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PREFACE

Experiments were conducted to stﬁdy heat transfer mechanisms in
laminar flow in a pipe preceded by a U-bend. The U-bend had a curvature
ratio (Rc/ri) of 7.66. Ethylene glycol was used as a test fluid.
Straight sections of the tube were heated by passing DC current through
the tube wall. The local heat flux was approximately constant for each
run. Local outer surface temperatures were measured peripherally along
the test section. Reynolds numbers ranged from 62 to 528 while Prandtl
numbers ranged from 75 to 132. | | |
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NOMENCLATURE

average absolute percent deviation
specific heat of fluid

U-bend diameter

Dean number, Re /3;75;

inside diameter of tube

curvature ratio

straight tube outside diameter
electromotive force

gravitational acceleration

Grashof number, d? ngAt/u2

Graetz number, WCp/kL

local heat transfer coefficient based on tube inside diameter

peripheral average local heat transfer coefficient based on
tube inside diameter, defined by Equation (6.2)

peripheral average local heat transfer coefficient based on
tube inside diameter, defined by Equation (6.3)

circumferential mean heat transfer coefficient based on tube
inside diameter '

current in test section

heat transfer parameter, Nu/pr‘o'4 (

0.4
ub/uw)
thermal conductivity of the fluid
thermal cohductivity of the stainless steel 304

length of heated portion of test section--both straight
portions

Nusselt number, hdilk
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avg

Prandt1 number, Cpu/k v

tube wall parameter, hd?/kwt

lTocal heat flux

peripheral average local heat flux
inside radius of tube

Rayleigh number, Gr-Pr

Reynolds number

bend radius, measured to tube axis
curvature ratio

tube wall thickness

bulk fluid temperature

local inside wall temperature
peripheral average inside wall temJerature
mass flow rate of the fluid

distance along test section

distance between thermocouple stations

nondimensional distance
Greek Letters

coefficient of volume expansion of fluid
fluid viscosity
fluid density

electrical resistivity in Appendix D

angular position

Subscripts

average
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bottom, in conjunction with heat transfer coefficient
critical

experimental | |
evaluated at fluid film temperature, (Twi + Tb/2.0)
inside of tube, or index

test section inlet

index

Moshfeghian

Morcos-Bergles

outside of tube
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wall

local value
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 CHAPTER I
INTRODUCTION

In the petrochemical, food, and biomedical process industries, the
use of U-tubes in double pipe heat exchangers, shell-and-tube heat ex-
| changers, and kettle reboilers is common. In spite of that.fact, the
present understanding of laminar flow heat transfer downstream of the U-
bend is not sufficient and warrants study. Figure 1 shows a sketch of a

double pipe exchanger.

In isothermal laminar fluid flow, the vefocity profile is parabolic
about the center 1ine in a circular tube. The fluid velocity is maximum
at the tube center and zero at the wall. When the tube has a 180° bend,
the fluid is subjected to a centrifugal force. The centrifugal forcé is
directly proportional to the square of the fluid velocity and inversely
proportional to the radius of curvature of the bend. The effect of the
centrifugal force is to move the more rap1d1y'f]owing fluid towards the
wa]l and the slower moving fluid at the wall towards the bend-axis.

This, in effect, superimposes a secondary flow pattern on the primary
flow pattern in the downstream section of the tube.

The objective of the present investigation was to study the laminar
flow heat transfer mechanisms in a single phase fluid downstream.from the
bend.

Experiments were made with ethylene glycol as the test fluid. Ethyl-

ene glycol was chosen as the test fluid because its propebties are well-
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known. The straight portions of the U-bend were heated electrically in

parallel. The apparatus allowed the measurement of the outside local
wall temperature, thus permitting the calculation of the local inner
wall temperature and radial heat flux. This allowed evaluation of the
local heat transfer coefficients, which should be useful in shedding
some light on the laminar flow heat transfer process.

The U-bend was made of seamless stainless steel (type 304) with an
outside tube'diameter of 10.05 mm (0.75 in.) x 1;65 mm (0.065 in.) wall
thickness. The bend radius was 60 mm (2.375 in.) to the center line of
the tube. The heated straight length of the tube was 2.743 m (9.0 ft)

on either side of the U-bend.



CHAPTER 11
LITERATURE SURVEY

In spite of the use of U-bends in various process industries, there
has not been much work reported in the open 11terature on heat transfer
in U-bends. The summary of some of these investigations is presented in
this chapter.

Turbulent flow heat transfer in the U-bend was studied by Lis and
Thelwell (1). The experimental configuration was a vertical pipe, with
upward flow, followed by a 180° bend. In thi% case the vertical pipe on
the downstream side of the 180° bénd was electrically heated, giving a
uniform heat flux boundary condition and with Targe temperature differ-
ence between the tube wall and the bulk of water. Lis and Thelwell used
three test sections with bend to pipe radius ratios of 2, 3, and 4.
Table I includes other relevant information. They made the following ob-
servations:
| 1. The local heat transfer parameter

in the entrance region on the downstream side of the tube depends on tube
- length, ratio of bend radius to tube radius, and the Reynolds number.

The dependence of Jx on the ratio of bend radius to tube radius and the
heated tube length downstream of the bend decreases with increasing

Reynolds number.



2. The variation of circumferential heat transfer coefficient (ho)‘
just after the U-bend exit was very irregular and a distance of almost
12 diameters was required before the coefficient became uniform. The
distribution of heat traﬁsfer coefficient was éymmetrical about the plane
of the bend. The minimum value of the heat transfer cqefficient was ob-

served to be on the inside of the tube with respect to the bend.
Lis and Thelwell proposed a correlation for the heat transfer para-

meter Jx for the range of variables covered in the investigation.

Nu

J = —
X 0.4 0.14
Pr (ub/uw)

= 0.0239 Re0.826 (x*/di)-0'064

-0.062

X (Rc/ri) (2.1)

where x* is the distance measured from the exit of the 180° bend. The
range of variables for which the above correlation is valid is listed in

Table I.

TABLE I
RANGES 0F>VARIABLES COVERED BY
THE LIS AND THELWELL STUDY

Variable Units Range
Heat Flux | W/em2 5-50
Water Mass Flow ' kg/h , 440-5070
Water Inlet Temperature °C 10-20
Water Temperature Rise °C 5-12
Wall-to-Water Temperature Drop °C 7-65
Prandtl Number --- 5.5-9.7
Reynolds Number -— 8,000-94,000
Water Viscosity Ratio, w,/up -—- 1.42-2.87

Ratio of Bend Radius to ?ube Radius | 2/1-3/1-4/1




The 5 percent thermal entrance length (x/d) is defined by Lis and

Thelwell as that Tlength for which the value of Jx/st (JxG

of the heat transfer parameter at which fully deve1oped conditions

is the value

exist) equals 1.05. Lis and Thelwell observed that the 5 percent ther-
mal entrance 1engfhs decreased with increase in Reynolds number.

Ede investigated heat transfer effects in and near a 180° bend in
ufhe tube (2). Ede studied heat transfer in turbulent, laminar, and tran-
sitional regimes using three bends of different bend radius to tube radi- -
us ratio. The test section was placed in the horizontal plane. Water |
was used as a test fluid. The test section consisted of straight sec-
tions upstkeam and downstream of the U-bend and the U-bend. The U-bend
was heated by passing current through the tube wall. The Prandtl number
fanged from 4.2 to 10.9.

; Ede explored the nature of the variation of the local heat transfer
coefficient in and near the bend. He found the flow mechanism to be com-
plex in the Taminar flow regime. |

Ede observed that the disturbance due to a 180° bend produced higher
heat transfer coefficients than in a straight tUbe not preceded by a 180°
bend. He concluded that velocity (of the fluid) near the outside of.the
bend becomes much higher than that near the inside of the bend, and as a
consequence secondary circulation develops. Ede observed that secondary
circulation had considerable impact downstream of the bend in the laminar
flow regime. Ede attributed the cause of higher heat transfer coeffi-
cient on the outside of the bend (compared to the inside) to the second-
ary circulation. These effects were obéerved to be accentuated fn the
laminar flow regime. In the case of laminar flow, the heat transfer co-

efficients were observed to be as much as 30 times the terminal value



(the value of the heat transfer coefficient for Nusselt numbek 4.36)
immediately after the bend. |

Ede suggested the possibility that incipient laminar f]dw'was the
cause for the low heat transfer coefficient inthe transitional regime.
Ede's finding agrees well with Ito's cokre]ation to determine critical
Reynolds number for fluid flowing through the curved pipes (3). Ito's

correlation to determine critica]_Reyho]ds number is

.32
)0 3

Re._ (2.2)

critical = 20,000 (ri/Rc

‘The upper and lower Timits for Rc/ri‘ratio in Equation (2.2) are 860 and
15, respectiveTy.

Heat transfer from a single phase fluid flowing through 90° and 180°
bends was_studied.by Staddon and Tailby (4). They compared their results
with those of Ede (2) and Lis and Thelwell (1). 1In the Staddon and
Tailby investigation, hot air was blown inside a test section immersed in
a‘constant temperature bath. Reynolds numbers were studied in the range
of 10,000 to 50,000. They also made flow Visua1izat10n'studies and con-
firmed the presence of secondary flow. Staddon and Tailby made the fol-
~ Towing observations and suggestions: |

1. The ratio of the heat transfer coefficient at the outside wall
to'that at the inside wall was observed to be 1.5:1 compared to Ede's (2)
ratio of 4:1.

2. The ratio of the bend radius to the the radius (Rc/ri) has con-
siderable impact on the local heat transfer coefficient. The value of
the local heat transfer Coefficient was observed to increase with the de-
crease in the curvature ratio. For a.given value of x/D (x is the dis-

tance from the beginning of the bend) the local heat transfer coefficient



ratio between the maximum and the minimum was observed to decrease with
decreasing curvature ratio (Rc/ri) along the bend.

3. The variations in the peripheral mean heat transfer coefficient
(as a function of x/d) increased with decrease in the (Rc/ri) ratio.
However, the peripheral mean heat transfer coefficient returned to the
straight pipe value within 30 diameters of the beginning of the bend.

4. The ratio of the peak heat transfer coefficient in the bend to

that in the straight pipe was in the range of 1.25 to 1.51.

| Staddon and Tailby suggested the following correlation for the

ranges of variables covered:

Nu 0.82 ( -0.14

l—)-;o—‘zr = 0.0341 Re

)—0.11 (

Rc/ri x/di) (2.3)

where x is the distance measured from the beginning of the 180° bend.
The above equation was obtained by a multiple regression computer pro-

gram. The ranges of variables for which the equation is applicable are

10,000 < Re < 50,000
4 <R/r; <14

7 < x/d; < 30

The exponent of Rc/ri was observed to agree well with the one obtained
by Lis and Thelweil (1), unlike the exponent of x/di (see page 4).
Moshfeghian (5) investigated fluid flow and heat transfer in a 180°
bend using four bends of different curvature ratios (Rc/ri). In his in?
vestigation three fluids--distilled water, Dowtherm G, and ethylene gly-
col--were used. The test section consisted of the‘straight section up-
stream of the bend, the U-bend, and the straight section downstream of

the bend. It was electrically heated by passing DC current through the



tube wall. Reynolds numbers ranged from 55 to 31,000. Moshfeghian's
(5) findings and conc]usioﬁs are summarized below.

1. In the case of Tow Reynolds numbers, natural convection was ob-
served upstream of the bend, resulting in higher heat transfer coeffi-
cients at the bottom of the tube than at the top.

2. The peripheral distribution of heat transfer coefficient was
nonuniform in the bend. The local heat transfer coefficient on the out-
side of the bend was higher than on the inside. This phenomenon was
more pronounced in the laminar flow regime than in the turbulent flow
" regime.

3. The secondary flow has considerable impact on the Tocal heat
transfer coefficients downstream of the bend., The net effect is to in- |
crease the peribhera] mean heat f&ansfer coefficient.

4. In the case of laminar f]ow, the secondary flow tends to be
counteracted by natural convection effect, the net result being a de-
crease in the peripheral mean heat transfer coefficient downstream of
the bend as compared to a straight pipe not preceded by a 180° bend.

The following correlation was proposed by Moshfeghian for the

straight section downstream of the bend:

J, = 0.031 Re

0.825 (
X

x/d;) 0118 (g sr)70-048 (2.4)

where x is the distance beginning from the start of the bend. The ranges
of variables for which the above correlation is valid are:

10 < Re < 3 x 10

/2 (R/rs) < (x/d;) < 160
4.83 < (R /r;) < 25.62



0

For the bend-portion of the test section the following correlation

was developed:
J, = 0.0285 Rel-8! (x/di)0‘046 (RC/ri)_O‘]33 (2.5)

where x is the distance from the beginning of the bend. The ranges of
variables for which the above equation is valid are:

10% < Re < 3 x 10%

0 < (x/d;) < /2 (R./r)
4.82 < (R /r;) < 25.62

For laminar flow downstream of the bend the following equation was

proposed:

{0.733 + 14.33}(Rc/ri)0‘592

(X/d.i)-] .]69
J, = 0.00275 [Re

-0.237
210.429 {-2.11(x/d;) }

[1.0 + 8.5(Gr/Re J[1.0 + 4.79%

(2.6)

where x is the distance from the inlet of the bend. The ranges of vari-

ables for which the above equation was developed are:

Re < 2100
n/2 < (x/di) < 160

A11 equations were developed by regression analysis using a computer.



CHAPTER III
DESCRIPTION OF THE EXPERIMENTAL SYSTEM

Single phase heat transfer was studied using ethylene glycol as the
test fluid in a 180° bend tube. A sketch of the experimental setup is
shown in Figure 2. Since the experimental setup and equipment used are
more or less similar to those used by Singh (6), Farukhi (7), and
Moshfeghian (5) in their dissertations, some parts of this chapter are

taken from these manuscripts.
Description of Components

Test Section

The test section was made of stainless steel type 304. The test
section was fabricated from initially-straight tubing. The test section
had an outer diameter of 19.05 mm (0.750 in.) and a wall thickness of
1.65 mm (0.065 in.). The other relevant details about the test section
are summarized in Table II.

Bonded fiberglass tape was wrapped around the test section in order
to insulate it thermale. On top of this several layers of fiberglass
wool were wrapped. The outer surface of the test section was then cover-
ed with silver-colored vapor seal wrap in order to minimize radiation
losses. The test section was electrically isolated from the rest of the
system by connecting it with neoprene tubing at each end of the test

section.

11
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TABLE II
SPECIFICATION OF THE TEST SECTION

Bend Tube Diameters Straight Curvature
: Radius Outside Inside : Section Ratio
Material mm (in.) mm (in.) m(in.) m(in.) R/

Seamless
Stainless 60 (2.375) 19.05(0.750) 15.75(0.620) 3.480(137) 7.66
Steel 304 '

Two copper bars were silver soldered on the straight sections on
either side of the U-bend. The distance between each pair of copper
bars was nine feet. DC current Waé passed thkOugh the tube wall such
that straight sections on either side of the bend were heated in paralel.
In this manner the U-bend portion was not heated.

Experiments were conducted with the U-bend in the vertical plane.
Ethylene glycol was pumped into the test section at the bottom and exited

at the top.
Fluid Bath

A "Lo-Temprol" 154 constant temperature circulating system type bath
was used during the investigation. The bath has a rated capacity of 2.75
gallons. It is controlied by an ultrasensitive micro-set thermo-regula-
tor, a 250-500-1000 watt immersion-type (tape heater) electric heater.
The bath allows the set-point to be varied from -10°C to 100°C.l A
Brooklyn P-M mercury—ih—g]ass thermometer having a range from 0°F to

230°F, graduated in 2°F intervals, was used to measure bath temperature.
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The circulating system has a guaranteed accuracy to maintain the bath

temperature within 0.06°C of the set-point temperature (8).

Pump

A sliding vane pump manufactured by Easte?n Industries, Inc. was
used to pump ethylene glycol through the experimental loop. The pump is
‘a positive displacement type and has a rated capacity of 0.273 m3/hr )
(1.2 gpm) of water. It has a rated head of 42 m (138 ft).

DC Power Source

A Lincolnweld SA-750 DC generator generated the DC current which
was passed to the test section via two si]verfso1dered copper bars at
either side of the test section.: The fluid wgs heated by resistance
heating generated on account of the DC current flowing through the tube
wall. A1l the experiments were carried out under approximately constant
heat flux conditions. The DC generator has a maximum rated output power'

kof 30 kilowatts.

The reason for choosing DC resistance heating over AC resistance
heating are summarized below:

1. The cyclic nature of the AC electrical current may cause cyclic
temperature variations in the test section, a condition which is to be’
avoided at all times. DC heating provides a constant heat source com-
pared to AC heating. | |

2. Inherent complex AC induction and skin effecté are avoided when
DC is used. |

3. The possible vibrations caused by the cyclic nature of the elec-

trical forces of AC are avoided.
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4. The possibi]ity of inducing thermal stresses in the test sec-
tion on account of the cyclic nature is eliminated.

5. Induced spurious emf effects in the thermocouple wires are
avoided,

A motor-generator was used instead of a rectifier because:

1. It was available.

2. A motor-generator provides relatively smooth power output and
eliminates large magnitude superimposed sine waves unlike the rectifier.
3. The resistance to overload is better than with rectifiers.

4. The transient voltage peaks that occur in switching the unit on
and off are reduced remarkably when a motor-generator is used.

Heat Exchanger !

A 1-shell-pass-4-tube-pass heat exchanger manufactured by the
Kewanee-Ross Corporation was provided on the downstream side of the test
section to cool the test fluid. The shell sidé fluid was ethylene glyéol
and tube side fluid was water. Water from the laboratory cooTing tap‘was

‘used. The heat exchanger is a size 502, "BCF" type (9).
Measuring Devices

Insulated wire thermocouples made from 30 B&S gauge éopper-constan-
tan were used to measure the inlet and outlet bulk temperatures, and out-
side wall temperatures of the test section tube. Copper-constantan ther-
mocoup]es were chosen instead of iron-constantan because:

1. Copper-constantan thermocouple has more resistance to corrosion

than iron-constantan.
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2. Copper-constantan thermocouple has equal sensitivity as iron-
constantan for practical purposes.

3. Copper-constantan thermocouple wire was available. The thermo-
couples were fabricated in the laboratory using a thermocouple welder.

The fhermocoup]es were placed at eleven stations on the surface
~a10ng the test section. The position of each station a]dng the test sec-
tion is shown in Figure 3 and tabulated in Table III. At each station
eight thermocouples were placed 45 degrees apart around the tube peri-
phery.

Each of the thermocouples was numbered such that the first number
(which ran from 1 to 11) specified station number and the second number
(which ran from 1 to 8) specified location of the thermocouple around
the tube periphery. Thermocouples at each stétion were numbered in such
é fashion that the number one thermocouple was always on the outside.
Thermocouple layouts upstream, in the U-bend, and downstream are shown in
Figure 4.

