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ABSTRAGT

Equipment is described that was used in masking velocity
and temperature measursments at various points within an air stream
flowing'in a smooth, rectangular channel 0,675 inch in height, 12 3/8
inches in width, and 162 inches in length, The aspect ratio of the
channel was such that flow aleng the center line was essentially
two-dimensional, In addition to equipment for velocity and temperature
measurements, means were provided for establishing the thermal flux
from the upper wall of the channel into the flowing air stream,

The apparatus was applied to a research problem concerned
with the analogy between momentum transfer and heat transfer. Steady
state, two-dimensional flow of air was attained at the downstream
portion of the channel, Observations were made in the Reynolds
number range of 18,000 to 48,000. The experimental data were esamined
on the basis of heat and momentum transfer equations whose basic forms
were first suggested by Osborne Reynolds, It was found that in the
turbulent core the coefficient of eddy conductivity for heat was
practically constant and approximately 1.3 times the coefficient of
eddy viscosity.

II.

Thermndjnamic properties of methane were computed using
values of (é}%)T_and the compressibility factor Z. obtained from
exﬁerimental measurements, and theoretical informetion for heat
~capacities at zero preséure. Data are tabulated for the temperature
range from 70 to -2300 F and the pressure range from zero to 1400
pounds per square inch, A temperature-entropy diagram of methane

in this low temperature region is presented.
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I. TEMPERATURE GRADIENTS IN TURBULENT AIR STREAMS



INTRODUCTION

Osborne Reynolds (1) first suggested that heat and momentum

transfer.are accomplished in an analagous manner, His theory, however,

was applicable only to the turbulent core of fluid streams. L. Prandtl

(2) and G, I, Taylor (3) extended Reynolds work to include the laminar

layer at the channel wall., Further refinement was made by Th. von
Karman (4) who introduced the eoncept of the buffer layer® between
the laminer layer and the main turbulent core. A consideration of

the evolved theory shows that the nature of the two equations#¥

79 - (v + €,)% (1)
o .

@ - - + €. Jt
Co - (K )d] (2)

allows an analogy to be drawn between heat and momentum transfer,
The analogy is that é;m from the shear equation is essentially
identical with € , in the heat transfer equation. It is thus im-

plied that if the shear distribution is known in the channel together

with the veloeity gradient and fluid properties, then the heat

transfer may be established if the temperature gradient is known.

¥ See Appendix

¥% The equations are dimensionally correct with respect to
the nomenclature. Conversion factors for differences
in units are not included.



The latter procedure is besed on the assumption that €  as computed
from Equation 1 mey be directly substituted for é'c in Equation 2.
Recent literature (5) states that instead of an equality existing
between € c and €, the ratio ec /€ , mey be between 1 and 1,7.
Hence there is still uncertainty as to how the eddy viscosity, € ,,
may be properly transforme& to the eddy conductivity.

| To investigate more fully the apparent analogy between
momentum and heat transfer, an apparatus was constructed by the
Department of Chemical Engineering and used for a study of heat
transfer in steady, two-dimensional air streams. The work accom-
plished with this equipment is deseribed in the Appendix., The
results were not capable of satisfactory analysis since means were
not available for establishing the rate of change in temperature
along the axis of flow, and it was not known as to whether or not
fully developéd velocity and temperature profiles were obtained at
the downstream end, To mitigate the difficulties encountered, a
new apparatus was designed and constructed. It is the intent of
this discussion to present the details of the new equipment design
and fgview experimental results obtained in its application to a
study of the analogy between momentum and heat transfer. It is
to be noted that the work involved was necessarily concerned mainly
with the design and instrumentation of the apparatus., Experimental
investigations were at a minimum because of the time required to
conétruct equipment that would allow all the necessary quantities

in Equations 1 and 2 to be accurately measured.
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DESIGN OF EQUIPMENT

The main features of the new apparatus were intended to
eliminaté the experimehtal difficulties encountered previously.
First, the channel length was increased from 63 to 162 inches. The
greater length allowed more certainty in establishing fully developed
velocity and temperature profiles at the downstream end of the channel,
The second main feature was the inclusion of traversing equipment
such that velocity and temperature measurements could be made to
within a foot of the entrance or the exit of the channel. Besides the
two main changes in the equipment design, provisions were made for
more rapid circulation of o0il used in maintaining the upper and lower
walls of the channel at fixed temperatures. The oil circulation of
the earlier equipment was at the rate of 0,2 feet per second while
the new rate was designed to be 3 feet per second. By providing
more rapid circulation of the o0il more satisfactory temperature
control was expected.

. Adr System

The original equipment was planned for measurements in
air streams at Reynolds numbers up to 100,000, Because of space
limitations no chdnges wvere proposed in the approximate size of the
channel or in the size of the blower used to drive the air. An
isometric view of the new equipment is shown in Figure 1 and a
schematic layout in Figﬁre 2. Also photographs giving more detail
of the general nature of the apparatus are presented as Figures 3

and 4, Figure 5 gives a view of the channel cross section, and it



is noted that it reseﬁbles in general Figure 4 of the Appendix.

The height of the channel was a nominal 3/4 inch and the width

12 3/8 inches, It is believed that two-dimensional flow was attained
along the léteral median line since the aspect ratio was approxi-
mately 16.

The air system was operated as a closed circuit, and a
detailed schematic elévation is shown in Figure 6. The center line
of the channel was 46.83 inches above floor level, and the working
1ength wag 162 inches as defermined by the lengths of the copper
plates forming the upper and lower walls, as noted in Figure 5. In
operation, the air passed from the blower to a heating section where
two 500-watt on-off heaters and one 500-watt variable heater were
located. These heaters provided the necessary fixed heat in eon-
trolling the temperature of the air stream during a run. After
leaving the heating section, the air then moved into a long straight
run before entering a venturi meter whose reading was used to main-
tain constancy of flow. The straight pipe leading to the venturi
meter had a length compatible with recommendations given by Sprenkle
(6). After leaving the venturi meter the air then moved into a
channel entrance box where it was turned 180 degrees to enter the
working channel. The channel entrance box was provided with turning
vanés as shown in Figure 7 and also in Figure 2. The vanes were
designed with radii of 3.14 inches and back to back spacing of 2
inches. Details on the optimum contour of the vanes were obtained
from information presented by Patterson (7). The cross section of

the channel entrance box at the exit from the venturi meter was 10



inches by 14 inches.

As the air made its second 90 degree turn in the entrance
box, it passed into a commercial air filter packed with copper
turnings and next into a straightening section whose honeycombs
had lengths equal to six times their hydraulic radii, At the exit
of the straightening section, the air channel had a height of 8
inches and a width of 12 inches, The air then moved into a con-
traction section which brought the cross section to that of the
working channel in a length of 10 inches, It is thus seen that
care was exercised in an attempt to provide a uniform veloeity
distribution at the entrance to the working section.

The air ran horizontally in the working section between
two copper plates as noted in Figuresl and 4. In operation the
upper copper plate was maintained at a higher temperature than
the lower plate. As the alr approached the downstream end of the
working channel it was felt that steady state conditions were
attained wherein the heat transfer through the air stream was
constant from point to point normal to the stream, and no rate
of change of temperature of the air occurred along the axis of
flow. In addition it was believed that the velocity and tempera-
ture profiles here were fully developed for the given type of
channel. |

As the air left the working section it entered the
channel exit box shown in Figure 8 and also included a8 point 1
in the schematic sketch, Figure 6. After leaving the channel
exit boi the air passed into a connecting section leading to the
blower. At this point the circuit was completed.



The blower as shown in Figure 9 is a Utility Fan Company
No. 2 exhauster and was powered by a Sterling Speedtrol Unit having
a 3 horsepower rating. The Speedtrol unit in combination with
different pulley systems to the blower allowed a continuous varia-
tion in the blower speed from 640 to 5700 rpm. Reynolds numbers
of interest were covered by this speed range. Lower air speeds
could have been attained by inserting chokes in the air lines.

During operation, the air was maintained at a predetermined
- temperature by means of a 200-watt control heater located at point
14 in Figure 6. Input to the heater was controlled by an electronie
circuit so that the energy added was proportional to the displace-
ment from the zero point of a mirror of a galvanometer connected
to a bridge circuit., The bridge was essentially as shown in Figure
10, one arm being located in the air: stream. The location of the
control point was at point n in Figure 2. The temperature of the
air stream was measured with a platinum resistance thermometer
mounted at m adjacent to the control element.

Pefhaps the most noteworthy feature of the channel was
the provision for the movable side walls., End views of the side
walls are shown in Figure 5. They were made of bakelite with steel
backing plates to facilitate movement by hand. The bakelite pieces
were 3// inch thick, 1 5/16 inches in width, and 11 inches in length.
Sealing between the copper walls and the bakelite blocks was achieved
by means of felt strips mounted in grooves milled in the blocks.

Figure 11 shows a side view of a typical side wall installation.



rigure 12 gives a view of a group of the side blocks. Figure 13
shows the side view of the air channel with the side walls removed.

Although in the present work only a 6-inch venturi meter
was used in controlling the air flow, three other units were also
designed. They had nominal sizes of 1 1/2, 3, and & inches, The
purpose of four units was to provide the proper size for the
different flow rates under consideration so that minimum differ-
entials of two centimeters of kerosene and maximum differentials
of 20 centimeters could be realized. Design of the meters was
made according to specifications described in the manusl "Fluid
Meters, Their Theory and Application" (8), Instead of providing
several holes in the walls of the meters for connection to plez-
ometer rings, the meters were constructed so that continuous
openings existed at the entrance pressure connection and at the
throat pressure connection. Figure 14 gives a schematic cross
section of the venturl meter showing the slotted pressure openings.
The meters were first prepared &8s aluminum castings, and then the
castings were machined to precise dimensions. The procedure is
recommended since very satisfactory meters were obtained at a
relatively low cost., Flgure 15 shows the 6~inch venturi meter
mounted in the air line,
0il System

Tn order to maintain the copper walls of the working
channel at fixed temperatures, countercurrent oil eirculation

was provided. The direction of flow for both the upper and lower



oil baths is indicated in Figure 1. No checks were made on the
flow rate that was attained in the equirment. The original plen
was, however, to have the oil flow at approximately 3 feet per
second with a maximum temperature drop of 0,2° F as it passed from
the entrance to the exit end. In order to attain the desired
circulation, two low-head, high-capacity pumps were obtained from
the Economy Pump Company. The pumps were propeller type with
axial flow and had ratings of 500 gellons per minute at heads
corresponding to 5 feet of water. Temperature control with the
glloved o0il eirculation rates was satisfactory.

The upper oil bath was suspended from two i4-inch I-beams
as shown in Figure 3, A close up view of the support system is
shown in Figure 11. The copper plate thet formed the upper wall
of the air channel in turn formed the lower wall of the upper oil
bath. The copper plate wes mounted on the oil bath by fastenings
shown in Figure 5, Garlock gasketing was used for sealing. For
| all practical purposes the lower oil bath was a mirror image of
the upper bath.

The cross sections of the oil baths normal to the direc~
tion of flow were 36 square inches which was slightly greater than
the cross section of the 6-inch iron pipe used in the return lines.
Thé oil flowed to the risers shown in Figure 1 as it passed to the
return systems., Figure .16 shows the upper and lower oil lines as
they left the working section of the equipment. Figure 17 shous

the upper and lower oil lines as they entered the temperature
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control baths on the right hand side of the photograph, The
discharge lines of the axial flow pumps formed the right angle
turns Just ahead of the entrance to the control baths.
In the design of the heat transfer equipment it was
considered that investigations were to be made under conditions
such that heat was to be transferred from the lower to the upper
plate through the alr stream as well as from the upper to the
lower plate. Also it was expected that runs were to be made
where heat was to be transferred from both plates to the air
stream. Thus to allow for flexibility, the heating and cooling
elements in the upper and lower baths were designed to be identical,
For heating there were two 2000-watt, one 1000-watt, and one 500-watt
fixed heaters thus giving a total capecity of 5500 watts in each oil
bath, Control heating was accomplished by means of a 250-watt
heater connected to an electronic droop control circuit. In addi-
tion there was also a 500-watt heater mounted with a variac control
on its input. Figure 18 shows the control panel for all the heaters
in the oll and air streams. All the fixed heaters plus the variac
controlled units were mounted on the exterior of the oil pipes
forming the return lines. In addition to the heating facilities
each oll system was also provided with refrigeration, both internal
and external colls being used. Figure 16 showa the external coils
on the left center of the picture. On the right hand:s#ide of the
photograph are shown the eléctrical connections for heating elements.
The temperatures of the oil baths were measured approxi-

mately 6 feet from the control heaters at the points k and 1
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indicated in Figure 2. Figure 19 shows the brass cases enclosing
the control thermometers along with the resistance thermometers.

~ The resiétance thermometers were standard platinum units. The
control thermometers used in conjunction with the droop control
circuits had copper resistance elements with resistances of about
20 ohms,

It was anticipated that the oil baths were to be operated
at a maximum temperature of 160° F and a minimum of 70° F. Opera-
tion in even as small a temperature range as this required provi-
sion for thermal expansion of the various metal parts in the oil
system, It was planned that the main expansion and contraction
would be relieved by the Magnalastic expansion bellows located
Just upstream/from the pumps as noted in Figure 1. Also to prevent
bulging of the copper plates from stresses in thermal expansion,
the plates were provided with floating econnections to the steel
flanges of the oil baths, The shanks of the fasteners mounted in
-the copper plates passed through eclearance holes in the steel flanges
and through copper ciamping bars mounted on the other face of the
flanges as shown schematically in Figure 5. This method was not
satisfactory since bowing of the copper plates occurred to such an
extent that the central part of the channel had a height of 0,675
inch as compared to the desired figure of 0,75 inch. Thus in
practice the channel was not truly rectangular. Instead the outer
edges were 0,75 inch apart with a taper to the center as noted
above. It is not believed, however, that the two-dimensional

character of the flow along the center line of the channel was



appreciably affected. Before proceeding to heat transfer studies
requiring temperature and velocity measurements other than along
the center line it will be necessary to correct the bowing by
means of clamps and supporting spacers between the upper and
Jower plates.

Each oil bath held approximately 80 gallons of oil.
For safety reasons the o0il was kept in the baths only during
operation and was drained to an underground tank during layoff
periods. When another run was started, the oil was pumped back
into the system. Brown neutral oil obtained from the Union 0il
Company was used for the fluid.
Copper FPlates

Special copper plates were procured for the working
channel. They were 162 inches in length and 15 inches in width
with a thickness of 0,361 inch. The copper was cold rolled and
of high conductivity, oxygen-free stock. Since the plates were
~ rolled on a special order and were run through the mill as single
units, their edges were slightly warped from the rolling operation.
In general, however, their surfaces were very nearly plane. Prior
to installation they were rubbed with emery paper and polished so
that they had surface finishes on the standard aircraft seale of
approximetely 25. During operation slight oxidation ocecurred,
but it was not sufficient to impair the polish characteristiocs
of the surface. Any flow investigation made in the channel must

be described as pertaining to flow in smooth channels.
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Ipstruments

The quantities of main interest in making a study of
the analbgy between momentum transfer and heat transfer are
indicated in Equations 1 and 2, To obtain values of 7 and point
velocities, pressure measurements were required. Alsoc in obtein-
ing velocities by means of a hot wire anemometer, voltage measure-
ments had to be made, Temperature measurements were necessary for
establishing dt/dy in the flowing stream and in addition for comtrol
of the air streap and the oil baths at specified temperatures. For
the establishment of the thermal flux, Q, from the upper plate
when considering heat transfer normal to the flowing stream calori-
metric measurements were desirable. The instrumentation of the
apparatus was considered from the standpoint of obtaining precise
and accurate values of all the aforementioned quantities, |

Of main importance in the instrumentation was the pitot
tube which was mounted on the lateral center line of the channel
‘ and at the downstream end as shown in Figure 20 and point j in
Figure 2. The tube was moved in a vertical plane by means of a
micrometer head that mounted in the upper part of the post shown
in Figure 21, Figﬁre 22 shows the pitot tube in position immediately
under the upper copper plate and between the two copper pdates. The
reflection of the tube is shown in the upper copper plate, and it
was possible by means of this reflection to locate aceurately the
position of the tube with respect to the plate, An optical system
allowed measurements to be made of the distance between the tube

and its'image.; The location of the tube in the stream with respect
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to the wall was then one half the distance between the object
and imsege.

| The vertical cross section of the pitot tube mounting
was effectiiely the same as that shown in Figure 6 of the Appendix.
The vertical post mouqting the tube in the later apparatus was
reduced in diameter so as to give less interference with the air
flow. The actual pitot tube was 3/4 inch in length as extended
from the vertical support tube. Its outside diameter was 0.026
inch and its inside diameter was 0.015‘inch. The nose was rounded
to a hemispherical shaspe. Figure 23 gives a detail of the tube
dimensions., These dimensions are in agreement with optimum pitot
tube design as desceribed by Goldstein (9). The pitot tube had a
two~fold application: 1, it was the basic standard in calibrating
the hot wire anemometer and 2, it was used for vertical velocity
traverses at its fixed position.

