T e

NACA TN 3760 6600

L meapal)

Gy~ A

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

TECHNICAL NOTE 3760

AERODYNAMIC MIXING DOWNSTREAM FROM LINE SOURCE OF

HEAT IN HIGH-INTENSITY SOUND FIELD

By William R. Mickelsen and Lionel V. Baldwin

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Washington
August 1966

AFGEG

se=Apanarmng T

N .

nNEiAEn
RN ‘B4V AUVHEM HOaL

___ - =y,

O V= RN TN

v 4
e

ol e Lo bl



4022

TECH LIBRARY KAFB, N1

NACA TN 3760 - 00bkb23

TABLE OF CORTENTS

W e ®© ® o o s o = .. e & @ ® & ® s &8 & 5 8% O & s & @ & s & o o
an e @& e ® ¢ & = = e © ¢ ° o =& o ° & & 5 ¢ o = '. e o @

Moleculaer-Diffusion Weke . . . . . * s o a c o o e e s o =
Kinematics of Molecular-Diffusion Wake in Tra;nsverse

SBound Field « o« ¢« ¢ ¢ ¢ o ¢ o o 2 o ¢ 2 2 s s s s o s o s o
Instantaneous Temperature in Mixing Region . . . . « ¢« » .
Exact model for instantaneous tempersature . . . . . . . .
Approximate model for small deformation of diffusion wake .
Time-Mean Temperature In Mixing Regilon . . « ¢« ¢ ¢ ¢ ¢ ¢ « &
Celculation of mean temperature for exact model . . . . . .
Mean temperature for small deformation of diffusion wake .
Analytic Procedure for Nonsinusoldal Veloclity Fluctuations .

L[] [ ] L] L ] L L] [ ] L
kN

Flow &nﬂ. Bml'nﬂ.-Field. masurms ¢ ® ®© e ® & o ®© @ & ® © 8 & e ® 16
Instantaneous and Time-Mean Temperature Measurements . . . . . . 17

R

RESULTS AND DISCUBBION . « « o o » o o s « s s o s s s o o 5 s o &
Mixing Date and Comparison with Theory for Small Deformetion
of Diffusion Wake . . ¢ ¢ 2 ¢ o o o 2 2 2 o« o s o o o o ¢ s o &
Flow and sound-fleld measurements . « ¢« « « =« ¢« ¢« « o o o o o «
Instantaneous-temperature measurements end comparison
with theory « ¢« « ¢ ¢ ¢ ¢« ¢ ¢ o o « & e o 5 s & o s s a6 s o
Time-mean temperature measurements and comparison
Wwith theory . o ¢ ¢ ¢ ¢ ¢« ¢ o o o ¢ o o o 6 6 ¢ a s s 6 o s &
Theoretical Effect of Large Diffusion-Wake Deformations
Effect on Instantaneous temperature . . « =« ¢+ ¢ ¢« « ¢ ¢ ¢ o o &
Effect on time-mean temperature . . « « « + ¢ ¢« & « &«

SRR 8 b bbb

SUMMARY OF RESULTS AND THEIR PRACTICAL APPLICATION . « « ¢« « « « » 23
Bound Filelds with Simusoldal Wave FOIm . . ¢« ¢ ¢ ¢ o ¢ o « o o @ 24
Large wake deformation . . ¢ ¢ ¢ ¢« ¢ 2 ¢ ¢ o e ¢ ¢« 2 s o ¢ s« 25
Sound Fields with Nonsinusoldal Wave FOXM « « « « « ¢« « o o « o & 25
Large wvake deformation . . « & & ¢ ¢ ¢ ¢ o ¢« 2 2 o o ¢ o =« « » 27

N
@

CONCIDBIONS e ®© » ® & & & © @ & ¢ s ® e ©* & " 9 &6 & s ° s & » o s =

APPERDIXES .
A—Sms-------o.o-----.--..---...-

8

—— ———




NACA TN 3760

Page
B - DERIVATION OF BEQUATIONS AFPPEARING IN THEORETICAL ANALYSIS . . 34
Approximate Analytic Solution of Exact Instantaneous-
Calculation of Stretching of Molecular-Diffusion Wake . . . 36
Calculation of Redius of Curvature of Deformed Molecular-
Diffuslon Wake . ¢ ¢ ¢ o o o o o o 2 o a o s a o o s o« & 31
Approximete Solutlions of Mean-Temperature Integral for
Negligible Weke Deformation . « « « ¢« = + ¢ ¢ ¢ &« « +» « » 38
Approximaete solution for zone I . - « = ¢« ¢ ¢ ¢ « o ¢« =« » 39
Approximate solution for zone IT . . « ¢ « ¢« = ¢ =« » « « 40
Solution for Instantaneous Temperature for Small Weke
Deformation Allowing for Wake Curvature . . . « « « « « » 41

C - FLOW AND SOUND~FIELD MEASUREMENTS « « ¢ « o « o s ¢« s o « o « 43
SBtream VelocIty « ¢« ¢ o ¢ ¢ o ¢ ¢ o o o ¢ o 2 6 0 s 0 0 o » 43
Stream Static Temperature and Pressure . . . « o« ¢« « « « « 43
Trensverse Veloclty Fluctuation . . . « ¢« ¢+ ¢ ¢ ¢« ¢ = ¢ =« o« 43

D - INSTANTANEOUS-TEMPERATURE MEASUREMENTS WITH RESISTANCE
m L L] L] L] L] L] L] - L ] L] L] L] L L] L] L] L] - L] L L] L] L L] 44

E - INSTANTANEOUS-TEMPERATURE MEASUREMENTS WITH HOT-

Derivation of S8ensitivity Bquation . . . . .« ¢« . ¢ o ¢ « « 46
Hot-Wire-Anemometer Circuitry and Operation . . . . . . . . 48
Hot-HWire-Anemometer Measurements . . . . « ¢« « ¢ ¢« o = « «» 49

F - MEAN-TEMPERATURE MEASUREMENTS . . ¢ « « ¢ « o « « s « « « « « 90
m ® e ® @ e e e & 9 & & 9 & 5 © & @& e & 5 8 * & 9 o o " O 50
m.l.n....-.I.."-..l-"-.I..l.l 52

-



4022

CL-1

RATTONAL ADVISORY COMMITTEE FCOR AERONAUTICS

TECHNICAL NOTE 3760

AERODYNAMIC MIXING DOWNSTREAM FROM LINE SOURCE OF
HEAT IN HIGH-INTENSITY SOUND FIELD

By William R. Mickelsen and Iionel V. Baldwin

SUMMARY

The processes of fuel-air preparetion, combustion, and exhaust-gas
mixing in Jet-engine combustors depend to a large degree on aerodynemic
mixing. Since combustors commonly have intense sound fields, it is of
interest to investigate the effect of sound on the fundamental mixing
process. Thils report describes a theoretical and experimental investi-

gation of the aerodynemic mixing by a standing sound wave downstream
from a continuous line source of heat.

By a kinematic analysis of the motion of the molecular-diffusion
vake, equations are derived for the time variation of temperature and the
time-mean temperature at points throughout the mixing region. The
analysis shows that standing sound waves displace the diffusion weke in
e manner similer to the displacements of a flag waving in a harmonic
mode. The diffusion-wake displacement has nodal points downstreem from
the line source at distances which are integer mmltiples of the ratio
(stream velocity)/(sound-wave frequency). The maximm weke displacemert
occurs at the antinodal distances and is equel to (s/Z x rms tremsverse
velocity fluctustion)/(x x sound-wave freguency). The theoretical
anelysis considers two general cases: (a?msma.]_'l. and (b) large geometrical
deformations of the diffusion wake by the transverse sound waves. The
analysis shows .that the deformations are characterized by stretching of
the wake and by the relative magnitudes of the wake radius of curvature
and thickness. The stretching is greater for high sound intensities.

The curvature is greater for high sound intensities and high sound
frequencies. When the wake suffers negligible deformation, the asound
field contributes to the mixing in the time-meen sense; but the instan-
taneous, or local spatial, structure of the temperature field is umaf-
fected. For the case of apprecisble wake deformation, the temperature

field 1s substantially changed in both the time-mean and instantaneous
senses,
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Experimental measurements confirmed the theoretical analysis for the
case of negligible deformation of the diffusion wake, but no measurements
were made for the case of appreciasble deformation., The experiment was
carried out in a low-turbulence alrstream with superimposed transverse
velocity fluctuations associated with a standing sound wave. The mixing
region downstream from the line source of heat was at a pressure node of
the standing sound wave so that pressure fluctuations were negligible.

The amplitude of the transverse velocity fluctuations corresponded to a
sound pressure level of 147 declibels, and the wave frequency was 104
cycles per second. Time-mean temperatures were measured with a thermopile
probe. Instantaneous temperatures were measured by two different methods:
resistance thermometry and hot-wire anemometry. The veloclity fluctuations
in the sound field were measured by hot-wire anemometry.

In order to facilitate application of the results to practical
problems, a special section is included in which equations and methods
are summarized.

IRTRODUCTION

Aerodynamic mixing is an important factor in fuel-alr preparation,
combustion, and exhaust-gas mixing in Jet-engine combustors. Because of
its importance, 1t is of interest to investigate aerodynamic mixing under
flow conditions commonly found in combustors. Although Jet-engine com-
bustors often have extremely intense sound fields, little attention has
been given to the effect of sound-wave disturbances on aerodynamlc mixing.
The research described in this report covers a fundamental Iinvestigation
of eerodynamic mixing in a low-turbulence airstream having a single-
frequency, plane, transverse, standing sound wave.