The thermocouples were placed along the test section in the follow-
ing manner. First, the surface of the test section was c1eanéd using
sand paper. Then a thin layer of Sauereisen cement was placed at the de-
sired location and made smooth using mild to medium sandpaper. The pur-
bose of putting the thin layer of Sauereisen cement on the tube was to
electrically insulate the thermocouples. Then the thermocouple wires
were placed at the desired location along the tube periphery. The ther-
mocouples were held in place by means of a hose clamp placed about 7 mm
to 12 mm from the intended location. In order to prevent any accidental
short-circuiting of the thermocouple wire, the duct tape was placed be-

tween the hose clamp and the wires. In similar fashion, a second hose
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TABLE III
THE VALUE OF X; AS SHOWN IN FIGURE 2

Location of Thermocouple Station, meter (ft)

X1 ) X3 Xa Xg X6 X7 Xg %q X10
1.219 1.143 0.325 0.056 0.046 0.335 0.381 0.762 0.762 0.457
(3.999)" (3.750) (1.066) (0.184) (0.1509) (1.099) (1.250) (2.500) (2.500) (1.500)

8L
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clamp was placed about 5 mm from the first one to hold the thermocouple
wires in place. A wire made of iron-constantan was wrapped around the
tube periphery in order to hold the thermocouple bead at its intended
location. This wire was later removed when the thermocouples were ce-
mented properly in their locations. After the Sauefeisen cement was
placed on the top of each thermocouple bead, it was assured that the ce-
ment patches did not oVer]ap each other. The Sauereisen cement was
allowed to dry for about 24 hours. After this the thermocouple wires
were led off to the thermocouple selector switchboard.

A11 outside wall thermocouples were connected to an array of barrier
strips which in turn were connected to 13 two-pole non-shorting switches.
The rotary switches were mounted on a panel and enclosed in a consfant
temperature box. The outputs from the rotaryiswitéhes were brought to a

master rotary switch. This was connected to a Type T, model DS 350 Ther-

mocouple Indicator which gave a digital output in °F.
Rotameter

A Brooks "Full-View" rotameter was used to indicate and measure

fluid flow rate. The rotameter specifications are given in Table-IV.

TABLE IV
ROTAMETER SPECIFICATIONS

Rotameter Model Number 1110-08H2B1A
Rotameter Tube Number : R-8M-25-4

Float Number 8-RV-14
Maximum Water Flowrate, gpm 1.45
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DC Ammeter and Voltmeter

The power input to the test section was measured by a Weston model
931 DC ammeter in conjunction with 50 millivolt shunt. The ammeter has
a range of 0 to 750 amperes and the voltmeter has a range of 0 to 50
volts.

The voltmeter was connected across the two electrodes connected by
a copper strip on either side of the U-bend. The ammeter was connected
across the shunt. |

The ammeter and voltmeter were calibrated by the manufacturer. They
were guaranteed to be aCcurate with 1 percent of their full range; that
is, #7.5 amperes and +0.5 volts, respectively. A digital multimeter,
model 283-105-130 VAC, manufactured by Dynascan Corporation was used to

read voltage drop across the test section.

Mercury-in-Glass Thermometer

Mercury-in-glass thermometers were used to measure the bath fluid
temperature and to measure room temperature. The thermometer used to
measure fluid bath temperatures had a 0°F to 230°F range, graduated at
2°F intervals. A 23-inch long, 65°F to 90°F ASTM calorimeter thermometer

was used to measure the room temperature.

Digital Thermocouple Indicator

A digital fhermocoup]é indicator, Type T, model DS 350 was used to '
measure thermocouple outputs. The indicator is provided with the caba-
bility to convert a thermocouple emf fed to the instrument into its corre-
sponding temperature reading. The reading is displayed directly in °F on

the digital readout panel.
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The thermocouple indicator has the following stated accuracies:
+0.4°F below 0°F and ip.3°F above 0°F. The maximum linearization error

is less than +0.1°F (10).
Auxiliary Equipment

A1l measuring devices except the DC ammeter and voltmeter were cali-
brated using auxiliary equipment. The DC ammeter and voltmeter had been
previously calibrated by the School of Electrical Engineering laboratories

at Oklahoma State University.

Rotameter Calibration and Fluid Flow

Rate Measurement Equipment

The following accessories were used for rotameter calibration and
fluid flow measurement equipment:

1. Stop watch: a 10-minute stop watch with main dial range of 10
seconds was used to time the fluid flow rate. The watch has a precision
of 0.1 seconds.

2. Weighing equipmént: a 5 kilogram capacity Ohaus Pan Balance
was used to weigh the amount of the fluid collected for fluid flow rates
less than 1.0 gpm. The balance has a sensitivity of 0.5 grams. A set
of calibrated weights was used in conjunction with the balance.

A single-beam platform weighing scale was used to weigh the collect-
ed fluid for flow rates greater than 1.0 gpm. The weighing scale has
a rated capacity of 300 1bs and an accuracy of 0.125 1b. The beam is

graduated in pounds and ounces.



CHAPTER IV
EXPERIMENTAL PROCEDURE

In this chapter calibration, startup, data gathering, and shutdown

are described.
Calibration Procedure

Thermocouple Calibration

The insulated copper-constantan wire thermocouples were calibrated
in-situ by b]eeding saturated steém at about atmospheric pressure froﬁ the
laboratory steam line. The steam was passed through a separator to remove
condensate. Then steam was allowed to pass through the test section at
atmospheric pressure. The outlet of the test section was kept open to the
atmosphere and the condensate was collected at the outlet. To prevent
condenéate accumulating inside the bend, the steam was bled through the
upper arm of the U-bend (placed in the vertical plane). The calibration
run lasted about 12 hours. In addition to this, water at room temperature
was also passed through the test section to observe thermocouple response.

After determining atmospheric pressure, the temperature of the satu-
rated steam at that pressure was’found from steam tables. Knowing the
temperature of the saturated steam, the deviations between saturated steam
temperature and the surface thermocouples, and the inlet and outlet ther-
mocouples were determined. Deviations for the surface thermocouples are

presented in Table VII (Appendix B). The deviations for inlet and outlet

23
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thermocouples were also determined and are given in Table VIII (Appendix

- B).
"The heat Toss from the test section was calculated using:
1. Atmospheric pressure and saturated steam temperature at that
pressure.

2. The heat of vaporization for steam, found from the steam tables.
3. The condensate mass flow rate. Heat loss calibration data are
" given in Table IX (Appendix B).

The thermocouple calibration and heat loss calibration data were
incorporated into a computer program for calculating heat balances, local
heat transfer coefficients, and other pertinent variables for each expéri—

“mental run.

Rotameter Calibration

A rotameter was used as a guide to set the mass flow rate. At the
time of execution of each run the mass flow rate of ethylene glycol was
measured‘by'the procedure outlined below:

1. Fluid flow was adjusted to the desired float setting on the
rotameter.

2. After steady statelwas reached, ethylene glycol was collected
. in a previously weighed empty jar for a set time interval. The time
interval varied from fifteen seconds to two minutes, depending on the
flow rate.

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

4. The jar with ethylene glycol was weighed and the weight of

.ethylene glycol collected was determined, giving the mass flow rate.
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Digital Thermocouple Indicator

The Digital Thermocouple Indicator was calibrated periodically as

described in section IV of the Owner's Manual (10).
Start-Up Procedure

After the test section was installed, ethylene glycol was passed
through the test section to check for possible leaks. The fluid was pass-
ed through the test section at the highest possible flow rate. No leaks
were found. _

The following step-by-step procedure was followed to take the data:

1. The impeller and heater in the fluid bath were activated‘and
the fluid was brought to the desired tempergture (80 to 92°F). _The test
fluid was allowed to pass in the bypass line. |

2. Cooling water was started through the heat exchanger.

3. The DC generator was started with the polarity switth in ‘the
"off" position. This was allowed to warm up for 30 minutes.

4, The Digital Thermocouple Indicator was turned on.

5. After about 25 minutes, the flow control valve located upstream
of the rotameter was opened and the fluid was allowed to flow through the
test section. Care was taken to remove all the air bubbles.

6. After about 5 minufes the polarity switch located on the genér-
afor motor was switched to "Electro Positive" allowing DC current to pass

through the test section. The shunt was adjusted to the desired current.
Data Gathering Procedure

The data gathering procedure consisted of the following steps:

1. The fluid flow rate was adjusted to the desired value. '
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2. The current to the test section was adjusted to the desired
value.

3. Cooling wafer flow rate was adjusted so that bath femperature
stayed at the desired value (between 80° and 92°F).

4. The experimental setup was operated for about one and one-half
to two hours to allow the system to achieve steady state.. Only minor ad-
justments were made as deemed necessary in the above variables to keep the
system at steady state.

5. Usually after about two to two and one-half hours of operation,
steady state was achieved. The following experimental data were taken:

a. The surface temperatures of the test section.

b. Inlet and outlet bulk fluid temperatures.

c. Room and bath éemperatures.

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

e. Mass flow rate of the ethylene glycol.

6. Steady state was assumed to have been achieved if the two sets
(after about 30 minutes) of temperature measurements agreed within +0.3°F.
If steady state was not achieved, steps 4 through 5d were repeated until
the agreement between two sets of data as defined by the above criterion
was satisfied. After steady state was reached, three sets of data were

taken for each flow rate. For each run the above procedure'was repeated.
Shutdown Procedure

After at least three sets of data were obtained, the following shut-

down procedure was followed:
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1. The immersion heater located on the constant temperature bath
was turned off.

2. The polarity switch was turned to "off" position and the gener-
ator was turned off,

3. After about five minutes the fluid flow was shut off (by clos-
ing a valve) to the test section. The pump was turned off.
| 4. The Digital Thermocouple Indicator was turned off.

5. The main power switch was turned off.

6. Cooling water to the heat exchanger was shut off.



CHAPTER V
DATA REDUCTION

Experimental data were obtained using ethylene g]yco].v Nine runs
were made keeping approximately constant heat flux (314 to 332 Btu/hr
ft2). The power input was kept almost constant (1086 to 1153 Btu/hr) to
the test section for all runs. The raw experimental data are presented
in Appendix A. A computer program was written to reduce experimental
data using the IBM 370/158 computer. The computer program listings are
presented in Appendix G. | |

The physical propérties measured for each run are 1isted in item 5
in the data gathering procedure, Chapter IV. The peripheral outside wall
temperatures were measured at 11 stations,each station having 8 peripheral
positions around the tube. The thermocouple locations are shown in Figure
4.

In order to calculate the inside wall temperature, the thermal con-
ductivity, k, and the resistivity, Pas for stainless steel 304 were eva]u;
ated at the outside wall temperature (6). A1l fluid properties Were
eVa]uated at the arithmetic average of the mean inside wall temperature
and the bu]k fluid temperature unless specified; The bulk fluid tempera-
ture was assumed to increase linearly with the distance through the heated.
portion of the tube. Average bulk fluid temperature for the entire test
séction was assumed to be the arithmetic average of the inlet and exit

bulk fluid temperatures.
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The regression correlations developed by Curme were used to evaluate

the physical properties of ethylene glycol (11). The regression correla-

tions of these properties are presented in Appendix C.

These properties

were incorporated into the computer program for data reduction.

Data as outlined in the following steps were reduced:

1. Calculation of percent errorin the overall heat balance.

Calculation of inside wall temperatures and inside heat fluxes.

2.
3. Calculation of the local heat transfer coefficients.
4.

Calculation of the pertinent dimensionless numbers. The dimen-

sionless numbers calculated are presented in Table V.

TABLE V

LIST OF DIMENSIONLESS NUMBERS EVALUATED

.Dimensionless ,
Number Symbo1 Definition
Reynolds Re 4W/di
Prandtl Pr Cpu/k
Nusselt Nu hdi/k
Graetz Gz WC /kL
P 2 2
Grashof Gr (di)3(p) ge(at)/u
Rayleigh Ra (Gr) (Pr)
Dean De

Re/di/Dg
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Calculation of the Error Percent in Heat Balance

The error percent in the heat balance for each run was calculated
as follows:

1. The heat input to the test section was calculated knowing power
input to the test section and heat loss from the test section. The heat
loss from the test section was determined from calibration data as ex-

plained in Table IX (Appendix B).

Qipnye = (3:41213) (1) (V) - Oy (5.1)
where
I = current to the test section, amperes;
V = voltage drop across the test section; volts;
Q]oss = heat loss from the test section, Btu/hr; and
Qinput = heat input to the test section, Btu/hr.

2. The heat output rate was determined from mass flow rate, inlet |
and outlet temperatures, and the specific heat evaluated at the average

of the inlet and outlet bulk temperatures.

Qoutput = YC, [(Tb)Out - (Tb)in] | - (5.2)
where
W = mass flow rate of f]uid’through the test section, 1bm/hr;
Cp = specific heat of the fluid, Btu/1bm-°F;
Tin = corrected inlet bulk temperature, °F; and
Tout = corrected outlet bulk temperature, °F.

3. From the above information the percent error was determined.
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t " Qoutput) % 100
Q

Percent error = (—NRY
' input

Calculation of Inside Wall Temperature

and Radial Héat Flux

A computer program was written to calculate inside wall temperature
and heat flux. Some portions of the computer program were taken from the
one written by Owhadi (12), Crain (13), and later modified by Singh (6),
Farukhi (7), and Moshfeghian (5). The computer program calculates inside
wall temperature and radial heat flux using equations derived by making a
shell ba]ahce. Appendix D shows the derivation of the equations uéed in
determining inside wall temperatures and inside radial heat fluxes. The

computer program listings aré'preiented in Appendix G.
Calculation of the Local Heat Transfer Coefficient

After ca]cU]ating the inside radial heat flux, the fluid bulk tem-
perature, and the inside wall temperature at each station, the local heat

transfer coefficient was determined using the following equation:

dr'. » . .
hig T T 1J(T,D)_] (5.3)
1J 1
where
hij = local heat transfer coefficient, Btu/hr—ftZ_oF;
drij = local inside radial heat flux, Btu/hr-ftz;
(Tw)ij = local inside wall temperature, °F; and

(Tb)i = bulk temperature at station i, °F.
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The subscript i denotes the station number and j denotes the peri-

pheral position of the thermocouple.
Calculation of the Pertinent Dimensionless Numbers

The dimensionless numbers calculated at the film temperature (i.e.,
at arithmetic mean of the average inside wall temperature and the bulk
fluid temperature) at each station were Reynolds, Prandtl, Nusselt,
Graetz, Grashof, Rayleigh, and Dean numbers. Some of these dimensionless
numbers were also calculated at the bulk temperature as required for com-
parison.

The graph of the peripherally averaged local Nusselt numbers vérsus
the inverse Graetz numbers were plotted. The comparison was made with
the classical Graetz solution for a constant heat flux case.

A11 the experimental data gathered Were reduced in the above men-
tioned fashion. Sample calculations for data run 151 are given in

Appendix E.



CHAPTER VI
RESULTS AND DISCUSSION OF RESULTS

Experimental data were gathered for the straight sections of the
U-bend. The curvature ratio (Rc/ri) was 7.66. Ethy]ene glycol was a
test fluid. Reynolds numbers ranged from 62 to 528, while Prandtl num-
bers ranged from 75 to 132. The results of this study along with a dis-

cussion of the results are presented in this chapter.
General Discussion

For each run the following parameters were computed at each thermo-
.couple location.

1. Local heat fluxes.

2. Local heat transfer coefficients.

3. Average local heat transfer coefficients.
These values are summarized in Appendix F for all experiments.

The average local héat transfer coefficient at each station was de-

fined as follows:

hi = average local heat transfer coefficient
1 8 . .
"y L /0 - )] | (6.1)
1 8 , |
- g.jzl [h;;] | (6.2)

where i indicates a station number and j denotes the peripheral position
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on the tube cross section at the station. The average local heat trans-
fer coefficient obtained using Equation (6.2) was then used to compute
the average local Nusselt number for the station. All physicé] proper-
ties of the test fluid in calculating the above dimehsion]ess numbers
were evaluated at film temperature unless otherwise specified.

The average local heat transfer coefficient at a station may also

“be defined as follows:

R = 1@/(,), - (1)) (6.3)

where (a;)i and (T@)i are calculated as follows:

0 1 3 . -
'(q”)i = §-j£]‘(qrij) ” | ‘(6.4)
and
; 8
T) =g L (T,) (6.5)

The ratio of heat transfer coefficients defined by Equations (6.1)
and (6.3) tends to unity as the inside wall temperature becomes uniform.
The heat transfer coefficient calculated by Equation (6.1) was always
greater than the one calculated by Equation (6.3). However, the ratio

nevér'ekceeded 1.05.

Peripheral Distribution of the Heat

Transfer Coefficient

In order to understand the f]owvmechanism, the peripheral heat
transfer coefficients were plotted against the peripheral positions for

stations upstream and downstream of the U-bend.
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Straight Section Upstream of the Bend

Figure 5 shows peripheral distribution of the heat transfer coeffi-
cient for runs at average local Reynolds numbers of 85 and 528. The
average heat fluxes for these runs werev329.3.Btu/(hr-ft2) and 315,4 Btu/
(hr-Ft?). |

For a Reynolds number of 85, one observes that there is considerable
variation in the heat transfer coefficient around the tube periphery. The
heat transfer coefficient at the botfom is much higher than the heat
transfer coefficient at the top. Relatively, the observed dip in the
peripheral distribution of the heat transfer coefficients is almost the
same at all stations and the peripheral distribution of the heat transfer
coefficient is almost symmetrical. The observed behavior is typical if
natural convection is present.

The above phenomenon can be explained by the fact that the fluid
near the wall is warmer, and hence lighter and less viscous than the
fluid in the core. As a result, the heavier and colder fluid in the core
flows down and the fluid at the bottom flows along the tube periphery
upwards. As a consequence, the apparent heat transfer coefficient at the
bottom is higher than the one at the top. Natural convection flow mechan-
isms were also observed by Morcos and Bergles (14) in a éircu]ar horizon--
tal tube. The idealized natural free convection flow mechanism observed
for the ideal case in a horizontal circular tube is shown in Figure 6.

For a Reynolds number of 528, the peripheral distribution of the heat
transfer coefficient is quite uniform compared to that for a Reyno]ds
number of 85. The dip in the peripheral distribution of the heat trans-

fer coefficient has almost vanished. The temperature around the tube
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periphery is nearly constant (and there is no appreciable [large] differ-

ence between fluid near the wall and in the core).

Straight Section Downstream of the Bend

Figures 7 and 8 show the distribution of peripheral heat.transfer
coefficients downstream of the U-bend.

From FigUre.7 (Re 85) one observes that the variation in the beri-
pheral heat transfer is not as significant as for the fluid upstream of
the U-bend. The variation in the peripherél heat transfer coefficient
grows as the test fluid moves down the tube. The heat transfer coeffi-
cient at the bottom increases almost by 50 percent:while that at the top-
only increases by 2 percent. Also, one observes that the heat transfer
coefficients at station‘7‘(Qhefe local Dean anber is 30.7), immediately
following the U-bend, are the ]owesf (compared to those at any other
position down the tube).

From Figure 8 one observes that there is considerable variation in
the peripheral heat transfer coefficients immediately following the U-
bend. At station 7, the heat transfer coefficient at the top is higher
than the peripheral heat transfer coefficient at the bottom. The peri-
pheral heat transfer coefficients are quite uniform at stations 8 through
11 compared to run 103 (for which the Reynolds number is 85). Also, one
observes that the heat transfer coefficients immediately fé]]owing the
U-bend (at station 7) are highest compared to those at any other station
down the tube. The values of the heat transfer coefficient decrease as
the fluid moves down the tube.

The observed trends in the heat transfer mechanism (Figures 7 and

8) can be explained on the following basis.
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The effect of the U-bend is to impose a secondary flow on the pri-
mary flow. The secondafy flow mechanism for the ideal case is shown in
Figure 9. The effect of secondarykflow is to move the cold, faster-mov-
ing fluid in the core nearer to the wall, while the hot, sTower-moving
fluid near the wall is moved into the core. The effect of the secondary
flow immediately following the U-bend is quifé significant even at low
‘Dean numbers. The secondary flow effects are enhanced with increase in
Dean number. The secondary flow effects decay as the fluid moves down
the tube. Natural convection effects are gradually reconstituted as the
fluid moves down the tube. The flow arrangement causes the secondary
flow and natural convection to act in opposite directions downstream
from the bend.

