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ABSTRACT
I.

The local convective thermal transfer from a spherical surface
in an air stream was experimentally investigated by messuring the
temperature distribution.in the air stream surrounding the sphere.

The investigation was carried out in an air stream of known turbulence
level at bulk velocities of 8 and 16 feet per second using two differ-
ent half-inch spheres, The local thermal flux over the spherical
surface was calculated from the detailed measurements of temﬁerature
distribution in the air close to the surface. These results are com-
pared with available experimental results obtained at higher velocities
with larger spherss.

In the forward region of the sphere from the stagnation point up
to an angle of about 80°, the experimental radial temperaturs distri-
butions are correlated empirically in terms of the displacement thick-
ness of the thermal boundary layer. Over this region the experimental
and correlated results are compared in terms of the Nusselt and Reynolds
numbers with the results of theoreticel analyses based 6n the laminar
boundary layer theory. There is satisfactory agreement with the theo-
retical results obtained by the method of Drake and the application of
the solutions of Eckert. _

The integrated values of thermal transfer are in agreement with
the gross values obtained from simultaneous over-all measurements., There
is also fair agreement between the integrated results and available

published information on the gross thermal transfer from a sphere.,



IT.

A detailed knowledge of the distribution of temperature, thermal
flux, and the pressure gradients assoclated with the turbulent flow
of fluids is of importance in creating a background of experimental
facts from which it is possible to predict the transfer characteristics
for a particular physical situation.

Special methods and equipment employed in the measurement and
control of temperature and thermal flux in an investigation of thermal
transfer in turbulent gas streams are described. Measurements of the
thermal flux and the pressure gradient are presented as a function of
the imposed temperature distribution and macroscople flow rate, They
extend from groas velocities of 10 to 90 feet per second and to average
temperature gradients as high as 1000° F. per foot.

The results represent a contribution to the knowledge of the shear
and the thermal flux associated with the nonisothermalvflov of air
between parallel plates. As expected, the thermal transfer coefficlents
for nonuniform transfer are larger than those obtained in this work

under conditions of uniform transfer,



I1I.

The reglion near the boundary of a turbulently flowing fluid
accounts for the greater part of the resistance to thermal transfer
to or from the stream. An understanding of the influence of econditions
of flow upon {;he temperature distribution near the boundary of tur-
| bulently flowing streams 1s required in order to permit the recent
advances in fluid mechanics to be applied to the prediction of thermal
transfer in steady flow.

The detailed temperature distribution near the boundary. of a
turbulent air stream flowing between parallel plates was measured at
gross veloclities from 10 to 90 feet per second end for average temper-
ature gradients as high as 1000° F, per foot. The corresponding value
of thermal flux was determined directly, and from these primary measure-
ments the temperature gradient and eddy conductivity were established
as a function of flow conditions, ‘

The eddy conductivity was correlated with the position in the
stream and the gross conditions of flow. The measurements permit
estimation of the thermal transfer to a turbulently floﬁing air stream
in condults of large radius to be made with aceuracy adequate for some '
engineering purposes for a variety of uniform and nonuniform conditions

of thermal transfer.
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PART 1.
LOCAL CONVECTIVE THERMAL TRANSFER FROM SPHERICAL SURFACE



INTRODUCTION

The study of thermal transfer between a spherical surface and
the _fluid which is flowing over the sphere is of interest to many
problems in chemical engineering. It is also of interest in connec-

" %ion with matérial transfer because in many instances the processes
| involved in these two types of transfer are considered to be analogous.

The prediction of thermal transfer from a spherical or blunt-
nosed body is also important in the design of supersonic air vehicles,
Information from incompressible flow can be modified and appiied ‘o
the subsonic region around the blunt nose behind the detached shoek
wave,

Experimental meesurement of gross thermal transfer at a spherical
surface in a fluld stream over a wide range of flow conditions has been
carried out by many investigators. However, most of such experimental
work is concerned with the over-all thermal transfer from the entire
surface; information regarding local conditions provides.a more Com-
rlete understanding of the precesses involved in connection with thermal
transfer from a sphere, |

At present there is only limited experimental vinformatién available
on the local thermal transfer for a sphere. Cary (3) reported experi-
mental results of local thermal transfer from a 5-inch iron sphere in
air at Reynolds numbers between 4.4 x 104 to 1.5 x 10°, Lautman and
Droege (16) measured the local thermal iransfer from a 9~inch copper
sphere in air in the Reynolds number range of 1.3 x 10° tolx 106.



Xenakis and coworkers (35) repeated the work of lLautman and Drosge with
the 9-inch sphere along with two other spheres 6 and 12 inches in
dimter. In all these investigations hollow spheres were used, and
the entire spherical surface with the exception of a small imolated
plug was heated with steam. The isolated plug was made flush with the
surface and was independently heated. The sphere was rotated so that
the plug took up different angular positions around a great circle, The
local rate of thermal transfer was then given by the energy required
to maintain the plug at the same temperature as the steam-heated surface.
In the present study the rates of local thermal transfer for half-
inch spheres in an alr stream of known turbulence level were determined
at Reynolds number from about 1500 to 4200. A method different from
that mentioned above was used. A 0,0003-inch thermocouple was employed
to measure the temperature distribution in the air stream around the
sphere with special emphasis on the region close to the surfa.ée. The
local thermal flux was calculated from the limiting radiai temperature
gradlent at the surface and the thermel conductivity of the air. Two
different spheres were used. One was a porous sphere wifh 1liquid
evaporating from its surface and the other a silver sphere with an
internal electirlc heater, When the porous sphere was used, heat was
transferred from the air stream to the surface; in _the case of the
heated silver sphere heat transfer took place from the surface to the
surrounding ailr. The total rate of evaporation from the porous sphere

and the total energy input to the silver sphere were also measured so



that the over-all thermal transfer obtained by integrating the loeal
thermal flux could be checked.

The present experimental investigation covers one phase of a
long-range program of study on the effect of turbulence on thermal and
material transfer of the Chemlcal Engineering Laboratory of the
California Institute of Technology.

THEORET ICAL CONSIDERATIOKS

In genersl, theoretical t.r_eatments of local thermal transfer
characteristic of immersed bodies are based on the solution of the
Frandtl boundary layer equationa using a variety of approximations.
As applied to a sphere these equations are valid only for the region
between the forward stagnation point and the point of separation of
the boundary layer. The complex nature of the flow beyond the separa~
tion point has so far prevented satisfactory analysis concerning the
velocity and temperature distributions in that region., ﬁost of the
available analytical solutions are for two-dimensional situstions.
Mathematical analyses dealing with a rotationally aymmeﬁric blunt-nosed
boedy applicable to & sphere are relatively few; sxact solutions are
limited to a neighborhood of the stagnation point under special condi-
tions, This experimental study was carried out at relatively low velocity
corresponding to a Mach number of less than 0,1; the ratio of the surface
temperature to the stream temperature ranged from 0.93 to 1.1, and the
variation of surface temperature was about 2° F, over the front half of



the sphere. Recent calculations of Reshotko and Cohen (26) show that
in the range of ratio of surface to_stream temperature mentioned, the
effect of compressibility of the fluid on thermal transfer is less
than 1¥. Under these conditions, the flow encountered in thie investi-
gation s comparable to constant-property, incompressible laminar flow.
'Therefore, available analyses applicable to a sphere under these speci-
fied conditions 'will be outlined and their solutions compared later
with the experimental results of this study.

Sibulkin (31) presented an exact solution for the thermal transfer
at the stagnation point of & sphere under the above-prescribed condi-
tions, The pertinent boundary layer equations given in the coordinate

system of Figure 1 are:

Continuity:
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with the boundary conditions:

Nn= 0: u=0, v=2=°0 t = 1ts .
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The velocity field is obtained by solving Equations 1 and 2, and the
.temperature field, from the velocity field and Equation 3. The local
thermal flux is calculated from the normal temperature gradient and
the thermal conductivity of the fluid as follows:

o/

NN

In solving the equations, Sibulkin (31) used velocity distribution in
the boundary layer given by Homann (10) together with a linear velocity
profile along s.

Approximate solutions using the Karman-Pohlhausen integfal method
have been obtained for the thermal transfer of the staénation point
and the forward region of a sphere by several investigators. To simplify
calculation the integral method does not attempt to satisfy the differ-
éntial boundary layer equations for every particle of fluid, but instead
it solves the momentum and energy integral equations by the judicious
cholce of plausible expressions for the velocity and temperature distri-
butions in the flow and the thermal boundary layers., The momentum ine
tegral equetion is obtained by equating the net exchange of momentum

flux for an elemental length of the flow boundary layer to the forces



acting on the surface of the element, and the energy integral equation
is simllarly arrived at by writing the energy balance over the region
included in an elemental length of the thermel boundary layer, This
integral method was first devised by Karman (14) and applied by
Pohlhausen (24) in the solution of flat-plate flow problems. Applicable
| to a sphere in steady incompressible laminar flow where the fluid
properties are assumed constant the momentum integral equation (22) and

the analogous energy equation are:

Momentums
5 8 9 3
3 {ldn - w2 _ 1z - ludnl = §u, du _ w)
.a-gju dn u.asjudn — % (u,(udn Ju dn) = &u, 1 (5'5 n=°(5)
o o] o) o)
Energy:
ét &t

where O 18 the flow boundary layer thickness and ét the thermal
boundary layer thickness. The expressions for the velocity and temper-

ature distributions are usually assumed to bs polynomials in -%— and

X respectively:

Ot
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The coefficients of the functions ) and (), are fixed by the
.appropriate boundary conditions. The knowledge of the welocity profile
along 8 is required to sclve for O as a function of s from
Equations 5 and 7. An expression for the ratio of -—i—t involving g
and the Prandtl number defined as % is obtailned from Equations 5
and 8., After 61: as a function of 8 is evaluated the local thermal
flux is calculated from the derivative of the function ¢, at n=o0

and the temperature difference 1, — t_ by the following expression:

Qo
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Korobkin (15) reported results from his unpublished work in which he
computed the local thermal transfer at the stagnation point by the
integral method using Tomotika's distribution (34) for both the velocity
and temperature distribution in the boundary layer. The Tomotika ex-
pression is & quartic form with coefficients depending on the velocity
gradient along 8. Korobkin (15) also presented results from unpublished
work of Sibulkin who calculated the loecal thermal transfer over the front
half of a sphere by the integrel method using parabolic expressions for
both the velocity and temperature distribution in the boundary layer.



Another approximate method for caleulating thermal transfer over
the surface of a rotationally symmetric body is comprised of the work
of Eckert (8) and that of Drake (7). Eckert (8) obtalned an exact
solution for the energy equation of incompressible laminar boundary
layer flow over a wedge-shaped body of variable vertex angle and applied
.the results to the forward region of a cylinder by assuming that each
point on the surface of the eylinder could be replaced by an equivalent
wedge which had equal streém velocity and thermel boundsry layer thick-
ness as well as identical velocity gradient in the stream and thermal
boundary layer thickness gradient along the direction of flow over the
surface. An approximate expression for the exact solution was given.
Drake (7) applied the Mangler transformations (18) to the energy equa-
tion and obtained relations enabling the use of Eckert's two-dimensional
solutions for a rotationally symmetrie body. Korobkin (15) reported
such results for the forward region of a sphere.

The parameter % is genmerally used in comparing results of
thermel transfer because solutions based on the laminar boundary layer
theory for thermal transfer in a given fluid medium can be encpreesed in

the form:

Nu = o (R 0

For example, the thermal flux given by the analysis of Sibulkin (31) 18
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& = k9 (-t (L) (1)

where [3 is the velocity gradient %% , and c_;(Pr) & function

depending on the Prandtl number. As the definition of Nusselt number is

Nu = (12)

_ 3
h = R (13)
the combination of Equations 11, 12 and 13 glves
2

Nu = 9@ (%D-) (14)
According to the potential theory, (5 = -3-69- for a sphere., Then
Equation 14 becomes

3 | 3

Nu = & 9@ (B2) = ¢ 90 (Re) (25)
a8 the Reynolds number P\e is defined by

Re = by | (16)
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For constant-property analysis there ia no question as to the value
of '\75 3 for situations where the surface temperature is different
from the stream temperature, the kinematic viscosity is evaluate& at
the surface temperature to be consistent with .the use of thermal conw
ductivity at the surface temperature in the definition of the Nusselt
number. The function g(’Pr) in Equation 15 can usually be approxi-
mated by an expression in the form C3(?r)m over a limited range of
Prandtl number, Then Equation 15 becomes

Nu = (P Re) an)

For a given fluid, the Prandtl number is constant over a moderate range
of temperature; therefore Equation 17 is identical with Equation 10
where (, depends on %—:—L and the Prandtl number. |

The analyses considered so far have been for flow over a surface
with zero normal velocity as given by the boundary condit.ion of v=20
at N=0 , For the 'poroua sphere used in this investigation there is
& small normai veloelty at the surface due to evaporat:loh. The effect
of the normal velocity at the surface on the velocity and temperature
distribution in the boundary layer can be taken into account by speci-
fying the boundary condition at V=V, , at N = O in solving the
boundary layer equations. Exact soclutions for two-&imensional flow over
a flat plate with the new boundary condition have been obtained by

Schlichting and Bussmann (30) for both positive and negative values of Vg .



