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Preface 

This final report summarizes the Phase I effort performed by Mainstream Engineering 
Corporation on Contract DAAK60-93-C-0017, 'Development of the Use of Hydrogen Fuel for 
Food Service". The research and development effort focused on the design of a hydrogen-fueled 
burner, and a demonstration of the hydrogen-fuel burner as an energy source in food service 
applications. The hydrogen used in the proof-of-concept demonstrations was supplied by either a 
compressed gas cylinder or metal hydrides. 

The project was initiated by Muhammad Rahman, formerly with Mainstream Engineering, and 
completed by Dwight D. Back of Mainstream Engineering. 

IX 



DEMONSTRATION OF THE USE OF HYDROGEN FUEL FOR FOOD SERVICE 

EXECUTIVE SUMMARY 

This Phase I effort successfully demonstrated the use of hydrogen-gas fuel for usejn food 
service applications. Energy efficiencies of 40-50% were achieved with Mainstream's 
hydrogen burner, with usable energy supply rates of 15,000 BTU/hr, fulfilling the 
requirements of the Army. It was demonstrated that hydrogen-fuel could be used for food 
service using compressed cylinders of hydrogen or by using metal-hydride derived 
hydrogen. The use of metal hydrides to supply hydrogen would, however, require a more 
heat-transfer efficient design of the containment beds. An efficiently designed metal- 
hydride based system could also be used for refrigeration during the hydrogen-desorbing 
kitchen operation. For example, it is estimated that enough refrigeration energy (0.5-1.0 
kW per burner) would be available to cool 178 gallons of water from 120°F to 70°F. 
Both hydrogen-supply systems are estimated to weigh less than 1,500 pounds for a 6- 
burner kitchen operating 3-5 hours, an approximate 18% weight increase for the entire 
Army kitchen trailer. The slight weight penalties associated with a hydrogen-fueled 
kitchen must be fully assessed alongside the favorable safety, efficiency, auxiliary cooling, 
and pollution-free factors. 

The overall weight of the hydrogen burners would decrease as efficiencies are further 
improved. The heat transfer limitations of the current design could be improved for 
hydrogen use through optimization and redesign of the burner components by 
Mainstream's engineers. From the results of this effort, these design modifications could 
increase the overall efficiency above the 50% level. The crucial design factors identified in 
this Phase I effort, and the recommendations for enhanced burner-efficiency designs, 
would also be highly applicable to burners fueled by reactants other than hydrogen. 

The use of hydrogen-fuel for food service is a viable application of the futuristic hydrogen- 
based technologies. Mainstream is strongly committed to integrating hydrogen fuel into 
the commercial and military energy economies since (1) hydrogen can be stored safely, (2) 
it is non-polluting with water being the primary combustion product, (3) hydrogen has a 
high energy density, (4) the fuel:air ratio is high relative to other fuels so that convective 
heat losses from nitrogen is minimized, and (5) hydrogen is a highly replenishable fuel. 

This effort was initiated through a broad literature search to identify metal hydrides as 
hydrogen supply media and survey previous studies of hydrogen use in food service. 
Emphasis was placed on feasible field operations (weight, size, volume), also taking into 
account the safety, reliability, and ease-of-use of the storage technology. This search led 
to the purchase of LaNi5 alloy from Ergenics, Incorporated. A burner design utilizing 
hydrogen fuel was also rendered taking into account safety issues pertaining to hydrogen 
volatility, combustion, and flame propagation velocities. The design was modeled after air 
aspirated devices such as the common Bunsen burner. Hydrogen nozzles were engineered 
to preclude flash-back of the combustion reaction to the hydrogen source, and a flash 
arrestor was also included to provide a second level of safety. The air entrainment and 
resulting hydrogen-air gas flow was designed to provide a high airhydrogen ratio for 
complete hydrogen combustion (i.e., most efficient hydrogen usage) and flow rates 



capable of stable flame velocities at the burner head. The current burner head used in the 
M2 burners was used throughout the design and testing of Mainstream's hydrogen-fueled 
burner. 

Experiments were carried out with Mainstream's burner design using both propane and 
hydrogen fuel. Experiments were performed based on Taguchi experimental design 
methods, and verification experiments were performed to test the optimum parameter 
combinations determined from these experiments. Efficiencies were measured and 
compared to the 25% efficiencies typically obtained from gasoline-fueled M2 burners. 
The efficiency was determined by measuring the amount of hydrogen combustion energy 
utilized by 40 lbm of water when heated from ambient to temperatures at, or near, boiling. 

The results of these experimental efforts revealed that the efficiency of the burner is highly 
dependent upon the rate of heat supplied to the heated object (e.g., a kettle filled with 
water), the distance between the burner head/flame and the heated object, and the quantity 
of air aspirated into the hydrogen flow stream. The optimum settings for these factors 
were identified and found to be related to the limited heat transfer capability of the heated 
object. Further optimization improvements of the hydrogen-fueled burner would require 
the redesign of the burner head and heated-object geometry so as to (1) minimize 
convective and radiation heat losses between the burner head and heated object, (2) 
maximize the heat transfer area, (3) optimize the flame flow rate around the heated object 
to increase the heat-transfer-limiting gas-side heat transfer coefficient without 
overpowering the heat transfer capability of the burner/kettle system, and (4) maximize the 
hydrogemair ratio to provide complete combustion of hydrogen. These issues and others 
would be rigorously addressed in a Phase II effort. 

A successful Phase I effort demonstrated a safe, clean efficient, and dependable proof-of- 
principle burner prototype capable of utilizing hydrogen fuel. A Phase II effort would 
demonstrate working prototypes capable of food service over extended periods of time. 
The current national impetus to develop non-polluting fuels lends credence to hydrogen- 
fuel since the only by-product is water. Hydrogen is a high-energy density fuel, which can 
be stored and delivered from safe configurations. Aside from military field uses of a 
hydrogen-fueled burner, domestic kitchens and recreational food service are examples of 
commercial applications of the technology. Since hydrogen can also be used to generate 
electricity through fuel cells and hydride batteries, serve as a fuel for combustion engines, 
and provide refrigeration with the use of metal hydrides, a self-sufficient hydrogen fueled 
micro-city could be envisaged for the future. The use of hydrogen fuel for food service is 
a first step in this futuristic hydrogen-energy economy. 



SECTION 1: RESULTS OF PHASE I EFFORT 

1.1 Introduction 

The Phase I effort, topic A92-074, "Demonstration of the Use of Hydrogen Fuel for Food 
Service", of DoD SBIR Solicitation 92.2 investigated the use of hydrogen as a fuel source 
in fuel service applications. Mainstream demonstrated a hydrogen-fueled, modified M2 
burner capable of efficiencies between 40-50% (ratio of fuel energy utilized to fuel-value 
supplied). Modifications to the burner design were also addressed, which could further 
enhance this efficiency and reduce the overall weight of the 6-burner/5 hour kitchen. 
Heightened burner efficiencies would reduce cost, size, and weight of the hydrogen 
storage system used to supply the burner. The crucial design factors identified in this 
Phase I effort, and the recommendations for enhanced burner-efficiency designs, would 
also be highly applicable to burners fueled by reactants other than hydrogen. 

The use of hydrogen as a fuel source provides a clean, safe and reliable approach to solve 
the world's energy demand (hydrogen is very abundant in water), providing an 
environmentally-conscience combustion process. The burner developed and demonstrated 
by Mainstream is a very crucial stepping-stone for a Phase II effort, and in realizing 
hydrogen-fuel technologies. 

The current M2 burner utilizes a gasoline-air mix as fuel, with efficiencies of about 25%. 
The total usable energy demand required by the Army for these burners is about 15,000 
BTU/hr, so that 60,000 BTU/hr of combustion energy must be supplied. As discussed in 
Progress Report #3 [27] for the Phase I effort, it was concluded that higher efficiencies 
might be attainable for hydrogen fuel due to higher fiiekair ratios required for combustion. 
Re-design of basic burner features will also lead to more efficient heat transfer. 
Mainstream has addressed both of these issues and can report much improved efficiencies 
between 40-50%, with a strong likelihood for further improvements since detailed burner 
re-design must still be addressed in a Phase II effort. 

