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CONVECTIVE HEAT TRANSFER FOR SHIP PROPULSION
J. S. Park, M. F. Taylor and D. M. McEligot

Aerospace and Mechanical Engineering Department
University of Arizona, Tucson, Ariz. 85721 USA

Abstract

Measurements of heat transfer parameters in pulsating and steady,
forced, turbulent air flow through a vertical circular tube, which was
resistively heated, are reported. Inlet Reynolds numbers varied from
19,000 to 102,000; Mach numbers were 0.15 or below; pulsation frequencies
ranged from 2.1 to 3.6 Hz and the peak-to-peak pressure fluctuations
varied from 9 to 29 percent of the mean pressure. At these conditions
the non-dimensional frequency a = r/E;?7;, varied from about &4 to 7 1/2;
in laminar flow, quasi-steady approximations became weak when this
frequency becomes greater than about two, but for turbulent heat trans-
fer in this Reynolds nﬁmber range the limitations are still to be deter-
mined. Direct comparison between steady and pulsating runs at the same
values of the control parameters essentially confirmed the quasi-steady

analyses for Re ¥ 5 x 10,
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Symbol Definition

a, Speed of sound

cp Specific heat at constant pressure
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Gr Grashof number, gDaq;/(vsz)
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8. Dimensional conversion factor, e.g., 32.174 1bm-ft/(1bf°sec2)
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k Thermal conductivity
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P Pressure

5 Mean pressure
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q+ Non-dimensional heat flux, "/(chpTi)
r Radius of tube

Re Reynolds number, pVL/u (or, for tube, 4;/nDu
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T Temperature

v Bulk velocity
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NOMENCLATURE--Continued
. Symbol Definition
' v Mean bulk velocity
Y Non-dimensional velocity amplitude
Subscripts
b Bulk
i Inlet
m Mean
P Pulsed
s Steady
w Wall
Greek symbols
a Non-dimensional frequency, rvw/v
8 Time
A Wave length
u Dynamic viscositiy
v Kinematic viscosity, u/p
o] Density

w Angular frequency, 2rnf
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1. INTRODUCTION

Current Naval propulsion plants are powered by variations of the
Rankine cycle (steam) or the open gas turbine cycle (air and combustion
products) plus some diesel engines in small ships. Alternative power
systems suggested include the closed gas turbine cycle and cycles in-
volving dissociation of the working fluid in either a Rankine or a gas
cycle. These latter two are believed to offer the potential of sub-
stantialAimprovement in the power-to-weight ratio of the propulsion
plant.

Convective heat transfer provides the dominant thermal resistance
in several components of conventional steam power plants as well as in
all heat transfer components in gaseous cycles. In order to design
propulsion plants with better power-to-weight ratios and/or fuel econ-
omy reliably, the convective heat transfer must be predicted accurately.
The present studies consider basic problems in convective heat transfer
and flow friction that are important in all of the above.

Pulsating internal gas flows occur frequently in practise. In
some cases the pulsations are unintentional consequences of the flow
equipment employed, e.g., reciprocating compressors, and in others they
are meant to accomplish a purpose such as improving convective heat trans-
fer [Lemlich, 1961]. In either case it is important for the designer to
know the effects of the pulsations on the time-mean heat transfer param-

eters for his/her proposed range of operations. Also, the so-called mass
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flowmeter, or thermal flowmeter, employs wall temperature measurement
for convective heat transfer in a tube in order to deduce the mass flow
rate of a gas [Zinsmeister and Dixon, 1966]; the extent to which its
steady flow calibration is valid for non-steady flows also depends on

the magnitude of the effects of pulsating flows.
The present study utilizes a vertical circular tube with flow pulsa-

tions superposed on the throughflow. The frequencies are sufficiently

low that possible acoustical resonances are not expected to be important.

1.1. Governing parameters of non-steady flow

Smolderen [1977] provides a general introduction to the theory of
unsteady fluid dynamic phenomena and identifies pertinent non-dimensional

parameters. The Strouhal number

-l afL
StrL 73 v

18 the ratio of the length of the flow path to the distance traveled by a
typical fluid particle during the period of a cycle. It is also called
the reduced frequency by some authors. If StrL << 1, unsteady terms in
the governing equations become negligible and the flow can be treated

as quasi-steady. For acoustic disturbances, the ratio of the length of

the flow path to the wave length of sound waves,

L = —L = L—f - .
X ap a M StrL
o o

is an important parameter. If it is small, the flow is considered quasi-

steady.
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For consideration of viscous effects, one examines the ratio
of the length to ‘hs penetration depth for vorticity diffusion, which is

0(/VP) in viscous flows. The following equivalency results:

2 2 2
£

If this grouping is small, vorticity can diffuse through the entire

field in a fraction of a period. For fully developed flow in a tube,
the radius is the logical characteristic length, so rv/E/v is the appro-
priate parameter; many authors use the angular frequency, w = 2rf,

and for this non-dimensional frequency as o = rvw/v [Baird et al., 1966].

For a thermal problem, thermal diffusion may become important and
the appropriate length scale is the penetration depth of a thermal dis-

turbance, 0(/kP/pcp). The related parameter becomes

2 vpe_ .2
L p L
kP/oc, "% F " PreRe.Str

or, for fully developed flow in a tube,

r2 "°°pr_2_p_r.q2

kr/pcp "k VW "2

If this parameter is small, the thermal disturbance penetrates the entire
field and the thermal treatment can be quasi-steady provided the velocity

field is also quasi-steady.
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Richardson [1967] presents additional background and develops comparable

non~-dimensional parameters via & different approach. For turbulent flows,
he suggests that an "a.c. boundary layer thickness," vv/w (a vorticity
penetration depth from Smolderen) be compared to the "laminar sublayer

thickness," y+ X 5, giving Sfuu7rw as a parameter and a criterion for

interation with non-steady effects in turbulent flows.

1.2. Related work
Lemlich [1961], Richardson ([1967], Barnett [1970] and others present
reviews of previous studies of heat transfer to pulsating flows; the litera-
ture survey which accompanied the present work is included herein as Appendix A.
For fully developed, laminar flow in a tube Mullin and Greated [1980]
point out that for low values of the viscous frequency parameter,
a= rJ573-, quasi-steady assumptions should hold, while at a ¥ 10 the
velocity profile changes substantially.
Lemlich [1961] shows that for fully developed flow with constant
properties, if the heat transfer coefficient varies as V" for steady

flow, the quasi-steady prediction of "enhancement" would be
27

(2m)2"1 | V(o) a0

’
-

27
88 (j G 4911
0

provided the flow does not reverse. He notes that the result is inde-

h
h

pendeﬁi of frequency and, if n < 1, a decrease in h will be predicted.
Mueller [1957] calculated the enhancement for a rectangular wave

representation of V(8) and showed that the predicted reduction for

..............................

....................

...........
......




. dimensionless amplitudes of 1 and less (i.e., non-reversing) would be
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small. For a symmetric wave V(8) of dimensionless amplitude 0.5, the

T

reduction would be about 2 to 3 percent. He also derived a criterion
for quasi-steady turbulent flow by considering the "laminar" sublayer
and presented it as a function of dimensionless amplitude and the

reciprocal of uz.

Baird et al. [1966) predict that for pulsations of the form

Ve Vm (1 + Y cos wd)
the enhancement would be

- 2
| W (1 +Y cos wo)® de
h 2n o

under the quasi-steady assumptions. This value is negative but yields
only a small reduction for Y < 1, They extend the treatment to reversing
flows and show that for Y > 1.5 the heat transfer coefficient is predicted
to improve substantially. For their conditions they estimate the limit
of the quasi-steady approximation to be a < 7.4,based on residence time

considerations,

Barnett and Vachon [1970) solved the non-steady problem approximately
for fully developed,turbulent pipe flow. The turbulent diffusivities
were taken as stationary at the values corresponding to the mean flow.
They predicted significant increases of heat transfer at low frequencies
and large amplitudes; the calculated improvement also increases as the

Prandtl number is reduced.
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Thomas [1974] applied a surface renewal model and predicted only slight

changes as the pulsation frequency increases in a water flow. He quotes

ot e e
TN,
Y R IR

Lu [1972] and Brown, Margolis and Shsh [1969] as recommending 4a’ ¥ 0.1 e,
as a limit for quasi-steady flow,

Measurements of heat transfer to pulsating air flow have emphasized
high frequency éonditions where acoustical resonances become important
[Lemlich, 1961]. Of those which concern low frequency pulsations about
half the experiments used steam-to-air heat exchangers which do not
normally permit precise comparisons. Enhancements and reductions of the

order of 10 to 80 percent have been reported [Havemann et al., 1956;
Chalitbhan, 1959].

