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PREFACE 

Experiments were conducted to study heat transfer mechanisms in 

laminar flow in a pipe preceded by a U-bend. The ll-bend had a curvature. 

ratio (Rc/ri) of 7.66. Ethylene glycol was used as a test fluid. 

Straight sections of the tube were heated by passing DC current through 

the tube wall. The local heat flux was approximately constant for each 

run. Local outer surface temperatures were measured peripherally along 

the test section. Reynolds numbers ranged from 62 to 528 while Prandtl 

numbers ranged from 75 to 132. 
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CHAPTER I 

INTRODUCTION 

In the petrochemical, food, and biomedical process industries, the 

use of U-tubes in double pipe heat exchangers, shell-and-tube heat ex­

changers, and kettle reboilers is common. In spite of that fact, the 

present understanding of laminar flow heat transfer downstream of the U­

bend is not sufficient and warrants study. Figure 1 shows a sketch of a 

double pipe exchanger. 

In isothermal laminar fluid flow, the velocity profile is parabolic 

about the center line in a circular tube. The fluid velocity is maximum 

at the tube center and zero at the wall. When the tube has a 180° bend, 

the fluid is subjected to a centrifugal force. The centrifugal force is 

directly proportional to the square of the fluid velocity and inversely 

proportional to the radius of curvature of the bend. The effect of the 

centrifugal force is to move the more rapidly flowing fluid towards the 

wall and the slower moving fluid at the wall towards the bend-axis. 

This, in effect, superimposes a secondary flow pattern on the primary 

flow pattern in the downstream section of the tube. 

The objective of the present investigation was to study the laminar 

flow heat transfer mechanisms in a single phase fluid downstream from the 

bend. 

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

ene glycol was chosen as the test fluid because its properties are well-

1 
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Fiqure 1. Sketch of A Double-Pipe Heat Exchanger 
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known. The straight portions of the U-bend were heated electrically in 

parallel. The apparatus allowed the measurement of the outside local 

woll temperature, thus permitting the calculation of the local inner 

wall temperature and radial heat flux. This allowed evaluation of the 

local heat transfer coefficients, whtch should be useful in shedding 

some light on the laminar flow heat transfer process. 

The U-bend was made of seamless stainless steel (type 304) with an 

outside tube diameter of 10.05 mm (0.75 in.) x 1.65 mm (0.065 in.) wall 

thickness. The bend radius was 60 mm (2.375 in.) to the center line of 

the tube. The heated straight length of the tube was 2.743 m (9.0 ft) 

on either. side of the U-bend. 

3 



CHAPTER II 

LITERATURE SURVEY 

In spite of the use of U-bends in various process industries, there 

has not been much work reported in the open literature on heat transfer 

in U-bends. The summary of some of these investigations is presented in 

this chapter. 

Turbulent flow heat transfer in the U-bend was studied by Lis and 

Thelwell (1). The experimental configuration was a vertical pipe, with 

upward flow, followed by a 180° bend. In thiJ case the vertical pipe on 
I 

the downstream side of the 180° bend was electrically heated, giving a 

uniform heat flux boundary condition and with large temperature differ­

ence between the tube wall and the bulk of water. Lis and Thelwell used 

three test sections with bend to pipe radius ratios of 2, 3, and 4. 

Table I includes other relevant information. They made the following ob-

servations: 

1. The local heat transfer parameter 

in the entrance region on the downstream side of the tube depends on tube 

length, ratio of bend radius to tube radius, and the Reynolds number. 

The dependence of Jx on the ratio of bend radius to tube radius and the 

heated tube length downstream of the bend decreases with increasing 

Reynolds number. 

4 
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2. The variation of circumferential heat transfer coefficient (h0 ) 

just after the U-bend exit was very irregular and a distance of almost 

12 diameters was required before the coefficient became uniform. The 

distribution of heat transfer coefficient was synnnetrical about the plane 

of the bend. The minimum value of the heat transfer coefficient was ob-

served to be on the inside of the tube with respect to the bend. 

Lis and Thelwell proposed a correlation for the heat transfer para­

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

J = Nu = 0.0239 Re0.826 (x*/d.)-0.064 
X p 0.4 ( I )0.14 1 

r llb llw 

X (R /r.)-0.062 (2.1) 
c 1 

I 
where x* is the distance measured from the exit of the 180° bend. The 

range of variables for which the above correlation is valid is listed in 

Table I. 

TABLE I 

RANGES OF VARIABLES COVERED BY 
THE LIS AND THELWELL STUDY 

Variable 

Heat Flux 
Water Mass Flow 
Water Inlet Temperature 
Water Temperature Rise 
Wall-to-Water Temperature Drop 
Prandtl Number 
Reynolds Number 
Water Viscosity Ratio, ll lllb 
Ratio of Bend Radius to ~ube Radius 

Units 

W/cm2 
kg/h oc 

oc 
oc 

Range 

5-50 
440-5070 
10-20 
5-12 
7-65 

5.5-9.7 
8,000-94,000 
1.42-2.87 
2/1-3/l-4/1 



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

Thelwell as that length for which the value of Jx/Jx6 (Jx6 is the value 

of the heat transfer parameter at which fully developed conditions 

exist) equals 1.05. Lis and Thelwell observed that the 5 percent ther­

mal entrance lengths decreased with increase in Reynolds number. 

6 

Ede investigated heat transfer effects in and near a 180° bend in 

the tube (2). Ede studied heat transfer in turbulent, laminar, and tran­

sitional regimes using three bends of different bend radius to tube radi­

us ratio. The test section was placed in the horizontal plane. Water 

was used as a test fluid. The test section consisted of straight sec­

tions upstream and downstream of the U-bend and the U-bend. The U-bend 

was heated by passing current through the tube, wall. The Prandtl number 

ranged from 4.2 to 10.9. 

Ede explored the nature of the variation of the local heat transfer 

coefficient in and near the bend. He found the flow mechanism to be com­

plex in the laminar flow regime. 

Ede observed that the disturbance due to a 180° bend produced higher 

heat transfer coefficients than in a straight tube not preceded by a 180° 

bend. He concluded that velocity (of the fluid) near the outside of the 

bend becomes much higher than that near the inside of the bend, and as a 

consequence secondary circulation develops. Ede observed that secondary 

circulation had considerable impact downstream of the bend in the laminar 

flow regime. Ede attributed the cause of higher heat transfer coeffi­

cient on the outside of the bend (compared to the inside) to the second­

ary circulation. These effects were observed to be accentuated in the 

laminar flow regime. In the case of laminar flow, the heat transfer co­

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



(the value of the heat transfer coefficient for Nusselt number 4.36) 

immediately after the bend. 

Ede suggested the possibility that incipient laminar flow· was the 

cause for the low heat transfer co~fficient in the transitional regime. 

Ede's finding agrees well with I~o•s correlation to determine critical 

Reynolds number for fluid flowing through the curved pipes (3). Ito's 

correlation to determine critical Reynolds number is 

(2.2) 

7 

The upper and lower limits for Rc/r; ratio in Equation (2.2) are 860 and 

15, respectively. 

Heat transfer from a single phase fluid flowing through 90° and 180° 

bends was studied by Staddon and Tailby (4). They compared their results 

with those of Ede (2) and Lis and Thelwell (1). In the Staddon and 

Tail by investigation, hot air was blown inside a test section immersed in 

a constant temperature bath. Reynolds numbers were studied in the range 

of 10,000 to 50,000. They also made flow visualization studies and con­

firmed the presence of secondary flow. Staddon and Tail by made the fol­

lowing observations and suggestions: 

1. The ratio of the heat transfer coefficient at the outside wall 

to that at the inside wall was observed to be 1.5:1 compared to Ede's (2) 

ratio of 4:1. 

2. The ratio of the bend radius to the tube radius (Rc/ri) has con­

siderable impact on the local heat transfer coefficient. The value of 

the local heat transfer coefficient was observed to increase with the de­

crease in the curvature ratio. For a given value of x/D (x is the dis­

tance-from the beginning of the bend) the local heat transfer coefficient 
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ratio between the maximum and the minimum was observed to decrease with 

decreasing curvature ratio (Rc/ri) along the bend. 

3. The variations in the peripheral mean heat transfer coefficient 

(as a function of x/d) increased with decrease in the (R/ri) ratio. 

However, the peripheral mean heat transfer coefficient returned to the 

straight pipe value within 30 diameters of the beginning of the bend. 

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

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

Staddon and Tailby suggested the following correlation for the 

ranges of variables covered: 

Nu = 0.0341 Re0·82 (R /r.)-0· 11 (x/d.)-0·14 
Pr0.4 c 1 1 

(2.3) 

where x is the distance measured from the beginning of the 180° bend. 

The above equation was obtained by a multiple regression computer pro­

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

10,000 2 Re 2 50,000 

4 < R /r. < 14 - c 1 -

7 < x/d. < 30 
- 1 -

The exponent of Rc/ri was observed to agree well with the one obtained 

by Lis and Thelwell (1), unlike the exponent of x/di (see page 4). 

Moshfeghian (5) investigated fluid flow and heat transfer in a 180° 

bend using four bends of different curvature ratios (Rc/ri). In his in­

vestigation three fluids--distilled water, Dowtherm G, and ethylene gly-

col--were used. The test section consisted of the straight section up­

stream of the bend, the u~bend, and the straight section downstream of 

the bend. It was electrically heated by passing DC current through the 
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tube wa 11. Reyno 1 ds numbers ranged from 55 to 31 ,000. ~1oshfeghi an's 

(5) findings and conclusions are summarized below. 

1. In the case of low Reynolds numbers, natural convection was ob-

served upstream of the bend, resulting in higher heat transfer coeffi­

cients at the bottom of the tube than at the top. 

2. The peripheral distribution of heat transfer coefficient was 

nonuniform in the bend. The local heat transfer coefficient on the out-

side of the bend was higher than on the inside. This phenomenon was 

more pronounced in the·laminar flow regime than in the turbulent flow 

regime. 

3. The secondary flow has considerable impact on the local· heat 

transfer coefficients downstream of the bend. 
1 

The net effect is to in­

crease the peripheral mean heat t~ansfer coefficient. 

4. In the case of laminar flow, the secondary flow tends to be 

counteracted by natural convection effect, the net result being a de­

crease in the peripheral mean heat transfer coefficient downstream of 

the bend as compared to a straight pipe not preceded by a 180° bend. 

The following correlation was proposed by Moshfeghian for the 

straight section downstream of the bend: 

J = 0_031 Re0.825 (x/d.)-0.116 (R I .)-0.048 
x 1 c r 1 

(2.4) 

where x is the distance beginning from the start of the bend. The ranges 

of variables for which the above correlation is valid are: 

~12 (R /r.) < (x/d.) < 160 c 1 - 1 -

4.83 ~ (Rc/ri) ~ 25.62 
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For the bend-portion of the test section the following corr.elation 

was developed: 

where x is the distance from the beginning of the bend. The ranges of 

variables for which the above equation is valid are: 

0 < (x/d.) < /2 (R /r.) 
- 1 - c 1 

4.82 < (R /r.) < 25.62 - c 1 -

For laminar flow downstream of the bend the following equation was 

proposed: 

{0.733+ 14.33}(R /r.) 0 · 592 (x/d.fl. 169 
J = 0 00275 [Re c 1 1 ] X • 

{-2.ll(x/d.)-0· 237} 
[1.0 + 8.5(Gr/Re2)0·429 ][1.0 + 4.79e 1 ] 

(2.6) 

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

ables for which the above equation was developed are: 

Re < 2100 

~12 ~ (x/d;) ~ 160 

All equations were developed by regression analysis using a computer. 



CHAPTER III 

DESCRIPTION OF THE EXPERIMENTAL SYSTEM 

Single phase heat transfer was studied using ethylene glycol as the 

test fluid in a 180° bend tube. A sketch of the experimental setup is 

shown in Figure 2. Since the experimental setup and equipment used are 

more or less similar to those used by Singh (6), Farukhi (7), and 

Moshfeghian (5) in their dissertations, some parts of this chapter are 

taken from these manuscripts. 

Description of Components 

Test Section 

The test section was made of stainless steel type 304. The test 

section was fabricated from initially-straight tubing. The test section 

had an outer diameter of 19.05 mm (0.750 in.) and a wall thickness of 

1.65 mm (0.065 in.). The other relevant details about the test section 

are summarized in Table II. 

Bonded fiberglass tape was wrapped around the test section in order 

to insulate it thermally. On top of this several layers of fiberglass 

wool were wrapped. The outer surface of the test section was then cover­

ed with silver-colored vapor seal wrap in order to minimize radiation 

losses. The test section was electrically isolated from the rest of the 

system by connecting it with neoprene tubing at each end of the test 

section. 

1'1 
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TABLE II 

SPECIFICATION OF THE TEST SECTION 

13 

Bend 
Radius 

mm(in.) 

Tube Diameters Straight Curvature 
Outside Inside ~ Section Ratio 

Material nm (in.) m (in.) m(in.) Rc/ri 

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

Two copper bars were silver soldered on the straight sections on 

either side of the U-bend. The distance betw~en each pair of copper 

bars was nine feet. DC current was passed through the tube wall such 

that straight sections on either side of the bend were heated in paralel. 

In this manner the U-bend portion was not heated. 

Experiments were conducted with the U-bend in the vertical plane. 

Ethylene glycol was pumped into the test section at the bottom and exited 

at the top. 

Fluid Bath 

A 11 Lo-Temprol 11 154 constant temperature circulating system type bath 

was used during the investigation. 'The bath has a rated capacity of 2.75 

gallons. It is controlled by an ultrasensitive micro-set thermo-regula­

tor, a 250-500-1000 watt immersion-type (tape heater) electric heater. 

The bath allows the set-point to be varied fr'om -l0°C to l00°C. A 

Brooklyn P-M mercury-in-glass thermometer having a range from 0°F to 

230°F, graduated in 2°F intervals, was used to measure bath temperature. 



The circulating system has a guaranteed accuracy to maintain the bath 

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

14 

A sliding vane pump manufactured by Eastern Industries, Inc. was 

used to pump ethylene glycol through the experimental loop. The pump is 

a positive displacement type and has a rated capacity of 0.273 m3/hr 

(1.2 gpm) of water. It has a rated head of 42 m (138ft). 

DC Power Source 

A Lincolnweld SA-750 DC generator generated the DC current which 

was passed to the test section via two silver-soldered copper bars at 
i 

either side of the test section. ' The fluid was heated by resistance 

heating generated on account of the DC current flowing through the tube 

wall. All the experiments were carried out under approximately constant 

heat flux conditions. The DC generator has a maximum rated output power 

of 30 kilowatts. 

The reason for choosing DC resistance heating over AC resistance 

heating are summarized below: 

1. The cyclic nature of the AC electrical current may cause cyclic 

temperature variations in the test section, a condition which is to be· 

avoided at all times. DC heating provides a constant heat source com­

pared to AC heating. 

2. Inherent complex AC induction and skin effects are avoided when 

DC is used. 

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

trical forces of AC are avoided. 



4. The possibility of inducing thermal stresses in the test sec­

tion on account of the cyclic nature is eliminated. 

5. Induced spurious emf effects in the thermocouple wires are 

avoided. 

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

1. It was available. 

15 

2. A motor-generator provides relatively smooth power output and 

eliminates large magnitude superimposed sine waves unlike the rectifier. 

3. The resistance to overload is better than with rectifiers. 

4. The transient voltage peaks that occur in switching the unit on 

and off are reduced remarkably when a motor-generator is used. 

Heat Exchanger 

A 1-she'll-pass-4-tube-pass heat exchanger manufactured by the 

Kewanee-Ross Corporation was provided on the downstream side of the test 

section to cool the test fluid. The shell side fluid was ethylene glycol 

and tube side fluid was water. Water from the laboratory cooling tap was 

used. The heat exchanger is a size 502, 11 BCF 11 type (9). 

Measuring Devices 

Insulated wire thermocouples made from 30 B&S gauge copper-constan­

tan were used to measure the inlet and outlet bulk temperatures, and out­

side wall temperatures of the test section tube. Copper-constantan ther­

mocouples were chosen instead of iron-constantan because: 

1. Copper-constantan thermocouple has more resistance to corrosion 

than iron-constantan. 



2. Copper-constantan thermocouple has equal sensitivity as iron­

constantan for practical purposes. 
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3. Copper-constantan thermocouple wire was available. The thermo­

couples were fabricated in the laboratory using a thermocouple welder. 

The thermocouples were placed at eleven stations on the surface 

along the test section. The position of each station along the test sec­

tion is shown in Figure 3 and tabulated in Table III. At each station 

eight thermocouples were placed 45 degrees apart around the tube peri­

phery. 

Each of the thermocouples was numbered such that the first number 

(which ran from 1 to 11) specified station number and the second number 

(which ran from 1 to 8) specified location of the thermocouple around 

the tube periphery. Thermocouples at each st~tion were numbered in such 

a fashion that the number one thermocouple was always on the outside. 

Thermocouple layouts upstream, in the U-bend, and downstream are shown in 

Figure 4. 

The thermocouples were placed along the test section in the follow­

ing manner. First, the surface of the test section was cleaned using 

sand paper. Then a thin layer of Sauereisen cement was placed at the de­

sired location and made smooth using mild to medium sandpaper. The pur­

pose of putting the thin layer of Sauereisen cement on the tube was to 

electrically insulate the thermocouples. Then the thermocouple wires 

were placed at the desired location along the tube periphery. The ther­

mocouples were held in place by means of a hose clamp placed about 7 mm 

to 12 mm from the intended location. In order to prevent any accidental 

short-circuiting of the thermocouple wire, the duct tape was placed be­

tween the· hose clamp and the wires. In similar fashion, a second hose 



• 

9 

Test Section (All Distances in Heters) 

Figure 3. Location of Thermocouple Stations Along Test Section 



TABLE II I 

THE VALUE OF xi AS SHOWN IN FIGURE 2 

location of Thermocouple Station, meter (ft) 
x3 x4 x5 x6 x7 x8 

1.219 1.143 0.325 0.056 0.046 0.335 0.381 0.762 0.762 0.457 

(3.999r (3.75o) (1.066) <o.184) (o.15o9> <r.o99) (1.25o) (2.5oo> (2.5oo> (1.5oo> 

co 
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ln 
Bend 

Stations (7,8,9,10,11) Downstream of Bend 
l 

5 

1 
Stations (1,2,3) Upstream of Bend 

Figure 4. Identification of Test Priints in U-Bend Tests 
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clamp was placed about 5 mm from the first one to hold the thermocouple 

wires in place. A wire made of iron-constantan was wrapped around the 

tube periphery in order to hold the thermocouple bead at its intended 

location. This wire was later removed when the thermocouples were ce­

mented properly in their locations. After the Sauereisen cement was 

placed on the top of each thermocouple bead, it was assured that the ce­

ment patches did not overlap each other. The Sauereisen cement was 

allowed to dry for about 24 hours. After this the thermocouple wires 

were led off to the thermocouple selector switchboard. 

All outside wall thermocouples were connected to an array of barrier 

strips which in turn were connected to 13 two-pole non-shorting switches. 

The rotary switches were mounted on a panel and enclosed in a constant 

temperature box. The outputs from the rotary,switches were brought to a 

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

mocouple Indicator which gave a digital output in °F. 

Rotameter 

A Brooks "Full-View 11 rotameter was used to indicate and measure 

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

TABLE IV 

ROTAMETER SPECIFICATIONS 

Rotameter Model Number 
Rotameter Tube Number 
Float Number 
Maximum Water Flowrate, gpm 

1110-08H2BlA 
R-BM-25-4 
8-RV-14 
1.45 



DC Ammeter and Voltmeter 

The power input to the test section was measured by a Weston model 

931 DC ammeter in conjunction with 50 millivolt shunt. The ammeter has 

a range of 0 to 750 amperes and the voltmeter has a range of 0 to 50 

volts. 

The voltmeter was connected across the two electrodes connected by 

a copper strip on either side of the U-bend. The ammeter was connected 

across the shunt. 

The ammeter and voltmeter were calibrated by the manufacturer. They 

were guaranteed to be accurate with 1 percent of their full range; that 

is, '!:._7.5 amperes and '!:._0.5 volts, respectively. A digital multimeter, 

model 283-105-130 VAC, manufactured by Dynascan Corporation was used to 

read voltage drop across the test section. 

Mercury-in-Glass Thermometer 

Mercury-in-glass thermometers were used to measure the bath fluid 

temperature and to measure room temperature. The thermometer used to 

measure fluid bath temperatures had a 0°F to 230°F range, graduated at 

2°F intervals. A 23-inch long, 65°F to 90°F ASTM calorimeter thermometer 

was used to measure the room temperature. 

Digital Thermocouple Indicator 

A digital thermocouple indicator, Type T, model OS 350·was used to 

measure thermocouple outputs. The indicator is provided with the capa­

bility to convert a thermocouple emf fed to the instrument into its corre­

sponding temperature reading. The reading is displayed directly in °F on 

the digital readout panel. 
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The thermocouple indicator has the following stated accuracies: 

~0.4°F below 0°F and ~0.3°F above 0°F. The maximum linearization error 

is less than +O.l°F (10). 

Auxiliary Equipment 

All measuring devices except the DC ammeter and voltmeter were cali­

brated using auxiliary equipment. The DC ammeter and voltmeter had been 

previously calibrated by the School of Electrical Engineering laboratories 

at Oklahoma State University. 

