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PREFACE

Experimental measurements of the heat transfer coefficient for
laminar flow inside a helical coil were made. Three fluids, ethylene
glycol, distilled water and normal butyl alcohol, were studied using
a helical coil with a Dc/di ratio of 20.2. The tube was heated by
passing DC current through the tube wall. All the experimental runs
were conducted under approximately constant wall heat flux. Local
outer surface temperatures were measured circumferentially and axially
along the length of the coil. Thé study covered the fluid flow range
extending from a Reynolds number of 30 to 5500 and a Prandtl number of
2.24 to 113.1.
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NOMENCLATURE

heat tranéfer surface area

average absolute percent deviation

specific heat of the fluid-

helical coil diameter

Dean number, Re/ﬁz75:' » defined by Equation (2.1)
inside diameter éf the tube

helical coil curvature ratio

straight tube outside aiameter

fluid elemenﬁ

electromotive force
Fanning friction factor, 16/Re
'gravitatiOnal acceleration

mass velocity of the fluid

2

Grashof number, di p gBAt/u2

Graetz number,zwcp/kL

local heat transfer coefficient based on the
tube inside diameter

peripheral average ﬁeat transfer coefficient,
defined by Equation (6.2)
peripheral average heat transfer coefficient,
defined by Equation (6.4)

current in the test section



Nu

Pr

Q/A

Re

Greek Letters

thermal conductivity

length of the heated portion of the test section
total length of heat transfer loop
Nusselt number, hdi/k

Prandtl number, Cpu/k

heat flow rate

heat flow rate

heat flux

Rayleigh number, Gr-Pr

Reynolds number, diG/u

fluid temperature

dimensionless inside wall temperature
tube wall thickness

bulk fluid temperature

inside wall temperature

circumferential average wall temperature
fluid velocity |
mass flow rate of fluid

dimensionless axial distance, defined by Equation
(5.6)

coefficient of volume expansion of the fluid
fluid viscosity

fluid density

electrical resistivity

angular position
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Subscripts

avg - average

b - bulk fluid

c - helical coil

cr - critical

f - evaluated at fluid film temperature,
(t +t,)/2

i - inside of tube

in - coil inlet

o - outside of tube

out - coil exit

s - straight tube

w - wall
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CHAPTER 1
INTRODUCTION

Heat transfer in a curved tube is of fundamental importance in
various heat exchangers having heating or cooling coils. Curved tubes
are also used for heat transfer in heat engines and industrial equip-
ment. Some of the specific applications are:

1. Helical coils are used for transferring heat in mixing opera-
tions, chemical reactors and agitated vessels as well as in process
heat exchangers.

2. Helical coils have been used in rocket engines and in jacketed
vessels.

3. Helical coils have been studied for possible applications in
the design of a "daily dialyzer'", to be used as an artificial kidney.
Weissman and Mockros (42) recently studied the use of helical coils to
improve mass transfer rates in membrane blood oxygenators.

4, Due to the fact that helical coils have a compact configura-
tion, more heat transfer can be provided per unit of space than by the
use of straight tubes. Helically-coiled tubes are used extensively in
the cryogenic industry for the liquefaction of gases. Coiled tube
heat exchangers can economically satisfy the severe size and operating
conditions required by the Single Preésure Mixed Refrigerant Process
which is used for the liquefaction of natural gas.

Heat transfer in laminar flow can be considerably higher in coiled



tubes than it is in straight tubes. The reason for this is the exis-
tence of a so-called secondary flow resulting from the tube curvature.
When a fluid moves through a straight tube, the fluid velocity near the
center line is higher than that near the wall. However, in the case of
a coiled tube, each fluid element experiences a centrifugal force acting
away from the center of curvature of the coil tube and in the plane of
cross—section of the tube. Therefore, this force causes the motion of
the fluid element from the inside of the curvature to the outside. The
fluid at the outer wall returns to the inside along the tube wall to
replace the fluid forced outwards. This results in the formation of
two vortices symmetrical about a horizontal plane through the tube
vcenter. A highly idealized diagram of the secondary flow pattern is
shown in Figure 1.

It is possible, under some conditions, that natural convection
becomes an important factor in the heat transfer process. At low
Reynolds numbers, the natural convection effect will often predominate,
depending upon the temperature difference. The gravity force due to
the difference in density causes the motion of fluid element in the
vertical direction. If the fluid near the wall is heated, the heavier
fluid at the center of the pipe moves towards ﬁhe bottom and the fluid
at the bottom will return to the top along the tube wall to replace
the fluid flowing downwards. Figure 2 gives an idealized flow pattern
for the natural convection fluid motion at low Reynolds numbers when
the fluid is being heated.

The objectives of the research program were to study the various

heat transfer mechanisms that occur with laminar flow in a helically
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coiled tube. However, the principal objective of this work was to
investigate heat transfer mechanisms in the entranée region of the
helical coil, where oscillatory behavior is expected.

Experimental data were gathered for the helical coil using ethyl-
ene glycol, distilled water and n-butyl alcohol. A total of 60 runs
was made; 26 runs with ethylene glycol, 14 runs with distilled water
and 20 runs with n-butyl alcohol as the working fluid. The study
covered the fluid flow range extending from a Reynolds number of 30 to

5500 and a Prandtl number of 2.24 to 113.1.



CHAPTER II
LITERATURE REVIEW

The literature describing fluid flow in curved tubes dates back
almost 100 years. A chronological bibliography of important papers on
fluid flow in helical coils was compiled by Koutsky and Adler (20).
Srinivasan et al. (38) critically examined the various published corre-
lations for determining the pressure drop and heat transfer coefficient
in helical and spiral coils. Singh (37) gives a complete literature
survey of the work done on fluid mechanics of flow in helical coils up
to 1970. This survey will be limited to the work done on heat trans-
fer in the helically coiled tubes with laminar flow.

The first theoretical study in curved pipes was made by Dean

(8,9). Dean first showed that the parameter
De = Re Vdi/DC , (2.1)

now known as the Dean number, is the unique dynamic similarity para-
meter governing fluid motion in curved tubes. Using a perturbation
technique, he analyzed the secondary flow field as a deviation from
Poiseuille flow.

Berg and Bonilla (5) were the first to make a reasonably compre-
hensive experimental study in the laminar flow regime. They studied
three coils with Dc/di ratios of 5.3, 6.08 and 17.21. Air, water and

Essoluble 30 lubricating oil were heated in the coll by condensing



steam on the outside of the coil. They could not fit all their data
to a single generalized correlation. They tried to incorporate the
natural convection effect in their correlation but did not obtain a
worthwhile correlation. The length-average heat transfer coefficient
in a coil was correlated within an average deviation of some 20 per-

cent with each of the following empirical equations:

h.d d.
Ei—ul = Re’*2%[0.0000355 + 0.0009 1] (2.2)
P c

where all properties are evaluated at the mean bulk temperature, and

h,d d
Ei_ui' = Re'*2%[0.0000229 + 0.000636(33)] (2.3)
P Cc

where all properties are evaluated at the mean film temperature.
Berg and Bonilla proposed the following equation for the heating

of air in laminar flow with an average deviation of less than 10 per-

cent.
hd, wce_ \1.33
— = 0.000468 —P (2.4)
k/@ D_

The heat capacity, Cp, is evaluated at the fluid average temperature
and k is evaluated at the average tube wall temperature.

Berg and Bonilla (5) found higher inside film heat transfer coeffi-
cients for oil and lower inside film heat transfer coefficients for
air for flow in coils when compared with those in straight tubes under
similar flow conditions. This casts some doubt on the consistency of
their work.

Seban and McLaughlin (34) measured local heat transfer coefficignts

in electrically heated coils. They tested two coils having Dc/di ratios



of 17 and 104 for Reynolds numbers ranging from 12 to 65,000. They
used a medium heavy Freezene o0il to study the laminar flow regime and
water for the turbulent flow regime. They experimentally measured the
circumferential variation of heat transfer coefficients in the fully
developed temperature field and also measured the axial variation of
the heat transfer coefficients on the inside and outside of curvature
in the thermal entrance region.

Seban and McLaughlin (34) reported that in some of the runs, the
coefficients varied abnormally with increasipg down-stream distance.
The abnormality consisted of either a cyclic rise and fall in the
coefficients with increasing downstream distance, or an increase in
the coefficient at the last thermocouple station. They observed that
the thermal entrance length was much shorter for helical coils than
that for straight tubes at comparable Reynolds numbers.

They proposed the following empirical equation for the peripheral

average heat transfer coefficient for laminar flow in helical coils:

fc 9 1/3
= (0.13) [—8— (Re)“] (2.5)

where fc is calculated from White's equation (43); namely:

16 ‘lo 45 )1/0.45
ReVE—75;]

The applicable range for Equation (2.5) is 12 Re<5600<and 100<Pr<657.

-1

16
and fS * Re

Fluid properties were evaluated at a film temperature which was the

- average of the mixed mean fluid and the tube inner wall temperatures.



Kubair and Kuloor (21) studied heat transfer to aqueous solutions
ofvglycerol flowing through helical coils heated with steam. They
studied Reynolds numbers between 80 and 6000. They tested six helical
coils having di/Dc ratios of 0.037, 0.056, 0.074, 0.097, 0.022 and 0.031.
The peripheral and axial average Nusselt number was correlated within
a maximum deviation of + 10 percent and average deviation less than
5 percent. They proposed the following correlation:

d 0.7

Nu = [1.98 + 1.8(51)]cz (2.6)
C

for 80<Re<6,000; 20<Pr<100; and 10<Gz<1,000.

Mori and Nakayama (25) numerically solved the continuity and Navier-
Stokeé equations for helical coils by integral methods, subdividing the
flow pattern into a core and a boundary-layer region. They proposed
the following equation to predict the Nusselt number in the fully

developed region in the laminar flow regime:

Nu = °'§64(2.35 + /De) (2.7)
where
0.5
_2 77
L =11 1+ {1+ 2} (2.8)

4 (Pr)

The range for Equation (2.7) is stated to be applicable for De>30
as Pr » o, and for De>60 as Pr = 1.

To support their theoretically obtained equation, Mori and Nakayama
(24) measured the velocity and temperature distributions for air flowing
through a curved pipe having one complete turn with a Dc/di ratio of 40.
The pipe was electrically heated by nichrom wire wound arount it. From

the observed distributions, the peripheral average Nussult nubmers were
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calculated. They réported that the Nusselt numbers calculated from ex-
perimental data were in good agreement with the results ol their theo-
retlical analysls, |

It Qas shown by Dravid et al. (13), however, that Mori and
Nakayama's Prandtl number dependence is incorrect. For Pr>1l, Mori and
Nakayama (24,25) integrated the energy integrals of the thermal boun-
dary layer over the hydrodynamic boundary layer rather than over the
thermal boundary layer. Dravid et al. (13) and Akiyama and Cheng (2)
have shown that the theoretical results from the integral methods are
valid near Pr = 1.0 only, and the result for Pr > = is invalid. 1In
Equation (2.8), ¢ is the rafio of the thermal to hydrodynamic boundary
layer thickness. It can be.argued that ¢ should have an asymptotic
value of zero at infinite Prandtl number instead of 4/11, becaﬁse
while the hydrodynamic boundary layer thickness is independent of the
Prandtl numbef, the thermal boundary layer thickness decreases mono-
tonically with increasing Prandtl number to zero at infinite Prandtl
number.

Schmidt (33) experimentally e&aluated the heat trénsfer and the
pressure drop for fluid flow in helical coils. He tested five coils
having di/Dc ratios of 0.2035, 0.0983, 0.0493, 0.0244, and 0.0123. The
test fluids were air, water, and Shell Voluta oil 919.

Schmidt reported the following correlation for determining the
peripheral and axial average Nuéselt number for heat transfer in

helically coiled tubes:

: d, 0.9 o /3
Nu = 3.65 + 0.08[1+(0.80) (™) ]1(Re) Pr (2.9)
Cc
where
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d 0.194

a = 0.5+ (0.2903)(D—i)
‘ c
Equation (2.9) is applicable for lOO<Re<Recr.

It has been demonstrated by Kalb and seader (18) and Tarbell and
Samuels (39) that the Dc/di ratio, in the range of 10-100, has a
negligibie effect on the average Nusselt number and should not appear
explicitly in the mean values of heat transfer results. However, the
Dc/di ratio has a definite effect on the peripheral variation of the
fully developed local Nusselt number.

azisik and Topakoglu (28) evaluated the heat transfer for fully
developed flow by solving the governing differential equation using the
perturbation method. They reported that the Nusselt number in curved
pipes depends on the Reynolds number, Prandtl number and the curvature
of pipe. Later it was found by Akiyama and Cheng (2) that the method
uséd by 5zisik and Topakoglu is applicable only for the very low Dean
number flow regime.

Shchukin (35) studied heat transfer to water flowing through heli-

cal coils. The results of the experimental study were correlated by

the following formula:

0.25
Nu = 0.0575(Re)? 33 (0e) 042 (pr)0-43 (_gi_) (2.10)

W
with 26<De<7000 and 6'2<Dc/di<62'5'
Dravid et al. (13) have obtained numerical solutions of the rele-
vant equations for entrance region heat transfer in curved tubes using

the fully devéloped velocity profiles obtained by Mori and Nakayama

(24). Dravid et al. showed that the Nusselt number behaves in an
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oscillatory manner. These oscillations, caused by the interaction

of the secondary flow with the developing thermal boundary layer, damp
out as the region of the fully developed temperature field is approached.
Dravid et al. also made measurements of the axially local peripheral-
average Nusselt number using an electrically heated coil of di/Dc ratio
of 0.0537. The boundary condition of axially uniform wall heat flux
with peripherally uniform wall temperature was used. They tested five
fluids covering a Prandtl number range from 5 to 175. Although the
oscillations had not decayed at the end of the tube, Dravid et al.
confirmed the early convergence of the fully developed region first
reported by Seban and McLaughlin (34). Experimental work by Dravid

et al. gave the following equation for the fully developed Nusselt
number;

0.175

Nu = (0.76 + 0.65 vDe) Pr (2.11)

provided that
50<De<2000;
and

5<Pr<175.

Akiyama and Cheng (2) predicted the fully developed flow and heat
transfer characteristics by solving the governing differential equation
using a combination of line iterative method and boundary vorticity
method. They found that the perturbation method (8,28) is applicable
only for the very low Dean number flow regime. They also pointed out
that the approximate method (1,24) based on the boundary layer concept
near the pipe wall is valid only for high Dean number flow regime. The

following equation was developed using the new parameter, DezPr, to
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account for the Prandtl number effect on heat transfer in curved pipes.

(gﬁ). - 0.181 (DeZPr)l/4 1- 058391/4 + 35.41/2
o (De"Pr) (De"Pr)
o200, 419 (2.12)
(De2P1:)3/4 (DezPr)

The applicable range for Equation (2.12) is stated to be for Dean
number >200, Prandtl number >1 and (DezPr)l/a 23.5. Another equation
was also developed by Akiyama and Cheng (3) for Dean numbers ranging

from 0 to the order of 100.

&y - 0.236e’pr) /4 | 1 LBy 292
o (De“Pr) (De Pr)
_ 164 . 316 (2.13)
(DezPr)B/4 (DezPr)

where

(Nu)o = 4.36 .

The restrictions concerning (DezPr) and Pr for Equation (2.13) are the
same as Equation (2.12).

It was shown by Kalb and Seader (19) that, for large Nusselt num-
bers, the extrapolation of Akiyama and Cheng's (2) numerical computa-
tions through the use of their similarity parameter DezPr diverges from
the numerical results of Kalb and Seader. A dimensional analysis per-
formed by kalb and Seader led them to the conclusion that this similarity
parameter has a limited range of usefulness.

Kalb and Seader (18) have published their result which is based

on a numerical solution of the constant property continuity, Navier-
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Stokes, and thermal-energy equations. They proposed the following
correlation to calculate the Nusselt number for laminar flow heat trans-

fer in curved pipes.

Nu = 0.913 (De)? 476 (pry0-200 (2.14)

The above equation is stated to be valid for 80<De<1200 and 0.7<Pr<5.
Singh (37) measured the heat transfer to laminar flow inside heli-
cally-coiled tubes using water and Dowtherm G. Two coils having coil
diameter to inside tube diameter ratios of 20.2 and 41.7 were»tested
over a Reynolds number range from 6 to the transition region. Singh
probosed the following equation which includes corrections for curva-

ture and natural convection effects.

d,
1
Re[o.501+o.318<5:)]

d,
Nu = 0.224+1.369(539
(o

—0.00946(Gr/Re2)(Dc/di)

1+4.8 | 1-e
u_ 0.14

prl/3 2 (2.15)
uW

The physical properties of the fluid used in Equation (2.15) were
evaluated at the bulk temperature except e which was evaluated at the
wall temperature.
Equation (2.15) is reported to be valid for:
6<Re<Re
cr
1<De<1l.7 x 103
2.3<Pr<250

241<Gr<9.22 x 10°.
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Oliver and Asghar (26) investigated experimentally the heat trans-
fer to laminar flowing liquids in coils. Their results were correlated
in terms of the Dean humber to give a straightforward equation with the
property of reducing to the Graetz-Léveque equation when the zurvature
ratio approaches zero. They proposed the following equations for
Nusselt number:

v 0.14 [~ ]

Nu () = 1.75 622" 33 |1 + 0.118(e)?° (2.16)
Ub B B
v 0.14 — _ ‘ — .
No () =175 62233 1+ 036002 | (2.17)
b by gl

The applicable range for Equation (2.16) is 60<De<2000 and for Equation
(2.17) is 4<De<60.

Janssen and Hoogendoorn (17) recently published their results of
an experimental and numerical study of the convective heat transfer in
coiled tubes with horizontal axes. They tested four éoils-having
Dc/di ratios ranging from 10 to 100 over a Prandtl number range of
10 to 500 and Reynolds numbers from 20 to 4000. For the fully developed
thermal region, the peripherally-averaged Nusselt number was given by

the following correlations:

for 20<De<100
/6

Nu = 0.9(ReZPr)’ (2.18)
for 100<De<830 ‘
Nu = 0.7 Re?+43p 176 (%190'07 (2.19)
and for De<20 and (DezPr)l/2>log
Nu = 1.7 (De2pr)/® (2.20)



CHAPTER III
EXPERIMENTAL EQUIPMENT

Liquid phase heat transfer was studied in a helical coil using
ethylene glycol, distilled water and normal butyl alcohol. A sketch of
the experimental set-up is shown in Figure 3. Since the experimental
set-up and equipment used were essentially the same as that used by
Farukhi (14) and Singh (37), some parts of this chapter and the follow-

ing chapters are taken from their Ph.D. theses.
Description of Individual Units

Helical Coil

The helical coil used was 254 mm in diameter (tube-center to tube-
center). The coil Qas fabricated from initially-straight Type 304 seam-
less stainless steel tubing 15.88 mm o.d. x 1.65 mm wall thickness.

The axial (and heated) length of the helically coiled tube was 7.581 m.
Straight tube sections were provided at the inlet and the exit of the
coil. Dimensions of the helical coil are summarized in Table I.

The test section was thermally insulated by wrapping it with
several layers of fiberglass tape and four layers of fiberglass wool
insulatioﬁ. The outside surface of insulation was then wrapped with
vapor seal wrap so that the radiation losses would be minimized.

Some flattening of the tube resulted during the formation of thé

16
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TABLE I

PHYSICAL DIMENSIONS OF THE HELICAL COIL

18

Item Dimension

Coil diameter, tube-center-to-tube-center,

D, mm 254

c

Straight tube outside diameter, do’ mm 15.88
Straight tube inside diameter, di’ mm 12.57
Number of turns in helical coil 9.5
Ratio of coil diameter to straight tube

inside diameter, Dc/di 20.2
Curvature ratio, di/Dc 0.0495
Axial and heated length of helical coil, m 7.581
Coil pitch, tube-center-to-tube-center, mm 16.73
Length of the straight tube preceding the

inlet electrode, mm 1270
Length of the straight tube following the

exit electrode, mm 609.6
Total length, mm 9460.6




19

helical coil.- Hence, the longitudinal and the lateral outer tube diame-
ters were measured at several different axial locations. These measure-
ments are presented in Table V in Appendix A. The measurement intervals
were selected to correspond to the intended thermocouple station loca-
tions on the helical coil.

A copper bar electrode was silver-soldered to the coil at each end
of the heated length.

Experiments were performed with the axis of the coil in the verti-
cal direction. The fluid entered the coil at the bottom and exited at

the top.
Fluid Bath

The constant temperature bath used was a "Lo-Temprol" Model 154
circulating system manufactured by the Precision Scientifié Company.
The bath has a capacity of 2.75 gallons and is eduipped with an ultra-
sensitive Micro-Set tﬁermo—regulator, a 250-500-1000 watt immersion type
electric heater, a centrifugal pump and an impeller mounted on a common
shaft and driven by an electric motor. Tﬁe bath set-point temperature
could be varied continuously from —lOOC‘to 100°¢ by adjusting the set-
point on the thermo-regulator. The bath temperature was ﬁeasured by
means of a Brooklyn P-M mercury-in-glass thermometer having a range
from 0 to 220°F and graduated in 2°F intervals. The circulating sys-
tem has a guaranteed accuracy for maintaining the bath temperature to

within 0.06°C of the set-point temperature (31).

Pump

A sliding vane pump was used to pump the fluid through the
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experimental loop. The pump was manufactured by Eastern Industries,
Inc. The pump model number is VW-5-A. The pumb is a positive displace-
ment pump having a rated maximum capacity of 1.2 gpm (75.7 cm3/sec) of

water and capable of developing a head of 138 feet (42 m).

DC Power Source

A Lincolnweld SA-750 AC motor driven DC generator was used to gen-
erate the DC current, which was fed to the helically-coiled tube through
two copper bars silver-soldered to the tube. Resistance heating, duebto
the passage of the DC current through the tube wall, provided the heat
to the fluid. All the experimental runs were conducted under approxi-
mately constant wall heat flux conditions. The DC power generator has
a maximum rated output power of 30 kilowatts.

DC resistance heating was chosen over AC resistance heating because:

1. Complex AC induction and skin effects are a&oided.

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

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

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

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

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

1. It was available
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2. 1Its power output is relatively smqoth and free from large
magﬁitude superimposed sine waves.

3; It is more resistant to overload than rectifiers.

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

occur in switching the unit on and off as are rectifiers.

Heat Exchanger

A 1 shell-4 tube pass heat exchanger was used to cool the test
fluid from the helical coil. The heat exchanges is a size 502, "BCF"

type exchanger manufactured by the Kewanee-Ross Corporation (32).
Measuring Devices

Insulated Wire Thermocouples

Insulated wire thermocouples were used to measure the bulk fluid
temperature and the outside wall temperature of the helically-coiled
tube. The thermocouples were made from nylon insulated, 30 B&S gauge
copper-constantan thermocouple wire. The thermocouples were fabricated
in the.laboratory by using the thermocouple welder.

The thermocouples were placed at eighteen stations on the helically-
coiled tube. The thermocouple stations were located at different
intervals. The intervals along the axial length of the tube were
smaller near the inlet electrode in%order to observe the effect of the
developing thermal profile. Four tﬁermocouples were placed 90 degrees
apart on the tube cross—seétion at thermocouple stations 1 through 18.
Figure 4 is a sketch of the thermocouple layout.

The thermocouple beads were fixed on the tube surface with Sauerei-

sen cement. In order to electrically insulate the thermocouple beads
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from the heating current, a thin layer of Sauereisén cement was first
placed at the intended thermocouple location and allowed to set before
cementing the thermocouple to its intended location. The thermocouple
wires from the thermocouple beads were held in place along the tube
about 12 mm from the thermocouple beads by means of duct tape and a
flexible hose clamp. The duct tape was placed between the clamp and
the thermocouple wires to prevent any accidental short-circuiting of the
thermocouple wire due to the sharp edges of the metal hose clamp. The
thermocouple wires were then placed along the helical coil for about

50 mm and clamped again to the tube before being led off to the thermo-
couple selector switchboard.

Each thermocouple was tagged with two numbers: the first, running
from 1 to 18, indicated the thermocouple station number; the second,
running from 1 through 4, indicated the thermocouple location on the
tube periphery. Location 1 was at the top of the tube and the others
followed clockwise, facing the tube cross-section; that is, thermo-
couple 2 was closest to the coil axis. Thus, for example, a thermo-
couple tagged '5-3' indicates the thermocouple at station 5 and located
180 degrees from the top of the tube periphery, i.e., at the bottom of
the tube at station 5.

vAll the surface thermocouples were connected to an array of
barrier strips which in turn were connected to 18 rotary switches.
The rotary switches were mounted on a panel and the connections were
enclosed in a constant temperature box. The outputs from the rotary
switches were brought to a master rotary switch which was connected

to a Digital Thermocouple Indicator.
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The thermocouples were calibrated in-situ by bleeding low pressure
saturated steam through the coil. Details of the calibration procedure

are given in Chapter IV.
Manometer

For each experimental run, the fluid pressure at the inlet and
the exit of the helical coil was measured. The two pressure taps were
connected to a manifold by a series of Whitey valves. The switching
system was connected in such a manner that either of the two taps could
be activated and read on a Meriam U-type manometer against atmospheric

pressure.
Rotameter

A Brooks "Full-View" rotameter was used to indicate and meter the
fluid flow rate. The rotameter specifications are given in Table VI

in Appendix A.

DC Ammeter and Voltmeter

The current flowing through the coil was measured by a Weston model
931 DC ammeter in conjunction with a 50 millivolt shunt. The ammeter:
has a 0-750 amperes range. The 50 millivolt shunt was connected in the
line carrying the current to the coil. The ammeter was connected
across the shunt.

The voltage drop across the coil was measured by a Weston model
931 DC voltmeter. The voltmeter has a 0-50 volts range. The voltmeter

was connected across the two copper electrodes.
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The ammeter and the voltmeter were calibrated by the manufacturer
and were guaranteed to be accurate to within one percent of their full

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

Mercury-in-glass Thermometers

Mercury-in-glass thermometers were used to measure the bath fluid
temperature and the room temperature. A Brooklyn "P-M" Q to 220°F
thermometer was used to measure the bath fluid temperature. The ther-
mometer was graduated in 2°F intervals. A 23-inch long, 65 to 90°F

ASTM Calorimeter Thermometer was used to measure the room temperature,

Digital Thermocouple Indicator

The thermocouple outputs were measured on a digital thermocouple
indicator. The indicator is equipped with the circuitry that converts
a thermocouple emf fed to the instrument into its corresponding tempera-
ture reading. The reading is displayed directly in degrees Fahrenheit
on the digital readout panel in the thermocouple indicator.

