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DESIGN DATA FOR THE DEVELOPMENT OF

PORTABLE, INFRARED, RADIANT HEATERS ]

1. Introduction

g G

TP

This report summarizes the results of a technical program
conducted to determine the necessary design informaztion and make

recommendations for a liquid-fuel-fired radiant heater to effectively

warm perscnnel and disabied equipment in the Arctic so that repair

work can be performed.

Lot AR T e

1.1 Objectives

The ultimate objective of this program is to develop

: an efficient, portable radiant heater to keep personnel and disabled

E equipment warm in an Arctic environment, in order to permit repairs

to equipment without necessitating 1ts removal to a heated repair area,

The present program is restricted to demonstrating the feasibility of !
such a liquid-fuel-fired burner and the securing of necessary analytical ‘

and experimental information for the design of such a unit.
The specific objectives of this program are as follows:

(a) Determine the heating rate required to adequately
warm equipment and personnel working outdoors
in temperatures of 0 to -50°F and with winds

] up to 20 mph,

(b) Investigate various measuring techniques for 3
determining the spatial distribution of the radiant

heat flux falling on the target area and of the

radiant intensity over the surface of the

radiating element of the heater. ]
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(c)

Study the effectiveness of various models of
radiant energy heaters to determine the most
feasible type for personnel heating. These are
to include state-of-the-art commercially avail-
able examples of electric, natural gas, and
propane gas heaters as well as a liquid fuel
fired heater to be supplied by the Government,
The spatial radiant heat flux distribution will be

studied for a target 8 ft in diameter and

located at distances up to 10 ft from the heater.

Investigate various methods to focus infrared
heat to obtain the desired spatial hea! flux
distribution from heat sources having various
geometries such as points, lines, and convex,
concave or flat surfaces. Particular emphasis
will be placed on developing a practical method
of collimating or focusing the energy from the
round flat disc used as the emitter surface 1n
the existing liquid-fueled heater which will
prevent excessive diffusion or spreading of the

heat. flux at distances of 4 to 8 ft from the

héater.

Evaluate various materials for construction of
the radiant burner face and emitter for the

liquid -fuel-fired heaters.

Provide design recommendations for a liquid-
fuel -fired radiant heater with adequate safety

controls,
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1.2 Background

Personnel exposure to the intense Arctic cold and high
winds makes the repair of disabled equipment in the field without
removal to heated repair areas extremely difficult. A requirement
exists for a radiant heater to adequately warm personnel and dis-
abled equipment so that such work can be conducted. A radiant
heater was selected as the most direct means of heating the object
with a2 minimum of dependence on the intervening space. Because

of Army fuel policy and logistics, leaded gasoline was selected

as the fuel.

Under contract to the Army, a radiant heater was
developed using gasoline as the fuel with a "Cercor'* radiant
burner. The heating rate of the burner was 25,000 BTU/hr based on
the fuel input rate, This was sufficient to warm a person close
(less than 4 ft) to the heater surface. However, due to excessive
heat dispersion, the radiant heat flux at a distance of 8 to 10 ft

from the emitter was inadequate to provide sufficient heating.

The final heater design weighed 12 lbs, whereas the
desirable weight was 10 lbs or less. It lacked a safety control to
shut off fuel in case of flame failure or rupture of the fuel lines.
In addition, its performance deteriorated significantly in vindy

environments.

These results suggested that a more general program

was necessary to review the necessary personnel heating requirements

* Corning Glass Works, New York
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t and the capability of various commercially available radiant type

heaters, Such a program has been outlined ‘n the previous section. ;
A4

A more detailed exposition of the technical aspects of radiant heaters

and the approach followed is presented in the following sections.

1, 3 Scope of Studies

The scope of this study includes the analysis and ex-

perimental evaluation of the radiant heating performance of various

T e T W TP pa TR

radiant source-reflector configurations from which an optimum con-

figuration has been selected.

Specific studies conducted during this program cover

the following major areas:

(a) Estimation of Radiant Heat Rate Requirement

This task was devoted to an analysis of the
radiant heat input required to keep equipment and personnel reasonably Sk
warm under the specified environmental conditions. The results of

this analysis are presented in Section 3.

(b) Radiant Energy Transfer from Various
Source -Reflector Combinations

This study was aimed at analyzing the effective-
ness of radiant heat transfer and the spatial flux density distribution
5' at the target from various source-reflector combinations, The
] analysis covered area, line, and point source and conical, parabolic,

and hyperbolic reflectors, The results of this analysis are

summarized in Section 4 while the detailed analytical development

L is presentcd in Appzsndices A and B.
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4 (c) Survey and Evaluation of Commercially
A,ailable Radiant Heater

This study was devoted to a general survey of
the performance characteristics of infrared heaters as well as a
detailed survey of commercial units. In order to compare the per- '.J
. formance of these heaters with theoretical predictions, they have
been classified according to source type such as, area, line, or

point, This evaluation was used as a basis for the selection of

P T

certain heaters for further experimental evaluation, The results

; of this study are described in Section 5.

(d) Experimental Program

A

An experimental program was designed to

| measure heater performance and the spatial flux deusity distribution
| at the target., Test instrumentation was selected based on a survey ' 3
' of commercial units, Measurements were made on the heaters,
with and without additional reflectors, both in a stationary ambient
and in the specified wind, Measured values were compared with

theoretical predictions. The results of this experimental program

are discussed in Section 6.

(e) Materials of Construction of the Emitter Surface

This task was devoted to a siudy of different

e e 0

construction materials for the emitter surface and a summary

discussion presented in Section 7.
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(f) Special Design Requirements for a Liquid - Fuel -
Fired Radiant Heater

Special design features for liquid fuel operation

and safety under the operating environments are discussed in Section 8,

\

(g) Parametric Design Analysis »f a Radjant Heater

A radiant heater was analyzed as a system con-
sisting of a burner, heat exchanger and a emitter, Parametric
analyses have been developed for these heater subsystems from which
a novel radiant heater system has been synthesized,

The results of
this analysis are presented in Appendix C,

(h) Conclusions and Recommendations

The salient conclusions of this study and

recommendations for further development work are summarized in
Section 9,

5
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2. Summary and Conclusions
L This program, conducted for the U.S. Army Natick Laboratories,

Natick, Massachusetts, was aimed at developing the necessary design

information for the development of a portable, gasoline-fired, radiant

s

heater to keep personnel and equipment warm in the Arctic environ-
ment, Such a heater would permit equipment to be repaired on site
without necessitating removal to a heated repair area. The environ-
mental conditions specified are temperatures in the range of 0 to

-50°F and winde up to 20 mph, The heater is required to adequately
heat a space 8 ft in diameter and located from 4 to 10 feet from the
heater. Focusing of the radiation emanating from the heater is essential

to maintain high heating rates at these distances.

i Gt

To accomplish these objectives a combined approach of analysis

and experimentation was utilized. The heat loss from equipment and

personnel in the specified thermal environment was calculated, from
which the heating rate necessary to maintain comfort and adequate
manual dexterity was established. The heat transfer from various
source gecmetries and reflector combinations was analyzed to predict

the spatial flux density distribution at the *arget area, The range

A i il

of commercially availakle radiant heaters was surveyed and evaluated
to select the more promising ccnfigurations for experimental

evaluation, A test apparatus was designed and instrumentation

RPTIT Twey AT

selected to measure the radiant output of the heater and the flux
density at the target surface, Special reflectors were designed to
improve the focusing of radiation from these heaters. Performance

1 tests were conducted on these heaters in a stationary ambient and with
a 15 mph wind, The results obtained were utilized to refine the

theoretical analysis and to develop design charts for the preliminary
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sizing of radiant heaters to meet a specified flux density requirement
at the target. From this it was concluded that a heater consisting
of a hemisnherical source in a paraboloidal or hyperboloidal reflector

represents the optimum configuration for the specified requirements.

No commercially available heater was found which is capable
of operating in the specified Arctic environment of -50°F and 20 mph
winds and providing the necessary heating rate to keep personnel and
equipment warm, The Government furnished (GFP) gasoline heate:

was found to be totally unsuitable for this application,

With a limited amount of design effort, a novel radiant heater
design has been developed, called the FMA radiant heater, which has
the best performance of all the heaters tested and offers the potential
of being designed for Arctic operation. The radiant flux density at
the target from this heater was found to approach the minimum con-
sidered necessary for personnel and equipment heating. A further
program for the development of a liquid -fuel -fired Foster -Miller

radiant heater has been recommended,

The scope of the specific studies conducted during this program

and the resulting principal conclusions are summarized in the following
paragraphs,

20} Radiant Flux Density Required

From a survey of the literature on personnel comfort

and minimum temperature for adequate manual dexterity, such as

the handling cf tools while repairing equipment, a minimum allowable

hand temperature of 559F is indicated. From an analysis of heat
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loss from personnel and tools, to an ambient of -50°F, a minimum radiant flux
density of 200 Btu/hr-ft2 to the clothed body and 400 Btu/hr-ft2 to the hand-

o
work area was considered necessary to maintain a 55 F hand temperature. The

higher value of 400 Btu/hr-ft2 is to help maintain the tools and hands adequately

warm and has been ‘ised as one of the design criteria for this program. It is
realized that an fmpractically high heating rate may be required to heat and
maintain large pieces of disabled equipment at 50°F. Rather, effort must be
made to minimize contact of the hands with cold equipment and tocls and to
replace heat which is lost from the hands. Also, since infrared radiation is
directional, several units, suitably placed will be needed to provide uniform

heating over the maintenance personnel and the work site. This is the recom-

mended mode of operation.

2.2 Analysis of Radiant Heating Performance of Various
Source--Reflector Configurations

The spatial flux density distribution over the 8-foot diameter
target area located from 4 to 10 feet away from the heater was analyzed.
Sources were categorized into area, line and point sources; within these,
circular disc, rectangular, cylindrical and spherical geometries were analyzed.

Reflectors analyzed included conical, parabolic, and hyperbolic configurations.

These source geometries correspond to the actual units tested
as part of the experimental program. Theoretically predicted values of the
spatial flux distribution were compared with actual measured values. The cor-
relation was fcund to be extremely good. Based on this analysis, design

charts were developed for the preliminary sizing of heaters to provide a

specified flux density at the target.

!
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The analysis wa~ utilized to compare on an equal basis,
the neating performance of three source-reflector configurations,
namely, circular disc source - conical reflector, cylindrical source -
parabcelic reflector, hemispherical source - parabolic reflector, The
results showed the hemispherical source - parabolic reflector system
to be the optimum, having a flux density which is 50 percent greater

than that of the disc source - conical reflector system.