Rotameter Calibration and Fluid Flow 

Rate Measurement Equipment 

The following accessories were used for ~otameter calibration and 

fluid flow measurement equipment: 

1. Stop watch: a 10-minute stop watch with main dial range of 10 

seconds was used to time the fluid flow rate. The watch has a precision 

of 0.1 seconds. 

2. Weighing equipment: a 5 kilogram capacity Ohaus Pan Balance 

was used to weigh the amount of the fluid collected for fluid flow rates 

less than 1.0 gpm. The balance has a sensitivity of 0.5 grams. A set 

of calibrated weights was used in conjunction with the balance. 

A single-beam platform weighing scale was used to weigh the collect­

ed fluid for flow rates greater than 1.0 gpm. The weighing scale has 

a rated capacity of 300 lbs and an accuracy of 0.125 lb. The beam is 

graduated in pounds and ounces. 



CHAPTER IV 

EXPERIMENTAL PROCEDURE 

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

are described. 

Calibration Procedure 

Thermocouple Calibration 

The insulated copper-constantan wire thermocouples were calibrated 
I 

in-situ by bleeding saturated steam at about atmospheric pressure from the 

laboratory steam line. The steam was passed through a separator to remove 

condensate. Then steam was allowed to pass through the test section at 

atmospheric pressure. The outlet of the test section was kept open to the 

atmosphere and the condensate was collected at the outlet. To prevent 

condensate accumulating inside the bend, the steam was bled through the 

upper arm of the U-bend (placed in the vertical plane). The calibration 

run lasted about 12 hours. ln addition to this, water at room temperature 

was also passed through the test section to observe thermocouple response. 

After determining atmospheric pressure, the temperature of the satu­

rated steam at that pressure was found from steam tables. Knowing the 

temperature of the saturated steam, the deviations between saturated steam 

temperature and the surface thermocouples, and the inlet and outlet ther­

mocouples were determined. Deviations for the surface thermocouples are 

presented in Table VII (Appendix B). The deviations for inlet and outlet 
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thermocouples were also determined and are given in Table VIII (Appendix 

B). 

The heat loss from the test section was calculated using: 

1. Atmospheric pressure and saturated steam temperature at that 

pressure. 

2. The heat of vaporization for steam, found from the steam tables .. 

3. The condensate mass flow rate. Heat loss calibration data are 

given in Table IX (Appendix B). 

The thermocouple calibration and heat loss calibration data were 

incorporated into a computer program for calculating heat balances, local 

heat transfer coefficients, and other pertinent variables for each experi­

mental run. 

Rotameter Calibration 

A rotameter was used as a guide to set the mass flow rate. At the 

time of execution of each run the mass flow rate of ethylene glycol was 

measured by the procedure outlined below: 

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

rotameter. 

2. After steady state was reached, ethylene glycol was collected 

in a previously weighed empty jar for a set time interval. The time 

interval varied from fifteen seconds to two minutes, depending on the 

flow rate. 

3. The bath fluid temperature was recorded and was assumed to be 

the temperature of the fluid in the rotameter. 

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

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



Digital Thermocouple Indicator 

The Digital Thermocouple Indicator was calibrated periodically as 

described in section IV of the Owner's Manual (10). 

Start-Up Procedure 
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After the test section was i nsta 11 ed, ethylene glyco 1 was passed 

through the test section to check for possible leaks. The fluid was pass-

ed through the test section at the highest possible flow rate. No leaks 

were found. 

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

1. The impeller and heater in the fluid bath were activated and 

the fluid was brought to the desired temperature , I (80 to 92°F). The test 

fluid was allowed to pass in the bypass line. 

2. Cooling water was started through the heat exchanger. 

3. The DC generator was started with the po 1 ari ty switch in the 

"off" position. This was allowed to warm up for 30 minutes. 

4. The Digital Thermoco~ple Indicator was turned on. 

5. After about 25 minutes, the flow control valve located upstream 

of the rotameter was opened and the fluid was allowed to flow through the 

test section. Care was taken to remove all the air bubbles. 

6. After about 5 minutes the polarity switch located-on the gener­

ator motor was switched to 11 Electro Positive" allowing DC current to pass 

through the test section. The shunt w,as adjusted to the desired current. 

Data Gathering Procedure 

The data gathering procedure consisted of the following steps: 

1. The fluid flow rate was adjusted to the desired value. 



2. The current to the test section was adjusted to the desired 

value. 

3. Cooling water flow rate was adjusted so that bath temperature 

stayed at the desired value (between 80° and 92°F). 
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4. The experimental setup was operated for about one and one-half 

to two hours to allow the system to achieve steady state .. Only minor ad­

justments were made as deemed necessary in the above variables to keep the 

system at steady state. 

5. Usually after about two to two and one-half hours of operation, 

steady state was achieved. The following experimental data were taken: 

a. The surface temperatures of the test section. 

b. Inlet and outlet bulk fluid temp~ratures. 

c. Room and bath temperatures. 

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

drop across it. 

e. Mass flow rate of the ethylene glycol. 

6. Steady state was assumed to have been achieved if the two sets 

(after about 30 minutes) of temperature measurements agreed within ~0.3°F. 

If steady state was not achieved, steps 4 through 5d were repeated until 

the agreement between two sets of data as defined by the above criterion 

was satisfied. After steady state was reached, three sets of data were 

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

Shutdown Procedure 

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

down procedure was followed: 



1. The immersion heater located on the constant temperature bath 

was turned off. 
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2. The polarity switch was turned to 11 0ff 11 position and the gener­

ator was turned off. 

3. After about five minutes the fluid flow was shut off (by clos-

ing a valve) to the test section. The pump was turned off. 

4. The Digital Thermocouple Indicator was turned off. 

5. The main power switch was turned off. 

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



CHAPTER V 

DATA REDUCTION 

Experimental data were obtained using ethylene glycol. Nine runs 

were made keeping approximately constant heat flux (314 to 332 Btu/hr 

ft2). The power input was kept almost constant (1086 to 1153 Btu/hr) to 

the test section for all runs. The raw experimental data are presented 

in Appendix A. A computer program was written to reduce experimental 

data using the IBM 370/158 computer. The computer program listings are 

presented in Appendix G. 

The physical properties measured for each run are listed in item 5 

in the data gathering procedure, Chapter IV. The peripheral outside wall 

temperatures were measured at 11 stations,each station having 8 peripheral 

positions around the tube. The thermocouple locations are shown in Figure 

4. 

In order to calculate the inside wall temperature, the thermal con-

ductivity, k, and the resistivity, pe' for stainless steel 304 were evalu­

ated at the outside wall temperature (6). All fluid properties were 

evaluated at the ari.thmetic average of the mean inside wall temperature 

and the bulk fluid temperature unless specified. The bulk fluid tempera­

ture was assumed to increase linearly with the distance through the heated 

portion of the tube. Average bulk fluid temperature for the entire test 

section was assumed to be the arithmetic average of the inlet and exit 

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

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

tions of these properties are presented in Appendix C. These properties 

were incorporated into the computer program for data reduction. 

Data as outlined in the following steps were reduced: 

1. Calculation of percent error in the overall heat balance. 

2. Ca lcul ati on of inside wa 11 temper·atures and inside heat fluxes. 

3. Calculation of the local heat transfer coefficients. 

4. Calculation of the pertinent dimensionless numbers. The dimen­

sionless numbers calculated are presented in Table V. 

TABLE V 

LIST OF DIMENSIONLESS NUMBERS EVALUATED 

Dimensionless 
Number Symbol Definition 

Reynolds Re 4W/di 

Prandtl Pr cP 11/k 

Nusselt Nu hd;/k 

Graetz Gz WCP/kL 

Grashof Gr (di) 3(p) 2ga(6t)/ll2 

Rayleigh Ra (Gr)(Pr) 

Dean De Re/d./DC 
1 c 



Calculation of th~ Error Percent in Heat Balance 

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

as follows: 
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1. The heat input to the test section was calculated knowing power 

input to the test section and heat loss from the test section. The heat 

loss from the test section was determined from calibration data as ex-

plained in Table IX (Appendix B). 

~input = (3.41213) (I) (V) - ~loss (5.1) 

where 

I = current to the test section, amperes; 

V = voltage drop across the test section; volts; 

Q = heat loss from the test section, Btu/hr; and loss 

Qinput = heat input to the test section, Btu/hr. 

2. The heat output rate was determined from mass flow rate, inlet 

and outlet temperatures, and the specific heat evaluated at the average 

of the inlet and outlet bulk temperatures. 

where 

(5.2) 

W = mass flow rate of fluid through the test section, lbm/hr; 

cp = specific heat of the fluid, Btu/lbm-°F; 

T. = 1n corrected inlet bulk temperature, °F; and 

Tout= corrected outlet bulk temperature, °F. 

3. From the above information the percent error was determined. 



Percent error = (Qinpu: - 6output) x 100 
Qinput 

Calculation of Inside Wall Temperature 

and Radial Heat Flux 
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A computer program was written to calculate inside wall temperature 

and heat flux. Some portions of the computer program were taken fr·om the 

one written by Owhadi (12), Crain (13), and later modified by Singh (6), 

Farukhi {7), and Moshfeghian (5). The computer program calculates inside 

wall temperature and radial heat flux using equations derived by making a 

shell balance. Appendix D shows the derivation of the equations used in 

determining inside wall temperatures and inside radial heat fluxes. The 

computer program listings are pres'ented in Appendix G. 

Calculation of the Local Heat Transfer Coefficient 

After calculating the inside radial heat flux, the fluid bulk tem­

perature, and the inside wall temperature at each station, the local heat 

transfer coefficient was determined using the following equation: 

(5.3) 

where 

h .. 
lJ 

= local heat transfer coefficient, Btu/hr-ft2-°F; 
• local inside radial Btu/hr-ft2; qr·. = heat flux, 

1J 

(Tw) .. = local inside wall temperature, OF; and 
lJ 

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

pheral position of the thermocouple. 

Calculation of the Pertinent Dimensionless Numbers 

The dimensionless numbers calculated at the film temperature (i.e., 

at arithmetic mean of the average inside wall temperature and the bulk 

fluid temperature) at each station were Reynolds, Prandtl, Nusselt, 

Graetz, Grashof, Rayleigh, and Dean numbers. Some of these dimensionless 

numbers were also calculated at the bulk temperature as required for com­

parison. 

The graph of the peripherally averaged local Nusselt numbers versus 

the inverse Graetz numbers were plotted. The comparison was made with 

the classical Graetz solution for a constant heat flux case. 

All the experimental data gathered were reduced in the above men­

tioned fashion. Sample calculations for data run 151 are given in 

Appendix E. 



CHAPTER VI 

RESULTS AND DISCUSSION OF RESULTS 

Experimental data were gathered for the straight sections of the 

U-bend. The curvature ratio (Rc/ri) was 7.66. Ethylene glycol was a 

test fluid. Reynolds numbers ranged from 62 to 528, while Prandtl num­

bers ranged from 75 to 132. The results of this study along with a dis-

cussion of the results are presented in this chapter. 

General Discussion 

For each run the following parameters were computed at each thermo-

couple location. 

1. Local heat fluxes. 

2. Local heat transfer coefficients. 

3. Average local heat transfer coefficients. 

These values are surrnnarized in Appendix F for all experiments. 

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

fined as follows: 

h. = average local heat transfer coefficient 
1 

1 8 
=-8 I [h .. ] 

j=l lJ 

(6.1) 

(6.2) 

where i indicates a station number and j denotes the peripheral position 
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on the tube cross section at the station. The average local heat trans­

fer coefficient obtained using Equation (6.2) was then used to compute 

the average local Nusselt number for the station. All physical proper­

ties of the test fluid in calculating the above dimensionless numbers 

were evaluated at film temperature unless otherwise specified. 

The average local heat transfer coefficient at a station may also 

' 'be defined as fo 11 ows: 

where (qr)· and (Tw)· are calculated as follows: 
1 1 

and 

8 
(. ) =! ~ {. ) 
qr i 8 j~l qrij 

1 8 
(Tw).=-8 I (Tw .. ) 

1 j=l 1J 

(6.3) 

(6.4) 

(6.5) 

The ratio of heat transfer coefficients defined by Equations (6.1) 

and (6.3) tends to unity as the inside wall temperature becomes uniform. 

The heat transfer coefficient calculated by Equation (6.1) was always 

greater than the one calculated by Equation (6.3). However, the ratio 

never exceeded 1.05. 

Peripheral Distribution of the Heat 

Transfer Coefficient 

In order to understand the flow mechanism, the peripheral heat 

transfer coefficients were plotted against the peripheral positions for 

stations upstream and downstream of the U-bend. 



35 

Straight Section Upstream of the Bend 

Figure 5 shows peripheral distribution of the heat transfer coeffi­

cient for runs at average local Reynolds numbers of 85 and 528. The 

average heat fluxes for these runs were 329.3 Btu/(hr-ft2) and 315.4 Btu/ 

(hr-ft2). 

For a Reynolds number of 85, one observes that there is considerable 

variation in the heat transfer coefficient around the tube periphery. The 

heat transfer coefficient at the bottom is much higher than the heat 

transfer coefficient at the top. Relatively, the observed dip in the 

peripheral distribution of the heat transfer coefficients is almost the 

same at all stations and the peripheral distribution of the heat transfer 

coefficient is almost symmetrical'. The observed behavior is typical if 

natural convection is present. 

The above phenomenon can be explained by the fact that the fluid 

near the wall is warmer, and hence lighter and less viscous than the 

fluid in the core. As a result, the heavier and colder fluid in the core 

flows down and the fluid at the bottom flows along the tube periphery 

upwards. As a consequence, the apparent heat transfer coefficient at the 

bottom is higher than the one at the top. Natural convection flow mechan­

isms were also observed by Morcos and Bergles (14) in a circular horizon-

tal tube. The idealized natural free convection flow mechanism observed 

for the ideal case in a horizontal circular tube is shown in Figure 6. 

For a Reynolds number of 528,the peripheral distribution of the heat 

transfer coefficient is quite uniform compared to that for a Reynolds 

number of 85. The dip in the peripheral distribution of the heat trans­

fer coefficient has almost vanished. The temperature around the tube 
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periphery is nearly constant (and there is no appreciab1e [large] differ­

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

Straight Section Downstream of the Bend 

Figures 7 and 8 show the distribution of peripheral heat transfer 

coefficients downstream of the U-bend. 

From Figure 7 (Re 85) one observes that the variation in the peri­

pheral heat transfer is not as significant as for the fluid upstream of 

the U-bend. The variation in the peripheral heat transfer coefficient 

grows as the test fluid moves down the tube. The heat transfer coeffi­

cient at the bottom increases almost by 50 percent while that at the top 

only increases by 2 percent. Also, one observes that the heat transfer 
I . 

coefficients at station 7 (where local Dean number is 30.7), immediately 

following the U-bend, are the lowest (compared to those at any other 

position down the tube). 

From Figure 8 one observes that there is considerable variation in 

the peripheral heat transfer coefficients immediately following the U­

bend. At station 7, the heat transfer coefficient at the top is higher 

than the peripheral heat transfer coefficient at the bottom. The peri­

pheral heat transfer coefficients are quite uniform at stations 8 through 

11 compared to run 103 (for which the Reynolds number is 85). Also, one 

observes that the heat transfer coefficients immediately following the 

U-bend (at station 7) are highest compared to those at any other station 

down the tube. The values of the heat transfer coefficient decrease as 

the fluid moves down the tube. 

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

8) can be explained on the following basis. 
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The effect of the U-bend is to impose a secondary flow on the pri-

mary flow. The secondary flow mechanism for the ideal case is shown in 

Figure 9. The effect of secondary flow is to move the cold,faster-mov­

ing fluid in the core nearer to the wall, while the hot,slower-moving 

fluid near the wall is moved into the core. The effect of the secondary 

flow immediately following the U-bend is quite significant even at low 

Dean numbers. The secondary flow effects are enhanced with increase in 

Dean number. The secondary flow effects decay as the fluid moves down 

the tube. Natural convection effects are gradually reconstituted as the 

fluid moves down the tube. The flow arrangement causes the secondary 

flow and natural convection to act in opposite directions downstream 

from the bend. 

The above discussed heat transfer mechan~sms could be used to ex­

plain some facts about Figures 7 and 8. 

1. The variation in the peripheral heat transfer coefficients for 

a Reynolds number of 528 immediately following the U-bend (where the Dean 

number is 179) is a consequence of the strong secondary flow. The heat 

transfer coefficient at the top is about 95 Btu/(hr-ft2-°F) While that at 

the bottom is 70. The Dean number is 179 and the Grashof number is 270 

at station 7. 

2. The distribution of the peripheral heat transfer coefficients at 

stations 8 and 9 is quite uniform, which implies that the contribution of 

natural convection and seconda~ flow to the heat transfer proces~es is 

equal. However, as the fluid moves down the tube, the effect of second­

ary flow decays and natural convection increases. This is supported by 

a change in the Grashof number from 270 (at station 7) to 1200 (at sta­

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

Between Natural Convection and Forced Convec-

tion Upstream of the U-bend. 

In order to study the effect of the Reynolds number on natural con-

vection and forced convection, the ratio of the heat transfer coeffi-

cient at the top of the tube to that at the bottom was plotted against 

the station number with Reynolds number as a parameter (Figure 10). As 

the Reynolds number is increased, the ratio of the heat transfer coeffi-

cients approaches unity. 

The error in the measurement of the heat transfer coefficient de-

pends on the error associated with the measurements of the primary vari­

ables like test section current, test section voltage, test section 

dimensions, inside wall temperature, room temperature, bulk fluid tem­

perature, and accuracy of the Thermocouple Indicator. Based on the error 

analysis performed by Abul-Hamayel (15), the maximum error in the heat 

transfer coefficient is estimated to be about 15 percent. After making 

allowance for the experimental scatter, the following criterion is sug­

gested to determine the comparative significance of natural convection. 

(hbottom/htop) > 1.45; natural convection is governing 
primary flow mechanisms 

natural convection is significant 
but not necessarily governing pri­
mary flow mechanisms 

Effect of Reyno 1 ds Number on the Interaction 

Between Secondary and Natural Convection 

Downstream of the Bend 

Interaction between secondary and natural convection flow downstream 
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of the U-bend depends on the Reynolds number, the ratio of bend radius 

to tube radius (presumed, but not tested), and the intensity of natural 

convection upstream of the U-bend. In Figure 11 the ratio of the heat 

transfer coefficient at the bottom is plotted as a function of station 

(i.e., axial position) with average Reynolds number as a parameter. One 

observes that as the Reynolds number is increased, the ratio goes down 

·from 1.16 to 0.73 at station 7 (immediately after the U-bend) and 1.69 

to 1.29 at station 11 (farthest from the U-bend). The slope (the ratio 

of the heat transfer coefficients to the axial position) also gradually 

decreases with the increase in Reynolds number. As mentioned earlier, 

this suggests that the secondary flow effects downstream are felt for 

greater axial distances with an increase in R~ynolds number. Values of 

hbottom/htop greater than 1.3 suggest that natural convection is a major 

contribution to heat transfer. A ratio of less than 0.8 or 0.9 suggests. 

that the secondary flow is more important. The ratio of unity suggests 

that the primary flow is a major contribution to heat transfer and the 

natural convection and the secondary flow al'le equal in magnitude, giving 

rise to nearly uniform heat transfer coefficients around the tube peri­

phery. Based on the ratio of the heat transfer coefficient at the bottom 

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

proposed: 

natural convection is the governing 
heat transfer coefficient 

1.3 < h8/hT < 1.45; natural convection contribution to 
heat transfer mechanisms is signifi­
cant 

natural convection and the $econdary 
flow contribution are nearly equal 
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0.6 ~ h8/hT < 0.85; secondary flow contribution to heat 
transfer mechanisms is significant 

secondary flow is the governing heat 
transfer mechanisms 

The above mentioned criteria could be useful in determining the heat 

transfer mechanisms prevailing downstream from the U-bend. This could 

serve as a guide in the correlation development. 

Comparison With Graetz Solution (16) 

47 

The peripheral average local Nusselt number was plotted as a func­

tion of peripheral average inverse Graetz number. The peripheral average 

local Nusselt number was calculated using average local heat transfer co­

efficient defined by Equation (6.2). The comparison has been subdivided 

into one for points upstream of the U-bend and another for points down­

stream of the U-bend. 

Comparison With the Graetz Solution 

Upstream of the U~Bend 

Figure 12 shows the peripheral average local Nusselt number as a 

function of peripheral average inverse local Graetz number with the 

Reynolds number as a parameter. From the graph it is evident that at 

low Reynolds numbers, the Nusselt number is considerably higher than 

one obtained by the Graetz solution. At low Reynolds numbers, the 

Nusselt number is observed to increase (unlike the Graetz solution) as 

the fluid moves down the tube. The experimental curve approaches the 

Graetz solution as the Reynolds number is increased. However, the data 

points fall near the nonconstant Nusselt number region rather than in 

the constant Nusselt number of the 11 4.36 11 region. 
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This behavior could be explained by the following considerations. 

The Graetz solution is for fluids with constant density and fully devel-

oped velocity profile. However, the assumption of constant density is 

not valid. The test fluid (ethylene glycol) has a temperature dependent 

density. The effect of the variation in density with temperature is to 

cause natural convection (due to density gradients). This alters velo­

city and temperature profiles, yielding a Nusselt number (heat transfer 

coefficient) different from one predicted by a constant property assump­

tion. This also accounts for the variation in the heat transfer coeffi-

cient. The boundary layer at the surface is also strongly influenced by 

temperature dependence of the viscosity. 