With electrical heating giving an approximately constant wall heat
flux, Romie [1956] conducted studies at Re = 5000 and found reductions in
heat transfer coefficients of up to 10 percent and enhancements up to
about 20 percent. For a range 540 < Re < 11,000 in comparable apparatus,
Mamayev, Nosov and Syromyatnikov [1976] found apparent enhancement for
low frequencies and reductions at their highest frequency. Data at
higher Reynolds numbers do not appear to be available with a constant
wall heat flux as the boundary condition and with moderate or low pulsation

frequencies.

In summary, the analyses generally predict only a slight modification
of heat transfer parameters in pulsating turbulent flow whereas experi-
ments have found larger effects. Therefore, it is important to measure the
heat transfer parameters in typical flows where data are not available
in order to test the analytical predictions for normal operating con-

ditions.

g gt L, .
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1.3, Objective

The purpose of the present study is to determine by measurement

AURLHERR M — LRI M L

whether the predictions of quasi-steady analyses - e.g., no significant
modification of heat transfer parameters - are reasonable for pulsed
turbulent flow at typical Reynolds numbers and moderate frequencies and

amplitudes. In order to avoid some uncertainties of previous studies,

a direct comparison method is employed.
2. EXPERIMENT

2.1. Apparatus

Data were obtained with upflow through a vertical circular tube

heated resistively., The apparatus and procedures were similar to
those used by Pickett, Taylor and McEligot [1979].

Measurements were obtained with the open loop apparatus shown
schematically in Figure 1. A regulated gas supply flowed directly
into the system or through a single-acting "Gas Booster Pump" from

Haskell Manufacturing Company. The first source was used for steady

flow and the second provided pulsations superposed on a main flow.

From the pump the gas flowed through 3.2 meters of 9.5mm diameter

tubing to a heat exchanger of l4mm ID and 1.9m long. The flow

continued through the same diameter tube 0.67m to a fitting con~

taining a thermocouple used to measure the gas temperature and another

fitting in which a Model SCD 147 pressure transducer from Data Instru-

ments, Inc. was located to measure pressure fluctuations. The flow 1

continued through the game diameter tubing for another 7.6cm and at
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9

that point the flow entered a tube 1.54m long with a 5.87mm diameter;
this tube served as an alternate flowmeter for steady flow rumns. At
the exit of this tubular flowmeter was an elbow which served as the
entrance to the test section.

The test section was a tube of Inconel 600 with inside diameter
of 5.87mm and wall thickness of 0.292 mm. It consisted of a heated
section of 60 diameters in length preceded by an unheated section of
60 diameters and followed by an unheated section of 56 diameters.

A Kulite model XT-140-100G subminiature pressure transducer was mounted
flush wit., the inside of the tube immediately beyond the elbow at the
entry of the test section.

The remainder of the gas flow path consisted of approximately
2.1m of tubing with the same diameter as the test section followed by
l.4m of 9.5mm ID tubing joined to the heat exchanger tubing which
had an ID of l4mm and was 1.9m in length. A 1.3m length of the same

diameter tubing continued on to a densitometer which had an inside

diameter of 8.3cm and was 6lcm long. A 0.7m length of the l4mm ID
tubing continued from the densitometer to a plenum chamber of 0.l4m

ID and 0.24m length. From the plenum a line of the same diameter

as the entry and 5.2m long ran to the positive displacement meters
where the air was exhausted to the atmosphere. A flow control valve
was located 0.3 meters after the plenum chamber,

In low temperature runs, electrical resistance heating of the test

secrion yielded an axial heat flux distribution which exponentially

approached a constant value within two diameters and then remained
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constant within a few percent until near the end of the section. Tube
wall temperatures were obtained from premium grade Chromel~Alumel thermo-
couples, 0.13mm (0.005 in.) diameter, which were spot welded to the
outside of the tube. Three pressure taps,with holes of about 0.30mm
diameter, were used. One was located five diameters below the lower
electrode and the other two were about four and nine diameters below
the upper electrode.

The static pressure at the test section inlet was measured with
a Heise gauge and the Kulite pressure transducer. Pressure drop was
measured in steady flow with an MKS Baratron Model 77 differential
pressure meter. Pressure fluctuations at the beginning of the unheated
entrance section were measured with the Kulite transducer. The signals
from both transducers were récorded on a Hewlett-Packard x-y recorder.
Volume flow rates were measured with several Parkinson-Cowan positive

displacement flow meters in parallel., The test section was completely

enclosed by a heat shield to restrict convective air currents and to

help stabilize the heat loss from the tube to the environment.

2.2, Procedure

To examine the differences in heat transfer parameters between
steady flow and pulsating flow, an experimental procedure was evolved
to keep all control conditions as close to constant as possible during
comparison runs,

The quantities controlled were the volume flow rate which deter-
mines the mass flow rate and Reynolds number, the electrical current

which determines the heating rate, and the inlet pressure level, As a
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consequence, the gas, Reynolds number, Mach number and non-dimensional
heating rate were held fixed while only the pulsating parameters,
such as a, Str, etc., changed from zero to a chosen value. Instru-~
ments were not changed during a set of runs at the same conditions,
thereby reducing the pertinent experimental uncertainties to relative
(or comparative) values rather than absolute values.

Normally the pulsed run was conducted first at the nominal flow
rate, pressure and heating rate desired. After the data were
recorded the pulsed gas supply was stopped and the control settings
were adjusted to give the same instrument readings in steady flow.
Electrical current and pressure could be controlled closely but, since
the flow rate is deduced from measurements over a time interval with

the positive displacement flowmeters, setting the flow was an iterative

procedure. The steady flow rate would be set as close as practical to
the previous pulsating flow rate, then after the data were recorded

it would be set to a slightly different value for a second steady rum.
The latter flow rate was chosen so that the steady flow data could

be corrected to the conditions of the pulsating run by interpolation

if necessary. Normally the differences in mass flow rate were less
than two percent so changes were minimal,

The reproducibility of the measurement technique was checked in
two ways. Air data in steady flow had been obtained previously in two

other test sections by Serksnis, Taylor and McEligot [1978] and Pickett,

Taylor and McEligot [1979], It was found that each had a series of

runs at Rci near 80,000 and various heating rates so these were compared

......................
-----------------
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to present measurements at the samercoﬁditions. For the three sets

of data which spanned a five year period, it was found that in the

downstream region the normalized Nusselt number, Nu/(O.OZlReo'8 Pro'a).

agreed to within three percent at low heating rates (T /T, % 1.2)

and within two percent at higher heating rates (1.4 < Tw/‘rb < 1.8).
Secondly, the reproducibility of the present measurements was tested

at the end of the experiments by duplicating one of the first runs with

Re, ¥ 60,000, q* = 0.0014 (maximum T /T, ¥ 1.5) and steady conditions. The

mass flow rate could be reproduced to better than 0.2%, the test section

inlet pressure to within less than 0.1% and the electrical current

within the accuracy of ammeter (¥ 0.25%Z). The resulting values of

(Iw - Tb,in)nnx differed by 2.1Z, leading to agreement of the fully

developed Nusselt numbers within less than 37 again.

2.3. Range of variables .

Thirteen sets of runs were conducted with air (Pr ¥ 0.7).
A nominal Reynolds number of about 60,000 was chosen as a reference
but tbe range covered was 19,000 < Re < 102,000. Most data were taken
with moderate heating (d+ X 0.0015) with a few runs with §+ up to
0.0034 (maximm T /T, ¥ 2.3) to investigate effects of property varia-
tion. The maximum Mach number was 0.15 and the quotient Grilnei was
less than 0.012 so compressibility and buoyancy effects were believed
to be negligible. The operating range of the pulsating "Gas Booster"
pump vas 2.1 to 3.6 Hz.