Mixing in fluid streams proceeds locally by wmolecular motion
(molecular diffusion) and on a larger scale by the turbulent velocity
fluctuations, which transport fluid volumes composed of meny molecules.
It is reasonable to expect that the veloclity fluctuations arising from
the passage of sound pressure waves contribute to the mixing process in
a manner somewhat similar to that of turbulence. The data in reference 1
show that the approach stream in a smooth-burning ram-jJet combustor con~
talned sound and turbulence veloclty fluctuations of the same order of
megnitude; the data of reference 2 show that screeching combustors have

veloclty fluctuations due to sound that mey be several orders of magnitude
larger then the turbulent velocity fluctuations.

Since the velocity fluctuations responsible for aerodynsmic mixing
are usually slow compared with the flow veloclty through the combustor,
the concentration of heat or mass in mixing regions fluctuates with time
and varies irregulerly from point to point in space. In turbulent mixing,

2720%



4022

il de MWW,

NACA TN 3760 3

concentration fluctuations In time and space may also be due to the finite
range of turbulent eddy sizes, since the smallest turbulent eddies are of
a much larger scale than molecular mean free path. Experiments in turbu-
lent mixing (refs. 3 and 4) have shown that concentration fluctuations
can be of nearly as great a magnitude as the mean concentration at points
throughout the mixing reglon. For these reasons, 1t 1s evident that
mixing should be considered In the instantaneous sense as well as in the
time-mean sense. Mixing in the instantaneous sense can be described by
the time history of concentration fluctuations at a point in space, and
mixing in the time-mean sense can be described by the long-time average
of concentration at a point in space.

In order to investigate the fundementals of the aerodynemic mixing
due to sound, an experimenmtal and theoretical study was made of the
mixing downstream from a line source of heat in an intense sound field.
The turbulence in the alrstream was kept at a negligible level so that
the mixing process was due only to the sound field and molecular diffu-
sion., To prevent vortex shedding, the electrically heated wire that
formed the line source had a small diemeter. The center plane of the
two-dimensional mixing region was placed at the velocity antinode and
pressure node of a plane standing sound wave so that the sound pressure
fluctuations were negligible and the sound disturbance velocities were
transverse to the streem dlrection as shown in the following sketch:

A

Transverse velocity fluctuations iniposed by standing sound wave

The magnitude of the transverse veloclity fluctuations corresponded to a
sound fleld having a sound pressure level of 147 decibels. The trans-
verse velocity fluctuation was nearly sinusoidal and had a frequency of
104 cycles per second. The instantaneous temperature was measured by a
resistance thermometer and a hot-wire anemometer, and the transverse
veloclty fluctuations were measured by hot-wire anemometry. The time-
mean temperatures were measured with a thermopile probe.

e e —— ——— —
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By a kinematic description of the mixing region, equations are de-
. rived for the time variation of temperature and for the time-mean tem-
perature at points throughout the mixing region. This theoretical analysis
is made for two cases of inmterest: (a) negligible geometrical deforma-
tions of the diffusion weke by the sound field and (b) eppreciable
deformations of the diffusion wake., For the case of negligible deforma-
tlon of the diffusion wake, the theoretical analysis is compared with
measured values of the instantaneous and mean temperatures at various
points downstream from the line source of heat. By means of the theo-
retical analysis, a comperison is made between the cases of negligible
and apprecieble wake deformation.

[HEORETICAT, ANAT.YSTS

The analysis of the temperature field in the mixing region is based
on a kinematic description of the displacement of e molecular-diffusion
weke by a transverse, plane, standing sound wave. A pilctorial represen-
tation of the wake displacement is shown in figure 1(a). As shown in
the following enalysis, the displacement of the wake is similar to the '
displacement of a flag waving in a hermonic mode. The center of the
weke has a sinusoldal shepe; and the molecular diffusion proceeds as
the wake elements pess downstream, as shown by the temperature profiles
in figure 1(a). From the kinematic enalysis, expressions are derived
for the time variation of temperature and for the time-mean temperature
at fixed points throughout the mixing region.

-

Molecular~-Diffusion Wake

The molecular diffusion of heat in a fluid streem at constent pres-
sure is described by the Fourier-Poisson equation (ref. 5) derived from
the Fourier-Blot heat-flux law. The Fourier-Poisson equation is

Th

o 62_1 (,, %) (1 = 1,2,3) (1)

where Dh/Dt is the total derivative of the volume specific enthalpy
h, which is defined by

- T
h= pcp aT (2)

220¥%
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and the coefficient of thermal diffusivity o 1is

k
Ga;c;- (5)

(Symbols are defined in appendix A.)

For the case of molecular diffusion of mess, an equation similar to
equation (1) can be derived from Fick's mass-flux law:

?')T-,?’ a% (ﬁu %) (1 = 1,2,3) (4)

vwhere Dy is the molecular-diffusion coefficient and ¢ is the concen-

tration of the diffusing ges. Since equations (1) and (4) are idemticel
except for the coefficients a« and Dy, thelr solutions for specific

problems are also identical except for the coefficients. Because of the
close similarity of equations (1) and (4), the following theoretical
analysis epplies in essence to the mixing of fluids with different heat
contents or of different physical properties.

If the coefficient of thermal diffusivity is essentially constant,
and if a molecular spreading coefficient @ 1is defined by

t
® =f o b (5)
0

then equation (1) may be written
mh 3%

If the fluld field is at rest, or if a coordinate system is used that
moves along with the streeam, then equation (6) cen be written in terms
of a Certesian coordinate system (£, n, §):

ahnazh+ﬁ .B_ZE
P -a_E-Z- aqz agz

+

(M

As shown in reference 6, the solution of equation (7) for an instantan-
eous line source lying along the {-axis and emitted at t = O 1s given

by

2 , n2
m_i_*'_ﬂ_
4o

h = e o (8)
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where H/'I. 1s the heat per unit length emitted et + = 0. Equation (8)
is used in the subsequent derivation of an exact model for instantaneous "
temperature in the mixing region.

By assuming that diffusion in the stream direction is negligible,
the following approximate equation for diffusion from a continuous line
source in a stream flowlng with velocity U in the x-direction 1s de-
rived in reference 7':

220y

_ 2
hﬂ—ﬂ—- e % (9)
U.,/hmx

wvhere 17 18 the lateral distance from the molecular-wake center to a
fixed point in space, gfl 1s the rate of heat release per wmit length
at the line source, and m, = cX/U. Equation (9) is used in the subsequent

derivation of an spproximate model for instantaneous temperature in the
mixing region. The temperature difference AT =T - Tgy can be deter- -
mined from the volume specific enthalpy h by means of tables or graphs

based on equation (2). >

Kinematics of Molecular-Diffusion Wake in Transverse Sound Field

A kinematic description of the motion of the molecular-diffusion
wake 18 necessary to subsequent derivations of the instantaneous and
time-mean temperatures In the mixing region. This sectlion describes the
wake motion in terms of the time < assoclated with the velocity fluc-
tuations of the standing sound wave and of the distance x downstream
from the line source of heat.

The transverse veloclity fluctuation assoclated with the sound wave
is sssumed- to have a sinusoidal form given by

v = JZ /72 sin (2xfc) (10)

where :\/v'z is the root-mean-square value of the velocity wave form, /
is the sound-wave frequency, and T 1is time,

A £luid line element In the stream has a transverse motion caused
by the velocity fluctuation v and a resulting transverse displacement
d. The time history of the displacement d of a line element in the
center of the molecular~-diffusion wake is given by the integral of

equation (10):
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d= 5&2‘/@ [ - cos (2u/%)] (11)

where the constant of integration has been evalusted by setting v =0
a’b T = 0.

The position of the weke center at x for successive Instants of
the time T may be derived from consideration of the following displace-
ment sketch:

Position of line
source at time <

Displacement, 4

e
o

[T P

cll4
n
o

A 1line element released from the line source at time < reaches the
axial station x after a residence time x/U. The lateral displacement
y from the flow-axis plane is glven by

¥ = d.('l: + %) - afv) (12)

vhere d(t) i1s 4 evalusted at time T and d(v + U; is d at time
% + (x/U). By combining equation (11) with equation (12), the time
history of the position of the center of the molecular-diffusion wake abt
any axlal station x 1is

¥y = 5%,@ [1 - cos (Zstfr + Zs(f%)] - [L - cos (Zstfr)]} (13)
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which reduces to

y = A%E sin (_:téx;) sin <2:rf'r + -’%5-> (14)

Figure 1(b) shows the position of the molecular-diffusion-wake
center at various times through one cycle of transverse velocity fluc-
tuation. The weke positions are shown only through two nodal points,
but theoretically they continue on downstream in the same cyellc fashion,
An interesting feature of figure 1(b) is the existence of definite nodal
points at U= 1,2, « « « The reason for these nodal points is showm
by the sketch in the preceding parasgraph. A fluid line element leaving
the line source at any time T hes zero lateral displacement from the
flow axis if its residence time x/U is any multiple of 1//. Also of
interest 1s the maximum value of the wake center displacement at the
antinodal planeg Jx/U = 0.5, 1.5, « . . This maximm value is equal to

Vax = (,jz' v2)/(xf) so that the maximm lateral excursions of the weke

center are dependent only on the intensity and frequency of the trans- oy
verse sound wave,

Instantaneous Temperature in Mixing Reglon

The description of the instantaneous temperature at points in the
mixing region is of interest both as an important factor in aerodynamic
mixing and as a preliminary step in the evaluation of the time-meen
temperature. A physlcal picture of the Instantanecus temperature may be
obtalined by a study of the molecular-wake-position dlagram shown In
figure 1(b). As the molecular wake approaches a fixed point, say Pj,

the temperature at the point rises because of the temperature profile of
the wake as illustrated in figure 1(a). When the wake center reaches

the point, the temperature is at the peak value of the wake profille.