A second instrument of use in establishing the flow
characteristics was a series of piezometer bars for measuring the
pressure drop along the channel. They were located at points a,
b, and ¢ in Figure 2. A detail of the design is given in Figure
24. The pressure holes in the copper plates were eleven in number
at each piezometer position and were spaced one inch apart. Their
diameter was 1/32 inch., The streamside of the holes after drilling
had all burrs removed 36 that in considering the diameter of the
holes in relation to the size of the working channel and the care
exercised in their machining it is believed that accurate static

pressure measurements were possible.



Pressure leads from the pitot tube and the plezometer
bars were taken to a gang manometer shown in Figure 25. The
manometer was of conventional design, and by having all the tubes
connected to & common atmospheric leg the number of tubes required
for a given number of pressure measurements was practically halved.
Kerosene was used as a manometer fluid, and the deflections were
measured by means of & verlical component cathetometer also shown
in Figure 25. In addition to the piezometer and pitot tube heads,
the venturi meter differential was also read on the gang manometer,

The mieromanometer shown in the upper right hand portien
of Figure 25 was designed for use in reading pitot pressures at
stream velocities of 30 feet per second or less. A closer view
of the instrument is given in Figure 26, It consisted of a dial
gauge in connection with a moving tilted arm mounted on a block
and screﬁ mechanism, The tilt of the arm was approximately 10
degrees and thus allowed small changes in pressure to be observed
readily. The interesting feature of the micromenometer design was
that the dial gauge could be moved in its gross position by one
inch steps so that if necessary a total deflection of three inches
could have been accurately measured.

After measurements of velocity with the fixed pitot
tube and of the pressure drop along the channel by means of
pPiezometer bars, the next measurement of interest was the one
allowed by the hot wire anemometer. As noted previously, the
equipment was designed to allow temperature and velocity measure-

ments to be made along the full length of the working channel.
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To attain this end, the upper and lower walls of the channel
were mounted independently from each other as may be noted in
Figures 11 and 13. To provide for the measurements at different
points along the channel a travérse gear was designed for mounting
the temperature and velocity measuring instruments. A view of the
working side of the equipment is shown in Figure 27, It mounted
a hot wire anemometer on two 0,020-inch steel wires that ran
laterally through the chamnel and may be seen in Figure 27 entering
the side walls of the channel, The travérse gear ran on rails as
noted in Figures 28 and 29, A sectional view of the rails is given
in Figure 30. They were planed to close tolersnces in the Astro-
physics shop of the California Institute of Technology. The task
.was difficult as the rails were 15 feet in length which was 2 1/2
feet longer than the totel travel of the planer bed, and so two
separate cuts were required in the machining.

The axial movement of the traverse gear mounting the
" hot wire anemometer was achieved by means of the hand wheel system
shown on the left hand side of Figure 15. Vertical movement of
the apemometer was accomplished by means of the lower right hand
wheel in Figure 27. The counter shown indicated 00,0001 inch for
each integer in the last figure so that the relative position of
the anemométer iﬁ a vertical plane was very accurately fixed. For
moving the hot wire latérally the upper left hand wheel in Figure
27 was used, The right hand integer in the counter corresponded
to 0.001 inch so that the lateral position of the hot wire was

accuratély determined. In order to allow the hot wire to be moved
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close to the upper or lower plates a tilting mechanism was
included in the design of the traverse gear. The lower left
wheel invFigure 27 operated the tilting arm shown as a horizon-
tal bar in the center of the figure. For absolute determination
of the position of the hot wire anemometer with respect to the
upper and lower walls of the channel, an optical system was used
which is also shown in Figure 27. The anemometer was moved close
to the wall and the distance between the object and image was
determined by viewing through a glass side wall shown in Figures
27 and 28, The distance of the instrument from the plate of
interest waw taken as half the distance between the object and
image. A Starrett dial gauge with a total travel of one inch
and 1/1000 inch divisions was used for locating the vertical
position of the telescope. After the hot wire anemometer had
been located with respect to the walls of the system, it was
moved in the stream by means of the hand wheels previously
 described. The location of the anemometer in the stream was
probably accurate within ¥ 0,001 inch.

A sketch of the hot wire anemometer is given in Figure
31. Its mounting in the working channel was as presented in
Figure 32. The pitot tube shown in Figure 32 was an addition
made for work noi described in this paper. The hot wire element
of the snemometer was pfepared with 1 mil platinum wire in & length
of 1 centimeter. One mil wire was used because it was felt that a
larger size was not required for greater sensitivity since the air
speeds of interest were relatively low and that a smaller size was

not necessary for use in the 0,675-inch channel, The wire was



mounted on twe steel needles 2 1/2 inches from the leading steei
support wire so that the support wires should not have affected the

velocity measurement at the position of the hot wire. For convenience
the hot wire anemometer was also used as & resistance thermometer.
Thus after making a velocity measurement it was possible to turn off
the current to the hot wire and measure the wire resistance at the
surrounding stream temperature. The size of the platinum resistance
wire as compared to thermocouples that would have been used alterna-
tively for temperature measurement was very advantageous since it was
possible to move the temperature measuring instrument in this case
to within a few thousandths of an inch of the channel walls, thus
furnishing more detailed information ofi the existing temperature
gradients in the fluid stream.

Electriecal leads for the hot wire anemometer were run to the
platinum wire in slots milled on the inner surfaces of the support
needles shown in Figure 32, Because of space limitations it was necessary
to use No. 36 B, & S., double silk-covered copper wire. The two poten-
tial method was used in determining the resistance of the hot wire
when il was used as a resistance thermometer. Consequently two No,
36 wirés were run to each side of the resistance wire, They were led
out through the bakelite support case and along the rear steel support
wires. When in use as an anemometer, one set of leads provided
current, and the second set of copper leads was used for measuring
the potential drop across the wire.

The constant resistance method was applied in the

anemometry work., A diagram of the operating ecircuit is shown
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in Figure 33. The anemometer was calibrated against the fixed
pitot tube., In operation the current was measured by determining
the voltage drop across a standard resistance having a nominal
value of 0,05 ohm, The emf across the hot wire was obtained as
previously deseribed. Currents less than 200 millismperes were
used in the work, the wire being held at a temperature of approxi-
mately 158° F when the stream temperatures were 100 to 120° F. The
purpose of operating the hot wire at a relatively low temperature
was to minimize possible changes in the resistance characteristics
of the wire through aging so that after the ealibration had been
obtained as a resistance thermometer, it would be possible for it
to remain constant within the limits of the desired experimental
aceuracy.

In the work described here, heat transfer measurements
were made from the upper plate to the flowing air stream. As in
the earlier work described in the Appendix, the thermel flux was
| to be determined by means of a copper block calorimeter mounfed
in the upper copper plate. In the new apparatus it was decided
that rather than to bore the copper plate to allow the calorimeter
to be set into position and form part of the upper wall of the
channel it would be mechanically more simple to mount the copper
bloék on the oil stream side of the upper copper plate., Electrical
analogy measurements showed that the design was feasible from the
standpoint of producing an isothermal surface at the position of the
calorimeter and on the air stream side of the copper plate., There-

fore the calorimeter was prepared as shown in Figure 34. The
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effective diameter of the calorimeter was 3.125 inches. Two
calorimeters were installed on the equipment, one at the down-
stream end and the other at the middle. Figure 2 designates the
positions of the two calorimeters as points h and j. TFilgure 35
shows the inside view of the calorimeter. The copper block with
its milled groove for the resistance wire used in the energy imput
is shown inside the steel cylinder., The ring around the steel
cylinder was part of the oil seal ring preventing leakage from
the upper oil bath, The seal ring system was of the type shown
in Figure 36 which was used for sealing the pitot tube post as it
emerged from the upper olil bath.

In the operation of the calorimeters the energy input
was controlled by means of thermocouples, The method was essentially
the same as that used in the preliminsry work. In Figure 34 the
central hole in the copper block of the calorimeter was for a
thermocouple mounted in the copper plate immediately underneath
the calorimeter, In heat transfer operations the temperature of
this thermocouple was kept the same as that of one immediately up-
stream from the calorimeter, Under such conditions it was assumed
that the energy input from the calorimeter to the air stream was
the same as that from the surrounding Gopper plate to the air
stréam. The positions of the thermocouples upstream from each
calorimeter are shown in Figure 2 at points e and g. Additional
control for operating the calorimeter was provided in the form of

a differential thermocouple mounted in the groove at the base of
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the copper blqck. By maintaining a zero temperature difference
across the annulus a secondary control on temperature equilibrium
was achiéved. In order to eliminate energy losses by conduction,
the steel jackel of the calorimeter was evacuated. The two
calorimeters operated from the same vacuur system. A Cenco Hyvac
fore-pump was used along with metal oil diffusion pumps as may
be observed in Figure 4 and in detail in Figure 32.

The operation of the calorimeters was not entirely
successful. In using the system whereby no temperature discon-
tinuity was provided between the calorimeter block and the sur-
rounding copper plates as in the preliminary work and as shown in
Figure 10 of the Appendix, it was found that before energy addition
was made to the calorimeter the temperature reading of the central
thermocouple beneath the calorimeter was not much different from
that of the thermocouple located immediately upstream from the
calorimeter, Thus in adding energy to bring the calorimeter into
 equilibrium with the surrounding copper plate there was insuffi-
cient temperature difference to allow precise control of the energy
input., Consequently inconsistent values for the different runs
were obtalined,

The calorimeter electrical circuit is presented in
Figure 38. The resistance wire mounted in the upper surface of
the copper block noted in Figure 35 was No. 26 Advance wire and
had a resistance of 12 ohms. The current input was determined

by measuring the emf across a standard resistance having a nominal
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value of 0,005 ohm. The voltage epplied to the heating element
was obtained by measuring the emf across the 75 ohm portion of
the divided resistance indicated in Figure 38. Both calorimeters
were energized from the same voltage source, namely four 6-volt
storage batteries in series,

In the establishment of the temperature profile between
the copper plates it was necessary to know the temperatures of the
plates. The temperatures were obtained from thermocouples mounted
in the plates in the same manner as demonstrated in Figure 10 of
the Appendix where the thermocouple is loeated just ahead of the
calorimeter shield. Holes were bored so that the thermocouples
were within 1/32 inch of the air side of the copper plates. The
couples were located as shown in Figure 2 at points d, e, f, and
g and at distances noted in Figure 20. The main temperature and
velocity traverses along the vertical section of the stream were
made at point g in Figure 2. Thermocouples were located in both
plates, the ones in the lower plate being mirror images of those
in the upper plate. As also mentioned previously, thermocouples
were used in controlling the emergy imput to the calorimeters,

In all instances the couples were copper-constantan and prepared

with No, 30 wire, The junctions were butt-joined with silver

solder in a hydrogen flame., A 32° F junction was used for reference.

A schematic layout of the thermocouple eircuits is given in Figure 39.
Gross temperatures of the air stream and of the control

oll baths were measured by means of resistance thermometers of the
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type commercislly avaeilable from the Leeds and Northrup Company.
The location of the thermometers has been deseribed in sections

concerned with the oil and air streanms,

CALIBRATIONS

Resistance Thermometers

The resistance thermometers were calibrated against a
Leeds and Northrup standerd thermometer. Only three calibration
points were considered, 32, 100, and 160° F. Since the data showed
only a small deviation from a straight line drawn between the
points at 32 and 160° F, the interpolation for intermediate tem-
peratures was performed using the straight line as a basis for
a residual method. A plot of Rpgag = Reqle / R32 was prepared
versus temperature., All the thermometers including the standard
had practieally the same residval curve., Values of the calibrsa-
tions of the three thermometers used in experimental work are
given in Table I.

Standard Resistances

Standard resistances were used in both the hot wire
anemometer and calorimeter circuits, Their values were obtained
by placing them in series with certain standard resistances avail-
able in the laboratory and meking emf measurements across both the
basic standard and the standard at the same time. The measure-
ments were made using nominal current values of 15 milliamperes,
The standard resistances were made of manganin, and the ecalibra-

tions were corrected to 25° C. As the temperature coefficient of



résistivity of manganin is zero at 25° C and since the resistances
were established with accuracy of better than one part in 40,000,
no correétions for temperature variation were applied to the re-
sistances when used in the experimental runs, because the accuracy
of calibration exceeded the accuracy of the application of the
cireuits containing the resistances. Table II gives the values
of the stapdard resistances used in the different circuits.
Thermocouples

For the experiments of interest the thermocouples were
calibrated at temperatures of 100, 110, and 120° F. In calibrating
the thermocouples at a given temperature, oil was circulated in the
oil baths while the air stream between the copper plates was stagnant,
After equilibrium was attained wherein it was believed that the air
sides of the copper plates were at the same temperatures as the
oil bathe, voltage readings on the thermocouples were taken, The
measurements were made on a White potentiometer and were precise
" to within 0,2 microvolt. The main limitation on the accuracy of
the calibrations was the effect of any miscellaneous thermocouple
influences in the thermocouple circuits. Also the calibrations
depended directly on the correctness of the resistance thermometers
used in measuring the temperatures of the oil baths, The thermo-
coﬁples at the uﬁstream end of the working channel which was at the
exit end of the oil streams probably had the largest errors since
the control points for the oil baths were at the downstream end of
the channel, and heat losses to the room may have caused unaccounted

for temperature variations in the oil baths at positions away from



the control points, Table III gives the thermocouple calibrations
at 100, 110, and 120° F, The data were applied only at 100 and 120° F
so that for smell variations from these temperatures, linear inter-
polations or extrapolations were used,
Hot Wire Anemometer Calibrated sas a Resistance Thermometer

The hot wire instrument was calibrated as a resistance
thermometer at temperatures of 100, 110, and 120° F at air speeds
from zeroc to 90 feet per second. In the calibration the oil baths
were operated at exactly the desired temperature. At the point
where the resistance thermometer was calibrated an effort was mede
to have the free stream temperature of the air correspond to that
of the oil baths, In order to accomplish the latter situation it
was necessary to take into account the fact that as the air passed
from the chanﬁel entrance box into the contraction section and then
into the working chammel, it underwent what was essentially an
adiabatic expansion. For the different air speeds involved, the
temperature at the entrance to the contraction section, which was
also the point at which the air control thermometer was located,
was held at a value such that as the air expanded into the working
channel it attained the temperature of the oil baths. During the
calibration of the hot wire as a resistance thermometer it was
1océted at the downstream end of the working channel, and it is
believed that by the time the air reached that point the desired
free stream temperature was actuslly obtained, Any small varia-

tions from the desired value of this temperature at the channel



entrance should have been eliminated in the 12-foot run between
the copper plates held at the correct temperatures. Figure 40
gives a flot of the resistance velues versus air velocity at
constant temperatures. Between zero and 60 feet per second the
adiabatic recovery factor for the resistance thermometer appears
to be approximately zero and then slowly rises above 60 feet per
second, It may be that at the higher speeds the recovery factor
was still approximately zerc but slight strains in the resistance
wire caused changes.in its resistance values. Tabulated values
of the resistances as a function of air veloeity are given in
Table IV,
Calibration of Hot Wire Anemometer

The hot wire anemometer was operated using the constant
resistance method. A diesgram of the circuit has been given in
Figure 33, A resistance of 2,3625 ohms was used as the fixed
value, This resistance corresponde to a temperature of approxi-
7 mately 158° F so that in measurements in the air-channel with the
upper wall at 120° F and the lower wall at 100° F the minimum
temperature differential between the hot wire and air stream was
38° F, It is apparent that the temperature of the air stream had
an effect of considerable consequence on the heat transfer from
theihot wire, Aé suggested for such cases the calibration equation

teking into account the.temperature difference between the wire and

the air stream was used. The theoretical equation is of the form

2R = (a + V@) (- &) : (3)



- 26 -

where 1 is the current, R is the constant resistance, R, is the
resistance of the hot wire corresponding to the point temperature,
and a and b are calibration constants. In calibrating the hot
wire the data were considered on the basis of Equation 3. The
variation of density in the air stream was not taken into account
because it was slight for a temperature change of 20° F, 1In the
calibration, a measurement of the stream velocity was obtained

by means of the fixed pitot tube, and the current required to
maintain the hot wire at the selected resistance value was
meagsured for the same stream line. Also the temperature at

the point was obtained using'the hot wire as a resistance ther-
mometer., From the data, values of i /R - Ry were computed
and plotted versus the square root of the air velocity. The cali-
brations were made before the begimning of an experimental run,
and check points were obtained at the end of the rum., The runs
required approximately 24 hours for completion, and it was found

| that the calibration of the wire would change during that time so
that the current required for a given velocity and stream temper-
ature would drop by one half to one per cent. The variation of
the calibration probably was caused by accumulation of dust on
the wire during the run. As a consequence of the percentage change
in current the measured air velocity would change on the order of
two to four per cent. in all, the anemometry techniques as applied
here were not entirely satisfactory. In future work it will be

necessary to be more precise in measurement of currents and also
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to insure a minimum of external influences such as dust which
may change the wire calibration.

