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Abstract—Heat transfer and pressure drop experiments are performed with water, at atmospheric pressure
in the Prandtl number range 3.6-8.8, flowing in spirally indented tubes for heat exchanger applications.
Large pitch geometries are studied which minimize pressure drop. The pitch to indentation height ratio is
in the range of 23.7-120, which is beyond the range generally considered in previous investigations. Four
tubes are tested with the indentation height to diameter ratios of 0.0075, 0.021, 0.038 and 0.0 (plain). The
tubes are tested in a counter-current flow configuration that produces results directly applicable to heat
exchanger design applications. A data reduction technique is developed that is applicable to an arbitrarily
augmented tube, and it is verified with the plain-tube data. Heat transfer and pressure drop results from
the spirally indented tubes are compared to extensions of correlations for similar geometries and to limited
data available at large pitches.

INTRODUCTION

MaNY TYPES of surface enhancements have been studied
for the augmentation of forced convection heat
transfer inside tubes. A particularly cost-effective
enhancer is produced by indenting the outside of the
tube in a spiral pattern, producing an internal inden-
tation with a relatively smooth profile. Such spirally
indented tubes have been studied for a variety of appli-
cations and have also been called rope tubes or
indented tubes. It should be recognized that the heat-
transfer enhancement achieved by means of surface
effects at the boundary layer is generally associated
with increase in pressure drop. Pressure sensitive
applications such as heat exchangers for power plant
bottoming cycles, energy cogeneration and ocean
thermal energy conversion may be unable to make use
of many surface enhancements. The purpose of this
investigation was to study the use of spirally indented
tubes for low pressure drop applications. Both the
smooth shape of the indentation in these tubes and
the large pitches studied contribute to pressure drop
minimization.

Surface enhancement for low pressure drop cases
is particularly attractive for use with fluids having
Prandtl numbers greater than unity. A low height
indentation can potentially upset the thermal bound-
ary layer without significantly disturbing the hydro-
dynamic boundary layer. The result of such an occur-
rence would be an increase in heat transfer efficiency
without a large increase in pressure drop or pumping
power. Indented tubes were used in this study for
enhancing heat transfer to water flowing turbulently
in tubes in the Prandtl number range of 3.6-8.8. Since
the pitch of the single start spiral indentation was
chosen to be relatively large to maintain minimum
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pressure drop, the geometry studied was outside the
pitch range of the majority of previous tubes tested
and reported in the engineering literature. A notable
exception exists with the data of ref. [1] where the
spirally indented tubes tested included tubes identical
to those used in this study. The limited data available
[1] in the Reynolds number range of interest were
utilized in this work. An extensive compilation of
general data was also given in ref. [1] which included
spirally indented tubes and other similar enhancers
like transverse ribs, square ribs and coiled wire inserts.
A subset of that data was developed [2] specifically
for spirally indented tubes.

The experimental approach taken in this inves-
tigation was to use a heat-exchanger test section in
which the test fluid flowing in the tube was heated by
a second fluid flowing counter-current in the sur-
rounding annulus. This approach represents more
prototype heating conditions than that for the more
common approach of direct heating of the tube wall.
The direct heating approach presents two important
experimental problems. Heating is not uniform in the
tube wall due to the tube manufacturing process that
may produce a different thickness in the indentation
area relative to the remainder of the tube. Residual
stresses from the manufacturing process also con-
tribute to this non-uniformity of heating. The second
problem area occurring in direct heating of indented
tubes is related to the measurement of tube wall tem-
perature. Application of results to a heat exchanger
generally requires an average temperature between the
indented and plain portions of the tube. This appli-
cation poses problems in the selection of locations
at which to measure wall temperatures. The exper-
imental approach used in this study, employing a heat
exchanger directly, was not subject to either of the
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NOMENCLATURE
area [m?] St Stanton number
D test section tube inside diameter before T temperature ["C]
indentation [m] U, overall heat-transfer coefficient
e indentation height [m] referenced to the outside surface of
et roughness Reynolds number the test section tube [kW m~2K™'].
I Fanning friction factor
¢ heat-transfer similarity parameter
h heat-transfer coefficient kW m~2K~']  Greek symbols
k. thermal conductivity of test section wall o indentation helix angle with tube axis
[kWm~'K™ ] [deg]
LMTD log mean temperature difference B indentation contact angle [deg]
Nu Nusselt number ¥ exponent on tube-side Reynolds
n indentation shape factor number
Pr Prandt] number 1) exponent on annulus-side Reynolds
p indentation pitch [m] number.
g heat-transfer rate [kW]
r radius [m] Subscripts
R friction similarity function i tube-side or inner surface of test section
R* ratio of annulus diameters (>1.0) tube
Re Reynolds number o annulus-side or outer surface of test
R, thermal resistance of test section tube section tube
wall [m? K kW] s plain surface.