Table 1 summarizes a 6-unit hydrogen-fueled M2 burner kitchen operating at 50% 
efficiency for 5 hours. The system weight and size would decrease further as additional 
efficiency increases are developed. Note that the use of compressed hydrogen is 
competitive with the LaNi5 hydride-supplied hydrogen on a cost and weight basis. For 
example, a hydrogen-cylinder supplied 6-burner system is estimated to weigh about 1,500 
lbm (50% efficiency), and if the burner efficiency is further increased to 75%, this weight 
would decrease to about 900 lbm. As summarized in Table 1, the net increase in weight 
for a hydrogen-fueled system (relative to gasoline-fueled systems) operating at 50% 
efficiency would be approximately 1,000 lbm, or a total kitchen trailer weight of about 
6,635 lbm. Additional weight savings could be achieved if higher weight per cent metal 
hydrides are used. For example, a 3 wt.% metal hydride operating at 75% efficiency 
would weigh about 400 lbm including hardware, which is comparable to the 465 lb 
weight of the current gasoline fueled burner. 

in 



TABLE 1 - COSTS & OPERATING CONDITIONS FOR H2 KITCHEN- 
OPERATING AT 50% EFFICIENCY FOR 5 HOURS 

hydride material cost 
hydrogen cost 
hardware cost 
hydride bed volume 
mass of hydride bed (s) 
metal-hydride capacity 
mass of burner hardware 
operating temperature 
burner efficiency 
hardware required 
TOTAL cost 
TOTAL weight 
Fraction of TOTAL trailer weight 

$14,600/kitchen (initial cost) 
$25/lbm H2, or $375/5 hr kitchen operation 
estimate-25% of materials or $3,640 
6 x 1.2 ft3 

1,071 lbm hydride + hardware @ 30% = 1,400 lbm 
1.4% hydrogen by weight 
20 lbm (burner, flash arreslor. flow regulator) 
ambient 
50% 
hydride tank, valve for flow control 
$18,240 (initiaI)+$375/5 hr kitchen operation 
approx. 1,400 lbm with hardware 
21% 

OPTIONAL DESIGN WITH COMPRESSED CAS 

mass of cylinder 
TOTAL cost 
TOTAL weight 
Fraction of TOTAL trailer weight 

125 lbm/1.3 lbm H2 or 1,440 lbm for 6 burners 
$2,100 (initial hardware) + $375/5 hr (H2 ) 
approx. 1,500 lbm with hardware 
23% 

CURRENT M2 GASOLINE BURNER KITCHEN 

TOTAL trailer weight 
TOTAL burner weight 
Fraction of TOTAL trailer weight 

approx. 5,600 lbm 

360 lbm (hardware) + 105 lbm (fuel) = 465 lbm 
8.3% 



The Phase I effort developed efficient burner designs and identified crucial design 
parameters for further increases in efficiency. The utilization of hydrogen-fuel was also a 
focal point of this effort. A summary of these efforts and the conclusions of the Phase I 
effort are given below: 

1.) Hydrogen can be used as an efficient, non-polluting fuel source for food service 
applications; 

2.) Burner efficiencies were measured in the range 40-50% with minor modifications to 
the current burner hardware and frame; 

3.) The total weight for the hydrogen fuel source and burners for a 6-burner kitchen 
operating at 50% efficiency would be 1,500 lbm or less, and the total kitchen trailer 
weight would be about 6,635 lbm; 

4.) Burner efficiencies might be enhanced further with redesign of the burner 
components, reducing the overall weight of the kitchen; 

5.) Enhanced-efficiency burner designs would also be applicable to burners operating 
with fuels other than hydrogen; 

6.) Hydrogen supplied by metal hydrides can be used as a hydrogen fuel source, but 
additional modifications to the hydride bed will be necessary for reliable operation; 

7.) An efficient hydride-bed design could also provide refrigeration of 0.5 to 1 kW per 
burner; 

8.) The use of compressed hydrogen as a fuel source is competitive with LaNi5H6 

supplied hydrogen on a cost and weight basis. However, higher capacity hydrides 
would make compressed hydrogen less feasible. 

9.) The gas-side heat transfer coefficient is the limiting resistance to heat transfer from 
flame to liquid. 

1.2 Proof-of-Concept Burner System 

A proof-of-concept burner was designed and fabricated using the burner head along with 
the supporting hardware of an Army M2 burner. A fuel-jet air-entrainment (FJAE) system 
was designed to replace the gasoline-air system of the current M2 burners. 

The system was first studied with propane-air mixtures, and then with gas-cylinder 
hydrogen as a fuel. Since to achieve a 3 hour burn at 25% efficiency with a metal-hydride 
bed approximately 97 kg of alloy at $39,000 would be required, the burner concept was 
first proven and refined using compressed hydrogen. Then, 1.5 kg of hydrided metal alloy 
was used to provide 1 -3 minute burns at similar temperatures, pressures and flow rates as 



used with the cylinder gas.   Figure 1 is a schematic of the hydrogen-air burner system 
which can utilize both compressed hydrogen and hydride-generated hydrogen. 

The delivered hydrogen gas (from the cylinder) was controlled by a pressure regulator and 
rotameter valve so that an upstream pressure of about 2 atm (30 psia) and flow rates of 
0.25-1.0 lbm H2/hr were achieved. When using the metal hydride bed, no pressure 
regulation was used since the desorption pressure of the material is about 2 atm at 25°C. 
Mass flow rates in the range of 0.25-1.0 lbm H2/hr delivered to the burner at about 1 atm 
equate to energy supplies in the range of 15,200 to 61,000 BTU/hr, which covers the 
required energy supply (15,000 BTU/hr) after inefficiencies are taken into account. The 
hydrogen flow rates were determined by an analog pressure measurement and a calibrated 
flow meter (Omega Engineering model FL-3792ST). The hydrogen pressure delivered to 
the burner, downstream of the rotameter, was measured by an analog pressure gauge for 
use in mass flow rate calculations. A flash arrestor was placed between the hydrogen 
source and the FJAE as a safety precaution. The air intake rate to the FJAE will be 
adjusted by a sleeve designed to provide varying degrees of intake cross-sectional area and 
subsequent entrainment flow rates. A control lever and indicator was calibrated to control 
the shutter opening in 1/4 increments. 

1.3 Proof-of-Concept Burner Design Details 

Figure 2 is a detailed drawing of the hydrogen-air burner system.    The material of 
construction for the burner nozzle, entrainment section, mixing section and spacers was 
aluminum. Aluminum was selected for its weight and ease of machining.  Since the burner 
was designed so that a stable flame at a temperature of about 2000°C would only be 
present at the burner head, a temperature approaching 660°C (melting point of aluminum) 
was not anticipated in the lower sections of the burner assembly.   The burner sections 
were machined to close tolerances so the individual pieces were connected by snug press 
fits. A Matheson Flash Arrestor, model 6103, was used to preclude flame flashback to the 
hydrogen supply, and an Omega rotameter, model FL-3792ST, was used for flow rate 
measurements. After regulating the supply hydrogen to a desired upstream pressure, the 
burner was operated by opening the hydrogen gas supply valve on the rotameter to 
achieve the desired experimental flow rate.  The air entrainment shutters were then set to 

«the closed position, and a lighter was used to ignite the hydrogen:air mixture flowing from 
the burner head. The air entrainment shutters, graduated in 1/4, 1/2, 3/4, FULL positions, 
were then adjusted to the desired experimental setting.   To reduce the distance between 
the burner head and kettle bottom from 5" (as in some experiments), spacers were added 
between the fuel mixing section and the burner head.   The spacers provided a varying 
distance between burner head and kettle, with a minimum value of 1". 

The burner system was designed to supply hydrogen:air mixtures to the burner head in the 
air-rich regime of combustion. Fuel rich mixtures and subsequent incomplete combustion 
of hydrogen would result in lower burner efficiencies. The velocity of the hydrogen 
flowing from the nozzle was also designed to exceed the reported flame velocities of 
hydrogen:air flames (to avoid flashback through the nozzle), and the velocities of the 
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hydrogenrair mixture through the burner opening was also designed for a flow range in 
which stationary flame velocities can be achieved. 

The following is a detailed discussion of the components of the burner system. The 
calculations presented are meant as examples of engineering estimates used to design the 
proof-of-concept hydrogen burner hardware. The numerical figures should not be 
construed as strict design criteria. 

1.3.1 Hydrogen Nozzle: The hydrogen nozzle located in the FJAE has been designed 
such that the exit velocity would be greater than the maximum flame velocity of 10 ft/s 
(-325 cm/s) of air/hydrogen mixtures and less than the acoustic velocity of hydrogen at 
300°K (1.3xl05 cm/s). For some experiments, a screen was also placed below the burner 
head in the FJAE in order to increase the degree of air/hydrogen mixing. Accordingly, the 
inside diameter of the nozzle was sized to 0.12" yielding a velocity of 344 ft/s (l.OxlO4 

cm/s) hydrogen at 15 psia, 0.5 lbm H2/hr, and 25°C. For flow rates of 0.25 lbm H2/hr, the 
exit velocity was approximately 172 ft/s, still a factor of 17 larger than the maximum flame 
velocity of 10 ft/s, thus precluding flashback hazards. A typical Reynolds number for the 
hydrogen flow from the nozzle is Re = Dp<v>/u. = (0.12 in) x (2.54 cm/in) x (1.62x10^ 
g/cm3) x (344 ft/s) x (30.48 cm/ft) / (187.5X10-6 g/cm-s) = 2,763. 

1.3.2 Burner Head: The existing M2 burner head was used throughout the experiments 
with only minor modifications: The central hole, located on the top of the head, used in 
the standard gasoline burner was plugged so that all of the fuel mixture would flow 
through the slits. The remaining design considerations for the burner head focused on 
delivering an appropriate exiting flame velocity capable of sustaining a stable flame over a 
range of hydrogemair ratios. 

