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Part I

An Apparatus to Determine the Volumetric Behavior

of Oxides of Nitrogen



Introduction

Under an Office of Naval Research contract the Chemical Engi-
neering Laboratory of the California Institute of Technology is studying
the thermodynamic properties of nitrogen dioxide and its mixtures with
nitric oxide, These studies extend to higher pressures and temperatures
than have heretofore been reported in the literature. The equipment nec-
egsary to establish the volumetric behavior of the oxides of nitrogen has
been designed and constructed and some measurements of the properties of
nitrogen dioxide made.

Previous studies (1) indicated that the rate of reaction of

thoroughly dehydrated nitrogen

oy

tioxide and mercury was high at room lten-

I

perature, Therefore, it was not feasible to use mercury as a confining
fluid in the volumetric apparatus, Since no suitable liquid substitute
for mercury was found, the construction of an apparatus with a variable
volume cell was impractical and a bomb or working section of constant
volume was designed. The followihg portion of Part I of the thesis de-~
seribes in detail the design and construction of equipment suitable for
determining the volumetric behavior of a number of corrosive fluids over
a range of pressures from 20 to 10,000 pounds per square inch absolute
and temperatures from -30° to 360°F.

The essential features of the apparatus include a stalnless
steel spherical wbrking section immersed in a thermally regulated sili-
cone® bath, instruments necessary for the precislon measurement and con-
trol of temperature, and a thin diaphragm and associated assembly through
which pressures are transmitted to a fluid pressure balance., The major

part of the eguipment is mounted 1ﬂ a steel structure providing adequaue

e . T . e e e e coe e e e e S wee  wue  wew s ke e

* Silicone (type LT-NV20) was obtained from the General Electric Corpora-
tion and employed over the entire temperature range.



protection to the operator. The temperature measurement and control

instruments are housed separately in an adjacent structure.
Working Section

The stainless steel working section was machined from a solid
forging of type 302 stainless steel to form two threaded hemispherical
sections which are shown prior to assembly in Figure 1. The interior
of the working section which is 5 inches in diameter has a polished sur-
face. In general, the wall of the cell is 1/2 inch in thickness except
in the vieinity of the threaded section where it is enlarged to a maxi-
mum of 3// inch to allow for the somewhat higher stresses induced by the
threads. A buttress thread with a l-degree taper was machined on each
of the hemiépherical sections in order to insure a thread of maximum
strength and to form a seal when the cell is assembled. In addition
a thin tapered 1lip approximately 1/4 inch high and varying in thickness
from 0.020 to 0.004 inch was formed on a male section. This lip engages
the Temale section upon assembly and provides a seml selfwsealing joint.
The tapered buttress thread and thin lip may be seen in Figure 1. Before
final assembly the threaded portion of each half and the lip were care-
fully tinned with a solder containing 97 ﬁeight per cent tin and 3 weight
per cent lead. A slight excess of solder was left on the threads and the
two halves were assembled while the solder was molten.

Two small threaded bosses 7/2 inch wide and 5/8 inch high were
machined on an axis and as an integral part of the working section. These

bogsses which are shown in Figure 1 serve as a means for mounting the cell



within the thermally controlled silicone bath. On another diameter of
the working section perpendicular to the mounting bosses, housings are
machined for two valves bThrough which material may be added to the in-
teriof of the bomb. The valve housings may bé seen in the photographs

of the assembled cell shown in Figures 2 and 3.

