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ABSTRACT

The use of horizontal U-tubes is common in several
types of heat exchange equipment. However, the present
understanding of laminar flow heat transfer downstream from
the U-bend is limited. Consequently, the laminar flow heat
transfer downstream from the unheated, vertical bends in
horizontal U-tubes with electrically heated straight tube
sections was investigated. Four U-tubes with curvature
ratios of 4.84, 7.66, 12.35 and 25.36 were studied.
Distilled water and almost pure ethylene glycol solutions
(water content 1 to 5 %) were the test fluids. For each
test section, local axial and peripheral wall temperatures
were measured and the local peripheral heat transfer
coefficients at the various locations were calculated. The
experiments covered the local bulk Reynolds number range of
120 to 2500. The local bulk Prandtl number varied between 4
and 110, while the Grashof number ranged from 2,500 to
1,130,000. The uniform wall heat flux ranged from 900 to
4230 Btu/hr.sg.ft (3.12 to 13.33 kW/sg.m.).

This investigation permitted a better understanding of
the interaction of the primary, secondary and tertiary flow
patterns; i.e. the combination of forced and natural
convection with the centrifugal effects. Also, the

following correlation was developed:
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This correlation predicts the heat transfer coefficient
downstream from unheated U-bends as well as the heat

transfer coefficient in straight tubes.
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i~

=

Qinput

Qloss

Qoutput

L}

n

NOMENCLATURE

area, sqg.ft or sg.m

specific heat of the liquid at the bulk
temperature, Btu/(lbm.F) or J/(kg.K)

inside tube diameter, ft or m
conversion factor, 3.412 Btu/(hr.amp.V)
gravitational acceleration, ft/sq.hr or m/sg.hr

heat transfer coefficient, Btu/(hr.sq.ft.F) or
W/(sg.m.K) :

current of the test section, amperes
thermal conductivity, Btu/(hr.ft.F) or W/(m.K)

mass flow rate of the liquid flowing through the
test section, lbm/hr or kg/hr

rate of heat input to the test section, Btu/hr or W

rate of heat lost from the test section, Btu/hr or
|

heat gained by the test fluid, Btu/hr or W

heat flux, Btu/(hr.sqg.ft) or W/(sg.m)

bend radius measured to centerline of tube, ft or m
tube inside rédius, ft or m

temperature, F or K

bulk liquid temperature at the inlet of the test
section, F or K

bulk liquid temperature at the exit of the test
section, F or K

tube wall thickness, ft or m

flow velocity in the test section, ft/hr or m/hr

Xix



voltage drop across the test section, volts

<
]

b
"

velocity component in the axial direction (used in
Figure 3)

X distance along a test tube, usually from the
beginning of heating of a straight section,

except if otherwise mentioned, ft or m

Dimensionless Parameters

De = Dean number, ReVrji/Rg¢
_ 2. 3 2
Gr = Grashof number, %BP d; (T, 3Ty,) M4
Gz = Graetz number, PrRedi/X
Nu = local average peripheral Nusselt number, hdi/k
Pr = local bulk Prandtl number, CIka
Pw = tube wall parameter, (h d;/k )/(d;/t)
Ra = Rayleigh number, PrGr
Re = local bulk Reynolds number, udf/M

Greek Letters

ﬁ coefficient of volume expansion of a fluid, 1/F or
1/C

time of fall between the viscometer marks, s

9

M
f)

fluid viscosity, lbm/(hr.ft) or Ns/(sg.m)

]

fluid density, lbm/cu.ft or kg/cu.m

Subscripts

b = at the bulk of the fluid

£ = at the fluid film where (T  +T )/2
wi b

i = peripheral position (1 to 8)

ij = local peripheral

3 = station number (1 to 11)

W = property of the tube wall

XX



wi

wo

property at the inside tube surface

property at the outside surface of the tube

xxi



CHAPTER 1
INTRODUCTION

The petrochemical and chemical process industries use
U-tubes extensively in double pipe heat exchangers, kettle
reboilers, other types of shell and tube exchangers, and a
few air cooled exchangers. These tubes are bent 180 degrees
at the middle.

In the laminar flow regime (for Newtonian, constant

property fluids), the fully developed, steady state velocity

~profile is parabolic inside straight circular tubes. This

flow is referred to as primary. Application of heat to ‘the
tube wall produces a tertiary flow due to natural
convection, that affects the flow pattern. Figure 1 shows
the tertiary flow pattern.

At the bend of a U-tube the fluid is subjected to a
centrifugal force, thch moves the more rapidly flowing
fluid towards the outer wall and the slower moving fluid at
the wall toward the bend axis. This superimposes a
sgcondary flow pattern on the primary and tertiary flows in
the downstream section of the tube. Figure 2 shows the
secondary flow pattern.

Due to the complexity of the flow patterns (a
combination of primary, secondary and tertiary) downstream
from the U-bend and the limited knowledge of their heat

1
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Figure 1: Sketch of the Tertiary Flow
Pattern in a Straight Tube

(adapted from ref. (2%)).
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Figure 2: Sketch of the Secondary Flow
Pattern in a Curved Tube
(adapted from ref. (23)).



transfer characteristics, the existence of these bends is
usually ignored in heat transfer calculations, though they
may influence considerably the performance of heat
exchangers. Consequently, in this thesis, we investigated
the laminar flow heat transfer downstream from unheated,
vertical bends in circular, horizontal U-tubes with
electrically heated straight tube sections. Four U-tubes
with curvature ratios of 4.84, 7.66, 12.35 and 25.36 were
used. The curvature ratio is the ratio of the bend diameter
(from the bend centerline to the tube axis) to the inside
tube diameter. The test fluids were distilled water and
ethylene glycol water solutions (water content 1 to 5 %).

Loc§l wall temperatures were measured and the local
peripheral heat transfer coefficients at various stations
were calculated. The experiments included 84 runs. Water
was used as the test fluid.in 4 runs , over a local bulk
Reynolds number range of 1040 to 2170, a local bulk Prandtl
number of 3.9 to 5.3 and a Grashof number range from 120,000
fo 1,130,000, The rest of the‘experimental runs were
performed with ethylene glycol over a local bulk Reynolds
number range of 120 to 2500, a Grashof number range of 2,500
to 45,100, while the local bulk Prandtl number varied
vbetween 44 and 110,

These experiments permitted a better understanding of
the interaction of the primary, secondary and tertiary flow
patterns and the development of a fully developed velocity
and temperature profile. Also, a new correlation, which

predicts the local average peripheral heat transfer



coefficient downstream from an unheated U-bend, is
introduced. The correlation is also valid for the
prediction of the local average peripheral heat transfer

coefficient for a fully developed laminar velocity profile

in a straight tube.



