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Abstract—In order to assess the effect of frequency on transport of a passive scalar contaminant in an
oscillatory flow, a piston-driven pipe flow is established. Two pipe test section geometries are used : one
straight, round, and uniform and the other uniformly tapering (i.e. conical). Flow is driven at frequencies
characteristic of human breathing, both resting, normal and high frequency. A screen of closely spaced,
parallel, thin wires is placed perpendicular to the flow, in the test section, and is heated so as to dissipate
a constant power into the fluid. The subsequent time-average and instantaneous temperature fields are
measured, as functions of position. The results are shown to be consistent with the consequences of
transport of heat by a combination of convection and diffusion. Convective transport is found to increase
with frequency, at constant amplitude, but the effective diffusivity does not obey the predictions of theories
which are based on an assumption of constant average axial gradient of the scalar field.

1. INTRODUCTION

RECENTLY it has been clearly demonstrated by a num-
ber of authors (e.g. Lunkenheimer ez al. [1], Bohn et
al. [2], and Slutsky et al. [3]) that human respiration
can be driven artificially at volumes significantly less
than normal resting breathing volumes if frequencies
greater than resting breathing frequencies are used.
Inasmuch as traditional physiological ideas forbid gas
exchange when breathing volumes are smaller than a
fixed minimum called the respiratory dead space, a
limit which is routinely violated during high frequency
ventilation (HFV), interest has been sparked in the
mechanism by which gases are transported through
the lung during breathing.

Little is yet known about the details of the velocity
and concentration fields within the respiratory system,
principally because the pulmonary anatomy consists
in large part of a complex three-dimensional series of
branching tubes, which lead to secondary swirling
flow patterns and in some areas turbulence. Inves-
tigators wishing to gain insight into transport mech-
anics have therefore resorted to simplified geometries,
of which the most obvious is the straight tube.

Taylor [4] showed that for a diffusing mass species
in a rigid pipe if (i) the flow is steady, (ii) the axial
molecular diffusion is negligible compared to the axial
convective transport, and (iii) the time scale for radial
molecular diffusion is much less than the time scale
for axial convection, then the effects of longitudinal
convection and radial diffusion can be combined into

one effective parameter which he called the virtual
coefficient of diffusion, D, for the species. For a
circular tube he found

a2<u>2

Dy = 48D, M

where a is the pipe radius, {(U) the area averaged
velocity, and D, the molecular diffusion coefficient.
Physically, Taylor suggested that the spreading of
solute in the pipe, from some initial distribution, is
governed by a combination of convective and diffusive
motions. Axial transport is greater than would be
expected on the basis of molecular diffusion alone,
approaching that rate in the limit of low velocity or
high molecular diffusivity. On the other hand radial
molecular diffusion reduces the streamwise transport
from what it would be for a non-diffusing species,
because of material exchange between the rapidly
moving center of the flow and the slowly moving area
near the wall. The type of transport which arises from
these effects is commonly referred to as augmented
diffusion.

It can be shown (see Aris [5]) that if restrictions
(i) and (iii) are removed, the effective diffusion
coefficient, D, is given by

D= Dmol+Dvir' (2)

Mass dispersion in purely sinusoidal flows
in straight tubes has been studied by Chatwin [6],
Watson [7], and Joshi et al. [8], among others. For
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NOMENCLATURE
a pipe radius Vv control volume
A flow amplitude x axial coordinate.
C, fluid specific heat, at constant
volume Greek symbols
d pipe diameter o Womersley number
D effective diffusion coefficient of a O(r,@,x,t) instantaneous temperature
material solute K fluid thermal diffusivity
Dy molecular diffusion coefficient Ko effective thermal diffusivity
D, virtual diffusion coefficient v fluid kinematic viscosity
k fluid thermal conductivity p fluid density
P power dissipation of source o Schmidt number
Qeonv convective energy transfer in one T flow period
cycle ¢ azimuthal coordinate
r radial coordinate w flow angular frequency.
S control volume boundary
T(r,¢,x,f) temperature
Tt ambient temperature Other symbols
u(r,¢,x,t) instantaneous velocity @) average with respect to area
U(r, ¢, x,1) velocity - average with respect to time.

