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1. Summary 

An experiment has been performed at the General Electric Evendale Plant 

to gain knowledge of the performance of high temperature trickle mode thermal 

energy storage using a silicone.oil as the working fluid. The incentive 

for considering trickle operation in a large system is the minimization of 

fluid inventory since high temperature heat transfer fluid costs are typically 

$20 per ga 11 on. 

The test program included measurement of static and dynamic fluid hold­

ups, axial and radial temperature distributions during charging and discharg­

ing, holding tests and an inversion test. 

Dow-Corning Syltherm™ 800 was the working fluid; the storage material was 

Hanna Mines iron ore with a primary particle size of 3/811
• The test temp­

erature range was 350°F (177°c} to 450°F (232°c} whereas the actual system 

will operate at soo°F (260°c) to 750°F (399°c). Test flow rates were chosen 

to cover the range of the Reynolds number of the full scale system, 1.8 to 

28.1 for fluid dynamic and thermal simulation. 

The storage bed was 22.5 inches in diameter and 100 inches deep, with 

a void fraction of 40%. 

Analysis of the data showed good agreement of static and dynamic hold-

up with correlations available in the literature. Static holdups in the range 

of 5 to 8% of bed volume are predicted for the full scale system. Dynamic 

holdups in the range of 2 to 10% are projected. 

Charge/discharge data shows that large radial temperature gradients develop 

during initial charging, but go through a maximum and then diminish as charging/ 

discharging proceeds. For the Shenandoah STEP program, series charging and 
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discharging will be used, consequently, these gradients will persist only 

at the bottom of the last tank. From the data analysis, in conjunction with 

a computer model, effective heat transfer coefficients in the range of 15 to 

25 BTU/Ft2hr°F were deduced over the flow rate range from 550 to 2400 lbs/ 

Ft2hr. The tests showed the adequacy of the model to predict average thermo­

cline shapes over the primary flow range of the full scale system, when the 

model heat transfer coefficient is reduced by a factor of 4. A previous 

test in a 28-inch long column, using water/glycerine solution as the fluid 

had indicated a reduction factor of eleven was needed. The sensitivity of 

charge/discharge efficiency to the heat transfer is not great; e.g., a 

reduction factor of 4 results in an 83% charge while a factor of 8 results 

in a 79% charge in the last large tank. 

Holding test results indicate that serious distortion of the thermo­

clines will not occur in the full scale system with tanks of .lQ to 20 feet 

in diameter. 

The inversion test (moving the hot zone from the top to the bottom of 

the bed), showed that this process, although only of secondary importance 

in the full scale system, is feasible. 

Difficulties in the test, which made analysis of the data less rigorous 

than desired, were primarily due to inlet fluid distributor problems, heat 

losses in the fluid exit line, and an insufficient batch fluid inventory to 

achieve full charges and discharges. 

The overall conclusion is that the trickle mode of operation has a high 

probability of meeting the primary goals of the full scale system. 
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2. Introduction 

The incentive for trickle mode operation is the reduction in fluid 

inventory required in comparison to dual media operation where the bed is 

completely filled with fluid. This is a signigicant consideration with 

high temperature heat transfer fluid costs at $20 per gallon. 

The choice of fluids for high temperature operation is extremely 

limited and silicone oil was judged to offer the best potential for the 

STEP system. No data existed in the literature for high temperature silicone 

oil trickle mode operation. In order to confirm feasibility, an experiment 

was designed to obtain data in a small scale system. Of primary interest 

were the shapes of the thermoclines in the charging and discharging modes, 

along with void fraction measurement, static and dynamic fluid holdups, 

holding, and inversion (moving the hot zone of a partially charged bed from 

the top to the bottom of the bed). The comparison of measured thermocline 

shapes with a computer model would enable evaluation of effective heat 

transfer coefficients which would be used to size and predict the performance 

of the full scale system with a higher degree of confidence. 

A previous test had been run on a short bed (28 inches deep) using a 

water/glycerine solution to simulate the viscosity of the silicone oil. This 

test was run over a temperature range of ao°F (27°c) to 180°F (a2°c) with 

granite rock particles of large and irregular shapes (characteristic dimen­

sions 3/811 to 111
). To match measured thermocline shapes with the model, 

the theoretical heat transfer coefficient as calculated in the model had to 

be reduced by a factor of 11. The short length of the bed did not allow 



- 4 -

fully developed thermoclines to be established and in addition the large and 

irregular shaped particles were thought to have contributed to poor wetting 

with reduced heat transfer and channeling. Post test inspection of the 

fluid distributor showed clogging of some outlet holes which affected initial 

fluid distribution. In addition, a holding test of a partially discharged 

bed showed extreme distortion of the thermocline. 

Because of the empirical inconclusiveness of these tests a second test 

described herein was designed. This test included the following changes and 

characteristics: 1) the column height was extended from 28 inches to 100 

inches to allow measurement of full thermocline shape development as it 

proceeded through the bed, 2) spheroidal iron ore particles ( 3/8" diameter) 

as bed material (Granite was eliminated because compatibility tests showed 

high fluid degradation rates), 3) Syltherm™ 800 silicone oil as the working 

fluid. It was recognized that fluid viscosity matching might not be sufficient, 

particularly as related to the question of fluid foaming which could reduce 

heat transfer rates. The surface tension of the fluid is believed to be an 

important parameter with regard to foaming. Consequently, the actual 

working fluid was used in these tests. The test temperature range was 

3S0°F (177°c) to 4S0°F (232°c) compared to the actual system range of 

soo°F (260°C) to 7S0°F (399°c). Existing equipment limitations, schedules 

and costs precluded operation at soo°F to 7S0°F. It was judged that this 

range would provide an acceptable degree of simulation of fluid dynamics 

and heat transfer characteristics so that fitting the model to test data at 

these temperatures would not result in significant error when the model was 
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used for full scale predictions. {See Appendix A for Syltherm™ 800 proper­

ties as a function of temperature.) 

Other changes included a redesign of the fluid distributor with the 

intent of obtaining a more uniform initial distribution, the addition of 

view ports at the top and bottom of the bed, re-design of the column support 

structure and insulation to control heat losses, and the use of a higher 

speed (13 channels per second) data acquisition system. 

Table l summarizes the general operating conditions of the Phase 3 

conceptual tests, the phase 4 extended column test and the STEP field instal­

l at ion. 
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TABLE 1 

COMPARISON OF THE GENERAL OPERATING CONDITIONS OF THE TRICKLE OIL TES TESTS WITH 
THE SHENANDOAH FIELD APPLICATION 

Heat Transfer Fluid 

Heat Storage Media 

Temperature Range 

Bed Height 

Cover Gas 

Trickle Oil 
Phase III 

Conceptual 
Test 

Water 

Granite 

80-180°F 

28 in 

N2 (0 and J psig) 

TES Tests 
Phase IV 
Extended 

Column Test 

S-800 

Iron Ore 

350-4S0°F 

100 in. 

N2 ( 5 psig 
and 

l psi g) 

STEP 
Shenandoah* 

Design 

S-800 

Iron Ore 

500-750°F 

192 in. large 
144 i n . sma 11 

N2 (10 ps ig} 

* Original 140 X 106 BTU design, 60 X 106 BTU System 

Predictions not included in this report. 
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3. Description of Extended Column Test Setup 

A 100-inch high iron ore column, 22-1/2 11 diameter was used with Syltherm™ 800 

oil in the temperature range for 3S0°F to 4S0°F at flows between 0.9 and 

17. 2 gpm. 

Iron ore pellets approximately 3/811 in diameter were supported on a 

screen inside a 3 section stainless steel tank. The temperature profile of 

the bed was measured using sheathed thennocouples inserted into pellets 

located to provide both axial and radial data. The axial profile was 

measured along the column centerline at 2-inch intervals throughout the 100-

inch depth. Radial profiles were measured on five selected planes. 

Charging-discharging tests were accomplished by pre-establishing the 

desired temperature of a fixed inventory of oil and then pumping that oil 

through the ore tank. Separate source and sink tanks are used. By utilizing 

separate source and sink tanks, the need for a fast response facility temper­

ature regulation system was eliminated. 

Two centrifugal pumps were used in the test setup. One pump transfered 

oil from the source or sink tank to the fluid distributor at the top of the 

thermal storage tank. The second pump scavenged the oil from the bottom of 

the thermal storage tank and pumped it to the desired sink or source tank. 

Both pumps are constant speed devices. The variable flow rates required 

for testing was achieved by "by-pass" regulation wherein part of the pump 

outlet flow was allowed to by-pass back to the pump inlet through an adjustable 

control valve. 

Stainless steel (304) was used for the external storage tank, the source 
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and sink tanks and several other components but plain carbon was used 

extensively for piping, valves, etc. (The Shenandoah setup will use plain 

carbon steel almost exclusively). 

The source and the sink tanks are actually a set of three 100 gal. 

tanks connected in parallel. Each of the three 100 gal. hot (source) tanks 

is equipped with clamp-around drum heaters with thennostatic controls to 

maintain a 4S0°F environment around the tanks, minimize heat losses, and 

achieve a nearly constant source temperature. The three "cold" tanks were 

not equipped with clamp-around drum heaters since in general their function 

was to cool the oil prior to a "discharge" run. All tanks and piping were 

insulated. 

Two parallel electric immersion heaters each rated at 6 KW are the means 

by which circulating oil was heated prior to a test run. 

Fluid flow in and out of the thermal storage tank was measured with 

turbine type flow meters. The fluid flows and all temperatures are automati­

cally recorded using an Acurex A-900 Data Logger. A magnetic tape cassette 

recording capability enabled data acquisition at approximately 13 channels/ 

second and the use of a digital computer for fast, accurate and versatile 

date reduction and evaluation. 

A nitrogen cover gas was used at all interior locations. The pressure 

level was established at approximately 5 psi by a nitrogen regulating valve 

connected through the ore tank. Vapor boil off below 4S0°F was expected to 

be minimal and elaborate fluid pre-conditioning was not required. 
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Table 2 summarizes the si gni fi cant ·therma 1 /mechanical characteristics 

of the extended column test. 

Figure l (Owg. No. 14704026) shows the test setup flow schematic, 

detailing all valves, piping, gage locations, etc. By appropriate valve 

manipulation, various flow loops and paths required for the test {reference 

Table 3) were achi'eved. 

Figure 2 is the top level assembly drawing for the test setup. The 

parts list defines all sub-tier drawings and equipment. Some features of 

the setup are: 

An angle iron structure supports six 100 gallon tanks 

utilized for fluid storage. A separate structure supports the 

ore tank and provides a mid-height walk-on level. 

The ore tank is supported at mid-flange location with 

4 point structural contact in an effort to minimize heat con­

duction losses from the rock tank. 

All tanks and pipes are insulated to control thermal loss. 

Filters have been installed at appropriate locations to pre­

vent particulate matter from plugging critical flow paths. 

Welded pipe joints were utilized as much as possible to 

avoid leakage problems with Syltherm™ 800. 

Figure l (Dwg. No. 147D4020) shows details of the fluid distribution 

manifold. It was intended to uniformly distribute the fluid over the upper 

cross sectional area of the tank. The manifold consists of five concentric 

circular tubes with 0.043 inch diameter holes drilled on the side facing the 
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TABLE l 

THERMAL CHARACTERISTICS OF TES EXTENDED COLUMN TEST SET-UP 

Thermal Storage 

Storage Medi a 

Characteristic Diameter 

Bulk Density 

Specific Heat@ 350,400,450°F 

Pounds - Mass in Tank 

Tank Weight (Total) 

Distributor System Wt. 

Upper Section Wt. 

Middle Section Wt. 

Bottom Section Wt. 

Tank Material 

Specific Heat 

Fluid.System 

Fluid 

Viscosity at 400°F 

Density @ 400°F 

Specific Heat@ 400°F 

Oil Inventory 

Hot Tank System 

Number of Tanks in Set 

Individual Tank Capacity 

Individual Tank Material 

Individual Tank Wt. 

