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Heat Transfer Behavior of Gaseous Mixtures
Containing Helium and Argon or Nitrogen
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The relative heat transfer behavior of pure helium, argon, and nitrogen, as well as selected binary gaseous
mixtures containingheliumand either argonor nitrogen,was studiedexperimentallybymeasuring the temperature
increase that each of these gases, or gas mixtures, experienced as they were forced to � ow through the bore side of
a steam-heated copper “tube” at progressively increasing gas � ow rates. The experimental results demonstrated
that certain gaseous mixtures, and even some pure gases, under well-de� ned and speci� c operating conditions, are
more ef� cient in selected heat transfer applicationsthan pure helium alone. The cost savings that may be a result of
diluting helium with another less expensive gas, and using that mixture in place of pure helium in certain gaseous
heat exchange applications, can be signi� cant. In addition, the use of more ef� cient gas mixtures in selected heat
transfer applications can also result in more compact, and less costly, heat exchanger hardware.

Introduction

I T does not seem to be widely known that some gas mixtures,
employed under certain operating conditions, are more ef� cient

in forced convectiveheat transferapplicationsthan the pure gaseous
components employed under the same operatingconditions.This is
pretty surprising behavior but not entirely unrecognized.However,
some of the theoretical predictions made in connection with this
phenomenonmay be misleading regarding all of the conditions that
must be met to maximize improvements in the forced convective
heat transfer behavior of gaseous mixtures over that of the pure
components.

For example, purely theoretical considerations have been used
in the past to show that heat transfer coef� cients of gas mixtures
consisting of light and heavy components (where the terms “light”
and “heavy” refer to molecular weight) are greater for these mix-
tures (when they are undergoing laminar � ow behavior) than they
are for pure gases alone.1 Other theoretical considerations, regard-
ing relative heat transfer coef� cients, lead to the same conclusion
when these gas mixtures undergo turbulent � ow behavior.1¡3 How-
ever, recent experimental studies within our laboratories, related to
the heat transfer behavior of certain gaseous mixtures, indicate that
these theoretical results are either false or true only under certain
restrictedconditions.Becausethis kindof behaviormay have impor-
tant practical applications, a comprehensive experimental research
study was undertaken in our laboratories to develop a better un-
derstanding of this phenomenon and to determine experimentally
what operating conditions must be employed to optimize forced
convective heat transfer behavior within smooth bore tube-in-shell
heat exchangers when speci� c binary gaseous mixtures consisting
of helium and argon or helium and nitrogen are passed through the
tubes.

Helium was chosen as one of the gases for use in this research
study because it is a relatively rare and expensive gas. Thus it is
potentially advantageous to � nd ways to dilute helium with other
gases if the resulting mixture can be used more ef� ciently in some
type of heat transfer application that would normally employ only
pure helium. Helium also has a very low molecular weight and,
thus, has one of the highest static thermal conductivitiesof all of the
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common gases. Only hydrogen is somewhat better. Helium is also a
monatomic noble gas. Therefore, thermally induced complications
related to molecular structure, for example, interatomic vibration,
rotation, or dissociation, are absent in this gas.

Argon was chosen as a gaseous component to be added to helium
to make binary mixtures of these two gases because it is inexpen-
sive, relative to helium. Thus, argon is a good choice as a diluent
to add to helium if the mixture can be used more ef� ciently in any
heat transfer application that would normally employ pure helium
alone. Argon is also a simple monatomic gas. Therefore, thermally
inducedcomplicationsrelated to molecularstructureare also absent
in argon. In addition, argon has a relatively high molecular weight,
with respect to helium, and, thus, has a relatively low static ther-
mal conductivity, relative to helium. In addition, certain theoretical
considerationsconsistentlypredictthat improvementsin forcedcon-
vective heat transfer behavior tend to be more pronouncedin binary
gaseous mixtures containing very light and very heavy gases.

Nitrogenwas chosen as anothercomponentto be added to helium
to make additional binary gaseous mixtures for use in this exper-
imental study. Mixtures of helium and nitrogen have many of the
same advantages as mixtures of helium and argon. Thus, nitrogen
is also a good choice as a diluent to add to helium if the mixture can
be used more ef� ciently in any heat transfer application that would
normally employ pure helium alone. It was also thought that the use
of mixtures consisting of helium and nitrogen would provide inter-
esting additional data that could be compared with corresponding
data obtained using the helium/argon mixtures. However, nitrogen
is not a simple monatomic gas. Therefore, thermally induced com-
plications related to molecular structure are not absent in nitrogen.
However, the temperature parameters employed during this study
were deemed to be low enough to avoid signi� cant complications
related to the molecular structure of nitrogen.

General Description of Experimental Process
A general outline of the experimental method selected to help

determine optimum heat transfer operating conditions that may be
employed to maximize the forced convectiveheat transfer behavior
between the inside surface of a hot tube and speci� c binary gaseous
mixtures � owing through the tube follows.

