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Abstract—Instantaneous heat flux rates were measured at the end-wall of a tube in which shock-fronted,
longitudinal pressure waves were generated. Pressure oscillations with frequencies of 479-881 Hz,amplitudes
up to 175 psi peak-to-peak, and average tube pressures from 40 to 190 psia were obtained. The heat flux was
calculated from the surface temperature of the end-wall as measured by a thin platinum resistance film
deposited on a Pyrex surface inserted into the end-wall. .

The instantaneous heat flux was found to be large compared to the time-average heat transfer rate.
The instantaneous rates increased with increasing pressure ratio and were proportional to the square root of
the product of the wave frequency and the time-averaged pressure of the oscillations.

A one-dimensional model was solved numerically for the case of zero net heat transfer to the end-wall.
The calculations agreed with the experimentally observed trends and correctly predicted the shape of the
periodic portion of the flux.

NOMENCLATURE
specific heat at constant pressure ;
f,  frequency;
k, thermal conductivity;
I,  thermal boundary layer thickness;
P, pressure;
pressure at reference condition;
p,  time-averaged pressure;
periodic portion of heat flux;
positive portion of heat transferred per
cycle;
r,  radial distance from tube center-line;
t, time ;
ty, period of pressure wave ;
T, absolute temperature;
T,, absolute temperature at reference con-
dition;;

1 This paper is based on a thesis submitted by R. W.
Goluba, who is presently at the Lawrence Radiation Lab.
Livermore, California, in partial fulfilment for the degree of
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u, velocity;

x, distance from end-wall surface;

y,  dimensionless temperature ;

z,  dimensionless distance;

finite difference increment in z;

z;,, dimensionless distance to outer boun-
dary condition.

Greek symbols
oy, thermal diffusivity;
y,  ratio of specific heats;
d, distance parameter;
p,  density;
po, density at reference condition ;
7,  dimensionless time;
Ar, finite difference increment in 7;
t*, fraction of cycle period during which
periodic heat flux is positive.

INTRODUCTION
IN STUDIES of rocket engine oscillatory com-
bustion it is important to understand the
coupling mechanism between large amplitude
pressure waves and the heat-mass transfer
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process at the gas-fuel interface [1]. In addition,
it is of interest to understand the mechanism by
which such waves cause the large observed
increases in heat transfer to the metal surfaces
of the combustor. This paper is aimed at pro-
viding information on the latter question with
the hope that it may also provide a starting point
for similar heat-mass transfer studies.

The current study thus places primary em-
phasis on experimentally obtaining instantan-
eous rates of heat transfer and explaining the
mechanism causing the observed behaviour.
To be of most use in rocket engine studies
steep-fronted pressure waves of large amplitude
and frequencies greater than 500 Hz were used.

The direction of wave travel relative to the
heat transfer surface is of great importance in
determining the heat-transfer mechanism. If the
direction of wave travel is parallel to the surface
the gas velocity profile plays a dominant role.
If the direction of wave travel is perpendicular
to the surface the compression and expansion
process becomes the important mechanism. For
the case of waves traveling parallel to the surface,
numerous studies of time-average heat-transfer
rates for flows in tubes and over flat plates have
been reported [2-10]. While some of the laminar
flow cases have been mathematically modeled,
the studies with large amplitude waves and in
particular with steep-fronted waves [7] give
data which are difficult to model because the
basic mechanism is related to the turbulent
scrubbing action of the waves.

For the case of waves traveling normal to the
surface, instantaneous rates have been reported
by Wendland [11] and Levy and Potter [12].
Wendland used a piston in cylinder apparatus
to generate pressure oscillations and measured
the instantaneous heat flux at the cylinder head.
Ideally his experiment should have yielded a
bulk compression and expansion of the gas and a
one-dimensional flow normal to the transfer
surface. While his data have limited appli-
cability to rocket studies because of the fre-
quency range (10-60 Hz) and the sinusoidal
shape of the pressure variations they do show
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that the heat-transfer phenomena may be
modeled with some success by use of laminar flow
equations. Levy and Potter measured the
instantaneous heat flux at the end-wall of a
rarefaction wave tube. Because the heat flux
was unidirectional during the initial expansion,
periodic effects could not be determined. It is
nevertheless important to note that these data
could again be successfully explained by using
one-dimensional laminar flow models [12, 13].