Pressure Measurements

A boss approximately 2 1/4 inches in diameter and extending
1 inch above the spherical surface was machined on the working section.
This boss contains the thin diaphragnm mechanism recquired for the estab-
lishment of pressures existing within the cell, The diaphragm assembly
consists of a stainless steel disc 1.5 inches in diameter and 0.010 inch
in thickness soldered onto a hollowed plug which fits into the boss on
the bomb., The plug is secured in the boss Ey a2 split nut‘which bears
on a lead gasket forming an unsupported-area seal. The center of the
thin circular disc or diaphragm has an unrestrained movement of approxi-
mately 0.007 inch im either direction from its equilibrium position be-
fore the disc makes contact with a surface which was machined to conform
with the elastic deformation produced in ﬁhe diaphragm during the small
movenent from its equilibrium setting. These machined backings prevent
any permanent deformation of the diaphragm due to large pressure differ-
ences occurring across the thin disc,

There 1s a small pin in the center of the diapbragm which makes
contact with the lower portion of a spring-supported and electrically-

insulated surface vhen a small pressure differential exists across the



diaphragm. This electrical contact, which ecarries a current of approx-—
imately 30 miscroamperes, serves to establish a reproducible pseudoequi-~
librivm position of the diaphragm. The movement of the diaphragm is
accomplished by varying the pressure of a hydraulic silicone which is
confined on the outer side of the diaphragm. The electrical circuit is
lead to the top of the diaphragm housing and through a crushed, partially
dehydrated soapstone seal which effectively insulates the electrical lead
vet seals the system at all pressures throughout the temperature range.
The small current flowing through the contact 1s amplified by an elec-
tronic circuit ahd operates a neon light.

To measure the pressure existing in the working section, sili
cone is introduced by means of a hand-operated injector into tne chamber
behind the diaphragm. When sufficient fluid is injected or removed the
neon light indicates the diaphragm is in its equilibrium position. Fho-
tographs of the assembled and disassembled injector constitute Figures
4 and 5. The pressure in the silicone-filled part of the system is trans-
mitted through a mercury trap or U-tube to a line containing a hydraulie
0il. The pressure in this oil line is measured with a fluld pressure
balance. The pressure in the oll line is adjusted manually by an in-

jector of the type shown in Figure 5.

Temperature Measurement and Control

In order to esgtablish the temperature exlisting within the work-
0

ing section it is assumed that the measured temperature of the silicone
fa]



[

bath is equal to that of the material confined in the cell., The at-

tainment of thermal equilibrium within the spherical bowb is indicated
by the constancy with respect to time of the pressure which is measured
with the diaphragm pressure gauge. The silicone in the bath and the
material in the working section are thoroughly agitated to hasten the
approach to equilibrium, The agitation of the material within this sec-
tion is accomplished by means of an osecillatory motion imparted to the

1

spherical cell, This movenment which rotates the working section through

180 degrees with a period of about 1 second is accomplished by the mech-

b

anism shown partially assembled in Figure 6. This assembly, which is
activated by a small electric motor, may also be seen in its mounted DO-
sition in Figure 10. The silicone in which the working section is im-
mersed is thoroughly agitated by an impeller located in the bottom of
the bath. The impeller is shown before assembly in the apparatus in
Figure 7. A suitable baffle is placed within the bath so as to provide
adequate circulation of the silicone set in motion by the impeller. The
interior of the silicone bath, the baffle, the top of the impeller, the

spherical working section, and the housing for the diaphr agn pressure
gavge are shown in their mounted positions in Figure 8.

The silicone bath which has a capacity of approximately 10
gallons is thermally regulated by a droop-corrected thyratron (2) con-
trol circuit capable of supplying up to 500 watts of control energy.

An adequate heat transfer rate is provided from the silicone bath to

the controlling elements so that the temperature may be controlled



within 0.001°F of a predetermined value within the range of operation.
The controlling electrical energy necessary for the fine temperature
adjustment is added to the bath through a bare resistance heater im-
mersed in the bath. The location of the heating element may be seen
in Figure 8. The temperature of the bath is measured with a strain-
free platinum resistance thermometer and a precision-type Mueller re-
sistance hridge.

The silicone bath is encircled by a 50-foot length of 3/8-

neh copper tubing through which chilled silicone may be circulated.

jmte

Thermal energy is removed from this circulating fluld in a heat inter—

changer supplied with Freon-12. The circulating silicone may be cooled
o) s

to -40"F thus permitting the bath to be operated at temperatures as low

5

as =30°F, In addition to the coils of copper tubing the oubter surface

of the silicone bath is equipped with electrical heaters capable of sup-
plying 1700 watts. These high-wattage heating elements are used for joigels
viding rapid changes in the bath temperature.