The response time of the test section, due to its thermal capacity,

was sbout one second or longer at the conditions of the experiments.
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Thus, the wall temperature fluctuations were damped by the test section
acting as a filter. Since the response time was not considerably larger
than the period of the forced pulsations, the wall temperature oscillated
slightly., The amplitude was usually about ¥ 3/4°C. with a few cases
approaching % 1 1/2°C. For the nominal case at Re ¥ 60,000, the latter
amplitude is less than one percent of the temperature difference
'1‘w - 'l'i downstream., In data reduction the mean wall temperature was
taken as the mean of the two extremes observed during the pulsatioms.
For the pulsating runs, StrL was less than 0.1 for all cases and,
correspondingly, StrD was 0.0016 or less. Both were low enough to
expect quasi-steady conditions relative to residence times. The
total flow length from the pulsed flow source to the exit was about
20m or approximately 1/7th of the wavelength of sound at these fre-
quencies, so the liklihood of significant acoustical resonances is be-
lieved to have been negligible. The non-dimensional frequency or Stokes
parameter, a = rv2nf/v, ranged from 4.1 to 7.6 and its thermal counter-
part r/2nfpc/k was slightly less; if the flow were laminar, these ﬁag-

nitudes would invalidate quasi-steady idealizations [Greated and

Mullin, 1980]. The measured magnitude of the pressure pulsations,

Ap/p = z(pmax - pmin)/(pmax + pmin)’ ranged from 0.09 to 0,29 with the
magnitude of the bulk velocity pulsations being estimated as approxi-
mately half these values.* Thus, the amplitudes of the pulsations could
be considered small to moderate with none approaching flow reversal.

The heat transfer data are tabulated in Appendix B.

_ *The small size of the test section precluded direct measurement of
AV/V. The idea that AV/V % % Ap/p is based on an incompressible flow
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 § 3. RESULTS
;i 3.1, Pulsation wave shape, p(6)
ii The commercial gas booster pump does not yield a pressure fluctua-

tion that could be described as a pure sine wave, but typically it could
be considered sinusoidal as a f;rst approximation. Figure 2a shows
measurements of the usual wave form in these experiments and Figure 2b
shows the most different wave form observed. The latter occurred at

the slowest frequency used, 2.1 Hz. Close examination of the usual

wave form shows an almost linear rise in pressure followed by an ex-
ponential decay, but normally this decay was interrupted by the next
pressure stroke before it approached a steady pressure. The fraction
of time during which the pressure was rising was 30 to 40 percent in
most cases. Usually, the deéay fraction increaséd as the Reynolds

number decreased.

approximation relating Ap/p & KV2 where K is an overall loss coefficient.
Prof. Edw. J. Kerschen [AME, Univ. Arizona, 1981] has suggested an alternate
approach, considering the system as a long, frictionless tube (non-steady)
ended with a restriction, the control valve (quasi-steady). His one-
dimensional perturbation solution yields the spatial dependence of the
velocity pulsation u' in the pipe as

~ikMx/ B2

S _{1 sin [k(x - L)/8%] + Dk/8%cos [k(x - L)!lei e
: (-1 sin [KL/82] + Dk/82 cos{kL/8?%]

H o

-

where k = w/a,, A is the amplitude of the imposed pulsation, 8 = 1 - M
and D is a function involving the contraction ratio at the restrictor. He
also outlined another technique in terms of a velocity potential in order
to obtain both the velocity and pressure pulsations.
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Figure 2. Typical wave forms of pulsating pressure.
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One can apply the quasi-steady predictions of Mueller [1957] for
rectangular waves to estimate the effect of asymmetry in the wave form.
With symmetrical shapes at a non-dimensional velocity amplitude of
0.2, the reduction in heat transfer coefficient is predicted to be about
one-half percent. With V/V = 0.2 for the rise and V/V = 0.4 for the
decrease, the reduction is only one percent so the sensitivity to
shape or ;symmetry is not expected to be significant at moderate amp-
litudes.

By comparing the signals measured by the two pressure transducers,

it was possible to estimate the importance of the location of the test

section transducer. The distance between the two transducers was ap-
proximately twice the test section length and it included.flow through
an elbow and a couple additional fittings, so the change in p(e)'woﬁld
be expected to be greater than along the test section. For a given

run there was no evident change in the shape of the pressure fluctua-
tion. The decrease in the noé—dimensional amplitude was approximately
10 percent for Ap/E % 0.3 and for Ap/p ~ 0.1 it was up to 40 percent.
Therefore, the change in Ap/E along the test section would be estimated
to be less than 20 percent and the change in AV/V would be expected

to be less than 10 percent. Accordingly, the data are reported with

the transducer at the test section inlet providing Ap/p for reference.

3.2. Typical thermal entry behavior

Air measurements at Rei ¥ 5.5 x 104 and a moderate heating rate

are presented to illustrate typical results for the nominal case.

The pulsation wave form, p(8), has been presented in the previous
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l section; at a forcing frequency of 3.15 Hz, a was 6.3 and Ap/p was
:i 0,26, one of the higher amplitudes obtained. 1In the figures, circles
represent data with pulsating flow.

The wall temperature measurements are seen in Figure 3 to yield
the axial profile usually expected for steady flow with a constant
wall heating rate. For the comparable steady flow data, the flow rate
was reproduced to within 1 1/2 percent and the electrical current to
within 0.3 percent. The quasi-steady theory predicts only slight

differences and it is evident from even the raw data that there are

not large differences at these conditions. In the thermal entry

most pulsed data fall between the two steady runs as would be expected
from the Reynolds numbers if there were no effect. Further downstream
tbe pulsed data appear slightly lower than the mean of the steady
data.

In order to eliminate the axial variation in bulk temperature from
the comparison, the local Nusselt numbers are shown in Figure 4. The
differences are too small to discern so it is concluded that for these
conditions there 1s no significant effect even though a is well above

two, the approximate quasi-steady limit in laminar flow.

The slight difference in Reynolds number may be treated by comparing
values of Nu/Reo‘s. Normalizing then allows a closer comparison as in
Figure 5. For this set of data the average difference is about 1/2
to 1 percent with a scatter of the same magnitude. Most of the data

for the pulsed run are below those for the smooth run, in agreement
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with the quasi-steady predictions of Mueller [1957) and Baird et al.
[1966]; the order of magnitude of the reduction is the same as predicted.
(More exact comparison is not warranted due to the attainable level of

reproducibility mentioned earlier.) This quantity,

6‘111/Reo'8)L - (Nu/Reo's)s

<;Iu/Reo'8)s

will be used in the rest of this paper for comparison of the pulsed

and steady measurements.

3.3. Variation of parameters

The direct comparisons for all thirteen sets of runs yielded
maximum differences for individual sets ranging from 0.7 to 7.6 percent.

In most cases the parameter Nu/Reo'8

was less for pulsating flow than
for steady flow. The effects found were less than reported earlier
[Havemann et al., 1956; Romie, 1956; Chalitbhan, 1959) and were closer
to the predictions of the quasi-steady analysés (which indicate only
slight effects at moderate amplitudes).

The data were examined for trends as the control parameters were

changed. No consistent variation was found relative to non-dimensional

amplitude; the largest effects were found at low amplitudes rather than
at high values as predicted by quasi-steady analyses. Three sets of
data taken at higher heating rates, to see whether property variation
was important, showed no common trend.