In setting up the experiments reported here it
was felt that periodic waves impinging normal to
the surface might provide data amenable to
mathematical analysis if the measurements
could be taken in a stagnation region where the
flow would be essentially one-dimensional.
Experiments were thus performed in which
instantaneous heat flux was measured at the
center of the end-wall of a tube in which longi-
tudinal pressure waves were generated. The
apparatus was designed to generate shock-
fronted waves of amplitudes up to 175 psi,
shock pressure ratios of 1-5-3-2 and frequencies
from 479 to 881 Hz. The experimental results
were then compared to an unsteady one-di-
mensional laminar flow model.

EXPERIMENTAL APPARATUS

The experimental apparatus that was used to
generate the periodic shock-fronted pressure
waves is shown schematically in Fig. 1. The
pressure waves were generated by periodically
interrupting the inlet air flow to a resonant tube
by means of a rotating disk. The disk is 23 in. dia.
with eighteen 0-75.in. dia. holes equally spaced
at a radius of 86 in. The disk was rotated at three
different speeds so that pressure waves at fre-
quencies of 479, 694, and 881 Hz were generated.
The operation of the apparatus is much like
that of a shock tube in that the disk suddenly
exposes air at a high inlet pressure to air at a
lower pressure, generating a shock of moderate
strength. The disk then shuts off the air supply
for a short time before reopening.

The air flow was bled from the periphery of the
tube through a thin gap maintained between the
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FIG. 1. Schematic diagram of the experimental apparatus.

open end of the tube and a flat plate located
perpendicular to the tube axis. This plate forms
the end-wall on which the instantaneous heat
flux was measured.

The tube, 0-968 in. internal diameter and made
of brass, could be adjusted to a resonant length
through the use of a telescoping section which
provides for a continuous adjustment of up
to 125 in. and by tube spacers for incremental
changes in length. At the resonant length the

Average tube

/ pressure tap

tube acts as if it were an organ pipe closed at

both ends.

The location of the instrumentation as in-
stalled at the test section is shown in Fig. 2.
The instantaneous pressure was measured by a
Kistler 601L pressure transducer located 0-5 in.
upstream from the end-plate. Because of the
wave reflections from the end-plate, the pressure
oscillation measured by this upstream probe
exhibits a step which is not present at the end-

Pressure transducer
Kistler 601 L

/- End plate

Pyrex insert

FI1G. 2. Test section

™ Thin film sensor
astro-space
No. 1I002A

Average gas temperature
HT-ultra-miniature
thermocouple probe

No. HT-JX-58

instrumentation.
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plate. Simultaneous measurements of the pres-
sure wave at the two locations are shown in
Fig. 3. Comparison of the two pressure waves
shows that the shape of the pressure wave at
the end-plate can be obtained by extrapolation
from the pressure measurement made 05 in.
upstream. The extrapolation of the pressure
wave is shown in Fig. 4 by the dashed line. In
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FiG. 3. Experimental pressure oscillations measured at the
end-plate (upper trace) and 0-5 in. upstream (lower trace).
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F1G. 4. Experimental pressure data measured 0-5 in. from
end-plate with extrapolation shown as dashed line. Line A-4
is the atmospheric pressure reference line.

this manner the absolute value of the instan-
taneous gas pressure was obtained. The ampli-
tude of the pressure wave varied from 23 to
182 psi with resulting pressure ratios across
the wave of 1-50-3-19.
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To obtain measurable surface temperature
oscillations, it was necessary to use a low thermal
conductivity end-wall surface—thereby mini-
mizing the thermal penetration depth. A Pyrex
disk, 1-0 in. dia. by 0-25 in, thick, was inserted in
the end-plate as shown in Fig. 2. The surface
temperature oscillation was measured by a thin
platinum film (1000 A thick) deposited at the
center of the Pyrex disk. The thin fitm, 0-02 in.
wide by 019 in. long and with a 10 ps rise time,
was placed in a Wheatstone bridge circuit and
operated as a resistance thermometer. In this
manner, surface temperature oscillations, as
shown in Fig. 5, were obtained at amplitudes of
0-25-2-25°F. Extrapolation of the surface tem-
perature signal as shown in Fig. 5 was necessary
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FiG. 5. Experimental surface temperature oscillations with
extrapolation shown as dashed line.

because the rise time of the low noise amplifier
used was larger than that of the surface tempera-
ture. By use of an amplifier with an improved
rise time, but with an unacceptable noise level,
the surface temperature rise time was deter-
mined to be than of the platinum thin film (10
us).

