f7JO,v 0~ 7H£ 
J71<vc Wl<.A<- A-cTION,, C:.0111fEGJv£N1L_:,/ Tff1J feC7lolV 
w11-1., ee /1-#AlYfco v11"'c.. 7Hc ALTet~NA-Te OeJ/6-N 
/t,lle-n-+oD (it!. Wol2/L/N6 17/leff Oef/?/J/} /2.A/H-tYZ. 
IHA'N, 7~e 571<£/Vr;TH /J£J?C-N A41=.711-0O (l~-✓ -

LJL-77MA7r- J717..r.Nv/H De,JIC-N ). ( RE-f. AC.I 3/S C,60E). 

Fv/2. 7H£t2
1 

7/-fe. lo11AP/Z.effJG),v ..rreet_ w1t-J- I.Je CtJNftP£/Z1:.r::1 
To 8£ EFFu-r,ve. /J/f7-/£c 7L Y W/7},f Tffc.. Alloov1.-~ /l.A-TNj 

(THA-7 1..r f7P.A1/I/ C.OM/?A,18/LIT""t wrmov, L(;N(; TE/l.NI 
Cfl.££ /J .[LJ ~/'7 H C-c.) 4 7}/1 f If IJ,€ CA-t./ f ,£. I Al 77+-1£. /Z.,/:.-A<- 77 ON 

PA-0 7ffr- Veit)' /;+o/'l..7 7&/l-N' LIVE.. LDA-o .rT/eE.rfe.r 
Gl<E,4,L.Y /)OM/NA-7e OVcl< 1H£ LONG- 7cflM t)eAQ i-OAO 
.F i/2.EffeJ. 7/.1-IJ CON 7R.Al7Y 7a 1./JllA,(_ CoN(./1.,£7£ 
51"1<l/C7V/l.&J /N W/.HCt-1 7H-£ .f7EAP'I f7A7£ ~()Ne; 

TE/4'M ~AAVl1Y J/1/t)VCeO 1/r-A-o LOA-a f7~Z//,:f 
j)()M/N,4ii; ov&l'L /He 7/2..AN//£/1/r LIV/£ ~A</ .J7/2.£.rrLf_ 
;O A-CC.Of./Nt r-t)IL LONC. 7e/LM C/l.£EP /N 77,/-1£ 
C..o/1/Cfl-e,e Tl<ANfrErt./N& LoA-t? -ro ~ .1-re:L l=/?-,&,JNI 

--r~ C..0Nt:./t.$7c (_1:1!.. eff ctVTIAl..LY /2JELA-')£A-T/(JIV or-
Olff7L~M£.N T CoM/?A'Trf/J1L1 TY 9£,IV/SIEIV ,1-ra c.o,vUte7£ 

,A-,vo 71hz ;7r-6"(..) _A-CI /leCOMAAe/f/Pf 07'/0 f./fE.r /Al' 

At-L 7#£111.. G~vA-7Jl)Nf - /3ol/-f A:DM A-NO .ftJM) 
f)ovOL/Nt 7H€ rT/2./=J..r LJ=-Y6'- IN 7)+€ CoM~/1..1£/r11,,,./ -
£ Tee<_ Ffl-0,-.n 1HA-T W#l(.H WOVLO OCC-.vt't- i?AJ~ ON 

COM /?A7A6'/LJ7)' • 

COtvf£(;}v&N7L '7
1 

7Hc TfLAlt/fPo/lJYrcn f£c7/0N An..lfA. o;:; 
COMl'/2.ef//PIV f7c,-;(.. WILL. [j,z /.?A-1#/.J t:)N 11 {1-1-f /7 If" 
Poll- Tt5tvr1Llf. f7eeL) //tlf/£Ao o,& 2./1 ~r (i.11-1)] AI 
/7 If /A/ "THI£ A-<..I C.o/7,£. _ He,11U£./ 71-r~ C.oP/z cr:::,/V£rl.A7Eo 
~t;vA-itlluf U71uv,vc CoM/?/7-1;,Jflotv fTc"hL CA-N,v11-r i€ l/f,£0 
·n / .fl-.$.<. -rl-~ W 171-l O (,J "r NI lJ O I r-:t C. A Tl (.I If/. 
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,v,_, 

THE. 8.s-o F:t,-t< /HOMF-Nr @ fEcTtoN A I.J E(i)vJVA-L.ENi 
To ,A- COI./Pt...e CoNf/.J" 1lNC- or- A PA-1/f OF l;(i)VA-L A-Nl7 

o.P/7Pf/ 7€ rc)/LC.eS s. 6 t? F-t-~ 6 e /NC..HE.f Af'A-11.7 (~) /S-11 • • 

A55UME IA//7/A-LL '-/ !/-IA I Tl-I-£ C.ONIP/J.eff/ VE FO/'I.C/£· 

/,-11 7tre CoNt:-;-LI;,£ (c) A-c,J A7 A OIJTA-NC£ 
L/- /tVCH,;f BeLO'-N 11+1£ 70(-) JUR.PAC£ OP TH~ 
CoNCf1.,c7e. 12£A-C-r11-11V PAo. /le#~ Tfl-e. 
C.oM/7/2.efflVt FO/U..~ )N ;fl€ TOP LA'Yt/t. 01= f7£e(_ 
I 111 7#£ FLA-N~1z < l'LA-t:?) (ct) If co1Nuo&N-7 w171-1 

11-1£ ,PtJfL(.£ /111 7H-1z c...o,vc./l-a-rL (_c.J, Fu1?me12) me 
Bo 1101.A LA-'7crt. or; J7£&L /N 7#€ Pt.AN&,.€ (!t-4~) 
IS C0INCIO.GNr W17H Tl+£ ;?l&V7/l-,4L /4.')(lf(W/.l-/c,./ 
/5 ,47 A OEPTI-I (l<d) t;,= 12 /NCJ-/Er)ro 71-IA-7 7}1,e,/1.F-

A-l<.E. NO leNflLE on CoMl'll..efJ'IVE Fa/1..Cef IN /1. 

;1/oTE 7/IA-T 711/J AI.ff/NIM uGA-7/IJN oP(c) 8o7H 
.flMf'Ur-lEf Tft,£ //Vii/AL A#AL.Y/// CA-L~V'-47/UIV ,4,v,:; 

/.f A- VE/Z-Y flA7l0NAlLY A-f.J'l,/tVIE:p '-OCA7/PIV. 7HA7 II; 
j=O/l. ~ 8£A-M fvl.lJeC 7€,e, /() PVl<.E Ft.EXVRE (vv,T#-4 
,,.Vo AIJP/7l()Nlf{_ leNflL,,: 0~ COM/'fl.,£j//vl£ A--X/Al. 1-0AQ/) 

/fNO INJ7H /YO/l...MA-L Mol.le/2A7e VNl.1£/2./1.El'IVPO/tCeMENr 
7H1J /.l/ f 7/f"' ce [ ~ { I< d) ] wo ut-o 8£ A-.i'o vr 49- ,.,o ID". 
{/,e .. llOMIHA-U y A-/?(.lvT [~ 70:: 8.?5 4

] ( WHE./<.E. /VOM/N/.l-£Ly: 

k = 3/e ) (f5 k) === Y'rl .1 A-Alo J ~f(-f1~) = '7/e) • 
• A lleC./l£AfE /N /l.Et/l/Fo/2..C£Me:N, A-No/or< ·7/tE 

A00/7/thv or- A-N A-YtA-L T61VJ1t..£ /...oA/7 ,&,,.1/7.r 7o 
flE/Jvc.tF -rHE.r£ /JlfTA-NC/£ [oF (C) ( (tVA-}]BeUJw 7()/.J f~. 

o /JN INC/ll£Afli IN /7.£/NPO/U.eMIENt /l#D/ 0/l ,H-1£ 

/1-1?/JJ 'T/PN or- .-47V A-XIA-'- C.oM/7/l/z f PV€ LoA.r;J 7£.Nl7J To 
/Nl/w,+/£ 71-1£.re Plf7JfrVC£f ,8.cLJ,/J,,v 7Hc -rot' fv/lFA<E. 

~e /IV 7f/£ /UA-C..7/0N /'11-o, 7)+E //II/Je/(/2.EINr(.)/({.eM/ellT /)IJMINATI. 

OVE/l. THE COMP/l.ef/114£ ,F-UI<.(/£ IV) ANO 7fle 4-" A-ffVM/ITION If C-ooO. 
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PROJECT-' .... Y~_,-________ ----1 

SUBJECT~C7/0N PAO STl<Ef.fE.J' CICD---i C 

/-leNCE A-T 5EC,ION A: 
BASEO ON 7J.IE- AJJVMP7lo) 
THAT Tl+E. /Vcv 1/lM- A-XIJ If' 
LOCA7M 12 II IJ'ELOW 11-+'/:. 
Top ,f (;IR..~A-c. c • ( f C @--4 '? 