The variation with non-dimensional frequency a is plotted with

inlet Reynolds number as a parameter in Figure 6. Also shown on the




Am..c_ X 3§ SL Ss|oquAs jJ0 195 Yord 3Aoqe uMoys Jaquny)
*sjudwaanseaw Apeajs pue pasind jo uosiuedwo) °9 dunbi4

YyuZ =D

oL 09 0'S ov

] v | ] ) ) 1 ] k| ) |} g
m {900-
m 6l | E
| 4 ¥00- Al g
H 4
1l 3 =] i
- NO.OI H d/l\ 1

o 5 & 7 &Z|°
6¢ 2 ® ~ L
16 m © o~ u..m g
- - O o o N T
Ll 19 28 o<
9l g ? ]
G0E v < 1200 N
: -+ 4
86 oke ° yIv . |
vl O 1voo 3

asx




23

left i{s the range of reproducibility mentioned earlier for the steady
runs; this range provides a measure whether differences should be con-
sidered significant. The symbols identify the differences calculated
at three axial locations from the thermal entry to downstream,

Most of the data fall within the range of scatter found in the
reproducibility runs. For the nominal case of Re ¥ 6 x 104 as well
as 8 x 104 and 105, no evident trend is seen as a varies from 5 to 7 1/2.
Thus, the present data for high Reynolds numbers agree with steady
results or quasi-steady predictions.

The two points at Rei 1.9 x 104 do show an increasing discrepancy
as o is increased as do the few points at Rei N4 ox 104. These discrep-
ancies are greater than the experimental uncertainty in the direct
comparisons. At a given non-dimensional frequency the data for the
lower Re}nolds number are lower. By extrapolating these trends towards
low a, one might interpret these data as implying that the limit of
quasi-steady flow may be given by a threshold value of o which varies
with the Reynolds number. For example, from the figure one might
estimate a threshold o of about 2 - 3 for Re, ¥ 1.9 x 104 and 4 - 5

for Re, %4 x 104.

3.4, Discussion
4
For Re < 4 x 10 at a ¥ 5 - 7 the present results showed reductions
in heat transfer parameters greater than the one percent predicted

by the quasi-steady analyses even taking the steady flow reproducibility

into consideration.

..................
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The greater reduction of the Nusselt number observed at lower Reynolds
numbers and a ¥ 7 can be considered in relation to other criteria sug-
gested for turbulent flow. Since convective heat transfer is dominated
by the thermal resistance of the viscous layer (y+ ¥ 30), criteria
relating to its thickness and turbulent bursting phenomena would seem
appropriate. Richardson [1967] and Shemer [1981] suggest that when
the "a.c. boundary layer thickness" becomes comparable to the "laminar"

(linear) sublayer thickness Yy the velocity profiles will be altered.

Their criterion can be rewritten as /&nStrD/(Rebcf) ¥ 0.2, an equality

which 1s approached as the Reynolds number is lowered for a given

tube and frequency, but it is obvious that if ANle > ¢ (i.e., StrD << 1)
then JG7; >> yz also. .

Ramaprian and Tu [1980] suggest that the turbulent transport will
be modified when the pulsating frequency is the same order as the tur-
bulent bursting frequency, fb. Using a correlation based on outer
variables, V/fbD X 5, by Rao, Narasimha and Badri Narayanan [1971],
they develop the relation S:rD ¥ 0.2 as a test for significant effects.
Chambers, Murphy and McEligot [1982] and others have found that the
bursting frequency scales better with wall variables than outer vari-
ables; if their correlation is applied, the criterion would take the form
180 StrD/(chneD) % 1. Both these bursting parameters increase as
the Reynolds number decreases for a given frequency and tube. Each
of the above criteria suggest a modification of heat transfer param-
eters as the Reynolds number is reduced in pulsating flow. However,

at Re ¥ 1,9 x 106 in the present test section, the predicted turbulent
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N bursting frequency is still much greater than the forcing frequency
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Barnett and Vachon [1970] completed their analysis with the con-

clusion that the large changes in heat transfer noted in some experi-
mental studies must be due to a change in the basic turbulent exchange
mechanisms., Alternate explanations are experimental uncertainties
and systematic error; measurements of heat transfer in internal flow
typically become more difficult as the Reynolds number is reduced.
It is known that it is difficult to measure the flow rate accurately
in pulsating flows [Oppenheim and Chilton, 1955] particularly when
a non-linear relation is involved (this difficulty was avoided in
the present study by the use of the positive displacement flow
meters).

The present test section is too small to permit direct measure-
ment of the turbulence structure as by Shemer [198l] so resolution
of the behavior in the range 104 < ReD <4 x 104 is deferred as a
topic for later study. For the present we conclude that, relative to
the quasi-steady predictions in the low Reynolds number range, there
is possibly a small reduction which increases as a increases and as

Re decreases,

The data for Re > 5 x 104 essentially confirm the predictions of
the quasi-steady analyses - that there 1is no significant difference
from steady flow results - for a up to about 7 1/2 and Ap/p ¥ 0.3 within

the experimental uncertainty. As noted by Richardson [1967], Shemer
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[1981]) and others, for turbulent flow the penetration depth JUZ:
should probably be evaluated using an effective viscosity considerably
greater than u in the turbulent core. Then the effective value of
e ™ T VE7;:;; would be reduced compared to laminar flow at the same
frequency and tube diameter. This reduction in a would be expected to
become greater as the Reynolds number increases. Thus, these data

imply that a = 7 at Re > 5 x 104 corresponds to Y Y2 (which would be

the 1limit for quasi-steady behavior in laminar flow).

4. CONCLUSIONS

Heat transfer measurements in pulsating, turbulent flow of air
were compared directly to results at the same values of the control
parameters over the following ranges: 4.1 2 a < 7.6, q+ ¥ 0.0034
and 19,000 ¥ Re < 102,000. All pulsating data agreed with the corres-
ponding values for steady flow within 7 1/2 percent.

For Re > 5 x 106 the pulsating measurements essentially confirmed
quasi-steady analyses, which predict a slight reduction in heat transfer
paramaters, within the reproducibility of the experiment. At lower
Reynolds numbers the reduction was larger and increased as a was in-

creased.
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LITERATURE SURVEY
J. S. Park*

Appendix A:

Various studies over the past 30 years have been directed at
the question of whether pulsating flow can produce increases in
heat transfer. This interest is frequently motivated by the
several practical situations of engineering applicatioms, for
example, in unstable systems of rocket motors, gas turbines, and
heat exchangers with reciprocating devices or with compressors.

A survey of the available literature for heat transfer to
pulsating turbulent flow is summarized in Table A-1 and Fig. A-1l.
Generally investigations on heat transfer to fluids in pulsating
flow have shown increased rates of heat transfer but apparently
conflicting data have been reported. Iﬁ addition, many investi-
gations have been limited in the range of variables determining
the heat transfer phenomena and have used different pulse genera-
tion mechanisms, flow regimes, etc.

In the turbulent flow region, for example, references
[2,4,5,8,9,15,17,18] show increases in heat transfer due to
imparting pulsations to the fluid, while (1,10,11] report that
these pulsations have no such effect. In [3,6,7,12,13,16,19-25]

an increase in heat transfer was found in some cases and a

reduction in others, depending on the frequency, amplitude and

the Reynolds number.

*Present address, College of Engineering, Texas A & M Univ.,
College Station, Tex.
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Nomenclature for Literature Survey

Symbol Definition

a, Speed of sound
Cp Specific heat at constant pressure
4 Pipe inside diameter
b 4 Pulsed frequency, cycles/sec
Cr Grashof number based on wall heat flux, gd“’q;;/ (LRKT)
h Heat transfer coefficlient
H Heat transfer parameter, Nu/Re®*®
k Thermal conductivity
L Length
M Mach nuaber
Nu Nusselt number; hdy /k
KR Non-dimensional parameter for comparisoms,
| surg 0B - urg 0% 1 vurg, ™6
n Exponent on heat transfer correlation
P Time mean pressure
3 Peak to peak amplitude of pulsating pressure
P Pressure
q+ Non-dimensional heat flux, q,';/(r‘icpr)i_n
Re Reynolds number, pVd,/u
r Tube radius
Str Strouhal number, 2xfd,/j
t Time
T Temperature
v Time mean bulk velocity
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Nomenclature for Literature Survey--Continued

Symbol Definition

? Peak to peak amplitude of pulsating veloclty
v Velocity

Y Non-dimensional velocity amplitude, V/y¥
Subscri

) Bulk

in Inlet

a Mean

P Pulsed

s Steady state

w Wall

x Axial coordinate

Greek symbols

o’ Non-~dimensional frequency, r \IZ’IT/y

A Wave length

M Dynamic viscosity

yd Kinematic viscosity

w Angular frequency, 2nf
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‘f_ Because the data reported ir the above references were

obtained with different parameters--such as Reynolds number,

v
.

frequency, amplitude of pulsation, Prandtl number, waveform, etc.