CHAPTER 11
LITERATURE SURVEY

Laminar Heat Transfer Downstream from U-

bends in Horizontal U-Tubes

Although U-tubes are used widely in the petrochemical
and chemical process industries, there is a scarcity of
literature on laminar heat transfer downstream from U-bends
in horizontal U-tubes.

Ede (6) investigated the effect of a horizontal 180
degree bend on the heat transfer between a U-tube and water
flowing through it. He attached three bends of curvature
ratios 4, 8 and 22, interchangeably, to two straight
parallel tubes in a horizontal plane. Heat was generated by
- passing direct current through the tube wall. The heat flux
varied from 570 Btu/hr.sg.ft. (1800 W/sg.m.) to 29,700
Btu/hr.sq.ft. (94,100 w/sq;m.) with a maximum tube to water
temperature difference of 20.5 F (11.4 C). The Prandtl
number ranged from 4.2 to 10.09.

Ede found that the effect of the heated bend on the
local heat transfer coefficient was quite large for laminar
flow and may extend to 40 diameters downstream. Immediately
following the start of the bend, the local heat transfer

coefficients are abruptly increased, due to the secondary



circulation. Once the bend is passed, the coefficients
decline slowly as the secondary motion decays. The Nusselt
number at the exit of the tube was 10, whereas the
theoretical fully developed value, assuming no free
convection, is 4.36 (13).

Moshfeghian (25) studied the heat transfer in
horizontal U-tubes, with the bends in the vertical plane.
The U-tubes, including the bends were heated electrically by
passing DC current through the tube walls. He used four U-
tubes with curvature ratios of 4.84, 7.66, 12.32 and 25.62.
The fluids tested were distilled water, ethylene glycol and
Dowtherm G. The Prandtl numbers varied between 4 and 270
and the Reynolds numbers covered the range from 55 to 31000.

For the laminar flow downstream from the heated bend,
Moshfeghian proposed the following correlation for the local
mean heat transfer coefficient:

, 0.14 0.4
Nu=0.00275 (H. /M ) (Pr)

-0.593 -1.619
0.733+14.333(R /r,) (x/4 )
Re C 1 1

0.429\ -0.237
2 -2.11(x/4 )
1.0+8.5(Gr/Re ) ‘ 1.0+4,79%e 1

(11.1)

for TR./(2r ;) < X/d; < 160
where X is the distance from the inlet of tHe bend.
Moshfeghian found that, downstream from the heated U-

bend for the laminar regime, the secondary flow tends to be



counteracted by natural convection (tertiary flow), which
results in a net decrease in the peripheral mean heat
transfer coefficient as compared to a straight tube not
preceded by a U-bend, under similar flow conditions.

Mehta (19) experimented with a single horizontal U-
tube, with the bend in the vertical plane. The straight
sections of the tube were heated electrically, and the bend
was unheated. The U-tube had a curvature ratio of 7.66.

He used ethylene glycol with Prandtl numbers of 75 to 132
and average Reynolds numbers ranging from 62 to 528.

In the straight section downstream of the bend, Mehta
found that there is little enhancement‘of the local heat
transfer coefficient by secondary flow at low local Reynolds
numbers (85 -98), even immediately downstream from the bend,
though the natural convection effect develops quickly. At
higher local Reynolds numbers (496 - 555) immediately after
the bend, the secondary flow increases the local heat

transfer coefficient, but decays with distance.

Laminar Flow Heat Transfer in Straight

Circular Tubes

McComas and Eckert (18) investigated experimentally the
effect of free convection on laminar forced flow heat
transfer in a horizontal uniformly heated tube. 'The Grashof
number varied from 1 to 1000 and the Reynolds number ranged
from 100 to 900. They found that the tertiary flow created
by natural convection increased as the ratio of Grashof

number to Reynolds number increased. They recommended more



experimentation.

Mori et al. (22)(23) performed visual experiments and a
theoretical analysis on the effect of the tertiary motion on
forced convective laminar heat transfer for a fully
developed flow in a horizontal tube with constant heat flux
at the wall. From visual experiments, they confirmed that
the center of the vortex of the tertiary flow, due to free
convection, comes nearer to the tube wall with increasing
values of ReRa. They assumed a boundary layer along thé
tube wall. By use of the boundary-layer integral method

they obtained the following relationships for the Nusselt

number

1/5
Nu = 0.09385(Nuo)(ReRa) (11.2)
for Pr = 0.72

1/5
Nu = 0.1108(Nuo)(ReRa) (11.3)
for Pr =1
Nu = local average peripheral Nusselt number at the wall.
NuO = Nusselt number for forced convective heat transfer

under the assumption of Poiseuille flow in a
uniformly heated tube (4.364).

Shannon and Depew (32)(33) reported the results of a
test pfqgram involving laminar flow of water and ethylene
glycol in a horizontal tube with uniform wall heat flux.
They measured the axial temperatures at 10 stations along
the tube wall. They did nof attempt to measure the possible
existence ofbany temperature differences around the tube

periphery. For water (32) the Reynolds numbers ranged from



120 to 2300, Grashof numbers went up to 250,000 and Graetz
numbers varied from 1.5 to 1000. They found large
deviations from the analytical solution for invariant
properties, which they suspected tc be due to natural
convection. For ethylene glycol (33), the Reynolds numbers
ranged from 6 to 300, Grashof numbers went up to 2800 and
Prandtl numbers covered the range 26 to 500, while the
Graetz numbers varied between 3 and 4800. For ethylene
glycol, their results confirmed the presence of natural
convection,

Hussain and McComas (10) investigated experimentally
the effect of natural convection on forced flow in a
horizontal circular tube, which was heated uniformly. They
tested air at Reynolds numbers between 670 and 3800 and
Grashof nuhbers between 10,000 and 1,000,000. They found
that, far from the thermal entrance and at Reynolds numbers
below 1200, the local Nusselt number was below the constant
property pure forced flow prediction. At Reynolds numbers
above 1200 the local Nusselt number increased above the
forced flow prediction. Also, they observed significant
peripheral variation, as much as 13 F (7 C) between the top
and bottom of the tube, for the upper range of Grashof
numbers investigated. They attributed these phenomena to
natural convection.

Faris and Viskanta (8) theoretically analyzed the
combined forced and free convection heat transfer of a
gquasi-incompressible fluid flowing laminarly in a horizontal

tube. They considered the heat flux to be uniform along the
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tube and around the circumference. Also, they assumed the
physical properties were independent of temperature except
for the density, which is dependent on the temperature only
in the buoyancy term. They included the buoyancy effect in
the velocity term. They solved the resulting partial
differential equations for the fully developed conditions.
They presented graphically approximate analytical solutions
of the peripheral Nusselt numbers.