It might be assumed as a first approximation that the gas mixture velocity through the 
burner head slits will be 110 cm/s (3.6 ft/s) at stoichiometric proportions of hydrogen/air 
(see Figure 3). A more rigorous estimate is arrived at from the hydrogen flow rate, 
assuming an entrainment flow of the air, and then calculating the flow velocity from this 
volumetric flow rate and the exiting burner head cross section area. For example, consider 
a hydrogen flow rate of 0.027 ft3/s or 0.25 lbmol H2/hr (0.5 lbm H2/hr) at 15 psia and 25° 
C. Assuming a stoichiometric mix of 2 mole H2/mole 02 (i.e., the stoichiometric 
requirement of air is entrained through the air shutters), then (0.25 lbmol H2)x(l mole 02/2 
mole HyxO mole air/0.21 mole 02) = 0.6 Ibmo]/hr air is entrained/mixed. The total 
hydrogen-air mixture at approximately 1 atmosphere pressure is then 0.6+0.25=0.85 
lbmo,/hr gas mix, which equates to about (0.85 lbmo,/hr)x( 10.73 ft3 psia/lbmol°R)x(530° 
R)/(14.7 psia)=329 ft3/hr or 0.091 ft3/s for an ideal gas. 

The 109 burner slits of the M2 burner each have an approximate cross sectional area of 
0.0469 in2 or 3.25X10"4 ft2. Using the above figure of 0.091 ft3/s for volumetric flow rate, 
the flow rate through each slit will be approximately 0.091 ft3/s-rl09=8.35xl(H ft3/s, so 
that the velocity through each slit will be (8.35x10^ ft3/s)-^(3.25x10-4 ft2)=2.6 ft/s. 
Referring to Figure 3, the hydrogen-air composition for a flame velocity of 2.6 ft/s is 
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roughly 25%, which is very close to the velocity for the assumed stoichiometric 
proportion above (2 mole H2/mol 02 or 30% hydrogen in air). In order to increase the 
flame velocity exiting the burner head slits, stainless sleeves were fabricated which slipped 
over each of the 6 burner head fingers. The effective reduction in cross sectional area of 
the burner-exit area increased the exiting flame velocity proportionally. These area- 
reduction sleeves were only used for preliminary propane and hydrogen experiments, since 
it was determined that flow through the blocked slits and around the sleeves was still 
occurring. 

1.3.3 Air Entrainment Chamber: The air entrainment section of the burner provides for a 
supply of air from ambient as a result of the pressure gradient generated by the fast- 
flowing hydrogen fuel. This 'venturi' effect can then be controlled by opening the air 
shutters to varying degrees to provide fuel-rich and air-rich mixtures of gas supplied to the 
burner head. 

A rough approximation will serve to illustrate the entrainment process. Consider a 
hydrogen stream flowing from the fuel nozzle at a velocity of 344 ft/s (15 psia, 0.5 lbm 

H2/hr). Since the air near the wall of the entrainment section will have a velocity of zero 
("no slip1 boundary condition) and the velocity at the thin fuel jet near the center of the 
entrainment section will be roughly 344 ft/s, the average velocity of the entrained air will 
be approximately the average of these values, or 344+2=172 ft/s. Since the total cross 
sectional area of the 4 air entrainment shutters (fully opened) is 4x(l"x0.25")=l in2 or 
6.94xl0-3 ft2, the estimated flow rate is (6.94xl0"3 ft2)x(172 ft/s)=1.2 ft3/s at 1 atm, or 
about (1.2 ft3/s)x(14.7 psia)/(10.73 ft3 psia/lbmol°R)x(530°R)=3.1xl0-3 lbmo, air/s = 11.2 
lbmol air/hr. Since the hydrogen molar flow rate under these specified conditions is 0.25 
lbmo|/hr, the hydrogen.air mixture would be 0.25:5.8 or about 2%. This composition 
represents a highly air-rich mixture, and fuel enrichment can subsequently be achieved 
through closure of the air shutter. For example, some experiments were run with the 
shutter at 1/4 open: the effective shutter cross sectional flow area would then be 0.25 in2, 
which equates to about 2.8 lbmol air/hr, or 9% hydrogen in air. At the fully shut position 
of the air shutter, air is still entrained to a limited degree due to the tolerances between the 
fittings of the burner. Thus, a completely fuel-rich gas stream can not be achieved in 
practice, and it should be noted that such an operating condition is not desirable — 
complete and efficient combustion of the hydrogen will only be achieved with hydrogen:air 
mixtures having a composition of 30% (vol.) hydrogen or less. 

1.3.4 Mixing Chamber: The mixing section of the burner was designed to provide for 
fiiel:air mixing before entering the burner head section of the burner. A rough 
approximation of the mixing length required to achieve the mixing of two gas streams is 
obtained from [28]. The mixing of a fluid jet into a relatively stagnant fluid is described by 
the equation: 

<Io 4.2D,     , 
-1 [Eq. 1] 
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where qe is the volume of fluid entrained per unit time at a distance X from the nozzle, q 
is the volumetric flow rate of fluid leaving nozzle, and Dj is the diameter of the nozzle. 
Assuming that a stoichiometric mixture of hydrogen:air is required to be mixed, then q^q 
will be approximately equal to 70 mol air/30 mol H2 (see Figure 3, or reference 29), or 
X/Dj must be greater than or equal to 14.3. Since the nozzle diameter is 0.12", the length 
of the mixing and entrainment section must be at least 1.75" (0.12"xl4.3). The burner 
was designed to exceed this length with a 3" entrainment section plus a 2" mixing section 
= 5". Additional spacer sections also provide an additional 4.75" of mixing length (see 
Figure 2) — these spacers were used to adjust the distance between the bottom of the 
kettle and the burner head. Note also that in addition to entrainment, mixing occurs as a 
result of the high shear stresses present at the boundary between the jet and stagnant fluid, 
producing localized vortices which also enhance mixing. A screen having a mesh size of 
100 was also inserted in this section to create turbulence and induce further mixing. It is 
believed that the designed studied in this effort would produce sufficient mixing so that the 
hydrogen:air gas mixture exiting the burner head was well-mixed prior to combustion. 

1.3.5 Heat Transfer Limitations Between Flame and Kettle: Due to possible limitations 
in heat transfer processes between the flame, having a temperature of about 2000°C [30], 
and the kettle, some inefficiencies could result if the energy supplied by the combustion 
mixture exceeds the capability of the kettle in absorbing the energy. Consequently, a brief 
analysis is necessary to evaluate the order of magnitude heat transfer rates with a 2000°C 
flame and water at about 100°C. The heat transfer resistances which must be considered 
are (1) forced-convective heat transfer between the flame and kettle, (2) conductive heat 
transfer through the stainless steel kettle, and (3) free-convective heat transfer between the 
kettle and the liquid in the kettle (i.e., water or boiling water). The overall heat transfer 
coefficient can be estimated from the expression: 

U=±+to + J_ (El-2! 
Itq gas 

and the heat transfer rate would be given by 

q = AUAT=AU{Tßam€-TM,ler) [Eq. 3] 

For use in the above equations, assume the following: a kettle wall thickness of 1/8", a 
kettle diameter of 17" (cross sectional area of 1.6 ft2), AT of (2000°C-100°C)=1900°C 
(3420°F), thermal conductivity k for stainless steel of 24 BTU/ft-hr°F, a gas-side heat 
transfer coefficient equal to 10 BTU/ft2hr°F [reference 31: average value for forced- 
convection heat transfer coefficient], and a liquid-side heat transfer coefficient equal to 
2000 BTU/ft2hr°F [35: average value for boiling water]. The estimated heat transfer rate 
using these values results in 
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qssl6ß*x      i_—rx3420°F = (l.6//2)(9.9 BW Iß7hr'F){3420°F) = 54,200 BTU Ihr 
■ + — 

2000     24     10 
[Eq. 4] 

The limiting resistance to heat transfer in this analysis is due to the gas-side heat transfer, 
and the value arrived at above is of similar order to the approximate 60,000 BTU/hr 
supplied to the current M2 burner. Although the above figure should be viewed only as an 
estimate, it does indicate that operation of the M2 burner at heat supply rates approaching 
60,000 BTU/hr could be at or near the heat transfer capability when heat losses from the 
kettle to ambient (radiation and convective) are included (i.e., reducing the limiting heat 
transfer value q even further). The implications of heat transfer limitations could also 
become more of an issue if the flame, at a temperature of 2000°C, is not efficiently 
contacting the bottom of the kettle, thereby decreasing the temperature differential AT. 
Consequently, for efficient design of the burner the following factors must be carefully 
selected and optimized: (1) distance between burner head and kettle, (2) convective and 
radiation heat losses from the hot kettle to ambient, (3) heat supply rate of the combustible 
fuel, (4) surface area of the kettle, and (5) fluid flow properties such as the Reynolds 
number of the combustion flame along the bottom of the kettle (i.e., the heat transfer rate 
for the gas is strongly dependent on this Reynolds number). 

1.4 Hydride Material Selection 

A LaNi5 alloy was chosen as the hydride material. This material has favorable pressure- 
composition behavior at ambient temperatures, can be activated at moderate temperatures 
and pressures, is readily available commercially, and has been studied considerably in the 
past. Table 2 describes the physical/thermodynamic properties of the LaNi5 alloy, and 
Figure 4 is a pressure-composition isotherm for the materials at 25°C. Reference [32] 
provides a thorough review of metal hydrides and their properties. 