The digital thermocouple indicator has the following stated accu-
racies: + 0.4°F below 0°F, + 0.3°F above 0°F and the maximum lineari-
zation error is less than + 0.1°F. Further details regarding the
digital thermocouple indicator may be obtained from the Doric Owner's

Manual (10).
Auxiliary Equipment

Auxiliary equipment was used for the calibration of the measuring

devices. All measuring devices were calibrated except the DC ammeter
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and voltmeter which had been previously calibrated by the School of
Electrical Engineering Laboratories at Oklahoma State University. The
results of the calibration were found to be within 17 accuracy of the
full scale range. The description of the auxiliary equipment consists
of two sections:

1. Rotameter calibration and fluid flow rate measurement equipment.

2. Digital thermocouple indicator calibration equipment.

Rotameter Calibration and Fluid Flow Rate

Measurement Equipment

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

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

2. Weighing Equipment: A 5 kilogram capacity Ohaus Pan Balance
was used to weigh the amount of fluid collected for fluid flow rates
below 1.0 gpm. The balance has a sensitivity of 0.5 grams. A set 6f
calibrated weights was used in conjunction with the balance.

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

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

mass flow rate could be determined.
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Digital Thermocouple Indicator Calibration

Eguigment

A Leeds and Northrup model 8687 volt potentiometer was used for
the calibration of the digital thermocouple indicator. The potentio-
meter used has a maximum stated accuracy of + (0.03% of reading + 30

microvolts) (11).



CHAPTER IV
EXPERIMENTAL PROCEDURE

This chapter is subdivided into three sections: (1) Calibration

prodedure; (2) Start-up procedure; (3) Data gathering procedure.
Calibration Procedure

Thermocouple Calibration

The insulated wire thermocouples were calibrated in-situ by bleed-
ing low pressure saturated steam through the coil.

After the helical coil was installed in the fluid flow circuit
and prepared for obtaining experimental data (see Start-up Procedure
below), the fluid flow circuit downstream of the helical coil was
altered slightly to facilitate the collection of the steam condensate
from the coil during the calibration process. The alteration involved
is indicated in Figure 5.

Low pressure saturated steaﬁ was bled through the fluid flow cir-
cuit. The system was allowed to’achieve steady state. Thermocouple
readings, inlet and exit steam pressure, room temperature and the atmos-
pheric pressure were recorded after 8, 21, and 27 hours of operation.
In addition, the steam condensate flow rate was also measured.

Knowing the absolute pressure of the saturated steam at the inlet

and exit of the coil, the steam temperature was determined from steam
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tables and hence the deviation indicated by the thermocouples was
determined. The steam temperature was assumed to drop linearly along-
the length of the helical coil. After 27 hours of operation, the
temperature drop was 1. Knowing the condensate flow rate, the steam
temperature.in the coil, the room temperature and the total outer sur-
face area of the coil, the average heat loss flux and the total heat
loss at calibration conditons were determined. Thermocouple calibra-
tion data are presented in Appendix B.

Heat losses for each run were calculated by assuming that the
losses were proportional to the difference between the test section
temperature and the room témperatufe for each run as compared to the
calibration run.

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

the heat balance and the inside wall temperature.

Manometer Calibration

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

was used as the indicator fluid in thé manometer.

Rotameter Calibration

The rotameter used for measuring liquid flow rate in the heat
transfer loop was calibrated for distilled water. The rotameter was
calibrated from 10 percent to 100 percent of maximum flow in 10 percent

increments. The rotameter was calibrated with the flow rate increasing
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up to the maximum and then decreasing to the minimum flow rate.

The calibration procedure consisted of the following steps:

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

2. After operating for some time at the desired float setting,
the fluid flowing in the system was collected in a previously weighed
empty container for a measured time interval. The time interval ranged
from 30 seconds up to three minutes, depending upon the flow rate being
calibrated.

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

4, The vessel containing the fluid collected was weighed to deter-
mine the weight of the fluid collected.

The above procedure was repeated three times for each float
setting on the rotameter.

For ethylene glycol and n-butyl alcohol as test fluids, the rota-
meter was used as a guide to set the flow rate and the mass flow rate
was measured (by the procedure outlined above) at the time of execution
of the data run.

Calibration data for the rotameter are presented in Table VII in

Appendix B.

Digital Thermocouple Indicator Calibration

The Digital Thermocouple Indicator was calibrated periodically.
The calibration procedure is detailed in Section IV of the Owner's

Manual (10).
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Start-up Procedure

Expefimental data were obtained for one helical coil with a dia-
meter of 254 mm using three different fluids.

After the test section was installed in the fluid flow loop and
the thermocouple wires were connected to the switches on the thermocouple
selector swithcboard, the fluid flow loop was tested for possible leaks
by flowing fluid at the anticipated maximum flow rate through the loop.
Any leaks detected were eliminated. The fluid flow loop was then insu-
lated with fiberglass tape and fiberglass wool insulation and prepared
for obtaining experimental data.

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

1. The impeller and the heater in the fluid bath were activated
and the fluid in the bath was brought to the desired operating temper-
ature (9OOF).

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

3. Cooling water was started to the heat exchanger located down-
stream of the test section.

4., The Digital Thermocouple Indicator was activated.

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

6. The flow control valve located upstream of the rotameter was

opened and the fluid was allowed to flow through the test section.
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7. After about five minutes, the polarity switch was thrown to

the "Electrode Negative" position thereby causing the DC current to

flow through the test section.
Data Gathering Procedure

The data gathering procedure consisted of the following steps:

1. The fluid flow rate was adjusted to the desired value by means
of the flow control valve.

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

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

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

5. After about three hours of operation, the following experi-
mental data were taken:

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

b. The inlet and exit bulk fluid temperature.

c. The fluid flow rate indicated by the rotameter.

d. The DC current flowing through the test section and the

voltage drop across the test section.
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e. The room and bath fluid temperature.
f. The coil inlet and exit fluid pressure, as in&icated by
the U-type manometer.
All of the thermocouple otuputs were measured on the Digital Thermocouple
Indicator. |

6. The entire set of data, as jndicated in Step 5 above was mea-
ured again to ascertain if steady state had been achieved. The time
span between the two sets of measurements was approximately half an hour.

7. Steady state was deemed to haﬁe been achieved if the two sets
of temperature measurements agreed within + 0.3°F.

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

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

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

For each of the ethylene glycol and n-butyl alcohol rumns, the mass
flow rate of the fluid was measured, afteryobtaining the temperature and
bressure data as indicated in Steps 5 and 6 of the Data Gathering Pro-
cedure section.

The distilled water used in the experiments was changed frequently
to minimize the buildup of solids content in the water.

Each time the fluid was changed, the fluid flow loop was cleaned

with acetone. After draining the acetone, air was blown in the fluid
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flow loop until no more acetone can be detected in the effluent.
Some runs were repeated after several weeks to see if the results

changed due to surface aging; no change was noted.



CHAPTER V

DATA REDUCTION

Experimental data were gathered for the helical coil using ethylene
glycol, distilled water and n~butyl alcohol. A total of 60 runs was
made; 26 runs with ethylene glycol, 14 runs with distilled water and
20 runs with n-butyl alcohol as the working fluid. The raw experimental
data are presented in Appendix C. Computer programs which were ori-
ginally written by Singh (37) were modified to reduce the experimental
data using the iBM 370/158 computer. Computer program listings are
given in Appendix G.

The physical quantities measured for each experimental run are
listed under Item 5 in the Data Gathering Procedure in Chapter IV. The
outer surface temperatures were measured at 72 locations along the
length of the test section. The locations of the thermocouples are
given in Table V in Appendix A.

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

Average bulk fluid temperatures for the entire coil, for each
data run, were taken to be the arithmetic average of the inlet and exit
bulk fluid temperatures. To correct for wall (non-isothermal transport)

effects, the fluid viscosity was also evaluated at the average inside

36
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wall temperature so that a viscosity gradient correction factor could
be incorporated into the correlations.

Data reduction consisted of the following steps:

1. Calculation of the error percentage in heat balance.

2. Calculation of the local inside wall temperatures and the
inside wall radial heat fluxes.

3. Calculation of the local heat transfer coefficients.

4. Calculation of the dimensionless axial distances and the di-
mensionless inside wall temperatures.

5. Calculation of the relevant dimensionless numbers.

Details regarding each of the above steps follow.

Calculation of the Error Percentage

in Heat Balance

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

Heat input rate, Joules/sec = Q

input
Qinput =@ M - Qoss -1)
where
I = current in coil, amperes;
V = voltage drop across coll, volts;
Qloss = heat loss, Joules/sec (calculated from calibration
data).
Heat output rate, Joules/sec = Qoutput
Qoutput = W (Cp) [(tb)out - (tb)in]

where
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W = mass flow rate of fluid flowing through the coil, gm/sec;
C = specific heat of the fluid at the average bulk fluid
P temperature in the coil, cal/gm - K;
(tb)out = bulk fluid temperature at the coil exit, K;
(tb)in = bulk fluid temperature at the coil inlet, K;
AQ = Qinput - Qloss - Qoutput (5.3)
Percentage error _ _AQ '
in heat balance Q. {100} (5.4)
input

The inlet and the exit fluid temperatures were corrected based on

the thermocouple calibrations given in Table VIII in Appendix B.

Calculation of the Local Inside Wall
Temperature and the Inside Wall

Radial Heat Flux

Computer programs originally written by Owhadi (27) and Crain (6)
and later used by Singh (37) were modified to determine the inside
wall temperatures from the measured outside wall temperatures. The
computer program was modified to correct the measured outside wall
temperatures, based on the surface thermocouple calibrations. The
calibration data for the surface thermocouples on the helical coil are
given in Table IX in Appendix B.

| Briefly, the modified computer program corrects the outside wall
temperatures and then, using the corrected oﬁtside wall temperatures,
computes the inside wall temperatures by a trial-and-error solution.
The program also computes the inside wall radial heat flux at each
thermocouple location on the helical coil. Details regarding the com-
puter program are given in Reference (6). A listing of the modified

computer program, called MAH#02, is given in Appendix G of this thesis.
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Calculation of the Local Heat

Transfer Coefficient

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

was calculated as follows:

.- (Q/A)i (5.5)
[ ); -t

where

hi = local insidg heat transfer coefficient,

J/sec—mz—K;
(Q/A)i = local inside wall heat flux, J/sec—mz;
(tw)i = local inside wall témperature, K;
tb = bulk fluid temperature at the thermocouple station, K.

The average bulk fluid temperature at the thermocouple station was
obtained by measuring the "mixing-cup' bulk fluid temperatures at the
coll inlet and exit and by assuming that the fluid temperature rise was

linear along the length of the helical coil.

Calculation of the Dimensionless Axial
Distance and the Dimensionless

Inside Wall Temperature

The dimensionless axial distance and the dimensionless inside wall
temperatures were calculated for each thermocouple for each data run:
1. To get the temperature profiles across the coil for each

thermocouple location on a common basis for ease of comparison.
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2. To facilitate a comparison of the experimental data.with the
results presented by Dravid et al. (13).
The dimensionless axial distance and the dimensionless wall tem-

peratures were defined exactly as Dravid et al. (13) defined them,

namely:
Axial distance along helical
Dimensionless = 5 = coil from inlet electrode, mm (5.6)
axial distance Tube inside radius, mm _ ’
and
Dimensionless = T = [tw B (tb)inlet] (5.7)
wall temperature w dtb/dz :
where
oy Ly = ®p)interd (5.8)
dz Total heated length, mm )

Tube inside radius, mm

Calculation of the Relevant

Dimensionless Numbers

The dimensionless numbers calculated at the average bulk fluid tem-
perature at each station were the Reynolds, Prandtl, Dean and Graetz
number. The Nusselt number was also calculated for each thermocouple
pbsition at each station. In addition, the Grashof and Rayleigh num-
bers were calculated for each station using the circumferentially-
averaged inside wall temperature and the average bulk fluid temperature
at the station to define the At terﬁ. The definition of the dimension-
less numbers evaluated are given in Table II.

All the experimental data gathered were reduced using the above
procedures. Sample calculations for one data run are given in Appen-

dix E.
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TABLE II

DEFINITION OF THE DIMENSIONLESS
NUMBERS EVALUATED

Dimensionless
Number Symbol Definition
@) ©
Reynolds Re —
) w
Prandtl Pr ——RE~—~—
Dean ‘ De (Re) (Vdi/Dc)
() (@)
Nusselt Nu _—(f)——
(W) (C))
- P
Graetz _ Gz ® (@)
» @) 6% @ ® o)
Grashof Gr )
M

Rayleigh Ra (Gr) (Pr)
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The inside wall heat transfer coefficients were calculated for
each thermocouple location on the coil and the Nusselt number profile
for each thermocouple station was digitally plotted for the four
thermocouple locations on the tube periphery for each data run. The

thermocouple locations are shown in Figure 4 in Chapter III.



CHAPTER VI
RESULTS AND DISCUSSION

Experimental data were gathered for Reynolds numbers ranging from
30 to 5500 and Prandtl numbers ranging from 2.24 to 113.1, using a
helical coil with a curvature ratio of 0.0495. The test fluids were
ethylene glycol, distilled water and normal butyl alcohol. All the
experimental runs were conducted under approximately constant wall heat
flux conditions. The difference in wall thickness of the tube, caused
during the formation of the helical coil, caused the circumferential
variation in the wall heat flux. The latter was also partially due
to the inherent circumferential temperature gradient resulting from
the helix flow behavior. However, the heat input per unit length of
tube was constant giving rise to a linear increase iq the bulk tempera-
ture, The results of this study together with a discussion of the
results ére presented in this chapter.

H. Ito's (16) equation for the critical Reynolds number for fluid
flow at the start of turbulence was used\to determine the upper limit

of the Reynolds number for these tests. The equation is:

0.32

_ 4
Re__ = 2x10%(d,/D ) (6.1)

For a curvature ratio of 0.0495, the critical Reynolds number is 7644.
General Discussion

Values of the Reynolds, Dean and Prandtl numbers and the average
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values of the heat flux, the heat transfer coefficient and the Nusselt
number for the inside wall were computed for each thermocouple station
for each data run. These values are summarized in Appendix F for all
the experimental data runms.

The average heat transfer coefficient and the average heat flux

at a thermocouple station were defined as follows:

L = average heat _1 ; [ @/a)4 6 2)
transfer coefficient 4 i=1 (tw)i-tb
1 4
Average heat flux = > © (Q/A) (6.3)
4 =1 i

where i indicates the peripheral location on the tube cross section at
a given thermocouple station. The average heat transfer coefficient
obtained from Equation (6.2) was then used to determine the average
Nusselt number for the thermocouple station. The physical properties
of the fluid used in the determination of the Reynolds, Prandtl and
Nusselt numbers were evaluaéed at the bulk temperature at the thermo-
couple station, tb.
In addition to Equation (6.2), the average heat transfer coeffi-

cient at a thermocouple station was also computed as follows:

average heat

b transfer coefficient = — (6.4)
t -t
w b
where
p 4 .
@A) = - & (Q/A) (6.5)
i=1

and
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T -1
t, =% . (t:w)i (6.6)

L e IR )

1

where i in Equations (6.5) and (6.6) has the same definition as in
Equation (6.2). In Appendix F, Hl and H2 represent the average heat
transfer coefficient using Equatidns (6.2) and (6.4) respectively.

h and h” become equal if the peripheral distribution of inside wall tem-

peratures is uniform; however, for a nonuniform distribution of inside

wall temperatures h becomes larger than h-”.

Comparison with a Straight Tube Under

Similar Flow Conditions

The peripheral average heat transfer coefficient at each thermo-
couple station along the -helical coil was calculated using Equations
(6.2) and (6.4) and was compared to the correlation (Equation (6.7))
developed by Morcos and Bergles (23). The Morcos and Bergles correla-
tion 1is chosen because it takes into account the effect of the natural

convection in straight tubes.

_ 1/2
. GrfPrfl'35 0.4 2
Nu = (4.36) +) 0.055 (—m—r75—) (6.7)
f 0.25 :
L Pw
for
Ref<1200;

3x104<Raf<106;

4<Prf<175; and
2<Pw<66

where
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i (6.8)

9
£
]
o
ct

t tube wall thickness; and

k
W

thermal conductivity of tube wall.
The average heat transfer coefficient used in Equation (6.8) is
defined as in Equation (6.4).

As anticipated, higher heat transfer coefficients were obtained

for fluid flow in a helically-coiled tube than in an equivalent straight

tube under similar flow conditions. This fact has been known histori-
cally and has been indicated by earlier investigators in the field
(Dravid et al. (13), Kalb and Seader (18) and Singh (37), to mention a
few).. The heat transfer coefficients were about two to four times the
value for the straight ‘tube under similar operating conditions. The
higher heat transfer coefficients have been attributed to the presence
of a superimposed secondary flow due to centrifugal action. However,
as mentioned earlier, the contribution of natural convection cannot be
ignored depending on the flow conditions and the physical properties.

Figure 6 shows some typical heat transfer coefficlent profiles at

thermocouple station 15 plotted as a function of the peripheral location.

The following observations may be made from Figure 6.

1. At the higher Reynolds numbérs, the heat transfer coefficient

is highest at position 4 and lowest at position 2, while the heat trans-

fer coefficients at positions 1 and 3 are comparble. This indicates
that at higher Reynolds numbers, secondary flow due to centrifugal

action tends to predominate.
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2. At the lower Reynolds numbers, the heat transfer coefficient
is highest at position 3 and lowest at position 1 while the heat trans-
fer coefficients at positions 2 and 4 are comparable. This strongly
indicates that natural convection is the dominating factor in the flow

pattern.

Axial Temperature Profiles

In the following discussion, unless otherwise mentioned, the
physical properties in the Prandtl and Dean numbers are based on the
mean of the inlet and outlet temperaturés. The dimensionless tempera-
ture is defined by Equation (5.7) and has been calcul;ted as described
in Appendix E. The variation of the dimensionless wall temperature
was plotted against the dimensionless axial distance.

Figures 7, 8, and 9 show the comparison for the three fluids used
in the present work with Dravid's (12). The present experimental work
corresponds to the same system and almost the same Dean number. In
Figure 7, the present experimental result yielded lower dimensionless
temperatures than that obtained by Dravid's, which is expected due to
the difference in Prandtl numbers. It should be noted that Dravid
used the boundary condition of an isothermal periphery with axially
constant wall heat flﬁx, while in the present work, the '"constant heat
flux'" condition was used. The difference between these two boundary
cénditions does not seem to have great influence on the value of the
dimensionless temperature as can be seen from Figures 8 and 9. Figures
7 through 9 are direct comparisons between Dravid's experimentally

obtained dimensionless temperature and the present work.
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Figures 10 through 12 show the axial variation of the wall tem-
perature.at four values of ¢ for the three fluids used with Reynolds
numbers of 2363, 73 and 491, respectively. In Figure 10, where Reynolds
number is high, it can be seen that the top line is for the inside posi-
tion, ¢=90 degrees, and the bottom line is for the outside position,
$=270 degrees. However, in Figure 11 where Reynolds number is low, the
top line is for the top position, ¢=0 degree, and the bottom line is
for the bottom position, ¢=180 degrees. The top lines in Figures 10
and 11 correspond to the lowest heat transfer positions in the coil,
while the bottom lines in Figures 10 and 11 correspond to the highest
heat transfer positions in the coil. 1In the case where the secondary
flow is dominating, the centrifugal action causes the fluid to sweep
position 4, ¢=270 degrees, thereby increasing the heat transfer coeffi-
cient at that thermocouple location. The recirculating fluid tends to
accumulate at position 2, ¢$=90 degrees, thereby decreasing the heat
transfer coefficient at position 2. 1In the case of low Reynolds num-
bers, the natural convection effect predominates in the heat transfer
process. The gravity force due to the difference in density causes the
motion of the fluid element in the vertical direction and causes the
highest heat transfer coefficient to move from position 4 to position
3, and the lowest heat transfer coefficient to move to position 1 from
position 2. The fluid flow patterns postulated to be responsible for
the above behaviors are sketched in Figures 1 and 2.

In Figure 12, it can be seen that at about z equal to 1050 the
lines labeled ¢=0 degree (top position) and ¢=270 degrees (outside
position) start to cross the ¢=90 degrees and the ¢=180 degrees lines,

respectively. This is an indication that at this point the controlling
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factor has'changed, and natural convection is becoming important, due
to the changes in the physical properties. This phenomenon can be
explained by examining the Grashof number quantitatively. For example,
at an axial distance of 800, the Grashof number is 45,000, while the
value of Grashof number at an axial distance of 1180 is 84,000. The
increase in the Grashof number apparently caused the change in the
controlling mechanism.

Figure 13 shows the effect of Dean number on the dimensionless
temperature for ethylene glycol at ¢ equal to /2 ((900) position 2),
which is the inside peripheral location. Figures 14 and 15 show simi-
lar plots for distilled water and n-butyl alcohol.

In Figures 7 through 15 the axial temperature profiles show large
amplitude oscillations, as reported by Dravid (12), which decay and
damp out in the fully-developed region. The achievement of the fully-
developed temperature field is indicated by the wall temperatures rising
steadily, parallel to the linearly-increasing bulk temperature.

Cyclic variations are apparent in the early portion of each curve
and the intensity of the oscillations increases with increasing Dean
number. It is to be noted that throughout this thesis, an increase in
the Dean number is caused by an increase in the Reynolds number,
because the curvature ratio dilnc is constant.

These oscillations are a consequence of the secondary flow as
analyzed by Dravid (12) and Patankar et al. (29). This phenomenon can
be explained by following an element of fluid in the entrance region of
the tube. The development of the hydrohynamic and the thermal boundary
layers will take place as the fluid enters the curved portion of the

tube. Element e (see Figure 16) by virtue of secondary flow will enter
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the core region which is colder than element e. All the elements of
fluid preceding element e on the streamline A“B” are, therefore, colder
than element e. Hence, wall temperature at B” will not change until
element e reaches B”. Element e will generate a step change in the
temperature and remain at a new value of wall temperature until all
the elements on the streamline preceding element e passed point B”.
Element e then follows a circumferential path as shown in Figure 16,
and absorbs heat from the tube wall. This cyclic nature of the flow
causes the oscillatory behavior of the wall temperature. ' However,
when element e passes through the core region, heat is transmitted by
conduction in the direction normal to the streamline A“B“, hence,
subsequent oscillations are damped. Finally, when temperature pro-

files are fully developed, oscillations are not observed.

Testing of Literature Correlations

Available literature correlations in the laminar flow for helical
"coils were tested against the experimental results to determine how
well the two agreed. The average absolute percent deviation (AAPD)
was used as a measure to determine the degree of fit of the literature
correlations to the experimental data. Table III summarizes the results
of the tests when the literature correlations are applied to all the
experimental data, while Table IV summarizes the results of the tests
when the literature correlations are applied to the experimental data
within the applicable range of each correlation. |

The comparison between the experimental results and the literature
correclations were calculated for stations 15, 16, 17 and 18, where the

flow is fully developed. The AAPD is defined as follows:



TABLE III

COMPARISON OF LITERATURE CORRELATIONS TO THE PRESENT EXPERIMENTAL DATA

AAPD
Applicable Station Number
Investigator(s) Referencesg(s) Basis Range 15 16 17 18
Akiyama and Cheng 2,3 Theor. 100>De>200 43.1 40.3 48.5 46.9
. Pr>1

(De?pr)¥>3. 5
Berg and Bonilla 5 Exp. Re<Re., 50.8 52.4 52.5 52.0
Dravid, et al. 13 Theor. 50<De<2000 15.2 18.9 16.3 16.2

& Exp. 5<Pr<175

Janssen and 17 Theor. De<830 14.6 18.1 15.5 15.7
Hoogendoorn & Exp.
Kalb and Seader 18 Theor. 80<De<1200 22.4 20.3 23.9 25.3

0.7<Pr<5
Kubair and Kuloor 21 Exp. 80<Re<6000 99.8 83.1 79.2 68.4

40<Pr<100

10<Gz<1000
Mori and 25 Theor. De>30, Pr-e 92.5 85.7 100.0 99.4
Nakayama De>60, Pr>1
Oliver and Asghar 26 Exp. 4<De<2000 21.4 24.5 23.8 24,2
Schmidt 33 Exp. 100<Re<Re., 42.3 37.6 46.0 46.2
Seban and McLaughlin 34 Exp. 12<Re<5600 26.9 30.5 28.5 28.5

100<Pr<657

¢9



TABLE IIE (Continued)

AAPD
Applicable Station Number
Investigator(s) References(s) Basis Range- 15 16 17 18
Shchukin 35 Exp. 26<De<7000 35.5 33.4 37.2 37.6
7<Pr<369
Singh 37 Exp. 6<Re<Re, . 68.7 64.3 75.0 73.9
2.3<Pr<250
1<De<1700 5
241<Gr<9.22x10
Present Work - Exp. 92<Re<5500 7.6 8.8 10.1 10.1
2,2<Pr<101
760<Gr<10°

€9



TABLE IV

COMPARISON OF LITERATURE CORRELATIONS TO THE PRESENT EXPERIMENTAL DATA WITHIN -

THE APPLICABLE RANGE OF THE CORRELATIONS

AAPD
Applicable Station Number
Investigator(s) Reference (s) Basis Range 15 16 17 18
Akiyama and Cheng 2,3 Theor. 100>De>200 38.5 35.0 42.5 40.3
Pr>1 .
(De2Pr)*>3.5
Berg and Bonilla 5 Exp. Re<Re ;. 50.8 52.4 52. 52.0
Dravid, et al. 13 Theor. 50<De<2000 - 13.3 18.2 16.3 14.9
& Exp. 5<Pr<175
Janssen and 17 Theor. De<830 13.6 17.0 14.5 14.9
Hoogendoorn & Exp.
Kalb and Seader 18 Theor. 80<De<1200 11.4 11.8 13.3 14.1
0.7<Pr<5
Kubair and Kuloor 21 Exp. 80<Re<6000 116.2 90.6 91.0 75.6
20<Pr<100
10<Gz<1000 : .
Mori and 25 Theor. De>30, Pr-w 94.1 87.0 101.5 1 99.4
Nakayama De>60, Pr>1 '
Oliver and Asghar 26 Exp. 4<De<2000 21.4 24.5 23.8 24,2
Schmidt 33 Exp. 100<Re<Re., 43.3 37.6 46.0 46.2
Seban and McLaughlin 34 Exp. 12<Re<600 - Not Applicable

100<Pr<657

%9



TABLE IV (Continued)

: AAPD

Applicable Station Number
Investigator(s) Reference(s) Basis Range 15 16 17 18
Shchukin 35 Exp. 26<De<7000 40.6 36.6 43.9 45.4

7<Pr<369 .
Singh 37 Exp. 6<Re<Re 68.7 64.3 75.0 73.9

2.3<Pr<§§0

1<De<1700 5

241<Gr<9.22x10
Present Work - Exp. - 92<Re<5500 7.6 8.8 10.1 10.1

2.2<Pr<101

760<Gr<10°

S9
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n (Calculated) _ (Experimental)
T Value Value (100
i=1 Experimental Value
i

n

where n is the total.number of data points evaluated. It may be noted
from Table IV that Kalb and Seader's (18) correlation comes closest to
fitting the experimental data within the stated range of validity of
the correlation, followed by Janssen and Hoogendoorn (17). All of the
literature correlations tested break down when extended to the straight
tube case, i.e., when Dc tends to infinity. With the exception of
Singh (37), all investigators either neglected or did not incorporate
the natural convection effect in their correlations.