Individual Tank Specific Heat 

Hanna Mines Iron Ore Pellets 

3/8" dia. 

137 .1 lb/ft3 

0.2 Btu/lb-°F 

3154 lbs. 

915 lbs. 
122 lbs. 

243 lbs. 

187 lbs. 

363 lbs. 

304 ss: 

. 11 Btu/1 b-°F 

Syl therm 800 

l CP = 2.5 lb/ft-hr 

48 lb/ft3 

0.46 Btu/lb-°F 

1730 1 bs. (270) gallons 

3 each 

100 gallons 

304 ss 

280 lbs . 

. 11 Btu/1 b-°F 
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TABLE 1 (CONT'D.) 

Individual Tank I.D. x Ht. 

Total Capacity 

Total Weight 

Cold Tank System 

Identical to Hot Tank System 

Pumps (Inlet & Scavenge Pump Identical) 

Rated Flow/Pressure (H20) 

Max. Recommended Operating Temp. 

NPSH (estimated) 

Drive HP/Speed 

In-line Heaters (Two in Parallel) 

Each Heater Rated Capacity 

Therma 1 Density 

Design Range 

Cooler Heat Exchanger 

Shell Side Fluid/Pressure 

Tube Side Fluid/Tube Dia. 

Heat Transfer Surface Area 

22.5 11 X 40 11 

300 gallons 

840 lbs 

Burks Turbine Pump 

20 gpm/200 ft. 

550°F 

2 ft. 

3 HP/3450 RPM 

Chroma lox 

6 KW 

13 watts/in2 

150-550°F 

Graham 

H20/100 psi 

SylthermT~00/0.5 inch 

9.63 ft 2 



- 12 -

thermal storage bed. At 17 gpm the pressure head required at the shower 

inlet is 35 ft. of water (14.4 psi). 

The major components and other system elements which make up the 

assembly are listed as follows: 

Tanks. Six 100-gallon, Type 304 SS tanks detailed in 

Drawing No. 12808633. 

Pumps. One circulating pump, and a scavenge pump. Both 

Burks Co. Model 330CS8MJ close coupled turbine pumps. 3 HP, 

3450 RPM, 3 phase, 20 gpm at 200 ft. head, water jacketed 

mechanical face seal designed for 550°F maximum fluid temper­

ature. 

Tank Heaters. Three Drum Tee Co. Model VHDR-55-460-3, 

3.2 KW, 460 volts, 3 phase, 55 gal. drum heaters with l00°-

4S00F thermostat. Will cover only lower part of tank. 

Circulation Heaters. Two Chromalox Co. Cat. No. MWH0-

30615, 6.0 KW, 480 volts, 3 phase watt density 13 watts/in2 , 

with 1S0°-sso°F thermostat. 

Cooler Heat Exchanger. Graham Manufacturing Co., Heliflow 

Model 5X4C-14S, 1/2 inch Type 304 SS tubes, 9.63 ft2 surface 

area, cast iron shall 100 psi rating (water side). 

Flow Meters. Two Flow Technology Inc., Turbine Type Model 

FT-8Nl0-LB, 1-10 gpm max, fluid temp. 4S0°F. Two Model FT-l2N20-

LB, 2-20 gpm max, fluid temp. 4S0°F. Model PRI-l02A frequency 

to analog converter. Cox Model 950-D-A converter. 
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Valves. Gate-Vogt Model SW-12111 with socket weld con­

nections, forged steel, max. temp. 8S0°F. Glove-Vogt Model 

SW-12141 with socket weld connections, forged steel. Max. 

Temp. aso°F. 

Filter. Two 100µ filter elements, CUNO Model 2710-150 

with AEP shop supplied S/S casings. 

Piping. 3/411
, 111

, 1-1/2 11 Sch. 40, black steel with forged 

steel socket weld fittings. 

Insulation. 

Oil Tanks - Celotamp 1500 block for base, 4 inch 

thick; Type ETR Forty-Eight blankets on 

both sides and top 4 inch thick. Finish 

with 1 inch thick aluminum covered 

Armstrong 11 Rig-Flex. 11 

Pipeline - Jim Micro-Lok Fiber Glass, 2 inch thick 

Fittings - ETR Forty-Eight 2 inch thick covered with 

Textoglass cloth 

Thermal Storage - ETR Forty-Eight 8 inch thick, with 

1 inch thick Armstrong "Rig-Flex" on the 

outside. 

Fluid. 270 gallons of Syltherm™ 800 (Dow Corning experi­

mental fluid X2-ll62). 
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Instrumentation 

This section presents the instrumentation details for the extended 

column test setup. 

An Acurex Autodata Logger Model A900 was utilized to record key HTS 

tank data. This recorder {with its auxiliaries) has the capability of 

scanning up to 140 input channels and printing the value of each channel 

on a paper tape at 2.5 channels/second. The A932-0l serial output inter­

face provided an ASCII formatted serial output and enabled storage on a 

GE Magnetic Tape Terminal {MTT) cassette recorder. The logger records 

the following parameters: 

Temperature 

• Thermal storage tank inlet and outlet fluid temperature 

• 88 temperatures in the iron ore bed 

Flow 

• Thermal storage tank inlet flow rate 

• Thermal storage tank outlet flow rate 

The Temperature readings associated with the tank were determined from 

Type T (copper constantan) sheathed thermocouples located in the iron ore 

bed along the axial centerline and radially at the five selected sections. 

Figure i (Dwg. No. 707E931) shows the mechanical design of the tank and 

identifies the thermocouple locations in the test bed as does Figure 4-A. 

Figure i shows an instrumentation schematic diagram for the overall test 

setup and indicates the temperature and flow recording and monitoring equip­

ment. 
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Due to the wide range of test flow requirements (.9 to 17.2 gpm) two 

overlapping flowmeters (in parallel) were used. Flow Technology Turbine 

Type Model FT-8Nl0-LB meter covers the 1-10 gpm range, while a Model FT-

12N20-LB meter can measure flows up to 20 gpm. This is done at both the 

inlet and outlet of the storage tank. The flowmeters were calibrated with 

a fluid having a viscosity similar to Syltherm™ 800 at 4oo°F. 

Strip Chart Recorders and Additional Temperature Instrumentation 

Thermal storage tank inlet and outlet flow and temperature were 

recorded on separate single channel strip charts (Electronik Model 19 

recorders). These charts were used to monitor the test progress and were 

useful for indicating break-out conditions. 

Thirty (30) additonal Type KT/C's were used primarily for control of 

the test and to provide test bed heat loss and other related data. 

Pressure Instrumentation 

Pressure gages required for control of the facility were located 

throughout the facility and were not included in the automatic data logging 

system. The following list identifies the gages required. 

LIST OF FACILITY PRESSURE GAGES 

Pl Circulation Pump Inlet Pressure 

P2 Circulation Pump Discharge 

P3 N2 Cover Gas Pressure 

P4 Scavenge Pump Inlet Pressure 

P5 Scavenge Pump Discharge 

~Pl Flow Distributor to Rock Tank Diff. Press. 

~P2 Filter ~p 
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750°F µ = 

I = 
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cP = 

Pr = 
CS' = 

5000f µ = 

./ = 
k = 

Cp = 

Pr = 
5' = 

625°F µ = 

I = 
k = 

Cp = 

Pr = 

r:1" = 

Room Temp. µ = 

.f = 

k = 

cP = 

Pr = 

f5 = 
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APPENDIX A 

SYLTHERMTM PROPERTIES 

. 6292 l b/Fthr 450°F 

37.02 lbs/Ft3 {.593 qm/cc) 

.06375 BTU/Fthr°F 

.525 BTU/lboF 

5. 18 

3.5 dyne/cm 

1.585 350°F 

45.26 {.725 qm/cc) 

. 0691 

.475 

10. 9 

8 dyne/cm 

.97 400°F 

41.2 (.66 qm/cc) 

.0668 

.50 

7.33 

5.5 dyne/cm 

21.8 lb/Fthr 

58.3 lbs/Ft3 (.934 qm/cc) 

.078 

.395 

110.4 

20 dyne/cm 

µ = 1. 98 

I = 47 {.753 qm/cc) 

k = .070 

Cp = .465 

Pr = 13. 75 

tJ' = 9.4 dyne/cm 

µ = 3.27 

= 50 (.801 qm/cc) 

k = .0718 

Cp = .445 

Pr = 20.27 

tJ' = 12 dyne/cm 

µ = 2.52 

./' = 48.4 (.775 qm/cc) 

k = .0709 

Cp = .455 

Pr = 16. 17 

~ = 10.6 dyne/cm 
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295A8040 REQUIREMENTS FOR STEAM GENERATOR UNIT 
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OPERATION 

Steam Generator opefating ranges, limits, setpoints, and setpoint 
tolerances are as follows: 

a. 
b. 

c. 

d. 

e. 
f. 

g. 
h. 
i. 
J. 
k. 
1. 
m. 
n. 

o. 

p. 

q. 

r. 

s. 
t. 

u. 

Steam Flow 
Steam Temperature 
(Superheated Mode) 
Steam Pressure Setpoint/ 
Tolerance (Saturated Mode) 
Steam Pressure Setpoint/ 
Tolerance (Saturated Mode) 
Steam Purity 
Maximum total solids 
carryover 
S~800 Inlet Pressure 
S-800 Inlet Temp. 
S-800 Outlet Temp. 
S-800 t:,T 
S-800 Pressure Drop 
Feedwater Inlet Temp. 
Feedwater Inlet Pres. 
Bl owdown Fl ow 

Blowdown Water Discharge 
Temp. 
Flash Tank Operating 
Pressure 
Shell Side Fouling 
Resistance 
Tube Side Fouling 
Resistance 
Tube Side Design Pres./Temp 
Shell Side Design Pres./ 
Temp. Preheater & Steam 
Generator 
Superheater. 
Nitrogen Supply Pressure 

0 - 10500 lb/hr 

720°F (+25°, - 70°) 
700 psig/ ±_ 2 psig 

110 psig/ .:!:.. 2 psig 

99.5% 
1 ppm 

(+ 15 
50 psig'l- 5 
685° - 750°F 
475°-525°F. 
200°F Minimum 
12 psi Max. 
338°F + 4°F 
850 ps Tg (max) 
1-5% of Feedwater Flow 
(+ 1/4%) 
8O°F. (max) 

105 psi g + 5 
.001 Water/.0005 Steam (max) 

. 001 (max) 

150 psig/750°F 

750 psig/550°F 

750 psig/750°F 
1-5 psi g 

2.2.2 PHYSICAL 

MADC IT 

All components comprising the steam generating unit shall be mounted 
on a common steel skid base. Maximum envelope dimensions are 
20'L x lO'H x 4'W. S-800 valves shall be mounted with sterns 
horizontal to prevent leakage from soaking into insulation. 

Al'PIIOVALS 
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OPERATION 

Steam Generator operating ranges, limits, setpoints, and setpoint 
tolerances are as follows: 

a. 
b. 

c. 

d. 

e. 
f. 

g. 
h. 
i. 
J. 
k. 
1. 
m. 
n. 

o. 

p. 

q. 

r. 

s. 
t. 

u. 