SN

’<.l

—-the apparent conflict of the results is not surprising. However,

LI

- the theory of the effects of turbulent pulsed flow on heat transfer

."‘l.“l"'

is not, at present, well known or understood.

v,
IR ]

Hence, this paper represents a contribution toward a

-
%

'ﬁf proper understanding of the pertinent variables for such a theory
‘ with experimental results in the ranges of turbulent flow and low
‘; frequency.
Tii In the present Appendix, a review on the effects of unsteady turbu-
;;; lent flow generated by flow pulsation and sound fields on the rate of
. 1 heat transfer is presented. The different studies are reviewed after
classifying them as follows:
- I. Measurements of heat transfer to pulsating turbulent flow.
A) Water in steam-water heat exchangers (tube}
B) Air with electrical heating (flat plate)

:i C) Air in the low frequency range (f ¥ 40Hz) with steam or
% electrical heating (tube)

D) Air in the high frequency range (f £ 40Hz) with steam or
electrical heating (tube)

II. Theoretical studies and quasi-steady conditions for pulsating,
s turbulent flow.

Extensive reviews and bibliographies of the literature about pulsat-

f% ing flows in general are also presented in references [22], [27] and [28].




I. Measurements of Heat Transfer to Pulsating, Turbulent Flow

I.A. Pulsating Water Flow in Steam-water Heat Exchangers

References [1]-[7] have investigated the effect of
pulsations in water flow on the overall heat transfer coefficient
of a steam-water heat exchanger. Their works covered the
Reynolds number range 1,500-8,500 with pulsation frequency

covering the range 0.22-16.7 Hz. The primary purpose of these
investigations was the study of improving the overall heat

transfer coefficient by imparting pulsating motion to the flow in

the heat exchanger. However, experimental data pertaining to -this
problem are clearly insufficient since they give conflicting con-

clusions.

Among those investigations, Karamercan and Gainer [6] and
Herndon et al. [7] investigated broader ranges of the operating
variables than others. Karamercan and Gainer [6] observed in-
creases in the overall heat transfer coefficient of 0-700% for a
Reynolds number of 1500-47,400 with O to 5.0 pulses/sec. They
also showed the highest enhancements in the heat transfer co-
efficient obtained within a Reynolds number range of 7500 to 9500.
Herndon et al. {7], employing 0.83 to 16.7 pulses/sec and a
Reynolds number of 6,600 to 28,000, found some decreases at certain
frequencies and increases at most frequencies for an exit pressure
of 1 atm. In addition, the average enhancements observed at
higher exit pressures (about 20-f£. head of water) were less than

1.0 for most of the frequency range studied.
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In general, these investigations of heat transfer to
pulsatile water flow in heat exchangers indicate possible causes
of enhancement as follows:

1) to increase the level of turbulence in the pulsed stream

2) to cavitate the fluid next to the tube wall

3) to produce periodic reversals in the pressﬁre gradient.
Karamercan and Gainer [6] state that periodic reversals in the
direction of flow seemed to be the important parameter in the
enhancement of heat tfansfer in pulsating flow because flow
reversal increases cavitation and also promote a higher level of
turbulence in the fluid. However, the manner in which these
mechanisms improve the convective heat transfer coefficient is still

somewhat vague.

I.B. Pulsating Air Flow Over a Flat Plate
References [8]-{11] are concerned with turbulent heat

transfer from flat plates immersed in oscillating flows with

frequencies from 3.0 to 680 Hz and Reynolds numbers from 10,000 to
48,000 as shown in Table A-1. Investigations by [8] and [9] resulted in
increases in Nusselt number of 50 or 65%. In contrast Failer [10]

and Miller (11] found practically no difference in heat transfer

rates obtained with and without pulsations in the frequency

range 3.0-200 cps. Unfortunately, those investigations are

limited to a range of Reynolds numbers from 10,000 to 48,000,

approaching the transition region in such flows.

S S




SATEA [
. %y aa3dna | T°9€ 8&.9_ _bown 0°g2 l%r ﬂ % A ‘Te
N.Nl@ 0 = \&.A— l”h:.w lﬁbo l@.@ .ﬂ ..—.0 .8§
Sutyed °9l € 0°S 'l Imugey y
0°g-60= Yy soalioenly o v ~0°| €1 6261 | woowerey
erorse Vg i Sn.%“uw 11 |09z el §
20" 0 -4 | -0° v 2 Ton
o Xosd
%, e /e L't | 29t v e
H°1-0°1=_ /dy -g° | € yeans | weeys xerenoo6r| 30 ‘mrtey
. ~MMWMMWMQ« aATeA
e} °T> % a93dna
, . . €
rm.?".L & xous 9€ | §°0 s'tloe '3 1961  uormweq
uj\ Suryeo
. °n = .E ° . N .NO.HE
Lo1=560= /%y : ..Hz 91Z|i90°2 61| w3sen
?..-d.naw.«n - Sutjed T °Te e
(Feuwer) 1< i W/ | —oadtoex wm. 22H°0 €461 | * YTToUTIIRR
UoRT [UQUT
eyed ‘Joy
seyou/musey | xnestng|  —oes uwﬂﬁ og |Wmy DI} IvOx SINP Y

'JeBuwtjoxe }eey .uo.«.ﬁ...uaoam uy eqmy Uy MOTJ Jejen Burjesyry (e

*M073 juanqani Suyjesind 03 13jsueil jeay uo vIRP JO Kivwmng

“T-V 9198l

- . e . N .
SRt et T e e
IS AY VLA SR VP J S VA T Sy

i
i
o 4
.
.
o
.
e
[
-
e




‘ouzucomouuo.ﬁlw.o . Mouwuw o€ ¢z e
ug
°oS88" co 1-ge0S WAy | -oadrds1| “¢e9| “Boy = m\a_ 9¢-0] 00 ofxy00T® 1l qe¢z3exp
000°C ~o4_ I0F| oATeA — e 14 9t  °Te
£°1-6°0 nmns\n._ orj0udew am o] ~15°0] -45°0]|oTX}00T8 | 9461 10 Ankewry
(393en A xve perooo) B eoy ST
8t = 1°7 = “™W/dny| zossoadwoo| 0°56| teg® | 06 | o°t S1-2] 002-4] weeys | 6S6T|uvuqlTreUD)
en Q dATEA ®BOIE -QQNQQ #ﬂ
¢ - Q0= afqeraea —_—] -—
k «kllh.\ ™| smwuox meal oy | | 9¢-€5| wems| yg61|  zorreny
0°21=q/1 79 SAT®A i
22°1-6°0 = *"Wdny| Supmox| ¢2] g6°0 |"™™| o'y |~9=sal-g¢l ¢ loxmoetm|oc6r| €1 oywou
ST} eddod AT Ao
g o ¥ = /Ay | zeatap-weo| 28| 0% oSl 629 weeys|oger| *uuwewoawy
*ZH Of ~ 0 XAouanbexy Jo ePuex oyy UT eqny UT MO} xte Jupresyry (o
50°% A AT e 13 9y 4 001 002 N 11
=66°0 =" Sunynaox - 13 =" ~€ |081-02% 6961 IOTTTH
ne ot
[0 S uexys| ¢°61] 0°'% d 00t | 001-0% 1961 IoTTed |
¢ To9yn omw.n ¢ 6 Jade9)
= uexts| °uy 4 x °uyg| 007-07 { |pue JeTYod
_~o>.:.n¢>. Faty 2
®(Xny/ ~R10X)0ATEA | °UT 001 8 °Te
1 d(xny | £13 I913m 8/1 € X “utg) 'l S4T [ornyooTd | 1961 | 30°Aetrheg
.5.-H osodﬂ m d
vysd | W/Mg un.f MR A *Jou
noao=\uﬁwmmom I0jesTNd | UOFIDas 3831 ¢d =/ .m ) wndﬂdlﬂ avox sIoq Ny

.

e
------

8.
........