such harmonic flows, although the same basic mech-
anism applies as governs the steady flow case, the
qualitative nature of the results is quite different. To
begin with, in the absence of diffusion, under laminar
conditions net transfer of material can no longer
occur, since fluid returns to its initial position after
any integral number of cycles. Even if diffusion is
allowed, however, there may still be little aug-
mentation of transport if the transverse mixing time
scale is short compared to the period of the flow.
Nevertheless, for times long compared with the time
scale of transverse diffusion, under the assumption
that the time-averaged concentration field has a con-
stant axial gradient, Chatwin [6] has shown that the
dispersion is augmented, and by terms the frequency
of which is twice the oscillation frequency. Under
these conditions, the time-average effective diffusion
coefficient reduces to equation (2). Watson [7], like-
wise assuming a concentration field the time average
of which is linear in the longitudinal coordinate, pro-
vided an explicit solution for the field profiles as a
function of position and time. Then by integrating
over a cross-section he found

D=D,,(1+R) 3

with
2 2
R = f.(«?,0) (7A> O]

A is the flow amplitude, o the Womersley number
(= a(w/v)** with @ the flow angular frequency and v
the fluid kinematic viscosity) and ¢ the Schmidt num-
ber (= v/D,.). The function f, depends also on the
shape of the pipe. Watson was able to evaluate the
material flux for arbitrary frequency for a circular

pipe and a two-dimensional channel, and was able to
study the flux for any cross-sectional shape in the
limiting cases of low and high flow frequency. Unfor-
tunately, no experiment yet has examined these theo-
retically predicted concentration profiles.

The analogous problem with heat as the con-
taminant has been analyzed by Kurzweg and de Zhao
[9-11]. Among the special cases in this work is
included one corresponding to mass dispersion, with
the radial temperature gradient at the pipe wall taken
as zero, which is equivalent to a supposition of per-
fectly insulated walls. In practice experiments with a
material solute or heat both are subject to trade-offs.
No method has been developed which allows mass
concentration to be measured with the spatial and
temporal resolution necessary for establishment of
relevant concentration fields, which vary in both space
and time. In contrast, temperature fields can be deter-
mined with very small probe length scales (<0.1 cm)
and very fast time response (>1 kHz), but in a heat
transfer experiment the normal temperature gradient
at the wall can only approximately be reduced to zero.

The purpose of this paper is to study, in detail, the
temperature field and thermal transport properties of
laminar oscillatory flows in two simple geometries
which are relevant to pulmonary ventilation. Shapes
chosen are the straight round tube of uniform cross-
section and the linearly tapered round tube. A range
of dimensionless frequencies is covered which is
characteristic of HFV. For experimental simplicity,
and for ease of control, a constant low power plane
heat source is used to produce purely passive thermal
contamination of the flow. Time and area averaged
quantities, including the thermal equivalent of D, are
calculated from instantaneous point measurements of
temperature.
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F1G. 1. Schematic diagram of the flow apparatus, showing
both test sections.

2. METHODS

Figure 1 shows the oscillating flow apparatus. The
working fluid, air, was driven by a piston, which in
turn was driven by a variable speed d.c. motor through
a scotch yoke. Since the amplitude of piston motion
was adjustable, the amplitude and frequency of the
flow could be independently set. An optical encoder
mounted on the end of the yoke flywheel shaft pro-
duced two output wave trains, which were used to
monitor the flow period and to provide a timing
signal, referred to piston top dead center, from which
phase related information could be derived.

The piston cylinder was joined by a 20 cm long
tapered tube to a 2.5 cm diameter tube which ran 100
cm to the test section. Two test sections were used in
these experiments: one had a uniform cross-section
2.5 cm in diameter and a length of 25 cm, while the
other was conical with a 4° total included angle and
a length of 60 cm. To minimize end effects, straight
tubing was continued for more than 150 cm beyond
the end of the uniform test section, and for more than
50 cm beyond the conical section. In each case the
tube was open at its end to ambient air. The whole
apparatus was oriented along a vertical axis. Flow
amplitudes from 7 to 11 cm were used (for the conical
tube, amplitudes and dimensionless frequencies refer
to the base of the cone). Consequently the flow was
always laminar, as is discussed in ref. [12].