In operating the circuit shown in Figure 33 the bridge
could not beAbalanced when the galvanometer was at maximum
sensitivity because of large fluctuations of current that re-
sulted from fluctuations in the heat transfer at the hot wire.
All measurements were thus made using the circuit with the
galvanometer at low sensitivity,

Three experimental runs were completed in which cali-
brations of the hot wire were made concurrently. It was possible
to obtaein calibrations at temperatures between approximately 105
and 115° F, In plotting the data and taking imto account the air
temperature it was found that rather than having the term R - R,
to the first power the data followed more closely a plot using

(R - Ra)0°8 so that the general equation assumed a form

oL

i
m.aZ (Q"‘Aﬁ_) (4)

with the proper units being applied. In other words the calibrations
showed less dependence on the temperature than indicated in the
theoretical Equation 3. Velocities between the points of calibra-
tion obtained in each run and zero feet per second were interpolated
by extending the calibration curve to the 12 / (R - Ra)o'8 value
obtained for still air, The calibration curves for three experi-

mental runs are presented in Figure 41. The points for the different



runs do not lie on the same curve because the calibration of the
wire changed appreciably between Tests 5 and 6,

Because of the uncertainties introduced by the changing
calibration of the hot wire, the data obtained with this instrument
were used only for measurement of velocity near the channel walls
and for comparing the velocity profiles in a relative menner from
point to point within the channel, The experimental data for the
main channel velocities were procured from pitot tube measurements.
This procedure was possible since the main temperature and velocity -
traverses were made at a position just upstream from the pltot tube,
Pitot Tube |

Since the pitot tube was designed in accordance with
accepted procedures it was not calibrated apgainst a basic standard.
Its coefficient of discharge was taken as one, and the velocity as
measured by it was then obtained by evaluating Y 2gH , in which H
is the height of fluld in feet corresponding to the pressure at

the point of measurement, and g is the acceleration due to gravity.

PRECISION AND ACCURACY OF MEASUREMENTS
Pregsure
The gang manometer was used in measuring the total head
recorded by the pitot tube and the static pressures at the upstream,
central, and downstream piezometer bers. With the cathetometer
shown in Figure 25, the pressure differentials could be read within
0.01 centimeter of kerosenc, Use was not made of the micromenometer

in the work reported here since it wes not felt thet the precision
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allowed by it was necessary. The micromanometer could be read

to 0,001 inch of kerosene where the corresponding limiting value
for the vertical component cathetometer was 0,004 inch, Density
measurements on the kerosene used in the manometers were obtained
by means of pycnometer readings at 17, 25, and 32° C so that in
this temperature range the density values were known within two
parts in eight thousand.

Temperature

Temperature measurements were made at a central point,
Considerable effort was spent on the temperature measuring in-
stallation since it was an integral paft of the laboratory.

Figure 42 shows the temperature bench, The two instruments on

the left hand side are the Mueller bridges used in the precision
measurement of resistances. The central instrument is the K-2
potentiometer and the instrument on the right is the White poten-
tiometer, the latter two instruments Being used for voltage measure-
| ments. Figures 43 and 44 show the galvanometers and wiring in the

" internal part of the temperature bench,

The temperatures at the control points in the oil baths
and the air stream were measured on the Mueller bridges. It was
possible to measure the resistances of the thermometers to within
one.figure in the fourth decimal place, Considering the values of
the resistances as recofded in Table I it is seen that the precision
corresponded to 0,003° F, The absolute values of the temperatures,

however, were not obtained within such small limits., Uncertainties
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in the calibration of the bridge colls and of the resistance
thermometers gave indication that the temperatures at the control
- points iﬁ the three streams were known to within * 0,01° F,

In making measurements with the hot wire anemometer
used as a resistance thermometer, the Mueller bridge was also
used. The resistance that was measured in this instance was of
the order of 2,2 ohms. At the stream velocities of interest,
fluctuations in temperature probably resulting from slight move-
ment of the wire made it somewhat difficult to measure the resis-
tance within # 0.0002 ohm. This uncertainty in a platinum re-
sistance of 2.2 ohms corresponds to a temperature uncertainty
of £0,05° F. It is probable that most of the measurements made
with the hot wire as a resistance wire were more accurate than
indicated by the last figure. The consistency of the temperature
measurements made in & vertical traverse in the flowing stream
showed that the relative values of temperatures were probably
precise within +0,02° F.

The plate temperatures and temperatures within the
calorimeter blocks were obtained by means of copper-constantan
thermocoupler. Their calibrations were obtained within + 0.2
microvolt as the degree of precision which corresponds to approxi-
mateiy + 0,01° F. Considering the possible errors in the calibra-
tion values used for thebresistance thermometers it is believed
that the calibration of the thermocouples was probably accurate

within +0,02° F. 1In the experimental runs it is probable that
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the error in the thermdcouple measurements was not greater than
+0,03° F, Miscellaneous thermocouple effects accounted for some
~ of the uncertainty.
Electrical Ehergx

As noted in previous discussion the energy input to the
calorimeters was found to be inconsistent. It is difficult to
estimate the accuracy of the results. The errors did not result,
however, from any difficulties in measuring the current and voltage
existing at the heater elements in the calorimeters. The upstream
calorimeter was used in the work as there waes o0il leakage into the
downstream calorimeter., Emf measurements across the standard 0,005
ohm resistance were obtained to within + 0,2 microvolt, and the emf
across the 75 ohm resistance of the voltage divider shown in Figure
38 wes measured to within % 0,00002 volt, Voltages across the
standard 0,005 ohm resistance were read on the White potentiometer
and those across the 75 ohm resistance on the K-2 potentiometer.

Precision of measurement of the energy input to the hot
wire anemometer was limited by difficulties in balancing the bridge

circuit noted in Figure 33. It was not possible to reproduce the

current to within + 0,3 per cent. When considering the fact that
the velocity is proportional to the fourth power of the current,
the precision difficulties involved here resulted in an added
veloecity uncertainty of e;pproximately #+ 1 per cent, Changes in
the calibration of the hot wire were probably more significant
than the precision difficulties concerned, A variation of 1 per

cent in the calibration current corresponded to a resulting
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uncerteinty in the velocity of about 4 per cent. In summing all
the errors involved in the hot wire anemometry it 1s believed
that at a speed of 90 feet per second an uncertainty of + 5 feet
per second in the measurement of the air velocity existed, and
at a speed of 30 feet per second the inaccuracy was = 1 1/2 feet
per second, Further Departmental studies of experimental techniques
in the application of the hot wire to velocity measurements in
flowing streams having temperature gradients will certainly allow
improved accuracy in the use of the instrument.
Pitot Tube Veloeity

The total pressure at the pitot tube was corrected to
the total dynamic head by means of a static pressure obtained from
the interpolation of readings of the piezometer bars at the center
part of the channel and at the downstream end., Errors involved
in this operation plus the fact that the pressure readings were
obtained within 0,01 centimeter indicate that the dynamic head
 was known within + 0,01 centimeter of kerosene. Including these
errors and the uncertainty in the discharge cocefficient of the
pitot tube, it is believed that at 35 feet per secomd the velocity
was known within % 0,6 foot per second and at 90 feet per second

within £ 1 foot per second.

. EXPERIMENTAL RESULTS
It was the intent of the present work to mske measurements
on all quantities other than fluid properties in Equations 1 and 2

for steady state, two-dimensional flow of turbulent air streams.
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Thus the item of main importance was to insure that steady state
conditions had been atteined. It was decided that the detailed
temperature and velocity measurements should be made at the down-
stream end of the channel at point g in Figure 2. It was felt
that after a travel of approximately 11 feet in the working
section the temperature and velocity profiles at this downstream
section would be fully developed. To check on the fully developed
character of the flow, the work was planned to allow for rapid
temperature and velocity profile measurements at points e and f
of Figure 2 upstream from the section of main interest.

Three experimental rums were made. The experimental
data were anslyzed assuming two-dimensional flow so that the
Reynolds numbers characterizing the flow were computed for in-
tegrated temperature and velocity measurements made at the
downstream end of the channel, The measurements were all made
on the lateral center line., Thermocouple No., 18 merked the point
- of the main traverse, and the distance of the couple from the end
of the channel is shown in Figure 20,

Runs were mede at Reynolds numbers of 18,446 , 33,981 ,
and 47,719, In all cases the temperature at the control point
in the upper oil bath was held at a nominal 120° F, Also the
teﬁperature at the control point of the lower oil beth was held
at a nominal 100° F. Since steady state conditions were being
considered and heat was being transferred from the upper plate

through the air stream and to the lower plate, it wes decided to
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control the entering air at 110° F, The point for air control is
indicated as m in Figure 2. It was expected that the air would
- come to the bulk equilibrium tempersature prior to measurement at
the downstream end of the channel.

Before proceeding with a discussion of the results it
is apropos to review the terms in Equations 1 and 2 with perticulat
regard to what quantities had to be measured to allow an analysis
of the relation between heat and momentum transfer., First, in
Equation 1, T was obtained from a measurement of the pressure
drop along the channel. After 7T there was only one other term
in the momentum equation that had to be established., This term was
the veloeity gradient, du/dy. In the experimental work considered
here du/dy was obtained by making a velocity traverse from the
upper wall to the lower wall of the channel and graphieally déter—
mining the slope from the velocity-distance plot. The other terms
in Equation 1 were established from data available in the literature.
‘Values of &/ vere obtained from data collected by Keenan and Kaye
(10). Values for ¢ were calculated considering air as a perfect
gas and using the experimental value at 32° F and 14.7 pounds per
square inch absolute.

Equation 2 also had two quantities to be determined
expérimentally. First there was ( which was to be determined
from calorimetric measurements. The results, however, were not
satisfactory, and so heat transfer quantities were obtained by

considering the temperature gradient in the laminar layer at the
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upper plate and using'the equation

q = — +dt (5)
dy
The quantity dt/dy to be used in this equation and also in
Equation 2 was determined graphically from a plot of temperature
versus distance as obtained in a traverse from the upper to the

lower plate. Data for the specific heat capacity, C,, and k, the

P
thermal conductivity, again were obtained from Keenan and Kaye
(10). Specific weights were calculated as described above.
Velocities for the steady state conditions in the
turbulent core at the downstream traverse point were derived
from data obtained in a traverse with the fixed position pitot
tube. The velocities near the walls were developed using the
calibrations shown in Figure 41. Temperature data were obtained
using the hot wire anemometer as a resistance thermometer. To
- check as to whether or not the velocity and temperature profiles
were fully developed at the main working section, temperature and
velocity measurements were made at upstream points as previously
described. The velocity data for the different test sections in
a given run were considered only on a relative basis since varia-
tions in the calibration of the hot wire over a single run which
required as long as 24 hours resulted in uncertainty in the
absolute velocity values. Consequently the comparative velocity

data in the three tests which may be designated as 5, 6, and 7

in order of increasing Reynolds numbers were analyzed on the basis
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of the velocity deficiency which may be written as follows

umdl « —
ZmaXx = - — ),
- o

W, (6)

This procedure allowed the shape of the velocity curves to be
compared, and even though there was uncertainty in the absolute
value of the velocity it was possible to determine if the flow
was fully developed. Figures 45, 46, and 47 show the velocity
deficiency curves for Tests 5, 6, and 7 respectively. It is
obgerved that the velocity profiles appear to be of the smame
shape from the middle of the working channel to the downstream
end. Pertinent flow data for the tests are given in Table V.
There was considerably less difficulty in ascertaining
if the temperature profiles represented the steady state, Figures
48, 49, and 50 show the temperature distributions for the three
different tests., Smooth curves are drawn through points repre-
‘senting the measurements at the downstiream or main test section
which differ only slightly from those at the upstream stations.
In addition to the indications given by the temperature
and veloclty traverses as to the steady state character of the
flow, Figure 51 shows the temperatures at the control points in
the upper and lower oil baths as a function of time during the
tests, It is observed that the temperatures at these points
did not vary more than % 0,02° F and that the mean variations

were of the order of + 0,005° F,
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Velocity profiles for the main traverse point at g in
Figure 2 are presented in Figures 52, 53, and 54. It is to be
observed that non-symmetrical patterns were obtained, the higher
velocities being found in the portion of the chamnel near the
lower plate, which was at the lower temperature. In addition to
the asymmetrical features of the velocity curves it should also
be noted that the meximum velocities occurred progressively
closer to the lower plate as the Reynolds number wes increased,
Several factors must be considered in reviewing the import of
the data. One of these is that some secondary flow in a lateral
direction might have been possible because of leaks in the movable
side wall sections. During the runs, however, care was taken to
see that leaks of consequence were eliminated. It is not believed
that the leaks were a determining factor in establishing the
velocity profiles that were obtained. In an effort to uncover
further information on the flow patterns the data were analyzed
in terms of generalized velocity parameters., Values of ut and
¥yt were computed®, and the results are shown in Figures 55, 56,
and 57, The superimposed curves indicated in-these plots are
those obtained empirically (11) for flow in smooth channels from
numerous data of other investigators, It is seen that the experi-
mental values in Tests 5, 6, and 7 for the upper portion of the

* Computations of u* and y* were based on 7 o
Probably 7 o should have been used for the
data at the upper plate and ?_OL for those at
the lower,

b8 S i i

Prapppre—




- 38 -

channel .fall reasonably close to the generalized velocity curves.
Data for the lower half of the channel, however, appeer to repre-
sent a different type of flow, It is within the realm of possi-
bility that the temperature gradient in the stream and particularly
in the laminar layers may have brought about variations from normal
flow patterns by causing less friection and turbulence losses. The
effect seemed to be one located near the lower or cooler plate,
Figure 58 shows the velocity distribution obtained under isothermal
conditions at the main downstream traverse point but at a relatively
low speed. The existing temperature was 100° F, It is noted here
that the velocity profile was more symmetrical with respect to the
center of the channel, Two operations were performed, however,
before this isothermal profile was taken. The channel side walls
were made slightly more tight, and a very fine layer of dust was
removed from the lower copper plate. It is not believed that
these operations had any major effect on the type of velocity
profile that would exist under isothermal or non-isothermal eon-
ditions. The asymmetry noted in the present work for the non-
isothermal cases was only slightly suggested in the preliminary
work as may be observed in Figure 11 of the Appendix. Here the
temperature difference was only 10° F across the stream.
Experiﬁental velocity data for Tests 5, 6, and 7 are
presented in Table VI, Corresponding temperature values are given
in Table VII. 1In reviewing the data it will be noted that traverses
were made to within 0,004 inch of the upper plate and no closer than

0.013 iﬁch of the lower plate. It was possible to meke a better



approach to the upper plate because of the shape of the needles
supporting the hot wire, and because the wire itself projected
towards the upper plate. In future work it is planned that the
needles will be made more flat at the tip and that smaller diameter
platinum wire will be used, Much more satisfactory velocity and

temperature measurements near the wall will be possible.

ANALYSIS OF RESULTS
The experimental date were treated with the main aim
of determining values of the eddy viscosity from the momentum
equation and the eddy conductivity from the heat transfer equation,
The initial steps in the treatment of the data were the computa-
tions of the mean velocities and the weightéd mean temperatures
to be used in calculating Reynolds numbers. The mean veloecity

was obtained by meking the following integration.

U - S« 93
A (%)

(7)

The mean temperature was taken to be a weighted mean obtained as
follo@s:

t - J// w 't o/(%ff
val(x)

(8)

In using the weighted meén a temperature was obtained that repre-
sented the thermodynamic temperature of the fluid if it were brought
to rest and completely mixed in a reservoir. After obtaining the

mean temperatures and velocities, Reynolds numbers were computed



from the equation

Y,
fe = 2= (9)

Thé Reynolds numbers and mean values of the temperature and
velocily are recorded in Table V,

The shear distributions for the different tests were
computed from the change of pressure along the axis of flow.
Because of the asymmetry existing in the velocity curves
asymmetrical shear distributions for the different tests were
obtained as shown in Figures 59, 60, and 61, In symmetrical
flow the idealized shear distribution would show equal values
of the shear at the upper and lower walls with zero shear at

¥o/2. This ldealized distribution 1s given as
T = -d2 (Y- ) (10)

For no pressure gradients in the y direction, dp/dx is a constant
for all values of y, and so the differential equation for the

idealized shear becomes

— —————

J T JP
dy Jx (1)

Hence the slope of the shear distribution line is constant, and
with zero shear at the off center point where the velocity gradient
is zero, asymmetrical wall values for 7 result. Values of the
mean shear at the wall along with mean values pertaining specifi-

cally to the upper and lower plates are presented in Table V.



The rate of thermal transfer of energy from the upper
copper plate to the air stream was ascertained from the slope of
the temperature traverse at the wail since the calorimetric data
were inconsistent. An enlarged representation of the temperature
fields at the upper plate is given in Figure 62. It was assumed
that the temperatures measured 0,004 inch from the upper plate
were in the laminar layer where the temperature gradient was
constant. The assumption was fairly sound for Test 5 conducted
at a Reynolds number of 18,446, In this test a y* value of 3
based on T°m was achieved at the upper plate. A value of 5 is
normally taken as the maximum for the laminar layer, In Test 6
the assumptlion was not quite as satisfactory since the minimum
y* value was 6.5 which is in the buffer layer which corresponds
to y* values in the range 5 to 30. Similarly in Test 7 the
minimom y * value was 6.8 which was ggain just outside the laminar
layer. After graphically determining dt/dy, values of Q were
computed, Then the Nusselt numbers for the channel under the
given conditions of heat transfer were evaluated for the three
tests. A plot of the results is given in Figure 63 where the
Nusselt numbers are given as functions of the Reynolds number.