Siegwarth et al. (34) analyzed the effect of the
tertiary flow on the temperature field and the primary flow
at the outlet of a long electrically heated horizontal tube.
They developed a model for the flow field by dimensional
reasoning and found that the tertiary flow controls the rate
of heat transfer. For constanﬁ viscosity at almost infinite
Prandtl numbers

1/4
Nu = 0.471(Gr.Pr) (11.4)

Hwang and Cheng (1l1) presented a finite difference
solution using an iterative method for fully developed
combined free and forced laminar convection in uniformly
heated horizontal tubes. They developed a boundary
vorticity method for the solution of the Navier Stokes
equation with biharmonic functions. Figure 3 shows a
comparisbn between Mori et al. (22) experimental and
theoretical results and Hwaﬁg and Cheng numerical method.

Hong, Morcos and Bergles (9) presented experimental and
analytical results for laminar flow in horizontal circular

tubes with nominally constant wall heat flux. They carried
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Figure 3: Comparison of Velocity and Temperature
Distributions Along Central Vertical
Line from Hwang and Cheng Work and
Experimental and Theoretical Results
from Mori et al. (adapted from
ref.(11))

out a finite difference solution of the governing equations
for the thermally developing region. They correlated the
data with an accuracy of 10 per cent as follows
0.28 0.33 0.12

Nu: =0.378Gr;  Pr; /Pw (I1.5)
where

pw={h d, /kw)(d._/t)

1 1
All of the dimensionless groups are calculated at the film
temperature, which is defined as:
= +

Tf (TWi Tb)/2 |

Newel and Bergles (26) investigated analytically the
effects of free convection on fully developed laminar flow

in horizontal circular tubes with uniform tube-wall

conditions: low thermal conductivity (glass tube), and
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infinite thermal conductivity.

Siegwarth and Hanratty (35) measured the fully
developed temperature field and axial velocity profile for a
fluid with a Prandtl number of 80 at the outlet of a long
horizontal tube. The tube was heated by wrapping an
electrical tape around it. They solved the defining partiail
differential equations by finite difference techniques to
obtain the tertiary flow patterns, temperature field and
axial velocity field. They found large temperature
gradients near the wall, horizontal isotherms in the core
and a significant temperature variation in the vertical
direction as shown in Figure 4. Although the tertiary flow
had a large effect on the temperature field, it had little
effect on the axial velocity distribution. They reported
that the thickness of the velocity and temperature boundary
layers are approximately equal.

Bergles and Simons (1) studied visually and
experimentally the effects of free convection on laminar
flow of water in horizontal circular tubes with constant
heat flux. The tubes were glass and were heated
electrically.

Morces and Bergles (20) considered fluid property
variations in their heat transfer correlation for fully

developed laminar flow in a straight tube:

Nuf=[(4.36) +\{.O.055(GrfPrf /Pw )

2 : 1.35 0.25 0.4\2711/2
) (11.6)

The range of parameters tested is

30,000 < Ra < 1,000,000
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4 < Pr < 175
2 £ Pw £ 66

Mehta's (19) experimental data agreed well with this
correlation except for Pw less than 2.0. He suggested
modifying the constant 0.055 to 0.05 for Pw in the range 1.8
to 2.0.

El-Hawary (7) investigated the effect of wall heating
on the stability of low Reynolds number (up to 3500) flow in
a horizontal tube. He experimented with water in a tube
with length to diameter ratio of 300. Instabilities were
detected by exémining signals of a thermocouple probe and a
hot-film annemometer probe placed in the flow of the test
section outlet. Results revealed regions of laminar flows,
turbulent flows, and flows intermediate in behavior. He
 presented a stability map showing regions of different flows
on nondimensional co-ordinates representing forced and
natural convection effects.

Kato et al. (12) obtained an empirical equation, for a
gas, for the overall heat transfer coefficient in a
horizontal circular tube with uniform wall temperature.

In summary, a few investigators have studied
experimentally and theoretically the laminar mixed (free and
forced) convective heat transfer in horizontal circular
tubes. For the fully developed flow, two experimental
correlations (9)(21) were developed but no exact solutions
exist. No research is reported for the entry region mixed

convective heat transfer.



CHAPTER III
EXPERIMENTAL APPARATUS

Laminar heat transfer was studied in four horizontal U-
tubes using distilled water (only four runs with test
section A) and almost pure ethylene glycol solutions (water
content 1 - 5%) as test fluids. Figure 5 shows the
experimental loop. The experimental set-up and equipment
are basically similar to those used by Moshfeghian (24)(25)

and Mehta (19) in their theses.
Description of the Various Egquipment

Test Sections

Four U-tubes with different bend diameters were used.
Specifications of the test sections are given in Table I and
in Figures 6, 7, 8 and 9.

Each test section was thermally insulated by wrapping
it with woven fiberglass tape, followed by bonded fiberglass
tape and pipe insulation (which was sometimes wrapped with
bonded fiberglass tape), and finally secured wifh vapor seal
tape. The total thickness was approximately 1 in.

Four pressure taps with 1/16 in. (1.59 mm) holes were
silver-soldered to each test section.

Four 1/4 in. (6.35 mm) thick copper bars were silver

15
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TABLE I

SPECIFICATIONS OF THE U-TUBES

Tube A B C D

Bend radius, in. 4,75 9.75 2.375 1.50
(m) (0.121) (0.251) (0.060) (0.036)

Outside tube diameter, 0.875 0.875 0.75 0.75

in.(m) (0.022) (0.022) (0.019) (0.019)

Inside tube diameter,in. 0.769 0.769% 0.62 0.62
(m) (0.020) (0.020) (0.016) (0.016)

Length of each straight, 70.75 65.0 137.14 137.0

section, in.(m) (1.797) (1.651) (3.483) (3.48)
Length of each heated, 58.75 46.25 108.39 108.0

section, in.(m) (1.492) (1.175) (2.753) (2.74)
Material of construction Inconel 600 Stainless

(seamless tube) steel 304

soldered to each test section. Figures 6, 7, 8 and 9
illustrate the positions of these electrodes for test
sections A, B, C and D, respectively. These copper bars
serve as electrodes for passing the DC current through the
wall of the test section. Each test section was |
electrically isolated from the rest of the loop Qifh a short
piece of neoprene tubing at each end. The préssure taps
were isolated electrically by connecting them with Tygon
tubing.