Each of the pure gases, and then selected binary gas mixtures,
was serially directed through a calibrated � ow meter at a constant
� ow rate, then through a length of coiled tubing (submerged within
an ice bath), then through a relatively short length of straight stain-
less steel (SS) tubing (also cooled to ice bath temperatures), then
through the bore of a round hole drilled and reamed through a
long (initially solid) copper cylinder. The outer section of this ma-
chined copper cylinder was heated uniformly and maintained at, or
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nearly at, 100±C, using live steam. After leaving the hole drilled
through the machined copper cylinder, the gases passed throughan-
other relatively short straight section of SS tubing into the ambient
atmosphere.

The temperature of the pure gas or gas mixture was measured
just as it entered, and also just as it left, the hole drilled through the
heated copper cylinder.The temperaturechange experiencedby the
gas in passing through the heated section of copper, as a functionof
volumetric gas � ow rate, could then be used to compare the relative
heat transferbehaviorof the pure gases or gas mixtures as a function
of the overall gas � ow rate.

Precoolingof the � owing gases,before their injectionthrough the
heated copper cylinder, ensured that each pure gas or gas mixture
entered that section of the apparatus at nearly the same initial tem-
perature. The overall length of the hole drilled through the heated
copper cylinder was deliberately selected to ensure that the maxi-
mum outlet temperature of the gas stream would be well below the
maximum possible outlet temperature of about 100±C for all possi-
ble gas � ow rates actually tested. If this condition were not met, it
would have been dif� cult to make any kind of valid comparisonsof
the relative heat transfer behavior of the gases tested.

A general schematic of the overall system and apparatus em-
ployed during this experimentalstudy may be seen in Figs. 1 and 2.

Fig. 1 Schematic of apparatus used to measure gaseous heat transfer behavior: 1, insulated container; 2, Cu tubing; 3, cold water jacket; 4, steam
jacket; 5, � owmeter; 6, TC probe; 7, SS tubing; 8, cork cover; 9, Te� on® sleeve; 10, TC centering tab; 11, pressure gauge; 12, needle valve; 13, SS tee;
14, SS pipe nipple; 15, reducing bushing; 16, TC adapter; 17, ice water pump; 18, rubbing tubing; 19, water level; 20, ice cubes; and 21, PE tubing.

Speci� c Experimental Components
and Methods of Operation

Gas Flow Rate Measurements

The gas � ow meter used during this study was a Fisher Porter
Rotometer (Model FP-1/2-17-G10)with a 25.4-cm(10-in.) indicat-
ing scale marked between 0 and 100% of full scale. The smallest
marked scale divisionsindicateddifferencesin gas � ow rates as low
as 1.0% of full scale. This � ow meter was calibrated with air at
101.3 kPa (1.0 atm) and at 21.1±C. With the indicating � oat at the
100% mark, and with clean dry air at 101.3 kPa and at 21.1±C, the
calibrated air� ow was 54.37 l/min (115.2 standard ft3/h).

All � ow meter readings had to be corrected for the particular
types of pure gases and gas mixtures that were actually employed
(using the air calibrated� ow meter just described),as well as for all
other operating parameters that differed from those employed dur-
ing the original calibration procedure. These corrections involved
accounting for an indirect scale (in percent of true � ow) vs true
� ow values, the density differences between the pure gases or gas
mixtures and air, the actual gas pressures (within the � ow meter)
during gas � ow rate measurements, and the actual � owing gas tem-
peratures (within the � ow meter) that existed during each gas � ow
rate measurement.4;5
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Fig. 2 Detailed view of steam heated section of heat transfer appara-
tus: 1, TC probe; 2, steam jacket; 3, Cu tube; 4, SS tubing; 5, cold water
jacket; 6, PE tubing;7, rubber tubing;8, TC centering tab;and 9, Te� on
sleeve.

Gas � ow rates were controlled by means of high-pressure reg-
ulators located at each high-pressure cylinder (containing a pure
test gas or preblendedbinary gas mixture) and a 0.635-cm (1/4-in.)
National Pipe Tapered (NPT) needle valve (Parker, Inc., Model 4F-
V6LR-B) threaded into a 1.27-cm (1/2-in.) NPT bushingconnected
into the base of the � ow meter.

Pressures within the � ow meter were measured using a precision
pressuregauge (U.S. Gauge, Inc.) calibratedbetween 0 and 308 kPa
absolute (0 and 30 psig). This gauge was located at the top (outlet)
end of the � ow meter. The gases � owing through the heated section
of the copper cylinder were so close to the gas exhaust port, leading
into the ambient atmosphere, that these gas pressureswere all taken
to equal about 101.3 kPa, no matter what the gas � ow was. How-
ever, upstreamgas pressures(within the � ow meter itself and within
the upstream tubing sections) were sometimes substantiallyhigher
than 101.3 kPa (especially at the highest gas � ow rates) because
of the overall tubing length that preceded the heated section of the
machined copper cylinder.