problems of uniform heating or tube wall temperature
measurement. The experimental technique used in the
present analysis followed the Wilson technique [3];
however, a new approach was required for the
enhanced tubes where the Reynolds number exponent
is not known precisely.

Experiments were performed with a plain (non-
indented) tube and three spirally indented tubes with
indentation heights of ¢/D = 0.0075, 0.021 and 0.038.
The tube diameter of 23.8 mm and the pitch were kept
constant among the enhanced tubes tested yielding a
constant pitch to diameter ratio, p/D = 0.9. Results
were compared to available correlation equations for
heat transfer and friction factor in indented tubes.
Most of the data used for the literature correlations
were outside the range of this investigation of
ple = 23.7-120. Consequently, the literature cor-
relations were generally tested in an extrapolated
range of conditions.

EXPERIMENTAL APPARATUS

Facility

Thermal/hydraulic performance measurements
were carried out in the Heat Exchanger Test Facility
at Argonne National Laboratory. A single channel
heat transfer test loop was used, a schematic flow
diagram of which is shown in Fig. 1. The test appar-
atus has two closed loops for circulation of warm
water and cold water. As shown in Fig. I, the test
apparatus was designed to control fluid temperatures
within about 0.1°C for both inside and outside flow
streams during a given series of tests. The warm water

loop conststs of a storage tank with circulation pump,
electric heater. flowmeter and control valves. The rate
of heat transfer was manually adjusted by controlling
the electric power to the heater using a rheostat. Fur-
ther control of inlet temperature was done by an auto-
matic proportionate/integral temperature controller
which adjusted current to the control heater. Heat
was rejected to chilled water provided either by a
chiller or by an in-house supply at about 12°C depend-
ing upon the test unit operating temperature. The cold
water inlet temperature to the test unit was adjusted
to a predetermined value by controlling flow to the
chilled water heat exchanger. Warm water flowed
inside the spirally indented tubes and cold water
flowed outside.

Flow rate capacities of the cold and warm water
loops were in the range of 2-12 1s~'. Storage capaci-
ties of the cold- and warm-water tanks were 75 and
1500 1, respectively. The test range of heat duty was
1 and 8 kW. Both storage tanks were open to the
atmosphere and the low pressure allowed the use of
plastic pipes and fittings for the flow systems.

Temperatures, flow rates and pressure drops were
measured for both flow streams at inlets and outlets
to the test section. Quartz crystal thermometers with
an estimated accuracy of 0.01°C were used for
measurement of inlet and outlet temperatures and for
temperature changes across the test section. They were
factory calibrated and, before each series of exper-
iments, a single point check was made using an
icebath. Previous studies [4] have shown that this
method provides the high accuracy required for the
low temperature differences of the present exper-
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imental work. Water flow rates were measured by
turbine flowmeters. Each flowmeter was calibrated
using a calibrated tank and repeated tests showed an
accuracy of better than 1% of readings. Pressure drop
measurements were done by strain gauge pressure
sensors. They were calibrated after installation in the
system by providing a measured water column on one
side of the differential pressure sensor and atmo-
spheric conditions on the other side. All calibration
data were stored in the data acquisition computer.
Heat balance comparisons between tube and annulus

flow streams were made during all tests and they
agreed within 5% for most experiments.

The test facility’s computerized data acquisition
system was used to read the individual instrument
outputs, apply calibration factors to the data, carry
out engineering calculations, display readings on the
monitor and produce a hard copy of all measured and
calculated quantities. The computer sampled all the
data periodically at a rate determined by the operator
(generally four to five times per minute). Running
averages of various parameters were made and after



568 C. B. PancHAL and D. M. FRANCE

Table 1. Dimensions for the test section

Parameter Value Units
Heated length 1.52 m
Tube diameter 24.0 mm
Wall thickness 0.71 mm
Annulus diameter 50.8 mm
Heat transfer area:

inside 0.115 m?
outside 0.121 m?
Enhancement :
pitch 19.1 mm
height tube 1 0.15 mm
tube 2 0.31 mm
tube 3 0.51 mm
tube 4 0.91 mm

a given number of data sets (usually 20-30) results
were displayed and printed. This procedure followed
the attainment of steady-state conditions that were
assumed to be achieved when key temperatures and
flow rates were within measurement accuracies for
greater than 15 min. The raw data were transferred to
the mainframe computer for the detailed analysis.