The silicone bath is surrounded by a radiation shield which is
mounted so as to leave an air space of approximately 1 inch. This outer
shield is supplied with refrigeration coils and is equipped with elec-
trical resistance heating elements which, coupled with variable voltage
transformers, supply a maximum of 3500 watts. The heating elements are
divided into four sections: the bottom, the lower side, the upper side,
and the top of the shield. With this arrangement of heating elements it

)

is possible to control the temperature of the inner surface of the



radiation shield to a predetermined value. This control prevents ex—
cessive thermal losses from the inner bath and enables the atlainment
of a more uniform temperature within the agitated silicone. The loss
of thermal energy from the bath through the shaft which drives the ime-
peller and the shaft which oscillates the working section is prevented

tal

by the adjustment of the electrical inpult to small-wattage heating ele-
ments located on the surface of these shafts where they protrude through
the radiation shield. 1In order to establish the desired rate of heat in-
put to the various sections of the shield, thermocouples are placed on
the inner surface and a measurement is made of the differential eleclro-
motive force produced between this junction and a junction immersed in a
well in the silicone bath.

The silicone in the cooling systems is circulated by small gear
pumps driven by fractional-horsepower motors. Separate systems are pro-
vided for the circulation of chilled silicone around the bath and the
radiation shield. Tor rapid changes in temperature both sets of cooling
coils may be employed. However, once the lower desired temperature is
atbained the circulation of the silicone in the cooling colls on the
béth is stopped. This technique greatly facilitates the accurate con-
trol of temperature within the bath when there are minor fluctuations in
the supply and inteke pressures of the refrigeration system. The heat
interchanger and part of the circulating system may be seen in Figure 10.

A reservoir is provided to allow for the change in volume of

the silicone accompanying changes in the temperature of the bath. The



excess

in the lower left corner of Pigure 10, is large snough to hold the en-

tire quantity of silicone within the bath if the removal of the fluid

is necessary for repalr operations.

Material may be added to the working section through either
or both of the two valves which are located on opposite sides of the

-

spherical cell. The sample is conducted lto cach valve through a length

fot

of type 302 stainless stee

0]

hypodermic tubing having an inside dianmeter

"““L
of 0,020 inch. The two tubing lines
tubing which leads fto the diaphragm pressure measuring assembly are

wound in a helix before being attached to the working section. This

o o

.

helix rithout damaging the stainless

steel terminate on the exterior of the
equipment in a small valve manifold which permits material to be added

to the cell by standard welghing bom
also allows the tubing lines to be connected to a h 1 system

e bomb.

in order wo
The valves which are located on the surface of the boumb per-
the sample to be entirely isolated in the bomb and it 1s unnecessary

(Y

to make any corrvections for the amcunt of sample retained in dead spaces
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Part II

Isobaric leat Capacity of 1-Butene and l-Pentene at Bubble Point



i
)
Ies!
H

Introduction

The information available concerning the heat capacity of 1
butene and l-pentene in the liguid phase 1s limited to measurements

2s below 70°F. Aston et al (1) presented heat capacities

=outene at temperatures from 20° 1o 4700 Rankine., Huffman
and co-workers (2) carried out measurements upon the heat capacity of
liquid l-pentene in the temperature interval between 20° and 530° Ran—
kine. As a result of the absence of such data at the high temperatures,
an investigation of the isobaric heat capacity of bubble~point liguid
for l-butens and l-pentene has been carried out.