*03e1d eLJ ® JoA0 MOTJ xTe Burrwsyrg (Q

(ponuyluod) T-v ITqeL

- s 8 2
. X

v o
......

LI

TRy

........
.......




- w | 062 1 MM““ omum 00T Nm .M«.H“
§2'2 - 68°0 = "*mM(xny | aop0r w | oo 2% ezl -z1| A ~OF | o979 696¥| ~eAecy Tre)
USATAp €2
2030m 062{5°1 §2°0 °Te 39 Ay
- safou | - - | =2°t| =-0°0 [S€T | oOF ! MMonvd

“NQN - Qoo = QA*’Z\Q&“’Z I.HMWWMM @ﬁ E “oN& "M\h l“: .l°ﬁ s.ﬂo $mﬁ x gc ...
—opou zz o]
=TI 30 0POU-A Mo BTvewdor| toeum |2 ol gor| aoas omom P | eeorsliges u«oﬁ.boJ .
0°1> 20 0°t < *(Wfd(xny| * uexys 5z2°0 (oo £
062 : lmo 0 094 ‘te 39
(x oaTeA | wm | wm -2f0°t uM\m ~0§ omwf 0019 [996T|  *uryysoy ¥
uot3eIqiA R :
opou f3yo0Tea uo Juppuedep|” - .ooe ozr| 98°c| ¥djo°1 wmmm cmNN wea3®)S96T] ¥ uosyoer 5
0°1> 0 o'y < *(nw/d(xny 95 ey 6Tre 30
epou 700TeA ..“ ”«um..“ov .wun.mww casc| B¥oer .NM mB.m Wes319 1196 ‘uosyoe ]
0r> 30 0°f < M(W(Frupoorotioy goc gr ™
0072 <oU F0F| o ooy . .WA 0 elto6t] ¥ uo -
428 - G0t = *Ydu| -omoore | ol cruof W¥alony S HE IR 2 :
= woyemia [ | 8| sleser] "
o7 = Su/dy d.wnsoed SH°0 . Hmlm -66 —= g
¢*1-2°1 = */dy| omy el : ZH | ¢ 01X
— sugeqoupe Vo [FF, 94 | o5 oy|Butysol (xeex| °zou ny
Bsej0u/ay TNE0y zopwsTng | -or3008 3908 U/np |80 AZA SIon :

*SH O <J ‘eBuex fouenbezy yFTY Wy UY eqmy UY MOTF ITE BuryesTg (e .

(ponurjuod) T-v 3fqel




............................................

!

- A-10

{

:.‘. 106 T + 1 LA LS r LI 4 L] L] LR l 2 B ] L *

eeecees Yater in stean-wvater heat
(5

hanger
=== Alr in tube (high Zrequency)
i —— ALZT in tube (low frequesmcy)

UTTIH

N r — 4
( Yy 135 TN

10°

Reynolds number
|
S
*iﬁ";n."y.
5

|

|

Wi 3 S

1o ; N TEL T

4 - |
i
[
|

1.0 5 10 50 100 200 200 400

N "--............[ 6]'
.- 103'-\- - # ] 1 TR T EEY |

Figure A-1. Ranges of frequency and Reynolds number of experimental
data on heat transfer to pulsating, turbulent flow.
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I.C. Pulsating Air Flow in Tube in the Frequency Range 0-40 Hz

The results of measurements of heat transfer to pulsating
air flow through a tube in the low frequency range are shown
in Fig. A-2 and Fig. A-3. Half [12] [14] [15]) of those experiments
used steam-to-air heat exchangers which do not normally permit
precise comparison, and the other experiments [13], [16], [25]
used the tubes with electrical heating.

By using a tube heated with steam, Haveman et al. [12]
(£=5-40 Hz, Re=6000-25,000) reported changes of heat transfer
parameters from -40% to +40%; Chalitbhan [15] (f=0-15Hz, Re=7000-
200,000) always showed an increase of heat transfer, as high as
1002 at Re=10,000-50,000 and around 20X at Re=160,000-200,000;
and Mueller [14] (£=0.038-0.248 Hz, Re=53,000-76,000) showed the
average Nusselt number to be about 0-20% less than the corres-
ponding steady flow, theoretically and experimentally. Because
no information was given on the amplitude of the fluctuations
and substantial experimental uncertainties were involved (generally,
more than ¥10-30% for steady flow), it is very difficult to
compare these results with other teferenceg.

Particularly, Chalitbhan calculated Nusselt numbers by modi-
fying the Martinelli equation [42], and computed the Nusselt
number of the pulsating flow by using the ratio of the pressure
drop for pulsating flow to that for non-pulsating flow. He used

a water-filled manometer for the pressure drop of the test

,,,,,,,
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section. So his results may have a large error as the values of
pressure drop for pulsating flow cannot be measured accurately by
inferential meter readir s [43][44].

With electrical heating, Romie [13], Mamayev et al. [16] and
Creff et al. [25] showed that heat transfer parameters of the
pulsed flow are close (+202) to those obtained in a steady flow,
except for the resonance results of Ref;'[ZS] (Fig. 3).

Romie [13] measured heat transfer data at a position 12
diameters downstream from the heated section entrance (Re=5000,
f=3.3-133 Hz,~g— =0,5-2.0) and showed the ratio of the Nusselt
numbers of the pulsed flow to those of unpulsed flow increases
above unity with increasing frequency ( 9/7>~1.0) then decreases to
a value below unity, and then, at still higher frequencies,
increases above unity. But as explained by Bogdanoff [22] for
the high frequencies (f=75, 133 Hz), the oscillation amplitudes
measured by a hot-wire would not be representative of conditions at
the point where the heat transfer measurement was taken, because
7% becomes much shorter than the duct length and, hence, the velocity
amplitudes at a point may not be representative of conditionms
existing all along the heated section.

Mamayev, et al. [16] carried ocut experiments (f=0,5-25 Hz,
Re=540-11,000) and showed that the heat transfer coefficient
averaged over the pipe length, is higher (0-15%) than in an

equivalent non-pulsed flow except for f=20 Hz as showm in Figs. A-2

and A-3. The amplitude of fluctuations was not recorded. Their

T P e e T Ve e e e e T T




A-14

effects of air velocity and the frequency on heat transfer to
pulsed flow at Re=4,000-8,800 can be summarized as follows:

I. The effect of air velocity on heat transfer to pulsed flow

A) The critical values of Reynolds number, reflecting
changes in flow modes, depend on f and shift toward lower

;l values with an increase in f. This effect was not observed

‘ at £<2 Hz.

o B) At Re> ReCR’ the ratio of heat transfer coefficients drops

i; exponentially and steeply with Re for f=5, 12, 20 Hz.

- C) The ratio of heat transfer coefficients tends to unity at
£=0.5 to 12 Hz, while at £2> 20 Hz the pulsations have a
negative effect on the heat transfer rate in turbulent
flow.

I1. The effect of the frequency on heat transfer

A) At Re=3000 to 4000, the ratio of heat transfer coefficients
increases above f=5 Hz, and then asymptotically tends to
unity.

B) At Re=5000-8800, this ratio has a peak at f=0.5 to 1.0 Hz
and then decreases to unity.

C) No effect of flow fluctuations is observed at f=15 Hz,
while at f=15 to 24 Hz the heat transfer coefficients are

smaller than for steady flow.

As shown in Fig. A-3, Romie and Mamayeu et al. showed no effects

of flow fluctuation at a frequency near 15 Hz. Creff et al. [25],
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~

[ (mean Re=105 -2x105, £=0-36 Hz, ~ = 0.36), studied the frequency
- v

influence on the local heat transfer rates, and especially those
due to acoustic resonance frequencies of the pipe. They showed

that the local Nusselt numbers are close (+5.0~-20%) to those

of the unpulsed flow at the same mean flow rate except near the
resonance. For the resonance modes heat transfer increases about
75% at antinodes of the amplitude of the gas velocity as shown in

Fig. A-3. Heat loss is less than or equal to 10Z of total heat flux.