In preparing the curve, the Nusselt number for Test 5 was taken

as Being most representative. The slope of the curve was determined
by plotting an empiricai equation recommended by McAdams (12) and
meking the experimental plot parallel to that of the empirical
equation, Table VIII presents the data used and the results
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obtained in the computation of the rate of thermal transfer, Q.

Equations 1 and 2 were rearranged for relating the
quantities used in solving for the eddy terms. The eddy viscosity
was determined as a point function in the stream by means of the
equation

€,.= Tg _ vy (12)
5%0’

Similarly the eddy conductivity was calculated from the relationship

€. - K (13)
c o Jt
£ dy
The eddy wviscositles and eddy conductivities are plotted in Figures

64, 65, and 66 for Tests 5, 6, and 7, respectively. The computed
values of Efnlfor the different runs are given in Table IX and
those for € , in Table X.

It is noted that the portion of the channel toward the
" upper copper plate gave values capable of analysis. It is this
same reglon that presented velocity distributions closer to those
expected in smooth conduits. The portion.of the chennel near the
lower copper plate was found to give larger eddy terms having
greater uncertainty because of the difficulty in reading the rela-
tively smaller values of du/dy and dt/dy. The eddy viscosity was
more greatly affected. The difference in flow between the upper
and lower portions in a vertical traverse of the channel is empha-
sized by the observed differences in the eddy conductivities., If

the temperatﬁre distribution plots of Figures 48, 49, and 50 are




examlned, it is seen that at smsll values of y/yb_corresponding
to the lower portion of the channel, the temperature curve has
a smaller slope as indicated by the dip in the essentially
straight line portion in the turbulent core. This dipping
accounts for the humps in the eddy conductivity curves and
appears to be related to the increased eddy viscosity in this
zone of flow, The seemingly more consistent results obtained
for y/y° greater than 0.5 indicate that the date in this section
mey be used in comparing values of the eddy conductivities and
the eddy viscosities in the turbulent ecore. The relation appears
to be a simple linear one. The data for y/yb less than 0.5 should
not, however, be discarded. They do serve to show the sensitive
relationship between the eddy terms and the first derivatives of
the temperature and veloeity with respect to distance for small
values of these latter quantities in the center of the channel,
Selected values of the eddy conductivities and the eddy
viscosities for the turbulent core in the region y/y, > 0.5 are
recorded in Table XI, The ratios for € _ and € , are included.
They are within the range of ratios noted by Martinelli (5) who
states that the more recent work on heat transfer gives ratios of
ec / €n in the range of 1.0 to 1.7. The earlier preliminary work
in the Department of Chemical Engineering showed that the two quen-
tities were nearly equ#l, but these earlier data were not as capable
of analysis as were those presented here.
Figure 67 is a logarithmic plot of the eddy conductivities

and eddy viscosities given in Table XI. The quantities are given




as functions of the Reynolds number. Selection of the Reynolds
number as the independent parameter was made on the basis that the
 slopes of the temperature-distance graphs were practically constant
in the turbulent core for a Reynolds number range from 18,000 to
48,000, Since dt/dy was a constant, Equation 2 shows that € ,
would depend directly upon Q in the turbulent core where Q in turn
would be related logerithmically to the Reynolds number as is implied
in Figure 63. Also the eddy viscosity has been noted to be a func-
tion of the Reynolds mumber (13)., It thus appears that with the
eddy viscoslity and eddy conductivity being dependent upon the Reynolds
number in the same manner they should be simply related, Thus the
data for the channel positions y/yo > 0.5 appear to be more repre-
sentative than those for y/y, < 0.5.

The eddy terms may be prepared as dimensionless quantities
for correlation purposes (14). Following such a procedure the
selected eddy quantities in the turbulent core were divided by

4mu, and presented in Table XI. It appears that from the work

completed here constant valuee of ch may be expected. The
DE:S
treatment using u, has merit since € ¢ ¥ill increase in much the

same manner as u,, as the Reynolds number is increased.

CONCLUSIONS
The eddy conductivity as determined from experimental
data recorded herein has a value in the turbulent core approxi-
mately 1.3 times that of the eddy viscosity. Further work is

necessary to clarify the relationship since here the streem
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showed an unexpected velocity distribution. It will be necessary
to perform further work to determine whether this distribution is
particularly characteristic of flow in the given channel when
temperature gradients exist.

4 consideration of the temperature distributicns in the
flowing air stream shows that the eddy conductivity is direetly
related to the Reynolds number since the temperature gradient in
the turbulent core was found to be constant within the range of
Reynolds numbers considered, The gradient decreased slightly as
expected for increasing Reynolds numbers. The effect, however,
was not great,

Figures 64, 65, and 66 show that the eddy conductivity
had essentially & constant value in each case in the central core
of the fluid stream. It seems logical that these results may be
extended to the situation where  is not a constant from point
to point in a plane normal to the direction of flow. In other
words € ., for the turbulent core in all instances is taken as
a function of the bulk flow conditions and not of the imposed
temperature gradients in much the same manner that the thermal
conductivity of a homogeneous substance is a function only of
the temperature and pressure. Thus the equation for heat transfer

in turbulent streams

0 = - € dit
Q < dy . (14)
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where € c is large compared to K, becomes the counterpart of

Equation 5 for molecular heat transfer., When € , is a constant
' in the turbulent core, variations in Q are accounted for by changes
in at/dy.

An analysis of the heat transfer data in the turbulent
€e¢

4mu,,
for the temperature fields and Reynolds numbers that were investi-

core showed that prectically a constant value of existed

gated. Therefore it may be possible to prepare generalized heat
transfer equations for turbulent streams using this quantity., It
is merely another expression relating momentum transfer and heat
transfer, but it mey be more satisfactory than correlating methods

heretofore used.
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Nomenclature
a = dimensional constant
b = dimensional constant
Btu

Cp = isobaric heat capacity,

1b OF
ar = temperature gradient at y with sign determined by
dy that of Q, OF/ft
Su_ = velocity gradient at y teken with sign always
dy positive, sec~l
g = acceleration due to gravity, ft/sec?
h = heat transfer coefficient, E%E%-a? = ZQT
H = head of fluid at point of measurement, iii%b
i = current strength, amperes
k = thermal conductivity of fluid, - BE? fﬁ_
nr 1v- °r

£t2 k
K = thermometric conductivity, ==~ = —=—

hr Cpo’
log = logarithm to the base 10
n = hydraulic radius, ft
Nu = Nusselt number, dimensionless, = 4umh

k
P = pressure, 1b/ft?

C
Pr = Prandtl number, dimensionless, = £ 8
k
Q = rate of thermal transfer of energy per unit area
' normal to direction of fluid flow, Btu
hr ft

R = fixed resistance of hot wire, ohm

resistance of hot wire corresponding to t, ohm

a
Rpeag = measured resistance, ohm
Reale = ealeculated resistance, ohm

R3p =z resistance at the ice point, ohm

Re

Reynolds number, dimensionless, = ~4nU_
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Nomenclature (cont.)

time average temperature at any point §Z_, OF
0

weighted bulk temperature based on velocity and
temperature traverse at main working section, OF
time average velocity at any point 5%—, ft/sec

Umax — Y

velocity deficiency, dimensionless, = -
¥#

_ Y Tog &
friction velocity, ft/sec = —%,3_—

velocity to friction velocity ratio, dimensionless,
= u/uy

bulk velocity based on integrated veloecity traverse at
main traverse point, ft/sec

distance in direction of flow, ft

distance from lower wall, in., or ft as units require
distance from upper wall, in. or ft as units requiré
channel height, in, or ft as units require

fractional distance from lower wall

u
friction distance parameter, dimensionless, = y&/ L
friction distance parameter, dimensionless, = yg}u*

difference notation

eddy conductivity, ft°/sec

eddy viscosity, ft?/sec

absolute viscosity of fluid, 1b sec/ft2
kinematic viseosity of fluid, ft%/sec
specific weight, 1b/ft3

shear stress at any point y/y,, 1b/ft°
shear stress at lower wall, lb/ft2
mean of 7o and Cops 1b/£t2

shear stress at upper wall, lb/ft2
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Titles for Figures

Isometric view of heat transfer apparatus.
Schematic view of heat transfer apparatus.
General view of heat transfer apparatus,
upstream end.

General view of heat transfer apparatus,
downstream end.

Channel cross section.

Side elevation of air system,

Channel entrance box.

Channel exit box.

Blower and drive,

Bridge section of temperature control circuit.

Bakelite side wall section in place.
Group of side wall sectlons in place.
Channel with side walls removed.
6-in, venturi meter.

é6-in, venturi meter in position,

0il lines leaving baths.

0il lines entering baths.

Control panel for air and oil heaters.

Brass cases enclosing control and resistance
thermometers . for oil baths,

Instrument positions in upper copper plate.

Mounting post for pitet tube.
Pitot tube in position.
Dimensions of pitot tube.
Piezometer bar.

Gang manometer

Mieromanometer.

Traverae gear and optieal system.
Traverse gear and right hand rail.
Full length view of right hand rail,
Rails for traverse gear.

Schematic sketch of hot wire anemometer,
Hot wire snemometer in position.
Electrical circuit for hot wire anemometer,
Sectional view of cslorimeter.

Inside view of calorimeter.

0il seal ring for pitot post.

Metal diffusion pump.

Electrical circuit for calorimeter.

Circuits for thermocouples.

Calibration of hot wire as a resistance thermometer.



Figure 41,
Flgure 42,
Figure 43.
Figure 44.
Figure 45.

Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.

Figure 51.

Figure 52.
Figure 53.
Figure 54.
Figure 55.

Figure 56,
Figure 57.
Figure 58.
Figure 59,
Figure 60,

Figure 61,
Figure 62.

Figure 63,

Figure 64,
Figure 65.

Figure 66.
Figure 67,
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Titles for Figures (cont.)

Calibration of hot wire anemometer.
Central temperature bench,

Galvanometer lights in temperature bench,
Wiring in temperature bench.

Velocity deficlencies, Test 5.

Velocity deficiencies, Test 6,
Velocity deficiencies, Test 7.
Temperature distribution, Test 5.
Temperature distribution, Test 6.
Temperature distribution, Test 7.

0il bath temperature variation during Tests 5,
6, and 7,

Velocity distribution, Test 5.

Velocity distribution, Test 6.

Velocity distribution, Test 7.

ut vs y*, Test 5.

ut vs yt, Test 6.

ut vs yt, Test 7.

Veloeity distribution, isothermal case.
Shear distribution, Test 5.

Shear distribution, Test 6,

Shear distribution, Test 7.
Temperature distribution at upper wall, Tests

5, 6, and 7.

Nusselt number, as derived from dt/dy at upper
plate, vs Reynolds number,

Eddy viscosity and eddy conductivity, Test 5.
Eddy viscosity and eddy conductivity, Test 6.

Eddy viscosity and eddy conduetivity, Test 7.
Fddy conductivity and eddy viscosity for
central core vs Reynolds number,
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Table I, Calibration of Resistance Thermometers

Thermometer No. 1 Thermometer No., 2 Thernometer No. 11
Air Stream Upper 0il Bath Lower 0il Bath
t R B R
(°F) (ohms) (ohms) (ohms)
32 19.4953 18,7402 13,5625
60 20,6641 19,8643 1.3988
70 21,0803 20,2645 14,6965
80 21,4956 20,6640 14.9938
90 21,9104 21,0631 15.2906
100 22,3245 21,4617 15,5871
110 22,7374 21.8589 15,8826
120 23,1495 22,2556 16,1777
130 23,5609 22,6518 16,4725
140 23.9718 23,0477 16,7669
150 24,3818 23,4426 17.0608

160 24,7910 23,8366 17.3539




Table II,

Circuit

Upstream
calorimeter

Downstream
calorimeter

Hot wire
anemometer

-3¢ -

Calibrated Resistances

Nominal Value Actual Value at 25° C
(ohms) (ohms)
0,005 0.0046653
75 75.874
1500 1500,75
0,005 0.0046619
75 75.087
1500 1500.75
0.05 0,051177

0.5 0.49624
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Table III. Thermocouple Calibrations

(microvolts)

Couple No. Position
15 upper plate, d in Figure 2
16 do. e in Figure 2
17 da, f in Figure 2
18 do, g in Figure 2
19 lovwer plate, mirror image of 15
20 do, mirror imsge of 16
21 do. mirror imsge of 17
R2 do. mirror image of 18
23 differentisl couple, upstream calorimeter
2L do, downstream calorimeter
26 central couple, downstream calorimeter
27 north peripheral, upstream calorimeter
28 east peripheral, do.
29 south peripheral, do.
30 west peripheral, do.
31 north peripheral, downstream calorimeter
32 east peripheral, do.
33 south peripheral, do.
34 west peripheral, do.

100°F

1512,0
1517.2

1514’. 3
1516.7

1511.4
1514.3
1514.5
1515.8

2,1
1.8
1513.8

1515.3
1517.3
1515.1
1515.4

1518.9
1518.4
1514.5
1518.9

110°F

1745.0
1751.5
1748.,0
1750.4

1745.4
1747.0
1747.2
1748.,7

2,1

0.8
1745.7
1747.0
1750.5

1747.0
1747.5

1750.5
1750.4
1746.0
1751.0

120°F

1979.8
1986.8
1983.0
1986.0



Table IV,

Air Veloeity
(£t/sec)

0
10

20
30

40
50

60
70

80
90
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Calibration of Hot Wire Anemometer as a
Resistance Thermometer

(Smoothed Values)

Resistance Values (ohms)

100° F 110° F 120° F
2,1371 2,1758 2.2144
2.1371 2.1758 2,2144
2.1371 2.1758 2.2144,
2.1371 2.1758 2.2144
2.1371 2.1758 2.2144
2.1371 2.1758 2.2144
2.1371 2.1758 2.2144
2.1372 2.1759 2.2145
2.1374 2.1762 2.2146

2.1376 2,1765 2.2148
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0,022a
0.045a
0.054
0.058
0,074

0,089
0,105
0,120
0,150
0,180

0,210
0,239
0,298
0.356
0.414

0.472
0.528
0.585
0,643
0.701

0.759
0.789
0.819
0.848
0.880

0.919

0,926
0.942
0.956a
0.969a

0,985a
0.992a

44
(in.)

Test 5:

0.015
0.030
0.036
0.039
0.050

0.060
0.071
0.081
0.101
0.121

0.142
0.161
0.201
0,240
C.279

a Velocity from hot wire snemometer measurement

Table VI,

(Traverse at point g, Figure 2)

Yy
(in.)

0.356
0,318
0.280
0.241
0,202

0.162
0.142
0.122
0.102
0.082

0.055
0,050
0.039
¢,030
G.021

0.01C
C.005
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Experimental Velocity Data

u
(ft/sec)

yo = 0.674 ino’

20,65
27.25
28,88
29.16
30.30

31.47
32,52
32.79
33.06
33.57

33.80
34,35
34.87
34.87
35.37

35.14
34.88
33.93
33,70
32.13

31.04
30.20
29.65
29.09
28,48

27.35
26,63
25,63
R4,€4
20,93

13.72
10.19

7 x10°
(ftz/sec)

18,87
18,92
18.97
18,97
18,98

19.01
19.03
19.03
195.03
19.07

19,07
19.07
19.11
19,13
19.17

19.18
19.23
19,27
19.29
19.31

19.33
19.37
19.37
19,37
19.42

19.43.

19.43
190108
19.49
19.54

19,62
19.68

u

u, = 1.794 ft/sec

11.51
15.19
16,10
16.25
16.89

17.54
18,13
18,28
18.43
18,71

18.84
19.15
19.44
19 .M
19.72

19.59
19.44
18,91
18,78
17.91

17.30
16.83
16.53
16,22
15,88

15.25
14.84
14.29
13.73
11.67

7.65
5.68

11.89
23,71
28.37
30,47
39.42

47.19
55.81
63.64
79.37
94.83

111.29
126,25
157,25
187.56
217.58

277,52
247,22
217.30
186,75
156,36

125,29
109.57
94.19
78.27
63.09

53.88
38.50
29.93
23,01
16.05

7.59
3.80
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Table VI. (cont.)
A v, Yy u z/ x10° ut yﬁ* yU+'

(in.)  (in.) (ft/sec)  (£t3/sec)
Test 6: y, = 0.676 in,, wu, = 3.048 ft/sec

0.019a 0.013 43,99 18,91 14,26 17.41
0,.029a 0.020 46,75 18,92 15,16 26,90
0.048 0.032 51,98 18,97 16.85 42.90
0,058 0.039 53,62 18,98 17.39 52.19
0.074 0.050 55.22 18.98 17.901 66.97
0.089 0.060 57.02 19,03 18,49 80,08
0.105 c.071 58,63 19,03 19.01 94.82
0.120 0.081 60,20 19.03 19.52 108,11
0,150 0.101 60,65 19,07 19,67 134.58
0.180 0.122 61,20 19,07 19.84 162,55
0.210 0.142 61.87 19,07 20,06 189.08
0.239 0.162 62,74 19.08 20,34 215,66
0,297 0,201 63,70 12.13 20,65 266,88
0.356 0.241 64.14 19.13 20.80 319.94
0.414 0.280 64,17 19,17 20.81 370.88
0.472 0.357 63.48 19,21 20,58 472.04
0.528 0.319 63.00 19,23 20.43 421,30
0.595 0.274 62,09 19,27 20,13 361.11
0.643 0.241 60.83 19.29 19.72 317.28
¢.701 0,202 59.31 19,31 19.23 265,66
0.759 0.163 56,39 19,33 18,28 214.13
0.789 0.143 55.64 19.36 18,04 187.67
0.819 0.122 55,00 19.37 17.83 160,03
0.848 0.103 53,92 19,37 17.48 135,01
0.880 0.081 52.33 19,42 16,97 105.94
0.911 0.060 50,01 19,43 16.22 8 .44
0.926 0,050 48,62 19.43 15,77 65.41
0.942 0.039 47,02 19.46 15.25 50.90
0.950 , 0.034 46,81 19.48 15,18 Lt .28
0.956a 0.030 44, .94 19.48 14.57 39.12
0.970s 0.030 41.85 19.52 13,57 26,08
0.985s 0,010 32.93 19.58 10.68 12.92
0.993a 0,005 27.06 19.64 8.77 6.52
Test 7: y, = 0.668 in.,, ux = 4.089 f£t/sec
0.048 0,032 66.73 18,97 16,32 57.55
0.058 0.039 68,78 18,98 16.82 70.02
0.074 0.049 72.75 19.01 17.99 87.76
0.089 0.059 75.80 19,03 18.54 105.72
0.105 0.070 78,86 19,03 19.29 125,27

a Velocity from hot wire anemometer measurement



0.120
0,150
0.180
0.210
0.239

0,297
0.356
0.414
0.472
0.529

0.585
0.643
0.701
0. 759
0.789

0.819
0.848
0.880
0.911
0.926

0.942
0,950
0.993a

(in.)