A biplanar mesh heat source was inserted in the
flow. The source consisted of two planes of parallel
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0.0025 ¢cm diameter nichrome wires, with the upper
plane strung perpendicularly to the lower and sep-
arated from it by 0.32 cm. The screen mesh length was
0.21 cm, and the solidity was 2.3%. For convenience
of operation the screen was positioned at the top of
the uniform test section, and so was distal to the
piston, but was placed at the base of the cone. Thus
it was proximal to the piston for the latter case. How-
ever, the source was powered by a d.c. voltage supply,
which was adjusted to just produce the greatest ther-
mal dissipation from which no buoyancy driven vel-
ocity could be measured, so that temperature records
were symmetric about the screen. A constant power,
P, of 1/4 W was dissipated by the screen into the tube.
Closed cell foam insulation was placed around the
tube for 50 cm on either side of the heating screen,
and a series of holes was bored through the in-
sulation and tubing wall to allow for the passage of
probes.

During all experiments, the room air was mixed by
a vertically oriented blower to ensure a uniform mean
temperature around the apparatus.

Time-averaged temperatures were measured with a
thermistor (Fenwal Electronics GB41J1) mounted on
a cylindrical probe. When the thermistor was extended
to the centerline of the uniform cross-section tube, the
probe occupied 0.4% of the cross-sectional area of
the tube. To generate a difference signal, a second
thermistor was positioned outside the insulated wall
of the test section. Both thermistors were calibrated
against a reference thermometer in a jet of heated air ;
the standard deviation of a typical calibration was
0.03°C. The two thermistors were connected to a cir-
cuit which gave voltage outputs proportional to the
temperatures, and whose sensitivity was linear over
the range of temperatures measured (see ref. [12] for
details).

Instantaneous temperature profiles were measured
with a platinum wire resistance thermometer etched
to 0.0001 cm diameter and 0.06 cm length, and
mounted on a similar cylindrical probe. The wire was
provided with an operating current of 0.5 mA through
a circuit which also delivered a voltage output pro-
portional to the wire resistance. (This circuit is fully
described in Peattie [13]; it is shown that a noise
limited resolution of less than 0.01°C is achieved.) The
—3 dB point in the frequency response of such wires
has been estimated by LaRue et al. [14] and Hojstrup
et al. [15] to occur at about 3 kHz. Records of the
wire voltage taken in unheated flow were used to
correct for the small spurious velocity sensitivity of
the wire.

Since the thermistor circuit outputs were steady,
they were read directly on a voltmeter. The wire circuit
outputs, however, were amplified with a Tektronix
AMS502 differential amplifier, low-pass filtered,
digitized on a Data Translation DT2801-A A/D
converter, and stored on an IBM Personal Computer,
and then were ensemble averaged with from 20 to 150
realizations, depending on flow frequency.
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3. RESULTS

Cylindrical polar coordinates (r, ¢, x) are taken
with origin on the tube centerline, midway between
the two heating screen planes (as shown in Fig. 1).
Measurements were taken only after the time-mean
temperature field had asymptotically reached a steady
state. Hence the temperature at any point in the flow
can be written as the sum of a steady term and a term
fluctuating periodically in time. Further, since the
geometry of the experiment is axisymmetric (except
for the presence of the probe) we have

T(r,x,t) = T(r,x) +0(r, x, 1) é)
where ¢ indicates time, and the overbar denotes an

average with respect to time.
Figure 2 shows periodic temperature fluctuations
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on the centerline of the uniform cross-section tube,
for four axial positions. Figures 2(a)—(c) differ in flow
frequencies, being data for & = 5.7, 16, and 20, respec-
tively. The duty cycle of the temperature fluctuation
decreases with distance from the heating screen in all
cases. The amplitude of the temperature excursion,
however, increases with distance from the screen, or
remains approximately constant, for distances up to
two flow amplitudes, then decreases rapidly for larger
distances. Moreover, for the two high frequency cases
0 is roughly symmetric from one half cycle to the next,
while for a = 5.7 the sharp temperature peaks which
occur in the first half cycle are not repeated during the
second half cycle.

