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PREFACE

The Feasibility Study and Development of a Modular
Applicance Technologies, Centralized Heating (MATCH) Field
Kitchen was undertaken by the TECOGEN Division, Thermo Power
Corporation, Waltham, MA between May 1991 and January 1994. The
study was performed under Contract DAAK60-91-C-0053.

The following are comments from Natick Project Officer Don

Pickard:

Objective

Technical
Perspective

In addition to inefficiency, poor heat control, and arduous
working conditions, cxrent field kitchens pose potential safety
and health hazards from fire and fumes. To improve efficiency,
heat control, and working conditions, and reduce fire and fume
hazards, a novel approach of employing a single larner as a
central heat source for a campliment of kitchen appliances was
considered. The objective of phase I was to conduct a
feasibility study which considered three approaches: (1)

Pumped Liquid System (thermal fluid is heated and pumped to
appliance heat exchangers). (2) Vapar Transport System
(thermal fluid is vaporized at the heater and condenses on the
appliance heat exchanger as in a heat pipe or steam radiator).
(3) Miltiple Transport Media System (each appliance is heated
by best method from a central heating plant that provides
liquid, vapor and combustion gas heat). The abjective of phase
II was to design and fakbricate a unit that would demonstrate the
concept.

The pumped liquid system was selected for phase II because of
simplicity, cost, and the availability of food grade thermal
fluids. A kitchen featuring a thermal fluid system integrated
with cocking appliances offers many advantages over more
conventional approaches such as fuel fired appliances equipped
with small individual burner units or electric appliances
powered by a large generator. For example, an inexpensive (e.g.
$250) 2 to 3 qallon/hour oil burner provides the heat energy
equivalent to that provided by a 75 kilowatt generatar at a
small fraction of the cost, size, weight, and fuel consumption.
Basad on the inherent reliability of large oil hurmers, it is
expected that a MATCH system would be much more reliable and
maintainable than either generators or small individual burner
units. Although reliability will be an important advantage, the
principle disadvantage is that in the unlikely event of an
unrepairable failure in the burner, pump, or distrilbution system
the MATCH will be completely incperable and unable to perform
its mission. In addition, the thermal fluid is hot (operating
temperature 425F) and hazardous (flash point 340F). Therefore,
the principle challenge of the next phase will be to develop a
thermal fluid heating and distribution system that has the
design reliability and structural integrity to survive a mobile
application.

ix




Natick

A prototype MATCH was designed, fabricated, tested, and
Gelivered to the U.S. Army Natick RD&E Center. The prototype,
mounted on a frame, consists of a residential oil burmner,
canbustion chamber, fluid heater, expansion tank, pump, and
steel pipe through which the thermal fluid is pumped to each
appliance. The appliances include a fakricated griddle, and a
commercial fryer, jacketed kettle, and oven. Each appliance had
been retrofitted to accammodate the thermal fluid including a
solenoid valve caupled to the appliance thermostat. The thermal
fluid or heat transfer fluid is a non-toxic pharmaceutical
grade, FDA and USDA approved mineral oil. A push button starts
the unit; the harner heats the thermal fluid to 425F; the
appliance temperatures are set; the thermostat signals the
solenoid to open; and hot fluid enters the appliance heat
exchanger. When the appliance reaches the set temperature, the
thermostat signals the solenoid valve to close. The burmer
cycles on/off to maintain fluid temperature. The solenoid
valves cycle open/close to maintain appliance temperatures. A
natural gas fired MATCH was designed and tested to determine
energy utilization and cooking performance. The unit was then
retrofitted with an oil lurner and cambustion chamber, and
delivered to the U.S. Army Natick Research, Develcpment and
Engineering Center for further test ard evaluation. Both heat
transfer and food preparation studies, as well as a
manufacturing cost analysis are included in this report

The MATCH was delivered and installed at Natick. Several
problems were encountered, including vapar leakage during
operation, fluid leakage after operation, sooting and clogging
of fins an heat exchanger, cambustion chamber leakage, premature
shut down of burner, and excessive heat transfer to the
expansion tank. One by ane the problems were solved with the

of this repart, the following improvements need to be made: add
a time delay switch on the pump to ensure that soak-back fram

the combustion chamber does not overheat the static fluid, add a
high-wpemune limit switch for over-temperature protection,
a fluid level indicator, reduce the size of the expansion
and add a flow restriction to prevent the hot fluid fram
vely rising into the tank, add a mechanical air vent on
tank, and develop better fluid filling and draining methods.