Then, as the wake passes on awey from the point, the temperature decreases
to a minimum which is reached when the wake 1s at Its farthest position
from the point. Because the lateral motion of the wake 1s cyclic, the
tine history of the instantanecus temperature will also be cyclic with a
perliod equal to that of the lateral velocity fluctuations associated with
the standing sound wave.

Typicel time histories of instentanecus temperatures are shown in
figure 2. The three time histories represent the temperature fluctua-
tions at points Py, Py, and Pz in figure 1(b), and were calculated

from a theoretical equation derived later in this section. Consideration
of figures 1(a) and (b) shows that the tempersture at the nodal lines
will be steady in time. Temperatures at other polnts in the nodal planes r

220%
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(Por instance, point P4 in figure 1(b)) will have slight periodic
changes with time, since the pivoting motion of the wake at the nodal
line will act to change the perpendicular distance from the point to the
wake center. The remainder of this section is devoted to mathematical
statements of the physical plcture described in this paragreph.

Exact model for instantaneous temperature. - The exact solution far
instantaneous temperature employs a method described in reference 7. The
molecular wake downstreem from a continuously emitting line source is
considered to be a sgheet composed of an infinite number of instantaneous
line sources. Each of these instantaneous line sources was originally
introduced at the continuous line source (the heated wire), and the
degree to which it has diffused into its surroundings is a function only
of 1ts residence time in the stream, as shown by equation (8). The
geametry of the sheet of instantaneous line sources expressed by equation
(14) 1s shown diagremmatically in figure 1(b) and is shown for a partic-
uwlar value of the parameter <+ in the following sketch:

® °
y * * P
°
¥ t
. 1 ° p A
som:ce. Po & . o
® Y ® ®
[} L ®
. 1 ® °
U— -2 4 o . o
X
-—— X ——je— E —
o t——

An important feature shown in the preceding sketch is that the density,
or proximity, of neighboring instantaneous line sources 1s decreased when
the sheet 1s distorted. This effect 18 of conseqguence in lster
discussions.

The concentration of heat at the fixed point P(X,Y) at time < 1is
the summation of contributions of heat from all the instantaneous line
sources P! (Ut,y) in the entire sheet. The conmtribution of heat to
P(X,Y) by one instantaneous line source at P'(Ut,y) is

dhﬂg'%@ldt - [ -2+ 5 - 1]
e

e (15)
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The total concentration at P(X,Y) is the summation of all contributions:

n = -Zﬁr Lo d oo w0, (16)
0

By employing the functional relations between o and y and the resi-
dence time t (egs. (5) and (14)) and by changing the independent vari-
able, equation (16) may be written as:

e g AT F i)

vhere ¥ .. = (ﬁﬁ)/ (/)

An enalytic solution to equation (17) has not been found; therefore,
resort must be made to a numerical solution for the exact instaentaneous
temperature. As shown in following sectlions, a variety of simple alge-
braic solutions may be used for Instantaneous and time-mean temperatures
under certain sound-field and flow conditions.

An approximate analytic solution of equation (17) has been made for
points in the mixing reglon under the followlng conditions:

f%n 4.5, 5.5, 6.5 e o @ 1

=0
/T = 0.25, 0.75, 1.25 « « . ) (18)

II2 2v2

1+——-— >50

4x2f2m, J

As shown by the conditions sbove, the solutlon is for the maximum instan-
tanecus temperature at the antinodal stations. The solution is derived
in appendix B, and its final form 1s

hw 1 1
T %==41@ —
;}1 + 28
Ul

vhere @y is evaluated at the time X/U.

(for conditions (18)) (19)

2207
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oximate model for small deformation of diffusion wake, - If
the deformation of the molecular-diffusion-weke center is small, an
approximate analytic solution can be ocbtained from the continuous-line-~
source model defined by equation (S). Two conditions are necessary for
the use of this model: (a) stretching of the molecular weke must be
small, and (b) the radius of curvature of the deformed moleculsr-wake
center must be large with respect to the molecular-wake thickness. The
following sketch illustrates the necessity for these conditions:

°P5
y o ® o
L] [ ]
° ®
° °P5 o P'(x,y)
® ] °

Iine ° .

pource
/ [ ° °
e ° ° .2 e

The continuous-line-source model wes derived for a perfectly straight
molecular-wake center plane, so that the density, or spacing, of instan-
taneous line sources along the wake was constant, or uniform. As shown
by the preceding sketch, stretching of the wake causes a departure from
constant source density. The criterion for condition (a) is that the

ratio L&%ﬂ mst be nearly zero, where 8 1s the stretched length

between nodal points and (U/f) is the direct distance between nodal
points. This ratio is derived in appendix B, and its final form is

1/2
i(#)ﬂgé-‘-zﬁ) ,o1 (20)
T, 3 o2

vhere & 1s the elliptic integral and is defined as

1 1/2
P -[ =—=—)sin? 9| * ap (21)
2
=+ 1
0 2v2
Bquations (20) and (21) show that the stretching is a function only of
the ratio v2/U. This functional relation is shown in figure 3(a).
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Consideration of the previous sketch shows that the poimts Py and
Pg receive contributions of different megnitudes from P' and that the
total contributions received by Pg are greater than those received by
Ps. Therefore, to approximate the comtinuous-line-source model, condi-
tion (b) 1s necessary. The minimm radius of curvature TQ,min for any
time "in the cycle is derived in appendix B and has the following value:

rc min = Uz (22)
? 2,/2 YN~

This value occurs when 2i/T + 20/g = x, 2%, 3%, . . . Condition (b) 1s
satlsfled when Te,min >> N @ The minimm radius of curvature is plotted

in figure 3(b) for a range of values of the parameters v2fU and U//.
The effect of distance downstream on the ratio rc,m/ o I1s shown in

figure 3(c) for a particular velue of the coefficient of thermal
diffusivity .

If conditions (a) and (b) are satisfied, then an expression for in-
stantaneous temperature cen be derived from equstion (9). Figure 4 is a
diagrem of the molecular-wake position with respect to a fixed point,
vwhere the distance from the wake center to the fixed point 1s 7. 8Since
the radius of curvature is large, the distance 1 1s approximated by

1= (y-7Y) sin (arc cot%%) (23)

which may be written
—y =X _ 24

R

Substituting for the lateral distance 1 in equation (9) and using
equation (14) for y result in

, {22 en () o (ot ) - o]

= l+§%2-sin2(2:tf'r+2:(f%)

h.l!—e (25)
U /o,

2207v
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which may be Tedused to
i [m. (&2) ot <2xfc+ﬂ) ) ﬁ]z
o o et (e o
T

(26)

If the ratio J v2[U is very small, then dy/dx is negligible,
and the solutlion becomes .

2
. U_Séx__v_"__mx e_;é;%& [sin <1{-15> sin (Z:tﬁ' + %) - ;f;] -

For cases where p is nearly constant over the temperature range
of interest, equation (c;)’ may be replaced by h = pe, AT, and equations
(26) and (27) mey be written, respectively,

= Lin (3%) s1a (zm +=_f£1£) yﬂx]z

27 oy [1 +U—z;—2-sin2 (2::f1:+2w‘%)]

M"'Afoe

.t oy e anz;izmx[ (49 v1n (oo + ) - vmaJ

where = (a/1)/(Opcpa/2nay) and ymex = («/_ f-)/(xf)
The instan‘taneous-temera‘bu‘e varlations shown in figure 2 were calcu-
lated from equation (29).

(28)

(29)

\
Another version of the approximate model is described in appendix B.
In this version, the distance 1 shown in figure 4 is determined

analytically,
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Time-Mean Temperature in Mixing Region

The time-mean tempersature at any point in the mixing region may be
obtained by averaging the lnstantaneous temperature over one period of
its cyclie fluctuation:

Y/ 1
&= f AT dt -f ar a(fr) (30)
0 0

vhere the bar denotes a long-time average. The analysis employs equa-
+ions from the preceding sectlons, which are written in terms of the
volume specific enthalpy and can be converted to the temperature differ-
ence AT =T - Ty, by means of equation (2). Typical time-mean tempera-

ture profiles are shown in figure 5 for the case of small deformatlion of
the molecular-diffusion weke. An important feature of the time-mean
temperature profiles is that the mean temperature values asre higher near
the outer edges of the profiles. This is due to the lower transverse
velocity of the wake center at its extreme excursions. This point 1is
1llustrated in figure 2 by inspection of the relative magnitudes of areas
under the temperature variations at the points Py, Pp, and Pz. Another

feature of figure 5 is the sbsence of aerodynamic mixing at the nodal
pOi‘ﬂ.’bB fI/UB 1, 2, e & =

Calculation of mean temperature for exact model. - Since an analytic
solution was not found for the instantaneous temperature fluctuations of
the exact model (eq. (17)), a graphical ‘integration method must be
employed for evaluation of the mean temperature. Equation (17) may be
solved graphically for any fixed point P(X,Y) and for a series of
times <, Then through equetion ;2) , the instanteneous temperature dif-
ference at the fixed point P(X,Y) mey be plotted as a function of the
time <*. The mean temperature difference AT can then be obtalned
graphically.,

Mean temperature for small deformation of diffusion wake. - Calcu-
lstion of time-mean temperature for the case of small wake deformation
is somewhat simpler than for the exasct model, since approximate analytic
solutions are derived for this case in preceding sections. Instantaneous
temperature variations, such as those of figure 2, may be plotted from
equations (28) or (29), and the time-mean temperature may be evaluated
graphically from such plots.

Approximate analytic solutions for the mean temperature have been
obtalned from equetion (29). Thé derivations of these solutions and the
assumptions necessary for their velidity are.detalled in appendix B.