These periodic temperature fluctuations in the tube
core are consistent with the effects of a warm slug of
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FiG. 2(a). Instantaneous temperature on the centerline of the uniform tube, for « = 5.7.
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FiG. 2(b). Instantaneous temperature on the centerline of the uniform tube, for a = 16.
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FiG. 2(c). Instantaneous temperature on the centerline of the uniform tube, for & = 20.

air moving back and forth, with a peak travel of
roughly two amplitudes from the screen. As a result
of constant power injection into the flow, the extent
to which air within the slug is heated depends on its
velocity as it passes the screen. In support of this idea
is the fact that the temperature peak in Fig. 2(a) is
considerably larger than those in Figs. 2(b) and (c).
Also, as frequency increases, less heat diffuses radially
away from the centerline in a half cycle. Therefore, at
o = 16 and 20, fluid at a given temperature passing
the probe during one half cycle returns past the probe
at nearly the same temperature during the next half
cycle, so that these curves are symmetric. In contrast, at
low frequency, fluid passing the probe during the first
half cycle has given up heat, and cooled down, before
returning past the probe in the second half cycle.

Two reasons may be given for this behavior. First,
as frequency decreases, there is more time in which
radial diffusion can act. Second, at « = 5.7, the vel-
ocity profile is nearly parabolic. As a result, the center-
line fluid, although not warmed as much in passing
the screen as the fluid near the wall, travels further
downstream in a half cycle than the fluid which sur-
rounds it. Thus an instantaneous radial gradient is set
up at the centerline, which leads to the removal of
heat from the fluid at the centerline. In contrast, at
o = 16 and 20 the velocity profile is flat in the core
region. Therefore, no radial gradient, or at least a
much weaker gradient, is expected.

Periodic temperature fluctuations on the centerline
of the tapered tube, which are not presented here,
were found to be qualitatively similar to the results
shown in Fig. 2,

Figure 3 gives data for the mean temperature field,
T(r, x) (minus the ambient temperature) for the uni-
form cross-section tube. Again Fig. 3(a) shows the
case o = 5.7, while Figs. 3(b) and (c) are for a = 16

and 20. In each experiment 87T/dr < 0 for r off the
centerline, including for r/a = 0.9, which indicates
that even in the mean some heat is lost through the
tube walls, in spite of the insulation. However, the
low frequency case has a core flow temperature profile
which is much more nearly flat than the high fre-
quency cases. In addition the magnitude of the axial
temperature gradient at & = 5.7 is less than at higher
frequencies, for all radii.

Figure 4 shows T(r, x) (again, minus the ambient)
for the 4° tube. These results differ qualitatively from
T(r, x) for the uniform tube, which is clearly the result
of essential differences in the nature of the flow, caused
by the axially asymmetric geometry. Grotberg [16]
has shown theoretically, and ref. [12] has confirmed
experimentally, that in the presence of linearly diverg-
ing tube walls the time averaged velocity at any point
is not, in general, zero. Rather concentric rings of fluid
are set up which drift, in the mean, towards one or the
other end of the tube. The number of such annuli and
the location of their radial boundaries are functions
of a. As shown in Fig. 4(b), « = 16 radial mean tem-
perature profiles have a positive slope in the core
region, a maximum at roughly r/a = 0.5, and then a
negative slope in the annulus adjacent to the wall.
In contrast the a = 16 straight tube experiment (Fig.
3(b)) has a negative slope for all radii. The same
comment applies for a = 20, except that here the
maximum in 7 occurs more nearly at r/a = 0.7. These
results correspond very strongly with drift velocity
profiles given previously. At a = 20 there are three
zones in the flow: a core of fluid moving towards
the narrow end of the tube (which in the present
experiment would convect cool air from the wide end
of the tube), surrounded by a region drifting towards
the wide end the peak velocity of which is at about
rla=0.75 (this would draw warm air here), and
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finally a thin layer near the wall directed towards
the narrow end.

At o = 5.7 the same general physics applies, but the
greatest mean temperature occurs now at r/a of only
about 0.2. This inward displacement of the peak
would be consistent with either a three area drift pro-
file with two very narrow inner zones and one wide
outer zone, or with a two region profile in which the
inner region is moving towards the wider end with a
maximum velocity at r/a = 0.2. No velocity measure-
ments exist to distinguish between the possibilities.