sggﬁ




Conclusions

Follow-on
Effart

Preliminary testing of the MATCH prototype has shown that the
performance is not significantly different fram what has been
reported in this report. After correcting the noted problems,
the thermal fluid heater and burner have operated flawlessly.
The griddle perfarms exceptionally well with respect to heat up
time, temperature uniformity, and ability to hold temperature
irrespective of the load. The fryer although reported to be
undercapacity has worked well. The kettle which is heated
directly with the thermal fluid could experience sauce scorching
at the air interface although the addition of a small water heat
exchanger could solve this problem. The oven perfarmance is
limited by the fluid temperature. At a fluid temperature
setting of 425F the oven had no trouble holding a temperature of
350F. If a higher oven temperature is desired i.e. 450F, it is
possible that the fluid thermostat could be tempararily set at a
higher temperature i.e., 500F.

All of the criginal abjectives were accamplished. The MATCH
prototype installed at Natick is adequate for demonstrating the
capability and advantages of a central heat unit concept for
field kitchen applications. This study has determined that froam
a perfoarmance, manufacturing cost, and operating and suppart
cost perspective, the MATCH concept would provide an excellent
;iltmatiw to either a generator or individual burner based
tchen.

The program has subsequently been transitioned to the Technical
Demonstration phase of Advanced Development. During this phase
the MATCH will be redesigned and assembled with other components
to provide a fully functioning kitchen and field food service
capability for a campany sized group (150 soldiers). For
mobility, the kitchen will be installed on a 1 1/4 ton trailer
that is towable by the standard High Mobility Multi-purpose
Wheeled Vehicle (HMMWV). Packaged on a trailer and towed into
the field, this Central Heat Unit Concept for Kitchens
represents the State-~of-the-Art in Chuck Wagons.

Natick Project Officer

Don Pickard

Advanced Technology Branch
Bpuipment and Systems Division
Sustainability Directorate
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FEASIBILITY 8TUDY AND DEVELOPMENT
OF A MODULAR APPLIANCE TECHNOLOGIES,
CENTRALIZED HEATING (MATCH) FIELD KITCHEN

EXECUTIVE SUMMARY

Tecogen, under contract to the U.S. Army Natick RD&E Center (No. DAAK60-91-C-
0053). (Natick) has successfully completed the feasibility and development of an advanced
field kitchen prototype. The objective of this program was to analyze, develop and test an
advanced kitchen based on the modular appliance technology centralized heating (MATCH)
concept.

A pumped liquid transport approach was selected over two other candidate
approaches to be incorporated into the MATCH field kitchen system. In the pumped liquid
approach, a low volatility, non toxic thermal fluid is continuously pumped through a
thermal fluid heater and in parallel to each appliance (griddle, fryer, kettle and oven) in the
kitchen. The fluid is returned to the heater at a lower temperature, depending on the
appliance load. A diesel-fueled burner supplying energy to the fluid heater is modulated
"off-on,” heating the fluid to a constant supply temperature of 450°F. An "off-on" control
valve at each appliance controls the appliance temperature in response to varying loads by
regulating the fluid flow through the appliance.

The pumped liquid system and cooking equipment were designed. The cooking
equipment was designed by modifying commercial gas and electric cooking equipment. The
system was designed using conventional components which are available. Safety,
reliability and cost were major considerations in the design of the system and the cooking
appliances.

A bread-board system, using a natural gas-fired burner, was assembled and tested
to prove the feasibility of the MATCH concept. Operation and testing of the system did

prove the feasibility of the concept and the ability of the system to perform as a food service
unit.

A prototype pumped liquid system was later assembled. The prototype system used
many of the components developed for the bread-board system; however, a diesel-fueled
burner and combustion chamber were added. The prototype system was mounted on a
frame and included all of the cabinet enclosures. All piping, wiring and controls were
included on the prototype pumped liquid system.




The prototype system was operated and tested at the Tecogen laboratory prior to
shipping it to the U.S. Army RD&E Center in Natick. Massachusetts. Testing of the
prototype system produced results similar to the bread-board system and proving again
the feasibility of the MATCH fleld kitchen concept. The prototype testing also showed the
system to be reliable, safe and easy to operate.