The above discussed heat transfer mechanisms could be used to ex-
plain some facts about Figures 7 and 8.

1. The variation in the peripheral heat transfer coefficients for
a Reynolds number of 528 immediately following the U-bend (where the Dean
numbér is 179) is a consequence of the strong secondary flow. The heat
transfer coefficient at the top is about 95 Btu/(hr-ft2—°F) while that at
the bottom is 70. The Dean number is 179 and the Grashof number is 270
at station 7.

2. The distfibution of the peripheral heat transfer coefficients at
Stations 8 and 9 is quité uniform, which implies that the contribution of
natural convection and secondary flow to the heat transfer processes is
equal. However, as the fluid moves down the tube, the effect of second-
ary flow decays and natural convection increases. This is supported by
a change in the Grashof number from 270 (at station 7) to 1200 (at sta-

tion 11), while the Dean numbef only changes from 179.3 to 200.5.
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Effect of Reynolds Number on the Interaction

Between Natural Convection and Forced Convec-

tion Upstream of the U-bend.

In order to study the effect of the Reynolds number on natural con-
vection and forced convection, the ratio of the heat transfer coeffi-
cient at the top of the tube to that at the bottom was plotted against
the station number with Reynolds number as a parameter (Figure 10). As
the Reynolds number is increased, the ratio of the heat transfer coeffi-
cients approaches unity.

The error in the measurement of the heat transfer coefficient de-
bends on the error associated with the measurements of the primary vari-
ables like test section current, test sectionfvo]tage, test section
dimensions, inside wa]]vtemperature, room temgerature, bulk fluid tem-
perature, and accuracy of the Thermocouple Indicator. Based on the error
analysis performed by Abul-Hamayel (15), the maximum error in the heat
transfer coefficient is estimated to be about 15 percent. After making
allowance for the experimental scatter, the following criterion is sug-

gested to determine the comparative significance of natural convection.

(h /h ) > 1.45; natural convection is governing
bottom™ “top primary flow mechanisms
(hbottom/htop) < 1.20 natural convection is significant

but not necessarily governing pri-
mary flow mechanisms

Effect of Reynolds Number on the Interaction

Between Secondary and Natural Convection

Downstream of the Bend

Interaction between secondary and natural convection flow downstream
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of the U-bend depends on the Reynolds number, the ratio of bend radius
to tube radius (presumed, but not tested), and the intensity of natural
convection upstream of the U-bend. In Figure 11 the ratio of the heat
transfer coefficient at the bottom is plotted as a function of station
(i.e., axial position) with average Reynolds number as a parameter. One
observes that as the Reynolds number is increased, the ratio goes down
from 1.16 to 0.73 at station 7 (immediately after the U-bend) and 1.69
to 1.29 at station 11 (farﬁhest from the U-bend). The slope (the ratio
of the heat transfer coefficients to the axia]yposition) also gradually
decreases with the increase in Reynolds number. As mentioned earlier,

- this suggests that the secondary flow effects downstream are felt for
greater axial distances with an increase in Reynolds number. Values of

h greater than 1.3 suggest that natural convection is a major

bdttom/htop
contribution to heat transfer. A ratio of less than 0.8 or 0.9 suggests
that the secondary flow is more important. The ratio of unity suggests
~that the primary flow is a major contribution to heat transfer and the
natural convection and the secondary flow are egual in magnitude, giving
rise to nearly uniform heat transfer coefficients around the tube peri-
phery. Based on the ratio of the heat transfer coefficient at the bottom

to the heat transfer coefficient at the top, the following criterion is

proposed:

hg/hy > 1.60; natural convection is the governing
heat transfer coefficient

1.3 < hp/h < 1.45; natural convection. contribution to
BT . : e o
heat transfer mechanisms is signifi-
cant

1.0 < hp/he < 1.15; natural convection and the secondary
B''T o ,
flow contribution are nearly equal
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0.6 f-hB/hT < 0.85; -secondary flow contribution to'heat
transfer mechanisms is significant

hB/hT < 0.60; secondary flow is the governing heat
_ transfer mechanisms

The above mentioned criteria could be useful in determining the heat
transfer mechanisms prevailing downstream from the U-bend. This could

serve as a guide in the correlation development.

Comparison With Graetz Solution (16)

The peripheral average local Nusselt number was plotted as a func-
tion of peripheral average inverse Graetz number. The peripheral average
Tocal Nusselt number was calculated using average local heat transfer co-
efficient defined by Equation (6.2). The comparison has been subdivided
into one for points upstream of the U-bend and another for points down-

stream of the U-bend.

Comparison With the Graetz Solution

Upstream of the U-Bend

Figure 12 shows the peripheral average local Nusselt number as a
function of peripheral average inverse local Graetz number with the
Reynolds number as a parameter. From the graph it is evident that at
low Reynolds numbers, the Russelt number is considerably higher than
one obtained by the Graetz solution. At low Reynolds numbers, the
Nusselt number is observed to increase (unlike the Graetz solution) as
the fluid moves down the tube. The experimental curve approaches the
Graetz solution as the Reynolds number is increased. waever, the data
points fall near the nonconstant Nusselt number region rather than in

the constant Nusselt number of the "4.36" region.
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This behavior could be explained by the following considerations.
The Graetz solution is for fluids with constant density and fully devel-
oped velocity profile. However, the assumption of constant density is
not valid. The test fluid (ethylene glycol) has a temperature dependent
density. The effect of the variation in density with temperature is to
cause natural convection (due to density gradients). This alters velo-
city and temperature profiles, yielding a Nusselt number (heat transfer
coefficient) different from one predicted by a constant property assump-
tion. This also accounts for the variation in the heat tfansfer coeffi-
cient. The boundary layer at the surface is also strongly influenced by
temperature dependence of the viscosity.

In order to check the relative importance of natural convection and
forced convection, the value of Gr/Re2 was studied. Parker et al. (17)
suggest the following criterion to determine the type of heat transfer
mechanisms:

1. Gr/Re2 << 1, forced convection

2. Gr/Re2 = 1, mixed convection

3. Gr/Re2 >> 1, free convection.

. The criterion Gr/Re2 revealed the mixed convection at Tow Reynolds
number, and as the Reynolds number was increased the flow was primarily
forced convection. This is the reason why the experimental curve tends
to agree well (at higher Reynolds number) with the Graetz solution which
is valid only in the absence of natural convection. The Grashof number
remained nearly constant for all the runs. Reynolds number was the varf-
able.

h is plotted as a function of Gr/Re2 with

bottom/ top
x/di as a parameter (for stations upstream of the U-bend). Here x is

In Figure 13, h



2.0

1.6

(M)

hbottom/ htop
o

x/d1=170.6
x/d.i =150.0

x/di=77.4

Pun  “Re
o 103 85
08 A 114 183
e 121 246
o 131 332
04+ v 141 348
O151 336
A 172 467
: , , 182 58
000l 0.00l .0l O.l 1.0
Gr/ReZ

Figure 13.

Ratio of the Heat Transfer Coefficients (Bottom to Tob)

Versus Gr/ReZ for Stations Upstream of the U-Bend

09




51

the distance from the beginning of the heating section. The criterion
of hbottom/htop described earlier for the stétions upstream of the bend
can be used.

Figure 14 shows local Reynolds number as a function of product of
Grashof number and Prandtl number. Figure 14 also shows limits sug-
gested by Metais and Eckert (18) (for the case of a horizontal pipe) to

kdetermine flow regime. From Fiqgure 14 it is observed that limits sug-
gested by Metais and Eckert do not agree very well with the experimental
data. This may be because the limits to determine flow regime (Metais
and Eckert) are for the case of a horizontal pipe with a uniform wall

temperature. However, Metais and Eckert did suggest that the limits may

be adjusted when more results become available.

Comparison With the Graetz Solution

Downstream From the U-Bend

Figure 15 shows a comparison between the Graetz solution and reduced
experimental data for stations downstream of the U-bend. The heat trans-
fef mechanism downstream from the bend is more complicated because of the
interaction between secondary flow and natural convection. It is ob-
served from Figure 15 that (except for the lowest Reynolds number) for
all Reynolds numbers, the Nusselt number has a value of about 8. The
asymptotic region begins at about a peripheral average inverse Graetz
number of 0.002.

The above phenomenon can be understood on the following basis: as
mentioned earlier the effect of the U-bend is to throw the (cold) faster
moving fluid outwards downstream of the bend, while the (hot) slower mov-

ing fluid is moved into the core. As the fluid moves down the tube, the
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fluid near the wall gets warmer due to constant heat flux at the wall.
However, as the fluid moves down the tube (after secondary flow effects
have decayed substantially), the temperature difference between bulk and
the fluid near the wall tends to remain nearly constant, giving constant
Nusselt number. In other words, temperature profile is not altered much
and behaves 1ike a fully developed temperature profile éase. In order

" to check this, Grashof numbers were checked for these stations (9 through
11). Aé expected, Grashof numbers for these stations did not change
appreciably (they remained nearly constant). The above behavior may be
due to Tow heat flux at the surface.

bottom/htop
x/di as a parameter. Here x is the distance from the beginning of the

In Figure 16, h is plotted as a function of Gr/Re2 with
heating section on the downstream of the U-beﬁd. The criterion described
earlier can be used to determine the relative importance of the flow
regimes.

Figure 17 shows local Reynolds number as a function of product of
Grashof and Prandtl numbers. Figure 17 also shows limits suggested by
Metais and Eckert (18) to determine the flow regime. As discussed ear-
lier, the limits suggested by Metais and Eckert do not agree well with
the present study, and need some adjustment.

However, it is predicted that if the heat flux were increased so as
to enhanée the effect of natural convection, the Nusselt number would in-
crease (as in the case of the lowest Reynolds number). If, on the other
hand, the flux were decreased, the effect of secondary flow would be to
give higher Nusselt numbers. The experimental data so obtained may agree

with or give higher values than the Graetz solution in this case.
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Comparison With Morcos-Bergles Correlation

For stations situated upstream of the U-bend, comparison was made
with the Morcos-Bérg]es correlation (14). Figure 18 shows comparison of
the Nusselt number predicted by the Morcos-Bergles correlation to that
obtained experimentally as a function of axial distance (stations 1 to
3) with average Reynolds number as a parameter. The correlation pro-

posed by Morcos and Bergles (14) is

) G, pr 1350412172
Nuf- (4.36) + | 0.055 —-;TZ—S——- (6.6)
W
for
3x 10" <Ra<10% 4 <Pr<1.75 and 2 <P <66
where
P = hd?/K t (6.7)
w T W g

In Equatiqn (6.7), h is the average local heat transfer coefficient
calculated by Equation (6.3), di is the inside tube diameter, kw is the
thermal conductivity of the wall, and t is the tube wall thickness. In
Figure 15, data are compared only for the range suggested by Morcos and
BergTes. The Morcos-Bergles correlation tends to be conservative, but
the experimental data agreed quite well within the suggested range.

However, about two-thirds of the experimental data reduced did not
meet the criterion of Pw greater than 2.0. Most of the values of Pw
ranged from 1.80 to 1.99. For this range the Morcos-Bergles correlation
overpredicts the Nusselt number (heat transfer coefficient)'by as much
as 12 to 20 percent. Thus for the values of Pw less than 2.0 and greater

than 1.80, a correlation similar to Morcos-Bergles is proposed.
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) . GPf Prf1.35 0.49271/2
Nuf ={(4.36)° + |0.05 “;"ﬁfig‘“” (6.8)

w

Figure 19 shows the comparison between values of the Nusselt number
obtained by Equation (6.8) to that obtained expefimenta]]y. The agree-
ment is fairly good for the data obtained. The above modification pre-
dicts a MNusselt number about 10 percent higher than that obtained ex-
perimentally for Pw < 1.80. Hence a precaution needs to be exercised

for low values of Pw‘

Comparison With Moshfeghian's (5) Correlation

A comparison was made between the Nusselt number predicted by
Moshfeghian's (5) correlation and that obtained experimentally for sta-
tions located downstream of the U-bend. The correlation suggested by

Moshfeghian (5) is

{0.733 + 14.33(R /r.)70-993 (4/q.)"1-619
J, = [Re ¢ i

0.424 {—2.1](x/di)'0'237}

2) 1[1.0 + 4.79%

[1.0 + 8.5 (Gr/Re
(6.9)

where
Re < 2100, w/2 (R/r;) < x/d; < 160,

and x is the distance from the inlet of the bend (just after the end of

the upstream straight section), and

0.14

J, = Nu/prO-4 (/) (6.10)
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The ratio of the Nusselt number calculated using Equations (6.9)
and (6.10) to the experimentally obtained Nusselt number is plotted as a
function of axial distance (stations 7 through 11) with the Dean number
as a parameter in Figure 20. It is observed from Figure 20 that at the
lowest Dean number (about 23), Moshfeghian's correlation gives conserva-
tive values of the Nusselt number. The correlation overpredicts the
Nusselt number for Dean numbers between 57 to 142 after station 8. At
higher Dean numbers (about 155 and above) the correlation gives quite
conservative estimates of the Nusselt number up to station 9 (about 60
diameters down the tube), and then overpredicts the Nusselt number (as
much as 10 to 40 percent). The overprediction (of the Nusselt number)
is seen to increase as fluid moves down the tube after station 8.

In order to explain the above behavior, a detai]éd examination of
parameters measured and calculated by Moshfeghian was made. In the case
of Moshfeghian, heat flux was greater than in the present case as much as
two to four times. In Moshfeghian's study, the U-bend was heated. Also,
the ratio of Gr/Re2 was observed to increase significantly up to station
9 or 10. Thus in the case of Moshfeghian's contribution of the natural
convection to heat transfer process was significantly high, unlike the

present study.

Testing of Literature Correlations

The Morcos-Bergles (14) correlation for stations situated upstréam
of the U-bend and Moshfeghian's (5) correlation for stations situated
downstream of the U-bend were tested against the experimental results.
The average absolute percent deviation (AADP) was used as a measure to

determine the degree of fit of proposed correlations to the experimental
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data. Results of the tests are given in Table VI. A total of 32 data
points were tested with the Morcos-Bergles correlation, While 135 data
points were tested with the Moshfeghian correlation.

The AADP is defined as follows:

|
it

(Calculated Value)-(Experimental Value) (100)
(Experimental Value)

n

|

(6.11)

AADP =

where n is the total number of data points evaluated and the summation

is performed over all data runs evaluated.

Suggestion for Development of a Correlation

The heat transfer process downstream of {he U-bend is a combination
of forcedvflow, secondary flow, and natural convection. The specific
effect due to each one of them would be difficult to analyze experiment-
ally. But one may attempt to express the Nusselt number as a product
form assuming that these three factors do not interact. The Nusselt num-
ber correlation then may be written as |

Ny = (forced flow ) ( correction factor) (correct1on factor)

: 0 for natural
r i r i
contribution/ \for secondary flow convection

(6.12)

The correction factor for secondary flow may be expressed as
[1.0 + f(Re, R /r;s (x/d;)]-g(Pr)
The correction factor [1.0 + f(Re, R/Tss (x/di)] should approach 1 at

low Reynolds number and as the value of (Rc/ri) tends to infinity. A]so;

- as (x/di) increases, the contribution of the secondary flow should



TABLE VI

TEST RESULTS OF LITERATURE CORRELATIONS FITTED TO EXPERIMENTAL DATA

Investigator(s) Reference Stated Range of Applicability AADP (%) Stations
Morcos-Bergles (14) 3 x 10" < Ra < 10° 8.8 1,2,3
4 < Pr <
2 <P <66
w .
Moshfeghian (5) /2 (Rc/ri) 5-X/di < 160 20.9 7,8,9,
10, 11
Re < 2100

9
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decrease. The correction factor should increase proportionately with
the Dean number. The criterion of hbottom/htop may be used as a guide-
tine.

The correction factor for the natural convection may be expressed
as [1.0 + f (Gr/Rez)]. This correction factor will increase with a de-

crease in the Reynolds number.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

An experimental study of the single phase (liquid) Taminar flow heat
transfer processes was conducted in the straight sections upstream and
downstream of the U-bend. The test fluid (ethylene glycol) was passed -
through the U-bend placed in the vertical plane. The radius ratio (Rc/ri)
of the U-bend was 7.66. The straight sections upstream and downstréam of
the U-bend were heated by DC current through the tube wall. Available
literature correlations were tested. |

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

1. The effect of natural convection was detected in the straight
section upstream of the U-bend. This is due to temperature dependence
of fluid density. This dependence caused density gradients around the
tube periphery and established natural convection. The net effect is to
cause higher heat transfer coefficients at the bottom than at the top.
For a given heat flux, the natural convection contribution to the heat
transfer process decreases with the increase in the Reynolds number. The
average heat transfer coefficients are higher than those predicted by the
Graetz solution.
| 2. The laminar flow heat transfer mechanism downstream of the U-
bend is a function of forced convection, natural convection, and the

secondary flow.

66
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3. The contribution of secondary flow to the heat transfer process
increases with the increase in the Dean number. The intensity of the
secondary flow increases with the Dean number and is carried further
downstream from the bend. The net effect of the secondary flow is to en-
hance average local heat transfer coefficients.

4, When the contribution of the natural convection and secondary
'flow to the heat transfer mechanism is equal in magnitude, nearly uniforh
heat transfer coefficients around the tube periphery are obtained.

5. The temperature and velocity profiles determined bykprimary flow
are quite sensitive to secondary flow and natural convection. |

6. A minor modification in the Morcos-Bergles correlation is pro-
posed for values of the dimensionless number Pw less than 2.0 and greater
than 1.80. |

There still exist several gaps in the complete understanding of the
heat transfer mechanisms downstream of the U-bend. The following recom-
mendations are made based on the present study:

1. In spite of the low heat flux (about 325 Btu/(hr-ftz), natural
convection effects were detected. ‘It is recommended to carry out experi-
ments at still Tower heat fluxes. This will help to study the secondary
flow contribution to heat transfer processes downstream of the bend.

The comparison to the Graefz solution of such experimental data for the
section downstream of the U-behd would be helpful in designbof double
pipe heat exchangers.