Test unit

The test unit consisted of a double pipe heat
exchanger. The outer pipe was used separately with
three spirally indented test section tubes. The inlets
and outlets of the test unit were instrumented as dis-
cussed previously. Special consideration was given to
the installation of the sensors. The bulbs of the quartz
thermometers were installed in a manner that allowed
water to flow completely around them. This con-
figuration produced high accuracy readings of fluid
temperatures. Small pressure taps were used for the
differential pressure sensors and care was taken to
ensure that they were flush with the inside surface.
This configuration minimized the potential for error
that can be introduced into the system by vortex for-
mation near the pressure tapes.

Three large pitch tubes were manufactured by Wol-
verine of UOP, Inc. for this study; dimensions are
given in Table 1 and a photographic view of one of
the three test sections is shown in Fig. 2. Flow inside
the tubes was allowed to develop in a plain, straight
upstream section. Flow entered the annulus through
a 90° bend and provision was made for this flow
to develop hydrodynamically before heat transfer
started. Insulating Teflon tapes of 150 mm length were
installed at both the inlet and outlet of the test section
to minimize entrance and exit flow effects on the heat
transfer.

EXPERIMENTAL TECHNIQUE AND DATA
ANALYSIS

Approach

All tests were performed at steady state with the
test unit operating as a counter-flow heat exchanger
whether the test section tube was spirally indented or

plain. The rate of heat transfer was determined from
the product of the mass flow rate and the enthalpy
change for each of the liquid streams, and the log
mean temperature difference (LMTD) was used to
determine the overall heat-transfer coefficient. The
LMTD result for a single pass, counter-flow, shell and
tube heat exchanger is applicable to the experiments
of this study. The inherent assumptions in the LMTD
result are constant fluid and solid properties and con-
stant heat-transfer coeflicients along the length of the
test unit for any single steady-state test. The constant
property criterion was met by controlling the total
temperature change of each fluid to be less than 2-
3°C in all tests performed. The Reynolds and Prandtl
numbers were also relatively constant due to this tem-
perature change control that was a necessary con-
dition for meeting the criterion of constant heat-trans-
fer coefficients. The unheated flow lengths (>20
hydrodynamic lengths) in the test unit approaching
the heat-transfer surface were provided specifically for
allowing the flows to develop fully from a hydro-
dynamic standpoint. This condition was also impor-
tant in satisfying the constant heat-transfer coefficient
criterion.

The LMTD result for the integrated energy equa-
tion may be written as

4= U,A,LMTD. @)

The overall heat-transfer coefficient based on the out-
side surface area of the tube is given as

114, A,

U, R @
and the tube wall resistance is
ridn(r/r;)
v TR )]

In applying the results of equations (1)—(3) to the tests
of this study, the rate of heat transfer and LMTD in
equation (1) were determined from the measurements
of each steady-state test. At this point, the inside heat-
transfer coefficient, 4, could be determined if the out-
side coefficient, #,, was known. Rather than using a
value from a heat-transfer correlation for A, with its
inherent inaccuracy, the Wilson plot technique [3] was
adapted to determine 4, experimentally.

A series of tests was performed in which the fol-
lowing parameters were held very close to constant:
annulus fluid flow rate and temperature and tube fluid
temperatures. The only variable among the tests of a
single test series was the mass flow rate on the tube
side. Under these conditions, equation (2) may be
rewritten for application to a test series as

1 .
7, = Ci+CaRe” )

where
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FIG. 2. Photographic view of the test section.

