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INTRODUCTION

The primary purpose of this test program was to determine the flamma-
bility of the water-glycol coolant used on board the Apollo spacecraft
in order to ascertain to what extent, if any, this fluid constitutes a
significant fire hazard under flight conditions. The secondary purpose
was to determine tha flammability limits of varying concentrations of
water-glycol under a variety of temperature and pressv,,e conditions and
with various ignition sources. The glycol concentration was varied be-
tween 35% and 100% glycol. These percentages cover the concentration of
the CSM (ECS) glycol as well as the 114 glycol. Other glycol concentrations
were used in order to establish the flammability curve at various tem-
perature, pressure and ignition source condition:. In all cases, pure
oxygen was used as the environmental gas into which the water-glycol
mist was sprayed.
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GENERAL TEST CONDITIONS

Glycol varying between 35% and 100% concentration was sprayed into the
reactor which was maintained under pure oxygen conditions varying be-
tween 3 psia and 20 psis. The temperature of the inlet water-glycol
spray was varied between ambient and 400 0F. No attempt was made to
control the reactor temperature. The oxygen was admitted into the top
of the reactor at an approximate rate of 0.7 lb/min. Glycol flow was
maintained at approximately 0.4 gpm. The ignition sources used were:

1. Electrical spark - 0.3125 Joules energy

2. Exploding bridgewire - 6.25 joules energy

3. Hot platinum wire - 2500OF 117 watts energy

4. Fireball, rubber - 2250 OFtemperature

Ignition sources were positioned five ieot below the water-glycol
spray head.

I ,9
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DESCRIPTION OF TEST APPARATUS

The test apparatus consisted of a 6-inch diameter by 8-feet tall stainless
steel column fully instrumented for pressure and temperature &.tection up
and down the column interior. This test apparatus (reactor) was outfitted
with several view ports through which camera covbrage was achieved and
also through which light was focused upon the action within th y: Chamber.
The chamber and spray head was constructed so that optimum conditions would
occur for production of a fire within the system. The reactor, which was
fitted with thermocouples at various positions, as well as pressure trans-
ducers, was monitored remotely by movie cameras, oscil-l ographs and strip-
chart recorders to indicate flammability conditions which might occur during
the test.

Laminar flow of oxygen was achieved by pressurizing with oxygen which was
introduced through four inlets into the top of the reactor. Oxygen flow
was approximately 0.7 lbs/min. The pre-determined reactor pressure was
maintained by use of a 300 cubic feet per minute capacity vacuum pump
which was connected to a 6-foot diameter vacuum chamber; by this arrange-
ment the pressures either below or above atmospheric conditions were precisely
maintained. Note figures 1 and 2 for details of the flow reactor.
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TEST PROCEDURE

Nominal operating conditions were established manually at the reactor prior
to the actual test firing. Once the various flows had been established and
the instrumentation was in proper working condition, the personnel :retired
to a safe area in the control room. Flows of both the oxygen and water-
glycol were initiated by remote control from within the control room; the
pressure in the system was also remotely controlled. By using television
coverage the operators were able to determine whether spray and ignition
source conditions were correct within the spray area. As soon as nominal
spray and ignition source was properly achieved a countdown was initiated so
that uniform conditions could be maintained between firings. In general,
if an abnormally high flammability condition resulted from an initiated
fire, an audible explosion would occur. Temperatures and pressures, were
recorded remotely. Visual coverage was achieved with movie camera; set
at 200 to 400 frames per second. The reactor was protected from explosion
damage by use of a metal burst disc with a 30psi rating. The greater portion
of the tests were conducted with CSM (ECS) coolant. Numerous tests were
made starting at ambient temperature and pressure conditions and proceeding
upward to cover a wide variety of conditions; tests under reduced pressure
were also performed.
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RESULTS AND DISCUSSION

Series A - Spark and Exploding Bridgewire (EBW energy source).

It was determined that under proper conditions of glycol concentration and
temperature that fire could be initiated with the EBW if the glycol per-
centage was at least 65%. The minimum inlet spray temperature was found
to be 230OF for flammability to occur. Under no conditions could fire be
initiated in the CSM (ECS) coolant. At 70-75% glycol concentration and
temperature slightly above ambient (80-100 0F) at the inlet of the spray
nozzle, some fires occurred with the EBW. When 80-100% glycol was used
the exploding bridgewire, almost in every case, initiated a bad flame
condition regardless of the inlet temperature. There was no attempt evade
to .heat anything except the incoming glycol-water solution. (It should
be noted that the spark source never initiated any fires, even at 100%
glycol concentration; all fires that occurred were initiated by the EBW).