Steam Flow 
Steam Temperature 
(Superheated Mode) 
Steam Pressure Setpoint/ 
Tolerance (Saturated Mode) 
Steam Pressure Setpoint/ 
Tolerance (Saturated Mode) 
Steam Purity 
Maximum total solids 
carryover 
sJBOO Inlet Pressure 
S-800 Inlet Temp. 
S-800 Outlet Temp. 
S-800 tiT 
S-800 Pressure Drop 
Feedwater Inlet Temp. 
Feedwater Inlet Pres. 
B 1 owdown Fl ow 

Slowdown Water Discharge 
Temp. 
Flash Tank Operating 
Pressure 
Shell Side Fouling 
Resistance 
Tube Side Fouling 
Resistance 
Tube Side Design Pres./Temp 
Shell Side Design Pres./ 
Temp. Preheater & Steam 
Generator 
Superheater. 
Nitrogen Supply Pressure 

0 - 10500 lb/hr 

720°F (+25°, - 70°) 
700 psig/ .±. 2 psig 
11 0 psi g/ .:t. 2 psi g 

99.5% 
1 ppm 

50 psig[~ is 
685° - 750°F 
475°-525°F. 
200°F Minimum 
12 psi Max. 
338°F + 4°F 
850 ps Tg (max) 
1-5% of Feedwater Flow 
(+ 1/4%) 
8O°F. (max) 

105 psig + 5 
.001 Water/.0005 Steam (max) 

. 001 (max) 

150 psig/750°F 

750 psig/550°F 

750 psig/750°F 
1-5 psi g 

2.2.2 PHYSICAL 

MAO( IT 

All components comprising the steam generating unit shall be mounted 
on a common steel skid base. Maximum envelope dimensions are 
20'L x l0'H x 4 1 W. S-800 valves shall be mounted with stems 
horizontal to prevent leakage ·from soaking into insulation. 
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FM 
No. 

I 

t 
IN 

FM 
No. 
2 

T/C No. 

T/C No. 2 

TIC No.91 

T/C No. 9 

FMNO.l h 
1-10GPM· 

FM No.2 J--2-20 GPM 

FM No. 3 ~ 1-10 GPM 

r- - -- - LOCATIONS PEA 707E931C 
I 
t 
I 
I 

GE MAGNETIC 
TAPE TERMINAL 

TEMP DATA ACCURE.X DATA 
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Figure 5 . Instrumentation Schematic for Extended Column TES Experiment 
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4. Test Program 

The primary objectives of the test were {l) to obtain axial and radial 

temperature distributions through the bed as a function of time for a range 

of flow rates to simulate the full scale system, {2) to determine static and 

dynamic liquid holdups, (3) to obtain temperature distribution during the 

holding and inversion modes. 

To accomplish the best simulation, it was judged that the Reynolds 

number was the most significant parameter that should be matched. The test 

flow rates were then selected to cover the Reynolds number range of the full 

scale system. This matching is shown in Table _l_ for the charging and dis­

charging tests. !tis also seen from the Table that the Reynold matching 

combined with the selected operating temperature range provides a good 

simulation of the heat flux parameter (!1CpAT). From this comparison, the 
A 

specific points for the planned test program to cover the required range 

were selected and shown in Table 2. The actual tests deviated only slightly 

from the plan, as follows: test run #2, the actual flow rate was 4 GPM 

(determined by recalibration of the flow meter after this test) instead of 

3.5 GPM, and the charging temperature was 430°F; run #4, the actual flow 

rate was 17.2 GPM instead of 16.5 GPM (increased to extend the upper range 

since later inputs indicated flow rates slightly over 400 GPM were possible 

in the full scale system), the inversion test was run at 8 GPM. In addition 

full charge and discharges were not achieved because of insufficient fluid 

capacity in the batch holding tanks. The procedure for the operation is 

showninTable 3. 



TABLE l 

REYNOLDS NUMBER SUMMARY FOR EXTENDED COLUMN TEST POINTS AT MAX & MIN. STEP FLOW CONDITIONS 

Shenandoah STE-LSE REYNOLDS Extended Column Test 
Mass Flux NUMBER Mass Flux 

Flow Inlet lb/hr Heat Flux DG Flow Inlet lbfhr Heat Flux 
Rate Tern). ft 2 BtuLhr >r Rate Tern). ft 2 Btu/hr 
(gpm) (Of M/A ft2 (gpm) (OF M/A ft 2 

Char-9.i!!.9_ ~ CPAT MC AT 
A P 

Small Tank (Dia= 13.0 1
) Storage Tank {Dia= 22.5") 

50 750 112 14,000 3.6 2 .1 450 283 13,200 
198 750 443 55,400 14.3 8.4 450 1144 52,600 
387(403) 750 877 109,000 28.1 l 6 . 5 ( l 7. 2 ) 4 50 2248 103,400 

_. 
..... 

Large Tank (Dia= 20.6') 
50 750 44.5 5,560 1.4 .84 450 114 5,260 
198 750 176 22,000 5.7 3.3 450 456 21,000 
387(403) 750 347 43,400 11.2 6.6 450 896 41,200 

Discharging 
Small Tank 
50 500 137 17,100 4.4 2.4 350 352 16,200 
198 500 542 67,800 17.4 9.6 350 1400 64,400 
Large Tank 
50 500 54 6,800 1.8 .96 350 140 6,400 
198 500 216 27,000 7.0 3.8 350 557 25,600 

µ, viscosity, @625°F = .97 lb/Ft hr 
@4000f = 2.5 



.. 
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TABLE 2 
EXTENDED COLUMN TEST PROGRAM SUMMARY 

Activity Comments 

Static Holdup Evaluation Room Temperature Test 
accomplished after initial 
f i 11 i ng of bed 

Dynamic Hold-up Tests Hot circulation tests at .9, 
8, and 16.5 gpm 

Charging-Discharing and 
Holding Loss CHARGING DISCHARGING 

Run Rate Rate Holding 
No. (gpm) (gpm) Time 

Full charge/discharge l 0.9 0.9 Minimum 

Full charge/discharge 2 3.5(4.0) 3.5 II 

Full charge/discharge 3 8.0 9.6 II 

Full charge/discharge 3(a) 8.0 9.6 at l psig 

Full charge/discharge 4 16.5(17.2) 9.6 6 hours 

50% Discharge/hold 5 3.5 3.5 6 hours 

50% Charge/hold 6 3.5 3.5 6 hours 

Inversion 7 3.5 (8 gpm) 



TABLE 3 
OPERATIONAL PROCEDURE FOR CHARGING-DISCHARGING EVALUATION 

PROCEDURE SEQUENCE 

PRELIMINARY WARM-UP 

1. BATCH OIL HEAT UPTO 
350°F 

2. OR£ TANK HEAT UPTO 
-350°F 

3. BATCH OIL HEAT UP TO 
450°F 

CHARGING RUN 

4. 450°F OIL PUMPED THAU 
ore BED TO SINK TANKS 

HOLDING LOSS EVALUATION 

5. RECORD ORE. BED 
TEMPERATURE PROFILE 

PRE-DISCHARGE STABILIZATION 

6. BATCH OIL TEMPERATURE 
STABILIZATION AT 3S0°F 

DISCHARGE RUN 

7. 3S0°F OIL PUMPED THAU 
ORti BE.D TO SOURCE 
TANKS 

COMMENTS 

OIL CIRCULATES IN SOURCE TANK· 
HEATER LOOP 

OIL CIRCULATES IN SOURCE TANK· 
HEATER- ~1'iS. TANK LOOP. BOTH 
PUMPS REQUIRED 

OIL CIRCULATES IN SOURCE TANK· 
HEATER LOOP 

ENTIRE HOT OIL INVENTORY 
PUMPED THAU ORE. BED AT 
DESIRED RATE. SCAVENGE 
PUMP TRANSFER OIL TO 
COLD TANKS 

AUTOMATIC DATA LOGGER WILL 
RECORD KEY ORE BED AND 
TEST FACILITY TEMPERATURES 

OIL CIRCULATES FROM SINK TANK 
THAU HEATER OR COOLER AS 
NECESSARY TO ESTABLISH 3S0°F 

ENTIRE OIL INVENTORY PUMPED 
THAU ore BED AT DESIRED RATE. 
SCAVENGE PUMP TRANSFERS OIL 
TO HOT TANKS 
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5.0.1 STATIC HOLDUP AND VOID FRACTION 

Static Holdup 

Knowledge of the bed static holdup is necessary to calculate system 

fluid inventory requirements and to calculate fluid make-up rates due to 

fluid degradation. The static holdup consists of (1) fluid clinging to the 

surface of individual particles, (2) fluid held at the inter-particle con­

tact areas, and {3) fluid held in the particle pore structure. 

The static holdup was determined at room temperature by fill_ing the dry 

bed with a measured quantity of Syltherm oil and then draining the bed and 

measuring the quantity drained. The calculated holdup was 4.8% of the bed 

weight. This was translated into a fluid volume per unit of bed volume and 

is plotted in figure _1_ along with a correlation from Ref. (1). The value 

is in good agreement with the extrapolated curve for porous particles. 

From independent measurements made on single bed particles the internal 

particle porosity is known to be 15%. The EOTVOS number, which contains 

the fluid density, surface tension and particle diameter, was calculated at 

soo°F and 750°F and the extrapolated curve used to determine the static 

holdup for the full scale system. These correspond to 7.6% at soo°F and 

4.6% at 750°F for particles in the range from 3/8 to½". 

Void Fraction 

At the same time the static holdup was measured the bed void fraction 

was also determined from the known quantity of fluid input and drained from 

the bed. The void fraction was determined to be 40%. Details of the static 

holdup and void fraction determination are in Ref. (2). 

Ref. 1 Int. Chem. Eng., Vol 17, No. 1, Jan. 1977 
Ref. 2 S. Abujawdeh - U-LSE PhIV-193(VIF) PIR 79-1-3 (Evendale) 
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Dynamic Holdup 

Dynamic holdup is that portion of the total fluid holdup in the bed 

under flow conditions which drains from the bed after flow is stopped. 

Dynamic holdup is a function of flow rate and is needed to enable calcula­

tions of required fluid inventories, fluid residence time in the bed, and 

fluid make-up rates. Dynamic holdup was measured by circulating fluid 

through the bed at a constant flow rate; simultaneously closing the fluid 

inlet and outlet valves; then measuring the fluid level rise in the reservoir 

at the tank bottom. Dynamic holdup is defined as the fraction of bed voids 

filled and is correlated with the Reynold's number, Galileo number, surface 

area per unit volume, particle size and bed void fraction. Figure _2_ shows 

the measured data in comparison with the values predicted from the correla­

tion of reference (3). Agreement between theory and model is good at the 

higher flow rates and diverges at the lower rates. This is due to poorer 

fluid distribution at the lower flow rates which is discussed later. The 

dynamic holdup predictions for the large scale system are shown in figure 3. 

From the dynamic holdup, the fluid residence time in the bed can be 

predicted as shown in figure ___i_. Direct observation of residence time 

was made at 3.5 and 15 GPM and is shown in figure_!__. Residence time pre­

dictions for the full scale system are shown in figure _5_. 

Ref. (3) Ginnetto, Baldi, and Specchia - A.I.Ch.E.J. Nov. 1978 
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Charging Tests 

Charging tests were run at flow rates of 17.2, 8, 4 and 0.9 GPM. 

This section shows the measured temperature profiles at the bed center­

line as well as the radial temperature distributions which were measured 

at 5 locations in the bed. Also shown are the measured fluid exit tem­

peratures as a function of time. 

5.1.l 17.2 GPM Charge 

Fig. iJ.. shows the temperature profiles measured along the bed 

centerline initially and for three times during the test, 5, 11 and 

16 minutes .. (The numbers along.the top of the plot are the thermo­

couple identification numbers.) 

Fig. 5.2 shows the initial radial temperature distribution. The 

initial radial gradient are 10°F to 15°F from the centerline to wall. 

Fig. 5.3 shows the bed centerline temperature profile and the 

radial temperatures measured at the midpoint between the centerline 

and the wall (r=Ro). Also shown are a family of predicted curves from 
2 

the model for heat transfer coefficients in the range from h to h. h 
- B 

is the theoretical heat transfer coefficient calculated in the model. 

A good fit to the data is shown in figure 5.4 for}- 25 BTU/Ft2hroF. 