56 16sjj 

48 56 

/2 

[JJ] [d],. 
" 6611 ?O 

58 66 

6 / 2 .,_~ 7 --....-....____,J,.._...__ - T ~-'---+ 
6 ~ 

~ ~ e5 ~ LcoNCRETc: A#MYJlf 

L
T REFE.RENC£ 0IME.NJlO/115 _ /)/MENfJON! 

R£ACtl0/\I PA-D 01/VIENfll)NJ 

/22 

" 54 

£QUI VALENT STRESJ REJl)L1A1t1T PIMc.Nf/ONJ" --

63 
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PROJECT_,_v_c_r __________ ----i 

SUBJECT REACTION P,4o Sil<IEJf£.S CKD----t C 

Hf1VCEJ /Al 7EIVSILE 57c£L )N .fleM (FOOTIN6); 

T =T= r: •/SO~ /1l3 k T£N9L£ L0.40 

A.s.:: t; XI .5"& IN l. - 9. 3 h IN 
2 

,41<€..A" C { i:i II /2..1£/J,4/lf) 
r T _ /27. 3 ® 
~ :=:. A-.5 - 7.3 6 = /~. {;,O !<5{ 76Nf/i,e f 7/1.£.f.f 

.rs- ;3_1:, - y) 
€

5 
= - ::: 3 - ooo 46'7 1Nj;N EtuN6ATJoNAL f7/l~,., 

E-.s 2. 9 .f/0 • @/ 

ANO IN l="L/1-IVC,£ ( 5LA-(J): 

C:::: /5""0 + /2 ?_ 3 :: Z??. 3 I< To7A-L CoMF't1-£f/1ve RJtz<.E. 

'4._ .r:'- -< I 1. "- 1 4- 9- =-- C = f- C ' Co111C/l.€TI; J7/l£f/ V 11..v Mt! 
C 5T 

-t. _ Cc ~ 2 53.5 k _ ,, MAX C.ON(.JU;7c fifl.e,rJ (@5v~ 
c. - 6 ,! I 'f Cf r 8 64- IN,.. - .1. ~J J< 5' ,H)f/Jlfl/lVC. CJT /) !MAU..(>. 1.3. e k.) 

-1- -+-c 
I e<:. = I;,_ : 3 .2.1f/03 == • 000/ a;~ 68 13/111 MA"f. CoN<./l.£7€ ff~"' 

c:
5

1 

-:: ~ E-C...:: i @ ::: , 0 LJ OJ O (, ) l l. /NftM f7 £r-L f I /ZAIAI 
T /1... , @I 

+':: .E. c' J r;72 /<r,· J7&&c... fT/l.£ff 
Sr S Jr · ®. :#: ) 

A/=;? x. ry 7 - 13 .~3 JN 1.. S7erz-L. ArlV;A- (17 t:g 
T (@> 

C
5

' = -S-' )( A-f' ::= z. '3. fr I< v C.oMPMff 1v1£ _fi6£L FoR.~ 
T T r @ 

CHECI~ THe AJ.fUMPilON 77-IA-T (c) If LoCA-7,=n@ L;-//Y .. 

k - €c- - cr> - /63551) 
- e-.rf- C.c. - @-t(!) - • @ ,-

Jd=.l63 S5 x ?O :; //.44ra" Vf A-ff'VMeO 12"LoCATION 
C1(kdB 1 = 3.916 '' Vf MFf/ME.o 4" Lo<:..A1/01V 

H€NC£/ TH£ 4 ' 1
/J-5fl/Ml'TIOAJ W.4-J VIE/l..Y et..o.r€ ANO 

l"Tc/<ATI//€ /2£/7'NeHctVt If /VOT Nel£f/Al2Y, }lowE.vE/l.., 
ON€ liEfLA-r11.11v w,,..~ /Je' oN!f FOil. /1..£,C~/Vt:.e IN"1=o/l-MA,11uv. 
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PROJECT _I __ V_'--_•-----------& 

SUBJECT RE. C.7/0N PAD .STl<EffEJ . 
CICD---. 

HENCE) 
AT .JE,c_ 710N A: 

FIR.5T /Tel<A1ION: 

I 
T 

I t 
48~8.3 

&(kdB 

[l<J] f3.7 
t r 

[ J"d] [d J • 
.1,;s?O 

66.I 
~I 

58.3 \ 
i 

I 12 ~-G - er-~~ 7 _\ ~ __ i __ ! -----

1, 

_Eb 
55., 

~ 
66.l 

6 I\ '--- ,/ 
~ ~ €5 .. ' LcoNc.REre ANALv111 

T ~w~~ 

L REFE.RE.:VCe. OIME:Nfl0JV5 

R£AC770/\I PA-D 01/VIE..Nf/{)NJ 

68 " 

/22. 

" 54 

£QUIVALEN7 STl?ESJ' REjVLTAAIT PIME.Nf/ONf - .... 

65 
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suamr:r-REAC7/0N PAo JTl<EJ.1£..I CICD--. 

A-1<.E..A 
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PROJeCT _, ___ .,_ ........ r __________ ___,. 

SUBJECT" REA<- TION PAO J7/ZE.f/Ef CKD---t C 

VE.RlrY 7J.IAT (c) If LoCA7eO 3.9
11
BELow TOP fl,l/2.J;A-c.£= 

Ee @ (- ) 
I<= E .s ~ E c. =@ +@J :: • I 6 ~ 4 S -

kcL= /<)(,?o = II. '72.J /Al (W17f+fN .021" o,= /l?oo'') 
// kd @) ( II ''). 

73 ::. 3.907 IN WITHIN .007 o;:: 3 .. 900 
'.J"=f-1k = 9q..42.(-)®) - ,,,, II 

"J'J =: Jx ?o= "'6 6 093 IN l#0 7E lH-A-r J l.f IN 0UtJ7A1/o/&1] 
• MAILK.S BeCA-Ufc. IT IJ ro THE 

(..el'l7fl.O/O OF C, 0/1/L'I {!VoT C".EN7/Z-Ol0 OF- C.c.+-C.jT+-Cs;). 

No 7£ 711-A r Tift£ r Tf'lEJJ VftLvEf tfA-.16:7 ON 11r£ /NIT/4<-

/-l-ffvM/177/JN TH11--r ( c) oc.c v/7-Eo ~,, P£L()w 71+e 7t)P 
fl//1-/:A-c..1£ Ot=- 71-r/£ /l.EA,<_ ,1t.,;N PA-o We/1-e CE/l..Tk1A/L Y 

A-<. c </fl-A ,e etvO vr,µ /Je- c. A-i,//lf. 7l-r6Y OA/L y ~c.eo .i'Y: 

, )1-Bour s-o PJ'c' Fl)/1- 71-rc ~tVflf-£ f'TML (k. 13.60 • JJ .. S"S Jt:.5,~ 

a~ovT 8 {)Ji F()/L 7ff',z. CoNC.fLE,/£. · ((e; Z.'1J~ Jo/ ?1,") 

IN 7/lc Flflfr (A-No F1NA--<--) JTe/tA 710,v _ 

IN 5UMAll.4/L'f (@ J~T/IJ w ,a): 

7He fi/2-1;.ff IN Trtr- LOII/C./l-571: /J' ,A-/J0£11: 

Ic:::: 300 P;l' a
0

(J OJ'--·(~ 12 '¼ OP tJ,1-€ /4,q ~owrNPL.i) 
;112.Eff OP ,4S -Cc_'= )JS-O psc· 

7Hc f7/l.ef/ /ttl 7/-1-E TE/1//IU JiUL /J .A-11-oi.17~ 

-F ~ 13 .. , J<s/· 0~ OIL.(~ 68 % Or- 20 Kfc' (fj Pt)R. G/lAt)E. 40~ 
,_.________ -::::- 51J ¾ OP 2-4- K1i ( F-_r Po/1.. G/lAP.i 6fJ, 

77-fE. J71?ESJ IN 7ffe CoMP/l..EJf/0/V ft£.el If A-/JOc./T: 

f5'-== / .. 8 l<f,· lb Olt.. (No CoNC£fl.1t1 w,,1-4- L.A7EILA1... 12£JT~1tvr} 

77-IE 511£4/l. ST/l.Eff /N 711£ c,o,vc./l.£,e 1..r A-eo v-r: 
--- 5?,ooo ==53 Pf/ o°o 01< ~g'~ ~~ 6~Pit) 

- /6 X 66 bO C.)o OF 90 '!C 
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PROJECT ___ l~V.~C~J-__________ --' 