Reduced pressures of 3-5 psia oxygen seemed to reduce the flammability
as opposed to the 14.7 to 20 psis; the presence of greater oxygen con-
centration due to the higher pressures seemed, to predominate over the
other factors such as relatively high glycol vapor pressure under the
reduced pressure conditions. Refer to Table I for details of the test with
the EBW. Also, note Figure 3 showing the flammability curve with the EBW
ignition source.

Series B - Heated Platinum Wire Ignition Source.

Following the EBW tests, testing was continued under the same general
conditions of temperature, pressure, flow rates and concentrations but
with a platinum wire ignition source heated to 2500 0F. It was not deemed
necessary, however, to test at concentrations above 70% since several
ignitions (3 out of 10 runs) occurred with the CSM (ECS) coolar.t under
heated conditions. The 70% glycol solution ignited at temperatures slightly
above ambient (140°r. See Table I for a tabulation of the results using
a heated platinum wire ignition source. Figure 4 represents the flammability
curve with varying glycol percentages.

Series C - Fireball Ignition Source.

The heated platinum wire tests were followed by tests utilizing an ignition
source consisting of a flaming 1-inch. rubber cube which reached a maximum
temperature of approximately 22500F. Under these test conditions flamma-
bility occurred in every case with the CSM (ECS) glycol. No flammability
occurred, however, with the 37.5% LM glycol. See Table I for a tabulation
of results.
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CONCLUS TONS

It is ev3.don.t from the tests that the CSM (ECS) glycol coolant is flammable
and will contribute to the intensity of a faire if it is sprayed onto an
existing fire source. It; is also apparent that considerable ignition energy
must be present before burning will occur. This is illustrated by the fact
that even 100% glycol did, not burn in pure oxygen when a electrical spark
of approximately 0.3 joules of energy was oilscharged into a very hot (3000F+)
mist of the material. The exploding bridgewire, which prcduced approximately
6 joules of energy, consistently ignited hot solution of 65% to 100% glycol.
This demonstrates the increased hazards with increased energy from the ig-
nition source.

As the energy from the ignition source was increased through the application
of a white hot platinum wire and followed by a burning rubber ball, flamma-
bility occurred in :Less concentrated glycol solutions. The obvious con-
clusion is that CSM (ECS) coolant containing 62.5% concentration of glycol
is a fuel once it ignites. It is postulated that this ignition cannot
occur so long as the water is present with the glycol. If the water is
boiled off by a, .hot energy source, the glycol will then catch on fire and
release sufficient energy to rapidly boil off more water thus propogating
the fire until the glycol is completely exhausted.
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The Stabilities of Glycols and Similar Coolant Fluids in Oxygen:

Ethylene glycol, propylene glycol and similar fluids are commonly used as
coolant fluids but usually they are used in air rather than in pure
oxygen and they normally would never be exposed to higher temperatures.
Under these conditions, these liquids are safe to use and flammability is
not a problem. Actually, it is well known that such coolant liquids do
burn and one can calculate from available thermodynamic data that thq
combustion will be exceedingly exothermic. For example, the burning of
one mole (62 grams) of ethylene glycol in oxygen will evolve 284,000
calories of heat, or about 4580 cal/gram. Other related compounds burn
with similarly large evolution of energy. Flash points and other impor-
tant properties for typical organic compounds which might be used as
coolants are as follows:

Freezing Norm.BoilinQ Point
Compound Point

- (unless indicated) Flash Point Source
Ethylene Glycol -13-C 19700 241-2480C CCD,p.466

Propylene Glycol -590C 1880C 210OF CCD,p.946

Dibutyl Phthalate -3500 227-235oC/37 mm 3400F CCD,p.360

DicapryL Phthalate - 227-2340CA- 5 mm 395°F CCD,p.362

Fluorochemical,FC-43 - 337-355 
OF Inert CCD,p. 506

Fluorochemical,FC-75	 -	 210-2250F	 Inert	 CCD,p.506

Silicone Fluids	 -	 1880C and up	 Inert	 CCD,pp.399,
1019, 1021

(CCD = Condensed Chemical Dictionary, Reinhold, 1961)

It thus appears that ethylene glycol and propylene glycol, although
commonly used as coolants in automobiles and other non-critical devices,
are actually very poor choices from many viewpoints:

a. Glycols and most alcohols and esters burn exothermically with
sufficient energy evolved to vaporize away considerable water even from
solutions. Only in dilutions of 10-20% glycol by weight is one likely to
have a reasonably flame-resistant coolant, and even these diluted solutions
can be burned under extreme conditions.

b. Ethylene glycol is appreciably toxic to humans but propylene
glycol is much safer.