Isotherms of 6 for the uniform cross-section tube
at a = 16 are shown in Fig. 5. It should be noted that
the aspect ratio given by the figure does not match
that of the actual test section, which tends to make

R. A. PeaTTIE and R. BuDwiG

the radial temperature gradients appear smaller than
they in fact are. Were the temperature field fully axi-
symmetric, the slope of all isotherms would be zero at
the centerline. Many of the curves, however, have
non-zero slopes at r = 0, an indication of asymmetry
which is presumably due to withdrawl of heat from
the tube by the metallic probe body, and the aluminum
bushing which supports it.

Some of the isotherms for the o = 5.7 case are
closed curves, as shown in Fig. 6 (only half the tube
is shown), which implies the existence of pockets of
warm air in the flow. By calculating the transit time
of fluid in the core of the tube, it can be shown that
these are formed from air that was at the screen when
the flow was temporarily stagnant.
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FI1G. 3(c). Mean temperature field in the uniform tube, o = 20.

The radial gradients, d0/0r, seen in Figs. 5 and 6
point out that a Taylor-type augmentation is in effect
in this flow. When the flow is in one direction, a core
of warm air travels down the tube and sets up a large
00/0r, resulting in radial transfer of heat into the
boundary layer. When the flow reverses, the warmed
boundary layer does not convect the heat back as the
core flow would have. Over many cycles the transport
of heat down the tube is greatly enhanced by the
flow, even though the fluid shows no net motion. In
addition, 80/0r does not appear to approach zero at
r = a. Therefore, heat is being passed to, and regen-
eratively received from, the tube walls. This effect
might be analogous with the transfer of oxygen and
carbon dioxide to and from moist airway walls.

3.5

4. DISCUSSION

To interpret these resuits, a section of the tube may
be taken as a control volume. If the volume is chosen
so as not to include the source, for simplicity, and if
gravitational potential energy and viscous dissipation
are ignored, then the balance of energy of the volume
is expressed by

T
pc,,U a—dV+j TU-de|=kJ‘VT-ds 0]
Vat S S

where p is the fluid density, C, its specific heat, & its
thermal conductivity (all assumed constant), V' the
control volume, and S'its boundary. Since, from equa-
tion (5), T is the sum of a mean and a periodic fluc-
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Fi1G. 4(a). Mean temperature field in the conical tube, « = 5.7.
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FIG. 4(c). Mean temperature field in the conical tube, a = 20.

tuation, the unsteady term can be removed from equa-
tion (6) by integrating over a period. Denoting the
period by 7, this leaves

pC,,f fTU-det=kJ JVT-det. )
0 JS 0 JS

Physically, therefore, once the system has reached a
stationary state, over a cycle the net energy transfer
into ¥ by convection is balanced by that transferred
by conduction.

Estimating from the data of Figs. 3 and 4, less than
1% of axial energy transfer is by conduction. Hence,
axial transport occurs essentially by convection. Con-
versely, radial transport through the wall is due only
to conduction. Transport through the wall is not

solely a mechanism for heat loss, however, as it has
been shown in Figs. 5 and 6 that heat is both trans-
ferred to and received from the wall.

Let the energy transferred through any plane
x = const. over a single period, by convection, be
Qconv- The velocity field is given by a mean term
U(r, x) plus a periodic term u(r, x, ). Thus

Qconv = ZRPC,J J (TU"‘ Bu)r dr dt (8)
0 Jo

If the tube is uniform, U = 0. Figure 7 shows Q.ony
for the uniform section, evaluated with an analytical
solution for u(r, ¢) (see, e.g. Gerrard [17]) and empiri-
cal results for 0(r, x, ¢), as a function of axial distance
from the screen, for two dimensionless frequencies,
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with A/d =3 (where d is the tube diameter). The
results have been normalized by one half the energy
delivered by the screen in one period. Two points are
clear. First, since there is a net heat loss through the
tube walls, Q...  decreases as x increases. Second,
convective energy transfer per cycle increases with
frequency, at least in the range 5 < a < 16. Q. at

x/A=0
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a =16 is from 65 to 100% greater than at a = 5.7,
depending on position.

Also shown are three points taken from the conical
section, with 4/d = 4 and a = 16. At the measuring
stations this produced (i) 4/d=2.88 and « = 18§,
(i) A/d=1.73 and a =21, and (iii) A/d=1.28
and a = 24.5. Although « is proportional to the tube
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FIG. 7. Qoo for the uniform tube, with 4/d = 3, and three points from the conical tube, as described in
the text.

radius, the transport of energy does not increase with
x. Rather the flow amplitude decreases with ¢, from
conservation of mass, which results in Q,, falling
monotonically with x, as seen.