Fig. 5.5 again shows the bed centerline but also the temperature 

measured _Li inches (r=9.8 11
) from the wall. It is seen that h=25 

is a reasonable duplication of the temperature axial gradient and off 

centerline temperature levels. 

Fig. 5.6 shows the bed centerline profile and temoerature at RO . 2 
for t=ll minutes, as well as the family of theoretical curves for a 



- 23 -

range of heat transfer coefficients. Again h or 25 BTU/Ft2hr°F 
4 

is a good fit to the slope at the thermoclines, as shown in figure 5.7. 

Figure 5.8 shows the radial temperatures measured 1.4 .incbes·'from·.:tbe 

wall along with the centerline temperatures. The slope of the h curve 
4 

is a reasonable fit. The limited number of thermocouples in the radial 

positions make it difficult to define the off centerline slopes with 

great certainty. But the charge efficiency is not a strong function 

of h in this flow rate range. For example, in charging a large tank, 

if his in the range .!l to .!l the charge efficiency varies from 83% to 
I+ 8 

79%. 

Figures 5.9 and 5.10 show the centerline and radial temperatures - --
measured at Ro and near the wall, respectively for t=l6 minutes. Again 

2 
his a reasonable fit to the slope of the thermoclines. 
4 

It has been seen in the plots presented, that there exist large 

radial temperature gradients in the bed during charging. Radial gradients 

to some degree are inherent in a trickle charge operation with a finite 

number of fluid distributor sources. In these tests the situation was 

aggravated by the fact that the fluid distribution rings tended to allow 

a greater flow per unit area in the outer rings. (See Section 5.6 for 

details.) This condition became more severe as the flow rate decreased 

till at 1 GPM the flow was almost entirely out of the outer rings. 

Consequently, as the fluid moves axially down the bed and spreads 

radially it's cooler fluid reaches the centerline, resulting in the lag 

in centerline temperatures which becomes more severe at the lower flow 
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rates. However, these radial gradients are washed out with time. 

Figure~ shows the radial distribution at the plane near the top 

of the bed as a function of time. At t=o the spread in temperature 

was 14°F, after 29 seconds the spread increased to so°F then 

diminished till after 5 minutes the spread was only s°F. Figures 5.12 

and 5.13 show the spreads along the bed after charging at position Ro 
2 

and near the wall. (Complete charging of the bed was not achieved 

because of insufficient capacity in the 3 fluid holding tanks. In the 

charge runs a second smaller batch of fluid was heated to obtain a more 

fully charged bed for the discharge runs, however, complete charging 

was not achieved because of the time involved in reheating the entire 

batch back up to 450°F.) It is seen that the radial gradients diminish 

as charging proceeds. Figure 5.14 shows this phenomena at the 5 planes 

as a function of time. It is seen that the radial temperature spread 

goes through a maximum at each plane, and large gradients do not per­

sist. This is particularly important because it means that .in the 

trickle mode of operation, the series charging of the tanks will result 

in gradients in only the end of the last tank. 
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5.1.1.l Fluid Exit Temperature 

Figure i:Ji shows the measured fluid exit temperature and the 

model prediction for.!!., The model was run using the measured fluid 
~ 

inlet temperature and the integrated average bed temperature at the 

5 planes as shown in figure 5.16. 

The measured fluid exit temperature starts at 156°F. This is due 

to cooling of outlet pipe by the coolant loop used to protect the 

outlet pump from overheating. The coolant pump was located only a 

few feet downstream from the tank bottom. In 3 minutes the fluid 

exit rises to a near steady state value, however, there is still a 

heat loss to the pipe which results in the measured fluid exit tem­

perature being lower than the average temperature of the bottom of 

the bed. This effect becomes more pronounced at the lower flow rates. 

The measured fluid exit temperature rise slope after breakthrough is 

in good agreement with the predicted curve but displaced in time by 

2 minutes. 
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5.1.2 8 GPM Charge 

Two tests were run at 8 GPM to determine if there was an effect 

on the shape of the thermocline due to system pressure. Theoretically, 

a more dense gas phase might have an effect on the fluid-solid heat 

transfer rate. Tests were run at 1 psig and 5 psig. Higher pressures 

could not be achieved due to safety considerations. 

5.1.2.1 5 psig Charge 

Figure 5.17 shows the initial bed centerline profile and the profiles 

measured at 13, 26, and 36 minutes. Figure~ shows the bed center-

line temperatures and the radial profiles measured a Ro along with 
2 

the model prediction for h• 
4 

Figure 5.19 is a similar plot where the 

radial temperatures measured near the wall are shown. The model fit h 
4 

is again a good fit to the slope of the measured temperature profiles. 

As at17 GPM, it is seen that the radial gradients do not persist as 

charging proceeds. 

Figure 5.20 shows the initial radial temperature profiles, from 

which the integrated average profile shown in figure 5.21 was calculated. 

This profile along with the inlet fluid temperature history were used 

as the initial conditions in the model. 

5.1.2.1.1 Fluid Exit Temperature 

Figure 5.22 shows the measured and model fluid exit temperature 

for .h=t·The measured temperature, as at 17 .2 GMP, lags the model, however, 
4 

the slopes are in good agreement. 
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5.1.2.2 8 GPM, l psig Charge 

Figure 5.23 shows the initial bed centerline temperature and the 

bed temperatures measured at 13, 26 and 36 mi nut es. Figures ~ and 

~ show the 26 minute profiles at Ro and near the wall for h. 20 T ~ 
The model, .h, again fits the measured thermocline slopes. The initial 

4 
bed radial profiles are shown in figure 5.26. The integrated average 

profile was not calculated because the only effect is to shift the model 

curve slightly to the left but not change the slope. Consequently, the 

input to the model was the bed centerline profile and the measured fluid 

inlet temperature history. 

5.1.2.2.l Fluid Exit Temperature 

Figure 5.27 shows the measured and model fluid exit temperatures. 

These show the same characteristics as the previous profiles. 

5.1.2.2.2 Thermocline Comparison at 1 and 5 psig 

Figure 5.28 shows the thermoclines measured at the centerline for 

both test pressures. There is no significant difference between the 

slopes of the thermoclines at the two pressures as they progress through 

the bed. 
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5.1.3 4 GPM Charge 

Figure 5.29 shows the initial centerline profile and the profiles 

at 15, 47 and 72 minutes. The initial radial profiles and the integrated 

average axial profiles are shown in figures 5.30; and .i:11 respectively. 

The temperatures from figure .5.31 and the fluid inlet temperature* 

histories were used as inputs to the model. 

Figures5.32 and~ show the model results in comparison to the 

measured profil,es at Ro and near the wall along with the measured 
2 

centerline profiles. At this flow rate, the effects of fluid mal-distri-

bution are becoming evident. Here the centerline slope is showing the 

effect of lean direct flow with considerable flow inward and cooler 

fluid reaching the centerline. The model and measured slopes are in 

better agreement at the Ro and near wall position. 
T 

5.1.3.1 Fluid Exit Temperature 

Figure 5.34shows the measured and radial fluid exit temperatures. 

The agreement is poorer at this flow rate primarily due to the greater 

heat loss in the tank bottom and exit line due to the previously men­

tioned pump coolant effect. At this flow rate there is a 5 minute 

residence time in the tank bottom (capacity-20 gallons). 

*The fluid inlet temperature for this test was 430°F. 



r v ~T~ 

i'1''.t: 
12 XI.! Tu HIia: INCli 35fj•tl 
lt,;[Uffl'L !Ii t:S~FR C(;). !,!,Ulf '"' u ·• A 

. ~~· - ... - , . 

,=:-1 G. S. 2 'I 
\ 

--'~-

.. o_ ..-.r .... ,.,"' ......... ,,1"'"'"':t--1,s...,,-.CIII .. o_.,,....,..,.,.-..,.,. ..... _c,1 
"'!!!Z~~oJ!:'!!: .... ~ .. ,,,"'"""" ,..,.,,.,,.,,.,. .. ,:tli,1,tt.Jl,\lri"'i.t ... .., ...... ~,.,..,..,..,..,.,.,.. ... ~ 

"'

07 t' i- ·~ ;~ j 7 •. .71-::-~ +:-T: ; ;! l-: -1 : r:-~,'f ';( i• 'l. iJ /i. i ·-:·1: : l ,·: : 1:=r >: ' ! "r i . ' l'l i.j- -=- 1.l ;~,-..-t~r:. 
··-:--+

1
--:- ·:··:- ··:-:- ,-,- ,:- ·;-,-j·:-· -,1-i·~· -- _,. -•1-:- -j ;-f--j-,,•- -,...1 ·- .. l-;1·· -t-r-1 --t t ++, ~+-~-1 r ~- ~-M·,- ·-

1
,..1,- -r-·· ·:•1- •,+ ·T -, T -p- · ,,.. , -·~1 .---- · -r ~, 1 . 

··• . ' -, ,- ·• ,_ .;. L ' I . . ' I . C. •·. I . ' I .... . .•... 1- - . - - -1 -i- · .. li ' . . t H A~ G ,.; ,. IT ' ' - . - .. ;T ,~ Ti 

4soi :: 1-~ :;-'.·;--~~ :.~ :; :.: ::· '., .. ; Ti:;:'. 
1

: :! +~~·~r: ;:-'.: _; ., '.:. ~: -~ ·' \ 1 

1; : ; ~-;.: ·::· :;· 
1
~~---:: 

,, j .. , ... ,. 1· ,I,,-',,, -, I ,i I 'I 1-j ··1 .I .j, ,J .j. ·(?f:,~'Ji"'t>lf.J1~-,:n,~ff ~-·.t.l•nl .. .. t· ·-r· L1. ·I ,-·-····r· 
-•· -1-- .... -- ;T' -l---;--~-1-:--~ __ .;.. .:.-1- ... +-'-~·-,--,----',--'-·1--.·-- ·n' ----- ., .. !.... ... ,.j.. .. ;...+---'-,-.. .. _ ............. !. iT~C'!!'.-----~~-·• .. 1-i•i.l.- r ____ :._t __ ; ..... [1J~.-----,~..:--,-

4 "-o t r; . : .', \ !--- '\ : .. ! '1 \- if 1· ! i :.: ! : 'I' ! : i ·I' ; '1·•-I.! , .. ,, ! ' I 1··-I !. I .. '. I ,.:. ·i--: ., . '-1· :_j -1- \. ;.:. --1·-- '.! ,_; __ ;~-
T ' ' / I I I I , j : I I !_ i . I I J \ ! T I I • , I I I [ , , I ' I '1 I r • \ I 'J I I j j I l '. I I ' 

,, 1·, ,, 1-1 ,; ,·,-!1 :-i!-11: ! ,' :··• •·:,t-, ·I·;•· j-, ;; .-1 '.···' ! f-• -11·1·,--, ,i 1--;•1,.l-• •••- ~ 

l - . ! ! ; i . .. ! ! i L I I r·i Ii Ii I! .I.I' '1·'· .,· .. ,. il .. i 11· I,,. i-1 • : i-\ ,·.1 .. r·r--·· 'i- ;[···I: ,., 1-l I :-I• [-, ·t'-L I I ;_, __ ,., 
: ! i: : ; 1 

1 t · 
1 1 

1 : t 
1 

: f: :-[- ! ! l ! . i 1--! I- - +- I, ·: + · "i i -!·. ! ; : i f -.:- ·,·\- I · l 1 '. ! _;_ - ~ :- • I •••• 
1 l ! ! I· ·,-l. i :, f- ii 

'f30t· ~ffi- :r: ' C - .. T n r. r -1---, ,---~·-rr Tf +~-T"+I 1----1-·r1 -1-r ;-1·-··-, ·1---1.-T i+. ~,-:· •·•--! ·r----- --,- ·~ ·1-r·,...,+j-----'-+-,-,-,,. 
" • ., .. ' • , 1 , i • • 1 : 1 i · 1 : : i I 1 1 1 : 1 • 1 · • : 1 I 1 · , : , 1 1 1 1- i 1 1 •

1
· ·1 r 1 : 1 ·1- ; I I I· 1 · : , i r I I l 11· - ·1 1 

• • ,. ' 'I' , . i ~ . , • • . . • i , ' . ' '.' ., I .. ' . I i. ' '.' . ,- i ' ,. .. " ' , r - - -, , . , . . .. , . I.' , I ' t ·•. • ' ,- - . 
-- ;- .... , ' .L;..!<-Tf--t+ : > ~· • • • ' • :7" : : ' 1 

, , • ! · , : , ' : : , . ' ,-h- > • .. , • ' ' 1 : . , '. : •. 