Some other possible choices for coolants would include the following:

a. Di.butyl phthalate or dicapryl phthalate are about equally exo-
thermic in combustion, but have much lower vapor pressures azid pose much
less fire hzard due to their definitely higher flash points. They are
believed to be relatively non-toxic. Their viscosities are comparable

with the glycols,
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b. The fluorochemicals, FC-43 and FC-75 are marketed by 3M for use
as "colorless, odorless, high temperature heat transfer media." Their
viscosities are comparable with those of hydrocarbons and the liquids
are "characterized by extreme chemical inertness, do not burn and are
stable to temperatures of 500°F or more." They are typically used as
fire extinguishing agents, lubricants, hydraulic fluids, coolants, etc.

c. Silicone fluids, for example, available from Dow-Corning
Corporation, are characterized by Neat stability, and resistance to
oxidation and weathering. They arc »sable under severe operating con-
ditions. When burned, there is a tendency to form a protective non-
flammable layer of 3102 on a surface.

Recommendations (If the ECS coolait is subject to elevated temperatures)

a. Reject the use of glycols as coolants since it appears that
flammability will be a serious problem at all appreciable concentrations.
In addition, ethylene glycol is well-known to cause a variety of un-
desirable physiological effects, including depression, nausea, vomiting,
coma ; respiratory failure, etc., (Merck Index, 1950, p.428).

b. Evaluate from engineering and flammability viewpoints, the
commercially available esters of phthalic acid, like dibutyl phthalate
and dioctyl (sometimes called dicapryl) phthalate. These low-vapor pressure
liquids are much more difficult to ignite, are relatively non-toxic and
should be reasonably satisfactory coolants.

c. Collect information on the commercially available Fluorochemicals
from 3M and Silicone Liquids from Dow-Corning and/or General Electric and/
or Union Carbide to see what these fluids have to offer. They are defi-
nitely more inert and in many cases are flame inhibitors. They can be
prepared A-ith a variety of viscosity and freezing point characteristics
so that other requirements can probably be met.
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b. The fluorochemicals, FC-43 and FC-75 are marketed by 3M for use
as "colorless, odorless, high temperature heat transfer media." Their
viscosities are comparable with those of hydrocarbons and the liquids
are "characterized by extreme chemical inertness, do not burn and are
stable to temperatures of 500°F or more." They are typically used as
fire extinguishing agents, lubricants, hydraulic fluids, coolants, etc.

c. Silicone fluids, for example, available from Dow-Corning
Corporation, are characterized by Neat stability, and resistance to
oxidation and weathering. They arc >>sable under severe operating con-
ditions. When burned, there is a tendency to form a protective non-
flammable layer of 510,E on a surface.

Recommendations (If the ECS coolalt is subject to elevated temperatures)

a. Reject Lhe use of glycols as coolants since it appears that
flammability will be a serious problem at all appreciable concentrations.
In addition, ethylene glycol is well-known to cause a variety of un-
desirable physiological effects, including depression, nausea, vomiting,
coma , respiratory failure, etc., (Merck Index, 19-)0, p.428).

b. Evaluate from engine ring and flammability viewpoints, the
commercially available esters of phthalic acid, like dibutyl phthalate
and dioctyl (sometimes called dicapryl) phthalate. Thesa low-vapor pressure
liquids are much more difficult to ignite, are relatively non-toxic and
should be reasonably satisfactory coolants.

c. Collect information on the commercially available Fluorochemicals
from 3M and Silicone Liquids from Dow-Corning and/or General Electric and/
or Union Carbide to see what these fluids have to offer. They are defi-
nitely more inert and in many cases are flame inhibitors. They can be
prepared .ith a variety of viscosity and freezing point characteristics
so that other requirements can probably be met.
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