In otder to check the relative importance of natural convection and 

forced convection, the value of Gr/Re2 was studied. Parker et al. (17) 

suggest the following criterion to determine the type of heat transfer 

mechanisms: 

1. Gr/Re2 << 1 ' forced convection 

2. Gr/Re2 :: 1 ' mixed convection 

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

The criterion Gr/Re2 revealed the mixed convection at low Reynolds 

number, and as the Reynolds number was increased the flow was primarily 

forced convection. This is the reason why the experimental curve tends 

to agree well (at higher Reynolds number) with the Graetz solution which 

is valid only in the absence of natural convection. The Gr.ashof number 

remained nearly constant for all the runs. Reynolds number was the vari-

able. 

In Figure 13, hbottom/htop is plotted as a function of Gr/Re2 with 

x/d. as a parameter (for stations upstream of the U-bend). Here xis 
1 
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the distance from the beginning of the heating section. The criterion 

of hbottom/htop described earlier for the stations upstream of the bend 

can be used. 

Figure 14 shows local Reynolds number as a function of product of 

Grashof number and Prandtl number. Figure 14 also shows limits sug­

gested by Metais and Eckert (18) (for the case of a horizontal pipe) to 

determine flow regime. From Figure 14 it is observed that limits sug­

gested by Metais and Eckert do not agree very well with the experimental 

data. This may be because the limits to determine flow regime (Metais 

and Eckert) are for the case of a horizontal pipe with a uniform wall 

temperature. However, ~1eta is and Eckert did suggest that the 1 imi ts may 

be adjusted when more results become available. 

Comparison With the Graetz Solution 

Downstream From the U-Bend 

Figure 15 shows a comparison between the Graetz solution and reduced 

experimental data for stations downstream of the U-bend. The heat trans­

fer mechanism downstream from the bend is more complicated because of the 

interaction between secondary flow and natural convection. It is ob-

served from Figure 15 that (except for the lowest Reynolds number) for 

all Reynolds numbers, the Nusselt number has a value of about 8. The 

asymptotic region begins at about a peripheral average inverse Graetz 

number of 0.002. 

The above phenomenon can be understood on the following basis: as 

mentioned earlier the effect of the U-bend is to throw the (cold) faster 

moving fluid outwards downstream of the bend, while the (hot) slower mov­

ing fluid is moved into the core. As the fluid moves down the tube, the 



1000~----------------------------------------------~ 

~ 

"' .... 
.9 

10 

Forced Flow 
Laminar 

104 

Figure 14. 

Transition Laminar--Turbulent 

Ctoo 

105 
Gr/Pr 

Metais & Eckert 
Mixed Convection 

laminar 

Run No. 
ct 103 

0 114 

• 121 

1!. 131 

v 151 

• 161 

0 172 

A 182 

106 

Local Reynolds Number Versus GrPr for the 
Straight Section Upstream of the U-Bend 

107 

52 



s.. 
G.> 
..c e 
::I 

:;;::: 

..... ..... 
G.> 

"' Ill 
::> z 

..... 
Ill 
v 
0 
-I 

G.> 
tr. 
Ill 
s.. 
G.> 
> 
< 
..... 
Ill s.. 
G.> 

.s::; 
c . ...... 
s.. 
G.> 

c.. 

40~-------------------------------------------------. 

4 

3 

2 

Run No. 
0 103 
A 114 

D 121 
• 131 

0141 
v 151 
• 172 

G1a2 

10.001 2 

Re 
85 

183 
246 
332 
348 
336 
467 
528 

3 4 5 6 7 89 0.001 2 3 4 5 6 7 8 90.01 

Peripheral Average Local Inverse Graetz Number = KL/HCP 

Figure 15. Peripheral Average Local Nusselt Number Versus Peripheral 
Average Local Inverse Graetz Number for Stations Down­
stream From the U-Bend 

c.n 
w 



54 

fluid near the wall gets warmer due to constant heat flux at the wall. 

However, as the fluid moves down the tube (after secondary flow effects 

have decayed substantially), the temperature difference between bulk and 

the fluid near the wall tends to remain nearly constant, giving constant 

Nusselt number. In other words, temperature profile is not altered much 

and behaves like a fully developed temperature profile case. In order 

to check this, Grashof numbers were checked for these stations (9 through 

11). As expected, Grashof numbers for these stations did not change 

appreciably (they remained nearly constant). The above behavior may be 

due to low heat flux at the surface. 

In Figure 16, hbottom/htop is plotted as a function of Gr/Re2 with 

xfd. as a parameter. Here x is the distance from the beginning of the 
1 

heating section on the downstream, of the U-bend. The criterion described 

earlier can be used to determine the relative importance of the flow 

regimes. 

Figure 17 shows local Reynolds number as a function of product of 

Grashof and Prandtl numbers. Figure 17 also shows limits suggested by 

Metais and Eckert (18) to determine the flow regime. As discussed ear­

lier, the limits suggested by Metais and Eckert do not agree well with 

the present study, and need some adjustment. 

However, it is predicted that if the heat flux were increased so as 

to enhance the effect of natural convection, the Nusselt number would in­

crease (as in the case of the lowest Reynolds number). If, on the other 

hand, the flux were decreased, the effect of secondary flow would be to 

give higher Nusselt numbers. The experimental data so obtained may agree 

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

For stations situated upstream of the U-bend, comparison was made 

with the Morcos-Bergles correlation (14). Figure 18 shows comparison of 

the Nusselt number predicted by the ~1orcos-Bergles correlation to that 

obtained experimentally as a function of axial distance (stations 1 to 

3) with average Reynolds number as a parameter. The correlation pro­

posed by Marcos and Bergles (14) is 

for 

where 

) [ ( Gr Pr 1.35)0.4]2!1/2 
Nuf = l (4.36) 2 + 0.055 ; 0.~5 

w 

3 x 104 < Ra < 106, 4 < Pr < 1.75, and 2 < P < 66 w 

(6.6) 

( 6. 7) 

In Equation (6.7), h is the average local heat transfer coefficient 

calculated by Equation (6.3), di is the inside tube diameter, k.w is the 

thermal conductivity of the wall, and tis the tube wall thickness. In 

Figure 15, data are compared only for the range suggested by Morcos and 

Bergles. The Morcos-Bergles correlation tends to be conservative, but 

the experimental data agreed quite well within the suggested range. 

However, about two-thirds of the experimental data reduced did not 

meet the criterion of Pw greater than 2.0. Most of the values of Pw 

ranged from 1.80 to 1.99. For this range the Morcos-Bergles correlation 

overpredicts the Nusselt number (heat transfer coefficient) by as much 

as 12 to 20 percent. Thus for the values of Pw less than 2.0 and greater 

than 1.80, a correlation similar to Morcos-Bergles is proposed. 
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I [ (Gr Pr 1.35)0.4]211/2 
Nuf = (4.36) 2 + 0.05 ; O.~S (6.8) 

w 

Figure 19 shows the comparison between values of the Nusselt number 

obtained by Equation (6.8) to that obtained experimentally. The agree­

ment is fairly good for the data obtained. The above modification pre­

dicts a Nussel t number about 10 percent higher than that obtained ex­

perimentally for Pw ~ 1.80. Hence a precaution needs to be exercised 

for low values of Pw. 

Comparison With Moshfeghian's ·(5) Correlation 

A comparison was made between the Nusselt number predicted by 

~1oshfeghian's {5) correlation 3.nd that obtained experimentally for sta­

tions located downstream of the U-bend. The correlation suggested by 

Moshfeghian (5) is 

{0.733 + 14.33(R /r.)-0· 593 (x/d.)-1.619 
J = [Re c 1 1 ] 

X 

2 0.424 {-2. ll(x/d.)-0· 237 } 
[1.0 + 8.5 (Gr/Re) ][1.0 + 4.79e 1 ] 

(6.9) 

where 

Re < 2100, 7T/2 (R /r.) < X/d. < 160, - c 1- 1-

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

the upstream straight section), and 

J = Nu/Pr0.4 ( I )0.14 x ~b ~w (6.10) 
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The ratio of the Nusselt number calculated using Equations (6.9} 

and (6.10} to the experimentally obtained Nusselt number is plotted as a 

function of axial distance (stations 7 through 11) with the Dean number 

as a parameter in Figure 20. It is observed from Figure 20 that at the 

lowest Dean number (about 23}, Moshfeghian's correlation gives conserva­

tive values of the Nusselt number. The correlation overpredicts the 

Nusselt number for Dean numbers between 57 to 142 after station 8. At 

higher Dean numbers (about 155 and above} the correlation gives quite 

conservative estimates of the Nusselt number up to station 9 (about 60 

diameters down the tube}, and then overpredicts the Nusselt number (as 

much as 10 to 40 percent). The overprediction (of the Nusselt number} 

is seen to increase as fluid moves down the tube after station 8. 

In order to explain the above behavior, a detailed examination of 

parameters measured and calculated by Moshfeghian was made. In the case 

of Moshfeghian, heat flux was greater than in the present case as much as 

two to four times. In Moshfeghian's study, the U-bend was heated. Also, 

the ratio of Gr/Re2 was observed to increase significantly up to station 

9 or 10. Thus in the case of Moshfeghian's contribution of the natural 

convection to heat transfer process was significantly high, unlike the 

present study. 

Testing of Literature Correlations 

The Morcos-Bergles (14) correlation for stations situated upstream 

of the U-bend and Moshfeghian's (5) correlation for stations situated 

downstream of the U-bend were tested against the experimental results. 

The average absolute percent deviation (AADP) was used as a measure to 

determine the degree of fit of proposed correlations to the' experimental 
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data. Results of the tests are given in Table VI. A total of 32 data 

points were tested with the Morcos-Bergles correlation, while 135 data 

points were tested with the Moshfeghian correlation. 

The AADP is defined as follows: 

AADP n 

63 

(6.11) 

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

is performed over all data runs evaluated. 

Suggestion for Development of a Correlation 

I 

The heat transfer process downstream of the U-bend is a combination 

of forced flow, secondary flow, and natural convection. The specific 

effect due to each one of them would be difficult to analyze experiment­

ally. But one may attempt to express the Nusselt number as a product 

form assuming that these three factors do not interact. The Nusselt num-

ber correlation then may be written as 

( ( ) (
correction factor) Nu = forced flow ) correction factor for natural 

contribution for secondary flow convection 

(6.12) 

The correction factor for secondary flow may be expressed as 

The correction factor [1.0 + f(Re, Rc/ri' (x/di)] should approach 1 at 

low Reynolds number and as the value of (R /r.) tends to infinity. Also, c 1 

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



TABLE VI 

TEST RESULTS OF LITERATURE CORRELATIONS FITTED TO EXPERIMENTAL DATA 

Inves tigator(s) Reference Stated Range of Applicability AADP (%) Stations 

Morcos-Bergles ( 14) 3 X 104 < Ra < 106 8.8 1 ' 2' 3 

4 < Pr < 

2 < p < 66 w 

Moshfeghian (5) rr/2 (R /r.) < x/d. < 160 c , - 1 -
20.9 7,8,9, 

10' 11 
Re < 2100 



65 

decrease. The correction factor should increase proportionately with 

the Dean number. The criterion of hbottom/htop may be used as a guide­

line. 

The correction factor for the natural convection may be expressed 

as [1.0 + f (Gr/Re2)]. This correction factor will increase with a de-

crease in the Reynolds number. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

An experimental study of the single phase (liquid) laminar flow heat 

transfer processes was conducted in the straight sections upstream and 

downstream of the U-bend. The test fluid (ethylene glycol) was passed 

through the U-bend placed in the vertical plane. The radius ratio (Rc/r;) 

of the U-bend was 7.66. The straight sections upstream and downstream of 

the U-bend were heated by DC current through the tube wall. Available 

literature correlations were tested. 

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

study: 

1. The effect of natural convection was detected in the straight 

section upstream of the U-bend. This is due to temperature dependence 

of fl1Jid density. This dependence caused density gradients around the 

tube periphery and established natural convection. The net effect is to 

cause higher heat transfer coefficients at the bottom than at the top. 

For a given heat flux, the natural convection contribution to the heat 

transfer process decreases with the increase in the Reynolds number. The 

average heat transfer coefficients are higher than those predicted by the 

Graetz solution. 

2. The laminar flow heat transfer mechanism downstream of the U­

bend is a function of forced convection, natural convection, and the 

secondary flow. 
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3. The contribution of secondary flow to the heat transfer process 

increases with the increase in the Dean number. The intensity of the 

secondary flow increases with the Dean number and is carried further 

downstream from the bend. The net effect of the secondary flow is to en-

hance average local heat transfer coefficients. 

4. When the contribution of the natural convection and secondary 

flow to the heat transfer mechanism is equal in magnitude, nearly uniform 

heat transfer coefficients around the tube periphery are obtained. 

5. The temperature and velocity profiles detennined by primary flow 

are quite sensitive to secondary flow and natural convection. 

6. A minor modification in the Norcos-Bergles correlation is pro-

posed for values of the dimensionless number P less than 2.0 and greater 
1W 

than 1.80. 

There still exist several gaps in the complete understanding of the 

heat transfer mechanisms downstream of the U-bend. The following recom-

mendations are made based onthepresent study: 

1. In spite of the low heat flux (about 325 Btu/(hr-ft2), natural 

convection effects were detected. It is recommended to carry out experi­

ments at still lower heat fluxes. This will help to study the secondary 

flow contribution to heat transfer processes downstream of the bend. 

The comparison to the Graetz solution of such experimental data for the 

section downstream of the U-bend would be helpful in design of double 

pipe heat exchangers. 

2. The experimental data were obtained using only one test fluid 

and one bend. Further study should be made using several fluids and test 

sections of various curvature ratios under similar conditions. This 

would help to produce a more general correlation. 
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3. The experiments should be conducted by placing the bend in a 

horizontal plane. However, it is felt that results similar to the pre­

sent study would be obtained. 
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Only those experimental data which were referred to are presented 

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

School of Chemical Engineering 
Oklahoma State University 
Stillwater, OK 74074 

Attn: Dr. Kenneth J. Bell 
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UNCIJS:Rc;CTEi) I I'IIL t:T 6JLK TE"'PF.~ATUR': = 88.60 D!=GR!:ES F 
UNCORQFCTEO uUTLET dULK TS:,-IP'!.RATUR= = 110.70 DEGREES F 
VOL TAG': DR.J P lN THo: TEST SE'CT ION = 2.07 VOLTS 
C UR'<EI'\T TO THE TEST SECTION ., 162.50 A'~PS 
l:l.[QM TF.'IPEi<.ATuRt: 83.00 DEGREES F 
BULK eATH Tc:MPt:kAiUKE = <H.OO DEGPEES F 

OUT;) iDE SURFACI: TEMP!:RATURES - Dt:GREES F 

l 2 3 4 5 6 7 8 9 10 11 

1 10u.a 103.5 104.~ 99.5 9 a .o 1 0 2 dl-- 11 3. 9 115.2 116.8 119.8 122.8 
2· 1 01. c; 104.0 105.2. lUiJoJ. '18.0 102.7 114.0 114.5 116.3 118.6 122.2 
3 103.3 105.2 1C6.t. 10 l. 3 9 9. 7 102.5 113.6 112.7 114.3 116.5 119.9 
4 104.8 107.0 108.3 l (J 5. 7 lu0.2 102.7 112.4 110.9 112.6 114.5 117.8 
5 lC4.4 107.6 108.3 106.;) lu 1.2 102. 7 lll. 9 110.3 111.5 113.7 117.2 
6 103.5 106.6 107.3 l U4. J lvO .1 102.3 112.4 110.4 111.6 114.4 117.4 
7 101. c; 10 5. 3 105.b 101 • .2 9 a .a 102.4 112.8 111.6 113.0 115.6 ll9.2 
8 101.0 104.1 104.b l.Ou.v 98.0 102.3 113.5 113.6 114.3 117.5 121.8 



RUN NU"'B'=R 114 

FLUID f-1, ~ s FLOw Rt.TE 205.00 LBM/r'JUR 
UNCOM.Rt:CTEL) 11\iL ET iiULK. TE"'P'=R HIJQ E = 84.90 DEGREES F 
u~corcrcreu uuTLEr oULK TE"'Pr:QATURE = 9 3.60 Dt:GR.EES F 
VOLTA G!: DR..;P It. THe Tc:ST SECTI8N = 1.99 V'JLTS 
cu;: R E~T TIJ THI: TEST SECTION = 160.00 A 1~PS 

ROOM TEMPEr\~o<TJRC: = 89.80 D!:'GREES F 
BULK EATH TEMPI: i<ATUK.E • 90.00 DEGREES F 

OUT SlOE Su,HCI:: TEf.IPERATURES - DEGR'=ES F 

1 2 3 't 5 6 7 8 9 10 ll 

l 96.1 96.6 97.v b .... .2 68.1 91.5 101.5 104.2 105.2 106.8 108.0 
2 96.8 97.0 97.5 & '1. 7 b8.2 91.4 101.6 104.2 104.4 105.8 107.5 
3 <;7.E 97.9 98.7 so. 1 b8.6 91.5 101.6 103.5 103.2 104.3 105.5 
4 c;8.c; 99.5 100 ... 94.::> 59.9 91.7 101.4 102.4 102.1 103 .o 1.04.2 
5 c; 8. 6 100.1 100.5 c; 4."' 90.8 92.0 101.1 101.3 101.2 102.6 103.7 
I; 117.9 99.2 99.J 9 3 • .! 89.7 91.6 100.9 101.2 101.0 102.9 103.8 
7 96.e 98.0 c;7 .1 9\Jo't tl8. 1 91.4 100.8 102.0 102.5 103.8 104.6 
8 <;6.2 97.2 97.1) u9.3 b8.1 91.2 101.0 103.2 103.4 105.2 107 .l 



--------------
RUN NU'IBE~ 121 ---------------

FLUID "1~SS FLuw kc.TE = 293.04 LB'-1/H::JUR 
UNCOilPECTEu 1 N l tiT tHJLK TE~PERHURE = 83.00 Dt; GR '::: S F 
UNC~QR~CTEJ L0T~ET BULK TE'MPF.RATURE = 88.90 DEGRE~S F 
VOL TAG': DRJP IN TriE TEST SECTlJN = 2.03 V'JLTS 
cu~RF.I\T TIJ THE TE:S T SECTION • 162.50 Ar.,PS 
POr"1 T~MPE~ATURc 8 5.10 D'.:GREES F 
BULK BATH TEMPcRATJ~E = 87.00 DEGRE'.:S F 

IJUT:>lDc: SURFACE TEMPERHUP.F.S - DEGR=!:S F 

1 2 3 4 5 6 7 8 9 10 11 

1 <;4.2 94.8 95.u oo.5 85.2 86.6 97.4 100.9 102.0 102.9 103.9 
2 94.7 95.1 9 5 o:l b 7 .v 85.2 86.7 '77. 4 100.7 101.5 102.0 103.4 
3 c;s.s 9 5. 9 96.o u I. d 85.7 87.2 97.2 100.1 100.6 100.5 101.5 
4 <;6.6 97.3 c; 8 ·"' ~.::.4 ti1. 3 87.9 96.6 99.3 99.9 99.3 100.1 
5 'i6.3 97.8 98.l 9l.tl 8 8. 5 88.3 <;6.3 98.7 98.7 98.7 99.7 
6 95.7 9 7 .o <; 7 .u 9u.u 87.2 87.7 96.4 98.4 98.2 99.2 99.8 
7 <;4.9 95.9 95.7 b 7. ~ d 5.9 86.9 96.6 98.9 99.4 1 oo. 0 100.7 
8 <;4.4 95.1 ss.u 8uob 8 5. 2 86.5 96.9 99.9 100.2 101.4 103.0 



--------------
i<.UN NU'"lBER 131 

---------------
FLUI 0 MASS FLOw RHE = 366.18 LBM/H!JUR 
U'l';'JQP':CTEJ 1!\lLET oJi..K TEMPi:RATURt= = 88.10 0 :=GO. r:r: s F 
UNC~RPECTEJ uUTLET B IJL. K TEI-IPERATURE .. 93.00 DEGR!:ES F 
V'JLTAGE DQ.JP IN rr~c: TEST SECTION '"' 2.01 VOLTS 
CUR RFNT TC THE Tt:H SeCTION 162.50 A "'PS 
RCO~ TE~PEil.>.Tu~E = 89.80 DEGREES F 
BULK EATH TEMPERATU~E = 94.00 DEGREES F 

OUT;, WE SUi<.F~CE: TEMP[;R.6TURES - DEGREES F 

1 2 3 4 5 6 7 8 9 10 11 

1 c;a.s 99.2 99.1 9 u. j tl9.9 90.6 99.9 104.6 106.1 107.0 101 .a 
2 98.9 9Cl.5 99.5 91. j 90.0 90.7 99.9 104.4 105.7 1 ()6. 1 107.2 
3 99.(: 100.2 100.:) 92.U 90.5 91.2 99.8 103.7 104.7 104.7 105.3 
4 1C0.4 101.5 10 1.~ <; o. b 92.0 92.2 99.3 102.9 104.0 103.4 103.q 
5 100.2 101.9 102.u 9 7 .l 9 3. 3 92.7 99.0 102.4 103.0 102.7 103.4 
6 99.7 101.2 100." <j 5. u 91.9 92.0 99.0 102.3 102.7 103.1 103.5 
7 99.0 100.3 99.7 91.d 90.7 91.0 99.2 102.8 103.4 103.9 104.7 
8 c;a.6 99.6 99 .l 9l..u. !.1 0.1 90.6 99.4 103.8 104.1 105.2 106.7 