Mickley and his coworkers (21), by using similarity considerations,
extended these sclutions for the prediction of thermsl and material
transfer, Spelding (32) solved similar equations for material transfer
at the stagnation point of a sphere by the integral method. At the
evaporation rates encountered in this study using the porous sphere,
the normal veloeity at the surface amounted to about 0,005 foot per
second compared to a stream velocity of 8 feet per second and the
concentration of n-heptane at the surface was 0.05 mole fraction.
Under these conditions, estimates based on the results of the above
analyses showed that when the porous sphere was used in this imvesti-
gation the effeet of material transfer on the temperature gradient,

hence the thermal transfer, was negligible,

EQUIPMENT AND MATERIALS

The measurements of the temperature distribution in the air
around the sphere were carried out with the spheres auppdrted one at
& time over an air stream emerging from a rectangular jet. The arrange-
ments of the air supply, the porous and silver spheres, .and the thermo=-
couple probe will be deseribed.
A, Air Su

Figure 2 shows schematlically the arrangement of air supply to the
jet. The same arrangement was used in an earlier study on the evapora-
tion of drops (11). The primary object was to obtain a uniform velocity

and temperature at the opening of the jet where the sphere was located,



Qutside air brought in by a centrifugal blower A passed through the
venturi meter C and a series of sections of square ducting and elbows
on to the converging section H which formed the jet. The square duct
measured 12 x 12 inches and the jet opening, 3 x 12 inches. All the
sections were constructed from steel and joined by flanges with neo-
prene gaskets, The air was heated to the desired temperature by
heaters B, E, I' and G. Energy to the control heater G was supplied
by a thyratron unit which was regulated by a sensing resistance ther-
mometer throuéh & Wheatatone bridge; light reflected from the mirror
of the bridge galvanometer and directed at a photoelectrid.coll controlled
the thyratron output. Details of this temperature control system have
been described by Corcoran and his coworkers (4)e The walls of theA
sections were insulated with magnesia from point E on to the end of
the jet, Heaters K, L, M and N located underneath the insulations kept
the walls essentlally at air-stream temperature. The venturi air
temperature was measured at D, Wall temperatures were me.aaured with
40-gage copper-constantan thermocouples at five different cross sections.
Heater unit F which consisted of five individual heateré strung across
the channel supplied a variable amount of heat to different ﬁortions
of the air stream to give a more uniform temperature at the jet open-
ing. Two 0.003-inch copper~constantan thermocouples located across the
Jet opening measured the air temperature.

A steel plate 3/16 inch thick with 7/8 inch holes was inserted
at I between the converging section and the straight section J of the
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jet. The purpose of this grid wes to provide a known turbulence level
for the air stream at the cross section where the temperature measure-
ment was made, Informeation on the changes of turbulence level with
grid size and downstream distance was obtained from a study by Davis
(5). With the 7/8-inch grid a range of turbulence levels could be
obtained by using different lengths of straight sections (28). The
present study was made al an essentially constant turbulence level of
about 5.4%.

B, _Porous Sphere

The half-inch porous sphere was made from processed diatomaceous
earth commercially idéntified as "Allen filter material" which was ob-
tained through the courtesy of the Union 0il Company. A4 3/16-inch
glass tubing which tapered down to a 0.,030=inch capillary provided the
feed~tube for the liquid and the support for the sphere as shown in
Figure 3. The glass feed=tube was connected tc a copper feed line
which passed through an air-foil section to the 1njector; The air-
foil section was attached to a traversing mechanism sc the porous sphere
could be moved into the desired position in the air stréam. The capillary
end of the glasa tube was fitted in a hole drilled into the center of
the aphere; & thin film of sodium silicate solution weas used to cement
the porous sphere to the glass capillary. The temperature at the center
and at e point in the tube 3/4 inch from the center of the sphere was
measured with small copper-constantan thermocouples connected as shown

in one part of Figure 3. The 0,002~inch bare constantan wire common to



both junotions, together with the two 0,003-inch insulated copper
wires were brought out of the feed line through a neoprene seal,
The common reference junction kept at melting=-ice temperature was
forﬁed by an extension of the constantan wire and a third copper wire,
A glass capillary U-tube manometer with one end open to the
atmosphere was attached to the feed~tube at a point about 4 inches
from the center of the sphere. The liquid level in the manometer
served to indlcate the attalnment and maintenance of a steady condi-
tion of liquid feed rate.

Iiguid to the sphere was fed by an injector. The plunger of the
injector was driven through a series of reduction gears by a direct
current motor. The speed of the motor, hence the injection rate, was
controlled by a strobo-synchronizing system schematically shown in
Figure 4. This system has been described in detail by Reamer and
Sage (25). It included: (a) & quartz oseillator as the time standard,
(b) a predetermined counter which produced a pulse at the desired time
interval to be synchronized by the rotation of the shaft that worked
the plunger in the injector, (e} a photoelectric cell which received
light from .an incandescent source through a spiral disk mounted on the
rotating shaft, so the output of the photoelectric cell depended on
the angular position of the shaft, (d) an electronic switch which trans-
mitted the output from the photoelectric cell to a voltage amplifier
only at the instant when the pulse arrived from the counter; further-
more, this output was maintained until the arrival of the next pulse,
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and (e) a thyratron modulating circuit one half of which was actuated
by the output of the voltage amplifier connected with the electronic
switch and the other hglf by manual control; this circuit supplied
powef to the armature of the direct current motor whose shunt field
was provided by a steady 110-volt direct cuxrrent souree., During oper-
atlon, when the rotation of the shaft and the counter pulse wers syn-
chronized, the output to the photoelectric cell remained constant and
there was no change in the power to the motor. When the speed of
rotation became out of phase with the counter pulse, the position of
the disk at the time of the pulse caused a change in the amount of
light transmitted to the photoelectric cell thereby affecting its
output in such a manner as to bring the rotation speed back in syn-
chronization with the pulse. This control was effective over a range
guch that the rotation might lead or lag the pulse by as much as 30°;
within this range, the change in output of the photoelsctric cell with
respect to the angular position of the disk was linear, Ths manual
control of the thyratron circuit helped to bring the motor speed
within the control range. The possibility of having the apeed of the
motor controlled at some multiple of the desired speed was eiiminated
by comparing the frequency of the light signals from the counter with
that of the light flashes operated by a contact on the rotating shaft.
The injector was immersed in a constant—tempefature bath., To
prevent temperature fluctuations in the liquid, the feed line from the
injector was Jacketed up to the feed-tube, and oil from the constant-
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temperature bath was circulated through the jacket. The jacket wae

in turn insulated with asbestos coverings, Fluctuations in the liquid
temperature would cause the level in the capillary manometer to give

a faise indication of too fast or too slow a rate of evaporation due
to the expansion or contraction of the liquid.

The liquid used was research-grade n-heptane obtained from the
Phillips Petroleum Co. Its purity was given as 99.99 mole 4. Before
use, the n-heptane was allowed to stand in contact with sodium riﬁbons
for a period of about a week. The‘specific weight of the dried n-
heptane was found to be 42,429 pounds per cubic foot at 77° F, and its
index of refraction relative to the D-lines of sodium was 1.3877 at
68° F. Rossini (27) reported respective values of 42.417 pounds per
cubic foot at 77° F. and 1.3864 at 68° F,

The n-heptane was deaerated under vacuum and redistilled twice in
a glass system before it was loaded into the evacuated injector. The
feed line and the porous sphere were similarly filled with the liquid.
The porous sphere was immersed in a beaker of n-heptane when it was
not in use.

C. Silver Sphere

The half-inch silver sphere consisted of an outer silver shell D
0.01é-inch thick and an inner copper sphere E as shown in Figure 5,
This same sphere was used in an earlier study (1). A heater of silk-
insulated chromel wire was wound in a spiral groove K on the copper

sphere, This core was then covered by soft-gsoldering together two



silver hemispherical shells each of which was provided with a 0.096=
inch stainless steel tube B at point C. A steel wire A passing through
the inner sphere was used as the horizontal support for the whole
assembly. The ends of the wire were anchored on two supporting blocks
located outside the Jet opening. Slight tension was applied to the
.wire through retaining nuta to keep the sphere in place, leads for
four copper-constantan thermocouples and the heater circuit were
brought out through the steel tube at each end. The four thermoeouple
Junctions on the inside surface were located on one half of a great
eircle at F, G, H and J with azimuth angles of =45, 0, 22} and 673°
from the lead point so that when the sphere was rotated about the
horizontal eupport through ball bearings, the thermocouple junctions
traversed along four circles of different diameters perpendicular to
the support. At the ends of the tube two disks graduated in degrees
indicated the angular position of the sphers. Two small guard heaters
wound around the tube about 4 inch from the surface eompénsated for
the conduction loss along the supporting tube,

The internal heater was supplied by a 6~12 wolt difect current;
source whilé the external guard heaters were supplied individually by
a variac with a 6.3 volt alternating current source from a filament
transformer.

D __Thermocouple Probe
A differential thermocouple consisting of platinum and platinume

rhodium wires was used in measuring the temperature distribution in the



air stream surrounding the sphere. The platinum~rhodium alloy contained
10% rhodium. The measuring junction was made by carefully fusing
0.0003=-inch wires of platinum and platinum-rhodium while the reference
Junetion was constructed by silver-soldering together 0.010-1nch.
platimum and platinumerhodium wires, The two junctions were put to-
gether and supported on a probe as shown in Figure 6. The tips of the
two elecirically insulated gta.inleas steel needles provided rigid
supporte for the 0,010-inch wires; the platinum lead was soldered on
one tipsé and the platinum-rhodium wire of the reference junetioen, on
the other. The 0,0003-inch wires of the measuring junction were then
soft-soldered on the respective heavier wires. The needle tips were
one Iinch apart and the reference junction was located about one ineh
behind the measuring junction, go the tips of the needles and the
reference junction were all in the region at free stream temperature
during measurements around the sphere. The two platinum leads were
brought to a constant~temperature junetion box, and copper leads were
used between the junction box and the potentiometer. The needles were
so imbedded in the bakelite fork that a slight tension could be applied
to the fine wire by adjusting small screws on one arm of the bakelite
fork, It was important to keep the fine wire taut in the air stream to
allow an accurate positioning of the junction and to prevent the delicate
wire from vibrating and breaking.

The probe assembly was attached to & traversing unit which was
made up of a jeweller's milling head mounted on a slide rest. Precision
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dial gages with 0.,001-inch divisions were incorporated in this unit
to measure the vertical and horizontal distances. This arrangement
perm;!.tted the thermocouple to be traversed along any of the three
directions in the cartesian coordinate system given in Figure 1.
Figure 7 is a photograph showing the thermocouple probe with the
8ilver sphere over the air stream and the porous sphere immersed in

n-heptane in the foreground,

MEASUREMENTS

A, Flow Conditions

The present study included four tests using the porous and silve
apheres at bulk air velocities of 8 and 16 feet per second correspond-
ing to Reynolda numbers of about 1500 to 4200, The éxperimental flow
conditions are summerized in Table I. The bulk velocity of the air
stream was calculated from venturi measurements of the weight rates of
flow and the dimensions of the jet opening. The turbuleﬁce level of
the air stream, defined as the ratio of the root-mean-square value of
velocity fluctuation to the bulk velocity, was obtained from informa
tion on grid size, downstream distance from the grid, and the bulk air
velocity (5,28), All four tests were conducted at essentially one
econstant level of turbulence using a l2-inch straight section over the
grid; the actual values of turbulence level were at 5,2 to 5.6%., This
variation was due to the difference in the bulk air velécity, The fres

stream temperature was controlled at 100° F, The uncertainty in the



velocity measurement was not more than 0.5% and the air temperature
vas known to * 0.2° F,
B, Temperature Diatribution

The reference cgordinate system used in this study is given in
Figure 1. The origin of the cartesian ecoordinates was taken to be at
the center of the sphere. The X-coordinate was along the direction of
flow of the main air stream and the Y- and Z-coordinates were along
the width and the length of the jet opening, respectively. Horizontal
and vertical temperature traverses were made in ozie half of the X-Z or
Y = O plane. The locations of these traverses are indicated in Figure 8.
The top vertical traverse was not made for the porous sphere because
of the location of the feed-tube,.

In order to orient the thermocouple junction with respect to the
sphere two preliminary horizontal traverses were made. The first was
made along the Y-direction near the equator (X = 0), and the other along
the Zedirection at Y = O near the south pole (X = =.250 inch). These
traverses were made close enough to the surface, usually about 0,005
ineh from it, so that a plot of thermocouple readings versus traverse
distance would indicate a definite peak denoting the center line of the
aphere in that diréction. These "peaks™ could usually be determined
within 0,001 inch.

After establishing the points ¥ = 0 and 2 = 0, the regular traverses
were made beginning with the vertieal traverse at the south pole, ﬁew
traverse was started from a point at which free stream temperature was

indicated and then the thermocouple junction was moved toward the surface



at small enough intervals to give a well-defined temperature distribu-
tion, Usually, intervals of 0.005 to 0,025 inch were used in regions
where ths temperature gradient was gentle and intervals of 0.002. or
0.001 inch were taken in regions having steep temperature gradients

as the surface was approached. The locations of the surface were
.taken to be the points at which no further change in thermocouple
reading was observed with a small change in traverse distance., These
points could be located within half a division (0,0005 inch) on the
dial gage. A measure of the accﬁracy of this method for the determin-
ation of the surface points was given by fitting a half-inch cirele
drawn to scale on a plet through these experimental surface points.

In each of the four tests of this study, the largest deviation from
the theoretical circle was not more .than 0.002 inch.