Neglecting the negligible contribution of con-
duction to the axial transport, the effective mean axial
diffusivity for thermal energy transfer in a tube, K4,
is given by

QOOI!V
&«

2 —r—
na‘pC,t ax

The results for K.g, normalized by the thermal diffu-
sivity, k, are shown in Fig. 8. Figure 8(a) shows the

K = ©®)

260

case A/d=3 from the uniform tube, for two fre-
quencies, along with corresponding results from
Watson [7], which are independent of position. Figure
8(b) shows K ¢ for 4/d = 4, with additional values
from Watson [7], and also shows three points from the
conical test section, the frequencies and amplitudes of
which were specified above. In the present experiment,
K.q increases by a factor of from two to three as 4
goes from three to four d, for « = 5.7, but hardly
increases at all with 4/d for a= 16. Nevertheless, the
rise of K.y with 4 agrees, at least in the direction of
the trend, with the data of Watson.

Both Watson [7] and Kurzweg and de Zhao [9}
have shown theoretically that K4 is proportional to
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F1G. 8(a). Effective diffusivity for the uniform tube, with 4/d = 3. Horizontal lines are data of Watson [7].
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Fi1G. 8(b). Effective diffusivity, 4/d = 4. Curves are from the uniform tube; isolated points are from the
conical section. Horizontal lines are from Watson [7].

o, in the limit of large «. The results of the present
investigation do not support such a result. However,
the previous authors assumed a constant time-area
averaged axial gradient in the field, whereas this
experiment imposes no particular form on d{T)/dx.
Here (T decreases with distance from the screen, but
not with constant slope, which is why the functional
dependence of K4 on x does not mirror that of Q...
In addition, in the experiment there is a net heat loss
through the tube walls, whereas the theoretical work
assumed impermeable walls as a boundary condition.

6. CONCLUSIONS

To summarize, the present study reveals an instan-
taneous temperature field the duty cycle of which, but
not amplitude, decreases with distance from the heat
source. A mean temperature field is found which has
a negative radial gradient in the uniform tube, but a
complex radial gradient in the conical tube, consistent
with steady velocity drift profiles previously reported
inrefs. [12, 16]. Heat is both lost through, and received
from, the test section walls, but the net effect is dis-
sipative, which causes the convective energy transfer,
per cycle, to be a decreasing function of distance from
the heat source. The effective diffusivity increases with
flow amplitude, more strongly at a = 5.7 than at
o = 16, but does not increase by a constant scale factor
as a varies from 5.7 to 16. A linear dependence of K«
on « is not observed ; therefore existing theories will
have to be modified to cover cases for which the
boundary conditions do not involve a time-area aver-
aged axial gradient of the field which is constant.
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TRANSFERT THERMIQUE DANS DES ECOULEMENTS LAMINAIRES
OSCILLATOIRES DANS DES TUBES CYLINDRIQUES ET CONIQUES

Résumé—On réalise un écoulement poussé par un piston dans un tube de fagon 4 étudier I'effet de la
fréquence sur le transfert d’un contaminant scalaire passif dans un écoulement oscillatoire. Deux géométries
de section du tube d’essai sont utilisées : I'une est droite, circulaire et uniforme, P'autre est a réduction
uniforme (conique). L’écoulement est conduit & des fréquences de respiration humaine, lente ou normale
ou 4 haute fréquence. Une grille de fils fins et paralléles, 4 espacement serré, est placée perpendiculairement
a Pécoulement dans la section d’essai et elle est chauffée de fagon a dissiper une puissance constante dans
le fluide. On mesure les champs de température moyens et instantanés en fonction de la position. Les
résultats sont cohérents avec les conséquences d’un transport de chaleur par combinaison de convection
et de diffusion. Le transport convectif augmente avec la fréquence, a amplitude constante, mais la diffusivité
effective ne s’accorde pas avec les conséquences des théories basées sur 'hypothése d’un gradient moyen
axial constant du champ scalaire.