@SECTION B: 

tHIS IJ 7/+€ Cl</Tl{AL fEC //ON FOR MAY/MUM 
NECATl'Vc. /V10MEN1 TI-IAT /Nl)l/C£.J Tl+E MA-X/M£1Nl 
!EAl.flL...E LOAO IN ;If.€ 12£-8,4/li 7/,+A-7 ,411.£ /N 7#€ 
FLA-Nee (le.,, Tl+£ 1-01i.1~11vo1NA-L 1<.13-8/J./Z..f 1,v TN-€ 

SLA-IJ) .. 

j/-1-£ MA>t/MVM AXl#l. N0~.4-l.. 76#.flU ,(Tl(EfJ 

/2.E { VL.. 7#/V 7 ( N) /-J.Lf o O CC. l//2-J ,;/All 1/l TA,-,Ve,Ot./fL. Y 

A--r 7/-li f f e c, 71 () #. 71-1-1 f I A/ P v Ce f _A..p 0171 ON /-1-L 

TEIVftLE f7/l-Effr-f /N /4LL or- 7i+r- fi.li.-1.rA.t'LJ. 

flt;,11(.E ,47 /#I.I f&c.T/o.v1 !ffE .$"/MVL TA,,NeOVJ 

CONl6/~VA7/0N O,C /Jl1AXIMf/M ~Vl) fi,Nr) MAX/Ntf./lVI { Iv} 
C-6111&/'lA 7iSf 71-rc MA-:XIMl,//Vf TENf/'4 f7/Z.6r..r 111/ 

77-1-'r- v't'~e/1- L-/-1 Yc/l or- 71-f/£ LOA/ C./7V0/IV4<. /2£-{i,4./l.f 

//fl Ti-re ;.::(..A,Nt,1£ (J(.../-1--r.i). 

TH£/7.€Fol?E
1 

71-115 SE<.,10-"' Cov£/l.N ,He MtJ)(/MvM 

AMovNr o,c FLANv£ /2£-t?A-a.. .1,&cc_/1v '11+1£ /lF-Ac..,1,,11v 
?AO,,. TIie LoCA-7/oN.r or- 7#£ 0 cvro;::,i:" Po,NrJ 
wr1e12-r- 71-1-c FLANC-r- l<c -8A-IZ. A-/2.e"A M4Y tJe flEO V(£o 

A-y BE o/JTA--/N'&/J .01;u,c ,LY Pfi..0/./1 11+-e MOMeNr 

Ph4 UL A--lvt _ 

77..fc A/J,4X/M UM (OM?l2-:f/ll/E ./TAfff /Al 7f'-e Co1V,/?.1£,,= 

OccvlZJ /IV 7#6 ./TeM (,t;-oo,,,M6) ~7 7#-lf-f&77r.;u -

/JV£ Tu 1#£ /1/IA"J'/Nll/M ;VeC-A 7/V,: MONl6N-r. /Jlo7t£. 
Tff,t11 .;ff£ /t/lA-¥/M //M 1£Nf1t...e (#} w1u 7ENd To 

/2.Et-'t./U= lfl-€fc <:. oNC/ll§,c CoftllP/Lcff/ 1/£ f7/24J/ISJ 
50McWl-f-A-1

1 
Sf/1 7#£Y WILL .f7lt.-t:.. Oe- MA-x/MVM #Erte. 

ti-+~ MA-'K/M(/M 5H£,4R.. A-LJO occvtz..f A-1 /#If 

f£c 711.JN (A-1 IAIE'--l. Al ,41 /'ec 77 0111 A}. ,tl-ow1;.v1=rt✓ 
Ir WILL IJE /1110/lc. (/Lt/IC,#(... /IV 711-113. f 7EIVI ,47 
f Ee 771.JN A., JE& fee 1/()N A 01/(,VJJ/()IV ,&{;/l. J7f E-Pt:=ec.,r_ 
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• 
.- ... ~._.,. liil'I •• - I l. 

(/~:J/11 -·-
SUBJECT REACTION PAO 51/<E.fJES CKD C 

'' 

At 5ECTION 8: -
11 /42 K JI 

~ -
4 • j .. 

. 

4 

]6 8 /28.744 
-4- 7s 8 

56.4 
48 4g_4 · 67.D44 

70 55.044 

_L 
3.6 

/0. 644 
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PROJECT _f __ V_t:..~1----------~ 

SUBJECT RE.ACTION PAO STl<EJfef CICD---1 C 

CO/ll(RE7E CoMP/2.cfflVE S7/l.€J"f l/OLVM£ /,)/A~llA-M: 
VOL x OJf7 -:::: MOM 

~@ :t.(@) 
Yi_x3_{;xJ.(x/li= 104- X/3.1. :: 13bC, 

3. 6 x 12. x 3 ~; I 5 SS' x ~ = ~ 3 3 I 
l{:1( I 2- x I "L >< 3 { = 25"'12. ;< 4 = / °' 3 6 8 

4251 @4.95l =211 06~ 

13.?. i 

70 
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~ffl.WC\..I _,_r_-_, ___________ -• 

SUBJECT REACTION ?Ao J7~ffef CKD---. C 

7#£/lc 11 ExceLL£A1, A-C-fl-c&-MEN, P£7We£,v 7J+E 
eo,vc/1-1£,1£ CoMf'/l.1: r 1, v£ r-o/2-'-/£ ·c:.. c) /.J'A-fco ON 

£,QV/Ll/l/2,II/M /.f-/1/r:) 771-A-7 /JAfECJ ()IV J7/?-l;ff /9L.(.;C/<. 

VOLL/Mt;, tirE/2..€.,&:-o/2..e:, 7)-;-E N&t/7/2.A<- A-')(lf If /.1,T 
/TJ f'RoPEt< L-0U-17/ON /-l-N/.? A~L·7Jrli CAL(vt..-A7£/.J 
V ,4-l 1.,1£}' AILI: VI'-~/;.;, .. 

/V~7£ 71-1/.17 Ir-- 7#£ coMP/LE,./lvtr Fo/2-ce ( c) BA-feo 
ON .f 7/l/$.f./ ;Jt.,ou'- VoLuMtz: WA-J LA/l-lrE/l. m-A--N Tfl-.11-r 
.NIE CE J J At1-y F Cl /L £ 0 VI LI IJ I'll V'lvt IT w O t/'-0 /VI cA."N' 
Tl+-c CO/,/C/1.,,£,e .fT/l-/-1-/tVf ft/11,? s 7/l.-1£ f ./ cf W&/1.lz /CJ 0 

LA-f/-&t£ #cCfivf/£, 7kc. /f/E u /i1--/-I--L AX/ f WA--f Tc o ~17... 

/=/2-()Hf 11-17£ CON~,~ CoM/'/l4f/ll/tf fV/LPT-1-c..tZ. 

c oNft;(i)ch~tv 7L Y; TR-£ N£v T/l./-H.. ,A.XI f J/.fo v1.,.,:; BE 
J /-f/ F 1"E/J N6Al'tE/2. /II 7H-.€ (. 0 N ctL,z7 £ f C//1-,CA-C.I;. 

v1u-v&1Lr,a it::- ,rrt£ S7JZ£.f./ VOLJ/MIE (c) IS JMA-U...Ell.. 
If/## 71,r,£ E 4}1/1 LI (1 /LI VIVI (. c.) • 

/Al 5VMNl,4fly {(§> JcC TtoN &) : 

7/-1-e f'TIZEf.f /A/ ;)r£ co1vc/l£7£ If ABovr: 

+-c = 44-D P.Jl I a0o 01,· ( ~ 3 2. ¼ OF 7#,z A-a ALLawMlE) 
f7/l/3.ff (),C ~45 +c..' = 13.SO p;-c.· J 

TH£ 571<E.5f IN 7H-£ ;£/1/_f/U= /U-OA/l. .f7f!£(_ If /fBOL/7:· 

_.f 5 -== I 4-. J J<. r / 0°,J o k. ( '):; 7 2 ¼ o ~ 2.. o /(.;, · ( '7 AJtt. U2At1a <IO, 
~ 6 o % OF 2.. q.. /<-rt {FJ Poll WlMli. 6 oJ 

7HE f7/l.Ef J 11v 7H£ CoMP/l£Jf/l)N F7Eet- If 1+&0(,,,17: 

~
5

1 = 2. 4 I< 5 / a°a OJ~ / No C:..uNC/3/2. Ill A-90 UT LA-7€12.A-t-}' 
\ /l£f7/'LA-I/V.,.-_ 
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PROJECT _,_v c __ r ______________ --J 

SUBJECT EAC1/0N PAO STl?EffE.S CICD-_. C . 
1, 

6 

2.4-

t T 

((xx) VALVES ME} 
,A- . 