I.D. Pulsating Air Flow in Tube in the High Frequency Range, f > 40 Hz

Experimental investigations in the high frequency ranges
vhich involved resonances [26] of the tube system were made by
using a steam heated tube with acoustic vibrations (siren or horn)
[17-20, 22] and by using an electrically heated tube with
oscillations generated by a rotating valve [21, 23, 24].

Most of these results, generally, agreed that the effect of
resonant fluctuations on heat transfer was found much greater than
that of non-resonant pulsations. The effect increases as the
amplitude of pulsations increases.

However, the effects of resonant fluctuations in heat transfer

are uncertain because aﬁ increase in heat transfer was observed in
some cases and a reduction in others, depending on the Reynolds
number, node or antinode of standing-wave velocity along the

length of pipe, pulsation amplitude, frequency, and so onm.
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Hwu and Lemlich [17, 18] showed an increase in the heat trans-

fer coefficient up to 277 in the turbulent region, at frequencies
which were resonances of the tube system allowing large amplitude

oscillations to occur (Re=560-5,900, £f=198, 256, 322 Hz). For

pressure amplitude measurement a water manometer was used, so the
amplitude data may not be accurate, as mentioned in Ref. [43, 44].
Jackson et al. [19, 20] studied air flow in a steam heated
tube (Re=2000-200,000, f=90-356 Hz) at resonant frequencies. To
measure the intensity of the oscillations induced by a horm, a
microphone mounted on a rod was inserted into the duct from the
upstream end. Typical heat transfer data are reproduced in
Figs. A~4 - A-7, and are discussed by Bogdanoff [22] for a frequency
of about 220 cps as follows:
1) At Reynolds numbers of 43,000 and above, the
data behaves as exemplified by Fig. A-6, i.e.,
the general effect of oscillations is to reduce
the heat transfer rates, the largest reductions
appearing near the velocity antinodes, and
relatively little effect in the regions of the
velocity node.
2) As Reynolds number is decreased into the range
22,800-33,000 the effects of heat transfer
become swall and irregular although the sound
pressure levels are diminished.

3) On further decrease of the Reynolds number into
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the range 11,600-16,000, there is again, a strong
! effect of the oscillation on heat transfer as shown
in Fig. A-5, i.e., increases in heat transfer at
:ﬁ the velocity antinodes, decreases at the velocity nodes

and an overall increase in heat transfer.

Bogdanoff [22] investigated air flow in a steam heated pipe at
the resonant frequency which was induced by a siren wheel.
Measurement of the amplitude of the pressure fluctuations was
taken with a pressure transducer just upstream of the siren wheel
which was at the end of tube. The experimental results for 7 runs
at the 9th harmonic and 1 run at the 13th harmonic are reproducéd
in Figs. A-8 - A-15.

The quantity GA/ﬁ , the instantaneous velocity which would be required

to cause a pressure fluctuation ;/; , was computed from a simple-wave

formula for acoustical waves in a duct without friction losses

[26], -
Up/G = SN/f,. * 1/rM (A.1)

where the pertinent nomenclature may be summarized as:
Sy = wD/ﬁ., Strouhal number upstream of the heated section
s root mean square pressure fluctuation

= r.m.8. velocity fluctuation at pipe center-line

@D ar JR

peak-to-peak velocity at pipe center-line, or in free

stream
§, U = mean pressure, velocity.

From the assumption of sinuscidal pressure waves, ﬁA/ﬁ is roughly

Op/g=2 VZ §,/5%2.83 Ty/5 (A.2)
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Figure A-10. Effect of pulsations on local Nusselt numbers for B’/a = (.0515

from Bogdanoff [22].
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Figure A-11. Effect of pulsations on local Nusselt numbers for PN/ﬁ = (0.0637
from Bogdanoff {22].
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Figure A-12. Effect of pulsations on local Nusselt numbers for PN/E = 0.698
from Bogdanoff [22].
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from Bogdanoff ([22].

600 Run 27 Mg = 0307
gn-lir So * U8
s 54.7 psia
Pipe 1D. = 1.5in E"’E *.0870
13th Harmonic Us7V *1929
Reg # 100,200 @ Oate peints
\ tikety in error
*
400 t
\
NU»
(‘ Aun (27)
200 o - 4 L4
- | s — -
B> memy _ﬁ,‘hﬁg__ -
Steody ﬂo-g ! P emmeent -
VA. VN, VA VN va.
b
o I M i ! 1t 1 1
0 L] 10 5 20 . 25 30
Distance from entrance of heated section, digs.
[ T R — — 1 il 1 [ g 9 + N iy 2 P IR N g N 1 5]
12345 6 7 8 9 1011 12 1314 15 16 17 18 19 20 21 22 23 24 25

Chamber no.

Figure A-15. Effect of pulsations on local NUsselt numbers for lﬁNlﬁ = 0.087
from Bogdanoff [22].

---------------------
.....................




...........................................................

A-24

His results can be summarized as follows:

1) For all runs, Re % 105, and M = 0.03, S, X 6.4 for all
9th harmonic runs and 83-9.18 for the 13th harmonic runm.

From Fig. A-8 we see that oscillations have little effect on heat
transfer at ’ﬁA/ﬁzo.a.

2) At ?J'A/ﬁ'::o.s, the oscillations produce a noticeable effect
on the heat transfer. The maxima of heat transfer are downstream
of the velocity nodes, the mipiu dowvnstream of antinodes and there
is little overall change of hesat transfer.

3) As the oscillating amplitude increases ( ﬁAlﬁﬁ 1.2, 1.4,
1.56), the amplitude of the variation of heat trausfer increases,
and the maxima and minima move downstream, but the overall heat
transfer changes are small.

4) Increasing the oscillation amplitude still further
( ‘I'I'A/ﬁ = 1.7, 2.3) moves the maxima and minima even further
downstream (the maxima is near the velocity antinode, and the
minima are slightly downstream of velocity nodes), increases the
amplitude of the heat transfer fluctuations, and produces sub-
stantial overall increases in heat transfer rates (especially for
U,/5 = 2.3).

5) The test taken at the 13th harmonic shows fluctuations of
heat transfer whose maxima and minima are located similarly to

those at the 9th harmonic for comparable ﬁA/ﬁ values

( ‘ﬁAlﬁz 1.9) but shows considerably smaller overall increases in
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heat transfer.

Koshkin et al.’[21] and Galitseyskiy et al. [23, 24] investi-
gated heat transfer to pulsating air flow in an electrically
heated tube. Local heat transfer measurements were taken at various
points over a heated section (Re = 104-125, p = 72-290 psia,
Ty/Tp = 1.2-1.6 (23, 24] or 1.0 [21], -2— = 0-0.25).
Oscillations were generated by a rotatin: valve upstream of the
heated section. The relative amplitude of pressure pulsations was
taken at the experimental tube inlet. Typical heat transfer data
are reproduced in Fig. A-16. These results can be summarized as
follows:

(1) Resonance pressure pulsations of the fluid in a pipe
appreciably affect the heat transfer near standing-wave
velocity maxima; the effect increases with an increase in
the amplitude of the pressure pulsation.

(2) In the experiments the heat transfer coefficient i1in the
first standing-wave velocity maxima was 2-3 times greater
than that for steady state.

(3) As a result of dissipation of the pulsation energy, the
heat transfer coefficient decreases along the pipe, i.e.,
the closer the velocity maximum to the pipe inlet the
higher the heat transfer,

(4) The distribution of the local heat transfer coefficient

along the length of the pipe is similar to the kinetic
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energy distribution along the standing wave.

(5) The number of heat transfer maxima and minima is determined
by the number of the resonant harmonics.

(6) The effects of the Reynolds number in the range of 10“-105
and of the number of the resonance harmonic on the
relative heat transfer in the experiments are insignificant
as under steady-state conditions, i.e., lie within the

limits of experimental accuracy (+ 10%).