The periodic heat flux at the Pyrex-gas
interface was calculated by solving the one-
dimensional unsteady heat transfer equation
using an implicit finite difference method. The
periodic temperature variation at the Pyrex-
gas boundary was obtained from the resistance
film data. The Pyrex temperature at a distance
of 0-062 in. from the gas side surface was ob-
tained from an imbedded thermocouple. Calcu-
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lations show that the temperature oscillations
penetrate to a distance of less than 0-01 in. from
the surface. Thus the thermocouple at 0-062 in.
measures a constant temperature. Because the
heat conduction equation is linear (assuming
constant thermal conductivity of the Pyrex)
the solution could be divided into a steady-state
component and an unsteady, periodic compo-
nent. If the gas side surface is held at the time-
average of the measured surface temperature
and the temperature at 0-062 in. is held at the
value obtained from the thermocouple the
steady-state heat flux will result. The periodic
component is obtained if the gas side surface is
equal to the periodic measured surface tempera-
ture and the temperature at 0-062 in. is held at the
time-average of the gas side surface value. The
time-average of the periodic flux component will
of course then be zero.

Unfortunately, the measured values of steady
(net) heat flux could not be accurately obtained
because the average temperature difference was
less than 3°F with an error of +1°F. The values
of experimental heat flux, q,, reported here are
thus restricted to the fluctuating component
only. The steady flux was estimated to be from
10 to 30 per cent of the time-average of the abso-
lute value of the fluctuating component of the
flux.

Figure 6 showsa typical set of data for pressure,
surface temperature, and calculated heat flux.
As can be seen, the pressure and temperature
traces are both steep-fronted with no measurable
phase difference between the pressure and tem-
perature fronts.

An average gas temperature (90-100°F and
only a few degrees higher than the average sur-
face temperatures of the Pyrex) was measured
0-5 in. upstream from the end-plate by a fine
wire thermocouple supported by a 0008 in.
dia. stainless steel sheath. Average mass flow rates
of air through the tube from 0-13 to 049 Ibm/s
were measured by a thin plate orifice after the
air was discharged from the end of the tube
and at a point where the flow oscillations were
negligible.
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Fi1G. 6. Typical set of pressure, surface temperature, and heat
flux data.

THEORY

Before discussing the experimental results, it is
important to obtain an understanding of the
boundary layer phenomena which govern the
correlations. To obtain such an understanding, a
theoretical model was developed for the thermal
boundary layer at the center of the end-wall.

Figure 7 shows the coordinates and air flow
direction for the heat transfer test section. From
flow visualization studies using a surface oil
technique and from tests with various plate
gaps, it was inferred that the flow near the plate
surface at r = 0 was essentially one-dimensional
and in the x direction. It was thus assumed that a
one-dimensional model could be used to predict
the boundary layer phenomena at the center of
the end-plate.

In order to simplify the model, it was assumed
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that the pressure variation through the boun-
dary layer could be neglected making the pres-
sure a function of time only. With this assump-
tion the momentum equation need not be
solved if the pressure variation with time is
supplied from experimental data. This assump-
tion should be valid if the boundary layer is
thin and if the temperature gradients within the
boundary layer are not too large. For large
temperature gradients which would result from
large pressure ratios, the effect of the dp/dx
term in the energy equation would not neces-
sarily be negligible.

Assuming a thin boundary layer with moderate
temperature variations, the effects of turbulence
and variations of thermal conductivity and
specific heat ratio were neglected. With these
assumptions and neglecting viscous dissipation,
the energy equation for an ideal gas is given by

o1
ox?’

yp 0T

_w OT  oT dp
TG — 1) ot

“x T dr 1)
Because the measured surface temperature of
the end-plate never fluctuated more than 2°F,
it was assumed constant relative to the gas
temperature variation. Thus, the boundary
condition at x = 0 is given by
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IO, 0 =T, (2

where the surface temperature, T,, is a specified
constant. Because the measured net heat flux
per cycle to the end-plate was small compared to
the variation during the cycle, it will be assumed
zero so that the gas outside the boundary layer
can be considered to be undergoing an isen-
tropic process, if viscous effects can be neglected.
Defining / as the time varying thickness of the
thermal boundary layer, the boundary condition
at x > [ is then given by

T(, 1) = Tolp/po¥ ™" 3)

where p, and T, are reference values arbitrarily
taken here to be the values corresponding to the
minimum pressure during the cycle.