In order to improve the prediction of the heat transfer coefficient
over the existing correlations, an attempt was made to find a correla-
tion which would reduce to the straight tube case when Dc tends to zero,

and also would account for the natural convection effect.

Development of Correlation

Experimental data in the laminar flow regime were gathered using
ethylene glycol, distilled water and normal butyl alcohol.

As indicated earlier in this chapter, higher heat transfer coeffi-
clients were obtained for fluid flow in helical coils. The heat trans-
fer coefficients were about two to four times the value for the straight
tube under otherwise similar operating conditions. The higher heat
transfer coefficients have been attributed to the presence of a super-

imposed secondary flow due to centrifugal action. Little attention
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had been given to the possible effects of natural convection.

In general, the experimental results indicated that the heat trans-
fer coefficient was the highest at position 4 and lowest at position 2
on the tuye periphery. Referring to Figure 6, for an average Reynolds
number of 2761, the heat transfer coefficient at position 4 was 2.5
times the value at pdsition 2, while the heat transfer coefficients at
positions 1 aqg 3 were comparable and intermediate between the values at
2 and 4. This was attributed to the presence of the secondary flow
caused by centrifugal action. The fluid flow pattern postulated to be
responsible for the above behavior is sketched in Figure 1. Referring
to Figure 1, the secondary flow causes the fluid to sweep position 4,
thereby increasing the heat transfer coefficient at 4, but the recircu-
lating fluid tends to accumulate at position 2 thereby decreasing the
heat transfer coefficient at 2. Also, the fact that the heat trans-
fer coefficients at positions 1 and 3 were comparable suggests that
the secondary flow pattern was symmetrical about a horizontal plane
through the tube center.

It was also observed that as the fluid velocity through the
helical coil was decreased below approximately 3 cm/sec, the highest
heat transfer coefficient moved from position 4 to position 3, and
the lowest heat transfer coefficient moved to position 1 from position
2, while the heat transfer coefficients at positions 2 and 4 were com-
parable and intermediate betﬁeen the values at 1 and 3. In this case,
it is believed that natural convection has become the dominant factor
(next to primary forced convection) in the heat transfer process. The

fluid flow pattern postulated to exist in the helically-coiled tube
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for heat transfer to the fluid at low Reynolds number is shown in
Figure 2.

To aid in the development of the correlation, the average Nusselt
number is presented in Figures 17 through 19 for the fluids used in
this study. These figures show the variation of the average Nusselt
number with Graetz number. The parameter Dean number is evaluated at
the average inlet and exit bulk temperatures. The Hausen (15) corre-
lation for laminar flow in a straight tube is also shown in the above
plots. The oscillations in each curve are a result of the oscillations
in the wall temperatures. These oscillations were also reported by
Seban and McLaughlin (34) and Dravid (12).

The local heat transfer coefficient does not decrease continuously
with axial distance, but undergoes cyclic oscillationé with increasing
axial distance. These oscillations damp out as the region of fully
developed temperature field is approached. Dravid (12) had pointed out
that these oscillations arise becuase of the fact that even at high
Dean numbers the fluid core is not well-mixed.

It should be noted that there are three phenoména that contribute
towards the heat transfer process, namely, forced flow, secondary flow
due to the curvature and natural convection effects. Evaluating tﬁe
effects of these three factors experimentally could be tedious and
difficult. However, one could assume that the three phenomena do not
interact and the contribution of each one could be expressed as a

product form given by the following equation:

Nu = forced convection coil tube secondary
for straight tube flow contribution

coiled tube natural (6.10)
convection contribution
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The forced convection term is rewritten as an equation for a
straight tube éo that one could include an experimental correlation
that includes a natural convection factor affecting flow in a straight
tube. Then, the other two terms give the effects of curvature and
natural convection in a helical coil. Hence, Equation (6.10) is

rewritten as:

' coiled tube coiled tube
N straight tube secondary flow natural convection
u 1
correlation contribution contribution
(6.11)

The data were divided into four groups based on the ratio of the
local heat transfer coefficients for the top (position 1) and the
bottom (position 3) thermocouple positions on the tube periphery. The

four groups are defined as follows:

El > 0.9 natural convection 1s negligible.
3
hy
0.9 > "N > 0.7 natural convection exists but not significant.
3 -
h1
0.7 > o > 0.5 natural convection is becoming significant.
3
h1
0.5 > T natural convection is significant if not predominant.
3

Figure 6 shows some typical heat transfer coefficient profiles
at thermocouple station 15 plotted as a function of the peripheral loca-
tion.

Attempts Qere made to correlate the data using the curved tube
factor, [1 + f(Re/E;75:3], with the goal that the correlation developed

would reduce to the straight tube correlation when DC tended to infinity.
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Another factor was considered in developing the correlation was the
natural convéction contribution. The factor should be made up of some
combination of the dimensionless groups (Graéhof and Reyﬁolds numbers) ,
that reflect the relative magnitude of the natural convection effect,
with the goal that this factor would reduce to 1 as the Grashof number
tended to zero.

The secondary flow contribution was evaluated by considefing the
data points of thermocouple stations 15, 16, 17 and 18 having h1/h3
ratios greater than or equal to 0.9. As mentioned earlier, points having.
hi/h3 > 0.9 were considered»to show a negligible natural convection
contribution. Hence, the secondary flow contribution factor was found
to be:

0.75Pr0.197

1 + 0.0276 De (6.12)

The ratio of the local heat transfer coefficients for the top
(position 1) and the bottom (position 3) thermocouple positions, for
thermocouple stations 15, 16, 17 and 18 was plotted against the ratio
of Gr/(Dezj in Figure 20. As it was expected, at higher values of
Gr/(Dez), the ratio of the local heat transfer coefficients, h1/h3,
decreases.

The natural convection contribution was then evaluated. A detailed
examination of the experimental data indicated that the natural convec-
tion contribution should satisfy the following criteria:

1. The contribution should be larger than 1 for data points
having hl/h3 < 0.5 but should tend to unity for data points where

hy/hy > 0.9,
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2. The factor should be made up of some combination of the
dimensionless groups (Grashof and Reynolds) that reflect the magnitude
of the natural convection effect.

The factor was found to be:

ce \2-78
1+ 0.9348(———)

e-l.33Gr/(De2)
De2

(6.13)

The Sieder-Tate (36) viscosity correction factor was also incor-
porated into the proposed correlation as a measure of the interaction
of the viscosity gradient of the temperature field on the velocity
distribution.

Hence, the final correlation to predict the peripherally-averaged
Nusselt number for the fully developed fluid flow in a helically coiled

tube in the laminar flow regime may be written as:

Gr 3.94

Nu = ¢4.36 + 2.84 (———) 1 + 0.0276 De’:/2p 0-197

Re2

0.14
2.78 e-l.33Gr/(De2) b (6.14)

1+ 0.9348(955) b
De uw

The physical properties of the fluid used in Equation (6.14) were

b=

evaluated at the bulk temperature except H, which was evaluated at the
average inside wall temperature at the thermocouple station. Equation
(6.14) is valid for:
92 < Re < 5500
2.2 < Pr < 101

760 < 6r < 10° .
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Test reéults of the fit of Equation (6.14) to the experimcntnl
data are given in Tables III and IV. Figure 21 is a plot of error
ratio versus Dean number for thermocouple station 15.

The limiting cases of Equation (6.14) are as followé:

1. For the limiting case of di/Dc tending to zero, Dean number

tends to zero, and Equation (6.14) reduces to:

3.95) [u Y0.14
W
w

2 (6.15)

Nu = <4.36 + 2.84(95—)
Re

2. For Grashof number tends to zero, Equation (6.14) reduces to:

i, \0.14
Nu = 4.36 (1 + 0.0276 De®*7%p 0197, (-31) (6.16)

"

From Tables III and IV, it may be noted that the correlation devel-
oped best fits the present experimental data. Also when the correlation
is extended to the straight tube case, it results in Equation (6.15),
which predicts Nusselt numbers for the straight tube in the fully

developed region.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Experimental measurements of the heat transfer coefficient for
laminar flow inside a helical coil were made. Three fluids, ethylene
glycol, distilled water and normal butyl alcohol, were studied using
a helical coil with a Dc/di ratio of 20.2.

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

1. Higher heat transfer coefficients were obtained for fluid flow
in a helically coiléd tube than that in an equivalent strajght tube
under similar fluid flow conditions. The reason for this is the exis-
tence of a so-called secondary flow resulting from the tube curvature.

2. At low Reynolds numbers or high Grashof numbers, the natural
convection effect became an important factor in the heat transfer
process. The relative intensity of natural convection was diminished
as the Reynolds number increased. It was determined that the highef
heat transfer coefficients obtained for fiow in a helical coil were
.due not only to the presence of the superimposed secondary floﬁ due
to centrifugal action, but also due to the existence of natural convec-
tion. A measure of the extent to which the natural convection effects
contributed to the increase of the average heat transfer coefficient
has been incorporated into the empirical correlation deﬁeloped to

predict the average Nusselt number (Equation (6.14)).
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3. Thé axial temperatures show large oscillations with axial
distance, which damp out in the fully-developed region. Consequently,
the oscillatory behavior was also present in the Nusselt number. The
Nusselt number approaches an asymptotic value as the fully developed
temperature field is approached.

4, A correlation for the peripherally-averaged Nusselt number,
for the fully-developed region was developed. The correlation developed
allows for the contribution of the natural convection effect to the
heat transfer process. The correlation is a function of Dean, Grashof,
Prandtl and Reynolds numbers, Equation (6.14). The correlation fits
the experimental results better than any of the literature correlations
tested.

5. The developed correlation is of a form that, when the .coil
diameter tends to infinity, results in a valid equation (Equation
(6.15)) for predicting Nﬁsselt numbers for the straight tube in the
fully developed region.

Several gaps still exist in the complete understanding of the
mechanism of heat transfer in a helical coil. The following recommen-
dations are made, based on the results of this study, for future
research in the area:

1. Equation (6.14) was developed for the case when a fluid is
heated in a helical coil. It is felt that the same correlation should
apply when a fluid is cooled in a helically-coiled tube. However, it
is recommended that an experimental study be performed when a fluid

is cooled in a helical coil to establish the validity of this premise.



2. Further research needs to be performed using helical coils
with widely varying curvature ratios.
3. Experimental studies should also be performed with the axis

in the horizontal direction.
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TABLE V

MEASURED OUTSIDE TUBE DIAMETER AFTER
FORMATION OF HELICAL COIL -

Station Axial Distance from Coiled Tube Outside Diameter, cm

Number Inlet Electrode, cm Longitudinal Lateral
1 5.08 1.6129 1.5824
2 12.70 1.6180 1.5748
3 : 20.32 1.6180 1.5748
4 35.56 1.6129 1.5748
5 50.80 1.6104 1.5723
6 66.04 1.6129 1.5697
7 81.28 1.6154 1.5697
8 101.60 1.6129 C1.5697
9 ~127.00 1.6104 1.5723
10 152.40 1.6104 1.5697
11 181.61 1.6129 1.5646
12 261.62 1.6104 1.5723
13 340.36 1.6104 1.5723
14 421.64 1.6129 1.5723

15 502.92 1.6104 - . 1.5748
16 584.20 1.6129 1.5697
17 660.40 1.6129 1.5723
18 741.68 1.6129 1.5748

Average Values 1.6128 1.5724




TABLE VI

ROTAMETER SPECIFICATIONS
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Rotameter model number

Rotamete tube number

Float number

Maximum water flow rate, gpm

1110-08H2B1A

R-8M-25-4

8-RV-14

1.45
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TABLE VII

CALIBRATION DATA FOR THE ROTAMETER FOR DISTILLED WATER

Rotameter Setting Mass Flow Rate,

% Maximum Flow gm/sec
10.0 9.8
20.0 17.7
30.0 26.5
40.0 ' 33.8
50.0 42.0
60.0 48.0
70.0 57.5
80.0 65.5
90-0 73.2
100.0 | v 8l.4

Bath fluid temperature = 32.4°C.

Por ethylene glycal and n-butyl alcohol, the flew rvate was
measured for each individual data run; the rotameter was used merely
as an indication of flow rate.



TABLE VIII

CALIBRATION DATA FOR INLET AND OUTLET THERMOCOUPLES
DURING IN-SITU CALIBRATION OF SURFACE THERMO-
COUPLES ON THE HELICAL COIL

Thermocouple Saturated Steam Thermocouple Average Roog
Location Temperature, °F Correction, F Temperature, F
Inlet 211.80 0.10
81.2
Outlet 211.02 1.12
Note:
1. The inlet thermocouple was located 1499 mm upstream from the

inlet electrode and the outlet thermocouple was located 902 mm

downstream from the exit electrode.

The saturated steam temperature was determined from Steam Tables

(4) at the absolute pressure of steam at the indicated location.
The absolute pressure was determined by reading the atmospheric

pressure.

The correction correlation for inlet and outlet bulk fluid

temperatures are:
t -t
[( b)in room]

l:(tb)in]corrected = (&), + 0.10 T (211.8-81.2)

and -
i(_t ) -t ;]
b’aqut roo
(c.y | = (t) +1.12 °
[ b)out_:j corrected b’ at (211.02-81.2)

The temperature corrections were computed after 27 hours of
continuous operation.



TABLE IX

CALIBRATION DATA FOR SURFACE THERMOCOUPLES

[»)

. A = Temperature Correction, F
Thermocouple Peripheral Location
Station
Number 1 2 3 4
1 1.58 0.68 1.08 0.78
2 0.57 0.47 0.57 - 0.97
3 0.97 0.67 0.97 0.17
4 0.46 0.26 0.66 0.96
5 0.94 0.54 1.04 0.84
6 1.23 0.83 0.73 0.73
7 1.02 0.52 1.32 0.62
8 0.70 0.60 0.60 0.80
9 0.98 0.78 0.78 0.68
10 1.56 0.56 0.76 0.96
11 1.74 0.74 0.84 0.74
12 1.28 0.88 : 1.18 1.58
13 1.22 1.12 1.12 0.92
14 1.15 0.75 0.95 0.65
15 1.79 1.89 2.09 1.19
16 1.23 1.13 1.23 1.63
17 1.17 1.57 1.67 1.47
18 2.00 1.10 2.00 2.10
Note:

1. For correction of the surface thermocouples the effect of pressure
drop along the coil is included. '

2. The temperature corrections indicated above were the corrections
required to be added to the temperature indicated by the thermo-
couples when low pressure saturated steam was bled through the
coil. .

3. The correction for surface temperatures is:

(t -t )
(t) -t 4+ 5 —_read room
corrected read (t -8 -81.2)
where t is the temperature of the saturated steam.

4. The temperature corrections are computed after 27 hours of con-
tinuous operation.
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TABLE X

CALIBRATION DATA FOR HEAT LOSS FROM TEST SECTION

Average temperature of steam in test section = 211.4°F
Room tempprature during calibration = 81.2°F
Amount of mass of steam condensed = 0.60 1b/hr

Heat of vaporization of water at 211.4°F ()) 970.67 Btu/l1b

Heat loss from
heat transfer loop

=q=mx

= 0.6 x 970.67

= 582.4 Btu/hr

So, heat loss during experimental run, qloss; Btu/hr

582.4 (¢ -t )
avg room

91088 = (211.4-81.2)

or, heat loss from the test section, Qloss; Btu/hr

Q = L
loss L q1oss
tota

£ = length of test section (heated section)

where

and
L = total length of heat transfer loop

' o
t:avg = 1/2) Etb)in + (tb)out] » F
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Run Number Test Fluid -

101-126 " Ethylene Glycol )
201-214 Distilled Water

301-320 | Normal Butyl Alcohol

Only those experimental data which were referred to are presented

here. The rest of the experimental data are available at:

School of Chemical Engineering
Oklahoma State University
Stillwater, Oklahoma 74074 U.S.A.
Attn: Dr. Kenneth J. Bell
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PHYSICAL PROPERTIES
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A. Ethylene Glycol

The following correlations, which were developed by Morcos and
‘Bergles (22) based on the data repoftéd in References (7,40), were used
to compute the physical properties of ethylene glycol.

1. Density in gm/cm3

o = 1.0/[0.924848 + 6.2796 x 10"* (T-65)
+9.2444 x 1077 (1-65)2 + 3.057 x 1077 (1-65)3]
where T = temperature in °c
Temperature range: 4.5°C to 171°%
Maximum error: 0.18%.

2., Viscosity in centipoise

u = exp [3.80666 - 1.79809 (T630
2 3
+ 0.38590 (T 40) 0.05878 (T6g°)

+ 0.004173 63145 ]
where T = temperature, °F
Temperature range: 40°F to 300°F
Maximum error: 0.56%.
3. Specific heat in Btu/1bm-CF

T- 60 T- 60
) + 0.0035 (57— ) )

cP = 0.553 + 0.04150 (55~
where T = temperature in p
Temperature range: 40°F to 300°F
Maximum error: 0.12%. |
1 Btu/1bm-"F = 4.185 Joules/gm-°C
4. Thermal conductivity in Btu/hr-ft-°F
-4

k = 0.1825-2.3 x 10 ~ (T)
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where T = temperature, oF

Temperature range: 40°F to 350°F

Maximum error: There 1s no difference between the
computed value and the input data within the accuracy

of computation.

o 1 o
1 Btu/hr-ft-F = 57.83 Joules/sec-cm- C
Coefficient of thermal expansion in 1/°C
1 dp
B=-% ar

4 +1.84888 x 10°% (T-65)

B =p [6.2796 x 10~
+9.171 x 102 (T-65)%]

where p = density in gm/cm3

and T = temperature, °c

Temperature range: 4.5°C to 171°C

Maximum error: 0.18%-

B. Distilled Water

The following correlations, which were developed by Singh (37)

based on the CRC Handbook of Chemistry and Physics (41), were used to

compute the physical properties of distilled water.

1.

Density in gm/cm3

P = 0.999986 + 0.1890 x 10—4 (T) - 0.5886 x 10-5 (T)2

+0.1548 x 1077 (1)
where T = temperature, °c

Temperature range: 0°c to 100°c

Average Absolute Percent Deviation (AAPD) = 0.00637%.



Viscosity in centipoise

oo [P\ 1.327220-1) - 0.001053(20-1)?
%10 {1, T + 105

o
where T = temperature, C

and u,. = viscosity of water at 20°C = 1.002 cp.

20
Temperature range: 20°¢C to 100°C
AAPD = 0.00338%.

Specific heat in Btu/1lbm-°F

c, = 1.01881 - 0.4802 x 1073 (1) + 0.3274 x 107

- 0.604 x 1078 (1)
where T = temﬁerature, °F
Temperature range: 32°F to 212°F
AAPD = 0.04455%.
1 Btu/1bm-°F = 4.185 Joules/gm-°C
Thermal conductivity in Btu/hr-ft-°F

k = 0.30289 + 0.7029 x 10—3 (T) - 0.1179 x 10—5

- 0.604 x 1078 (1)
where T = temperature, oF
Temperature range: 44°F to 206°F
AAPD = 0.04404%.
o 1 o
1 Btu/hr-ft-F 57.83 Joules/sec-cm- C

Coefficient of thermal expansion in 1/°C

1dp
8 “pd
B = 1% [0.1890 x 102 - 1.1772 x 107 (T)

+0.4644 x 1077 (1))
where P = density in gm/é:m3

and T = temperature, °c

(T)

(1)?

2
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C.

Temperature range: OOC to 100°C

AAPD = 0.00637%.

N-Butyl Alcohol

1.

Density in gm/cm3

105

Data are taken from the FPRI Computer Library. The following

expression, as a function of temperature, T, was obtained.

o = 0.824605 - 0.700505 x 10 3 (T)

8 (T)3

- 0.101516 x 10> (T)? + 0.29629 x 10~
where T = temperature, °c
Temperature range: 0°c to 86°c
Maximum error: 0.10%,

Viscosity in centipoise

Data are reported on page F-38 in Reference (41).

2.3839 x 103
T + 273.15

_ 1.08564 x 104:]
(T + 273.15)2

U = exp [;6.92545 +

where T = temperature, °c
Temperature range: -50°¢c to 100°C
Maximum error: 1.26%.
Specific heat in Btu/lbm-°F
C_ = 0.53 + 0.16101 x 10~ (T-50)
P
- 0.167946 x 107> (T-50)2 + 0.783422 x 10°° (1-50)3

where T = temperature in Op

The data for the above correlation were taken from page 3-129

in Reference (30).
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Temperature range: 50°F to 212°F -
Maximum error: O0.71%.
1 Btu/1bm-CF = 4.185 Joules/gm-°C
4. Thermal conductivity in Btu/hr-ft-°F
Data are taken from the FPRI Computer Library. The following

expression was obtained:

6 2

k = 0.09307 - 0.84619 x 10™% (T) + 0.158015 x 10~° (T)

where T = temperature in °F
Temperature range: - 93°F to 347°F
Maximum error = 1.28%.

1 Btu/hr-ft—oF = Joules/sec-cm-oc

1

57.83

5. Coefficient of thermal expansion in 1/%
1 dp

B__.——.

P dT

- %-[-0.700505 x 1073 - 0.203032 x 10~ (T)

w
(]

+0.888882 x 10°° (T)2]
where p = density in gm/cm3
and T = temperature, °c
Temperature range: 0°c to 86°C

Maximum error: 0.10%.
D. Stainless Steel

The following correlations, which were developed by Singh (37),
were used to compute the physical properties of stainless steel Type
304.

1. Electrical resistivity in Ohms-fﬁzlft



-6 -
e = 2.1675 x 10 + 0.11492 x 10 8 (T)

2 17 3

+0.70965 x 1012 (1) - 0.84327 x 10 (1)
where T = temperature, °F

Thermal conductivity in Btu/hr-ft-°F

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

(T)

o
where T = temperature, F

1
1 Btu/hr-ft-°F = §7j@E;Joules/sec—cmf°C
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Calculations for experimental data run 108 are presented as a sam-
ple calculation. Experimental data values for run 108 are presented on
pages 95 and 96 in Appendix C. The sample calculations given here are

’
based on the following assumptions and conditions:

1. Electrical resistivity and thermal conductivity of tube walls

are functions of temperature.

2., Peripheral and radial wall conduction exist.

3. Axial conduction is negligible.

4. Steady state conditions exist.

Computer programs originally written by Singh (37) were modified

to perform the calculations for all the data runs on the IBM 370/158

computer.

Calculation of the Error Percentage in Heat Balance

Heat input rate, Joules/sec = Q

input
Q - current !voltage drop
input in coi{J Wacross coil
L

(88.0) (7.2) = 633.6 Joules/sec

Heat loss rate, Joules/sec = Q
loss

Calibration data for heat losses from the test section are given

in Table X in Appendix B.

7581 . (582.4)(1054.18) , 1 _
Qoss = ©360.1) — (21L.4-81.2) 3600 Favg ~ Froom’

The inlet and outlet bulk fluid temperatures measured by the
thermocouples were corrected, based on their calibration. Calibration

data for these thermocouples are given in Table VIII in Appendix B.



corrected inlet = (t.) + (0.1) [(tb)in ~ trbom]
fluid temperature b’in ' (211.8-81.2)

) (88.4-82.2)

= 88.4 + (0.1) ‘o171 5-81.2)

= 88.4°F = 31.52°C
corrected outlet = (t.) +Q 12\[(tb)out - troom]
fluid temperature b’out *%7 (211.02-81.2)

(105.0-82.2)
(211.02-81.2)

105.0 + (1.12)

105.20°F = 40.85°C

average bulk t
fluid temperature avg

1
= 2 [(tb)in + (tb)out]

ct
u

1
avg E—(88.4 + 105.2)

96.8°F = 36.18°C

(7581) (582.4) (1054.18)

Qoss = (9460.6) (211.4-81.2) ~ (3600) (96.8-82.2)
= 15.32 Joules/sec
Heat output rate, Joules/sec = Q
output
Qoutput =W (Cp) [(tb)out - (tb)in]
From Appendix D, for ethylene glycol
C = 0.553 + 0.04150 (=29 + 0.0035 (3199)2
P * ‘ 80 ’ 80

at T = 96.8°F

110
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96.8-60 96.8-60, 2
= R + . i B . e el
cP 0.553 + 0.04150 ¢( 50 ) + 0.0035 ( 80 )

= 0.573 Btu/1bm-"F = 0.573 cal/gm-K

W= 28.49 B = 226.1 X2
sec hr
Q = (226.1)(0.573) (105.2-88.4)

output

2176.5 Btu/hr

2176.5 (l%ol—a)

637.3 Joules/sec

Q

Percentage error in input ~ Qloss - output

heat balance

Q
Qinput

_ 633.6 - 15.32 - 637.3
633.6

x 100

- 300%

Similarly the heat balances for all data runs were calculated.
The results of these calculations are presented in Tables XI, XII, and

XIII for the three fluids used.