The approximate solutions are for the two zomes in the mixing region
shown in the following dlagram:

220y
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where zone I lies within the extreme wake positlion and zone II lies along

the extreme wake position. The approximate solutions for zones I and IT
are, respectively,

AT = o/t b — + +
AT 2@%@[;szulsin(xf%j]l (l} @(1_32)] {erf[ﬁ (1 Ril

- - 1 1-R -F(14R)2 e-F(l—R)ﬂ)
ext [NF (2 - 2] } = [m . o)

y E&%‘% r(1.25)  (Zone II) (32)
v2 sin (a'f.xﬁ)
2022

vhere F =

and R =

Y x/f _ Y
VE ARE sia (o) aex sta (/)

Close inspection of equation (31) shows that the time-meen tempera-
ture AT' in zone I 1s affected by the sound field and stream parameters
in the following ways when &/F(1-R) > 2: (a) AT increases as the sound-
wave_frequency rises; (b) AT decreases as the sound intensity rises; and
(¢) AT decreases as the stream velocity rises. Equations (31) and (32)
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may be used to construct time-mean temperature profiles such as showvm in
figure 5 by fairing between zones I and IT. As pointed out in the
RESULTS ARD DISCUSSBION, the pesk value of AT occurs between zones I
end IT, which should be kept in mind when falring the profile.

Analytic Procedure for Nonsimusoidal Velocity Fluctuations

In many sound fields, particularly those of extremely high intensity,

the velocity fluctuations may depart from sinusoidal form. The analytic
procedure for this situation 1s ldentical to that followed previously in
the text, If the mathematical expression for the variation of velocity
fluctuation with time 1s known, then analytic expressions for the instan-
taneous and time-mean temperatures might be found., If the velocity
fluctuation does not follow a known mathematical relation with time,

then graphical, or numerical, solutions for the instantaneous and time-
meen temperatures may be made by following the steps in the analytic
procedure discussed previously. The graphical method is outlined in the
SUMMARY OF RESULTS AND THEIR PRACTICAL APPLICATION.

APPARATUS AND EXPERIMERTAL PROCEDURE
Flow and Sound-Field Measurements
The epparatus used to produce a standing sound wave transverse to a
low-turbulence airstream is shown In figure 6. The calming chamber

minimized the effect of room drafts on the stream velocity and static
temperature. The stream veloclty was controlled by the adjustable-area

exhaust valve., The standing sound wave was generated by acoustical driver

units loceted at opposite ends of the resonant chember (as shown in fig.
6). The opposing groups of driver units were connected electrically
180° out of phase and were powered by a 1400-wett oscillator amplifier.
The line source of heat was a 0.0035-Inch-diameter Advance wire continu-
ously heated by direct current. Calculations of radiation and end con-
duction showed that these losses were negligible,

The stream velocity, static temperature, static pressure, transverse

velocity fluctuations, and sound-wave frequency were measured as described

in appendix C. These parameters were held constant during the experiment
at the following values:

<)

ry
-

rIfs.
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sh.em ve]-OCity, U, ft/sec [ ] [ ] L ] [ ] L ] [ ] [ ] L] L J L ] L ] * L J - L ] L J [ ] L ] [ ] L 17.6
Ambient statlic temperature, Tap, F « ¢ ¢ ¢ « ¢ ¢ ¢ o o o« « o 75 t0 82

Static pressure, In, HE 88 ¢ « o o s ¢ o« ¢ ¢ ¢ ¢ s o o o« 29.0 to 29.7

Root-meen-squere transverse velocity fluctustion, ,‘/:E , Tt/eec . . 3.33
so‘md Pl‘esme hml & L ] [ ] [ ] e L J L ] * [ ] L ] L] L ] [ ] L ) L] [ ] L] [ ] L ] L] L ] ® L ] 147
Somd-wavefreq:uency,fcho.o... .......-.104
Heat addition from line source, qf1, Btu/(ft)(sec) e e e s s« 0,038

Instantaneous and Time-Mean Temperature Measurements

Two different methods, resistance thermometry and hot-wire anemometry,
were used to measure the instantaneous temperature downstreem from the
line source of heat. These Instentaneous temperature measurements were
made at several transverse positions in the mixing wake at the axial
station [fX/U = 1.47.

The sensitive element of the resistance thermometer was a standard
hot~wire-anemometer probe. The resistance thermometer was essentially
sensitive only to temperature fluctuations in the airstream. Equations
describing this instrument's sensitivity and the compensating circuit
are given in appendix D, The anemometer probe also was operated as a
constant-temperature hot-wire anemometer. The hot-wire anemometer was
sensitive to both temperature and velocity fluctustions in the stream,
Detalils of the hot-wire technique and the sensitivity equations are in
appendix E. ’

The mean temperatures at polmts in the mixing reglon were measured
with a thermopile probe as described In appendix F. The mean-temperature
measurements were made at several transverse positions at the following
exial stations: fX/U = 0.24, 0.50, 0,75, 1.00, 1.24, 1.47, 1.72, and
1.96.

RESUITS AND DISCUSSION

For the experimental conditions investigated, the stretching of the
molecular-diffusion wake was small, and the minimm radius of curvature
was large compared with the wake thickness., Because of apparatus limita-
tions, experimental verification of the theoretical analysis was possible
only for the case of small deformation of the diffusion wake. However,
since large deformations of the diffusion wake are also of practical in-
terest, this case also is discussed herein on the basis of the theoretical
anelysis alone.




18 NACA TN 3760

Mixing Data and Comparison with Theory for Small
Deformation of Diffusion Wake

Flow and sound-fleld measurements. - Flow and sound-field measure-
ments were made throughout the region encompassing two nodal stations
downstream from the line source of heat and transverse dlstances greater
than the maximum excursions of the diffusion wake. Measurements with a
total-static pitot tube and a hot-wire anemometer showed that the axial
stream velocity was constant throughout the region of interest. The
hot-wire measurements also showed that the stream turbulence was negli-
gible and that no vortex street existed dowmstream from the line source.

Measurements with the X-wire anemometer showed that the transverse
velocity fluctuation v in the sound field was nearly sinusoidal and

that q/vz wes substantlally constant in the region of interest. A
typical oscillogram of the transverse veloclty fluctuation is shown in

figure 7(a), and an exial profile of a/vZ 1is shown in figure 7(b).

The decrease In \/vz at the inlet and exit of the resonant chamber was
due to sound leakage through the openings and sound absorption by the
chamber walls,

For the conditions used in the experimental investigation, the
stretching, radius of curvature, and slope effects had the following

values:
8 - (U/f
7.0%-)' = 0.019
rC,min/“/ak,mx = 54.3

&  -o0.19

Xy

These values were obtained from figures 3(a) and (b) for the measured

values of v2, U, and ox,max (®x,max is the maximum value of ,
calculeted at the maximm value of X). The values show that the theo-
retically predicted wake deformation was negligibly small, as illustrated
by the following sketch:

7

220%
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A® = distance fram wake center
where AT = 0.78 AT,

-

(o] S ——”
Line
source Minimum radius of

curvature, rg min >>4o

Instantaneous temperatures were calculated from the exact model (eq. (17))
and the epproximate model (eq. (29)) for the experimental conditionms.
These calculations showed very close agreement; therefore, the stretching
and curvature parameters listed above may be considered representative
for the case of small wake deformation.

Instantanecus-temperature measurements and comparison with theory. -
Instantanecus-temperature measurements were made at the second antinodal
station UX/U = 1,47) with both the resistance-thermometer and hot-wire-
anemometer techniques. Typical osclllograms made by these two methods
are shown in figures 8(a) and (b), respectively. The measurements were
made at three transverse positions, Y/ypax = O, 0.49, and 0.98, and show
good agreement in shape. The hot-wire-anemometer results are discussed
further in appendix E.

Instantaneous-temperature variations were calculated from the
resistance-thermometer oscillograms of figure 8(b). These experimental
instantaneous-temperature variations are compared in figure 9 with the
theoretical analysis for small deformations of the diffusion wake as
expressed by equation (29). Since the transverse velocity fluctuations
were not precisely sinusoidal, graphical solutions were also made and
plotted in figure 9. These solutions were based on oscillograms such as
figure 7(a) and followed the methods outlined by the theoretical enalysis.
The agreement between the experimental datea and the theoretical and
graphicel solutions 1s quite good at the transverse positions Y = O and
Y = 0.17 inch., The discrepancy in figure 9(b) may be due to error in
the probe position. The peaks In the measured temperature fluctuatlon
are closer to JT = 0 +than ere the thecretical curves, and the measured
instantaneous temperature is higher than the theoretical value at
St = 0. Inspection of figure 2 shows that these two observations are
consistent with an error in probe position. The asymmetry of the theo-
retical curves sbout /T = 0 in figure 9 is due to the fact that Jf
was not an exact antinode., Calculatlon shows that the theoretical
curve is symmetric sbout /T = 0.016.
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Time-mean tempersture measurements and comparison with theory. -
Time-mean temperatures measured with the thermoplle probe are compared
with theoretical analyses in figure 10. The transverse profiles of time-
mean temperature were measured at a series of axial stations through the
second nodal stetion, both with and without the transverse sound field.
The measured temperatures show good asgreement with the equation for
molecular diffusion (eq. (9)), in the ebsence of the transverse sound
fleld.

The meesured time-mean temperature profiles show good agreement
with the approximate theoretical solutions, given by equations (31) and
(32), except at the axial stations /X/U = 0.75, 1.00, 1.72, end 1.96,
as shown by figures 10(c), (d), (g), and (h), respectively. At the
stations JX/U = 1.00 and 1.96, the measured profiles indicate some
degree of mixing, contrary to the theoretical prediction of no mixing
at the nodal stations. The measured profiles at stations /X/U = 0.75
and 1,72 indicate less mixing than theoretically predicted. These
discrepancies may be due to probe posltioning error or to errors in the
nmeasurement of stream velocity U and sound-wave frequency S through
vhich the theoretical nodal stations /X/U = 1,2, . . . are determined.