---------------
kUN NUMBER 141 ---------------

FLUID t-16SS FLJI'i R:.rc = 414.26 LB'I/f-I'JUR 
UNCORR'=C'iED INLeT !ULK. TEMPE::!.ATURE = 84.60 Dr:GRF.ES F 
U~CuFREC~EO uuTLET l:h.ILK TEMPERATURE = 88.60 DFGQ.!:ES F 
VOL TAG':: D Q.J P IN THE TEST S!:CTION = 2.00 VOLTS 
CU~I:l.E114T TIJ THE H:H St:CTION = 162.50 A "'PS 
ROCM TEMP'=~t.TUR E = 91.30 DEGREES F 
BULK ~ATH TEMPE~ATURi: = 90.00 DEGREES F 

OUTS ICiE su~F4Ci: TEMPEQ.ATURES - DEGR!:!:S F 

1 2 3 4 5 6 7 8 9 10 11 

1 94.6 95.2 <; 5.,. d 7.1 B6.2 86.4 94.9 100.0 101.6 103.1 103.7 
2 '15.1 95.5 <;5.7 & 7.:, 86.2 86.5 94.9 99.9 101.4 102.5 103.2 
3 <;5.6 96.1 S6~o b o.l S6.8 87.3 94.9 99.2 100.5 101.2 101.4 
4 <;6.3 <; 7. 3 97.7 '>12.9 o a. 4 88.3 94.5 98.5 99.8 100.0 100 .o 
5 <;6.2 97.7 'is.u 93.4 89.7 88.8 94.4 98.0 99.1 <;9.1 99.4 
6 S5.B 9 7. 1 96.9 91. C: 88.3 88.1 94.2 97.9 98.8 99.3 99.5 
7 B.l 96.2 95.9 68.1 87.0 66. 6 94.3 98.4 99.4 1C0.2 100.6 
8 <;4.7 95.5 95.4 IH.3 86.4 86.3 94.5 99.2 100.1 101.5 102.7 



RUN NUMB'=~ 151 

FLUID "'A~S FLJw R~o.rc: = 489.42 LBM/HOU~ 
U"':O~R':CTE.; I NL t:T t:lJLK. n:MPERATURE = 74.40 DEGRI:ES F 
UNCORRECTEu OUTLET tHJLK TEMPERATURE = 78.40 DEGREES F 
VCLTAG': DllJP lN TJ-12 TEST S'::CTION • 2.00 VOLTS 
CURREI\T TO ThE Tt:S T SECTI'JN = 162.50 A 'IPS 
ROC!~! TEII'PEH.~TURE = 85.30 DEGR'=ES F 
BULK EATH T f:MP t: f<ATU-' E = 90.00 O!;GPceS F 

OUTS lOt: SU~F~CE TEMPERATURES - DEGREES F 

1 2 3 ... 5 6 7 8 9 10 ll 

1 84.e €6.0 86.1J 7 7. Q 76.4 H:.3 83.7 89.3 91.3 93.2 9 4.1 
2 E5.1 86.2 66 .... 7 H • .). 76.5 76.5 83.7 89.1 90.6 92.5 93.8 
3 e5.: 86.7 87.1 7 H. 9 7 7 .l 77.4 8 3. 7 88.6 89.8 <n .4 92.2 
4 e5.c; 87.6 88.1 H~.7 78.7 78.5 83.5 87.9 89.6 90.5 91.1 
5 es.c; 87.9 88.1 ti 4. 2 60.1 79.1 83.4 87.5 89.0 89.9 90.4 
6 85.7 87.4 67.3 a 1.9 78.5 78.4 8 3. 2 87.4 88.6 90.0 90.4 
7 E5.2 86.7 86.~ 7 o.l:l 7 7.1 77.0 83.3 87.9 89.5 90.6 90.9 
B E4.9 86.2 86.u 7 7 .d 76.4 76.5 83.4 88.7 89.9 91.7 93.2 



---------------
iWN NU"'BfR 172 

---------------
FLUID "'ASS FLOw R.AT E. = 646.22 LBM/HOUR 
UNC'JRR":CTEu INLH tiJLK TEMPERATURE .. 78.00 DC:GR ~ES F 
UNCnPRfCTED UvTLEf ~ULK TEMPERATURE = 81.10 OEGR=Es F 
V'JL TA GE ORJP IN THE TEST SECT ION = 2.06 VOLTS 
CURR!Ef\T TO THE TEST 5ECTION = 162.50 A~IPS 

RCOM TEfo'P=ii..Uufi.E = 86.30 DEGP.EES F 
BULK BATH T c:MPI: kAT U.~E = a2.oo DEGREES F 

OUTSIDE SUUACt: TEMPEqATURES - DEGREES F 

1 2 3 4 5 6 7 8 9 10 11 

l E7.8 89.0 89.l. li u. 5 7CJ. 6 79.5 --e4.o 8<?.0 91.8 94.4 <?5.8 
2 E7. c; 89.2 89.5 av.a 79.8 79.8 84.1 89.1 91.5 94.0 95.6 
3 88.3 89.6 c;o. i 01.3 !;0.2 80.5 84.1 68.9 91.0 93.1 94.2 
4 86.7 90.3 90.b bo.u a 1. a 81. 5 84.6 88.6 90.8 92.4 93.2 
!l B8.e 90.5 91.1..1 8b. 5 d 3. 2 82.0 84.9 88.3 90.4 92.0 92.7 
1: 88.6 90.1 90.J 84.3 81.6 81. 3 84.2 88.2 90.1 92.1 92.7 
7 88.2 89.5 89.5 sl.u 80.4 80.1 83.9 88.4 90.7 92.7 93.4 
8 e8.o 89.1 89.2 &0.4 79.8 79.6 83.8 88.7 90.9 «;3.5 95.1 



1 

1 66.3 
2 P8.4 
3 88.7 
4 89.0 
5 89.0 
6 89.0 
7 88.7 
a 88.5 

FLUID ~ASS FLuw Ri.i.TE = 
UNC~~CECT~u l~L~T BJLK TE~O~RATURE = 
U~CnRRECT~J UUTLer BJLK TE~PEPATUR~ = 
V~LYAG~ DR~P lN Trl= TtST s=CTION = 
CUR~~~T TL- THe TeST StCTION = 
ROOM TEMPEi<.ATuRE = 
BULK BATH T~MPtRATu~E 

725.43 
78.90 
81.70 

2.03 
160.00 
88.50 
a 4.oo 

OUTS hlE SU~F~CI:. TE"4PERHURES - DEGtl.EES 

2 3 4 5 6 7 8 

89.5 89.o 81.5 o0.8 80.6 83.7 88.2 
89.6 c;o .l a .1.. 7 a lo 0 80.8 63.8 88.3 
90.0 c;o.o o.:..5 &1.5 81.6 83.9 88.4 
90.6 Sl.<t b b. 9 d 3. 2 82.7 64.5 88.3 
90.8 91.4 ij 7. 5 84.8 83.3 84.9 aa.2 
90.5 90.o &5. i. & 2. 9 82.6 84.1 88.0 
90.0 90 o.l. d l. 4 81. 5 81.2 83.8 39.1 
89.6 89.b 81. () 80.9 80.7 83.6 88.2 

F 

LBtJ/WJUR 
DEGREES F 
DEG!l.EES F 
VOLTS 
AMPS 
D:'GREES F 
DEGRE~S F 

9 10 

91.1 94.1 
90.8 93.8 
90.5 93.1 
90.4 92.6 
90.2 92.2 
89.9 92.3 
90.4 n.a 
90.5 93.4 

11 

95.3 
95.1 
93.9 
93. 1 
92.6. 
92.6 
93.5 
94.8 

co 
0 
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Station 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Note: 

TABLE VII 

CALIBRATION DATA FOR CALIBRATION OF 
OUTSIDE SURFACE THERMOCOUPLES 

11 =(Saturated Steam Temperature}- (Thermocouple Reading}, 
Peripheral Position 

1 2 3 4 5 6 7 

1.1 1.1 1.4 1.0 1.4 0.9 1.3 

1.2 0.9 0.7 1.0 0.6 1.0 1.1 

1.2 1.4 1.2 1.1 1.0 0.7 1.2 

1.8 1.8 1.5 1.0 1.1 1.4 0.9 

1.7 2.3 1.9 1.5 0.9 0.9 1.3 

1.5 2.2 1.1 1.1 1.1 0.9 1.0 

0.7 0.5 0.5 1.4 1.4 1.2 0.9 

0.5 0.9 1.0 0.8 0.8 0.9 1.1 
I 

1.0 0.7 0. 7' 0.4 0;3 0.6 0.3 

0.5 0.4 0.8 0.8 0.8 0.3 0.8 

0.9 0.8 0.6 1.0 0.5 0.8 0.3 
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OF 

8 

1.2 

1.0 

1.3 

1.3 

1.5 

1.0 

0.4 

0.9 

0.6 

0.8 

0.6 

In addition to this, water at room temperature was passed through 
the test section. The temperature difference between the water 
at room temperature and surface thermocouple was negligible. No 
correction was applied to surface thermocouples. 



TABLE VIII 

CALIBRATION DATA FOR.INLET AND OUTLET BULK TEMPERATURES 
DURING IN-SITU CALIBRATION OF SURFACE THERMOCOUPLES 
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Saturated Steam 
Temperature, °F 

Thermocouple Correction, °F 
Inlet Outlet 

Average Room 
Temperature, °F 

210.23 -0.77 1.13 76.7 

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

(Tin - Troom) 
(T. ) = T. - 0·77 (210.23- 76.7) ln corrected ln 

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

CALIBRATION DATA FOR HEAT LOSS FROM THE TEST SECTION 

Average temperature of saturated steam in test section 

Average room temperature during calibration 

Amount of condensate collected 

Amount of condensate collected just before inlet to 
the test section 

Heat of vaporization of water at 210.2 °F 

210.2 °F 

0.6615 lbm/hr 

0.1190 lbm/hr 

971.74 Btu/lbm 

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

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

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

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

= (970.74) (0.6615- 0.1190) Btu/hr 

= 527.2 Btu/hr 

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

where 

= 572.2 (Tavg - Troom) 
(210.2 - 76.7) Btu/hr 

T = (T. + T t )/2.0, °F. 
avg 1ncorrected ou corrected 
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A. Ethylene Glycol 

The following correlations were used to compute the physical proper­

ties of ethylene glycol (11). 

where 

where 

where 

1. Density in kg/m3 

p = 1000.0/[0.924848 + 6.2796 X 10-4 (T - 65) 

+ 9.2444 X 10-7 (T - 65) 2 + 3.0570 x 10-9 (T - 65) 3] 

T = temperature in °C 

1 kg/m3 = 0.62428 x 10-l lbm 
ft3 

2. Viscosity in NS/m2 

~ = 0.16746- 5.4455 X 10-3 (T) + 8.3752 x 10-5 (T) 2 

- 7.3076 X 10-7 (T) 3 + 3.7748 X 10-9 (T) 4 

- 1.1386 X 10-ll (T) 5 + 1.8487 X lO-l 4 (T) 6 

- 1.2463 X l0- 17 (T) 7 

T = temperature in °F 

Range: 20°F to 350°F; 
2 3 1NS/m = 2.42 x 10 1bm/hr-ft 

3. Specific heat in Btu/lbm-°F 

Cp = 5.18956 X 10-l + 6.2290 X 10-4 (T) 

T = temperature in °F 



where 

where 

lJ/Kg-K = 6.238846 Btu/lbm-°F 

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

k = 0.18329 - 0.24191 X 10-3 (T) 

T = temperature in °F 

1W/m-K = 0.57779 Btu/hr-ft-°F 

5. Coefficient of thermal expansion in l/°C 

1 dp 
P = - p dT 

B = p(6.2796 X 10-4 + 1.84888 X 10-6 (T - 65) 

+ 9.171 x 10-9 [T- 65] 2 

p =density in gm/cm3, and T =temperature in oc 

Range: 4.5°C to 17l°C 

B. Stainless Steel 
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The following correlations developed by Singh (6) were used to com­

pute the physical properties of stainless steel. 

where 

1. Electrical resistivity in ohms-in. 2/in. 

= 2.601 X 10-5 + 1.37904 X 10-8 (T) + 8.5158 X lO-l 2 (T2) 

- 10.11924 X 10-l? (T3) 

T = temperature in or 
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2. Thermal conductivity in Btu/hr-ft-°F 

k = 7.8034 + 0.51691 X 10-2 (T) - 0.88501 x 10-6 (T2) 

where 

T = temperature in °F; 

lW/m-k = 0.57779 Btu/hr-ft°F 
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AND INTERNAL RADIAL FLUX 
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To determine inside wall temperature and radial heat flux, a shell 

balance around the tube wall was made. The following end conditions 

were assumed: 

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

are negligible. 

2. Electrical resistivity and thermal conductivity could be evalu­

ated at outside wall temperature (6). 

3. Heat losses to surrounding are present but small. 

4. Steady state condition exists. 

Boundary conditions: 

1. aT/ar = 0 at r = r2 (see Figure 21). 

2· T = Ts = Toutside surface temperature at r = r2. 

Rate of thermal energy input at r 

(D. 1) 

Rate of thermal energy output at r + ~r 

(0.2) 

Rate of generation of· thermal energy due to electrical dissipation 

(0.3) 

where 

j = -cr_o_s_s_s_e_c-;t..;-~ o-n-a-::1-a r-e-a = current density' A/m2 

and p is the resistivity, ohm-m2;m. Now making energy balance we get, 

Input - Output + Generation ~ Accumulation. 

where accumulation is zero since the steady state assumption has been 
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Figure 21. Shell Balance Around the Tube Wall 
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made. Substituting various terms, the following equation is obtained. 

(2prl)q - [21r(r + D.r)L]q +A + j 2p21rrD.rL = 0 r r ur (D.4) 

Dividing by 21rD.rL, rearranging terms, and taking the limit as D.r + 0, 

the following equation was obtained. 

limit rqr+D.r - rqr = 
D.r+ 0 Ar 

.2 
J pr 

a ( rq ) 
r = 

ar 
.2 
J pr (D.5) 

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

was obtained: 

.2 cl 
q = J Pr + ~ 

r 2 r 

(D.6) 

where c1 is the constant of integration. c1 is evaluated later by apply­

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

by 

q = -k 1 aT 
r 3r (D. 7) 

where k 1 is the thermal conductivity of the tube rna teri a 1 . Therma 1 con-

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

terms for qr were substituted in Equation (0.6) to obtain the equation 

(D.8). Equation (0.8) was then integrated with respect to r. 

2 c 
_ k aT = .L...ei:. + _..1 

ar 2 r (D.8) 

.2 2 
• - kT = J P r + C + C . 4 1 tn r 2 (0.9) 
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c2 is the constant of integration. Applying boundary condition 1, 
2 2 

aT I ar = 0 at r = r 2, c1 = j pr 212 was obtai ned. Applying boundary condi-

tion 2, T = Ts at r = r2, 

was obtained. Substituting for c1 and c2 in Equation (D.9) and rearrang­

ing terms, the following equation was obtained. 

(D.lO) 

At T- T · r- r Equation (D.ll) was obtained - inside surface temperature, - 1" 

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

gave Equation (D.l2). 

Ts - T. "d 1ns1 e 
surface 
temperature 

2 2 .2 r 1 - r 2 
=tp-[( 4 ) 

2 2 2 

T. "d 1ns1 e 
. 2 r 1 - r 2 r 2 

=Ts-J:. [(- 4 )+2 w 
surface 
temperature 

(D.ll) 

(0.12) 

The local radial heat flux was obtained by substituting for constant 

c1 in Equation (0.6). 

·2 2 2 q = .Le. (r - r ) 
r 2r1 1 2 (0.13) 

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

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

quantities measured for data run 151 are presented in Appendix A. 

Calculation of the Heat Balance 

Power input rate, Btu/hr 

Power input = (2) (current to each straight section) 

x (voltage drop across the test section) 

X (3.41213) 

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

= 1108.9 Btu/hr 

Heat loss = Qloss' Btu/hr 

Qloss = 527.2 (76.4- 85.3)/(?10.2- 76.7) 

= -35.1 Btu/hr 

Heat input rate = Qinput' Btu/hr 

Qinput = [power input - Qloss] 

= [1108.9- (-35.1)] 

= 1144.0 Btu/hr 

Heat output rate = Qoutput' Btu/hr 

The inlet and outlet bulk fluid temperatures measured by thermo-

couples were corrected, based on their calibration correction factor. 
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Calibration data for these thermocouples are given in Table VIII (Appen­

dix B). 

Corrected inlet fluid temperature 

(Tbin - Troom) 
= Tbin - (. 77 ) [(210.2 - 76.7) 



= 74.4 - (0.77) [ 2~~:~ = ~~:~)] 
= 74.46 °F* 

= 74.50 °F 

Corrected outlet fluid temperature 

[ (T bout - T room) 
= Tbout + 1· 13 (210.2- 76.7)] 

78 4 1 13 [ (78.4 - 85.3~] = . + . (210.2 - 76.7 

= 78.34 °F 

= 78.30 °F 

Average bulk fluid temperature 

1 = 2 (74.45 + 78.34), °F 

= 76.4 °F 

Specific heat for ethylene glycol from Appendix C, 

Cp = 5.18956 X 10-l + 6.229 x 10-4 (T) at T = 76.4°F 

Cp = 0.5665 Btu/lbm°F 

Qoutput = (489.42) (0.5665) (78.34- 74.46), Btu/hr 

= 1075.7 Btu/hr 

Percent error in heat balance 

= 
(Qin~ut - Qout~ut) 

X 100 
Qinput 

= [{1144.0- 1075.7}] 
1144.0 X 100 

::: 5.97% 

*Kept to two digits in order to compare with computer output. 
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Calculation of Local Inside Wall Temperature and 

the Inside Wall Radial Heat Flux 

97 

As indicated in Chapter V, a shell balance was made around the tube 

wall to calculate inside wall temperatures and radial heat fluxes. The 

equations are derived in Appendix D. Using Equations (0.12) and (0.13), 

the inside wall temperature and radial flux are calculated for station 

8 and peripheral position 1 as shown below: 

Tinside wall temperature 

Electrical resistivity p and thermal con~uctivity K are evaluated 

using correlations developed by Singh (6). 

Electrical resistivity in ohms-in. 2/in. 

p = 2.601 X 10-5 + 1.37904 X 10-8 (T) + 8.5158 X 10-l 2 (T2) 

- 10.11924 X lO-l 7 (T3) 

At T = 89.3 °F, 

p = 2.7309 x 10-5 ohm-in. 2/in. 

P = 6.9360 x 10-7 ohm-m2;m 

Thermal conductivity K in Btu/hr-ft-°F 

k1 = 7.8034 + 0.51691 x 10-2 (T)- 0.88501 x 10-6 (T2) 

At T = 89.3 oF, 

k1 = 8.2579 Btu/(hr-ft-°F) 

k1 = 7.9401 W/m-°F 
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2 
j2 = ( 81.25 ) , A2/m4 

9.01951 X 10-5 

j 2 = 8.114856615 x 1011 , A2Jm4 

Tinside wall temperature 

11 -7 = 89 3 _ 8.114856615 X 10 X 6.936 X 10 
. 7.9401 

. -5 
[(-2·871 4X 10 ) + 4.5362 x 10-5 (0.1902)], °F 

Tinside wall temperature = 89 · 2 oF 

Inside radial heat flux, Btu/(hr-ft2) 

aT ·2 2 2 q = -k • - = _J___e___ ( r - r 2 ) r ar 2(r1J 1 

11 -7 2 = 8.114856615 X 10 X 6.936 X 10 [(0.01575) 
2 X 7.875 X 10-3 2 

2 
_ ,o.o~905) J 

= -1025.9 W/m2 

q = +k'll = +325.3 Btu/(hr-ft2) r ar 

The local heat transfer for station 8 and peripheral position 1 was 

calculated as follows: 

Local heat transfer coefficient 

The bulk temperature Tb was calculated using 
8 



AL 
T = T + (T - T }( 8 } 

b8 bin bout bin Altotal 

Altotal = Total heating length 

Tb = 74.46 + (78.34.- 74.46)( 10 ·128503 ) 
8 

= 76.66 °F 

= 76.70 °F 

Local heat transfer coefficients 

= (89.2~2~.~6.66} ' Btu/(hr-ft2_oF) 

= 25.96 Btu/(hr-ft2-°F) 

= 26.00 Btu/(hr-ft2-°F) 

99 

The peripheral average local heat transfer coefficient at station 8 
I 

was obtained as follows: 

1 ~ t1 = (-8) I h .. 
j=l 1 J 

= (i} (26.0 + 26.4 + 27.5 + 29.2 + 30.3 + 30.6 + 29.2 + 27.3) 

= 28.30 Btu/(hr-ft2-°F) 

Tables X to XIV give the values of outside surface temperatures, the 

computed inside wall temperatures, the inside radial heat fluxes, the 

local heat transfer coefficients, and the average local heat transfer co­

efficients for relevant stations. 

Physical Properties 

Using the correlations given in Appendix C, calculate viscosity, 

specific heat, thermal conductivity, density, and thermal expansion co-

efficient of ethylene glycol. 