Calculation of the Local Inside Wall
Temperatures and the Inside Wall

Radial Heat Flux

As indicated in Chapter V, a numerical solution developed by
Owhadi (27) and Crain (6) was used to compute the inside wall tempera-
tures and the inside wall radial heat flux at each thermocouple loca-
tion. The trial-and-error solution is complex and hence a sample
calculation will not be given here; however, Tables XIV to XVII give

the uncorrected outside surface temperatures, the corrected outside



TABLE XTI
HEAT BALANCE POR ETHYLENE GLYCOL

Average Average Qin ‘gout Qlost Heat Flux Heat

:un Reynolds. Prandtl (Joules) (Joules) (Joules) (Joules) Balanc?
umber Number Number sec sec sec sec—mz Error %
101 449 102.28 657.0 664.9 2.45 2186 -1.63

102 452 101.61 657.0 700.9 3.45 2183 -7.06

103 380 100.09 657.0 599.8 10.62 2159 7.40

104 381 100.82 657.0 611.6 10.41 2159 5.50
105 323 97.717 633.6 617.2 10.10 2082 0.96

106 323 97.68 633.6 621.9 9.83 2083 0.23

107 260 95.73 633.6 636.9 15.43 2064 -3.05

108 260 95.73 633.6 636.9 15.33 2065 -3.03

109 171 87.99 645.3 597.4 17.98 2095 4,82

110 171 88.06 645.3 590.5 18.03 2095 5.96

111 73 52.72 619.2 536.9 54.30 1886 5.0

112 73 52.76 619.2 535.2 54.35 1886 5.32

113 515 103.86 649.7 620.8 5.97 2150 3.57

114 514 103.96 649.7 612.4 5.82 2150 4.95

115 122 78.55 657.0 581.2 22.18 2120 8.76

116 122 78.75 657.0 579.6 22,02 2121 9.05

AR



TABLE XI (Continued)

Q Q Q

Average Average in out lost Heat Flux Heat
Run Reynolds Prandtl (Joules) (Joules) (qoules) (Jogles) Balance
Number sec sec .sec sec-m2 Error %
117 776 100.50 1240.3 1248.0 4.19 4128 -1.02
118 7174 100.76 1240.3 1237.8 6.24 4121 -0.37
119 707 99.09 1266.9 1275.8 10.89 4194 -1.63
120 707 99.09 1266.9 1276.2 11.41 4193 -1.70
121 174 60.58 1302.0 1144.3 46.40 4193 9.21
122 174 60.50 1302.0 1147.5 46.18 4194 8.95
123 211 74.05 1248.0 1113.1 35.32 4050 8.49
124 211 73.88 1248.0 1115.6 35.37 4050 8.27
125 454 101.64 682.5 728.6 12.04 2239 -8.38
126 454 101.64 682.5 714.4 11.83 2240 -6.38
The Absolute Average Percentage Error 5.03

€11



TABLE XII

HEAT BALANCE POR DISTILLED WATER

Average Average Qin Qout‘ Q1ost Heat Plux Heat
Run Reynolds Prandtl (Joules) (Joules) (Joules) (Joules) Balance
Number Number Number sec sec sec sec—m2 Error %
201 1635 3.82 1180.0 1184.0 35.33 3823 -3.36
202 1635 3.82 1180.0 1179.6 35.02 3824 -2.96
203 2757 4.44 1136.8 1151.5 20.88 3727 ~-3.12
204 2761 4.43 1136.8 1164.2 20.94 3726 -4.22
205 1127 3.21 1180.0 1140.5 50.64 3772 -0.97
206 1127 3.21 1180.0 1140.5 50.33 3773 -0.94
207 2364 4.32 1115.5 1149.0 26.27 3638 -5.32
208 2363 4.32 1115.5 1152.5 26.22 3638 -5.62
209 3345 4.59 1125.2 1142.2 19.08 3694 -3.19
210 3344 4.59 1125.2 1147.5 19.24 3693 -3.67
211 4077 4.69 1156.4 1158.2 21.18 3791 -1.98
212 4080 4.68 1156.4 1164.7 21.13 3791 -2.54
213 5119 4,78 1156.4 1167.3 18.06 3802 -2.49
214 5119 4,78 1156.4 1167.3 17.96 3802 -2.48
The Absolute Average Percentage Error 3.06
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TABLE XIII

HEAT BALANCE FOR N-BUTYL ALCOHOL

Q

Q

Qlost

Average Average in out Heat Flux Heat

Run Reynolds Prandtl Joules Joules Joules Joules Balance
Number Number Number Tec ) (——EEZ—) (——EZE-) sec-m2 Error %
301 2121 32.42 1065.6 1114.8 16.07 3505 -6.1
302 2123 32.39 1065.6 1126.3 15.96 3505 -7.12
303 1763 31.50 11074 1155.1 17.77 3639 -5.9
304 1764 31.48 1107.4 1159.7 17.61 3639 -6.28
305 1437 30.72 1086.4 1109.8 22.16 3554 -4.58
306 1438 30.71 1086.4 1113.5 22.10 3554 -4.58
307 1063 28.48 1107.4 1131.7 28.57 3603 -4.85
308 1063 28.47 1107.4 1134.3 28.30 3604 -5.05
309 711 31.15 514.8 515.4 19.46 1654 -4.03
310 712 31.13 514.8 513.8 19.20 1655 -3.63
311 491 28.71 522.6 513.5 26.56 1657 -3.53
312 491 28.70 522.6 512.4 26.30 1657 -3.26
313 935 32.37 522.6 533.6 16.86 1689 -5.42
314 937 32.32 522.6 531.3 16.92 1689 -5.00
315 1285 33.27 522.6 538.6 12.47 1704 -5.50

STT



TABLE XIII (Continued)

Q Q Q

Average Average in out lost Heat Flux Heat
Run Reynolds Prandtl (Joules) (Joules) (Joules) (Joules) Balance
Number Number Number - sec sec sec sec-m2 Error %
316 1286 33.26 522.6 535.1 12.21 1704 -4.79
317 425 31.10 312.0 312.9 16.56 987 -5.81
318 426 31.04 312.0 315.2 16.56 987 -6.55
319 677 32.88 312.0 322.5 11.58 1003 -7.17
320 678 32.86 312.0 324.4 11.53 1003 -7.73
The Absolute Average Percentage Error 5.33

Inside surface

area = nd,L = w(1.257)(758.1) = 2.994 x103 cm?

- 0.299 m’

9TT



UNCORRECTED OUTSIDE SURFACE TEMPERATURES FOR RUN 108

TABLE XIV

117

Uncorrected Outside Surface Temperatures,oF
Peripheral Location*

Thermocouple
Station Number 1 2 3 4
1 95.00 96.40 94.00 92.70
2 95.90 98.50 95.10 93.90
3 95.30 98.70 95.50 93.70
4 96.50 99.20 96.40 94.70
5 98.50 101.20 97.90 96.40
6 98.40 101.30 98.30 96.90
7 100.70 103.00 99.70 98.80
8 101.10 103.90 100.20 99.00
9 102.10 104.80 101.30 100.40
10 102.70 105.80 102.70 101.30
11 103.20 105.20 102.60 100.90
12 105.50 108.00 105.70 104.10
13 108.60 111.30 108.50 107.20
14 111.10 113.40 110.60 109.70
15 113.40 115.40 112.00 111.50
16 114.40 117.70 114.50 113.70
17 117.40 119.40 116.60 115.60
18 118.50 121.30 118.40 117.10

* See the position of each thermocouple in Figure 4.



CORRECTED OUTSIDE SURFACE TEMPERATURES FOR RUN 108

TABLE XV

118

Corrected Outside Surface Temperature,

Peripheral Location

Of

Thermocouple
Station Number 1 2 3 4
1 95.16 96.47 94.10 92.76
2 95.96 98.56 95.16 93.99
3 95.40 98.78 95.60 93.72
4 96.55 99.23 96.47 94.79
5 98.62 101.28 98.03 96.49
6 98.55 101.42 98.39 96.98
7 100.84 103.08 99.88 98.88
8 101.20 104.00 100.28 99.10
9 102.25 104.94 101.41 100.50
10 102.95 105.90 102.82 101.44
11 103.48 105.33 102.73 101.01
12 105.73 108.17 105.91 104.37
13 108.85 111.55 108.73 107.38
14 111.36 113.58 110.81 109.84
15 113.83 115.88 112.48 111.77
16 114.70 118.01 114.81 114.09
17 117.72 119.85 117.04 115.98
18 119.06 121.63 118.96 117.66




TABLE XVI

CALCULATED INSIDE WALL TEMPERATURES FOR RUN 108

119

Inside Wall Temperature,
Peripheral Location

3

Thermocouple
Station Number 1 2 3 4
1 94.98 96.28 93.90 92.57
2 95.76 98.39 94.94 93.80
3 95.19 98.63 95.39 93.54
4 96.35 99.06 96.27 94.60
5 98.42 101.11 97.82 96.30
6 98.35 101.25 98.18 96.80
7 100.65 102.91 99.66 98.71
8 101.00 103.84 100.06 98.91
9 102.05 104.77 101.19 100.31
10 102.74 105.73 102.61 101.25
11 103.29 105.14 102.53 100.81
12 105.52 107.99 105.71 104.18
13 108.64 111.37 108.51 107.19
14 111.15 113.39 110.59 109.65
15 113.63 115.70 112.25 111.59
16 114.47 117.84 114.58 113.92
17 117.51 119.66 116.82 115.78
18 118.86 121.44 118.74 117.47




RADIAL HEAT FLUX FOR INSIDE SURFACE FOR RUN 108

TABLE XVIIL

120

Radial Heat Flux for Inside Surface, Btu/hr-ft2

Peripheral Location

Thermocouple
Station Number 1 2 3 4
1 557.1 555.6 636.0 643.7
2 623.1 463.7 684.2 624.0
3 664.3 440.2 648.7 638.8
4 635.6 487.6 641.6 635.2
5 624.0 471.2 668.5 645.8
6 653.2 471.7 665.8 622.0
7 617.1 492.8 690.0 624.4
8 634.1 449.8 704.0 636.1
9 644.4 464.4 708.1 615.9
10 665.4 472.4 674.9 625.3
11 585.7 536.8 642.5 672.5
12 655.4 529.9 640.9 630.6
13 665.3 500.8 674.6 631.6
14 649.2 525.6 690.1 622.7
15 625.5 509.7 727.6 635.8
16 731.6 468.9 723.7 585.9
17 646.2 537.0 697.7 643.2
18 678.6 526.5 686.7 641.8
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temperatures, the computed inside temperatures and the inside wall
radial heat fluxes for every thermocouple located on the helical

cail. The values given are for data run 108.

Calculation of the Local Heat Transfer

Coefficient

For thermocouple 14-3 (thermocouple station 14, peripheral position

3):
Local heat transfer - h = (Q/A)i
coefficient [(tw) '(tb) ]
i 14
Lia
()., = (&) + [(t) - () 16—
b 14 b in b out b in Ltotal
_ _ . (421.64)
= 88.40 + (105.20-88.40) —773517—
= 97.74°F
local heat transfer = h = 690.1
coefficient (110.59-97.74)

= 53.7 Btu/hr-ft>-C°F

304.9 Joules/sec—mz—K

Calculation of the Dimensionless Axial Distance

and the Dimensionless Inside Wall Temperature

By definition:
: Axial distance along helical
Dimensionless _ _ coil from inlet electrode, cm
kaxial distance( 2~ Tube inside radius, cm

and



122

(e -(t) ]

Dimensionless =T = b“inlet
wall temperature W dtb/dz

[(tb)exit B (tb)inlet]
Total heated length, cm
Tube inside radius, cm

dtb/dz =

For thermocouple 14-3
_ 421.64

z —m= 670.7
dt, 105.20-88.40 16.8
- 40, . = 0.01393
dz 298.5x2.54 1 206xlo3
1.257/2 .
¢ . (110.59-88.40) 1592.9

w 0.01393

Similar calculations were performed for the other thermocouples.

Table XVIII gives the results for run number 108.

Calculations of the Relevant

Dimensionless Numbers

Table II in Chapter V gives the definition of the dimensionless
numbers evaluated.
For data run 108 and thermocouple station 14, the following
dimensionless numbers were evaluated:
1. Reynolds Number: Re
Re = (d,)(6)/ ()
where G = W/(ﬂd12/4)

From page 102 in Appendix D



DIMENSIONLESS AXTIAL DISTANCE AND INSIDE WALL
TEMPERATURES FOR RUN 108

TABLE XVIII

123

Dimensionless Inside Wall Temperatures, Tw

Peripheral Location

Dimensionless
Axial Distance 1 2 3 4

8.1 472.2 565.8 394.7 299.6

20.2 528.6 717.5 469.7 387.8

32.3 487.4 734.2 502.2 368.0

56.6 570.7 765.4 564.9 445.4

80.8 719.3 912.5 675.9 567.2

105.1 714.1 922.8 702.1 602.9
129.3 879.3 1041.5 808.4 739.0
161.6 904.6 1108.3 837.2 754.8
202.0 979.6 1175.1 918.3 855.1
242.4 1029.1 1244.3 1019.9 922.8
288.9 1069.1 1201.9 1014.2 890.7
416.2 1229.1 1406.2 1242.6 1132.6
541.4 1452.7 1649.1 1443.8 1348.7
670.7 1633.0 1794.2 1592.9 1525.5
800.0 1811.1 1959.8 1712.1 1663.8
929.3 1871.7 2113.2 1879.1 1831.8
1050.5 2089.7 2243.9 2040.2 1965.8
1179.8 2185.3 2372.0 2177.8 2086.8




= exp [3.8066 - 1.79809 (T 40)
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3
+ 0.38590 (T 40) 0.05878 (T —40
+0.004173 (=29 40) ] (E.1)
where T is measured in oF and p in centipoise
at () = 97.74°F
14
2
u = exp [3.8066 - 1.79809 chl%%ZiQ) + 0.38590 (214%%:59)
97.74-40. 3 97.74-40. "
- 0.05878 c———————o + 0.004173 c——ﬁﬁy——o ]
= 10.857 centipoise = 0.10857 gm/(cm-sec) (E.2)

28.49 1

<. Re = (1.2573
(3.1416/4) (1.257)2 || 0-10857

= 265.7
Dean Number: De
De = (Re) (/51732 )
De = 265.7 (/1.257/25.4)
= 59.1
Prandtl Number: Pr
Pr = (Cp)(u)/(k)

From page 102 in Appendix D,

T- 60

Cb = 0.553 + 0.04150 (————0 + 0.0035 ( )

where T is measured in oF, and Cp is in Btu/1lbm-°F

at (c) = 97.74°F
14
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2
‘ 97.74-60 97.74-60
C, = 0.553 + 0.04150 (Z=g5=>) + 0.0035 (Z~g5=>)
c, = 0.573 Btu/1lbm-"F
Cp = 2.398 Joules/gm-K

From page 102 in Appendix D,
k = 0.1825 - 2.3 x 102 (T)
where T is measured in OF and k is in Btu/hr-ft-oF

at (t) = 97.74°F
14

= 0.1825 - 2.3 x 10°% (97.74)

=
[

0.1600 Btu/hr-ft-°F

2.767 x 10-3 Joules/sec—-cm-"C

0.10857 gm/(cm-sec) From Equation'(E.Z)

=
[

. = £2.398)(0.10857)
(2.767 x 10'3)
4. Nusselt Number: Nu

S.P = 94.1

Nu = (h) (di)/k
304.9 x 1.257
Nu = —- 2 -3
(100)° (2.767 x 10 7)
Nu = 13.85

5. Graetz Number: Gz

s = @ Cp)
) (0

(28.49) (2.398)
(2.767 x 10'3)(421.64)

58.56

6. Grashof Number: Gr

or = @) (6 ® ® Bo/ed)

From page 102 in Appendix D:
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p = l/[0.924848 + 6.2796 X 10—4 (T-65). + 9.2444 x lO—7 (T--65)2
+3.057 x 100 (1-65)°1"

where T is measured in °C and p is in gm/cm3

at (t.) = 97.74°F = 36.71°%

b
14
1/[0.924848 + 6.2796 x 10 b (36.71-65)

]

Y
-7 2 -9 3
+ 9.2444 x 10 (36.71-65)  + 3.057 x 10 (36.71-65) "]

1.102 gm/cm3

p

From page 103 in Appendix D,

4 4 1.84888 x 1070 (T-65)

B = o[6.2796 x 10
+9.171 x 107° (T—65)2]

B is calculated at t

(avg)
+

. ) (tw)avg (tb)l&

(avg) 5
) _ (111.5 + 113.39 + 110.59 + 109.65)

w avg ' 4
(t ) = 111.2°F = 44.18°C

W' avg
. _ (44.18 + 36.71) = 40.45°C

(avg) 2

. < -4 -6
B = (pt )[6.2796 x 10 = + 1.84888 x 10 ~ (40.45-65)
(avg)
+9.171 x 1077 (40.45-65)%]
= (p )[5.881 x 107%]
(avg)

o, = 1./[0.924848 + 6.2796 x 107% (40.45-65)

(ave) -7 2 -9 3

+ 9.2444 x 10 (40.45-65)° + 3.057 x 10 ° (40.45-65)"]

o, =1.10

(avg)

B = (1.10)(5.881 x 10‘4)

= 6.469 x 107%/%



g = 980.66 cm/sec2

u = 0.10857 gm/(cm-sec) From Equation (E.2)

Gr

(1.257)3 (1.102)% (980.66) (6.469 x 10 %)
2

1
(44.18 - 36.71) x[a-.lo—a—57]

970.4

Rayleigh Number: Ra

Ra

(Gr) (Pr)

(970.4) (94.1)

9.13 x 10”
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APPENDIX F

CALCULATED RESULTS
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The calculated results for those experimental runs which were pre-

sented in Appendix C are presented here. The rest of the calculated

results are available at:

School of Chemical Engineering

Oklahoma State University
Stillwater, Oklahoma 74074 U.S.A
Attn: Dr. Kenneth J. Bell



THERMOCOUPLE STATICON

AT THE AVERAGE BULK FLUID TEMPERATURE
AT THE THERMOLUUPLE >STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
2C6
2C8
210
214
302
304
308
312
314
320

REYNOLDS
NUMBER
RE

4C8
342
219
131
30
625
1232
2374
72¢
1978
2964
4735
1857
1488
786
366
812
601

DEAN
NUMo ex
)3

V)
To
4y
29
6
139
274
528
161
449
659
1053
413
331
174
81

- 189

133

PLANDT L
NUMBER
PR

lil 344
1iv.9l6
l11.458
lLJ.938
1l1¢.877
113.477
9.236
54248
5.241
5.272
5,250
5.213
35.901
35.887
35.919
35.952
20.u88
36.021

AVERAGE VALUES FOR THE STATION
HEAT. TRANSFER
COEFFICINT
J/SEC‘SQ.M.‘K

HEAT FLUX
J/SEC‘SC-M.
Q/A

1938
1962
1887
1931
1831
3644
3356
3239
3355
3192
3245
3366
2984
3092
3108
1494
1489

881

H1

768.1¢
764.87
616.56
477.63
264.66
989.89
1141.74
1508.14
915.96
1515.25
1645.17
2229.14
600.23
538.05
396.94
270,72
402.74
339,65

H2

677.94
697.15
573.72
460,26
263.72
85D.85
961.93
1309.96
785.07
1274.81
1474.77
2027.34
533.70
479.96
358.29
252.93
362.93
306.41

NUSSFLTY
NUMBER
NU

34.42
34.28
2T7.62
21l.41
11.85
44.38
23.32
30.81
18.71
30.97
33.61
45.51
50.24
45.03
33.22
22.66
33.70
28.42

0tT



THERMOCOUPLE STATICN :

AT THE AVERAGE BULK FLUlu TEMPERATURE
AT THE THERMOCOUPLE STATIIN

RUN
NUMBER

102
104
108
110
112
120
202
204
206
208
210
214
302
304
3C8
312
314
320

REYNOLDS
NUMBER
RE

499
343
220
132
31
627
1240
2381
733
1986
2912
4743
1862
1493
791
368
814
6973

DEAN
NUMB ER
DE

9i
To
4o
29
6
139
276
529
163
44]
66i
1055
414
332
170
8<
181
134

PRANDTL
NJUYock
PR

111.133
iade637
111.122
Live362
110.0817
iiLa.227
5.159
5.229
95,250
5.235
Y:2u3
35.824
35.789
35.734
35.761
36.046
324953

AVERAGE

HEAT FLUX
J/SEC‘SQ-“.
Q/A

1941
1964
1889
1932
1849
3652
3365
3243
3368
3195
324¢
3365
2994
3103
3128
1506
1497

887

VALUES FOR THE STATION

HEAT TRANSFER
COEFFICINT

JISEC‘SQQ Me-K

H1

644.96
664.87
520.79
413.13
207.44
794,35
961.71
1314.32
763.55
1239.13
1529.21
2130.67
479.88
436.83
319.03
226.15
317.54
269.60

H2

591.24
603.77
482.66
388.01
203.55
T16.02
838.01
1146.C6
691.22
1051.97
1348.43
1902.03
433,72
396.85
298.28
215.55
295,81
252.26

NUSSELT
NUMBER
NU

28.90
29.80
23.34
18.52

9.30
35.62
19.63
26.84
15.58
25.32
31.23
43.49
40.17
36.57
26.71
18.93
26.57
22.56

€T



THERMOCOUPLE STATICN :

AT THE AVERAGE BULK FLUID TeMPERATURE
AT THE THERMOCUUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
2C8
210
214
302
304
3C8
312
314
320

REYNOLDS
ANUMBER
RE

410
343
221
133
31
628
1248
2389
741
1993
2979
4751
1867
1498
796
371
817
604

DEAN
NUMB ER
DE

91
76
49
29
7
139
2117
531
164
44>
662
1057
415
333
177
82
181
134

PRANDTL
NUMBER
PR

live922
ilG.4l8
llu.748
i09.829
lus.809
109.977
5.163
5.210
5.121
50227
%.2¢0
5.194%
35.748
35.632
35.559
354,611
32.924
35.885

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC‘SQ.M.‘K

HEAT FLUX
J’SEC‘SQ.M.
Q/A

1938
1963
1886
1930
1856
3647
3360
3239
3363
3191
3242
3361
2987
3099
3123
1505
1494

885

H1

T18.76
678,53
547.32
431.96
203.43
896.95
1162.70
1601.18
906.83
1586.15
1793.29
2663.12
524.48
470.97
342.43
232.18
339.73
283.28

H2

635.55
613.83
496.87
367.64
199.17
177.46
968.94
1254.19
789,89
1216.33
1433.14
2122.27
458.10
418.39
314.83
220.40
309.84
260.91

NUSSELT
NUMBFR
NU

32.21
30.42
24.53
19.37
9.13
40.23
23.71
32.69
18.48
32.39
36.62
54.35
43.91
39.43
28.68
19.44
28.43
23,71

(A



THERMOCOUPLE STATICN

AT THE AVFRAGE BULK FLUlu TcMPERATURE
AT THE THERMOCUOUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
208
210
214
302
304
308
312
314
320

REYNOL DS
ANUMBER
RE

411
345
222
134
33
632
1264
24)4
756
2009
2994
4766
1877
15909
806
375
821
607

DEAN
NUMob ER
De

9i
To
49
29
I'{
149
281
535
168
446
666
1060
417
335
179
83
182
135

PRANDTL
NJMBER
PR

110.5J3
113.041
110.044
ido.748
lU4.945
LU9.481
5.091
5.173
S.0ub
5.183
5.191
5.175
35.596
35.498
35.413
35,275
35.760
35.749

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
J/SEC-SQ.M,
Q/A

1943
1965
1893
1939
1873
3651
3366
3243
3376
3196
3244
3364
2996
3105
3131
1512
1497
887

H1l

658,37
654.40
491.16
381.85
196.42
829.53
1190.79
1480.90
884.87
1502.95
1686.62
2256 .95
485.34
445.81
331.89
220.65
330.50
286.30

H2

599.47
595.85
461.42
363.50
189.18
739.45
959.42
1208.67
752.95
1186.43
1359.15
1803,03
436.16
399.99
306.65
208.S8
302.39
2€4.37

NUSSELT
NUMBER
NU

29.52
29.35
22.03
17.14

8.84
37.22
24.25
30.19
17.99
30.67
34.42
46.04
40.64
37.34
27.81
18.49
27.67
23.97

€ET



THFRMCCOUPLE STATION

AT THE AVERAGE

RUN
NUMBER

102
104
1C8
119
112
120
202
204
2C6
208
210
214
302
304
3Cs8
312
314
320

REYNOLDS
NUMBE R
RE

413
346
224
136
34
635
1279
2429
771
2024
3010
4781
1888
1529
816
389
826
610

BULK FLUIU TEMPERATURE
AT THE THERMOCOUPLE STATION

DEAN
NUMB ER
Dt

9¢
717
49
3u
7
141
284
533
171
45y
669
1063
420
333
181
84
185
135

PRANOT L
NUMBER
PR

110.085
l09.6J8
lud.346
107.0691
101.273
108.989
5.021
5.136
4.895
5.139
5.161
5.156
35.445
35.306
34.871
34.942
35.597
35.614

AVERAGE

HFAT FLUX
J’SEC’SQ.M.
Q/A

1952
1975
1900
1947
1879
3662
3375
3243
3391
3197
3245
3362
2994
3106
3152
1524
1506

896

VALURS FOR THE STATION

HEAT TRANSFER
COEFFICINT

J/SEC-SQ.M.-K

H1

498.43
493.42
407.12
330.91
204.13
718.176
1070.29
1694.29
779.51
1729.12
1835.45
2461.87
511.72
462.58
289.50
195.41
286.56
222.66

H2

474.€65
467.06
384.92
315.73
162.52
666.87
918.16
1282.69
686.85
1271.89
1404.19
1816.27
449,05
411.04
274.81
186.57
270.66
213,32

NUSSELT
NUMBER
NU

22.35
22.13
18.27
14.86

9.21
32.23
21.717
34.54
15.81
35.25
37.43
50.20
42.81
38.76
264.27
16.38
24,90
18.65