2. The experimental data were obtained using only one test fluid
and one bend. Further study should be made using several fluids and test
sections of various curvature ratios under similar conditions. This

would help to produce a more general correlation.
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3. The experiments should be conducted by placing the bend in a
horizontal plane. However, it is felt that results similar to the pre-

sent study would be obtained.
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Only those experimental data which were referred to are presented
here. The rest of the experimental data are available from:
School of Chemical Engineering
Oklahoma State University
Stillwater, 0K 74074

Attn: Dr. Kenneth J. Bell
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d o nwnn

7

97. &
S7.4
S7.2
96,6
S56.3
96.4
96. 6
96.9

293.04
83.00
88.90

2.03

162.50
85.10
87.00

8

100.9
100.7
100.1

99,3

98.7
98.4
98.9
99.9

LBM/HIUR
DRGREZS F
DEGRE=S F
VOLTS
AMPS
DEGREES F
DEGRESS F
9 10
102.0 102.9
101.5 102.0
100.6 100.5
99.9 99.3
98.7 $8.7
98.2 $9.2
99.4 100.0
100.2 10l.4

11

103.9
103.4
101.5
100.1

99.7

99.8
100.7
103.0

6L
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G8.5
$8.6
$9.¢
1€G.4
100.2
99.7
$9.C
$8.6

- > - - -

KRUN NUMBER 131

D L

FLUID MASS FLOW KATE

UNZORRECTED INLET BJLK TEMPERATURF
UNCORRICTES GUTLET BULK TEMPERATURE
VOLTAGE DRJOP IN THhe TEST SECTICN
CURRFNT TC THE TeST SeCTIGN

RCOM TEMPERATURE

BULK BATH TEMPERATURE

OUT5 I0E SURFACE TEMPERATURES ~ DEGREES F

2 3 4 5 6

99.2 99.1 SU.9 89.9 90. 6
99.5 G9.5 gl.3 90.0 90.7
160.2 100.> G2.V 90.5 91.2
101.5 101.s So.b 92.0 - 92.2
101.9 102.v 97.1 93.3 92.7
101.2 100.s 95.v 91.9 92.0
100.3 99.7 9l.8 90.7 91.0
99.6 9.1 91.u. 90.1 90.6

Huuwnwuena

7

99.9
99.9
99.8
9%.3
99.0
99.0
99.2
99.4

366.18
88.10
93.00

2.01

162.50
89.80
94.00

8

104.6
104.4
103.7
102.9
102.4
102.3
102.8
103.8

LBM/HOUR
D=GRERS F
DEGREES F

VCLTS
AMPS

DEGREES F
DEGREES F

106.1
105.7
104.7
104.0
103.0
102.7
103.4
104.1

10

107.0
1C66.1
1C4.7
103.4
102.7
103.1
103.9
105.2

11

107.8
107.2
105.3
103.9
103.4
103.5
104.7
106.7

9.
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94.6
S5.1
S2.6
56.3
$6.2
§5.8
S5.1
S4a7

- - - -

FLUID MASS FLOW RATE

UNCORRSCTED INLET BJLK TEMPERATURE
UNCOFRECTED LUTLET BULK TEMPERATURE
VOLTAGS DRJP IN THE TEST SECTION
CURRENT TO THE TEST SECTION

ROCM TEMPERATURE

BULK BATH TEMPERATURE - _

OUTSIUE SURFACt TEMPERATURES - DEGREES F

2 3 4 5 6

95.2 SS5.4 87.1 86.2 86.4
95.5 G5.7 67.5 86.2 8€.5
S6.1 S6.0 boel 86.8 87.3
57.3 97.7 92.9 88.4 88.3
97.7 S8.0 93.4 89.7 88.8
97.1 S6.9 9liec 88.3 88.1
96.2 §5.9 3.1 87.0 8¢.8
95.5 95.4 87.3 86.4 86.2

Honu o n b

7

94,9
4.9
94,9
94.5
S4.4
94.2
9443
94,5

414,26
84,60
88.60

2.00

162.50
91.30
90.00

8

100.0
99.9
99.2
98.5
€8.0
97.9
98'4
99.2

LB4/HIUR
DEGREES F
DEGREES F
VOLTS
AMPS
DEGREES F
DEGREES F

9 10
101.6 103.1
101.4 102.5
100.5 101.2
99.8 100.0
99,1 G9.1
98.8  99.3
99.4 1C€0.2
100.1 101.5

11

103.7
103.2
101.4
100.0

99.4

99.5
100.6
102.7

LL
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KUN NUMBSR 151

- - - o - - - -

FLUID MASS FLJwW RATE

UNCORRSCTEU INLET BJLK TEMPERATURE
UNCORRECTEU OQUTLET BULK TEMPERATURE
VCLTAGR DRJP IN THE TEST S=ZCTION
CURRENT TC ThnE TeST SECTION

ROCM TEMPERATURE

BULK BATH TEMPERATURE

OQUTS1DE SURFACE TEMPERATURES - DEGREES F

2 3 4 5 6

6.0 86.u 77.0 76.4 7¢.3
86.2 66,4 78.1 7645 7645
B6.7 87.1 78.9 77.1 77.4
87.6 88.1 83.7 78.7 78.5
87.9 88.1 b4el 50.1 79.1
87.4 67.3 81.9 78.5 78.4
86.7 86.4 To.v 77.1 77.0
86.2 86.9 77.8 76.4 76.5

nnuw w un N

7

83.7
83.7
83.7
83.5
83.4
83.2
83,3
83.4

489.42
T4.40
78.40

2.00

162.50
85.30
$0.00

8

89.3
89.1
88.6
87.9
87.5
87.4
87'9
88.7

LBM/HOUR
DEGREES
DEGREES
voLTS
AMPS
DEGREES
DEGREES

91.3
90.6
8.8
89.6
89.0
88.6
89.5
89.9

F
£

mm

10

93.2
G2.5
91.4
S0.5
8S.5
90.0
90 .6
91.7

11

94,1
93.8
92.2
91.1
90.4
90.4
90.9
93.2

8.
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€7.8
E7.9
88.2
88.7
88.8
88.6
88.2
88.0

RUN NUMBER 172

FLUID MASS FLUW RaTE’

UNCIRRZCTED INLET BJLK TEMPERATURE
UNCNRRECTED OUTLES duLK TEMPERATURE
VALTACGE DRJP IN THE TEST SECTION
CURREANT TO THE TEST SECTION

RCOM TEMPERATURE '

BULK BATH TeMPERATURE

CUTS10E SURFAC: TEMPERATURES - DEGREES F

2 3 4 5 6

89.0 89.1 BU.5 79.6 79.5
89,2 89.5 8J.8 79.8 79.8
89.6 G0.i dl.3 80.2 80.5
§0.3 S0.n bbeV 8l.8 8l.5
50.5 9l.v 8645 83.2 82.0
90.1 S0.3 84,3 8l.6 8l.3
89.5 89.5 81l.v 80.4 80.1
89.1 89.2 804 79.8 79.6

R nl

7

84.0
84,1
84.1
84.6
84.9
84.2
83.9
83.8

646,22
78.00
8l.10

2.06

162.50
86.30
82.00

8

89.0
89.1
88.9
88.6
88.3
88.2
88.4
88.7

L3M/HQUR
DEGREES
DEGREES
VOLTS
AMPS
DEGREES
DEGREES

91.8
91.5
91.0
90.8
90.4
90.1
90.7
90.9

F
F

MmN

10

94,4
$4.0
53.1
92.4
92.0
92.1
92.7
§3.5

11

95.8
95.¢6
94.2
93.2
92.7
92.7
93.4

95.1

6L
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88.3
88.4
88.7
89.0
89.0
89.0
88.7
88.5

FLUID “YASS FiLuw RATE

UNCOFRECTEU INLeT BJLK TEMPERATURE
UNCORRECTED QuTLel BJLK TEMPERATURSE

VOLTAGE DRuP IN THZ TEST SEC
CURRFENT TC
ROOM TEMPERATURE
BULK BATH TEMPERATURE

89.5
89.6
9Q.0
90.6
90.8
90.5
5C.0
89.6

QUTSIoE SURFACk TEMPERATURES - DEGREES F

3

89,5
S0.1
S0.0
Gleq
91l.4
30.38
S0.1
89.6

THE Ted

4

8i.5
8l.9
8¢e5
bb.9
az.s
85.1
82.4
8l.06

T SeCTICN

5

§0.8
8l.0
81'5
63.2
84.8
652.9
8l.5
80.9

TION

6

80.6
80.8
8l.6
82.7
83.3
82,6
8l.2
80.7

wouhonu Hon

-

83.7
83.8
83.9
84.5
84.9
84,1
83.8
83.6

T725.
73.
81.

2.03
160.00

88.

34.00

8

88
88
88
88
38
88
83
88

43
90
70

50

o2
«3
04
.3
2
.o
.1
.2

LBM/HOUR
DEGREEZS F
DEGREES F
VILTS

AMPS

DSGREES
DEGREES

mm

91l.1 S94.1
S0.8 $3.8

90.5 93.1
90.4 92.6
90.2 92.2
89.9 92.3

90.4 52.8
90.5 93.4

11

'95.3

95.1
93.9
93.1

92.6

92.6
93.5
94.8

08
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TABLE VII

CALIBRATION DATA FOR CALIBRATION OF
OUTSIDE SURFACE THERMOCOUPLES

A= (Saturated Steam Temperature) - (Thermocouple Reading), °F
Peripheral Position

Station
Number 1 2 3 4 5 6 7 8
1 1.1 1.1 1.4 1.0 1.4 0.9 1.3 1.2
2 1.2 0.9 0.7 1.0 0.6 1.0 1.1 1.0
3 1.2 1.4 1.2 1.1 1.0 0.7 1.2 1.3
4 1.8 1.8 1.5 1.0 1.1 1.4 0.9 1.3
5 1.7 2.3 1.9 1.5 0.9 0.9 1.3 1.5
6 1.5 2.2 1.1 1.1 1.1 0.9 1.0 1.0
7 0.7 0.5 0.5 1.4 1.4 1.2 0.9 0.4
8 0.5 0.9 1.0 0.8 0.8 0.9 1.1 0.9
9 1.0 0.7 07 0.4 03 0.6 0.3 0.6
10 0.5 0.4 0.8 0.8 0.8 0.3 0.8 0.8
11 0.9 0.8 0.6 1.0 0.5 0.8 0.3 0.6
Note: In addition to this, water at room temperature was passed through

the test section. The temperature difference between the water
at room temperature and surface thermocouple was negligible. No
correction was applied to surface thermocouples.
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TABLE VIII

CALIBRATION DATA FOR.INLET AND OUTLET BULK TEMPERATURES
DURING IN-SITU CALIBRATION OF SURFACE THERMOCOUPLES

Saturated Steam Thermocouple Correction, °F Average Room

Temperature, °F Inlet Qutlet Temperature, °F
210.23 -0.77 1.13 | 76.7

The corrected inlet and outlet bulk temperatures are obtained as
follows:

(T, - T )
(Tin) = Tin = 077 0 ZE = 76.T)
corrected : :

A1l temperatures are in degrees Fahrenheit. Inlet and outlet elec-
trodes were located about 3.60 ft (1100 mm) from electrodes located at
the far end of the U-bend. The saturated temperature of steam at atmos-
pheric pressure was determined from steam tabjles. The above correction
factors were found from data obtained after 10 hours of operation.



84

TABLE IX
CALIBRATION DATA FOR HEAT LOSS FROM THE TEST SECTION

Average temperature of saturated steam in test section 210.2 °F

Average room temperature during calibration 76.7 °F
Amount of condensate collected 0.6615 1bm/hr
Amount of condensate collected just before inlet to ,

the test section 0.1190 1bm/hr

Heat of vaporization of water at 210.2 °F 971.74 Btu/1bm

The heat loss from the test section was correlated in the following

manner.

1.

Amount of condensate condensed in pipeline and test section was
determined. Thus heat loss from the pipeline and test section
was determined. i

Amount of condensate condensed in the pipeline alone was deter-
mined and thus the heat loss from the pipeline.

The heat loss from the test section was determined by subtract-
ing (2) from (1). Therefore heat loss in the test section was

(970.74) (0.6615 - 0.1190) Btu/hr

1]

527.2 Btu/hr

The heat loss from the test section was determined by following
the correlation

572.2 (T -T )
- avg room’
Qoss (Z10.2 - 76.7) > Btu/hr
where
T = (7. + T )/2.0, °F.
avg mcorrected OUtcorrected
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A. Ethylene Glycol

The following correlations were used to compute the physical proper-
ties of ethylene glycol (11).

1. Density in kg/m3
o

p = 1000.0/[0.924848 + 6.2796 x 10 ' (T - 65)

2

+9.2488 x 1077 (T - 65)% + 3.0570 x 10”2 (T - 65)°]

where
T = temperature in °C
Range: 4.5°C to 100°C;
11

o

m

|

1 kg/m> = 0.62428 x 10

-4
W)

t
. . . 2
2. Viscosity in NS/m

W= 0.16746 - 5.4855 x 1073 (T) + 8.3752 x 107> (T)2

- 7.3076 x 1077 (T)3 + 3.7788 x 1072 (1)*
- 1.1386 x 1011 (1) + 1.8887 x 107 % (1)®
- 1.2863 x 107V ()7

where
T = temperature in °F
Range: 20°F to 350°F;
INS/m? = 2.42 x 10° Tbm/hr-ft

3. Specific heat in Btu/1bm-°F

1

C = 5.18956 x 10°' + 6.2290 x 10~% (T)

p
where

T = temperature in °F
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Range: 6°F to 350°F;

1J/Kg-K = 6.238846 Btu/1bm-°F

4. Thermal conductivity in Btu/hr-ft-°F
k = 0.18329 - 0.24191 x 10°> (T)
where
T = temperature in °F
Range: 50°F to 350°F;

1W/m-K = 0.57779 Btu/hr-ft-°F

5. Coefficient of thermal expansion in 1/°C

= . 1lde
p"p T
B = p[6.2796 x 10™% + 1.84888 x 1078 (T - 65)

+9.171 x 1072 [T - 657°
where
p = density in gm/cm3, and T = temperature in °C

Range: 4.5°C to 171°C
B. Stainless Steel

The following correlations developed by Singh (6) were used to com-
pute the physical properties of stainless steel.

1. Electrical resistivity in ohms—in.z/in.

5 4 1.37904 x 1078 12 (12

3

= 2.601 x 10~ (T) + 8.5158 x 10 T

-17

- 10.11924 x 10 (T°)

where

T = temperature in °F



where

2. Thermal conductivity in Btu/hr-ft-°F

k = 7.8034 + 0.51691 x 10~2 (T) - 0.88501 x 10

T = temperature in °F;

TW/m-k = 0.57779 Btu/hr-ft°F

6

T

2)

88
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To determine inside wall temperature and radial heat flux, a shell
balance around the tube wall was made. The following end conditions
were assumed:

1. Radial heat flux is significant. Axial and angular heat fluxes
are negligible.

2. Electrical resistivity and thermal conductivity could be evalu-
ated at outside wall temperature (6).

3. Heat losses to surrounding are present but small.

4. Steady state‘condition exists. |
Boundary conditions:

1. 3T/ar =0 at r = ry (see Figure 21).

2. T= TS =T at r = rz.

outside surface temperature
Rate of thermal energy input at r

= (2url)q, (D.1)

Rate of thermal energy output at r + Ar

= [2n(r + ar)llq ., (D.2)
Rate of generation of thermal energy due to electrical dissipation
= (3%) 2mrarl (0.3)

where

I
cross sectional area

j= = current density, A/m2
and p is the resistivity, ohm-mz/m. Now making energy balance we get,

Input - Qutput + Generation = Accumulation.

where accumulation is zero since the steady state assumption has been



Figure 21.

Shell Balance Around the Tube Wall

91
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_made. Substituting various terms, the fo11owing equation is obtained.

(2orL)a, - [2n(r + ar)L]q

.2 _
AP + jp2wrarl = 0

(D.4)

Dividing by 2wArL, rearranging terms, and taking the limit as Ar » 0,

the following equation was obtained.

CTimit "ear T "9 _s2 -
Ar—+0 Ar Jp
3(rg,) iy
ar er

(D.5)

Integrating Equation (D.5) with respect to r, the following expres-

was obtained:

2 2
- Jor”
ra, = 5t G
2 c
_Jdoer 1
A = 72 7

where C] is the constant of integration.

(D.6)

C] is evaluated later by apply

ing the boundary conditions. Q. is the radial heat flux. This is given

by

~ 1 9T
Ay = -k ar

where k' is the thermal conductivity of the tube material.

(D.7)

Thermal con-

ductivity k' was evaluated at the outside wall surface temperature. The

terms for q. were substituted in Equation (D.6) to obtain the equation

(D.8).
2. C
o Jer 1
k or 2 * r

2 2
R = él—-g—r-:-—
. -kT 7 + C] i or o+ 02

Equation (D.8) was then integrated with respect to r.

(0.8)

(D.9)
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C2 is the constant of integration. Applying boundary condition 1,
aT/3r = 0 at r = o C1 = j2pk§/2 was obtained. Applying boundary condi-

tion 2, T = TS at r = r2,

2 2 2 2
J prz . J prz

) > in ‘Y‘2

Cp = -k'T -

~ was obtained. Substituting for C1 and C2 in Equation (D.9) and rearrang-

ing terms, the following equation was obtained.

2
L r r
(T - 1) = L2 (8 + £ o (A)] (0.10)

At T =T,

inside surface temperature, r=org. Equation (D.11) was obtained

by substituting the above condition. This, on rearrangement of the terms,

gave Equation (D.12). {

2 2 2 '
% 1T "2 ro
Ts = Tinside = =7 + 5 ()] (D.11)
surface 1
temperature
2 2
.2 ry-vr r r
- Tinside =T - I L8 +-£ w (B (D.12)
surface 1
temperature

The local radial heat flux was obtained by substituting for constant
C] in Equation (D.6).

2
~Jd e (2 _ 2
Q. = 5 (rp - v

) (D.13
1 2 )

Thus, in this fashion radial heat flux and local inside wall tempera-

tures were determined.
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Calculations for data run 151 are presented here. The physical

quantities measured for data run 151 are presented in Appendix A.
Calculation of the Heat Balance

Power input rate, Btu/hr

Power input = (2) (current to each straight section)
(voltage drop across the test section)
(3.41213)

(2) (81.25) (2.0) (3.41213)

1108.9 Btu/hr

1] 1] x . X

Heat loss Btu/hr

Q1oss’

Q]oss = 527.2 (76.4 - 85.3)/(210.2 - 76.7)

-35.1 Btu/hr

Heat input rate = Qinput’ Btu/hr

Q

input = [power input - ]

Q1oss
[1108.9 - (-35.1)]

it

1144.0 Btu/hr

Heat output rate = Q Btu/hr

output’
W) (Cp) TTyout = Ty

]

Qoutput in]
The inlet and outlet bulk fluid temperatures measured by thermo-

couples were corrected, based on their calibration correction factor.

95

Calibration data for these thermocouples are given in Table VIII (Appen-

dix B).

Corrected inlet fluid temperature

(T, -T )
- - bin room
* Tin = 77 Tzmo.2 = 76.7)



74.4 - 85,
= 704 - 0.77) [rgig g e Y]
= 74.46 °F*
= 74.50 °F

Corrected outlet fluid temperature

(T -T )
_ bout room
= Toout ¥ 1-13 [1270.2 = 76.7)!
_ - (78.4 - 85.3)
=784+ 1.13 [3155 =76 77
- 78.34 °F
- 78.30 °F

Average bulk fluid temperature

_ 1 o
T2 (Tbin * Tbout)’ F

%—(74.45 + 78.34), °F

1]

76.4 °F

Specific heat for ethylene glycol from Appendix C,

C, = 5.18956 X 1077+ 6.220 x 1074 (T) at T = 76.4°F
Cp = 0.5665 Btu/1bm°F
Qyeput = (489-42) (0.5665) (78.34 - 74.46), Btu/hr

1]

1075.7 Btu/hr

Percent error in heat balance

- (Qinput B Qoutput) %« 100

Qinput

]

[(1144i?4i.3075'7l] < 100

5.97%

*Kept to two digits in order to compare with computer output.

96
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Calculation of Local Inside Wall Temperature and

the Inside Wall Radial Heat Flux

As indicated in Chapter V, a shell balance was made around the tube
wall to calculate inside wall temperatures and radial heat fluxes. The
equations are derived in Appendix D. Using Equations (D.12) and (D.13),
the inside wall temperature and radial flux are calculated for station

8 and peripheral position 1 as shown below:

Tinside wall temperature

JEB r? -'rg rg ro ‘
STo- R LR e F o0 DL o

Electrical resistivity o and thermal conductivity K are evaluated
using correlations developed by Singh (6).

Electrical resistivity in ohms—in.z/in.