L CALC.VLA1E.D ----
s .79 · 

·P=-b-d:: /Zx 3o =.Oiif1 19(-) STEEL /l.A,to 

6 6 

n-= E$ = Z~OOO =- 9.062-5 (-) MOl.)f.lLAR R.A7lo 
C.<., 3 l.00 ® 

pn = ®"@ ;:. • 019✓ 89 (-) S7IFPNE5J ~A7lo 
®) 

k_ =j2(Pn)+(Pn)i.- (Pn) = .l805 (-) /<cl= 5.4-/6 IN 
@) ® 

[kh] :: -~2 H ~ kd= ,.~5 IN 

J.:::. /- K/2 = . 9 398 (-) Jd : za.195 IN 
@) . ® . 

T= M == 20.4JC/'2. = 8 .. 683 I< 
J d Z.'a.l '15 oo 

f,_ :...L = 8.6'63 = /1.0 K5i ~ +.r ~°a OJ<(: 55 :0 
s A-s .79 @I> -46 % 

+c = z: ts == t..
0
67 ?!<. ::: f~ o°o OJ< ( ~ 20 % 

V=-Jl._= Cf,Joo ::: 27 ?1,· = V io 01< 
bJd /Zx@ 103. 

72 
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' ~~= REAL/ION PAD STRESSES CKD . C 
I, 

STRESSES /Al J<.EY WALL: (SEE p8~-,) 
[kd] [1 kd] ( 1.0) 

t j 
( 

M ~ 4. Z. F-t • k) 
V;;:. 1.0 I< 

.__,,_ __ ( 3---r--· 
1) I [f 5 

r-r_--, ~d] J] 13 T +_..,_ + 
(:
JLE~1' )(9.9)Q2.o) 13 I g + 18 
CONSUVA-1'/VC t t I ti_ 

((xx) VAu.1E5 ARE} 5 l· · 
(.66} 

_ As _ {tj)x.44-
P- bd - 12 x 13 

l CALCULATED 

:: .o&4, 2.3 (-) ST.EEJRATIO #.6 @B" 

r, = Es = 291000 = 9. o 6 Z5 (-) MO ov J.;;AI< l<.-A 7lo 
® Ee.. 3100 

pn == @x® ~ 

K =J z.(pn )+(Pn)1. \-( Pt1) = 

[l</3] : 

.03{;/34 (-) 57lffNcS5 RATIO 
@ 

.7-412 (-) l<d= 3,136 I/ti 
@ (9§) 

• oe o~ {-J )§ kd = J.0-4-5 IN 
@ (fl) 

J =- !-'½ - .9/96 (-) Jd = JJ.955" IN 
@ (fj)_ . 

T = ~ = 4 · z '( /Z :: 4. ZIG J< 
Jd /1.955 100 

f, T 4 "2 r o OK (~32 % OF 201<,t f:ro4o' 
.s = As = .G~ = 6-J kri = ,....r 00 ~ '2 7 ¾ o,= 24 J<rl G-D 60) 

{ = ¥ +1 ~ to OK(::: /7 % OF J3So f'Jl.) 
~-=:;..._---J 

V 2000 
1T;...;;J-=Jzx@ : 14- Pfi = 'V 
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PROJECT / V t:;,t-

f,4L CKD--.. D 

Foll 1.1 ff./AL CoNC/l..£7€ ST/l Vc.71..111.£.r 11v w1+,c.H Tift: 
/2-e·t?A-12. Jic£'- 1;- &✓v11.Jc.PPea IN TJ..r£ c..o,v,,,..,, ,:;-71£ .....,-...,:; ~ 

A-IVP H-eNc.e. ,A-t 7ke J/tMe ;r--,V,/'/Ert.,'!/-Tl//1£. Al TJ,l,E · 
~ONC/l.£7€/ TPellE At'l£ /\10 Pllo8LeM.r W17ff 
,DlrrEAe#77A,t.. 7Hc~M4-L c>tPhv f/O"V 8c.7vveG,v 7ff 
f/E-eL A-N/J 7H£ ~0NC/2..l:7e /.JECA-vf£ 7HI£ .Si££L A-NJt:J 
;He CoNC./1..£,€. HA-v£ Aeovr 7/+'"€ .JA-N1£ CoeP~1c1EN, 
{) r 1H£ /Vlrl Af_ E. X PA~u .,// u IV'. 

H-o w EVe/l..l 7fr£ {/N/VE/l...JA-l. Mo VN 71/1/f;. /7..A.ll..f IN 71+1£ 
/lF-Al.. 7/0N PA-o 1-1-1-1-vc cxP()fet:J Ff-ANUJ TffA-7 CkN ec 
A-T A- .f/CNIAUIN7L."Y OIP,CC/l.EN"r 7EMPcRA7V/le 
7fl-/f-1t1 11-re C.OIIIC/l..e7e. /7Al'(,T/C.C/LA,Z.LY ON~ 0/1-1&-ffT 
..fv'NNY PA»Y. me. rce BeAM FLANw= CAN C£r-
/JAvcu )-1-07713'/l... 71-1-AN /H-F C0NC/1-€7€ /N Wl+IC J+ IT 

If eM /JcOQEO/ }lt;..1/Cc_ / 7Hc 71!!£ OeAM WA-Nrr 7o 
£_')(/'/fN/'J L...ONfr/7VOINA-LJ.."Y (_/-I-NO Qow f./PWA~ A-T' 7Jf£ 
C.etV 7£/l) WI T/-f /2~.fl'eC.7 ;D 71+-r- C:. ON<'-/'1...£74 /A; l.v-4-IC H 

;-r 1.r EMf3E.Ql7eO,, #o7£ 11-11f 1f No ?1toOL£µ r-012. 
A/0/LMA-<- /lA-tt.,.{ /A/ /o,v C:.011/C/Z./£,€ ,8.c.CA-£/fc I~ /Z..;f.ll.J 
;4-Re flMf'l- Y /+ELO /N /7L-Ace ;J Y CL..6;1J.7f w)Ht.ff /.1-u..C)"'V 

71-t-£ /2...A-IL/ 7(1 J'LJP LON(r/ 71,,,1/:)/IV/,l,LLy ~VT P/l4V4N,,. 
1l·<E fl..A-1'-J r/LOM I.? o r...v111/& ven..,JCA-LL v. flo wevEte.; 
11+1f If /Vo, At;M1.r.r11.Jt.J: · r-()tL 7He /LAiLs CAN /f/CJ, 

J"Llf? A-XIA-"-. y Be.CA-I/Jc T/f-e//'( rL/"C. T/QIC, If Ta. 
TllANFrel'l. L-o,vr;.~ rvr;1,vA-1_ LOA-PJN6 ON 71r£· ILA-lu 
~/ll/ELTLY /N;O 7H£ C:..OA/Ul£.7E /tl;.A<7l(,)N P.4o~ 

Tc) IECV/U=.t-Y ANCHe,J/2. Ifft= /<A-IL.f IN 7Jrr- C..0NC/t./$7E 
A#I.J /l-ffV/1.e 5 i"/2.,4-/A/ C.ONI//A-7//,?/L/7'/ ( /J/IJ 01~,ef./t.NTIAL 
£>/fl'LA<E~eA/T Be-7weeN 'll'e /L4''- A,,N~ 77-rL c:.ou~7c) 
/:.,4C.H /2.A-IL Mt/f7" 8€ Je!.vA-et,'/ ANCJ-r0'1..IEOA--r I,/ /SN~..r. 
11-f/f /U4?VI/Z.t0 £.Nd A-NCHO/l..A-&-c /5 rV/l.Nlfl/er.J. BY 71+1.: 
2. /NOi /JIA/Yle,e/l.. BA-fl.f A-1 77-r/£ eNO o;:. J;.,4<.H /2-A-lt.. 
1/.+JJ A-NCH-O/U 7H£ /l-4-f<-f Fv/l. 1/P 70 ,A-/Jour A '7o °F Ar. 
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I Vt; 

t--------------------+-.....1'._;..:-'-,,;,....,_..,,_ 
SUBJECT EAL -r101v PAo vN1Vell.JA,t... am-- 0 

MOVI\IT/IIIC.. /<AILJ 

/IV AOJ)ITIDN ro 7Hc l ¢ 8Allf A--T c/-lOI EN/.J OF 
E,;4<_).I /L41(.... 10 A#CHOR.. 7JI£. IZA-ll.S 70 7}+--£ 
COA/C/Lc7c ;D PRE.VE.NT l<eLA7/I/€ LON(;-/7VDINA-L 
0!.5?LACEMtENT B€7WG,¢N 11-1-tf /2.A-II-S /-1.Nr.7 7H£ 
c ONC.fl.£7£ LAI ht£N -rff£. /l..A-1<-1 A,VI) 77+-IE CoNC..ll..E7e 
A-f2_e A-1 ~lrr£ttt:Nr 7£MPE/l.A71//l.£..J t#Ea,:. A4'tE 
l./-&/J-/7£1'7 fTvor AL{)NC- T#£ ;1._A,1c_ Tu TrL.A-w//=,G/2. 
fH£1H'1.. /Jc7we6N 71-r£ /2.All.J 4-N/',J 7#£ Co IVC/l/;7e. 