Temperatures within the gas stream, exiting the � ow meter, were
measuredbymeansof a 1.59-mm-(1/16-in.-)o.d.SS sheath,K-type,
thermocouple (TC) inserted directly into the gas stream exiting the
top end of the � ow meter.

During each test trial, involving the separate pure gases or gas
mixtures, gas � ow rates were initially set as near as possible to the
100% of full-scale mark on the � ow meter just after a barometric
pressure/temperature readingwas taken using a Fortin barometer.A
suf� cient period of time (usually a few minutes) was then allowed
to pass until all temperature indicatorsstopped � uctuating.Then, all
of the � ow, temperature,and gauge pressuredata related to that par-

ticular test trial was actually recorded.Also, if the initial target � ows
setting changedduring the equilibrationprocess, that new value was
recorded rather than the value that was initially set. After comple-
tion of this process, a new lower � ow rate was selected (usually
about 10% of full scale lower than the initial target value), and the
entire process was repeated.These steps were sequentially repeated
until the recorded � ow rates reached about 10% of the full-scale
� ow meter reading. When this sequence of steps was completed,
the entire process was repeated once again, but the initial target
� ow setting chosen was at about 95% of the full-scale mark on the
� ow meter. In this way, approximately 18 � nal � ow rate readings
were obtained that were evenly (roughly) divided over the entire
range of the full-scale � ow that was possible with each gas tested.

After correcting all of the � ow meter readings, the overall errors
in the corrected readings were estimated to be at least §2.0% of
the full-scale reading (for each gas or gas mixture tested).However,
separategravimetric � ow meter calibrations,using pure helium and
then pure argon in this � ow meter, indicated that corrected � ow
meter readings were actually within §0.2% of the true gas � ow
rates when full-scale readings were taken using this instrument.

Gas Cooling/Conditioning

The gas stream exiting the gas � ow meter was passed through a
length of about 6.1 m of 0.635-cm- (20 ft of 1/4-in.-) i.d. copper tub-
ing coiled within a vertical insulated SS container [about 7.57-liter
(2.0-gal) capacity] � lled with ice and water before it was directed
through subsequent parts of the experimental apparatus.

After they left the ice bath, the gases were then passed through
a short straight section of 0.704-cm-i.d. SS tubing (0.375 o.d.£
0.277 in. i.d.) that was cooled with ice water (pumped through a
chamber surrounding the outside surface of that tube). This straight
section of tubing was employed to retard a premature onset of tur-
bulence within the gas before its introduction into the lower heated
section of tubing. The i.d. of this SS section of tubing was deliber-
ately chosen to be a little bit larger than the hole drilled through the
copper cylinder immediately following the SS tubing. This design
feature permitted the coaxial insertion of a temperature measur-
ing TC probe throughout the entire length of the SS tube without
causing a signi� cant reduction in the cross-sectional annulus area
within that tube. Therefore, as gases passed through this section of
the apparatus (containing the axial TC probe) and then on into the
next section (through the drilled hole in the heated copper cylinder,
which only contained axial TC sensing junctions at the hole inlet
and outlet points), there was no appreciable increase in gas velocity
due to an appreciably smaller cross-sectional area associated with
the hole in the copper cylinder.

Cooling of this straight section of SS tubing was also used to
minimize preheating of the gas before its injection into the hole
drilled through the lower heated section of the copper cylinder.This
procedurehelped to ensure that each gas or gasmixture testedwould
enter the heated copper cylinder at nearly the same temperature.
Therefore, the overall heat transfer behavior between the heated
copper cylinder and each gas or gas mixture would be in� uenced
more by the speci� c nature of each gas or gas mixture rather than
by signi� cant differences in the inlet gas temperature.

Temperature Measurements

All temperature measurements were made using 1.59-mm-
(1/16-in.-) o.d. SS sheath, K-type, TCs along with digital TC in-
dicators (Omega Engineering,Model CNI16) capable of producing
readoutsto thenearest§0:1±C. However, theerror in individualtem-
peraturemeasurements was estimated to be on the order of §0:2±C.
In any case, the most critical temperature measurements,made dur-
ing the course of this study, were related to determining the temper-
ature increases that occurred in the pure gases and gas mixtures that
passed through the heated copper cylinder. It was also understood
that the propagationof systematicerrors associatedwith subtracting
one temperature from another (to � nd a temperature increase) was
likely to have the most signi� cant in� uence on errors in the resultant
temperature increase values. Calibrating the cold gas inlet and hot
gas outlet TCs during a separate experimentalprocedureminimized
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thiskindof experimentalerror.A small correction(basedon that cal-
ibration procedure) was then applied to all temperature differences
that were subsequently obtained using these TCs. All temperature
differencesactually calculated,and then corrected in this way, were
deemed to be in error by at least §0:4±C.