• • , · • · • • 1 • ,, 1 • • 1 h-- •· ~,- 1• · · ' · ,- 1
• I 1 11· L' ' · · · 1 -, I ' 1 1 \--· r , , · I 1 1· "l 1·1· ·t 1 •·· ,- -

'f- Z. 0 t · ! . , l ! ' i • 1 1 . , -~ - .; l ; f j !· ·! l l [ j i -, / 'l i ~i ~. ·, t -f , - ~ :' : j t /·I ·'. ,- t. ,_HI I i l .. l ; -- f·t r·,- -t- -• t-·.. • -t• · :-1-
-- - -·- --~ r•·T· .,.. , ... .,.. .. ,.. t·, •-- -,. ,. -r --.··r ·-:-·•· ·- -~r· -•,-1.~·n--; I 1-------t.t LI- .. r -n· --1r !.·+· ··r-· r+-- .. .. -----,-H---~ ··-. ··'-4---1--+4-I- .---1 .... --l-+-~ ........... i-;. H+. ~ ..... 

. ,,,. '.',;; ::· ,, !! 1 ':,.il •1 !j 11 ·,\ Ii I!• , 1 11 fir!• I! 11 ii I! 11-l 1-l 11 i I!. 1·, t, t = j·j l:l i+ll1,.l! 
4-Jo + : I : ~ ! ·i I I ; : l ' 1 . 

1 i ! · i ~ ' I ~ I i j i i ! : ! 1
1 j ) •

1
, I ' I i ; it 1

1
. j ! i · i i I l 

1
, i ; , : I j I i ! t , i 1 : · j' · l 1 ' 

lf ' : - : l i . :· . : i : l I it j I I t I i . ! I . I I ! I I 1 I - I I L '7. ' I ! I ,. . l ' I tt·- '. ' r· l ., r l ,, : ~ 
-•.-r- r- "TT T 1 •·•.- ' ,- . ' I •· • ·0•1· ·1--· .... t 1.,. - ... ··r I· - - ·1· .. ·r·. ""l ·---. --1· --,-·. ·1· --~~ - i•-· --t-~ +---,+· ri . -•-· +-- .... --~- ------'-----. 

•i ![ !i l! ii II 11 i!lli Jl1;1 Iii .. I !1 1 1 .. · I! Ii ll II I• I.I =:.,_!-I 1-= ii l:l tj 1-- i1 i=l- ii :~:-"Lt 
fooii·: ; ; ! ; ; ' 11 ; ,·. ii .j.~ ill;','-T1 .. i i r-fl+f I;;, ~,~'I·:- { -~· .,1 .,· :- . 11· : t· ···1i·11' ;. 1:.;. I ~ -~ M·.,. ·r··· +-- ., .. : ·!J '+ i :.~ ·1:-i ~ ... 't;·i· ;__j. ·1~-

' 1 1 
I 1 • 1 1 ·· 

1 
, 1 · I 1 , 1 • ! · • · 1 - I ~ ·· , I , 1 I ·I · ~ · - · · 1 • 1 , .. ff-

1 

, -1 · --t· H- ,- +-l- tr 
;.-!- h·-r-t--,-,-,r·h·-h·-+·1 +·,+-1-i-+-H- r+ ·! --•-+- -:+-•--1---·-r-e- ·n -rt l-- •-.-t---H----- t,'- .·· .. ,L .... h.- · i.•+ Tr.· ' 1 

' 

]'JO tl!tl- 11 Tl I I ! i il,t~i,,u ! I ! l ii- I! 11 I': .. i !l •i1- .: ltf-1: - lk l: ! ! i 11 I .-,, ~! l .. :-=~ r7:,1i~.'- 11 ~ : I~ 1J f ·!\· !::trtr 
' I ' ' I ' ' I . ' i I ' . I -W-ITT ' I I i I • : l • ' ' i I I j I ' I I 11 1 I . I 1-' ' ' I I ' ~ . ' ' 

·:-i· ji ii i-1' :: ,~· Ii I-!:! i.·., -. _'Ii,-!·+ _t_·tt-~~: .• il'· i 1-~-: i--1 1~·_, .··· I: ii , .. -,f~-i I !" i r ;-rn~-:,. 
+ ,..(.. -~ ·t· ·-tt-1-r•··rj-H--t :·r-LL. --,-. __ [_ -i-.-~je-n- .l-,-.,-..r•···- #··ttn·•- -•~ - r 1-r· rt-r-, . 

3t0 +-: ri '.1 ! ti·,, 1·· 1! :-· ·1 :1 1! i 1-1--1 -1+----1- ,--,---~j- TL -I· 11- 1 ! ·-1-- i·,···: 1: I· 1'l I i . -I! -, 1r·f--Li-r'· 
·'I···• ·+·•-.J·1•-· , 1 I,,,.,• I ·r - · 1 ···•·•1 f· f· . ., .. 11-- ··tT · '··• ·11 · I 1 •I ·1!-1 
-~' ii: :: ; I::,:••:,::; I '~:I,;::!; ' I: t' I':'. I-++. i ,1 I ' ! I I'. ·: 
1·1'11! 11 i-1 1i1 

LI ,.
1
·_ !: ~i :i 11 1

1

1 ,1:·, 1-1 Ti 1·i-··1 1 ii H' 11- · ~- :1 1 1. ,:·1 ll' r, 1 1 
• ·; 11 l I iF:\ i, :1, 

'37o +- ,~ T"T" +1.·Ht -L'- ·ri 1·-·- r' r --.. ·11· L.1- -,-·r' +L H· 1+ _Lt_ --i.- .. -- - 1.- ·i.-1- --. - T~ • 7· ·•-.... -h-1r· - L...- .. ~. -d- ·- ~•-C~ .. -~ l•rr ' ' I -\-t -t-1---W-L 
; - ! ! 11 l -~,· :lr::1 · ::\ :1·, : I . • 1 I I \ l ' : ! l ! · I ! ; I I I I· : ! I -··.. '.. ! ! - !J rJ I i I i - l ! 11 i I ·t: - I - ~, '1:1 l j [ ~ !r 

.- I , . _ _; ! , i , I l I I. I' L • • ! , , _'I n ~' : , , ' t < I , l . I ' ', : · 

1 -l 1 -1 Jt 11 
.: J.. L ;. i~ -il -

1·1 1· 'I I I l I 
. 1 • 1• ·, , , 1 I 

: I I: : I i ! 

I I l ~ I I' I' 

1· rr-,--, 1r-·i-t--L1 n- r, 
'3ilorr·:l:i:11-1~':H[-! i: 11·4rr-rrT[l'! ;=l·m· :·r·1.va1 ffT-~1-!Tl- -~ •1·•-i· ·r I 1-l·tj !I I'll! ii tllL' 4i- ;111~1 

l+L-.1.-~. -~ ..... ,,. ,-•- . ··h· ,-,. -- -j.···-~t-- .. ,.., ..... L ....... 1. -~ 1-r-t-t-· __ [).1 ,-- ·1·· -,-·,--- TT. r···r--r ·r ·t·,-·,.·-,. - ·r-r---r-- r ,-J-,--,-,- '1"" 

: :. _; :. i· .. ,. : · 1 
: • - • , i- 1 I : 1 i 1 , 1 • - · ·1- · I , ' 1 1 -1 · j - 1 : -i- 1 · i 1 : I · , -i ·, 1 , , i - i 1 ,- ' 1 

'3'3•t :· 1; I, I 1 ! / : 1 : ;. -h 'I 11 i I I! ! \ - , f -i I! i - I- - - · I I 
I I l i !_ I · ! : ·i .. - it- 1 I H : I -- , t 

·li•,•r,·· 1
'"··

1 ·•''!•''1' 1 '·11 l'JI, ·· 1 · ,.ij' · ·' [J 1 l 1 r'1·,, .. ;.,. - -1 -,-,. · -- · I ·' ', I' ,. T. ·1 · ·1' ·i · ·r · 1 - - --1 -- - ·,- - r··1- - - ' .; .. · ·-- : :· 1· r '· .. ,. •·' 
_;_J -, , -'. I I l--1· : I : ! I: .. ' I! I I I. : I - . I. i-1 ., ···1· l ... t· I. -- -•- I . i ... . . . / : I .. I j-1 l .. - ·, 1·1 11·r' J.__ !, I 

I , , I , I ' I I ' , ! . I I , : 1 '-t I : , -+- : I ! -+-- , 1 • I 1 ' I ' f I j 

110 ~p TF +1· ··1~T ·t .. 1· -rr n 77 1·; lj: lr "fl" -i-,=-l=F ·17~r:t1_I :rT ... -il lF 11· .. t rtt ·r r-rr· fl- I -W.. I! tt I - +l- i T1 ; ·i r +i= ·•+ -1+-t- -~r 
·•-~ · 1- ~- I: : 1 ;·, 1! i ·:II·'-:-. 1: 1-·1 ,· ,:· -,1 ·, ,: .. I(., 1-: 1~, !· 1.:1_ ,. ,-· j - :r··; I"' • 1 ·r rf· r-t···'"r r-~- ~--1 

1; ,; ·,1 i; ii ii ii i'i 1·1 :1' ii' ;:~1- ; ·. , :L'~'i ! Jt!tl ;~·J,·1 JI u·--J·1 I ~~ ,. i- ·i iu ft: l 11·., t --J'l~·t•·] 1 I : , ,-, - 1 : I I . I ;·, ·1 ·1 1· .. · - ,. + - : - -1- - - . - I ' - . . .. ' 1' .. - -
'310+.-.-.•··•.-,- , .. , 1·•--1-,.- -~r-r+·:-r :7-·-i-: ·r-,-I·1. ,-\-J1 t-)-, ~ r -- ~-\- ·r,- .- -;1- ,-- ,.. .. -,-4 .J~..,. · ·. · --- ·.--r. I+ . 

: : I' i ! : i i I Ii I I I i I Ii I i I I I ! I ' I I I I I : I' I I I I I I ! I I : ' ! I . I 11 j 'I . I ·j 
• ' ·, , • • • • , 

1 
, , '1 , , 1 1 1 , , • 1 1 i , I I I 1 , JI i , i I ' , 1 r ·, 1, , · ·r 

!T~- ~-~ r-~ I : I ~~- ~-,--~ -TT ~~~-r-rrr- "'"TT-~ ~ : ! ; _.j.... I~ I I 4---- ' I ' I ' ; ; ' I ' I I 

.,. ' ' ' . . I ' ' ' ' I ' I . I I l' ' L I I I ~ } I J I ' 'l' ' I " ' ' I ·i I 
'300 I I ! j ; ; I ! l : I: i I I : I ! I I ! i ! I' ' I I I i I I j l J I I ! I I : I f ; ! I - -

1+ ~~· ~- -t--• .L -~---r - -+ r-+ ·: ., .,. t"' -,r- ··r-r· -r~ J -tl --- i ~-- - - --1--lrl-- - . . ,-..,[ ... ,- -H- --i- +- .j +i + r -i-1--- . 1 ' : , .. + J' I 1---rr Tt-W-TI 
e-J· ••·+1··>·\ ·11 ·1 •I· •I 

11 ·1·1 1· i\ I.\. 1 Ill I I I - JI lj I] j, I I '' I I fT Lt· 
~-·-~·-·-•-~·- -1--t--L; 1··· -: i··~- .;.\ J·f- -i·-- 1· - 1--1 i .· -I --1 1-.- - -1 - -r- -1 1, ! I 

1 : t I l l 1. : l] I I I • ! ; : -· i-r - ·1 

0 /2. 1.'I- 3, Y.J' C:O 7'Z. l'f 'I, /oo 

8£0 POSITION IIJC.HE.S 
,) 

ToP /4 

I . 