For the Government furnished (GFP) gasoline-heater,
consisting of a circular dicc source, a conical reflector was found
to be the optimum configuration with a possible increase in the flux

density by a factor of 3,

2.3 Survey and Evaluation of Commercial Infrared Heaters

The range of ccmmercially available infrared radiant
heaters was surveyed, This included liquid fuel and gas-fired and
electric. No commercial, liquid fuel-fired, portable, infrared
heater could be found. A variety of electric heaters are commercially
available, They are generally high temperature, high intensity sources
which radiate energy at shorter wavelengths, considered non-optimum
for absorption by the receiver, In addition, the complexity, in-
convenience, and inefﬁéiency of generating electricity at site, added
to the overall unattractiveness of electric heating for this application.
Thus, though one electric neater was selected for testing, general

consideration of electric heating was deemphasized.
Of the fifteen commercial heaters surveyed, five were

selected for testing. The principal selection criterion was source

geometry of the heater. They include:

10
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. Radiaut System's Pyroccre - cylindrical source.

. Hupp Propane Heater - rectangular source.

1

2
. 3. Hot-Tot Heater - cylindrical source.

4, Selas Radiant Burner - hemispherical source.
5

L Hi-Shear Electric Heater - circular disc source.

AT AT

In addition two other heaters tested are:

1, Government furnished gasoline heater - circular

disc source,

o TS T

2. Foster -Miller Radiant Heater - hemispherical

source,

2.4 Experimental Program

POy

A test apparatus was designed to measure the fuel input, _
3 the radiant intensity of the emitter, and the spatial flux density !
! distribution at the target area. An Ircon Model 300 Radiation
Pyrometer was used to measure the black body temperature dis-
tribution of the source and hence its radiant intensity. An Eppley
Thermopile Radiometer was used to measure the radiant flux

density distribution over the target area,

Test measurements were made on these heaters in a
stationary ambient and with a 15 mph wind. The Hi-Shear Electric _
1 Heater and Selas Radiant Burner were found to be unsatisfactory and £
E were not tested extensively. Tests results for the other heaters

are summarized in the following Table I. This table includes a

comparison of the heater source *emperature, the total radiant

11
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energy output, the fuel efficiency and the radiant flux density at
target distances of 4 and 8 feet when opcrating in both stationary and
windy environments. The salient results of this experimental pro-

gram are summarized here,

a. Source Temperature and Fuel Efficiency

The mean source temperature and fuel efficiency
are direct measures of the effectiveness of the burner and emitter
design of the radiant heater. In general it is desirable to have a

high mean source temperature together with a high fuel efficiency.

The surface combustion heater designs, such
as the GFP gasoline heater and the Hupp propane heater, where the
flame holder is both the heat exchanger and the emitter, have a
poor heat exchange effectiveness. This results in a high exhaust
gas temperature, low emitter temperature and poor fuel efficiency.
The measured fuel efficiency of the GFP gasoline heater is only
40 percent at a mean source temperature of 1200°F. Similar values

for the Hupp propane heater are 50 percent and 1360°F,

The FMA heater and the Hupp Hot-Tot heater
designs have separate burner and heat exchange surfaces thus
resulting in higher fuel efficiencies and emitter temperatures.

The FMA heater has the highest measured eificiency of 74.5 percent
at a mean source temperature of 1400°F., The Hupp Hot-Tot is

equally efficient at 69 percent at a source temperature of 1500°F,

The Pyrocore heater 1s a good design of a

surface combustion type burner operating at a fuel efficiency of

13
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65.7 percent at a source temperature of 1540°F, It has the highest

source temperature of all the heaters tested.

E The FMA heater design has not been optimized.
An improved heat exchanger design for the source 1s likely ic result
in a source having a mean black body temperature of 1600 °F with a
small reduction in fuel efficiency but a 50 percent increase in the

total heat flux radiated.

b. Heat Flux Density at the Target Surface -
: Effect of Reflectors

The measured flux density distribution at the

target surface from the various heater source and reflector con-

figurations is seen to confirm the theoretical predictions of their
relative performance. For comparable fuel inputs, the highest flux
density is obtained with the hemispherical-source, paraboloidal-reflector
FMA heater and the lowest with the area-source, conical-reflector

GFP gasoline heater, The cylindrical or line source with a para-

boloidal reflector, such as the Pyrocore heater, is intermediate in

value.

T

The flux density distribution over the target

i

was generally non-uniform for all heaters, with a peak along the
axis and a minimum at the outer radius of the target. This ratio
of maximum to minimum flux density was largest at 'arget distances
close to the heater, such as 4 feet. At the larger target distances,
such as 8 feet, the flux density distribution would tend to be more
uniform. The addition of reflectors to direct the radiation at the

target would generally result in an increase in both the mean flux

14
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density and the nonuniformity as measured by the ratio of maximum
to minimum flux density. Thus suitable trade-offs must necessarily
be made to optimally match source and reflector designs in order
to achieve both maximum uniformity and mean value of the flux

density distribution at the target.

The target heating periormance of the GFP
gasoline heater was found to be extremely poor. At a target distance
of 4 feet a peak heat fiux density of 186 BTU/hr -ft2 was measured
at a target radius of 1 foot which dropped off to a value of 65
BTU/hr-ft2 at a target radius of 4 feet and a mean value of 135
BTU/hr-ftZ.. As the original heater came with no reflector for
focusing of the radiation, the flux density at a target distance of
8 feet dropped off to 45 and 35 BTU/hr-ft2 at target radii cf 1
and 4 feet and a mean value of 40 BTU/hr-ftZ. This heating
performance was increased substantially when the GFP heater was
fitted with conical reflectors designed to optimize the radiant heat
flux density at the target, With the large conical reflector, having
a maximum diamecter of 24 inches and a length of 12 inches, the flux
density at the target was almost twice that of the original heater.
The flux density at a target distance of 8 feet 1s still quite low,
having a mean of 85 BTU‘/hr-ft2 as compared with the 200 BTU/hr-ft

desired from each heater unit. It is unlikely that further substantial

2

increases could be made with improved reflector designs. The
source temperature is also limited, and cannot be increased with the

present Cercor flame holder design du. to the danger of flash-backs.
The FMA radiant heater, with the exception of

the much larger Hot-Tot heater, gave the highest flux density at

the target area. At a target distance of 4 feet this varied from 560

15
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to 50 BTU/l'xr-ft2 over target radii of 1 to 4 feet with a mean value of
313 BTU/hr—ftZ, and at a target distance oi 8 feet this similarly
varied from 195 to 58 BTU/hr~ft2 with a mean value of 145 BTU/hr-ftZ.
. These results show that the heater performance is approaching the

i desired value of 200 BTU/hr-ftZ. The radial flux density distribution
as obtained from this source-reflector combination is highly con-

centrated along the axis and is seen to fall off very rapidly at the

3 larger target radii. We feel that the radial flux density distribution
could be made more uniform by using a hyperboloidal reflector instead
of the paraboloidal one. As discussed earlier, it is likely that with
an improved source design, the source temperature could be increased

to 1600°F resulting in a 50 percent increase in the ux density at

i

1 the target., With both these modifications incorporated into the FMA
] heater, a mean flux density of 200 BTU/h —ft2 at a target distance

il

3 of 8 feet appears to be achievable,

The Pyrocore propane heater had the best per-
formance of all the commercial heaters tested. At 60 percent of the
fuel input of the GFP gasoline heater, it provided a flux density on
the target which was comparable to that of the gasoline heater. | |
! The periormance of the original Pyrocore heater was substantially
3 improved with the addition of the large conical reflector so as to
increase the overall diameter of the paraboloidal reflector and a
small inner cone to control the radiation from the front end of the
cylindrical source, Thus, mean flux densities of 143 and 70 BTU/

s hr-ft2 at target distances of 4 and 8 feet respectively were obtained,

c. Heater Performance in a 15 MPH Wind

.

The GFP gasoline heater and the Hupp propane

16
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heater would not operate with a i5 mph head on wind due to flame-
outs, This is a characteristic of all surface combustion burners.
The Pyrocore, though a surface combustion burner, has good wind
resistance, due possibly to its high operating gas pressure. 't
remained operational at approximately 30 percent of its original flux ]

density,

The FMA radiant heater has extremely good
ind resistance. There was no danger of a flame out with this
heater design. The heater was extremely easy to light., The flux
density obtained from this heater when operating in a 15 mph head wind

was about 70 percent orf its value in a stationary ambient,

To summarize, the test program has shown that
the Foster-Miller Radiant heater has by far the best performance of
all the heaters tested, It has extremely good wind resistance.

It offers the potential for the development of a compact, rugged
radiant heater to meet the needs of personnel working in an Arctic

environment.

2.5 Parametric Design Analysis of a Radiant Heater

A parametric design analysis of a generalized fuel
fired radiart heater was conducted to determine the interrelationships
between fuel flow, combustor design, convective heat transfer from
the hot gases to the emitter and finally radiation from the emitter to
the environment. The design of the Foster-Miller hemispherical

source was based on this analysis.
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2.6 Materials for Emitter Construction

Inconel and a ceramic-glass, such as Cercor, are the
two most commonly used materials for emitter construction. Tbhe
emissivities of both these materials at the operating temperatures of
the heaters (1400 to 1600°F) are practically the same and reasonably
high, 0,65 to 0.78. Thus there is very little to be gained in

increased performance from a high emittance material or coating.

cl B KR R L s e e Sl
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2,7 Special Design Requirements for a Liquid-Fuel Fired
Radiant Heater

Design features specific to the development of a

liquid fuel fired radiant heater were analyzed. These included

i e L R
TP RS P, T dp o

design modifications to the burner for operation on liquid fuel and

special control features for safety,

il
-

2.8 Conclusions

The major conclusion from the studies reported in

the preceding sections is that there is no commercially a -ailable

heater capable of operating in the specified Arctic environment of
; -50°F and 20 mph winds and supplying the necessary heating rate
| to keep personnel and equipment warm, The GFP gasoline heater

is totally unsuitable for this application,

With a limited amount of design effort, a novel radiant
heater design has been developed, called the FMA radiant heater,
which has the best performarce of all the heaters tes.ed, The

radiant flux density at the target from this heater configuration

g 1 o0
Tt
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was found to approach the minimum considered necessary for personnel and
equipment heating. This design offers the potential of being developed
into a portable, rugged, compact, high intensity, high efficiency

radiant heater for Arctic operations.

The specific major conclusions derived from this study

T

are presented as follows:

B b

E | (1) Calculations indicate that a flux deasity from a
heater on the order of 200 Btu/hr-ft2 to the clothed maintenance per-

f sornel will be required to prevent a drop in body t-mperature when work-
ing at -50°F even when exposure to wind is prevented by use of suitable
windbreaks. Estimates indicated that even higher flux densities will be
requiired on the hands and tools to maintain hand temperature at 55°F or

greater.