Thé measvrements were made in the two=phase region vtilizing a

the directly measured infor-

constant-volume calorimeter, In order that

mation involving the energy required to heat the calcrimeter bomb and

contents through a predetermined temperature interval could be resolved
into the isobaric heabt capacity at bubble point, a thermodynamic analysis

of the process was required. The calorimetric measurements were carried

L -

two different gquantities of the pure hydrocarbon in

.

tion of a material

o

the calorimeter. It can be shown from a considers

&

balance and the first law of thermodynamics that for any two»mhaqe, one-

component system the following equation applies:
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Considering the second law and applying equation (1) to two
different quantities of material in the bomb at the same temperature

there is obtained
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Expressing (E{AWQ; 6{4ﬂd&Jaﬂd /;znzc /%1%;) in terms o \é;/ V;
and [/“",—n4%qz) the following useful equation results, which ap-

plies to the processes in guestions
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Equation (3) reguired certain volumetric data concerning the material

in question and includes the isobaric heat capacity of the dew-point gas.
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The thermal quantities in equation (3) ;Zé; and ;25;  represent the
net electrical eﬂergy‘required per unit temperature change of the cal-
orimeter bomb and its contents. These thermal quantities must be cor-
rected for the thermal losses from the calorimeter and for the energy
added in %he course of the agitation of the contents of the calorimeter.
Equation (3) indicates that the influence of the heat capacity of the
dew-point gas on the heat capacity of the bubble-point liquid is rel-
atively small. This results from the fact that the ratio of the spe~
cific volume of the bubble-point liquid to that of the dew~point gas
is small except in the vicinity of the critical state, For this
reason, relatively large unncertainties in the isobaric heat capacity
and in the isobaric volume-temperature derivative fbr dew-point gas

do not influence appreciably the resultant values of the isobaric heat
capacity of bubble-point liquid.

In the case of l-butene, the neceSsary volumetric data includ-
ing the rates of change of bubble-point and dew-point specific volumes
with temperature and the rate of change of vapor pressure with tempera-—
ture were obtained from published data (3). It is believed that these
values for l-butene were known with sufficient accuracy to avoid intro;
ducing an uncertainty greater than 0.2 per éent in the final results.
Since no volumetric data for l-pentene were avallable for the tempera-
ture range covered by this investigation it was necessary to utilize
information based upon n—pentaﬁe (4) and the law of corresponding
states (5) to establish the requisite volumetric behavior. (This pro-

cedufe should give results of sufficient accuracy for this use.) The
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evaluation of the related terms of equation (3) by such methods did
not introduce added uncertainties of more than 0.3 per cent in the
final value of the isobaric heat capaclity of the bubble-~point liquid.
Values of the isobaric heat capacity at dew point for l-butene and 1~
pentene wére taken as equal to the equivalent values for n-butane (6)
and n-pentane (6). It is believed that the application of these data
to the corresponding olefinic hydrocarbons did not introduce a signif-

icant uncertainty in the results obtained from equation (3).

Apparatus and Procedure

The calorimebtric equipment used in these studies was substan-
tially the same as that employed in earlier investigations (7,8). In
principle, the equipment coﬁsisted of a cylindrical steel container
with hemispherical closures within which the hydrocarbon liquid was
confined. Thermal equilibrium within the container was obtained by

‘means of a small impeller rotating around an axis coincident with that
of the calorimeter. ZEnergy was added electrically to the interior of
the calorimeter by means of a short length of glags~insulated constantan
wire encased within a stainless steel tube approximately 0.05 inch in
diameter, The ends of the steel tube were brought through the wall of
the calorimeter with a sealed joint. The quantity of electrical energy
added to the calorimeter was determined by conventional volt box and
sfanﬁar& resistance techniques. A potentiometer was employed to meas-

ure the electromotive force applied and the current flowing through



the calofimeﬁer heater, It is believed that the rate of electrical
energy addition to thg calorimeter was known with an uncertainty of
less than 0.05 per cent. Electrical energy was added to the calorim-
eter for approximately 500 seconds in the case of each measurement.
The uncertainty in the determination of the total energy thus added
to the equipment was less than 0.1 per cent. The timing‘of the other
events associated with the measurement of heat capacity was suffi-
ciently accurate as to introduce only a negligible uncertainty in

the result.