II. Theoretical Studies and Quasi-steady Conditions for Pulsating

Turbulent Flow

Although the effects of the flow pulsation on heat transfer
characteristics for turbulent flow have been studied over the past
40 years, there are few theoretical analyses in the literature
[14,29,31) for turbulent pulsating flow. The present work is
limited to demonstrate simply the results of the theoretical
analyses rather than a comprehensive explanation of these studies.

Barnett and Vachon [29] presented an analysis for the turbulent
fully developed flow of a fluid in a tube undergoing harmonic
oscillations parallel to its centerline with the governing param-
eters: Reynolds and Prandtl numbers, non-dimensional frequency,
and the dimensionless amplitude of vibration. By assuming the
turbulent diffusion of momentum and energy were unaffected by
this motion, they predicted significant increases in heat transfer

coefficients only at low frequencies and for large amplitudes.

LT
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The Nusselt number decreases at high frequencies with respect to
the corresponding steady flow value. The effects of pulsating
flow on heat transfer are amplified with Prandtl numbers below

unity.

References (3, 4, S, 14, 22, 30, 31, 32] discussed the effects

of pulsatile flow to heat transfer, and some provided results for
quasi-steady conditions; i.e., frequency low enough that heat
transfer coefficient at any instant in pulsating flow can be pre-
dicted by the usual steady state correlations.

Park, Taylor and McEligot [33] summarized the comments of
Smolderen [34] about the governing parameters of non-steady flow
as follows:

fL

1) Strouhal number: StrL il (A.3)

2) For acoustic disturbances, the ratio of the length
of the flow path to the wave length of sound waves:

' Lf
L/xn = ;; =M . StrL (A.4)

3) For consideration of viscous effects, non-

dimensional frequency:

o = LVZrti (=Rep . stry ) (A.5)

If Stry «1, the unsteady term in the governing equation becomes
negligible relative to convective terms, and the flow can be
treated as quasi-steady. If %- and  are small, the flow is
considered as quasi-steady for acoustical and viscous effects,

respectively.
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Mueller [14] showed analytical and experimental results of
pulsating turbulent pipe-flow heat transfer in a quasi-steady
condition. For quasi-steady flows which are non-reversing, his
analysis reported a slightly lower average Nusselt number must
be expected than for steady flow. Experimental results
(Re=53,000-76,000, £=0.038-~0.248 Hz, steam heated tube) showed
the average Nusselt number to be less, 0-20%, than the corresponding
steady-flow Nusselt number.

Lemlich [3] showed that for fully developed flow with comstant
properties, if hsf~'v“, the improvement ratio or enhancement due

to pulsation would be

2
. (Zx)“" jo ,;n(wt) d(wt)

"o/t T fo Ty (ut) awt)]®

By similar method, Baird et al. [4, 5] and Bogdanoff [22]

(A.6)

showed that the time-average ratio of heat transfer can be shown

to be,
— 2 a 0.8
1 .

0.8

with the assumptions of hg~ V' °~ for steady turbulent flow in

a tube and a sinusoidal variation of velocity,

V=V (1+ -—}- sin wX) (A.8)

Typical results of Eq. A.7 which are independent of frequency
are shown in Fig. A-17. Experimental results by Baird et al. [4, 5]
showed that Tx'p/hs does not fall significantly below unity at low

values of GIV , and that the quasi-steady flow theory, while not
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Figure A-17. Effect of pulsations on heat transfer for quasi-steady
conditions (from Bogdanoff [22]).
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completely satisfactory, does predict approximately the effects of
flow pulsation at high values of G/V.
It is shown in Fig. A-17 that significant improvements in heat

transfer are not obtained until GIV exceeds approximately 3.0.

Many papers [4, 14, 28, 31, 32, 35, 36] discussed different

conditions for the quasi-steady state approximation to be valid,

e.g., o <7.4[4], &250.1 Rep [35,36].

I1I. Summary of Literature Survey

The results presented in this literature survey show that
different studies of heat transfer in pulsed flow have provided
their contributions by showing the existence of specific phenomena
appropriate to those flows. Those contributions have shown that
the heat transfer rate increases or decreases in comparison to
non-pulsed flow for various experiment conditions, by variation
of the following quantities:

1) frequency

2) amplitude of oscillation
3) mean Reynolds number F
4) mode of generation of pulsations

5) acoustic resonance of the system

6) antinode or node of the flow velocity
7) and so on.

It 18 not immediately apparent which of the parameters are

A AEE S0

most important in determining the nature of the effects of the

e m a .
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pulsations on heat transfer. It is likely that different para-
meters will dominate in different ranges. The analyses generally
predict only a slight modification of heat transfer parameters in

pulsating turbulent flow whereas experiments have found larger

_effects.

Therefore, it is important to measure the heat transfer param-

eters in typical flows where data are not available in order to
test the analytical predictions for normal operating conditions.
Also, we should look for the parameters which most influence the
heat transfer in pulsating turbulent flows. This is the task

recommended for the current and future studies.
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APPENDIX B: EXPERIMENTAL RESULTS

! Table B~1. Summary of experimental conditions

P - -4
Run Frequency (Hz) o Ap/p Rei x 10 (Tw/Tb)max MTC16

M 805 2.10 5.35 0.13 6.14 1.53 0.135

] 806 - - - 6.00 1.54 0.134

. 807 - -_— - 6.18 1.52 0.134
808 3.15 6.18 0.26 5.52 1.51 0.135
809 - - - 5.43 1.52 0.135
810 - - - 5.59 1.51 0.135
811 3.56 4,31 0.20 1.88 1.50 0.111
813 - - - 1.90 1.49 0.110
814 2.84 7.08 0.09 1.93 1.51 0.033
815 - - - 1.9 1.48 0.033
816 - -— - 1.94 1.48 0.033
817 2.80 7.17  0.15 3.76 1.51 0.061
818 - - - 3.84 1.49 0.061
819 - - - 3.79 1.49 0.061
820 2.71 7.18 0.26 5.78 1.88 0.097
821 - - - 5.82 1.91 0.095
822 -— - - 5.90 1.89 0.095
823 2.56 7.03 0.29 9.65 1.49 0.145
824 - - - 10.22 1.48 0.142
825 - - - 9.93 1.49 0.143
826 2.81 6.65 0.35 7.69 1.49 0.143
827 - - - 7 085 1-49 0-140
828 - - - 7.64 1.49 0.140
829 2.54 7.53 0.28 9.50 2.20 0.140
830 - - - 9.61 2.18 0.140
832 2.84 7.41 0.27 7.55 2.28 0.131
833 - - - 7.48 2.27 0.139
834 - - - 7.60 2.26 0.139
835 2.94 6.68 0.28 7.74 1.27 0.141
836 - - - 7.82 1.26 0.139
837 - - - 7.72 1.26 0.139
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Table B-1. Summary of experimental conditions - continued

| - -4
Run Frequency (Hz) a ap/p Re, x 10 (Tw/Tb)max Meci6

838 3.00 7.27 0.15 3.59 1.24 0.056
839 - - - 3.58 1.23 0.056

840 2.78 4.87 0.27 3.9 1.22 0.129
841 - - - 3.95 1.22 0.130
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Heading
TIN

TOUT

I

E

PR, IN

GR/RESQ

MACH(2)
MACH(16)
T,SURR
TC

X/D

W

TW/TB
HL/QGAS
QGAS

Q+

PT
TB

PRESS DEFECT

Table B-2. Tabulated data

The headings used in the following listings of the heated flow déta
and their definitions are below.

Definition
Inlet mixer temperature
Calculated exit temperature
Alternating current
Voltage drop between voltage taps
Inlet Prandtl number

Ratio of Grashof number to the square of the
Reynolds number

Mach number at thermocouple 2

Mach number at thermocouple 16

Temperature of surroundings

Thermocouple number

Axial position, corresponds to x/D in text

Inside tube wall temperature, °F’
Wall~-to-bulk temperature ratio

Ratio of heat loss to heat flux to gas
Heat flux to gas

Non-dimensional turbulent heat flux parameter.
Corresponds to q+ in text

Pressure tap: l-near inlet, 2-near exit

Bulk static temperaturs

2
°13c(91 - p)/G

R I SO PRI AR 9
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