TP

(2) This heat input can best be achieved by use of
several radiant heaters. For example, two large units might be used as i
large area heaters to cover the maintenance personnel and help maintain ;
body temperature. Each.should provide about 200 Btu/hr-ft2 at the ]
target area from_about 8 feet away and should be suitably placed to
equalize coverage of the target. Additional smaller heaters might
operate from -4 feet distance from the target to help maintain higher

flux levels in the immediate working area of the hands.

% (3) The theoretical radiant heat transfer analysis a
developed during this program is capable of predicting the radiant

flux density distribution at the target from various heater configura-

tions, consisting of area, cylindrical and hemisp!-rical sources

19
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and conical, paraboloidal, and hyperboloidal reflectors. The
correlation between theoretical predictions and experimental measure -

ments of flux density distribution at the target is extremely good.

(4) A hemispherical source with a paraboloidal or
hyperboloidal reflector is consideredto be the most effective con-
figuration for ineeting the design requirements, It is capable of
providing a 50 percent higher flux density at the target surface than
possible with an optimmum disc source, conical reflector configuration
of the same source area, source temperature and overall reflector
size. A cylindrical source with a paraboloidal reflector is inter-

mediate in performance between the above two configurations,

(5) The design charts developed can be used for
the preliminary design of a heater configuration to provide any
specified flux density requirement at the target, Though the charts
have been developed for a source temperature of 1500°F, designs
for other source temperatures can easily be obtained by suitable
scaling of the radiated emissive power (i.e. scaling by the fourth

power of the absolute temperature),

(6) A source temperature in the range of 1400°F
to 1800°F is considered desirable to optimize the radiant energy

absorption at the target,

(7) The GFP gasoline heater is considered unsuit-
able for operation in the specified Arctic environment, It is ex-
tremely difficult to light and will not opeiate with a head wina
blowing on it., In a stationary ambient it operates at a mean black

body emitter temperature of 1200°F, Its source temperature could

20
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not be increased due to the danger of a flash back. The heating per-
formance of the original gasoline heater was extremely poor with

a mean flux density of 40 BTU/hr -ft2 at a target distance of 8 feet,
This can be improved by the use of a conicai reflector having a
maximum diameter of 24 inches and a length of 12 inches, to 85
BTU/hr—ftZ. This is still substantially less than 200 BTU/h'r—ft2
required. Substantial increases above this value with improved re-

flector designs do not appear to be possible,

(8) The Foster -Miller radiant heater consisting of
a high intensity Wingaersheek Turbo Torch burner, a hemispherical
shaped heat-exchanger and emitter, and a paraboloidal reflector
showed the best performonce of all the heaters tested. 1t is easy
to light and operates extremely well in a windy environment. The
heater -source configuration design is one where a high mean source
temperature can be achieved with a relatively high fuel efficiency,
The heater operated at a mean black body temperature of the emitter
of 1400°F and a fuel efficiency of 74.5 percent, The mean flux
density at a target distance of 8 feet was 145 BTU/hr—ft2 which is 72
percent of the 200 BTU/’hr-ft2 required.

9) The Foster-Miller radiant heater continued to
operate in a 15 mph héad—on wind with a mean flux density at 8 feet
estimated to be 1090 BTU/hr-ftZ. This represents a 30 percent
reduction in its radiant power output. This performance was found
to be superior to any of tlie other heaters tested and is attributable

to the special design features of the hemispherical source.

(10) The source configuration and the reflector design

of the Foster-Miller heater have not been optimized. Ilmproved heat
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exchanger design of the source could result in an increase in the
mean temperature to 1600°F resulting in a 50 percent increase in
the radiant flux radiated. Thus, a value of 210 BTU/hr 1t or

the mean flux density at an 8 feet target distance could be obtained.
An improved reflector, such as a hyperboloidal design, could result
in a2 more uniform flux distribution at the target and possibly a

higher flux density.

(11) The burner design used with the Foster -Miller
heater can be modified to liquid fuel design with the addition of a
prevaporization section. It is inherently safe. The chance of a
flash-back upstream of the flame holder leading to an explosion is

negligible.

(12) The most commonly used materials for emitter
construction are inconel and a ceramic, such as, Cercor. Their
emissivities at the high temperatures of 1400 to 1600°F are com:-
parable, Cercor, being fragile and brittle is likely to be damaged
by mechanical shock due to rough handling. It is therefore, not
recommended for this application. Inconel is the better choice,

The FMA radiant heater design lends itself to fabrication with

inconel,

(13) Radiant System's Pyrocore heater was the
best of all the commercially available heaters tested. It has a
cylindrical source of inconel in a paraboloidal reflector., The mean
flux density at a target distance of 8 feet was 45 BTU/hr—ft2 at a
source temperature of 1540°F and a fuel input which is 60 percent
of the input value to the GFP and FMA heaters, The mean flux

density at the target was inc-eased to 70 BTU/hr -£t% with the
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addition of the 24 inch (large) conical

heater and an inner conical reflector,

reflector used for the GFP

The heater was easy to light
and has good wind resistance,

2.9 Recommendations

The preliminary prototype model of the Foster-
Miller radiant heater

other commercially available designs for the specified application

of heating personnel and equipment in an Arctic environment, It is

therefore recommended that a development program be undertaken
to optimize the design and to modify it for liquid fuel operation,

Such a development program would have as its specific objectives;

(a) Optimization of the burner and heat exchanger
to increase the mean source temperatare to 1600 F from the pre-

sently achieved 1400°F. This would result in an increase in the

radiant intensity of the source by 50 percent and result in a mean

radiant flux density of 210 BTU /hr -ftz at a target distance of 8 feet,

(b) Optimization of the reflector design to achieve

@ more uniform radial distribution over the target area, such as,

with a hyperboloidal reflector,

(c) Detailed design of the heat exchanger con-

figuration, including selection of material of construction, mode of

construction and fabrication to minimize weight and cost,

(d) Modification of the burner design for liquid -fuel

operation by incorporating a prevaporization section for the liquid
fuel,
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(e) Optimization of the configuration design for
3 portability, reliability of operation, resistance to shock and rough ]
handling and finally good wind resistance.
B (f) Design for safety and controls tn op imize
‘% operation in the specified Arctic environment.
]
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3L Heating Rate Requirements

The purpose of this program is to develop design recommendations
for a radiant heater tc provide the necesszry heat input which will
enable personnel to work with reasorat'e comfort in the specified
environment. The specific heat rate required to achieve this com-
fort is extremely difficult to theoretically estimate, especially with
radiant heat which is highly directional, It is tacitly
assumed that the worker is protected thermally with
Arctic clothing and ithe primary function of the radiant heater is to
heat the exposed surfaces of his hands and his working tools

such that normal manual dexterity can be maintained.

Experiments conducted by Gaydos, Adams and others have
demonstrated that as the finger skin temperature falls below 50 to
55° .7, hand tactiie function and mobility are most seriously impaired.l’z*
Stinchfield and Rohr confirmed that this temperature limit agreed
well with observations made at the U.S. Army Natick Laboratories
of men working in a cold environment, 3 It has also been shown that
with adequate heating of the body hand temperatures can be maintained.2
In fact, face warming is capable cf incieasing blood flow to the hands.
Thus both general heating of the body, as well as local heating of the

exposed hand surfaces, is likely to aid in increased manual dexterity,

Since no data could be found for the direct heating rate for
the hands, heat density requirements for maintaining personnel com-
fort and a teraperature of 50°F for the metal tools were estimated.

These data are used as a basis for radiz-t heater design requirements.

* Raised numbers refer to literature cited.
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3.1 Radiant Flux Inputs Required for Personnel
Comfort

The theoretical radiant heating requirements for personnel
comfort can best be estimeted from a consideration of an overall body heat
balance and tte heat loss relationships from the skin co the ambient sur-

roundings.

A scnematic diagram for body heat balance in a clothed human
body is shown in Figure la and the heat loss relationships are diagrammed
in Figure 1lb. These heat terms and relationships are discussed and used

in the following sections:

(a) Heat Produced by Metabolism, M

The production of heat due to internal metabolism of
the body is very strongly dependent on its .:ate of activity. Values for
M reported in the literature fall in the range of 0.7 Met to 17.2 Met (where

4,5

2
1 Met = 18.5 Btu/hr-ft~), depending upon the level of aciivity. As a

conservative approximation for design, a metabolism level of 1 Met is assumed,

which essentially corresponds to a condition of rest.

(b) Heat Content of the Body, D

For personal comfort the net loss of heat content of
the body has to be zero. Therefore the value of D - 0 will be used in our

calculations.

(c) Evaporation Heat Loss, Q.

Loss of heat due to breathing and perspiration evapora-
tion are two factors which contribute to the total evaporation heat loss from

the body. The parameters which affect evaporation heat loss are the ambient
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Q, (radiation heat
loss)

Q (evaporative neat loss)
e

Q (radiative heat input)

M + D represents net heat
generation of body .

"= Clothing outer surface

Skin surface

Core of body 5

Q

convective heat loss)

Lk o il

& ch (conductive heat 1oss)

(a) Heat Balance with Surroundings

Body ' \\\\ Clothing Air

Temperature TC1 Q. T

s i e i i

Heat Flow =(M+D-Q) H+Q é
_——% e , 1 :

Insulation cl I

(b) Heat Loss Relationship

Figure 1 Heat Relationships for a Clothed Hduman Body
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temperature, relative humidity, clothing, and level of activity.

Empirical relationships for the evaporation heat loss
in terms of these various parameters are discussed in detail in References
4, 5, 6 and 7. For design, a good estimate of evaporation heat lcss is 25

percent of the metabolic heat production.

(d) Convection, Radiation and Conduction
Heat Toss, (Q. + Qp 4+ Qcd)

Heat losses from the outer surface of the clothing
are completely accouuted for by conduction, radiation, and convection and

the heat losses are known to be proportional to the temperature gradient

between the clothing surface and the ambient, Tc1 = Ta’ and inversely pro-

portional to a quantity representing the insulating value of the air, I .