All experiments were performed on horizontal U-tubes
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with the U-bend in the vertical plane. The test fluid
entered at the bottom and exited at the top for the four

test sections.

Thermocouples

Copper constantan thermocouples (NN-T-30) were used to
measure the bath temperature, room temperature and fluid
bulk temperatures at the inlet and exit of the test section,
as well as the outside wall temperatures of the test tubes.
The inlet and exit thermocouple wires were overbraided with
stainless steel for shielding. All thermocouple beads
(approximately 0.5 mm diameter) were fabricated with a
thermocouple welder in the laboratory.

Eighty-eight thermocouples were placed at eleven
stations on the outside tube wall of each test section.
Figures 7, 8, 9 and 10 show the locations of these stations
for test sections A, B, C and D, respectively. At each
station, eight thermocduples were placed 45 degrees apart
around the tube periphery.

Each thermocouple carries two numbers. The first
number (1 to 11) specifies the station number, while the
second number (1 to 8) indicates the location of the
thermocouple around.the periphery of the tube. The
thermocouples at each station were numbered such that number
1l was always at the outside of the bend, or the bottom of
the lower straight section, or the top of the upper straight
section. - Thermocouple 5 was always on the inside of the

bend or the top of the lower straight section or the bottom
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of the upper straight section, see Figures 6 through 9.

The thermocouple beads were fixed on the outside
surface of the test sections A and C with Sauereisen cement;
and on the surfaces of test sections B and D with Omegabond
101. The Omegabond 101 (27) is an epoxy adhesive which
cures at room temperature and can endure continuous
temperatures up to 275 F (135 C). This adhesive has a high
thermal conductivity (86.4 Btu/(hr.ft)) and very high
electrical resistivity (1015 Ohm-cm). At the point of
thermocouple attachment, the surface of the test section was
roughened with sand paper, then cleaned with acetone. A
thin layer (approximately 1 mm) of the adhesive was placed
at the intended thermocouple location and allowed to set,
thus insulating the thermocouple beads from the surface and
electrical current. The thermocouples were then held in
place with metal hose clamps} the latter were electrically
insulated from the tést section with fiberglass. Another
layer of adhesive was placed-on the thermocouple beads,kand
left to set. |

Before insulating the test sections, all the
thermocouples attached to it were checked with a digital
muitiméter. Whenever necessary, immediate corrective action
was taken such as rewelding the thermocouple bead or
insulating any bead in direct contact with the tﬁbé wall.

ThéJthermoc6uple lead wires from each sfation were
connected to a barrier strip at the instrument panel, which
in turn was connected by welding the wires to a rotary

switch. The output leads from the rotary switches were
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welded to a master rotary switch, which was connected to a

Doric thermocouple digital indicator.

Digital Thermocouple Indicator

A Doric digital thermocouple indicator, type T model DS
350, displayed the thermocouple outputs in degrees

Fahrenheit. It has an accuracy of *+ 0.3 F (5).

DC Power Source

A Lincolnweld SA-750 electric welder generated flat DC
current, which was passed through the straight sections of
each test tube between the copper bars, thus creating
resistance heating. The DC power generator has a maximum
output powervof'30 KW. The duty cycle rating of the SA-750

is 750 amperes at 40 volts, continuous duty (17).
Voltmeter

The voltage drop through the straight sections of the
test tube was measured by a Numatron. The Numatron is Leeds
and Northrup Company's trade name for the voltmeter with a
digital readout (16). Thekresearch engineer in the
Electronics Laboratory célibrated the Numatron. The

readings of the voltmeter agreed with the calibration.

§oon

DC Ammeter

The current, passing through the walls of the test
section, was measured with a Weston 931 ammeter. It has a

range of 0 to 750 amperes DC. It was placed in parallel
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with a 50 millivolt shunt. The Electrical School Laboratory
Manager calibrated the ammeter. It is accurate within one

per cent of its full range, i.e. * 7.5 amperes.

Heat Exchanger

A 1-4 heat exchanger, manufactured by Kewanee-Ross
Corporation, cooled the fluid from the test section. Water

passing through the tubes was the cooling fluid.

Fluid Bath

The fluid bath was manufactured by Precision Scientific
Co. The micro-set thermoregulator has a maximum rated
temperature of 210 F (100 C), with a control sensitivity of
+ 0.02 F (0.01 C) over the entire range (29). A T-type
thermocouple measured the bath temperature. The pump at the
bottom of the agitator was removed because it introduced air
into the system. Two insulated tanks were used as the fluid
bath. The original fluid bath tank holds 2.5 gallons and
was used with the vane pump. The second insulated tank
holds 14.7 gallons and was used with the turbine pump to
eliminate the air entrainment problem (the probem is

mentioned in chapter 1IV).

Pumps

A sliding vane pump was used to pump the fluids through
the experimental loop. It is a positive displacement pump,
manufactured by Eastern Industries, Inc. (Model VW-5-a).

It has a maximum capacity of 1.2 gpm of water.
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A turbine pump, manufactured by Roy E. Roth Co., was
used for higher flow rates. The pump has a rated capacity

of 10 gpm of water.

Rotameters

Two full-view rotameters measured the fluid flow rate

after the pumps. Table II shows the rotameter specifi-

cations.
TABLE 11
ROTAMETER SPECIFICATIONS

Item Brooks Fischer-Porter

rotameter rotameter
Rotameter model number 1110-08H2B1A 10A3567A
Rotameter tube number R-8M-25-4 FP-1-35
Float number 8-RV-14 6806A2725A7
Maximum water flow rate,

gpm 1.45 6.0

Accuracy (% of full scale) |2]'. 2]
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Pressure Gauges

To check the operation of the heat transfer apparatus,
two pressure gauges were inserted on the fluid line after
the pumps. The Ashcraft gauge ranged from 0 to 60 psigqg,
with 0.25 psi divisions. The Norgren ranged from 0 to 60

psig, with 2 psi divisions.
Manometer

The six pressure taps, shown in Figure 5, were
connected to a manifold by a series of Whitey valves. The
switching system was arranged in such a manner that
differential pressures between any two taps on different
sides of the bend could be ;ead on a U-tube manometer. The

Meriam Instrument Co. supplied the manometer.

Test Fluids

Distilled water and an ethylene glycol solution (1 to 5
‘%) were tested. Fisher Scientific Co. supplied the ethylene
glycol (E 178). Due to the hygroscopic nature of this
glycol, the composition of the ethylene glycol solution was
checked frequently. The supplied ethylene glycol had a
watér content of 0.2 %, but after opening the bottle and
while handling (due to its hygroscopic nature), the water

content increased (1 to 5 %).