5

o =2.601 x 1072 + 1.37904 x 1078 (T) + 8.5158 x 10712 (T2)

- 10.11924 x 107V (13

)
At T = 89.3 °F,

2.7309 x 10”° ohm-in.%/in.
7

ke
1]

p = 6.9360 x 10~ ohm-mz/m
Thermal conductivity K in Btu/hr-ft-°F

k'= 7.8034 + 0.51691 x 1072 (T) - 0.88501 x 10°® (12)
At T = 89.3 °F,

k'= 8.2579 Btu/(hr-ft-°F)
k'=7.9401 W/m-°F
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Current density j2 in A2/m4

2 .
7 (Bl 7 A2

9.01951 x 10~

8.114856615 x 10", A%/m”

.
L]

Tinside wall temperature

7

8.114856615 x 101! x 6.936 x 10”

= 89.3 - 7.9401

[(-2.871 x 107°)

; + 4.5362 x 1072 (0.1902)], °F

T = 89.2 °F

inside wall temperature
Inside radial heat flux, Btu/(hr-ftz)
.2

- 19T _ p 2 2
A= -k'5y = 3 " (r] TZ)

11 7 2

_ 8.114856615 x 10'! x 6.936 x 1077 ; 0.01575,
2 x 7.875 x 1073 2

)
- (2:01905)%

-1025.9 W/m°

| T _ 2
q, = +k'= = +325.3 Btu/(hr-ft°)

The local heat transfer for station 8 and periphéra] position 1 was
calculated as follows:

Local heat transfer coefficient

The bulk temperature Tb was calculated using
8
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8
T, =T, + (T, -1 )g—)
g Pin bout bin Aliotal
ALiota) = Total heating length
T, = 74.46 + (78.34 - 74.46)(12:2203)
8
= 76.66 °F
= 76.70 °F

Local heat transfer coefficients

) 325.3
(89.20 - 76.66) °

Btu/ (hr-ft2-°F)

25.96 Btu/ (hr-ft2-°F)
2

i

26.00 Btu/(hr-ft“-°F)

The peripheral average local heat transfer coefficient at station 8

was obtained as follows:

A= () Z hy
j=
- (%) (26.0 + 26.4 + 27.5 + 29.2 + 30.3 + 30.6 + 29.2 + 27.3)

28.30 Btu/ (hr-ft2-°F)

H

Tables X to XIV give the values of outside surface temperatures, the
cdmputed inside wall temperatures, the inside radial heat F]uxes, the
local heat transfer coefficients, and the average.1oca1 heat transfer co-

efficients for relevant stations.
Physical Properties

Using the correlations given in Appendix C, calculate viscosity,
specific heat, thermal conductivity, density, and thermal expansion co-

efficient of ethylene glycol.



TABLE X

RUN 151--OUTSIDE SURFACE TEMPERATURES, °F

Tg::?gﬁggg}e* Thermocouple Station Number
Location 1 2 3 4 5 6 7 8 9 10 11
1 84.8 86.0 8.0 77.6 76.4 76.3 83.7 89.3 91.3 93.2 94.1
2 85.1 86.2 86.4 78.1 76.5 76.5 83.7 83.1 90.6 92.5 93.8
3 85.5 86.7 87.1 78.9 77.1 77.4 83.7 88.6 89.8 91.4 92.2
4 85.9 87.6 88.1 83.7 78,7 78.5 83.5 87.9 89.6 90.5 91.1
5 85.9 87.9 8.1 84.2 80.1 79.1 83.4 87.5 89.0 89.9 90.4
6 85.7 87.4 87.3 81.9 78.5 78.4 83.2 87.4 89.6 90.0 90.4
7 85.2 86.7 86.4 78.8 77.1 77.0 83.3 87.9 89.5 90.6 90.9
8 84.9 86.2 8.0 77.8 76.4 76.5 4 88.7 89.9 91.7 93.2

83.

*Peripheral position

of each thermocouple

as in Figure 3.

00t



TABLE XI

RUN 151--INSIDE WALL TEMPERATURES, °F

TQZ;?gﬁggg}e Thermocouple Station Number
Location 1 2 3 7 8 9 10 11
1 84.7 85.9 85.9  83.6 89.2 91.2 93.1 94.0
2 85.0 86.1 86.3 83.6 89.0 90.5 92.4 93.7
3 85.4 86.6 87.0 83.6 88.5 89.7 91.3 92.1
4 85.8 87.5 88.0 83.4 87.8 89.5 90.4 91.0
5 85.8 87.8 88.0 83.3 87.4 88.9 89.8 90.3
6 85.6 87.3 87.2 83.1 87.3 88.5 89.9 90.3
7 85.1 86.6 86.3 83.2 87.8 89.4 90.5 90.8
8 84.8 86.1 85.9 83.3 88.6 89.8 91.6 93.1

Lot



TABLE XII
RUN 151--INSIDE RADIAL HEAT FLUXES, BTU/(HR-FTZ)

ng;?gﬁggg}e Thermocoupie Station Number
Location 1 2 3 7 8 9 10 11
1 324.4 324.7 324.7 324.2 325.3 325.6 326.0 326.1
2 324.5 324.7 324.7 324.2 325.2 325.5 325.9 326.1
3 324.6 324.8 324.9 324.2 325.1 325.4 325.6 325.8
4 324.6 325.0 325.0 324.2 325.0 325.3 325.5 325.6
5 324.6 325.0 325.0 324.2 324.9 325.2 325.4 325.5
6 324.6 324.9 324.9 324.2 324.9 325.1 325.5 325.5
7 324.5 324.8 324.7 324.2 325.0 325.3 325.5 325.6
8 324.5 324.7 324.7 324.2 325.2 325.4 325.7 326.0




RUN 151--LOCAL HEAT TRANSFER COEFFICIENT,
BTU/ (HR-FT2-°F)

TABLE XIII

103

Thermocouple | .
Peripheral Thermocouple Station Number
Location 1 2 3 7 8 9 10 11
1 34.6 33.3 34.1 45.3 26.0 22.8 20.9 20.4
2 33.6 32.6 32.7 45.3 26.4 24.0 21.8 20.8
3 32.2 31.0 30.5 45.3 27.5 25.5 23.6 23.1
4 31.0 28.6 27.9 46.6 29.2 25.9 25.2 25.1
5 31.0 27.9 27.9 47.2 30.3 27.2 26.4 26.5
6 31.6 29.1 30.0 48.7 30.6 28.1 26.2 26.5
7 33.2 31.0 32.7 47.9 29.2 26.1 25.0 25.5
8 34.3 32.6 34.1 47.2 27.3 25.3 23.1 21.6
TABLE XIV
RUN 151--AVERAGE LOCAL HEAT TRANSFER COEFFICIENT,
BTU/ (HR-FT2-°F)
Thermocouple Station Number
1 2 3 7 8 q 10 11
32.7 30.8 31.2 46.7 28.3 25.6 24.0 23.7
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1. Viscosity

L= 0.16746 - 5.4455 x 1073 (T) + 8.3752 x 1072 (T)?

- 7.3076 x 1077 (1)3 + 3.7748 x 1072 ()¢

- 1.1386 x 10711 (T)° + 1.8487 x 10714 (1)

- 12263 x 107V ()7

where T is measured in degrees F.

At T 90.00 °F

bath

3

W = 0.16746 - 5.4455 x 1073 (90) + 8.3752 (90)2

- 7.3076 x 1077 (90) + 3.7748 x 102 (90)*
11386 x 1071 (90)° + 1.8487 x 10714 (90)°
- 1.2863 x 10717 (90)’ |

w o= 1.2684 x 1072 NS/m?

]

u = 30.6S 1bm/hr-ft

Viscosity at the film temperature is calculated as follows:

8
-k
Teim = [ jzl Tinside wall temperature ' Tbu]ki]/z'0

For station 8,

[%—(89.2 + 89.0 + 88.5 + 87.8 + 87.4 + 87.3 + 87.8

1]

Teitn
+ 88.6) + 76.71/2.0
82.4 °F

il

Viscosity at film temperature = 82.4 °F

L= 1.4798 x 1072 Ns/m?
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p = 35.81 Tbm/hr-ft

2. Specific heat

14 6.2290 x 1074 (1)

Cp = 5.18956 x 10~

where T is °F. At film temperature, Tfi]m = 82.4.
C, = 5.18956 x 107! + 6.2290 x 10™* (82.4)
C, = 0.5702 Btu/ (1bm-°F) |

3. Thermal conductivity

k= 0.18329 - 0.24191 x 1073 (T)

At Ty = 82.4
k = 1.6335 x 107! Btu/(hr-ft-°F) |
4. Density

p = 1000.0/[0.924848 + 6.2796 x ]0-4 (T - 65)

+9.2484 x 1077 (T - 65)2 + 3.057 x 1072 (T - 65)3]
where T is in °C.
At Teiq. = 82.4 °F = 28.0 °C
o = 1000.0/[0.924848 + 6.2796 x 10 (28 - 65)

2

+9.2444 x 1077 (28 - 65)% + 3.057 x 1077 (28 - 65)3]

3

1.1077 x 10° kg/m°

©
1}

69.2 1bm/ft>



5. Coefficient of thermal expansion

.. ldo
p dT

4 4 1.88888 x 1070 {

= p[6.2796 x 10 T - 65)

9.171 x 107

+

9 (T - 65)2], p in gm/cm3

28.0 °C

4

8 = 1.1077 [6.279 x 10™% + 1.84888 x 10° (28 - 65)

9.171 x 1077 (28 - 65)%]

-+

B = 6.3372 x 10°%/°C

= 3.5206 x 10°%/°F
|
Dimensionless Numbers

1. Reynolds number: Re

where di is in ft.

At Tbath = 82.4 °F
Re = ) (4)(489.42 1bm/hr)
(5.1666 x 1072 £t)(3.14159)(30.69 1bm/hr-ft)
Re = 392.9
Reynolds number at film temperature, Tfﬂm = 82.4 °F
_ A
Re = E;;L

(4)(489.92 1bm/hr)
(5.1666 x 10°° ft)(3.14159)(35.81)

106
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= 337.1

2. Prandtl number: Pr

Pro= (C,)(w)/k

(0.5702) (35.81)/(1.6335 x 107")

125.0

3. Peripheral average Nusselt number: HNu

Nu = (E)(di)/k
Nu = (28.3) (5.1666 x 1072)/1.6335 x 10°)
Nu = 9.0

4. Graetz number: Gz

1]

WC /kL
Gz p/

(489.42)(0.5702)/(1.6335 x 1071) (1.25)
1366.7

i

5. Grashof number: Gr

6r = ()% ()% (9) (8) (T,0 = T, )/

(1.3792 x 10"%)(69.2)%(4.17 x 10%)(3.5206 x 10~%)(88.2-76.7)

Gr = -
(35.81)2

Gr = 871.0
6. Rayleigh number: Ra

Ra

0

(Gr) (Pr)
(871) (125.0)

108,875.



APPENDIX F

CALCULATED RESULTS
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REYNOLDS ALMEER
PRANDTL NUMBER

54,269
93.460

HEAT INPUT=ANPRyLT*({~-JL= 108l.618 BTU/HR
FEAT QUTPLT=PMaCPe(T-Ti)= 1021.259 BTU/HR
HEAT LCSS = 664136 BTU/HR
AVEPAGE REYNTLOS NUMBER = 85.076
2 FFROR IN HEAT pALANLE = 5.580

LCcCAL FEAT TRANSFER COEFFICIENT - BTU/(FR-SQ.FT-DEG.F)

1 2 3 7 8 9 10
45,7 62,1 6T.5 23.8 23.9 - 23.9 2401
35.7 57.5 58.9 3.6 25.2 24.8 2644
32,5 47.6 47.1 2443 2G.2 29.1 31.7
29.4 37.8 37.9 23.7 34,7 34,2 39,1
30.5 35.3 37.1 Zl.8 37.0 38.6 43,2
33.3 39.6 42.8 AT 36,6 28.1 39.6
3%9.7 4E.9 54.9 2240 32.3 32.8 34.6
4445 5€.6 €6.0 L4eD 27.0 29,1 - 2849

11

24.3
25.4
30.9
38.3
41.2
40.2
33.0
26.2

AVERAGE LOCAL HZAT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT-DEG.)

1 2 3 7 8 9 10

37.1 48.0 51.5 5.4 30.7 31.3 33.4

11

32.4

AVERAGE LOCAL HEAT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT-DEG.F) BY SECOND DEF.,

1 2 3 7 8 9 10

3642  46.2 49,0 2543 30.0 30.4 32.2

11

31.2

601
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INSIDE SURFACE TEMPERATURES -~ DEGREES F

1 2

160.7 103.4
1¢1.23 103.9
103.2 10:%.1
1C4.7 106.9
104.3 107.5
103.4 10¢6.5
101.8 105.2
100.5 104.0

3

104.4
105.1
1C&€.5
108.2
1C8.4
1C7.2
105.5
104.5

'

l13.8
113.9
113.5
1i2.3
lli.5
lices
i12.7
113.4

INSTDT RADIAL HZAT FLUXES

1 2

327.4 327.9
327.6 328.0
327.8 328.2
328.1 3228.5
328.0 328.6
327.5 328.5
327.6 328.2
327.4 328.0

3

328.2
328.2
328.5
328. 8
328.6
328.0
328.3
328.1

?

329.8
3CY.8
32v.3
3¢945
327.4
32345
3¢9. 0
329.7

8

115.1
1l4.4
112. ¢
11C.8
110.2
110.3
111.5
113.5

8

330.1
329.9
329.6
32¢9.3
329.1
329.2
329.4
329.8

BULK FLUID TEMPEZRATURES - DEGREES

1 2

63.5 G8.2

3

99.5

7

959

8

101.3

CNRRECTED INLET BULK TEMPERATURE=

9 10

116.7 119.7
116.2 118.5
114.2 11&.4
112.5 114.4
111.4 113.6
111.5 114.3
112.9 115.5
114.2 117.4

BTU/{SQ.FT.~HR)

9 10

330.4 330.9
330.3 330.7
329.9 330.3
329.6 329.9
329 .4 329.8
329.4 329.9
329.6 330.1
329.9 330.5

9 10
102.9 106.0

88.6 DEG. F

CORRECTED OQUTLET BULK TeMPERATURE= 110.9 DEG. F

.

11

122.7
122.1
119.8
117.7
117.1
117.3
119.1
121.7

11

331.5
331.4
330.9
330.5
330.4
330.5
330.8
331.3

11

109.1

oLl
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RUN NUMBER ilé4

———— - ———- - -

REYNOLDS NUMBTER

PRANDTL NUNMBEPR

HEAT INPUT=AMPRyULT*(C-UL
FEAT QUTPUT=N®CP*(T2~Ti)
HEAT LOSS

AVEFAGE REYNCLOS hUMBER
% FEROR IN KHEAT BALANCE

164,460
110.692

182.686
5.813

1088.474 BTU/HR
1025.205 BTU/HR
-2.052 BTU/HR

LCCAL FEAT TRANSFER CUEFFICIENT - BTU/(HR-SQ.FT-~DEG.F)

1 2 2 7 8 9
34.6 40.5 41,1 PR 22.4 21l.8
22.2 38.5 38.0 2o.1 22.4% 23.0
25.2 34,7 33.7 2bed 23.5 25.2
26.6 2G. 6 28.6 Zb.6 25.6 -27.6
27.2 28.0 28¢5 21.0 28.1 29.9
29.0 30.% 31.7 <l 28.3 30.5 .
22.2 34.4 37.7 2340 26.4 26.7

34.3 37.6 4l.l 2745 24.0 24.8

AVERAGE LOCAL HcAT TRANSFER COEFFICIENT -

1 2 3 7 8 9
3C.7 34.2 35.1 el.0 25.1 2642

AVERAGE LOCAL FEAT TRANSFER COEFFICIENT =

1 2 3 7 8 9

30.4 33.7 34.4 26,9 24.9 25.9

10

21.2
22.7
25.4
28.4
29.4
28.6
2645
23.7

11

21.3
22.0
25.5
28.4
29.7
29.5
27 .4
22.6

8TL/(HR-SQ.FT-DEG.}

10

25.8

11

25.8

BTU/(HR-SQ.FT~-DEG.F) BY SECOND DEF.

10

25.4

11

25.4

Lit
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RUN NJUMBER 114

INSIDE SURFACE TEMPERATURES - DEGREES F

1 2 3 7 8
£.C 9¢&.5 96.9 lol.% 104.1
86.7 S€.3 ST.4 lul.5 104.1
57.7 97.8 $8.6 lul.5 103.4

G8.8 $S.4 10C.5 1io0l.3 102.3
S8.5 100.0 100. 4 101L.0 101.2

67.8 S9.1 99.4 100.8 101.1
S6.17 57.9 97.06 loo.7 101.9
6.l $7.1 S6.9 du.? 103.1

INSIDE RACIAL KzZAT FLUXES - BTY/(SQ.
1 2 3 7 8
316.5 316.6 316.7 317.5 218.0
31647 3216.7 316.8 317.5 318.0
316.8 31¢.9 317.0 317.5 217.9
317.0 217.1 217.3 317.5 317
317.0 317.3 317.3 3i7.4 317.5
316.6 317.1 217.1 317.4 317.5
316.7 316.9 316.38 3lle% 317.6
316.6 316.7 316.7 317 .4 317.8
BULK FLUID TEMPERATURES - DFEGREES F

1 2 3 1 8
8&.9 €8.7 89.2 894 89.9

CCRPECTED INLET BULK TEMP=RATURE=

CCRPECTED OUTLET BULK TEMPERATURE=

9 10

165.1 106.7
104.3 105.7
103.1 104.2
102.0 102.9
101.1 132.5
100.9 102.8
102.4 103.7
103.3 105.1

FT o=HR]

3l8.2 318.5
318.0 318.3
317.8 218.0
317.6 317.8
317.5 217.7
217.4 217.8
317.7 317.9
317.8 318.2

9 10

30.5 91.7

84.9 DEG. F

G3.6 DEG. F

11

107.9
107.4
105.4
104.1
103.6
103.7
104.5
107.0

11

318.7
318.6
318.2
218.0
317.9
317.9
318.1
318.5

11

92.9

aLL
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NUMBER

121

PEYMCLDS ANUVEER
PRANDTL NUMBEZR

FEAT INPUT=AMPRXy(OLT*C~-UL=
HTAT CUT2UT=vxCPx(T2-Til~=

FEAT LECSS

BVERAGE REYNCLDS NUMBER
L FEFROR IN HEAT salANCE

H uwh

221.581
117.217
1122.132
993.206
3.443
245,729
11.489

BTU/HR
BTU/HR
BTU/HR

LCCAL KEAT TRANSFER COcFFICIENT - BTU/(HR-SQ.FT-DFG.F)

1 2
33.4 35.7
3l.8 34.6
25.% 31.9
26.8 28.1

27.5 26.9
25.C 28.8
31.2 31.9
32.7 34.6

AVERAGE LOCAL HZAT TRANSFER COEFFICIENT -~ BTU/(HR-SQ.FT-~DEG.}

1 2

30.2 31.6

AVERAGE LOCAL HEAT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT-DEG.F) BY SECOND DEF.