), 



rlG • 4 

-
I I I 

I - .. I I , .... -.... 
.... \ 

I 

3/S 
~ ~ ~ 

,, J , - , 
--

u I flJIJ I• ./lo -

in3, 0 

-- -..... - ... .... 
'3 '+O I 

-
'3S'o 

' ' 
" 

1, ,_ ... ... 
- ~ -..... 

1, 
'\ ., • 

1 30 , 
-.. 

(0 -
- -

' " ... 
~ . .... -

~ . ... 
I !'I.: ,, ... I 

~ 

I .. 
-

- -

' 
I -

I I T I 

I I I I 
I l 

0 I 
I 

1 I I : 
I I 

' 
I 

I I I 

T I 
I ,_ I 

I - .... I , 
' I ., ... I 

~ 

- ... .... I 

' I 
.... 

330 1 I 

' 
I 

I I I I 

I I I 
I ! 

~ ..... , 
I I 

I : I I 
I I I i i I 

I I I 
i I ' I I I 
i I I I 

! i 1 

! l I I I I I 
I.a / /< I Ir. , ... " 1 I ~ ·r ~~ .. ,. i -
l • I I : I I I I I a I ! i I I I T I I -

/0 s 0 .s /o -



II) 

330 
I 

7 320 
0 

. 

i 

" 

I 

I, 
7 

I 
I 

:c-

~ 

'\ 

' r 
.:j 

I, 
rs 

' 
7 

-· ... 
• I i \,. ~~ 

, 
,, 

I/ 
,,; 

,., 
I 

I 
I : 

' 

I 

I 

' 
I 
I 
I 
i 

' 
20 

I 

"\ I ,_J ... , LI' 

.. .. 
• - r 'I fl 

I ~" 
~ 

I I 

-
I i I 

I i I 

I ' I I 

' I ' 
I 

I 

' I 

' 7 I 
I I 

' 
I I 

I !/ 
~ , ... .I\ ., ,/ I'_ L 

i I I 
I ' 

40 

- "" - ~ I ~i..- 1 ... -
-
-l! 

I ,_ 
I I"\ 

" l,, "' i 

' I 
\ I 

\ ' 
I I i i 

I I 1T ' 

' ' l i 
I I i 

' I 
\ ' I 

I 

.l I 
I 

i I ! 

' I I I ' ! ' 
I I i I 

l I : 
I I 

I i I I ' I ' ! I 

' 
I/ 7[ /'I 1;'11/1 ,/ ·~ ~ .... i~ - .. I 

i : rv I I ' 
' I l I I I I I 

/00 



'· 
r. f II' I • I loll t '•••ff, I,'•'· .. ,:.-1 Ill 'I .0 \ ··,,;,."' '-

BED TEMPERATURE.,°F • r j. o.., .. ;,,1'41"',-1-, ..,,.. ..... ,,.,..,M-,.....,v,._'1' W!O w-"""'.,_"'._.,._._ ... .,.(-4 
""~<:-~~!:'!": ....... ,.,.,,,..,...,., ,.,.,,.,,..,.,.,.:1-lnw">"i"""'"' "',.-:;..,,..,.,.,.,..,...,_,.,..""C\.,. 

"16° iii J -t--.i-• '_.a__.__._. • • .&.-...J.--J_ ,___.. -f-t-1 . I I I l I •• J • •
1 

I I t •:-- ............ --. I • t .. I -. •• ·, • • f 

-· .... ·--·-- ·-·• ·- . -- -- . ··-I. . .. 1··- ··- -·-- •··- ..... 1..1 --- - L •. l. __ J __ - -~-'--· ••• , •.• -- -·· ............... ·-· 1···•· .• ' ., ~-'-·-· -·~ . ... E .. ,,_ 
I ' ' ., 'I 'I' I,,,., I .11 · ' .. ' I • 1 • ·--- ,..,,,.,.,_ •• _. • ' • ..... ., • • j ' • • , .. I ' ....... '_, .. i,-1.1 L ............. ~.,, ,,p.,,. ····- .• • .... 9 • ' ' ,. ,,_,_. • h ...... , ... : .. I ···•··1'"•· . " I .... 1. •. I ..... :' ..... . ---n·:- -·r·--·-·· --~·---,-: ·----~-:+-+-.-..i+-W..--4-m, .J.+._;_l..:..;-.--- ·--.,-i--~---- .:..·----,.-.J..-~.: .... ·--- -:-···· -•·-(· ...... ··, ---·-:- ., ~ ·-·--. ;-;··•'-!-·-!-!--f-r1-l!"""·~-.-'•--:••;- 1 :•·:• -· :•·t·'-•• :· ·•· · ....... ,L .. . 4So1 .. ·· · · • , • • , . . • •. • , :· • • ... l ;·: -··:· ~.. • ,_ •·· ... . . • . . •. . .. :... .. , .. . • ~ 

! I I I I 1 '. 'I 1 · j .. I I •. I. ' . - .... ,... . L .... ·-·1··-· ··1 ·- . . ..... , .. - ··-· .. , ...... , ........ , ...... I •. ', ••• ,. ·•-· ·- - ' "'I" ... 'I... . . .. , I 
------t-·· !·' _ _-:~_ .. , .. , - ,_····:···-, --:·-,:--. ~.._:--- ;·! .. <.,~ :·: .. :·:·-:··:·_:·'·-:~.~+2. :·ii:-: .. :·! h--·-'. :.~ !--~ ... :1. --- ----

4-101 . . ·1 .. I . .. • I . -·I··- . --1 . .. .. --· .. I· ---- I ,_ --,- .. '·-r ..... ···,- ...... r _,_.. ·-,- -L~- --·· ........ r,-l __ J ..... ·•·· I . ··ti . . -:r . --~ I ··f .:. f ... ,..... , • . ,. : ... '._ , .,. : ... '. •..• : I.~ ·:-! ;.,. !..!. ;_.._ •. I ; __ : .. !. : .•. !-1 .. : .• : .. I. .. ~ •.• , .:.1.,.L., .. .._., , • 1., •. f" _ 

·-· --· ..•. --: •• ··- C .••.•• , •.•.• •· .... ;-l- _;_, ,·., •. -·1··'·· 1-.- , ... ··•·'- -•·t .. , ....... , .i-L. ---· ... ' ·••· L .. ···• -'L:.: -· ·, ,. .. . .. ·t 
. I I I. '' . I I I I •• I I I I • I 'I • I I .• 11 • • I ' I ' • I • 

~

.,. • ·, , · _ .... , ......... _ .. ·;- t·,· .1··,-- · 1··• ·l·t ,.,. j·! .· '! :·• -·.· '' ·· • ... ·,·•· '! ... • ' .. · • · 
A~o ~ -- --.. ·i·- -- --·--· -· -- ·-. 1.-....... ~-,.-·-~--·.-·--!-r-·-"'----•-- ... ---~r-i...--i.........,._1.- ________ 1-- __ ._ --•· ----···•--:.-~ __ ..__ --

... -: ··: .... -·'1:· ~: : ... ·, .. , '~ :·· ·i-= ·•;--!·r· :·,- :l , .. , :-: i•i ·: :-:1.··, i -i 1· 
~ .. L," . ·- .. <=>, ....... I .. , ... ·-~-,-' ., ·•·.· __ ,_ ·•. I . . ..... ,.... , .• 'I . . 

• . • ~- .... ; j r' ••. I ; . • . ; : :·; • -: : .. I ··:· : i- ; :-: _;_;_ ~· : .. ; .:.j., ' ' . : . ; :· : j :-: ·•:· . r i.. . . I j- . . :·t . . . l. 
f~O t . ..I ... I .. • .. . . • ... . . . . . .. +- ,_. ·_ I : . , ... J. ij·_ .. , __ j_ '_-· ~_-l, ·t-.•· :.J. ·_·•_·_ .• • .. -•-L .. ,.: •. , : ••. :. . . --~ I .... :.:L .. I·. --- -~1~-r 1--~-,-_ ~-.,:· ~-~~- _,_ ... :. -~~11 i '.. ~ .. : . :t- r-~N -:-7 ·:-+:J· :·· ··::-:It:_, T.- :½-- T:- r.. _; ;_j -:-:'t -~~~ . . . 

·· I : . -1 1 : • '.A~ .. !._'_Ui_!. ;,_.!.:. --~-t~· 1lJ}1 1'."~I ! . ,:: ·•·: .. · :! '..J .(I.:/:.,:! 1:·l1 :.I I 
4-fo 

. I ... t . . . . ' . .... : I . ' I i --· • -, . - - ··- ---

. i . . ii' . I . . ·1 : . . . ; . : . ; f~L ·:. ~ : ;· \ Ll . 
··- , .. -- . .. ·-- ·-:· ··,-· .... : ..;. ·-; . : .. ·;-:-· ·;·7 -:-:· i'.:· l . ·j I . I 
,. i · •I ; ; ; 1 j ; :-- r • ·; : :· ·,; L. 1: ,.. ... I 

4 00 . l . . ! : ' I . : : . • : ' I • : • • '.... "-; . • ' . . .. . - . • .i . . : . 

.. - . . . . I. I '. 7·1 • 1·· ,...... I I I• : -I , ... . t . l ! I : ! : ! . -1 I I l I I : : 1---;-~-+-;,-t 1--N.J..1-f-,.....+- t I 1 : 

110 

lat 

-. -- --. --- ~++~ ~..; ' '. :·' ~+- ·:+ '.-:- --·.. ·;-:r -; i -:-:·1· ' '. -.-:::r-· ·:. 
1 

•• ·•·: • , : 1-1-' !. :~:- I-! • ! l 1.I .: ! Ii .. ,. · · · . I LJ 

____ · 2 _j_ ~LH. :. : J~ I~ _:_L £ i-:-L~=!· ·t•~-11·• -.::i- :/~- ·,' -~ ....... H-~+-~~ •-~-~ '} ~~: :.:.1 ~-, ;~~-!~ 
•.. , . : ..... ; .• ·! _,.;l :.1 :.!. l·• -i-tj_,_, ,- 1· -! .. L -, j.,. ··•-·· LJ. ..L! !. : I . JI . 

I • ' • ' • I· 

NOTE. 

... ( .. 
. . I 

"37o • 
I 'I' I- - I.. .. .I..: . -1-. -! ... I. I . ··I· ; • --! i.": : :J . i•i~·m·· m-,--,·-tm··----i .•. ,.,m,-, --1-·-~-.. : ·1-14-- . . 

CENlTR.LINE TEM p E"RA7uRe-s r -n- ~ .. ,J 1:: ,-i.-:-rr ,-i. ::"!. , ! -; 1 r: : ) ·i~: I-:---! i--1~,-:-~-1--t-·-, • 

Jco OJIJ[IJX 
I_ ·· · . .L _! ~ ~

1
• "- ·_ .:.J. t .. _,_, _ _:_..;._ .'..i. -'- ,.L -1-. _ n- . , ., 1 1 ... : ! , ., Ii • j.

1 

; . , .... ;Hh'·r I. 
.. ,...,- ... t-7-­

! . 