ET



THERMOCOQUPLE STATION

AT THE AVERAGE BULK FLUiU TEAPERATURE
AT THE THERMOLLUPLE STATION

RUN
NUMBER

102
104
1C8
110
112
120
202
204
206
2¢8
210
214
302
304
308
312
314
320

REYNCLDS
NUMBZR
RE

415
348
225
137
35
638
1295
2435
787
2039
3C25
4797
1898
1531
827
385
831
613

DEAN
NUMB ER
DE

9
17
59
3v
7
l4c
283
541
175
453
673
1067
422
349
184
85
185
136

PRaNOTL
NJMocRr
PR

lu9.670
lu9.176
Llub .655
lubeoneB
97.782
10b.499
4.953
5.099
4768
5.096
50132
5.138
35.294
3%.1L6
34,533
24.614%
39.435
35,480

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-5Q.M.-K

HEAT FLUX
J/SEC'SQ.M.
Q/A

1954
1975
1903
1951
1887
3673
3392
3250
3393
32939
3248
3364
3003
3124
3170
1530
1514

898

H1

483,39
493.45
409.05
322.11
210.26
603.70
831.34
1453.13
913.14
1222.72
1843.23
2524.58
462.55
375,60
255.14
189.33
248.44
213.39

H2

459,17
468.80
390.03
3C8.40
156.90
571.71
760.52
1204.76
733.67
1063.34
1415.36
1858.22
420.15
349,00
243,84
180.55
236.83
203.59

NUSSELT
NUMBER
NU

21.68
22.14
18.36
14.48

9.52
27.10
16.88
29.60
18.48
24.90
37.57
51.46
38.75
31.48
21l.41
15.88
20.81
17.87

SET



THERMQOCOUPLE STATION

AT ThHE AVERAGE BULK FLUID TcMPERATURE
AT THE THERMOCuWUPLEe STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
208
210
214
302
304
308
312
314
320

REYNCLDS
NUMBER
RE

417
349
221
139
37
641
1311
2451
802
2055
3040
4812
1909
1541
837
389
836
616

DEAN
NUMg EK
De

92
17
50
30

o
142
291
545
174
457
676

1070
424
343
186

8o
186
137

PRANOTL
NUMBER
PR

dUY.258
1od.747
lu.979
195,019
94.460
luo.012
4,886
5.063
4.685
5.054
5.103
3.119
35.1e5
34.926
34.199
34.230
35.27%
324346

AVERAGE VALUES FOR THE -STATION
HEAT TRANSFER
COEFFICINT
J/SEC=-SQeM.-K

HEAT FLUX
J/SEC-SG.M.
Q/A

1957
1980
1912
1961
1903
3676
3398
3262
3414
3221
3256
3368
3028
3145
31717
1541
1518

902

H1l

452.67
446.54
346.83
288.34
207.38
570.50
834.81
1047.94
798.82
920.12
1388.31
1998.99
349.63
311.78
255.74
181.12
244,83
202.36

H2

430.37
426.85
334.89
277.99
193.64
537.96
128.60
946.15
654.69
839.34
1173.24
1593.73
331.14
296.17
243.10
172.98
233.49
194.24

NUSSELT
NUMBER
NU

20,31
20.04
15.58
12.97

9.41
25.62
16.32
21.33
16.13
18.72
28.28
40.73
29.30
26.14
21.47
15.20
20.51
16.95

9¢T



THERMOCOUPLE STATION :

AT THE AVERAGE BULK FLUIv TEMPERATURE
AT THE THERMOLOUPLE STATINN

RUN
NUMBER

102
104
108
119
112
120
202
204
206
2C8
210
214
302
304
3Cs8
312
314
320

REYNOLDS
NUMBER
RE

419
352
229
141
39
646
1332
2471
823
2075
3069
4833
1923
1556
851
396
843
621

DEAN
NUMBER
De

935
78
51
31
o
143
296
549
183
461
681
1075
427
346
189
88
187
1338

PraANDTL
NUMBER
PR

luo.T711
lio.1l79
107.066
lU‘Oo‘bg
U277
luZ7.368
4,798
2.U16
4e592
4.998
Y4065
5.u95
34.947
34.676
33.762
33.864
25,.,u61
35%5.169

AVEPAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
J/SEC-SC. M,
Q/A

1962
1982
1912
1961
19G5
3682
3401
3262
3421
3221
3261
3367
3026
3141
3178
1539
1521

905

Hl

422.5H2
430.40
350.87
291.55
218.08
545.N8
882.11
1163.68
885.76
1066.22
1283.72
2303.51
361.01
334.81
258.08
192.05
239.99
193.66

H2

401.49
409.87
334.00
279.03
201.56
518 .44
785.45
1009.08
T44.53
942.00
1109.07
1668.33
338.01
313.77
243.16
180.79
229.50
185.67

NUSSELT
NUMBER
NU

18.94
19.33
15.77
13.13

9.93
24.49
17.85
23.66
17.83
21.67
264,13
46.92
30.27
28.08
21.68
16.13
20.12
16.23

LET



THERMOCOUPLE STATICN

AT THE AVERAGE BULK FLUID TeMPERATURE
AT THE THERMOCOUPLE STATION

RUN
NUMBER

102
104
108
110
112
129
202
204
206
208
210
214
302
304
308
312
314
320

REYNOLDS
NUMBER
RE

422
354
232
143
41
651
1359
2498
846
2101
3086
4859
1941
1574
869
404
851
626

DEAN
NUMo EK
De

9%
7o
51
31
Y
l44
302
555
189
461
680
1081
43}
359
193
89
189
13y

PANDT L
hNuMBER
PK

1UB.033
LuT7.474
lu5.,951
lu2.0616
6%2.4l6
l06.571
4,693
4957
4.395

“e929

5.018

2.004%
34.1701
344366
33.225
334341
34,798
34,949

AVERAGE VALUES FOR THE STAYION
HEAT TRANSFER
COEFFICINY
J/SEC-SQ.M.-K

HEAT FLUX
Q/A

1962
1989
1919
1970
1933
3687
3414
3269
3444
3239
3265
3371
3029
3159
3185
1542
1529
909

H1l

420.76
400.76
329.94
278.79
214.93
537.18
902.97
1213.57
817.85
1044.01
1350.81
2397.52
370.38
321.75
283.77
215.53
228.76
190.29

H2

402.97
386.99
317.85
201.62
509.28
823.59
1077 .47
734.36
951.87
1180.11
1781.31
347.35
306.16
274.89
205.94
219.94
184.03

NUSSELT
NUMBER
NU

18.C1
14.84
12.57

9.84
24.15
18.23
24,65
16.40
21.19
27.47
48.80
31.07
27.00
23.86
18.12
19.18
15.95

8¢T



THERMOCOUPLE STATICON

AT ThE AVERAGE BULK FLUID TcMPERATURE
AT THE THERMOCUOUPLE STATION

RUN
NUMBER

102
104
108
110
112
129
202
204
206
2C8
210
214
302
304
3Cs
312
314
320

REYNOLDS
NUMBER
RE

425
357
235
146
44
657
1386
2524
876
2127
3112
4885
1959
1593
888
412
867
631

DEAN
NUMp ER
De

94
19
52
32
9
l4c
33
561
195
473
692
1086
435
354
197
91
191
140

19

PRANDT L
NJMDER
PK

lu7.369
100.776
lJ4.852
lul.0090
BUe925
1u5.732
4.591
‘009:)0
4.246
4852
4.972
5.034
34.458
34.ub60
32.699
3c.829
34.5517
34.751

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC'SQ.MQ"K

HEAT FLUX
J/SEC‘SQ.M.
Q/A

19617
1991
1923
1976
1939
3692
3419
3274
3451
3232
3279
3374
3030
3156
3178
1541
1527

913

H1

391.35
382.17
316.37
265.37
211.41
493,71
961.72
1117.26
921.86
1085.62
1271.32
2135.02
366.04
313.21
301.60
230.33
237.12
178.30

H2

376.83
369.55
376.13
256.7T7
198.94
471.85
845.08
988.98
767.33
959.43
1111.19
1648.72
338.61
296,22
281.40
218.71
223.48
171.22

NUSSELT
NUMBER
NU

17.58
17.18
14.24
11.98

9.72
22.21
19.38
22.66
18.42
22.00
25.83
43.43
30.71
26.30
25.39
19.38
19.89
14.95

beT



THERMOQCOUPLE STATION

AT THE AVERAGE BULK FLUID TEMPEZRATURE
AT THE THERMOCOQUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
2C8
210
214
302
304
308
312
314
329

REYNOLDS
NUMBE R
RE

429
360
238
149
47
663
1417
2554
907
2157
3141
4915
1979
1614
909
422
869
637

DEAN
NUMS ER
De

95
8V
55
33
19
147
315
564
201
479
698
1093
440
359
202
93
193
14}

11

PRANDT L
NUMBEK
PR

LUube594
lu5.982
103.608
716.176
lu4.885
4.41718
4.835
4.084
4.787
4.920
5.000
34.182
33.713
32.109
32.254
34.239
34.483

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-5Q.M.-K

HEAT FLUX
J,SEC-SQOM.
Q/ A

1969
1992
1923
1980
1955
3691
3427
3280
3475
3241
3275
3377
3034
3153
3200
1555
1531

915

H1

395.97
400.36
340.60
28l1.51
213.39
536.62
1182.47
1260.23
865.20
1126.15
1430.96
3186.27
406.93
368.56
296.00
220.49
263.928
195.48

H2

385.51
389.64
329.00
273.29
205.35
515.75
1070.32
1174.41
827.13
1062.03
1313.03
2265.19
393.37
355.37
290.15
217.66
257.49 "
191.79

NUSSELY
NUMBER
NU

17.80
18.01
15.35
12.73

9.87
24.15
23.76
25.53
17.22
22.79
29.04
64.717
34.16
30.97
24.94
18.58
22.08
16.40

oY1



THERMOCOUPLE STATICN :

AT ThF AVERAGE BULK FLUID TcMPERATURE
AT THE THERMOCQUPLE STATLION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
2C8
210
214
302
304
308
312
314
320

REYNOL DS
NUMBER
RE

438
368
247
158
57
681
1504
2637
994
2239
3223
4997
2037
1674
969
443
896
653

DEAN
NUMB ER
DE

97
82
54
35
12
151
334
586
221
494
T17
1114
453
372
215
19
199
145

l¢

PRANDTL
NUMBER
PR

104.336
103 .847
100.307
94 « 449
b5.u96
lude4d 2
4.190
446065
3.089
4.589
4.781
4.908
33.438
32.786
30.563
3J.745
33.443
33.814

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
Q/A

1974
2007
1938
1993
1698
3704
3459
3293
3520
3259
3282
3387
3046
3172
3237
1576
1542

918

Hl

394.65
380.11
305.43
254.62
212.21
494.24
991.49
1225.49
908.14
1063.44
1624.19
2148.77
377.78
333,75
259.86
207.51
240.25
210.60

H2

383.58
371.47
299.32
248.98
198.31
477.94
873.44
1100.36
759.66
964.38
1380.27
1758.74
357.40
'317.18
251.06
197.82
232.24
202.74

NUSSELT
NUMBER
NU

17.77
17.12
13.80
11.56

9.96
22.29
19.79
24.73
17.89
21.42
32.86
43.59
31.76
28.09
21.96
17.53
20.20
17.69

vl



THERMOCOUPLE STATION :

AT THE AVERAGE BULK FLUID TtcMPERATURE
AT THE THERMCLOUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
2C6
208
210
214
302
304
3Cs
312
314
320

REYNOLDS
NUMBER
RE

448
377
256
166
67
698
1592
2720
1082
2322
3304
5079
2095
1734
1032
477
924
670

DEAN
NUMB ER
DE

99
83
56
37
15
155
354
605
249
516
735
1130
4606
385
229
106
205
149

13

PRANDTL
NUMBER
PR

102.565
lul.805
97.‘33
93.099
26.398
ivu.l93
3.935
4.506
3.358
4.407
4.650
4.820
3c.728
31.906
29.137
294351
3¢.683
33.173

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
J/SEC’SQ.M.
Q/A

1985
2012
1959
2014
2051
3725
3491
3313
3574
3276
3301
3395
307 4
3195
3250
1603
1553
93]

H1

341.38
331.91
276.38
239.02
210.45
423,14
98J0.81
1059.48
919.58
1063.54
1196.92
1910.21
313.31
303.82
283.44
199.22
228.42
186.15

H2

332.66
324.38
270.28
233 .45
199.73
412.15
866.75
966.32
793.18
965.00
1080.76
1551.96
301.05
289.96
269.82
195.62
219.67
181.35

NUSSELTY
NUMBFER
NU

15.39
14.97
12.51
10.89
10.03
19.11
19.45
21.30
17.94
21.34
24.15
38.68
26,37
25.61
24,02
16.88
19.23
15.6¢

T



THERMCCGUPLE STATION

AT THE AVERAGE BULK rLUID TEMPERATURE
AT THE THERMOCOUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
206
208
210
214
302
304
308
312
314
320

REYNOLDS
NUMBER
RE

458
385
265
176
79
717
1684
2807
1176
2408
3388
5163
2155
1798
1099
507
952
687

DEAN
NUMo tk
(0] 3

101.
85>
59
39
17

159

374

624

261

535

153

1148

479

400

244

112

212

152

le

PRANDT L
NUMBER
PR

1J0.585
99.758
J4.1e1
85.905
49.159
97.926
3.0637
4.351
3.064
4.231
4.521
©.731
32.016
31.031
271.759
23,001
31.923
32.528

AVERAGE VALUES FOR THE STATINN
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
J/SEC-SG.M.
Q/A

1995
2921
1962
2031
2096
3735
3516
3326
3616
3291
3313
3404
3085
3200
3280
1620
1554

935

H1

317.21
308.94
266.93
233,02
209.87
409.36
1125.37
1143.08
1105.47
1177. 74
1198.47
2022.32
317.02
326.98
274.84
201.08
266.45
194.59

H2

312.04
304.58
262.52
228.27
197.84
401.35
895.44
1031.95
806.02
1017.62
1998.22
1652.01
306.17
308.57
259.84
193.06
248.25
186.84

NUSSELT
NUMBER
NU

14.32
13.96
12.12
10.66
10.16
18.53
22.17
22.90
21.37
23.53
24.11
40,87
26.72
27.61
23.36
17.08
22 .46
16.38

€T



THERMOCOUPLE STATION

AT THE AVERAGE BULK FLUID TEMPERATURE
AT THE THERMOCOQUPLE >STATION

RUN
NUMBER

102
104
108
111
112
120
202
204
206
208
210
214
302
304
3ins
312
314
320

REYNOLDS
NUMBER
RE

468
394
275
185
92
736
1777
2894
1272
2496
3473
5249
2218
1864
1169
539
982
705

DEAN
NUMb ER
3

104
87
61
41
20

163

395

644

283

555

772

1167
49>

414

269

119

218

156

1o

PRANDT L
NUMBEK
PR

Y8 .66)
vl.768
91.216
51.989
43,215

992.693

3,482
4.205
c.bll
4.J67
4.398
4,646
3le324
3).188
204468
<6733
3l.146
31.990

AVERAGE

HEAT FLUX
J/SEC"SQ.M.
Q/A

2009
2028
1971
2043
2146
3747
3551
3342
3674
3310
3324
3408
3085
3215
3302
1641
1568

943

VALUES FOR THE STATINN

HEAT TRANSFER
COEFFICINT

J/SEC-SQ.M.-K

H1

311.72
299.01
264.15
234.20
217.06
389.61
1025.70
1119.90
953.45
1109.35
1191.97
2247.35
338.53
319.86
28l1.94
205.21
253.34
195.43

H2

304.12
292.68
258.08
228.47
206.13
380.13
881.22
993.06
802.63
960.44
1046.94
1625.38
314.27
296.75
266,81
199.93
240.86
188.17

NUSSELT
NUMBER
NU

14.19
13.53
12.02
10.76
10.68
17.66
20.08
22.36
18.27
22.017
23.91
45.33
28.57
27.05
24.03
17.48
21.39
16.47

AAN



THERMOCOUPLE STATION

AT THE AVERAGE BULK FLUID TEMPERATURE
AT THE THERMOLUUPLE STATION

RUN
NUMBER

102
104
1C8
119
112
120
202
204
206
208
210
214
302
3C4
3C8
312
314
320

REYNOLDS
NUMBER
RE

478
403
285
165
107
755
1873
2983
1371
2584
3559
5334
2281
1931
1243
572
1012
723

DEAIN
NUMB ER
De

100
89
63
43
23

168

4lo

663

305

515

791

1180

507

429

270

127

225

l16u

lo

PRANOT L
NUMODER
Pk

96.786
¥95.855
8B .40
78.328
38439
93.5590
3.286
4,066
20591
3.912
4.279
4562
30.652
29.375
254257
254543
3J 4172
24.288

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
CNEFFICINT
J/SEC-SQ. M. =K

HEAT FLUX
J/SEC-SQ.M.
Q/A

2007
2034
1980
2053
2195
3760
3588
3363
3738
3337
3344
3422
3071
3221
3339
1661
1585

946

H1

305.64
294.10
263,27
240.78
218.96
376.29
1202.68
1271.83
957.11
1161.42
1272.52
2233,.20
452.83
363.99
280.23
230.40
249.21
233.29

H2

297.98
287.52
257.17
234.56
210.40
366.35
1080.88
1204.54
879.38
1124.42
1224 .02
2021.904
386.98
338.15
273.80
225 .60
246.42
224.38

NUSSELT
NUMBER
NU

13.84
13.33
12.01
11.10
10.94
17.09
23.41
25.30
18.20
23.01
25.45
44,96
38.27
30.84
23.95
19.68
21.07
19,68

SYT



THERMOCOUPLE STATICN

AT THE AVERAGE BULK FLUIU TEMPERATURE
AT THE THERMOLUUPLE STATION

RUN
NUMBER

102
104
108
119
112
120
202
204
206
208
210
214
302
304
308
312
314
320

REYNOL DS
NUMBER
RE

488
412
294
205
122
773
1964
3066
1465
2669
3649
5415
2342
1996
1315
604
1041
740

DEAN
NUMB ER
Dt

104
9i
65
45
27

172

437

682

320

593

809

1204

521

444

292

134

231

164

17

PRANOTL
NJMBER
Pk

95.ul6
94.072
85.910
75.110
34.654
9l .004
30‘.19
3.943
2.411
3.775
4.173
4.486
3J.0490
28 . 0490
24.190
24432
29.823
30.729

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
JISEC“SQ.M."K

HEAT FLUX
Q/A

2014
2041
1991
2057
2239
3771
3614
3375
3798
3349
3351
3426
3117
3235
3363
1687
1589

950

H1

293.27
279.59
252.68
271.88
220.49
359.11
1060.78
1111.65
806,49
1120.98
1215.16
2125.85
312.37
361.68
270.23
206.31
249,72
264.82

H2

288.70
275.48
248.68
263,32
211.37
352.82
932.67
1007.99
605.48
956.84
1093 .41
1679.91
298.63
331.45
261.09
189.84
239.82
231.87

NUSSELT
NUMBER
NU

13.30
12.69
11.56
12.59
11.19
20.54
22.04
15.24
22.13
24.24
42.73
26,43
30.69
23.15
17.66
21l.14
20.68
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THFRMOCOUPLE STATION

AT THE AVERAGE BULK FLUIDO TcMPERATURE
AT THE THERMOCUUPLE STATION

RUN
NUMBER

102
104
108
110
112
120
202
204
2¢6
208
210
214
302
304
308
312
314
320

REYNOLDS
NUMBER
RE

498
421
305
216
139
793
2062
3157
1568
27159
3727
5502
2408
2067
1395
649
1072
759

DEAN
NUMB ER
Oe

111
93
67
43
3v

176

458

702

349

613

829

1224

535

459

319

142

234

164

18

‘PRANDTL
NJMDER
PR

93.299
92.442
83.345
7. .888
31.252
89.592
24955
3.817
é.241
3.638
4.064
4.408
29435
27.884
23.119
23.435
£9.159
30.147

AVERAGE VALUES FOR THE STATION
HEAT TRANSFER
COEFFICINT
J/SEC-SQ.M.-K

HEAT FLUX
J/ SEC-SQIM.
Q/A

2018
2046
1998
2052
228¢€
3773
3646
3390
3912
3367
3363
3435
3126
3261
3389
1727
1602
96 4

H1l

296.97
283.27
256.01
384.54
240.55
368.46
1060.26
1182.83
737.12
1134.66
1284.59
2097.19
325.13
328.61
274.61
202.48
242.13
215.66

H2

290.07
278.06
251.73
3€4.39
230.13
357.89
928.61
1070.33
351.69
1017.64
1158.53
1756.11
308.14
312.26
264.53
160.06
234.59
208.70

NUSSELY
NUMBER
NU

13.49
12.88
11.74
17.88
12.42
16.80
20.42
23.38
13.84
22.32
25.56
42.07
27.54
27.92
23.59
17.38
20.52
18.24
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coOonCoOoOrr O0C

ooOc o

06260 *0i®al*aT*0 L 2aTl*AL* ¥ AT*ATH AL *ATPAT*AL* aX*AL* AT+ I+ L+ AT *L* AT *3
COMPUTER PROGRAM: MAHNOL

PRUSRAN TO PERFOPM HEAT BALANCE CALCULATIONS FOF EXPERIMENTAL DATA
Kuis. oY MOHAMMAD A. ABUL-HAMAYEL

WS 3T AT ATPALPAT*AT*a L% dT* AT *AT*AL*AT*AT*AT*AT* A+ AT *aT*at*aT*a%*a

UIMENSIION CURENT(30),VOLTS(30),FLRT(30),TFLIN(30),TFLOUTI30),WATTS
LE34) 9QINI30),Q0UT{30),CTFIN(30),CTFOUT (30),PDELQL30),DELQ(30) DELT
¢l 30) ,TROOMI30),QLOSS {30)FLUID(S)

CUMMON/FLOPRP/TFAVGI30),TCAVG(30),FLRTMAL30) NRE(30),FLVISL30),NOO
LRUNL 30)

REAL®4 LINLLOUT,LEND,LTOTAL

{EAU(5,100) NRUNS,TCORIN,TCOROU,FLUID

READ (5,101 ) INOORUNCT ) (CURENT(I),VOLTSCET)FLRY(T)FLRTMA(TI),TFLIN(I
LY «TFLOUTLL ) TROOMLEI) +1=1,NRUNS)

APUELQ=D.0

AbBS0Q=0.0

A4SPOU=0.0
U0 L J=1,NRUNS

WwATTS(J)sCURENT(J)*VOLTS(J)

QINCJ)=WATTS(J)®*3. 4128

CURRECT INLET ANO OUTLET FLUID TEMPERATURE AND CALCULATE TEST
SECTION HEAT LOSSES

LTIFINGJ) = TFLINGJ)* ((TCORIN/(211,8-81,.2))%(TFLIN(J)-TROOM(J)))

STROUTLI) =TFLOUT(J) ¢((TCOROU/(211.02-81.2))*(TFLOUT(J)}-TROOM(J}))

DELT(JI=CTFOUTLJII-CTFINLI)

TFAVGLI)=ICTFOUTEJI+CTFIN(JIIZ2.0

TCAVGUIJII=L(TFAVGLJ)-32,0)¢5.0)/9.0

LEND =298.5

LIN = 50,

LOUT = 24,

LTUTAL = LEND¢LIN®LOUT

JLUSSEI) = 582.4¢(TFAVG(JI-TROOM{J)) /71 211,4-8),2)5LEND/LTOTAL

IF (NOORUN{J) .GT.300) GO TO 9

1F ( NOORUN{J) .GT.200} GO TO 7

CPAVG = 0.553¢0.0415*((TFAVG{J)-60.)/80.)¢0.0035%(((TFAVG{JI-60.)/

LBV ) ¥92)

60 TO 8
1 CUNT INUE

CPavG=1.01881-0,4802E-03*TFAVG(J)+0.32T4E-05%TFAVGIJ)*TFAVG(JI}-0.6
LI4E-08¢TFAVGLJI*TFAVG(J)*TFAVG( J)

Gu Io 8
9 LONT INUE )

CPAVG = 0.53+0.16101E-Q2¢(TFAVGL S} =50.)-0.16T946E-05%((TFAVGEJI)I-50
10962} ¢0.783422E-08%( (TFAVGLJI)-50,)¢*3)
8 LUNT INUE

WUUT (J)=FLRTMALJ)*CPAVG*DELT(J)
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Jetu(d) = QIN(JII-QLOSSIJI-QOUT L)

POCLQ(J) = 2.00*NDELQ(J)/Z(QINIJ)I-QLOSS(J)+QNUTIJ)I]}*100.0

APLeLQ=APDELJ +PDELQ( J)

AvSUQ=ARSDQ+ABSIDELQ(J))

AUSKDOQ=ABSPDQ+ABS(PDELQ(J))
L CUNT INUF

RKUNNO=NKUNS

APUELQ=sAPDEL G/ RUNNO

AuSDQ=ABSDQ/RUNNO

AuSPDUx ABSPDQ/RUNNO

CALL REYNNE(NRUNS}

WRITE (6,200) FLUID

wrITE(6,204)

WRITE(6,205)

yu ¢ K=1,NRUNS

WRITE(6+206) NOORUNEK), TFLINIK) yCTFIN(K) TFLOUTIK) ,CTFOUT (K}, TFAVG
LIK)s TCAVGLIK) s FLVIS(K)
¢ LUNT INUE

wRITE (6,200) FLUID

wrliTE(6,207)

WRITE(6,208)

wRITE(6,209)

whiTE(6,210)

Ju 3 L=1,NRUNS

WKITE(64211) NONRUNGLY), CURENTLL) yVOLTS UL ) WATTS(L) s FLRTUL)FLRTMA(
LUDDELTUL B2 QINIL)»QLOSS(L ) QOUT (L}, DELQEL)+PDELQIL)},NRE(L)
3 CONT INUE

WRITE(64212) APDELQ

WRITE(6,213) ABSDQ

wkiTE(6,214) ABSPDQ

190 FURYAT{12,2F10.5,5A4)

L0l FORMAT(13,F7.1,6F10.2)

200 FURMAT{1HL.///,5Xs48HHEAT BALANCE CALCULATJONS FOR EXPERIMENTAL RU
INSa s 15X, *MOHAMMAD A, ABUL-HAMAYEL'¢//:5X,'FLUID 3 *,5A4,///)

204 FURMAT({5X,6H RUN ,5X,27THINLET FLUID TEMPERATURE, F ,5X,2THEXIT FL
luly TEMPERATURE, F 45X,23H AVG., FLUID TEMPERATURE 5X,15HFLUID VIS
2CUSITY) .