WARMEUBERGANG IN LAMINARER OSZILLIERENDER STROMUNG DURCH
ZYLINDRISCHE UND KONISCHE ROHRE

Zusammenfassung—Um den EinfluB der Frequenz auf den Transport einer inaktiven ungerichteten Verun-
reinigung in einer oszillierenden Strémung abzuschitzen, wurde durch einen Kolben eine Rohrstrémung
erzeugt. Fiir die Versuche wurden zwei verschiedene Rohrgeometrien benutzt: ein gerades, gleichmaBig
rundes Rohr und ein konisches, kontinuierlich verjiingtes Rohr. Die Strémung wurde mit Frequenzen
moduliert, wie sie fir die menschliche Atmung im Ruhezustand, bei normaler und bei hoher Atemfrequenz
typisch sind. In einer Ebene senkrecht zur Stromungsrichtung sind in geringem Abstand diinne, parallele
Drihte angeordnet, die durch elektrische Beheizung einen konstanten Wirmestrom an das Fluid abgeben.
Die daraus in verschiedenen Abstinden resultierenden zeitabhidngigen und iiber die Zeit gemittelten
Temperaturfelder werden erfaft. Die MeBergebnisse stimmen mit dem Ergebnis iiberein, welches sich
durch die Uberlagerung des Wirmetransports durch Konvektion und Diffusion ergibt. Es zeigt sich, daB
der konvektive Wirmetransport bei konstanter Amplitude mit der Frequenz ansteigt. Das effektive
Diffusionsvermdgen verhdlt sich jedoch nicht entsprechend der Theorie, die auf einem im Mittel konstanten,
axialen Gradienten des Skalarfeldes basiert.

TETUJIOINNEPEHOC INPHU JIAMHUBAPHOM OCIIMJITUPYIOIIEM TEYEHHH B
HHUIMHAPUYECKHX U KOHUYECKHX TPYBAX

Amnoramms—/ 11 OUECHKH BJIMAHHA 4aCTOTHl Ha MEPEHOC MACCHBHON CKaJIADHOW NMPHMECH B OCIMLITH-
pyollleM IOTOKE NpH NOMOLUM MOpIIHell co3naercs TeueHHe B Tpy6ax. HMcnonb3ylorcs OBa ydacTka
3KCIIEPUMEHTANBHLIX TPYO: OAMH NpAMOM, KpYrjbifi H UHHIHHAPHYECKHH H BTOpOH-—paBHOMEPHO
cyxatoluniics (T.e. koRHYeckuit). TeueHHe BHIIBIBAETCA PH 4aCTOTAX, XapaKTePHLIX IS AbIXaHHSA 4Yesio-
BEKa B COCTOSAHKH NOKOA, B HOPMAJIbHBIX YCJIOBHAX, a TaKX¢ NpH BbICOKOH yacTore. Ha 3kcnepumenra-
JIbHOM y4YacTKe NEepHeHAMKYISPHO INOTOKY YCTaHaBJIMBaeTcd OKpaH M3 OJIH3KO DPacIoNOXeHHBIX
NapasuUie/ibHBIX TOHKHX [POBOJIOYEK, KOTOPLIE HArPEBAIOTCSH TaK, YTOOK! PacCEMBATh MOCTOSHHYIO MOILL-
HOCTb B MOTOKe XHAKOCTH, M3MepAIOTCA BO3HHKAIOIINE YCPEOHEHHLIC O BPEMEHH H MIHOBEHHBIC 3Ha-
YeHHS TeMIEpPATyphl NOJIEH B 3aBHCHMOCTH OT KoopauHaT. IToka3aHO, 4TO MOAYYEHHBIE PE3yNbTaThi
COOTBETCTBYIOT TEILTIONEPEROCY, OOYCIOBICHHOMY COBMCECTHLIM JAeHCTBHEM KOHBeKUMH M muddysun.
Haiineno, 4To kOHBEK THBHLIA TEIUIONEPEHOC BO3PACTAET C YBEJIHMEHHEM YaCTOTHI IPH NMOCTOAHHOM aMII-
JMTYAE, oAHako 3¢ddexTuBHb K0MPPUIMEHT TeMNepaTypONPOBOJHOCTH HE MOAYHHACTCS TEOPETHYEC-
KHM OLEHKaM, OCHOBAaHHBIM Ha NpPEANOJOXKEHHH O IOCTOSHCTBE CPEOHEro OCeBOrO TIpaaueHTa
CKaJISPHOIo IOJIA.