During the prototype system assembly and testing, it became evident that certain
modifications to future pumped liquid field kitchen systems would further enhance the
operation cooking performance, reliability and safety of the system. The recommended
modifications include:

) a redesigned liquid heater

. the use of only welded and flanged piping fittings

. a thicker griddle cooking surface

. increased heat transfer surface on the fryer

o a lower cost liquid pump

o higher temperature solenoid valves

) an enclosure on all exposed piping, valves and fittings

o the addition of a spring loaded safety valve on the fuel supply line

o the addition of a flame detectfon and foam spray system under the
appliance cabinets

In general, it has been shown that the MATCH field kitchen using a pumped liquid
system is a reliable, safe and cost effective system capable of efficiently producing large
quantities of cooked food.




1. INTRODUCTION

The operation of a military field kitchen is hard work and dangerous. The food
service specialist, in addition to preparing food. must also operate and maintain the
current gasoline-fired field burner units. Operation of these bumner units include cleaning,
fueling, preheating outside the kitchen, and transporting to the kitchen. These bumers
are vented directly into the kitchen, thus providing an unhealthy environment. The
present procedure of operating a gasoline burner in the confines of the tent kitchen is very
dangerous. The procedure has caused numerous injurics to operating personnel and has
caused the costly destruction of materials.

It is, therefore, in the best interest of the U.S. Army to find a safer and more
practical method of operating a field kitchen system. A Modular Appliance Technology
Central Heating (MATCH) System was proposed to fulfill the needs of a modern field kitchen
system. The general requirements of this MATCH system are as follows:

The system will consist of a remote, single, multi-fuel burner which provides the
energy to operate several modular cooking appliances by circulating a heat transfer
medium. The burner will be capable of venting the products of combustion outside the
cooking area. The cooking appliances will be similar, in operation, to those used in
conventional kitchens. The cooking appliances will be modular and interchangeable and
will include a griddle, a deep-fat fryer, a kettle and an oven. The system will feature a
single push-button start for the burner and the heat transfer medium circulation. The
system will be modularized, self-contained and transportable for installation in a vehicle,
trailer or container based kitchen.

A program to establish the feasibility of the MATCH System concept was undertaken
by Tecogen. The specific objective of this program was to prove the technical and econornic
feasibility of an integrated field kitchen which uses a central heater for all appliances.

The program to develop the field kitchen concept of a multi-appliance, centralized
heating and heat transfer system was divided into two phases. During the first phase, a
feasibility study was conducted and the following three potential approaches for an
integrated kitchen were evaluated:

*  Pumped Liquid System
e Vapor Transport System

e Multiple Transport Media System




The evaluation led to the selection of a Pumped Liquid System. Additionally, during
Phase 1, a gas-fired bread-board system of this selected concept was fabricated and tested.
This bread-board system used many of the final components such as the liquid heater,
griddle, “yer, kettle and oven. It was, however, a gas-fired system and the components
were not in their final configuration. During Phase 2, a diesel-fueled prototype system of
the pumped liquid concept was developed, tested and delivered to Natick for further testing
and evaluation. In this prototype system, all components were properly mounted on
frames which contained removable stainless steel panels. The prototype system also
contained a diesel-fueled combustion system and all appropriate controls.

The following report describes the work performed during the two phases of the
program, including the system selection, component and system design, system fabrication
and system testing. The system testing includes the results from general performance tests
and cooking tests. These test results are discussed together with recommended
modfifications to the system to fmprove the performance.




2. SYSTEM EVALUATION AND SELECTION
2.1 INTRODUCTION

A study was conducted to examine the technical, economic and operating feasibility
of integrating cooking appliances in a system using a central heat source. In the integrated
field kitchen, a remote diesel-fueled heater is connected to the appliances with an
appropriate conduit. Three approaches were evaluated for transporting the heat from the
central heater to the appliances. These approaches are as follows:

¢ Pumped Liquid System
e Vapor Transport System
e Multiple Transport Media System

In each of these systems, several appliances of the same or different type may be
integrated. The systems studied all included the same appliances listed below:

e Griddle

* Deep-Fat Fryer

¢ Kettle

e Conveciion Oven

In the pumped liquid approach, high temperature liquid at 450°F to 550°F is
pumped in parallel to the different appliances. A low volatility liquid heat transfer medium,
a mineral oil, is used so that the operating pressure of the liquid in the system is
atmospheric at the pump suction.

In the vapor transport system, heat is transported by vapor which is condensed in
the appliances and the condensed liquid is returned to the central heater either by gravity
or by a pump. The system’s pressure is determined by the fluid vapor pressure at the
central heater operating temperature. Perfluorinated organic fluids of varying volatilities
and the family of biphenyls and diphenyls are available for this approach.

In the multiple heat transport media approach, different media are used for
different appliances. Each medium is heated by a single burner with individual heat
exchangers for each medium. For example, fryer oil, oven afr, griddle transfer liquid and
steam can be heated in four separate heat exchangers integrated with a single burner, with
each medium circulated through separated appliances.