0.080
0.100
0.120
0.140
0.160

0.198
0,238

-~ 60~

Table VI,
Yﬁ u
(in.) (ft/sec)
81,27
84.43
86,77
87.99
89,01
90,29
91,09
0.391 91.06
0,353 90.45
0,315 89.23
0.277 87.59
0,238 84.87
0.200 83,60
0,161 79.09
0.141 78,22
0,121 77.67
0,102 76.89
0.080 74.82
0.059 71.58
C.049 69.60
0.039 67.31
0.033 66.14
0,005 43,23

(cont.)

z x10°
(ftz/sec)

19.03
19.05
19,07
19,07
19,08

19.11
19,13
19.17
19.21
19.23

19.27
19.29
19.31
19,33
19.36

19.37
19.37
19.42
19.43
19.43

19.48
19.48
19064

u'f'

19.88
20.65
21,22
21,52
21.77

22,08
22,28
22.27
22,12
21.82

21,42
20,76
20,45
19,34
19.13

12.99
18.80
18,30
17.51
17,02

16,46
16,18
10.57

143.32
178.80
214,42
250,33
285.67

353.06
423,86

a Veloecity from hot wire anemometer measurement
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- Table VII.

Traverse at point g, Figure 2)

Test 5

yo = 0.674. in,

-
Yo

0
0.022
0.030
0.045
0.059

0.074
0.093
0.140
0.169
0.199

0,229
0.288
0.347
0.407
0.466

0.525
0.582
0.642
0.703
0,763

0,792
0.821
0,852
0.881
0.911

0.926

0.941

0.956
0.969
0.985

0.992
0.9%4
1

t
(°F)
100, 58
103.78
104.42

105,35
105.74

106,05
106.40
106,86
107.11
107.30

107.53
108,02
108,47
108.99
109.47

109.99
110.52
111.11
111,55
112,04

112,25
112,50
112,76
113.11
113.49

113,72
114,04
114.48
115.10
116.56

117,55
118.15
119,52
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Experimental Temperature Data

Test 6
Yo = 0.676 1n,
- t

Yo (°F)

0 100,82
0.019 104.68
0.029 105.16
C.044 105,77
0.059 106,00
0,074 106,26
0.092 106,52
0.120 106,86
0.171 107,27
0.201 107.48
0.231 107,68
0,290 108,10
0.349 108,60
0.408 109,04
0.469 109.55
0,528 110,08
0.586 110,62
0.645 111,06
0.704 111.58
0.763 112.04
0.793 112,33
0.822 112.53
0.852 112,79
0,882 113,08
0.911 113,41
0.926 113,57
0.941 113,85
0.956 114.17
-0.970 114.56
0.985 115,71
0.993 117,01
0.993 117,27
1 119,31

y

0.021
0.030
0.045
0.060

C,075
0.090
0,132
0.162
0.192

0.222
C.281
C.341
C.401
0.461

0.521
0.581
0.641
0.699
0.760

0,790
0.820
0.850
0.880
0.910

0.925
0.940
C.955
0.970
0.985

0.993
0.9%

t
(°F)
101,07
105.19
105,67

105.99
106.24

106,41
106,63
107.05
107.15
107.14

107,65
107.90
108,40
108.81
109.35

109.90
110,37
110,85
111.48
111.85

112,08
112,40
112,59
112,83
113.05

113.39
113,93
115.08

115,76
116,97
119.00
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Table VIII., Thermal Transfer Data - Upper Plate to Air Stream

(as measured at point g, Figure 2)

Re
Upper plate temperature (°F)
Bulk temperature, t, (°F)

At (°F)

dt
- &

k (Btu/hr £t OF)

x10-3 at upper wall (OF/ft)

G=-X (%ﬁ), (Btu/£t3hr)

h =‘7593, (Btu/ft%hr °F)

4n (£t)

Nu = éﬁh (experimental)

Nﬁ, smoothed (from Figure 63)
Selected h* (Btu/ft?hr °F)

Selected Q* (Btu/hr ftz)

¥ As based on smoothed Nusselt number

Test 5
18,446
119,52
109.75
9.76
4,261
0.0163
69.4
7.1
0.1125
49.7
49.7
7.2
70.3

Test 6 Test 7
33,981 47,719
119.31 119,00
110.00 109.69
9.21 2.31
5.787 9.871
0.0163 0.0163
94.3 160.8
10.1 17.3
0,1129 0,1115
70.9 119.5
80.1 105.5
11.6 15.4
107.8 143.7
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Teble IX. Valuecs of the Eddy Viscosity, €

t
(°F)

102,64
103.85
105,09
105,77
106,18

106.47
106.98
107,35
107.76
108,18

108,59
109.01
109.42
109,84
110,23

110.68
111,09
111.50
111,92
112,33

112,78
113,21

114.03
114,66

115.86

117.19

104.01
104,73
105.53
106,03
106.36
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as Defined by Equation 12

du -3
ay x10
(sec'l)

28.430
6.080
2,208
1,300
0.902

0.649
0.388
0.242
0.165
0,101

0.054
0.027
0.011
0.079
0,136

0.191
0.249
0.300
0.369
0.431

0.531
0.710
0.840
1,157
1,911

6.980
21.81

16.350
7.910
3.455
2.143
1.561

o 7 %103
(1b/£83)  (1p/etR)
Test 5: y, = 0.674 in.
0.0682 5.83
0.0680 5,70
0.0679 5.42
0.0678 5,15
0.0678 ;.88
0.0677 4.62
0.0677 3.94
0.0676 3.52
0.0676 2.59
0.0675 1.92
0.0674 0.55
0.0674 0.15
0.0673 0.83
0.0673 1.50
0.0672 2.17
0.0672 2,84
0.0671 3.52
0.0671 4,18
0.0671 4.85
0.0670 5.53
0.0669 6.18
0.0669 6.47
0.0668 6.73
0.0667 7.01
0.0666 - 7.28
0.,0664 7.43

Test 6: y, = 0.676 in,

0.0680
0.0679
0.0678
0.0678
0.0677

15.93
15.54
14.71
14.00
13.20

m

2 x10%
(ftz/sec)

1.878
1.881
1.900
1.900
1.900

1.903
1.903
1.907
1,907
1.910

1,910
1.914
1.914
1.918
1,918

1.919
1.933
1.938
1.938
1.938

1.940
1.943
1.943
1,945
1.948

1.951
1.958

1.881
1,883
1.900
1.900
1.903

€ , x103
(££2/sec)

2.37

-
(]
L]
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t
(°F)

106.68
107.13

© 107.63

107.87
108,23

108,62
109.03
109.86
110,28
110.68

111.09
111.50
111.92
112,33
112.74

113,28
113,51
113,82
114,32
115.21
116,25

104.32
105.14
105.89
106,33
106,58

106,76

107.15
107.50
107.85
108,19

108,58
109.35
109.75
110,10
110,50
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Table IX. (cont.)

%E xlO'3

(sec™1)

1.177
0.665
0.397
0.230
0.124

0.063
0.015
0.138
0.227
0.328

0.424
0.521
0.593
0.736
0.929

1.283
1.522
1.920
2,788
5.910
29.40

P
(1b/£t3)

0.0677
0.0676
0.0676
0.0675
0.0675

0.C675
0.0674
0.0673
0.0673
0.0672

0.0672
0.0671
0.0671
0.0670
0.0670

0,0669
0.0669
0.0668
0.0668
0.0667
C.0666

7 x103
(1b/£t?)

12.44
10.51
8.60
6.64
4,68

2,69
0.70
3.11
5.07
6.98

8.94
10,88
12,81
14.61
16,70

18.60
19.40
20.20
20.98
21.78
R22.14

Test 7: Yo = 0.668 in,

19.98

10.54
6.530
4,690
3.545

2.770
1.432
0.785
0.448
0.248

0.101
0.098
0.229
0,389
0,502

0,0680
0.0679
0.0678
C.0677
0.0677

0.0677
0.0676
0.0676
0.0676
0.0675

0.0675
0.0674
0.0673
0.0673
0.0672

27.20
26,50
25.08
23.70
22,30

20.95
17.42
14.00
10.45

7.03

3.50
3.52
7.01
10.57
14.05

lelol+

(£t?/sec)

1.903
1.907
1.907
1.910
1.910

1.910
1.914
1,918
1,018
1.933

1.933
1.938
1.938
1,938
1.940

1.943
1.943
1.945
1.945
1.948
1.951

1.881
1.900
1.900
1.903
1,903

1.903
1.907
1,907
1,907
1.910

1.910
1.914
1,918
1.918
1,933

€ p x103
(£t°/sec)

4.83
7.31
10.12
13,50
17.71

20.03
9.99
10.53

10-49
10.01

9.88
9.79
10,15
9.35
Q.44
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Table IX. (cont.)

t %'.;; x10~3 o 7 x10° 2 x1oh € y x103

(°F) (sec~l)  (1b/rt3) (1b/£t3)  (£t/sec)  (ft%/sec)
110.92 0.643 0.0672 17.57 1.933 12.86
111.34 0.72L 0.0671 21.04 1.938 13.74
111.71 0.855 0.0671 24,57 1.938 13.54
112.12 1.012 0.0670 28.04 1.938 13.11
112.52 1.239 0.0670 31,55 1.940 12,03
113.04 1.725 0.0669 35,02 1.943 9.57
113,27 2.130 0.0669 36.45 1.943 8.04
113.60 2.687 0.0669 37.90 1.943 6.5%
114.06 4,090 0.0668 39,30 1,945 4,53
114.77 8.900 0.0667 40.65 1.948 2.01

115,44 26.03 0.0666 41,35 1.951 0.57
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Table X, Values of the Eddy Conductivity, € ,

as Defined by Equation 13

R t - %1—; x10~-3 Cp o K ) €, x103
Yo (°F) (OF/£t)  (Btw/1b°F) (1b/£t3) (£+%/hr) (Btu/hr £t2) (£t2/ sec)
Test 5: y, = 0.674 in,
0.01  102.64 2.910 0.2403 0.0682 0.970 70.3 0.1
0.02  103.85 1.630 0.2403 0.0680 0.972 70.3 0.46
0.04  105.09 0.755 0.2403 C.0679 0.979 70.3 1.31
0,06 105,77 0.459 0.2403 0.0678 0.979 70.3 2,33
0.08 106,18 0.308 0.2403 0.0678 0.979 70.3 3.60
0,10  106.47 0.231 0.2403 0.0677 0,981 70.3 4.93
0.15 106.98 0.154 0.2403 0.,0677 0,981 70.3 9.65
0.20  107.35 0.141 0.2403 0.0676 0.983 70,3 8.20
0.25  107.76 0.140 0.2403 0.0676 0.983 70.3 8.27
0,30  108.18-  0.145 0.2403 0.0675 0,985 70.3 8,02
0.35  108.59 0.148 0.2403 0.0675 0.985 70.3 7.87
0,40 109,01 0.148 0.2403 0.0674 0.987 70.3 7.87
0.45  109.42 0,148 0.2403 0.0674 0.,99% 70.3 7.87
0.50  109.84 0.148 0.2403 0.0673 0.996 70.3 7.87
0.55  110.23 0.148 0.2403 0.0673 0.996 70.3 7.87
0.60 110,68 0.148 0.2403 0.0672 0.996 70.3 7.87
0.65  111.09 0,148 0.2403 0.0672 0.996 70,3 7.87
0,70 111,50 0.148 0.2403 0.0671 0.998 70.3 7.89
0.75  111.92 0.151 0.2403 0.0671 0.998 70. 3 7.7
0.80  112.33 0.152 0.2404 0,0671 0.998 70.3 7.65
0,85 112,78 0,165 0.2404 0.,0670 1,003 70.3 7.04
0.90  113.31 0.230 0.2404 0.0669 1,005 70.3 4.97
0.92 113,62 0.321 0.2404 0.0669 1.005 70.3 3.49
0.94  114.03 0,466 0.2404 0.0668 1.008 70.3 2.32
0.96  114.66 0.726 0.2404 0.0667 1.009 70.3 1.39
0.98 115.86 1.500 Q.2404, 0.0666 1.010 70.3 0.53
0.99  117.19 3.550 0.2404 0.0664, 1.012 70,3 0.06
Test 6: y, = 0.676 in.
0.01  104.01 1.933 0.2403 0.0680 0.972 107.8 0.68
0.02  104.73 1,028 0.2403 0.0679 0.979 107.8 1.51
0.04  105.53 0.527 0.2403 0.0678 0.979 107.8 3.20
0.06 106,03 0.350 0.2403 0.0678 0.979 107.8 495

0.08 106.36 0.261 0.2403 0.0677 0.981 107.8 6.73



A
Jo

0.10
0.15
0.20
0.25
0.30

0.35
0.40
0.45
0.50
0.55

0.60
0065
0.70
0.75
0,80

0.85
0.90
0.92
0.94
0.96

0.98
0.99

0.01
0.02
0.04
0.06é
0.08

0.10
0.15

0.20

0.25
0.30

0.35
0.40
0.45
0.50
0.55

t
(°F)

106.68
107,13

107.87

108,23

108,62
109.03
109.45
109,86
110.28

110.68
111.09
111.50
111,92
112,33

112,74
113,28
113,51
113.82
114.32

115,21
116.25

104,32
105.14
105.89
106,33
106,58

106,76
107.15
107.50
107.85
108.19

108,58
108,96
109.35
109.75
110,10

T

at . 3
- x10
e/et)

0.210
0.151
0.129
0.129
0.137

0.145
0.145
. 0.145
0.145
0.145

0.145
0.145
0.145
0.145
0.146

0,163
0,199
Ol249
0.347
0.544

1,283
2.922

2,198
1,001
0.441
0.278
0.196

0.159
0.123
0.125
0,133
0.130

0.135
0.141
C.141
0.141
0.141
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€c X].03

8.42
11.87
13.87
13.92
13.12

12,42
12,44
12.44
12.48
12.48

12.48
12,48
12,48
12,48
12,37

11.09
9.02
6.86
5.04
3.12

1.16
0.35

0.84
2,16
5.26
8'52
12,18

15.11
19.61
19.23
18.00
18.43

17.82
17.14
17.14
17.19

able X. (cont.)
Cp o X Q
(Btw/1b°F) (1b/£t3) (£t/hr) (Btu/nr £i2) (£t?/sec)
0.2403 0.0677 0.981 107.8
0.2403 0.0676 0,983 107.8
0.2403 0.0676 0.983 107.8
0.2403 0.0675 0.985 107.8
0.2403 0.0675 0.985 107.8
00,2403 0,0675 0.985 107.8
C.2403 0.067, ' 0,994 107.8
0.2403 0.0674 0.994 107.8
0.2403 0.0673 0.996 107.8
0.2403 0.0673 0.996 107,8
0.2403 0.0672 0.996 107.8
0.2403 0.0672 0.996 107.8
0.2403 0.0671 0.998 107.8
0.2403 0.0671 c.998 1078
0.240% 0.0670 0.998 107.8
0. 2404 0.0670 0.998 107.8
0.2404 0.0669 1.005 107.8
0.2404 0.0669 1.005 107.8
0.2404 0.0668 1,005 107.8
0.2404 0.0668 1.005 107.8
0.2404 0.0667 1.006 107.8
0.2404 0,0666 1.006 107.8
Test 7: y, = 0.668 in,
0.2403 0.0680 0.972 143.7
0.2403 0.0679 0.979 143,7
0.2403 0.0678 0.979 143.7
0.2403 0.0677 0.981 143.7
0.2403 C.0677 0.981 143.7
0.2403 C.0677 0.981 143.7
0.2403 0.0676 0.983 143.7
0.2403 C.0676 0,983 143.7
0.2403 C.0676 0.983 143.7
0.2403 0.0675 0,985 143.7
0.2403 0.0675 0.985 143.7
0.2403 0,0674 C.994 143.7
0.2403 0.067. 0.994 143.7
0.2403 0.0673 0.996 143,7
0.2403 0.0673 0.996 143.7

17.19




L.
o

0.60
0.65
0.70
0.75
0.80

0.85
0.90
0.92
C.94
€.96

0.98
0.99

t
(°F)

- 110,50

110.92
111.34
111,71
112,12

112,52
113,04
113,27
113,60
114.06

114.77
115.44

- % x10~3
(°F/ft)

0.141
0.141
0.141
0,141
0.141

0.157
0.213
0,258
0.328
0.474

0-843
1,688
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Teble X.