Because air movement due to thermal gradients or wind is always present, B
convection and radiation are the primary heat transfer mechanisms. With

variation in ambient temperature the relative proportion of heat loss by

radiation and convection changes. While in colder environments the loss by

radiation decreases, the loss by convection, for the same velocity of air

movement, increases because of the increase in air density and decrease in

air viscosity with decreasing temperature which coatribure to an overall

increase in the convective heat transfer coefficient. The increase in con-
vective loss tends to compensate, very nearly, the decrease in radiative ;
loss, and this 1s so over practically the whole range of values of air 1
movement. Thus the insulation value of air, Ia’ is essentially independent
of the ambient temperature. The quantity Ia is, however, strongly dependent i
on the wind velocity and varies from about 1 clo unit in still ambient air
to 0.15 clo unit in a 20-mph wind. One clo unit is equivalent to

0.880F/Btu-hr-ft2. The thermal insulation value of clothing, Icl’ is about

4 clo/inch of clothing thickness and for cold weather situations ncrmally

ranges from 2-5.6 clo, depending on the clothing selected. |
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(e) Calculation of Radiant Heat Input to a Fully
Clothed Body

It may be seen from Figure 1lb that under steady state
conditions the two relationships for heat ‘ransfer from the skin to the

outer surface of the clothing and from this clothing surface to the ambient

surroundings must be satisfied by the same values of H and Tcl' These
relationships are:
T -T 1
H = M+D-Q - 81 =
€ cl (1)
Tc1 - Ta
H+Q, = Q +Q +1Q =
i c T cd Ia 2)
If these equations are added and rearranged we obtain:
Ia TS - Ta
H + Q, =
= Ic1 E Ia Ic1 * Ia (3)

It may be noted from this equation that the effectiveness of the radiant flux,
Qi’ in reducing the heat flow, H, from the body and across the clothing is

dependent on the ratio of the insulation outside the point of absorption of

the radiant flux, Ia, to the total insulation, I+ Icl' Thus one can see

that the radiant flux would be most effective if the clothing was trans-

parent to the radiant flux and it was absorbed at the skin surface.

Alternatively, equation (3) may be rearranged in the
form:

H - Ts : (Ta * QiIa)
lc1 + Ia (3a)

This arrangement shows that the effect of the radiant energy can be considered

29
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as a moderation of the ambient temperature in which the effective radiation }
A
increment is the product of the radiant flux and the thermal insulation out- 3 f_
s :
side the point of radiant iux absor;tion.
The radiant flux input required to maintain body tem-
perature with a 1-Met metabolism level, corresponding to a rest situation,
may be calculated from equation (3) for the following assumed conditions:
b = 0
T = 90°F
s
T = -50°F
a
= 1
lCl = A cio
Ia = 0.75 clo assuming use of windbreak
Q = 0.25M !
e

A value of Qi = 124 Btu/hr-ft2 is obtained. Recognize that, as calculated,

this represents a quantity sbsorbed uniformly over all surfaces of the ]
clothed body. Note also that for khaki clothing only about 607 of the

radiant flux will be absorbud and that energy from a single radiant source

will be incident on only about 1/3 of the body surface; thus it becomes

evident that much higher flux levels should be necessary in a field situa-

tion utilizing radiant heaters to maintain body temperature.

If this calculation was made assuming a 20-mph wind :
corresponding to Ia = 0.15 clo, then the quantity Qi required is on the ;
order of 600 Btu/hr-fte. The need for use of a windbreak is evident.

(f) Calculation of Radiant Heat Input to
Bare Hands

Recalling that hand skin temperatures must be 50°F 3

30

i a0

i i

T IR RARTIOTY PR P T PRy e = sde SRS T R e T i i et alh it i




T T S T TV

i Sl

e et

L e s et T S ik

or greater to maintain manual dexterity one can calculate the rate of heat

loss from bare hands and thus the maximum radiant energy input required at

the skin surface, assuming no input from the body. For the relationship

T -1T 3
HeQ = —5—2 i
a (4) 3
assume ;
H = 0 2
T = 50°F
s
T = -50°F
a
Ia = 0475 clo for a windbreak resulting in very

little air movement

Then the Q, requirement is 150 Btu/fte/hr. Recognize that this is a maximum
requirement assuming no input from the body and that it represents a value

for the flux absorbed uniformly over the hand surfaces. Since the flux

from a single radiant source would only be partially absorbed and would
reach only about 1/3 the area of the hand, it is evident that the flux level

requirement could be much higher tu compensate for heat loss by convection

and radiation from bare hands.

If we assume that no windbreak is used and that the
hands are exposed to a 20-mph wind corresponding to a thermal insulation

value of alr, Ia’ equal to 0.15 clo, then the Q1 requirement calculated is
750 Btu/ftg/hr. 1

Even higher rates of heat loss could occur if hand

contact was made with cold tools or other high thermal conductivity material.
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3.2 Radiant Flux Inputs _Required to Warm Metal Tools

A working temperature of the tools in the range of
50 to 55°F is desirable, The radiant heat input to achieve this

condition is calculated by equating the heat input to the heat loss

to the ambient. The total heat loss Qi+ BTU/hr can be expressed

Ik o i i

by
Q= Q. +Q (5)
] where
: Q. = radiation heat loss, BTU/hr
Q. = convection heat loss, BTU/hr

In general, the predominant heat loss is due to convection; radiation

cooling is relatively small and has bren neglected. Therefore, the

required heat input, Qi can be approximated by

, E A (T - :
Q hc s ( s Ta) ()
where
hC = convection heat transfer coefficient
As = surface area E
1 Ts = surface temperature of tool
’E Ta = ambient temperature

. 1
E iy

e
ARSI o amm-aiih,
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Though the radiant heat input is directional and would

- heat only the tool surface directly exposed to the radiation, the
ttermal conductivity is sufficiently high so that the tool is assumed

to be at a uniform temperature. Then As represents the total

surface area of the tool.

The convection heat transfer coefficient is determined

from the following correlations,

] (l:< = 0, 664 Pro' 22 Reo' - for laminar flow (7a)
; h L
g S = 0.037 P R " for turbulent fow (7b)
3
where
L = length of the plate 3
1
k = thermal conductivity of air
c_p ‘?
Pr = Prandtl number = —%—
{ Re = Reynolds number = p X L :
%
cp = specific heat capacity of air ‘
]
3
p = density of air
o
4 = viscosity of air
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For air at O°F and 14.7 psia, with a wirnd of 20 mph blowing pact a metal tool
approximately 1 foot in length, the heat transfer coefficient is estimated to
be &4 Btu/hr-ftg-oF. For a design tool temperature of 50°F and an amb.ent of
-SOOF,.a radiant flux input of 400 Btu/hr-—ft2 is8 calculated.

3.3 Radiant Flux Inputs Required to Warm Equipment Under Repair

Similar estimates of the radiant heating rate required to warm
disabled equipment are difficult to obtain because of the variety of sizes,
shapes and materials of construction possible. The heating rate required to
warm an automoblle tire may vary significantly from that required to heat
the carburetor of an engine due to their significantly different thermal dif-
fusivity and thermal capacity. These parameters affect the time required

to achieve a ther.al steady state.

It is likely that the convective heat transfer coefficient
for most equipment would be of the same magnitude as that calculated for
tools (in the form of a flat plate) as given by Equation (6) and hence 400
Btu/hr-ft2 would be sufficient to keep the equipment warm in the steady state.
However, the time required to achieve this steady state will often be too
large to be considered acceptable, and consequently a much higher heating
rate may be required. Furthermore, radiant heat, being directional will
only reach a fraction, about one-third, of the surface of a three-dimensional

body exposed to it.

The selection of an actual design heating rate for equipment
would have to be based on a detailed analysis of the initial time available
for warm-up and the transient thermal behavior of the equipment being heated.
In the absence of such an analysis the steady state heating rate of 400 Ltu/
hlj-ft2 is recommended as a minimum flux level over the total surface of the
equipment. Higher heating rates, achievable by irradiating the same surface
with more than one heater unit or with the heater placed close (less than 4

feet) to the target would be required to reduce the initial warm-up period.

3.4 Design Recommendation for Heating Rate Requirement

The basic problem, if personnel are to efficiently perform
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routine maintenance and emergency repair of equipment under extreme cold con-
ditions, appears to be to maintain their hand skin temperature above 55°F
without inhibiting their performance by the presence of bulky hand protection/
insulation. It is obvious that the nature of the specific job to be done,
together with the weather situation at the time, will determine the magnitude
of the problem. Present knowledge is foo incomplete to define the optimum

approach but the calculations of the previous sections can offer some guidance.

Since circulatory input to the body cextremities is reduced as
body temperature is reduced, it appears desirable to supply area heating to
help maintain body temperature. The calculations of Section 3.1 stress the
need for minimizing exposure to wind in order to keep the required flux level
within reason and indicate that from an area heater flux levels on the order

of 200 Btu/hr-ft2 at the target are required.

The problem of heating equipment under repair to 50°F is con-
sidered in Section 3.3. The discussions indicate that for many jobs it will
be completely impractical to attempt to heat the equipment %o SOOF to prevent
loss of heat from the hands. Rather, the approach to the problem must be one
of minimizing heat loss from the hands by minimizing direct contact with the
equipment and of -apidly replacing heat which is lost. The use of tools made
of low conductivit ' material and with Iinsulated handles, of suitable insulated
clamps to minimjze h.ud contact with massive equipment parts, of lightweight
gloves to reduce the rate of heat loss to cold metal and tools, and of radiant
heat at the working site to rapidly rewarm the hands is called for in this
situation. The calculations of Sections 3.1 and 3.2 indicate that the flux
level from a heater directly on the hands and tools should probably be ut a

minimum of 400 Btu/nr-ft and wuch higher levels may be required.

Because of the directional nature of the output from radiant
heaters it will often be necessary to use arrangements of several heaters,
for example, two area heaters set back about 8 feet from the job and provid-
ing heat from different angles together with one smaller heater set £ to 4
feet from the working site and heating a smaller target area where the hand-

work is concentrated.
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4, Analysis of Radiant Energy Transfer from Various Source-
Reflector Combinations

4.1 Analytical Cbjectives and Method

Personnel heating, with the gasoline fueled radiant heater
developed for the 1TJ.S. Army,under a previous contract, was adequate
up to distances of 4 feet from the heater but totally inadequate at
distances of 8 to 10 feet from the heater. Better control or focusing
of the radiant energy was considered necessary. Consequently, one
ot the principal objectives of this program is to analyze the radiant
heating performance of various source configurations; such as area,
line and point sources, with ard without reflectors designed to direct
the radiation on the target area specified, Adequate heating is con-
sidered necessary over a target area 8 ft in diameter, located 4 to
10 ft from the heater. A theoretical analysis was conducted to predict

such performance.

The specific objectives of this analysis are:

1, To analyze the radiant heat transfer to the target
from various sources, such as, discs, cylinders,

spheres,

2. To design various reflector configurations for
these sources and to analyze the radiant heat
transfer to the target with these source-reflector

combinations,
3. To calculate the spatial distribution of radiant flux

density on the 8 ft diameter target located 4 to
10 ft from the heater,
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4, To develop optimum reflector configuratiorns for

the Government furnished gasoline heater,

5. To develop design curves for the preliminary
design of source and reflector combinations to

mecet a specified flux density at the target.

6. To develop and recommend an optimum source -

reflector combination for personnel heating.