The pumped liquid system was selected as the best overall approach. The study
also indicated that the integrated field kitchen using the pumped liquid approach has
many advantages over an independent and manually operated burner for each appliance.
The advantages are:

e Reduced operating cost
- Higher energy efliciency (lower fuel consumption by a factor of 2)
- Easier cleaning and reduced maintenance

e Improved cooking performance
- Accurately controlled temperature
- Uniform temperature over cooking surface
- Fast recovery
- Instantaneously available from hot standby condition

e Efficient space utilization
- Compact appliances (small footprints, heights)
- Countertop and under-counter installation

e More comfortable environment for cooks
- Exhaust gases not exhausted to kitchen space
- Reduced kitchen temperatures

e Improved Safety
- Automatic startup and operation controls
- Automatic safety controls
- Exhaust gases vented out of kitchen space
- Fuel storage isolated from kitchen space

2.2 PUMPED LIQUID APPROACH

A schematic of the pumped liquid approach is given in Figure 2.1. A thermal fluid
is continuously circulated by a centrifugal pump through a thermal fluid heater and in
parallel through each appliance in the kitchen. The heater supplies hot oil to the supply
line at a controlled temperature of 450°F to 550°F. The fluid is returned by a return line
to the heater at lower temperatures, depending on the appliance load. The burner in the
fluid heater is modulated in response to the load to heat the fluid to a constant supply
temperature. Pumped Hquid systems similar to this are used in a wide variety of industrial
applications ranging from food to laundries.

Each appliance is connected in parallel across the fluid supply and return lines.
The fluid passes through a heat exchanger in the appliance with heat transfer to the
cooking load and leaves at a lower temperature to the return line.

A control valve on each appliance is used to control the appliance temperature in
response to varying loads by regulating the liquid flow rate through the appliance.
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An expansion tank is required to allow for thermal expansion of the fluid when it
is heated from ambient temperature to operating temperature. This tank also allows for
the escape of any gases dissolved in the fluid, or gases formed by decomposition of the
liquid. This expansion tank is generally vented to the atmosphere so that the system
operates close to atinosphere pressure.

Since heat transfer media temperatures up to ~600°F can be used, the pumped
liquid approach can be used for all of the appliances in the MATCH kitchen.

Heat transfer fluids with the required thermal stability and low toxicity are
summarized in Table 2.1. Two are highly purified mineral oils (Multitherms PG-1 and
1G-2), and the Dow Corning fluid is a synthetic silicone-based fluid. Multitherm PG-1 is
an excellent fluid for this application and has been rated by the FDA as nontoxic and
acceptable for food contact. It is used as a thermal heat transfer medium for industrial
food processing Paratherm NF is a similar mineral oil supplied by another company. The
fluid is pumpable down to -13°F. It is available in quantity at an FOB cost of ~$6/gallon.

Burning diesel fuel, with 20-percent excess air and a final exhaust temperature of
932°F, requires a fuel LHV input of 261,000 Btu/hr (2.09 gal/hr) to supply 200,000 Btu/hr
total to the cooking appliances. The LHV efficiency is thus 76.6 percent. This efficiency
can be greatly improved by using a heat recovery water heater on the flue gas from the
heater. Assuming the exhaust is cooled to 300°F in the heat recovery water heater,
53.2 gal/hr of hot water is produced (100°F temperature rise), and the LHV efficiency is
raised to 93.6 percent. The energy efficiency of the pumped liquid integrated kitchen will
be excellent.

Comimercial appliances can be modified for use with thermal fluid heating by
replacing the gas-fired combustor or electric heaters with a heat exchanger through which
the hot oil flows. Because of the lower heat source temperature, a larger heat transfer area
is required for the pumped thermal fluid system. Commercially available plate-coil heat
exchangers are a low-cost option for modifying the appliances for thermal fluid heating.
Plate-coil heaters have a serpentine coil formed as part of the plate through which the
thermal fluid flows. The plate-coil can either comprise part of the appliance structure or
can be used as an immersion heater. Tube bundles are another heat exchanger option
which integrates well with some appliances.