209 FURMAT(5X, 6HNUMBER ;5 X, L 2ZHEXPERIMENTAL ) 5X, 1OHCORRECTED 45X, 12HEXPER
LIMcNTAL 55X, 10HCORRECTED 49Xy 1HF ¢ 13Xy LHC» 16Xy 2HCP, /7))

206 FURMATUTX4I3,4(9XFTe2),6XeFTe2¢TXeFT0a2011X4FT7,44)

207 FOKMAT (50X, *DELTA T9,34X,'DELTA Q =*,10X,'RE AT?')

2uB FOKMAT (50X, TOUT-TIN® ,5Xe*QIN', 16X, *QUOT?,5X, *QIN-QLOSS'y11X, *AVG
Let)

<Ud FORMAT (33X, *RUNY 34X, 11 ,8Xe 'V 'y TX," W'y 3X,*FLOW RATE OF FLUID',3X,*
LOcLT 94X, "W*3.4128%,3X, *QLOSS? ,3X,"MCPDELTA T',4X,'~Q0UT",3X,'ERRO
RY4X,'FLUIDY)

<10 FORMAT (3Xe"NO.? 33Xy "AMPS? ,4X, ' VOLTS?, 3X, 'WATTS',2X,'3READING LB/
LHR o 6Xy 'FT' o TX s "BTU/HR* 44X *BTU/HR? 44X,y *BTU/HR? 45X, *BTU/HR?® 45X, ' T,
2oXe*TEMP .Y, /)

211 FURMAT (3X 2 01342X,F60112XsF6.142XeF0.1,2XsF6.133XF66293X,F6.243X,F
23420 LXgFBe2¢2XsFB.243XeFBs2¢3XK4F6.2,2X456)

212 FUKMATIL//¢5X,29HAVERAGE PERCENT DIFFERENCE = ,F6.2,3H %.)

213 FUKMAT(/,5Xy28HAVERAGE ABSOLUTE DEVIATION 2,F10.3,8H BTU/HR.)

21l FUKMAT(/,5X,36HAVERAGE ABSOLUTE PERCENT DEVIATION =,Fb6.2,3H X.)
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STub
€D

SUbROBUTINE REYNI(NRUNS)

CUMMON/FLDPRP/TFAVGI30) ,TCAVG(30),FLRTMA(30) ,NREI30),FLVIS(30),NOC
LHRUNL 30) .
DU 1 J=1,NRUNS
LF (NOORUN(J).GT.320) GO YO &
I+ (NOORUN(J).GT.200) GO TO 2
FLVIS(J) = EXP13.806b66-1.79809*({TFAVG{J)-40,)0/60.)4+0.38590«{{(TFA
LVuld)=40.1/760.)2%2)-0.05878%({(TFAVGIJ}~-40,)/760.)%%3)+0.004173%(1((
CTFAVGLJI-40.)/60.1%%4))
Gu TO 3
2 Cuil INUE
KASVR=({1.3272%(20.0-TCAVG(J))})-(0.001053%(TCAVGLI)-20.0)*¢TCAVGI(Y
1)-20.000)0/7(TCAVGLJ)+105.0)
RHSLN=2.303*RHSVR
FLVIS(J)=1.002%EXP (RHSLN)
G0 0 3
4 L OUNT INUE
FLVIStJ) = EXP(-6.92545+¢(2,3839E+03/7(TCAVGIJ)I+2T73.15})-41.08564E+0
La/LiTCAVG(J)+273.,15)%42)))
3 LUNT INUE
FVEP S=2.42%FLVIS(J)
DMLSRE={(0.,495/12.0)*FLRTMA(J) }/(13.1416/4,0)%(0.495%0.495/144.0)%
LFVFPS)
NREL J)=DMLSRE
1 CUNTINUE
RETURN
END
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GRS R ILRALR AR F AR ATH AL ATFALHATHAXHITH AL ATF AT R AT*ATFIL R AT * AT X AT *A
CuMruTER PROGRAM: MAHADZ2

PrUonaM T0O COMPUTE THE INSIDE WALL TFMPERATURE FROM THE EXPERIMENTALLY
MEASJURED OUTSIDE WALL TEMPERATURES FOR HEAT TRANSFER STUDIES IN
HELICALLY COTLED TUBES WITH LAMINAR FLOW.

BY MUHAMMAD A. ABUL-HAMAYEL

$et L *IL AL AL ATH AT AT AX*ITFAT* AT FA LT+ AT* AT *AT* AT *AT+AL* AT+ 3T*3

DIMENSTION TU18,4),TOSI4),TIS(4),CONIL8,4),RESTI(18,4)sRESTA(L18)4),
LAMPS (18:4)+DEPTHILB, 4),CPDIS(18,4),CRDISILB,4),PARFA(18,4),RAREA(]
(3ew) s ALG) o XAREA(LB,4 ) ,QFLUXI4) ¢ TCASPLLB,4) ) UNCT(L,4),TEMPER(L18,4),
JUNCURT(18,4)

CUMMIN/CORDAT JUNCT ,TCASP,T

BDu 21 = 1,18

REAU(S, 1OLIITCASPLT,3)9J=104)

2 CUNTINUE
10 READ{S5,100)NRUN,NMO, NCAY NYEAR¢NSLI,TAMPS,VOLTS, TROOM

IFINRUN.EQ.O) GO TO 7

WRITE(T7)300)INRUN,NMO,NDAY ,NYEARyNSLI ,TAMPS,VOLTS

CPUWER=0.0

DU 27 K=1,18

NSTA =K

TCK120.0

LALL GEOM{DEPTH,CPDIS,)CRDIS,PAREAJRAREA,A,XAREA,NRUN,NSTA,NSLT)

READ(S,103)(UNCTI(L,d)yd=1,4%)

CALL TEMCOR{K4NRUN,TRCOM)

00 3 4 = 1,4

UNCORTIKJI=UNCT(L,J)

3 CUNTINUE

DO 15 J = 1,4
O 14 I=1,NSLIT

TELe N=TL1, 0}

14 CONT INUE
TUSEJI)=Ti1,4)
TEMPER(K,J)=TOS(J)

L5 CUNTINUE

16 LALL KCON(T,CON,NSLI)

CALL ERESTI(T,RESTINSLI}

SRINV=0.0

OU L7 I=1,NSLI

DO LT J = 1,44

KRESTALT,,JI=RESTI(I,JI%DEPTHI( s J)/XAREA(] 4d})

SRINV=SRINV+1.0/RESTA(T1,4)

17 CuUNTINUE

TOTR=1.0/SRINV

0U 18 I=14NSLI

DU 18 4 = 1,4

ANPSIT,J)aTAMPS*TOTR/RESTALL J)

18 COUNTINUF
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19

20
Zl

22
23

24

25

26

NoLLL=NSLE-]

uu <1 T=1,NSLIL

Ju Zl J = 1,4

INEL=1~1

1PUS=1+1

JNEL=J~1

JPUS=J+]

LFLUNEG.EQ.0) UNEG=4

1FLJPOS.EQ.5)J4POS=1
TERM1=(PAREA(l.Jl/RAREA(lPDS.J))*(CRD[S(lPDS.J)/CPDlS(l.J))*((CON(
LI'J)OCON(I.JNEGD)/(CON(l.J)fCON(lPOS.J)D)‘(T(l.J)—T(l.JNEG)l
rtKM2=(PAREA(I.JPOS)/RAREA(anS'J)l*(CRDlS(lPOS.J)/CPDlSII.JPOS))*
ll(LUN(leIOCON(lePOS))/(CONl!:J’*CDN(IPOS.J)’,*(T(l'J’-Y(I'JPOS)’
TERM4=T([,J) i
IER!S=2.0*CRU!S(IPOS.J)*(DEPTH(l.Jl/(XAREAlI.Jl‘RAREAllPOS'J))3'3-
L'LzutRESTl(l.J)*AMPSll.J)‘AHPS(l.JlIlCON(l.J)rCON(IPOS.J))
IFLINEG.GT.0)GO TO 19

TeR43= —525.76‘RAREA(I.JD*CRDIS(IPOS.JD‘(TOS(Jl—TROOHlI(298.SO*RAR
LEA(IPOS'J)'ICON(lpJIOCON(lPOS.JD))

Ly TO 20
IERH3=(PAREA(l.Jl/RAREA(IPOS'J))*(CRDIS(IPOS.J)/CRDIS(l.J)l*l(CON(
ll.J)'CONCXNFG.J))/(CON(l.JltCON(lPOS-J))l‘(T(l.J)-T(XNEG.JO)
TllPOS.Jl=TERH1tTERHZ'TERN30TERH4-TERHS

CONT INUE

ICK2=T(10,3)

IFLABSITCKL-TCK2).LT.0.01) GO TO 23

TLK12TCK2

V0 22 J=1,4

I(l.J)=12.0/3.0D*ITOS(J)fO.S*TlZ'Jl)

CUNT INUE

S0 TO 16

DA ¢4 J=1,4

IlS(J)-T(lO.Jb-0.5'(T(Q.J)-F{IOnJ))

C ONT INUE

TPUWER=20.0Q

DU 25 I=1,NSLI

00U 25 J=1,4

TPOnER=TPOHERORESTA(l.J)*AHPS(!,Jl*AHPS(l'JQ

CUNT INUE

-PUAER=SCPOWER +TPOWER

WRITE (6,200)

NklIEl6'ZOIiNRUN.NNO.NDAY.NVEAR

WKITE(6,202)NSTA

wRITE(6,203)TAMPS

WRITE(6,204)TPOWER

WRITE(6,205)

1=0

hKllE(b.ZOb)l.(TOS(J':J-I.%D

wRITE(6,207)

Ul ¢6 I=1,NSLI

uRHE(b.ZOb)l.(T(l.JhJ=l."l

LUNT INUE

WRITE(6,20T7)

I=11
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21

]

100
Lol
103
200

201
202
203
204

205
2006
207
208
209

2l

300
301

154

Ak lTE(6,206)14TISLI)d=144)

wRITEL7,301)(TIS{dd,d=1,4)

ZALL FLUX(T,CON,RESTA,AMPS,CPDIS,CRDIS PAREARAREA,A,QFLUX)
ARITE(6,207)

WRITE(6,208)(J,QFLUX(J)+J=194)

ARLTELT, 301 (QFLUX{J) +d=1,4)

Ir a PLOT OF TUINSIDE) & T(OUTSIDE) ARE NEEDED, ALL WHAT SHOULD
3t JUNE IS TO TAKE THE C OUYT FROM THE NEXT CARD.

CALL PLOT(TOS,TIS,NRUN,NMO,NDAY,NYEAR,NSTA)

LunT INUF

POWER=TAMPS*VOLTS

WRITE(6,209)NRUN,CPOWER

WRITEL6,210)NRUN, POWER

WRITE(6,211)

DU o I=1,18

WRITECO,21 2V LUNCORT (1 4J)d=),4)

CuNT T NUE

WRITE(6,214)

Du s I=1,18 :

WwRITE(6,212) (TEMPER( T 4J)¢d31,4)

LONT INUE

G0 TO 10

FURMAT(515,3F10,2)

FURMAT(4F10.5)

FURMAT{4F10.1)

FUKMAT(1H1,*CALCULATION OF INSIDE TEMPERATURES®,4X,*M.ABUL-HAMAYEL
14

FOUKMAT(1X,12HRUN NUMBER =9J4,110,)1H/y§3,1H/13)
FURMAT(1X,16HSTATION NUMBER =,13)

FOKMAT{1Xs L7THCURRENT IN COIL =,F6.1,5H AMPS)

FORMAT{L1X,39HTOTAL POWER GENERATED IN THIS SEGMENT =,F8.2,6H WATTS
1/

FORMAT(3X¢1H] +5X41HO ,8Xy2H90 s 7X¢3H18Q 6X43H2T70,/)
FURMATIL1Xy13,4F9.2)

FORMAT(1H )

FURMAT(L1X,6HQFLUX s 193H) 2,E14,7,2TH BTU PER SQUARE FOOT PER HR)
FURMAT(1H1,35HCALCULATED POWER GENERAT JON FOR RUNsJ4¢2H =4F9.2,6H
LwATTS/)

FURMAT(1X,31HACTUAL POWER GENERATION FOR RUN,f4,2H =,F9.2,6H WATTS
1)

FORMATI(S515,2E20.7)

FORMAT(4E20.7)

21l FURMAT(/////+5X¢5THTEMPERATURE RECORDED B8Y THE THERMOCOUPLES ON TH

1E CIOILe Foyu//)

212 FURMAT(5X,4(F10.2,14X))
214 FORMATU(////+5X+BTHCORRECTED OUTSIDE SURFACE TEMPERATURES AS RECORD

1ED 8Y THE THERMOCQUPLES ON THE COIL, F.,//)

7 siup

END



C

L

10

11

SUBROUTINE GEUMIDEPTH,CPDIS,CRDIS,PAREA,RAREA A, XAREA,NRUN,NSTA,NS

L

JAMcNSION DEPTH(18,4),CPDIS(18,+4),CRDIS(18,4),PARFA(18,4),RAREA(1B

Lead e AL4) , XAREA(18,4),5(91)

sLi

N=NSLI

UelM=0.0054l1617
xM=y.023333
DELPHI=2.0%3.1416/360.0
S(i)=1.0
Stvl)=1.0

uu

L) K=1,45

5(2¢K)=4.0
CuNT INUE

Ju

Ll K=2,45

5(2¢K-11=2.0
LUNT INUE
Kad. 4166067

1F

Ir

l=

ou
DO

xi=

(NSTA.EQ.OL)
INSTALEQ.02)
INSTA.EQ.03)
{NSTA.EQ.D4)
INSTALEQ.O05)
{NSTA.EQ.06)
{NSTA.EQ.07)
(NSTA.EQ.08)
(NSTA,.EQ.09)
INSTA.EQ.10)
(NSTA.EQ.11)
{NSTA.EQ.12)
{NSTA.EQ.13)
(NSTA.EQ.14)
(NSTA.EQ.15)
(NSTA.EQ.16)
{NSTA.EQ.17)
INSTA.EQ.18)
JELM*R/SLIN
15 1=1,NSLI
15 J4=1l.4

I

XJdayg

C2=(SLIN-2.0*X1+1.0)/2.0

THET A
THETA
THETA
THETA
THETA
THETA
THETA
THETA
THET A
THETA
THETA
THETA
THETA
THETA
THETA
THETA
THETA
THETA

oMW ON MR A% N NN NN N H N H N

VMNNSDPWNWEORLNNND OO
v w ’

® & 5 o 2 0 s 0 0 0 0 0 0 s e v s @

SOOI NNI o= =000

PHIL=(2.0%XJ-3,0)%3,1416/4.0

CSINL=SINCIXJ-1.00%3,1416/2.0)

PR

CALCULATION OF D SuB 2z

JePTHUL y )= (R-RMRCSINL-(DELM/2.0)%({SLIN-2.0*X]I+1.0)/SLIN)I*{R*CSIN
L1/(R-RM*CSINL) ) )*THETA

CALCULATION OF D SuB PHI

SPOISHET,U)=(3.1416/72.00%(RME(DELM/2.0)%{ (SLIN-2.0%XT+1.0)/SLIN)*(R

N2=SIN(PHIL)

L/ IR-RM#CSIN2)))

CALCULATION OF D SuB R
CROISCET,J)=(DELM/SLINI*(R/{R-RM*CSINL) )
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ococ

14

15

“ALZULATION OF A SuUB PHI

NJTe THAT THE FOLLOWING STATEMENT IS DIFFERENT FROM WHAT SINGH OR

LRAIN HAVE IN THZIR PRNGRAMS.

PAREA(L ) J)=(DELM*THETA/SLIN)I*(R/(R-RM*¥CSIN2) )*(R-RM*CSINZ2-(DELM/2.

LId® L ESLIN=-2,0%XT)/SLIN)*{R*CSIN2/(R-RM*CSIN21))
CALLULATION OF A SuB R

RAKZA(IyJ)=(3.1416*%THETA/2.0)*(R-RM*CSINL-{DELM/2.0)*{(SLIN-2.0%XI
Le2ad)/SUINI*{R*®CSINL/(R-RM*CSINL)))*(RM¢(DELM/2.0) % {{SLIN-2.0%X]I+2

CeQV/SLINI*(R/(R-RM*CSINL)))

A(J)=(3.1416%THETA/2.0) *(R-RM*CSINL-(DELM/2.0)%({(SLIN-20.0)/SLIN)*
LUK®LSINL/(R-RM®*CSINL ) ) ) *(RM+#(DELM/2,0)*( (SLIN-20.0)/SLINI*(R/{R-RM

¢*LSINLDY)
LALCULATION OF A SUB Z
aMl=z0,)

aM2=9.0

DU L4 K=1,91

XK=K
PHLI=PHIL+(XK=-1.0)*DELPHI
Y=R-RM*SIN(PHI)
AML=AML+S(K)*1.0/Y
AM2=AM2¢S{K)}*]1.0/(Y*Y)
CUNT INUE
AML={DELPHI/3.0) *AMl

AM2= (DELPHI/3.,0) %ANM2
XAREA(T J)=RM*CL*AML +C2%CL&C1*AM2
LUNT INUE

RETURN

END

SUBKOUT INE TEMCOR( K¢ NRUN,TROOM)

UIMENSION UNCT{144)oTCASP(18+4)sT(18¢4),TCOR(L44)
CUMMON/CORDAT JUNCT,TCASP,T

STEAMT=211.4

ROOMT=81.2

00 3 J=l,4

TLCUR(LsJI=TCASPUK,JI*§(UNCT(1,J)~-TROOM)/ (STEAMT-ROOMT))
TCLe JI=UNCT(14J)+TCOR(1,+4)

Z UNT INUE

KETURN

END
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SUBKIUTINE KCON{T,CONNSLT)

UIMcNSION Ti{18,4),CON(18,4)

VU L0 I=1,NSLI

Ju 10 J=1,4
CUNET4J)=27.803440.51691€E-02%T(1,J)-0.88501E-06*T(1,J)*T(1,J)
Cuind INUE

KRETURN

cND

SUUBROUT INE ERESTI(T,RESTI,NSLI)

UIMENSION T(18,4),RESTI(18,%)

Ju 1D TaleNSLI

VU L0 J=l,4 .

RESTICT 4J020.21675E~05¢0.11492E-08¢T (1 ,J)¢0.T0965E-12¢T([,J)*T(1,J
LI-0.8432TE-1T7*T( 1, J)*T{1,J)¢T{],J)

CUNT INUE

KETJRN

END

SUBKOUT INE FLUX(T.CON.RESIA.ANPS.CPDIS.CROIS.PAREA'RAREA.ApQFLUX)

DIMENSION T(18,4) CON(L1By4) )RESTA(L1B,4) AMPS{18,4),CPDIS(18,4),CRD
LISEL8.4)PAREAILB,4) yRAREA(LIB &) o AL4) QFLUX{4)QT(4),QLE4),QR(4)4Q
26(4)

DO 10 J=1l,4

JNEG=J-1

JPOS=)e]

1FriJPOS.EQ.5) JPOS=]1

IFIINEG.EQ.O)UNEG=4

W) =({CONCLO,J)*CON(9+J))/72.0) *(RAREA(10,J)/CRDISIL0¢I)I*IT(9:J)
1-T610,30)

WLEJ)=((CON(LOyJ)¢+CON(LO,UNEG) )/2.0)*({PAREA{1D,J)/CPDJS{10,4})*(TY{
LIUGJINEG)-T(10,4))

QRIJI=((CONCLOyJ)+CON(L10,JPOS))/2.,0)*(PAREA(1O,JPOS)/CPDIS(10,JPOS
LIdeLTEL10,4PAS)-T(L10,UN)

B I=-QTEI)-QLIJI-QREJ)I-3.4128¢RESTA{10,J)*AMPS{10,J)8AMPS(10,J)

QELUX(I)=-QBLJ) 7AL D)

CuNT INUE

KETURN

cND
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SUBKROUTINE PLOTLTOS, TIS ,NRUN NMO ,NDAY, NYEAR,NSTA}

JIMCENSION TOS(#).TIS(4D.TPLOT(2.4).GRAPH(4,51).SYMBQL(3I.ORDISII
UATA SYMBOL/1HO,1HI,1H /
UATA ASTER/1H%/

ud 10 J=1,4
TPLIT(1,3)=T0S(J)
TPLATI2,+4)=T1S(J}

LUNT INUE

JU Ll I=1,4

DU 11 J4=1,51
GKAPHUT,J)=SYMBOL(3)

CUNT INUE

TMAX=TPLOT(1,1)
THIN=TPLOT(1,1)

DU 12 I=1,2

0U 12 Jd=1.4

TFUTMAX LT TPLOT(E 4 J) ITMAX=TPLOT(I,J)
LECTMINCGT.TPLOT(I,,J) )TMIN=TPLOT(1,J)
CUNT INUE .
ITEMP=TMIN/S. O
TMIN=5*ITEMP
UVIFF=TMAX-TMIN

DeL=0.01
LFIJ)IFF.GT.0.5)DEL=0.05
IF(OIFF.GT,2.5)DEL=0.1
[FIVIFF.GT.5.0)DEL=0.2
LF(OIFF.GT.10.0)0EL=0.4
LF(DIFF.GT.20.0)DEL=0.6
IF(DIFF.GT.30.010EL=0.8
iFIDIFF.GT.40.0)DEL=1.0
LF(DIFF,.GY.50.0)DEL=2.0
ILF{JIFF.GT.100.0)DEL=3.0
LF{DIFF.GT.150.,0)DEL=4.0
IFIOIFF.GT .200.0)DEL=5.0
LFLIIFF.GT.250,0)}DEL=6,.0
IF(DIFF.GT.300,0)DEL=7.0
[FIJIFF.GT.350,0)DEL=8.0
IFIJIFF.GT.400.0)DEL=9,0
IF(J)IFF.GT.450.0)DEL=10.0
{F(J)IFF.GT.500.0)DEL=20.0
IF(DIFF.GT.1000.0)DEL=40.0
03 13 [=1,2

DU 13 J=1,4
L=(TPLOT{I,J)-TMIN)/DEL+0,5
La5L-L
LRAPHIJ,L)=SYMBOL(T)

U L4 I=1,51
IKOET)aSYMBOL (3)

CONT ENUE

0Q 15 [=1,51,45

URD( I)=ASTER

CUNT INUE



lo

200

201
202
203
204

wKITE(6+20))NRUN,NMO,NDAY,NYEAR,NSTA

uu 16 I=1,51
ARITE(6,20L)0RD(I) 4 IGRAPHIJ T d=1,4)

UNT INUF .
WRITE(6,201)SYMBOL(3),(ASTER,I=1,8)
WRITE(64202)TMIN

wRITE(6,203)TMAX

ARITEL6,204)0EL

FURMAT(1HL,12HRUN NUMBER =,14,11041H/,1341H/+13,5X, 16HSTATION NUMB
LER =,1377)

FURMAT(17(4X,1A1))

FORMAT(//71X,23HBASE LINE TEMPERATURE =,FT7.2)
FURMAT({1X,21HMAXIMUM TEMPERATURE =,F7.2)
FUKMAT(1X,23HTEMPERATURE INCREMENT =,F6.2)
KETURN

END

159



[aRalalaRelaRalolalolsl ol ali sl aN ol ol o N o

l60

wituivae*tdX X *aL ralrAX*r dYx ILxATHIX*ATFATH AL+ T AL * AL * AL *AX*IL*AT* AT *a
CuMPUTER PRGGRAM: MAH#03

PRULRAM TO COMPUTE:
l. HeAT TRANSFER COEFFICIENTS
2. PERTINENT FLUID FLOW AND HEAT TRANSFER DIMENSIONLESS NUMBERS, AND
3e JIMENSTONLESS WALL TEMPERATURES AND AXIAL DISTANCES ALONG THE
HeLl1CAL COIL FOR HEAT TRANSFER STUDIES IN HELICALLY COILED TUBES
wilnd LAMINAR FLOW. BY MOHAMMAD A. ABUL-HAMAYEL

GLFui ¥ FATHITFAL ¥ AX*AT* AL* ATHILITH T2 AT+ ST GX*AT*AT* AT *AT*xAaT*AL*3AT*a

#%¢ NUTE:l. FLUID PROPERTIES ARE EVALUATED AT THE AVERAGE LOCAL FILM
TEMPERATURE(=T(F,L)) AT EACH THERMOCOUPLE STATION.
2. TUF,L)={T{WALL)+T{BULK FLUID))}/2.0.
3. LOCAL HUAVG. )=2(1/NIE({Q/A)/(TIWALL)-T(BULK FLUID))}}.

DIMENSTION QFLUXIB) o TIS(8),TFLOC(8) HTC (8),AVTEMP{8) ;DAXDIS(18) ,DWT
LEMPULIBU) yQFLSTL4)oTISST(4) o TFLSTL4A) ) AVTESEL4),HTCST(4)

CUMYON/DL SNOS/NRE, ABYRyNDE yPRANTL, PRFLNU(8) ) NRUN
L READE5+100) NRUN,NMO,NDAY {NYEAR,NSLI ,TAMPS,VOLTS

I+ (NRUN.EQ.O) GO TO 15

READ(5+101) FLRTMA,TFLIN,TFLOUT

NUuTE THAT TFLIN AND TFLOUT ARE ALREADY CORRECTED, AND ARE TAKEN

FRUM THE OUTPUT OF MAHKOL PROGRAM,

TUBERA=0.495/(2.0%12.0)

CulLRA=10.0/(2.0%12.0)

AvYR=TUBERA/COILRA

HIL = 298.5/12.