The theoretical analysis conducted to satisfy these
objectives is preseated in Appendices A and B. Analytical predictions
were supported by experimental data obtained during the test program
which was used to establish the value of certain constants or the
validity of certain approximations, This semi-empirical approach
has resulted in a model which satisfactorily predicts the
performance of the different source-reflector configurations, Based
on these results, charts for the preliminary design of heater con-
figurations have been devzloped and an optimum configuration of a
hemispherical source with a paraboloidal or hyperboloidal reflector

has been selected.
The analyses was conducted in two parts:

(1) The axial distribution of the radiant heat flux
density at the center of the target and target
locations from 4 to 10 fr from the heater
was analyzed, as described in Appendix A.
These results were utilized to approximately
predict the performance of the various heater

configurations in heating the target area.
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(2) The radial distribution of flux density over the
target area was approximated, using the analysis
of Appendix A and the test results reported in
Section 6, A discussion of this analysis is

presented in Appendix B,

The major results oktained from these analyses are

presented in the following sections,

4.2 Radiant Heat Transfer Performance of Various Source
Reflector Geometries

The radiant heat transfer performance of the various
source-reflector configurations is expressed in the following terms:

(a) Heat Transfer efficiency, defined as

N

Total heat flux received by the target
Nt Total heat flux emitted by the source

(b) A Flux Density ratio, R defined as

FD’

Heat flux received per unit area of target
FD Heat flux emitted per unit area of source

(c) i = Radiant flux density at the target
generated by a source of unit area,

BTU/hr-1t"

Figures 2 through 7 show schematic diagrams of the
di{ferent source and reflector gesmetries analyzed in Appendix A,
Performance values were calculated for each of these geometries

based on the following assumptions:

38

i el it Ml




e Liaa s

i i

e e i e s i kb

i ¥ sl b e AR mutim
o et o Tl T T e L TN LTI IE LT Ee oy P WL Ty o e

Target

Reflector

Figure 2 Disc Source with Conical Reflector

D

Figure 3 Circular Cylinder (Line Source)
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Figure 4 Circular Cylinder with Parabolic Reflector
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Focal Point

Figure 5 Circular Cylinder wi

th Hyperbolic Reflector
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Figure 6 Spherical Source with Paraboloid Reflector
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Figure 7 Spherical Source with Hyperboloid Reflector
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(1)

(2)

(3)

The source temperature is constant and uniform
over the total source area as well as for all
different source types. An assumed temperature
of 1500°F and an emissivity of 1 results in an

emissive power of 25,000 BTU/hr-ftz.

The target is 6 ft in diameter and 10 ft away

from the source, It has an absorptivity of 1,

The radiant flux densities calculated represent

a mean over the target area,

The calculated performance is summarized in Table 1I. The ideal

configuration is one where all the radiant energy output of the source

is received by the target area., It represents a ryaximum in possible

performance,

The results of this simplified analysis are useful in

obtaining a comparison of the relative heating performance of the

various source geometries and reflector configurations, The principal

conclusions from this analysis are:

lo

The heat transfer efficiency, nr is a strong
function of source geometry and reflector
design, In general a higher efficiency is
obtained with a smaller size source and the
largest possible reflector, For example the
efficiency obtainable with the small diameter
spherical source is greater than 50 percent
as compared with only 20 percent with the

large diameter disc source.
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2, The major factor in reflector design which

E affects overall performance is the degree of
E directional control, One direction control,

] i such as with a parabolic reflector and « lire
source, is less efficient than two direction

| control as obtained with a paraboloidal

reflector and a spherical source.

3. A spherical source with a paraboloid reflector
is estimated to yield the best performance

amongst the various geometries considered, A

heat transfer efficiency approaching 8C percent
has been calculated, This value could possibly f
be increased further by controlling the emission . |
from the front surface of the source with a

» suitable reflector, i

4,3 Spatial Distribution of Flux Density at the Target

The flux density distribution at the target from a source
without 2 reflector can be calculated from Figures A-2 and A-3 of
Appendix A, which show the spatial distribution of view factor for
disc and rectangular sources, The GFP gasoline heater is essentially
* equivalent to a 1 ft diameter disc source with no reflector, The :
heater has a preheater which shades about 30 percent of the source 'k
area. Theoretically predicted values of the flux density distribution

for this configuration at target distances of 4 and 8 ft are shown in

Figure 8. Also shown for comparison are the experimentally measured
values, presented in Section 6.4.1 of this report., The results show

good agreement between theoretical predictions and actual measurements,
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Figure 8 Comparison of Theoretical and Experimentally Measured
Values of the Radiant Flux Density Distribution
at the Target from the GFP Gasoline Heater
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The small increase in measured values over theoretical predictions
at the target distance of 4 ft, is probably due to the very short

cylindrical reflector integral to the heater,

The analysis to predict the spatial flux density dis-
tribution for heaters with reflectors is presented in Appendix B,

Theoretically predicted values of the flux density distribution at

target distances of 4 and 8 feet and for three diiferent source
types are shown in Figures 9, 10 and 11, Each figure alsoc shows,
for comparison, experimental measurements of the flux density as
obtained in the experimental program with heaters hiiving similarly

4 configured sources,

Figure 9 is for a disc source with a conical reflector

R R

and, has for comparison, test results of the GFP gasoline heater

with a large conical reflector as given in Section 6.4.1 of this report.

Figure 10 shows the distribution from a cylindrical
source in a parabolic reflector and the results are compared with

the measured performance of the Pyrocore heater as given in

Section 6.4,2 cf this report,

Figure 1l shows the distribution from a hemispherical
source in a paraboloidal reflector and the results are compared with
the measured performance of the Foster -Miller Radiant Heater as

given in Section 6.4.5 of this repcrt,

All these figures show good correlation between theory
and practice, thus verifying the theoretical basis used in Appendices

A and B for deriving the spatial flux density distribution,
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Figure 9 Comparison of Exnerimental and Theoretical Values of the Radiant
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The analysis has been further utilized to develop design
charts for the preliminary sizing of source-reflector configurations
to achieve a specified flux density at a given target distance. The
actual flux density over the target diameter of 8 feet is seen to be
quite ncnuniform, specially at the close target distance of 4 feet, and
approaches uniformity at the largei target distances of 8 feet. To
simplify the presentation of the design curves, a mean value of the
flux density has been used, In addition, the performance of these
source -reflector configurations has been theoretically compared to
select the optimum., These results are described in the following

two sections,

4.4 Charts for Heater Design

Figures 13 through 25 presant charts for the pre-

liminary design of three different heater configurations consisting of,
(a) Disc Source - Conical Reflector (Figures 13 to 17)

(b) Cylindrical Source - Parabcloidal Reflector
(Figures 18 to 21)

(c) Hemispherical Source - Paraboloidal Reflector

(Figures 22 to 25)

These charts permit the selection of a source and
reflector size to ineet any specified value of mean flux density over
a target 8 feet in diameter and located at distances of 4, 6, 8 and
10 feet from the heater, There are four sets of charts for each

heater configuration corresponding to the four target distances. An
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additional chart for the geometrical design of the conical reflector,

as developed in Appendix A, is included here for completeness.

These design charts are based on a source temperature
of 1500°F and an emissive power of 25,000 BTU/hr-ftZ. They can
be used equally well for any other source temperature by multiplying
the abscissa (i.e. flux density) of these curves by the following

source temperature correction factor, f{

T?
T 4
- f = S
8 1960
where
Ts is the absolute temperature of the source, °R
Figure 12 identifies the geometrical configuration of the
three sources used in the development of these charts, The principal

design parameters are the source diameter. the reflector diameter

and reflector length, The charts are plotted with the mean flux density
at the target as the abscissa and the radius of the source as the
ordinate., The charts can be used for heater design and for

estimating the mean flux dénsity at the target from a specific design

configuration,

(a) Design of Disc-Source-Conical Reflector Heater

Figures 13 through 17 are the design charts to
be used for the preliminary design of 2 disc-source-conical-reflector
heater. Figures 13 through 16 show the variation of flux density at

the target with source radius as a function of constant reflector length
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(a) Disc Source

(b) Cylindrical Source
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(c) Hemispherical Source

Figure 12 Geometry of Various Source-Reflector Conf:gurations
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] for target distances of 4, 6, 8 and 10 feet respectively. Figure 17
shows the geometrical relationships for an optimum conical reflector
design. It shows the variation of Ro/Rs as a function of L/RS for

E various target distances H (i. e. H/Rs)° Thus for any R_, L/RS and

H the reflector radius Ro can be determined. The cone angle of

E the reflector can also be determined from Figure 17. In general, i
: for high heat transfer efficiency, it is preferable to use the smallest 1
|

diameter source and largest diameter reflector consistent with the

flux density required at the target,

(b)  Design of Cylindrical-Source-Paraboloidal
Reflector Heater

Figures 18 through 21 are the design charts

to be used for the preliminary design of a cylindricai-source-para-

boloidal-reflector heater. These figures show the variation of

source radius with mean flux density at the target. The charts show

R i e

lines of constant reflector radius R and constant RO/RS, i.e. the ]
ratio of reflector radius to source radius, These charts can be

used in the following two ways:

? (1) . When the design for a certain
application has specified size constraints, suchas, maximum reflector
radius, the source size can be directly obtained from these charts
by drawing a vertical line from the required flux density on the

abscissa to intersect the specified constant reflector radius curve.

(Tl i

The ordinate of this intersection point then represents the source ]

size,

(2) When there are no such constraints

on reflector size, the design can best be achieved by selecting a

e s il
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small source size on the ordinate of the chart and drawing a
horizontal line on the chart till it intersects a constants Ro/Rs
curve which gives the necessary mean flux density at the target.

From this, the reflactor radius can be obtained.

(c) Design of Hemispherical-Source-Paraboloidal-
Reflector -Heater

Figures 22 through 25 are the design charts
to be used for the preliminary design of a hemispherical-source-
paraboloidal -reflector heater. These charts are identical to those
developed for the cylindrical source design described in (b) and

are to be used similarly,

4,5 Sample Use of Design Charts

To demonstrate t:ie use of these charts heater con-

figurations have been sized as per the following design requirements:

(1) Mean flux density of 200 BTU/’hr-ft2 at

target distance of 10 feet.
(2) Maximum reflector radius = 12 inches
(3) Maximum reflector length = 12 inches,
The calculated source size for the three different configurations is

presented in Table III, This table also shows the mean flux density

at 4, 6 and 8 feet target distan-.es for these design configurations.
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TABLE III

PRELIMINARY SIZING OF HEATER CONFIGURATIONS TO SUPPLY
2

A MEAN FLUX DENSITY OF 200 BTU/hr-ft

AT A 10 FEET TARGET DISTANCE

RTINS TR, TR T

Heater Design - Source Type
Disc Cylindrical Hemispherical
Source Radius, inches ) 6 5,5
-Source Temperature,
1500 °F
Source Radius, inches 7 4,5 4.5
-Scurce Temperature,
1600°F
*Mean Flux Density 300 290 325 1
at 8 feet, BTU/hr-ft2
*Mean Flux Density 500 525 550 ]
at 6 feet, BTU/hr-(t?
*Mean Flux Density 1000 1250 1350 ’
at 4 feet, BTU/hr /ft®
*
Source Temperature = 1500°F
-
4
68
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These . eater designs have different source areas and
1 consequently different values of the total heat flux radiated and net
| fuel input., For example, the hemispherical source has the smallest
area and hence the highest fuel efficiency., In the next section we
compare the relative performance of the three different heater con-
figurations on the basis of constant fuel input and constant total heat

flux radiated.