The TCs employedto measuregas temperatureincreaseswerepo-
sitioned so that each of their sensing junctions were very near (and
inside)theoppositeendsof theholedrilledthroughthe steam-heated
copper cylinder [6:35 § 0:01 mm i.d. (about 1/4 in. i.d.)]. The exact
distancebetween theseTC sensingjunctions(at the very end of each
TC) was measured indirectly. This distance was 23:90 § 0:05 cm
(9:41 § 0:02 in.) in length. These TCs were also inserted coaxially
into their respective positions (and, thus, centered) within the gas
inlet and outlet points located very near the opposite ends of the
hole drilled through the copper cylinder. A very small metal posi-
tioning tab was attached near the sensing junction ends of each of
these TCs to ensure that the end of each TC would remain in its
respective centered position. The use of these centering tabs was
necessary because each of the TCs that the tabs were attached to
were relatively long. Therefore, this length factor made direct TC
contact (at or near the temperature sensing junction) with the in-
side wall of the heated copper cylinder very probable but also very
undesirable.Thus, the need for the TC centering tabs. However, an
advantageous feature of this approach was that both of these TCs
could be inserted coaxially within the relatively long straight sec-
tions of tubing that preceded and followed the heated section of
the copper cylinder. Thus, severe obstructive interference with the
� owing gas streams (that might have been caused by perpendicular
insertion of the TC probes) was avoided, and the premature onset
of turbulence,within the � owing gas streams, could be retarded but
not eliminated. This unavoidable feature of the experimental appa-
ratus probablydid acceleratethe onset of turbulenceto some degree.
This will be discussed again and in more detail subsequently.In any
case, both of the TC centering tabs were very small in size and mass
and also positioned far enough away from the actual sensor junc-
tions to avoid systematic temperature readout errors due to thermal
conductionthrough the centering tabs. The measurementof � owing
gas temperatures (especially at high gas � ow rates) also tended to
minimize this kind of systematic temperature readout error.

Additional TC positioning and other fabrication details, related
to gas temperaturemeasurementswithin the heatedcopper cylinder,
may be seen in Fig. 2. Althoughall of the designfeatures indicatedin
Fig. 2 were not perfect (from the point of view that somethingwas in
the gas stream that could have had some in� uence on the transition
between laminarand turbulentgas � ow), they did allowa reasonable
tradeoffbetweenbuildinga practicaland usefulexperimentaldevice
vs a more perfect but impractical one.

Steam Generator

The steam needed to hold the temperature of the heated copper
cylindernear100±C was generatedwithina standardpressurecooker
heated using an electric hot plate. A thick-walled section of rubber
vacuum tubing conducted the steam between the pressure cooker
and the SS shell surrounding the heated copper cylinder. The actual
steam temperature entering and leaving this SS shell was directly
measuredusingadditionalTCs attachedto two separatedigital read-
out meters. All steam temperatures measured in this way were al-
ways at or above 99±C (at both the inlet and outlet connectionsin the
SS shell). Because atmospheric pressure readings within our labo-
ratory were always a little less than 101.3 kPa, it was reasonable to
see steam temperatures at slightly less than 100±C.

The experimentally measured steam production rate of this part
of the system was about 0.265 g/s. This steam production rate was
suf� cient to keep the steam-heated copper cylinder at (or nearly at)
100±C at all gas � ow rates tested during the course of this exper-
imental study. Approximately 32.2% of the total electrical power
consumed (during the steam-generation process) was lost by radi-
ation, convection, and conduction into the ambient air surrounding
the electric hot plate and pressure cooker.

Condensation of steam, at a � ow rate of 0.265 g/s, was capable
of delivering heat (through the copper cylinder wall) at a rate no

greater than 598 W. Pure helium, moving at a maximum � ow rate
of about 240 l/min, and also heated from 0 to about 45±C, requires
a heat input of about 155 W to produce this temperature increase.
Therefore, the steam production rate, noted earlier, was adequate to
supply this maximum heat energy requirement (not only for helium
but for pure argon and nitrogen,as well as for all of the gas mixtures
tested during this study) and to still keep the hot copper cylinder at,
or very near, 100±C throughoutthe entire rangeof gas � ows actually
maintainedduring this experimentalstudy. It is also understoodthat
the temperature of the inner surface of the hole drilled through the
heated copper cylinderhad to be slightly lower than the temperature
of the outer (steam-heated)surface to enable heat transport through
the cylinder wall and into the � owing gas streams. However, for all
practical purposes, this temperature difference could be neglected
(at all of the gas � ow rates actually tested) because of the very high
coef� cient of thermal conductivityof copper.