The Interpolation between the theoretical solutions given by equa-
tions (31) and (32) is shown by the dotted lines in figure 10. The
meaximm velues of AT fall at values of Y/yg,, less than 1.0. This

is because at a point Y/Ymax less than 1.0 the wake passes twice in a

cycle; and, if the point 1s near 'I/m = 1,0, the wake passes at a
veloclity less than that at I/ymx = 0, Calculations of time-mean tem-

perature from the exact model (egs. (17) and (30)) showed that the peak
values of AT fell close to Y/yy,, = 1.0, as shown in figure 10,

By closer inspection of figure 10, it can be seen that the agreement
between theory and experiment is particularly good near the line source
of heat and at the antinodal stations., It is posslible that a random
angular fluctuation in the stream direction might explein the disesgree-
ment between theory and experiment at far downstream stations where the
lateral displacements of the wake are small. This possibllity is
strengthened by the observation of low-frequency random fluctuations in
the thermopile-probe emf readings throughout the course of the experiment,

Graphical solutions, based on the veloclity fluctuation oscillograms
(fig. 7(a)), were made for the axial stations J/X/U = 0.75 and 1.47 as
shown in figures 10(c) and (£), respectively. These graphical solutions
are in fairly good agreement with the analytic solutions based on a
sinusoldal velocity wave form, so the ‘nonsinusoidal wave form was not
the reason for disagreement between theory and experiment.

220%



4022

NACA TN 3760 21

The discrepancies discussed asppear to be caused by imperfect experil-
mental conditions and techniques. For thils reason, the experimental data
are considered to be satisfactory substantiation of the theoretical
analysis for small deformation of the diffusion wake.

Theoretical Effect of Large Diffusion-Wake Deformations on Mixing

In order to 1llustrate the effect of wake deformation on the instan-
taneous and time-mean aerodynamic mixing, a comparison was made between
the exact model and solutions applying in the case of negligible wake
deformation. The exact model (eq. (17)) accounts fully for stretching
and curvature of the weke. The solutions for negligible wake deformation
(egs. (29), (28), and (B4O)) are predicated on the assumptions of negli-
gible wake stretching and negligible diffusion in the stream (axial)
direction. In addition, equation (29) assumes that the wake center is
neerly parallel to the stream direction (i.e., small slope), and equation
sze) assumes that the wake center has negligible curvature. Equation

B40) accounts for the geometric curvature of the wake and is derived in
appendix B.

In order to determine the effect of apprecisble wake deformation on

the mixing parameters AT and -A'I'—, solutions from the exaect and approxi~
mate models were calculated for the following conditions:

v2 = 16.7 fps (161 ab)
f = 520 cps
U= 17.6 fps
g/1 = 0.0308 Btu/(£t) (sec)
fXfu=1.5
Thege conditions were chosen so that the seventh antinode (/X/U = 7.5)
fell at the same axlal station as the second antinode in the experiment.

This kept the width of the molecular wake the same as in the experiment.
The conditions sbove are also such that y,., is the same as in the

experiment so that a graph of AT agalnst J© would show local mixing
in space. The stretching and curvature parameters for the conditions

above are
s - (ulf
S = o3

*e,min! Vpax = 2417
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Effect on instantaneous temperature. - Instantaneous-temperature
differences AT were calculated from the exact model (eq. (17)), for
the conditions ebove, at a series of transverse positions. These Instan-
taneous temperatures are shown by the solid lines in figures 11l(a) to
(d). For comperison with the exact model, instanmtenmeous-temperature
differences were calculated for the same conditions from the simplest
solution of the small-deformation model as given by equation (29). The
small-deformation-model solution is shown by the short-dash lines in
figures 11(a) to (d). This comperison of exasct and approximate models
clearly shows that a substantial degree of instantaneous, or local,
mixing occurs when the wake deformations are large. For all the trans-
verse positions shown, the peek temperature of the instantaneous time
profile is substantially lower when the wake 1s deformed. This decrease
In peak temperature is due to the stretching of the wake and concurrent
lower density of instanteneous sources, as discussed in the THEORETICAL
ARATYSIS. The decrease 1s largest for the transverse position Y = O,
since the source density is lowest for the shape assumed by the wake as
it passes through Y = 0 abt an antinodal station. This point can be
verified from inspection of the sketches in the THEORETICAL ANALYSIS
section and of figure 4.

In order to illustrate the effect of curvature, equation (28) is
plotted in figure 11 as a broken line. Equation (28) accounts for the
slope of the weke center, thereby belng a more accurate representation
of the small-deformation model. In addition, a precise representation
of the small-deformation model is shown in figure 11 by the long-dash
lines. This solution (eq. (B40)) accounts fully for the geometric curva-
ture of the wake center, as shown in figure 4, and i1s derived in appendix
B. The effect of curvature on the exact model is illustrated in figure
11(c). By inspection of figure 1(b), it is seen that a fixed point at
I/ym = 0 1in the antinodal plane receives significant contributions

from a longer arc le of the wake when the wake is at /T = 0 +than
when the wake is at /7T = 0.15. Because of this cwrvabure effect on
contributions to Y/ym = 0.8, the exact model shows a correct tempera-

ture at /vt = 0 which is higher than any of the solutions to the smell-
deformation model. This bebavior of the exact model in comparison to
that of the small-deformation model 1s quite reasoneble in view of the
fact that the small-deformation model implicitly assumes a flat, umcurved,
center shape. .

The peak-instantaneous-temperature difference calculated from
equation (19) is also shown in figure 11(a). The comparison of equation
(19) with equation (17) is guite good, indicating that equation (19) may
be used for approximate calculetion of the peak instantaneous temperature
for the case of large waeke deformation. Algebralc comparison of equa-
tions (19) and (27) shows that the peak temperature at the antinodal
stations and Y = 0 1is diminished approximstely by the factor

1/ 'Vl + 2;2_/0'2 when wake deformation becomes apprecilsable,

220%
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In summary, large wake deformations substantially lower the pesk
values of the instantaneous temperature and apprecisbly change the shape
of the tempersature-time profile.

Effect on time-mean temperature. - The effect of weke stretching
and curvature on the time-mean temperature is shown in figure 12, where
theoretical temperature differences AT are plotted against the trans-
verse position Y/ym. The values of mean temperature difference were

calculated from equation (30) for each of the four solutions shown in
figures 11(a) to (d).

As discussed in the preceding section, equation (340) 1s the precise
representation of temperature fluctuations for the case of negligible
wake deformation. The mean temperatures calculated from the exect model
(eqs. (17) end (30)) are considersbly lower than those calculated from
the negligible deformation model (eqs. (B40) and (30)). This comperison
clearly shows the effect of stretching and curvature on the time-mean
mixing.

The instanteneous-temperature varlations calculated from the negli-
gible deformation model (eq. (29)) are very different from those calcu-
lated from the exact model (eq. (17)), as shown in figure 11. For this
reason, the close agreement between the mean temperature differences
calculated from these two models and shown in figure 12 i1s fortultous.

In sumary, large wake deformations substantially lower the time-
mean temperstures throughout the transverse profiles In the mixing region.

SUMMARY OF RESULTS AND THEIR PRACTICAL APPLICATION

In order to facllitate the engineering application of the informa-
tion presented in this report, the results are summerized in this section.
The information is divided into four practical problem cases: for sound
Pields with a sinusoidal wave form (1) for small wake deformation and
(2) for large wake deformation, and for sound fields with a nonsinusoldal
wave form (3) for small wake deformation and (4) for lerge wake deforma-
tion. The criteria for small weke deformation are low values of the

stretching paremeter 8 -U u/f , which cen be evaluated from figure 5(&),

and high values of the curvature parameter Tc,min A/qu, where the
radius of curvature rg pjn cen be evalusted from figure 3(b) and the

spreading coefficient @ can be evaluated from equation (5). If
re,min /A @oeg 18 greater then 50, then the effect of curvature is

negligible,
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Ancther criterion for small wake deformation is the comperison of
peak instentaneous temperatures at the antinodal stations and Y = 0O v
calculated from equations (19) and (27). (Note conditions imposed on
eq. (19) in the THEORETICAL ANALYSIS section.) This comparison shows
that 1f (2v2/U2) = O, then the peak temperatures calculated from these
two equations are nearly equal and the wake deformation 1s small,

In the sections followlng, equations and procedures are listed for
each of the four cases discussed previously.