In general, metal hydrides can be poisoned by O, C, N, H20, Cl, Na, and several other 
impurities. Nitrogen is typically not a problem with LaNi5, and O and H20 can be 
removed by vacuum heating. Other ions such as Cl can poison the surface and also reduce 
the capacity of the material. 

For a 3 minute burn of hydrogen, it was estimated that about 1.5 kg (3.3 lbm) of LaNi5 is 
required. Consequently, a 1 liter cylinder was loaded with LaNi5 and charged with 
hydrogen after activation. The activation process was accomplished by first heating the 
alloy under vacuum (less than 50 mTorr or 0.001 psia) at about 150°C, cooling to room 
temperature, and then loading with hydrogen. Some difficulties were encountered during 
the activation process, and it was suspected that the vacuum system was contaminated 
with chloride and other salts, water, and high molecular-weight organic compounds from 
past projects. To initiate and accelerate the hydrogen activation process a pressure of 500 
psig H2 was used. Approximately 10 charges of 500 psig H2 were required to fully load 
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TABLE 2 - PHYSICAL AND CHEMICAL PROPERTIES OF LaNi5 

1 Molecular weight = 432.5 g/mol 

Metallic density = 8.4 g/crn^ 

Apparent density of powder (after activation) « 4.5 g/cm3 

Dissociation pressure at ~25°C = 1.7-2.0 atm (24-30 psia) 

Hydrogen desorption rate at 25°C & 2 atm: approx. 34.9 (liter H2/min)/kg LaNi5 

Volume expansion, LaNi5 =>LaNi5Hg « 25% 
Weight % H at full capacity = 1.4% 
AHf = 7.4 kcal/mol H2 (6,667 BTU/lbm H2) 

k = 3.15x10-4 kcal/m-s-°K (0.762 BTU/ft-hr-°F) 
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the LaNi5 alloy to LaNi5H6.   For future activation processes, it is highly recommend to 
use a dedicated vacuum system. 

The heat-of-reaction (AHf) for the hydrogen desorption process is endothermic requiring 
about 6,667 BTU/lbm H2 of heat. It was found during the course of this effort that natural 
convection of air around the hydride cylinder was insufficient to supply the required 
endothermic heat during desorption. Consequently, this heat transfer limitation prevented 
a sustained 3-minute supply of hydrogen at the flow rates used in the compressed 
hydrogen efficiency studies. A summary of several hydride burner experiments is given in 
Table 5 of section 1.6. To maintain the temperature of the hydride bed at or above 
ambient temperature, heat was supplied by heat tape or heated water. Future hydride bed 
designs will probably require extended surface area, the use of waste heat from the burner, 
and possibly a heat transfer media other than air (e.g., water). The endothermic 
desorption reaction, providing up to (6,667 BTU/lbin H2) x (0.5 Ibm H2/hr) x (1 W/3.41 
BTU/hr) = 980 W of cooling, which could be used as a field refrigeration source. 

1.5 Operating and Test Conditions 

To study the efficiency of the hydrogen-fueled M2 burner, experiments were devised with 
both hydrogen and propane. The variables considered in the experiments were fuel-supply 
flow rate, air-shutter opening, burner head flow cross-sectional area (C3H8 only), and 
burner head height (distance from burner head to bottom of kettle). As discussed in 
section 1.3, these variables will effect efficiencies through variations in convective heat 
losses, energy supply rates, and fuelrair mixture composition. 

Two partial factorial experiments utilizing Taguchi Design of Experiments techniques [33] 
were used to study the effects of these variables on burner efficiency. The following 
experiments were carried out: 1 experimental set with propane as a fuel, 1 preliminary 
experiment with hydrogen using the same setup as the propane experiments, 1 
experimental set with hydrogen as the fuel and an improved burner design, and 4 
verification experiments with hydrogen to study the optimum design. The verification 
studies were performed to test the effects of the hydrogen supply flow rate and air shutter 
opening in more detail. The details of these efforts are discussed in section 1.6. The 
experiments and the conditions are summarized in Tables 3 and 4. 

1.6 Experiments and Experimental Results 

As described in Tables 3 and 4, propane and hydrogen fuels were evaluated on a basis of 
efficiency, defined as the per cent of fuel used to heat 40 lbm of water over a temperature 
range up to the boiling point of water, 212°F (100°C). The fuel-energy supplied is 
calculated from the pressure of the fuel Pfuci supplied to the burner and the measured flow 
rate V of the gas prior to entering the nozzle of the burner chamber (see Figures 1 and 2): 
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TABLE 3 - EXPERIMENTS FOR PROPANE-FUEL STUDIES 

MlRüir.;:, <::kAi)Air:S    < B;)BrnH| C.)FIwR Effect 
1 1 1 1 12.1 
2 1 2 2 14.1 
3 2 1 2 8.6 
4 2 2 1 11.0 

level 1 13.1 10.4 11.6 Grand Avg. 
level 2 9.S 12.6 11.4 :>;.<*»s- 

total effect 3.3* 2.2 0.2 

Air S=AIR SHUTTER POSITION: 1=1/4 open, 2=3/4 open 
Brn ENBURNER HEAD SLIT OPENING: 1=1/2 open, 2=fuIIy open 
Flw R=GAS SUPPLY FLOW RATE: 1=5 scfh air, 2=20 scfh air 
Distance from burner head to kettle bottom=constant=5", gas supply prcssure=20 psig 

TABLE 4 - EXPERIMENTS FOR HYDROGEN-FUEL STUDIES 

RUN A.) Air S B.) Brri H f:;:;-G;);FlwiÄ;   ' Effect 
1 1 1 1 35.5 
2 1 2 2 23.0 
3 2 1 2 18.0 
4 2 2 1 21.2 

level 1 29.3 26.8 28.4 Grand Avg. 
level 2 19.6 22.1 20.5 24.4 

total effect 9.7* 4.7 7.9 

• Air S=AIR SHUTTER POSITION: 1=1/4 open, 2=FULL open, 3=CLOSED 
• Brn H=DISTANCE BETWEEN BURNER HEAD AND KETTLE BOTTOM: 1=1" from kettle 

bottom, 2=2.5" from kettle bottom 
• Flw R=GAS SUPPLY FLOW RATE (N064-63ST): l=rotameter@10, 2=rotameter@20, 

3=rotameter@5 
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E(supp\ied) = E*»(MW)< 
P   V 'jut!' 

RT 
•A/     (BTU) [Eq.5] 

where E* is the energy value of the fuel: (61,000 BTU/lbm H2 and 19,900 BTU/lbin 

propane), MW is the molecular weight of the fuel, R is the ideal gas constant, T is the 
ambient temperature, and At is the time between water temperature readings. The fuel 
and energy utilized in heating the 40 lbm of water is calculated by 

^(utilized) = m^t„ • C, • ATW     (BTU) [Eq. 6] 

where Cp is the heat capacity of water (approx. 1.0 BTU/lbin°F), mwa(er is the mass of 
water, and AT is the temperature change of the water. The efficiency of the burner is then 
evaluated between each water-temperature measurement as a function of time, and the 
overall or "lump" efficiency of the burner is calculated from the time tfinal it takes to heat 
the water from its initial temperature Tini(ial to the final temperature TfilwI , which in most 
cases was the boiling point: 

mwater*^p*'['final ~ 'initial)        , „„„, 

%»» = mr\—xl 00% tEci-?] 
E**(MW)i 

Typically, the experiments lasted 20 minutes to 1 hour. A summary of efficiencies 
measured in this effort for hydrogen and propane are shown in Figure 5. In general, the 
burner efficiencies measured with the original M2 burner configuration (approx. 5" 
between the burner head and kettle) were considerably lower than those measured for 
hydrogen with a 1" distance between the components. This effect is illustrated by 
comparing the 'propane' and 'preliminary hydrogen' experiments with the 'verification 
hydrogen' experiments. The details of these experiments are described below. 

1.6.1 Propane Experiments: Table 3 shows the results of initial experiments with propane 
as a fuel, and Appendix C shows the detailed evaluation data of all experiments. The 
column labeled "effect" in Table 3 is the calculated ri,ump. The average efficiency for the 
propane experiments was 11.5%, and using the methods of Taguchi the variable with the 
greatest effect was the air shutter opening (denoted by and '*' in the table). That is, the 
supply of air had the greatest influence on the efficiency of the burner. The 'effect' is the 
last row in the data tables of Tables 3 and 4, and is essentially the range of efficiency 
values produced by changing the variable between 'level 1' and 'level 2*. These 
experiments made use of the FJAE burner design and a distance of 5" between the burner 
head and kettle bottom (current M2 burner configuration). 

1.6.2 Preliminary Hydrogen Experiments: After noting the low burner efficiencies with 
propane, a single experiment with hydrogen was performed adhering to the parametric 
conditions of experiment #3 of the propane experimental matrix. The resulting efficiency 
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was very disappointing at 7.7% (see Appendix C). The possible sources for the inefficient 
burns of these experiments was then evaluated, and it was decided to modify the burner 
design before further experimentation. The four primary issues thought to be responsible 
for the inefficiencies were (1) the distance between the burner head and kettle bottom, (2) 
the rate of fuel supply to the burner head, (3) convective heat losses to the ambient,'and 
(4) fuel losses from the air shutter slits. The former two factors have strong relationships 
to the heat transfer limitations of the burner: the rate of heat supply might be too great for 
the kettle to absorb, and the flame heat might not be efficiently contacting the kettle 
thereby diminishing the effective 'AT. These factors would have the net effect of reducing 
the heat transfer driving force, and increasing the heat losses to ambient within the gap 
between the kettle and burner head. The last possible source of inefficiencies, the loss of 
fuel through the air shutter, also directly reduces the amount of usable fuel at the burner 
head. 

