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PREFACE

The effect of 180° bend on heat transfer to a single phase fluid
in tube was studied. The test fluids were distf11ed water, Dowtherm G
and ethylene glycol. A Reynolds number range from 55 to 31,000 was
investigated for four 180° bend with curvature ratios 4.84 to 25.62.
Each test section was heated electrically by passing DC current through
the tube wall.
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NOMENCLATURE

heat transfer area, ft2 or m2

cross-sectional area of the tube based on the tube
inside diameter, ft2 or m2

average absolute percent deviation

specific heat of the fluid, Btu/]bm-oF or J/kg-K
U-bend diameter, inches or mm

Dean number, Re /—H;7ﬁ;

inside diameter of the tube, inches or mm

curvature ratio

straight tube outside diameter, inches or mm

2 2

mass velocity of the fluid, 1bm/hr-ft or kg/hr-m
gravitational acceleration, f-’ﬁ/hr2 or m/hr2
conversion factor, 1bm:ft/1bf-sec2

Grashof number, g d? pZB (T'W--Tb)/u2 \

local heat transfer coefficiént, Btu/hr-ftZ—OF or
W/m2-0c

peripheral average heat transfer coefficient,
Btu/hr-ftz-oF or W/mz—oC

peripheral average heat transfer coefficient, defined
by Equation (6-1), W/m2—°C or Btu/hr-ftz—OF
peripheral average heat transfer coefficient, defined

by Equation (6-2), Btu/hr-ftz—oF or W/m2-°C

Xi



I - current in the test section, amperes

Jyysdy - heat transfer parameter, Nu/Pr0'4(ub/uw)0'14

k - thermal conductivity, Btu/hr-ft-°F or W/m-OC

1 - length of the heated portion of the test section,
inches or m

L - total length of test section, inches or m

Nu - Nusselt number, E'di/k

Pr - Prandt1 number, Cpu/k

Q - heat flow rate, Btu/hr or W

q - heat flow rate, Btu/hr or W

q" = Q/A - heat flux rate, Btu/hr-ft2 or W/m2

(r,0,2) - cylindrical coordinates with the origin at the center
of the tube cross-section

rs - inside radius of tube, inches or mm

Ra - Rayleigh number, GrPr

RC - bend radius, measured to the tube axis, inches or mm

Rc/ri - curvature ratio

Re - Reynolds number, di G/u

t - tube wall thickness, inches or mm

Tb - bulk fluid temperature, F or O

Twi - inside wall temperature, % or °C

TQ. - peripheral average inside wall temperature, °F or °C

) 1 - fluid velocity, ft/sec or m/sec; voltage drop in test
section, volts

W - mass flow rate of fluid, ]bm/hr or kg/hr

X; - distance betweeﬁ thermocouple stations, inches or mm

X7



(x/d)

Greek Letters

0,9 -

Subscripts

avg -

cr -

DB -

in -

MB -

distance measured from the exit of the bend (thermo-
couple station 7), inches or mm
distance measured from the inlet of the bend (fhermo-
couple station 3), inches or mm

nondimensional distance from the inlet of the bend

(thermocouple station 3)

coefficient of volume expansion of the fluid,
1/°F or 1/%

fluid viscosity, Ns/m2 or 1bm/hr-ft

fluid density, kg/m3 or 1bm/ft3

angular position, degree or radian

average

bulk fluid
calculated
critical
Dittus-Boelter
Eagle-Ferguson
experimental
experimental
inside of tube, or index
test section inlet
Morcos-Bergles

outside of tube

Xiii



out

ST

test section outlet

straight tube

Sieder-Tate

- wall

1

local value

Xiv



CHAPTER I
INTRODUCTION

U-tubes (two lengths of straight tube joined by 180° bend at one
end) are commonly used in large variety of tublar heat exchangers, e.g.,
a continuous length of tubing may be bent back and forth across a duct.
U-tubes are also used in shell-and-tube heat exchangers having entry
and exit headers at the same end.

When a fluid moves through a straight tube, the fluid velocity
near the centerline is higher than that near the wall. The effect is
especially pronounced in laminar flow but is true for turbulent flow,
too. When the tube is coiled or bent 1800, all fluid elements experi-
ence a centrifugal force radially outward which is proportional to the
square of the element velocity and inversely proportional to the radius
of the curvature. Therefore, the more rapidly moving elements near
the centerline tend to move towards the outside, displacing the slower
elements, which in turn move back toward the bend axis. The effect is
to superimpose a "secondary" flow pattern upon the primary flow pattern
(which is itself somewhat different from the flow pattern of thek
straight tube.) A highly idealized diagram of the secondary flow
pattern is shown in Figure 1.

Due to the existence of the secondary flow, the heat transfer is

higher in a curved tube than in an equivalent straight tube under
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FLOW
PATTERN

Figure 1. Sketch of the Secondary Flow Pattern
in a Curved Tube



similar fluid flow conditions and the heat transfer mechanism is more
complicated.

The present investigation was undertaken to study the effect of
a 180° bend on heat transfer to a single phase fluid in tubes and to
obtain a better and more quantitative insight into the heat transfer
process that occurs when a fluid flows in a U-bend tube.

Experiments were made with water, Dowtherm 6:2 and ethylene glycol
flowing through an electrical-resistance-heated tube. The emphasis
was to explore the effect of the secondary flow on heat transfer and
the variation of local tube-to-fluid transfer coefficfent in the
U-bend and downstream from it. Using apparatus which allows the local
temperature to be measured and local heat fluxes to be calculated, the
author has obtained heat transfer coefficients around the periphery of
tube which should be useful in understanding the mechanism of the
flow. The study has covered Reynolds numbers from 55 to 31,000 and
Prandtl number from 4 to 270. Four different bends have been studied.
The bend radius (measured to the tube centerline) to tube inside

radius ratios ranged from 25.62 to 4.84.



CHAPTER II
LITERATURE SURVEY

Despite the wide-spread application of U-bends in industry, there
is only a Timited number of investigations reported in the literature.
This chapter presents the summary of these investigations.

Lis and Thelwell (1) investigated the turbulent heat transfer in
a vertical pipe, with upwards flow, preceded byva 180° bend. Based on
their experimental findings on the entry effects of 180° bends under
uniform heat-flux boundary condition (electrical heating) with large
wall-to-bulk water temperature difference, they reported the following

conclusions:

0.4( )-0.14

1. The Tocal heat transfer parameter, JX = NuPr~ “b/“w s
in the entrance region of the heated tube depends on the distance
downstream from the bend, X7di, ratio of bend radius to tube radius,
Rc/ri, and the Reynolds number. The dependence of JX on both i?di
and Rc/ri diminishes with increase of Reynolds number. For a given
X7di and Reynolds number the parameter JX increases as the ratio of
bend to tube radii decreases.

2. The peripheral distribution of heat transfer coefficient,
he’ at positions up to twelve diameters downstream of the bend is

not uniform. The minimum value of he occurs invariably on the inside

of the tube with respect to the bend.



3. For the range of variables covered, the following correlation

was obtained for the straight section downstream from the bend.

J - Nu = 0.0239 Re0o826(x*/d.)"0.064(R /Y‘-)—O.062
0.4( i c i

X pp ub/uw)0.14

(2-1)
where X* is the distance measured from the exit of the 180° bend.

Equation (2-1) is valid for:

10,000 & Re < 94,000
5.5 § Pr 9.7
2¢ Rf/ri £ 15
1& X/d, €15

Ede (2) studied the effect of a 180° bend on heat transfer to
water in a tube. Both the straight sections and the 180° bend were
positioned in a horizontal plane. Heat was generated in the wall of
the tube by passing a direct current through the wall of the tube. He
explored the nature of the variation in local heat transfer coeffi-
cient in and near a bend. Actually, due to nonuniform wall thickness
and nonuniform heat generation in the bend, Ede did not measure the
local heat transfer coefficient in thé bend. He merely measured a
number of temperature distributions in the bend.

Ede found the flow mechanism to be complex, except at high
Reynolds numbers. He reported the disturbance due to a 180° bend
produces higher heat transfer coefficients than a straight tube not
preceded by a 180° bend. Ede concluded further that the velocity of
the liquid near the outside of the bend becomes much higher than
that near the inside, and a secondary circulation develops; these

conditions may extend for a considerable distance downstream from the



bend. This secondary circulation gives rise to higher heat transfer
coefficients than normal on the outside of the bend and lower on the
inside, the average effect being an increase. With laminar flow the
effects are accentuated and, in addition, if the temperature profi]e
upstream of the bend is markedly nonuniform, very large coefficients
can be obtained in and downstream of the bend. For Reynolds numbers
in the neighborhood of 5000 to 10,000, Ede suggests the possibility
that an incipient laminar flow may develop and tentatively advances
this as an explanation of the production of unusually low heat heat
transfer coefficients. This finding is in accordance with the Ito's
(3) empirical correlation for determining the critical Reynolds
number for fluid flow in curved pipes. In the range of 15 < Rc/ri <

860 Ito's correlation is given as follows:

0.32

Re = 20,000 (ri/Rc) (2-2)

critical

Ede's test ranges were as follows:
700 £ Re 42,000
4€ R /r & 22.