TINCI={TFLOUT-TFLIN) /HTL

CALZULATION OF DT SuB 8/02

TINZ2=TINC1*TUBERA

bu 7 1=1,18

NSTA=]

If (1.€EQ.01) TCOIS = 2,/12.
If (1.EQ.02) TCOIS = 5./12,
IF {1.EQ.03) TCOIS = 8./12,
Ir (1.6Q.04}) TCDIS = 14,./12.
IF t1.€Q.05) TCDIS = 20./12.
IF (I1.EQ.06) TCDIS = 26./12.
LF (1.EQ.O07) TCOIS = 32,/12.
IF (1.EQ.08) TCODIS = 40,/12,
IF (1.EQ.09) TCDIS = 50./12,
If {1.EQ.10) TCOIS = 60./12.
I+ {1.EQ.11) TCOIS = 71.5/12.
IF (1.EQ.12) TCDIS = 103./12,
1F (1.EQ.13) TCDIS = 134./12.
iF (1.EQ.14) TCDIS = 166./12,
1F (1.EQ.15) TCDIS = 198./12.
I+ (1.EQ.16) TCOIS = 230./12,
LF {1.6Q.17) TCDIS = 260./12,



500

ir (1.6Q.18) TCOIS = 292./12.
UAXUISET)=TCDIS/TURERA
TeFLU=TFLIN+(TINCL*TCDIS)
KEAD(5,102)(TIS(J)ed=1,4)
AEALIS, 1020 (QFLUXIJ) yJ=1,4)
AVHIC=n.0

CAWl =0.0

D0 o J=1,4

TFLIC(J)=TEFLY
ATLEJ)=QFLUX(J)/ZLTIS(J)-TEFLU)
CALLULATION OF T-SUB-W

OWTEMP UL, J)=(TIS(I)-TFLIN)/TINC2
AVTEMP(J)=(TIStI)+TFLOC(J)I/2.0
AVLT EM=AVTEMP(J)

HTLOEF=HTC(J)

LALL NUSELT{AVGTEM,HTCOEF,PNSELT)
PRELNUCJ)=PNSELT
AVHTC=AVHTC+HTC( J)

CART =CAWT+TIS(J)

CUNT INUE

AVATC=AVHTC/4.0

CAWT =CAWT/4.0
FILMT=(CAWT*TEFLU)/2.0

CALL REPRDE(FLRTMA,FILMT)

CALL NUSELT(FILMT,AVHTC,PNSELT)
CANUNO=PNSELT

Tt FOLLOWING STATEMENTS ARE MAINLY FQR

CUNVERTING TO THE SI UNITS,
FILST = (FILMT-32.)%5./9.4273.15

CFud = 1055.056/(3600.49.290304E-02)

AVHTSI = AVHTCeCFBJ*1.8

00 500 J=1,4

WFELST(J) = CFBJ*QFLUX(J)
HTCST(J) = HTC(J)eCFBI*]1.8

TISSItJ) = (TIS(I)-32.)%5./9.+273.15
TFLST(J) = (TFLOCIJ)=-32,)%5./9,.¢273.15
AVTESTI(J) = (AVTEMP(J)-32.)%5,/9,+#273.15

LUNT INUE

ENU OF CONVERTING THE UNITS
WRITE(6,200)
WRITE(6+201)NRUN,NMO «NDAY,NYEAR
WRITE(6,202)NSTA
WRITE(6+203)TAMPS,VOLTS
WRITE(6,204)

WwRITE(6,205) (QFLUXIJD)yJ=1s4)
WRITE (€4502) (QFLSTLJIDNd=104)
WRITE(6,206)(TIS(J)yJd=ly4)
WRITE (6,506)(TISSI(J)yJd=1,4)
WRITE(6,207)
WRITE(6,208)(TFLOC(J ) eJd=1y4)
WRITE (6,508)(TFLSI(J)sJ=L,y4)
WRITE(6,209) (HTC(J)yJd=1,4)
WKITE (6,509)(HTCSI(J) J21,4)
WRITE(6y216) (AVTEMP(J) 1 J=1,44)

lel



ce e

wrh TFE (6516 LAVTREST(J) v =1y 4)
wrlTE(6,21T)I(PRFLNULID v U=]104)
w10 (6,218) FILMT,FILSH

wrtl TE(6,219) NRE

wrilE(64227) PRANTL
wrllEl64221) NDE

wnlTEL6,222) CAMNUND
wrRITF(64223) AVHTC,AVHTSI

LF a4 PLOT OF HT IS NCEDED, ALL WHAT HAS TO BE
vune IS TO REMOVE THE C OUT OF THE NEXT CARD.
CALL PLOT(NMOWNNAY,NYEAR,NSTA)
1 CuNT INUE
wrRITE(64213)
wKiTFlGo214)
Uu o K=1,18
ARLTF(6,215)00AXDISIK) o (DWTFMP(K,J)ed=1,4)
3 Cunl INUE
TerLU=ITELINCTFLOUT) /2.0
Lnull RFPKDE(FLRTMA,TEFLU)
LALL SKFTCH(DWTEMP ,NMO,NDAY,NYEAR)
wu 101
lud FURMAT(515,2€20.7)
LUl FURMAT(3FLN.2)
1LO¢ FuURMAT(4F20.7)
200 FURMAT(1HL1,2X,63HCALCULATION OF HEAT TRANSFER CNEFFECIENTS IN A HE
LLdiul COIL BY ,*MOHAMMAD A. ABUL -HAMAYEL')
QUL FUKMAT(2X,12HRUN NUMBER =,14,110,1H-,12,1H-,12)
u¢ FURMAT(2X, LO6HSTATION NUMHER =,13)
203 FUKMAT(2X, 1 THCURRENT IN COIL =,F6.1,5H AMPS, 10X,26HVOLTAGE DROP AC
Amudy CIIL =,F7.2,6H VOLTS)

U FURMAT(//42X420HPERIPHERAL LOCATION ,14X,10H 1 02Xy 10H 2
1 9 2Xe 10H 3 12Xs 10H 4 9 /72Xy 30HDFGREES CLOCKWISE F
2RUM NORTH  ,4X,10H 0o 12Xy 10H 90 »2X 4 10H 180 12X,
3iun 219 W /7)

20> FURMAT (2X,30HHEAT FLUX, Q o BTU/HR-SQ.FT. =,2X,4(F10.3,2X))
2ub FUKMAT(/,2X,30HINSIDE WALL TEMPERATURE,TW, F=,2X,4(F10.3,2X))
207 FUKMATL//42X452HFOR FLUID TEMPERATURES MEASURED BY THE THFRMOCQUPL

Led)

403 rUKMAT(/42X,3)HLOCAL FLUID TEMPERATURE ¢TF, F=y2X,4(F10.3,2X))

299 FORMAT(/,2X,30HH(LOCAL), BTU/HR-SQ.FT.-F =y2X,4(F10.3,2X))

214 FURMAT(2X,14HDIMENSICNLESS ,07X,58HDIMENSIONLESS WALL TEMPERATURE,
LUFUwALL)-TUINLET))/IDTB/DZ) 472X L4HAXTI AL DISTANCE,S5X,10H 1
24¢Xy LOH 2 v2X 4 10H 3 12Xs 10H 4 »/8X,4 1HZ,12X,10
an 0 12Xy 10H 99 12Xy 10H 180 12X, 10H 270 v/7)

245> FUKMAT(2X,F10.3,7TX,4(F10.3,2X))

4lu FORMAT(/,2X430HAVG. LOCAL TEMP.,(TFeTW)/2, F=,2X,4(F10.3,2X))

¢ll FurMAT(/42Xy3DHPERIPHERAL NUSSELT NUMBER, NU=,2X,4(F10.3,2X))

218 FUKMAT(//,2Xy61HAT THE LOCAL (CTRCUMFERENTIALLY AVERAGED) FILM TEM
APERATURE OF,F10.3,8H F , OR ,F10.3,4H K )

213 FUKMAT(/+92X+s2IHREYNOLCS NUMBER = RE = ,17)
220 FunMAT(/,2X,23HPRANDTL NUMBFP = PR = ,F7,2)
221 FURMAT L/ ,2X,23HDEAN NUMBER = DE = ,I17)
22¢ FUnMAT(/,2X923HNUSSELT NUMBER = NU = ,F10.3)
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223 FOURMAT(// 42Xy 35HAVERAGE HILOCAL) FOR THIS STATIOM =,F10.3,16H BTU/
LHR=3DGFTa=F 3/ /36X 1H=4F10.3,14H J/SEC-SQ.M.-K)

2Ly FURMAT(LIHL.2X,90HDIMENSTINLESS AXIAL DISTANCE AND WALL TEMPERATURE
L VALUES FOR VARINUYS PERIPHERAL LOCATIONS.,/7/7)

S5u¢ FURMAT (/,2X, 3THHEAT FLUX, Q J/SEC-SQeM. =,2X,41F10.3,2X})

S0L FURMAT(/,2X,30HINSIDE WALL TEMPERATURE ,TW, K=y2Xy4{F10.3,2X})

Suo FURMAT(/,2X,33HLICAL FLUID TEMPFRATURE yTF, K=,2X,41{F13.3,2X))

S50y FurMAT(/,2X,30HH(LOCAL), J/SEC-SQ.M.-K =42X441F10.3,2X))

516 ruRMAT(/,2Xs30HAVG. LOCAL TEMP,., (TF+TW)/2, K=,2X,4({F12.3,2X)})

15 s»Tap

£ NU

SUoNTUTINE KEPROF{FLRTMA,TEFLU)

CUMMON/DL SNUS/NRE, ABYR ZNDE 4 PRANT Ly PRFLNU(8) , NRUN
TeMPC=((TFFLU-32.0)%5.7)/9.0
[r (NRUN.GT.330) GO TQ 3
iF {NRUNLGT.200) GO TO 3
FevlS = EXP{3.80666-1.7980G*((TEFLU-4D.)/60.)+0.38590*{((TEFLU-4C.
11/70) ) %%2)-0.05878%( [ ({TCFLU-40.)/60.)**3)¢0.004173*({{TEFLU-40.)/6
2 )%¥4}))
CPFLU = 0.5534¢0.0415*((TEFLU~60.)/80.) +0.0035%(L(TEFLU-60.)/80.)**
14)
ICFLU = 0.1825-(2,3E-C4*TEFLU)
wd T 2
L LunwT INUE
RHSVR=0{1.3272*(20.0-TEMPCI)I-(0.001053%( TEMPC-20.0) *(TEMPL-20.0)))
1/(TeMPC+105.0)
RASLN=2.303*RHSVR
FLVES=1.002*%*EXP{RHSLN)
ZPrLU=1.01881~0.4802E-03%TEFLU+0.3274E-05*%TEFLU*TEFLU-0.604E-08*TE
LELUCTEFLUSTEF LU
TCFLU=0.30289+0.7029E-03*TEFLU-0.1178E-05*TEFLU*TEFLU-0.550E-09*TE
LFLUSTEFLUSTEFLU
Lu TN 2
2 CuNT INUF
FLVLS = EXP{-6.92545¢(2.3839E+03/(TEMPC+#273.15))~(1.08564E+04/ ((TF
LMPL*273.150%%2)))
CPrLU = 0.53¢0.16101E-02%(TEFLU-50.)~-0.167S46E-0S*((TEFLU-50.) +%2)
Lo 783322E-08*((TEFLU-50,)%%3)
TCF.U = ).093C7-0.846193E-04*TEFLU+0.158015E-06*TEFLU*XTEFLU
< LUNT ITNUE
FVEPS=2.42%FLVIS
RENSZLL0.495/12.0%FLRTMAN/{{3.1416/4.0)%(0.495%0.495/144.0}*FVFPS
1
ke = RENO
PRANTL=(CPFLUXFVFPS) /TCFLU
UenNJ=RENU* {SURT{ABYR})
NDE=DEND
RETJURN
ND
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SUBRIUTINE NUSELT{AVGTEM,HTC,PNSELT)

CUMMOIN/DLSNOS /NRE,ABYR,NDE s PRANTL,PRFLNU(8) s NRUN
LAVST=({{AVGTEM-32.0)*5.0)/9.0

IF (NRUN.GT.300) GO TO 3

IF (NRUN.GT.2N00) GO TO 1

TLFLU = 0.1825-(2.3E-04%AVGTEMI)

wu TN 2

COUNT INUE
TCFLU=0.3N289+0.7T029E-03*%AVGTEM-0.11T78BE-O5*AVGTEM*AVGTEM-0.550E~-09
L*AVOTEM®AVGTEM*AVGTEM

wu T0O 2

CunT INUE

TCA LU = 0.)9307-0.846193E-04%AVGTEM+0.158015F-06*AVGTEM*AVGTEM
CuNT INUE

PNSELT=(HTC*{0.495/12.0))/TCFLU

KeTURN

END

SUBROUTINE SKETCH(DWTEMP,NMO,NDAY,NYEAR)

DIMENSIUN DWTEMP(18,8),DWTP(18,8),GRAPH{18,51),SYMBOL(9),0RD(51)
COMMON/DLSNOS/NRE, ABYR yNDE ,PRANTL, PRFLNU(8), NRUN
UATA SYMBOL/1HL,1H2,1H3 y1H&, 1H5, 1H6,1H7, l1H8, IH /
DATA ASTER/1H*/

ODu 1 J=1,4

Dol I=1,18

UWTP LI, J)=DWTEMP(],J)

CONT INUE

0Q ¢ I=1,18

00 ¢ J=1,51

GRAPH(T1,J4)=SYMBOL(9)

CONT INUE

UTMAX=DWTP{1,1)

DTMIN=0.0

0J 3 J=1,4

DO 5 I=1,18

FFCOTMAX LT.OWTP{1+J) )OTMAX=DWTP(I,4)

CUNT INUE

LIFF=DTMAX-DTMIN

DEL=0Q.2

IFIVIFF.GT.10.0)DEL=0.5

IF(JIFF.GT.25,0)DEL=1.0

IFEIIFF.GT.50.01DEL=2.0

1FLJIFF.GT.100.0IDEL=5.0

IFIJIFF.GT .250,0)DEL=10.0
IF(J)IFF.GT.500.0)DEL 220,09
IF(UIFF.GT.1000.01DEL=30,0
IFIVIFF.GT.1500.0)DEL=50.0
IF()IFF.GT.2500.01DEL=75.0
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IF(VIFF.GT.3500.0)DEL=10).0
LF(DIFF.GT.5C03.0)DEL=150.0
IF{JIFF.GT.7500.0)DEL=200.0
LrluIFF.GT.10002.3)DEL=500.0
vu 4 J=l,4
DI & [=1,18
L=(IWTP{I,J)-DTMIN)}/DEL+D.5
L=b51-L
4 GKAPHIT,L)=SYMBOL(J)
DJ 5 K=1,51
UKD(K)=SYMBOL (9)
5 CunT INUE
VU o K=1,451,5
IJRULK)=ASTEK
6 CUNT INUE
wrlTE(64200)NRUNNMO ,NDAY,NYEAR
bu 1l J=1,51
WRITE(6,20110R0(J), (GRAPH(I yu),1=1,18)
Ll CUNTINUE
wWRITE(6,211)SYMBOL(9 ), (ASTER,1=1,120,5)
WRITE(6,206)
WRITE (6,212)
WRITE(6,207)DTMIN, DT MAX
wWRITE(6,208)DELNRE, ABYR,PRANTL , NDE

200 FURMAT(1IHL,2X412HRUN NUMBER =,14,110,1H-o1241H-,12,7/)

201 FUKMAT (2X,4(1A1 042X, 1AL 1Xe1A1 12X 1AL ¢1X,1A1)2X,1A1,3X,1A143X,1Al
LoaXelAl, 12Xy 1AL, 11Xy 1AL, 12Xs1A1,12X,0A1412Xy1A1,11X,1AL,12X,1A1)

241 FURMAT (2X,25(1A1,4X))

200 FUKMAT (6Xy2H5003X,3H100,2Xy3H150,2X,3H200,2X,3H250,2X,3H300,7X,3H
140Us TXy3H520, TX+ 3H600,7X,3HT00, 7X,3HB00, 7X¢3H900,6X¢+4H1000,6X,4HL1
2J0+6X,4H1200)

212 FURMAT (30X,*DIMENSICNLESS AXIAL DISTANCE®,/)

207 FUKMAT(2X,42HBASE LINE DIMENSIONLESS WALL TEMPERATURE=,F5.0,10X,39
LHMAX [MUM DIMENSIONLESS WALL TEMPERATURE=,F10.3,/)

208 FURMAT(2XLOHDELTA OWT=,F10.292Xs1Hy 92X, 'RE = ¢, 17,2XyL1H,,2X,*A/R
L= '.FI.I..ZX.IH..ZX.'PR bd ‘.F'I.Z.ZX.I.H..ZX.'DE = ‘1[7’

KETURN
END

SUBROUTINE PLOT(NMO, NDAY,NYEAR,NSTA)

UDIMENSION HTPLOT(2,8),GRAPH(B8,51),SYMBOL{3),0RD(S51)
CUMMON/DLSNOS/NRE, ABYR ,NDE PRANTL ¢ PRFLNU {8} y NRUN
UATA SYMBOL/LIHC,1lHA41lH /
DATA ASTER/1H*/
DU L J=1,4
HIPLOT(1,J)2PRFLNULY)
1 CUNT INUE
DU ¢ I=1,4
DU ¢ J4=1,51
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ORAPHLT,J)=SYMBOL( 3]}
2 CUNT INUE
HIMAX=HTPLOT(1,1)
HTMIN=0.0
1=1
09 3 J=1,4
IFARTHMAX LT HTPLOTULT , J) JHTMAX=HTPLOT (I ,4)
3 CunT INUE
UIFF=HTMAX-HTMIN
JeL = 0.2
LEtIFF.GT.10.,0)DEL=1,0
LFIUTFF.GT.50.0)DEL=2.0
IFILIFF.GT.100.01DEL=5,0
{FIDIFF.GT.200.0)DEL=10.0
LF{UIFF.GT.500.0)DEL=20.0
LH{JIFF.GT.1000.0)DEL=50.0
LF(OIFF.GT.2000.010EL=100,.0
IFtUIFF.GT.5000.,0)DEL=200.0
IF(UIFF.GT.10000.0)D0EL=520.0
LU & J=1,4%
L=(HTPLOT(1,J)~-HTMIN)/DEL+0.5
L=51-L
4 UKAPH{J,L}=SVYMBOL(T)
ou b I=1,51
JRO( [}=SYMBOL(3)
5 CuNT INUE
D3 6 I=1,51,5
ORUL T)=ASTER
6 CunT INUE
ARITEC6, 200 )NRUN ,NMO (NDAY yNYEAR NSTA
JU 1l I=1,51
LF(l .EQ.20) GO TOQ 7
IF{l.EQ.21) GO TO 8
{F(1.EQ.22) GO TO 9
IF(1 .EQ.23) GO TO 10
WRITEL6,201) ORD(I)o {GRAPH{J [ ) =} ¢4)
6O TN 11
Gu IO 11
B WRITE(6+203) ABYR,0RD({I),(GRAPHIJy1)d=1,4)
LU TO 11
9 WRITE(6,204) PRANTL,ORDII)s(GRAPH(J, 1) d=1,4)
Gu TN 11
10 WKITE(6+205) NDE,ORD(1)+4GRAPH(JII)yJ=1,4)
11 CUNT INUE
WRITE(6,201) SYMBOL(3), (ASTER,I=1,4)
WhITE(6,206)
WRITE(6,207)HTMIN, HT MAX
ARITE(6,208) DEL
{ WRITE(6,4202) NRE,ORDEI), (GRAPH{J,T),d=1,4)
200 FUKMAT(1H1,2X s 12HRUN NUMBER =, 14,110,1H=-4]2,1H-y12,5X,16HSTATION N
LuMBkER =,13,//7)
201 FURMAT(50X.5(4X,1A1))
202 FUKMAT(L10X,23HREYNOLDS NUMBER = RE = , IT,10X,5(4X,1AL)}
203 FUKMAT(10X,23HTUBE/COIL RADIUS= A/R= , F7.4,10X,5(4X,1A1))
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<U4 FURMAT(10X,23HPRANDTL NUMBER = PR =

2V FuRMAT({19X,23HDEAN NUMBER = DE = ,17,10X,5({4X,1A1))

296 FURMAT(59X s 1H1 94X, 1H2 44X 1H3 44X 9 1H4 44X ¢ /56X, 4OHPERIPHERAL LOCATION
Lo CLKWISE. FROM NORTH ,/)

291 FURMAT(2X,27THBASE LINE NUSSELT NUMBER = ,F5.1,10X,25HMAXIMUM NUSSE
ILT NUMBER = ,F10.3)

2ud FURMAT(2X,10HODELTA NU =,F10.1)
ReTJPAN
ENU

1FT.2410X,5(4X,1A1))
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W*aus¥al ¥+ AL * AL * Al *ALX JL* AL* AT ¥ AL AT AL* AT A*FT*AL*¥ AL *¥ak* AT XAk * AT *I
CUMPUTER PRUGRAM: MAH#O4

PrULrAM TO COMPUTE:

le HEAT TRANSFER COEFFICIENTS, AND '

2., PERTINENT FLUID FLOW AND HEAT TRANSFER DIMENSIONLESS NUMBERS
FUR ncal TRANSFER STUDIES IN HELICALLY COILED TUBES WITH LAMINAR FLOW.
BY MUHAMMAD A, ABUL-HAMAYEL

J4* P *AL* AL AL+ T ATHAL* AL+ AT XAT¥AT* AT+ ATr AT*AT ¥ AT+ AT HAT* AL *AL* AT+

*** NUTc:l. FLUID PROPERTIES ARE EVALUATED AT THE LOCAL BULK
FLUID TEMPERATURE AT EACH THERMOCOUPLE STATION.
2. LOCAL HUAVG. )I=(L/NIEC(Q/A)/{T(WALL)-T(BULK FLUIDI))).

JIMENSION QFLUX(BYsTIS(B),TFLOC(B) QFLSI(4), TISSI(4) TFLSI(4),HTCS
Lit4)
COMMON/OLSNOS/NRE s ABYR yNDE s PRANTL yCANUNO ,GRAETZ
SUMMON/ INVALU/ZHTC(8) , PRFLNU(B)  TCFLUNRUN

1 ReAU(S5+100) NRUN¢NMO 4NDAY,NYEAR,NSLT,TAMPS,VOLTS
IF (NRUN.EQ.0O0) GO TO 15
READ(S,101) FLRTMA,TFLIN,TFLOUT
TUBERA=0.495/(2.0%12.0)
CUILRA=10.0/(2.0%12.0)
ABYR=TUBERA/COILRA
HTL = 298.5/12.
TINSL={TFLOUT-TFLIN} /HTL
DU 7 I=1,18
NSTA=]
I# (1.EQ.01) TCSOIS
If (1.EQ.02) TCSODIS
LF (1.€Q.03) TCSOIS
[F {1.,6Q.04) TCSOIS
IF t1.€6Q.05) TCSOIS
IF (1.EQ.06) TCSOIS
IF (1.€Q.07) TCSDIS 32./12.
IF (1.€Q.08) TCSDIS 40./12,

= 2./12,

=

=
LF (1.EQ.N9) TCSDIS = 50./12.

5./124
8,712
14.712,
20./12,
26712

Ik (1.6Q.10) TCSOIS 60./712.
IF (1.EQ.11) TCSDIS 71.5/712,
LF (1.6Q.12) TCSDIS 103.712.
I+ (1.FQ.13) TCSODIS 134./12.
IF L1.EQ.14) TCSDIS 166./12.
1¢# (1.EQ.15) TCSDIS 198./12.
IF (1.EQ.16) TCSDIS 230./12.
Ir (1.EQ.17) TCSDIS = 260./12.
IF (1.€Q.18) TCSDIS = 292./12,
TEFLU=TFLIN#(TINCL*TCSDIS)
KEAD(S5,102)(TIS(J)sd=21,4)
READES54102){QFLUXITS) 4d=1,4)
LALL OMLSNO(FLRTMA,TEFLU,TCSDIS)
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500

1u0
104
102
200

AVHHTIC=0.0

vl 6 J=1,4

TrLdClJdd=TEFLY
HICLJ)=QFLUXE I ZLTIS(JI-TEFLU)

AVAT C=AVHTC+HTC(J)

CuNT INUE

CALL NUSELT

AVRATC=AVHTC/4 .0
LANJNO=(AVHTC*{0.495/12.00)/TCFLU
THe FOLLOWING STATEMENTS ARE MAINLY FOR
CUNVERTING TO THE ST UNITS.

TEFST = (TEFLU-32.)%5,/9.4#273.15
LFB4 = 1055.056/(3607.%9,290304E-02)
AVHATSI = AVHTC*CFBJ*1.8

Ud 500 J=1.4%

JELST(J) = CFBJU*QFLUX(J)

HILST(J) = RTC(J)*CFBJ*1.8

TaSST(J) = (TIS{JI)-32.1%5./9.+273.15
TFLST(J) = (TFLOCHJN-32.1%5./9.¢273,15
Cunt INUE

ENU OF CONVERTING THE UNITS
WRITE(6,200)

WRITEL6+201 )NRUN,NMO s NDAY ¢ NYEAR
WRITE(64202)NSTA
wRITE(6,203)TAMPS, VOLTS
WwiklTE(6,204)
WRITE(64205)(QFLUX(I) 1J=144)
WRITE (6,502 (QFLSTI(J)ed=144)
WRITE(6,206)(TIStJ),d=1,4)
WRITE €4+5060(TISSI{J)sd=1,4])
WRITE(6,207)
WhITE(64208)(TFLOCIJ)+d=1,%)
WRITE (6,508)({TFLST(4)ed=1o4)
WRITE(642091(HTCLI) 1 J=1,4)
WRITE (6,509} HTCSI(J)yJ=1y4)
WRITE(6,21 7TV {PRFLNUL ) yd=144)
WRITE (6,218) TEFLU,TEFSI
WRITE(6,219) NRE

WRITEL(6,220) PRANTL
wrITE(6,221) NDE

WRITEL(6,222) GRAETZ
WRITE(6,223) AVHTC,AVHTSI
WRITE(6,224) CANUNO Iy

lF A PLOT OF HT IS NEEDED, ALL WHAT HAS TO BE OONE IS TO REMAVE
THE C OUT OF THE NEXT CARD.