Calibration Equipment

Auxiliary equipment was used for the calibration of the
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measuring instruments. The temperature and flow calibration
equipment are included in Appendices A and C, respectively.
The apparatus for the determination of the viscosity is

described in Appendix D.



CHAPTER 1V
EXPERIMENTAL PROCEDURE
Calibration Procedures

The thermocouples that measured the inlet bulk, exit
bulk, bath and room temperatures were calibrated against a
platinum thermometer. The calibration procedure and data
for these thermocouples are given in Appendix A. Appendix B
includes the surface temperature calibration data and a
listing of a program to correct the outside wall
temperature. The flow rate calibration procedure is
presented in Appendix C. The procedure for evaluating the

composition of ethylene glycol is given in Appendix D.
Start-Up and Operating Procedure

Before any experiment was performed, the fluid flow
loop was tested for possible leaks by flowing water at the
maximum possible flow rate. Any leaks detected were
eliminated. The fluid flow loop was then insulated with
woven fiberglass tape, bonded fiberglass tape, fiberglass
pipe insulation and topped with aluminum foil or vapor seal
tape.

Four test sections were tested, one at a time. After

mounting a test section, the thermocouple wires were
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attached to the barrier strips on the switchboard box, and

the electrodes connected to the generator.

The following procedure was followed for each run:

1. The agitator and the heater in the fluid bath were put
on and set to the operating temperature (80 - 100 F),
respectively.

2. The pump was started and the fluid flow rate was
adjusted to the desired value by means of the flow
control valves.

3. Since the capacity of the motor of the turbine pump was
higher than required for pumping ethylene glycol (due
to changes in the design of the line) the temperature
of the ethylene glycol kept rising. Hence, as soon
as the bath set temperature was reached, water was
passed through the second cooling coil ip the bath to
keep the temperature of the circulating fluid
constant.

4, After the test fluid had circulated at constant
temperature for one hour the room, bath, inlet bulk,
and exit bulk temperatures were recorded.

5. The Numatron was turned on.

6. Thé DC generator was started, with the polarity switch

| in the off position, and ailowed to warm up for 30
minutes.

v7. The polarity switch was switched to the electropositive
position and the DC current was adjusted to the

desired value by varying the output control switch on
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the control box of the generator.

8. The cooling water was started to the heat exchanger
located downstream of the test section. The cooling
water flow rate was adjusted so that the bath fluid
temperature remained constant.

9. The fan located near the door was turned on to keep the
laboratory temperature constant during the run.

10. After at least two hours of steady state operation the
following data were taken:
a. the inlet and exit bulk fluid temperatures
b. fluid flow rate (rotameter reading)
c. the room and bath temperatures
d. the DC current flowing through the wall of the
test section‘and the voltage drop across the
test section
e. the output readings of the 88 thermocouples
attached to the surface of the test section
f. the differential pressures across the test )
section. |
11. The data collected in step 9 were gathered again after
half to one hour to ascertain that steady state was
achieved. If the data did not agree, then step 10 was
repeaféd until the data agreed within a maximum of %
0.3 F (0.2 C), except for the transitional fiow regime
where temperatures could fluctuate + 1 F (0.6 C).
12. The DC generator, Numatron and cooling water to the
heat exchanger were shut off.

13. To calculate the heat loss at the exit of the test
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section, the bath temperature was set to slightly
higher than the exist bulk temperature. After
circulating the test fluid at that set temperature for
at least an hour, the inlet bulk, exit bulk and bath

temperatures were recorded.
Some of the Problems Encountered

The voltage produced from the DC power source
fluctuated slightly ( * 0.01 Volts). Consequently, the
temperature reading of the surface thermocouples fluctuated
within * 0.2 F (0.1 C). Accordingly, the heat generated in
the tube had a maximum error of 3.3 % (see Appendix K for
the error analysis).

Unstable surface thermocouple readings were obtained
due to overheating (over 90 F) of the laboratory atmosphere.
The problem was minimized when the laboratory door was kept
open, a fan was installed infront of the door and behind the
DC source to exhaust the warm air, and a higher flow rate of
conditioned air was supplied to the laboratory. |

Bubbles were noticed in the constant temperature tank
and dispersed air was observed in the Fischer-Porter
rotameter, when ethylene glycol was passed through the
turbine pump. The air was eliminated from the system by
installing a bigger (14.7 gallon) constant temperature tank.
The higher capacity tank allowed a longer setting time fof
the bubbles.

Two of the pressure taps leaked due to unnoticed

breaks. The thermocouples close to the leak became wet.



Suspiciously low temperature readings increasing slowly
'(within one hour) to reasonable readings revealed the

problem. These and similar runs were omitted.
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CHAPTER V
DATA REDUCTION

Four test sections were tested with nearly pure
ethylene glycol solutions (water content 1 to 5 %), and one
test section tested with distilled water. The test sections
and the locations of the thermbcouples on each test section
are described in chapter III. The raw experimental data are
included in Appendix G. The physical quantities measured
for each run are listed in the second section of chapter IV,
The computer program used by Moshfeghian (24) was modified
to reduce the experimental data using the IBM 3081K. The
listing for the modifiedvcomputer program used to analyze
the data is presented in Appendix H,

The outside wall temperatures were measured along the
: U-bend at 11 stations, with B peripheral positions at each
station. For the calculation of the average local
dimensionless groups, the bulk fluid temperature was assumed
to increase linearly with the axial distance through the
heated portion‘of the U-tube. The average bulk fluid
temperature for each test section is assumed to be the
arithmetic average of the inlet and exit bulk fluia
tempefatures. The average bulk fluid temperature Qés used
-in calculatihg an.average bulk Reynélds and an average bulk
Prandtl numbers for each run.
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The physical properties of the test fluids and the tube
walls are evaluated as functions of temperature as given in
Appendix E. These correlations are incorporated into the
computer program for reducing the data.
The following steps are followed in reducing the data:
1. Calculation of the overall heat balance.
2. Calculation of the local inside wall tempefature and
the local inside wall radial heat flux.
3. Calculation of the local heat transfer coefficient
Details of these procedures follows, and a sample

calculation is presented in Appendix I.
Calculation of the Overall Heat Balance

The overall heat balance for each run is calculated as
follows:

1. The rate of heat input to the fluid is calculated from
the power input to the test section and the heat loss
from the test section. The heat loss from the test
section is the arithmetic mean between:

a. the heat loss when the.test fluid is run at
constant temperature egual to the inlet bulk
temperature, and |

b. the heat loss when the test fluid is circulated
at a constant temperature equivalent to the

exit bulk temperature (during a run).