1 2

30.1 31.3

3

3&43
34.4
30.9
27.3
26.8
29.7
33.7
36.3

3

31.9

3

31.5

7

23.0
29.9
233
3l.2
32.1
3l.8
3l.2
30.3

7

30.5

7

30.5

8

22.7 -
23.0
24.0
25.5
26.8
2704
26.3
244

8

25.0

o

24,9

9

21.7.
22.4
23.9
25.2
27.7
28.9
26.2
24.6

9

25.1

9

24.9

10

21.6
22.5
25.6
28.2
29.8
28.5
26.6

23.9

10

25.9

i0

25.6

11

21.4
22.1
25.3
28.3
29.3
29.1
26.9
22.7

11

25.6

11

25.3

gLl
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INSIOE SURFACE TEMPERATURES - DFGREES F

S4.1
S4.6
$5.4
S6.5
S6.2
S5.6
S4,8
94.3

2

S&4.7

© 85,0

$5.8
97.2
97.7
96.9
$5.8
$5.0

3

94.9
95.4
96'5
57.9
S8.1

96.9 -

95.6
94.9

7

$7.3
97.3
97.1
G6.5
96.2
96.3
96'5
S6.8

INSIDE 2ADIAL HEAT FLUASS

32¢.2
326.3
32€.4
326.¢
226.5
226.4
326.3
326.2

2

326.3
326.3
32¢€.5
32¢.7
22¢€.8
326,7
326.5

326.3

3

326.3
326.4
126.6
32¢€.9
326.9
32¢6.7
326.4
226.3

7

320.7
3206.7
3c0e7
326.0
3¢6.5
320406
32046
326617

8

100.8
100.6
100.0
$5.2
58.6
$8.3
98.8
99.8

- BTU/(SQ.

8

327.4
327.4
327.2
327. 1T
327.0
226.9
327.0
327.2

BULK FLUID TEMPZRATURES - DEGREES F

1

84.3

2

85.6

5

“B5.9

7

86.0

8

8644

CCRRECTED INLET BULK TEMPERATURE=

CCRRECTED CUTLET BULK TEMPERATURE=

9 10

101.9 102.8
101.4 101.9
100.5 100.4

$9.8  99.2
98.6  98.6
%8.1  99.1
$9.3  99.9

100.1 101.3

FT.=HR}

327.6 327.8
327.5 327.6
227.3 327.3
227.2 327.1
327.0 327.0
326.9 327.1
327.1 227.2

327.3 327.5

9 10

B6.8  87.6

83,0 DEG. F

88.9 DEG. F

11

103.8
103.3
101.4
100.0
99.6
99.7

-100.6

102.9

11

327.9
327.9
327.5
327.2
327.2
327.2
327.4
327.8

11

88.4

pLL
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RUY NUMBER 131

REYNCLDS AUMBER
PRANDTL NUMBER

317.105
108.210

FEAT INPUT=AMPR®VULT*({~-dL= 1111.453 BTU/HR
FEAT QUTPLT=M¥CPx{T2-T1i= 1036,.,015 BTU/HR

FEAT L2SS 3 3.034 BTU/HR
AVEFAGE REYNOLCS WUMBER = 332.051
X TKROR IN HEAT BALANCE = 6.787

LCCAL FEAT TRANSFER COcFFICIENT = BTU/(HR-SQ.FT-DEG.F)

1 2 3 7 8 9
3%.6 36.9 38.6 . 35.6 24.1 22.3
34.1 35.7 36.08 35.6 24.5 22.9
31.8 33,2 33.1 36V 25.8 24.6
2G.5 29.3 2G.3 33.1 27.6 25.9
3C.0 28.3 28.8 9.5 28.8 28.1
21.°5 30.1 32.2 39.5 29.0 28.9
33.7 32.8 36,0 3845 27.8 27.2

35.¢ 35.3 38.0 37.7 25.6 25.7

AVERAGE LOCAL FEAT TRANSFER COEFFICIENT -

1 2 3 7 8 9
32.7 32.7 34,2 37.6 26.7 25.7

AVERAGE LQCAL HSAT TRANSFER COEFFICIENT -

1 2 3 7 8 9

32.5 32.4 33.8 37.5 26.5 25.5

10

22!0
23.3
25.9
28.9
30.7
29.6
27.6
24,9

i1

21.8
22.7
26.1
29.3
30.7
30.4
27 .4
23.5

BTU/(HR-SQ.FT-DEG.)

10

26.6

11

2645

BTU/ (HR-SQ.FT-DEG.F) BY SECOND DEF.

10

26.3

11

2601

GL1
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RUN NUMBEKR

131

INSIDE SURFACE TEMPERATURES

1 2 3 7
58.4 99.1 9G. 0 99.8
58,8 S9. 4 95.4 3Y.3

€<.5 100.1 100. 4 99.1
160.3 101l.4 101.7 99,2
100.1 101l.8 101.9 9c.9

§6,6 101.1 100. 7 93.9

S8.5 100.2 SS.6 99.1

S8.5 §S.5 99.0 99.3

INSIDE RADIAL . HecAT FLUXES

1 2 3 7

327.C 327.1 327.1 327.2
327.0 327.1 327.1 327.2
227.2 22717.3 327.3 sz2l.2
327.3 327.5 227.6 R217.1
327.3 327.6 327.0 327.v
327.2 227.4 327.4 3270
3276 327.3 327.¢2 327.1
327.0 327.2 327.1 327.1

BULK FLUID TEMPERATURES -

1 2 3 7

89.2 S0.2 90.5 SVe0

- DEGREES F

8 9 10
104.5 106.0 106.9
104.3 135.6 106.0
103.6 104.6 104.6
102.8 103.9 103.3
102.3 162.9 102.6
102.2 |102.6 103.0
102.7 103.3 103.8
103.7 104.0 105.1

8

328.1
328.0
327.9
327.8-
327.7
327.7
327.7
327.9

DEGREES

8

90.9

CCRRECTED INLET BULK TEMPERATURE=

CCRRECTED GUTLET BULK TEMPERATURE=

BTU/(SQ.FT.~-HR)

9 10

328.4 328.5
328.3 328.4
328.1 328.1
328.0 327.9
327.8 327.7
327.7 327.8
327.9 327.9
328.0 328.2

91.3 91.9

88.1 DEG. F

$3.0 DEG. F

11

107.7
107.1
105.2
103.8
103.3
103.4
104.6
106.6

11

328.7
328.6
328.2
327.9
327.9
327.9
328.1
328.5

11

92.6

gLl
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RUN NUMBER

RZYKNOLDS NUMBER =
PRANDTL NUVS3ER =
FEAT INPUT=ANMPRYILT*(~JL=
FEAT CUTPUT=M*CPx({T2-TLl)=
FEAT LCSS

BVCRAGE REYNCLDS NUMBER
2 ERROR IN HEAT BALANCG

H

LI}

141

332.3238°

115,915
1127.467
934.730
-18.525
348.024
17.095

BTU/HR
BTU/HR
BTU/HR

LCCEL FEAT TRANSFER COCFFICIENT - BTU/(HR-5Q.FT-DEG.F)

1 2 3 '

3€.3 37.2 37.4 4U.0

34.4 36.0 36.2 4J.J
22.7 33.8 22.9 4J40
30.¢ 30.1 29.6 42.1
3C.S 29.0 28.9 42.0
22.1 30.6 321.9 43.7
34.4 33.%4 35.4 43.2

35.5 36.0 37.4 42.1

8

25.1
25.3
268
28.4
29.7
29.9
28.6
26.8

9

22.8
23.2
24.7
26,1
27.6
28.3
26.9
25.5

10

21.4
22.3
24.4
26.8
29.0
28.5
26.4

. 23.9

11

21.4
22.1
25.1
28.1
29.6
29.3
2647
22.8

AVERAGE LCCAL FZAT TRANSFER COEFFICIENT -~ BTU/{HR=SQ.FT~DEG.)

1 2 3 7

33.4 33.3 33.7 4i.7

8

27.6

9

25.6

10

25.3

11

25 .6

AVERAGE LOCAL HezAT TRANSFER COEFFICIENTY - BTU/(HR-SQ.FT-DEG.F) BY SECOND DEF.

1 2 3 7

33.3 33.0 33.4 4l.7

8

27.5

9

25.5

10

25.1

11

25.3

LLL



W=~ DN
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RUN NUMBER

141

INSIOE SURFACE TEMPEKATURES - DEGREES F

€4,.5
$5.0
$5.5
$6.2
S6.1
S5.7
95'

S4.8

2

S5.1
95.4
§6.0
97.2
97.6
97.0
96.1
S5.4

3

95.3
95.6
96. 5
97'°
97.9
S6.8
G5.0
95.3

7

G948
94.3
9“.6
G4el
94.3
9".1
94,2
Gher

INSIDE RADIAL HZAT FLUXES

32¢.2
32€6.3
226.4
326.5
326.5
326.°¢
326.3
32¢€.3

2

326.3
326.4
326.5
326.7
326.8
226.7
326.5
326.4

3

326.4
326.4
326.6
32¢.8
326.9
32€.7
3265
326.4

7

320.3

32643

320e3
3¢0e 2
326.2
3c0.2
326.2
32642

8

99.9
99.8
SG9.1
98.4
97.9
97.8
98.3
99.1

9 10

101.5 103.0
1C1.3 102.4
100.4 101.1
G9.7 99.9
$9.0 99.0
G8.7 99.2
99,3 100.1
100.0 101.4

BTU/ (SQ.FT .~HR)

8

327.2
327.2

327.1

327.0
326.9

© 326.8

326.9
327.1

BULK FLUID TEMPCRATURES ~ DEGREES

1 2
€5.5 86.3
CCRRECTED

CCRFECTED QUTLET BULK TEMPERATURE=

3

86.6

7

80.6

8

86.9

INLET BULK TEMPERATURE=

9 10

327.5 327.8
327.5 327.7
327.3 227.4
327.2 327.2
327.1 327.1
327.0 327.1
327.1 227.3
327.2 327.5

9 10

87.2 87.7

84.6 DEG,. F

88.6 DEG. F

11 .

103.6
103.1
101.3
99.9
99.3
99.4
100.5
102.6

11

327.9
327.8
327.5
327.2
327.1
327.1
327.3
327.7

11

88 .2

8LL
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RUN NUMBER

151

REYNDLDS NUMBER

PRANDTL NUMSER

HEAT INPUT=AVMPRVOLT#(L~y
FEAT CUTPUT=M*CP=(T2-T1
BEAT LCSS

AVERAGE REYNCLDS NUMBER
% ERROR IN FEAT BALANCE

-r

Yy wunuu

392.¢631
140.257
1144.072
1075.487
-35.,130
336.011
5.¢95

BTU/HR
BTU/HR
BTU/HR

LCCAL KHCSAT TRANSFER COGFFICIENT - BTU/(HR=-SQ.FT-DEG.F)

1 2 3 7
34,¢ 33.3 34,1 45.3
33.¢ 32.6 32.7 45.3
32.2 31.0 30.5 45.3
21.6C 28.6 27.5 4646
31.C 27.9 27.5 47.2
31.¢ 29.1 30.0 487
33.2 31.0 32.7 47.9
34.3 32.6 34.1 472

AVERAGF LOCAL HeAT TRANSFER COEFFICIENT = BTU/(HR-SQ.FT-DEG.)

1

32.7

AVERAGE LOCAL HZAT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT~-DEG.F) BY SECOND DEF.

1

32.6

2

30.8

2

30.6

3

31.2

3

31l.1

7

46.7

7

467

8

26.0
26‘4
27.5
29.2
30.3
30.6
29.2
27.3

8

28.3

8

28.2

9

22.8
24.0
25.5
25.9
27.2
28.1
26.1
25.3

9

25.6

9

25.5

10

20.9
21.8
23.6
25.2
26.4
26.2
25.0
23.1

10

24.0

10

23.9

11

20.4
20.8
23.1
25.1°
26.5
2645
25.5
21.6

11

23.7

11

23.5

6LL
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QO =~ ™ a4 1 A

RUN NUMBLR

- - - -

151

INSIDE SURFACE TEMPERATURES - DEGREES F

4,7
£€5.0
£5.4
E5.E
£5.8
E5.€
85.1
€4.8

2

85.9
86.1
6¢€.6
87.5
87.8
87.3
86.6
86.1

3

85.9
86.3
87.0
88.u
88.0
87.2
86.3
85.6

7

dg3.0
G3.0
8346
83.4
8343
83.1
63.2
83.3

INSIDE RADIAL HzaT FLUXES

224.4
324.5
324.¢€
32446
3264.¢
324.¢
324.5
324.5

2

324.7
324.7
324.8
325.0
225.0
324.9
324.8

1 324.7

3

324.7
324.7
324.9
325.90
325.u
324.9
324.7
324.7

7

32442
324.2
324.2
32442
32442
324.2
324.2
224.2

8

89.2
89.0
€8.5
87.8
87.4
87.3
87.8
88.6

- BTU/(SQ.FT.-HR)

8

325.3
325.2
225.1
325.0
324.5
324.9
325.0
325.2

BULK FLUIO TEMPERATURES - DEGREES

1

7E8.3

CCRRECTED INLET BULK

CCRRECTED OUTLET BULK TEMPERATURE=

2

T€.1

3

Téet

7

To.4

TEMP

8

76.7

ERATURE=

9

Sl.2
90.5
89.7
89.5
88.9
88.5
89.4
89.8

S

325.6
325.5
325.4
325.3
325.2
325.1
325.3
325.4

76:.9

10

G3.1
92.4
91.3
90.4
8s.8
89.9
90.5
91.6

10

326.0
325.9
325.6
325.5
225.4
225.4
325.5
325.7

10

77.5

74.5 DEG. F

78.3 DEG. F

11

94.0
93.7
o2.1
91.0
90.3
90.3
90.8
93.1

11

326.1
326.1
325.8
325.6
325.5
325.5
325.6
326.0

11

78.0

0¢clL
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RUN NUMBER 172

- - -— -

REYNOLDS NUMBER
FRANDTL WNUMBFER

KEAT INPUT=AMPXVOLT*(C~ulL= 1168.853
FEAT CUTPUT=M*CP*(T2~-Tll= 1105.138
REAT LCSS

BVERAGE REYNCLDS NUMBER
¥ FPRCR IN HEAT BALANCE

= 440.916
=- 131.891

=26.543
467.000
5.451

BTU/HR
BTU/HR
BTU/HR

LCCAL REAT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT-DEG.F)

3¢.2
35.8
34,2
32.6
22.¢
33.2
34.1
35.4

2

34.0
33.3
32.0
30.0
2S5.4
30.5
32.4
33.7

3

34,3
32.9
31.1
29.1
28.6
30.5
22.9
34.0

7 8
75.1 35.6
73.4 35.2
T3.4 3¢€.0
65.9 37.2
6.2 38.5
T1.8 39.0
76.3 38.1
78.7 36.8

S

27.8
28.5
29.8
30.3
31.5
32.5
30.6
30.1

10

23.5
2441
25.9
27'4
28.3
28.1
26.7
25.1

11

21.9
22.2
245
2645
27.6
2T.6
26.1
23.0

AVERAGE LOCAL KeAT TRANSFER COEFFICIENT = BTU/{(HR-SQ.FT-DEG.)

1

24.4

2

31.5

3

31.7

7 8

72,2 37.1

9

30.1

10

26.1

11

_ 24.9

AVERAGE LOCAL HZAT TRANSFER COEFFICIENTY - BTU/(HR~-SQ.FT-DEG.F) BY SECOND DEF.

1

34,3

2

31.8

3

31l.6

i 8

7iL.8 37.0

9

30.1

10

26,0

11

24 I7

Ll
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INSIOE SURFACE TcMPERATURES - DSGREES F

£7.7
€7.8
gg.2
88.6
88.7
88.5
E€.1
87.5

2

88.9
89.1
8G.5
90.2
90.4
$0.0
8G.4
85.0

3

39.0
89.4
90. U
90.7
S0.9
9C.2
89.4
89.1

7

83.9

84.U
4ol
84ed
b4ed
d4.l
83.98
Gae7

INSIDE RADIAL HeaT FLUKAES

325.0
325.0
22%.1
32¢.2
228.:2

1 325.1

325‘.1

- 325.0

2

325.2
325.2

325.3

325.4
325.5
325.4
325.3
325.2

3

325.2
325.3
325.4
225.5
325.6
325.4
225.3
325.2

7

324.3
344.3
324.3
32%44
324.5
32443
324.3
32445

8

88.9
89.0
88.8
88.5
88.2
88.1
88.3
88.6

= BTU/(SQ.FT.-HR)

8

325.2
325.2
325.2
32551
325.1
325.1
325.1
325.2

BULK FLUID TEMPtRATURES - DEGREES

1

78.7

2

79.3

3

79.5

7

79.6

8

79.8

CORRECTED INLET BULK TEMPERATURE*

CCRRECTED OUTLET BULK TEMPERATURE=

9 10
S1.7 94.3
91.4 $3.9
$0.9 93.0
50.7 92.3
90.3 91.9
90.0 92.0
90.6 92.6
90.8 93.4

9 10

2125.7  326.2

325.7  326.1

3125.6  326.0

225.5  325.8

325.5  325.8

325.4  325.8

325.5  325.9

325.6 22640

9 10

80.0 80.4
78.0 DEG. F
8l.1 DEG. F

11

95.7
95.5
94.1
93'1
92.6
92.6
93.3
95.0

11

326.5
326.4
32¢.2
326.0
325.9
325.9
326.0
326.3

80.8

acl
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RUN NUMBER 182

REYNOLDS NUMBER = 516.070
PRANDTL NUMBER = 130.028

HEAT INPUT=AMPRy L T*(C-uL= 1140.638 BTU/HR
FEAT CUTPUT=M*CP*{TS-Tl)= 1109.104 BTU/HR
-32.379 BTU/HR

HFEAT LCSS
AVERAGE REYNCLDS NUMBER
L EFROR IN HEAT BALANE

528.251
2.765

LCCAL KEAT TRANSFER CUOSFFICIENT - BTU/(HR-SQ.FT-DEG.F}

! 2 3 7 8 S
36.4 34.0 33.5 G5.9 4l.4 30.6
36.0 33.6 22.4 93.v 40.9 31.5
34.8 32.2 3C.9 90e« 40,3 32.4
33.7 30.4 28.06 77.1 40.9 32.8
33.7 2G.8 28.6 T0.2 4l.4 33.5
33.7 30.7 30.3 2.5 42.5 34,6
34,8 32.2 32.4 93.9 41.9 32.8

35.6 33.6 33.5 38.9 4l.4 32.4

AVERAGE LOCAL HEAT TRaANSFER COEFFICICNT -

1 2 3 1 8 9
34.9 32.1 31.3 8a.0 41.3 32.6

AVERAGE LOCAL HFEAT TRANSFER COEFFICIENT -
1 2 3 7 8 9

34.8 32.0 31l.2 869 41.3 32.5

10

24.4
25.0
26.4
27.6
28.6
28.3
27.1
25.8

11

23.0
23.3
25.5
27.3
28'5
28.5
26.4
23.8

BTU/{HR=SQ.FT~DEG. )

10

26.6

11

25.8

BTU/{HR-5Q.FT-DEG.F} BY SECOND DEF,

10

26.6

% |

25.6

A



WO ~NrN D WN -

@ ~Nov SN -

INSIDE SURFACE TEMPERATURES

E€.2
83.3
88.6
88.9
88.6
88.9
88.6
8.4

2

8G.4
89.5
86.9
9C.5
30.7
90.4%
89.9
89.5

RUN NUMBER

1

85.0
83,7
85.8
Bee
dreB
Baed
657
8345

INSIDE RACIAL HeEAT FLUAZES

315.2
315.2
215.2
315.3
315.3
315.3
315.2
315.2

2

315.4
315.4
315.5
315.6
315.6
315.5
315.5
315.4

3

315.%
315.5
315.0
218.7
315.7
315.6
315.5
315.4

7

314.3
3i4e4
314.4
3i4.5
314.6
3le. %
3i4.4
31443

182

BULK FLUID TEMPcRATURES =~ DEGREES

1

75.6

2

80.1

3

80.3

7

50.-’

- OCGREES F
8 9 10
88.1 S1.0 94.0
88.2 90.7 93.7
88.3 S0.4 93.0
£8.2 50.3 92.5
88.1 90.1 92.1
87.9 89.8 92.2
88.0 90.3 92.7
88.1 S0.4 93,
= BTU/(SQ.FT .~HR}

8 9 10
315.1 315.7 316.2
315.2 215.6 316.1
315.2 315.5 316.0
3T15.2 15.5 315.9
315.1 315.5 315.8
215.1 315.4 315.9
315.1 315.5 316.0
315.1 315.5 316.1

8 9. 10
80.5 80.7 81.0
79.0 DEG. F

CORRECTED INLET bULK TEMPERATURE=

CCRRECTED OUTLET BULK TEMPERATURE=

8l.6 DEG. F

11

95.2
§5.0
93.8
§3.0
92.5
92.5
93.4
94.7

11

31lé.4
316.4
316.1
316.0
315.9
315.9
316.1
316.3

11

8l.4

vel
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42
43

44

45
46

48
49
50
51

126

$JOB TIMT=10, NISUBCHK

c

c

DIMENSINN COEFF(Ll.8) yACOFFF{11),8LNUSS(11,8),ANUSSL(L])
CTMFASICN ALIL11),UFLELYY,BCOGF(1Y)
DIMENSICN OUT (8)
RFAL MWyLoLTOTALIRENDO,IQFLUX
DIMENSICN GRSUL1)+iRENOULI1 ), PRD(LY),PAL(L]),GRAEZ(11)
CLVMCN TO>URF(1isd) «TISURF(11,8),TCCADK(11,8)
COMMCN TRULKELL) oFILMTMILIL),TIMSUF{11),T(11)
COMMCN COVU(Lli)e>PHT(L1),RQU(I11),VISC(]11),BETA(LL)
CIMMCN TIn,TuuT,JLISST
COMNCN TRUUMWVILTS s TAMPS y MW ,NRON,TBATH
COMMON L{11) s LTOT4L sOIN,DIUT
CNMMCN CDENGZOENSWIKeSIST(11,8)
COMMCN ICrLUX(4l.B)
L{1)=4.,00
LE2)=T7.7499
L{2)=8.8.61
L{41=0.0
L{5)=0.0
L(6)=0.0
L{?7)=0.1509
L{B8)=1.25
L(9)=2.5
L(10)=5.0
Li111=7.5
LTCTAL=23.00
AL{1)=4.0
AL (2)=17,7499
AL(3)=8,.8l61
AML(4)=0.0
AL (5)=0.0
AL(&)=0.0
ALL{T)=9.1501
AL(8)=10.2503
AL(9)=11.5
AL(10)=14.0
AL(11)=16.5
ALTCT=18.0
REAC(S,10)NRUN
10 FORMAT(1Y)
CELL READS
caLt CCRECT
CALCULATION OF CURKENT DENSITY Jo THIS IS USED TO CALCULATE INSIDE
SUPFACE TFMPcRATURE AND RADIAL HEAT FLUX.