%

(cont.)

o

K

Q

€ o x10°

(Btu/1b0F) (1b/£t3) (ft2/br) (Btu/hr £t2) (£t2/sec)

0.2403
0.2403
0.2403
0.2403
0.2404

C.2404
0.2404
0.2404
0.2404
0.2404

0.2404
C.2404

0.0672
C,0672
0.0671
0.0671
0.0670

0.0670
0.0669
C.0669
0,0669
0.0668

C.0667
0.0666

0.996
0.996
0.998
0.998
0.998

0.998
1,005
1.005
1.005
1,005

1.006
1.006

143.7
143.7
143.7
143.7
143.7

143,7
143.7
143.7
143.,7
143,7

143.7
143,77

17,19
17.19
17.19
17.21
17.21

15.40
11.30
9.29
7.24
4.93

2.65
1.18
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Table XI. Selected Values of € m and e:c for the Turbulent Core

Data from region y/y, > 0.5

3 < €
Test  Re €, x10° € x103 € [fe, — x10° —E__ x103
(ft3/sec)  (£t2/sec)
5 18,446 7.9 5.3 1.50 39.0 25.6
6 33,981 12.5 10,2 1.22 36.3 29.7

7 47,719 17.2 13.4 1.28 37.7 29.4




-70 ~

ey
]

T

SRS N

surofl woysusd¥s Teugayy],

BT Ixngea 110 geddp

pindde J938uURIy 3B JO MSTA OTIGRUCSY ] ST

T3UUBYD
Ja1e

T3uUBLD 03
UOTIOPS UO[IOBIFUCY

xXoq
ouUBI}US
Tauusy)




-7/-

Legend for Figure 2

upstream piezometer bar

central piezometer bar

downstream piezometer bar

plate thermocouple, No. 15

plate thermocouple, No. 16

plate thermocouple, No, 17

plate thermocouple, No. 18

upstream calorimeter

downstream calorimeter

fixed pitot tube

temperature control and measurement, upper oil bath
temperature control and measurement, lower oil bath
gross temperature measurement, air stream
temperature control point, air stream

control heater, air stream
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Flug box

— 24,12,6,3 ohmb—

100C ohm |
N

100 ohm

: O

-

1C,0CC ohm !

L A—e \\5 1.5 v dry cell
off

Rotary switch

Figure 10. DBridge section of temperature contro

"
d

v

Control
resistance
thermoneter

cirouit.
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Air flow
O
~—i
N
w
i
o
- 3 l
Downstream piezometer b ‘L}, T !
<L
* |
A o
Pitot tube | 17
ch
Downstream calorimeter 4 o~
o
Thermocouple No, 18 i =
: o
0
i
! N o
| T8
! e
: 5 oy
Thermocouple No, 17 | © o
T ™t
1
|
!
‘ !
Upstream calorimete
Thermocouple No. 16— — T o
Midstream piezome: +
# Y/\
Thermocouple No, 15—~ T—V"
1
| Upstream plezometer L
!
Figure 20, Instrument positions in upper copper plate,
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FPlgure 23, Dimensions of pitot tube
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G.B
~1 mil platimm wire

l A
]
Lo
Steel ﬁ |
mupport || ,
needles k | |
o |
- |
Lo 3 1/4
- |
I
Ll
| ®
| 1'
11/2 - T e —— L~~
|
3 0,020 in.
v e = s s ste?l support
. s 3 wire

No. 36 B, & S. copper
leads to hot wire {two
to each side)

Figure 31.

‘““\\\Bakelite case

0.11 in, thick

Schematic sketch of hot wire anemoweter.
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Hot wire anemometer in position.

Figure 32.
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Figure 34. Sectional view of calorimeter
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Figure 36. 0il seal ring for pitot post
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Figure 38. Electrical ecircuit for cslorimeter.
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Figure 67. Eddy conductivity and eddy viscosity for central

core vs Feynolds number.
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'TEMPERATURE

GRADIENTS IN

TURBULENT GAS STREAMS
PRELIMINARY STUDIES

By W. H. CORCORAN, R. ROUUDFERTISH, and R. H. SAGE

California Institute of Technology, Pasadena, California

ABSTRACT

Equipment is described which permits the measurement of the temper-
ature and velocity distribution in an air stream with essentially two-
dimensional flow characteristics. Preliminary results including data
describing the temperature and velocity distribution, heat transfer from
the wall, and shearing stress are submitted for seven different sets of
conditions. The data indicate that within the accuracy of measurement
the eddy viscosity and eddy conductivity are equal as was assumed by
Theodore von Karman in his analogy between the transfer of momentum
and the thermal transfer of energy. The over-all heat-transfer rate pre-
dicted by the Karman analogy agrees with the experimental results in
the case of a symmetrical temperature distribution. However, significant
divergences from the heat-transfer rates predicted by the analogy were
experienced in the case of nonsymmetrical temperatrue distributions.

The results presented are of a preliminary nature and were of insufficient
extent to permit the experimental uncertainty to be established definitely.
The detailed study of temperature and velocity distribution together
with the associated heat transfer and shearing stress permits a micro-
scopic evaluation of the thermal transfer of energy through a turbulently
flowing: air stream. The methods employed appear to be capable of re-
finement, and further study of thermal transfers of energy by these and
related methods should permit ultimately the more accurate prediction
of the rate of thermal transfers of energy for situations where the trans-
fers of momentum can be predicted from the science of fluid mechanics.

MANY investigators have been in-
terested in the appareul analogy
between transfers of momentum and
thermal transfers of energy, within
flowing fluids. Reynolds  (14)
Prandtl (13) Taylor (15) and von
‘Karman (9) have each made sub-
stantial contributions to this problem,
and Boelter (3) and co-workers have
reconsidered von Karman’s approach
and extended it somewhat. In gen-
eral it appears that at the present
time the methads of predicting the
thermal transfers of energy across a
turbulent stream are comparable in
accuracy to the available experimen-
tal measurements except in a few iso-
lated cases. The experimental data of
Colburn and Coghlan (4) and of
Eagle and Ferguson (5) have been
used often in correlations and have
been the basis of comparison of meth-
ods of prediction suggested by both
von Kiarman (9) and Boelter (3)
from the momentum transfer analogy.

Because of the relative scarcity of
detailed data concerning the thermal
transfers of energy within a turbu-
lent gas stream it was believed de-
sirable to initiate additional work in

YVol. 43, No. 3

order to permit the extension .of the
analogy between momentum transfler
and the thermal transfers of energy.
It was hoped, in common with other
investigators, that ultimately a pre-
diction could be made of thermal
transfers for nearly all situations for
which the transfer of momentum had
been established. Recent advances in
the science of fluid mechanics, such
ac are discussed by Gebelein (6)
Goldstein (7) and Bakhmeteff (2)
lend hope that eventually it may be
possible to predict with reasonable
accuracy the momentum transfers
associated with the flow of fluids
through a wide variety of geometric
configurations under conditions in
which the intensive properties are a
function of the spatial coordinates of
the fluid. The recent development
(10) of computing machines suitable
for the rapid solution of nonlinear

_ differential equations in terms of par-

ticular boundary conditions will per-
mit the application of more elaborate
analytical methods to the solution of
problems associated with the transfer
of material and energy through flow-
ing fluids.

CHEMICAL ENGINEERING PROGRESS

The experimental work of Nilu-
radse (11) is perhaps a classic in the
determination of the velocity distri-
bution under turbulent flow condi-
tions. This work which was related
primarily to flow in cylindrical tubes
has been employed by von Karman
(9) and Boelter (3) in establishing
analytical approximations of the ve-
locity distribution adjacent to the
walls of conduits. The velocity dis-
tribution has been considered by von
Karman as being divided into three
parts. The first, adjacent to the wall,
is the laminar sublayer in which the
two parameters # and yt+ which
are defined (2) by the following equa-
tions are equal.

w* /To_(]
[a—e)
PR U .
y ” (2)

The second part of the velocity dis-
tribution is considered to be a buffer
layer to which von Kairman (9)
empirically ascribes the following re-
lation between velocity and distance
from the wall.

ut = S[Ifln(%l)J (3)

The third is a turbulent core which
closcly follows a somewhat different
logarithmic velocity distribution:

ut =55+25ny* 4)

In Figure 1 a comparison between
Nikuradse’s experimental data for
uniform flow in smooth circular pipes
and the velocity distribution as cal-
culated from Equations (1)-(4) is
presented. It is apparent that the
data of Nikuradse deviate {rom
Equation (4) at values of y+ less
than 100 and from Equation (3)
throughout the greater part of the
buffer layer region. Even with this
relatively rough approximation of the
true velocity distribution in the vi-
cinity of the wall it was shown by
both von Karmin (9) and Boelter
(3) that reasonable agreement he-
tween the experimental and predicted
data could be obtained for the over-
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FIG. 1. VELOCITY DISTRIBUTION FOR
FLOW IN A CIRCTULAR CYLINDER

all Zheat transfer between a solid
phase and a flowing liquid phase.

It s believed that an improvement
in the accuracy of predicting heat
transfer to a flowing stream may be
realized by integrating the basic
equations proposed by von Karman
(99 and Prandtl (13) without as-
suming simplified velocity distribu-
tions or constancy of properties. The
following expression presents the
basic equation for the thermal trans-
fers through a fluid stream:

Q

Q
Cpo (%)

The corresponding equation for the
momentum transfer is:

du
1;’ = (v+ em)

dt
= —(K+e) T

(6)

The . variations in thermal conductw-
ity, viscosity, and specific weight for
a system of fixed composition may
be obtained from a knowledge of the
pressure at the point in question and
the variation in temperature as de-
rived from the simultaneous solution
of Equations (5) and (6). The so-
lution of these differential equations
which may be nonlinear when con-
sldermg the variation of intensive
fefties with position is tedious
“ordinary computing {facilities.
However, it is believed that with the
introduction of more complex com-
puting equipment (I0) expressions
such as Equations (5) and (6) will
be useful for the evaluation of the
thermal transfers of energy across a
flowing stream.

Objective

In order to establish the equality
of € and e, in Equations (5) and
(6) respectively, as assumed in the

Page 136 “Trans. Section”

analogy proposed by von Karman,
careful simultanecus experimental
measurements of velocity and tem
perature distribution are required.
This paper describes certain prelimi-
nary experimental equipment that
was developed to measure simultan-
eously temperature and velocity gra-
dients and the corresponding thermal
transfers of energy and shear asso-
ciated with the flowing stream. In
addition certain preliminary results
are submitted. These measurements
leave much to be desired in the way
of accuracy but serve to indicate the
possibilities of the experimental
approach,

Figure 2 shows schematically the
arrangement of equipment utilized to
determine temperature and velocity
distributions in two-dimensional flow
of air at Reynolds numbers up to
100,000. Essentially the equipment
consists of a centrifugal fan deliver-
ing air in a closed circuit through a
Venturi meter and the working sec-
tion. The working section is shown
at 4 in Figure 2, and it is 0.75 in.
in height and 12 in. in width. A suit-
able approach section B was provided
in order to obtain nearly symmetrical
flow at the entrance to the working
section. The wvelocity distribution
corresponded closely to that antici-
pated for fully developed turbulence.
An exit section C which was designed
to avoid separation was provided up-
stream of the entrance to the blower.
The Venturi meter D was utilized to
determine the over-all quantity of
air flowing through the system and
afforded a useful check of the instru-
‘ments used to measure velocity at
various poimnts in the working section.

The approach section B of Figure
2 was 57 in. which is believed suf-
ficient to permit the nearly full de-
velopment of* normal turbulent flow
(2) (&) at a point "upstream of the
working section. The upper and
lower plates of the approach and
working sections were maintained at
nearly constant predetermined tem-
peratures by rapidly circulating tem-
perature-controlled oil along the outer
surfaces of the copper plates as
shown at E and F of Figure 2. The
temperature of the air stream was
determined as a function of elevation
in the working section by means of
a small cupper-constantan thermo-
couple so mounted thay it could be
moved. vertically acréss. the' seetion
and its position determined with-small

~ uncertainty. The velocity was estab-

lished by means of a Pitot:tithe ar-

CHEMICAL ENGINEERING PROGRESS'

"-be mt)ved ver- -

FIG. 3.
VIEW OF

LONGITUDINAL - SECTIONAL
APPROACH AND WORK
ING SECTIONS

the exit of the working section was
ascertained by appropriate piezometer
of ted at G and H. The
thermal flux density at the upper wall
was established by means of a ca-
lorimeter / Iocated in the upper plate
which permitted the direct measure-
ment of the energy loss per unit area
of the plate to the flowing air stream.

In principle the arrangement de-
scribed above permitted the measure-
ment of the temperature and velocity
cistribution and of the energy trans-
fer to tHe stream per unit area of sur-
face as a function of the temperature
difference and bulk velocity of the
fluid. From these measurements and
the pressure gradient along the chan-
nel it is possible to compare values
of e and e, established independ-
ently from Equations (5) and (6).
The equipment described herein is
only preliminary in nature and re-
sults from an attempt to ascertain if
the general approach would yield rc-
sults of sufficient utility to justify
extensive tefinement of equipment
for more precise measurements.

Descnption of Equipment

: w .6f"a section taken parallel
ta the. axis .of the flow is presented
in Figure 3 showing the arrangement
of the oil baths' in relation to the
approach and working sections. The
plates, which weré made,.from cold
rolled copper, shown at 4 and B were
employed to separate ‘the. oil baths
from the flow channel. The oil baths
were constructed of welded, low-
carbon steel plate, and the faces of
the flanges adjacent to the copper
plates were machined after the en-
tire assemibly had been aunealed. It
appears ftoiri measurements made at
the time of assembly that the channel
was uniform in%ection within 0.01 in.
throughout th&#ngth. The two cop-

* GROSS-SECTIONAL VIEW OF
- WORKING SECTION

e
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ELOCITY ITRAVERSE AE‘ROSa
OF WORKING SECTIO
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e
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gure 4). Wood was em-
¢ this purpose in order to
sive conduction hetween
< :“FQS.*Z B
Feitrance section consisted of
ted rectangular | pyramid.
} at the beginning of the
ection shown at C in Fig-
ed that the velocity dis-
s somewhat more con-
dct to position in the
f-than is the case for fully
“turbylent figw. However,
‘at " ééveral points in the

strips., (

of the, sgon by seasoned hardwood
ployed

approach -section indicated that the
velocity distribution had become sub-
stantially independent of distance in
the direction of flow at a point

Yol, 43, No. 3"

approximately 18 in. upstream trom
D in Figure 3. It*is believed that

the flow at the workigg section was.

nearly two-dimensional. “At the ‘exit
of the working section at E in Fig-
ure 3 a traverse across the width
indicated approximately constant ve-
locity over the central half of the
working section which is shown for

different flow rates in Flg;ure 3

twW
ﬂé:: over-all length of the Zpproach

d workmg section was 6 it

The equipment used in making ve-
locity traverses is shown in Figure 6
and was so arranged as to permit the
location of the axis of the Pitot tube
with an uncertainty of approximately
0:001 in. The end of the Pitot tube
is shown in an enlarged view in a
part of Figure 6. The tube near the
tip had an outside diameter of 0.0176
in. with an axial perforation of 0.010
in. I.D. The leading end of the Pitot
tube was honed carefuily to insure a
symmetrical termination section. The
Pitot tube was soldered.to the lower
part of the sleeve 'as is shown in
Figure 6. The sleeve in turn was
soldered to the tube shown in the
central part vl the lraversing equip-
ment, The upper end of this tube
was closed and it was provided with
a radial opening connecting to the
manometer connection shown.

The pressure differential between
the Pitot tube and the surrounding
air was determined by means of a
kerosene-in-glass manometer. The
height of the air-hydrocarbon inter-
faces in the manometer was deter-

mined by means of a vertical com-
ponent cathetometer. An uncertainty
of less than 0.3 mm. of kerosene was
realized in the measurement of the
manometer differentials. In order to
decrease the time required for the
attainment of equilibrinvm between
the kerosene-in-glass manometer and
the flowing stream, arrangements
were made for the addition and
withdrawal of air from the connect-
ing tubing thus avoiding the need for
the flow of relatively large quanti-
ties of air through the small Pitot
tube. The Pitot tube assembly F in
Figure 3 is located on the upper plate.
Packing was used in the column 4
of Figure 6 to prevent the flow of air
from the channel along the axis of
the plunger which moved the Pitot
tube across the working section. Me-
chanical limits of B of Figure 6 were
provided to prevent travel of the
Pitot tube to the wall. The position
of the Pitot tube was determined by
mieans of a micrometer assembly lo-
cated at C on the upper part of col-

CHEMICAL ENGINEERING PROGRESS

of Flgure 6. The. sprmg D

PIEZOMETER OONNE(;'PION‘S
FOR “WORKING SECTION

FI1Gg. 7.

retraction of the micrometer anvil,
All measurernents were take,n with;an
relg from the upper ‘plate in
arder to Sgoid hysteresis in ‘the tra-
versing., pent. It was found that
2 period’8f asymuch as 30 min. was
requlred A4 .,thaln a determination
of the Bressiﬂﬁ Weithin the Pitot tube
relative to thit ot the :urroundmg
atmosphere.