TABLE 2.1. Heat Transfer Fiuld

Maximum
Recommended Flammabllity Data
Temperatures (°F)
Heat Transfor Cost
Fluid CF) Toxiclty | (goiiars/gal)
Flagsh | Fire Auto

Buk Fm Point | Point | Iignition
Multitherm PG-1
(or Paratherm NF) 600 640 340 385 980 Nontoxic 8.54
Muttitherm I1G-2 600 650 440 00 700 Slightly 7.00

Toxic
Dow Coming
Stytherm 800 750 800 320 350 725 Nontoxic 23.00
E 4%@




2.3 VAPOR TRANSPORT APPROACH

Vapor transport of heat is used extensively in industry for providing process heat
to locations remote from a central boiler. Examples are 150-psig steam for low-
temperature heating (to 350°F) and Dowtherm A vapor for high temperature heating (to
700°F).

In Figure 2.2, a schematic is given of an integrated kitchen approach using vapor
transport of heat from a single burner to the four appliances. Since the appliances operate
at different temperatures, the vapor generator is split into four independent vapor
generators so that a different working fluid and temperature can be used for each
appliance. The vapor generator is illustrated as a fire-tube approach with the combustion
gases flowing through vertical tubes fabricated into each vapor generator section. In each
vapor generator section, an exhaust damper is used to automatically regulate the
combustion gas flow rate through that vapor generator section in response to the desired
set-point temperature for that appliance.

Two approaches are illustrated for vapor transport heating. For the griddle, a
sealed system s fllustrated which is filled only with the working fluid liquid and vapor (no
noncondensable gases), forming a gravity-assisted heat-pipe. A leak-tight vapor space is
formed under the entire bottam of the griddle by a shallow flat pan welded to the 1/2" thick
griddle plate at all edges. Internal support pins are used on the pan so that it does not
collapse under high vacuum. The vapor space is connected to the griddle vapor generator
by a single tube, with vapor flowing up through the tube and condensed liquid draining by
gravity back to the vapor-generator. No pump is required.

Tecogen has fabricated and tested a gas-fired heat-pipe griddle that gives excellent
performance and temperature uniformity. Dowtherm A was used as the working fluid. A
photograph of the unit and perforrnance comparison with a conventional griddle are shown
in Figure 2.3 and Table 2.2, respectively. A key consideration in using this approach for
the field kitchen is that the system must be absolutely leak-tight (hermetic) in order to
function. Even a pinhole leak will permit air leakage into the system since the internal
pressure is less than atmospheric in the shutdown mode. This air will prevent vapor
transport of heat to the cold griddle surface. Further, repair of such a leak is very difficult.
However, hermetic systems of greater complexity than the griddle are used extensively, the
best example being residential refrigeration systems.

In the second approach, an air-breathing system is used for the oven, fryer, and
steam generator. While the heat-pipe approach can be used for these appliances, the air-
breathing approach eliminates the requirement for an absolutely leak-tight system. In this
approach, an air-breathing valve is used which is open at low temperatures. In the
shutdown mode, the working fluid has drained into the vapor generator and the appliance
heat exchanger filled with air. When fired up, the working fluid is heated to its boiling
point at the ambient atmospheric pressure. As additional heating occurs, the vapor pushes
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11




-

i
3
|
i
!
A
TEMP
HINGED FRONT,
GREASE TRAY BEHINGE
{

Figure 2.3 Gas-Fired Heat Pipe Griddle

12



TABLE 2.2. Performance Comparison of Heat Pipe Griddie

Versus Conventional Griddie
Heat Pipe Griddle Conventional Griddle
Initial Gas Input, Btu/hr 83,000 85,000
Control Gas Input, Btu/hr 35,000 32,000
Time to Reach 400°F, minutes 7 26
System Efficiency, % 81 40
Steady-State Gas Consumption, Btu/hr 12,000 32,000
FComrol Type high-low/OF F-ON high-low/continuous
Control Accuracy, °F +10 130
Control Temperature Variation, °F 15 25
Surface Temperature Variation, °F 125 125
Cabinet Temperature, °F 240 350
H Exhaust Temperature, °F 430 580
H' Excess O,, % 55 17.3
Exhaust CO, % 0.001 0.002
Exhaust CO,, % 8.7 20
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the air from the heat exchanger and heats the part of the heat exchanger exposed to the
vapor. A sharp air-to-vapor interface occurs as the vapor motion sweeps any residual air
to the interface. As heating continues, the vapor is pushed into the tube leading to the air-
breathing valve. A fluid-filled bulb is heated when the vapor reaches the bulb location and
closes the vaive. The system then functions as a heat-pipe, and additional heat input will
raise the vapor pressure (and temperature) above ambient pressure. This approach is
analogous to a residential steam-heating system.