In order to decrease the thermal losses, the calorimeter was
surrounded by an adiabatic jacket and the space between the jacket and
the calorimeter was evacuated. Provision was made for the automatic
maintenance of the average temperature of the interior surface of the
jacket at substantially that of the exterior surface of the calorimeter.
Measurements were carried out to establish the magnitude of the thermal
losses as a function of the measured temperature difference between the
calorimeter and the wall of the jacket. The energy transfers between
the calorimeter and the jacket were in almost all cases less than 1
per cent of the energy added to the unit. The magnitude of this trans-
fer was established with reasonable accuracj and it is believed that
the uncertainties resulting from thermal losses were not greater than
0.15 per cent of thé corrected values of the energy added to the
calorimeter,

The scheme of measurement involved the addition of a known

weight of l-butene or l-pentene to the calorimeter and determination
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of the net energy required to raise the temperature of the calorimeter
and contents through a known temperature interval, For the purposes
of these calculations it was assumed for the particular temperature
interval in question that the following equation was applicable:

4 &
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The left-hand side of equation (4) was considered to apply at the

mean of the initial and final temperatures, After completion of one
such series of measurements which extended over the entire temperatufe
range investigated, additional material was introduced into the cal-
orimeter and the sequence of measurements repeated. For the most

part the quantity of energy added electrically was adjusted to yield

an over-all temperature rise of approximately 6°F. An effért wag made
to carry out each set of determinations in accordance with a standard—
ized procedure., The period allowed for the attainment of equilibrium
after the addition of energy was used as the conditioning period for

the next step., Figure 1 shows a typical set of time~temperature
measuremnents for the calorimeter when it contains 0.1987 pound of 1~
butene. In this inastance, thermal equilibriﬁm was closely é%tained with-
in 8 minutes after términation of the addition of energy. The variation
in temperature in the calorimeter with time beyond this period was less
than 0.002°F per minute. Similar variations in temperature with time

were obtained in the studies of l-pentene,



The samples were introduced into the calorimeter by use of high
vecuum and weighing bomb technigues (9). It is believed that the weight
of the sample introduced into the calorimeter was known withiﬁ 0.02 per
cent. In order to check upon ﬁhis quantity and to asceritain that no
loss occurred, the samples were withdrawn after the completion of each
" set of measurements, It was found in all cases that agreement between

the weight of material added and that withdrawn was within 0.1 per cent.

Materials

The l-butene used in this investigation was prepared by the dehy-
dration of normal butyl alcohol with an aluminum oxide catalyst at a
temperature of 660°F. The crude material was fractionated ﬂwice at
atmospheric pressure in a column packed with glass rings at a reflux
ratio of 5 to 1. Approximately lﬁ per cent of the overhead was discarded
at the beginning and end of each fractionation. The purified 1—bﬁtene
exhibited a range in boiling point at atmospheric pressure of less than
0.2°F.

The l-pentene was of research grade and was purchased from the
Phillips Petroleum Company. The manufacturer's analyses indicated that
it contained less than 0.6 mole per cent of hydrocarbon other than 1-
pentene, the probable impurity being isopentane. Because of the rela-
tively small quantity of the sample available, the material was utilized
without further purification except for two partial condensations at
liquid air temperature to remove any significant quantities of dis-

solved noncondensable gases. The l-pentene after purification was
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handled in the same way as the l-bubene and was introduced into the

calorimeter by weighing bomb techniques (9).

Experimental Measurements

The experimental values obtained for the heat capacity of the
bomb conﬁaining two different quantities of l-butené are presented in
Figure 2.‘ The average deviation of the experimental points presented
is 1.2 per cent of the difference -between the two curves. As a part
of Table I are recorded experimental values of the heat capacity of
the calorimeter and its contents at several temperatures. This inter-
mediate information is presented in order that the results may be re-
evaluated if at a later date more accurate and complete volumetric
measurements are available. The welghts of the samples are included
in Table I.