Tfl-£/l.£ AIU 18 PAl/2.f 01= J/~ ¢ x 6 n .f 7~PF A,LoNC
~,Ac,# /2..Alt.. t?/LI /0 /NC/-/ CE/117cfl.J.. /1-fe A-c.I 
ALLo wA-9LG' J/-1-cA-/l LoA-O l7c/'< PA-11Z. or- Jvc1-1 l-i-c.A-1?£0 
J,v() J Ir t.1 /4.,. 

1/-f&/Z-£ro~/ 77-1£ 51..fcAf'l. LoA-O T~JF-£1<. A-vA-llAr?L4 
?Et< fi_At<- )J / g ';( 2 'J == 4/4- I<. 7flfl...OVfr.H THE 
Lf./1.,-f Al,oNe (IHJ/717/IIN.4(.. CA--r,,A-c/TY )J 4VAILAl:J(E
//-lltOVC-/-1 77..;-£_ 2 ¢ E-IV/7 /LCl;Jf ,#-N;.J jj'ON() O/E.7&NU,V 
-✓HIE f7UL f71;/f'I ~I? 77~£ CO/f/c./L,£7€7 £_,~ .. ). 

7#£ Plf7/l..l/Jf/ ✓ "tu,v oF JHe/+11.. 7ILAtt1/n:tz. pt,)~ 
7kE 4uo K.. /2-,:rA, 71otv 7/Z-Vf/ If,,; o,c covnre,J 
.Pe5/t-N Jl'IC.I,'=-/(:_ /j(.,I, 1#1:-/c JHEA-(t /_f./(,. 

/ 
Co /VN E~ 70 /1- f I l+O VlO 19£ A-,,7,: t:,)v~ 7E. 

/V07r- 7~'7 T/-rc L.A-rZC,Etz ?/g¢x6" [/-f-c.A/'l. LU(,. 
CON/Ve-C TO/'LJ C.Clv'-1? /Jc {,,/fe/J A-f WELL- AS 
,4-L 7 E,/tNA- 7 £ .J p A< IN~ J * I l-11£ .F £. LA-IUE/2.. Lv fr .f 

#A-VE A C.A-/?A-c17Y (IP 3 1 J< PEil PA-1rz oF 
LO ,V#C,C /1,//l.. f, 7/-1-1 f WDl/l-17 /L£fl,//_ t /ft! ,4.,v 

/-1-Y ~, t. ,4t'J La J #4 A-11- CrrPA-</ 7 7 or- / tt r 11 ::: ~ se 1~ 
?e~ /Ll'.f-ll. A-, ,;-,-i£ r ~M~ 10" f PA c1N,. 
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SUBJECT REACTJON TRUSS LOAD5 
.5TRE55 RESULTANTS ANO STRESSES CKD-t E 

LOADS ANO .STRESS RE5UL7ANT5: 

NORMALIZE Tl-IE REA CT/ON LOAD TO JOO J<; 

(_SOK PER 510/E) 

t 
. 

C) -
+ ~---+----50 I< 

v - fl 

17 

~ 

+ t 
6.167

11 

c:::t:===+====::;:::==:;1;:::::~;:;:r 
j ~V=251< 

. /rl=/54.2 IN·~= 10.~2 f,<. 

r- V=25 K 
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PROJECT_7_V_e:._r __________ --t 

SUBJECT REAL1/01V 7/<llJf LOA-OJ 

5TRES.J l<E.fLILTANTf ,4NO f7/l.eJfeS 

/<tACTION TRUSS L0AO5: 

CKD.---i E 

/VOi< MAL!ZE THE 71<.l/.fT /le,/IC7/0N /...OA-f'J TO 100 I<._ 

(
DI./F-: To Vc/<71 V.J,L L ONC-17VO/NA-L ,PLA,N,€ Ot= . 1 
.f '7MME T/7-~ I-IA-Lr- TflE Lo/I-~ JS fvr'P01<T£0 OY &«I-+ r1R£.j 

• 7/-fc #OM/IIIAL MAX/MUM 7fll<llft LOA-1.J If 92 /~ 
• T/.f£ EX7/2.EMI; ,MAXI/V1(.//III 7Hlll./J7 LOA-0 /j '300 /<. 

DIA &OIVA--l 57/<.VT IN l?EA-C TION 7/<Uff: 

TH£ )ffJl'L.lc/l ;4-X/Al C.0/111,Pflcf.IJ VE IIV7c/l./vA-L LO/rt? { fT/ZeS.f 
/<E.5VL7,A-NT(N)) 15 l'?.J I<@ /V0/2..MAUZ-&P /OO/<.. Lo40 

24.9 I< ~ 9 2. /< 7HRU.JT LoA-o 
81.3 /< @ Joo /<.. /l+R UJ, j_();t/? 

Tri£ 0/AC--oNA-t... J7/lv'7 If A W 6x 2S: 

TH£ ALLOwA-1.?Lc CoLUM/\I LoAo J.f IJAfEJt? ON 4trc's 
/+L.L- o wA-8L.c L CJAOJ 8A-rEa 01v 11+& eF,t:ec.-r,ve 
c.0Lt.11Vt"' 1L£NOc11-Nef.1 P.A7JD.J (¥) Fo12.. cA<1-1 o,= 7!-4-E 
;IN'O 0/L7HO(.r0N,4,<_ P/UNL1/:JA--L A-Xe! ('f.~ ( '/"1). 

71+£. A-)<I f W Hll.l-+ l+A-J THE- LA~ (,.E.f -r 
J L&NOJ;R ,verf rLA ,, o ( ~") H-A-f 7#£ 
Lo Wefr A-L-L..DWA-(ll.1£ .A-XIA-<... 
C.oMP/2.E.fJ"I VE. 1-oA-t? A-1110 

77-1£/1-£.H /lL. C, C; V/;11 .. lt/ .f 

;He Au.o wA-13L£ 
Lo/f-1?, 

. 

l:::=--=--=--=-5_4_-_-~-9b~--4l-~ 
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PROJECT_,_v_c_f-__________ _. 

SUBJECT R cACtl ON 7n. ll .f f LOAof. CICD. . £ 
J7RE.5f l<c.fl/Ll/fN7f A,NP 5Tl<eJJEf ','. 

ABour TH€ .571<.0NG (xx) AXl.f (N) 'wlLL No, exi.cca: 

(k L);; . bx 1_04 :::: 23 1 
\ Z '70 • 

y . c~L) . 
ABovT TH£ WeAI<.. (YY) /+Xlf -; WJLL N{)T c.Xlr-Eo-: 

{g) == .t?xsg_5 = Jo .. ~ 
\ Y I. 52. 

THE. (YY) 1-+-XIJ C-ovE/2.Nf. Jo 71-f-£ MAXIMVM 

ALLoWA-8LE A-XIA-L CoN1,P12Er/1v1= JT/lc.Jf If: 

r, = fl 9., 9 J<Jc.' ( PtJrL /.1--'3 6 57cee..) ( 

a - 2 r-;,, 1 /<r," ( Fo1< So l<rt." f1c£LJ) 5 
U5JNC. A--'16 .fi££L 71-f-£ ftLLOWA-/it.£ LOAO IN 711£ fi/lv7lf.· 

Pa =Ax Fa = 7 .. 34 /N2.~ /'7. 9 JL/;1t1 .,_== J ~ 6 I< 

Pa == 146 1< 

/7 % OF 7/-le /-1-U.OWA-Qt_E (A-7 77-'E /f,'t,AAIN/.1-L LcJAP 0/.f= 92."':) 

/9 o/'o OF 7/-rl;, A-z-Lo W#/JLE (j+7 7/-rr- /VU/Ulll/ft.l'Ud ~ ()r-lf.111~ 

56 % 01= 1#€ A-UowA-Bt.1£. VJ-7 7ir£. M~x1,v,vNt i-uAo ap.')001<1 
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PROJECT TY&!= 

SUBJECT REACTION 7/<llSf LOAOJ 
.JT/<e.rs l<E l/L,, 7#Nt./ ANO fi/2£,,f/eJ. 