For these appliances, this approach should provide excellent temperature control
over a wide-load range. For the convection oven and deep-fat fryer, plate-coil heat
exchanges could be used as for the thermal fluid heaters, but with a revised one-pass
embossed tube pattern to permit gravity draining of condensed liquid to the vapor
generator. For the steam generator, a tube in-shell unit would be used. This unit would
be stmilar in size to that used for the thermal fluid system, but with the shell positioned
vertically and a vertical one-pass tube bundle used. The appliance sizes will be almost
identical to those for the pumped thermal fluid approach.

Application of the air-breathing approach to the griddle is difficult, since the heat
transfer surface is of necessity horizontal. It would thus be difficult to sweep the air
completely from the vapor plenum beneath the griddle. The sealed heat pipe approach as
described earlier is preferable for the griddle.

It is essential that the working fluids used in these systems have a low taxicity, low
flammability, high thermal stability in the presence of atr (Q,}, and the proper vapor-
pressure for the appliance operating temperature. A family of perfluorinated fluids
produced by the 3M Company, and marketed under the trademark "Fluorinert", fulfills
these requirements. In Table 2.3, selected properties of the fluids are given. A note of
caution: while the fluids have low toxicity, high temperature decomposition of the fluid
may result in toxic degradation products. At the temperatures of interest here, this
degradation should not occur. As an example of one current use of these fluids, FC-70 is
used for vapor phase soldering systems of electronic boards at a temperature of 215°C
(419°F), the boiling point of this fluid at 1 atm pressure.

In terms of heat transfer, the condensation coeflicient of heat transfer is generally
in the range of 100 to 150 Btu/hr-ft*>-°F. While this coefficient is less than that obtained
with the pumped thermal fluid (~350 Btu/hr-ft*-°F), the controlling heat transfer resistance
is on the hot air side or hot oil side for the convection oven and deep-fat fryer, respectively.
Previous testing of a heat pipe griddle had indicated excellent performance with another
vapor heat transfer fluid, Dowtherm-A, which has a condensing coefficient comparable to
that of the Fluorinerts.
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TABLE 2.3. Selected Properties of Fluorinert Flulds

Property L Fluld| FC-72 | FC-77 | FC-104 | FC-75 | FC40 | FC43 | FC-70
Boiling Point, °F 133 207 214 216 311 345 419
Density, 25°C gm/cm® 1.68 1.78 1.76 1.76 1.85 1.86 | 1.94
Pour Point, °F -130 -166 -85 -126 -70 -58 -13
Heat of Vaporation at Boiling
Point, Btulb 38 36 40 38 31 30 29
Heat Capacity, 25°C, Btu/b°F 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Vapor Pressure, 25°C, psia 4.49 0.812 0.50 0.600 0.058 | 0.025 | <0.002
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For the steam generator, in which the water botling coefficient is very high, the required
tube area in the steam generator is increased by a factor of 3 to 4 relative to the thermal
fluid-heated steam generator. It should be noted that some modifications can be made to
increase the condensing coefficient, such as a spiral rib on the condensing side of the
vertical tube to collect the condensate and mintmize the condensate film thickness.

2.4 MULTIPLE HEAT TRANSPORT MEDIA

In this concept, each application is heated by the fluid most suitable for that
particular appliance. Fluid heating is done in separate heat exchangers, butina
centralized heating plant. This is {llustrated in Figure 2.4. A single burner is used, and
the combustion gases are distributed through an independent heater for each appliance.
Dampers in each appliance heater’s exhaust duct are used to control the temperature of
that appliance by regulating the flow rate of combustion gases through the heater.
Temperature regulation can be either be manual or automatic.

For the oven, the air is circulated to the central heater, either by a blower or by
natural convection, where the oven air passes through a plate steel heat exchanger similar
to that of a clam-shell furnace. The heated air circulates back to oven. The oven
construction is simple, being nothing more than an insulated bax with a door. The clam-
shell heater construction is also simple and inexpenstve, consisting of two pressed steel
plates welded together.

For the fryer, the frying oil is circulated by a pump through a tube bundle, where
it is heated by the combustion products flowing through the tube bundle, and then
returned to the fryer. A filter would also be included in the flow circuit to keep the frying
ofl clean. Tecogen previously developed and demonstrated a pumped-oil commercial fryer,
using a gas-fired heater. The primary purpose of this development was continuous filtering
of the frying oil with improved product quality and oil life. The fryer tank construction is
also simplified relative to a direct-fired fryer tank, but a fluid pump, heat exchanger, nd
filter are required. Temperature control and recovery are also excellent.