In Figure 3 is presented information about the heat capacity
of the calorimeter and its contents for three different quantities of
l-pentene. The average deviation of the experimental points shown
from the curves drawn for this substance is also 1.2 per cent of the
difference between the curves. Table I conbains values at several
temperatures of the heat capacity of the calorimeter with the three

samples of l-pentene.

Resultis

Values of the iscobaric heat capacity at bubble point for 1-

butene and l-pentene are recorded in Table II. A consideration of
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the accuracy of the measurement of the individual quantities involved
indicates an uncertainty of approximately 1 per cent in the tabulated
values., In order to permit a direct comparison of the isobaric heat
capacities recorded in Table II with the earlier measurements of

Aston (1) and Huffman (2), a graphical representation of the data has
been given in Figure 4. Reasonable agreemeht with the earliier measure-
ments wag obtained in the case of both compounds. The curve shown for
1-butene represents the best estimate of the authors for the combined
experimental results of Aston (1) and the new measurements presented
in this discuséion. The present data indicate a slightly smaller
increasevin the isobaric heat capacity at bubble point with tempera-
ture for l-pentene than would have been predicted from the earlier
measurements of Huffman and co-workers (2) and the two sets of data
have been indicated by separate curves. However, the discrepancy
appears to be less than the combined uncertainty of the two sets of

data.
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Nomenclature
isobaric heat capacity, (B.t.u./lbj/oF
total internal energy, B.t.u.
specific ihternal energy, B.t.u./1b
1§tenﬁ heat of pressure change, (B.t.u./1b)/(1b/sq.in.)
weight of material in calorimeter, 1b
pressure, ib/sq.in. abs
heat associlated with process, B.t.u.
heat associated with infinitesimal change in state, B.t.u.

thermodynamic temperature, SRankine

specific volume, cu.ft/1b

Subscripts

4,B

b

state A and state B

bubble point

a dew point
1,2 conditions with different quantities of sample in calorimeter
Superscript

i

two~-phase state
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Table I.-

l-Butene
0.19872 1b2

Temp, o/ar Temp.
O B.t.u./OF : oF
116.10 0.40646 101.93
121.62 040744, 115.47
127.23 0.40962 122.27
132,60 0.41223 128,96
137.80 0.41825 135.65
143.20 0.42020 142.22
148.81 0.41764, 148.73
154,24, 042274, 155,25
159.56 0.42609 161.73
164,71 0.42789 181.29
175.59

0.43529 187.65

@ Weight of material in calorimeter

Heat Capacity of Calorimeter and Contents

0.,052025 1b

o/daT

B.t.u./OF
0.32119
0.33067
0.33159
0.33494
0.33645
0.33904
0.34098
0.3426/
0.34891
0.35661

0.35520



0.14215 1b
Temp., g/dT
OF B.t.u./OF
10443 0.36221
110.82 0.36562
117.26 0436702
123.50 0.36792
129.84 0.37039
U246 0.37327
148.71 0.37814
154.93 0.38081
161.05 0.37894
167.18 0.38423
173.34 0.38560
182,60 0.38621
191.52 0.38982
197.71 0.39246
204,20 0.39362
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Table I. (cont'd)

1-Pentene

0.14200 1b
Temp. ﬂ/dT

OF B.t.u./oF

113.83 0.36413
120,57 0.36732
127.00 0.36975
133.85 0.37206
140.57 0.37254
147.21 0.37660
153.70 0.37913
160.26 0.38162
166.71 0.38249
173.35 0.38428
179.74 0.38675
186.18 0.38974
192.49 0.39139
198,76 0.39423

204.97

0.39578

0.03700 1b
Tenp. g/ﬂT
oF B.t.u./OF
91.40 0.30121
99.84 0.30402
107.83 0.30966
115.51 0.31142
123.19 0.31295
130.92 0.31517
138.66 0.31831
147.27 0.31942
154.76 0.32272
162.02 0.32536
169.25 0.32748
191.32 0.33337
198.45 0.33765
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Table II. Isobaric Heat Capacities of 1-Butene
and l-Pentene at Bubble Point