TABLE X 

RUN 151--0UTSIDE SURFACE TEMPERATURES, °F 

Thermo coup 1 e* 
Thermocouple Station Number Peripheral 

Location 1 2 3 4 5 6 7 8 

1 84.8 86.0 86.0 77.6 76.4 76.3 83.7 89.3 
2 85.1 86.2 86.4 78.1 76.5 76.5 83.7 89.1 
3 85.5 86.7 87.1 78.9 77.1 77.4 83.7 88.6 
4 85.9 87.6 88.1 83.7 78.7 78.5 83.5 87.9 
5 85.9 87.9 88.1 84.2 80.1 79.1 83.4 87.5 

--

6 85.7 87.4 87.3 81.9 78.5 78.4 83.2 87.4 
7 85.2 86.7 86.4 78.8 77.1 77.0 83.3 87.9 

8 84.9 86.2 86.0 77.8 76.4 76.5 83.4 88.7 

*Peripheral position of each thermocouple as in Figure 3. 

9 10 . 

91.3 93.2 

90.6 92.5 
89.8 91.4 
89.6 90.5 
89.0 89.9 
89.6 90.0 
89.5 90.6 
89.9 91.7 

11 

94.1 

93.8 
92.2 
91.1 
90.4· 
90.4 

90.9 
93.2 

_. 
0 
0 



TABLE XI 

RUN 151-- INSIDE WALL TEr1PERATURES, °F 

Thermocouple Thermocouple Station Number Peripheral 
Location 1 2 3 7 8 9 10 11 

1 84.7 85.9 85.9 83.6 89.2 91.2 93.1 94.0 

2 85.0 86.1 86.3 83.6 89.0 90.5 92.4 93.7 

3 85.4 86.6 87.0 83.6 88.5 89.7 91.3 92.1 

4 85.8 87.5 88.0 83.4 87.8 89.5 90.4 91.0 

5 85.8 87.8 88.0 83:-T 87.4 88.9 89.8 90.3 

6 85.6 87.3 87.2 83.1 87.3 88.5 89.9 90.3 
7 85.1 86.6 86.3 83.2 87.8 89.4 90.5 90.8 

8 84.8 86.1 85.9 83.3 88.6 89.8 91.6 93.1 

...... 
0 ...... 



TABLE XII 

RUN 151--INSIDE RADIAL HEAT FLUXES, BTU/(HR-FT2) 

Thermocouple Thermocouple Station Number Peripheral 
Location 2 3 7 8 9 

324.4 324.7 324.7 324.2 325.3 325.6 
2 324.5 324.7 324.7 324.2 325.2 325.5 
3 324.6 324.8 J24.9 324.2 325.1 325.4 
4 324.6 325.0 325.0 324.2 325.0 325.3 

5 324.6 325.0 325.0 324.2 324.9 325.2 
6 324.6 324.9 324.9 324.2 324.9 325.1 
7 324.5 324.8 324.7 324.2 325.0 325.3 

8 324.5 324.7 324.7 324.2 325.2 325.4 

10 

326.0 

325.9 

325.6 

325.5 

325.4 

325.5 

325.5 

325.7 

11 

326.1 

326. l 

325.8 

325.6 

325.5 

325.5 

325.6 

326.0 

...... 
0 
N 



Thermocouple 
Peripheral 
Location 

2 
3 
4 
5 
6 
7 
8 

TABLE XIII 

RUN 151--LOCAL HEAT TRANSFER COEFFICIENT, 
BTU/ ( HR-FT2- 0 F) 

Thermocouple Station Number 
1 2 3 7 8 9 10 

34.6 33.3 34.1 45.3 26.0 22.8 20.9 
33.6 32.6 32.7 45.3 26.4 24.0 21.8 

32.2 31.0 30.5 45.3 27.5 25.5 23.6 

31.0 28.6 27.9 46.6 29.2 25.9 25.2 

31.0 27.9 27.9 47.2 30.3 27.2 26.4 
31.6 29.1 30.0 48.7 30.6 28.1 26.2 
33.2 31.0 32.7 47.9 29.2 26.1 25.0 
34.3 32.6 34.1 47.2 27.3 25.3 23.1 

TABLE XIV 

RUN 151--AVERAGE LOCAL HEAT TRANSFER COEFFICIENT, 
BTU/ (HR-FT2- 0 F) 

Thermocouple Station Number 
2 3 7 8 9 10 11 

32.7 30.8 31.2 46.7 28.3 25.6 24.0 23.7 
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11 

20.4 
20.8 
23.1 
25.1 

26.5 
26.5 
25.5 
21.6 



1. ·Viscosity 

~ = 0.16746 - 5.4455 X 10-3 (T) + 8.3752 X 10-5 (i) 2 

- 7.3076 X 10-7 (T) 3 + 3.7748 X 10-g (T) 4 

- 1.1386 X 10-ll (T) 5 + 1.8487 X 10-14 (T) 6 

- 1.2463 X l0- 17 (T) 7 

where T is measured in degrees F. 

At Tbath = 90.00 °F 

~ ·= 0.16746- 5.4455 X 10-3 (90) + 8.3752 (90) 2 

- 7.3076 X 10-7 (90) 3 + 3.7748 X 10-g (90) 4 

- 1.1386 X 10-ll (90) 5 + 1.8487 X lo- 14 (90) 6 

- 1.2463 X 10-17 (90) 7 

~ = 1.2684 x 10-2 NS/m2 

~ = 30.69 lbm/hr-ft 

Viscosity at the film temperature is calculated as follows: 

1 8 
1film = [(~ j~l 1inside wall temperature+ 1bulki]/ 2·0 

For station 8, 

Tfilm = [i (89.2 + 89.0 + 88.5 + 87.8 + 87.4 + 87.3 + 87.8 

+ 88.6) + 76.7]/2.0 

= 82.4 °F 

Viscosity at film temperature = 82.4 °F 

~ = 1.4798 x 10-2 Ns/m2 
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~ = 35.81 lbm/hr-ft 

2. Specific heat 

C ~ 5.18956 X 10-l + 6.2290 X 10-4 (T) 
p 

where T is °F. At film temperature, Tfilm ~ 82.4. 

Cp = 5.18956 X 10-1 + 6.2290 X 10-4 (82.4) 

cp = 0.5702 Btu/(1bm-°F) 

3. Thermal conductivity 

k = 0.18329- 0.24191 X 10-3 (T} 

At T film = 82. 4 

k = 1.6335 x 10-1 Btu/(hr-ft-°F} 

4. Density 

p = 1000.0/[0.924848 + £.2796 x 10-4 (T - 65) 

+ 9.2444 X 10-7 (T - 65) 2 + 3.057 X 10-9 (T - 65) 3] 

where T is in oc. 

At Tfilm = 82.4 ~F = 28.0 oc 

p = 1000.0/[0.924848 + 6.2796 X 10-4 (28- 65) 

+ 9.2444 X 10-7 (28- 65) 2 + 3.057 X 10-g (28- 65) 3] 

p = 1.1077 x 103 kg/m3 

= 69.2 1bm/ft3 
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5. Coefficient of thermal expansion 

s=-lQe. 
p dT 

= p[6.2796 X 10-4 + 1.84888 X 10-6 (T- 65) 

+ 9.171 x 10-9 (T- 65) 2], pin gm/cm3 

At Tfi 1m = 28.0 oc 

' -4 6 S = 1.1077 [6.2796 X 10 + 1.84888 X 10 (28- 65) 

+ 9.171 X 10-9 (28- 65) 2) 

B = 6.3372 x 10-4/oC 

= 3.5206 X 10-4/oF 

I 

Dimensionless Numbers 

1. Reynolds number: Re 

4W Re = -­
d.TilJ 

1 

where di is in ft. 

At Tbath ~ 82.4 oF 

Re = _______ (4)(489.42 lbm/hr) 
(5.1666 x 10-2 ft)(3.14159)(30.69 lbm/hr-ft) 

Re == 392.9 

Reynolds number at film temperature, Tfilm = 82.4 °F 

4\·J Re = -­
d-Till 

1 

_ ( 4 )( 489 . 9 2 1 b_m/'-'-h'-'-r.._) __ _ 
- (5. 1666 X 10-2 ft)(3. 14159)(35.81) 
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= 337.1 

2. Prandt1 number: Pr 

Pr = (Cp)(J.l}/k 

= (0.5702}(35.81}/(1.6335 X 10-1} 

= 125.0 

3. Peripheral average r~usselt number: Nu 

Nu = (h) (d; }/k 

Nu = (28.3} (5.1666 X 10-2)/1.6335 X 10- 1) 

Nu = 9.0 

4. Graetz number: Gz 

Gz = WCP/kl 

= (489.42)(0.5702)/(1.6335 X 10-1) (1.25) 

= 1366.7 

5. Grashof number: Gr 

3 2 - 2 
Gr = (d;) (p) (g) (s) (Twi - Tbulki)/~ 

107 

Gr = (1.3792 X 10-4)(69.2) 2(4.17 X 108)(3.5206 X 10-4}(88.2-76.7) 
(35.81) 2 

Gt = 871.0 

6. Rayleigh number: Ra 

Ra = (Gr) (Pr) 

= (871) (125.0) 

= 108,875. 



APPENDIX F 

CALCULATED RESULTS 
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l 
2 
3 
4 
5 
6 
7 
R 