For the griddle, a pumped thermal fluid approach using Multitherm PG-1 is used
exactly as described previously, except the pumped thermal fluid is dedicated solely to the
griddle. The griddie temperature control is greatly simplified when the thermal fluid is
dedicated solely to the griddle. The thermal fluid temperature can be modulated up and
down in response to the desired griddle temperature. The thermal fluid maximum
temperature can also be lower, reducing the cost of the circulating pump.
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For the steam generator, water is pumped through a vapor generator tube bundle
where the water is partially evaporated. The steam is separated from the water for delivery
to the steam-heated kettle. The separated water and returning condensate from the kettle
are recirculated through the vapor generator.

In the approach just described, the combustion gas from a single burner is spiit and
passed through separate heat exchangers for each appliance. The heat exchangers are
integrated with the burner, and separate heat transport media, optimized for each
appliance, are used for transferring the combustion heat to the appliance.

2.5 SYSTEM SELECTION

The three approaches investigated all indicated an ability to perform as an
integrated cooking system. The investigation did, however, show that each approach
possessed both pasitive and negative features which made them either more or less
attractive for use as a mobile integrated kitchen. An assessment of the features of each
system was made to decide on the best approach. The assessment was based on the
following criteria:

e Ability to Cook ¢ Reliability

e Ease of Operation/Control * Electrical Power Requirements
®  Multi-fuel Capability ¢ Ease of Maintenance

s Efficiency s Safcty

e Cost

2.5.1 Ability to Cook

All approaches indicated the ability to deliver the proper amount of energy at the
appropriate temperatures to all appliances. These are the two factors required by any
cooking appliance.

2.5.2 Reliability

In general, all three approaches are considered to be very reliable. This is an
tmportant aspect of any food service system. The pumped liquid system and the multiple
media system can continue to operate even if they develop a small leak in the heat transfer
fluid system. A small leak in the vapor transport system, however, would render it

inoperative. All systems would be incapable of operating if the circulating pump, central
burner, or electrical system failed to operate.
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2.5.3 Ease of Operation/Control

All systems would use simple off-on controls to control the burner and each
appliance. The multiple media system, with its individual circuits controlled at the
appliance temperature, would provide closer but not easier temperature control.

2.5.4 Electrical Power Requirements

All systems will require the same electrical power for the combustion system. The
o vapor transport system uses a small condensate return pump which would require the
least pumping power. The pumped liquid system, with a high volume flow rate and
moderate pressure requirement, will have the second highest electrical power requirement.
The multi media systern, with separate fluid pumps for each circuit, will require the highest
electrical power.

2.5.5 Multi Fuel Capability

All systems would be designed to use a single gun-type oil burner which would be
capable of burning diesel fuel, kerosene and gasoline.

2.5.6 Ease of Maintenance

In all systems. the appliances would be designed for ease of cleaning and
maintenance. All other maintenance items such as burner servicing and cleaning, pump
lubrication and fuel filter changing will be the same in all three approaches.

2.5.7 Efficiency

All three approaches will be much more efficient than the current method used for
field cooking. The multi media system has the ability to vary the temperature in each
circuit to accommodate the appliance requiremnents. If an appliance is maintained at a low
temperature or turned off, the heat loss from that circuit is reduced from a low value to
zero. In the pumped liquid system and the vapor transport system, the entire transport

. fluid circuit is maintained at a single high temperature of 450°F to 550°F even if only one
appliance is operating. This will result in higher heat losses than for the multiple media
system.

2.5.8 Safety

Safety is one of the most important criteria of a food service system and careful
consideration has been given to it in the final design of the selected system. It must,
however, be realized that any cooking appliance which is heated by a combusting fuel and
operates at temperatures as high as 450°F possesses certain risks. Inthe three
approaches evaluated, the single combustion system, located remote from the appliances
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and vented outside the cocking compartment reduces the safety risks. There are, however,
special safety considerations which must be addressed in all three approaches concerning
the potential for leakage of the hot transport fluid. In the pumped liquid system and the
multiple media system, the transport fluid is FDA approved and is safe if it comes in
contact with the food. In the vapor transport system, available transport fluids have a
certain level, even if low, of toxicity which can render it unsafe to use in certain cooking
applications.