C, = ! +A°R 5)
| I /10 Ai w (
hi = Re.
=g Re ©)

Parameters C,, C, and y are all constant for a test
series, and for constant Prandtl number, 4, is assumed
to have the form of equation (6). In the usual Wilson
technique procedure, constants C, and C, are deter-
mined from the linear regression analysis of equation
{4). The Reynolds number exponent, y, must be speci-
fied for the procedure. In the case of a plain tube, the
choice of y in the range of 0.8-0.9 is common based
on both analysis and extensive experiments reported
in the literature. With y specified, the regression analy-
sis can be performed on the plain tube data; the con-
stant C, can be determined and the value of A, cal-
culated. A problem arises using this procedure for
the spirally indented tubes since there is no specific
guidance for the choice of the exponent, y. Thus, asa
part of this study, the Wilson technique was extended
to include spirally indented tubes. Specifically, a tech-
nique was developed for determining the Reynolds
number exponent, y, for an arbitrary channel.

Once the exponent, y, was specified, the procedure
for calculating /4, was the same for both spirally
indented and plain tubes. A key feature of the present
analysis is that, after h, was determined in this
manner, equation (6) was abandoned. The assump-
tion of a form of the inside heat-transfer coefficient,
h;, was used only in obtaining the value of 4, for the
test series. Subsequently, values of #; were calculated
for each test of the series from equation (2). Some
researchers have used equation (6) for determining #;,

however, such a procedure introduces data smoothing
unnecessarily.

Plain tube

The technique for determining the Reynolds num-
ber exponent, y, was tested by using the data from the
plain tube for which y was known from commonly
used heat-transfer correlations. Four series of plain
tube tests were performed for this purpose, each con-
sisting of 8 or 9 individual tests. The four test series
covered the Prandtl number in the range of 3.6-9.5.
A typical result of the Wilson plot method is shown
in Fig. 3 where the overall heat-transfer coefficient is
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FiG. 3. The Wilson plot showing the overall heat-transfer
coefficient linearity.
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plotted against Reynolds number for the test series of
Prandtl number of 5.7. The data exhibit linear
behavior that is verification of the overall accuracy of
the measurements and the solid line in Fig. 3 is the
result of linear regression analysis. The Reynolds
number exponent of 0.84 was used in the plot as
indicated. Similar linear trends were observed in the
results of the other three test series of Prandtl numbers
of 3.6,8.2 and 9.5.

In order to determine the optimum choice for v, a
test series was conducted by maintaining a constant
fluid flow rate in the tube while the flow rate on the
annulus side was varied. Properties of both fluids were
kept constant by maintaining temperature within 1°C
throughout the test series, and the Prandtl number of
the tube-side fluid was 5.7 corresponding to the tube-
side conditions of the test series shown in Fig. 3. A
single value of the tube-side heat-transfer coefficient,
h;, was determined from the variable annulus flow test
series. Equation (4) was rewritten as shown below for
the annulus-side Wilson plot technique

1 )
E=C3+C4Re;" @)
where
A, A,
CJ_Aihi+ZRW (8)
and

_(1 5
h, = <C_5> Re°. 9)

As for the tube-side analysis, the form of the annulus
heat-transfer coefficient was assumed to be equation
(9) for constant Prandt! number and a value of the
exponent ¢ was specified prior to performing linear
regression analysis on the data. It yielded a C; value
from which a single value of 4; for the variable annulus
flow test series was obtained from equation (8). The
tube-side Nusselt numbers are presented in Fig. 4
from the variable tube flow and variable annulus flow
test series performed at a tube-side Prandtl number of
5.7. The variable tube-side flow rate tests of Fig. 3 are
shown as open symbols denoted ‘tube test’ in Fig. 4.
The closed symbol corresponds to the single tube-
side Nusselt number result obtained from the variable
annulus flow rate test series, denoted ‘annulus test’ in
Fig. 4.

The comparison of tube-side heat-transfer pre-
diction shown in Fig. 4 is sensitive to the value of
the Reynolds number exponents used in the data
reduction. Combinations of y and é in the range 0.75-
0.9 were tested with y not necessarily equal to J, and
the best agreement was obtained withy = § = 0.84 as
shown in Fig. 4. For a selected value for y, § was
varied until the single point obtained from the linear
regression of the annular flow data fell on the curve
for the tube-side Nusselt number as shown in Fig. 4.
However, a similar agreement might not occur for the
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FiG. 4. Tube results from variable tube and annulus flow
tests.

annular flow data such as shown in Fig. 5. Therefore,
another value for y was taken, and the procedure was
repeated. This iterative procedure was continued until
agreement of the data as shown in Figs. 4 and 5 was
obtained.