R/2. -rF.nt>ERATUKES ~-. 1 ·1···_·1-1 ··1 t•·j· i r· i; ;,, r ~--i~ i: i ! l:t; l:·r_ . i 
. . ·.·'. r -:-i: .. I : . : I . : I . : I . i I : ., I : : I : . ; I ' I ' ' • • • 1 n 11 ! I J1 1 : l ! : it ! • ! ~ L: ' IJ . .:.: 

?Sot• . :™ 4t· i ;·: ffl:·i- .[.; ; ;_ ! i i-!-' -:-1· Ii Hi l 1 \L ~1 I l:j ll j.j. 1·_' -I~-, l !+ 1·:1 11: J·! i·l :·i j: t :·T 0 ~ ! 1~--1 : : : 1:r· r· I .. 
-----:-:--:: ·- . ~- . 1 : ., tr 1f-"l· ..... ,-!-. -i-1 1v ,t17,. tt -+,_+!+_+-,_+-!HIH_,I• ·t · -;-IT·: r tt,. •,.:r ·1-:--r-J- ~ I, -~t , . I -~ •·I· -:-:- ~ . - . ·r,. :· 

t • .. . ~· 1 : : l : ! ? : 
1 

_;__ 
1

• ! . ! l .• -1 , .l.. , ., . • . ., , ! , 1 1 ! . , , . . . ~ I . i ! , . . ' I '. l : ; . : , : i ! . 
1 

• , • 

3..,.or .. - .. *" ·-· .. ,.,, .. j:., ..... ,.11., ... ,L.1J· 11. ,, lj-·l·i I' 1-I 1.L, ·1· ,· I ''Hi: 1·· .. , 'l ·j " .. ,1--.--__ 1 ....... 1--•-....... ~-+-h-.......... , .. 
.. :::.l_ ... : .. , ·•- [J_·: l<:li._i-J...:~~-i-~;·' [~!-~ j_i__~-~"J.,_2_ ~i-, 1~ tJ H ,- ~-i -~- ~- 1.~ ·1 T:··'._~J. ~-'.. : .:~ . .!..: -~::'1 :. ~- _:.:.. . ..:. .. · I . 

! ~-7' ' . .. •·• II .!l"ht"M ··r,i~ !.,~11 1·· '·I ..... , LI., ... · ., .. •,: ·I.,. . ·i . ; .. ?"'• ·::, ... :. ::: ~-= .... f1· .. - ~c .•. · -, :1 ... , ... I\-:., .... 1• _ .••• 1~ .•• : 1 ., •, , •,: •• ... : ••.• , 1 .• 
;)J j , ' • ' I I I ' I I I I I I • • ' 

==J.::. :-: :~ :1~ .:;.;. \::i: t :~1- ;.r :r-r ?~i ·il ft.· :U: ~~ ,i:t-1i . lfJ, .1:._· .1:1: ~,~1~ -l~: -i-:i_- !:!: :~J- -it :1.! 1·: Ii .!~1 ; 1_ i: ! .1 ; i . : : 1: . 
-·r'-H-"-·•-----'-1-~~+-,"-r-'t-•--.--... .... IT -;-t- •-f+o-r• ~.,..r-t-- ·,-;--'-- _ _j_ -1 . ·r - -- - --..-- ·---~-

"!ltc -- I··-:- ..i..( •• J ·!··:,. ;-: +: -1 -i-~-+-!--:: -H-..;...L, ·::.:~1::,;lj·•R'-1-d-,!_-jli_E).J.:Jo ,~·1-0·'·,· ;l·j;l)··c'.iJ..t..Jlj._+_-:;•i-:ri·: -j;_· :-!· i·1 ~-1,. ··-i·--:-··"7"-·--·-··1_---·-
? · .. : .... ·-· .. - .•.. , ,... · .... -.--· · ·:-· r, I. 'n/ 1~ II ·-~. :, ,,., ;·r ,..... . ""''' . '1Tllu,,..,.-:.; .. 11"0 .. · .... : ' '·, · - · :-- . .. I 

•:1.: :~:. :_: :·!. :~ ::· t~; :~:·1: ... ;=·-:: .. : _:._; __ J ,::-.:- 1. 1~ __ •,-1- •u'J i
1
:i_.1,_1.:i.1,. :.i 1.:h.t 1-: ~i·:z. i'i :11iT_ 1:i ~---~ i.: -,_ :·~::f~:: 93,.,-1-----i---·- _,:__,'.__r-- --~ -~- ~--· --· - -~' _, ~:.. ~ ...!...!.....!~- ,-L...L .. _,_, __ ,_;1. -+ ...... _.;. ..... __ , __ ·1· q_ +-L ··r- -~;... l-.. _ _!__ --J.... _,;._ .... ~ .. , • _...;_ ·•-!... ... •- ...: •• _ -~ 

. ·J.: :: :: :i il i: !: ![ '; jj :: ii ii- :1--li i! 1-1 I.! !i i·I ii i .. :! ,,. Ii •' :; ii I: ::1:1 : ; J ·~ i_' : : 

i_. ,. •· . ,: ,. i: 11·· ·. j,. ,., 1: :; 11· i·• ,.: J·1· 1: 'l' 1 1i 11·' '' ,., i· .. I, j' ~· ., ; l .,oo+· . ; ... , . l I!. , 1 1 1 , I 1, 1 : 1, ,.: I '1 i 11 
1 

. · I I j. t J.' : 1 : • i .• : , • , J . , . · . • , 1 , 1 • , , , 1 • , , : I '- ·+ i , . , 1 • . • 1 , 

-:- --1 . :-'"=:1--. ·:--r ::'- -:--:- -i:~ ·:-·L~>-:r.·-..... ,. , ........ I- -~a··-E···D~,..p---· )·-s"r:;r•-,· D·:·N~- t, l ;·c•· H. _E! ... s·•-1 ~ I -~1--H- r· ~- :-:-.. ~ ·. ! ~- --:- l 
--+------ -------- -~--- .... ··-- .: · .:_ -~-:. ~-~- ~--- ~ ·, .. · 1 1 • 1i·fl"" 1 1 ! :-: .. t I ·: i '. : I· : 11 ! ; ! ; 

O b n, 18 2.Y. JC) 3' Y.1 Y.f &-'f - ,o ,., 7 'J. 71 . 1,- CfO '" /oo 

:T1:·-
L • 

1~··;:1 P 8nr·roM 



_; 

N~ 
; . 
·' 

. .__. 

:::·:1:• 1' :1'·!;+:·:::I:. 
~-.i- -1_._. -----h-!.. ~--__ , __ - _,..__ -- - t- -~----

:·: . I!., : 1', · i: : : :.: : ! l: · 
.. I. 

__ __;__1..:..~_-4-_..·_·_li-:-: ~--4--~-----..µ-+-..; 
I ;·! I 
I ! I 

. I. 

1--'-+--+--------------1--'--', __ , I • ' ' 

I 

! ' 
TT"i-.:-; --.-0-:-,--:~ ,:-:-·• -1.-!-~ 

I!.· ' '. 
1 • I i • !--

-.. -! ... : : I ' '·: 1 · · :-. ~--·· :~-1 - .. , .. '. ,.!. _:_l ·- --,-,---· 
. I I ' ' ' I ! . . . . I - . . . I .. ! .. . . 1· . . . I . . .. ! ·•.. . , !. . .. - --j . . . I ... ·+. . • . I --1---,---• • . _._. _J_-__ :_•, __ • ___ -~1_·_,.,._ _ _,...._,____,,--_ ·- l 

l·;r:: ·:::-if·:· ~1-=- .:..;y-~ :~-1-~~ -~, :--: ~F -~:,-j·;·· ~~r.- - -· --~t-· ~-- +· T· --f--·: 
,-----1--_..;:-. -;--'---+----+--.. -.. -,-. -i---.---"-1----'---f---'--t-__ -_-_ -,-.-+----ii------:-. -. -t----..-----t 

0 
c.., 
-.:-

0 
0 
'f, 

0 ... 

tll 

~ 

!l.i 
~ 

~ 
L:J 
\-

._, 
z 

I .... 
cl. 
i.!J 

z 
Llj 
,J 

• 

.., 
,...._ 
l"l 

l/l 
LJJ 
°'-
:) 

~ 
w 
'l. 
r-
!lJ 
! 

3 
X 

.-., 
,--, -
J,...'"' 

--. 
"" v 

I 

0 
u 
l"l 

0 
;. 
M 

:.t I 
:. t./ . 

: I 
I 

' --, 
' 

0 -P' 

: I 1 

I 

. . -l j 
..•. l I 
.. 1. i --1~ ; ; I 

; I . 
0 
0 

""' 

~ .. ~ 
0 ~ 
-: f.. 

«:') 

<:C 

~ 

0 
0-

i-
Cia 

I) 
fl. 



FIG- S.3'+ 

u 

-::I' -

+1.0 

400 

'3$'0 

3,a 

lL 3+o 
0 

' 
u.l 3-i.o 

ac 
::, 

300 
I-
~ 
a: 

""" 0.. 
I: 
Id 2.so 

I-

2.00 

/So 

Joo 

0 

1 IM E.J M 1>-l. 



- 29 -

5.1.4 1 GPM Charge 

At a flow rate of 1 GPM it was not possible to charge the bed 

uniformly. The preferential flow to the outer ring{s) (see Section li) 

was so great that the bed temperature profiles shown in figure 5.35 

resulted. It is seen that after 5 hours the bed centerline temperature 

had risen only a few degrees in the top half of the bed, and the 

temperatures at Ro and near the wall are progressively higher in the 
2 

higher flow regions. Visual observation through the view port at the 

top of the tank confirmed that flow was from the outer periphery though 

it was not possible to discern whether the flow was through the out~r 

ring only or the outer two rings. Assuming predominant flow in the 

outer ring, the test shows that the space between fluid outlet ports 

must be considerably less than 20 inches at this flow rate (140 lbs/ft2hr} 

The test was not repeated because of lack of funding and the judgement 

that very little charging would be done at this very low flow rate in 

the actual system. 
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DISCHARGING TESTS 



5.2 

5.2.1 
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Discharging Tests 

Discharge tests were run at 4.0 and 9.6 GPM. The planned dis­

charge test at 1 GPM was not run because of the failure to charge the 

bed at 1 GPM due to the fluid distributor problem. The 9.6 GPM dis­

charges were performed following the 17.2 GPM charge, and the two 8 GPM 

charges at 5 psig and 1 psig. 

9.6 GPM Discharge Following 8 GPM Charge at 5 psig 

Figures 5.36 and 5.37 show the initial bed centerline profile and 

the temperatures measured at Ro and r=9.8 inches, respectively. 
2 

_Figure 5.38 is a plot of the radial distribution in the 5 planes at t=o. 

Figure5.39 shows three centerline thermoclines at 12, 16, and 20 minutes. 

The mode 1 fit for t=20 minutes is shown in figures 5. 40 and 5. 41 for Ro 
2 

and r=9.8 inches. It is seen in discharging as in charging that the 

centerline temperature lags the temperature at Ro and r=9.8 due to the 
T 

outer ring preferential flow. The slope of the h curve is seen to be 4 . 
a reasonable fit to data. It is also seen, as in the charging mode, 

that large radial gradients do not persist but are washed out as dis­

charging proceeds. 

5.2.1.1 Fluid Exit Temperature 

Figure 5.42 shows the model and measured fluid exit temperature 

profiles. The model was run using the measured centerline temperature 

and the fluid inlet temperature history. The effect of using the inte­

grated average temperature profile would be to lower the model temp­

erature level but not change the slope. This is shown in section 5.2.3 

where both temperature profiles were used. 
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5.2.2 

- 31 -

9.6 GPM Discharge Following 8 GPM Charge at 1 psig 

Figures 5.43and 5.44show the initial bed centerline temperature 

profile and the temperatures measured at Ro and r=9.8 11
, respectively. 