Callbration of the platinum and platimum-rhodium thermocouple was
obtained by comstructing a similar thermocouple with wires from the
original spools of materials and comparing it against a platinum resist—
ance thermometer at four points in the temperature range of 70 to 220° )
the 0.0003~inch junction was placed c¢lose to the reeistahce thermometer
in an agitated oll bath and the 0,010-inch junction was kept at melting-
ice temperature. A quadratic squation was fitted to the experimental
pointa by the least aquares method, The standard deviation between the
experimental points and the calibration curve was 0,13° F. As the cali-
bration was made with the reference junction at 32° F, and the traverses

taken with the reference junction at 100° F, s the slopes of the calibration
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equation at the temperature level involved were used in converting
the traverse thermocouple resdings to temperature. The measuring
Jjunction was at temperature lower than 100° F, when used with the
porous sphere and at temperature higher than 100° F, in the case of
the heated sphere. Uncertainty associated with these experimental
‘temperatureswas not more than 0,5° F,
C. Porous Sphere

After the desired flow conditione had been established, the in-
Jection of liquid to the porous sphere was started. The porous sphere
was then raised from the beaker of n-heptane in which it had been
immersed, and was maneuvered into position over the air stream. The
steady evaporation rate was determined by adjusting the speed of the
injector motor until a constant level was maintained in the capillary
manometer. The liquid level in the manometer was observed through a
telescope mounted on a cathetometer. It was found that the indication
was most senaitive with the constant level at a height of one~half to
cne inch below the sphere, although the same result was obtained when
the height of the constant level was varied over the range of three
inches abavé to two inches below the sphere. The evaporatioﬁ rate
could usually be established within one~half hour, but a period of
6~10 hours was required to complete all the temperature traverses for
a given set of flow conditions. During the traverses the porous sphere
was rinsed from time to time with fresh n-heptane to keep any adsorbed

material or impurity from concentrating on the surface liquid film.



At the end of the run, the porous sphere was re~immersed in n~heptane
before the injector motor was stopped.

The injector bath was kept at 115° F. The over-all weight.rate
of évaporation was calculated from the volumetric rate aﬁd the specific
welght of n;hbptane at the injector temperature. The volumetric rate
was established from the preeset counter reading,'the reduction gear
ratio, and the dimensions of the injector. The principal source of
uncertainty in the determination of evaporation rate was the fluctua—
tion in the liquid temperature. The values of evaporation rate are
believed to have s probable error of 0.5%.

The temperature at the center of the sphere and at a point in
the feed-tube 3/, inch from the center were measured so that the
amount of heat conducted through the tube could be estimated.

D, Silver Sphere

In the tests using the heated sphere, the total energy input and
the surface temperature were measured in addition to theltemperature
distribution in the surrounding air. The accuracy of the energy input
measurement depended largely on how exactly the cOnduction loss along
the stainless steel tube could be compensated, The two guard heaters
vere individually controlled, and the voltages applied were determined
by/having the four thermocouples on the inside surface 1ined up in the
horizontal X = O plane and then regulating the input to the external
heaters until the four thermoeouples readings were nearly equal, Fron

axial symmetry with respect to the air flow, the four thermocouples



should give the same reading in these positions; in the two tests a
temperature difference.of 0.4 to 0.5° F, between the highest and
lcwegt readinga was observed. The total energy input to the internal
heater of the sphere was determined by measuring the electrical poten-
tials across the heater and a series resistor of accurately known
.resistance. Due to conduction through the leads for the heater and
the thermocouples, the probable error associated with the values of
energy input may be as high as 2%, The local surface temperature

was given by the four thermocouples when the sphere was rotated about
its horizontel support at 30° intervals as indicated by the graduated
disks.

TREATMENT OF DATA AND RESULTS

A, Temperature Distribubion

The measured temperature given by the thermocoupla resdings indi-
cated that a steep temperature gradient existed along thé length of
the thermocouple amounting to a maximum value of about 5 x 103 °F, per
foot for the porous sphere and 8 x 10° °F. per foot in an opposite
‘direction for the heated sphere. The temperature at the thermocouple
junction was either the lowest or the highest depending on whether the
porous or the silver sphere was involved, and a temperature difference
existed between the junction and the air surrounding it so that the
heat conducted along the wire was balanced by the heat exchange between

the junction and the air. Consequently, all the thermocouple temperature
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were corrected to give the true air temperature. The correction was
based on a heat balance as mentioned above over an elemental length of
the thermocouple. The relationship between the true air temperafure
and the measured temperature is given by the following differential

equation:

1'tw »
ta - tw = - Zk 63Y2 (18)

Due to the complex variation of the heat transfer coefficient h with

Y and the difficulty in expressing the temperature distribution mathe-
matically, a simple analytical solution for Equation 18 was not possible,
However, an electric analog computer consisting of a network of variable
resistances was set up to give an approximate sclution. The details

of the electric analog method as applied to this particular problem

have been described by Sato (28) and Meldau (20). ‘

The largest correction was about 2° F, for points close to the
surface of the sphere. The biggest uncertainty in the.analog solution
was due to the point values of the heat transfer coefficient which were
estimated from calculated velocity distributions. It is belleved that
the corrected temperature is within 1° F. of the true air temperature.
A complete 1ist of the experimental and corrected temperaturesfor the
four tests 1s given in Tables II to V. Figures 10 and 11 show the
~ isotherms in the region of flow that is affected by the presence of
the sphere. The details of the isotherms in the wake of the sphere
were obtained by cross-plotting and interpolating the data at the ex=
perimental points, |



B, Radial Temperature Gradient and local Thermal Flux
Of all the temperature traverses given in Figure 8, only the ones

at X = O and those at Z = 0 are in the radial directions. In order to
obtain radial temperature distribution at other locations on the sphere,
the points on each horigontal traverse were projected through concentric
arcs on to a radial line as shown in Figure 9. The angle K of each
radiel line was measured from a traverse point which was at a radial
distance of 0,005 inch from the surface., The points used in the direect
determination of radial temperature gradients were within a radial
distance of 0.010 ineh from the surface and the maximum arc angle in-
volved in the projection of the traverses ranged from about 0.8 to 2°,
the extreme cases at X = T 0.250 inch were projected through about 9°,
It was assumed that within this thin shell around the sphere, the
isotherms followed the contour of the surface over the short are lengths
involved. ‘The radial distancesobtained for the experimental points
through the above operation are given in Tables II to V,land the corres-
ponding angle & of the radial line for each traverse is also included.
Plots of temperature versus radial distance indicated that a linear
distribution existed close to the surface of the sphere, so ﬁhe radial
temperature gradient at the surface could simply be obtained from the
slope of the straight line through these points near the surface. The
least squares method was applied in determining the best straight line,
'+ and the distance over which this linear distribution persisted was

established by inspection of the plots. On an average, 6 points were



usually involved in the least-squares computation for each line, The
standard deviation for each line ranged from 0,03 to 1.0o F. except
in three cases out of a total of forty when the standard deviation
was és high as 1.5° . The radial temperature distributions and the
fitted atraight lines for two complete tests are given in Figures 12
‘and 13.

The local thermal flux was calculated from Equation / using
the thermal conductivity of air at the surface temperature. The
concentration of n-heptane at the surface of the porous sphere was
about 5 mole #. There is no simple method of predicting the thermal
conductivity for a mixture of polyatomic gases from data of the individ-
ual components (9). According to an expression developed by Lindsay
and Bromley (17) the thermal conductivity for the air-heptane mixture
at the surface of the porous sphere was about 1.5% lower than that for
- pure air. As the uncertainty involved in the given expression was of
the same order of magnitude as the correction, no correction was made
for the thermal conductivity for alr., Values for the physical proper-
ties of air are given in Table VI. The resulte of local thermal flumx
are given in Table VII and are shown also in polar coordinates in
Figures 10 and 1l.
Cs Gross Thermal Transfer

The gross thermal transfer for each test was ébtained by two ine
dependent methods: (a) by integrating the loeal thermal flux over the

entire surface of the sphere:



and (b) from over-all measurements. In the case of the silver aphere
where radiation transfer was negligible the only thermal transfer was
by convection, sc the measured gross thermal transfer was simply the
total energy input to the internal heater. The measured gross thermal
transfer for the porous sphere was obtained by considering en energy
balance over the surface of the sphere, In the energy balance, the
enthalpy associated with the incoming liquid heptane and the outgoing
vapor, the convective thermal transfer through the air, the heat cone
ducted through the supporting tube, and the transfer by radiation were
taken into account. Conduction through the supporting tube ineluded
contributions from the glass tube, liquid n-heptane, and the thermo-
couple wires, The quantities involved in the energy balance are shown
In Figure 14. The gross convective thermal transfer through the air
was then given by 4

Q

Q = - (ugogHy ~ uoH,) - Zka"\_(%)ﬂz.o- Qr
= —m(Hy-H) - 5 kA (%%n' Q. (20)

= - Lt Cylty- 1)) - Tk (8) .- Q-

Values of heat of vaporization and isobaric heat capacity for the liquid
n-heptane were taken from Rossini (27) and Douglas and coworkers (6)
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respaectively, and the thermal conductivity values were from the
International Critical Tables (12). These properties of liquid n-
heptane are included in Table VI. The conduction term in the right-
hand side of Equation 20 amounted to about 1% of the total convective
transfer, with most of it contributed by the copper thermocouple wires,

The radiation term was calculated from:

s | |
Q = Aoy (Th- Tor) (21)

{ 1
—_ 4 — -\)
€or esp

where a value of 0.8 based on unglazed silica was assigned for the
emissivity of the wetted surface and a value of 0.85 for that of the
painted walls and surroundings.

Values of integrated aﬁd measured gross convective transfer are
compared in Tsble VIII.

D. Generalized Correlatione

As given by Equation 8, the non-dimensional temperature ratio
© was assumed to be a function of ‘g; in the appfoximate method
of solution. mentioned earlier, The temperature measurements .of this
study were correlated on this basis over the forward region of the
sphers., The displacement thickness of the thermal boundary layer defined
as
oo

S S & dn (22)

o}

i
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was used because it was more convenlently determined from the experi-
X
mental data. The displacement thickness ét 8o defined is analogous

to the displacement thickness for the flow boundary layer which is

& - .S(t,--%:)dn (23)

(=]

By comparing the momentum and energy equations (Equations 2 and 3)
du.

it can be shown that if Iz = O and Pr= 1,
o8 ol (24)
Wy B T VS

The values of g‘; were obtained graphically from the experimental
data according to Equation 22 and they are presented in Table IX and
Figure 15. When the values of & are plotted against 'g{:_ . ag
shown in Figure 16 A -~ D, it is seen that 8 is essenf.ially & 8ingle
function of -’g;; regardless of angle position for the data of both
spheres. In the attempt to f£it an empirical function to the data, a
form of the Blasius velocity distribwtion (2) was found to £it best
when the Blasius perameter 'TL wvas modified by dividing by an empirical

constant, C = 1.,75:

o = 1 - () =1 - (&) (25)

C (.75

where f! (’YL) is the Blasius distribution which consists of a power
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series development near the surface and an asymptotic: development near
the edge of the boundary layer, and the two expressions are joined at
an appropriate point. The Blasius function and its derivative are
tabuia‘l;ed by Schlichting (29).

The radial temperature gradient at the surface was obtained by
differentlating Equation 25:

at _ 175 {(ty~ 1) oo |
)= -5 @ @)

where £'" (0) s the derivative of £' (1) &t 7 = O , and is equal to
0.332 numerically. Hence the thermal flux could be caleulated when
6’: and the temperature difference are known.

The experimental values of é: vere correlated in terms of
D, U and 'QS by considering that &; is a function of f_@é)_;
and X .« The correlation as shown in Figure 17 is good up to an
angle X of about 80°, The values of éf{ A/E;-_% are given in
Table X. The standard deviation of 8; j-;%— fo; the four tests
from the smoothed curve is 0.04. Applying :his correlation and
Equation 26 to the experimental flow conditions and surface tempera-
ture of thie study, local thermal flux was ecalculated, The results
are compared with those obtained from experimental temperature gradi-
ents in Table XI. |

"

An expression for the parameter }% is given by the combina-
e
tion of Equations 12, 13, 16 and 263
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u . X 0.332 .75 % 0.332
Nu _ 175 - (27)

JRe & s d@)

S

vhere the function d?(d) is given by the values of 8; /;%S in
Figure 17. The results of Equation 27 are included in Figures 18 and
19.
E, Comparison of Results

Experimental values of local thermal tranafer over the surface
of the sphere from this investigatibn are plotted in Figure 18 in
terns of J@—i and the angle from the forward stagnation po.'_mt.
The slight iscrease of J%_Li with angle position near the stagnation point
as shown by the average cureve is probably not significant as the un-
certainty involved in assuming that the isotherms follow the contour
of the surface is greafest in that region. The variations in the
reglion beyond 100° are believed to be due to the difference in the
supports of the two spheres. The correlated curve according to
Equation 27 included in the same plot is similar to the average curve
for the experlmental data. _

The experimental results of Cary (3) and Xenakis and coworkers
(35) are also included in Figure 18, each curve representing the average
of their reported values. Cary's results include five sets of values
for a é~inch sphere at Reynolds numbers between 4.4 x 104 to 1.5 x 105
and those of Xenakis are made up of 4 sets of values for the three

spheres used at Reynolds numbers from 8,7 x 104 to 1.8 x 10° which are
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below the critieal Reynolds number for spheres. The temperature used
for the thermal conductivity and kinematie viscosity in establishing
the Nusselt and Reynolds numbers was not given by Cary. It is bé-
lieved that he used jbhermal conductivity at surface temperature and
kinematic viscosity at free stream temperature. Xenakis used thermal
conductivity at the average temperature between the surface and free
stream values and probably used kinematic viscosity at free stream
temperature. The actual free stream temperature was not indicated in
elther of the two reports, therefore no adjustment was made to the
reported values. If the surface temperature is taken to be 240° F,
and the free stream temperature 70° F., Cary's results should be
about 10% higher and those of Xenakis about 5% higher than those shown
in Figure 18 to be on a common basis with the experimental results
of this study. Cary's data are somewhat lower and those of Xenakis
are higher than the results of this investigation. As pointed out by
Korobkin (15) the values of Cary may be too low because of internal
heat exchange in the sphere between the presumably isolated plug and
the steam which heated the rest of ther surface; it i1s likely that the
isolated plﬁg was partly heated by the steam. The high values of
Xenakis may be due to the way the spheres were supported; according
to the photographs presented in his report (35) the guy wires used in
steadying the "cross wind* support appear to be 1océ.ted very close to
the sphere.