!:U.'I I'.UMdt.K lu3 

P.FY•JC'L r;c; 1\t;"'Bs::R = 
PRAt-.DT l NU~IH:R 

H~AT I~PUT=A~P•VuLT*C-JL= 

~~~T OUTPLT=~~C?•IT~-T,I= 

Ht=H LSSS 
AVEPAG= ~~YNCLDS NUMbeR = 
~ FPROR IN H~AT oALA~~c = 

&4.269 
93;460 

1081.618 
1021.259 

66.136 
85.076 
5.580 

BTU/H~ 
8iU/HQ. 
BTU/HR 

LCCAL ~EAT TRA~SFER CO~FFlCIENT- BTU/!~R-SQ.FT-OEG.FI 

l 2 3 7 B 9 10 ll 

45.7 63.1 6 7. j z.;.a 23.9 23.9 2 4 .l 24.3 
39.7 57.5 513.9 d.b 25.2 24.8 26.4 25.4 
33.<; 47.6 47.1 24.3 29.2 29.1 31.7 30.9 
29.4 31. a 3 7. 9 23.7 34.7 34.2 39.1 36.3 
30.5 3 5. 3 37.1 <:.7.'3 37.0 38.6 43.2 41.2 
33.3 39.6 42.d .:.o.7 36.6 38.1 39.6 40.2 
39.7 4c.9 54.9 2::> •. u 32.3 32.8 34.6 33.0 
44.5 5t:.6 66.0 .0::4.~ 27.0 29.1 . 28.9 26.2 

AVEf<AGE LOCAL H.; AT T kANSF ER COEFFICIENT - BTU/(HR-SQ.FT-DEG.I 

1 2 3 7 8 9 10 11 

37.1 48.0 51.5 4::5.4- 30.7 31.3 33.4 32.4 

~VERAGE LOCAL '"'EAT TRANSFER COJ:FFICIENT - BTU/!HR-SQ.FT-DEG.FI 

1 2 3 7 8 9 10 11 

3(:.2 46.2 49.v 25.3 30.0 30.4 32.2 :n.z 

BY SECOND OEF. 



1 
2 
3 
4 
5 
6 
7 
8 

l 
2 
3 
4 
5 
(: 

7 
8 

RU.~ NUMBcK. 103 

INSIDE SURFACE TEMPEkATu~cS - D~GPEES F 

1 

100.7 
1 01. a 
103.2 
lC4.7 
1C4.3 
103.4 
101.8 
100.9 

2 

10 3. 4 
103.9 
105. 1 
106.9 
107.5 
106.5 
10 5. 2 
104.0 

3 

104.4 
105. l 
1ce.s 
108 • .2. 
108.4 
1C7.4: 
105.5 
104.5 

I 

lU.!i 
113.9 
113.5 
lll.3 
111.5 
112 • .) 
HZ. 7 
ll3o't 

8 

115.1 
114.4 
112.6 
11 o. 8 
110.2 
110.3 
111.5 
1llo 5 

9 

116.7 
116.2 
114.2 
112.5 
111.4 
111.5 
112.9 
114.2 

lNSID~ RADIAL H~AT fLUXES - BTU/tSO.FT.-H~l 

1 

3 21.4 
3 27.6 
327.8 
3 28. l 
328.0 
327.9 
3 27. & 
327.4 

2 

32 7. 9 
328.0 
328.2 
328.5 
32 a. 6 
328.5 
328.2 
328.0 

3 

32 a • .a. 
328.2. 
328.5 
32 8. & 
328.b 
328.() 
328.3 
32 a. 1 

l 

.2Z'i.a 
,~ 'i. d 

32~. d 
.2£9.;) 
3.Z-J. 4 
32~.:) 

3,'J.o 
329.7 

8 

330.1 
329.9 
329.6 
329. 3 
329.1 
329.2 
329.4 
329.8 

BULK FLUID T:MPERATJRCS - DEGREES F 

l 2 3 1 8 

98.2 99.5 101.3 

9 

330.4 
33J.3 
329.9 
329.6 
329.4 
329.4 
329.6 
329.9 

9 

102.9 

10 

119.7 
118.5 
1!6.4 
114.4 
113.6 
114.3 
115.5 
117.4 

10 

330.9 
330.7 
330.3 
329.9 
329 .a 
329.9 
330.1 
330.5· 

10 

106.0 

CORRECTED INL~T ~ULK T~MPE~ATURE~ 88.6 DEG. F 

CORRECTED OUTLET BULK Tc~PERATUREz 110.9 DEG. F 

11 

122.7 
122.1 
119 .a 
117.7 
117.1 
117.3 
119.1 
121.7 

11 

331.5 
331.4 
330.9 
330.5 
330.4 
330.5 
330.8 
331.3 

11 

109.1 

__, 
__, 
0 



l 
2 
3 
4 
5 
6 
7 
8 

DUt~ NUMock Ll4 

REYNOLDS NUMB~~ = 
PRA~DTL ~U~BEP = 
HfAT INPUT=A~P*VULT*C-~L= 

r~AT OUTPUT=~*C?•lT2-T1)= 
HEAT LOSS = 
A~E~AGE REY~CLDS ~UMac~ 
~ ~RRQP IN ~EAT ~AL~NC~ = 

164.460 
110.692 

1088.474 
l.025.205 

-2.052 
l82.ES6 

5.813 

LCCAL HAT TRAN:>ft:i\ Cut:FF1CIENT -

2 .! 7 8 

34.6 40.5 4l.i '"·~ 22.4 
.!2.2 38.5 38.b 2b.l 22.4 
2S.2 34.7 33.7 ~b.l. 23.5 
26.6 2 9. 6 2 a. o .2b.o 25.6 
27.2 26.0 28.~ 21,_, 28.1 
29.0 30.4 31.7 '7. 7 28.3 
.!2.2 34.4 37.7 2:lo0 26.4 
34.3 37,6 41.1 27.5 24.0 

BTU/H~ 

eTU/HR 
BTU/HR 

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

9 10 1l 

Zl_o 8 21.2 21.3 
23.0 22.7 22.0 
25.2 25.4 25.5 

-27.6 28.4 28.4 
29.9 29.4 29.7 
30.5 . 28.6 29.5 
26.7 26.5 27.4 
24.8 23.7 22.6 

A~'=-RAGE LOCAL HeAr T kAf'.SF E;j;, COEFFICIENT - ST~/IHR-SO.FT-DEG.I 

1 2 3 1 8 9 10 ll 

3C.7 34.2 3 5. 1 2.1. 0 25.1 26.2 25.8 25.8 

6VERAGE LOCAL rcAT TRANSFER COEFFICIENT - BTU/(HR-SO.FT-DEG.FI 

1 2 3 7 8 9 10 11 

30.4 33.7 34.4 2o.9 24.9 25.9 25.4 25.4 

BY SfCOND DEF. 

_... 
--' 
--' 



1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
B 

R U;~ NI..IM B!.:R .1.14 

I~SIDE SURF~CE TcM?E~ATv~cS - D:G~EES F 

1 

S£:.0 
96.7 
t;7. 7 
sa.e 
S8.5 
<;7.8 
<;6.7 
S6.1 

96.5 
96.9 
97.8 
99.4 

100.0 
99.1 
s 7. 9 
97.1 

3 

96.~ 

97.4 
sa.o 
100.~ 

100.4 
99 • .: 
97.0 
96.9 

lOl.!t 
lul.5 
h,llo 5 
lul.J 
101.v 
lO.J.o 
1vu.7 
luJ. ~ 

8 

104.1 
104.1 
103.4 
102.3 
101.2 
101.1 
101.9 
103.1 

9 

105.1 
104.3 
103.1 
102.0 
101.1 
100.9 
102.4 
103.3 

!~SIDE qACIAL H2AT FLUX~S - BT~/ISO.FT,-HR) 

1 

3 16.5 
3 16.7 
316.8 
3 17.0 
317.0 
316.9 
316.7 
3 16.6 

2 

316.6 
316.7 
3H.9 
317.1 
317.3 
317.1 
316.9 
316.7 

3 

316.7 
316.8 
317.0 
317. 3 
317.3 
:n 7.1 
316. d 
316.7 

7 

31 I. 5 
317.5 
317.!) 
3i..7.!) 
317.4 
.:n7.4 
3l. I. 't 
3l1o't 

8 

:na.o 
318.0 
317.9 
3-lh7 
317.5 
317.5 
317.6 
:n 7. 8 

BULK FLUID TE~Pc~ATURtS - OFGREES F 

1 2 1 8 

86.9 88.7 89.2 81j.4 89.9 

9 

318.2 
318.0 
317.8 
317.6 
317.5 
317.4 
317.7 
317 .s 

9 

90.5 

10 

106.7 
105.7 
104.2 
102.9 
lJ2.5 
102.8 
103.7 
105.1 

10 

318.5 
318.3 
318.0 
317.8 
317.7 
:11 .a 
317.9 
318.2 

10 

CQRPECT~D INL~T BULK TEMPcRATUREz 84.9 DEG. F 

CCPPECTED OUTLET BULK T~MPERATURE: ~3.6 OEG. F 

11 

107.9 
107.4 
105.4 
104.1 
103.6 
103.7 
104.5 
107.0 

11 

318.7 
318 .6 
318.2 
318.0 
317.9 
317.9 
318.1 
318.5 

ll 

92.9 



1 
z 
3 
4 
5 
6 
7 
8 

P!:Y"-OLDS "l;YE:;R 
PI<At-.OTL ~~;uus::P 

~EAT INPUT:A~P*VOLT•C-UL= 

~~AT curour=~*C?*tT2-Til= 
~EH LCSS 
A~~RAG~ ~EYNCLDS ~UMoER = 
~ ~FRO~ IN H~AT ~ALANCE = 

221.581 
117.217 

1122.132 
993.206 

3.443 
245.729 

11.489 

BTU/HR 
BTU/He{ 
BTU/H~ 

LCCAL ~EAT TRANSFi~ CO~FFICIENT- BTU/(HR-SQ.FT-DFG.FI 

l 2 3 7 8 9 10 11 

33.4 3 5. 7 36.3 L9.u 22.7 . 21.7 21.6 21.4 
:n .a 34.b 34.4 z~.u 23.0 22.4 22.9 22.1 
2';.~ 31.9 3 o. 'J 2~.:> 24.0 23.9 2 5.6 25.3 
26. e 2 8. 1 27.3 31..2. 25.5 25.2 28.2 28.3 
27.~ 26.9 26.d 32.1. 26.8 27.7 29.8 29.3 
29.C 28.8 29.7 :.H. il 27.4 28.9 28.5 29.1 
~1.2 31.9 33.7 3!.2 26.3 26.2 2b.6 26.9 
32.7 34.6 36.3 3u.3 24.4 24.6 23.9 22.7 

AV!:'RAGE LOCAL HO::AT TRANSFER COEFFICIENT - BTU/(HR-SQ.FT-DEG.) 

1 2 3 1 8 9 10 11 

30.2 31.6 31.9 30.5 25.0 25.1 25.9 25.6 

.AVERAH LOCAL HEAT TRANSFEk COEFFICIENT - BTU/!HR-SQ.FT-DEG.FI 

.1 2 3 7 8 9 10 ll 

30.1 31.3 31.5 3v.s 24.9 24.9 25.6 25.3 

BY SECOND DEFo 

...... 

...... 
w 



---------------
I:!.Ur~ I~UMt~t!\ .Ll1 

--------------
Ir-S IDE SURFACE TtMPERATU~ES - DF. GR. EE S F 

1 2 3 7 8 9 10 ll 

1 <;4.1 94.7 94.~ 97.3 100.8 101.9 102.8 103.8 
2 S4,6 95.0 95.4 97.3 100.6 101.4 101.9 103.3 
3 <;5.4 s5.8 <i 6. 5 '>'7.1 100.0 100.5 100.4 101.4 
4 <;6.~ 97.2 en. 9 9b.5 «;9.2 99.8 99.2 100.0 
5 c:i6.2 97.7 98.1 9o.2 98.6 98.6 98.6 99.6 
f S5.6 96.9 c; 6. 9 . 9o.3 98.3 98.1 99.1 99.7 
7 94.8 9 5. 8 95.6 96.5 98.8 <79.3 99.9 100.6 
8 94.3 ~5.0 94.9 96.8 99.8 100.1 101.3 102.9 

HS IDlE ~.\DIAL HC:AT FLU.\:S - BTU!( SO, FT .-HR) 

l 2 3 7 8 9 10 ll 

1 32€:. 2 326.3 326.3 32o.7 327.4 327.6 327.8 327.9 
2 326.3 326.3 326.'t 32o. 7 327.4 327.5 32 7. 6 327.9 
3 326.4 326. 5 326.6 3-'!J. 7 327.2 327.3 327.3 327.5 
4 3 26. (; 3U.7 32C. 9 3~o.o 327.1 327.2 327.1 327.2 
5 3 26.5 32(:. 8 326.~ 3..:.6.5 327.0 327.0 327.0 327.2 
6 326.4 326,7 326.7 32Ctob 326.9 326.9 327.1 327.2 
7 326.3 326.5 326.4 32o.6 327.0 327.1 327.2 327.4 
8 326.2 32 6. 3· 326.3 34:&.7 327.2 327.3 327.5 327.8 

BULK FLUID TEMP;:;KATURES - DEGRF.ES F 

1 2 j 7 8 9 10 11 

84.3 85.6 '8 5. ~ t~o.o 86.4 66.8 87.6 88.4 

CCRRECTED INLET bULK Tf;MPfRATUREz 83.0 DEG. F ...... ..... 
CORRFCTED OUTLET l)ULK TI:MPt:RATURE= 88.9 DEG,. F 

.;:.. 



1 
2 
3 
4 
5 
6 
1 
8 

~u·• II.UMoE~ B.1 

REY~CLOS ~UMBFQ = 
PHNDTL NUMBfQ. 
~E~T INPUT=A~P*~ULT*C-~L• 
~FAT ~UTPLT=M*CP•(T2-T&J= 
t-EAT L~SS 

4VE~AGF Q.EYNOLCS NUMB~R = 
% ~~ROR IN HE4T bALANCE = 

317.105 
108.310 

1111.453 
1036.015 

3.034 
332.051 

6.787 

BTU/HR 
BTU/HR 
BTU/HR 

LCCAL 1-E~T TRAN~fcR CO~FFICIENT - BTU/(HR-SQ.FT-b~G.FI 

1 2 3 7 8 9 10 11 

3'::.t: 36.9 38.6 3:,.o 24.1 22.3 22.0 21.8 
34. 1 35.7 36.d 35·. b 24.5 22.9 23.3 22.7 
31.8 33.2 33.J. 3b.l.) 25.6 24.6 25.9 26.1 
29. 5 29.3 2 <;. 3 3~.1 27.6 2 5. 9 28.9 29.3 
3C.O 23.3 28.1:l ~'i.5 28.6 28.1 30.7 30.7 
:n .~ 3 0.1 32.4:: 39.5 29.0 28.9 29.6 30.4 
33.7 32.8 36.U Ji:1.5 27.8 27.2 27.6 27.4 
35.2 35.3 38.o 37.1 25.6 25.7 24.9 23.5 

AVERAGE LOCAL ~EAT TRANSFER COEFFICIENT - BTU/IHR-SO.FT-DEG.I 

1 2 3 7 8 9 10 ll 

32.7 34.2 37.6 26.7 25.7 26.6 26.5 

AV~RAGE LOCAL t-eAT TRAN~FcR COEFFICIENT - BTU/IHR-SQ.FT-DEG.FI BY SECOND DEF. 

1 2 3 7 8 9 10 11 

32.5 32.4 33.8 37.5 26.5 25.5 26.3 26.1 --' 
--' 
(J1 



1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 

I~SIDF ~URFACE TcHPcR~iURES - DEGREES F 

1 

S8.4 
91'1.8 
c:c;.5 

1C0.3 
100.1 
~c;.6 

sa.<; 
c;a.5 

2 

99.1 
9<;l.4 

100.1 
101.4 
101. B 
101.1 
100.2 
99.5 

3 

99.0 
99.4 

100.4 
101. 7 
101.9 
100. 1 
99.0 
99.0 

7 

99.d 
~.,.a 

9~.1 
99.2 
9d.9 
9d.9 
99.1 
99.3 

8 

104.5 
104.3 
103.6 
102.8 
102.3 
102.2 
102.7 
103.7 

9 

106.0 
105.6 
104.6 
103.9 
102.9 
102.6 
103.3 
104.0 

!~SID~ qADlAL H~AT FLUXES - BTU/(SO.FT.-HR) 

1 

3 27. c 
3 27.0 
327.2 
327.3 
327.3 
327.2 
3 27 .. 0 
327.0 

2 

327.1 
327.1 
32 7. 3 
327.5 
32 7. 6 
327.4 
327.3 
327.2 

3 

32 7. l 
327.1 
32 7.,; 
327.o 
327.o 
327.4 
327.L 
327.1 

7 

327. 2 
~27.2. 

32.1.<!. 
327. 1 
3.27 • .; 
_j2 7. l) 
327.1 
327.1 

8 

328.1 
328.0 
327.9 
327.8-
327.7 
327.7 
327.7 
327.9 

BULK FLUID TEMPcRATURtS - DEG~EES F 

1 2 3 7 a 

89.2 90.2 90.5 9u.o 90.9 

9 

328.4 
328.3 
328.1 
328.0 
327.8 
327.7 
327.9 
328.0 

9 

91.3 

10 

106.9 
106.0 
104.6 
103.3 
102.6 
103.0 
103.8 
105.1 

10 

328.5 
328.4 
32 8.1 
327.9 
327.7 
327.8 
327.9 
328.2 

10 

91.9 

CCRF.ECTED INLET uULK TcMPcRATUR~= 88.1 DEG. F 

CCRRECTED OUTLET SULK TEMPERATUREz 93.0 OEG. F 

11 

107.7 
107 ol 
105.2 
103.8 
103.3 
103.4 
104.6 
106.6 

11 

328.7 
328.6 
328.2 
327.9 
327.9 
327.9 
328.1 
328.5 

11 

92.6 



~ 
3 
4 
5 
6 
7 
8 

RU1i NUMBER 141 

R;:v~OLDS ~UI.IBER 
PR!NOTL NU'~~'\t;R .: 
~fdT I~PUT=A~P*VJLT*C-~Lz 

~F~T OUTPUT=~*CP•lTZ-Tll= 
~EAT LCSS = 
A~~PAG~ ~EYNCLDS NUMtiE~ = 
t E~ROR I~ HEAT BAL4~c • 

3'32.338 
115.915 

1127.467 
934.730 
-18.525 
348.024 

17.095 

LCCH t-FAT TRANS FE~ co..;FFICIENT -

1 2 3 7 8 

3C.! 37.2 37.4 4u.v 25. 1· 
34.4 36.0 36.Z 4J.J 25.3 
?2.7 33.8 ~2.'..1 4JoU 26.8 
30.t: 30.1 29.o 42.1 28.4 
~C.9 29.0 28.~ 42..o 29.7 
::!2.1 30.6 31.9 4J.7 29.9 
34.4 33.4 35.4 43.2 28.6 
35. c; 36.0 3 7.4 4l.l 26.8 

BTU/HR. 
STU/HR 
BTU/Hct 

BTU/!HR-SQ.FT-DEG.F) 

9 10 11 

22.8 21.4 21.4 
23.2 22.3 22.1 
24.7 24.4 25.1 
26.1 26.8 28.1 
2 7.6 29.0 29.6 
28.3 28.5 29.3 
26.9 26.4 26.7 
25.5 23.9 22.8 

A\lf:RAGe LCCAL I-.= AT TRANSFtR COeFFICIENT - BTU/IHR-SQ.FT-DEG.) 

1 2 3 ~ 8 9 10 11 

33.4 33.3 33.7 41.7 27.6 25.6 25.3 25.6 

AVERAGIE LOCAL HC:AT TRANSFER COEFFICIENT- BTU/(HR-SQ.FT-DEG.F) 

1 2 3 7 8 9 10 11 

33.3 33.0 33.4 41.7 27.5 25.5 25.1 2 5 • .3 

BY SECOND DEF. 

..... ...... 



-------------
RUN I'IUMBI::~ 141 ---------------

,, 
I~SIDE SU~FACE TEHPEkATURcS - DEGREES F 

1 2 3 7 8 9 10 11 

1 <;4.5 95.1 95.3 <;,~.ij 99.9 101.5 103.0 103.6 
2 c;s.o 95.4 95.6 94.d 99.8 101.3 102.4 103.1 
3 ss.s 96.0 96.5 94.ti 99.1 100.4 101.1 101.3 
4 S6.2 97.2 97.o 9'to4 98.4 99.7 99.9 99.9 
5 S6.1 97.6 cn.9 94.3 97.9 99.0 99.0 99.3 
6 c;s.7 97.0 S6.8 94.1 97.8 98.7 99.2 99.4 
7 ss.o 96.1 c;;5. o 'i4.2 98.3 99.3 100.1 100.5 
8 c;4.6 95.4 95.3 '#4.<t 99.1 100.0 101.4 102.6 

INSIDE' ~4DIAL H.; AT FLUXeS - BTU/(SQ.FT.-H~l 

1 2 3 7 8 9 10 11 

1 326.2 326.3 326.4 JZo.J 327.2 327.5 327.8 327.9 
2 32C .3 326.4 326.4 32o.3 327.2 327.5 327.7 327.8 
3 326.4 32 6. 5 326.o 3Zo. J 327.1 327.3 327.4 327.5 
4 326.5 326.7 326.ti 3.:.o.2 327.0 327.2 327.2 327.2 
5 326.5 326.8 326.9 32b.l 326.9 327.1 327 ol 327.1 
6 326.5 326.7 32 6. 7 J.:.o.Z 32o.s 327.0 32 7.1 327.1 
7 326.3 326.5 326.5 3Zo. 2 326.9 327.1 327.3 327.3 
8 326.3 326.4 326.4 3~6.2 327.1 32 7.2 327.5 327.7 

BULK FLUID TE M Pc 1\.4 T U ReS - DEGREES F 

1 2 j 7 8 9 10 ll 

e5.5 86.3 86.o 8o.b 86.9 87.2 87.7 88.2 

CCRRECTEO INLET ~ULK. Tt:MPH.ATURE= 84.6 DEG. F __. 
__. 

CCRFECTEO OUTLET bJLK TEMP~RATURE• 88.6 OEG. F co 



1 
2 
3 
4 
5 
6 
7 
p 

RUN NUMbEK 151 

R~Y~OLDS NU~H~R = 
P~<M:OTL "4U"''3fQ. 
~EAT IN?UT•A~P*VOLT*C-wL= 
~fAT CUTPUT=~*C~•tT2-Tl)= 
~EAT LCSS = 
A~~RAG~ OE~NCLDS NUMBER = 
t =PRQQ IN ~EAT bALANCe = 

392.E:3l 
140.257 

1144.072 
1075.487 

-35.130 
336.011 

5.4?95 

BTU/H'l 
BTU/HR 
BTU/H~ 

LCCAL I-C.: AT TRANSFER COeFFICIENT - BTU/IHR-SQ.FT-DEG.Fl 

l 2 3 1 8 9 10 11 

34.l: 33.3 34.1 45.3 26.0. Z2.8 20.9 20.4 
33 .l: 32.6 32. 7 45.3 26.4 24.0 21.8 20.8 
32.2 31.0 30.5 45.3 27.5 25.5 23.6 23.1 
;1.C 2 8. 6 27.'7 46.6 29.2 25.9 25.2 25.1 
3l.C 27.9 27.9 47.Z. 30.3 27.2 26.4 26.5 
31.(: 29.1 30.0 48.7 30.6 28.1 26.2 26.5 
33.2 31.0 32. 1 41.'1 29.2 26.1 25.0 25.5 
34.3 32.6 34.1 47.2 27.3 25.3 23.1 21.6 

AVERAGE LOCAL HeAT T RAi'iSFER. COEF F I CIFNT - BTU/IHR-SQ.FT-DEG.) 

1 2 3 7 8 9 10 11 

32.7 30.8 31.2 46.7 28.3 25.6 24.0 23.7 

AVERAGE LOCAL HeAT TRANSFER COEF FI CI ENT - BTU/(HR-SQ.FT-DEG.Fl 

1 2 3 7 8 9. 10 ll 

32.6 30.6 31.1 4o.7 28.2 25.5 23.9 23.5 

BY SECOND DEF. 

--' 
--' 
1..0 



--------------
RU.'4 NUHat;K 151 --------------

11\SIDE SURFACE TEM~EkATu~ES - DEG~EES F 

l 2 3 7 8 9 10 11 

l S4.7 8 5. 9 85.9 d3.o 89.2 91.2 93.1 94.0 
2 c5.o 86.1 86.3 IDob 89.0 90.5 92.4 93.7 
3 S5.4 8 (;. 6 87.0 o3.o ?8.5 89.7 91.3 92.1 
4 f5.E 87.5 88.0 !:13.4 87.8 89.5 90.4 91.0 
5 f5.6 87.8 88.1) !:1~.3 87.4 88.9 89.8 90.3 
(; E5.t 87.3 87.2. 83.1 87.3 8'3.5 89.9 90.3 
7 85.1 86.6 86.3 &3.2 87.8 89.4 90.5 90.8 
8 E4.8 86.1 85.9 8.).3 88.6 89.8 91.6 93.1 

I l'iS IDE RADIAL Hi: AT fLUI("fS - BTU/I SO. FT .-HR) 

1 2 3 7 8 9 10 ll 

l ?24.4 324.7 324.7 32. ... .!. 325.3 325.6 326.0 326.1 
2 324.5 324.7 324.7 324.2 325.2 325.5 325.9 326.1 
~ 324.(: 324.8 324.9 3<:'.4.l 325.1 325.4 325.6 325.8 

" 3 24.6 325.0 325.1) 32 ... l 375.0 325.3 325.5 325.6 
5 3 24. c 325.0 325. u ~24. 2 324.9 325.2 325.4 325.5 
c 324 .l: 324.9 32 4. <j 324.2 324.9 325.1 .':25.4 325.5 
7 324.5 324.8 32 4. J 32't-.2 325.0 325.3 325.5 32 5. 6 
8 324.5 324.7 324.7 j24.2 325.2 325.4 325.7 326.0 

BULl< FLU IO TEMPE kAT \.IRES - DEGREES F 

1 2 3 7 8 9 10 11 

7.5 .3 76.1 76.4 7o.4 76.7 76;.9 77.5 78.0 

CORRECTED INLET i:ll.ILK TE"'PERATUP.E= 74.5 DcG. F _. 
N 

CCRRECTED OUTLET SU~K TEMP~RATURE• 78.3 DEG. F 
0 



1 
2 
3 
4 
5 
6 
7 
8 

F! Ui..t NUMbi:R 17 2 

~EY~OLOS Nl~8ER = 
~~dNOTL ~U~BFR = 
~~~T I~PUT=AUP*VOLT•C-~L= 

rEAT OUTPUT=~*CP•(T2-TlJa 
rEAT LC~S = 
AvE~~GE ~EY~CLDS ~UMB~R = 
t F.PRO~ t~ HEAT BALANCe = 

440.916 
131.891 

1168.853 
1105.138 

-26.643 
467.000 

5.451 

eTU/HR 
BTU/HR 
E'TIJ/HR 

LCCt.L hEAT TPANSFER CDtFF H .. I ENT - BTU/(HR-SQ.FT-OEG.FI 

1 2 3 7 a 9 10 11 

!6.2 34.0 34.3 7~.1 35.6 2L8 23.5 21.9 
35.8 33.3 32.9 73.4 3 5. 2 28.5 24.1 22.2 
34.? 32.0 31. l H.4 3t-.O 29.8 25.c;l 24.5 
32.<; 30.0 29.1 6:).9 37.2 30.3 27.4 26.5 
~2.6 29.4 28.6 t>Z.l 38.5 31.5 28.3 27.6 
33.2 3 o. 5 30 • .5 7l.a 39.0 32.5 28.1 27.6 
34.1 32.4 32.9 76.o 38.1 30.6 26.7 26.1 
35.4 33.7 34.0 78.7 36.8 30.1 25.1 23.0 

.avERAGE LOCAL ~t:AT TRANSFER COEFFICIENT - BTu/(HR-SO.FT-DEG.I 

1 2 3 7 8 9 1.0 11 

34.4 3l.c; 31.7 n.z 37.1 30.1 26.1 24.9 

AVERAGE LOCAL H~AT T "ANSFER COEFFICIENT - BTu/(HR-SQ.FT-DEG.F) 

1 2 3 1 8 9 10 11 

34.3 31.8 31.6 7.&..8 37.0 30.1 26.0 24.7 

BY SECOND DEF. 

__, 
N __, 



--------------
R U:-i IIIUH di:R £.72 --------------

INSIDE SUqFACE TcK~ERATUKES - D=GR'=ES F 

1 2 3 7 8 9 10 11 

1 E7.? 88.9 39. u d3.9 88.9 91.7 94.3 95.7 
2 E7. a 89.1 89.4 84.U 89.0 91.4 <i3.9 95.5 
3 ee.2 8<i.5 c;o.u b4.J 88.8 90.9 93.0 94.1 
4 88.6 90.2 90.7 d4o::i 88.5 90.7 92.3 93.1 
5 88.7 90.4 90.'t o~.d 88.2 90.3 91.9 92.6 
c es.5 90.0 9C.2 d-. • .1. 88.1 90.0 92.0 92.6 
7 Ee .l 89.4 89.4 83.d 88.3 90.6 92.6 93.3 
a 87.<; 89.0 89 • .1. 8.).7 88.6 90.8 93.4 95.0 

I"'SIDE RADIAL H~I.T F LU.<E S - BTU/ISQ.FT.-H~I 

1 2 3 7 8 9 10 11 

1 3 25.0 325.2 325.2 32't.3 325.2 ~25.7 326.2 326.5 
2 325 .o 32 5. 2 32 5. 3 3~4.J 325.2 325.7 326.1 326.4 
:: ~25.1 325.3 32 5. 4 324.J 325.2 ~25.6 326.0 326.2 
4 32!:.2 325.4 325.5 3~4.4 )75-; 1 325.5 32 5. 8 326.0 
5 ~25.2 32 5. 5 ~25.6 .3~4.5 325.1 ~25.5 325.8 325.9 
6 325.1 325.4 325.4 j24 • .j 325.1 325.4 325.8 325.9 
7 3 2 !:·. 1 325.3 325.3 324.3 325.1 325.5 325.9 326.0 
8 . 325.0 325.2 325.2 324.;, 325.2 325.6 326.0 326.3 . 

BULK FLUID TEMPi:RATUFI.i:S - DEGREES F 

1 2 3 7 8 9 10 ll 

78.7 79.3 79.5 79.b 79.8 ao .• o 80.4 80.8 

CORRECTI.:D INLET BULK. Tt;MPEkATURE• 78.0 DEG. F ....... 
N 

CCRflECTfO OUTLET bULK T~MPERATURE~ 81.1 DEG. F 
N 



1 
2 
3 
4 
5 
b 
7 
8 

RUN NUI'iticR ld 2 

~EY~OLDS NUMBfR ~ 

PRANCTL NU~~FR = 
~fAT I~PUT=A~P*~~LT*C-~L= 

~EA; SUTPuT=~*CP•IT~-Tll= 
t-IFAT LOSS 
AV~;AGE ~EYNCLDS NUMbE~ = 
~ EFRQR IN HfAT BAL.AN.;.~ = 

516.070 
130.028 

1140.638 
1109.104 
-32.379 
5 28.251 

2.765 

BTU/HR 
BTU/HR 
BTU/HR 

LOCAL t-EH T~<ANSfcK COi:FFlCIE"NT - BTU/(HR-SO.FT-DEG.FI 

1 2 3 7 8 9 10 11 

36.4 34.0 33.5 ~5.-1 41.4 30.6 24.4 23.0 
36.0 33.6 32.4 ~3.1) 40.9 31.5 25.0 23.3 
34.8 32.2 3C.9 90 ... 40.3 32.4 26.4 25.5 
33.7 3 0.4 28.o 77.1 40.9 3~.s 27.6 27.3 
33.7 29.8 28.6 7v.2. 41.4 33.5 2 8.6 28.5 
33.7 30.7 30.3 o~.5 42.5 34.6 28.3 28.5 
34.8 32.2 32.4 9;,.J 41.9 32.6 27.1 2o.4 
35.6 33.b 33.5 98.9 41.4 32.4 25.8 23.8 

AVC::RAGf LIJCAL I"E.i.T T ~NSFcR COEFFICICNT - BTU/(HR-SQ.FT-DEG.I 

2 3 7 8 9 10 11 

34.9 32.1 31.3 8cs.o 41.3 32.6 26.6 25.8 

~VEPAGE LOCAL l"i;AT TRANSFER COE'FFICIENT- BTU/(HR-SQ.FT-DEG.Fl 

1 2 3 7 8 9 10 ll 

34.8 32.0 31.2 ob.9 41.3 32.5 26.6 25.6 

BY SECOND OEF. 