Tailby and Staddon (4) also investigated experimentally the
influence of 90° and 180° pipe bends on heat transfer from an internally
flowing gas stream, with the straight sections and the bend positioned
in a horizontal plane. The test section was immersed in water which
acted as a heat sink. Hot air was blown through the test section
and Reynolds numbers in the range 10,000 to 50,000 were studied.

Local heat transfer coefficients were computed from a knowledge of

local heat flux values along the test section.



They reported the following conclusions:

1. In comparison with Ede's (2) findings: when a fluid is being
heated, the heat transfer coefficient on the outside of the bend are
greater than when the fluid is being cooled, with corresponding
decrease in the coefficient on the inside of the bend.

2. For the ranges studied (10,000 § Re £ 50,000, 4 ¢ Rc/ri & 14),
Reynolds number has no effect on the distribution of the peripheral
mean coefficient during and after the bend.

3. With decreasing curvature ratio, Rc/ri, the secondary flow
effect increases.

4. The effect of the pipe bend is barely noticeable upstream of
the bend, and in all cases the peripheral mean coefficients return to
straight pipe values within 30 pipe diameters from the beginning of
the bend.

5. For the ranges of variables covered, the following correla-

tion was obtained for the straight section downstream of the 180° bend.

Nu 0.82

-0.11
) (
p0-4

)"O. 04

= 0.0341 Re (R./7, X/d, (2-3)

Where X is the distance measured from the beginning of the 180° bend.
Equation (2-3) is valid for:
10,000 < Re ( 50,000
7K X/d1- < 30
4 £ Rc/r1\< 14.
For air, the turbulent heat transfer rate and wall temperature

distribution in rectangular ducts (aspect ratio 10- aspect ratio is



defined as the ratio of the width to depth of the duct cross section)
with a 180° bend were studied experimentally by Yang and Liao (5).
They also reported higher heat transfer coefficients at the outer
wall than at the inner wall of the bend.

More recently, Moshfeghian (6) studied the effect of a 180° bend
on turbulent heat transfer in a pipe. The bend and the two straight
sections were positioned in a vertical plane with fluid flowing
horizontally in the straight sections. Moshfeghian reported the
following conclusions:

1. The peripheral heat transfer is far from uniform in the bend,
being much higher on the outside dnd somewhat lower on the inside of
the bend, resulting in a higher mean heat transfer coefficient as com-
pared to a straight tube under similar conditions.

2. At any cross section in the bend, the distribution of periph-
eral heat transfer coefficient is almost symmetrical about a plane
containing the longitudinal axis of the tube and the radius of the
bend.

3. Along the straight section downstream of the bend, the
distribution of peripheral heat transfer coefficient is symmetrical
about the plane of the bend. Also, the peripheral heat transfer
coefficient is highest at the outside wall of the bend and Towest at
the inside wall. The nonuniform heat transfer coefficient results in
a higher mean heat transfer coefficient as compared to a straight
section under similar conditions without the bend. The nonuniform
behavior of the local heat transfer coefficient disappears as fluid

flows further down the tube.



In addition to 180° bends, coiled tubes have been studied
intensively by many workers. Singh (7) gives a complete literature
survey on helical coils. He also compared the Titerature heat trans-
fer correlations to his own extensive data. On this basis, he found
the best set of Eorre]ations over the entire range of flow rates is
due to Schmidt (8). Furthermore, Singh proposed the following corre-

Tation for laminar flow heat transfer:

Ny = {0.224 +1.369 (di/Dc)} {Re[°'5m +0.318 (di/Dc)]}

y {1+4.8 [1¢0-00946 (Gr/Rez)(DC/di)]}

X {Pr”:’} {(ub/uw)o'u} (2-4)

The physical properties of the fluid used in Equation (2-4) were
evaluated at the bulk fluid temperature except My which was evaluated
at the average inside wall temperature at the thermocouple station.

Equation (2-4) is valid for:

6§ Re § Re,.
1€ De g 1.7 x 10°

2.3 < Pr { 250

281 { Gr € 9.22 x 10°.



CHAPTER III
EXPERIMENTAL EQUIPMENT

Liquid phase heat transfer was studied in four 180° bend tubes
using distilled water, Dowtherm Géaand ehtylene glycol. A sketch of
the experimental set-up is shown in Figure 2. Since the experimental
set-up and equipment used was essentially the same as that used by
Farukhi (9) and Singh (7), some parts of this chapter and the following

chapters are taken from their Ph.D. theses (7) (9).
Description of Individual Units

Test Sections

Four test sections with different bend radii were used. Two of
the test sections were fabricated from initially-straight Inconel 600
tubing 22.22 mm (7/8 inch) o.d. x 1.32 mm (0.052 inch) wall thickness.
The other two test sections were fabricated from initially-straight
Type 304 seamless stainless steel tubing 19.05 mm (3/4 inch) o.d. x
1.65 mm (0.065 inch) wall thickness. Dimensions of the four test
sections are summarized in Table I.

The test sections were thermally insulated by wrapping them with
several layers of bonded fiberglass tape and two inches (5.1 cm) of
fiberglass sheets. The outside surface of insulation was then wrapped

with aluminum foil so the Yadiation losses would be minimized.

10
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SPECIFICATION OF THE FOUR TEST SECTIONS

TABLE I

Bend Radius

Tube Material Outside Tube Inside Tube Straight Section Curvature
ID Diameter Diameter Length " Ratios
mm (in.) mn (in.) mm (in.) m (in.) Rc/ri
A Seamless Nl e S
Inconel 600 251 (9.875) 22.22 (0.875) 19.58 (0.771) 1.651 (65) 25.62 oo
B Seamless —
Inconel 600 121 (4.752}/ 22.22 (0.875) 19.58 (0.771) 1.778 (70) 12.32 AT
C Seamless Stainless \> i
Steel 304 60 (2.37?), 19.05 (0.750) 15.75 (0.620) 3.480 (137) 7.66°183<5 eI
D Seamless Stainless o,
Steel 304 38 (1.50@) 19.05 (0.750) 15.75 (0.620) 3.480 (137) 4.84 < lasy el
v

¢l
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Each test section was also electrically isolated from the loop
by connecting it with a short piece of neoprene tubing at each end.
Four pressure taps with 1.59 mm (1/16 inch) holes were silver-
soldered to each test section. The location of the pressure taps are
shown on Figure 2. The taps were electrically isolated from the
recording instrument by connecting them with silicone rubber tubing.
Each test section was heated by passing DC current through its
wall. Two thick copper bars were silver-soldered to each test section
to serve as electrodes for connection to the motor generator.
Experiments were performed with the U-bend in the vertical plane,

with the test fluid entering at the bottom and exiting at the top.
Fluid Bath

A "Colora" type "Ultra-Thermostat" vessel was used as the fluid
bath. The bath has a capacity of 4.1 gallons and is equipped with
thermostat, a 500 and a 1,000 watt immersion-type electric heaters,

a centrifugal pump and an impeller mounted on a common shaft and

driven by an electric motor. The model number of the bath is NB-33279.
The temperature of the bath fluid was controlled by adjusting the set
point on the thermostat and the bath temperature was measured by means
of a Brooklyn P-M mercury-in-glass thermometer having a range from

20 to 300°F and graduated in 2°F intervals.

Pumps

A sliding vane pump and a turbine pump were used to pump
fluid through the experimental Toop depending upon the fluid flow rate

to be investigated.
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The s1iding vane pump was manufactured by Eastern Industries, Inc.
The pump model number is VW-5-A. The pump is a positive displacement
pump having a rated maximum capacity of 1.2 gpm (0.273 m3/hr) of water
and capable of developing a head of 138 feet (42 m).

The turbine pump was manufactured by Roy E. Roth Co. The pump
model number is ISCUT131-AB. The pump has a rated capacity of 10 gpm
(2.271 m3/hr) of water and is capable of developing a head of 300 feet
(91.4 m).

DC Power Source

A Lincolnweld SA-750 AC motor-driven DC generator was used to
generate the DC current, which was fed to the test section tube through
two copper bars silver-soldered to the tube. Resistance heating, due to
the passage of DC current through the tube wall, provided the heat to
the fluid. Al11 experimental runs were conducted under approximately
constant wall heat flux conditions. The DC power generator has a
maximum rated output power of 30 kilowatts.

DC resistance heating was chosen over AC because:

1. Complex AC induction and skin effects are avoided.

2. AC heating may cause cyclic temperature variations in the
test section whereas DC heating provides a constant heat source.

3. Possible thermal stresses in the test section caused by the
cyclic nature of the AC are avoided.

4. The cyclic nature of the electrical forces in AC may induce
vibrations in the test section. These vibrations do not exist when

DC is used.
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5. AC, because of its cyclic nature, may induce spurious emfs
in the thermocouple wires resulting in erroneous readings.