Once y = 0.84 was determined, a value of /1, was
calculated for a given test series. Equation (3) was
then used to determine /; for each test of the series
that became the experimental results. In order to com-
pare the experimental data with the literature data, an
accepted value of y was obtained from the commonly
used Petukhov-Popov [5] correlation. The Reynolds
number dependence of the correlation was cast into
the form, Re”, and f was evaluated over the parameter
range of this study to be about 0.84. This exponent
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FiG. 5. Annulus results from variable tube and annulus flow
tests.
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FiG. 6. Comparison of the plain-tube heat-transfer coefficient
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agrees with the value obtained experimentally and
is higher than the exponent of 0.80 found in older
correlations, e.g. Sieder-Tate or Dittus—Boelter. The
plain tube data were compared directly to predictions
of the Petukhov—Popov correlation and good agree-
ment is shown in Fig. 6.

Spirally indented tubes

The technique presented for determining the
Reynolds number exponent for data reduction purposes
for an arbitrary tube successfully predicted the plain
tube exponent of 0.84. This technique, of combining
variable tube and annulus flow tests to determine the
appropriate exponent, was used for the analysis of
data from the three spirally indented tubes tested.

Variable tube flow and variable annulus flow tests
were performed at tube-side Prandtl numbers of 3.6,
5.6 and 8.8 using each of the spirally indented tubes.
In reducing the data, according to the technique
developed from the plain tube tests, values of y and 6
were used in the range of 0.80-0.88 with y not necess-
arily equal to 8. However, their values were close to
each other; therefore, both exponents were assumed
to be equal in the analysis. The overall agreement
between /1; and A, predicted for variable tube flow and
variable annulus flow tests was obtained for each tube
as follows:

e/D =0.0075, y=0=0.84:
e/D=0021, y=206=083:
e/D =0.038, y=35=0.80.

A typical Nusselt number comparison is shown in
Fig. 7 for ¢/D = 0.021.

RESULTS AND DISCUSSION

Annulus heat transfer
The purpose of the data reduction technique
developed in this study was to experimentally deter-
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Re—EXPONENT=0.83
Pr—TUBE= 5.6
e/D=0.021
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FiG. 7. Typical spirally indented tube data reduction results.

mine the heat-transfer coefficient of the annulus fluid
to be used in the evaluation of the tube-side co-
cfficients. In the case of the plain tube, the annulus
coefficient, thus determined, was compared to pre-
dictions from an established annulus correlation
equation [6] that was reported [7] to be in good agree-
ment with independent experimental data

Nu = 0.02 Re®® Pr'/*(R*)*5? (10)

where Nu and Re are based on the annulus hydraulic
diameter. The good agreement obtained between this
correlation, equation (10), and the plain-annulus
results of this study, as shown in Fig. 8, serves to
support the accuracy of the annulus heat-transfer co-
efficient obtained from the data reduction technique
developed. Predictions of the Petukhov-Popov tube
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F1G. 8. The annulus heat-transfer coefficient as a function of
Reynolds number and indentation height.
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correlation, applied to the annulus using the hydraulic
diameter, were within approximately 12% of the data.
This result js also supportive of the technique
developed.

The annulus heat-transfer results for spirally
indented tubes are shown in Fig. 8. An average value
of the enhancement tactor (ratio of enhanced to plain
surface heat-transfer coefficient) for ¢/D = 0.021 was
about 1.32 as compared to that for the tube-side value
of 1.50. However, an incremental enhancement for
e/D = 0.038 as compared to that for ¢/D = 0.021 was
less significant.

Tube friction factor

Pressure drop measurements from the four tubes
tested in this study were converted to Fanning friction
factors and compared to the prediction of several
indented tube correlations. Withers’ equation [8] was
chosen for comparison because it was developed for
spirally indented tubes similar to those of this study
although the pitches and indentation heights differed.
The data base for the correlation had a minimum
indentation height, ¢/D, approximately twice the value
of the minimum of this study and the pitch, p/D, was
less than 60% of the pitch of this study. Withers’
equation overpredicted all but the tube data and the
discrepancy increased with indentation height to over
50% at ¢/D = 0.038. It should be noted that Withers’
equation is based on (wo parameters that were
presented graphically [8]; therefore, recommended
expressions for the present test sections [2] were used.