220v

Sound Flelds with $:I.nusoidal Wave Form

Small wake deformation. -~ The conditions necessary for small waeke

deformation are )
8 - (u/f
S -0

e, min > > 4/Cpax
Ve

—_—n 0

U

Recommended equations:

A E ) = - e— > nzgx [sin (_:%_I;_) sin (Zmﬁ' +—"-I/Jx;) -

=)

(29)
— ATo 1
AT (X,Y) = Tl 1+ (l_Rz)]{erf[ﬁ(lm)] + erf[d'f(l-n)]} -
-F(14R)% - ¥(1-R)2
1 'J-:B' e }ﬂ e ne
& (1-8%) |_ 2 i o 12328)

X (X,Y) = F__&’%? r(1.25)  (zooe II) (52) )
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Large wake deformstion:

n(x,1,7) = 42

0
From equations (17) and (2), plot AT(X,Y,v) against 7. Then:

1/f

A(X,Y) =/ AT dt

Bound Flelds with Nonsinusoidal Wave Form

Small wake deformation. - Conditions necessary:
8 - iuéf ) .
5 0
Te,min >> 1/ Opax
A .
T 0

Recommended procedure:

From:

N : (=) #{(m - [.mwu).mcwe + <) -f;

a(xft)

(17)

(30)




26 NACA TN 3760

perform graphical integration to obtaln:

N

Using equation (12), plot y(x,T):

d

0

-y
For a particular X and Y, by using eque.tions (9) and (2) and method
figure 4 and described by equation (B40), find:

JANEIAN

o T

By graphical integration, obtaln, for a particular X,

a

L)

2209
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Large wake deformation. - Recommended procedure:

From:

_—

perform graphical integration to cobtaln:

VN

-V

0 T
Using equation (12), plot y(x,T)
Fraction of
y cycle, /T

-y
Use equation (16) with y for velues of Ut from preceding sketches:

1 2 2
- £ [ - 2% + 5 - 1)F]
n(x,,7) = L J\ 1. 3 & (16)
0
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For a particular X and Y, from equations (16) and (2), plot:

AT

1
0 i~

) /

For a particular X, by graphical lntegration, find:
AT
~Y (o) Y
CONCIISIONS

From an investigation of the aerodynamic mixing by a standing sound
wave downstream from a continuous line source of heat, the following con-
clusions are drawn:

1. The velocity fluctuations in a periodic sound field contribute
to aerodynemic mixing by periodically displacing the diffusion wake in a
manner similar to the displacements of a flag waving in a harmonic mode.
Important characterizing perameters of the wake displacement in a
sinusoidal-wave-form sound field are:

a. Nodal poimts of the weke displacement exist at the
Btgbions j‘x/.t].= 1’ 2, e o o

b. The maximm weke displacement occurs at the antinodal

stations end 1s equal to (A[Z x rms transverse velocity fluctuation)
divided by (= x sound-wave frequency).

2. VWhen the stretching of the diffusion wake is small and its
radius of curvature is much greester than its thickness, then the wake

deformation is small, and the sound fileld has the following mixing \
effects:

Fil

[rLr 7ot 8
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a. In the time-mean sense, concentrations are greatly
reduced, except at the nodal statlons. For exemple, near
the line source the time-mean temperature difference is reduced
by more than an order of magnitude In the presence of a 147-
decibel, 104-cycle-per-second sound field.

b. In the Instantaneous, or local, sense the sound fileld
does not contribute to mixing,

3. When the sound field causes apprecieble deformation of the d4if-
fusion wake by stretching and bending, then the sound fleld contributes
to mixing in both the time-mean and instanteneous senses. For example,
the peak Instantaneous temperature difference in a 16l-decibel, 520-cycle-
per-second sound f£ield was 61 percent of the peak Instantaneous-
temperature difference in a 147-decibel, 104-cycle-per-second sound

field; and the mean temperature was as low as 66 percent of that in the
147-decibel field.

Iewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, May 9, 1956
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APPENDIX A

SIMBOIS
term iIn King's eq.
constant in King!s eq.
term In King®s eq.
constant in King!s eq.
capacltance
concentration of mass

specific heat at constant pressure
coefficlent of molecular diffusion of mass
hot-wire dlameter

transverse éispla.cement of fluld line elements

sound pressure level in decibels = 20 log;
[p/ (0.0002 aynes/sq cm}

direct-current voltage
complete elliptic integral of second kind

alternating-current voltage

x
error function = (2/4/7) j; e a

factor equal to [ﬁ sin? (—"{-;5)] / (2x2f %m)

constant

frequency
electronic gain

2207
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g constant

H/1 strength of instantaneous heat line source per unit length

h volume specific enthalpy (enthalpy per unit volume)

I direct current

k thermal conductivity

1 length

M time constent

m constant in expression for film temperature

P fixed point in mixing region

p? ‘position of instantemeous line sources in molecular-diffusion
wake

P sound pressure fluctuation

a/1 rate of heat release from line scurce per unit length

R factor equal to (nf)/[,\/'z' ;\/v—_z sin (:;f ;’:-)]

ro radius of curvature of deformed molecular-diffusion-weke center

8 stretched internodal length of molecular-diffusion-weke centexr

T temperature, °R B

or temperature difference, T - T, °F .

g time-mean temperature difference

t . residence time

U stream veloclty

u axilal velocity fluctuation —

<

transverse velocity fluctuation, (i.e., particle velocity in
sound. wave)
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position of probe, or fixed point
Cartesian coordinates fixed in space

position of molecular-diffusion-wake center wilth respect to
flow axis plane :

maximm position of molecular-diffusiop- center with
respect to flow axis plane = (4/2 )Y/ (=)

coefficient of thermel diffusivity, k/pcp

varisbles of integration

Gamme. function

temperature fluctuation ’ .
Carteslan coordinates moving with the stream

an angle

density

thermal coefficient of resistance

time assoclated with the standing sound wave
angle of X-wire array to stream direction
electric resistance

molecular spreading coefficlient

molecular spreading coefficient evaluated at X/U

amplifier input
ambient
compensator

ges £ilm

220v
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i summation convention

L electric cables

max meximm

min minimm

o output

w referring to hot wire

0 reference '

1 any particular value for the varisble
Superscript:
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APPENDIX B

DERTVATION OF EQUATTIONS APPEARING IN THEORETICAL ANALYSIS
Approximate Analytic S8olution of Exact
Instantaneocus~Temperature Model
Equation (17) can be solved analytically for the special conditions:

afe - of E<0.02 af % (B1)
f%-= 4.5, 5.5, 6.5 . . . (B2)
Y=0 (83)
ft=0.25, 0.75, 1.25 . . . (B4)
- b Ef_a)m (s5)

Letting B = wft -~ :tf%.— and using equstion (13) for y 1in equation (16),
result in

o
o] Sl (o o))
b=t TPX. oy © a
gz &) e
L]

Tt should be noted here that the application of condition (Bl) limits the
range of integration to the major vaelues of the integrand. With condi-
tions (Bl), (B3), and (B4), an approximate form is

-—-la— Bz+-2i-2-—[-cos(2:tfr+2:tf§+ ZB)]Z
h w2 o 4l a2 U ap
axlf X
% J-f 7 (1)
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By trignometric identity end conditions {B2) and (B4),

U2 2v2 2
- 4,r2f [ﬂz + ZU—Z (:I-. sin Zﬂ)]
4-1th @y X °

- §

If the angle B 1s limited to the conditions

ag (B8)

|8] <0.25 (B9)

then the sine of 28 can be replaced by 2p:

..__..Uz—(l.f%ﬁz
hﬂ—%b—- e 4o vt as (B10)
anfa
- X

T
The imposition of condition (B9) is Just:l.fied. by condition (BS), which
drives the integrand to small velues at the limits of condition (39)

By change of varieble, equation (BlO) may be written

g f_ﬁ;ff By et ) e mﬁr "

4.12/ ox
(B11)
By conditions (B2) and (BS), end by algebraic reduction,
hw o/l 1 — (foz- conditions (Bl) through (B5)) (BL2)

U4y v
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Calculation of Stretching of Molecular-Diffusion Wake

The stretched length 8 of the molecular-diffusion weke between
adjacent nodal points in the mixing region can be calculated from the

equation
8= J: d [1 + (g)z]llz dx (B13)

The derivative dy/dx can be determined from equation (12) in the THEO-~
RETICAL ANALYSBIS section, so that the stretched length is

uflf —
8 =\[ [1 + EZZE sin? (a::fr + 2nf %)]1/2 ax (B14)

0

Bince 8in%9 = cosz(e - -’5‘) and cos?d = 1 - sin®0, equation (Bl4) may be

written
1/2 f 1/2
2ve 1
S=(1+U7_—) ‘r 1l- Hz—.——-l-—-]—- sinz(Z:tf'r+2:(f%-’2—t-) dx
0 2;2-
(B15)

By the change of independent varisble ¢ = 2itft + zaf%-lz‘-, and by noting
the periodicity of the integrand, equation (B15) becomes

2u 2ve /2 7 1 -
8 = "?' (l + U—'a———) . l- E sinztp dae (BJ.S)
2v2

The imtegral is the complete elliptic integral of the second kind;

xf2 1/2

&= 1 -f %=\ sin2e| a9 (B17)
Z o1
o 2v2
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so that the stretched length between adjacent nodal points is

1/2
20
8 =27 (1 + Uz_) & (B18)
From equetion (Bl8) a stretching parameter may be written
1/2
8 - (U, 2
5 == (l + U—2-_> £-1 (B19)

Calculation of Radlus of Curvature of Deformed
Molecular-Diffusion Wake

The formala for radius of curvature is

- g12:5/2

(B20)
(:i_az

dx

rcﬂ

Teking the first end second derivatives of equation (11) and substituting
into equetion (B20) result in

[1 + E‘ﬁ sinz(Z:tﬁ: + anf & ]5/2
I‘c = U

23[2 ;ZZF

where the vertical bars indicate ebsolute values. The minimum radius of
curvature rp ns, occurs when 2mft + 21([%= ,2%,3¢, . . . , end its
valu~ is

(B21)
.cos (2:\:)‘: + 2nf %)

U2
r = ——___ (BZZ)
C,min on/ “fvz
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Approximate Solutions of Mean-Temperature Integral
for Negligible Wake Deformation

As shown in the THEORETICAL ANALYBIS section, an expression for the
mean tempersture AT et any point in the mixing region is the integral
equation formed from equations (29) and (30):

/ - —E— sin (—"é—x-) sin(Z:th + %I; -ﬁ]zdt

AT = S A'I'o
(B23)

vhere

sz = (VE V) ()

Although en snalytic solution could not be found for equation (B23), ap-
proximate solutions were found for the two reglons shown 1n the following
diagram:

The conditions for approximate solutions in these two zones are:

X

Y
Zone I Y<ﬁﬁsin(ﬂf%) o<%—<1<%‘<2’?.‘..
Y zxvzsin(::f%) o<[§<1<f—%<2...