Qinput=(F) (I)(V)-Qloss (v.1)

where Qinput = rate of heat input to the test
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section, Btu/hr.
F = conversion factor.
I = current to the test section, amperes.
V = voltage drop across the test section,

volts.

Qloss rate of heat loss from the test
section, Btu/hr.
2. The heat absorbed by the fluid is calculated from the
mass flow rate, inlet and outlet temperatures, and

the specific heat evaluated at the average bulk

temperature:

Qoutput=(m) (Cp) (T, -T4) (V.2)
where Qoutput = heat gained by the test fluid,

Btu/hr.

g -
"

mass flow rate of the liquidvflowing

through the test section, lbm/hr.

(@]
n

specific heat of the liquid at the
average bulk temperature in the

test section, Btu/(lbm.F).

-3
1

bulk ligquid temperature at the exit

of the test section, F.

-
I

bulk liquid temperature at the inlet
of the test section, F.

3. The error in the heat balance is calculated as follows:

per cent error=(100)(Qinput-Qoutput)/Qinput (v.3)
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Calculation of the Local Inside Wall
Temperature and the Local Inside Wall

Heat Flux

The computer program in Appendix H corrects the
measured outside wall temperature according to the
calibration in Appendix B. Then the inside wall temperature
and the inside heat flux corresponding to each thermocouple
location are computed using a two-dimensional relaxation
calculation. In the numerical solution it is assumed that
peripheral and radial wall conduction are significant, while
axial conduction is negligible. Also, the solution accounts
for the heat losses to the surroundings and the variation of
the physical properties of the tube wall with the
temperature. The derivation of the numerical solution is

given in Appendix F.

Calculation of the Local Heat Transfer

Coefficient

From the local inside wall temperature, the local
inside heat flux and the bulk fluid temperature, the local

heat transfer coefficient can be calculated as fqllows:

h,=q /(T -7 ) | (V.4)
ji ji wi - b
where h = local heat transfer cofficient.
J1~,
g . = local inside heat flux.
Jj1 .
T = local inside wall temperature.
w1l :
Tb = bulk temperature at station j.

The subscript 'j' denotes the station number and 'i'
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denotes the peripheral position.
The average peripheral heat transfer coefficient at a

thermocouple station is calculated by two different methods

8
by =(1/8).Ei(Q/A)i/(Twi'Tb)} (V.5)
1:
8 8
hy ={(12=1 qi)/s}/{(iglwwiva -T, } (V.6)

The average peripheral heat transfer coefficients
obtained from equations (V.5) and (V.6) were then used to
determine thevaverage peripheral Nusselt number for the
thermocouple station. The Nusselt number based on equation
(Vv.6) was used in the rest of thesis except if otherwise
indicated. Equation (V.6) resembles practical cases where
an average heat flux and an average temperature may be
available. The physical properties of the test. fluid, used
in determining the dimensionless gréups, were evaluated at

- the bulk temperature.



CHAPTER VI
RESULTS AND DISCUSSION OF RESULTS

Experimental data were gathered for four U-tubes for
local bulk Reynolds numbers ranging from 120 to 2500, local
bulk Prandtl numbers from 4 to 110, local Grashof numbers
from 2500 to 1,130,000 and curvature ratios from 4.84 to
25.36. The test fluids were distilled water and almost pure
ethylene glycol solutions (water content 1 to 5 %). The
experiments were performed with nominally constant wall heat
flux. The average heat fluxes ranged from 990 to 4230
Btu/hr.sqg.ft (3.12 to 13.33 kW/sg.m.).

Effect of Various Parameters on the Heat

Transfer Coefficient

Straight Section Upstream of the Bend

The peripheral temperature distribution upstream of the
bend (begining from station 1) is shown at the left side of
Figures 10 through 12 for runs 304, 312 and 354,
respectively. As the fluid enters‘the straight section
upstream of the bend (X/d = 0), the temperature is uniform
and equal to the bulk température. However, as the fluid
moves along this straight section there is considerable’

variation in the temperature between the top and bottom and
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around the tube periphery. This behavior was also observed
by other researchers (1), (9), (19), (24) and (25). This
phenomenon is due to natural convection. Due to heating,
fhe fluid closer to the tube wall is warmer and consequently
less dense than the bulk fluid in the core. Thus, the
lighter fluid flows along the tube wall to the top and the
heavier fluid at the core flows to the bottom, as shown in
Figure 1 (page 2). Hence,‘the temperature is highest at the
top of the tube and lowest at the bottom. Consequently the
apparent heat transfer coefficient is maximum at the bottom
of the tube and minimum at the top.

The experimental Nusselt numbers calculated by
equations (V.5) and (V.6) are compared in Figure 13. For
ethylene glycol both methods give very close results, though
equation (V.6) gives slightly lower values. Water data
(scattered points) showed great deviations between the two
methods of calculation, though as with ethylene glycol
equation (V.6) was always lower. Thus, equation (V.6) will
be used in calculating the Nusselt number through the rest
of thesis except if otherwise stated.

Figures 14 through 16 show the local average peripheral
Nusselt number’' as a function of the local bulk Reynolds
number with the dimensionless distance (X/d;) as a parameter
upstream of the bend. These graphs indicate that for water
the average peripheral heat transfer coefficient calculated
by equation (V.5) decreases with the increase in Reynolds
number and increases with the distance down the tube (Figure

14). But when the average peripheral heat transfer
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coefficient was calculated by equation (V.6), the Reynolds
number did not seem to have any effect (Figure 15). For
ethylene glycol (figure 16) the heat transfer coefficient
(equations (V.5,6)) increases with distance down the tube at
low Reynolds numbers (when the tertiary flow is predominant)
and decreases with distance at high Reynolds numbers (when
the primary flow is predominant). The variation in the
Reynolds number has no effect on the heat transfer
coefficient for ethylene glycol. The irregularities in the
curves are due to the variations in the Grashof and Prandtl
numbers.

Upstream of the U-bend, the local average peripheral
Nusselt number was plotted against the local Grashof number
with the dimensionless distance as a parameter. These
graphs are shown in Figures 17 and 18 for test section A
with wafer and ethylene glycol as test fluids. Test
sections B, C and D have similar plots. Studying these
plots reveals that the local average peripheral heat
transfer coefficients increase with the increase in the
Grashof number. The irregularities in the curves are due to
the variations in the Prandtl numbers for the different
runs. The Nusselt numbers are higher'than predicted for

forced convection due to the presence of natural convection.