The correlation equation of Li ef al. [9] was com-
pared to the present data. The equation of Li et al.
was based on data obtained exclusively from spirally
indented tubes and the data nearly covered the e/D
and p/D range of this study. The equation does not
reduce to the smooth tube case as e¢/D approaches
zero. Consequently, the predictions are invalid at
small values of ¢/D and the comparisons with data
were poor for ¢/D < 0.021.

Rabas et al. [2] developed a correlation from a dala
base (subset of data base [13]) specific to spirally
indented tubes. The data base of ref. [2] included
the data of both Withers [8] and Li e al. [9). The
correlation of Rabas er al. [2] simplifies to Blasius
equation as e/D approaches zero and the general
agreement with all of the data of this study was con-
sidered reasonable.

The best predictions of the friction factor data of
this study were obtained from the correlation [1] based
on a variety of geometries similar to the indented
surface. The data comparison is shown in Fig. 9 and
the large pitch data of ref. [1] are included (solid
symbols). The data of ref. [1] and the data of the
present study are seen to be in good agreement and
the [riction factor correlation of ref. [1] is

SIfe = (1+Z'516)1615 (11

where

o
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F1G. 9. The Fanning friction factor as a function of Reynolds
number and indentation height.

Jf. = (1.581In (Re)—3.28) "2 (12)
and

Z =29.1 Re® (p/D)*(e/D)*(2/90)"+(1 4 2.94/n) sin B
(13)

where
Ry =0.67—0.06(p/D)—0.49(2/90) (14)
R, = —1.66x10"° Re—0.33(2/90) (15)
R; =1.37-0.157(p/D) (16)
R, =459+4.11x10"%Re—0.15(p/D). (17)

Equation (11) simplifies to a plain tube equation as
the indentation height, e, tends to zero. The good
agreement with the plain tube data of this study shown
in Fig. 9 is an indication of the accuracy of the
measurements. (These data agree even better with the
Blasius equation.)

Many investigations have applied the friction simi-
larity function of ref. [10] to rough surface tubes. In
an earlier work, Webb et al. [11] applied the following
function to transverse indented tubes:

0.5
R= (;) +2.51In(2¢/D)+3.75. (18)
This function is compared to the large pitch data in
Fig. 10. The data exhibit distinct trends as a function
of indentation height, e/D. The smallest indentation
height tested, ¢/D = 0.0075 at the largest pitch to
height ratio, p/e = 120, behaved like a perturbation
on the plain tube results (r = 2.5In (e*)+5.5). The
dependence on roughness Reynolds number, e*, is
seen in Fig. 10. The results show that even at the
smallest value studied, p/e = 24, the friction data indi-
cate that the fully rough region was not reached as
the dependence on e* was still present. This trend was
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ness Reynolds number.

observed [12] in spirally indented tubes with p/e in the
range of 10-50. The data of ref. [12] were correlated
by the parameter R(e/p)®*3, which agreed with the
present data reasonably well for p/e = 24 and 43, but
the largest p/e = 120, which is outside the range of the
work of ref. [12], was not correlated by this parameter.

A final friction factor comparison was made
with the correlation of Nakayama et al. [13]. The
tubes in this work were not indented, spiral ribs
were used and a p/e as large as 56.7 was tested. The
friction factor data, which showed some consistency
with Withers’ data, were correlated by the function
(R—4.5)(e/p)**%. This function did not extrapolate
well to the large pitch data of this study. It is evident
in Fig. 9 that the fully rough condition is being
approached from a negative slope of the f vs Re curve
as compared to indented tubes with small p/e where
this condition approaches from a positive slope.

Tube heat transfer

Heat transfer results for the tubes tested are shown
in Fig. 11 at Pr = 5.7. This is the only Prandtl number
at which there is overlapping data from ref. [1] and
those data are included in Fig. 11 along with the heat-
transfer correlation predictions of ref. [1]. Predictions
of the present data are good except at the lowest
indentation height tested, ¢/D = 0.0075. The present
data were predicted within an error band of approxi-
mately 25% with the data tending to be overpredicted.
The data of ref. [1] were not as well predicted, nor
were the trends. These data were obtained using the
direct tube-wall heating approach and were subject to
the experimental difficulties discussed in the intro-
duction.