1.6.3 Hydrogen Experiments: Table 4 summarizes the subsequent hydrogen-fuel 
experiments performed after modification of the burner assembly: (1) spacers were added 
to the mixing section of the burner to elevate the burner head closer to the kettle, (2) an 
extended hydrogen nozzle was constructed and added to the entrainment section to avoid 
fuel loss through the air shutter, and (3) the rate of fuel supplied to burner was reduced 
The results indicate a marked improvement in burner efficiency from the preliminary 
experiments, with an average of about 24.4% (3-fold increase). Table 4 shows that the 
variable with the greatest effect on the efficiency (denoted by '*') was again the shutter 
opening, which dictates the ratio of hydrogen:air in the burner gas. The other factors 
hydrogen flow rate and burner head height, were also notable effects on the performance. ' 

1.6.4 Hydrogen Verification Experiments: The results from the Taguchi experiments 
were evaluated, and 4 verification experiments were performed. To eliminate the prospect 
of uncontrolled convective heat losses due to the ambient, the verification experiments 
were performed in an indoor controlled environment. The experiment in Table 4 which 
exhibited the highest efficiency of about 36% (experiment #1) was chosen as a basis for 
the verification runs. The factors which exhibited the greatest effect on the efficiency, 
flow rate and shutter opening, were then varied in the direction suggested by the Taguchi 
experiments to further increase the efficiency. Average efficiencies of 44.6, 41.3 32.9 
and 49.0 were measured for these experiments as shown in Appendix C. In addition' 
efficiencies exceeding 50% were achieved at various points during the experiment with 
values fluctuating to 57%. 

As suspected, the flow rate of hydrogen has an effect on the efficiency of the burner. 
When comparing the effect of hydrogen mass flow rate (i.e., rate of energy supply), the 
higher energy supply rates do no translate to higher efficiencies. This can be seen by 
comparing experiments 3 and 4 in Table 4 (0.94 lbm H2/hr) and verification experiments 4 
and 5 in Appendix C (0.24 and 0.49 Ibm H2/hr). Figure 6 compares the efficiencies for 
several mass flow rates. The general trend of Figure 6 is a decrease in efficiency with 
increasing energy (or mass) flow rate. Note, however, that other factors might also be 
contributing to the differences displayed, although the experiments did identify the mass 
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flow rate as the primary effect. This influence of mass flow rate on efficiency suggests 
that there is a heat transfer limitation for the burner (i.e., gas-side heat transfer 
coefficient). Since the Taguchi experiments suggested that a smaller shutter opening 
produces higher efficiencies, verification experiment #7 was performed with a shutter 
setting of 'CLOSED', although some air was still being entrained through the air shutter 
section. Overall, the highest efficiency was measured for hydrogen at 'moderate' flow 
rates (i.e., not the highest setting) and a higher fuel:air ratio (i.e., less air entrainment) as 
suggested by the Taguchi experiments. 

Since the ambient wind was eliminated for these experiments, it is also suspected that 
forced convection plays a measurable role in decreasing the efficiency of the burner. This 
suggests that a redesign of the burner assembly should include appropriate shielding to 
eliminate forced convection currents into the burner head area. Since the heat transfer 
coefficient for boiling water is about an order of magnitude larger than those to sub- 
cooled water, the decrease in efficiency when approaching the boiling point should not be 
due to the heat transfer limitation on the liquid side of the kettle. The minimization of 
distance between the burner head and kettle bottom also increased the efficiency of the 
burner appreciably. This effect is noted in comparing the preliminary hydrogen experiment 
with an efficiency of 7.7% and a burner head-to-kettle distance of 5", to the verification 
experiment with an efficiency of 49.0% and a burner head-to-kettle distance of 1". Further 
modification and refinement of the burner-kettle distance might also increase the efficiency 
further, since distances shorter than 1" were not tested in this study. 

Figure 7 depicts the efficiencies and water temperature for hydrogen verification 
experiment #7. Note that the efficiency is as high as 57% during the experiment, and the 
efficiencies seem to drop somewhat as the temperature of the water approaches boiling. 
This observation could be due to the increasing temperature difference between the hot 
water/kettle and ambient, thus, an increase in natural convection and radiation heat losses 
to the environment. This heat loss could be minimized by redesign of the burner assembly 
with insulation to shield the lower kettle and burner head. 

In summary, the efficiency of the burner is greatly influenced by heat transfer limitations. 
This was demonstrated by the increased efficiency observed when minimizing the distance 
between the burner head and kettle, for example. An efficiency of hydrogen:air burners in 
the range 40-50% can be achieved with some modifications to the existing M2 burner, and 
it is expected that more detailed and rigorous design modifications of the burner could 
increase this efficiency above 50%. It is believed that such high efficiencies are attainable 
since radiation heat losses can be as high as 25% [27] and convective heat losses were 
evident in the experiments as flames were visible outside the cross sectional area of the 
kettle bottom. It is also suspected that a portion of the increased efficiency is due to the 
higher fuekair ratios for hydrogen combustion when compared to propane and gasoline 
fuel mixtures. As discussed in Progress Report #3 [27], inefficiencies in heat transfer 
could result from losses due to heat convected away from the heated object by the 
nitrogen present in air.  Consequently, some of the variables which could further increase 
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the burner efficiency include burner head re-design, baffling to direct the flow (and also 
increase the heat transfer area), and possibly blackening of the kettle. 

1.6.5 Metal-Hydride Burner Experiments: Burner experiments using hydrogen generated 
from a LaNi5 hydride bed were performed to evaluate the practicality of using a hydride 
bed for storage/supply of hydrogen.  A summary of several experiments is given in Table 
5.   Table 5 illustrates that the current hydride bed design is not optimized for use as a 
hydrogen fuel supply. The expected time for a sustained hydrogen supply to the modified 
M2 burner did not exceed two minutes when operating at ambient conditions. However a 
total burn time of several minutes was achieved.   Inadequate heat transfer to the bed 
during the endothermic desorption reaction is suspected to be the primary resistance to 
sustained hydrogen desorption. Even when heating the bed to 130°F with heat tape as in 
experiment #4 with a sustained heat supply of about 400 W (1,366 BTU/hr), the bed 
cooled considerably (measured at 91°F in the hydrogen overgas, and presumed much 
cooler within the bed).  Since roughly 0.25/lbm H2/hr was desorbed by the bed during the 
experiments,  and  6,667 BTU/lbra H2  is  required  for  the  endothermic  desorption, 
0.25x6,6667=1,667 BTU/hr is required by the hydride, which is slightly larger than the 
output of the heat tape. Consequently, the rate of hydrogen desorption was controlled by 
the rate of heat transfer to the bed which was deficient for a continuous 3 minute burn at 
0.25 to 0.5 lbm H2/hr (11.2-23.0 liter/min STP). A more efficient heat-transfer bed design 
would be an integral part of a Phase II effort. 

1.6.6 Additional Observations: Some additional observations and side notes regarding the 
propane and hydrogen-fuel experiments are given below: 

1.) A water condensate formed on the bottom of the kettle at the beginning of the 
experiments, but evaporated after the kettle water reached about 120°F. This phenomena 
is not expected to affect the burner efficiency since an equal and opposite heat was 
extracted and transferred to the kettle during the water film evaporation and condensation, 
respectively. 

2.) Hydrogen and propane flames were visible around the vertical surfaces of the kettle for 
high flow rates of fuel. This effect is surmised to decrease the. overall efficiency of heat 
transfer to the kettle. 

3.) No leakage from the press-fit connections of the burner head, spacers, and mixing 
section were observed. Therefore, fuel losses were assumed to be a negligible 
contribution to the inefficiencies computed for the burner experiments. 

4.) The effect of using a 100 mesh screen in the mixing section had little or no effect on 
the calculated burner efficiencies of hydrogen-fuel. This suggests that the hydrogen:air 
gases were sufficiently mixed in the mixing and spacer sections. 

5.) The flame height for the hydrogen burner experiments was approximately 2 inches 
above the burner head.  This height varied with the flow rate of the supplied hydrogen, 
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TABLE 5 - SUMMARY OF HYDRIDE BURNER EXPERIMENTS 

Experiment 
;;:::!::-:-i!äenyery::

:-;>
;
;:::: 

pressure, psig 
sustained flow 
rate, 1/riiih stp 

.sustained flow 
time (min) temperature ■:;;;CÖrhmcritS;::;::::;;; 

1 •' 0-10 11.2 2 ambient temperature 
dropped to 

58F 

• '•* .':'•=': 5-10 11.2-23.0 1.5 100F 
hot water bath 
at 100F used: 
temperature 
dropped to 

67F 

.3'•; ;' 5-10 11.2 1.5 100F 
hot water bath 
at 100F used: 
temperature 
dropped to 

70F 

.   4   •' 5-10, started at 
110 

11.2 2.5 120F 
heat tape 

(400W) used: 
temperature 

dropped from 
130Fto91F 
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and was difficult to measure since the hydrogen flame is essentially transparent in the 
visible light wavelengths. 