3 4.6 Evaluation of Optimum Source-Reflector Configuration

Three source geometries, disc, cylindrical, and
hemispherical were theoretically compared, using the analysis of
Appendix B, under identical conditions of total heat flux radiated,
that is source area and temperature, Each source is assumed to
have an optimum reflector design to fit within the same overall
envelope. The comparison was based on a sou. e area of 113 sq.
in and an envelcpe size of 96 sq. in (i.e., lengtn x radius).

Figure 26 shows schematically the relative size and configuration of

the heaters. Figure 27 shows the flux density distribution at target

distances of 4 and 8 feet fo;; a source black body temperature of
1500°F% and an emissive power of 25,000 BTU/hr-ftz.

The results show that the flux density from the
hemispherical source heater is at least 50 percent qreater thin the
flux density available from the disc source. This shows the

superiority of the hemispherical-source-paraboloidal reflector design.
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(c) Hemispherical Source with Paraboloidal Reflector

Figure 26 Optimum Source -Reflector Configurations
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5. Survey and Evaluation of Commercial Radiant Heaters

The effectiveness of this survey of commercially available
radiant heaters was substantially increased by virtue of the infor-
mation available in two research bulletins published by the American
Gas Association Laboratories on infrared energy generated by
radiant gas burners.g’10 The reader is referred to these publications
for further information on the spectral energy distribution of
radiation, the spectral emissivity and absorptivity of var.ous materials,
and the radiant heating effectiveness due to matraing of the spectral

energy content of radiation with the spectral absorptivity of the load.

A short discussion of some general considerations affecting
radiant heater design, as abstracted from these reports, is pre-

sented in the following section. (A quantitative parametric analysis

7l e

of a radiant heater is presented in Appendix C.) This is followed
by a dctailed evaluation of the commercial heaters surveyed and

identification of the heater designs selected for further experimental

evaluation.

5.1 General Discussion of Radiant Heaters

5.1.1 Spect-al Content of Infrared Energy

A radiant or infrared heater is commonly used
in .ndustry for the direct heating of objects placed in its path, As
4 percnnel heater, it holds the highest potential among the various
types of heaters for approaching the benefits of solar heating. With

proper design, it can provide a uniform radiant flux intensity on the

T
a . . s i

object,

s s A b k. e o
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For the r:resent application, radiant heaters
can be classified into three catejories, based on the type of energy
utilized for heating, namely. electric, gas, and liquid-fuel-fired
burners. In general, all these heaters consist of an infrared energy
emitter which is heated to a temperature high enough to radiate in

the infrared band of the electromagnetic spectrum. This wavelength

spar. extends from the limit of visible red to the ultra short Hertzian
range, namely, 0,75 to 400 micrcns., The most useful range of L
wavelengths of infrared energy for these tyhes of burners lies in the

range of 1.4 to 16 microns. For a high effectiv2ness, it is

necessary that the spectral emissivity or absorytivity of the source
and the receiver be properly matched., For example, Figure 28 shows
the effect of mismatch between source and load, where a large

portion of the emit‘ed energy is wasted when using a high temperature :
4,030°F radiation sourc..9 A much higher efficiency would be

obtained using the 700°F source.

The gas and liquid-fuel-fired burners differ
from the electric infrared heaters in that they utilize the combustion
of fuel to raise the temperature of the emitter surface, The hot
gases produced as a result of combustion can contribute to the total
energy radiated. Tests on gas burners indicated that this could
be as much as 15 percent of the total ener_ y radiated. 10 In
addition, the total spectral radiation curve is modified by radiation
from gases resulting in certain peaks, as shown in Figure 29,

which in some cases can be utilized advantageously to match

kit Gt

corresponding peaks in absorptivity of the load. For example,
Table IV shows the absorption characteristics of some typical load

materials found in industrial! practice,
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Figure 28 Absorption Curve for HZO Film and Radiant

Energy Curves for 4,030 °Fand 700 ° FSources9
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Figure 29 Spectral Radiation Curve for (1) Gas-Fired Infrared

Burner, (2) Flue Gases, and (3) Hot Surface9
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TABLE 1V

ABSORPTION CHARACTERISTICS OF SOME
TYPICAL MATERIALS "

Product Major Absorption Wavelengths,
Microns

Paints 2.8 to 3.5, 5,7 to 6.2, 7.5, 10,0

Printing Inks 3.5, 5.8, 6.8 to 10.0, 13.75

Qils 3.5, 5.75, 8.0 to 9.0, 13.80

An evaluation of various gas-fired generators
showed these to emit energy at longer wavelengths than most electrical
generators, Lo Further, it has been shown that longer wavelength
erergy was more readily absorbed by most common load materials
than shorter wavelength energy. Figure 30 shows the differences in
behavior of two infrared sources on heating a film of linseed oil.

Table V summarizes the effectiveness of various gas and electrical

sources for heating three representive loads.

Thougi: specific, quantitative data on the spectral
absorptivities of clothing and human skin was not available, it is
concluded, based on the organic content of the receiving material,
that the longer wave length energy would be more effective for
personnel heating, Therefore a source temperature in the range of
1400°F to 2000°F is recommended,

76

PR e e e M s il 5 el L

i o om0

s . ka0 G



it i

TR

i

oy

T 3 1
£ : v
I

- AN 8
15 f -
£ H-R
TN
g/}J §\4\ \\ E
= \ E
CERN m s

0 2 4 6 8 10 12 14

Wavelength, Microns

Electric Lamp Emission Curve

Gas Burner Emission Curve

olele

Linseed Oil Absorption Curve

Figure 30 Absorption Characteristics of Film of Linseed Oil
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TABLE V

ABSORPTION OF INFRARED RADIATION FROM VARICUS
GAS AND ELECTRICAL SOURCES BY THREE REPRESENTATIVE

LOADS ?
Percent of Total Radiated Energy Absorbed
by
(a) (b) (c)
Radiant Source ) l-mm-Thick Linseed Oil
HZO Film Film Concrete
Infrared Gas Burner 95, 50 27. 50 41, 40
250 -W Industrial I-R Lamp 59.00 8. 56 9.28
500-W Translucent Quartz 62.00 10,70 16.28
Lamp
750 -W Translucent Quartz 94, 00 25. 50 44, 80
Tube
(a) Major absorption wavelengths,
1.5 to 16,0y
(b) Major absorption wavelengths,
3.3t0 3.7y, 5.6 to 5.9, 6.8 to 9.5y
(c) Major absorption wavelengths,

2,7 to 6,0y

5.1,2 Types of Infrared Energy Generators

5.1,2.1 Liquid and Gas-Fuel-Fired I-R Generators

Liquid- and gas-fueled infrared energy
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generators utilize the combustion of the fuel to raise the temperature
of a solid emitter, As discussed in the previous section, only a small
fraction of the total radiated energy is supplied directly by the luminous
flame. Solids are better rcZiators than gases as they offer the
potertial of controlling the radiated wavelength span by a control of

the temperature, while flame radiation is limited to well defined bands
due to the characteristic radiation wavelengths of the €O, and 1,0

2
molecules. Four classes of the common types of I-R burners arec

shown in Figure 31,

An internally fired radiant tube typc
of burner is shown in Figure 3l(a). This may also be of the panecl
type. These are indirect units where the radiant surface is betwecern
the flame and the load and are used particularly where contamination
of the atmosphere by gases is not permitted, Surface tempcratures

between 200° to 2500°F can be achieved,

A surface combustion 1-R burner which
uses a porous refractory as 1ts radiating surface is shown in Figure 31](b).
The fuel-air mixture flows through the ceramic material and burns on
its outer surface. The refractory is heated and becomes the radiating
surface. Typical atmosphetic burners of this type can achieve tem-
peratures up to 1650°F. Higher density refractories used with power
burners can achieve somewhat higher temperatures up to 1800°F,

This type of burner is extensively used in space heating applications,

A directly fired refractory burner

where the radiating surface is heated directly by a flame on its
surface is shown in Figure 31(c). These are generally used with

power burners resulting in operating temperatures up to 2800°F,
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Figure 31(d) shows a low temperature

catalytic type atmospheric burner with typical operating temperatures
A up to 650°F,

e

Table VI shows pertinent radiation

E J data for gas-fired infrared burners as given in Reference 10,

L | 5.1.2.2 Electric Infrared Gencrators

Three types of electric I-R lamps
commonly exist:

(a) Conventional I-R Lamps

These lamps are emitters of
principally shoriwave energy with a |
filament temperature of approximately
4000°F. They require a reflector
which may be in the form of a coating
inside the lamp to direct the I-R

energy.

(b) Radiant Rods

These consist of sheathed metal tubes
heated by the resistance principle to
about 1500°F, High operating cost is

quoted as a principal limitation. ;1

(c) Quartz Lamp

Such a lamp consist of small diameter
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Figure 31(4)
catalytic type atmospheric burner with typical
up o 650°F,

shows a low temperature

operating temperatures
e’

Table VI  shows pertinent radiation
infrared burners as given in Reference 10,

data f . gzas-fired

: 2.2

Electric Infrared Generators

T TPV T
s a, T T
-

Three types of electric I-R lamps
: commonly exist;

o o1l N A

(2) Conventional I-R Lamps

T T T ——

These lamps are emitters of

BT LA L

Principally shortwave energy with a

filament temperature of approximately
4000 ° F.

L i

They require a reflector |
which may be in the form of a coating
inside the lamp to direct the I-R

energy.

G

(b) - Radiant Rods

These consist of sheathed metal tubes

heated by the resistance principle to
about 1500°F,

T

High operating cost is

VIR ol

quoted as a principal limitation.
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7 (c) Quartz Lamp

Such a lamp censist of small diameter
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translucent tubes heated by a high

temperature tungsten filament, [t
requires a reflector to direct its
energy. Extremely high intensities are
Possible with this type of lamp;
particularly useful where instantaneous

response is required,

Quartz Tubes

These are similar in construction to
quartz lamps but use a lower tem-
perature nichrome wire filament with
an operating temperature near 1500°F,
Thus, this type of lamp emits energy
at a longer wavelength than the other
electric I-R sources. The tubes
require reflectors and are not capable
of high intensity operation. It produces
I-R energy that is quite similar to that

produced by the fuel fired burners.