Since the steady periodic solution is desired, the
initial condition is replaced by

T(x,t) = T(x,t + ty) (4)
where ¢, is the period of the cycle.

In order to solve equation (1), an expression
for the velocity, u, must be obtained from a
solution of the continuity equation. An approxi-
mate expression for u can be obtained by assum-
ing that the density is independent of x in the
continuity equation and is equal to the gas
density at x = I Using this approximation
and the boundary condition (0,1} = 0, the
velocity distribution is given by

_ dp,
ux, 1) = —x E/(vp)- (5)

The accuracy of this approximate expression
for the velocity will be discussed toward the end
of this section.

The governing equations are now recast in
terms of the following dimensionless variables;

y = T(x,0)/T(, 1)
z = x/0(t)

T = t/t,

(6)
(N
(8)
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where
3(t) = (aoto) (p/po) ™"
and
2o = kAcppo) = Toly — DkAvpo)-

Substituting these variables into equations (1)
and (5) and combining gives

Loy _(p\"" 0%
yor \p,) 0z%

Equations (2)-{4) become

©

¥0,7) = T,/T(, 7) (10)
W =1 (11
Ho D) =Mzt + 1) (12)

where z; > K1)/6(¢).

Equations (9)-(12) can be solved numerically
if T, t, and p/p, are supplied from experimental
data. The finite difference predictor-corrector
method of Douglas and Jones [14] was used to
obtain the numerical solution. With an incre-
ment size of Az = 0-055, stable solutions were
obtained with At = 0-001 for 0 < © < 0-05 and
At < 0003 for 0-05 < 7 < 1-0. Using this incre-
ment size, the rise time of the shock-front was
2-1 ps for a wave frequency of 479 Hz. This
rise time approximates the rise time which was
experimentally estimated. For all of the calcu-
lated results presented here, z, was taken to be
2-75 which was found to be large enough to be
outside the thermal boundary layer for all
cases considered. For the range of variables
used, the boundary-layer thickness was never
greater than 0-02 in. This is small as compared to
the wave length of the pressure oscillation which
is 2-3 ft at 479 Hz.

Because of the assumptions used in obtaining
equations (3) and (5), the net energy exchange per
cycle at the boundary z = z must be zero.
Therefore, the model can only be used for cases
where the net heat transfer at x = 0 is negligible
To be consistent with the model, T, must be
chosen so that the net amount of heat transferred
to the wall per cycle is zero. The value of Tj
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required to meet this condition was obtained by
iteration. The first trial value of T;, was obtained
from
1
Ty = T/ (p/po)?~ V7 dr. (13)
0
The thermal conductivity of the air was held
constant and evaluated at the wall temperature,
T,. From the resulting solution it was found that
the conductivity deviation from that at the wall
was 25 per cent for the most extreme case and
less than 10 per cent for the majority of calcula-
tions.
Figure 8 shows a typical set of dimensionless
gas temperature profiles and Fig. 9 shows the
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FiG. 8. Calculated y vs. z profiles: frequency, 881 Hz;
tube pressure, 105 psia; pressure ratio for wave front, 1-56.
Experimental pressure corresponds to that given in Fig. 6.
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dimensional profiles for the same data. At the
end of the cycle (z = 0-99), the gas temperature
decreases monotonically from the wall value
and asymptotically approaches the isentropic
value at the outer edge of the boundary layer.
When the shock-front arrives (v = 0-001), the
pressure work causes a steep temperature
gradient at the wall with a temperature maximum
within the boundary layer (at x = 0-0003 in. for
the data of Fig. 9). As the expansion process
continues, the temperature gradient at the wall
decreases and eventually changes sign. During
the expansion process a temperature profile of
the shape shown in Fig. 10 occurs. For such a

Gas temperature

Distance, X

F16. 10. Shape of gas temperature profile which results in a
negative heat transfer coefficient.

profile the heat flux is from the wall to the gas
(T, > T, although the gas temperature at the
outer edge of the boundary layer is larger than
the wall temperature (T,, > T,). A conventional
heat transfer coefficient based on the temperature
difference (T,, — T,,) would be negative for such
a profile. It is interesting to note that such
anomalous coefficient values have been observed
in motored combustion engines [15].