A motor-generator was used as opposed to a rectifier because:

1. It was available.

2. Its power output is relatively smooth and free from large
magnitude superimposed sine waves.

3. It is more resistant to overload than rectifiers.

4. It is not as susceptible to transient voltage peaks that

occur in switching the unit on and off.

Heat Exchanger

A 1 shell-pass-4-tube-pass heat exchanger was used to cool the
test fluid from the test section. The heat exchanger is a size 502,
'BCF' type exchanger manufactured by the Kewanee-Ross Corporation (10).
Water was used to cool the test fluid. The test fluid was in the

shell and water was in the tubes.
Measuring Devices

Thermocouples

Two different types of thermocouples were used to measure tem-
perature in the experiment:

1. Conax "Con-o-clad" thermocouples to measure the bulk fluid
temperature.

2. Insulated wire thermocouples to measure the outside wall

temperature of test section tube.



16

Conax "Con-o-clad" Thermocouples

Two Iron-Constantan type ungrounded "Con-o-clad" thermocouples,
manufactured by the Conax Corporation, were used to measure the bulk
fluid temperature at the inlet and exit of the test section. Un-
grounded thermocouples are manufactured such that the thermocouple is
sealed inside a metal sheath (usually 316 stainless steel) but does
not contact the metal sheath. Sheathed ungrounded thermocouples were
used to measure the bulk fluid temperature because:

1. The sheath protects the thermocouple from corrosion by the
fluid.

2. The ungrounded thermocouples are immune to any stray emfs
that may be produced by the DC heating.

The above-mentioned thermocouples will hereafter be referred to
as the "Conax thermocouples".

The Conax thermocouples were calibrated in-situ by using low
pressure saturated steam. Details of the calibration procedure are

presented in Chapter IV.

Insulated Wire Thermocouples

The outside wall temperatures of the test section tube were
measured using thermocouples made from fiberglass-insulated, 30 B & S
gauge Iron-Constantan thermocouple wire. The thermocouples were
fabricated in the laboratory by using the thermocouple welder. These
thermocouples will hereafter be referred to simply as "thermocouples”.

Thermocouples were placed at eleven stations on the tube wall

along the test section. The position of each station along the test
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section is shown in Figure 3 and Table II. At each station, eight
thermocouples were placed 45 degrees apart on the tube periphery.

Figure 4 is a sketch of the thermocouple layout at each station.

TABLE II
THE VALUE OF X; KRS SHOWN IN FIGURE 3, m

E I3 q E f
T¥Be R/ X X, X3 X3 X5 Xg X, Xg  Xg
L 35 555 s 9% 5.9% 5597 2% 4. 2O-
A 25.62  0.102 0.889 0.152 0.152 0.152 0.152 0.584 0.102 0.508
4 4§ 95 S9F 547 S4Y 36y /2
" B ©12.32 0.102 1.219 0.152 0.152 0.152 0.152 0.914 0.102 0.305
g8 4s /s s 5 30 30 4% 27
C  7.66  1.219 1.143 0.381 0.381 0.381 0.762 0.762 0.457 0.737
9% 4s /5 s /s “o 30 /F 0 29
D 4.84  1.219 1.143 0.381 0.381 0.381 0.762 0.762 0.457 0.737

The thermocouple beads were fixed on the tube surface with
SaQereisen cement. In order to electrically insulate the thermocouple
beads from the heating current, a thin layer of Sauereisen cement was
first placed at the intended thermocouple location and allowed to set
before cementing the thermocouple bead to its intended location. The
thermocouple wires from the thermocouple beads were held in place about
1/2-inch from the thermocouple beads by means of a layer of asbestos

paper tape and a flexible hose clamp. The asbestos paper tape was
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placed between the clamp and the thermocouple wires to prevent any
accidental short-circuiting of the thermocouple wires due to the sharp
edges of the metal hose clamp. The thermocouple wires were then
placed along the test section for about two inches and clamped again
to the tube before being led off to the thermocouple selector switch-
board.

A1l the surface thermocouples were connected to an array of
barrier strips which in turn were connected to 11 rotary switches.
The terminal lugs used on the barrier strips were made of either iron
or constantan and this feature eliminated any problems associated with
creation of new thermocouples due to variation in room temperature.
The rotary switches were mounted on a panel and the connections were
enclosed in a constant temperature box. The outputs from the rotary
switches were brought to a master rotary switch which was connected to
a Leeds and Northrup Numatron. The Numatron incorporated a reference
junction compensator and output was displayed in digital form in
degrees Fahrenheit.

For all four test sections, the thermocouples were calibrated
in-situ by bleeding Tow pressure saturated steam through the test

section. Details of the calibration procedure are given in Chapter IV.
‘Manometer

The six pressure taps, as shown in Figure 3, were connected to
a manifold by a series of Whitey valves. The switching system was
connected in such a manner that any of the six taps could be acti-
vated and read on a Meriam U-type manometer against atmospheric

pressure.
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Rotameters:

Two Brooks "Full-View" rotameters were used to indicate and
measure the fluid flow rate. The rotameter specifications are given

in Table III.

TABLE III
ROTAMETER SPECIFICATIONS

Item Rotameter 1 Rotameter 2
Rotameter model number 1110-08H2B1A 10-110-10
Rotameter tube number » R-8M-25-4 R-10M-25-3
Filoat number 8-RV-14 10-RV-64
Maximum water flow rate, gpm 1.45 6.28

DC Ammeter and Voltmeter

The power input to the test section was measured by a DC ammeter
and a voltmeter.

The current flowing through the test section was measured by a
Weston model 931 DC ammeter in conjunction with a 50 millivolt shunt.

The ammeter has a 0-750 amperes range.
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The 50 millivolt shunt was connected in the Tine carrying the
current to the test section. The ammeter was connected across the
shunt.

To voltage drop across the test section was measured by a Weston
model 931 DC voltmeter. The voltmeter has a 0-50 volt range. The
voltmeter was connected to the two copper bars.

The ammeter and the voltmeter were calibrated by the manufacturer
and were guaranteed to be accurate to within one percent of their full

range, that is + 7.5 amperes and + 0.5 volts, respectively.

Mercury-in-glass Thermometers

Mercury-in-glass thermometers were used to measure the bath fluid
temperature and the room temperature. A Brooklyn "P-M" 20 to 300°F
ﬁhermometer was used to measure the bath fluid temperature. The ther-
mometer was graduated in 2°F intervals. A 23-inch long, 65 to 90°F

ASTM Calorimeter Thermometer was used to measure the room temperature.
Numatron

The thermocouple outputs were measured on the Numatron. The
Numatron is Leeds and Northrup Company's trade name for a voltmeter
with a digital readout. The Numatron is also equipped with the
circuitry that converts a thermocouple emf fed to the instrument into
its corresponding temperature reading. The reading is displayed .
directly in degrees Fahrenheit on the digital readout panel in the

Numatron.
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The Numatron has the following stated accuracies: i_0.26°F for
the 0 to 300°F temperature range; 10 microvolts + 1 digit for the 0.01
volt range; and, 1 millivolt + 1 digit for the 10 volt range. Further
details regarding the Numatron may be obtained from the Numatron

Operations Manual (11).
“Auxiliary Equipment

Auxiliary equipment was used for the calibration of the measuring
devices. Al1l measuring devices were calibrated except the DC ammeter
and voltmeter which had been previously calibrated by the School of
Electrical Engineering Laboratories at Oklahoma State University. The
description of the auxiliary equipment consists of two sections:

1. Rotameter calibration and fluid flow rate measurement equipment.

2. Numatron calibration equipment.

Rotameter Calibration and Fluid Flow

Rate Measurement Equipment

The rotameter calibration and fluid flow measurement equipment
consisted of the following:

1. Stop Watch: A 60 minute stop watch with a main dial range
of 60 seconds was used to time the fluid flow rate. The stop watch has
a precision of 0.2 seconds.

2. MWeighing Equipment: A 5 kilogram capacity Ohaus Pan Balance
was used to weigh the amount of fluid collected for fluid flow rates
be]pw 1.0 gpm. The balance has a sensitivity of 0.5 grams. A set of

calibrated weights was used in conjunction with the balance.
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For fluid flow rates greater than 1.0 gpm, a single-beam platform
‘weighing scale was used to weigh the amount of fluid collected. The
weighing scale has a capacity of 300 1bs and an accuracy of 0.125 1b.
The beam is graduated in pounds and ounces.

3. Fluid Collecting Vessels: The fluid collecting vessels con-
sisted of various capacity beakers and cylindrical jars. The vessels
were used to collect the fluid for a given time interval, so that the

mass flow rate could be determined.

Numatron Calibration Equipment

A Leeds and Northrup model 8687 volt potentiometer was used for
the calibration of the Numatron. The potentiometer used has a maxi-
mum stated accuracy of + (0.03% of reading + 30 microvolts) (12).
The Numatron was also checked against ice water temperature and was

adjusted to give 32.0°F reading.



CHAPTER IV

EXPERIMENTAL PROCEDURE

This chapter presents: (1) Calibration procedure; (2) Start-up

procedure; (3) Data gathering procedure.
Calibration Procedure

Thermocouple Calibration .