In Figure 19 the experimental and correlated results of this study
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are compared with theoretical results for the forward region of the
sphere up to an angle of about 80°, The Prandtl number for ﬁhe air
atream in this investigation is 0,71 whereas a Prandtl number of 0,7
has been used in the theoretical considerations. It is seen that at
the stagnatioﬁ point the experimental value of j%i is lower than
that given by Sibulkin (31); in the rest of the forward region there
is good agreement between the experimental results and the Eckert
Drake curve (15). The theoretical curve of Sibulkin as reported by
Korobkin (15) is somewhat higher, the difference may be due to the
choice of parabolic expressions for the veloeity and temperature dis-
tributions in the integral method of solution,

As shown in Table VIII the integrated values of gross thermal
transfer for the whole sphere are in fair sgreement with those ob-
tained from simultaneous over-all measurements. The higher meagured
values for the silver sphere may be due to the presence of the hori-
zontal support which tends to cause loecal increase in thérmal transfer
in the downstream half of the sphers. The gross thermal transfer was
not measured in the studies by Cary (3) and Xenakis (35).

The integrated values of gross thermal transfer of this study
are compared with availeble information on the gross thermal transfer
from a sphere in terms of the Nusselt and Reynolds numbers in Figure 20.
The correlation of Williams as given by McAdams (19), the theorstical
line of Johnstone and coworksrs (13) and the experimental results of
Tang and coworkers (33) are included as these results represent the

extremes of published results in the Reynolds number range concerned.,



- 35 -

CONCLUSIONS

The thermal transfer of direct concern here is that whieh takes
place as the result of a temperature difference between a spherical
surface and the flowing air stream. The local thermal flux has been
calculated from the measured temperature gradients at the surface and
the thermal conductivity of the air. The validity of the values of
local thermal flux of this study is substantiated by the satisfactory
agreement between the ihtegrated gross values and those obtained from
simultaneous over-all measurements. This validity is also sﬁpported
by the fact that the integrated values are in fair agreemeht with
available published data.

In convective thermal transfer the effect of the turbulence level
of the fluid stream is significant, Results of a recent study of the
effect of turbulence on gross thermal transfer from a sphere (28) in-
dicated that for an air stream having a turbulence level of 13% at a
Reyhplds nuﬁber of 3600 the over-all Nusselt humber was 11% higher
than that of an undisturbed air stream at the same Reynolds nmumber.
The present study was made in an air stream ﬁith a turbuience level of
5.2 to 5.6%. The intensity of turbulence of the air stream in the
investigations citéd was not given and the effect of turbulence was
not considered in the theoretical treatments. The influenca of turbue
lence in the air stream might account for some of the difference in
the results presented.

The measurements of the temperature distribution within the
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thermal boundery layer are plotted in Figures 16 A~D, using the non~

dimensional variable © = %——_———%’9 versus %“: . The results
s oo '

indicate that these experimental data may be described with reason-

able accuracy by the following semieempirical equation:

vhere f'(q') is the Blasius theoretical veloeity distribution in the
flow boundary layer (2,29) and C, a constant pure number, lies be-
tween 1,6 and 1,9 . In viewing these results, it seems quite con-
clusive that the value C = 1.75 provides good agreement with the
data.

The empirical correlations of temperature distribution and dis-
placement thickneas of the thermal boundary layer resulting from
this experimental study provide a simple means_of calculating the
local thermal flux over the surface of the leading half of & sphere.
The uncertainty involved is probably not more than * 8%. As the
size of the spheres used in this investigation has been constant,
further studies using spheres of different diameters are necessary %o
confirm the effect of sphere diameter as given in the correlation of
dieplacement thickness.

In comparing the gross thermal transfer from the leading half of
the sphere with that of the trailing hemispherical surface by integrat-
ing the experimental local thermal flux, it is interesting to note that

over the range of Reynolds number involved in this study the contribution
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of the leading half is essentially constant at about 75% of the total
value., It ie expected that as the Reynolds number is increased the
contribution of the trailing half may gradually become more signifi-
cant due to the increase of turbulence in the wake.

The results of-ﬁhis investigation are not sufficient to establish
the thermal transfer over the trailing half of the sphere on a loeal
basis. The complex nature of the flow in this region makes it diffi-
cult to analyze and interpret the results, There is definite need
for more experimental as well as theoretical studies on the fluid

dynamics in the reéion clogse to the surface in the wake of a sphere.
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NOMENCLATURE

- area, £42

constant

iscbaric heat capacity, Btu/(1b)(°F)

diametef, £t

local thermal transfer coefficient, Btuw/(£%%)(sec)(°F)
specific enthalpy, Btu/1b

thernal conductivity, Btu/(£t%)(sec) (°F,/£t)
thermometric conductivity, £t2/sec

latent heat of vaporiszation, Btu/1b

constant

transport rate, lb/sec

Nusselt number, %‘:-

radial or normal distance from surface, inch or f£4
Prandtl number, %

local thermal flux in direction m, Btu/(£t%) (aec) |
gross thermal transfer from surface, Btu/sec

radial distance from center of sphere, inch or £t
Reynolds number, PDEJ—

distance parallel to surface in direction of main flow, £%
temperature, °F

thermodynamic temperature, °R

local velocity along 8, ft/sec

local velocity at the edge of f£low boundary layer, ft/sec

bulk or free stream velocity, ft/sec
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v local veloeity along n, ft/sec

X,¥,Z coordinate axes with zero at center of sphere, inch or ft

X angle from forward stagnation point, degree
3 velocity gradient along s, sec™1
& - flow boundary layer thickness, ft

6t thermal boundary layer thickness, ft
& displacement thickness of flow boundary layer, ft

X
ét displacement thickness of thermal boundary layer, ft

t-tpo

non-dimensional temperature ratio, "
5 (o]

emissivity

kinematic viscosity, £t°/sec

e

€

’Y(' Blasius parameter
N,

o aspecific weight, 1b/ft°
o

Stefan-Boltzman constant s 0.1713 x 108 Btu/(£2) (hr) (°r%)

Subseripts
a air
gas phase
1 11quid phase
r radiation
8 surface
sp sphere

sr surrounding
4 thermocouple wire

00 free stream condition
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Table IX

Experimental Displacement Thickness of the Thermal Boundary Layer

Values in ft.

ds:reé 107 o Bm?% 110
0 4521070 .39 x 1000 2 x 1073 .57 x 1073
11 RIT -39 Lk 59
42 .53 A2 42 .61
61 .61 50 .53 .72
76 .15 -55 -59 .81
90 1.15 .88 .82 1.15

Table X
Experimental and Smoothed Values of O JBD%S

degroe 167 1g§St mmiw 110 Smoothed
0 .50 .61 .56 .54 .55
11 .53 .61 .58 .55 .56
42 .58 .65 .56 .57 .61
61 .67 .78 .72 .68 .69
16 .82 .86 .78 .76 .81
90 1.27 1.37 1.09 1.08 1.20



941"
oge:
L9z
962°
T2t
92t -

Har

@92
eof"
fhe *
Oht -

pejererao) 3dxg

ofe’ 802" arT
9et - 9¢¢ glt-
6le- 06% T02"
20" - ofz-
8th- 6SH ghe-
o9 £ T

pejereaxo) 3dxg

ott

960"
it
T02°
gee:
gee”
of2*

pegeToxzo) 3dxg

60T

20T

0230°
ger-
™Wt*
IC) &
6l1-
£at:

290"
9eT"
Lat-
alt
06T*

281"

Pejerezzoy 3dxy

Lot

Toqumy 3SeJ

Auouvnmamv\pom ut seulep

mig [vuIeyy 19007 PeqwlelIo) puv Tejuemjredyy

IX eTqmy

9L
19

1T

esxdep



- 100 -~

PART II.
TEMPERATURE GRADIENTS IN TURBULEKT GAS STREAMS
MEASUREMENT OF TEMPERATURE, ENERGY AND PRESSURE GRADIENTS
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Investigation of Thermal Transfer I&EC—April 1953

A detailed knowledge of the distribution of temperature, thermal flux, and the pressure gradients
associated with the turbulent flow of fluids is of importance in creating a background of experimental facts
from which it is possible to predict the transfer characteristics for a particular physical situation.

Special methods and equipment employed in the measurement and eontrol of temperature and thermal
flux in an investigation of thermal transfer in turbulent gas streams are deseribed. Measurements of the
thermal flux and the pressure gradient are presented as a function of the imposed temperature distribution:
and macroscopic flow rate. They extend from gross velocities of 10 to 90 feet per second and to average
temperature gradients as high as 1000° F. per foot.

The results represent s contribution to the knowledge of the shear and thermal flux sssociated with :
the nonisothermal flow of air between parallel plates. As expected, the thermal tramsfer coefficients for
nonuniform transfer are larger than those obtained in this work under conditions of uniform ‘transfer. -
TEMPERATURE GRADIENTS IN TURBULENT GAS STREAMS :

W. G. Schlinger, N. T. Hau, §. D. Cavers, and B. H. Sage... . .eeuueenenresssrensesnsensssesessssssesnsesneens vee...888
California [nstitute of Technology, Pasadena, Calif.

Reprinted from INDUSTRIAL AND ENGINEERING CHEMISTRY, Vol. 45, Page 864, April 1953
Copyright 1953 by the American Chemical Society and reprinted by permission of the copyright owner
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. Temperature Gradients in
‘ Turbulent Gas Streams

Measurement of Temperature, Energy,

. ~and Pressure Gradients

W, G. SCHLINGER, N. T. HSU, S. D. CAVERS!, aND B. H. SAGE

California Institote of Technology, Pasadena, Calif.

HERMAL flux and shear at the boundaries of a two-dimen-

gional stream must be known in order to determine values of
the eddy conduectivity and eddy viscosity as a function of
relative position in the flow channel. In addition, the distribu-
tion of velocity, thermal flux, and temperature within the body of
the stream must be established. The present discussion is con-
cerned with the measurements of temperature, thermal flux, and
shear in a uniform, steady air stream. In this discussion, the
term ‘“uniform flow” implies that properties of the fluid and con-
ditions of flow remain unchanged along the length of the channel.

The measurement and control of temperature offer problems of
wide scientific and industrial interest. The basic information
coneerning the measurement of this undefined concept (4, 13)
has been reviewed and assembled in a systematic form (). No
attempt is made here to enlarge or improve upon the basie
methods of measurement. The equipment utilized in the deter-
mination of values of eddy conductivity and eddy viscosity (18)

under conditions of steady, uniform flow has been described (6), -

and the results are available (28-31). In measurements of this
type it is desirable to establish the temperature gradient in
the vicinity of the solid boundary of the stream as well as in the
turbulent core. The attainment of steady conditions requires
careful attention to the contro! of temperature, thermal flux, and
rate of flow. Measurement of the temperature of such a flowing
stream with stationary instruments is not in itself a simple prob-
lem. ’

The arrangement of the apparatus (6) is shown schematically in
Figure 1.

Essentially it involved s circulating air stream at A which
passed between two parallel plates, B and C, each maintained at
substantially uniform temperature by the longitudinal circulation
of oil in ducts D and E. The channel where measurements were

1 Present address, University of Saskatchewan, Saskatoon, Saskatchewan,
Canede. .

made was 11 inches in width, 0.75 inch in height, and 13 feet in
length. The air stream was circulated by means of the blower,
F, driven bﬁ’ a variable-speed motor. A refrigeration coil, G,
and electric heaters, H, were provided to remove or supply energy
at a steady rate. After passing the Venturi meter and its ap-
proach section, I, the air fSowed through the control heater, J,
and a grid-type resistance thermometer, K. After passing
through a calming section and a set of screens at L, the air re-
entered the channel at A.. The oil circulating systems, not shown
in Figure 1, for the closed ducts, D and E, included axial-flow
pumps, refrigeration coils, and electric heaters. These heaters
supplied energy at a steady rate. Control was established by
small grid-type heaters mounted in the oil circuit.

g ~=VvACUUM
cEr ef  connecTion
/—CALORMETER
=

i 1

A Ry ]
—crr—ﬁm/ S — . —;
~—— QIL  STREAM

Figure 1. “Schemstic Arrangement of Flow Channel
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Arrangements were provided for traversing the channel by
mesns o% 8 mechanical gear which has been described (6). Ther-
mocouples were provided in the upper and lower copper plates to
establish the temperature at the boundary of the air stream.
The temperature of the circulating oil was determined by means
of strain-free resistance thermometers (24, 26). The thermal
flux measurements normal to the flowing air stream were made at
points § and T of Figure 1. The calorimeters employed to deter-
mine the thermal flux were located 8.3 and 12.7 feet downstream
from the converging entrance section. The stream was sub-
stantially uniform in its properties and along the direction of
flow the flux from plate to plate was not measurably different
at these two points. Some minor variations in flux existed near
the entrance and at the edges of the channel as a result of the
thermal flow through the vertical walls, o ;

Temperafure Measurements

The temperature of the air stream was determined by means of
the small resistance thermometer shown.in Figure 2,

/wus-rma SCV
L . A >
< R

o377 I W

E~RESISTANCE WIRE

0.35%

N

0.00054 IN. DIAM. WIRE

0.20

0.28

0.20

CHANGE IN RESISTANCE TEMPERATURE °F

0.08 /

"

20 40 &0 80 100 120 140 160. 180
POWER DISSIPATION WATTS PER INCH X10®

e of 0.5-Mil Platinum Wire as

Figure 3. Temperature Cha
% ower Dissipation

unction of

The assembly, A, was constructed of phenolic resin and was
mounted on two steel wires, B and C. Each was stressed at a
total tension of approximately 200 pounds. The wires formed a
support for the thermometer which was relatively free from
vigration at air velocities up to 100 feet per second. Two hard-
ened steel needles were mounted in the plastic member, A, and
supported the resistance wire, E. - As shown in the cutaway sec-
tion, F, provision was made for adjustment of the position of the
end of one of the needles. This adjustment permitted the
resistance thermometer to be arranged garallel to the wires, B
and €. Dual platinum leads of No. 40 B. and 8, gage wire were
brought through A along the surface of the needles and served
as the electrical leads to the 0.5-mil platinum thermometer which
was mounted transverse to the stream. These leads were.
goldered to the fine wire by conventional microtechniques.
The two No. 40 B. and 8. gage platinum wire leads along each
needle were insulated from the needle and each other by thin
layers of lacquer. The platinum lead wires were also attached to
B and C by means of lacquer, and & junction between the plati-
num and copper leads was made in a thermally insulated con-
tainer outside the flow channel.