In an attempt to find a more accurate prediction of
the current data for spirally indented tubes, Nusselt
number correlations were investigated from the
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o | ProTUBE=57
= [ SYMBOL /D
5 A = 0.0
3 o= 0.0075

o= 0021
i ° = 0.038

Nu—TUBE

Re~TUBE

F1G. 11. The tube-side heat-transfer coefficient as a function
of Reynolds number and indentation height.

sources used for friction factor comparisons. The
Rabas et al. [2] equation for Nusselt number,
developed exclusively from spirally indented tubes,
predicted the present data reasonably. Although there
was a tendency to underpredict the data, there were
no systematic errors and the data were all within a
20% error band. The semi-empirical equation of
Rabas et al. [2] is

Nu = 0.027E, Re®8 pr'? 19)
where the heat-transfer enhancement factor is
1.182F,F,
n =1 W (20)

The factors F, and F, are functions of indentation
height and pitch, respectively. They are

F, = exp{—é:‘ C,-[ln (%)] } @1
F, =costan™"' <‘[-,—/2>
T

The constants are: C, =5.077, C,=4.422, C;=
1.124 and C, = 0.06760. (Below an indentation height
of ¢/D = 0.0002, the factor F, should be set equal
to 0.0 in equation (20).)

Equation (19) is a modification of earlier work [14].
Comparing the prediction of ref. [14] with the present
data, the Rabas et al. equation was found to present
a slight improvement over the previous correlation
[14].

Other heat-transfer correlations that were based
on the heat-transfer similarity functions shown below
were examined

f 0.5
G= (2—51—1>/(f/2) +R.

(22)

(23)
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This function is based on the analogy between heat
and momentum transfer in rough tubes characterized
by e/D. Use of G with the present data and the rough-
ness Reynolds number, e*, exhibited the potential for
successful correlation of the large pitch data. As a
minimum, a Prandtl number dependence was required
for correlation. The function e* is

= ()

Nakayama et a/. [13] found the correlation of Webb
et al. [11] predicted their data well indicating that heat
transfer is less sensitive to the indentation shape and
orientation than is friction factor. Webb er al.
employed a Prandt! number dependence to the power
of —0.57 and this result was applied to the current
data. The large pitch data were not well predicted;
systematic errors occurred as a function of inden-
tation height and the data extended well outside of a
20% error band. In evaluating the function, G and
e*, the friction factor was calculated from equation
(11) which was shown to be the best representation
of the present data. Data comparisons were worse
when the friction factor of ref. [13] was used.

The heat-transfer coefficients due to Withers [8] and
Li et al. {9] were compared to the present data. The
correlations did not predict the large pitch data well
even using the friction factor of equation (11). All of
the data were overpredicted by Withers’ equation and
underpredicted by the equation of Li et a/. Although
the predicted Nusselt numbers were poor in terms of
magnitude, both correlations predicted the data trend
reasonably well, and the data scatter was not large
which is supportive of the analogy correlating
approach.

The best predictions of the present data, from the
analogy type correlations considered, came from ref.
{12]. An explicit pitch dependence was employed, and
the correlating parameter showed good agreement
with the magnitudes and trends of the data as shown
in Fig. 12. The data were predicted within a 20% error
band using equation (11) for friction factor. Some
systematic error is observed in Fig. 12 where the lowest
indentation height data are consistently over-
predicted. The Mehta and Raja Rao correlation [12]
is shown below

(24)

0.15

—0.55p

G Pr 5

= 9.4(e*)™"". (25)

Combined heat transfer and friction

The ratio of enhanced tube-side Nusselt number to
plain-tube Nusselt number was divided by the ratio
of enhanced-tube friction factor to plain-tube friction
factor to form the enhancement efficiency index. A
typical set of results is shown in Fig. 13. The plain-tube
Nusselt number was calculated from the Petukhov-
Popov (5] equation using the plain-tube friction factor
that compared well with the data of this study. The
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FI1G. 12. The heat transfer similarity parameter as a function
of roughness Reynolds number.

ratio of the enhanced-tube friction factor to the plain-
tube friction factor was calculated from equation (11)
which also compared well with the present data. The
trend of Fig. 13 is consistent with the results of Webb
et al. [11}. The effect of indentation height, /D, is
to reduce the efficiency index, and at larger Prandtl
numbers the index approaches (and may exceed) unity
at small values of e*. The magnitudes of these indices
are also in the range of the results of Webb ez al.