...... 
!'\:) 

w 



l 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 

R\.J.-4 NUMtit.R 1~2 

INSIDE SU~FACE TcMPERATJR~S - Df.GREES F 

1 

EE .z 
86.3 
88.6 
88.9 
88.9 
88.9 
88.6 
es.4 

2 

8S.4 
89.5 
8 9. 9 
9C.5 
90.7 
90.4 
89.9 
89.5 

3 

89.7 
9C.o 
90.5 
91d 
91.3 
90.7 
9C.u 
89.7 

83.o 
83.7 
83.8 
tl ...... 
o.;..a 
a ... J 
1)~.7 

~J.5 

8 

88.1 
86.2 
88.3 
€6.2 
88.1 
87.9 
s8.o 
88.1 

9 

91.0 
90.7 
90.4 
90.3 
90.1 
89.8 
90.3 
90.4 

INSIDE QACIAL H6AT FLU~ES - BTU/ISO.FT.-HRI 

1 

3 15.2 
3 15.2 
~ 15.2 
3 15.3 
315.3 
315.3 
315.2 
315.2 

2 

31 5. 4 
315.4 
315. 5 
:n5. 6 
31 5. 6 
315. 5 
315.5 
315.4 

3 

315 .... 
315.5 
~15. 0 

31 5. 7 
315. 7 
315. ~ 
315.5 
315.4 

7 

314.3 
Ji't.4 
3l4.'t 
3l<t.5 
3i<t.o 
3l't.'t 
314 .... 
,;, .. 4 • .1 

6 

315.1 
315.2 
315. 2 
3TS. 2 
315.1 
315.1 
315.1 
315.1 

BULK FLUID T~MPc~ATvRcS - DEGREES F 

1 z 7 8 

60.1 80.3 80.5 

9 

315.7 
315.6 
315.5 
315.5 
315.5 
315.4 
315.5 
315.5 

9 

80.7 

10 

94.0 
93.7 
93.0 
92.5 
92.1 
92.2 
92.7 
93.3 

10 

316.2 
316.1 
316.0 
315.9 
315. B 
:n 5.9 
316.0 
316.1 

10 

61.0 

CORRECTED INLET bULK T~MP~RATURE• 79.0 DEG. F 

CCRRECTED OUTLET BULK TE~PERATURE= 81.6 DEG. F 

11 

95.2 
95.0 
93.8 
93.0 
92.5 
92.5 
93.4 
94.7 

11 

316.4 
316.4 
316.1 
316.0 
315.9 
315.9 
316.1 
316.3 

11 

81.4 
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SJOB 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
7.7 
28 
29 
30 
31 
32 
33 
34 
35 
36 
31 
38 
!9 10 
40 
41 

TJ~~·lOo ~USUij;rl~ 
01'1~~Sl'JN Cutfflllodi,ACOEFFillloSLNU~SilloBioANUSSLilU 
CT~~~StGN AllllloWfL&lli,BCQf-Filll 
01 '1!:NSICN OUT I dJ 
RrAL ~w.L,LTDr~~.lR~NO,IOFLUX 
OIMENSJCN GR~IlJ.J,iK~'IIOI11J,PROilli,PALilU,GI:l.AEZilU 
C': r ~C N T r.) Uk f- ( ll , d I , T IS Ul<. F 11 1 , 8 I , T C Cl\ OK Ill , 8 I 
Cu~MCN TeULKl l. i.I,FlU1T"'( ill ,Tl!~SUF( 11 I oTilU 
CO"'MCtl CO~l.Jl 1 J.lo.)PtiTillJ,~OU 1111, VI SC lllloB!:TAC 11 I 
CJ~~C'II TI.~,TuUl,.JL.J~ST 
C (1 t-' ~ (' N T R u i.JM , V JL f:, , T A '~ P S , M W , t\ R ON , T B AT H 
CO,..MCN LIJ.lloLTuT~L.OtN,OOUT 
cnM~CN CDEN,:J~N~.J,K~SISTI11,8) 
Cf"J~'~CN ICrLUX(J.iotll 
Llll=4.00 
ll21=7.7499 

L 1 ! 1 = s. a ... bl 
Lllti=O.O 
Ll51•0.0 
Ll61=0.0 
l(7JzO,l5u9 
L(R)::l,25 
LC91=2.5 
l!l01=5.0 
LlllJs7,5 

l TCT4L•23.00 
AL(ll=4.0 
llll21=7. 7499 
H131=8.8lb1 
AL 14) =0. 0 
AL!51=0.0 
Ali6J=O.O 
A1 .• 171=9,1~Jl 
AlI 8 l= 10.2 503 
Al I 9 l: 11. ~ 
ALI101=14.0 
Al I 11l = 16 • 5 
ALTCT=lS.u 
R~hC(5,10HIRUN 

FOilo.AATll3l 
CtLL RfAD:i 
CHL CIJPECT 

126 

c 
c 

C~LCUL4TJO~ OF CUkK~NT D~NSITY J. THIS IS USED TO CALCULATE INSIDE 
SUP.FAC~ TF~P~RATvkc AND RADI~L r~AT FLUX. 

42 
43 
44' 
45 
46 
47 
48 
49 
50 
51 

c 

c 
c 

XA~Eft20.0uJ090l95l 

CDFN=(0,5•TkMPSl/AARcA 
C~~~SCrCO~N•COcN 

G=4.17~'C8 

DP-l=C .051u 7 
flOUT =0. C bl 50 
C4Ll FRSTIJT 
C~LL THCO:~D 
C~ll l SURFT 
CaLl YFLLA: 
C4LCULATI~~ OF bUl~ Tt~PfRATUPE fQO STATION l - 11 

~2 0'1 3·25 1 'iT =1.11 
53 T t3 Ul K I 1 S T I =ll N + l (T J U1 - T I N I ~A L( 1 S T II A LTC T ) 
~4 325 CPNTINL~ 



c 
c 

55 
56 
57 
58 

c 
59 
60 
61 
62 

c 
c 

63 
64 
65 
66 
67 
68 
6'1 

c 
c 

10 
71 
72 
73 
74 
75 
76 

c 
77 
78 
79 
80 
81 
ez 
83 

c 
c 

84 
85 
86 
87 
88 
89 
<JO 

c 
c 

91 
n 
1)3 
94 
95 
'1b 
97 
98 
<J9 

100 
101 
102 

127 

CALCULATIC~ Of LOCAL HEAT TRANSFER CO~FFICIENT - STATION 1 - 3 

O'J 350 I SJ.:l...; 
on 350 tPI\.::1,8 

CO~FFIIST,l~~l=lJFLUX(IST,IPRI/IT!SUPFIIST,IPRI-TBULKIISTll 
350 CIJNTINU~ 

CtLCULATICN ~F LJ~AL H~AT TRANSFER COEFFICIENT - STATION 7 - 11 
D'J 375 IST=7,ll 
O'"l 3"75 TPR:l,S 
C 0 ': F F ( I S T, l P ~ l :: 1 Jf-L UX I IS T , I po ) II TIS UP F I IS T, I P R)-T BULK ( 1 ST )t 

375 C'JIIITlNUE 
CALCULATION ~F AVER~GE LOCAL HFAT TqANSFER COFFFICIENT - STATION 
1 - 3 

D'J 2 I S T = l • 3 
ACOF=O.O 
DO 3 I PR=l ,a 
AC0F=ACOF+Cucfft1ST,lPR) 

3 CCNTTNUF 
AC 'J!: F F t I ST l =A C. OF /li • 0 

2 CONTINUF 
CALCULATION OF AVERAGI: LOCAL HAT TRANSF':R COEFFICIE'NT- STATION 
7 - 11 

01 '• IST=7,ll 
scnF=o.o 

D'l 6 I pq.,l oH 
BC'JF=BCCF•CG~FFtlST,lPRI 

6 cnNTINUE 
AC'1!;FF( 1ST l=tH:.IJF/a:o 

4 CI'J"lTINUt: 
CALCULATES MeAN INSIU~ SURFACE TEMPERATURES- STATION- 1 - 3 

O'J 650 IST=l,3 
TI=O.O 
0'1 660 IPr{=loH 
TI=TI•TISu~FilST,lPRI 

660 Cr ~T I "'US: 
TIMSUFCISTI=TI/a.o 

b50 CCHHINUF. 
C.ALCULATFS Mc::.t.N INSIDe SURFACE TEMPERATuRES- STATION 7- 11 

DO 675 IST=7.ll 
S=O.O 
01'1 bBO IPR=l,8 
S=S•TISUqf(IST .lPRI 

680 CONTINUE 
TIMSUFltSfj•~/8.~ 

675 CJNTINLF. 
CALCULATr-S AVtRAG2 Ht:.AT FLUX AT EACH STATION TO C~LCULATE AVERAGE 
HEAT TRANS~t:.k C0=Ffl(l~NT BY SECOND MET~OO 

01 ~~1 IST,.l.::t 
FL=O.O 
01 6~2 JPr{clo8 
FL•FltiOFLUXI15folPRt 

i:52 ONTINUE 
OF L ( IS T J •F L1 8. 0 

6 51 cr "'r 1 N u e 
D'J f ~ 3 T S l =1 • 1 1 
SFL=O.O 
f.lJ f~4 •1Pil.sl,8 
S~L=SFl+l~FLUXIl~TolPQ) 

654 CC'NTINUS: 
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103 OFLllSTI=::>fl/8oO 
104 653 CONTINU~ 

c•~~•••••~••••••••••••••••••• 
C C4LCULATF.S AVtRA~E Ht~T FLUX 
C HFAT TRAN~rch LOcfrlCl~NT BY 

••••••••••••••••••••••••• 
AT EltCH STATION TO CALCULAH AVERAGE 
SECCND M';TI-OD 

c 
105 
106 
107 
108 
109 
110 

c 
c 

111 
112 
113. 

c 
c 

114 
115 
116 
117 

c 
c 

118 
119 
120 
I 21 

c 
c 

011 t56 1ST=1,J 
BC~F.FIISTI=Ur~IISTI/lTIMSUFIISTI-TBULKIISTII 

i:56 Cf'NT INUE 
01 i:57 TST=7tll 
BCOFFIISTl=~FL,l5TI/ITI~SUFIISTI-TBULKIISTII 

657 CPNTINUf:: 
CALCULATF.S fiLM TcMPt~~TUR: BY AP.ITH~r:TIC AVF.RAGE OF BULK AND 
M~AN INSIDe )UMFA~E T~~PERltTU~ES STATION 1 - 3 

DfJ 7CO 1ST=1d 
F TL M TM I IS T I= H 1 M;)UF C 1 S Tl + T BULK I IS Tl II 2 .0 

700 Cf-IHINUF. 
CALCULATFS FlL~ Tt~PEMltTURE BY ARITH~FTIC AV~RAGE OF BULK AND 
MF4N INSIDe SUkFA~c ~~~PERATURE$ STATICN 7- 11 

on 1 2 5 I sT .. 1 • 1 1 
F II. M TM I IS T I"' H lMS UH 1 S T I + T BULK I IS Tl l/2. 0 

725 C:JNTJNUF 
CALL PHRIJP 

CALCULATES LOCAL NJSSELT NU~BER s·ATION 1 - 3 

O'J 450 IST=1,3 
01") 450 JPfl.=lt8 
9LNU5SI IST, lPiOzCJcFF I IST, IPRI*DIN/CDNDC ISTI 

450 CCNTINUE 
CALCULAT~S LUCAL ~JS~[LT ~UMBfR ST4TIQN 7- 11 

122 OIJ 415 IST=7.11 
123 01475 1Pr\=l.!i 
124 eLNUSSIISr,lPKJ=CJ~FFIIST,IPRI*DIN/CONOIISTI 
125 475 CrNTINUF 

C CALCULAT~S AVeRAGe Lu~AL NUSSfLT NU~BcR STATION 1- 3 
126 01 510 IST=l.3 
127 SU~=O.O 

12A 01 5CO I PK=l ,s 
129 SUM=SU~+BL~USSllST.lPRI 
130 500 C~~TJNUF 
131 tNU~SlllSTI=SUM/B.U 
132 510 C0NTIN~~ 

C CALCULltTES AViRAGE LJCAL NUSS~LT NU~BfR STATION 7- 11 
1 3 3 o, s z o r s r "J tll 
134 BSU 1"-'0.0 
135 O'J 525 lPrl.=l,8 
136 BSU~=BSU~+dLNUSSilST,IPRl 
137 525 CfNTINI;I= 
138 ANU~SLIJSTI=~SUM/8.~ 

139 520 CONTINUE 
C CALCULATES Lu~AL ~KAeTZ NUMB~~ STATI~N 1 - 3 
c 

140 0~ 550 JST=1.3 
141 GQ lt~ZI JSTJ =M .. *5PrlTllST )/lC'JNDI IST)*Ll ISTI I 
142 5!0 C~NTINU~ 

143 
144 

C CALCULATes LD~AL oRA~TZ NUMBEP STATIJN 7 - 11 
c 

D'J 57 5 T Sf = 7 , 11 
GRAEZIISTI=~~*SPrlTllST)/ICCNDIIST)*LIISTIJ 
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146 
147 
l '•8 
149 
150 

151 
152 

1~3 
154 

155 

156 
157 
158 

159 

160 
161 

lf2 

lt3 
164 
165 

H:6 
167 
168 
169 
170 
171 

172 
173 
174 
175 
I 76 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 

c 
c 
c 

c 

c 

575 COt-.JTII\IU~" 

····················•••t•t···········~·········$·············· 
CALCULATIOI~ OF H::AT INPUT 
OI=ITAMPS•VUL15*~·4l2131-0LOSST 
TCBA•ITT~•TUUTI/2.0 
SH~AT=5.lu1,bE-~ +o.L290f-4*TCBA 
Q~LT=~~*SrltAT•IT~JT-TINt 
BISC=2.42~tl.b74ot2 -5.4455*TBATH +8,3752E-2*TBATH*TBATH 

S-7.3076F-4*TBATH*TbATH*TaATH +3.7748E-6*TBATH**4 -1.13B6E-B* 
STPATH**5 •l.d~~7t-ll•TBATH**6 -1.2463~-l4*TBATH**71 
R~NC=4~~W/1Di~*~IS~•i.l41591 

CP~R=lOO.~*I~I-~JuTI/QJ 

ACCND=241.9..~.*t 7.57o'J2f::-4 -t.or:-6*TC8AI 

129 

CISC=2.42•1l.674b=2 -5.4455*TCPA +8.3752!:-Z*TCBA*TCBA -7.3076E-4 
S*T(BA*TCBA•T~oA +~.7748~-6*TCBA**4 -1.1336E-8*TCB~**5 +1.8487~-11 
S*TCBA**6 -i.24&3c-~4*TCBA**7) 

PR NO= I Sl- EAT*: 1 ~CII ACONO 
C CALCULAT~S ~k~~HJF NUMBER IT EAC~ STATION 

CCURE=DIN•DIN*OIN 
0"1 730 TST=i.J 
G~SIISTI=Ot~dc*~~ti~TAIISTI*ROUIISTI**2*1TIMSUFIISTI-TBULKIIST))/CV 

$1 S C I IS T I *V 1 SC. I 1ST l l 
130 C0"JT lNU':' 

C CALCUL.TfS GRA~HQF NUMB~R AT FACt- STAflCN 
DO 7 4 0 I S T c 7 , ll ' ' 
G~S(ISTI=0CU~F•G*dtTAIISTI*RCUilSTI*~2*1TIMSUFIISTI-TBULKIISTII/IV 

SISCC ISTI*V15~C lSTH 
740 Crt>.~T INUE 

C CALCULAT~S LU~AL k~VNOlDS NUMBER STATICN 1 - ! 
ClO 750 I ST=l .3 
I P ':NO I 1ST I =4* I M.,/1 V 1 S C I I S T I *D I N * 3. 141 5 <;) ) 

750 CC 'HI NUl: 
C CALCUL~TF.S LOCAL kc~~uLDS NU~e=R STATIGN 7 - 11 

D) 760 IST=7od 
I P ~NO I I S T I =4 •I MW ll V 1 !:.C I IS T ) * D I N* 3 • 141 5 'i I I 

7t: o cr rn 1 NUC: 
IRC::NCI41=u.u 
IRCNOI51=~.u 

JQfNCI61=u.o 
C CALCULATES AVeRAGE ~cYNOLDS NUMBr;R 

BR=NC=O.O 
en 7 ~ 1 IS T = 1 oll 
BR~NO=BRE~u+l~cNOIISTt 

7~1 C,NTINUE 
ARC:f\G=!:!RE,'IIJ/d.u 
I')" 770 I ST=l d 
PRDIISTirt!:.PHTClSTI*VlSCIISTII/CONOCISTI 

770 Cr NT PWC: 
[)I') 7 8 0 I S T z 1 , 1 1 
PR~IISTI=l~Pnlll~TI*VISCCISTII/CDNOCTSTI 

780 C'Jt-.ITINUt.: 
nn 7 9 o t S T = l , 3 
R!lll S T I =l>i<Sil ST J *PRO I 1ST I 

7CJO CIJNTJNUf 
o·, aco tST=7.ll 
RALIISTI=~kSCISTI•PKOIIST) 

BOO CO"JTINIJF 
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189 \>.~ J HI l: tlill 
190 111 FOR~ATilHll 
191 wq I TE I 6 , 112) N~ UN 
192 112 FORMATI23",1~1 1 - 1 U2:;XI 1 RUN NUMB':R 1 .I3123Xol5l 1 -')//J 
1~3 wqJTEil:o1i~i 
194 113 FnRMATIAX, 1 l•~::>luE !':.UPFACC: TEMP=:~ATURES - OEGPEES F'll 

$ 9X • I 1 1 I 6 X I I;. I t 7), t I j I • 7 X t I 7 I • 7 X ' I 8 i '7X , I 9 I '7 X I I 1 0 I , 6 X I I 11 1 'II J 
1 c; 5 DO 1 14 I PR. = 1 , a 
196 J:ol 
197 00 llb tST=Loll 
198 IFllST,Ge.~.A~~.lST.LE.bl GO TO 116 
199 OUT(JJ=TbuRfllST,lPid 
200 J:J+l 
201 116 CONTINUE 
202 114 W~ITEI6rli711P~,(JuTIKlrK=\,8) 
203 117 FOR~AT13X,lio2,,Fb.LolX,F6.1,612X,F6.1)) 
204 wqtTEI6,2lU 
205 211 FQR~ATI//i 

206 W~!TEil:ollUJ 
207 118 F(1RMAT(8X, 1 lt.SlOi: RACIAL HI?AT FLUXFS- BTlJ/ISQ.FT,-HR)'/1 

$9 X , I 1 ' , 6 X t I 4 I t 7).. ' 3 I ' 7 X, I 7 ' t 7 X, I 6 I I 7X , '9 I , 7 X ' ' 1 0 I , 6X' I 11' 'Ill 
2C8 DO 119 l P•~=l ,a 
209 J• 1 
210 Or'J 121 tSTo:l.ll 
211 IFIIST.G~.4.ANJ.lST.LE.6l GO TO 121 
212 OUTIJJ=ICFLuXI IST.lPRJ 
213 J=Jf-1 
214 121 CC'NTifllUE 
215 119 W~!TEit:.1221lPt\,(0uTIKI ,K=1,8) 
216 122 F•)R,..ATI3X, ll,C:.<,Ft>.l.lX,F6.1 r6(2X,F6.1)) 
211 wqJTEit.1dJ. 
218 123 F~R~ATI//,&X, 1 tiJL~ FlUir T[MPCRATURES- DEGREES F 1 /l, 

$ 1 0 X • I 1 ' • 6A t I £ I t 7 X • I 3 ' • 7 X , ' 7 I , 7 X • ' 8 I t 7 X ' ' 9 I ' 1 X t ' 1 0 I t 6 X ' ' 11 I , II ) 
219 J= 1 
220 DO 124 JST=l.l1 
221 IFJIST.GE,4.AhO.lST.LE.6J GO TO 126 
222 CUTIJI=T8uLKC1STI 
223 J~J+l 

224 126 CONTINUF 
225 124 CrNTINU~ 
226 WIUTEI6.127liOUTtt<.i,K=lo8l 
227 127 FO~~ATI6X.~ILXoFb.li,512X,Fo.lll 
228 ktllTfll:ol.!diTINoTL.lUT 
229 128 FI'JRMATI//d;;,t C.J"kcl.TED INLET BULK TE~P!::RATURE= 1 oF6.1, 1 DEG. F 1 

$,1/BX,' ~Ukkt~ltO OUTLET BULK T~MPfRATURE=',F6.1,' D~G. F 1 ) 

2 30 WQ. I T E I 6 , 1.1. J 
231 11 FCRIIATI1HU 
232 WRITEI6,3.~1~RUN,KtNU,PRN",OI,CQUT,QLOSST,A~~NQ,QPER 

233 312 f(1RMATI23Aol:>l 1 - 1 1/23X, 1 1<U:'-l NUUBER 1 ,I3/23Xol5( '-'Ill 
S lOX, 1 kt:YNULIJS. NUfJBFR =1 ,fq.31 
s 1 ox, 1 P 1-" NOT L .~u '-~ B I"" = • , F 9 • 31 
S lOXo 1 hcA.T ll•t'UT=AMP*V'.:"LT*C-OL=' ,F9.3,2X,'8TU/HR 1 / 

S l0Xo 1 Ht:,:.T uuTPUT=M*CP*IT2-Tll='oF9,3r2X,•8TUit<R 1 1 
s lOX, 'Hi:: AT LilSS =· 'F9 .3, zx. 'BTUIHR I I 
S lOX, 'A~~RA~E R~Y~OLDS ~U~BER =' ,F9.31 
S lOx,•:a; l:kRJK lfl. HEAT BALANCF. =',F9,3) 

2 3 4 '1\P. IT E ( t I 1l 'i I 
235 129 FGRMATC//,~X. 1 ~J:AL HEAT TPANSFFR CCEFFICl~NT- 8TUIIHR-SQ.FT-OE 

s G. F) I II t 9'. t .1. ' t 6 )( t ' 'I t 7 X t ' 3 I '7 X t I 7 I '7 X'' 8' t 7X ' '9 t t 7 X' I 1 0 t • 6X' 1 11 I • 