A current of 2.97 X 103 ampere was permitted to flow through

- the circuit and the electromotive force was measured by means

INDUSTRIAL AND ENGINEERING CHEMISTRY 865

of a White-type potentiometer with.an uncertainty of about 0.2
microvolt, The current flowing was determined by measurement
of the voltage across a standard resistance. Under these condi-
tions corresponding to an energy dissipation of 4.85 X 1075 watt,
the average temperature of the wire in still air was approximately
0.3° F. above tga,t; of its surroundings. The magnitude of this
infference was determined by measuring the resistance tempera-
ture of the wire as a function of thermal transfer from it under &
number of conditions of flow., For point velocities above 10 feet
per second the position in the flowing stream did not materially
difluence the thermal transfer. However, at low velorities the
thermal transfer was no longer a single-valued function of the
pﬁint ‘ielocity but was influenced by the position in the flow
channel,

Figure 3 presents-data for the change in resistance temperature
of & 0.000564-inch platinum wire a8 & function of power dissipation
for several different positions in the channel. The data shown
represent critically chosen values based upon present measure-
ments and information correlated by McAdams (21). The pres-
ent data for the center of the channel were in fair agreement
with his correlations, which were used to establish the behavior
in the center of the conduit shown in Figure 3. - At velocities in

-excess of 100 feet per second the rise in the resistance temperature
.of the wire above the adiabatic wire temperature was less than

0.05° F. for a power dissipation of 129.3 X 10~¢ watt per inch.
This dissipation was employed in nearly all of the measurements,
The detailed results of the experimental measurements of therms!
transfer from small wires, which were made in the course of
establishing the corrections shown in Figure 3, are available (33).

180° -
o
TEMPERATURE RISE °F

DIRECTION OF FLOW

Figure 4. Estimsted Tempersture Distribution around an
Adisbatic Wire in & Turbulent Air Stream

At relatively high velocities the impact temperature (3, 8)
becomes important. Thermodynamically, the stagnation tem-
perature, T, may be computed from the following expression:

' Pe T
T,=T + AT, = T + (——) ParT+
P oP/ g

br* . P, u

Co In o T+ 29C7 (D
The second equality applies only to a perfect gas. The impact or
stagnation temperature may not be realized at any point on the
surface of the thérmometer.

Figure 4 presents the estimated temperature distribution
around s cylinder under the conditions of flow (12) encountered in
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Figure 5. Recovery Factors for Smell Wires Mounted Transverse
to & Low Velocity Air Streem

the channel. This distribution was based upon the existence of a
laminar boundary layer around the wire and the behavior pre-
dicted for a flat plate (Z0) at that element of the surface of the
wire parallel to the direction of flow. Such an assumption is
open to gquestion, but affords a simple means of estimating the
temperature of the inner surface of the boundary layer at two
points on the surface of the wire when there is no net thermal
transfer from the wire,

The temperature on the side of the cylinder away from the
oncoming stream was estimated by application of Equation 1 to
the pressure distribution given by Goldstein (12) for the flow
conditions within the channel. Likewise, the temperature of the
wire at the side exposed to the oncoming stream was estimated
by application of Equation 1 to the pressure distribution given
by Goldstein, using the stagnation pressure as the constant of
integration. These temperatures were corrected for the esti-
mated variation in thermal transfer coefficient that existed around
the wire. Theresults of these calculations are presented in Figure
4. The average temperature around the wire is a function of
both the Prandtl number of the fluid and the Reynolds number
of the flow about the wire as suggested by Eckert (8). The
temperature distributions shown in Figure 4, which include a
first-order correction of the thermal transfers to and from the
wire, do not take into consideration the effect of the thermal
conductivity of the wire in other than a semiquantitative fashion.
However, these estimates of temperature distribution serve to
illustrate the importance of fow conditions upon measurements of
the temperature of a moving air stream,

For present purposes it is convenient to utilize the recovery
factor concept (3) to determine the actual temperature of the
flowing gas from the resistance of a small wire Jocated trans-
versely to the stream. This factor is defined conveniently in
terms of the resistance temperature of the wire, the impact tem-~
perature as described by Hquation 1, and the thermodynamic
temperature of the gas in the stream. It may be established from

Tw— T
E=T:-_—7 (2)

Earlier studies (4, 8, 9, 11, 14, 17, 23) with air yielded recovery
factors varying from 0.62 to nearly unity. More recently Hottel
and Kalitinsky (16) measured the recovery factors for air with
several sizes of circular wire at velocities from 140 to 320 feet per
second. An average value of 0.66 was obtained for the lower
velocities, which appeared to be nearly independent of wire size.
The data of Hottel and Kalitinsky (16) appear to vary at the
lower velocities from 0.62 to approximately 0.69. The recom-
mended value is somewhat smaller than 0.69, which was obtained
from Eckert’s measurements for small wires at a velocity of 100
feet per second (8, 9). For longitudinally mounted wires agree-
ment (9, 22) was obtained with the values predicted for a flat

late by Emmons and Brajnerd (70). McAdams and coworkers
?22) determined the recovéry factor within Lucite tubes and ob-
tained values v?rying between 0.875 and- 0.905, which agreed

Figure 6. Temperature Distribution in &n Adisbatic Air
Stream

reasonably well with predictions of Emmons "and Brainerd,
Polhausen (32), and Eckert and Weise (9), who estimated that the
recovery factors for a flat plate should be the square root of the
Prandt! number.

A series of confirmatory experimental measurements was made
in order to ascertain whether the recovery factor at low velocities
for air as measured by Hottel and Kalitinsky (16) was followed
by the 0.5-mil platinum wire used in these investigations. The
temperature of the air was carefully determined at L of Figure 1
and compared with the resistance temperature of the 0.5-mil wire.
The temperature of this wire was determined as a function of the
electrical energy added for each set of flow conditions and the
temperature corresponding to no energy addition was employed
as the adiabatic wire temperature. The detailed experimental
data and the characteristics of the wire are available (33). These
data were employed in establishing the ultimate corrections to be
applied to measurements of the temperature of the air stream.

Figure 5 shows the measured recovery factor as a function of
point velocity normal to the 0.5-mil wire as determined from these
data under such conditions that the temperature of the channel
wall corresponded to that of an adiabatic boundary (22). In this
instance the predietions of Emmons and Brainerd (10) were used
to establish the proper temperature for oil baths D and ¥ of Figure
1 in order to obtain adiabatic conditions of flow. The equip-
ment shown in Figure 1 is not as satisfactory for the measure-
ment of recovery factors as that used by Hottel and Kalitinsky
(18), but the results are in fair agreement with their data. Asa
matter of interest, recovery factor values calculated from the
average temperature of the laminar boundary around the wire
shown in Figure 4 have been included as points in Figure 5.
The agreement between the predicted values and those measured
experimentally is satisfactory for present purposes, where an
uncertainty of 109 in the recovery factor corresponds to not more
than 0.06° P, in the measured air temperature. For this in-
vestigation a recovery factor of 0.66 was employed (18).

As s second check upon the accuracy of gas temperature
measurements, the temperature of the 0.5-mil platinum wire was
measured as a function of position under conditions of sub-
stantially uniform adiabatic flow and at a wall temperature of
100° F, The results of these measurements are shown in Figure
6. For comparison, the stagnation temperature and the air
temperature established from a recovery factor of 0.66 have been
presented along with the adiabatic resistance temperature. The
agreement of the air temperature at the wall with the adiabatic
wall temperature of 100° F. is satisfactory.

McAdams and coworkers (22) have summarized corrections
to the temperature measurements of gases arising from radiant
transfers. For the conditions encountered in these studies the
temperature difference between the resistance thermometer and
the walls is small and in all cases the temperature of one wall is
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above and the other is below that of the thermometer. For these
reasons the maximum correction for radiant transfer at point
velocities above 10 feet per second was about 0.01° F. and has
been neglected here.

On the basis of the foregoing discussion it is possible to prepare
an over-all correction for the resistance temperature of a platinum

wire as a function of point stream velocity for several different

energy dissipations. Figure 7 presents the' difference in tem-
perature between the 0.5-mil platinum wire as measured by its
electrical resistance and that of the air stream as a function of the
point velocity with power dissipation as a parameter. It is
apparent that for power dissipations of practical utility the
temperature difference reaches a minimum, Such behavior
oceurs because the correction is mads up of the temperature rise
resulting from the energy addition to the wire, required to
measure its resistance, which decreases with increase in velocity
and of a second term which increases rapidly with point velocity
resulting from impact temperature rise.

The data of Figure 7 are based upon experiment, assuming a
constant recovery factor of 0.66 (16), and correlated thermal
transfer coefficient (22). They deseribe with reasonable ac-
curacy the effect of air flow around small wires at velocities below
100 feet per second. There is still need for further experimental
work upon the recovery factors of small wires at low velocity,
if the temperature of the gas stream is to be deterinined with
accuracy. The insert to Figure 7 shows the magnitude of the
effect of position in the channel upon the behavior of the thermom-
eter. All the curves in the main body of the figure apply to the
center of the stream. Under such circumstances with a low con-
vective transfer coefficient, radiation becomes important even at
low temperatures. The problem of gas-temperature measure-
ment becomes increasingly difficult as greafer precision is desired.
It is believed that the corrections of Figure 7 are known with
sufficient accuracy to establish the temperature of the air stream
relative to the resistance temperature of the wire within 0.01° F.
for velocities less than 50 feet per second and within 0.05° F.
for velocities between 50 and 100 feet per second.

From the corrections of Figure 7 the calibration of the resist-
ance thermometer shown in Figure 2 was not difficult. It was
carried out in still air by bringing the upper and lower plates, B
and C, of Figure 1 to the desired temperature as indicated from
the readings of resistance thermometers located at U and V.
When all these thermometers were immersed in an agitated oil
bath, they were compared with the resistance of an instrument
calibrated by the National Bureau of Standards. It is believed
that the temperatures of the oil baths were known relative to the
international platinum scale (7) with an uncertainty of not more
than 0.01° F. Thus the corrections in Figure 7 control the
accuracy with which the temperature of the air stream was
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Figure 7. Temperature Corrections for 0.5-Mil Platinum Wire
In a Turbulent Air Stream
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known, except for the gradual shift in the calibration of the small
wire with time,

The copper plates, B and C of Figure 1, showed little tempera-
ture difference along their length. Copper-constantan thermo-
couples of the multilead type, constructed from No. 36 B. and 8.

age wire, were used to determine the surface temperatures.

hese thermocouples were located within 0,031 inch of the
inner surface of each of the plates. The cold junctions of the
thermocouples were located in an agitated ice bath at an average
distance of approximately 10 feet from the points at which the
temperatures were measured. A White-type double potentiom-~
eter with 10,000-microvolt range was employed to measure the
electromotive force of these thermocouples. It is believed that
the uncertainty in measuring the temperature of the plate sur-
faces was less than 0.01° F, These thermocouples were cali-
brated in place under quiescent conditions by the use of the
resistance thermometers in the circulating oil baths. These.
thermometers were of the glass case, helium-filled, strain-free,
four-lead type similar to those developed by the National Bureau
of Standards (Z, 24). Mueller-type bridges were employed for
the measurement of their resistance. fixed low current was
employed in the brid%:a circuit, so that the rise in temperature of
the wire above the helium surrounding it was a reproducible
function of temperature. The leads connecting the bridges to
the resistance thermometers were of the four-lead type and were
of No. 12 B, and 8, gage copper wire except within the glass case
of the thermometer. Without temperature control of the room
in which the equipment was placed, significant changes in lead
resistance were experienced. However, the conventional inter-
change of connections compensated the variation in the resistance
of these relatively heavy leads. The arrangement of the tem-

* perature-measuring eguipment which was located in a single

temperature-controlled space has been presented (6).

Measurement of Thermal Flux

The equipment shown schematically in Figure 1 was so oper-
ated that there were very small temperature gradients in the
direction of flow (8). For this reason substantially uniform ther-
mal transfers to the flowing stream were realized when the tem-
peratures of the upper and lower plates were maintained at
different values. It was desired to determine the thermal flux
through the stream under a variety of flow conditions and
temperature gradients.

In order to make such measurements, two calorimeters were
located in the upper plate along the axis of the channel (6) and
are identified by points S and T of Figure 1. In principle, each
calorimeter consisted of an isolated circular section of the upper
Fla,te sapproximately 3.25 inches in diameter and an electric heater
ocated in the isolated section. The electrical energy necessary
to maintain the section at the same temperature as the upper
plate was determined. Precautions were taken to prevent ther-
mal losses from the upper side of the isolated section, so that the
energy added to the calorimeter corresponded, with but small
correction, to that transferred to the Aowing stream.