Table VII shows some pertinent

radiation data for electric I-R generators as abstracted from Reference 10,

9. Ip 2, 8

Application to Personnc. Heating in the

Arctic

The thermal efficiency of the fuel

fired burner depends on the efficiency of combustion and energy transfer

to the solid emitter,

b b i e e g o e

The heat carried away by the hot combustion gases
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a, Utilizing a high temperature burner
with air-fyel ratios close to stoichio -
metric,

b. .

Utilizing the waste heat in the exhaust

gases for prehe

and fuel,

ating the Incoming ajr
A simple analysis shows

that approximately 50 percent of the

lleat is wasted ip the high temperature
exhaust gases,

An electric I-R heater for this

ortable generator with a capacity of
including a gasoline engine and electric generator, Such
a unit would add considerable weight to the overall heater. A thermal
efficiency of electric power generation of 30 pe

rcent or less can be '
expected,

5.1,2.4 Effect of Special Burner Coatings

Radiation from a solid body is
inherently a surface phenomenon d

emissivity, 13

ependent on the temperature and the

the emissivity by mechanicay

coating

salts, or sintered metal. This will
vary ‘the surface radiation at the same temperature,

il
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A study of the effect of metallic
oxide coatings on gis-fired I-R burners revealed that a change of
-12 to +15 percent of the total normal radiation could be effected. 10
However, this is not a significantly large effect to merit a detailed

investigation,

5.2 Survey and Preliminary Evaluation of Commercial
Radiant Heaters

A large number of commercial radiant heaters were
st veyed. The more applicable ones have been catalogued in Table VIII
Almest all use electricity or gas as their energy source. One
commercially available, oil-fired radiant heater was found; however,
it is designed for permanent installation for the heating of buildings,
and is very large and heavy. It was excludea from further

evaluation in this study,

No commercial gasoline-fired infrared heaters were
found, One possible producer of suchk a heater, the Hunter Manu-
facturing Company, was contacted. They did make a few heaters
under contract to the Army nearly 10 years ago. However these
heaters were probably found to bhe unsatisfactory since they were

never produced in quantity.

For the purpose of comparison and evaluation in terms
of radiant heat transfer efficiency, the heaters have been classified
in Table VIII as area, line, or point sources based on the geometry
of their emitting surfaces. A sumrnary discussion of these heaters

is pr«sented in the following sections.
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5.2.1 Area Sources

5.2.1.1 Surface Combustion Burners

Many of the area-type heaters use
propane or natural gas for tuel,and most can be further classified as
Surface Coumbustion Burners. Surface Combustion Burners, in general,
consist of a plenum, a burner grid, and a reverberator screen as

shown in Figure 32

The plenum performs two functions:
it allows the mixing of gas and air irn the proper ratio, and then dis-
tributes it along the back of the burner grid. The gas-air mixture
flows through the burner grid and burns on the grid surface. The
reverberator screen is mounted aboui 1/2 inch beyond the burner face.
The screen is generally coarse and acts as a re-radiator, reflecting
and radiating energy back to the burner fac=. In addition, the screen
itself radiates energy directly to the object and adds to the heater
output. Experiments have shown that the temperature and total normal
radiation is higher for the screened burner then the unscreened one,

at the same fuel input and air adjustment.

The unit made by Bettcher Marufacturing
Corporation and listed in Table VIII consists of a portable heater mounted
on a two-wheeled cart. The heater has an inconel burner and rever-

berator screen which is surrounded by an aluminum reflector to better

direct the radiation.

The heater operates on liquid propane

gas that is carried in a tank on the two-wheeled cart. One interesting

feature of this heater is a thermocouple flame sensor that shuts off
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all gas if the flame is extinguished, This heater has been designed
for outdoor operation but has no provisions to prevent flame-out caused

by the wind; therefore, it must be used in a sheltered area,

The Van Dorn All-Weather heater is
basically very similar to the previous heater. It has a 3-layer woven
inconel 600 burner and an inconel reverberator screen. By adding
an enclosure and a control system, the heater has been made wind-
proof., The manufacturer claims that the pilot will not blow out even
under an air hose blast. The heater does not require an elertrical

hOOk ‘upn

The Solaronics and Hupp Heaters
have a ceramic burner instead of the inconel burner used by the iwo
previous manufacturers. They both use a nickel-chromium reverberator
screen, The Hupp ceramic is perforated with 200 holes per inchand

is heated to about 1650°F under normal conditions.

The last surface combustion burner
listed in Tabie VIII is made by Infralux. It consists of a ceramic grid
covered by reverberator rods instead of a reverberator screen. The

rods are thin and serve the same purpose as a screen.

All these heaters are basically very
similar in principle and design with the only differences being in the
materials used for construction of the emitter and the screen. This
can have some effect on operation. The inconel burner is likely to
be more rugged and less susceptible to breakage by mishandling. The
emissivity of inconel is a little, but not sigrificantly higher than
ceramic as detailed in Table VI . This would result in a higher

emitted power for the same surface temperature.
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These surface combustion heaters
seem to have inherently poor wind-resistance in their basic forms.
The flame is expcsed and can be biown out or blown off the burner
face. Some protection can be afforded by enclosing the heater in a
canopy with a screen across the front opening (Figure 32 ). However,
{for complete wind protection, a control system is necessary with pilot

reignition which greatly increasc:c cthe heaters' complexity.

The heatcr supplied by the Army to
Foster -Miller Associates consists of a surface combustion burner
made of ceramic and covered by a metal reverberator screen. It
uses gasoline as a fuel. The gasoline is fed under pressure to the
heater wnere it passes through a preheater, is vaporized and
burned. This heater is likely to be as adversely affected by the
wind as the gas-fired burners previously discussed. In addition the
unit is difficult to light in still air and would probably be extremely
difficult to light in a wind,

The other gasoline-fired radiant
heater developed for the Army by Hunter Manufacturing Company, is
very different in principle from the heaters previously discussed. As
shown in Figure 33, a Hunter Model SPX-2 torch head is supplied
gasoline and air from 2 tanks. The flames from the torch are directed
against a perforated nickel-steel surface in the shape of a frustrum
of a cone. The radiating surface is backed by a sheet-metal reflector,
Performance data for this heater is unavailable, Hence a proper
evaluation could not be made, However, it is likely that this heater

did not fulfill the Army's requirements for only a limited number were

built and tested.
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5,2,1.2 Catalytic Heaters

The catalytic heater made by Cargo

Safe, Inc. is ancther type of area source,

In this heater, catalytic
a chemical reaction in which the hydrocarbons
pane ccmbine with oxygen while exposed to a
the emitter surface,

oxidation, in the pro-
platinum catalyst, heats

The heater is flameless and operates

in a tem-
perature range of 250° to 750 °F,

Since the heater is flameless,

out by the wind and gasoline or lighter fluid will
if thrown on the radiating

it can
not be blown not ignite
surface, However, a major drawback of

this type of heater is its low temperature and

low energy output per
unit area,

To ohtain an output of 25,000 BTU/hr,

a very large emitler
surface would be required,

The convection losses from th

is large
surface area would be high and would increase with incrca

sing wind
velocity causing a substantial reduction in the surface tem

perature and
the radiant energy cutput of the heater,

5.2/, 8 Electric Panel Heater

Another type of low temperature area

source is made by Corning Glass Works, The Pyrex Panel Heater is

a tempered borosilicate glass panel with an electroconductive film on

one surface. When an electric current is applied to the film, the

entire glass panel heats to about 600°F and emits radiation,

This heater has all the disadvantages
of a low temperature emitter énd in addition the panel is fragile and
would break under mechanical shock,
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5.2.1. 4 Circular Quartz Lamp Heater

The final area source listed in
Table VIIIis made by the Hi-Shear Corporation and is

quartz lamp in the form of a s
(Figure 34 ),

basically a
piral with a reflector behind the lamp

Since most quartz lamps are straight and therefore

classified as line sources, they will be discussed in greater detail

in the next section.

This heater has the highest operating

temperature of all the area Sources considered, approximately 4000 “F,

and a high radiation intensity. However the heaters occupy only a

small fraction of the total syrfa

ce area. As a result the mean output
of the

heater is approximately 8500 BTU/sq rt-hr,

5.2.2 Line Sources
5.2,2.1 Electric
(1) Quartz Lamp

The quartz lamp is a high

temperature source of infrared radiation, It consists of a coiled

tungsten filament in a quartz tube about 3/

8 inch in diameter and
from 5 to 38 inches long, depending on the wattage. The tube is

filled with an inert gas and its erds are sealed,

The filament temperature of
this lamp is about 4000 °F, which is abo

ut 700° less than the operating
temperature of the [ilaments i

n incandescent lamps. At 4000°F most

of the infrared €nergy passes through the quartz enclosure and the lamp

94

o L R TR T PRT P

J

N et A

Rl S
Gik . il




T T i i b i b adaticii o T e il s e L i U T s ol e ot b o (gl g i T, " TP AR AT g gemr e TR

SI91edy paleljul dweT zjIenyy s,uornjelodlIo) Ieayg-IH JO YI3adS ¢ 2IN31g

Ll bt o gh oo pans st g
£

one

el Bl

wT

S i o b

; dwieT zZiIend —




R b g N ey _ SR s bk ol e e bl Ll e Rt ks e s Eht=amaiat iy e it ) il A o )

d emiis about 86 percent of its input energy as radiant energy. Part

of this energy, approximately 8 lumens per watt, is radiated as visible

light,
] Quartz makes possible the
E compact size of these lamps because of the high temperacures it can
! withstand. Ordinary glass softens at about 840°F while the softening

point of quartz is around 3000°F, This property of quartz enables

the tungsten filament to operate very close to the tube walls., It is

highly transparent to infrared radiation below 5 microns thus per-

g

mitting its passage with little absorption. It is resistant to practically

Rl

all chemical solvents, and it possesses excellent thermal shock resistance,

et

It is claimed that quartz will not fracture if plunged into ice water

R Gl

from a temperature of 2000°F.