ATl surface thermocouples were calibrated in-situ by using
saturated steam as the reference temperature. Low pressure laboratory
steam was allowed to go through a steam separator and liquid water was
trapped out of the stream. Then saturated dry steam at atmospheric
pressure was sent to the test section and the thermocouple outputs,
inlet and exit steam pressure, room temperature and atmospheric pres-
sure were recorded after a run time of approximately eight hours. In
addition, the steam condensate flow rate and steam pressure at four
morejpoints along the test section were measured.

Knowing the absolute pressure of the saturated steam at the inlet
and exit of the test section, the steam temperature was determined
from steam tables and hence the deviation indicated by the thermo-
couples was determined. As shown in Table VIII, in Appendix B, the

deviations are small. The steam temperature was assumed to drop
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linearly along the length of the test section. Knowing the condensate

flow rate, the steam temperature in the test section, the room tempera-
ture and the total outer surface area of the test section, the average
heat loss flux and the heat Toss at calibration conditions was deter-
mined. Thermocouple calibration data are presented in Appendix B.

The thermocouple calibrations and the heat loss information
obtained were incorporated into the computer programs for calculating

heat balance and the inside wall temperatures.

Manometer Calibration

The reading of the U-type manometer was verified to be zero for
the condition of no flow through the test section. Liquid mercury

was used as the indicator fluid in the manometer.

Rotameter Calibration

Both rotameters used in the course of the experiments were cali-
brated for distilled water. Both rotameters were calibrated from
10 percent to 100 percent of maximum flow in 10 percent increments.
Each rotameter was calibrated with the flow rate increasing up to the
maximum and then decreasing to the minimum flow rate.

The calibration procedure consisted of the following steps:

1. The fluid flow rate was adjusted to the desired float setting
on the rotameter.

2. After operating for some time at the desired float setting,
the fluid flowing in the system was collected in a previously weighed

empty container for a predetermined interval of time. The time
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interval ranged from 30 seconds up to 3 minutes, depending upon the
flow rate being calibrated.

3. The bath fluid temperature was recorded and taken to be the
temperature of the fluid in the rotameter.

4. The vessel containing the fluid collected was weighed to
determine the weight of the fluid collected.

The above mentioned procedure was repeated twice for each float
setting on the rotameter.

For Dowtherm G and ethylene glycol as test fluids, the rotameters
were used as guides to set the flow rate and the mass flow rate was
measured (by the procedure outlined above) at the time of execution
of the data run.

Calibration data for both rotameters are presented in Appendix B.

Numatron Calibration

The Numatron was calibrated periodically. The calibration proce-

dure is detailed in section 14 of the Numatron Operations Manual (11).

Start-Up Procedure

Experimental data were obtained for four different diameter bend
test sections.

After one of the test sections was installed in the fluid flow
loop and the thermocouple wires were connected to the switches on the
thermocouple selector switchboard, the fluid flow Toop was tested
for possible leaks by flowing fluid at the anticipated maximum flow

rate through the loop. Any leaks detected were eliminated. The fluid
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flow loop was then insulated with fiberglass tape and fiberglass wool
insulation and prepared for obtaining exper%menta] data.

The above operation was performed every time the test section
was changed.

The following step-by-step procedure was followed to gather
experimental data for each run:

1. The impeller and the heater in the fluid bath were activated
and the fluid in the bath was brought to the desired operating tem-
perature (60°F to 90°F).

2. The DC generator was started, with the polarity switch in the
"Off" position, and allowed to warm up for 30 minutes.

3. Cooling water was started to the heat exchanger located
downstream of the test section.

4. The Numatron was activated.

5. The pump was started and the fluid was allowed to circulate
in the by-pass line.

6. The flow control valve located upstream of the rotameter was
opened and the fluid was allowed to flow through the test section.

7. After about five minutes, the polarity switch was thrown to
the "Electrode Negative" position thereby causing the DC current to

flow through the test section.
Data Gathering

The data gathering procedure consisted of the following steps:
1. The fluid flow rate was adjusted td the desired value by

means of the flow control valve.



29

2. The DC current was adjusted to the desired value by varying
the output control switch on the control box of the generator. Fine
control of the current was accomplished by adjusting the external
rheostat connected to the generator.

3. The cooling water flow rate to the heat exchanger was adjusted
so that the bath fluid temperature remained constant.

4. The experimental set-up was then operated for at least one
and half hours to allow the system to achieve steady state. Minor
adjustments were made to the current, the fluid flow rate and the
cooling water flow rate, as was deemed necessary.

5. After about two hours of operation, the following experimental
data were taken:

a. The test section surface temperatures (indicated by the
insulated wire thermocouples cemented on the test section).

b. The inlet and exit bulk fluid temperature (indicated by
the Conax thermocouples).

c. The fluid flow rate indicated by the rotameter.

d. The DC current flowing through the test section and the
voltage drop across the test section.

e. The room and bath fluid temperature.

f. The six pressures along the test sections, as indicated
by the U-type manometer.

A11 of the thermocouple outputs were measured on the Numatron.

6. The entire set of data, as indicated in step 5 above was

measured again to ascertain if steady state had been achieved. The

time span between the two sets of measurements was approximately half

an hour.
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7. Steady state was deemed to have been achieved if the two sets
of temperature measurements agreed within 1_0.3°F.

If steady state had not been achieved, steps 5 and 6 were repeated
after about one hour of continued operétion.

Except for a few data cases, steady state was achieved when data
were measured after about two hours of operation for a given set of
fluid flow rate and current settings.

The fluid flow rate and/or the current was changed to a new set
of conditions and the entire Data Gathering Procedure was repeated
for the new set of input conditions.

For the Dowtherm G and ethylene glycol runs, the mass flow rate
of the fluid was measured, after obtaining the temperature and pressure
data as indicated in step 5 and 6 of the Data Gathering Procedure
section, before proceeding to a new set of input conditions. Since
the fluid temperature became highly nonuniform at the exit of the test
section, for the Dowtherm G and ethylene glycol runs, the exit bulk
fluid temperature as measured by Conax thermocouples was in error.
Therefore, the exit bulk fluid temperature was calculated from the
measured inlet bulk fluid temperature and the net amount of electrical
heat 1input.

The distilled water used in experiments was changed frequently

 to minimize the buildup of solid content in the water.



CHAPTER V
DATA REDUCTION

Experimental data were obtained for four test sections using
distilled water, Dowthern G and ethylene glycol. A total of 90 runs
were made using water, 33 runs were made usﬁng Dowtherm G and 26 runs
were made using ethylene glycol as the working fluid. The raw experi-
mental data are presented in Appendix A. Computer programs which were
originally written by Farukhi (9) were modified to reduce the experi-
mental data using the IBM 370/158 computer. Computer program flow
charts and listing are essentially the same as that presented in
Moshfeghian's M.S. thesis (6).

The physical quantities measured for each experimental run are
listed under item 5 in the Data Gathering Procedure in Chapter IV.

The outer surface temperatures were measured at 88 Tocations along the
length of the test section. The locations of the thermocouples are
given in Chapter III.

The physical properties of the fluid were evaluated at the bulk
fluid temperature at each thermocouple station. The bulk fluid tem-
perature was assumed to increase linearly along the axial length of the
test section, starting from inlet electrode.

Average bulk fluid temperature for the entire test section, for

each data run, was taken to be the arithmetic average of the inlet and
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exit bulk fluid temperatures. To correct for wall effects, the fluid
viscosity was also determined at the average inside wall temperatures
so that the viscosity correction factor could be evaluated.

The regression correlations, developed by Singh (7), were used
to evaluate the physical properties of the distilled water and Dowtherm
G. For ethylene glycol, physical properties were evaluated by the
regression correlations presented by Curme (13). Thermal conductivity
and electrical resistivity of Inconel 600 and stainless stell were
evaluated by the regression correlations developed by Singh (7) and
Farukhi (9). These correlations and the original source of these
physical properties are presented in Appendix C and are incorporated
into the computer programs used for the data reduction.

Data reduction consisted of the following steps:

1. Calculation of the error percent in heat balance.

2. Calculation of the local inside wall temperature and the
inside wall radial heat flux.

3. Calculation of the Tocal heat transfer coefficient.

4. Calculation of the relevant dimensionless numbers. Details

regarding the above mentioned steps follow.
Calculation of the Error Percent in Heat Balance

The error percent in the heat balance for each data run was cal-

culated as follows:

= (3.41213)(I)(V) (5-1)

Yinput " Noss

where
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I = current in test section, amperes;
V = voltage drop across test section, volts;
d]oss = heat loss; Btu/hr (calculated from calibration data).
Heat output rate, Btu/hr = doutput
doutput - wcp[(Tb)out B (Tb)in:I (5-2)
where
W = mass flow rate of fluid flowing through test section,
1bm/hr;
Cp = specific heat of the fluid at the average bulk
fluid temperature in the test section, Btu/]bm-oF;
(Tb)in = bulk fluid temperature at the test section inlet, °F;
(Tb)out = bulk fluid temperature at the test section outlet, OF.