Gases and Speci� c Gas Mixtures
All pure gases and gas mixtures used during this study were ob-

tained from the Air Liquide LaPorte Cylinder Filling Plant. The
pure gases were all “high purity” grade. All of the gas mixtures
were prepared and certi� ed by weight using one or more scales
certi� ed against standard weights traceable to National Institute of
Standards and Technology number 882/254480. By the use of this
technique it was possible to certify gas mixture concentrations to
thenearest§0.01mole%.However,all subsequentlymentionedper-
centage mixture compositions of helium/argon or helium/nitrogen
refer to percentage composition by volume or mole percent of the
individual gaseous components. In addition, all of the pure gases
and gas mixtures were employed, as delivered, in high-pressuregas
cylinders. The helium was in size 49 cylinders; all other gases and
gas mixtures were delivered in size 44 cylinders.

Results and Discussion
Graphical Results

The primary experimental results of this study may be seen in
Figs. 3 and 4. Figure 3 summarizes the temperature-related heat
transfer effects that were produced when pure helium, pure argon,
and several binary mixtures consistingof helium and argon were di-
rected through the hole drilled through the uniformlyheated copper
cylinder. Figure 4 summarizes the temperature-related heat trans-
fer effects that were produced when pure helium, pure nitrogen,
and several binary mixtures consistingof helium and nitrogen were
directed through the same hole drilled through the heated copper
cylinder. As already mentioned, this heated section of the copper
cylinder had an i.d. of 6.35 mm (about 1/4 in.) and a length of
23.9 cm (about 9.41 in.). This length measurement represents the
distancebetween the gas inlet and outlet temperaturemeasuringTC
junctions. The actual drilled-out hole length was a little bit longer.

The most signi� cant behavior illustrated in Figs. 3 and 4 is the
temperature increase that each gas or gas mixture experienced (in
passing through the heated copper cylinder) as a function of gas
� ow rate. All of the gas � ow rates indicated in these graphs have
been expressed in liters per minute (at 101.3 kPa and 21.1±C).

Initially, at very low gas � ow rates (and low gas velocities),
when all pure gases or gas mixtures were undergoing laminar � ow,
pure helium outperformedall mixturesof helium/argon and helium/
nitrogen (as well as pure argon or pure nitrogen) as a gaseous heat
transfer agent. This is illustrated clearly in Figs. 3 and 4 because
pure helium exhibited the highest gas temperature increase over all
other gas mixtures (tested under the same operatingconditions)that
it was compared to at very low overall gas � ow rates. In addition,
the order of this “ef� ciency” in heat transfer performance (only at
very low gas � ow rates) goes from pure helium (the best) to pure
argon or pure nitrogen (the worst), with all intermediate composi-
tions performing between helium/argon and helium/nitrogen (with
gas mixtures containingmore helium always performingbetter than
those containing less helium).

With reference to Figs. 3 and 4, it can be seen that, although
the temperature increase of the pure helium (as well as the other
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Fig. 3 Heat transfer behavior of helium, argon, and binary mixtures of helium and argon.

Fig. 4 Heat transfer behavior of helium, nitrogen, and binary mixtures of helium and nitrogen.

gases tested) was relatively high at very low gas � ow rates, these
temperature increases dropped off very rapidly at higher and higher
gas � ow rates. This behavior at relatively low � ow rates makes
sense because more gas � ows through the heated copper cylinder
perunit time at higher � ow rates.Thus, temperatureincreasesshould
drop off somewhat with higher and higher gas � ow rates because
a greater mass of gas must be heated (per unit time) at the higher
gas � ow rates. However, when helium gas � ow rates reach about
90 l/min, the gas temperature change stops decreasing and begins
to increase from a minimum of about 27±C to a maximum of about
44±C, and then it more slowly begins to decrease again with further
increases in the helium gas � ow rate. This may seem a little odd
until one considers that the pure helium undergoes transitional � ow

behavior between essentially laminar � ow and fully turbulent � ow
in the region between about 60 and 170 l/min within this system.
Therefore, the transfer of heat between the tube walls and the gas
begins to improve signi� cantly in the vicinity of 90 l/min all the
way up to about 170 l/min. Above a � ow rate of 170 l/min, the gas
� ow is fully turbulent and no further improvement in heat transfer
can occur between the tube wall and the � owing gas. Thus, further
increases in the gas � ow rate, from that point and onward, tend to
diminish the observed temperature increasesbecause a greater mass
of gas must be heated per unit time and there is no corresponding
improvementin theheat transferbehaviorbetweenthe insidesurface
of the hole drilled through the heated copper cylinder and the gas
passing through.
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If the presenceof the TC and TC centering tab (near the entrance
of the hole drilled through the heatedcoppercylinder)did hasten the
onset of the transitionbetween laminar and turbulent � ow behavior,
the position of the “troughs” in Figs. 3 and 4 are probably located
at gas � ow rates that are a little less than the one that would have
been obtained if those obstructionshad not been present. However,
presumably,all of the pure gases and gas mixtures would have been
affected similarly, and so all of the troughs would tend to move in
the same direction, that is, toward higher gas � ow rates, and one
would see similar relative behavior.