SECTION 2: SUMMARY OF PHASE I TASKS 

The following is a summary of the tasks undertaken in this Phase I effort per the outline 
established during the kickoff meeting March 18, 1993, and described in Progress Renort 
#1 [34]. * V 

Task 1, Literature Revieiv: The literature review surfaced a broad spectrum of materials 
which might be suitable for hydrogen storage and delivery. Approximately 40 pertinent 
articles were located and reviewed. 

There are several parameters which must be considered in order to select an optimum 
alloy for specific applications such as food service.   For example, safety would be of 
primary concern both in transportation (low fire hazard in containment vessel ruptures) 
and while supplying hydrogen (low desorption plateau pressure and therefore the stored 
gas energy is minimized).  In general, it has been stated that hydrogen stored as a metal 
hydride is safer than gasoline. Reference [35] describes many safety tests performed with 
LaNi5 and other metal hydride beds. Their review indicates that metal hydrides were less 
hazardous in impact tests, and one study concluded that the Index of Explosibility was 0.1 
for LaNi5 (considered a "weak" safety hazard at the time of the study).   Although metal 
hydrides are pyrophoric, the reaction usually occurs at rates dictated by the endothermic 
desorption kinetics.   In addition, exposure to air will generally 'deactivate' the surface 
where the  hydrogen  dissociation  and  re-association  occurs  during  absorption  and 
desorption, respectively. Consequently, the dissociation sites become limited and thus the 
desorption reaction driving the pyrophoricity is slowed. In contrast, the heating of a 
gasoline or petro-fuel tank can explode, rather than slow-burn. More specifically, gasoline 
has an explosion energy 22 times that of hydrogen.   Sandrock [32] summarizes safety 
related properties of hydrogen and gasoline in Table III of his paper. 

Cost is another issue when procuring off-the-shelf alloys, but the art of designing 
inexpensive hydrogen storage materials with specific properties is possible and would also 
be less expensive in large quantities (e.g., >2500 lbm). 

The cost and safety considerations must also be married with the performance criteria for 
the hydride (i.e., kinetics and thermodynamics). These issues are thoroughly discussed in 
Progress Report #3 [27]. In summary, the alloys which seem best suited for use are of the 
AB5 variety which include the well-documented LaNi5 material, and numerous other 
"mischmetal" derivatives. The LaNi5 alloy was subsequently chosen and 2 kg was 
purchased from Ergenics, Inc., for burner studies. 

Task 2, Establish System Requirements: As stated in the Bi-monthly Report #1 [34], the 
heating load will be the primary design parameter. Currently, the M2 gasoline-burner 
operates at 60,000 BTU/hr with an efficiency of 25%. Tables 1 and 2 summarize a system 
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based on the 50% efficiency measured in this effort. Sections 1.2 and 1.3 also elaborate 
on the system requirements and design of the experimental burner used for the efficiency 
studies. 

Task 3, Design of a Hydrogen Fueled Kitchen: The design parameters established for a 
hydrogen fueled kitchen are summarized in Table 1. The total weight of the hydrogen 
burner systems are estimated to be about 1,500 Ibm in addition to the kitchen frame 
support hardware. After initial materials costs, the fuel costs will be for H2 gas alone 
($25/Ibm): 15 lbm for 6 burners operating for 5 hours at 50% efficiency will cost $375. 

Task 4, Proof-of-Concept Experiments: Efficiency studies were performed with propane 
and hydrogen as described in sections 1.5 and 1.6. In addition to these studies a 3 minute 
burn of hydrogen evolved from a metal hydride was investigated. Approximately 1.5 kg 
of LaNi5 was loaded into a 1 liter cylinder and activated by heating and pulling a vacuum 
on the system. Then the material was loaded with hydrogen by charging in about ten (10) 
500 psia increments. The total quantity of hydrogen absorbed by the bed was 21 g, or the 
equivalent of 235 liters (STP). To use this hydrogen for burner fuel, heating tape was 
wrapped around the cylinder, or the cylinder was immersed in hot water, and hydrogen 
was allowed to flow out of the cylinder and ignited at the burner head. The flow rate of 
the gas desorbing from the hydride bed was adjusted between flow rates of 0.1 and 0.5 lbm 

H2/hr, which was dependent upon the rate of heat supply to the bed. The desorption 
reaction is highly endothermic, and the desorption kinetics and subsequent hydrogen 
supply slowed considerably as the bed cooled. The temperature of hydrogen gas in 
equilibrium with the hydride approached 50°F after a short period of time (1-2 minutes), 
so the temperature of the hydride bed itself was believed to be somewhat lower. A 
summary of these experiments is given in Table 5. 

Since the endothermic reaction of hydrogen desorption cools the hydride bed, thus 
slowing the kinetics of the delivery, future designs will require heat transfer optimization 
to enhance the heat exchange of the desorbing bed with ambient. The one liter cylinder is 
not an optimum configuration for holding the hydride powder since the depth of the bed is 
approximately 1 inch at center (when the cylinder is positioned horizontally) and thermal 
conductivity within the bed and cylinder-air heat transfer limitations become appreciable. 
An optimum design would require extended heat transfer area, the use of waste heat from 
the burner or extraction of heat for use in refrigeration processes, and reduced-depth 
hydride beds. 

Task 5, System Drawings and Reports: Bi-monthly reports were distributed for the effort 
and drawings illustrating the benchtop prototype burner are included in this report (see 
Figures 1 and 2). 
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SECTION 3: DISCUSSION OF RESULTS 

This Phase I effort has established the feasibility of a hydrogen fueled kitchen for the 
Army. Energy efficiencies with hydrogen were produced in the range 40-50%, and in a 
Phase II effort additional increases in the efficiency are expected. The prototype burner 
developed is of a relatively simple light-weight design, operating with compressed 
hydrogen gas or gas stored on a metal hydride bed. The results of experiments with 
hydrogen and propane indicate that heat transfer factors and burner head design could play 
a very important role in improved burner designs. It was also concluded that a more 
rigorous hydride bed design is necessary to overcome heat transfer limitations and supply 
hydrogen at sustained flow rates as discussed in sections 1.6 and 1.7. 

For example, consider a hydride bed providing 0.5 Ibin H2/hr (1.9 g-mole H2/min), or 
30,500 BTU/hr of energy, for a burner operating at 50% efficiency (15,000 BTU/hr usable 
heat). The endothermic reaction of hydrogen desorption requires about 6,600 BTU/lb 
H2, or at 0.5 Ibm H2/hr this equates to 3,300 BTU/hr. Thus, (3,300/30,500)xlOO%= 11% 
of the available energy of the hydrogen combustion reaction could be used to heat the 
hydride bed, leaving 89% for usable heat in the kitchen operation. Figure 8 summarizes 
the advanced concept for the utilization of waste heat from the burner to assist in the 
desorption of hydrogen from a metal-hydride bed. 

Another advanced concept could utilize the heat extracted from the environment during 
the desorption of hydrogen for refrigeration. For example, since the desorption reaction 
requires about 6,600 BTU/lbm H2, a total cooling energy of 6,600 BTU/lbm H2 x 0.5 lbm 

H2/hr x 5 hour operation/burner x 6 burners = 99,000 BTU is extracted from the 
environment. For example, if the refrigeration process operates at 75% efficiency, a total 
of 99,000 BTU x 75% = 74,250 BTU is available which could be used to cool water from 
120°F to 70°F. Thus, 74,250 BTU/(1 BTU/lbra

oF)(120oF-70°F) = 1,485 lbm water, or 
178 gallons, could be cooled during the 5 hour kitchen operation. 

The size and weight of an efficient hydride bed can be estimated by accounting for the 
thermal conductivity and convective heat transfer effects. For LaNi5, the thermal 
conductivity is 3.15x10-4 kcal/m-s-K, and a typical free-convection heat transfer 
coefficient for air is 2.8x10"3 kcal/m2-s-K. Assuming a hydride bed depth of 0.25" 
(0.00635 m), and a temperature difference of 50°C between the surroundings and the bed, 
the overall heat transfer coefficient can be estimated by: 

TT * 1 ^ sr ,^-i   kcal i^=zn^M       ^     [Eq8] 
h      k      2.8x10-3 + 3.15x10-4 

and the limiting rate of heat absorption by the hydride bed is then 

<2L = ^Ar=^.(2.65*10-3).(50) = 0.133.,4^ [Eq. 9] 
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Since 3,300 BTU/hr (0.233 kcal/s) of heat is required (Qrcq) by the hydride for the 
desorption reaction, the cross sectional area of the bed can be estimated as 
A=Qreq/^bed=0-233/0133=1-75 m2 (2713 in2)- Consequently, a bed having the dimensions 
of about 4.5 feet x 4.5 feet containing a 1/4" deep bed of hydride would be required. The 
resulting volume of the bed is 17,500 cm2 x (0.25") x (2.54 cm/in) = 11,100 cm3 (0.4 ft3), 
or (11,100 cm3) x (4.5g/cm3)=50 kg LaNi5. This quantity of LaNi5 will absorb about 700 
g H2 (1.5 lbm), and supply a burner at 0.5 lbm/hr for 3 hours. In order to facilitate a simple 
activation processes, the hydride bed, or 'tray1, could be comprised of several modules 
containing lesser amounts of hydride (as illustrated in Figure 8). In order to provide a 
conductive heat transfer path through the hydride bed, conductive dilution materials such 
as aluminum might also be mixed with the metal hydride powder. Research has been 
performed to confirm the increased desorption kinetics of such techniques [36,37]. 