. e = G
percent error in _| ‘input output 9
heat balance . (100) %
q1'nput
The inlet and outlet bulk fluid temperature were measured by

Conax thermocouples. These temperatures\were corrected based on the

thermocouple calibration given in Appendix B.

Calculation of the Local Inside Wall Temperature

and the Inside Wall Radial Heat Flux

Computer programs originally written by Owhadi (22) and Crain (14)
and later developed by Singh (7) and Farukhi (9) were modified to

determine the inside wall temperatures from the measured otuside wall
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températures. Appendix D presents the derivation of equations for
numerical solution of wall temperature gradient with internal heat
generation. Using the outside wall temperatures and the electrical
heat input, the modified computer program computes the inside wa]]l
temperatures by a trial-and-error solution. The program also computes
the inside wall radial heat flux at each thermocouple location on the
test section. Details regarding thé computer program are given in
Reference (14). A flowchart and a 1isting of the modified computer

programs are given in Moshfeghian's M.S. thesis (6).

Calculation of the Local Heat

Transfer Coefficient

Knowing the inside wall temperature, the inside wall radial heat
flux and the bulk fluid temperature, the local heat transfer coeffi-

cient was calculated as follows:

A ()]1 ST (53
w’i b
where
hi = Jocal inside heat transfer coefficient, Btu/(hr-ftz-oF);
| d; = local inside wall heat flux, Btu/(hr-ftz);
(TW)1 = local inside wall temperature, O,
Tb = bulk fluid temperature at the thermocouple station, OF.

Calculation of the Relevant

Dimensionless Numbers

The dimensionless numbers calculated at the bulk fluid temperature

at each station were Reynolds and Prandtl numbers. The Nusselt number
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was also calculated for each station using the circumferentially-
averaged local heat transfer coefficient at each station. In addition,
the Grashof number was calculated for each station using the circum-
ferentially-averaged inside wall temperature and the bulk fluid tem-
perature at each station.

A11 the experimental data gathered were reduced using the above
procedure. Sample calculations for one data run are given in Appendix
E.

To understand the mechanism of the heat transfer process in the
bend and and downstream of the bend, the inside wall heat transfer
coefficients were calculated for each thermocouple Tocation on the
test section and were digitally plotted for the eight thermocouple

locations on the tube periphery for each data run.



CHAPTER VI
RESULTS AND DISCUSSION OF RESULTS

For the four 180°-bend test sections, experimental data were
gathered for Reynolds numbers ranging from 55 to 31,000, Prandtl num-
bers ranging from 4 to 270, and curvature ratio (ratio of bend radius
to inside radius of tube) humbers ranging from 4.84 to 25.62. The test
fluids were water, Dowtherm G and ethylene glycol. Results of this
study together with a discussion of the results are presented in this

chapter.
General Discussion

Values of the average Reynolds, average Prandtl numbers, average
“values of the heat flux and the heat transfer coefficient for the
inside wall were computed for each thermocouple location for each data
run. These values are summarized in Appendix F for all of the experi-
mental data runs.

The average heat transfer coefficient at a thermocouple station

was defined as follows:

8
_ average heat 1 :E: q/A (6.1)
1 = transfer coefficient ’
=]

where i indicates the peripheral location on the tube cross section at

a thermocouple station. The average heat transfer coefficient obtained
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from Equation (6.1) was then used to determine the average Nusselt
number for the thermocouple station. The physical properties of the
fluid used in determination of the Reynolds, Prandtl and Nusselt num-
bers were evaluated at the bulk fluid temperature at the thermocouple
station, Tb, calculated by a heat balance based upon the inlet and
exit bulk fluid temperature and the heat input. |

In addition to Equation (6.1) the average heat transfer coeffi-

cient at a thermocouple station may also be computed as follows:

H. = average heat _ _(q/A) (6.2)
2 transfer coefficient T _ :
W b
where (g/A and ?@ were defined as follows:
8
@R = § > (a/h), (6.3)
i=1
and
8
— _ 'I_ ;
T, =g . (T,); (6.4)

where i in Equations (6.3) and (6.4) has the same definition as in
Equation (6.1). In Appendix F, Hy and H, represent the average heat
transfer coefficient using Equations (6.1) and (6.2) respectively.
H] and H2 become equal if the peripheral distribution of inside wall
temperatures is uniform; however, for the nonuniform distribution of
inside wall temperatures H] becomes larger than H2. For example

the ratio of H1/H2 ranged from 1.0 to 1.18 and 1.0 to 2.49 for runs

515 and 252, respectively.
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Peripheral Distribution of Heat

Transfer Coefficients

Since heat transfer'coefficients were almost symmetrical about a
vertical meridional plane, arithmetic average heat transfer coeffi-
cients were calculated between locations 2 and 8, 3 and 7, and 4 and 6

for purposes of comparing secondary and tertiary flow effects.

Laminar Flow Regime

Figures 5 through 7 present the peripheral distribution of heat
transfer coefficient for run 252. The average Reynolds number for
this run was 1,240, and the average heat flux was 1,700 Btu/hr—ftz
(5,584 W/m®).

Straight Section Upstream of the Bend. Figure 5 indicates that

as the fluid enters the straight section upstream of the bend the heat
transfer coefficients are fairly uniform. However, as the fluid moves
along this straight section the difference between heat transfer
coefficients at the top and the bottom of the tube becomes larger (see
station 3). This behavior was also observed by Morcos and Bergles
(15) and could be explained by the fact that during heating, the

fluid near the wall is warmer and, therefore, lighter than the bulk
fluid in the core. As a consequence, two upward currents flow alona
the side walls, and, by continuity, the heavier fluid near the center
of the tube flows downward. Hereafter, this natural convection flow
pattern will be referred to as "tertiary" flow. The effect of
tertiary flow is to cause the heat transfer coefficient to be higher

at the bottom than at the top of the tube.
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In the Bend. Figure 6 presents the peripheral distribution of
heat transfer coefficients for stations 4, 5, and 6, which were located
in the U-bend portion of the test section. As anticipated, higher
heat transfer coefficients were obtained for locations on the outside
wall of the bend than for locations on the inner wall of the bend.

This fact has been known historically for helically-coiled tubes and
has been indicated by earlier workers in the field (Singh (7) and
Moshfeghian (6), to mention a few). It has been attributed to the
presence of the superimposed secondary flow due to centrifugal action.
The secondary flow causes the faster moving fluid elements to move
toward the outer wall of the bend and the slower moving fluid elements
to move toward the inner wall of the bend. Therefore, there are higher
coefficients and more heat removal from the outer wall than the inner

wall of the bend.

Straight Section Downstream from the Bend. As it is shown on

Figure 7 (stations 7 and 8), when the fluid leaves the bend and enters
the straight section downstream of the bend the heat transfer coeffi-
cients are higher at the top than at the bottom. However, as the
fluid moves further away from the bend the peripheral distribution

of heat transfer coefficients becomes uniform (station 9). Beyond
station 9, as it is shown on Figure 7, the heat transfer coefficient
at the top becomes smaller than that at the bottom. Examination of
peripheral distribution of heat transfer coefficients at stations 7
through 11 indicates that as the fluid leaves the bend it carries the
secondary flow effect some distance downstream of the bend. For this

typical run the secondary flow is carried up to station.9. Beyond
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station 9, as was explained for station 3 located upstream of the bend,
the fluid elements experience tertiary flow (natural convection)

superimposed on the primary flow.

Turbulent Flow Regime

Figures 8 through 10 present the peripheral distribution of heat
transfer coefficients for run 515. The average Reynolds number for
this run was 27,230, and the average heat flux was 17,900 Btu/hr-ft2
(56,467 W/m°).

Straight Section Upstream of the Bend. Figure 8 presents the

peripheral distribution of heat transfer coefficient at stations 1, 2,
and 3. The peripheral distribution of heat transfer coefficients

at station 3 indicates that the tertiary flow is not as important as
was the case for run 252 (Re = 1,240). The decrease in the tertiary
flow (natural convection) for the turbulent flow regime (when compared
to the laminar flow regime) may be due to the increased mixing of

the fluid due to turbulent flow.

In the Bend. Peripheral distributions of heat transfer coeffi-
cients for stations 4, 5, 6 (located in the bend) are presented in
Figure 9. As was the case for the laminar flow regime, the heat
transfer coefficients are much higher at the outer wall of the bend
than at the inner wall. Again the nonuniform heat transfer coefficient
distribution is due to the secondary flow superimposed on the primary
flow due to the presence of centrifugal force.

Straight Section Downstream from the Bend. The peripheral distri-

butions of heat transfer coefficients for the straight section down-

stream of the bend (stations 7 through 11) are presented in Figure 10.
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Figure 10 indicates that, as for the laminar flow regime, the secondary
flow effect is carried to the straight section downstream of the bend,
resulting in higher heat transfer coefficients at the top and Tower
heat transfer coefficients at the bottbm of the tube. However, the
tertiary flow does not become important at any of the measurement
stations along the straight section downstream of the bend, and

the secondary flow effect has not decayed out completely by station

11.