CALL PLOT (NMO,NDAY,NYEAR,NSTA)

WwRITE (7,600) NSTASNRUN,NRE ¢NDE PRANTL ,AVHTSI, CANUNO

CuUNnT INUE

g TO 1

FURMAT{515,2E20.7)

FUKMAT(3F10.2)

FURMAT(4E20.7)

FORMAT (1H1,2X y63HCALCULATION OF HEAT TRANSFER COEFFECIENTS IN A HE
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LLICAL COIL BY ,*MOHAMMAD A. ABUL-HAMAYEL')

201 FORMAT(2X,12HRUN NUMBRER =,14,110,1H-,12,1H~,12)

204 FUKMAT(2X,16HSTATION ANUMBER =,13)

2u3 rUKMATI2X, 1 THCURRENT [N COIL =,F6.1,5H AMPS, 10X, 26HVOLTAGE DROP AC
1kuSS COIL =,FT7.2,6H VOLTS)

204 FURMAT(//42X420HPERIPHERAL LOCATION ,14X,10H 1 02Xy 10H 2
1 22Xy 10H 3 12Xy 10H 4 9 /2Xy30HDEGREES CLOCKWISE F
JKUM NORTH 14Xy LIH 0 92Xy 10H 90 »2X,10H 180 12X,
31UH 2170 /7))

205 FUKMAT(2X,30HHEAT FLUX, Q , BTU/HR=-SQ.FT. =42X,4(F10.3,2X))

200 FOKMAT(/,2Xs30HINSIDE WALL TEMPERATURE yTWe F=92Xy4(F10.3,2X))

207 FURMAT(//42X¢52HFOR FLUID TEMPERATURES MEASURED BY THE THERMOCOUPL
LE>)

208 FOKMAT(/,2X,30HLAOCAL FLUID TEMPERATURE ,TF, F=,2X,4(F10.3,2X))

20y FUKMAT(/,2X+s30HHILOCAL), BTU/HR-SQ.FT.-F =92X44(F10.3,2X))

217 FURMAT(/,2X,30HPERIPHERAL NUSSELT NUMBER, NU=,2X,4(F10.3,2X))

21la FURMAT(//,2X+s33HAT ThE LOCAL FLUID TEMPERATURE OF,F10.3,8H F , OR
LeFLOJ3,4H K 2)

219 FURMAT(/,2X,23HREYNOLDS NUMBER = RE = ,110)
220 FURMAT(/,2X,23HPRANDTL NUMBER = PR = ,F10.3)
221 FURMAT(/,2X,23HDEAN NUMBER = DE = ,110)
222 FURMAT(/,2X,23HGRAETZ  NUMBER = GZ = ,F10.3)

223 FURMAT(//,2X,35HAVERAGE H(LOCAL) FOR THIS STATION =,F10.3,16H BTU/
LHR=5Q.FT.=Fy//36Xy1H=yF10.3,14H J/SEC-SQ.M.-K)

224 FURMAT(/42X,46HAVERAGE NUSSELT NUMBER(=NU) FOR THIS STATION =,Fl0.
13)

502 FURMAT (/,2X,30HHEAT FLUX, Q 4 J/SEC-SQ.M. =,2X,4(Fl0.3,2X))

9506 FORMAT(/,2X,30HINSIDE WALL TEMPERATURE yTW, K=y2X,4(F10.3,2X))

508 FORMAT(/,2X,30HLOCAL FLUID TEMPERATURE (TF, K=¢2X,4(F10.3,2X))

509 FURMATI(/,2X,30HHILOCAL), J/SEC-SQ.M.-K =42X94(F10.3,2X))

600 FURMAT (12,14+216,F8.3,2F8.2)

15 sTup

END

SUBROUTINE DMLSNO(FLRTMA,TEFLU,TCSDIS)

CUNMON/DL SNOS/NRE ¢ ABYR o NDE s PRANTL ,CANUNO ¢ GRAET Z

CUMMON/ INVALU/ZHTC(8) ,PRFLNU(B) ¢ TCFLU,NRUN

TEMPC = (TEFLU-32.)1%5./9.

IF (NRUN.GT.300) GO TO 3

IF (NRUN.GT.200) GO TO 1

FLVIS = EXP(3.80666~1,79809%((TEFLU-40.)/60.)¢0.38590%(((TEFLU~40.
i1/760.0%%2)-0.05878%( ((TEFLU-40.)/60.)%%3)+0.004173%(((TEFLU-40.)7/6
20.)0%4))

CPFLU = 0.553+0.0415%((TEFLU-60.1/80.)+0.,0035¢{ { (TEFLU~60.)/80.) **
12

TCFLU = 0.1825-(2.3E-C4*TEFLU)

50 10 2
1 LUNT INUE

RASVR=((1,3272%(20.0-TEMPC))-(0.001053%({ TEMPC-20.0) *(TEMPC-20.0)))
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L/ (TeMPC+105.0)
RASL N=2.303%RHSVR
FLVIS=1.2N2*EXPIRHSLN]}
CPFLU=1.01881~0.4802E-03*TEFLU+0,3274E-OS*TEFLU*TEFLU-0.604E-08%TE
LFLUCTEFLU*TEFLU
TCFLU=0.30289+40.7029E-03*TEFLU~0.1178E-O5*TEFLU*TEFLU-0,.550E-09%TE
LFLUSTEFLUTEFLU
63 70 2
3 LawT INUF
FLVLS = EXP({-6.92545+12.3839E+03/(TEMPC*273.,15))-(1.085¢4E+04/ ((TE
LMPC¢ 273.15)1%%2)))
LPFLU = 0.53+0.16101E-N2%(TEFLU~50.0~0.167346E-05%((TEFLU-50.)**2)
Lru.783422E-08*({ TEFLU-5).)*#3}
TCFLU = 0.09307-0,846193E-04*TEFLU+0.158015E-06*TEFLUXTEFLU
2 CuUNfINUE
FVEPS=2.42%FLVIS
RENJI=((0.495/12.0)¢FLRTMA)/{(3.1416/4.0)%(0.495%0.495/144.0)*FVFPS
1)
NkE=RENO
PrRANTL=(CPFLU*FVFPS) /TCFLU
UechNO=RENO*(SQRT{ABYR))
NUE=DENO
GRAETZ={FLRTMA®CPFLU}/ (TCFLU*TCSDIS)
KETURN
eND

SUBROUTINE NUSELT

CUMMON/ INVALU/ZHTC(8) »PRFLNUL 8} TCFLUNRUN
DU 1 J=1,4
PRFLNULJ ) =(HTC(J)*(0.495/12,0))/TCFLY
1 CUNTINUE
KETURN
tNO

SJUSROUT INE PLOT({NMO, NDAY{NYEAR{NSTA)

VDIMENSION HTPLOT{2,8),GRAPH{8,51),SYMBOL(3),0RD(51)
CUMMON/DL SNOS/NRE, ABYR ¢yNDE,PRANTL ,CANUNO ,GRAETZ
COMMON/ INVALU/HTC{8) .PRFLNU(8),TCFLU,NRUN
DATA SYMBOL/LHCy1HA,1H /
DATA ASTER/1H®*/
LU 1 J=1l,.4
RTPLATL1,J)=PRFLNU(J)
1 CONT INUE
vy 2 I=1,4
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Uu ¢ J=1,51
GRAPH(T yJ)=SYMBOL(3)
2 CUNT INUE
HIMAX=HTPLOT{1,1)
ATMIN=.0
1=l
0Jd 3 J=1,4
ITFIHTMAX LT HTPLOT(L ,J) JHTMAX=HTPLOT (I ,J)
3 CUNT INUF
U IFF =HTMAX-HTMIN
DeL=1.0
I1F(OIFF.GT,.50.0)DEL=2.0
[FIVIFF.6T.100.0)DEL=5.0
LF{OIFF.GT .200.0)}DEL=10.0
[F(JIFF.GT.500.0)DEL=20.0
LF(OIFF.GT.1000.0)DEL=50.0
IF(OIFF.GT.2000.0)0€L=100.0
IF(ITFF.GT.5000.0)DEL=200.0
IF(JIFF.GT.10000.0)DEL=*500.0
OU & J=1,4
L=(HTPLOT(14J)-HTMIN)/DEL+0.5
Labl-~L
4 GRAPH{J,L)=SYMBOL(IT)
0Q » I=1,51
Oko{ L )=SYMBOL{3)
5 CJUNTINUE
DO 6 I=1,51,5
URD( 1)=ASTER
6 CUNT INUE
WRITE(6,200)NRUNs NMO ;NDAY  NYEAR ¢ NSTA
00U 11 I=1,51
LF(1.EQ.,20) GO TO 7
IF(1.EQ.21) GO TO 8
1F(1.EQ.22) GO TO 9
IFil .€EQ.23) GO TO 10
WRITE(6,201) ORD(1 D) (GRAPHIJ 1) d=2ly4)
GU 70O 11
7 whkiITEL6,202) NREORODITY,(GRAPH(JI)od=1y4)
Ly TO 11
8 WRITE(6+,203) ABYR,ORDU(I)},§GRAPH{ Jyl)yd=1,4)’
LU T0 11
9 WRITEL6,204) PRANTL,ORD(I)y(GRAPH{J, 1) vd=ly4)
Gu TO 11
10 WRITE(6,205) NDE,ORD(I),(GRAPH{J,1),J>1,4)
L1 CUNT INUE
WRITE(6,20L)SYMBOL(3 ), (ASTER,I=1,4)
wRITE(6,206)
WRITE(6+,20T)HTMIN,HT MAX
“RITE(6,208) DEL )
200 FURMAT(1HL1,2Xy12HRUN NUMBER =, 141104 1H~9J2, ) H-412,5X¢L6HSTATION N
LUMBER =,13,//)
20] FURMATISOX,5(4X,1A1))
202 FURMAT(10X,23HREYNOLDS NUMBER = RE = ,17,10X,5(4Xy1A1)}
203 FURMAT(10X,23HTUBE/COIL RADIUS= A/R= FT.4,410X,5(4X,1A1))
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204 FURKMAT(10X,23HPRANDTL NUMBER = PR = ,F7.2,10X,5{4X,1A1}))

205 FUXMAT(10X,23HDEAN NUMBER = DE = ,17,10X,5(4X,1A1})

2ub FURMAT(59X,1HL 14X ¢ lH2,4X41H3,4X,1H4,/56X,40HPERTPHERAL LOCATION,CL
Ikwis>E, FROM NORTH ,/)

2ul FURMAT(2X,27THBASE LINE NUSSELT NUMBER = ,FS5.1,10X,25HMAXIMUM NUSSE
LLT NUMBER = ,F10.3)

2ul8 FUKMAT({2X,10HOELTA NU =,F10.1)
RETURN
END
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UL FAL AL *ALF AL *aX* LRI O L AT L*AL*AL*ATF AL ¥ AT *AL* AT * AL+ AT %A+ AL*d
CUMPUTER PROGRAM: MAH#0S5

PRULKAM TN COMPUTE:

le HecAl TRANSFER COEFFICIENTS, AND

2. PERTINENT FLUID FLOW AND HEAT TRANSFER DIMENSIONLESS NUMBERS
FOR HEAT TRANSFER STUDIES IN HELICALLY COTLED TUBES WITH LAMINAR FLOW.
BY MUHAMMAD A, ABUL-FAMAYEL

AP WL T IS FITFAL*AT*AL* AT IX*ITF AT AT *AL*AT* T aT* AT *AT* AT *IAT+ T *AT*3T*d

##& NUTE:Ll. FLUID PROPERTIES ARE EVALUATED AT THE LOCAL BULK
FLUID TEMPERATURE AT EACH THERMOCOUPLE STATION.
2. LOCAL HUAVG.I={{1/N)E(Q/AYI/ (L L/NIECTIWALL))-TIBULK FLUID}).

UIMENSION QFLUX(8) TESIB),QFLSI(4),TISSI(4) -
CUMMONZ INVALU/FLRTMA ¢TEFLU,TCSOIS CAWALT » CAHTC, NRUN
CUMMON/DLSNOS /NRE, ABYR\NOE,PRANTL ,GRAETZ ,GRASOF , RAYL AY, CANUNO

1 REAJ(S, 100) NRUN (NMO ,NOAY,NYEAR,NSLI ,TAMPS,VOLTS
LF (NRUN.EQ.00) GO TG 15 >
READ(S5+101) FLRTMA,TFLIN, TFLOUT
TUBERA=0.495/(2.0%12.0)

COLLRA=10.0/(2.0%12.0)

ABYR=TUBERA/COILRA

HTL = 298.5/12.

TINC1=¢TFLOUT-TFLIN} /HTL

DU 7 I=1,18

NSTA=]

IF (1.EQ.O01) TCSDIS
IF (1.6Q.02) TCSDIS
IfF (1.EQ.03) TCSDIS
If (1.EQ.04) TCSDIS
If (1.EQ.05) TCSDIS
IF (1.EQ.06) TCSDIS
IF (1.€0.07) TCSDIS = 32./12,
IF (1.EQ.08) TCSDIS = 40./12,

= 2.712,
=
=
t J
=
=

LF (1.EQ.09) TCSDIS = 50./12,
=
=
=

5./12,
8./12.
144712,
20./12.
264712,

IF (1.EQ.10) TCSODIS 60./12.
iF (1.EQ.11) TCSOIS 71.5/712.
IF ¢1.€Q.12) TCSODIS 103./12,
IF (1.EQ.13) TCSOIS 134./712.
iF (1.€Q.14) TCSOIS 166./712,
LF (1.EQ.L15) TCSOIS 198./12.
- (1.EQ.16) TCSDIS 230.712,
JF (1.EQ.1T7) TCSDIS 260./12,
IF {1.EQ.18) TCSDIS = 292./12,
TEFLU=TFLIN#{TINCL*TCSDIS)
READ(S5,102014TIS(INsd=14)
READ(S,102) {QFLUX{J) o d=1,4)
LAVFLX=0.0

- CAWALT=0.0
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VJ 5 J=l,4
CAWFLX=CAQFLX+QFLUX( J)
CAWALT=CAWALT+TIS(J)
6 CuNT INUE
CAUFLX3CAQFLX/4.0
CAWALT=CAWALT /4.0
CAHTC=CAQFLX/ (CAWALT-TEFLU)
CALL DMLSNO
THE FOLLOWING STATEMENTS ARE MAINLY FOR
CUNVERTING TO THE SI UNITS.
TeFSl = (TEFLU-32.)1%5./9.4273.15
CAWAST = (CAWALT-32,.1%5,/9.+4273.15
CFBJ = 1055.056/(3600.%9.290304E-02)
CAGFSI = CAQFLX*CFBJ
LardT = CAHTC*CFBJ*1.8
vu 500 J=1.4
QFLST(J) = CFBJ*QFLUXI(J)
TISSTHIY = (TIS(J)-32.)%5,./9,.,+4273,15
500 CUNTINUF
END OF CONVERTING THE UNITS
WRITEL6,200)
WRITE(6,201 INRUN NMO,NDAY,NYEAR
WRITE(64202)NSTA
WRITE(6+4203)TAMPS,VOLTS
WRITE(6,208) ABYR
wRITE(6,204)
WRITE(6+2050(QFLUX(J)9d21,44)
WRITE (69502)(QFLSTI(J)od=],4)
WRITE(64206) (TISIdVed=1e4)
WRITE (6,506)4TISSI(I),J=1,4)
WRITEL6,207)
wWwKITE (6,218) TEFLU,TEFSI
WKITE(6,219) NRE
WRITE(6,220) PRANTL
WRITE(6,221) NDE
WRITE(6,222) GRAETZ
wRITE(6,223)
wRITE(64224) CAWALT,CAWAS]
WRITE(6,225) CAQFLX,CAQFSI
WRITE(6,4226) CAHTC,CARSIT
WRITE(6,227) CANUNO
WRITE(6,228) GRASOF
WRITE(6,229) RAYLAY
WRITE (7,700) NSTA,NRUN,GRASOF ¢GRAETZ,CAQFST ,CAHST, TEFLU,CAWALT
7 CUNT INUE :
Go 101
100 FJURMAT(515,2€E20.7)
101 FURMAT(3F10.2)
102 FURMAT(4E20.7)
200 FURMAT(1H1,2X,63HCALCULATION OF HEAT TRANSFER COEFFECIENTS IN A HE
LLICAL COIL BY ,*MOHAMMAD A. ABUL-HAMAYEL')
201 FURMAT(2X,»12HRUN NUMBER =414,110,1H-41241H-,12)
202 FUKYAT(2X,16HSTATION NUMBER =,13)
293 FORMAT(2X,1 THCURRENT IN COIL =,F6.1¢5H AMPS,10X,26HVOLTAGE DROP AC



1RUSS COIL =,F7.2,6H VCLTS)

204 FURMAT(//42X,20HPERIPHERAL LOCATICN ,14X,10H 1 92Xy 10H 2
1 +2Xy10H 3 12Xy 10H 4 +/2Xy 30HDFGREES CLOCKWISE F
2RuM NORTH  ,4X,10H [+] 12X, 10H 90 12Xy 10H 180 12X
31un 270 /7))

205 FURMAT(2X,30HFEAT FLUXy Q y BTU/HR-SQ.FT, =,2X,4(F10.3,2X))

206 FURMAT(/,2X,30HINSIDE WALL TEMPERATURE ,TW, F=y2Xs4{F10.3,2X)}

2U7 FURMAT(//42X,52HFOR FLUID TEMPERATURES MEASURED BY THE THERMOCQUPL
LES)

20u FURMAT{2X,29HTUBE-TO-COIL DIAMETEF RATIO =,F10.6)

213 FUKMAT{//42X,33HAT THE LNOCAL FLUID.-TEMPERATURE OF,F10.3,8H F , OR
LeFlUo3,4H K 2)

219 FORMAT(/,2X,23HREYNOLDS NUMBER = RE = ,[10)
22) FUKMATI(/,2X,23HPRANDTL NUMBER = PR = ,F10.3)
221 FORMAT(/,2X,23HDEAN NUMBER = DE = ,110})

=

222 FURMAT(/,2Xy23HGRAETL NUMBER Gl = 4F10.3)

223 FURMATI(//7+2X+64HTHE FULLOWING ARE PERIPHERALLY AVERAGED VALUES FO
IR THIS STATION:,//)

2¢4 FURMAT{2X,26HAVERAGE WALL TEMPERATURE =,F10.3,8H F , OR ,F10.3,2H
1<)

225 FURMAT(/,2X, '9HAVERAGE HEAT FLUX =,F10.3,14H BTU/HR~SQ.FT.2X,2H =
LeF1).3,12H J/SEC-SQ. M)

226 FURMAT(/,2X,35HAVERAGE HEAT TRANSFER COEFFICIENT =,F10.3,16H BTU/H
LR=2JeFT.-F¢2X42H =,F10.3,* J/SEC-SQ.M.-K?)

227 FURMAT(//42X423HNUSSELT NUMBER = NU = 4F10.3)

228 FURMAT(/,2X423HGRASHOF NUMBER = GR = ,E20.9)

229 FURMAT(/42X,23HRAYLEIGH NUMBER = RA = ,E20.9)

502 FORMAT (/42X,30HHEAT FLUX, Q 4 J/SEC-SQ.M. =,2X,4(F10.3,2X))

506 FURMAT(/,2X,30HINSIDE WALL TEMPERATURE ¢TWy K=42X44(F10.3,2X)})

700 FORMAT (12,144E14.745F9.3)

15 STup

END

SUBROUT INE ODMLSNO

CUMMON/ INVALU/FLRTMA (TERFLU,TCSOIS,CAWALT s CAHTC 4 NRUN

CUMMON/DL SNOS/NRE, ABYR ( NDE y PRANTL ,GRAETZ y GRASOF , RAYL AY 4 CANUNO

TUust 1D=0.495/712.0

TEMPC=((TEFLU-32.0)%5.01/9.0

CAnTC={(CAWALT-32.0)%5.0)/9.0

AVABC = (CAWTC+TEMPC /2,

LF (NRUN.GT.300) GO TO 3

I (NRUN.GT.200) GD TO 1

FLVIS = EXP(3.80666-1.79809*((TEFLU-40.)/60.)¢0.38590%(((TEFLU-40.
L0700, 0%%2)-0.05878%( ({TEFLU~40.0/60.)%*3)+0.004173*({ ({TEFLU-40.)/6
20.0%%4))

CPFLU = 0.553¢0.0415%((TEFLU~60.)/80.)+0.0035«({((TEFLU-60.)/80.)%*
121

TLFLU = 0.1825-12.3E-04*TEFLU)

SPVILB = 0.924848¢6.2796E-04%(TEMPC-65.)+9.2444E-0T*(ITEMPC-65.) %%



12)#3.05TF-09*% ((TEMPC-65,)%%3)
RUEFBT = 1,/5PVOLB
JVOIAV = 6.2796E-04+1,84388E-06*%(AVWBC~-65.)+9.1T1E-09%((AVWBC-65.)
L¥%2)
SPVULA = 0.924848¢6.2796E-04%(AVWBC=65.)+9,2444E-07*{{AVWBC-65,})**
L2I¥3.05TE-09%( (AVHBC-65,)1%%3)
BbelA = DVDTAV/(L1.8%SPVOLA)
su 0 2
1 CunT INUE
AHSVR={(1,3272%(20.0-TEMPC)}-{0.001053%({ TEMPC-20.0) *(TEMPC-20.0)))
L/LTEMPC+105.0)
KASLN=2,303*%RHSVR
FLVIS=1l.CO2%*EXP(RHSLN)
CPFLU=1.01881-0.4802€-03%TEFLU+0.3274E-O5*TEFLU*TEFLU-0.604E~08*TE
LFLUSTEFLUSTEFLU
TCFLU=0,30289+J.7029E-03*TEFLU-0.1178E-OS*TEFLU*TEFLU~0.550E~-Q9*TE
IFLUSTEFLUTEFLU
KOEFBT=0.999986+0.1890E-04*TEMPC-0.5886E-05%TEMPC*TEMPC+0.1548E-07
L TEMPC*TEMPC*TEMPC
RUEFAV 2 0.999986+0.1890E-04*AVHBC~0,58B6E-05% (AVWBC**2) +0.1548E-0
LI#(AVWBC*%3)
URUDTAV = 0.189E-04-1.1772E-05*AVHBC+0. 4644E-OT*AYWBC *AVWBC
dc¥Ta = -DROTAV/(1.8%ROEFAV)
Gu Ta 2
3 CuNTINUE
FLVIS = EXP{-6492545¢12.3839E+03/(TEMPC+2T73.15))-(1,08564E+04/ (LTE
IMPCe273,15)%%2)})
CPFLU = 0.53+0.16101E-02%«( TEFLU-50.)-0.167946E-05*{ (TEFLU-50,)¢%2)
1+0.783422E-08*((TEFLU~50.)*%3) )
TCFLU = 0,09307-0.846193E-04*TEFLU+0.158015E—06*TEFLU*TEFLU
ROcFBY = 0,824605-0.700505€6~-03*%TEMPC~-0.101516E-05%{ TEMPC*%2)
140.,296294E-08#(TEMPC#+3) .
RUEFAV = 0.824605-0,700505E-03¢AVWBC~0.101516E-05%{ AVHBC*%2)
LtU.Z96294E-08*(AVWBC #%3)
URLIAV = -0.700505E-03-0,203032E-05*AVWBC+0.B8888B2E-08*{ AVWBC*#+2)
seTA = -DRDTAV/{1.8*%RAEFAY)
2 CuNT INUE
DENFBT=62,43*%ROEFBTY
FVFPS=2,42%FLVIS
RENI=((0.495/12.0)*FLRTMAN/E13.1416/4,0)1%(0,495%0,495/144.0)*FVFPS
i)
NRE=RENC
PRANTL={CPFLUFVFPS)/TCFLU
DENJI=RENO*{SQRT(ABYR) )
NOE=DENO
ORAETZ= (FLRYMA®CPFLU)/{ TCFLU*TCSDIS)
CANUNO=(CAHTC*TUBEID)/TCFLY
DELT AT=CAWALT-TEFLU
SRAVTY=4,175E+08
SRASOF=(TUBEID*TUBEID#TUBE ID®GRAVTY*DENFAT*DENFBT*BETA*®DELTAT) /7(FV
LFPS®FVFPS)
KAYLAY=GKASOF*PRANTL
KETURN
END
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The error in the calculated heat transfer coefficient was determined.
An error analysis [suggested by Singh (37)] was performed. The analysis
is as follows:

From Chapter V

Q/A
h=++——3=£f(Q/A, t , t.) (H.1)
[tw—tb] w’ b
or
__f _af _of
dh = UL d(Q/A) + Btw dtw + atb dt H.2)
From Equation (H.1l)
Of  _ 1 af _ ___Q/A 3 _ _Qq/a
2Q/A) (e mrp) 7 By (1:w—-tb)2 9t (t:w—t:b)2
Substituting in Equation (H.2)
A
dh=(ti—t)-d(Q/A)—"M‘—2"dtw+L_2.dt
w b (t -t) (t,7t)
or
dt dt
dh _ d(Q/A) _ W b
hoooQ/a (et (e t) (#.3)

To estimate the error in h, the error in the measurement of (Q/A),
tw and tb will be estimated.
The error in the heat flux, Q/A, depends upon the error associated

with the primary measurements used to determine the heat flux. These

measurements together with an estimate of their error are:

1. Coil current + 1.0%
2, Coil voltage + 1.0%
3. Coil dimensions + 0.1%
4. Inside wall temperature + 1.0%
5. Room temperature + 0.5%
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If all of the above mentioned measurements were in error to the
extent indicated and in the same direction, the maximum error in the
heat flux is 9.21%.

From Appendix B, the calibration data on the bulk fluid and the wall
thermocouples indicate that at an average temperature of 210°F:

1. The bulk fluid thermocouples had an average correction of +0.61°F

or 0.34°C.

2. The surface thermocouples on the coil had an average correction

of + 1.0°F or 0.57°C.

The calibrations were performed using the Doric Digital Thermo-
couple Indicator to measure the thermocouple outbuts. The Digital
Thermocouple Indicator had a stated accuracy of + 0.3°F for the above
o°F range. Since the calibrations were made in-situ, the above men-
tioned corrections reflect the inaccuracies of the Digital Thefmocouple
Indicator and the associated thermocouple wires.

Based on the above data, the average error in the bulk fluid tem-
perature and the sufface of the helical coil was estimated to be 0.3%F.

Now, since the inside wall temperature was determined by a numerical
solution, the average error in the wall temperature would be affected
by the errors in the coil dimensions, the room temperature, the flow rate
and any computational errors. Taking all the errors into account, the
combined total error in the inside wall temperature is taken to be
0.5°F.

Rewriting Equation (H.3),

dh _ d(Q/A) _ (dtw/tw) s (dtb/tb)
hoo/a [1-(e /e )] 7 [ce /e)-1]

(H.4)
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The average bulk fluid and inside wall temperature were estimated
to be 103°F and ll7°F, respectively.
The maximum error in the heat transfer coefficient would occur when

the error in the independent variables are all additive.

Therefore,
Q:5 Q.3
ah 577 563
Tn T 0092 T Ges/sin ] t TGT77569)-1]

0.149 = 14.9%.
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