Zone IT
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Approximate solution for zone I. - By a change of varisble, equation
(B23) may be transformed to

2:l:+::f'1—[

__ Aar U _ r)2

AT“'E;tgf x eF(sin'K R) ax (324)
ﬂfﬁ
vzs:l.nZEg

_ Yn/
4z 1/;‘2! sin(%j.

8ince the integral limits represent one cycle, equation (B24) may be
written as

. ar, (/2 2
AT = __o_ e-F(Sin X - R) d-x (325)

x -5/ 2

By another change in varisble, equation (B25) becomes

. AT, e F(e-R)Z
AT = — de (B26Y
7 1 2
-1 -8

where &= sin X. With a third change in varisble, equation (B26) becomes

1-R

7 Tl
% Ca

V(@ - B2) - (v2 + 2Rv)
-1-R
where Vv= & - R. Expanding the integrand denominator in a binomial
series in (1 - R2) and (v2 + 2Rv), evaluating at the integral limits,
and neglecting higher order terms give

AT = dv (B27)

X

=l aafemes] - <l

- F(148)? | 1 LR - F(l—R)z]) (228)

1 [1 -R
A/F(1-RE)| 2

- e e e — - maa—y
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Noting that ATy = —aft equation (B28) may be further reduced to
pcPU A

_— zﬁ%ﬁ - (xf ]Q =0 Rz)]{u'f[ﬁ(l#.] erf[‘\fF_“(l-R)]}_

1 1-R - F(+R)? | o- F(1-R)
4/= YF(1-R) [1+n T+ | D (B29)

Approximate solution for zone IT. - When Y = - (—1[-2-—“1/7?3) sin(:nf %),

then R = -1, so that equation (B27) becomes

_ Amo o sz
5T = (B30)

‘\Izv - vz

Expanding the integrand denominator in a binomial series and neglecting
higher order terms,

" amg [2 -sz

AT = (B31)
=Jo V&
By e chenge in varisble, equation (B3l) becomes
— jég ATy ra/f2 arks ot
AT = F yy -ﬁ_J:) e ay (332)
As shown in reference 8, when 4/2 Fi/4> 1, equation (B32) is approximated

by

— 2 AT
AT = F_g% ~2 r(1.25) (B33)

—_ e —_ —————— - — —_—————— -
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Solution for Instantaneous Temperature for Small Wake
Deformation Allowing for Wake Curvature

The THEORETICAL ANALYBIS section presents two approximaste solutions
for small deformations of the molecular-diffusion wake. Figure 4 shows
the geometric assumptions used in deriving these equations. In equation
(26), the slope of the wake center plane was assumed constant over the
small range of 1 vwhich is of interest. Derivetion of equation (27) as-
sumed Zurther that the slope was essentlislly zero, thereby making 1t
possible to neglect the contribution of the axlal displacement to 1.

The following derivation considers the curvature of the weke center
plane. The position of the waeke at any particular fractlion of a cycle
Jfv, 1s given by

y = 2,; v2 sin ( X sin(Z:tfl.'l + Efu—) (334)
There is & point (X;,¥;) satisfying equation (B34) which is & minimal

distence 7 from the probe at (X,Y). This minimal distaence condition
requires that 17 be measured normal to the center plane curve, as shown
in figure 4. Therefore, the equation for the slope and end points of the
line segment 17 mst be given by

-YJ_"Y 1

5 = (B35)
x -X _(dy
Bl v,
where
1 - U 1
= —; . (B36)
2
(%)xliylx"l Va2 Bin(z"f'l + ﬁ‘tfrxl)
Combination of (B35) and (B36) glves
(x - xl)
v (B37)
1[' 1/v=2 sin(Z:tfcl + Z“fxl)

Bquations (B34) end (B37) define all that is needed to calculate the
minimal distance 17 for any time <;. Direct substitution of 7 -into




42 NACA TN 3760

equations (9) and (2) gives the instentaneous temperature at enmy position
within the mixing region. The actual procedure used to obtain figure 1l
i1s outlined in the following paragraphs.

The solution of equations (B34) and (B37) simulteneously for x; 1is

ﬂfx]_) U X - xy)

Bin(znﬁl A sin(' )sin(z:u‘:l+ ) .‘/"ﬁ sin(“ﬁ

For assligned values of x; near the probe-position plane X, equation
(B38) can be solved for Jfr; by successive trials. The corresponding
velue of y; i1s obtained from equation (B34), end the calculation of 1)
at this perticular /v, can be made using the following equation:

h = [(X -x)2+ (T - yl)zll/ 2 (B39)

The subscript 1 indicates that the distance corresponds to a particular
Fey-

The instentaneous temperature AT at this fraction of a cycle may
be made by using the following simplificetion of equations (9) end (2):

ATy = o, o~ (1)%/40 (B40Y

vhere ATy = (q/1)/(A/&m pch), and n; i1s given by equation (B39).
Bquation (B40) is restricted by the two conditions discussed in "Approx-
imate model for small deformatlion of diffusion weke." If these conditions
are satisfied, this analysls 1s a better approximation of the exact solu-
tion (eq. (173) then either equations (28) or (29). However, it is ob-
viously a far more tedious procedure.
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APPENDIX C

FLOW AND SOURD-FIELD MEASUREMENTS
Stream Velocity

The stresm velocity wes measured by the vortex-shedding technique
described in reference 9. The frequency of vortex shedding from a 0.250-
inch-diameter cylinder was determined by forming a Lissajou's figure
from a hot-wire anemometer signal. The stream velocity was then calcu-
lated from the frequency of shedding by means of the Strouhel mmber.

Stream Static Temperature and Pressure

The stream temperature was measured with & mercury thermometer at
the calming-chamber inlet. The stream pressure was measured with a ba-
rometer and differential water msmometer.

Transverse Veloclty Fluctuation

The transverse veloclty fluctuation v wes measured with an X-wire
anemometer. Since the veloclty antinode and pressure-node plenes of the
stending sound wave passed through the line source and stream centerline,
the veloclty fluctuations were at a mexdmm and the pressure fluctuations
were negligible in the mixing region. 8ince both turbulent velocity
fluctuations and pressure fluctuations were negligible, the X-wire ane-
mometer could be used to measure the transverse velocity fluctuation.

The operation and design of the X-wire anemometer equipment has been
described in references 1 and 10, and will be only outlined here. The
X-wire probe and clrcuit diagram were identical to those described in
reference 10. The sensltivity of the X-wire is given by the equation

U

G{AE/AY e (Cl)

Vv =

vhere e 1s the alternating-voltage difference between the two hot wires,
G 1is the amplifier galn, and AE/A¥y is the slope of the X-wire calibra-
tion curve. A typical plot of the direct-current-voltage difference be-
tween the hot wires E and the relative angle between the X-array and
the stream direction ¥ is shown in reference 1.

The root-meen-square value of the transverse velocity fluctuation

V v2 wes measured with a true root-mean-square voltmeter. The sound-
wave velocity v(T) was also recorded in the form of oscillogrems.
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APPENDIX D

INSTANTANEOUS-TEMPERATURE MEASUREMENTS WITH RESISTANCE THERMOMETER

A standard single-wire anemometer probe was used as the semnsitive
element of the resistence-thermometer equipment and 1s shown in figure
13(a). The resistance thermometer circuit design was based on unpublished
instrument research by Mr. E. Carlson of the Lewis leborestory. The circuit
diagrem for the resistance thermometexr is shown in figure 15(“b) With
the "run-calibrate switch" in the calibrate position, a step-function
current could be impressed on the resistance thermometer. A typicel time
response of the resistance element to this step-current is shown in fig-
ure 14(a). Since the resistance element was known to have an exponential
response curve, its time constant could be measured directly from oscil-
lograms as shown in figure 14(b).

With the "run-calibrate switch" in the run position, the circuit in
figure 13(b) could be used as a compensated resistance thermometer. The
senslitivity of the instrument to temperature fluctuations is glven by
the expression

5 - Tem[0-1404 (R + &) + 1] e

°Tam
31.62 GlcTySem [ﬁmj

vwhere 8 1is the temperature fluctuation, Ty, 1s the amblent air tem-
perature, Qam is the wire resistance at the temperature T.,, @ 1is
the probe lead resistance, G 1s the gain of the amplifier, I, is the

wire current, 0 1is the thermal coefficient of resistance of the wire
material, e 1s the amplifier ocutput voltage, and 31.62 G, 1s the gain

of the resistence thermometer circult where G, 1is given by the
expression

(1)

N =\/§€(§§+ 2)(1 +:f°1‘ + 1+ (20

In the present experiment, the circult components were adjusted so that
the term (2:\',,/32(3(:')2 was small compared to the flrst term in the denomi-

nator. The gain G, could then be gpproximated by the expression

(p2)
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e 9°(“°+211+2°)+1
% (%90 g

In operation, the time constant M was determined from en oscillo-
gram of the time response of the resistance element to the step current.
The resistances R, and 90 were then adjusted so that

(p3)

&C =M (De)
and

gt:

% = 14 (p5)

With the condition (D5), the over-all circuit frequency response was
flat within 3 percent from 20 to 500 cycles per second. With the cor-
rect compensation, the circult was then used to obtaln osclllograms of
the instantaneous-temperature fluctuation at a mumber of points in the
mixing region.
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APPENDIX E

INSTANTAREOUS-TEMPERATURE MEASUREMENTS WITH HOT-WIRE ANEMOMETER

As pointed out in reference 11, the hot-wire enemometer theoreti-
celly can be used to measure temperature fluctuations simultaneously
with veloclty fluctuations. In the present experiment, the axlial veloc-
ity fluctuations were negligible, so that a single hot wire placed normal
to the flow direction should be sensitive only to temperature fluctuations.
However, for clarity and future reference, the hot-wire sensitivity equa-
tion is derived herein for both temperature and velocity fluctuatioms.
The derivation 1s made for constant-temperature operation of the hot wire.