Curvature Ratio and Reynolds

Number Effect

Peripheral distribution of heat transfer coefficients for runs
402, 419, 428, 514, 522, and 528 are presented in Figures 11 through
13. Runs 402 and 528 represent laminar regime; runs 428 and 522 repre-
sent transition regime, and runs 419 and 514 represent turbulent flow
regime.

Figure 11 indicates that as the Reynolds number increases, from
765 to 23,890, the tertiary effect diminishes in the straight horizon-
tal tube inlet. In other words, turbulent mixing destroys the tertiary
flow pattern.

Figure 12 indicates that for the same Reynolds numbers, as the
curvature ratio decreases, from 25.62 to 12.23, the heat transfer
coefficient increases. This is due to the fact that the centrifugal
force is inversely proportional to the curvature ratio: by decreasing
the curvature ratio, the centrifugal force increases. Therefore,

secondary flow becomes relatively stronger and causes higher heat
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transfer coefficients. The peripheral heat transfer coefficients for
Reynolds numbers 765 and 768 are not shown on Figure 12 because at the
outer wall of the bend the heat transfer coefficients were negative.
"Negative heat transfer coefficients" are discussed in the following
section of this chapter.

Figure 13 represents peripheral distribution of heat transfer
coefficient at station 7. This figure indicates that for higher
Reynolds number the secondary flow is carried to the straight section
downstream of the bend. However, by decreasing the Reynolds number,
from 5,280 to 765, the secondary flow becomes Tess important and the
tertiary flow becomes important. Figure 13 also indicates that when
the curvature ratio increases, from 12.32 (run 402) to 25.62 (run 528),
the secondary flow diminishes; furthermore, the tertiary flow becomes
more severe. Inspection of Figure 13 reveals also that, for the same
Reynolds number, by decreasing the curvature ratio the heat transfer
coefficient increases; however, for higher Reynolds number, e.g.

turbulent flow regime, the curvature ratio becomes less significant.

Negative Heat Transfer Coefficient

As presented in Appendix F, some of the calculated heated trans-
fer coefficients for the outer wall of the bend are negative. Analysis
of these negative heat transfer coefficients indicates that they occur
for the cases of low Prandtl number (water data) and in the laminar
regime. These negative heat transfer coefficients could be attributed
to the effect of peripheral heat flux variation.

Kays (16) has shown that if the peripheral variation of heat

flux, for a circular pipe, can be represented by
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ay = q5 (1 + b cos o) (6.5)

then the energy equation for laminar fully developed flow, constant

heat rate (axially) gives:

Nu. = 1+ b cos o (6.6)

o LA (b/2) cos o
48

If b=0, then Nusselt number becomes independent of 6 and equal
to 4.364 as would be expected.

Depending upon the magnitude of b the Nusselt number can vary
in very strange ways. For example, if b = 0.458, the Nusselt number
goes to infinity at e=w. Here an infinite Nusselt number merely means
that the surface temperature is the same as the bulk fluid temperature
and does not imply an infinite heat flux.

Similarly, for .fluid flow between parallel planes, with d? and
QE the heat fluxes through plane 1 and 2, the Nusselt number is given
by the following expression (16):

Nuy = —2:380 (6.7)
1-0.346(43/3)

If d% = 0, Nuy = 5.385, which is of course the solution for one side
only heated. If both sides are heated equally, g5/q] = 1, and then

Nu1 = Nu2 = 8.23. Now note what happens if

0.346 (dg/dﬁ) = (6.8)

In this case
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and

a5/q) = 2.9 (6.10)

Again, this does not imply an infinite heat transfer rate; it implies

that Tw - Tb = 0 because of the temperature profile shown in Figure

1
14.

If d%/d?( 2.9 the apparent Nusselt number and the apparent heat
transfer coefficient become negative.

As an example, peripheral distributions of inside wall heat flux
and inside wall temperature at station 5 (middle of the bend) for runs
215 and 203 are shown on Figure 15 and 16, respectively. Table IV
also gives the calculated heat transfer coefficients at station 5 for
these two runs. For run 215, in which the peripheral distribution of
wall heat flux is highly nonuniform, negative heat transfer coeffi-
cients have been obtained on the outer wall region of the bend. How-
ever, by increasing Reynolds number (e.g., from 1317 to 3600) all of
the calculated heat transfer coefficients become positive. By
increasing the Reynolds number, the effect of secondary flow due to
centrifugal force in the bend is lessened due to increased mixing
associated with a high Reynolds number. So, the secondary flow is
more pronounced for low Reynolds numbers than for high Reynolds
numbers. At the same time, analysis of the calculated values (see
Appendix F) indicates that by increasing the Prandtl number, negative
heat transfer coefficients become positive. This means that increasing
the Prandt1l number (diffusivity for velocity becomes greater than the
diffusivity for heat) has the same qualitative effect as increasing the

Reynolds number. Both changes indicate an increase in the mixing
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TABLE IV

PERIPHERAL HEAT TRANSFER COEFFICIENT AT STATION 5, BTU/HR-FT2-CF

Peripheral Position, Degrees

Run Re Pr

Qutside 45 90

135

Inside 235

270

315

215 1,317 4.4 -6]1(3,469)* -2056(-11,675) 1204(6,836) 259(1470) 91(517) 201(1,141)

203 3,600 5.1 290(1,647) 323(1,834) 332(1,885)

149(846)

212(1,203) 315(1,788)

792(4,497)
315(1,788)

-2828(-16,058)
310(1,760)

* The numbers in parentheses are in SI units (W/mz-K).

LS
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process, which lessens the relative importance of the secondary flow.

Reynolds Number Effect on the Interaction

Between Secondary and Tertiary Flows

As mentioned in the preceding sections, when the fluid enters the
straight section downstream of the bend it carries the effect of
secondary flow to some distance along the test section. This distance
depends mainly on the curvature ratio and the Reynolds number. In
Figure 17 the ratios of the heat transfer coefficient at the top of
the tube to the heat transfer coefficient at the bottom of the tube
are plotted as a function of axial position and Reynolds number as
a parameter. If this ratio is greater than one, it means secondary
flow is dominating. On the other hand if the ratio of heat transfer
coefficients is less than one, it indicates that the tertiary flow
(natural convection) is dominating.

For Re = 184, the ratio of heat transfer coefficients is about 2
at station 7 located at the end of the bend. As the fluid moves along
the straight section, downstream of the bend, the effect of the secon-
dary flow diminishes. For example, somewhere between stations 7 and 8,
the ratio becomes equal to unity. The value of unity for the ratio of
heat transfer coefficients coulg be an indication that the secondary
flow and the tertiary flow effects cancel each other since their
flow directions are opposite to each other. Beyond station 8 (see
Figure 17, for Re = 184), the tertiary flow is dominating.

The secondary flow action becomes stronger for higher Reynolds

number. Therefore, the point where the value of unity for the heat
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transfer coefficients ratio occurs shifts further away from the bend.
For example, when Reynolds number increases from 184 to 958 the posi-
tion of equality of the heat transfer coefficients (top and bottom)
shifts from between station 7 and 8 to station 9. In addition to
Reynolds number dependence, this shift also depends on the magnitude
of AT = ?w - Tb' Here ?& is the average inside wall temperature and
Tb is the bulk fluid temperature atithe thermocouple station.

In the turbulent flow regime, as shown in Figure 17, heat
transfer coefficient at the top of the tube is greater than heat
transfer coefficient at the bottom by a factor of 5 at station 7.
However, the ratio approaches unity and remain at unity as the‘fluid
moves away from the bend. This means as the fluid moves away from
the bend the secondary flow effect diminishes and tertiary flow

(natural convection) does not become significant at any point.

Comparison with Straight Tube Under

Similar Flow Conditions

The peripheral average heat transfer coefficient at each station
along the test section was calculated using Equation (6-1) and was
compared to the following correlations:

Sieder-Tate (17); Re >2100

0.8 0.14

Nu = 0.023 Re” "~ Pr

0.333 (6-11)

up/u,)

The reported mean absolute deviation for Equation (6-11) is 10.00 per-

cent (water and Re »10,000).
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Dittus-Boelter (18); Re 2100

0.8

Nu = 0.023 Re’8 pr0-4

(6-12)

The reported root-mean-square error for Equation (6-12) is 16.66 per-
cent (3.16€ Pr{ 10 and 10,000 Re € 32,000).
Eagle-Ferguson (19) (for water only); Re>2100

0.80

h=c(1.75 Tb + 160) V (6-13A)
where
c = 0.9109 - 0.4292 log (di) (6-13B)
Morcos-Bergles (15); Re< 2100 _
1.35 0.4712} 1/2
- 2 GrPr -’
Nu = (4.36) +] 0.055 ——0—2'5"‘ (6-]4)
P .
w
for
3 x 10% Ra<10°, 4<Pr 175 and 2< P < 66
where
hd? ( )
P = — 6-15
W kwt

Here t = tube wall thickness and kw = thermal conductivity of tube wall.
In Equation (6-14), the average heat transfer coefficient is defined
as in Equation (6-2), therefore, for Re {2100 the peripheral average
coefficient was calculated by Equation (6-2).