The static pressure was mcasured
at the beginning of the approach sec-
tion and at the end of the working
section corresponding to pomts C and
E of Figure 3. The pressure’ differ-
ence between thesé points was - deter-
mined by means ‘of piezometér. con-
nections attached to the upper plate
and by the use of a kerosene-ifi-glass
manometer, Th$# details of  the: ar-
rangement of tH¥ piezometer ¢onnec-
tions are shownfin the sectional view
oi Figure 7. hbje
copper plate A f _
shown at B t '
were 0.03125 ig: 1.1
length which cq‘rres
mum length—di%ej
piezometer conrecty
pears that as a re
of the static pressyris
in the observéd %?
‘was about 0. Q‘mm

: ;iitlo for such
(1) It ap-
Bithe stability
g1k uncertainty
Gre difference
7¥ Herosene.

s at the same

i Sectionf as the
iggepmined by a
‘openmg into
section. For

thot tube ;
piezometer qonnectl
each side of the wof 1
most of the measufény
herein the differencé:
tween the static piegc
tions and the Pitot,
was defertji;ned dirdet
a keroserte-in-glass3, i
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. were employed to measure the tem-
P =] perature of the upper afid lower.:
N esa plates, The same precautton“-'m the:
—p N use of hamogenteus ntulfiphe’ lcgdS'
e ENa iNEANE wis employed in thrs instance”™ Tt is:
1 probabie that the temperatures of the
: J - copper plates at the points of meas-
_lzom i e e o mowe  UTEMENE . adjacent to the. an' str‘eram‘._
i were krfsdvg withifi- 003> F. e
temperatures of the _"baths tere
contrélled hy merfury-in-glass re.g’u—
lators- actustis edectronic relay cir-
cuits,, However; the thermal transfeér
between the c1rculatmg oil ‘and the
poitt§s inthe flowing copper plates otcurring during the
'hermocouple was mounted measurements rgade the: accurate
: ag framework as indicated maintenance of uniform oil tempera-
* The thermocouple was ture difficult.
from ‘0:0037-in. copper The leads frgm the therinocouple
§-id. constantan wire® The were brought o Bgt oi theitgpular sup-
; placed end to end with perts 4- and 6f Figure tiirough. ‘
' d silver sol- imsulated Ibushungs THe “eBnstantan &
. in a hydro- mumple ead™wes “continuus  {fromy,
phere. The tension oi the the ice bath to:the beginnig of the 1. 1. D(;EFT%SOR&E{:O‘S‘M‘UOTIOI‘
o adjusted that the cate- small thermocouple wire at C. The’ - .4 .7~ ‘
ed by the wire did not tubular supports 4 and B passed; piate, temperatures could be elimi-
a Stralght line through. through packing gl'ds shown at the gate:} n the, present msta,ﬂce the
of suspension more than ' ulated on the top-ap#t bot-
thtie futter of the wxre'e lates 4. and 85 Frg
at.a vel

ILMPESATURE-F

PPER PLATE

Y T DAL

a7
I
h

se mvestlgatlons anc
'6f the positie
on of flow rate for
- of the microm- . K., .
g the distance of which was attached to . tubul
%uple juhction frpm. the suppart 4 and B. Any‘“’shght chaoge;
#o was known within 0.003 inp..iligmment’ of the pafallelogram
% nearly all of the flow condi- made of the tubular supports A and ¢
sicouhtered in this study The B; the bridge H, and the thermo- ;
' cwple did not introduce uncertaintie

; otple frofi Fe
domeioed from contact with th
$°0f the working section. ;
to the ice bath Figure @ shows the variations in
d to measure elec- the upper plate temperature with time
The_.electromotive during the ourse of a typical set of
ple was deter- measuremel These data indicate
hzge poten- gradual cha;iages in the plate tempera- Be
g that the ture resultiffg from changes in room -,
orce were temperatul’e zmd in other uncontrolled

gt a par- variables; ¥B¥. increasing the oil.

: locity | axfﬂ;usmg ‘modulated tempera-
3 tﬁermocouples ture cwg‘nﬁrgl the Iarger dnfts in the

#fon the sgace ?befw ¥
plate arBlack Ws ﬁll'

", + ~ CHEMICAL ENGINEERING PROGRESS
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g”rer betweer t
- z-tan thernioco
~: the calorimet

y T — = [=
L
i B R ol
Sob—, ,“/J)/o—! — 4 o
g o pE N 3/
S an) f— -
" AN U N A s
& 3 I
s z’y A T T P
g RUN | o :
> . | I

SH  AF4 032 04C 043 056 0€4 072
4 orsi'w £ FROM UPPER PLATE IN.

L 3PI6 11, VFLQG]TY TRAVERSE IN WOIxK
- #NG SECTION EOR TWO I

: part of the ¢

_+enclosed irt
The calorix

b were placed™H
& wemtendcd. abg §

"+ wpwer oil bath’ The energy A

" tha calorimeter was dete#mined by
" potentiometri¢ techniques such as are
; described by Osbome andi co-work-

" ers. (12) An unceriginty oftes

# ‘i"lgu:e"»?)“ ‘were. brought to predeter—
- mined temperatures,, ]
“was started then“and the lulet-ai

. mieans of auxiffary heatersfo a pre-

- "been obtamed{ the rate

Jupper and lower plates A4 and B of i

O EXPERIMENTAL:

- THe air” flow - .

temperature was adjusted roughly by

deteérmined “¥afire. As a resulf of the
increséed transfer of energy -between 3
the plates caused by the flowing air
stream some adjustment in the ail-
bath temperature was necessary then
to maintain the desired temperatug
cf the plate surfaces. The calogim
was adjusted then so that t
perature of the exposed end* oF¥gE
calorimeter block was equal to th
of the contiguous plate.
Aifter dynamic equif

FIG. 13. FRI

OEFEi cxm%ir’s FOR
NEARLY SY30 7

phed to the calotii
ture of the uppes asd
and the pressure differe
approach and working s
determined as a function
After completion of a set ef
ments at one velocity the fate:
was changed and the series: of

Q.1 per cent was realized in m«me’asz_

urement of the rate of enefgy™input

In carrylfty out

ean &réa bes

of heat transfer
with,an. uncer-

0.5 p

mination of the g
to thﬁ\ ﬂowmg _sk

Venturl , mstalled as
shown in Fig méters were
of convetitional design with approxi-
mate]y a 7-degree gxit cone. They

were calibrated by fheans of velocity
jraverses at ‘the cnt¥nce to.the ap-
’proach sectioh. The §ifferential static
i pFessures between the upstream and
. ﬂ‘lrn’lt serhom at the Venturi meters
were measured by means of kerosene-
in-glass manometers uséd in conjunc-
tion  with ‘a vertical component
cathetometer. s .

Procedures
To make thé desired; ve10c1ty tem-

perature 'md flux meas‘%gcmmts, th%

-_i;

TEMPLRATURL'F

02975032 Q4D ) 8
DI STANI M URPER P

- . TEMPHE RATUR .
. .vmxxwa SEQTTOR. EQR
X PR

Vol. 48, No. 3

the plabe and -

thwn as a function of the distanc

been described. The expene
tained indicated that certain re
and modifications of equipment
desirable. However, the data ™
tained are indicative of the possib
ties of -this approach and in gene
appear to be at least semi:quanti
tively applicable. For this reasog
tabulation of data has been incl
that has becn obtaimednis
graphical presentation
rived functions. T
be divided into two
periments 1 and 2 mvcl'
in which the bulk temperature ¥
incoming air was approximately %
way between the temperatures off
upper and lower plates. An the seg
set of measurements infolvi
periments 3 to 7 the bulk emperd
ot the air entering the approach #g--
tion closely approximated ‘the terd
perature of the lower plate. For g
sake of brevity the graphical pres:
tation of derived results has been
limited primarily to experiments 1
and 2.
-In Figure 11 the air velemtyhﬂ..

from the upper plate for two diff
ent rates of flow. The correspond:
mg temperature traverses are show:
in Figure 12, In these instances the
bulk air temperature entering th
working section was 115° F. and the
upper-and-lower-plate  temperatures .
1 ° and, 110° F. respectively. f‘&ﬁ\%’éﬁmﬁ.}r{c:&%
e “¢orresponding values of Rey- TR
- , .
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Kafmidh * relabés 1 “heat:irapifen
number to the friétion facior ardie

propprnpc of the ﬂud hy the folldw- . - dDI
ing expression whmﬁ, a ,;b(\f'tei/zcei:t ' R it
‘mast gases'at states r ¥ N .
critfenl state. . “Exberimes 1 : 5
Re bt = " L
' L840 030 117.01 ¢
‘243 .80 116.62
315 130 115.95°
325 ~ %180 11551 . #
32.6 230 115.19-
332 g =280 114.88
346, 7330 114.53
347" 370 114.20
33.% .- 410 114.03
338 460 113.92
334 510 113.70
- 560 113.54
" 510, 19 610 113.45 _
V‘ah& of the hét@ﬁﬁsier number « 700 ‘ %gj ??8 % %gg(jl H
“Cy as'a function gfiReyn olds num- _ 720 1272 [
ber’ obtaml. he Wtk 1 730 112.48 2

Experiment 2

[N
O

B i
Sgs : 115.81
24 115.35
: 53.3% 1$5.02
- comp ed values from_.von Karman ; 9A.2 114,61
. £9)7at¥ee with the calorimetric val- L 310 532 114;40
" tles. Houre 16 similar information ' 3?8 o g}% 11418
is rted for measurements made 460 “545 " H;%
undé’bmndmons where the bulk tem- 510 54.2 113.55
peratuﬁégtorrespmds more closely to 2?8 53.3 113.40
‘the temperature of the lower plate. 660 50 113.39
In this instance the expermmentally 700 46.5 112.96
determined heat-transfer number is 112.81
112.76

somewhat larger than that obtained
from the predictions of von Kar-
mar,- (9) For both Figures 15 and
16 it is to be noted that curve D
s'hows points plotted as functions of
thgg eynolds number based on the
tual bulk velocity since the experi-
1 coefficients of friction asso-
'Glﬁfféd -with the computations were
. obfained on the basis of the bulk flow.
. The relation between Cx and C; is
given by Equation (9).
The informdtion recorded in
Tahles 1'and 2 perinits the evaluation, iy ges;
of ‘the eddy viscesity by, application
of Eduation (6) gnd the fact that the
shear stress decreases linearly with
distance from the wall to zero at the

Experiment 3

iswn as a dotted
pertainties in the

¥ sm =
p0551b1e from 550 e, 2
. § 5) to eva‘luate the rate of e 000 '
. thefmal transfer of ‘energy normal to g;g
he: flowing stream as a function of 700

pos:tion in the stream. These data 710

R URER TR TN -
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e TAB_LE 2.—Continued _ mstance the rate of heat fidhsfer de-
B T |t greases 193 Jow Value sk point in
“Upper Plate L Velocity - U%’ggf P.iate . "'Tg'mg_e_tamre- D o1 1cm1ty &1 the lo‘wm vp‘Id‘t\: since
. (ft./sec.) R o P thebulk air temperﬂfhrg at thesinlet’
Expemnent"s - o of #He approach sectrom was, (8586 40"
12 \0515 the lower-plate temperature, 7 %
212 10?1 a2 The authorswish to emphasize, that
209 103.95 these measurements are prelifninary
334 103.1 and are sub)eg to uncertaintiess :For
. ii.g 18%.38 .that reason ng’ ttempt has been mide
v439 10150 to carry forw&®¥ the analysis of the
57 100.45 results as far‘~% would he ]Uatlﬁed
457 . }003(7) if- the” uncertal y in the measure-
sﬁ:g_ 18881 ments werg.knggwn., The extent. of
paz o pA 100,01 the measut & were hmited s‘nﬂ%
-y i 700 100.00 ciently to. @ evaluation of- the
©O3E0w v 750 100.00 uncertamtyghfﬁ Therefore no m-
--31.4 : o dication ofg Hable error inthe
severa] val &g B,a: been made.”
10295 K
}8333 Acknowledgments .
10242 R. R. Béwles' B. Cate, Q. Enmtr"
102.10 dT L.Ki 5 '
10578 an 1rt§y "obtained a nurber:
101.30 of the meas ents reported here
%oggg and their a%c.xsmmre is- acknowled&qd
00. »
i Mgt
y menglatiire*
100.00
100.00 Cr= coefﬁcxeﬁ{" of mctxon di-
10000 g -2,
100100 _ menbloz.ﬂess =f& ri%
Cu ea‘t traﬂsfcr number d1-
103.2 . ] mensmnles&,
4 102.9usi e
; A C, = isobaric heat ¢ap
102.4 R z‘fu A
102.0 s SH -
1017 b°F T

: - 20BN 101.25 = 5 oray-
400 h
500 -
‘%0
650 K=
.700 In=
log = logarithin 1
.. m = hvdraulic
s . Pr=

Prandt!,

y

plve the calorimetric .dev
terminat; af energy added to the
stream at the boundary. In Figure 18
curves are indicated showing the ther-
mal transfers of energy as a result ¥ iy
f§ eddy :conductivity. and of hoth
g, roolecular conductivity. It
that as the wall is ap-

importancéhuf> %
aseg-und, A%’ thg&‘ial?n

or the entire transfer. The
ear the wall has been indi=
ans @f dotted RUrVes s‘mce

do not

Y ot

ol g -
et izt e S A

expressed in
]
%
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FiG. 15. HEAT-TRANSFER NUMBER FOR
'VEAEL?’ SYMMETRICAL TEMPERATURE
2r: DISTRIBUBEION

—-—.@nﬁmmﬁa ‘Be—yon Kirmin; C—Prandil;
D—-v(ﬁl, Ké4rmén’s analogy using experlmental Or

8w

Il

heat transfer per unit area
at upper plate of chan-
1 B.tu.
o ) " T fe.2
Rep = Reynolds number based
on bulk velocity, U,
= 4wl

olds number hased
ibulk  velocity, ¥,
d,V -

Rér =

ime average temperature
‘at any pont y, °F.
time average velocity at
any point y, ft./sec.

uw* = friction velocity, ft./sec.
(79
: ! o
ut = velocitv to {riction veloc-
ity ratio, dimensionless,
u
=
U = bulk velocity based on
integrated Pitot tube
mcasurements made in
central portion of work-
ing section, ft./sec.
V = bulk velocity based on
Venturi meter measure-
ments, ft./sec. i
l
sec. Cpo
y = distance from wall, ft.
y+ = friction distance param-
eter, dimensionless,
yu*
.
A = difference notation
e = eddy conductivity, f{t.2/
sec.
€y = eddy viscosity, ft.2/sec.

|
ol
| T\""‘*hq
|
7

: T
Rex10™
HEAT-TRANSFER NUMBER TOR

ETRICAL TEMPERATURE DIS-
TR TRUTIDN

[ [

CAs T stafecf‘

R
'§omtev’v""ccsztv of: ﬂuld

'?spec1ﬁc Wezght

garing stresy éi atty
. pixpoint y, Ib./ft.2"
To = shéa.rmg stress at wall,

U1b./ft2
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P

- Discusgipn.

J. Howard:-Abistd- (Chilittifhia
Research Corp.; Righmond, Calif.):
It is. about Wen‘tyeﬁve years $now
since Whitman- introduced chemical
engineering to his two-ﬁlm themg of
material transfer,. and I think.it is
somewhat longer sirite chemical engi-
ricers became aware of the f%mctlon
of films or bourﬁy layers in heat
transfer. T am ghBtto see thls paper
bring out the availibility afid the
flexibility of the Prandtfanid K#rman
equations, and by infetence a;‘ least
the Colburn and Sherwood analogies
to these equations fog-f materlal
trafisfer. :

‘ th : ,syﬁfem

02 63, 04

neerg; ifi sp:te of
sent thé only really :
equations in this fieb
such as Professor S
is of‘great importanc

7 rmmg
e56 equatlons or se

ng “other

& equations that are better& s that we

may have equations that ut:hze the
proper physical picture anid give us
adeyuate representation of 4ghe - data,
and no longer thave to depm,d on
correlations baséd solely oft:din
sional analysis.
B. H. Sage (California 1
of Technology, Pasadena): I
with the comments that have.been
presented to the meeting by Mr.
Arnold. It is hoped that ;e not
too distant future, as the réstlt of
the application of such or otk anal-
ogies, the chemical engmeer"ﬁylll be
m as good a position in pgedicting
the thermal transfer of energy; and
the transfer of material as 45 the
engineer in the application of: fluid
mechanics to the prediction of“’ﬁr@nsf
fers of momentum in sﬁ’ﬁaﬁ 0
wherein there is no change ¥ b;e
inténsive properties of the ﬂm& ffbm
point to point in the ﬂowmg §; §tem
At the present time there is- suf
ficient information concemmg
fluid mﬁchamgs to predict w1tm ac—
curacg_gle icient of {riction fyn
der. cxmumstances ‘where there are
¥ dikdnges in the viscosity and spe-
' ight from Peint to paint: in

e ]

BTULHRFT2

! TRAL\SL‘ER oF
rmwmeﬁf
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[N THE solutlon«ﬁ-many engineering problems the use of de-
tailed thermodxnam‘fc data is very convenient.: Frequently
uch daia are not refnhly available and must be obtained from

weasured physicaland thérmal properties by lengthypalculations.