The Bend

The U-bend was unheated. At station 4, the first
quarter of the bend, the temperature at the outside of the

bend is lower than the temperature at the inside of the
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bend. This behavior is explained by the fact that
immediately before the bend natural convection exists, where
the temperature is maximum at the top of the tube and
minimum at the bottom. These temperatures of the test fluid
in contact with these surfaces persist for some distance in
the bend.

At station 5, which is at the middle of the bend, the
temperature at the outside of the bend is always lower than
the temperature at the inside of the bend, though the
temperatures around the periphery are nearly uniform.

At station 6, the third quarter of the bend, for high
Dean numbers using ethylene glycol, the temperature at the
outside of the bend is lower than the temperature at the
inside of the bend. This behavior is due to the centrifugal
action, which causes the faster moving, cooler fluid at the
tube centerline to move toward the outer wall of the bend
and the slower moving fluid neér the tube wall to move
toward the inner wall of the bend, as shown in Figure 19.
‘'This secondary flow pattern is not observed at high
curvature ratios and very low Reynolds numbers (Re = 200),
i.e. at low Dean numbers. As seen in Figure 20, higher
temperatures were noticed at the outside of the bend and
lower temperatufes at the inside of the bend. This behavior
might be due to one or both of the following reasons: (1)
heat conduction in the tube wall at the bend from.the heated
straight sections, which results in natural convection
effects. (2) The fluid enters the bend with a nonuniform

temperature. At low Dean numbers there is slight mixing and
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consequently the effect of buoyancy is observed after
station 5. The buoyancy effect causes the warmer, lower
density fluid to move toward the higher locations (bend
outside), while the cooler fluid moves downwards and towards
the bend inside. This behavior might be the reason for the
relatively low temperatures at the inside of the bend at
station 5. Visual studies of the flow behavior at low Dean

numbers are required to validate this hypothesis.

Straight Section Downstream from the U-Bend

From studying 84 runs for four U-tubes, it is concludéd
that after the bend at low Reynolds numbers the primary and
tertiary flow patterns predominate. As the Reynolds number
increases the secondary flow pattern becomes preddminant for
a short distance that also increases with the intensity of
the secondary flow (higher Dean numbers). These effects can
be seen from the peripheral temperature distribution
downstream from the bend for runs 304, 312 and 354 in
Figures 10, 11 and 12, respectively.

The experimental heat transfer coefficient downstream
from the U-bend was calculated by both equations (V.5) and
(V.6). 'Figure 21 shows the comparison between both methods.
Both methods of célculation gave similar results for the
ethylene glycol and different results for water.

When the ratio of the Grashof number to the square of
the Reynolds number is close to unity mixed convection
exists, but when the ratio is far below unity forced

convection alone prevails (13). Figures 22 through 26
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indicate that, immediately after the bend, secondary flow
prevails, especially for high Reynolds and Prandtl numbers,
and as the distance down the tube increases natural
convection (tertiary flow) becomes more important.

Secondary flow contributes to high heat transfer
coefficients, which decrease with distance from the bend;
see Figures 27 through 31. With small curvature ratios
(tight bends), the heat transfer coefficient immediately
after the bend is higher than for high curvature ratio
tubes. Compare Figures 29 and 31 for test section B with
curvature ratio of 25.36 and test section D with curvature
ratio of 4.84, respectively. This behavior is attributed to
the centrifugal force, which is inversely proportional to
the curvature ratio. In conclusion, with increasing
Reynolds numbers and small curvature ratios, the secondary
flow becomes relatively stronger and causes higher heat
transfer coefficients immediately after the bend.

For low Reynolds numbers, the heat transfer coefficient
immediately afterrthe bend is relatively low, because the
secondary flow has little effect. Then the heat transfer
coefficient increases slightly with distance down the tube,
due to the increase in the Grashof number.

Apprdkimately one-third of the runs attempted were
repeated under the same conditions except for the.heat flux,
e.g. runs 317 énd 318. Immediately after the U-bend
(station 7) run 317 had a lower heat flux (Gr=4310) than run
318 (Gr=10370). Unexpectedly at station 7, run 317 had a

higher heat transfer coefficient (Nu=32.8) than run 318



AVERAGE LOCAL NUSSELT NUMBER

22 1
21~
20 A
19 -
18 4
174
16 4
15 4
144
13+
12 4

11 4

10

X/d

©- 8.8
4 18.9
“+-41.9
® 67.6

3

1 T T T T T T T 1 T T T T T T T T T T | L T T T T T LI B TT

00 | 400 500 600

DEAN NUMBER

Figure 27: Effect of the Dean Number on the Heat Transfer
Coefficient Downstream from the U-Bend for
Test Section A Using Water.

Z9



AVERAGE LOCAL NUSSELT NUMBER

60

sessascaslaaasessaal,

4]
o
i

40 3
30
20 ]

10

X/d

o //FHB////
< 8.8 /R ///
A 18.9 /

\(E!/

-+=-41.9 /

* 67.6 / /

0

TITIllllIIIlll1lllllll‘l1lllllllﬁlllrlTllllllll1lllllllllfll'

100 200 300 400 500
DEAN NUMBER
Figure 28:; Effect of the Dean Number on the Heat Transfer

Coefficient Downstream from the U-Bend for
Test Section A Using Ethylene Glycol.

600



AVERAGE LOCAL NUSSELT NUMBER

40 4

30 -

20 -

DEAN NUMBER

Figure 29: Effect of the Dean Number on the Heat Transfer
Coefficient Downstream from the U-Bend for
Test Section B Using Ethylene Glycol.

79



AVERAGE LOCAL NUSSELT NUMBER

80 1

] X/d,
70 R //
3 o 3, ’ //
] 24,4
50?, A 48,6
4 - 97
3 »
50 145.4
40 3
3
30 4
20 4
10 3 .
,ll“_'lflIllll{‘lllTr‘llrrll’llllrlll‘lll[llTllll'llll]lll'll‘l[l]|"rTllT
0 100 200 300 400 500 600 700
DEAN NUMBER

Figure 30: Effect of the Dean Number on the Heat Transfer
Coefficient Downstream from the U-Bend for
Test Section C Using Ethylene Glycol.



AVERAGE LOCAL NUSSELT NUMBER

40 -

[Ts]
o
. S

@
o

30 ~

20 -+

10

X/a, , B

- 2.6 -~
9 23,6

A 47.8 _

+- 96.2 . _ e

* 1446 /2{/

100 200 300 400 500 600 700 BOO 800 1000 1100 1200

DEAN NUMBER

Figure 31: Effect of the Dean Number on the Heat Transfer
Coefficient Downstream from the U-Bend for
Test Section D Using Ethylene Glycol.