Figure 8 presents a sectional view of the calorimeter that was
used (6). The associated adiabatic vacuum jacket and radiation
shields are included in this figure.

The upper wall of the flow channel is shown at A and the
thermocouple wells utilized to determine the average upper plate
temperaturs in the vicinity of the calorimeter are indicated at B.
The isolated circular section, C, was provided with a flat spiral
type of recessed electrical heater at D which was covered by a
second copper plate, E, provided with cooling coils, #. The
temperature of the isolated section was determined by & thermo-
couple located in the well, 7, whereas the temperature difference
between the adgacent upper wall and the isolated section, C,
was established from a four-junction couple located in wells such
as H and B. The vacuum jacket, J, was attached to the isolated
section as indicated in the insert of I""igure 8. A serrated surface,
K, was employed to decrease the contact between the upper wall
and the isolated section. The entire jacket was assembled
with silver solder, except for two joints which were made between
brass sections with soft solder to facilitate final assembly. Stain-
less steel was employed in many parts of the equipment in order to
obtain low thermal conductivity and to permit the use of thin
sections because of the high tensile strength of this material.
A series of gold-plated radiation shields was installed above the
isolated section, C at L, and offset openings were provided in these
shields for the electrical leads and tubing to carry the coolant.



-106-

868 INDUSTRIAL AND ENGINEERING CHEMISTRY

Vol. 45, No. 4

which the electric leads emerged from the

vacuum..jacket. Small electric heaters

Table I Measurements of Thermal Flux were provided to bring the temperature of
Plate Plate Tempera- Thermal Flux X 103, leads R and S in the upper part of the
Test  Reynolds  Position?, Separation, ture, ° F, B.T.U./(8q. Ft.)(8ee.)  Nusselt jackets to the temiperature of the isolated
No. No. Feet, Foot Upper Lower Gross Net No section,
74 10,880 12.5 0.0598  99.98 100.01 0.22 0.00 . The upper part of the vacuum jacket, J
’ 8.1 0.0574 99,99 99.99 0.23 —0.01 in Figure 8, was connected directly to an
76 18,070 12.5 0.0598 99,95 100.01 0.19 0.01 oil diffusion pump and a mechanical fore
' 8.1 00574 9906 90.9D 0.20 0.00 o pump, C?nv%ntwnal cqmp}fn?at-ed llaellows
. . - . were employed to permit the lateral move-
2 2.5 .059 114,82 114.87 0.26 0.02 ) . f
78 17,720 ls.? 8 8372 fiss 11483 0 24 -0.04 e ment of the calorimeter relative to the dif-
79 18,360 12.5 0.0509  114.60 85.30 22 81 22 57 42 53 fusion pump as shown in Figure 1. = Refrig-
. 81 0.0574 114,59 85.53 22.32 22.08 4020 eﬁatm}n eq1111pmenthwas ﬁ’rﬁ‘".de? tca coo]
< - the oil circulating through the isolated sec-
» 2, . .02 130.0 0.48 —0.09 ; 2
80 17,080 2.3 9-0589  130.02 138.99 05 2002 tion, O, of Flg;:.‘lre 8 when the upper plate
- ” = " was operating below the temperature of the
; 2 . 129,20  70.80 44.94 14.72 42.06 A
81 18,250 123 o.o08 128 NN Hh 1137 1043 lower plates.  The temperature of the oil
. - : entering and leaving the section was deter-
55, 12, . 130.16  66.48 76. 81 76.14 69.27 \
& 3300 87 0:0%%6 i0:1d 0z TG 7666 67.93 ;mtnegby(éogp?r-ctohnstgﬁtantl;frémgqurl)les
= " miraduced nto e In=-walled stainless
51,79 . .10 130.06 1.93 0.00 ) ¢
88 51,790 12.5 0.0s99  130.10 130.08 315 —0.00 steel tubes at points R and 8. The quantity
89 55,350 12,5 0.0599  130.03 69.3¢  106.10 105.26 96.07 of oil introduced was determined from the
8.1 0.0576  129.99 70.42 106,97 106,13 9458 change in pressure through a flow circuit
91 9,670 12 5 0.0509  129.99  69.76 25.96 25.84 23.69 not shown in Figyre 8, The cooling unit
8.1 0.0576  129.96 70.23 26. 53 26. 41 23.47 was calibrated by determining the electrical
23 36,730 12.5 0.0599 114,87 114.80 0.70 0.04 : energy necessary to maintain section C'ata
’ 8.1 0.0576 114,86 114 86 0.63 —0.08 ... constant temperature with known tem-
94 38,760 125 0.0599  115.02 84.87  40.17 39.65  72.60 peratures and temperature differences be-
8.1 0.0576 116.01  85.11 40.54 40.02 71.05 tween R and S for a fixed rate of flow of
136 18,840 12.5 0.0601  130.00 130.01 0.70 0.10 . oil through eoils P. )
8.1 0.0580 130.00 130.00 0.55 —0.06 A pressure somewhat below 0.2 micron
156 5,630 T12.3 0.0601  130.02 130.01 0.32 0.11 was obtained during operation and the tem-
8.1 0.0580 130.01 129.99 0.24 0.02 . perature of C was brought within 0.005°F.
157 4,530 12.5 0.0601  130.01 69.85 17.72 17.64 16.24 of plate 4, Suitable adjustments to the
81 0.0580 129.96  70.12 18.57 18.49 16.52 heater and eooling coils at M were made to
158 18, 580 12,5, €.0601  130.05 69.71 43 06 42,83 39 32 yield a negligible temperature gradient in
8.1 0.0580 © 129.85 70.12 44.18 43.95 39.27 the vacuum jacket, JJ, near its attachment

¢ Distance downstream measured from end of converging section.
.

to the isolaved section, C. The energy from
the heater, D required to maintain section
C at the temperature of the upper plate

Avrrangement of Calorimetet

Figure 8.

A small auxiliary heater and a set of cooling coils were provided
at M in order to decrease the temperature gradient along the
vacuum jacket wall, J, in the vicinity of its junction with the
isolated section. Differential thermocouples were provided to
indicate the temperature gradients in the wall of the vacuum
jackets from the auxiliary heater, M, to its junction with the
isolated section, C, A rubber seal at @ prevented the flow of air
into or out of the working section as a result of small static pres-
sure differences between the flow ¢hannel and the astmosphere of
the laboratory. An outer jacket, N, was installed to avoid con-
tact of the oil bath with the vacuum jacket. Provision was
made for the relative movement of the ealorimeter and the cover
plate of-the oil bath, as has been described (6). The type of con-
struction shown in Figure 8 was necessary because the upper
plate, A, was constructed of copper and the cil bath cover, O,
was of steél. Thus, relative motion between the two surfaces
was obtained as a result of change in temperature. Provision
was made at P for the cireulation of oil from the oil bath around
the vacuum jacket in order to avoid temperature gradients in the
jacket. This arrangement also permitted the upper part of the
jacket to be cooled, allowing the use of wax seals at the point at

was taken as the flux leaving plate 4 when
corrected for small miscellaneous losses
determined by direct calibration.

The thermal losses from the ealorimeter were
established under substantially isothermal
quiescent conditions in the cl};annel. The
energy required to maintain the isolated section,
C, at a series of temperatures above that of
jacket J and plate 4 of Figure 8 was established
The total miscellaneous transfers at a tempera-
ture difference of 0,01° I, between plate ¢ and
its surroundings by radiation and by conduc-
tion at the junction shown in the insert of Figure
8 were not more than 2%, of the total transfer
across the channel at a bulk air velocity of ap-
proximately 10 feet per second with a tempera~
ture difference of 10° F. between the plates
shown in Figure 1.

Average values of the thermal conduectivity of
air as measured with the calorimeter under
quiescent conditions were in fair agreement with
critically chosen values (28) after appropriate
corrections were made for the effects of humidity (16). The point
temperature gradients in the air below the calorimeter were not
constant and variations of as much as 1097 were encountered
near the upper and lower plates. The reason for this anomalous
behavior is not clear at present. An average value of 4.16 X
10-¢ B.t.u./(sec.) (° F.) ({feet) was obtained for dry air at 100° F,
when utilizing the corrections for humidity established by Hirsch-
felder ef al. (15). This value is not believed to be an improve-~
ment over the critically chosen value (28) of 4.34 X 10-¢ B.t.u./-
{sec.) (° F.) (feet) based upon earlier experimental work directed
specifically to measurements of the thermal conductivity of air.

From messurements with the calorimeters described, the
thermal flux was established as a function of conditions of flow.
However, the physical situation was markedly different from that
normally encountered in nonuniform, thermal transfer (21).
Nevertheless, it is possible to utilize the conventional Nusselt
number (27) for the purpose of correlating the measurements
that have been obtained. They do not bear any direct relation-
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100 - - - ent data and those which apply to nonuniform
' . / conditions of transfer. The standard devia-

tion of the Nusselt number for the present ex-

/ﬂ perimental data shown in Figure 9 from the

v smooth curve is 1.04.

.
To=Ta).
@
<

-
2z
D

Table I includes experimental values of the
thermal flux, plate temperatures, and plate
gepsration together with the corresponding
Reynolds numbers. Smoothed values of the
Nusselt number are recorded in a part of
TableII. The maximum point velocities pre-
sented in this table were obtained from the ex-
perimental ‘measurements and afford a some-
what more direct comparison with the experi-
mental data than may be realized from the
Reynolds criterion. These data are not di-
rectly applicable to nonuniform thermal trans-
fer and the marked differences between the
: present data and the correlation of McAdams

(81) are to be expeeted.

-
o
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Figure 9. Influence of Reynolds Number upon Nusselt Number

Table . Dimensionless Characteristics of Thermal Transfer

Shear
and Shear for Air Flowing between Parallel Plates”

The pressure gradiént within the flow channel used in this

Reynold Nusselt Frieti h%afiﬂ}tum work (6) was measured for a variety of flow conditions. The
otas roe Factor e 0e o008y experimental results are recorded in Table ITI. It.is convenient
0. . No, actor X 10 Feet/Sec. to define the friction fact 2 in the follgwi - ¢
8900 12.50 .92 e o define the friction factor ( )1; e following way:
' . 120 1og d 2Ty
15,000 34.36 7.41 . 26.85 Hg oL o 29 6
20,000 1345 6.8 35.65 f=ctrax = U ©)
38 '?,00 5084 6.34 ‘é‘é;%‘é The data of Table I1I are presented in Figure 10 in terms of this
40,000 74.82 5.93 70.85 factor as a function of Reynolds number which was evaluated
0.000 Rt 5.80 13528 from Equation 5. The standard deviation of the experimental

measurements was 0.00036. The data of Table IIT and of Figure

10 were corrected for the small variations (33) in the separation of
the plates (6), so that the results might represent more nearly
the behavior in uniform flow. These corrections were made on
the basis of the change in kinetic energy of the stream as a whole

. @ Data of this table were obtained in a rectangular flow channel with a
plate separation of 0.08 foot.

ship to existing correlations (21). Under the present circum-

stances the Nusselt number is defined by

Ny = 8ri¢)

4'!/0@

3

(Tw— Tk ~ (Tu = Tk

The characteristic temperature difference has been taken as
one half that between the two plates and the chatracteristic
length as four times their hydraulic radius. The value of thermal
conductivity was taken as that for air at the temperature at the
midpoint of the channel. The Nusselt number was used to de-
scribe the present experimental data and is shown in Figure 9.
}t was lower than values predicted for nonuniform therma]ggrans-
er. .

As a matter of interest the following relationship proposed by
MecAdams (21) for nonuniform thermal transfer ‘

Nu = 0023 Rebt Pt

wag included in Figure 9 along
with the present measurements.

4

and in no case amounted to more than 0.01 of the pressure gra-
dient recorded in Table IIT. The variation in temperature across
the flow channel did not influence the measured pressure gradient
significantly, although it did result in dissymmetry in the velocity
distribution (£9).

~ The generalization of Nikuradse (25) for friction in smooth
tubes may be expressed in the following way:

71‘?‘ = 4,0 log (Re\/?) — 04 M)

The correlation of Drew and Genereaux (7) for commercial pipe
may be written in similar form.