From the profiles shown in Fig. 9, it is obvious
that sizable density gradients are present in the
gas immediately after the arrival of the wave
front. These gradients were neglected in ob-
taining the expression for u so that the approxi-
mate velocity given by equation (5) is in error for
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T ~ 0. By using the previously calculated tem-
perature profiles and the continuity equation

in the form
1 f 0p
'—p(x’ [) j—atdx (1)
0

corrected values of u were obtained. These
calculations showed that equation (5) is a good
approximationfor t > 0-05butisa poor approxi-
mation for 0 <7< 004 A comparison of
the magnitude of the terms d7/0t and u 0T /dx
showed, however, that even for T = 0-001, there
is only a small region in the boundary layer where
these terms are of the same order of magnitude—
outside this region u 8T /0x is at least an order
of magnitude smaller than @7 /dt.

In summary, the theory presented applies to
the experimental conditions studied—namely,
moderate pressure ratios (1-5-3-2) and small
net heat transfer. As will be seen in the next
section, the calculated results agree reasonably
well with the experimental data. To extend the
theory to larger pressure ratios or large net heat
transfer, it is probable that a number of assump-
tions would have to be eliminated. In particular,
the continuity equation should be solved simul-
taneously with the energy equation and the
thermal conductivity should not be considered
constant. Inclusion of the dp/0x term in the
energy equation would greatly complicate the
analysis, but may be necessary for very large
pressure ratios or very large differences between
the wall and average gas temperature.

u(x, t) = —

COMPARISONS OF THEORETICAL AND
EXPERIMENTAL DATA

Instantaneous values of gas pressure, surface
temperature and heat flux were experimentally
obtained for frequencies of 479, 694, and 881 Hz,
average tube pressures of 40, 102, and 190 psia
and pressure ratios ranging from 1-5 to 3-19.
To obtain a given set of data the frequency and
average tube pressure were fixed and the pres-
sure ratio was varied by changing the resonant
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length of the tube. Experiments with different
mass flow rates ranging from 0-13 to (-48 Ilbm/s
showed that the mass flow had a negligible
influence on the heat flux data. Figures 11-13
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FiG. 11. Experimental gas pressure oscillations: frequency,
479 Hz; tube pressure, 190 psia; mass flow rate, 0-133 1bm/s.
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F1G. 12. Experimental surface temperature oscillations, same
conditions as data of Fig, 11.
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F1G. 13. Experimental heat flux variation, same conditions
as data of Fig. 11.

show a typical set of data for a fixed frequency
and tube pressure.

Figure 14 shows a comparison of calculated
and experimental heat flux for a typical set of
conditions. The theoretical heat flux at the wall
surface was calculated from

0
4y = ~Tof* lpoc)* Op0) 52| (19

z=0

where f = 1/t,, the cycle frequency.

It should be remembered that the experimental
data shown in Fig. 13 is for the periodic flux
only, ie. the steady-state flux has been sub-
tracted. For the data of Fig. 14, the net flux was
estimated to be 04 Btu/sft> which results in a
substantial difference between theory and experi-
ment for the negative heat flux portion of the
cycle. The data do show, however, that the correct
shape of the instantaneous flux is predicted by
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FiG. 14, Comparison of experimental and computed heat

flux for the conditions given in Figs. 6 and 8.

the theory. From Fig. 14 it can also be seen that
the positive portion of the periodic flux occurs
during the first one third of the cycle. This was
typical for all of the data obtained. The heat
flux at time zero is infinite if the surface tem-
perature is considered to be discontinuous at
that point in the cycle. However, the zero time
theoretical heat flux was finite because a very
small but finite rise time for the pressure wave
was used in the finite difference calculations.