2 
Figure 5.45 shows the radial temperature distribution in the 5 planes 

at t=o. Figure 5.46shows the centerline profiles measured at 12, 16 

and 20 minutes. The model fit for t=20 minutes is shown in figures 

5.47and5.48for Ro and r=9.8 inches. The model slope and the measured 
2 

slopes are in good agreement and the steep radial gradients are again 

washed out as discharging proceeds. 

5.2.2.1 Fluid Exit Temperatures 

The measured and model fluid exit temperatures are shown in 

figureS.49. The same comments apply as given in section 5.2.1.1. 

5.2.2.2 Thermocline Comparison at 1 and 5 psig 

Figure 5. 50 shows the measured thermoc line at the center 1 i ne for 

both pressures. There is no significant difference in the slopes of 

the curves. 
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5.2.3 
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9.6 GPM Discharge Following 17.2 GPM Charge 

Prior to this discharge test, the bed was charged at 17.2 GPM. 

It was then held for 5½ hours, and discharged. 

Figures5.Sland5.52show the centerline and radial temperature 

distributions at Ro and r=9.8" at the beginning of the discharge test 
T 

as a function of axial position. FigureS.53 shows the radial distri-

bution in the 5 planes. From these profiles, the area weighted average 

temperature was calculated for each plane as plotted in figureS.54. 

This profile was used as the initial condition in the model. 

The model results and the measured data are shown in Figures 5.55 

and 5.56for t=16 minutes. As usual the centerline lags the outer temp­

eratures. The slope of the model, however, is in good agreement with 

the off centerline profiles. 

5.2.3.1 Fluid Exit Temperature 

The measured and model fluid exit temperature are shown in figure 

5.57. Model profiles are shown for two initial bed temperature profiles, 

one, the radi a 1 area weighted profi 1 e of figure 5. 54 and the other, the 

bed centerline profile. 
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5.2.3 4 GPM Discharge 

Figures 5.58and 5.59show the initial centerline and temperatures at 

Figure 5.60is a plot of initial temperature versus Ro, and near the wall. 
T 
radial position. The integrated average profile was not calculated. The 

bed centerline temperature and inlet fluid temperature history was used as 

input to the model. 

Figure 5.61 shows the measured centerline profiles at 16, 30, 46, and 

60 minutes. Figure 5. 62 shows the 46 minute profi 1 e in comparison with the 

model at the centerline and Ro. 
T 

Figure 5. 63 shows the near wa 11 profi 1 es. 

It is seen that the slopes are generally i~ good agreement with the model. 

This was not the case in the 4 GPM charge mode, indicating that the mal­

distribution effect is more severe in the charge mode. 

4 GPM Fluid Exit Temperature 

The measured and model fluid exit temperatures are shown in figure 5.64-. 

As in the 4 GPM charge the slope of the fluid temperature charge is less 

steep than the model. 
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5.3 Holding Tests 

Two holding tests were run to observe_the charges in the bed tempera­

ture profiles. The first test consisted of partially charging the bed at 

a 3.5 GPM flow rate, then holding for 11 hours. 

In the 2nd test the bed was partially discharged, then held for 10 hours. 

5.3~1 1/2 Charge Hold 

The centerline profiles are shown in figure H-1. It is seen that there 

is appreciable cooling only in the top 5 inches of the bed due to convective 

losses. t=o is defined as the time at which flow is stopped. Part of the 

rise in centerline temperature down the bed is due to the drainage of the 

dynamic holdup and in part due to radial inward conduction as well as axial 

conduction. All temperature levels drop as a function of time but even 

after 8 hours the thermocline shape is not significantly distorted. It is 

concluded that the bed thermal conductance in the full scale system will be 

sufficiently low that thermoclines will not be severly distorted and that 

the 14" of insulation will maintain heat losses at 4% over a 24 hour period. 

It is evident that radial conduction inward is occurring because the energy 

content at the centerline is greater after 6 hours than at t=o. The present 

bed model is one-dimensional; i.e., it handles only axial temperature varia­

tions. It is therefore not possible to separate the complex heat flow into 

components due to dynamic holdup drain, radial and axial conduction. Between 

4 and 6 hours it is seen that there is very little temperature change in the 

bulk of the bed along the centerline. Beyond 6 hours all temperatures start 

to fall due to radial conduction outward, and axial conduction. The heat 
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flow pattern is seen by observing the radial temperature changes shown in 

figure H-2 and H-3. The centerline (439°F) is cooler than position Ro and 
T 

r=9.8 11
, at t=o heat flows inward raising the centerline to a peak of 445°F 

which prevails till 8 hours where it drops to 444°F and then continues to 

drop slowly (441°F after 11 hrs.) 

r=9.8 11 are continually dropping. 

During this time temperature at Ro and 
2 

The full scale system is 20Ft in diameter with 1411 of insulation; the 

test is 2Ft in diameter with 811 of insulation. The ratio of (Tbed-Tambient ) 

Linsulation 
is the same for both, therefore, the surface heat flux is the same (insulation 

conductuity being equal). However, the area to volume ratio of the test is 

7 times as large as the full scale system. Consequently, the observed drops 

in temperature are representative of less than the outer foot near the wall 

of the full scale system. Figure H-4 shows the axial profile at a location 

of Ro as a function of time. 
T 
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5.3.2 l/2 Discharge Hold 

The centerline profiles are shown in figure H-5. In the discharge mode 

the centerline temperature was always hotter than the outer temperatures. 

Consequently, there is radially flow outward, as well as axial conduction 

upward and hot air convection currents upward. Itwas postulated that upward 

convection currents might be severe enough to flatten the thermocline. In 

the previous column test, nun on a 2 foot long bed, these forces, combined 

with significant tank bottom heat losses, were large enough to drastically 

distort the thermocline as shown in figure H-6. In this 8 foot column test, 

the results clearly show that severe thermocline degradation will not occur. 
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5.4 Inversion Test 

Prior to inversion the bed was charged to approximately the 1/2 charge 

condition at a flow rate of 3.5 GPM. The bed centerline temperature at the 

end of charging is shown in figure I-1. Initial radial distributions in 

the five planes are shown in figure I-2. The area weighted average tempera­

tures were calculated for the 5 planes resulting in the average plane tempera­

ture as a function of axial position shown in figure I-3. This profile was 

used as the initial bed condition in the model. 

Figure I-4 shows the fluid exit temperature, which should equal 

the fluid inlet temperature, but is reduced by the heat loss in the tank 

exit line. (As previously mentioned this loss is primarily due to the water 

cooled exit pump.) The temperature loss is typically 10°F between the exit 

and inlet. The present model cannot account for this loss and assumes that 

the inlet temperature is equal to the calculated exit temperature. Con­

sequently, the agreement between model and measured performance would be 

expected to become increasingly poor with time as energy is drained from 

the system. This is shown in figures I-5 and I-6 at t=lO minutes, and 20 

minutes. At 10 minutes the agreement between model and measured (measured 

is calculated from measured radial profile) is good except at the bed top, 

as here the temperatures are lower than predicted. As inversion progresses 

to the end, at 20 minutes, the agreement is poorer reflecting the energy loss; 

the top 2 feet of the bed being 15 to 20°F cooler than predicted. 

Considering the limitations of the model, and the heat loss problem, 

the only conclusion reached from test is that the inversion process appears 

feasible but only a re-test with minimal line losses could confirm this. 

Systems studies have shown that only a small fraction ( 10%) of the energy 

stored will require inversion, consequently the inversion process is of 

secondary importance. 
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5. Heat Transfer Coefficients 

The model calculates a theoretical heat transfer coefficient based 

on variable fluid properties with temperature, the mass flow rate, and 

particle size. As seen in the charge and discharge test these theoretical 

values had to be reduced by a factor of 4 to provide a reasonable fit to the 

test data. 

The magnitude of the heat transfer coefficient and its variation with 

mass flow rate is shown in figure C-1. The mass flow rate is defined in 

terms of the total bed cross sectional area. Values varied from 15 to 25 

BTU/Ft2hr°F over the test range. 

Figure C-2 shows the heat transfer coefficients in terms of Reynolds 

number, where the characteristic dimension in the Reynolds number is the 

particle diameter. 

A more general correlation is shown in Figure .£=_J where the Nusselt 

number is shown as a function of Reynolds number. 
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5.6 Fluid Distributor Problem 

The fluid distributor design was intended to provide uniform flow 

over the range of flow rates planned. This, however, did not turn out to 

be the case. At the lower flow rates,fluid preferentially flowed out the 

outer rings leaving the inner region fluid poor. The post test plot of the 

bed temperature profiles at the 1 GPM flow rate, showed that even after 5 

hours of charging the bed centerline rose only a few degrees. 

Prior to the start of testing, a test was run to check fluid distri­

bution. This was accomplished by placing a series of cups of 211 diameter 

under the distributor. The test was run at 4 GPM. Fluid levels in the 

cups were compared and the deviation was approximately ±20% from the mean 

level. This was judged at the time to be acceptable with the 

intent of re-running tests if the thermoclines were poor. It is possible 

to vary the flow in each individual ring by means of a value in each ring 

inlet line, although it would be a time consuming operation. 

The first charge/discharge runs were made at BGPM, since thermocline 

spreading was expected to be most severe at the higher flow rates. When 

the 1 GPM temperature distributions were analyzed, detailed calculations 

were made of the pressure-flow relationships as shown in figure F-1. This 

showed that a tread of only "'V 911 was required to allow all fluid to flow 

out of the outer ring at l GPM. This was confirmed by a careful post test 

observation through the top view port at a flow of l GPM. This showed no 

flow from the inner rings. As the test data was being reduced, it became 

evident that a heat transfer coefficient of h theoretical was a reasonable 
4 
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fit to the thermocline slopes at the higher flow rates, compared to h from 
TT 

the previous column test, and that acceptable full scale performance could 

be expected. These higher rates are representative of the great majority of 

rates for charging/discharging in the full scale system. Consequently, in 

the interest of cost economy, the decision was made not to fine tune the 

distributor and re-run the test at the lower flow rates. 
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vo 1 ume ratio of a sma 11 sea 1 e test compared to the full sea 1 e system. When 

this is considered, the holding tests indicate that significant distortion 

of the thermoclines will not result radially. Also, axial dispersion, 

(inherently lower in a trickle system), was seen to be small; convective 

losses at the top of the bed distort only the first 5 inches and holding 

tends to smooth out i nterna 1 radi a 1 ( not near the wa 11) gradients. 

The inversion test results were distorted by the heat losses in the 

fiuid exit line, but do indicate that the process is feasible. 

In summary, the results of the Extended Column Test have established 

a rational engineering basis for the design of the trickle oil storage 

systems. The Extended Column Tests pt?ovide a higher degree of confidence 

than was provided by the previous short column test. It must be born in 

mind that the true criteria for judgement of trickle verus dual media mode 

lies not just in a direct comparison of thermocline shapes but in the 

overall system economics. With this in mind, it is a wise decision to carry 

the capability for both modes of operation into the Shenandoah system so 

that the economics and performance of both approaches can be comprehensibily 

evaluated. 
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volume ratio of a small scale test compared to the full scale system. When 

this is considered, the holding tests indicate that significant distortion 

of the thermoclines will not result radially. Also, axial dispersion, 

(inherently lower in a trickle system), was seen to be small; convective 'J 

losses at the top of the bed distort only the first 5 inches and holding 

tends to smooth out internal radial (not near the wall) gradients. 

The inversion test results were distorted by the heat losses in the 

fluid exit line, but do indicate that the process is feasible. 

In sunvnary, these test with due consideration to their limitations, do 

not provide an indictment against trickle mode operation nor do they pro­

vide the highest degree of confidence. They do provide a higher degree of 

confidence than provided by the previous short column test. It must be 

born in mind that the true criteria for judgement of trickle versus dual 

media mode lies not just in a direct comparison of thermocline shapes but 

in the overall system economics. With this, in mind it is a wise decision 

to carry the capability for both modes of operation into the Shenandoah 

Large Scale experiment. 