Derivation of Sensitivity Equation
In reference 11, King's equation 1ls wrltten:
122 = (A + B A/0)(2 - 8,,) (EL)

where I and & are the hot-wire curremt end operating resistance,
respectively. The factors A and B and the cold-wire resistance 2,

are functions of temperature as follows:

A= %,- - (E2)
B = %W (E3)
8 = 90[1 + a(Tgy - To)] (Be)

where a and b are constants, 1 1is the wire length, & i1s the wire
diameter, o 1is the thermel coefficient of resistance of the wire mate-
rial, 2; 1s the wire resistance at the reference temperature To, Qam

is the wire resistance at the ambilent temperature Tam» kK 1s the fluid
thermal conductivity, cp is the fluld isobaric specific heat, and p 1is
the fluid density.

In the temperature range from S500° to 1000° R, the thermal conduc-
tivity of alr is closely epproximated by

k = ﬂ_.mo.BSl (Es)

™
8
N
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vhere f 1is a constent, and the exponent 0.851 was evaluated from the
data of reference 12. Since the specific heat Cp hes negligible change

in the temperature range 500° to 1000° R, equations (E2) and (E3) cen be
written as

A= (%ﬁ-)[m - m(T - Tm{lo.esl (E6)

B = G};Vﬂcpfg)[tr - m(T - Tm)]-o.ous (E7)

where [T - n(T - Tm)] is the film temperature appropriate ko the heat

transfer from the hot wire at temperature T to the fluld stresm at
temperature T,, and m is an unknown constant.

With A, B, and R, given in terms of the temperature Tg,;, equa-

tion (El) cen be differentiated to obtain the combined temperature and
veloclty sensitivity of a constant-temperature hot-wire anemometer (2,
and therefore T, held constant):

Zdenﬁaa;[(A+B‘\/ﬁ)(9-9m)] dmam+a%[(A+B1fﬁ)(9-Qam)JdU
(E8)

By noting that the voltage fluctuation across the hot wire is e = R4l
and. defining the temperature and velocity fluctuations as 8 = 4T, and

u = dU, respectively, equation (E8) becomes

ZIe=[(A+B1/ﬁ)Wa—(Q—9m)+

(s-ﬂm’)(o«—%—f;+1/ﬁ£?;)] 6+[-(i'2—917'_;)—31]u (29)

The various partial derivatives are

A @ %) = G0 = - Ty (=0)
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. . 0.851 mA
= %%)(0.851 m)[tl' - m(T - Tgy) |0 EE - u(T - T;)j-( )
Ell

OB 0.0745 mB
Tn [T - (T - Toy)] (E22)

By assuming negligible natural-convection effects, the mean values X
and B can be written as

- (1% - 1)
B = ;ﬁ(ﬂ - gm) (EA:)

where I, 1is the wire current et the stream temperature and pressure,
but with zero velocity.

Substitution of equations (E1O0) through (El4) into equstion (E9) re-
sults in the desired sensitivity equation

= Som

°Tam
Cc T, VT, 1+u("f;m-'3)']+

N (i]_' 9 — E).szs (I_]?_)z - 0,0745] 8 + ;{%[1 - (-IT"-)z]u

am
(E15)

Hot-Wire-Anemometer Circultry and Operation

The hot-wire-snemometer probe used for the tempersture fluctuation
measurements is shown in figure 15(a), eand the circult diagram was the
same as that used In reference 10. 8ince the velocity fluctuations in
the axlal direction had negligible effect on a single hot wire positioned
normal to the stresm direction, equation (E15) could be modified to re-
late the oscilloscope display voltage to the stream temperature fluctua-
tlons as follows:

220%
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3

- Tem®o _
P of 2
19(26) ] - ﬁ%] + Tizg_l—lr—;]l}.szs@) - 0.074.5]
am
(E16)

vhere 2G 1s the gain of the bridge-amplifier combination, and e, is
the voltage displayed on the oscllloscope.

Hot-Wire-Anemometer Measurements

The sinusoldal wave to be seen at the base of the hot-wire-anemometer
oscillograms in figure 7(a) is due to the influence of the transverse ve-
locity fluctuation v on the hot-wire heat loss. As shown ebove, the
sensltivity of the hot-wire anemometer to temperature fluctuations depends
on the f£ilm temperature Tp = T, ~ m(T, ~ Tgy). When the constant m is
set equal to 1.0 (so that Tp = T.y), and when the oscillograms are cor-
rected for the effect of v, then the peak temperature difference AT,
measured by hot-wire anemometry shows good agreement with the peek temper-
ature AT, predicted by equation (7). The equivalence of T and Tom
is in agreement with previous results reported in reference 13, where the

term A (eq. (E2)) was found to be a function of the smbient finid
temperature. ]

In summary, the hot-wire-anemometer measurements supstentiate those
of the resistance thermometer when the film temperature was taken equal
to the ambient temperature. Further research is necessary before the
equivalence of film end amblent temperature is fully established.

e —— < ——
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APPENDIX F

MEAN-TEMPERATURE MEASUREMENTS

The mean-temperature measurements were made with an iron-constanten

thermopile probe shown in figure 15(a). The thermojunctions were care-
fully alined to fall on a line parallel to the line source of heat. The
circuit disgrem is shown in figure 15(b). The time constant of the ther-
mocouples was high enough to ensure true averaging of temperature fluc-
tuations, so that the emf read with the potemtiometer was in direct
proportion to the mean tempersture difference AT.

6.

7.
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Dimensionless temperature difference, AT/AT,

- RACA TN 3760
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Figure 2. - Typical thearetical instantaneous-
temperature - time verietions in mixing region.
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ond; sound-wave frequency, 104 cycles per second;
root-mean-square transverse veloclty fluctuatiom,
3.35 feet per second; rate of heat release from line
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Yigure 5. - Typical tims-mean temperature profiles in mixing region for small
deformation of the moleoular-diffusion wvake.

" 4022

09lS NI VOVN



80 RACA TN 5780

Iine source of hsat

Aconstical drivers

Figore 6. - Flov and sound-field apparstus.

B

i

Rectifier unit

Two SO-mesh screens
T.3:1 Contraction nozzle —




4022

NACA TN 3760 61

transverse veloclty
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Proportional to

Proportional to time ¥
(a) Typical oscillogrem of transverse velocity- fIuctuation.

Mixing region,
3'§§ 1.0 /;f ) qam—
§g§ 7 T~
g:@ .B-J I \\\
33 N
géE '6_4 -2 0 2 4 8 8 10

Distance downstream from line source of heat, x, in.

(b) Axiel profile of velocity fluctuation in transverse standing
sound wave. Referencs root-mean-square trensverse velocity
fluctuation at x = 2 inches.

Figure 7. - Transverse-veloclty-fluctuation data.
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Proportional to instantaneous
temperature difference AT

I
y

(‘a) Hot-wire-anemometer data.

X
y

= 0.98

Proportional to time %
(b) Resistance-thermometer data.

Figure 8. -~ Instantaneous-temperature-difference oscillograms, X = 2.98
inches or fX= 1.47. .
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e Theoretical solution
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- = == Graphical solution
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gure 9. - Instantaneous temperature-time variation at various lateral positions.
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Instantaneous-temperature difference, AT, °F
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Pigure 9. - Continued. Instantaneous temperature-time variation at various lateral
positions. X = 2.98 inches or /X/U = 1.47.
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Plgure 9.\- Concluded. Instantaneocus temperature-time variation at various lateral
positions. X = 2.98 inches or /X/U = 1.47.
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(b) Terperature-time variation at Y/¥,.. = 0.4.

Figure 1l. - Couparison of exact and approximate solutions for ins ous temperature. Dimension-
less axial position, 7.5; cosfflcient of thermal diffusivity, 2.37xX1L squars feet per second;

stream-veloclty - frequenocy ratio, 0.0538 foot; ratio of root-mean-square vd.oo:l. ﬂnomﬂ.on to

stream veloolty, 0.947; ruhotm release from line socurce per unit length, O. Btu per second

per foot
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Figure 11. - Concluded. Comparison of exact and approximate solutions for instam ous temperature.
Dimensionless axial position, 7.5; coefficient of thermal diffusivity, 2.37xL square fest per
second; stream-velocity - frequency ratio, 0.0338 foot; ratio of root-mssn-square mmtzsa.um.-
tion to stream velooity, 0.947; rate of heat release from line source per unit length, O. Btu
per secoud per foot.
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N 6o |
0.125" Dlam. N\ ¢.25" Diem.

Ivwo wire supports with tapered diam. from 0.031" to 0.00T" at tips
f Single tungsten wire 0.08" long with 0.0002" diam.

Alr
flow
(a) Resistance-thermometer probe.
45 v d.c.
1500
I , _ Oscilloscope
D: 1000 o |
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% " 'n'Lé ' o Calibrate
10 ) ¥ Decade
A Run —AN—— auplifier
O— gy -°c=5 M 1 0 o.J
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M =500
o— h Wire crofarad Lo ol
1000 = =
01{2
Transformer voltage ratio = 1:31.6/ =

(b) Resistance-thermometer circuit.
Flgure 13. - Resistance-thermomster instrumentetion.
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(b) Graphical .construction.

Figure ]14. -~ Determination of time constant of resistance-
thermometer wire.
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(a) Thermopile probe and reference thermopile.
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(b) Thermopile circuit.

Figure 15. - Thermopile instrumentation.
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