.SHEAR STANCl-l/O/l/: 

14/ BoL7J WILL 8£ ?LA-C£a IN ov&1<.;-1ua H-ot...cf 
('<J-1 J~¢ /-1-oLcJ) f o 77-fA-7 7#c LOA-PJ WILL 9£ 
7A-l<::6tV /;V )///2.,£.CT 76Nf/£J✓v A-tVO · fl-f£Al't F,l1C71Vt1✓• 
lH-£ /lOLT 17/l-ELOA-I? 7eNf/(IIV WILL. oe C-/2.r;;A-r 
£;vouvl-l 7i-f/.J--r 71-1-£ CL-~Ml'Ea FfZ-1 C..77t.Ju P/1-Ev/EtV rr 
ANY /2£LA,tf/c Anove"'•cN-r. 7/-1-IJ If f7ANl?A/I..O 
P/2.-A-<.Tlc.£ /A/ /1-1.rc. BoL7Ea P,L/ct1111V' vu1Nr.r. 
USING ..[7A-NIJA-12.0 .f7/ll/C,vt7-A-<- /,J(.)L.7J (le. /+JZ.J Otz.. A-~~o). 

A 325 I A49o I TYPc o,c .FT1<vc7u/l..A,t.. &o<-r 

56 J< BoK NI/NIMVNt 1<E0vJR.ED B()L, ~ttr:,L,,;14-0 7ENft(.)lt/_! 

I 5 k l'1 I<. M//,//M {/,.fA A-t-LDWA-81.£ .>II-EA-~ R2/C:.770,v L010I 
! 

SE/2.. VI c£ LOA-0 .f : 

.SHEAR: (E.!G-HT 80L75 ( NO/LMA-l./Ut) 

25 
V= g = 3.12.f' 

V:: 3_1 /<. o°o 01< 
} 

19 ¾ @ 7 2. /(.} j 

Z I % OF ,4-L.LD wA-8L£@Joul<. I~ 3 2 S- /Jf,lt..7.f ' 
63 % @']tJ<JI' 

@ NO/l.MAUUO) 
/00 ,~ 7.#R. f/J7 i 15 % ~ 92-1(} 

/7. % Ot= A-t_~OWA-f1t-e ~ Joo IC ,4- ~C,O IJrx..7/ 
50 ¼ @ 3ook.. 

C/5£ I~¢ A 32.S- 8oL7f 

A-ff/LY .A J1/JJN1N1vM ?1'-1£Lo/+o ,e,vf/Pl'V or- S6 1<./0(,Jl.-r. 
( e. e; .

1 
70/2..ove 1() ,48 o v-r I fJ r.J a h •=) 

/V07E. 1#'~1: 

'A- 325' f7flVC7Vrl..At. 80L7J Al2E. ~Bov, 6-llAP/E s
/4-4,'C,o .f//l.CIC Tll/l.A't_ IJ~I.-7J ,A.fle ~OVT ~p/£ 8 
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PROJECT ..... 1_\/.....,c.;;;;;;;i... _________ ____, 

SUBJECT cAc T10N -r;zv;-f -(--oA()J: cm.-..... E 
57RE5f /<£ft/l T,4-/1/7 f A-Aid J7/l£J/cJ 

TE.NJ/ON f /H-ONtE.NT COMB/11147/OAI: 

T&vflON: 

....,.... _ T _ 1042_ I 302 J< 
1? - '8 - B - . 

Tp= l.302 J< I @) 

MOMENT: 
/5"x 4 '1;,0 + 7x4 T...i, = J,s-q._ 2 
60 ¼

0
+ 36 ('0, T1t1t~)-=I S-~- i 

JS-4.'l. 
'IM0 = 60+21., == 1-8/J 9 ~ 
T.,w--=} 7~,, ~ J.134 I< 

. (1) 
T,v,o _-=I.era 9 I< 

I/VIA. :. /. J 3 4- )< 

BoL T 7E.Nr10N ov£ 7c T 
Bo Li 7EN / C.IJMI° Ill/£ 71,; M 

C/-l,4N6£ IN BOLT 57fl6Nr 
L OA,IJ l)V£ t(.) 7}1/l..VfT LUA-I') 

(V= 2~'4) 

tJj 
<f J Ytvt~E.T/1..Y 

( (0/V\PRESf I fJN) 

o----__,;;::=---==ir---.,_ __ .,__.,.__o 
I 

J. 3 Ol 1.....----........;;::;,,~--.J----4 I /301 
(7EN{ION) 

J. 302 J.'302 t3o2. I. 3oz 
- I. 'Bee, - I) 1~ +-/.134 ~ /.88 <; 

- ,58'7 +O.Jl,C/ -t 24'4% -1-3.J9/ K 

.5~ C.O~A/2£0-rlJ NIIN ALIMO ~s-61< 

I# .A-NY ;,j)pL7 .fYf7~/Yf (_lolll;lfTIN6 OF A- 801-.T LJ.AAAPINt:r 
.f /,//2./1..ovNOINfJ- MA-,el?..IAL) A <..£/l,A-IN PotLTlotv o,e. '""= 
A-Pl7LJ/Sa Lo~ Jf C,,tl-/1-fll&? BY ,rte. fvn..11.oVNO/Nt:,. 
MA-1c,L/A-{_ (_A/OM/NAU.>' 9o o/o To ? o o/o l A--No 7#€ 
/lEMA-INl7etl, ( /VOMI/J,4,/,L 'I IO o/" -ro Jo o/o) I J CAMI& 
/3Y TIM£ Bot--r lifeL~. 77-r-€. LOA-0 /)lft/ll/]V7/1,JIV If A
rt/NC 710N o,c 71+£ l'l£'-A-71vc .r //~,;/f/£f.r IJ47W£8N ~ 
Two_ rt/A £XA-N1/'~ IN A- W€LL /Je/16-NJ:P f'Y./7EM 

.,; . 
(//V 7rr~ A-Bf6/V<£ 01= ,P/1-Y/NCr) 77+E 80L, /TJELJ:= JHOl/1-D 

7A-Ke OIVL )' A-Bo{.// IO o/a OP 7#£ VA-12./A 7/(//t,A,-c_ /,...()A-I':). 
(BEWMI-£. o,:: fflY/11/G THffT CA-IV MA-6/tll!=-'I .i(JL7 1.-QA-(:)IU&J. 
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PROJEcr_T_V_E_!=-_________ ___. 

SUBJECT t.XP/lN5/0N 7ll8€ LOADf CKD---t p 
57R.EJS /lc.rvL1A-1t1rf ' S7/le1..re.1 

BASIC TUBc; ( 3od, oo x. 2r WA-t.l-) 

/+IZE-1-+; ( A-==-1T ro "l_-r. l.) = Tr ( D-C) -t) WE.It-~, Pell FT. 

A- -;. n-( 2- 9.175). 25" = z 3, '3 7 / ,1,1 '2. = A X '3::'f =I 7 9 .. 44 ~1~-= (N~ I 
MOM. OF / NER.7/,4 : ( I: ~ ( r0 ~-r~ 4 ) St.cTJl)N to Ot/L 1.11 

L-= 1f_ (!~-14. '1f4) == I 25 85. "2.IN 4 =- I I "7 I !i = I I 7 2 .JS )N 
1 =-5 I 

* @ . ® 
REAC7/0N FRA-M€. l.ONf;.€/<ONJ: ( PJl.11< OP W/2.JCl.6 ON 3~

11

l£tv1'c/t.J, 

Fol?.. J...0A()1N, IN 7/-f'c VE.1<.71 C/.yL Pt-/-1-IVe ~ 

I,..= 2Ix~-= L" ~04 = I 4DS' /N 4 = I~ 2." 2.6.:: I 5'2: •in:: WW 

707/ft- ~ j 2993 IN~==-4-,;I I /3 z. ~1,c~ = w% I 
(J} 

FOR Lo,401Nt-- JN 7H£ )H)J<.120N7A-L PLANe: 

I'/==- 2.[I1)' + A-d ,_] 

=2[n:3+?.6)•i?'] ==-14-4-S-6 JN"'-=L,,J 

1071-rL ~ I fJ 04-1 /N4: I ;-,I 

t'JOTc: crWAl.L:::· ~r::: 35'/.IS - 2/0D (VE3(<..Y LDUJJ 
'""' e), 1..S- -

if- A/o7E 7/f/f7 7/.hE Aoor,10N OP 7}ff;,fe L.0N1,e/t.0N.r 
If /11117 flF-+u_y ;V€C€J5A-/1-'I. 71+£. Y4 11 W/-k..LPIP€ 
/J J75EL-t= A-flcei>v/-1-,1£. 1F PILoPert.. ktTeN7to,v 1J 
Pl-ht? 7~ ,H?£. IJl£7/-l-l'-f tlr- 71-t-£ Jv~,'fl,t.Tf 4 

o~ C.O,Mf/_£.7e CAI-Ct.1LA 7/tl/Vf \,N/ TJ-1 a r..JT 7ffE.J£ LUIV 6-E/tOIVJ. 
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• 
. ··---· ------------------1 

SUBJECT EXPANJION iU8E. LOADS CKD--. 
51R..ESS R.£5UL7,4NTJ ANO S7~/EJfeJ 

F 
t----------

Q 

... t ~ 
a .. 