XAREA=Q,QUJLI V1951
COEN={0.5%*TAMPS)/XAREA

COENSC=COcN*C DeN
G=4.17%C8

DIN=C.051017
NOUT=0.C6250

CALL ERSTVT

CALL THCOND

CALL ISURFT

Catl TFLLL
CALCULATICN OF BULK TeMPFRATURE FO? STATION 1 - 11

DY 325 1ST=1.11 :
TOULKCTIST) =sTIN#{{TIUT -TIN) #ALLIST)/ALTCT)
325 CONTINLE )



[ala]

o0

127

CALCULATICN GF LOCAL HEAT TRANSFER COEFFICIENT - SYATION 1 - 3

D7 350 1ST=1.4
DO 250 1PR=1.8
COCFFLISTyIPRI=1JFLUXLIST,IPRY/ZITISURF(IST,IPR)~-TBULK(IST))
350 CONTINUF
CALCULATICN UF LJLAL HEAT TRANSFER COEFFICIENT -~ STATION 7 - 11
D2 375 18T=7,i1
D7 375 1PR=1,8
COTFFIIST, IPRI=1QFLUKCIST,IP2) /{TISURF{IST,1PR)-TBULK(IST))
375 CONTINUE
CALCULATION LF AVERAGE LOCAL HFAT TRANSFER COFFFICIENT - STATION
1 -3
DD 2 1ST=1.3
ACOF=0,0
DO 3 IPR=1,8
- ACNF=ACOF+CueFFLIST,1PR)
3 CONTINUF
ACOSFF{IST)=ACOF/8.0
2 CONTINUF
CALCULATION OF AVERAGE LOCAL FEAT TRANSFSR COEFFICIENT - STATION
7T - 11
DY 4 18T=T7,11
BCOF=0.0
DN 6 1PR=]1,8
BCOF=BCOF+COEFF(LIST I PR)
6 CONTINUE
ACNEFF{IST)=BLUF/8.0 ; !
4 CONTINUE .
CALCULATES MzcaN INSIODE SURFACE TEMPERATURES - STATION - 1 - 3
09 650 1ST=1,3
T1=0.0
D7 660 IPR=1.,8
TI=TI+TISURF(IST,IPR)
660 CONTINUF
TIMSUFLISTI=T1/8.0
650 CONTINUE
CALCULATES McAN INSIDE SURFACE TEMPERATURES - STATICN 7 - 11

DO 675 IST=7,11
$=0.0
DN 680 IPR=1.8
S=S+TISURF (IST . IPR)
680 CONTINUE
TIMSUFCIST)=S/8,.0
675 CINTINLE
CALCULATES AVERAGE HEAT FLUX AT EACH STATION TO CALCULATE AVERAGE
MHEAT TRANSFeR COSFFICISNT BY SECOND METHOD
DY €51 IST=1,3
FL=0.0
D7 €52 IPR=xl,8
FL=FL¢TQFLUXCLIST,IPR)
£52 CINTINUE
OFL(IST)=FL/8.0
651 CONTINUE
07 €53 1ST=7,11
SFL=0.0,
N) €54 TPR=1,8
SEL=SFL+TJFLUX(IST,IPR)
654 CONTINUF



128

103 QFLLIST)=>FL/8.0
104 653 CONTINUE
Coated kst b ok XA Rk ok K ok ko ok o kR b R Rk Rk K ok

c CALCULATES AVERAGE HEAT FLUX AT EACH STATION TO CALCULATE AVERAGE
C HEAT TRANSFER COcFFICISNT BY SECOND MZTHOD

c
105 DN €56 1ST=1,3
106 BCOEF(ISTI=QFC (ISTI/UTIMSUFLIST)I-TBULK(IST))
107 £56 CONTINUE
108 01 &57 IST=7.11
109 BCOFFUIST)=UFL(ISTI/(TIMSUFLIST)-TBULK(IST))
110 657 CONTINUE

C CALCULATES FILM TcMPERATURE BY ARITHMETIC AVERAGE OF BULK AND
c MEAN INSIDc SURFALE TEMPERATURES STATION 1 - 3

111 DN 7CO 1ST=1.3
112 FILMTMEIST)=(T IMSUF(ISTI+TBULK(IST))/ 2.0
113 700 CCNTINUE

C CALCULATFS FIL™ TeMPERATURE BY ARITHMFTIC AVERAGE OF BULK AND
c MFAN INSTOc SukFALc TEMPERATURES STATICN 7 - 11
114 D0 725 IST=7,11

115 FILMTMUIST )= (T IMSUFLLIST)+TBULK(IST))/2.0
116 725 CONTINUF
117 CALL PHRNP
c CALCULATES LOCAL NJSSELT NUMBER STATION 1 - 3
c
118 09 450 IST=1.3
119 0O 450 1PR=1,8 ;
120 BUNUSSCIST IPRI=CIOFF(IST, IPR}*DIN/COND(IST)
121 . 450 CONTINUE
c CALCULATES LUCAL WJSSLLT NUMBFR STATION 7 - 11
c
122 09 415 IST=7,11
123 DI 475 I1PR=1.8
124 BLNUSSCIST IPRI=COEFFLIST,IPR)IFDIN/CONDLIST)
125 475 CCNTINUF
C CALCULATES AVERAGE LULAL NUSSFLT NUMBER STATION 1 - 3
126 03 510 IST=1,3
127 SU¥=0,0
128 07 SCO IPR=1.8
129 SUM= SUM+BLNUSS (1ST . 1PR)
130 500 CONTINUF
131 ANUSSLTISTI=SUM/B.V
132 510 CONTINUE
C CALCULATES AVERAGE LUCAL NUSSELT NUMBER STATICN 7 - 11
133 DN 520 IST=7.11
134 BSUV=0.0
135 02 525 1PA=1.8
136 BSUM=BSUM+BLNUSS(1IST, IPR)
137 25 CONTINLUF
138 ANUSSLETISTI=BSUM/8.0
139 .820 CONTINUE
' c CALCULATES LOUCAL GKRAETZ NUMBER  STATION 1 - 3
¢ .
140 N9 S50 1ST=1.3
141 GRASZAIST)=Ma* SPATLIST)/Z(CONDCIST)I*LIIST))
142 550 CANTINU® :
C CALCULATES LOLAL RAETZ NUMBEP STATION 7 - 11
¢ .
143 DY 575 1ST=7.,11

144 GRAEZ{IST) =Ma* SPATLIST)I/LCCNDIISTI*LLIST))



145

146
147
148
149
150

151
t 182

153
154

155

156
157
158

159

10
Tél

1€ 2

163
164
165

166
167
168
169

171

172
173
174
175
176
177
178
179
180
181
182

184
185
186
187
188

OO0

129

575 CONTINUF

#i"*‘**####t*#'!l#**t*l*****‘i#‘ttﬂt0###*‘#'*&*#*******&***

CALCULATION OF HEAT INPUT

QI =(TAMPS®VULT S*5.41213)-QLOSST

TCBA={TIN+TUUT )/ 2.0 )

SHEAT=5.1u706E -1 +0.2290F-4*TCBA

QILT=Mw*SHEAT® { TUJT-TIN)

BISC=2.42%(1l.6740E2 -5.,4455%TBATH +8.37152E~-2*TBATH*TBATH
$-7.3076F-4*TOATHATEOATHRTBATH +3,7748E~6*TBATH*%4 —-1,1386E-8%
STRATH=2*S +1.848TE~1l1*TBATH®R%E ~]1,264€3E-14%TBATH®%7)

RENC=42MW/ (DiN*0ISL*3.14159)

CPTR=100.u*lul~-vuuT }/7Q!

ACCND=241.9.%(7.5T092%-4 ~1.05-6%TCBA)

CISC=2.42%(1.674622 =5,4455¢TCRA +8,3752E-2%TCBAXTCBA -7.3076E-4
$¥TCBAXTCBAXTI DA +3.7T48E~6%TCRAXXSL —-1,1386E-8*TCBA**5 +]1,.,84875-11
$HTCBAX%E ~i.2403c-1L4%TCBA%XXT)

PRNO=(S+-EAT*Z15C )/ ACUND
CALCULATES GKRasHJIF NUMBER AT EACH STATICN
CCURE=DIN*ODIN*DIN
0" 730 IST=1.3
GRSUISTI=0LUBE*G*BTA(IST) «ROU (IST ) *%«2*{ TIMSUF( IST)-TBULKLIST))/ LV
$ISCLIST)®VISCUIST)

730 CONTINUE

CALCULATES GRASHUF NUMBE R AT FACK STAFICN

DD 740 IST =7,11

GRSIISTI=0UCUBE*G# ot TALISTI*RCULIST ) ** 2% (TIMSUF(IST)=TBULK(ISTII/Z(V
$SISCLISTI®VISILIST))

740 CONTINUE

CALCULATES LULAL KZYHOLOS NUMBER STATICN 1 - 2
0N 750 IST=1.3
IRENO(TIST)=4*(Mn/ L VISCLIST)*DIN*3,14159S))

750 CONTINUF

CALCULATES LOCAL KEYNULDS NUMBSER STATICN 7 - 11
DI 760 I1ST=7.41
IRENOUIST) =4 {MW/{VISCUIST)*DIN%*3.14156))

TE0 CrNTINUE

IRENC(4)=0.U
JRENO(S)=u,u
IRENCI6)=V.0

CALCULATES AVERAGE JcYNOLDS NUMBER
BRENC=0.0 '
Cn 751 IST=1,11
BRENO=BRENU+1RcNDLIST)

T£1 COANT INUE

ARENC=BRENU/B.0
N™ 770 1ST=1,.3
PRO(IST) =( SPHT LLISTI*VISCLIST) ) /CONDLIST)

770 CONTINUS

0N 780 1ST=7.11
PRO(ISTI =L SPRY (ISTI*VISCUIST)) /CONDLIST)

780 CONTINUE

NN 790 1ST=1.,3
RALIISTI=LRSLLISTYI*PROLIST)

790 CONTINUE

DN 8CO 1ST=7,11
RAL(IST)=CRSLIST)I*PRULIST)

800 CONTINUF
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189 WRITE(E.111)
190 111 FORMAT(1HL)
191 WRITE(6,112)NKUN
192 112 FORMAT(23A,1508"=1)/23X,"RUN NUMBZR *,13/23X,15('-"})//)
153 WRITE(E,1LD)
194 113 FORMAT(BX,* [Ind>IUE SURFACE TEMPERATURES - DEGREES F'//
$OX LY Xt TR 3 TR Ty TX "8 TX 99 4 TXy'10%,6X,'21%4//)
185 00 114 IPR=1,8
196 J=1
197 DO 116 IST=i.11
198 IF{ISTeGEuusAND.ISTLLELH) GO TO 116
199 SUTLII=TISURFLIST 1Pk}
200 J=ld+l
201 116 CONTINUE
202 114 WRITE(64107)IPR,LIUTIK)K=1,8)
203 117 FORMAT(3Xy1ie2AsFOess1XyFba146(2X4F6.1))
204 WRTITE(6,211)
205 211 FORVAT(//)
206 WRITTE(E,118)
207 118 FORMAT{BX,* [NSIDZ RACIAL HEAT FLUXFS - BTU/{SQ.FT.-HR)'//

SO 1 b Xo et h TR By TXy T TX "By TX 947X, '10'46Xy'11%4//)
2C8 DO 119 IPx=l.8

209 J=1

210 DO 121 1ST=l.,11

11 IF(IST «GS.4.ANULIST.LELG) GO TO 121

212 QUTLJY=1QFLUX(IST,IPR)

213 J=J+l

214 121 CONTINUE

215 119 WRTTELE,122)IPRy(OUTIK) yK=1,8)

216 122 FIORMATI3Xy il el KeFoelr LXsF6.1+6(2XyFb.1))

217 WRITE(E,123) .

218 123 FOARMAT(//,6X.' BJLK FLUID TEMPERATURES - DEGREES F'//,
$10X, "1 e bhe 2t yTXe 3 o TXp T yTXe"B 3 TX2'9yTXs*10",€X,"11",//)

219 J=1

220 DO 124 IST=1.,11

221 IFLIST.GE. 4. ANDJIST.LEL6) GO TO 126

222 CUT(JII=TBULK(LIST)

223 Jad+l

224 126 CONTINUE

225 124 CONTINUE

226 WRITE(€&,127) (OUT(K) K=1,8) .

227 127 FORMAT{6X (X sFbel)sSU2XyF6.1))

228 WRITE(EW1200TIN,TUUT

229 128 FARMAT{//dXe! (JUrkclCTED INLET BULK TEMPSRATURE= *',F6.1,' DEG. F !

$,//8Xy* LUKKELTED DUTLET BYULK TEMPERATURE=!,Fb6.14' DEG. F ')
230 WAITE(ENLL)

231 11 FCRMAT(1HL)

232 WRITE(643. ) NRUN,KENDWPRND,QT, COUT, QLOSST ,AREND, QPER
233 312 FORMATI(23A,100'=")/23X,'RUN NUMBER *,13/23X,15("'~")//
$ 10X, "heYNOLUS NUMBER =Y ,F9,.,3/
$ 10X, *PRANDTL NUMBER =?,F9.3/
$ 10X, *hEAT IWNPUT =AMPEVOLT*C-QL=" ,F94.3,2X,'BTU/HR'/
$ 10Xy *HEAT QUTPUT=M*CPR(T2-T1) =" ,F9.3,2X,"'BTU/HRY/
$ 10X, *HeAT LOSS =' yF943,2X,'BTU/HR Y/

$ 10X, PAVERAGE REYNILDS NUMBER =',F9,3/
$ 10X, *% EhRIR 1IN HEAT BALANCE =',F9,.3)
234 WITE(E,129)
23S 129 FORMAT{//+8Xe® LICAL HEAT TRANSFFR CCEFFICISENT - BTU/(HR-SQ.FT-DE

$GaF) /70 Ghe LY 0bXe Lt 2 TX "3 TX " T 4 TX 4 89 TX"9" s TXs 10" 46X, 11",
$/7)
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247
248
249
250
251
252
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254
255
256
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258
259
260
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€O 121 IPR=1.+8

J=1

D7 122 IST=1,11
IF(IST.GE.4.ANO.IST.LEL6) GO TO 132
QUTCI) =COcFRLIST,1PR)

J=J+1

132 CONTINUE

131 WRITE(64133)IPKy(JUTIK) yK=1,8)

133 FIRMAT(3Xyile2XeFoale 1XyFEL1y612X,F6.1))

WRITE(E,134)

124 FORMATU//ybXke?'  AVERAGE LNCAL FEAT TRANSFER COEFFICIENT - BTU/(HR-
SSOFT=DEGa ) /7 UXe P Lt g6X9" 2% 06X e "3 g TX e T oyTX "8y TXs'9",TX,'10',6
$Xe%11%,/7/)

J=1
DO 136 1ST=1,11
IFLIST.GEa4,aANDLIST.LE.6) GO TO 137
QUTLJ)=ACOLFFLIST)
J=J+1

137 CINTINUE

136 CONTINUE
WRITF{6,138) (GUT(K) »k=1,8)

128 FORMAT(6Xe5tLXsFoal)eS{2XyFbE.1))
WRITF(€4139)

139 FIRMAT(//8Xs' AVERAGT LOCAL HEAT TRANSFER COCYFFICIENT - BTU/(HR-S
$Q.FT-DEG.F) BY ScCOND DEF.'//710X, "1 86Xy 120 ,6X,"3" 37X 7y TXs'8%,7
SXe 'V TX 11Ut OXe'Li" /) '