The efficiency index of Fig. 13 should be viewed
with respect to the actual heat-transfer performance.
The heat-transfer enhancement was approximately
10% at e/D of 0.0075, 50% at e/D =0.021 and
100% at ¢/D =0.038 (Pr=8.8). This heat-transfer
enhancement exhibited a clear Prandtl number depen-
dence at the largest indentation height tested, increas-
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F1G. 13. The enhancement efficiency index as a function of
roughness Reynolds number.
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ing with Prandtl number in a manner similar to that
reported [11]. The heat-transfer enhancement for the
spirally indented tube with ¢/D = 0.038 ranged from
50% at Pr= 3.6 to 100% at Pr = 8.8. At the higher
Prandtl numbers, the indentations extended well into
the thermal boundary layer which could account for
this observation.

Mehta and Raja Rao [12] showed data that exhibit
a tendency to produce peaks in the efficiency index as
a function of roughness Reynolds number. This result
for any given enhanced tube implies that the Reynolds
number exponent, y, decreases with increasing Reyn-
olds number. For the large p/e ratios of this study,
such peaking tendency was essentially not observed.
The data reduction technique did show that y
decreased with increasing indentation height, e/D. The
data reduction technique used did not mask any
dependence of y on Reynolds number since y was
used only in evaluation of the annulus heat-transfer
coefficient as discussed previously.

The dependence of the Reynolds number exponent,
7, on indentation geometry, height or pitch, was seen
in the results of ref. [15]. The data reduction technique
used for the heat exchanger test unit of that study did
not iterate on assumed values of y as in the present
study. Instead, a computer optimization routine deter-
mined the value for each test series. The p/e ratio was
less than 18 for the tests of ref. [15], and conse-
quently no direct comparison with the present data
was made. The present results showed a dependence
of y on the enhanced tube geometry but not on the
Reynolds number. It is noteworthy that an opti-
mization technique similar to that of ref. [15] was
attempted in the early stages of this study. It was
found that constraints on optimization were required
to dampen sensitivity to small errors in the data. This
requirement was, in effect, the same as iterating on
the range of y as done in the data reduction technique
eventually adopted.

CONCLUSIONS

The data reduction technique developed was veri-
fied against plain tube data assuming that the
exponent on Reynolds number for Nusselt number
dependence was unknown. This technique was then
applied to the spirally indented tube test sections.
The Reynolds number exponents for both inside and
annulus flows were found to be nearly equal (y = §).
This condition was a result of optimizing the data
reduction technique to the present set of data and is
not a necessary condition for applying the technique
to a new situation. It should be emphasized that once
an annulus heat-transfer coefficient was determined
using this technique, the evaluation of the tube or
inside heat-transfer coefficient was independent of y
and 4. It is concluded that this data reduction tech-
nique used with a heat exchanger test unit provides a
viable means of determining enhanced surface heat-

transfer coefficients for heat exchanger application.
Observation of y = § suggests that the heat-transfer
enhancement is governed by similar flow separation
and reattachment mechanisms.

The friction factor resuits of the large pitch spirally
indented tubes of this study were in good agreement
with data of ref. [1]. The friction similarity function,
that has been used successfully as the basis of friction
factor correlations for other rough surfaces, produced
consistent trends with the present data ; however, they
did not quantitatively predict the present data. The
more empirical approach [1] produced the best agree-
ment with the present experimental friction factors.
However, the potential for improved accuracy using
the similarity function approach was indicated.

Application of the literature heat-transfer cor-
relations to the large p/e ratios of this study resulted
in identification of the two correlations producing
good results: the semi-empirical relation [2] and the
result based on the heat and momentum transfer anal-
ogy [12]. The latter used a heat-transfer similarity
function and the potential for further improvement in
accuracy by pursuing this approach was indicated in
the data presented. These two correlations are based
on the analogy approach which requires accurate
values of the friction factor.

A maximum heat-transfer enhancement value of
100% was achieved ; however, no peak was observed
in this enhancement as a function of Reynolds number
as reported in the literature for low pitch enhanced
tubes. A Prandtl number dependence was seen clearly
at large indentation heights and the efficiency index
decreased with indentation height from a value
approaching unity at very small e/D. This general
behavior produced relatively low friction factors with
moderate heat-transfer enhancement that would be
desirable for application to pressure drop sensitive
systems.
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