A Phase II effort would focus on increasing the burner efficiencies from this Phase I effort, 
and in addition, develop field-usable prototypes. Some specific areas of Phase II 
development include: (1) redesign of burner head to eliminate flame extension around the 
kettle and heat convective losses around the burner head, (2) redesign of the burner head 
to direct a flame with high velocity across the bottom of kettle, possibly utilizing baffles 
which would also increase the heat transfer area, (3) blacken surfaces where possible to 
reduce radiation heat transfer losses, (4) insulate or shelter the flame and burner head 
from ambient to decrease convective heat losses, (5) determine optimum energy supply 
rates for the hydrogen fuel, and (6) develop efficient hydride storage beds to increase heat 
transfer between hydride and ambient during desorption and reloading. Mainstream has 
expertise and proven successes in heat transfer designs, fluid flow, hardware design, metal 
hydrides, and hydrogen handling, and would extend the technological boundaries of 
commercial and military hydrogen-fuel applications through a Phase II effort. 
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Appendix 

Raw Data For Propane And Hydrogen Efficiency Studies 

Propane Experiments (lof 4) 

BURNER DATA: PROPANE EXPERIMENTS 
RUN: experimental: factor levels 1-1-1: 7/28/93 

Pressure 20.7 SG 1.5311 
Flow (scfh) 5.0 amb. T 100.0 F 

mass 40.0 Q Value 19929 BTU/Ib    . 

Flow V = 0.00129579 cu.ft./s AVG. EFF. 12.1 
Flow m = 0.70869577 Ib/hr STD.DEV. 3.7 
Q supplied = 14,124 BTU/hr LUMP EFF. 12.1 

Time (min) Temp (F) Q(t) Q(t)/t Q(t)-Th. Effic.(%) 
0.0 0 95 0.0 0.0 0.0 

6 101.2 248.0 2480.0 1412.4 17.6 
12 105.2 160.0 1600.0 1412.4 11.3 
18 111.8 264.0 2640.0 1412.4 18.7 
24 117.2 216.0 2160.0 1412.4 15.3 
30 122.6 216.0 2160.0 1412.4 15.3 
36 126.8 168.0 1680.0 1412.4 11.9 
42 131.6 192.0 1920.0 1412.4 13.6 
48 135.4 152.0 1520.0 1412.4 10.8 
54 139.2 152.0 1520.0 1412.4 10.8 
60 142 112.0 1120.0 1412.4 7.9 
66 145.6 144.0 1440.0 1412.4 10.2 
12 149 136.0 1360.0 1412.4 9.6 
78 150.6 64.0 640.0 1412.4 4.5 

Q(t) is the heat utilized by the 40 pounds of water since the previous measurement (BTU) 

Q(t)/t is the rate of heat supplied to the water since the last measurement (BTU/hr) 

Q(t)-Th. is the theoretical rate of heat supplied by the fuel:air mixture for the same time period (BTU/hr) 

Effic.(%) is the efficiency of the burner for each time interval 
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Propane. Experiments (2 of 4) 

BURNER DATA: PROPANE EXPERIMENTS 
RUN: experiment*^: factor levels 1-2-2: 7/28/93 

Pressure 
Flow (scfh) 

mass 

Flow V = 
Flow m = 
Q supplied = 

Time (min) 
0 
3 
6 
9 

12 
75 
18 
21 
24 
27 
30 
33 
36 

20.7 
20.0 
40.0 

0.00523771   cu.ft./s 
2.92520092   Ib/hr 

58,296       BTU/hr 

Temp (F) 
89 

104.2 
117.4 
130.6 
144.2 
160.2 
172 

180.6 
192.2 
197.2 
205 
208 
212 

Q(t) 
0.0 

608.0 
528.0 
528.0 
544.0 
640.0 
472.0 
344.0 
464.0 
200.0 
312.0 
120.0 
160.0 

SG 
amb. T 
Q Value 

Q(t)/t 
0.0 

12160.0 
10560.0 
10560.0 
10880.0 
12800.0 
9440.0 
6880.0 
9280.0 
4000.0 
6240.0 
2400.0 
3200.0 

1.5311 
88.4 
19929 

AVG. EFF. 
STD.DEV. 
LUMP EFF. 

Q(t)-Th. 

0.0 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

2914.8 

F 

BTU/lb 

14.1 

6.0 
14.1 J 

Effic.{%) 

0.0 

20.9 

18.1 

18.1 
18.7 

22.0 

16.2 

11.8 
15.9 

6.9 
10.7 
4.1 

5.5 
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Propane Experiments (3 of 4) 

BURNER DATA: PROPANE EXPERIMENTS 
RUN: experiment^: factor levels 2-1-2: 7/29/93 

1          Pressure 20.7 SG 1.5311 
1      Flow (scfh) 20.0 amb. T 83.6 F 
I                mass 40.0 Q Value 19929 BTU/lb 

Flow V = 0.00526078 cu.ft./s AVG. EFF. 8.6 
3.9 
8.6 

Flow m = 2.96403071 Ib/hr STD.DEV 
|Q supplied = 59,070 BTU/lir LUMP EFF. 

Time (min) 
0 

Temp (FJ 
84.4 

Q(t) 
0.0 

Q(t)/t 
0.0 

Q(t)-Th. 
0.0 

Effic.(%) 
0.0 3 93 344.0 6880.0 2953.5 11.6 6 102 360.0 7200.0 2953.5 12 2 9 109.8 312.0 6240.0 2953.5 10 6 12 120.2 416.0 8320.0 2953.5 14 1 15 129.6 376.0 7520.0 2953.5 12.7 18 139 376.0 7520.0 2953.5 12 7 

^ 149.4 416.0 8320.0 2953.5 14 1 
24 158 344.0 6880.0 2953.5 11 6        I 27 164 240.0 4800.0 2953.5 8 1          I 30 169.8 232.0 4640.0 2953.5 7 9         I 33 177.4 304.0 6080.0 2953.5 10.3 
36 181.2 152.0 3040.0 2953.5 5 1 39 187.2 240.0 4800.0 2953.5 8 1 42 190.4 128.0 2560.0 2953.5 4.3 45 192 64.0 1280.0 2953.5 2.2 48 196 160.0 3200.0 2953.5 5.4 51 203 280.0 5600.0 2953.5 9.5 b4 207 160.0 3200.0 2953.5 5.4 57 210.4 136.0 2720.0 2953.5 4.6 J           60 211.8 56.0 1120.0 2953.5 1 Q 
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Propane Experiments (4 of 4) 

BURNER DATA: PROPANE EXPERIMENTS 
RUN: experiment«: factor levels 2-2-1: 7/28/93 

Pressure 
Flow (scfh) 

mass 

Flow V = 
Flow m = 
Q supplied = 

20.7 
5.0 

40.0 

0.00129579   cu.ft./s 
0.70869577   Ib/hr 
 14,124        BTU/hr 

SG 
amb. T 

Q Value 

Q(t)/t 
0.0 

1600.0 
960.0 
1600.0 
960.0 
1760.0 
1280.0 
1760.0 
1536.0 
1464.0 
1368.0 
1392.0 
2080.0 
3000.0 
960.0 

1.5311 
100.0 
19929 

AVG. EFF. 
STD.DEV. 
LUMP EFF. 

Q(t)-Th. 
0.0 

706.2 

706.2 
706.2 

706.2 

706.2 

706.2 
706.2 

2353.9 
2353.9 

2353.9 

2353.9 

1412.4 

941.6 

2353.9 

F 

BTU/lb 

11.0 
3.9 

10.6 

Effic.{%) 

0:0 

11.3 
6.8 

11.3 
6.8 

12.5 
9.1 

12.5 

10.9 
10.4 

9.7 

9.9 

14.7 

21.2 

6.8 
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Preliminary Hydrogen Experiment (1 of1) 

PRELIMINARY HYDROGEN EXPERIMENTS 
RUN: experiment* 1: (actor levels 2-1-2 (see propane exp'ts): 7/27/93 

Pressure 20.7 SG 0.06944444 
Flow (scfhj 25.0 amb . T 95.0 F 

mass 39.0 Q Value 60958.0 BTU/lb 

Row V = 0.03055883 cu.ft./s AVG. EFF. 7.8 
Flow m = 0.76479817 lb/hr STD.DEV. 2.6 

|Q supplied = 46,621 BTU/hr LUMP EFF. 7.7 

Time (min) Temp (F) Q(t) Q(t)/t Q{t)-Th. Effic.(%) 
0 99.2 0.0 0.0 0.0 0.0 
3 105 226.2 4524.0 2331.0 9.7 
6 107.8 109.2 2184.0 2331.0 4.7 
9 114 241.8 4836.0 2331.0 10.4 