Appendix F presents the comparison between the experimental and
predicted heat transfer coefficient at each station along the test

section for each experimental run.
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Turbulent Flow Regime

In addition to Appendix F, Figure 18 presents the comparison of
the experimental heat transfer coefficient with the heat transfer
coefficient predicted by the Sieder-Tate correlation. At station 1,
the experimental heat transfer coefficient is greater than that pre-
dicted by Sieder-Tate. This is attributed to entrance effects. How-
ever at station 2 and 3 (both located along the straight section
upstream of the bend) the agreement is excellent.

At stations 4, 5, 6 (in the bend), and 7 (at the end of the bend)
the experimental heat transfer coefficients are higher than those pre-
dicted by literature correlations for a straight tube under similar
flow conditions. The higher heat transfer coefficients are attributed
to the secondary flow due to the centrifugal action superimposed on
the primary flow along the tube axis. As mentioned in the preceding
section, the secondary flow effect is carried to the straight section
downstream of the bend. That is why the heat transfer coefficients
along the straight section downstream of the bend are higher, up to
station 11, than those predicted for a straight tube which is not
preceded by a 180° bend. At station 11 the agreement between the
experimental heat transfer coefficient and the predicted heat transfer
coefficient is excellent because the secondary flow effect has decayed.

Figure 19 also gives the comparison between experimental heat trans-

fer coefficients and those predicted by the Eagle-Ferguson correlation.

Laminar Flow Regime

Figure 20 presents the comparison between the experimental heat
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transfer coefficient and the heat transfer coefficient predicted by the

Morcos-Bergles correlation. The Morcos-Bergles correlation is chosen
because it takes into account the effect of tertiary flow (natural
convection) in laminar flow regime. The agreement between the experi-
mental and the predicted heat transfer coefficient is not as good as
obtained for turbu]ent flow. This can be explained by the fact that
thé mechanism of flow in the Taminar regime is complicated due to the
presence of both secondary and tértiary flows and their interaction.
Even though the Morcos-Bergles correlation takes into account the
tertiary flow effect, it is applicable only for fully developed flow,

- without the presence of the secondary flow. That is why the agreement
at station 3 is excellent. Inspection of the comparison at station

3 a];o indicates that for Reynolds number greater than 1000, the
Morcos-Bergles correlation underpredicts the heat transfer coefficient.

As shown on Figure 20, in the bend, the ratio of experimental
heat transfer coefficient is about 2 to 10 times higher than the heat
transfer coefficient predicted by straight tube correlation. The
higher heat transfer coefficient in the bend is attributed to the
secondary flow superimposed on the primary. flow.

For a purely laminar flow where the transport processes are mole-
cular in origin the effect of secondary flow is more pronounced.
However, in turbulent flow regime where turbulent diffusivities are
very much greater than for a purely molecular process the effect of
secondary flow is less pronounced. That is why the ratio of heat trans-
fer coefficients (shown on Figure 20) reaches 10 for laminar flow

regime and only about 1.5 for turbulent flow regime. The secondary
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flow removes the heated molecules from the vicinity of the wall, thus
providing a better temperature gradient for the molecular transport

(conduction) process.

Testing of Literature Correlations

Available Titerature correlations for the U-bend were tested
against the experimental results to defermine how well the two agreed.
The average absolute percent deviation (AAPD) was used as a measure
 to determine the degree of fit of the literature correlations to the
experimental data. Results of the tests are given in Table V for
turbulent flow.

The AAPD is defined as follows:

a]cu]ated) ) (Experimenta

n 6:
:E: Value Value
4
i

i=1 (Experimental Value)
AAPD = (6-16)
n

where n is the total number of data points evaluated and the summation
is performed over all data runs evaluated.

Further discussion of the heat transfer results is subdivided into
three sections depending upon the fluid flow regime. Reynolds number
is used as the criterion to determine the flow regime. The three flow
regimes and the Reynolds number range for each regime are:

1. Turbulent flow regime Re )10,000;

2. Transition flow regime 2100 Re  10,000;

3. Laminar flow regime Re § 2100.



TABLE V

TEST RESULTS OF LITERATURE CORRELATIONS FITTED TO EXPERIMENTAL
DATA FOR THE TURBULENT FLOW REGIME

Investigator(s) Reference Stated Range of Applicability AAPD% Stations
10% Reg 9 x 10°
Lis and Thellwell (1) x 4.48 8,9,10,11
1€ X/d1.\< 15, 2§ Rc/ri\<4
10%$ Re
Tailby-Staddon (4) 30.78 7,8,9,10,11
7§ X/d&30 5 KR /ri& 14
104\4 Reg 3 x 104 5.84 7,8,9,10,11
Present Work .
5 (Rc/ri)é(X/di)éwo, 4.84 Rc/r1‘< 25.62 4.5 8,9,10,11

10%¢ Re g3 x 10
Present Work 8.71 4,5,6,7

0< (X/d;)< 7 (R/r;), 4.84K R/1T.& 2.56

89
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Turbulent Flow Regime

Experimental data in the turbulent flow regime were gathered
using water. 1In all, 207 points were obtained in the turbulent flow
regime.

Literature correlations were tested against the experimental
results to determine how well the two agreed. Test results are given
in Table V for the four test sections. It may be noted from Table V
that the Lis-Thelwell (1) correlation gave the best fit of the data.

Both of the available correlations were valid only for a small
portion of straight section downstream of the bend; however, all of
the experimental data at stations 7 through 11 are tested against the
Tailby-Staddon (4) correlation. The Tailby-Staddon correlation was
obtained for the case of cooling of the fluid whereas the data of
this work were obtained for the case of heating of the fluid. That
is probably why the AAPD is high for Tailby-Staddon correlation. In
testing the Lis-Thellwell correlation, station 7 corresponded to
i7di = 0 which was out of the recommended range (1§ i}d{( 15) and
predicted infinite heat transfer coefficient; therefore, the data at

station 7 were not used for this test.

Development of Correlation

Turbulent Flow Regime

Since the Titerature correlations do not cover the bend portion of
the test section, an attempt was made to find a correlation which would

cover both the bend and the straight section downstream from the bend.
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Due to the complex mechanism of secondary flow the attempt failed.
Therefore, the test section was divided into two parts, the bend and
the straight section downstream of the bend.

It follows from the previous discussions that in a correlation of

Jy in terms of X/di and Rc/ri, the effects of both of these ratios

X
should be expressed as functions of the Reynolds number. In view of
the complexity and doubtful utility in practical computations, no
~attempt has been made to obtain such correlations and a comparatively
simple correlation was obtained instead. A correlation of the local
values of the heat transfer parameter, JX’ was obtained in the follow-

ing way. A correlation similar to the literature correlations was

assumed as follows,

b
Iy = oy = 2R (W) (Ry/ry)" (6-17)
Pret T (up/u,)

Then computer programs written by Chandler (20) were used to fit the

experimental data to the above equation and estimate the parameters.
The data at stations 7 through 11 were used to find a correlation

for the straight section downstream of the bend. For this section the

following correlation was obtained.

0.825 (

J., = 0.031 Re X/di)'o']]6(Rc/ri)—o'O48 (6-18)

X
where 107 Reg'3 x 107, T (R _/r.)§ X/d. { 160, and 4.84¢ (R /r,) 25.62.
In the above equation X/d; = 0 represents station 3 which is at the
entrance of the bend.
Similarly the data at stations 4 through 7 were used to fit the

experimental data to Equation (6-17) to estimate the parameters for
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the bend portion of the test section. The following correlation was

obtained for this region.

0.81( 0.046 -0.133

JX = 0.0285 Re X/di) (Rc/ri) (6-19)

4 4

where 107 Re3 x 107, 0<(X/d;)< T (R./r.), and 4.84 (R /r,)X 25.62.

The AAPD's for Equations (6-18) and (6-19) are also given in Table

V. In addition to Table V, Figures 21 and 22 give representation of how

well the experimental data are fitted to Equations (6-18) and (6-19).

Transition Flow Reginme

Of the experimental data gathered, 46 runs fell in the transition
regime.

In most industrial processes, operation in the transition regime
is avoided. However, should it be necessary, the heat transfer
coefficient for transition regime fluid flow may be determined by
extending the Taminar and turbulent flow regime calculations into
transition regime and interpolating between the values obtained from
the turbulent and the laminar flow regime correlations at the Reynolds
number in the transition regime.

Based on the foregoing discussion, no attempt was made to develop
a correlation for prediction of the heat transfer coefficient in the
transition regime. However, Equation (6-18), which was developed for
turbulent flow along the straight section downstream of the bend, was
used to predict the heat transfer parameter, JX’ in the transition
regime along the straight section downstream of the bend. The AAPD
between the predicted and the experimental heat transfer parameters

for the 205 data points (3000 Re< 10,000) tested was 13.28 percent.
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Laminar Flow Regime

Experimental data in the laminar flow regime were gathered using
water, Dowtherm G and ethylene glycol. 1In all, 79 runs were obtained
in the Taminar flow regime.