~ 
~ N ~ 

'-!J .... 
~ 
c---4. <:::a - ' C -~ -;- C 

C :...0' 
a ~ ~ --
'° ~ ~ \ 

C1i ...0 ~ - l.n ... + , 
~ 

'W ~ ~ Ll 

' ~ \"-.. ... 
~ ~ C) a -~ ~ 0-... LI") Q a--
~ + II 

3 

~ ~ . 
~ ~ ~ ~' '° ~ N '""" 

~ "'" \ ~ 
~ 

Q 0 '-'l' 
C :) --'-0 ~ \ .... M C"-4 

C) + 
N 

-.:' - ~ 

--- c::: \U 
~ q::, ~ t > \,U 

-~ 
~ 

;i: ~ Cl... -J 
~ 

~ ......_ '-
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PROJECT_T __ V_;E._F ________ __, 

SUBJECT eXPANJ/()N 7ll8E LOAf!.J _ CKD----4 
STR ES.I REJl/LTAlllif A-NP S 1"/l~.ffEJ 

\NINO L 0/+OINC-: 

MAX IM<11vr WINO V£Loc17y: 

V M.4x -= 3o MP/-1 = 44- !=Pf 
R.E YNOLO 1 ;v (,,,11,,, e E1<.: 

R = P V.,t.. _ _ ooz3?8(5Lvr;.;/;;~3 x44-?c~lrec.)x 2.S-(Ft) 
e fa.. 3 c,. I b .x 10-re ( JLl/'-"f P-t ·fee) 

Re.= 6.6~ X/0 s 

F 

A-7 THI I fl£ Y NOLl).J IV (.,,/IVl/re~ TH£ 0/tA-fr C oEp,t::./Cl/;IV r 

If "oowN /IV ,1-re Alo rcH" P,()/l. CJ/2. e,v'-+/l.. '-Yt..tNl,)£/t!. 

T/+13/lLFo/Z-€ v 5c A JJ1<A c. co £.&PC/&11/ r e1r-

Co ::: I 5 (-> ( DIZ/.J-(,. C...vc;:;;; 1 cleN T) 

D!<A-G- FOR CE : 

F = Co p ~'2.,4 = 4 .002.'3'7'? X 4'-1- \(2sx,)= 2.88 li:/IT 

F-== 3 -b./ r-t ( VERY 1-ow - IWJo vT 3. 6 ¼ OP. 7H-e . ) 
D&A-o WEI ~µ-r i-tJ'1Jt:J/IV& 

/-f1;111ce. po/2 7H-E. WINO LuArP/111 (, Jvrr {,/fl; J. b ¾ 
~ 

OF ti+£ ,?&/1-/7 WEI C-rl 1 : 

1 L O A-/J IN e, 

- J7;eE.fJ ;;_1;Jc.1t..7,11tv7J 
•f712eff&f 

,4-f ;ff£ Co/l../1.Ef/JONO//V'C, WI/V~ /NIJVC.Eo /7e,;,,1J 
/+c 71 Mt- /N O/l7HOC,-otv#t.. Pl.A-NEJ. 
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PROJeCT_T_V __ e ___ r-________ ____,. 

SUBJECT £XPA-1tlJ/ON 71.,10£ LOA-Pf 

JT 1<E 11 Re .1v1...7AN Tf A--No r 7/Z.£f J"E .r 
CKD---t F 

CALC fJLA1£ CR J1I CAL 13 vc1<LING- J712c JJ IN Tl/lJE INA-lL • 

er: = E - f-t:.) :. 27; O<.JO (l2..) = /69 I< i 
'-,,. ( /-},Ji. rr()-''' (I-.; 1.) fl'" 15 f 

{J; ::. / & 7 / ,. I 0~ DI< (A-LMOS7 s- ?_IMl;f Y//:.t.,/) OP 3 6 OR 3 
Cy- <J A-L/VI OJT g J/IVll;f /VIA-X A-LJ.oWA-(JL/£. 

CALC(/LA7£ 7He l)£,CLEC7IOA/f A-1 /ll'lll)f/1,4111-: 

S-:::. _£_ ~ 4 _ VV1 s)l 
1 

/ll'; =- W (~ L)~_;- wL~ L_:- ~ 
J~4- E.I ff £I "l- 2.s-- eu 'f'd 

-( -~).J.._w!;
4

_1.9 WL
4 

- 5 i.5 3'c4- F-I - 9600 £Z q. ~ 
~=- 29 wL<i-:::. 2.9 (so/12.):it-f;n,x(Sorn.) /N == o:;4-e" 

9600 £..I 9600 2.7¥/0b:J:L/IN,_~ 2-S-'85 IN~ • 

,;; :::: • o 3 S" IN J DE FLe c_ 7, o N @ /VIJO f p A-N o Gil£ 7t.J DeAo Luw:J 
Wf=.,J{rH-T. 
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71.Jr=r-PROJECT __ v_,c;._r-_________ __. 

SUBJECT EXPANJ/()N 7Ll8c LOAOJ: 
7/lEf J 121£JVL7AAl7.I' f 57/(EJfef 

57/?eJJ e1 A, /l/110IPArtV: 

CICD-----i p. 

f; :::. f!!2 = 9000 X/'L IN#_ 6 '2 r-; . ::: {, '3 I< Jc" 
b J 1 ?7- 1~ 3 - p 11 • 

+b==-G2.7 p;t" 
1-'3 p5( 

&-!ZAlll7Y LOA-Q/N6 

WINI) LOA-0/N/r 

57!<€JJE.f At 5VPPOl2.7J: 

}b:::: f =- 16, ~;~ x12 = I I/ 4 p;,· ~ /.JI !<re" 

f,h-::. //14 p5i G/ll~VI ,Y LOA-t'J/A/Cr 

L/-D p 5 C WIN n L D ff-I) I N C-, 

5 {//V1M,4-/l'I OF J 7/lE [Jc.I /AJ - Tt/8£: 

frT MIDJP/.fAI; (pf() · AT fLIPPOll.75: 

+4-o-+--

- I 114-
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DESIGN 
CALCULATIONS 

svAfl_Q_ DP.TE /:f!i&sUBJECT ;q~u/M=°sHEE:T / OF 5" 
CH~ATE I ZJ/EF IJJlf:LL JOB NO. kll~ 2 2...------

~Tf?ES.S 

MATERIAL TUIP Sly 61u WORKING I OUTEROIA PRESSURE STRESSt f/$ 

DBIF PSI PSI S'TRESS INCHES INCHES PSI PSI 

F,S • 3 ... ,. 1• - - a.tars 1.S 1- - 1U - - ·- - - 1M - - 14500 - 1U - TZIIII 14117 - 1a.1 - 111111 -" - 1U - ,_ - - IU -- 22U3 - ,:u - - 22111111 - " .. - - 21:s:D - lt.S 

1000 - _, - 1U ,,,. - ..... - •• ,_ - 1- - , .. ,_ - '""'"' - u ·- - 1ZD - ... 
1IOO ·- - - u 

~,eas 100 - - 12:IOO - u - - - ,_ ·- - u - - HIOO - - u - - TZIIII OU1 - ... - ..... ,_ _, - ... - - ,_ TWT - u - - - - - ... - - 7tl00 , .. , - .. - - - 1ZD - .. ·- 21- - .,_ - ... ,,,. - - ·- - .. 
1- - •1- - - u ·- ·- - ... , - .. 
1- ·- - ... - u ·- ·- - - - u 

MATERIAL TUIP Sly Siu E I OUTER DIA PRESSURE STRESSI F/$ 
DEOF PSI PSI PSI INCHES INCHES PSI PSI ..... ,. - 0.1•71 2 1- 8Dt7 M - - ·- ·" ... - ,._ .,, ... - - •t1 .. - 711111 

_, .. - - _, u -- _, u - - 8Dt7 u - - _, ... ,_ - •11 , .. ,,,. - _, u ,_ - 8Dt7 ... ·- - ·" u ·- - 8Dt7 u 
1500 ·- .,, ... 