1
7? = 3.2 log (Re+/7) + 1.2 (8)

Curves for Equations 7 and 8 have been included in Figure 10
and bracket the present measurements except for Reynolds

In addition, the data of Washing-
ton and Marks (35) and Nusselt
(27) have been included for com-

Table . Measurement of Pressure Gradient

W A Nominal Plate Pregsure Gradient®,
arison. The _correlathns of Temperature, Pé;?_ Velocity, Plate Separationd, ~__ Lb./8q.Ft./Ft.
orris and Streid (26) did not Test °F. Reynolds  rations Feet/Sec. oot AP aF
appear applicable to this com- No. Upper Lower Xfo. oot Av. Max.  PositionI Position 2 Az dx
arison and were not employe@- 69 100 100 55,550 0.0601 85.78 97.87 0.0617 0.0583 1.609 1.572
n the case of the present experi- 7 %0 I 1580 000 300 b 000ls  00%a: g.953° 0%%a
g‘ema] data, -ﬂ}neg‘.ey‘t‘g]d? o 75 100 70 18100 0.0803 27.45 31.73  0.0620 0.0586 0228  0.231
ber wag computed in the toilow- 78 100 100. 18,070 0.0800 28.10 32,34 0.0817 0.0583 0.233  0.235
ing way: 78 115 115 17,720 00604 2860 32.08 0 0618  0.0588 0.237  0.242
79 115 85 18,370 0.0806 28.20 32.56 0.0618  0.0587 0.239  0.245
2 » 80 130 130 17,080 0.0803 28.80  33.27 0.0817 0.0582 0.241  0.242
Re = = udy = 81 130 70 18.250 0.0604 2810 32.81 0.0618 0.0583 0.239  0.24]
pr 87 130 70 35,500 0.0602 54.80 62.32 0.0617 0.0587 0.770  0.775
0 88 130 130 31,790 0.0602  87.40  93.67 0.0618  0.058 1,703  1.690
Qs drwu 89 130 70 55,350 0.0808 85.40 97.27 0.0618 0.0587 1.642  1.645
- = — (5) 90 130 130 9,040 0.0601 15,39 1512  0.0818  0.038 0.0730  0.0752
v v o1 139 70 9,870  0.0A07  14.90 17.60  0.0615 0.0587  0.0718 0.0746
L . 93 115 115 36,730 0.0604  59.00 €7.31 0.0613 0.0587 0 778 0.787
Tl ofur e g HE ® MIG gwe mmo an fel osnm S b
based upon the measurements of 158 130 70 180880 0.0608 28.42 52,82 00616 0.0500 0.226  0.234

Kellstrém (19) corrected for the
effect of water as suggested by
Hirschfelder (16). No attempt
was made to reconcile the marked
differences between the Nusselt
numbers obtained from the pres-

@ Plate separation &t & position 13 feet downstream from converging section where maximum velocity was de-
termined from pitot tube measurements N .
b Plate sepatation expressed in feet for positions 1 and 2 which are 1.5 and 8.0 feet downatreem from end of

converging seotion,

¢ Pressure gradient corrected for varistion in plate separation.
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numbers below 7000, where the present data indicate a slightly
lower friction factor than would be predicted from Equation 7.
The experimental measurements of Nikuradse (25) for water
flowing in tubes varying between 0.394 and 1.97 inches in diam-
eter have been included in Figure 10 for comparison with the

resent measurements for air flowing between parallel plates.

he agreement is within the uncertainty of measurement of the
small pressure gradients experienced in the present work. Reich~
ardt’s measurements of the flow of air between parallel plates (34)
were not well adapted to the evaluation of the friction factor
shown in Figure 10.

Vol. 45, No, 4

Subscripts

{ = lower plate
8 = stagnation
% = upper plate
w = wire
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Figure 10. Varistion of Friction Factor with Reynolds Number

The friction factor obtained by Laufer (20) for the flow of air
between paralle] plates with 1-inch separation has been depicted
in Figure 10, The point shown indicates a lower factor than was
obtained in the present measurements or reported by Nikuradse
(26) for the flow of water in tubes. The data of Laufer which
were reported in terms of the maximum velocity were converted
to the basis of Figure 10 by the use of generalized velocity dis-
tributions. Not more than 2% uncertainty was introduced by
this change in basis.
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f = Fanning friction factor
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k = thermal conductivity, B.t.u. per (second) (feet) (° F.)
In = natural logarithm

log = common logarithm

Nu = Nusselt number

P = pressure, pounds per square foot

Pr = molecular Prandtl number

¢ = thermal flux, B.t.u. per (square foot) (second)
ERe = Reynolds number

rr = hydraulie radius, feet

8 = entropy, B.t.u. per (pound)(° R.)

7T = thermodynamic temperature, ° R.

U = gross velocity, feet per second

u = velocity at & point, feet per second

z = distance downstream, feet

y = vertical distance in channel, feet

4y = total height of channel, feet

A = difference in
0 = Eartial differential operator

v = kinematic viscosity, square feet per second

o = gpecific weight, pounds per cubic foot

79 = shear at wall, pounds per square foot

£ = recovery factor
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* = average
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Temperature Gradients in
Turbulent Gas Streams

BEHAVIOR NEAR BOUNDARY IN TWO-DIMENSIONAL FLOW

S. D. CAVERS!, N. T. HSU, W. G. SCHLINGER, aNnp B. H. SAGE

California Instifute of Technology, Pasadena, Calif.

N UNDERSTANDING of turbulence is one of the more

- important problems in the field of engineering science today.
Most of the scientific efforts on the problem have been directed
to measurements of the transfer of momentum and the associated
determinations of velocity as a function of position in a flowing
stream. The magnitude and extent of these investigations pre-
vent any systematic review of the subject in this discussion, and
for an appraisal of the present understanding of turbulence the
reader is referred to standard works in the field of fluid mechanics
(1).

Comparable investigations have not been made in the field of
thermal transfer. In many instances the experimental tech-
niques are simpler and permit a more accurate appraisal of trans-
fer phenomena than can be obtained readily from the studies of
the transport of momentum. Prandtl (74) and Reynolds (16)
indicated the basic characteristics of convective thermal transfer
when considered directly analogous to the transfer of momentum.
The work of Karmdn (9) outlined the principal relationships
associated with the concepts of eddy viscosity and eddy conduc-
tivity which afford a useful although empirical evaluation of the

{ effects of turbulence in streams during momentum and thermal

transfer.

Boelter and coworkers (2) carried forward the analogy of ther-
mal and momentum transfer. - These calculations were predicated
upon the Reynolds analogy which is equivalent to an equality of
the eddy conduectivity and

approach zero as the boundary of the turbulent region is reached.

It is the purpose of the present discussion to report the results
of a series of investigations of the temperature gradients near the
wall of a steady uniform air stream flowing between parallel
plates. The results were obtained over a period of near]y 3 years
and serve to establish the eddy conductivity for the steady uni-
form flow of air with an accuracy sufficient for many induﬂtffia]
needs. It has been shown that such data not only are of utility
in calculations on steady uniform streams but also can be used
for predicting the temperature distribution under condltlons of
nonuniform thermal transfer (4, 17).

Eddy Viscosity and Eddy Conduchwly
Equations Are Esiubllshed for Transifion Reglon

The total conductivity may be described by the following ex-
pression:

o

-9 d
6_E°+K—-C,,¢rdt a
Correspondingly, the total viscosity may be defined by
- L
Sm = em v =

@
The terms in Equations 1 and 2 are defined by the fo]]owmg ex-"
pressions: .

Saskatoon,

Basis of Reynolds Analogy

eddy viscosity, Experi- K = k- (3)

mental measurements (6, Cpor

11, 13) have indicated that "

for & Prandtl number near vo=-

unity the ratio of eddy

conductivity to eddy vis- 40 y = Yo _ v dpP )

" cogity does. not approach S 2 dx

unity exceptpossibly athigh . .

Reynolds numbers. The Z 20 : Equation 5 applies only to

relationship of eddy conduc- g / 7 ?;tuathZS mvollx)'}nggmforn;

tivity and eddy viscosity is g .o , ow. ;301;1 mg ;011_ ]0
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o REYNOLDS:. NUMBER This dimensionless quan-

. ! Present address, University Figure 1. Ratio of Total to Molecular Conducﬂvnty on tity, Pr, has been defined

of ' Saskatchewan,

as the total Prandtl num-
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The point in the flowing stream where these

expresgions yield identical values of = corresponds
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to the inner edge of the transition region. Egqua-
tions 12 and 13 are based on the assumption
of equality of the eddy conductivity and eddy
viscosity in accordance with the Reynolds anal-
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Figure 2. Temperature Distribution near Wall for Tests 143

ber. Correspondingly, the eddy Prandtl number, Pr., may be
defined as

Pr5=3=§’5(1+% 44 @

€ €

In order to predict the thermal transfer in a steadily

taken as a value of y*+ of 26.6 (17).

Figure 1 shows the ratio of total to molecular
conductivity on the basis of the Reynolds anal-
ogy utilizing Equations 12 and 13. Tt has
been shown that the relative conductivity is a single-valued
function of Reynolds number and position in the channel (17).
Experimental measurements have been made to determine the
extent to which the assumption of the Reynolds analogy is true
and to establish with some certainty the actual values of the tem

and 147

0100

flowing stream a knowledge of the velogity distribution 160
as well as the variation of eddy conductivity with
position is necessary. In the main body of such a
stream it has been found as a fair approximation (I,
10) that the flow conditions may be deseribed in
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terms of two parameters. The distance parameter y+
is defined by

_ v [
y+ N T i (8) 096 =

9.
5

v o 2 w

The velocity parameter 4 may be associated with
the flow condition in the following way:

0.94 =

+ = ol
% u — (9)

POSITION IN CHANNEL
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As a rough approximation it has been found that
ut is a single-valued function of y*. On the basis
of this approximation it may be shown (5, 17) that
the ratio of total viscosity to kinematic viscosity in
the main body of the stream may be established from

— Ureen

POSITION (N CRANNEL

tay

£

e 04 7 (1)
v—v‘da ! lol (10)

Near the wall in the transition region the situation
is somewhat more complex but the ratio of total viscosity to
kinematic viscosity may be approximated (5, 7, 17) at a given
temperature from

ety ficoshz [0.0695 (I"—:J) \/ %”] (11)

If the Reynolds analogy (9, 14) is followed, Equations 10 and
11 assume the forms

Figure 3.

2000 4000 8000 8000
TEMPERATURE GRADIENT %—:—x °F PER FIOT

Temperature Gradients Near Wall for Tests 143 and 147

perature distribution and the eddy conductivity near the edge of
a uniform turbulently flowing air stream. The data of Figure 1
disregard any influence of temperature distribution upon the
eddy properties or the thermometric conductivity.

Temperature Gradient Was Imposed on Air Stream
for Temperature Distribution Measurements

The equipment employed in these investigations has been
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effect of humidity upon the thermal conductiv-

- N
L]

gnOD3S H3d L

T
T
/

e ity, heat capacity, and specific weight in accord-

ance with the assumption of ideal solutions
and statistical mechanical estimates as to the

i
~

POSITION 1N CHANNEL -&-
597 2d

3
o
LY}
‘ e
o
%
&
/5
R
s
7

ocs effect of water upon the thermal conductivify
of air (7).
Since the wall temperatures were known and

iy the temperature of the air stream was measured
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to within 0.004 inch of the wall, the following
equation could be applied effectively where 4
was some point in the stream near the wall in
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Figure 4. Relative Conductivity Near Wall for Tests 143 and 147

described in detail (5). It consisted of two parallel copper plates
between which air was permitted to flow under steady uniform
conditions. The temperatures of the two plates were maintained
at constant but different values, thus imposing a temperature
gradient upon the air stream. The thermal flux and temperature
distribution in the stream were measured by methods which
have been discussed (5, 18). The temperatures were known with
a standard error of not more than 0.05° F. and the thermal flux
was established with a standard error of 0.5%. The determina-
tions of the errors were based upon a careful evaluation of the
precision and accuracy of the numerous basic measurements used
in obtaining these eddy quantities (5, 15, 18).

Earlier studies of the velocity distribution (13) indicated that
there was a systematic trend in the relationship of the velocity
parameter u* (1, 14) to the distance parameter y * with Reynolds
number. Graphical correlations of velocity distribution (13) and
shear (18) based upon experiment were used throughout this dis-
cussion in establishing the eddy viscosity in the stream. Like-
wise, the thermal flux was based upen a correlation (18) of indi-
vidual measurements with the flow conditions. Values obtained
from this correlation were utilized rather than the directly meas-
ured quantities beeause of the increased accuracy with which the
thermal flux could be established from the statistical correlations
employed (18) in relating it to the conditions of flow.

At the wall the temperature gradient was established from the
following expression:

question:

y=0:yﬂ
L=
=A

It was found advantageous to apply Equation
15 to the flowing stream at values of y/y, from 0.1 to the lower
wall and from 0.9 to the upper wall by graphical iterative tech-
niques. Nodifficulty was experienced in obtaining agreement be-
tween the experimental data and Equation 15 within 0.01° F.
which was much less than the standard error of temperature
measurements. Near the wall the error in establishing the posi-
tion of the wire exceeded the uncertainty in measuring the air
temperature.

di
dfy) dy + (Byes (15)

Temperature Gradienis and Eddy Conductivities
Were Obtained from Experimental Data

The experimental measurements, which were made with par-
ticular emphasis upon the flow conditions near the wall, are re-
corded in Table I. Figure 2 illustrates the temperature distribu-
tions obtained for tests 143 and 147. These data include only
values of y/yp greater than 0.9 and represent the behavior near
the upper wall. The smoothed curves shown in this figure were
based upon the iterative application of Equation 15. The corre-
sponding values of temperature gradients are shown in Figure 3.
In this instance the behavior near both the upper and lower walls
was included so that the differences could be shown. The tem-
perature gradients near the upper wall were determined in greater
detail than those near the lower boundary of the flowing stream.
However, the differences between the upper and lower walls are
several times the experimental uncertainty and may be due to
the vorticity (19, 20) in the stream amplifying the effect of dif-

Table |. Experimental Conditions
Test Numbers é
Quantity 60% 1% 140 141 143 144 145 146 147 148

Distance between plates, foot 0.05725 0.05708 0.05758 0.05825 0.05825 0.05750 0.05750 0.05815 0.05833 0.05833
Traverse location?, feet 12.5 12.5 8.1 12.5 12.5 8.1 8.1 12.5 12.5 8.1
Incoming air temp., ° F. 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Upper plate temp., © F. 114.98 85.29 114.96 115.04 115.04 114.95 115.04 115.07 114.88 114,87
Lower plate temp., ° F., 85.31 114.49 85.03 84,82 84.85 85,03 85.15 85.53 85.04 85.10
Gross velocity, ft./sec. 13.1 12.6 30.0 30.0 57.6 60.2 91.3 86.8 10.4 9.8
Maximum velocity, ft./see. 15.2 14.9 34.9 34.8 66.8 68.6 104.0 98.8 12.6 11.8
Reynolds No. 8122 54 18578 18821 36115 37528 56689 54680 6611 6069
Pressure gradient®, 1b./cu. ft. —0.0515 —0.0438 —0.2517 —0.2453 =0.7759 —0.8215 —1.685 —1.514 —0.0331 —0.0293
Thermal flux, B.t.u./(sq. ft.) ) -

(sec.) 0.0113 0.0107 0.0242 0.0243 0.0411 0.0421 0.0558 0.0537 0.00934 0.00901
‘Wt. fraction water 0.0115 0.0145 0.0110 0.0129 0.0095 0.0109 0.0110 0.0089% 0.0087 0.0096
Pressure at traverse location, )

1b./sq. inch 14,374 14.308 14.260 14.285 14,286 14,389 14.332 14.378 14.319 14.337

@ Tests 60 and 61 were made to investigate in a preliminary fashion the effect of inverting the temperature gradient.

b Traverse location measured from end of eonverging section.