J=1
DN 141 [ST=1l,11 |
IF{IST.GF.4ANDSIST.LELS) GO TO 142
QUT(J)=BCUcFL1ST)
J=J+l
142 CONTINUE
141 CCONTINUE
WRITC(6,145)0 (0UTIK) »K=1,8)
143 FIANAT(OX,a(LXeFoerds5(2X,F6.1))
WRITF(E,24)
24 FORMAT(1HL)
WRITF(6.72) .
72 FIRMAT(//LXsYAVERAGE LOCAL NUSSELT NUMBER?)
63 FORNMAT(/LUAs' L sTAs'2'47X,'3")
C6 FORMAT{/LUAe'T's0Xs U ¢5X9'9' 45X, 10" ,7X,"'11")
€9 FORMAT(S5XeFbaledF7.1)
Tl FORMAT(5X,F8.144FT.1)
WRITE(6,63)
WRITF(L 63 LANUSSLLISTYIS5T=1,3)
WeITEL6y60)
WRITELL W TLICANUSSLUIST ) 1ST=7,11)
WRITE(6,4T0)
76 FIRMAT(//iXe"AVERALE LOCAL GRAETZ NUMBER®*)
WRITEL&,E3)
WRITE(6,69)IGRAELZIIST) 41ST=1,3)
WRITE(Es60)
WRITELGTLICGRAEZ(LEST)IST=T7,11)
WRITE(L,T79)
79 FORMAT(//1X.*LUCAL AVERAGE GFASKOF NUMBRER')
C WRITE(6463)
W ITE(6ySY LGRS ISTIZIST=1,3)
99 FARMATI(LIX.3F9.2)
WRITE(6460) )
WRITE(H,IVULI(GROLIST) IST=T,11)
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292 101 FORMAT(1X,5F9.2)
293 WA ITE(6,83)
294 83 FORMAT(1HL)
295 . WRITE(6484)
296 84 FORMAT(//.X,'LOCAL AVERAGE REYNOLDS NUMBER')
297 WRITF(E,63)
298 WA ITE(E,69)(IRSNOCIST), IST=1,3)
299 WITE(6,66)
300 WRITE(EyTLILIRENDLIST) (IST=T,11)
301 WRITF(6,88)
202 88 FNORMATU//LAs'LJLAL AVIRAGE PRANDTL NUMBER')
303 WRITE(6,63)
204 WRITE(6,69)(PROLIST), 1ST=1,3)
305 WRITE(6,66)
206 WRITELG T2 JPROLIST ), 1ST=7,11)
¢
207 WRITE(E,92)
308 92 FORMAT(//i4s'LICAL RAYLSIGH NUMBER!)
209 WRITE(&,91)
310 91 FORMAT(TX, 11 48Xs'2'49X,*3")
311 WOITE(6,93)(RALIIST ), 1ST=1,3)
212 63 FNRWAT(S5X,3F9,1)
313 WRITE(6,56)
214 S6 FNRMBT(//9Xe*T' 5K, '8"' 418X, "9',8X,'10',8X,'11")
315 WRITE(6,94)(RALIIST), IST=7,11)
216 S4 FORMAT(5X, 5FY. 1)
317 WRITE(6,94)
318 98 FCRMAT(1k1)
319 STOP
220 END
C e ok ol o e ok o ol e i 3k e A 4 o e ok ok oo o o ok o vk o ok e kol ke o ke ok s s o o ok ok ok e ok ok e e ok ok e o ke ke sk ok s ok
C o ook ok ok sk ook ko o sk RO i Nk e A i ok b ok ok doOR o o ok sk sk ok ool okt koK e v e ok sk X sk ok Ok ok koo ok ok ok
221 'SUBROUTING READS
22 REAL MhoLo LTOTAL . EREND, TOFLUX
323 CIMMCN TOSUKF( 1448) +TISURF (11,8),TCCNDK(11,8)
324 CIMMCN TBULK(L11)4FILATMILL) ,TIMSUF(11),T(11)
325 COMMCN COVDUL4)s5SPHTEL1Y),ROUILIL),VISCILL),BETA(LL)
226 CIMMON TIN,TOUT,WLOSST
327 COMMCN TRUUM,VOLTSs TAMPS ,MW,NRUN,TBATH
328 CINMCN L(iadsLTuTaL,DIN,DGUT
329 COPMAN D2y e JENSUSRESIST(11,8)
330 CAMMON TQFLUX(11,8)
231 WITTE(6, luw)
232 104 FCRMAT(1KL)
C  READS PHYSILAL WUANTITIES MEASURED
333 REACIS . 1INKUN . Mo TINy TOUT,VCLT S, TAMPS, TRCIM, TBATH
334 1 FARMAT(I1U,7F10.9)
335 REAC(5,2)C(TUSURF(IST +1PR),1PR=1,8),IST=1,11)
336 2 FORMAT(AFLU.U)
¢ WPITES PHYSILAL WUANTITIES MEASURED IN TABLT FORMAT
337 WRITE(6s10L)NKUNy Ao TIN, TOUT,VOLTS, TAMPS, TRACH, TBATH
338 101 FORMAT(33X,15(=7)/53X, 'RUN NUMBER *,13/33X,15('=")//

'y FB8.292X, 'LBM/HOURY/
1, FB8,2¢2Xy*DEGREES F'/
' yFB8.2,2X, "D%GREES F/
"y FB8.292Xs'VOLTSY/

1,FR,2,2X, "AMPS/
L]
L]

115X, *FLUID MASS FLIwW RATE

$15Xy UNCORAECTEY 1WLeT BULK TEMPERATURE
$15X 4 "UNCOKRELTED JJTLET BULK TFMPFRATURE
415X 'VOLTAGE DhuP IN THE TEST SFCTICH
515X, '"CURRENT TOJ Tre TEST SECTICN

$15Xe 'RACM TEMPERAIURE

715X, *BULK DATH TeMPERATURE

vF8.2,2X,*DEGREES FY/
1FB8e242Xy "DEGREES F1/

LU L [ | I A 1)
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240
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342
343
344

345
346
347
348

352

357
358
359

360
361
362
3¢3
64
3¢5
366
3¢7
368
369

c
c
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8)
WRITES TI1Tue FOR JUTSIDE SURFACS TEMPCRATURE
WRITF{ &, 102)
102 FORMAT(//2uxs' OUTSIDE SURFACE TLMPERATURES — DEGREES F'//
SOK 10X e 20 6K0 38, 06X 0 4 ) OX g5 g X E 16X e T X8 46X5'9,6X
$'10°%,5X,"11%77)
WRITEL64 1BV LIPRy(TOSURFLIST,IPR),1ST=1,11),1PR=1,8)
103 FCRMATU(3X, I1,Fb.)le1OFT.1)
RETURN
END
SUBROUTINE CORECT CURKECTS BULK TEMPERATURES AND CALCULATES HEAT
LCOSS FROM THE TEST SeCTION

SUBRCUTINE CORECT

REAL MU, L LTOTALJVIREND, ICQFLUX

COMMON TOsuURF(il+80,.TISUFFL11,8),TCTNDK(11,8)
COMMON TBULKLL1) FILATMIL11),TIMSUF(11),T(11)
CIMMIN CONDEI11,5PHTCL1),ROU(LY),VISC(11),BETA(LL])
COMMON TIw,TOUT,QLOSST

CIMMEN TRULMeVILTS TAMPS, MWy NRUN,TBATH

CIMMCN L2} LTUTaL DIN,DOUT

COMMON CCeN COENSW e SIST(11,8)

COVMMON T1QFLUX(11.8)
TIN=TIN=-0.77/70200.23-T6.TI*{(TIN-TPO0OM)
TOT=TMWT+1.13/(210.23~-T76.7T)*(TCUT~-TRCCM)
CALCULATES ntaT LISS FROM THE TEST SCCTICM

CONSTANTS 567 .¢9vclua23y AND 76.7 AR[T OBTAINED FROM CALIBRATION

DATA ;

OLOSST=527.£/(210.23-76.7)*((TIN#TBUH)/Z.O—TROOM)
RETURN

END

SUBPCUTIN: THLOND

REAL MW, L, LTOTALLIKEND,IQFLUX

CI+MON TOSURF(1lir0)TISURF(11,8),TCONDKI(11,8)
COMMCN TBULKLL L) »FILATMIYIY),TIMSUF{11),T(11)
COMMCN CONLILL),5P4TEL1)FOULLL),VISC(1L1),BETA(LLY
COMMCN TINLTOUT,CLUSST

COMMCN TRLUOMWVILTS e TAMPS MW ,NRUN,TEATH

CAMMON L(11)oLTUTAL.DIN,DOUT

CIFVMCN COcNCUENSULKESTSTI(11,8)

CCMMCN 1QFrLUXILLY,0)
TCONDK IN wATT/METER-UFGREES F

D2 12 15T=1411

D0 12 IPR=}1,8 .
TCONDK{IST 4 IPR)I=0.561516%(T7.8034 +0.516915~2%TOSUPFLIST,1PR)
$ ~0.88501c~o*TOSURFLIST,IPR)*TOSURF(IST,1PR))

12 CONTINUE
RETURN
END

SUBROUTINE ERSTVT

REAL MW,L LT3TALJIREND,TIQFLUX

CIMMCN TO>UF(11,3) TISURF(11,8),TCCNDKI(11,8)
CIMMEON TBULKILL} o FILATMELY ) TIMSUF(L11),T(11)
COMMEN CONUILLL)odPHT(L1L),ROUILL),VISCLIL),BETALLL)
COMMCN TIn,TOUT.WLUSST
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CIVVEN TRUUMeVULTS, TAMPS MW ,NRUN,TBATH

CIMMON L(11),LTOTAL.DIN,DCUT

COMMCN CDENLLDENSULRESIST(11,8)

CIOMMCN TOFLUX(1l.b)
RESIST(IST.1PR) IN OHMS METER IN THIS EQUATION

D2 12 1ST=1,11

00 12 1PR=]l.4

RESISTIISTWIPRI=V.U54*(0.26015~4 + 0.1379045-T*TOSURF(IST,IPR) +
$0.85158%—1 12 TUSURF L 1ST,IPR)®TOSURF{IST,IPR) ~0.101195-15*TOSURF
${IST,1PR)=x3)

12 CONTINUE

PETURN

END
SUBROULTINE IFLUX LALCULATES RADIAL HEAT FLUXES

SUBRCUTINZ I1FLUX
REAL MW,L,LTITAL,IRENTD, 10FLUX
COMMEN TNSURFL1Ye8) »TISURF(11,8),TCCNDKI(11,8)
CIMMCN TBULAELLY) yFiLATMIY1),TIMSUF(11),T(11)
COMMON CONULLL),SPAT(11),AOU(21),VISC{11),BETA(]11)
COMMON TINSTUGUT,WLISST
COIMMCN TROUM, VULTS s TAMPS MW NRUN, TBATH
COMMON LIE11),LTOTALLDIN,DCUT
CIFMMCN CDeNsCOEN>UWRLSTISTI11,8)
COMMCN TOFLUACLY,8)
IN THE CAatCuLATION OUF TQFLUX 5.7784775-4 IS CONSTANAT,
THIS CONSTANT CRDMES FRUM The TcRM : O.S5*{R]1%#%2-R2=x2)/R]
AND CONVERSITON FACTCR FROM \
WATT /(SO.METER) TU BIU/(HR-SQ. FEET).
D7 7S 1ST=1.3
D1 75 1PR=1,8 .
TOFLUXCISTWIPRI=(CIOENSQ*RESIST(IST, IPR))*5.7784775~4
75 CONTINUE
D3 125 1ST=7,11
09 125 IPR=1,8
IOFLUX({IST 2 1PRI=LCOENSQ*RESIST(IST,1IPR))}I*5,7784TTE-4
125 CONTINUE.
RETURN
END
SUBROUTINE 1SURFT CALCULATES INSIDE SURFACE TEMPERATURES

SUSKQUTINe ISURFT -

PEAL MW, L, LTUTAL,IRENDZIQFLUX

COVMCN TOSUKF(11e5) ,TISURF(11,8),TCCNDKI11,8)

COMMCN TBULKIETY) o FledTMIL1),, TIMSUFILY),TE11)

CYUVMON CCND(LY ) SPHT(11),ROU(LY),VISCL]11),BETALLY)

CIMMCN TINLTIUT,WLOSST

COMNCN TRIOUMWVILTS +TAMPS MW NRUN,TBATH

CAOFMMCN t {11, LTUTALLDIN,DOUT

CIOIMMON CDchhy COENSW ReSTIST(11,8)

COMMON TOFLUXL1l,0])

IN ThE FCUATIUN FOR THE CALCULATION OF THFE INSIDE WALL TEMPRATURS
1.45414%~-06 1S O3TAINSD FROM THE FXPRESSICN: ((R1%%2)-(R2%x%2)1})/4,
’ 0.5
F(AZ*22 )¢ NIR2/R1I . R1 AND F2 BRZ RADIAI FFOM SHSLL BALANCE.

LN DFNGOTES NATURAL LOGWRITHM IN THE RBDVE EXPRESSICN

DO 15 1ST=1,3

D7 15 1PR=1,8

TlSURF(ISI.IPK)=TJSURF(lST.IPR)—(ICDENSQ=RESIST(lST.lPR))/TCONDK(l

$STLIPR))*],4541%E~0
15 CONT INUF
DN 25 1ST=7,11
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427 DN 25 1PR=]

428 TISURF(IST ., lP&) TUSURFUIST ,TPR)I~-((CLENSQ*RESIST(IST,IPR)}/TCONDKLI
$STLIPR))I*L .4541E-06

429 25 CONTINUE

430 RE TURN

431 END

c SUBROUTINE PHROP EVALUATES PROPERTIES OF ETHYLENFE GLYCOL AT FILM
c TFUAPERATURE

C
432 SUBROUTINL PHAOP
433 REAL MW,L,yLTOTAL,IREND,TQFLUX
434 CIVMON TNouxkFE1l,d)oTISURF(11,8),TCONDK(11,8)
435 CIMMON TOULRCLL) o FILMTM{I1),TINMSUF(11),TL1Y)
436 COMMCN COWLlLLd,SPHATLLIL)ROU(21),VISC{11),BETA{L])
437 COMMCN TInwTIUT,.QLISST
438 CTMNMON TRUUMZVULTS, TAMPS yMW,MRUN,TRATH
439 CIMMCN LUL1)»LTOTALDIN,DOUT
440 COAMMON: COENe L IENSWeRESISTI1L,8)
441 CCMMCN TQFLUX(1L,8)
c b SPHI 1N oTJ/(LBM-DEG F)
C ok ok ok ConD IN oTJU/(HR-FT-DFEG F)
c kR Rou IN LBM/CUBIC FZET
C kel 1.8 IS A CONVERSION FACTOR, 1T CONVERTS O€G, C TO DEF. F
C THIS IS IN oeTa EXPRESSION.
442 03 10 1S7=1,3
443 SPHT(IST)=5.18950E~1 +6.2290FE- 4*FIL4TM(IST)
444 10 CINTINUE
445. DO 20 1ST=7,11
446 SPHT(IST)=5,189%06C~1 +6.2290F~4*FILMTM(IST)
447 20 CNNTINUE
c
448 DY 30 IST=1,3
469 COND(IST)=24.+91%(1.57692FE-4 ~1.0F—-6*%FILMTMIIST))
450 30 CONTINUE
451 D3 40 ISTa7,11
452 COND(IST)=24L.91%(T7.57692%~4 -1.0F-6%FILMTM{IST))
453 40 CCNTINUE
C
454 0N &0 IST=1.3
455 VISCUISTI=2.42%{1.5T46E2 ~5.4455%FILMTM(IST) #8.3752E-2*FILMTM{IST
SICFILMIMULIST) =T.50766—4*FILMTM{ISTI*FILMTMUTIST)AFILMTM(IST) 43,77
$48C~6*FILMTMUIST J%%g ~1,1386E-8%FILMTM{IST)*%5 +1,8437E~11*%FILMTM(
$ISTIRXG —i oc4u03E~14*F ILMTMUIST ) %*T7)
456 50 CONTINUF
457 DN 60 IST=7,11
458 VISCUIST)=2.,42%(1.0l46F2 ~5.46455%FILMTU(IST) +8.3752E-2%FILMTM(IST
$)RFILMTIMLULST) ~T.30765=4*FIUMTMIIST)AFILMTMITIST)AFILMTMLIIST) 43,77
$48C—-ExFILATMUISTI**4 ~1,1386F-B%FILMTM{IST)*%5 +1.8487C-11%FILMTML
$IST)I**6 ~,.24035~14%F ILMTMIST }=%x7)
459 €0 CCNTINUE
c
460 NN 70 IST=1,3
461 TIISTI=10. U (FILMYM(IST)~-32.0)/18.0
4¢2 70 CONTINUE
463 D0 80 IST=7.i1
464 : TOIST)=10.ux(FILMTME1IST)I-32.0)/18.0
465 80 CONTINUE
c

466 D3 90 IST=1.,3
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467 ROUGTISTI=00.426/ (V.9 %848 +6,2T7965—4x (T{ISTI-65) +9.2444E-T*{T(1ST
$)-65)%42 ¢3,05TE=3%(T(IST)-E5)#83)

468 S0 CCNTINUE

469 DO 100 1ST=7.il .

470 RIVIIST)=02.428/10.924B48 +6,27T96E-4% (T(ISTI-65) +9.2444E-TH*(T(IST
$)-65)1%%2 £3.057E-9% (T (I1ST)~65) %%3)

471 100 CONTINUE :

c

472 PO 110 IST=1,3

473 BETA(ISTIZROUL ISTI*(642796E~4 +9,2444E~T#(T(IST)-65.)%2 +3,057E-9%
S(T(IST)I=-63.)%%2%3.10/62.428/1.8

474 110 CONTINUT .

475 DY 120 TST=7,11

476 BETA(ISTI=AUULIST I ¥ (0. 2T96E~4 6,24 44E~TH(T(IST)=65.)%2 +3,057E-9%
S(TLIST)~63.)9%2%3,1/62.428/1.8

477 120 CCNTINUE

478 RETURN

479 END

$ENTRY
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DIN
DOUT
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Nomenclature for Computer Program
average local heat transfer coeff1c1ent calculated by Equation

(6.2), Btu/(hr-ft2-°F)

thermal conductivity of the ethylene glycol evaluated at aver-
age of inlet and outlet bulk temperature, Btu/(hr-ft-°F)

location of the station number on the test section to eva]uate
bulk temperature, ft

average local Nusselt number
average Reynolds number

average local heat transfer coefficient calculated by Equation
(6.3), Btu/(hr-ft2-°F)

coefficient of volume expansion of ethylene glycol, 1/°C

viscosity of the ethylene glycol evaluated at bulk bath tem-
perature, 1bm/(ft-hr)

« local Nusselt number

current density, A/m2
current density square, A2/M4

viscosity of ethylene glycol evaluated at average of inlet
and outlet bulk temperature

local heat transfer coefficient, Btu/(hr- ft2 °F)

conductivity of ethylene glycol evaluated at film temperature,
Btu/ (hr-ft-°F)

subroutine CORECT
inside diameter, ft
outside diameter, ft

subroutine to evaluate electrical resistivity of stainless
steel 304

film temperature, °F
gravitational constant, ft/hr2

local Graetz number



GRS
IFLUX
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local Grashof number

subroutine to evaluate radial heat fluxes

peripheral index :

local radial heat flux, Btu/(hr-ftz)

local Reynolds number

station number index

lTocation of the station number on the test section, ft
total length of the test section

mass flow rate, 1bm/hr

run number

dummy variable to transfer values

subroutine to evaluate physical properties of ethylene giycol
local Prandt]l number evaluated at ¥i1m temperature

Prandtl number evaluated at the average of inlet and outlet
bulk temperature

average radial heat flux, Btu/(hr-ftz)

heat input, Btu/hr

heat Toss from the test section, Btu/hr

heaf output, Btu/hr

percent error in heat balance

Rayleigh number

subroutine reads data and writes them in table format
Reynolds number evaluated at bath temperature
resistivity of stainless steel 304, (ohm-mz)/m
density of ethylene glycol, 1bm/ft3

specific heat of ethylene glycol evaluated at average of
inlet and outlet bulk temperature

temperature variable to convert from °F to °C
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TAMPS current to the test section, émpere

TBATH bulk bath temperature, °F

TBULK bulk temperature at a station, °F

TCBA average of inlet and outlet bulk temperature, °F

TCONDK cbnductivity of stainless steel, watt/meter-°F

THCOND subroutine to evaluate conductivity of the stainless steel 304
. TIMSUF mean inside surface temperature, °F

TIN inlet bulk temperature, °F

TISURF local inside surface temperature, °F

TOSUR? local outside surface temperature, °F

- TOUT outlet bulk temperafure, °F

TROOM room temperature, °F

VISC viscosity of ethylene glycol eva]uéted at film temperature,

; | Tbm/ (ft-hr)

VOLTS voltage drop across the test section, volts

2 2

XAREA cross sectional area, ft™ or m
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