Expectations at Very High Gas Flow Rates

At extremely high gas � ow rates, the helium gas temperature
increases (as well as all of the gas temperature increases for mix-
tures of helium/argon and helium/nitrogen) should asymptotically
approach zero. This may not be obvious from the graphs in Figs. 3
and 4 because the graph abscissas do not extend beyond � ows of
240 l/min. This graphical limit was employed because the most in-
teresting heat transfer behavior, exhibited by all of the gases tested,
occurred at lower � ow rates. In any case, the helium curves tend
to illustrate neatly the kind of heat transfer behavior that one can
expect due to the transition of gas � ow rates between laminar and
turbulent � ow regimes occurring within a cylindrical tube. All pure
gases can be expected to exhibit similar behavior except for the po-
sitions and magnitudes of the temperature increases that will occur
between the laminar and fully turbulent � ow regimes.

The main point here is that even though the extrapolated lines in
Figs. 3 and 4 all appear to be relativelystraight, they must all asymp-
totically approach a delta T (where delta T means the temperature
increase experienced by any pure gas or gas mixture as it passed
through the hole drilled through the steam heated copper cylinder)
of zero at extremely high gas � ow rates. Their order in approaching
this condition(consideringnow only Fig. 3) will be from pure argon
(tending to approach this condition at the lowest � ow rates), then
gas mixtures containingvery little helium, up to pure helium (tend-
ing to approach this condition at, respectively, higher and higher
� ow rates). Approaching a delta T condition of zero does not mean
that the gas in question stops carrying heat out of the system; it just
means that a lot more gas is used to transport the heat that is carried
out of the system.For example, if pure helium � owing at 1000 l/min
leaves a heated tube (maintainedat a constant temperature)after ex-
periencinga temperature increaseof 10±C, a certain quantityof heat
will have been carried away within the helium. However, if the pure
helium � ow is then increased to 10,000 l/min, but the temperature
increase experienced by the helium is only 1.0±C, the same quan-
tity of heat will be carried away within the helium but 10 times as
much helium (within the same time period) will have been used
to accomplish this effect. The point is that the use of higher and
higher gas � ow rates will not necessarily transfer heat into or away
from something else any faster than lower gas � ow rates when one
is only comparing a speci� c gas or gas mixture against itself with
respect to varying gas � ow rates. However this kind of effect, for a
speci� c gas or gas mixture, will only be signi� cant when that gas or
gas mixture is undergoingeither purely laminar or purely turbulent
� ow behavior because, in these cases, there is a progressivedrop in
temperature as gas � ow rates increase.

Laminar/Turbulent Flow Behavior/Heat Convection Mode

When the helium/argon and helium/nitrogen gas mixtures, tested
within the same system (under practically identical conditions) are
considered in greater detail, it is evident that, within certain re-
stricted ranges of � ow rates, all of the gas mixtures (and even pure
argon alone) were capable of performing as good as (or better than)
pure helium alone as heat transfer agents. These interesting results
are a function of gas � ow rate (or gas velocity) as well as gas mix-
ture composition because these parameters are critical determining
factors of where the transition between laminar and turbulent � ow
will occur for any gas. It also can be seen that the heavier gases or
gas mixtures that reach the turbulent � ow regime, typically at much
lower � ow rates than pure helium, are capable of acting as better
heat transfer agents than pure helium within a restricted range of

Table 1 Estimated Reynolds numbers of pure gases
and gas mixtures at fully turbulent � ow condition

Gas or gas Average gas Flow rate, Reynolds
mixture temperature, ±C l/min number

He 21 170 4500
Ar 20 20 5000
N2 19 20 4400
He/Ar, 80/20 23 70 4900
He/N2, 80/20 23 75 5300

� ow rate conditions. However, as � ow rates continue to increase
and all of the gases or gas mixtures reach fully developed turbulent
� ow, helium again becomes the best gaseous heat transfer agent.
These same comments apply equally as well to the helium/nitrogen
system.

In addition to some of the preceding comments note that the
heat convection mode into a � owing gas stream also changes with
gas � ow rate. For example, at very low gas � ow rates, heat transfer
effectsaredominatedby thenaturalconvectionmode, and theeffects
of buoyancy are important in the range of very low gas � ow rates,
which is evident from the large temperatures increases experienced
by all of the gases and gas mixtures at very low gas � ow rates. As
the gas � ow rates increase, the dominant convection mode changes
from natural convectionto mixed convection(combinednaturaland
forcedconvection)and then to forcedconvection.The curvesplotted
in Figs. 3 and 4 provide graphic illustrations of this behavior.