¢ Pressure gradient is average of change in static pressure over 4-foot length of working section a{g;m;dﬁ:ﬂé]y 10 feet downstream from the end of the con-

verging section, 3 do
recorded were correlated with data obtained at other flow conditions.

It is measured with the traversing mechanism downstream from the static taps.

o significant change with time was observed. The values
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ferences in molegular properties which result from variations in
temperature between the walls.
gntal measurements associated with the flow conditions
Arb available (8) along with the corresponding smoothed
“femperature gradients and temperatures obtained from
the. iterative solution of Equation 15. A sample of the latter
tabula.t,lom constitutes Table II which also includes eddy proper-
ties derived from each traverse. The data of Table IT were not
smoothed “with respect to the conditions of flow and represent
the r'es;ﬂts-f obtained for a single rate of flow and temperature
difference. The information available in Table II is similar to
that obtained in earlier studies (10, 12) which were focused upon
the condmons of flow near the center of the channel. Relative

conduetwmes, , near the upper and lower walls for test 143 at a

gross vélocity of 60 feet per second and for test 147 at a gross
velocity of 10 feet per second are depicted in Figure 4. Differ-
ences in the relative conductivity between the upper and lower
walls are evident for both velocities. Near the lower wall there
is a more rapid increase in the relative conductivity with position
than near the upper wall.

The influence of Reynolds number upon the relative condue-
tivity is shown in Figure 5.. In this instance only the behavior
near the upper wall was included. Except at Reynolds numbers
below 17,000 there is nearly a linear variation in the relative
conductivity with this variable. The calculated relative con-
ductivities were interpolated to even values of y/y, as indicated
in the figure. Similar behavior was found near the lower wall.
If it-is assumed that Equations 10 and 11 described the eddy vis-
cogity satisfactorily in the region near the wall, a comparison of
Figures 1 and 5 indicates a large deviation from the Reynolds
analogy.

As & result of the influence of temperature upon the molecular
properties it appears desirable to present the results in terms of
eddy conductivity. This quantity was smoothed with respect
to conditions of flow described in Table I and these values are re-
corded in Table ITI. Some difference exists between the present
data and the earlier results (11, 13). Because of the refinements
employed in the present investigation and the emphasis placed
upon the behavior near the wall, the data of Table III are to be
preferred. The standard deviation of the data of this table from
experimental measurements (8) was less than 0.03 square feet
per second.

-Figure 6 illustrates the effect of Reynolds number upon the
“:.eddy eonduetivity and the influence is similar to that shown in
Figure 5 for the relative conductivity. There is substantially a
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Figure 6. Eddy Conductivity Near the Boundary of a

Turbulent Air Stream

linear change in the eddy conductivity with Reynolds number a.t.
values of this variable greater than 17,000. Figure 7 depicts the
effect of position in the channel upon the eddy conduetivity
these data represent smoothed values based upon all the expéfi-
mental conditions described in Table I. The detailed effec

position upon the eddy conductivity for values of y/ye grea.ter :

than 0.99 or less than 0.01 is uncertain.

Figures 4 through 7 serve to illustrate the effect of position a.nd
Reynolds number upon the relative and eddy conductivities.
The greater part of the resistance to thermal transfer from a
boundary to a turbulently flowing stream is usually encountered
within the part of the stream described in these figures.

Total Prandtl Number. The relation of the eddy conduec-
tivity to the eddy viseosity has been considered by many inveati-
gators. As indicated earlier, Kdrmdn (9) clarified the earlier
diseussion and Boelter and coworkers (2) carried the analysis of
thermal transfer on the basis of the Reynolds analogy to its logi-

Table ll. Sample of Experimental Temperature
Measurements
(Test 141—velocity 30 feet/sec.)
u/ Temp., * F. v/
0.987 111.92 0.482
0.987 111.54 0.439
0.983 110.52 0.396
0.983 110.99 0.353
0.976
0.968 108.54 0.310
0.961 107.94 0.268
0.954 107.36 0.225
0.947 106.96 3}%
0.940 106.54 0138
0.933 106.25 0.0958
0.924 196.03 0.0815
0.918 105.82 0.0672
0.904 10.28 0.6529
0.890 .
0.876 104.90 0.0458
0.847 104,12 0.0386
0.804 0.0315
i o
0.718 00243
0.675 0.0172
0.632 0.0172
0.589 0.0172
0.546 0.0100
0.504 0.0100
0.482
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52350 ) ~S0,, L latter quantity of 26.7. In Equation
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POSITION IN CHANNEL ard deviation from the smoothed ex-
Figure 7. Effect of Position in Channel upon Eddy Conductivity Near perimental data shown in Figure 9 of

Upper Wall

cal conclusion. The assumption of equality of the eddy proper-
ties is not justified by experiment (11, 13). Figure 8 shows the
total conductivity and total viscosity as a function of position in
the flow channel. The total viscosities were obtained from ex-
perimental measurements made in the present channel at an ear-
lier date (11, 13) with somewhat different plate separation and
calculated from a correlation (4, 17) of velocity distribution given
by Equation 11 which was based upon a suggestion of Rannie as
described by Dunn (6). It is apparent that the detailed knowl-
‘edge of the total viscosity is not sufficient to determine with cer-
tainty the variation in the total Prandtl number defined by
Equation 6. However, it appears that the total Prandtl number
approaches the molecular Prandtl number, Pr,, in a simple fash-
ion (11, 18) as the wall is reached. The change in the molecular
Prandt]l number with position was small in comparison with the
effects of flow conditions upon the total Prandtl number in the
present investigation.

Eddy Conductivity Correlated with Momentum Transfer and
Location in Stream Allow Prediction of Thermal Transfer

The variation in the relative conductivity in the transition and
turbulent regions near the wall was set forth on the basis of the
Reynolds analogy in Equations 12 and 13. If it is assumed that
the molecular Prandtl number is unity, these expressions may be
rewritten,

?clo

q = cosh? By * (16)
b _ C + Dy* 17
«l - Yy ( )

In order for Equations 16 and 17 to yield a continuous variation
in the relative conductivity from the wall through the transition
region it is necessary at a given value of the distance parameter
* that the relative conductivity be equal from Equations 16 and
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points shown. Smoothed values of
the averages from Figure 10 have been
included in Table 1V,

125
Until further information is avail-
able concerning the asymmetric be-
0o havior encountered in this experimental
LoweR waLL program, it is recommended that the
15 average values recorded in Table IV
SR — be employed except for flow between
horizontal parallel plates where the pres-
;‘; 50 ent experimental data are directly ap-
. plicable. It is surprising that such a
simple correlation yielded a single-
2 1. /}/- S %/ / el valu"ed‘ relationship o.f the relative con-
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Figure 9. Effect of Distance Parameter upon Relative Conductivity for publication. W. H. Corcoran re-
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Similar information is presented in Equations 20 and 21 for Nomenclature
the behavior near the lower Wa.]l. Equation 20 applies at values 4, B, C, D = constants
of y* less than 26.7 and Equation 21 for greater values. cosh = hyperbollc cosine
o C’(,i, = gtg)ancthelat cap%clty, B.t.u./(pound)( °F.)
= rator
i_; = cosh? (0.0683 y*) (20) g = ccsﬁgé?)nogf gar'a%ty, feet/square second
k = thermal conductivity, B.t.u./(second)(feet)(°F.)
&l ! = distance from center line, feet
g = 0406 y* — 0.722 (21) I, = distance from center line to wall, feet
P = pressure, pounds/square foot
In this instance an over-all standard deviation from experiment @ = thermal flux, ]3’ .t.u./(square foot)(second)
of 1.318 was obtained. In determining the constants only experi- t = temperature, '
X u = point velocity, feet/second
mental mea,surefments f(fr values of y+ less than 200 were em- z = downstream distance, feet
ployed. The difference in behavior at the upper and lower walls y = distance from lower wall, feet
is evident from a comparison of Equations 18 with 20 and 19 with ya = distance from nearer Wall feet
21. The latter equations are shown as dotted curves in Figure 9. ¥o = separation between plates, feet
The magnitude of these dlﬂ'erences is several times the standard ¢ = eddy conductivity, square feet/second
€ = total conductivity, . + «, square feet/second
error of measurement. . em = eddy viscosity, square feet/second
Smooth full curves were drawn through the data of Figure 9 ¢n = total viscosity, em + », square feet/second
based upon experimental behavior at
values of y* as large as 500. The
' standard deviation of the smooth
curve from the data near the upper
wall was 0.327 and for the data near -
the lower wall was 1.165. These meas- £
ures of agreement indicated that it Sk ~—
would be possible to fit the experi- -
mental data more closely with a single-
valued nonlinear funectional relation i
than by Equations 18 through 21. Tl
Table IV records values of the ordinate . 3 *
of Figure 9 as a function of y* for the = )
upper and lower walls. . o vELOCITY
Figure 10 shows the averages of the - . / SO e P SEeore
values of the relative conductivity for s 3 % 3
the upper and lower walls. The data 40 - / § < :s§
include the present measurements to- 25 / r ? e b3
. gether with similar information from : _\/bﬁ
earlier studies (72, 13). A smooth f"'/
curve was drawn through these aver- L i L =+ = L - - =
aged experimental data which yielded DISTANCE PARAMETER  3°

a standard deviation of 0.608 from the Figure 10. Effect of Distance Parameter upon Average Relative Conductivity
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The region near the boundary of a turbulently flowing fluid accounts for the greater part of the resist-
ance to thermal transfer to or from the stream. An understanding of the influence of conditions of flow upon
the temperature distribution near the boundary of turbulently flowing streams is required in order to permit
the recent advances in fluid mechanies to be applied to the prediction of thermal transfer in steady flow.

The detailed temperature distribution near the boundary of a turbulent air stream flowing between
parallel plates was measured at gross velocities from 10 to 90 feet per second and for average temperature
gradients as high as 1000° F. per foot. The corresponding value of thermal flux was determined directly,
and from these primary measurements the temperature gradient and eddy conductivity were established as
a funection of flow conditions.

The eddy conductivity was correlated with the position in the stream and the gross conditions of flow.
The measurements permit estimation of the thermal transfer to a turbulently flowing air stream in conduits
of large radius to be made with accuracy adequate for some engineering purposes for a variety of uniform
and nonuniform conditions of thermal transfer.
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PROPOSITIONS
In the evaporation of non-spherical drops, the shape effect ean
be correleted in terms of the relative contribution of the leading

and trailing surfaeces of the drops.

When there 1s a temperature difference between a sphere and an air

stream flowing over its surface, the radiel temperature distribution

. within the laminar thermal boundary layer is enelytically similar

and is expressed by a modified form of the Blasius function which
is the theoretical velocity distribution for laminar boundary layer

. flow over a flat plate.

In the use of a 'hot-wire' for the measurement of the velooity
distribution in a two-dimensional chennel, a refinement in the
calibration would be to inoclude the effect of local fluctuations
on the convective thermal transfer from the wire as the magnitude

of the fluctuations veries with the position in the channel.

When fused tricalcium phesphate fertilizer is produced by the
defluorination of rock phosphate, the liberated fluorine is wasted
through the stack as hydrogen fluoride. (Hignett and Hubbuoh,

Ind. and Eng. Chem., 38, 1208, 1946). It is proposed that hydrogen

fluoride be recovered as sodium fluoride which is useful as

ingecticide and preservative of wood-pulp.

Systematio investigations of the relation between crystal size
and the rate of cooling of a silicate melt will contribute valuable
information toward the solution of meny geological problems. So
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far, the only experimental study of this nature was carried out
by Winkler (Mineral. Mag., 28, 557, 1949) for the crystallisation
of nepheline from a synthetic silicate melt.

Recent study (Clayton, Ph. D. Thesis, C.I.T., 1955) shows that
informetion on oxygen isctope abundances in mineral pairs ean be
used to establish the tempereture of orystallization. This iso-
topic method should provide an excellent check on the aﬁcnfacy of
the simple 'decrepitation method' for the determination of erystal-

lization tempereture of minerals with liquid inelusions.

It is proposed that test models, made by molding glass around a
meteal network of known geometrio arrangement and then digsolving

the metal, be used in porous medis studies.

By placing a 'hot-wire' type element at an appropriate distance
from & boiling surface and observing the frequency of the fluctua-
tions picked up by the sensing element, one can distinquish between

nucleate and film type boiling without visuel observation.

For flow over the surface of & oylinder the velosity distribution

is given by (i) the potential solution for the regién eway from the
surface end (ii) the boundary-layer solution in the region olose to
the surface. A discontinuity in the velocity distribution results
in the attempt to combine the two solutions by superimposition or
direct attachment. There is need for oxperimahtal deta to establish
the manner in which the two solutions should be combined to deseribe

the oomplete velocity field,
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10, In a ocountry like Burma where rice, timber and petroleum are the
leading products, effort should be devoted to develope better uses

for rice husk and saw dust whioh are currently burned as fuel.