Temp. 1-Butene 1-Pentene
O (B.t.u./1b)/OF
708 0.548 0.526
8o 0.555 0.530
90* 0.562 0.535
100 0.5682 0.5391
110 0.5752 0.5431
120 0.5827 0,547,
130 0.5910 0.5518
140 0.6005 0.5560
150 0.6105 0.5600
160 0.6232 0.5641
170 0.6380 0.5683
180 0.6570 0.5727
190 0.6812 05774
200 0.7112 0.5827
2102 0.746 0.589
‘2202 . 0.785 0.595

& Extrapolated
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TIotroduction

he development of methods of predicting the behavior o

tions such as humidification, dry

advancement in the science of fl1uid mechanics. TIn these operations a

ion based upon the kinetic theory appears to
s experimentally established behavior satisfactorily. In tur-

bulent diffusion the finite motion of masses of fluid termed eddies

-

plays a major part in the diffusional process. These sddies are formed

)

8 & result of turbulence defined by Taylor and von Karman (1) as "an

irregular motion which in general makes its appearance in fluids,

they flow past solid surfaces or even when

neighboring streams of the same fluld flow past or over one another.®
Turbulence is usually described by its intensity and scale. The in-
tensity of turbuler is e time average of the

ng velocity at a given

o

O
&)
ot
5
@
O
0]
<
e
o
=
=t
D

the vectors of

polint within the stream. velocities are the
three mutually perpendicular components of the transient velocity
average veloclty of the shream at
factor may be considersd as the

ddies., The analopgouvs quantities in

oy L EpRrres oy oy ey e f e Y = 2 -
are tenperature and nean free path for the in-

~

tensity and scale, respectively. Technigues have been devised Tor
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establishing these two measures of turbulence by the vse of hot wire
anemometers and appropriate electronic instrumentation. A summary
of these methods has been presented by Dryden (2).

Eddies transfer finite quantities of material from one point
to another as a result of their random motion. This process under
many conditions of industrial interest transfers material at man
times the rate which would result from molecular diffusion., Since
molecular and turbulent diffusion are somewhat similar, equations
analogous to those used in molecular diffusion may be considered as
being applicable to turbulent diffusion. Considering both types of

diffusion the total rate of material transfer may be writlten as

N ~(€s+D) 35 Q)

Since the magnitude of the molecular diffusivity D is usually much
smaller than the eddy diffusivity, 62{ equation (1), when applied to

fully developed turbulent flow, is often written (6)
N=—-€ AC (2)

Taylor (3) has shown this equation to apply only in cases where the
£,

diffusion distance is large compared with the Taylor mixing length
=4 8 &\

which is defined by

L= | Redx (2)
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indicated the following empirical relationshipn in which O was found

ne conditlions of thelir invesbtisgabion

El = OCE€nr (6)

Towle and Sherwood (6) have reported data on

e,

hydrogen and carbon dioxide from a point source in a turbulent air

ol

I Pien (7) determined eddy diffusivities for

. from a point source in a turbulent strean of

5

5

water Results indicate that the eddy diffusivity is nearlvy conshant
¥ 3 3

+~

in the turbulent core of the stream and T}

cific welight and the eddy di

C Q
Ul
v
]
9]
g
e
w0
£

number of the flowing

The study provided a horizontal
annular air stream of circular section into wvhich a coaxial stream

of natural gas was admitted. Provisions were made to debermine the

gstream at nine stations down—

velocity and ¢

s oo E e - ofenn 5
nt of the apparatus is

drew sir through a

3

heat interchanger B which was used to obtain rough temperature regu-~

g

{uta

stream. After the blower A the air passed




i
[
it

i

v

through the electric heaters C which Sv0h7ied energy for the final

temperature adjustment. The rate of

means of i
venturi meter was determined with an air<kerosene manometer used

in conjunction with a vertical component cathetometer. After pass-
ing through appropriate ducts E,F,G and past a mercury-in-glass