2.5.9 System Cost

Many of the itemized costs in the three approaches are the same or similar. The
combustion system, fuel supply system, electrical system, appliance support structures
and system frame will be the same in all three approaches. There are, however, major
differences in the systems which will greatly effect the cost. The appliances used in the
pumped liquid and multiple media systems will be similar and will be based on
modifications of existing cooking equipment. Similarly, the piping systems in both cases
will be relatively conventional requiring conventional welded or flanged fittings. The
appliances and the piping system in the vapor transport approach will require all fittings
to be welded or brazed to vacuum integrity. Additionally, the vapor transport appliances
must be designed to have a low pressure drop in the fluid transport side. This will
probably eliminate the use of modified conventional appliances.

The heat exchangers of the pumped liquid and vapor transport systems are for
single fluid heating and much less expensive than the multi-channel heat exchanger used
in the multiple media approach.

2.5.10 System Selected

Although the three approaches can all fulfill the cooking requirements, a careful
examination of the evaluating criteria and discussions with Natick personnel led to the
conclusfon that the pumped liquid approach would be the best candidate for a Modular
Appliance Technology Centralized Heating Field Kitchen. This approach was used as the
basis for the development and construction of a demonstration prototype for an army field
kitchen as described in the next chapter.
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3. SYSTEM DESCRIPTION

S.1 GENERAL DESCRIPTION

The flow schematic of the MATCH thermal fluid system prototype, constructed for
demonstration of this approach for an army field kitchen, is presented in Figure 3.1. A
low-volatility, non-toxic thermal heat transfer fluid, such as mineral ofl, is continuously
circulated by a centrifugal pump through a central thermal fluid heater, and in parallel
through each appliance in the kitchen. The heater supplies hot oil to the supply line at a
controlled temperature of 450°F £12°F. The fluid is returned by a return line to the heater
at a lower temperature, depending on the total appliance cooking load. The burner in the
fluid heater is modulated in response to the load to heat the fluid to a constant supply
temperature.

Each appliance is connected in parallel across the fluid supply and return lines.
The fluid passes through a heat exchanger in the appliance, with heat transfer to the
cooking load, and leaves at a lower temperature to the return line. A control valve on each
appliance is used to control the appliance temperature in response to varying loads by
regulating the liquid flow through the appliance.

An expansion tank is required to allow for thermal expansion of the flutd when it
is heated from ambient temperature to operating temperature. This tank also allows for
the escape of any gases dissolved in the fluid, or gases formed by decomposition of the
lquid. This expansion tank is generally vented to the atmosphere so that the system
operates close to atmosphere pressure. If the expansion tank is connected to the suction
side of the pump as on the demonstration prototype, the return line will be at atrnospheric
pressure and the return line at subatmospheric pressure. A subatmospheric system could
have slight safety benefits. In the event of a pipe rupture, the tendency would be for air to
leak into the system rather than for hot liquid to leak out.

Mutltitherm PG-1 is used as the heat transfer fluid, with selected properties given
in Table 3.1. This fluid is a highly-purified mineral oil developed specifically for heating of
food products, and has been rated by the FDA as non-taxic and acceptable for food contact.
It 1s used as a thermal heat transfer medium for industrial food processing. Important
characteristics of the fluid for the field kitchen are its pour point of -40°F, permitting cold
startup at this ambient temperature, its high thermal stability limit of 640°F, and its high
boiling point of 600°F permitting unpressurized operation.
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TABLE 3.1. Selected Properties of Muttitherm PG-1

rcomposition NF/USP Pharmaceutical Grade White
Mineral Oil
Appearance Bright Clear Colorless Fluid
Odor None
Taste None
Pour Point, ASTM D97 -40°F
H Density, Pounds per gallon (75°F)(24°C) 7.25
Flash Point, coc, ASTM D92 340°F
Fire Point, coc, ASTM D92 385°F
Auto ignition Temperature, ASTM D2155 980°F
Atmospheric Boiling Point, Initial, ASTM D86-87 800°F
Average Molecule Weight 350
Maximum Recommended Film Temperature 640°F
Optimum Use Range 150 to 600°F
Pumpable, Centrifugal, 2,000 centipoise -13°F
m— —_—
l Temperature (°F) 200 400 600
il Heat Capacity (Btub-F) 051 0.61 0.70
Viscosily (centipoise) 35 0.9 0.37
Thermal Conductivity 35 0.9 0.37
(Btumr-{*-°F/1t) _
Density (fb/gation) 7.00 6.65 6.25
1-2 §5-Galion Drums $8.55/galion
>80 55-Gallon Drums $6.09gallon
Buk (5800 gallons) $5.77gallon
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In Figure 3.2, the nominal design point energy and fluid flow rate balances are
presented for the prototype demonstration system. The oven, griddle and deep-fat fryer are
each rated at 40,000 Btu/hr <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>