To furtheramplify some of these comments and conclusions,esti-
matesof the actualReynoldsnumbersthatwere associatedwith fully
turbulent � ow behavior in pure helium, argon, nitrogen, and some
of the gas mixtures testedduring this studyhavebeen calculatedand
listed in Table 1. This calculation process involved estimating the
actual gas � ow of each gas, or gas mixture that was associatedwith
fully turbulent � ow behavior from Fig. 3 or 4 and then calculating
the Reynolds number using that information as well as additional
information related to that particular case. In each case treated in
this way, fully turbulent � ow behavior for any pure gas or gas mix-
ture was assumed to exist at the � ow that was associated with the
highestdeltaT value that immediately followed the troughregionof
each plotted curve. For pure helium, this condition tended to occur
at a � ow rate of about 170 l/min. For the 80% helium/20% argon
mixture, this condition tended to occur at about 70 l/min. Average
temperatures also had to be estimated for each gas or gas mixture.
These temperatures were then used to estimate average gas densi-
ties and gas viscositiesfor use in the Reynolds number calculations.
Because of the uncertainties in these estimated parameters, all sub-
sequently calculated Reynolds numbers were rounded off to only
two signi� cant � gures andhavebeen listed(alongwith theestimated
primary parameters) in Table 1. See Refs. 6 and 7 or other similar
referencesfordetailsconcerningReynoldsnumbercalculations.Ini-
tial gas temperature and pressure are about 0±C and 101.3 kPa. Gas
densities were calculated using average gas temperatures and aver-
age molecular weights. Pure gas viscosities were calculated using
average gas temperatures and data from Ref. 8. The helium/argon
gas mixture viscositywas estimated using averagegas temperatures
and information in Refs. 9 and 10. The helium/nitrogen gas mixture
viscosity was estimated to be approximately equal to that of pure
nitrogen at 23±C (Ref. 11).

Note that all of the calculated Reynolds numbers (Table 1) range
between about 4400 and 5300. Typically, for liquids, fully turbulent
� ow behavior is achieved when Reynolds numbers reach or exceed
3000 (Ref. 6). However, for � uids in general (gases and liquids),
other sources7 indicate that a Reynolds number of 2300 represents
the upper limit for laminar “pipe” � ow and that fully turbulent � ow
occurs in the range of Reynolds numbers between about 5000 and
10,000. Other authorities12 point out that it is possible to maintain
purely laminar � ow at very high Reynolds numbers if care is taken
to increase the � uid � ow very gradually. However the slightest dis-
turbance,for example, an onsetof vibration,will destroythe laminar
� ow conditionsif the Reynoldsnumberexceeds4000.Alternatively,
if the � uid � ow is initiallyturbulent,this conditioncan bemaintained
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at very low Reynoldsnumbersunlesssomedisturbanceoccurswhen
a Reynoldsnumber is less than 2000.As a result,pipe � ow involving
a � uid having a Reynolds number between about 2000 and 4000 is
generally referred to as unstable. All of these comments are consis-
tent with the experimental results summarized here in Figs. 3 and 4
and in Table 1.

Heat Capacity Related Comments

The shapes of the curves illustrated in Figs. 3 and 4, especially
with regard to the measured delta T values, can be signi� cantly in-
� uenced by the molar heat capacity of the gases that might be tested
as described within this paper. In other words, unless all pure gases
and gas mixtures have identical molar (or volumetric) heat capaci-
ties, one cannot arbitrarily compare different curves of this type, at
� xed volumetric � ow rates, to determine which gas or gas mixture
is “better than” another with respect to heat transfer behavior. For
example, if one � owing gas (or gas mixture) stream has a molar heat
capacity that is twice that of another gas, but both are heated from
the same initial temperature to the same � nal temperature, the gas
with the higher heat capacity will carry away twice as much heat as
the gas with the lower heat capacity.

In cases involving helium, argon, and helium/argon mixtures (as
in Fig. 3), the molar heat capacity of helium, argon, and all possible
mixtures of these gases is constant [at about 20.79 J/(mol deg), near
room temperatures]. Therefore the ratio of the measured delta T
values for any combination of these two pure gases, or any combi-
nation of one pure gas and one mixture of the two gases (� owing
at a speci� c and constant rate in the vicinity of room temperatures),
will be equal to the relative heat transfer capacity of that particular
combination of gases. For example, consider the behavior of pure
helium vs a mixtureof 60% helium/40% argon,as shown in Fig. 3 at
a constant � ow rate of 80 l/min. Under the conditionsthat prevailed
when those data were collected,the pure helium experienceda delta
T value of about 27±C, but the mixture of helium and argon experi-
enced a delta T value of about 50±C. The numerical ratio of 50/27,
that is, 1.85, indicates that the gas mixture was about 1.85 times
as effective as the pure helium in removing heat from the heated
copper cylinder. No corrections for differing molar heat capacities
are needed in this case.