+
u

thermal regulator H, the air entered the working section J. This

nches in dlameter.
Natural gas was admitted coaxially with the zir stream

through a copper tube 1 inch in diameter which is shown in Figure 2.
The exterio* walls of this tube were tapered at an angle of 0.6 de-

gree in order to obtain a wall thickness of less than 0.005 inch at

¥

c.l.
jy
o]

e point of mixing. This tapered wall tube was used in order to
decrease the disturbances resulting from an abrupi change in section

of the conduit. The temperature of the natural gas was controlled

heaters vwhich were located on the ex

o

1

i
a
}.,_!
[
@
ol
¥ o
‘—./D
Q

1, ofa

of the conduit K and located upstrean of the calibrated orifice meter

L

L. This orifice meter was used to determine the rate of flow of the

natural gas. The differential pressure at t rifice meter was
determin ang of a kerosene-in-glags manometer used in cone

junction with a cathetometsr. The
controlled to within 0.5 per cent of

]

mually operated throttle valve in the supply line. Iguipment for



the control of temperature permitted both the air and natural gas to

be maintained within 0.1°TF of a predetermined value, The rate of flow
of air was controlled to within 0.5 per cent of the desired value by

of the nmotor driving

strean passed through the working

outside of the bullding at the

A

burner M.

rent of the working section is shown in Figure 3.

were located at distances varying from 3 to 100

inches dowmstream from the point of initial mixing and their location

is shown in Figure 3. The sampling ports were provided removable

£
Ta

plugs which were flush with the interior surface of the copper working

section. Tach of these plugs could be removed and replaced by a pitob

o

to permit the im-

1

cube assembly. The pitot tube was arranged so as
pact pressure to be determined as a funcltion of radius at each sta-

tion, The dynamic pressure was measured with a kerosene-in-glass

manconeter used conjunction with a vertical component cathelometer
or by means of a nic gter of the design that is shown in Figur
4o The latter instrument was used when the pressure differential was

less than 2.5 inches of kerosene. The pitol tube was also employed to

- e
i

lished from measurements of the specific

mixtuore. meagurenents

The gas samples wer

> £y
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ing bulb
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bulbs used in the specific welght measurements were immersed in an

agitated air bath during £illing. The tempervature of the air was
controlled within 0.1°F at 100°F. The pressure in the weighing bulbs
wag measurad relative Lo that of the atmosphere by a kercsene-in-

lass manometer. When cocled to room temperature the bulbs were

tieal balance with a relative vncertainty of 0.2

LY

welghed on an analy

milligram. Since the weights of the gas samples in the bulbs varied

13

.Jc

from A00 to 600 milligrams over the range of conposition of interest
el

T

s investigation, the specific weight of the samples wag deter—

approximately 0.3 ver cent. The cor-

iy

mined with an uncertainty o
rection for the deviation of
solutions (8) was not si
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from-the specific weight determi

of humidity of the alr upon the

taken into account,

Procedure and Resultbs

The composition and the flow patterns were studied at the
following gross velocities: 25, 50, and 100 feet per second. The
annular alr streanm and nabural gas stream were arbitrerily held at
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the same gross veloclty and tenperatuvre. The velocity at sach of
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working section. Specific weight determinations were made upon san—

B T eys ey Ty e “ £
ples taken at the came ained more than
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specific welght ol the

ne calculation of the composition of
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composition profiles are presented in

v 1

he combination of equation (2) with a material balance for

region of the flowing stream re-
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3 + 52 (n€4, 35) + 2 (&
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mixtur F material enteri may
be esguated to nt in the same period. This ag-
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Figure 3. Schematic Arrangement of the Working Section
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9. It is suggested that the eguilibrivm between nitrogen dioxide and
nits tet ide at elevated pressures and t eratiures be Sﬁla ed by

condi=
COTPres~
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