(2) Quartz Tubes

P o gt S

The quartz tube looks very

much like the quartz lamp and the two are often confused, A quartz

tube uses a nichrome wire filament instead of a tungsten filament, 1is

e B L e ]

not gas-filled and has a ceramic plug in each end which is not air-

- tight,

The 3/8 inch diameter tube is

rated at about 50 watts per inch. This is only half as much as the
input per inch to the quartz lamp. For higher inputs the diameter of

the tube is increased. . &

e

e

SRR 1T

The filament in the quartz

tube heater operates at about 1600°F w'ich is close to the temperatures

of most gas heaters, Because of this the spectral distribution of the

Sl i b bR o G L R i

2

energy emitted by the quartz tube and most gas heaters is similar,
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(3) Metal Sheath Resistance Heater

The metal sheath heater 1z the
most rugged of all electric heaters. It consists of an electrical
resistaace element embedded in a ceramic rod which is in turn
enclosed by the metal sheath. When an electrical current is applicd,

the whole unit is heated to about 600°F,

(4) Comparison of Different
Electric Line Source Heaters

The quartz lamp heater is

probably the mast efficient of all intrared generators, It operates at
a high temperature and is very efficient in converting its input energy

into radiant energy. The quartz envelope surrounding the filoment does

not absorb much of the radiant energy, thus minimizing convection

losses to the environment. Figure 35 is a graph of radiation vs. air
velocity for the three types of electric heaters. It shows that the
quartz lamp and the quartz tube heaters are affected by the wind to a

much lesser degree then the metal sheath heater whose radiating surface

is expesed to the wind,

It appears that a quartz wind-
break may be a desirable feature to add to any infrared heater.

Quartz is transparent to much of the infrared energy given off by the
heaters and would effectively shield the heaters from the wind, Its

one drawback is, of course, its weakness to mechanical shock.

All of the electric heaters
are produced in a fairly standardized form by several manufacturers such
as the General Electric Co, and Westinghouse, They are then

packaged in reflectors by a large number of companies,
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All of the quartz lamps and
tubes manufactured by the major companies are straight, The heater

produced by the Hi-Shear Corporation and discussed earlier was the

onlv one found using a quartz lamp that was curved.
heaters, on the other hand,

Metal sheath

can be easily bent and come in a
variety of configurations,

5.2.2.2 Gas Heaters

(1) Radiant Tube Burner

Radiant Tube Burners use a
tube or pipe as the radiating surface between the flame

As an example the Roberts -Gordon system listed in Tab
in Figure 36 consists of a length of black iron pipe with

chamber at one end and an eductor at the other to
through the pipe.

and the load,
le VI1II and shown
a c¢ombustion

pull the hot gascs

This particular heater was

designed for heating buildings and is large and heavy. However, a

radiant tube burner could be designed to be quite light and rugged.,

The Roberts-Gordon heater

has a maximum temperature of 1000°F, It js provided with a reflector

The radiating surface of this heater is directly
exposed to the environment

to direct the radiation.

; its operating temperature is relatively
low., It is therefore likely to suffer a substantial reduction in radiant

energy output’ when exposed to high wind,

5.2.3 Point Sources

Since true point sources do not exist, the
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3 heaters discussed in this section are approximations to a poin{ source.
However, point sources are an interesting category because they lend
themselves to a variety of reflector shapes and their energy can be aimed

better then the energy from other types of snurces,

5.2.3.1 General Electric R-40 Bulbs

Often called incandescent heat lamps,
these are the most common electric infrared gencrators. These lamps
are very similar to the common light buib. They use a hot tungstcn
element as the energy source and usually have a built-in reflector,

3 The infrared generating characteristics of this bulb arc the same as
‘ those of the quartz lamp, The filament operating tempcrature is
4000 °F and approximately 86 percent of the input energy is radiated

with about 8 lumens per watt given off as visible light.
3 - These lamps are efficient sources of
1 radiant energy and are not affected by the wind; however, they are

fragile and cannot take any mechanical shock.

5.2.3.¢ Radiant System's Pyrocore

The Radiant System Pyrocore is a
3 uniquely shaped surface combustion burner. The ceramic element is
cylindrical with a pipe nipple connector at one end (Figure 37 ). It
is surrounded by a nichrome wire reverberator screen and the entire
unit*is piaced in & parabolic reflector. The burner operates without -

a blower at gas pressure of 10 to 30 psi. -_;

The operating temperature and the

output of the burner can be modulated by changing the gas pressure. :

LTk

The maximum continuous operating temperature is 2000 °F.
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Figure 38 Drawing of the Selas Duradiant Burner
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This unit appr.ximates a point source
and is surrounded by a parabolic reflector to direct the radiant energy.
The manufacturer claims that the heater is windproof, very light, and

resistant to mechanical shock.

5.2.3.3 Selas Duradiant Burners

The Selas Duradiant Burners arc
cup-shaped, ceramic burners with a wide varicty of sizes.  Each
Duradiant burner is assemblcd around a central mixture tube of
metal or ceramic material, according to the anticipated service
temperature (Figure 38 ). A molded high temperature ceranuc tip
is screwed into the end of the mixture tube. With numecrous narrow
slots molded into its periphery, the tip functions essentially as the
distributing head of a multiple-port burner. Surrounding the burner

tip is a refractory, cup shaped block through which the tup protrudes.

The inner contour of the cup has been
shaped so that its surface is always washed by hot combustion pro-
ducts, regardless of operating rates. Because the refractory cup 1s
heated by the combustion products at their highest temperatures, 1t

becomes highly incandescent. Combustion is completed within the cup.

The input to the burners can be varied
by changing the input pressure of the propane or natural gas, With
an input pressure of 18 inches water column, a 3 3/8'" diameter burner
has a capacity of 25,000 BTU /hr; therefore, these burners have a
large capacity for their small size, For open applications the burners are
enclosed by a stainless steel or cast iron casing which should greatly

increase their strength,
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For outdoor applications the burner
is likely to be greatly aifected by the wind,

5.2.4 Other Heaters

‘ The Hupp Hot-Tot Heater shown in
is a large high capacity personnel heater designed for indoor usec.
It is rated at a fuel input of 86,000 BTU/hr which is about 4 times larger
than any other heater of the same size and weight,  The Hot-Tot has

Figure 39

a cylindrical source of the Same general shape as th

e

e Pyrocore heater
and operates at approximately the same surface te

mperature and radiant
intensity,

It differs from the Pyrocore in its burner design, In the
Hot-Tot,combu-stion is complete before the hot gases pass throy

gh the
perforated inconel cylinder; the latter then acts as only a heat 3

o

exchanger extracting heat from the hot gases and radiating it out

into space, In the Pyrocore, combustion occurs at the e

xternal surface
of the fibrous metallic flame holder,

The Hot-Tot is supplied without a

reflector as it is designed to radiate uniformly into space. The

surface area of the Hot-Tot burner is approximately 7 times that of
the Pyrocore.

ol R fothia il

5.2.5 Commercial Heaters S

elected for Experimental
Eva’luatiog_

The celection of heaters for experimental
evaluation was based or the following criteria:

I, Geometry of the source.

Reflector design to provide the

spatial distribution of heat flux

specified,
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Figure 39 Schematic of Hupp Hot-Tot Heater
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3. Desirn of the burner.

4, Material of construction of the
emitter,

5. Wind resistant construction,

Of the fiftecen heaters listed in Table VIII and

the Hot-Tot heater, five were selected for further study and testing.

The Hupp Inc. surface combustion, area
source type heater, with a parabolic rdlctr was selected. It has
a ceramic emitter surface and is one of the more commonly used

commercial units. Also, Hupp, Inc. has run a number of tests

measuring the radiant flux output ot their heaters, These test
results would provide a useful comparison of the heat flux deasity

measurements made as part of this program. It was initia'ly planned

to also test a similar Van Dorn heater with an inconel burner in order
to study the effects of emitter material construction. llowever, as it

was concluded early in the test program that source geometry, burner
design, and reflector geometry are parameters more significant than the
emissivity of the heater to the design of a heater for this program,

the Van Dorn heater was eliminated in preference to the Foster-Miller
heater,

Testing cf electric heaters was de-emphasized,
since the extra penalties of weight and inefficiency inherent to on-site
electric power generation make the use of such hcaters unattractive
for Arctic application. However, the Hi-Shear Corporation's spiral
quartz lamp was selected for testing due to its particular design, which

simulates a high temperaturc area source, It is claimed to have a

high wind resistance and would therefore provide a good relative com-

parison with other heaters having an exposed flame.
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A straight line source is considered unsuitable
to achieve a uniform spatial flux distribution over a circular receiver

area, It was therefore eliminated from further consideration,

Two point sources were chosen. One is the
Radiant Systems Pyrocore which is a light, powerful heater that is

supposedly windproof, It is quite different from any other heater found

in the survey and was therefore selected for further study. It is

sold with a parabolic reflector but could be used with a variety of

reflectors,. The other burner chosen is the Sclas Duradiant Burner.

This again is quite different in shape from any of the other burncrs
in the study. One proposed use of the burner is shown in Figurc 40

A burner is mounted with its radiating surface facing the reflector.

This type of mounting is estimated to best direct all the energy radiated

from the burner to the target area,

The Hupp Hot-Tot heater was also selected for
further evaluation, being a larger cylindrical source of inconel which

could be used for comparison with the Pyrocorc heater.

Finally, the test results obtained during this
program showed that no commercially available heater design could
satisfy the spatial flux density distribution desired, as well as operate
satisfactorily under the wind conditions specified, This led to the
development of the Foster-Miller heater design,described in Appendix C
which consists of a hemispherical source with a parabolic reflector.

Tests were also conducted on this heater,
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6.1 Scope of Test Program

A test program was conducted to measure the performance
of the various heaters selected for experimental evaluation. The
principal objective of this program is to measure the spatial distribution
of radiant flux density on a target area 8 ft in diameter and located
4 to 10 ft away from the source. Tests were conducted under normal
ambient conditions in the laboratory (70°F temperature) and with a
15 mph wind blowing at the surface of the heater from different

directions, No tests were run at low ambient temperatures.

Tests were conducted on the followi: g heaters:

1, Government Furnished Gasoline Heater
2. Pyrocore Propane Heater

3. Hupp Propane Heater

4, Hupp Hot-Tot Propane Heater

5, Hi-Shear Electric Heater

6. Selas Burne:

7. Foster -Miller Radiant Heater

The following sections provide a description of theinstrumentation

selected for this study, a detailed description of the heaters, the test

setup and procedures, and the test results.

109

i

i e At o i e

i a1 e 5 Mol LS

e e s b it




6.2 Instrumentation for Measuring the Performance of the
Radiant Heater

£ survey was conducted of available instrumentation to
measure the spatial distribution of the radiant heat flux intensity output
of the radiant burner and of the radiant heat flux incident on the
receiver area. These measurements are considered essential for
the experimental evaluation of performance of the radiant heaters.
From the various measuring techniques investigated a radiation pyro-
meter was selected to determine the radiant heater output and a radio-

meter to measure the radiant flux density distribution at the target.

The radiation pyrometer measnres the intensity of
radiation emitted from a small spot on the heater (say 0,25 inches
in diameter) and, based on the eriissivity of the emitter, produces
a signal proportional to the emitter temperature. To get a true value
of the emitter temperature it is essential to know the emissivity of
the emitter, a value which is not particularly easy to measure.
H