67
(Nu=29.7). All the runs that were replicated under
different uniform heat fluxes, showed the same conduct
displayed by runs 317 and 318. This behavior implies that,
immediately downstream from the U-bend, the tertiary flow
pattern counteracts the effect of the secondary flow pattern
(for the case of heating).

Three of the four runs with water (runs 22, 23 and 25)
showed negative heat transfer coefficients at the top of the
last station. Those three runs had Reynolds numbers less
than the run that did have any negative heat transfer

coefficients.
Comparison With Literature

Colburn Correlation

Colburn (4) recognized the importance of natural
convection in straight horizontal tubes. He correlated his
data for the laminar flow as follows:

1/3 1/3 1/3 ,
Nu=1.5(RePrd /X) (M /&) (1+0.015Gr ) (V1.1)

Equation (VI.1l) overpredicted the heat transfer
coefficients at short distances from the entrance of the
straight tube upstream of the bend, see Figures 32 and 33.
Also, equation (VI.l) underpredicted the heat transfer

coefficients downstream far away from the entrance.

Sieder and Tate Correlation

Sieder and Tate (31) correlated their‘experimental data
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for the flow inside straight tubes by the equation

1/3 0.14
Nu =1.86(RePrd; /X) (M /M) (VI.2)

When equation (VI.2) was applied upstream of the bend
it had an accuracy within + 70 %, as shown in Figures 34 and
35.

Immediately after the U-bend, station 7, equation
(VI.2) overpredicts the heat transfer coefficient (more than
200 %), as indicated in Figures 36 and 37.

The Sieder and Tate equation does not take in
consideration the effect of natural convection. Also, for
extremely long tubes the Nusselt number predicted by Sieder
and Tate is zero, which is contradictory to the 4.364 (13)
for the theoretical solution for fully developed laminar

forced flow for uniform heat flux.

Hausen Correlation

The Hausen equation (28) is valid for the fully
developed velocity profile and constant wall temperature

2/3 0.14 '
Nu ={3.66+0.0668Gz/(1+0.04Gz )} (M My,) (VI.3)

where Gz is the Graetz number. This equation does not
consider the effects of natural convection. For purposes of
comparison and because the experimental data are for
constant wall heat flux, the first term 3.66, for the
constant wall temperature, was substituted with 4.364, which
is theoretically valid for constant wall heat flux (13).

The Hausen eguation is an improvement over the Sieder

and Tate equation, because it considers the fully developed
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constant property prediction of the heat transfer
coefficient. Also, in the range of experimantal data,
either upstream to or downstream from the U-bend, it
predicted the heat transfer coefficients better than the
Sieder and Tate correlation (compare Figures 38 to 41 with

34 to 37, respectively).

Eubank and Proctor Correlation

For the laminar flow heat transfer in circular
horizontal tubes, Eubank and Proctor (14) introduced the
following correlation:

0.75 1/3 0.14
Nu=1.75{Gz+0.04(GrPrd, /X) } (P%/){N) (VI.4)

Even though equation (VI.4) considers the effect of
natural convection, it does not reduce properly to the
constant property, fully developed heat transfer
coefficient. Figures 42 and 43 show the deviation between
the experimental data, upstream of the bend, and equation

(vi.4).

Siegwarth Correlation

The Siegwarth equation (II.4) for the fully developed
laminar flow in a straight tube was compared with the
experimental data at each station. Upstream of the bend,
equation (II.4) predicted the heat transfer coefficient
better than equations (V.1l), (V.2) and (V1.4), as seen from
figures 44 and 4 3. Far from the entrance the Siegwarth

predictions agreed well with the experimental data (Figure
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Figure 42: Comparison between the Experimental Heat
Transfer Coefficient and the Heat Transfer
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Figure 44: Comparison between the Experimental Heat
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Coefficient Predicted by Siegwarth et al.
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44),

As expected downstream from the bend, due to the
secondary flow pattern, the Siegwarth predictions deviated
strongly as shown in Figure 46.

Though the Siegwarth equation predicted the heat
transfer coefficient better than Colburn, Sieder and Tate
and Eubank and Proctor equations, it did not consider the
effect of the fully-developed forced convection term; i.e.
when the natural convection term is very small the heat

transfer coefficient is almost zero.

Hong, Morcos and Bergles Correlation

The Hong, Morcos and Bergles equation (II.5) for the
fully developed laminar flow in a straight tube was compared
with the experimental results at each station. The
dimensionless groups in equation (II.5) were calculated at
the film temperature.

Hong, Morcos and Bergles (9) reported that eguation
(I1.5) represented 92 per cent of their data within 10 per
cent.

Upstream of the bend, far from the entrance, eguation -
(I11.5) agreed well with the experimental data, as indicated
in Figures 47 and 48. Downstream from the bend equation
(IT.5) was too conservative, because it does not consider
the effect of the secondary flow pattern. Figures 49 and 50
show the deviation between the experimental and predicted
heat transfer coefficients.w

Similar to the Siegwarth correlation the Hong, Morcos
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90
and Bergles correlation does not take in consideration the

effect of the fully developed forced convection term.

Morcos and Bergles Correlation

The Morcos and Bergles equation (II.6) for the fully
developed laminar flow in a straight tube was compared with
the experimental results at each station. The
dimensionless groups in equation (II.6) were calculated at
the film temperature. Upstream of the bend, similar to the
Hong, et al. correlation, the Morcos and Bergles predictions
agreed well with the experimental data, especially far from
the entrance (station 3), as shown in Figures 51 and 52.

As expected and similar to eguation (II.5) the Morcos
and Bergles correlation was too conservative when applied to
station 7, downstream form the U-bend, see Figures 53 and
54,

The Morcos and Bergles correlation (II.6) is better
than the Hong et al correlation (II.5), because it (II.6)
considers the fully developed forced convection term for

constant wall heat flux.

Moshfeghian Correlation

In the straight section upstream of the bend the heat
transfer coefficients predicted by The Moshfegian
correlation (II.1l) agreed well with the experimental data,
though his correlation was slightly conservative. Figures
55 and 56 show this agreement between the experimental and

predicted (II.1).
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Figure 51: Comparison between the Experimental Heat
Transfer Coefficient and the Heat Transfer
Coefficient Predicted by Morcos and Bergles
Upstream of the Bend.
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Figure 52: Comparison between the Experimental Heat .
Transfer Coefficient and the Heat Transfer
Coefficient Predicted by Morcos and Bergles
Upstream of the Bend.
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Figure 53: Comparison between the Experimental Heat
Transfer Coefficient and the Heat Transfer
Coefficient Predicted by Morcos and Bergles
Downstream from the U-Bend.
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