12 120.4 249.6 4992.0 2331.0 10.7 
15 125.8 210.6 4212.0 2331.0 9.0 
19 129.8 156.0 2340.0 3108.0 5.0 
21 132 85.8 2574.0 1554.0 5.5 
24 134.2 85.8 1716.0 2331.0 3.7 
29 143.2 351.0 4212.0 3885.0 9.0 
32 148.6 210.6 4212.0 2331.0 9.0 
33 150.6 78.0 4680.0 777.0 10.0 
35 153.2 101.4 3042.0 1554.0 6.5 
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Hydrogen Experiments (1 of 4) 

(modified) BURNER DATA: HYDROGEN 
RUN: experimental: «actor levels 1-1-1: 8/16/93 
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Hydrogen Experiments (2 of 4) 

(modified) BURNER DATA: HYDROGEN 
RUN: experiment*^: factor levels 1-2-2: 8/16/93 

Rotameter 20.0 (N064-63ST) 
Pressure 22.7 psia SG 0.06944444 

Flow (scfhj 98.7 H2 amb T 85.0 F 
mass 40.0 Q Value 60958.0 8TU/lb 

Flow V = 0.03360247 cu.ft./s AVG. EFF. 22.7 
Flow m = 0.9391464 Ib/hr STD.DEV. 8.0 

|Q supplied = 57,248 BTU/hr LUMP EFF. 23.0 
 __i 

Time (t) Temp (F) Q(t) Q(t)/t Q(t)-Th. Effic.(%) 
0 85.6 0.0 0.0 0.0 0.0 
3 105.6 800.0 16000.0 2862.4 27.9 
6 121 616.0 12320.0 2862.4 21.5 
9 144 920.0 18400.0 2862.4 32.1 
12 168 960.0 19200.0 2862.4 33.5 
15 180 480.0 9600.0 2862.4 16.8 
18 190 400.0 8000.0 2862.4 14.0 
21 205 600.0 12000.0 2862.4 21.0 

I          23 212 280.0 8400.0 1908.3 14.7 
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Hydrogen Experiments (3 of 4) 

(modified) BURNER DATA: HYDROGEN 
RUN: experiment#3: factor levels 2-1-2: 8/16/93 

Rotameter 20.0 
Pressure 22.7 psia SG 0.06944444 

Flow (scfh) 98.7 H2 amb. T 85.0 F 
mass 40.0 Q Value 60958.0 BTU/lb 

Flow V = 0.03360247 cu.ft./s AVG. EFF. 17.9 
Flow m = 0.9391464 Ib/hr STD.DEV. 4.3 
Q supplied = 57,248 BTU/hr LUMP EFF. 

Q(t}-Th. 

18.0        I 

Time (min) Temp (F) Q(t) Q(t)/t Effic.(%) 
0 87.6 0.0 0.0 0.0 0.0 
3 103.8 648.0 12960.0 2862.4 22.6 
6 116.4 504.0 10080.0 2862.4 17.6 
9 131 584.0 11680.0 2862.4 20.4 
12 145 560.0 11200.0 2862.4 19.6 
15 158.6 544.0 10880.0 2862.4 .     19.0 
18 176.2 704.0 14080.0 2862.4 24.6 
21 183.8 304.0 6080.0 2862.4 10.6 
24 196 488.0 9760.0 2862.4 17.0 
27 205 360.0 7200.0 2862.4 12.6 
29 212 280.0 8400.0 1908.3 14.7 
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Hydrogen Verification Experiments (I of 4) 

VERIFICATION HYDROGEN EXPERIMENTS 
RUN: verification 4: factor levels 1-1-1: 9/27/93 

Rotameter 10.0 
Pressure 14.7 psia SG 0.06944444 

Flow (scfh) 48.7 H2 amb. T 84.5 F 
mass 40.0 Q Value 60958.0 BTU/lb 

Flow V = 0.01333681 cu.ft./s AVG. EFF. 44.6 
Flow m = 0.241604 Ib/hr STD.DEV. 9.2 
Q supplied = 14,728 BTU/hr LUMP EFF. 45.5  i-iü 1 

Time (min) Temp (F) Q(t) Q(t)/t Q{t)-Th. Effic.(%) 
0 85 0.0 0.0 0.0 0.0 
3 94.2 368.0 7360.0 736.4 50.0 
6 103.8 384.0 7680.0 736.4 52.1 
9 114 408.0 8160.0 736.4 55.4 

12 123 360.0 7200.0 736.4 48.9 
15 131.6 344.0 6880.0 736.4 46.7 
20 145.4 552.0 6624.0 1227.3 45.0 
25 158.8 536.0 6432.0 1227.3 43.7 
30 171.8 520.0 6240.0 1227.3 42.4 
35 185.8 560.0 6720.0 1227.3 45.6 
40 196.8 440.0 5280.0 1227.3 35.9 
45 204.6 312.0 3744.0 1227.3 25.4 

49.1 212 296.0 4331.7 1006.4 29.4 
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Hydrogen Verification Experiments (2 of 4) 

VERIFICATION HYDROGEN EXPERIMENTS 
RUN: verification 5: factor levels 1-1-2: 9/27/93 

Rotameter 20.0 
Pressure 14.7 psia < SG 0.06944444 

Flow (scfh) 98.7 H2 amb T 84.5 F 
mass 40.0 Q Val ue 60958.0 BTU/lb 

Flow V = 0.02705305 cu.ft./s AVG. EFF. 41.3 
8 4 

Flow m = 0.49008165 Ib/hr STD.DEV. 
|Q supplied = 29,874 BTU/hr LUMP EFF. 41.3 
I—^  Time (min) Temp (F) Q(t) Q(t)/t Q(t)-Th. Effic.(%) 

0 87 0.0 0.0 0.0 0 0 
3 105.2 728.0 14560.0 1493.7 48.7 
6 125.4 808.0 16160.0 1493.7 54.1 
9 139 544.0 10880.0 1493.7 36.4 

\l 153 560.0 11200.0 1493.7 37.5 
15 168 600.0 12000.0 1493.7 40.2 
18 185 680.0 13600.0 1493.7 45.5 
21 198 520.0 10400.0 1493.7 34.8 
24 210.4 496.0 9920.0 1493.7 33 2 

24.49 212 64.0 7836.7 244.0 26.2 
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Hydrogen Verification Experiments (3 of 4) 

VERIFICATION HYDROGEN EXPERIMENTS 
RUN: verification 6: factor levels 1-1-3: 9/27/93 

Rotameter 6.0 
Pressure 14.7 psia SG 0.06944444 

Flow (scfh) 28.6 H2 amb. T 84.5 F 

mass 40.0 Q Value 60958.0 BTU/lb 

Flow V = 0.00785031 cu.ft./s AVG. EFF. 32.9 

Flow m = 0.14221294 Ib/hr STD.DEV. 7.0 

Q supplied = 8,669 BTU/hr LUMP EFF. 31.9 

Time (min) Temp (F) Q(t) Q(t)/t Q(t)-Th. Effic.{%) 

0 86.4 0.0 0.0 0.0 0.0 

10 103 664.0 3984.0 1444.8 46.0 

20 116 520.0 3120.0 1444.8 36.0 

30 130 560.0 3360.0 1444.8 38.8 

40 141.2 448.0 2688.0 1444.8 31.0 

50 152.2 440.0 2640.0 1444.8 30.5 

60 161.8 384.0 2304.0 1444.8 26.6 

70 171.8 400.0 2400.0 1444.8 27.7 

81.5 179.8 320.0 1669.6 1661.6 19.3 

83 182 88.0 3520.0 216.7 40.6 
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Hydrogen Verification Experiments (4 of 4) 

VERIFICATION HYDROGEN EXPERIMENTS 
RUN: verification 7: (actor levels 3-1-1: 9/28/93 

Rotameter 
Pressure 

Flow (scfh) 
mass 

Flow V  = 
Flow m = 

[Q supplied = 

Time (min) 
0 
3 
6 
9 

12 
15 
20 
25 
30 
35 
40 

44.35 

10.0 
14.7 
48.7 
40.0 

psia 
H2 

0.01333681   cu.ft./s 
0.241604     Ib/hr 
 14,728        BTU/hr 

Temp (F) 
81.8 
92.2 
102 

112.2 
122.8 
132 

147.8 
161.6 
175.8 
188.6 
200.8 
212 

Q(t) 
0.0 

416.0 
392.0 
408.0 
424.0 
368.0 
632.0 
552.0 
568.0 
512.0 
488.0 
448.0 

SG   0.06944444 
amb. T 84.5 F 

Q Value       60958.0      BTU/lb 

Q(t)/t 
0.0 

8320.0 
7840.0 
8160.0 
8480.0 
7360.0 
7584.0 
6624.0 
6816.0 
6144.0 
5856.0 
6179.3 

AVG. EFF. 
STD.DEV. 
LUMP EFF. 

Q(t)-Th. 
0.0 

736.4 
736.4 
736.4 
736.4 
736.4 
1227.3 
1227.3 
1227.3 
1227.3 
1227.3 
1067.8 

49.0 
6.2 

47.8 

Effic.(%) 
0.0 

56.5 
53.2 
55.4 
57.6 
50.0 
51.5 
45.0 
46.3 
41.7 
39.8 
42.0 

46 