There was no literature correlation to test against the eXperi-
mental results for the bend portion and the straight section downstream
of the bend.

As indicated earlier in this chapter, higher heat transfer coeffi-
cients were obtained for fluid flow in the bend. The heat transfer
coefficients were about two to ten times the value for the straight
tube under otherwise similar operating conditions. The higher heat
transfer coefficients are attributed to the superimposed secondary flow
due to centrifugal action.

Attempts were made to correlate the data in the bend portion
of the test section but no satisfactory correlation could be developed
that would fit the data satisfactorily.

For the straight section downstream of the bend, in addition to
the secondary flow due to the bend, a tertiary flow due to natural
convection was also detected. These two factors were acting in oppo-
site directions. Figure 23 gives idealized flow patterns for the
secondary and tertiary flows in a straight section preceded by 180°
bend. Depending on the heat flux and Reynolds number, the combination
of these two effects could either increase or decrease the heat
transfer coefficient compared to the undisturbed flow.

Due to presence of natural convection (tertiary flow), secondary

flow and their interaction a simplified correlation such as Equation
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(6-17) could not be obtained. The nondimensional group Gv‘/Re2 was

used to determine quantitatively the significance of natural convection
with respect to forced convection. In addition, the nondimensional
ratio, Rc/ri’ was used to represent quantitatively the significance

of secondary flow. Finally, based on the above mentioned considera-
tions, the following correlation was developed.

-0.593,,,, 1-1.619
3 = 0.00275 Ee{_o.m + 14.33(R /r,) (x/d,) J]

X (6-20)

0.42
~0.237
1.0 + 4.79e{}2']1(x/d1) }

x|1.0+ 8.5 (935)
, Re

where Reg 2100 and 127— (Rc/ri)S(X/di) £ 160 and X is the distance
from the inlet of the bend (thermocouple station 3).

Figure 24 presents the comparison between predicted (using
Equation 6-20) and experimental heat transfer parameters, JX. The
AAPD for 336 data points fitted to Equation (6.20) was 16.0%.

The limiting cases of Equation (6-20) are as follows:

1. For limiting case (Rc/ri) —> =, i.e., a straight tube,

Equation (6-20) reduces to:

= 0.00275 Re?-733 [3.0 +8.5 (Gr/Re2)0'42§]

-0.237
xE.o + 700211 (K4)) 3_.]

2. For limiting cases (Rc/ri) —>» and (X/di) — », Equation

J
X (6-21)

(6-20) reduces to:

J = 0.0159 ReD-733 [E.o " 8.5(Gr/Re2)0'42§] (6-22)
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3. For limiting cases (Rc/ri) > o (X/di) + o , and no natural

convection effect (Gr/Re2 = 0), Equation (6-20) reduces to:
J = 0.0159Re0+ 733 (6-23)

Flow Regime Maps

To obtain a better and more quantitative insight into the effect
of secondary and tertiary flows and their interactions, Reynolds number

2 on Figure 25 for thermocouple

is plotted as a function of Gr/Re
station 2, Tocated far away from the entrance of the test section but
before the bend. As shown on Figure 25, three separate regions,
representing the relative importance of natural convection, have been
obtained. The criterion for separating these regions was the ratio
of heat transfer coefficients at the top to that at the bottom of the
tube. If this ratio of heat transfer coefficients (top to bottom)
was between 0.95 to 1.05, then forced convection of the primary flow
is dominant. On the other hand if the ratio of heat transfer coeffi-
cient (top to bottom) is less than 0.95, then natural convection is
dominant. The effect of natural convection is to increase heat
transfer coefficient at the bottom and decrease heat transfer coeffi-
cient at the top of the tube.

Figures 26 through 29 present plots of Dean number (Re¢3;7ﬁ;) as
a function of Gr/Re2 for stations 7 (located at the exit of the bend)
through 10 for straight section downstream of the bend. Figure 26
indicates that at station 7, secondary flow is the dominating factor;

secondary flow causes the heat transfer coefficients to become greater

at the top than at the bottom of the tube. That is why for the
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secondary flow the ratios of heat transfer coefficients (top to bottom)
are greater than 1.05. As the fluid moves away from the bend and
passes through station 8, 9, and 10 (see Figures 27, 28, and 29),

the effect of secondary flow decreases and natural convection becomes

more dominant.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

An experimental study of the heat transfer processes when a
single phase fluid flows through a 180° bend pipe has been conducted.
Experiments were made with water, Dowtherm G, and ethylene glycol
flowing through an electrical-resistance-heated tube. Four test
sections with curvature ratios ranging from 4.84 to 25.62 were studied.
The entire fluid flow regime from laminar through transition to turbu-
lent flow was investigated. In the course of the study, available
literature correlations for both 180° bends and straight tubes were
tested to determine how well they could predict the experimental
results.

The following conclusions were arrived at as a result of the total
study:

1. At low Reynolds numbers (i.e., laminar flow regime), the
effect of natural convection was detected in the straight section up-
stream of the bend through measuring higher heat transfer coefficients
at the bottom of the tube than at the top. However, the intensity
of natural convection was diminished as the Reynolds number increaéed.

2. The peripheral distribution of heat transfer coefficients is
far from uniform in the bend. The local coefficients are much higher

at the outside and lower at the inside of the bend, resulting in a
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higher mean heat transfer coefficient as compared to a straight tube
under similar flow conditions. The ratio of mean heat transfer coeffi-
cient in the bend to that for the straight tube was higher in the
Taminar flow regime (2 to 10) than in the turbulent flow regime (1 to
1.5).‘ This is understandable in view of the fact that greater random
mixing in the turbulent flow regime diminishes the augmentation of the
heat transfer coefficient due to a superimposed secondary flow. The
secondary flow results from the centrifugal action that a fluid is
subjected to when flowing in a curved path.

3. As anticipated, at any cross section in the bend, the
distribution of peripheral heat transfer coefficient is almost symmetri-
cal about a plane containing the longitudinal axis of tube and the
radius of the bend.

4. The secondary flow effect is carried to the straight section
downstream of the bend, resulting in higher heat transfer coefficients
at the top (outside of the bend) than that at the bottom (inside of the
bend) of the tube. The net effect of the secondary flow is to increase
the peripheral mean heat transfer coefficient in the straight section
downstream of the bend as compared to a straight tube not preceded by
a 180° bend, under similar flow conditions. However, at lower Reynolds
numbers (i.e. laminar flow regime) the secondary flow effect tends to
be counteracted by the natural convection effect, resulting in lower
peripheral mean heat transfer coefficient as compared to a straight
tube not preceded by 180° bend, under similar flow conditions.

5. Correlations have been developed to predict the local Nusselt

number for fluids flowing in a U-bend and in the straight section



87

downstream of the bend for both turbulent and laminar flow regimes.
The correlations are Equations (6-18), (6-19), and (6-20) in Chapter
VI.

6. In addition to development of correlations, flow maps have
been made which should be useful in understanding the mechanism of
secondary and tertiary (natural convection) flows. These flow maps
are presented on Figures 25 through 29 in Chapter VI.

Several gaps still exist in the complete understanding of the
mechanism of heat transfer in U-bend tube. The following recommenda-
tions are made, based on the results of this study, for future research
in the area:

1. Equations (6-18), (6-19) and (6-20) were developed for the
case when a fluid is heated in a U-bend tube. It is felt that the same
correlations should apply when a fluid is cooled in a U-bend tube.
However, when the experimental data of this work were compared with
those predicted by the Tai]by—Staddon (4) correlation, developed for
the case when a fluid was cooled in U-bend tube, a relatively large
average absolute percentage deviation was obtained (see Table V in
Chapter VI). Therefore, it is recommended that experimental studies
be performed when a fluid is cooled in U-bend tube to make a better
comparison.

2. In the laminar flow regime, the interaction between secondary
flow and tertiary flow (natural convection) should be studied further
to get a better and more quantitative insight into the mechanism of
flow.

3. Flow visualization is also recommended to understand the

mechanism of secondary flow in U-bend tubes.
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Run Number Test Fluid Test Section
200-249 _ Water D
300-349 Water C
400-449 Water B
500-549 Water A
250-299 Ethylene Glycol D
350-399 Ethylene Glycol C
450-499 Dowtherm G B
550-599 Dowtherm G A

Only those experimental data which were referred to are presented
here. The rest of the experimental data are available at:
School of Chemical Engineering

Oklahoma State University
Stillwater, Oklahoma 74074 USA
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APPENDIX B

CALIBRATION DATA
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CALIBRATION DATA FOR ROTAMETER 1 FOR DISTILLED WATER

TABLE VI

108

Rotameter Setting
% Maximum Flow

Mass Flow
Rate, 1bm/hr

10
20
30
40
50
60
70
80
90
100

71.
136.
205.
262.
323.
368.
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