11••· ... - .,, . .. - -- -· .. , - - .,, u - - 8Dt7 u - 111• 8Dt7 .. , -- ... u - - -· u - - -· u - - .,, u ,_ - .,, u ,,. - 8Dt7 u ,_ - 1117 u ,_ ·- _, u ,_ ,_ 
1117 u ·- ·- -· u 
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STRENGTH VS TEMPERATURE 
TYPE-316 STAINLESS STEEL 
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FACTOR OF SAFETY VS TEMPERATURE 
1.5 & 2 INCH DIA - 0.188 INCH WALL 
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8.1 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 8.1 in tabular form (Figure 8.1) in 
terms of the nondimensional temperature 

-r - t, - fo 
If -

fn - fo 

where~ is the fluid temperature, ta is the ambient temperature and 4. is the 
inlet fluid temperature. 

The nondimensional distance 

~=hAwx 
rh Cpt L 

where h is the heat transfer coefficient, Aw is the pipe wall area, ri, is the 
fluid mass flow rate and Cpt is the fluid specific heat. 

The nondimensional time 

where mw is the pipe wall mass and Cpw is the pipe wall material specific 
heat. 

The necessary parameters are 

diameter 
wall thickness 
steel density 
mass flow 
length 

0.038 
0.005 
7800 
1.6 
30 
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m 
m 
kgm/m3 

kgm/sec 
m 



Nondlmensional Uistance, C 
l 2 3 4 5 6 1 8 9 lU 

0 0.3679 0.1353 0.0569 0.0201 0.0075 0.0021 0.0010 0.0004 0.0001 o.oouu 
1 0.6543 0.3943 0.2248 0.1233 0.0656 0.0340 0.0111 0.0087 0.0043 o.uu21 
2 0,8174 0, 6035 o.4146 0,2700 0.1685 0.1011 U.0596 0,0341 0.0191 O.OllJ5 
3 0,9063 0,7S31 o. S8ll 0.4269 0.2982 0,2003 0,1302 0.082'3 U,05U7 0.030b 
4 0,9S29 0,8520 0,7170 O.S702 0,4339. 0. ]l 74 0.2242 U.1537 U. I 02 6 0,Ubb9 
5 0,9767 0.9140 0.8150 0,6919 o. '.>628 0,440l 0.]]23 U.2432 0,1730 u.1200 
6 0,9887 0,9513 0.8828 0.7871 0.6747 U.5574 0.4449 0,3441 U,2587 U,1894 
7 0.994S 0. 9 730 0,9278 0. 85 73 0,7659 U.6615 o. 5532 0,4487 U,3537 U,2717 
8 0,9974 0,98S1 0,9565 0,9070 0,836) 0,7488 0,6509 o.5497 U,4518 U,3bl8 
9 0,9988 0,9921 0,9744 0,9408 0,8885 0,8185 U,7346 0,6421 0,5469 U,4544 

10 0,9994 o. 9958 0,9852 0,96)1 0,9257 o. 8720 o. 8032 0.1226 l).6347 o. 54U 
11 0,9997 0,9978 0,9915 0,9774 o. 9516 0,9118 0,8574 U,7899 U,7123 U. 621:13 
12 0,9999 0,9989 0.9952 0.9864 0,9690 0,9404 IJ,8989 U,8444 U.77112 0.7U33 

~ 
13 0,9999 0,9994 0.9974 0.9920 0-9805 0,9605 0,9297 O. 88 7U 0.832b U.7b79 
14 1,0000 0,9997 0,9986 0.9953 0,9879 0,9742 0,9519 U,9194 U,87b0 U,8219 

; 15 1,0000 0,9999 0,9992 0.9973 0-9926 0,9835 0,9677, U. 94 3b U.9097 0,8658 
El .... 16 1.0000 0,9999 0,9996 0,9985 0,9956 0,9895 0,9786 0,9611 0,9354 U,9UUb 

I-< 

..... I 7 l. 0000 l.0000 0,9998 0,999l 0,9974 0.9935 0.9861 0-9736 U.9545 U.9275 

"° 
nl 18 1,0000 l. 0000 0,9999 0,9995 0,9985 0.9960 0,9910 U,9823 u.9684 0.94110 
i:: 

~ 0 19 1.0000 1. 0000 O·, 9999 0,9997 0.999l 0.9975 IJ,9943 0.9883 0.9784 0.!1632 .... 
Ill 20 l,0000 1, 0000 1,0000 0,9999 0,9995 0.9985 o.9964 0,9924 U,9854 0. 9 7 4 3 
i:: 
cu l l l 2 l 3 l4 l 5 l 6 l 7 18 19 2U 
El 

·o-t 0 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000 o.ooou o.oouu o.uoou u.ouuu 
-.:I 

O,OOlO 0.0000 0.0000 u.ouuu u.ouou i:: 1 0,0005 0,0002 0.0001 0,0000 0,0000 
0 

0,0057 0.0002 0.0001 O,OUUl o.ooou u.ouuu z 2 U,0031 0,0016 0,0008 0.0004 
3 0,018l 0,0105 0,0060 0,0034 0.0019 0.0011 0,0006 0,0003 0,0002 0,0001 

4 0,0427 0,0267 0,0165 0.0100 0,0060 0,0035 0,0020 0.0012 0.0001 0,0004 

5 o:0814 0.0541 0.0353 0,0226 0,0143 0.0089 0,0054 0.0011 0.0020 0.0012 

6 0,1355 0.0948 0. 06°50 0.0438 0,0290 0.0189 0.0122 0.0011 0,0048 u.uu10 

7 0,2037 O. l49J 0,1072 0.0755 0.0523 0,0356 0,0239 0.0158 0.0103 U.006b 

8 0,2828 0,2161 0,1617 0.1187 0.0855 0,0606 0,0422 0,0290 0,0196 0,0131 

9 0,3686 0,2924 0,2271 0.1729 0, 1292 0,0949 0,0686 0.0488 0,0342 0,0237 

10 0,4566 o. 3745 0,3009 0,2369 0. 1831 0,1390 0,1038 0,071:,3 0,05H 0,0395 

11 ·o. 5424 0,458S 0.3797 0.1081 0,24S8 0.1924 0.1482 0,1123 0,0838 0. Ubl 6 

12 0,6228 0,5406 0.4602 0.3843 0.11s1 o.2s18 0,2010 o.1566 0.1202 0.0909 

ll 0,6953 0,6179 0,5391 0,4617 0. 3884 0. 3211 0,2611 0.2089 0,1646 0,1278 

14 0,7585 0,688'2 0,6136 0, 5376 0.4630 0,3921 0.1266 0,2678 0,2162 0,1720 

15 0,8121 0,7S01 0,6819 0.6097 0.5364 0,4642 0,3954 0,3316 0,2739 0,2230 

16 0,8563 0,8032 o.7425 0,6761 0,6062 0,5352 0,4653 0,3985 0,3362 0.2796 

17 0.8919 0,8475 0,7950 0. 7 3 55 0,6708 0,6030 0,5342 0,4663 U,4013 o. 3405 

18 0,9199 o. 8837 0,8393 0,7874 0.7291 0.6660 0.6001 0,5332 0,4672 0,4039 

19 0,941S 0,9126 o.8760 0,8317 0.7804 0,7232 0.6616 o.5974 O,S323 0,4681 

20 0,9S79 0,9353 0,9056 0,8686 0.8245 0,7718 0,7177 0,6575 0.5949 0.5315 

Figure 8.1 Nondimensional Fluid Temperature 
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The calculated nondimensional distance at the driver inlet (where we care the 
most about the gas temperature) is ~ = 6.5. Figure 8.2 plotted from Figure 
8.1 was helpful in interpolating values of Tt. 

8.2 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 = rh; h; - rhv hv - CJ 

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 = m Cv T 

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

H = m Cp T 

where CP 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 -1 [ m0 Ta + fo' [ y ( rh; 1j - rhv Tv ) - Cv1 
. Q ] dt ] 

where y is the ratio of specific heats and 

m = m0 + fa' ( rh; - rhv ) dt 

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 

where 

rhv = C1 Ar :r 
~ 1 

C1 = [ :L ( 2 ) v - 1 ] 2 
R y + 1 

and R is the gas constant. 

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

µ = µa ( ; )°.75 

a 

and 

k = ka [ 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 8 

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 

Ra= Ap g D
3 

Pr 
p v2 

where g is the acceleration of gravity, pis the average gas density, !::..pis 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 

Nus= he D 
k 

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

Finally, the heat transfer rate to the wall is 

Q = he Aw ( T - T w ) 

where Aw is the driver wall area and Tis 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 0·33 

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). 

Model 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 1 00s 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 centerHne 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: 

dT,=T -T 
cit, m f 

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

; = 0 Tf = 1 Tm = 1 - e·11 

T -0 m-

These equations can be evaluated at any distance x along 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/m2/°K. 
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