Thermodynamic Hropertles of methane above 70°'F: -have been

tabulated by several authors. Cofre§ponding. 1x$5rmation for -

temperatures below,70° F. is not so easily avaﬂpblq. Keesom

and Houthoff (4) pﬁesenteq a temperature-entropy diagra.m for-

methane covering the temperature range from Im to 270° K.
and the pressure range frqm 1 to 40 atmospheres.: The thermo-
dynamic quantisiés’ v?ere; elermined by utilizing information
from a single sourge {5)—+THe results are given in metric units
ang :no tabulated” ‘cTataL"a,re shown. Subsequent expenmem.al
work has afforded gwreaaed information on thé phvsxcal ﬁdd
‘Phermal properties of éthane, _

I has, therefore, seemed desirable to utilize the more recent
Hané dafa in preparing a temperature-entropy diagram for the
$Emperature region, in terms of English units. The thermo-
poaie properties of méthabe from 70° to —230° F, and from

' P@gt;ﬁéu.;, Standard O3k c_iog;_m_gy of Qﬂiﬁo:ﬁa. El egundo, Calif. .

mmDUSTRlAL AND EN (:l\lFERI\ G (“HEMISIRY Vol. 36, Page 825, September, 1945
(‘opvﬁght 1946‘ by the American Chemical’ bompty and reprinted by permission of the copyright owner

s

~The ﬁrsttﬁr@é'""‘?v‘ﬁﬁf"ﬁh*metag concemq;’fm"’ght.mna- )
la’monal and rotational energy, reﬂpmhvely, the third term is

+ rithbed 6o th8 W HéRence between the isobarie snd isachoric heat

capacitigs. The characteristic ie xﬁngtum,ﬂ. is obtained by
mul¥plying the Vs sﬁ‘o"ﬁﬁfré’ciuency he7kin consistent units.
Since the methane molecu!e Yiss five atoms, it poseggses nine de-
grees of Vibrational freedom and hence t,hg i xss fqm,he last term
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ion, L are fromi = 1to4 =9, The values for the vibra-
) : cxty 85 5 functlon of 6./T are given by, Wenneér
i ﬁg§3 3 Lr at zero preéssure were calculatediby’ mte-
Els ‘x:g-n% FBITEIREES felation between Cryand, T,
T '2“;{% pocosooe : and a.rbnra,nly setting &i enthalpy‘edual to zero at a datum state
e 288 3 23 bl correspondmg to zers: ;mssure and 60° F To obtain enthalpy
1N gg’g @ ' & values at vgrious pres&;res and temperatures isothermal’ ex-
ol ¥ TT s ¢ thalpy changes for preskfire intervals of 10 kg./sq. em. givendby
i - ¢ FEmcken and :Berger (3):’were utilized. Enthalpies of saturated
aE- g& and satﬁ&ted llqui(i methane were taken from Wiebe and
. g Brevoort (1 & and converted to the basis of the given reference
a £ | point. Vapd¥ pressures were obtained from data presented by
] B Eucken andBerger (5). The critical constants were determined
oap © o] with the assistabce of the law of rectilinear diameters as.applied
St wf to plots of H ng X" and Hus. P. - These plots were smoothed sirpul-
S%i taneously by ¥ference to the vapor pressure curve. It:is be-
';Tvg lieved that the uncertainty in the enthalpy values shonld"not be
v B greater than 0.5 B.t.u./lb.
. 4 ﬁgﬁ - From a plot of enthalpy vs, pressure at constant tesiperature,
BXES3 3i8 5 3 sl values of —(QHJOP)r were read, and (9Z/0T)» was galeulsted
AT B e using the following expression, which may be obtmne} com-
BRS L. bining the definition of compressibility factor with asuitable
icoccs ddlav thernﬁdynazmc equatlon e {i)
Eoroote o~ TR @) : 3 i
AR O L S ; P
g B suuzdcds ugssasﬁ:‘%;.: - @
& PEETE sty a8k bT’ DP 7
g" | .B23nsssazgessss | RS -
LB y S IROB R ARRCBOB = -3 %
- OOERO DR RMIOBAN | Asplot of (OZ /bT)p againsh temperature was utilized for integra-
o B . occocoonooocooo0 co
iR o PEIRTT & iz tion to give isobaric changps in the compressibility factor, Z.
'? iﬁ ol '3‘%%8%33&&32 o 83 Compressibility factors at 70° F. in the pressure rapge from 0
=25 L L It gl os tg 1500 pounds per square inch were obtained from b}u;values of
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828 - INDUSTRIAL AND ENGINEERING CHEMISTHY

“Tapim I1. Tmamonmuuc PB.OPERTIES o SATURATED-GAS
. AND SATURATED-L1QUTD METHANE : vs

Temp., /———'S tar Gag—— r—Sanurated qumd*-—x
S r’.’ P rlaraigd Gaor v g

43 .42 —152.9 3:076-06:43 .00 040 —0‘4720

62.58 —~150.0 E.é%g- .0 0.041 —0Q,44356

86.94 —147.3 1. 9.383 8 0.042 —0.4162

117.33 . —145.1 1.243°0:24801 -—339.2 0.043 —0.3886

154.21 —-143.4 0.979 0.3372 -—331.3 0.045 —0.3602

98.681 —142.4 0.784 0-%149 -323.2 0.046 —0.3315

249.23 —142.2 0.634 0.2022 314.4 0.048 —D.3024

308.18 —142.9 0.5183 (0.2883 —305.0 0.050 —0.2726

375.84 —~145.1 0.413 0:2420 -294.4 0.052 —0.2396

453,11 —149.2 0.327 0.2130 —281.5 0.055 —0.20;&
541, —158.3 0.252 0.1765 —265.0 0.081 —-0.15

838.70 -—173.6 ©.175 0.1140 —239.7 0.072 —0.080%

872 .04 —205_4¢ 0,‘}16 O MRAR  (eritiral valnes) .

>
5

Sﬂmf values of Cp at zero pressiire ha&bée!tdalculated the cha.nge
ﬁr tzropy was obnamed by mbegré’hou from 60° F. and 1 af:mos—

. P
—bln 14.696] ®)

The datum value O}S was taken'as f at 6b° F and 1 atmosphere.

At pressures below 500 pounds per square imeh and tempera-
tuzes below: —80° F., entrapies were obtained by utilizing values
uf AS at cqnsttmt pressure; ealdulated from the relation:

AS f’l( )dT[p constant] -,'. (8

Since t.he vm-m,tlon of eutha,lpy with temperature was essentially
linear in the region considered, the uncertamty in the entropyr
calculations was minimized. g

Below —80° F. and above 500 pounds pusr sqwe inch a piot
of (OP/OT)v against V at constant temperature Was nsed for
graphical integratien to obtain values of AS. Values of:entropy
at dew point were obtamed by n.pphcatlon of ’ohe followmg equapv

@)@ |

e i

Tiie saturation dome was completed by use of the relationship:'

AH, vapar
T

Aisvapar = b_.‘ (.8)

in calculating heat capacities at zero pressure;..a wvalue of
1,4386 cm. °K. was used for hc/k, the molecular weight of meth~
ane was taken as 16.042, and the value 0.66898 !qas- edfor the
speclﬂc gas constant b. . .

5 L\S!&i&&i e"

smgle-phase ;mgmn. ' Table II gives the thermodynmk ‘properss

ties of saturated gas and saburaled liguid, as well as eritical cone- .

stants. Figure 1i %temperature-entropy dmgmm of methanein
the Tow-texn] ré region.. The diagram'dséws lines of con-
stant pressure, en’shalpy, volume, and guality,

It was. mas;ble g some. instances. 1o o ealculated -
thermodynamm pyoyemea of methane wi other Ay
vestigators. In this way an additions} measure of the uneer- .
tainty i in th:e da. was obtained. Calculated values of Cp,: dre in’
ocloge : ‘EEOSE‘ pmsg.nted in the hterature
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In the superheated region, comparison with enthalpy valucs ob-

‘tained by 8age, Lacey, and co-workers (1, 7, 8) from Joule-Thom-

son studies and P-V-T messarements ‘and valies calculited by
Edmister (2} from P-V.T dataindieate o maxgimum uncertmnt,y
of 1 B.t:u./1b. in the enthalp¥ Falues.

Comparison of the supeth@ated Vipor volumetric da.ta. with
those of Edmister (2) showeid good agreement; but no volumetric
data near the critical point were available for comparigm. En-
tropies in the superheated gas region agree with those cadoulated
by Edmister (2} to within 0.01 B.t.u./(1b.)(° R.).

Using temperature and volume as independent variables, a
comparison of data was made with the diagram presented by
Keesom and Ilouthoff (4). The comparisun between the two

. sets of data was inconvenienced by the absence of tabulated

thermodynamic properties in the publication by Keesom and
Houthoff (§). Itwasiound that the pressures differ by about 3%.
Average deviations in enthalpies of about 4 B.t.u./lb. and in
entropies of 0.01 B.t.u./(1b.){° R.) were observed. Three typical
points of comparison in the superheated region are given in Table
II1.

CoMPARISON OF VALUES

TasLe IIT.
Sp. Vol f-" - Presavire, Lb./Sa. In.
Temp., ° F. Cu. Ft./Lb. -Aythors: - Keesom & Houthofl
10 0.5671 500 540
—110 0.4870 1id 416
- 170 3.630 ' " 50 53.4

. Acxnowwncmﬂ

JESER——Y F: .
}

The assistance qfzLotise M. Reanéy: !P& preparing Figure 1 is
grakefnl]y acinnwleaged .

- NOMENCLATURE:
a = cor(xveriito)n factor = 0. 185‘1"8'45 (B.t.u)/(Ib./sq. in.)
ou,
b = spegific-g3s constant, (lb./sq. in.) (cu. ft./1b.)/° R
¢ = vemygc??
* Cp = hes (fapacxt.y at constant pressure,’ B t u /(1b.) S R.)
Cp, = hes{ capacity at gero pressure, B.t.u./(1b.)(° R
‘f Cy = hc&tm)n&.ty M co.qstant vo]umc, Btu /(b)) {°R)
E é = baaé‘ﬁfim ithm,
h = Planpks o
k teger ~ .
n, = weight fra.ct:on of & systemt i‘n gas phase o
g = pref:sure 1 idmlzsﬁlgije{ ]
= entrapy, i B
T = thelmg:&ynimﬁc i Fe, -

;(4) sKeesom, £nd’ Hauth
Suppl. 85 {Sept., -

(5) Keyes, Taylor, and $

(6) Lers and Randa. P
.CH._E'_ o )

Hd., 31, 1497 9(1939)

. Soc 57,1192 (1935).
* ermé‘é.l Calculatmﬂ}” Nﬁm cGraW-

Book Co., 1041,

(11) Wiebe and Bravoort. J. Am. Chem. See., 52, 622( : :

anrrn N U, B.A.
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Propositions Submitted by William H., Corcoran

Ph.D, Oral Examination, May 25, 1948, 1:00 P.M,, Crellin Conference Room
Committee: Professor Sage (Chairman), Professors Badger, Lacey,
Liepmann, Lindvall

Chemiecal FEngineering

1. The efficiencies of absorption towers may be increased by addition
of non-volatile wetting agents to the absorbing fluids,

2. Heat transfer from a channel wall to a fluld strear may be accurately
determined from a precise measurement of the temperature field at the wall,
This measurement together with detailed temperatuvre and veleccity data pro-
vides a more satisfactory means than gross methods for establishing asccurate
values of heat transfer coefficients.

3. The eddy conductivity for heat, GEC, is a constant scross the
central core of a fluid flowing turbulently in a closed conduit, This is
different from the evaluation by Boelterl who gives € 5 = k2y2(1 - y/To)du/dy
for isothermal heat transfer in a circular pipe. In his analysis y is the
distance from the pipe wall, r, is the radius, du/dy is the velocity gradient,
and k is a constant. Thus at the center of the pipe where y = ro, € ¢ becomes
zero as indicated by his equation,

1 Boelter, Martinelli, and Jonassen: Trans. A.S.M,E,
63, 447 (1941)

4. In the presentation of multicomponent thermodynamics, it 1s suggested
that the use of the external and internsl points of view be explicit rather
than implicit. By specifically dividing the discussion into these two parts
it is possible to obtain a more clear picture of their combination in
mathematical manipulations tec present various useful engineering relsticns,

1

5. Hougen and Watson™ present the equation
2
dZ 1.7
/ochD

for the pressure drop in flow through granular beds having a random dense
arrangement, Their nomenclature is given ag:

Pp = pressure in a bed in dense arrangement expressed in
force (mass units) per unit area
Z = length of packed bed
fp = friction factor for dense arrangement as a function
of the modified Reynolds number NRep = G/aye
go = standard gravitational comstant = 32.2 ft/(sec.)?
G = mass velocity per unit of total cross-sectional
area of the bed
ay = surface area of particles per unit volume of bed
Pp = fraction of void space in the bed in dense arrangement
= (1 -~ 8/~)
2 = density of fluid
/p = average density of solid particles
B = apparent bulk density of the granular bed



~ 5, (continued)

Actuelly pp should be represented as the force in the force-length-
time system. If it is to be given as the force in mass units, then g¢
should be eliminated from the equation,

1 Hougen and Watson: Chemical Process FPrineiples, III,
Kinetics and Catalysis; John Wiley and Sons, 1017 (1947)

Mechanical Engineering

6, Refrigeration units should be rated on the basis of compressor
horsepower rather than on capzcity in standard commercial tons.

7. A suggested design for mounting propellant charges in spin-
stabilized rocketl motors or Jato units is given ss follows:

Steel wall

TP T 7 TGS TEH A st i B A LA A A ol | ol o s

\

Rubber lining cvele-
welded to steel wall

Propellant charge

8. In the manufacture of commercial heat exchangers, the tubes are
usually fastened in the headers by means of crimps applied with mechanically
actuated rolls., Difficulties are encountered because variations in wall
thickness cause variations in the strengths of the crimps. It is suggested
that the mechanical crimping be replaced by a hydraulic method. The proposed
equipment is schematically shown as follows:

Heafder plate

S@@ <———— Hydraulic loading
\_(\EE;f Steel loading bracket

Groove for erimp

Rubber compression pad

Exchanger tube

Chemistry

9. A process for treating both low and high grade ores in the prepara-
tion of commercial chromium is proposed. It involves the production of
chromyl chloride, CrO,Cls, and its distillation from the ore mixture. Collec-
tion in water would yield chromic and hydrochloric acids, and the solution
would be electrolyzed to obtain the chromium metal. The procedure eliminates
expensive high temperature hydrogenation and chlorination steps.

10, Chromium oxide, Crp03 is soluble in pure chromium, Hydrogen
reduction at high temperature is required to remove the impurity. To
eliminate this difficult step it is believed that a study of the liquid
system Cr - Cry03 -~ M, where ¥ is an added constituent, may lead to the



10, (céntinued)

possibility of the formation of two phases. One phase would be Cr with only
a small percent Crp03. The other would be M - Crp03 or possibly just My
resulting from the oxlde reduction, It is possible that the Cr - Crp03 -7 51
system would give the desired situation,

11. Experiments by Bridgmanl and Smith? on thermal conductivities of
liquide could have been sglightly improved by computing valuee of k at a zero
temperature difference rather than rnot correcting dsts obtained with a
termperature difference of 0,6% G, Alsc energy measurements could have besn
made more accurate by using potentiometric methods rather than direct measure~
ment of current with a2 millismmeter. In ali, the data could have an improve-
ment in accuracy of about 0,5 percent,

1 Bridgman, P, W,: Proc, Am, Acad, Arts & Sciences
59, 141 (1923)

2 Smith, J. F, D,: Ind. Eng. Chem., 22, 1246 (1930)

Pedagogy

12, The treatment of exact differential equations in thermodynamics
to obtain certain partial quantities may be expanded to yield more information
from one equaticn., The use of second derivatives is eliminated and less
reliance upon additional exact equatlons results. For example we may treat
the equation

dE = Td4S -~ ©P4v
to give
(28) - - (2
2p T 7 9T P
and in addition
(28) - (2B)
oV T T ATV

13, In understanding the philcosophy of the force-length-time and the
mass=length~time systems, 1t is necessary that definitions of physical
quantities such as density be kept elearly in mind, With the definitions
fixed, it is then necessary to think in terms of one system and not move
between the systems. Therefore for teaching the use of the systems it is
suggested that the procedure using a constant X in the equation F = Kma be
eliminated, The constant would be replaced by a better knowledge of the
concepts involved together with the application of the equation w = mg
which relates weight and mass within a given system.

14. The term fugacity is insufficiently explanatory and should be
replaced by the phrase "gas phase activity".

15, For greatest return to the student, problem courses in engineering
and science should be arranged so that all outside work is independent and
accordingly weighted.