In order to compare the theoretical and experi-
mental trends, it is convenient to use a single
parameter to characterize the heat flux. The
quantity of heat transferred during the positive
portion of the periodic flux, 0*, will be used for
this purpose. Thus,

lr‘
* — d 16
Q fj:qwr (16)

where t* is the fraction of the cycle period during
which heat is transferred from the gas to the wall.
The variation of Q* with pressure ratio is
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shown in Figs. 15 and 16 where the solid lines
were obtained from the theoretical model.
The effect of average tube pressure at a fixed
frequency is shown in Fig. 15 and the effect of
frequency at a fixed average tube pressure is
shown in Fig. 16, For purposes of calculation,
the pressure wave shape was held constant along
each of the solid lines in these figures. The experi-
mental pressure shapes, however, varied slightly
from run to run which accounts for some of the
experimental scatter. The agreement between
theory and experiment is good except for the
40 psia tube pressure data which lie above the
theoretical values. This difference is attributed
to a departure from one-dimensional flow which
wascaused by thelarge plate gap thickness needed
to obtain these conditions.

Using equation (15), it can be shown that if
all of the variables except average tube pressure
are held constant, then both ¢, and Q* are
proportional to the square root of the average
tube pressure. Similarly, if all variables except
frequency are held constant, then g, is pro-
portional to and Q* is inversely proportional
to the square root of cycle frequency. The
experimental data were found to agree with these
predicted trends. Thus, the data of Fig. 17,
which give the calculated heat flux distribution
for three different pressure ratios, can be used
for any frequency, f, and average tube pressure,
B, by multiplying the ordinate values by [ /p/479)
(105)]%. It should be noted that in contrast
to Fig. 13, the calculated curves of Fig. 17 each
correspond to the same normalized pressure
wave shape. The shape of the wave used is given
in the upper right corner of the figure.

CONCLUSIONS

This investigation has shown that for periodic
shock-fronted pressure waves impinging on a
plate located normal to the direction of wave
travel the instantaneous heat flux from the gas
may be quite large, even when the average heat
transfer rate is essentially zero. The instantan-
eous heat flux was found to increase as the square
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FiG. 15. Positive heat transfer per cycle at three different
average tube pressures and a frequency of 479 Hz. Solid
lines calculated from theoretical model.

1291

24 T T T T T T
20 0 479 Hz
A 694 Hz ®
0 881 Hz
6
o
i [+)
2
@ 12 1
5 A
3
X o8+ i
Q
04 —
o ] ] | ] 1 ) 1
10 -2 [K:) 16 8 20 22 24 26

Pressure ratio across the wave, #~,

F1G. 16. Positive heat transfer per cycle at three different

frequencies with an average tube pressure of 104 psia

and a mass flow rate of 0-134 lbm/s. Solid lines calculated
from theoretical model.

root of the product of frequency and average
pressure. The heat flux also increased with an
increase in pressure ratio across the wave.
These trends are explained by the rate with
which pressure work is done on the gas in the
boundary layer. Because the variation in heat
flux is large, the analysis of heat transfer in
oscillatory pressure environments should
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FiG. 17. Calculated heat flux for three pressure ratios:

frequency, 479 Hz; average tube pressure, 105 psia. Norma-

lized pressure shape used to obtain each line is shown in
upper right corner.
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account for the instantaneous rates as well as
for the time average rates.

The theoretical model given here shows that
the rapid compression of the boundary layer
by the arrival of the shock front causes the gas
temperature to have a maximum value within
the boundary layer a short distance from the wall.
This temperature profile causes the large gradient
near the wall which results in the observed high
instantaneous flux. The model also predicts the
experimentally observed trends with pressure
ratio, average pressure and frequency. Although
the shape of the instantaneous flux is correctly
predicted by the model, nonzero average flux
rates cannot be determined. Further experimental
and theoretical work is thus required to explain
the heat-transfer phenomena under conditions
of large average heat transfer and large ampli-
tude pressure oscillations.
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Résumé—Les densités de flux de chaleur instantanées ont été mesurées 3 la paroi de ’extrémité d’un tube
dans lequel des ondes de pressions longitudinales & forme d’ondes de choc étaient produites. Des oscillations
de pression avec des fréquences de 479 a 881 Hz, des amplitudes allant jusqu’a 12 bars créte a créte, et des
pressions moyennes dans le tube de 2,76 & 13,1 bars ont été obtenues. Le flux de chaleur était calculé a
partir de la température de surface de la paroi de I'extrémité mesurée par une résistance constituée par un
film fin de platine déposé sur une surface de Pyrex insérée dans la paroi de I'extrémité.