In cases involving helium, nitrogen, and helium/nitrogen mix-
tures (as in Fig. 4), the molar heat capacityof helium is, as indicated
in the preceding paragraph, 20.79 J/(mol deg), but the molar heat
capacity of nitrogen is about 29.12 J/(mol deg). All possible mix-
tures of helium and nitrogenwill have averagemolar heat capacities
that will vary between these two values. Thus, the ratio of the mea-
sured delta T values for any combination of these two pure gases,
or any combination of one pure gas and one mixture of the two
gases (� owing at a speci� c and constant rate in the vicinity of room
temperatures),will not equal the relative heat transfer capability of
that particular combination of gases. For example, consider the be-
havior of pure helium vs a mixture of 60% helium/40% nitrogen,
as shown in Fig. 4 at a constant � ow rate of 80 l/min. Under the
conditions that prevailed when those data were collected, the pure
helium experienced a delta T value of about 27±C, but the mixture
of helium and nitrogen experienced a delta T value of about 47±C.
The numerical ratio here is about 47/27, that is, about 1.74, but the
heat capacity of the mixture was about

[0:60.20:79/ C 0:40.29:12/] D 24:12 J/(mol deg) (1)

Thus, the mixture’s heat capacity was about 24.12/20.79, or about
1.16 times greater than the heat capacity of pure helium. Therefore,
if the same volume of this gas mixture containing nitrogen were
heated through the same delta T as an equal volume of pure helium,
the gas mixture would absorb about 1.16 times more heat than the
pure helium. The point is that these considerations must be made
in comparing the heat carryingcapacity of any combinationof pure
gases and gas mixtures if the individual gases have differing molar
heat capacities.These kindsof considerationscouldhavebeen taken
into account before plotting the graph in Fig. 4 so that relative heat
transfer capabilities could have been found more directly from a

slightly modi� ed graphical plot. However, it was thought that plot-
ting the original data would be more straightforwardand less likely
to lead to other errors in interpretation.

Summary of Results

Figures 3 and 4 summarize the temperature-related heat trans-
fer effects that were produced when pure helium, argon, nitrogen,
and several binary mixtures consistingof helium/argon and helium/
nitrogen were directed through a hole drilled through the axis of a
heatedcoppercylinder(as describedearlierandshown in Fig. 2). All
of the experimental results related to the helium/argon gas mixtures
werevery similar to the � ndingsobtainedwith thebinarymixturesof
helium/nitrogen.Elaborationsregarding this behaviorare contained
in the preceding text. A comparison of the results summarized in
Figs. 3 and 4 also indicates that these � ndings are probably not
unique and are likely to be similar to the results that one would
obtain for all mixtures of heavy and light gases employedunder the
same set of operating conditions.However, one would expect to see
slight differences, at least, between the “windows of opportunity”
and the magnitudes of the temperature differences that may exist
between pure gases and binary gas mixtures, at speci� c volumetric
gas � ow rates or gas � ow velocities.

Furthermore, at very low and very high � ow rate conditions,pure
helium was the best gaseous heat transfer agent that was tested
during this study. However, at intermediate � ow rates, that is, at
gas � ow velocities in the vicinity of the laminar to turbulent tran-
sitional region for pure helium, certain light/heavy gas mixtures
(and even certain heavy pure gases, such as argon) are capable
of outperforming pure helium as heat transfer agents. Additional
experimental data, obtained by similarly testing other heavy/light
gas mixtures, has con� rmed this general heat transfer related
behavior.

Conclusions
Although the observations described were made under certain

well-de� ned operating conditions and by analyzing experimental
data involving helium, argon, and nitrogen (as well as two sepa-
rate sets of binary gaseous mixtures consistingof helium/argon and
helium/nitrogen), these heat transfer related results are believed to
apply generally (and qualitatively) to all possible combinations of
light/heavy gas mixtures. However, what will tend to change most
signi� cantly in other cases are the � ow ranges, as well as actual
magnitude of performance enhancements, in which the improved
heat transfer performance will occur with other mixtures of light
and heavy gases. It is also possible that theoretical models of this
behavior can be worked out (using the data presented herein) to al-
low reasonablyvalid predictions regarding the heat transfer related
behavior of other gases and gas mixtures as a function of gas � ow
rates (or gas � ow velocities) and other critical initial temperature
conditions far removed from 100±C. To limit the scope and length
of this paper, a theoretical analysis of the observed heat transfer
behavior has not been presented. In any case, the experimental ob-
servations described are potentially very useful because they prove
that, under certain conditions,gas streams consistingof binary mix-
tures containing helium diluted with a heavier gas are better heat
transfer agents than pure helium alone. Even pure argon or pure
nitrogen, under certain � ow rate and temperature conditions, are
capable of outperforming pure helium as a heat transfer agent. The
cost savings that may be a result of applying this knowledge, in
special situations in which the “right conditions” are extant, could
be substantial.
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