On a trouvé que le flux de chaleur instantané est grand comparé a la densité de flux de chaleur moyénnée
dans le temps. Les flux instantanés augmentaient avec le rapport de pression et étaient proportionnels 4 la
racine carrée des produits de la fréquence d I’onde et de 1a pression moyennée dans le temps des oscillations.

Un modéle unidimensionnel a été résolu numériquement dans le cas d’un flux de chaleur net nul a la
paroi de 'extrémité. Les calculs sont en accord avec les tendances observées expérimentalement et prévoient

correctement la forme de la portion périodique du flux.



THE EFFECT OF PERIODIC SHOCK-FRONTED PRESSURE

Zusammenfassung—Es wurden augenblickliche Warmestromdichten am geschlossenen Ende eines Rohres
gemessen, in dem man Lingsdruckwellen durch stossfronten erzeugte. Die Druckschwingungen hatten
Frequenzen von 479 bis 881 Hz und von Spitze zu Spitze gemessene Amplituden von 175 psi bei mittleren
Rohrdriicken von 40 bis 190 psia.

Der Wirmestrom wurde aus der Oberflichentemperatur des Rohrendes berechnet, die durch einen
diinnen Platin-Widerstandsfilm gemessen wurde, der auf einer in das Rohrende eingefiihrten Pyrex-
Oberflache aufgebracht war.

Es wurde gefunden, dass der augenblickliche Wéarmestrom im Vergleich zum zeitlichen Mittelwert
gross ist. Die augenblicklichen Warmestrome nahmen mit steigendem Druckverhéltnis zu und waren
proportional zur Wurzel aus dem Produkt aus Wellenfrequenz und zeitlichem Mittelwert der Druck-
schwingungen. ]

Fiir den Fall verschwindenden Gesamtwirmestroms zum Rohrende wurde ein eindimensionales Modell
numerisch gelost. Die Berechnungen stimmten mit den experimentell beobachteten Tendenzen iiberein

und gaben den Verlauf des periodischen Teils des Warmestroms korrekt wieder.

AnvoTanMA—1I3MepAICA HeCTALMOHAPHEI TeNJOBON HOTOK HA TOPUOBON CTeHKe TPYOHI, HA
KOTOPOil IeHepMPOBAINCHL YAAPHHE NPOJOJbHHE BOJHE AaBienuA. [lonydensl komeGanus
naByenua ¢ dacroramu 479-881 repu, ammautynoit or nuka Ao nuka mo 175 psi u cpemHnM
nasyenvem B TpyGe ot 40 mo 190 psia. TenmoBoit mOTOK paccUUTHBAJCA IO TeMIeparype
NOBEPXHOCTH TOPLOBOR CTEHKM, KOTOPAA M3MEPHAIACH INIEHOYHHIM NATYHKOM, BMOHTHPOBAH-
HEIM B TOPIOBYIO CTEHKY.

HalifileHo, YTO HECTALMOHAPHHI TeIJIOBOM NMOTOK O6OJbille OCPEJHEHHOrO0 MO BPEMEHH.
HecrauuoHapHEIt TenmoBoif MOTOK YBeJMYMBAJICA ¢ YBEIMUYEHWUEM OTHOUICHMA JABJICHUSA U
GBLT IPONIOPLMOHANIEH KBA[PATHOMY KOPHIO NPOUBBETEHNA YACTOTH BOJHH M YCPEAHEHHOMY
0 BpeMeHU NABJIEHHIO.

OjiHOMepHAA MOJENP PACCYNTHIBANIACH YHCIEHHO AJIA CIYYad HYJIeBOro MEPEeHOCa Tera
K TOPIOBOI cTeHKe. PacyeTHl COINIACOBBHIBANNICH € HKCMEPUMEHTAILHHIMH HAGIIONEHUAMH U

NPaBUIBHO MpPeICKa3amy opMy MepHoAMYecKolt IOPIUH ITOTOKA.
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