S//1 
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236 CO 1~1 IPR=l~H 
237 J=1 
238 O'J 1~2 IST=lol1 
239 IF( IST .GE.'t.ANJ.l~T .u: .6) GO TO 132 
240 OtJT(J) =COc.:Ff.l 1ST ,IPK) 
241 J=J+1 
242 132 CC"NT 11\oUI:: 
243 131 w':UTEf6,l:;:;)JP",()uTlKI,K=1,8J 
2 44 13 3 F 1" f-1 H ( 3 X, il , 2 .<, 1- o • 1, 1 X , F to • 1 , 6 l 2 X , F 6 • 1) ) 

245 wcnrr:lt:tl.:14J 
246 1!4 FQR~~Tl//,bA, 1 · HVE~AGf LOCAL 1-E\T TRA~SF~R COEFFICIENT- BTU/(HR-

$ so • Fr-o r G. ' 1 ' ' 1 u x , • 11 , 6 x 1 1 2 1 , & x , • 3 • , 1 x , 1 1 1 , 1 x , I 8 I , 1 x, 1 9 1 , 1 x , 1 1 o 1 , 6 
$X, 1 ll 1 ,//) 

247 J•1 
2 4 8 DO 1 3 6 I S T = 1 .11 
249 IFliST.G~.~.4NO.l~T.LE.6) GO TO 137 
250 OUT(JI=~Cur:;ffllSTJ 

251 J=J+1 
252 137 C'JNTINUE 
253 136 CONTINUE 
2 54 w~ IT F l 6 1 u b 1 l u uT ' K. 1 , 11. = 1 , 8 t 
255 l;B FOQ~AT(6X,~llX,fo.l!t5f2X,F6.1)) 
256 WI'>JTF((;,U9J 
257 139 FJ~~ATl//tiX, 1 AV~~~GE LOCAL hEAT TRANSFER CDfFFICIENT- BTU/lHR-S 

£Q.FT-DEG.FI BY Sr:;:DNL> Dt:F. 1 //lOX,'l 1 o6X, 1 2',6X, 1 3',7XI'7',7Xt'8',7 
$X , ' 9 1 , 7 X , 1 hi ' 1 oX 1 1 1 1 1 , II ) 

258 J=l 
259 00 141 IST=lol1 
260 IFfiST.Gf.~.ANL>.IST.LE.6) GO TO 142 
261. OUT(JI=BCutFllSTJ 
U:2 J=J+l 
263 142 C'JNTINUE 
264 141 CC'NT INUE 
2 6 5 W~ I H ( 6t 14 .:> II 0 UTlt<.l , K. = 1 , 8 ) 
266 143 F1q~AT(6Xo.:>llXtl-boLio512XIF6.1)) 
267 w4.1TFIC.24) 
268 24 FOQ~ATl1Hll 
269 WQITFf6o72J 
270 72 F)Q~~TI//LX,'AVEkA~E LOC~L ~USSELT NUMB~R't 

271 63 FrJ~~Al(/l..JAo 1 l 1 17Ao'2 1 o7X, 1 3 1 1 
2 7 2 1:; 6 F Q Q,., ,\ T ( /l.J;.. I 7 • I 0 X. I u I • 5 X' • 9 I ' 5 X, • 1 0. ' 7 X. I 11 t , 

273 t9 F~RMATCSX,F&.loil-7.11 
274 11 FnP~AT I 5X,fdoi o4f7 .U 
2 7 5 W~ 1 T E l b, 63 I 
276 ~tl.ITr.(6,6'>'HAf'.lu5.~LI I~ThlST=l,31 
271 WOJT~(6,6b) 

278 1\R IHI6,711lAM .. .S.Slll~Tl ,IST=7olll 
279 W~ITFI611o) 
280 76 F~QMAT(//1Xo 1 AVEK'b~ LOCAL GRAETZ NUMBER') 
i81 Wtl.TTEI6,(:.:H 
282 \\~ lTS:I6,6'ilCGkAELll5ri,1ST=1t31 
283 W~IT£:((::,6ol 
284 W~ITEl6,7lliGRAElliSTI,IST=7,11) 
2 S 5 W~ I TF l 6 , N t 
286 79 FrR~ATI//lX.'L~CAL AV~RAG[ GFAS~OF ~UM8~R 1 ) 
287 W~ITEI6,6JI 
288 lo\t-.tTEI6o<i':ll!GkSl l::.TJIIST=l,3J 
289 99 F"RMAT(1Xdf9.2J 
290 wQilF(6,6ol 
291 Wtl.ITEI6,l..tl)lt.R5.l l~TI,IST=7,11J 
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2q2 101 F1RM~T(1Xo5f9.2J 
293 wR I TE ( 6, a:; I 
294 83 F0RMATllHlJ 
29 5 w~ r T F. r 6 , a .. J 
296 84 FnRMATl//~x,•L~C~L AV~RAGf REYNOLDS NUMBER'J 
297 W~ITF(6,6j) 

2 98 \ooiP 1 TEl 6 , 6~ l l 1 R O::NO I I ::iT I , IS T = 1 , 3 I 
299 W~ITEC6,6ol 
3 00 W~ 1 T ~ l c , 1 J. ~ l 1 R cNJ ( 1 ~ T I , 1 S T = 7 , 1 11 
301 w~ITFI6o8tl~ 
?02 88 F~~~ATI//lAo 1 LJ~~L AV;RAG~ PRA~OTL ~U~BER 1 1 

303 wq I TFI 6, 6H 
?04 wRITE(6,69HPIHH1STI,IST=l,31 
3 05 o,.~ IT E I 6 , bb .I 
?06 wRITfl6o7~llPR~liSTI,ISTc7,11J 

c 
307 \ooi~ITEI6,9ll 
30a 92 FOR~~TI//lAo 1 LJCAL RAYL~IGH NUMB~R'I 
?09 wRITE(c,911 
310 91 F'.lR~~T(7X,'l 1 otlX, 1 £ 1 ,9X, 1 3'1 

311 wRJTE(b,9.Hif\ALllSTiolST=l,31 
?12 ~3 F1R~~T(5X,~f~oll 

313 wtl I Tf.' I 6, 9b I 
H4 ~6 Fn~MOT(I/-:IA,'7'.u.\, 1 tP.ax,•9•,sx,•1o•,ax,'ll'l 

315 wR T H l 6, 9<t II R A Lll!:. T I , I S T = 7 , 111 
~16 S4 FOR~~TI5X,~f~.ll 

317 W~ITEI6,9dl 
318 9a FrR~AT(l~ll 
319 ST'JP 
3'20 C:NO 

c **************¥·~················································· 
c *****************¥·····-··~······································· 

?21 SUBROUTI~c REAOS 
J22 ·q~'L ~h,L,LTUTAL,IRtN'JoJOFLUX 
323 ClMMCN T'JSU~FI u.tll ,T ISUPF (11,81 ,TCCNDKI 11,61 
324 CJM"1CN TBuLK.Illl,i-ILH"1lll),TI~SUFilli,Tilll 
325 C~M"1(N C0~Ut~Lio~~HTl1li,ROUlllJ,VISCI11J,BETAI111 
326 C'11'~C'N Tf,~, J(JU T oloJLQS:) T 
327 C~~~CN T~~uM,vOLT~.TA..,PS,MW,NRUN,TBATH 

326 C1r~CN Lll,loLT0TAL,UIN,OGUT 
329 cr~MrN CO~howJEN~~.kESIST(ll,al 

!30 C~~~ON ICFLU~lll,SI 

3 31 wq I TE I 6 .l J -.1 
~32 104 FCRMATil~ll 

C READS PHYSIL~L wlJANTlTI~S MEASUtlEO 
333 REACI5,11NkU~,M~,T1NoT0UT,VCLTS,T~MPS,TRC1M,TBATH 
3 34 1 F '1 R ~AT I I lv, 1 f 11..1. J I 
33 5 R r; AC I 5, 2 It IT uS uH t 1ST , I pq I , 1 PR = 1, 6 I , 1ST= 1,111 
336 2 F~R~ATI~FlU.OI 

C WP!TES PHYilL~L ULJANTlTI~S MEASURED IN TABL~ FOPMAT 
337 W~ITf(6,l..Jll~klJh,~~.T!N,T0UT,VOLTS,TAMPS,TR'10"1,TB6TH 

338 101 HJRMH (33)( t151 1-' J/ .:>JX, 'RU"' NU"49F.R 1 .l3/33X, 15 ( '- 1 1// 
115Xo'FLUIO MASS fLJ~ RATF =•,Fa.2,2X, 1LB"4/HOUP'/ 
So15Xo'UNCIJ"t-.E::.Tt:J HLt.T SULK TEMP!;RUURE: =•,Fa.2,2X,'DEGRE!:=S F'/ 
Sl5Xe'U"'C0KkE~TED JJTL=T SULK TF..,P~R~TUR~ =',F8.2o2X, 1 0r;GREES F1 / 

4l5X, 1 VOLT~~I: Uk~~ IN T~E: TEST SfCTICN =',F8.2,2X,'VOLTS'/ 
515X,'CURR2Nl TJ Tril: r:ST SFCTICN =•,Fq.2,2X,''MPS 1 / 

Sl~X. 'R"CM 1c'4J.'cr(J.'IIJ~t =',F3.2,2X,'DEGRF.ES F'/ 
715X,'BULK bATH Tt.'4PcRATUPE =•,F8.2,2X,'DEG~~ES F 1 / 



c 
339 
:!40 

341 
342 
.343 
344 

c 
c 

?45 
346 
347 
348 
349 
350 
~ !:1 
352 
353 
354 
355. 
356 

c 
c 

357 
358 
359 

c 
c 
c 

360 
361 
3b2 
3f3 
364 
3t5 
366 
3(:7 
368 
369 

c 
370 
371 
!72 

373 
H4 
375 

c 

376 
377 
378 
379 
380 
.:Al 

6, 
WRIT~S TJTL~ FOk JUTSlDE SURFAC~ TEMPERATURE 

hq I '!' ~I t , 1 J 2 l 
102 F~~~AT(//Zua,• OUTSIDE SURFACE T~MPE~ATUq~5- DEGREES F 1 // 

133 

.f 9 X • I 1 I '6 X. I 2 I ' 6..\ •• 3 •• 6 X •• 4 •• 6 X •• 5 I • t.X ' I 6 I '6 X' I 7 •• 6X •• 8 I • 6X' • 9 •• 6X 
S'l0 1 ,SX, 1 ll 1 // J 
W~IT~I6,1JJJliP~,ITOSURFC!ST,IP~J.IST=l,lliiiPR=l,8J 

103 FC~~AT(3X,1l,fo.lo.~.uF7.1J 
Pt.:TUPN 
!:1110 

SUB~aUTINE tORECT c~RkF.CTS BULK TEMPERATURES AND CALCULATES HEAT 
LOSS FRO~ THl TE~T 5~CTION 

SUB~CUTIN~ CO~cCT 

RfAL Mk,L,~TQTAL;I~EN~rlOFlUX 

Cfli-'1-'CN TO.:.~Jtd·lll,~J ,TISUFF(llr811TC':;NDK11118) 
CJ~MO~ TBJLKILll.FlL1TMilli,TI~SUFilli.Till) 
C1M"'CN CONOilll,~i'HTllliiRGUilU,VISCiliJ,BF.TAilU 
CO~~CN TI~ol8UT.~LJSST 
CJ~Mr.N TR~LMoVJLTS,J~~PS,MW,~RU~~TBATH 
CJMMCN lllli,LTuT~L.UIN,DOUT 
C(WMON CCct-.. Cl.ltl·b.J, r<.c S I STIll, 8 J 
CrrMO'i IOFLUJ<.I 11,6) 
TI~=TI~-0.77112iu.23-76.7J*(TJN-TPOOMJ 
T~UT=TnuT•l.l3/1210.~3-76.7l*ITOUT-TRCCMI 

CALCULAT~S Nt~T LJS~ fPG~ THE TEST S~CTICM 
CONSTANT~ ~~7.£,,lu.23, AND 76.7 APr OBTAINED F~OM CALIBRATION 
DATA , 

OL~SST=527.i/121J.2~-76.7l*IITIN•TJU11/2.0-T~QOM) 
RETURN 
E"4iJ 

SUSPGUTINc TH(OND 
R~Al ~~.l~LTOTALrlktN~,IOFLUX 
C'J~MON T05Ur-f(lJ.tol.TlSURFf1ltBI,TCOtWKfll,81 
C'JMMCN TBJLKI l.d IFI L,1TM( 11 I I 'T I '-4SUFt 11, ,T(ll) 
Ct.:.'l-'"1("1 Cr:J~Gili l,::.i'-HI 11 ),~OUtlll ,V!SCf 111 ,BETA(ll) 
COH•CN Tli~,TuUT,WLuSST 

COI'~CN TR~GM,VJLTS,TA"'PS,MW,NRUN,TfATH 

('11-'MON l C 111 ,LTuTAL ,I.) I N,OOUT 
C1~~CN COc~.~UEN~u.ktSISTI11,81 

COF~CN IOFLlJXIll,oJ 
TCrNOK IN wAlT/M~TcK-ufGR~ES f 

O:J 1 2 I s T = L ' 1 1 
Del 1 2 I P R = 1 .ti 
TC'lNDKIIST ,lPR l'v·'•t.l5lb*l 7.6034 .-0.51691!'·-2*T'JSUPfiiST,lPR) 

S. -0.~8501c:-c:.•TO.>u;;.F(ISTIIPRl•TOSURFIIST,lPR)) 
12 CONTINUE 

RE TUPN 
END 

SUBQOUTlNE tRSTVT 
Re6L ~h.L,LlJTALol~5NJ,IOFlUX 
c:~\!-KN TO:.Ut~.flll,::~I,TISUI<Fflli8J,TCCNDKlll,81 

C )1-'II.CN T BJLK l l U, t-1 L.H M( 11 I, T I '\SUFI 111, Tlllt 
C 'J ·~ "'·C N C C ~ t..i I l i. l , ~ P d H 1 1 I , F. OU 11 U , VI S C I ~ ~ I , BET A l 11 ) 
C~t-IMCN Tl•i•TuUTti.ILJSST 



232 
.383 
384 
~85 

c 
386 
387 
~88 

:?89 
!90 
391 

c 

!92 
~93 

~94 

3'ii5 
396 
3S7 
!98 
.399 
400 
401 

c 

c 
402 
403 
404 
405 
1,06 
407 
40R 
409 
410 
ltl1 

c 

412 
1,13 
414 
415 
416 
417 
418 
419 
'-20 
421 

c 
c 

c 
c 

422 
423 
(24 

4:?5 
426 

C1~WCN T~aUMoV~LTi,TAMPS,~W.NPUN,TBATH 
C)~MON Ll!lJ,LTOTAL,DIN;DCUT 
CO~~C~ CD~~.,OENSu,RtSISTCllo81 
CJMMC'! !OFLUJI.Illool 

RESlSTil~T.lPiJ l~ OH~S HETEP IN THIS EQ~ATION 
O'l 12 IST=.a.oll 
DO 1 Z I P ~ = l • d 
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R~SISTI IST .IPh.J=O.JL54*10.260H-4 + 0.137904C:-7*TOSUP.FI IST,IPR) + 
S0.9515f~-.a.l•T0SU~FilST,JPRI*TOSU~FIIST,lPRI -0.10119E-15*TOSURF 
S(JST,IPRI•*31 

12 C(·'\ITINUIE 
P.E TURN 
!:'I 0 

5UbAOLTI~~ ltLUX LALCULATES RADIAL HEAT FLUX!:S 

SUBPCUTIN2 lFLUx 
PEaL 1-1\.l,l,LlJTAL,UtN'J,IOFLUX 
C'1,..MC~ T'J.:)Uh.F lll..ill ,T I SURF Ill ,81 ,TCGP-{OKI11,8) 
C1'"40N Tfh.ll"lllJ,riL.H~fll),TJ,..SUFillJ,TI1U 
C'J~ I-ICN C f'),hJ Ill I,::. PrH I 111, F: OU I 1 1 I, VI SC Ill I, BET A ( 11) 
CO~MON Tl~oTUUT,~LJ~ST 
C~MMC~ TAuwM,VulTSoTAMPS,W.W,~RU~,TBATH 

C'JMHO~ llllloLTOT~L,OJN,DrUT 

CJrMCN CDcN.CJcN~~.~~SIST!l1,81 
CGI-'~C"' lOHU>.lll.ol 
I~ TH~ C~ltUL~Tlu~ 0F JOrtuX 5.778477~-4 IS CJNSIAN4T. 
THIS CO~STANT CO~ES F~uM lh~ ~~~H : 0.5~1Rl••2-RZ••21/Rl 

A"'O CONVERSION FACTOR FROM 
looATT/ISO.IH:HiU H.1 i.llU/!HR-SO. FEETJ.! 
D'J 7!: JST=l,:; 
01 75 IPR=l,ij. 
1 o FLux 1 I s r .1 ~' R J = 1 ::.;>ENs o *REs 1 s 'r 1 1 srI 1 P R 1 1 * s. 77841 r:. -4 

75 CC~TI NU!: 
D'J 1 2 5 I ST = 7 , 1 1 
!)') 1 2 5 I Pi( = 1 , ij 
IOFLUXflST.lP~J=ICJtNSO*RFSIST!IST,lPRII*5.778477E-4 

125 Cf'NT INU!: 
RE Tlii'N 
E"'D 

SUBROUTINE l~U~FT CALCULATES INSIOf SURFACE TEMPERATURES 

SU9F<('Ul1Nc ISUf.tfT 
Df AL !I~ ,l, L1 IJT AL .1 kfNJ, I OFLIJX 
C'JI'MCN TOSU~flll.:d ,TISURF(li,81,1CCNDKI11,8J 
C J "\ M C N T BJ L 11. I 1 1 I , F l L .-1 T M I 1 1 I , T I 1'. S U F I 1 1 I , T f 11 J 
(1'-WCN CC•D!lli,SPrHilliiROUI11J,VJSC!llJ,BETAlllJ 
tJr~CN TJN,TJUf,vLQS~T 

(~~we~ TQJUM,VJLf~~TA~PSIMW,"'RUNITBATH 

C':H'MCN llllt.LT0T4L.OIN,flOUT 
CJ~·wc~ CO~~.:OtNSv.R~SISTlll,8J 

CJ"'HON IOFLU.>.I d,t~J 
IN ThE fCUATI~N FJK THE CtLCULATION OF THF INSIDE WAll TEMPRATUR~ 
1.4~414!.:-o IS OdTAlN':'D fROM THE FXPPESSJC·N: ((ql**21-IR.2**2JJI4. 
+ 0.5 
*(Q2*•2l•LNI~2/~lJ. R1 AND ~2 ~R~ RlDJAI FFQM SH~ll BAlANCE. 
LN DF.NOTfS N4TUJ:-AL LOt.t.il.ITHH IN lHE ABOVE EXPRE~SICN 

or 1 5 1 s r "' 1 • 3 
DC! 15 1 PR ... l.B 
"i 1 SUr! F ( IS I • 1 P k I-= T JS uk F I IS I 1 I PR I- l I C OE N SQ=~>RE S t $ T I J S T, I PR I l/1 COt-; OK l I 

!.ST ,I PI\ ll*l .4~41-tt.--o 
15 CIJIIIT:'IIUF. 

on 7 5 1 s T = 1 • 1 1 
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427 
428 

on 25 t PR.:l.~ 
TISURFIISJ,IP~I=TUSUkFilST,IPRI-((C~ENSQ*R~SIST(lST,IPRII/TCONOKII 

$ST,TPRII*l.4~4lc-o 

429 
430 
431 

c 
c 
c 

432 
433 
434 
435 
436 
4 37 
430 
439 
440 
4 41 

c 
c 
c 
c 
c 

25 CIJNTINUF. 
RETURN 
E"'D 

SUBROUTINE PHkOP ~V4LUATES PROPERTIES OF ETHYLfNf GLYCOL AT FILM 
TF'IPERATURC: 

SUBROUTINt PHkOP 
R~AL ~~.LrLTQTALolR~N~.IOFLUX 
C'J~MON T'1;)1.1KflllrtlloT!SUPF(ll,BI,TCONOK(ll,81 
C1"Mf~ Tf3JLr'd.ld,FlLMH'(llloTifoiSUFilllrTlllJ 
C 'J 1-' 1.1 C "J C Q ~ u I 1 1 I , S i-' :iT I 11 I , fi 0 U I l ll r V I S C I 11 J , B F.T A I 11 ) 
C.O"'I-IOl Tlo~ ,1 JUl ,IJLlSS T 
C~folfoiCN TR~uM,VJLTSofA~PS,MW,NRUN,TRATH 

C1~MCN LILlloLTOT~L.OTN,OOUT 
C~,.,~~N COcN.~JtN~UrKlSISTill,81 

CO "'CN IOFLUXIllrtll 
U*** SPti'i II~ dTJ/ILB'I-DEG F) 
***** CONO IN oTJ/(Hq-fJ-DfG Ft 
***** R~u IN L~M/~U8IC FC.ET 
***** l.U IS A CG~VfRSION FACTQq, IT CONVERTS D~G. C TO DEF, F 
THIS IS IN o~TA ~A~~~SSION, 

442 01 10 JST=lo3 
443 SPHTIISTI=~.ltl~~oi:-1 +6.2290F-4•Ftl'nM(IST) 
444 10 C1NTINU~ ' 
445 DO 20 TST27,11 
446 ~PHTIISTI=~.ld9~o~-l +6,2290F-4*FIL~TM(ISTt 

447 20 C~NTINUE 
c 

448 01 30 IST=l,J 
449 CPNOIISTJ=~4 •• ~1•17.57692E-4 -l.OE-6*FIL~TMIISTII 
450 30 CrNTINUE 
451 DO 40 IST:7,ll 
452 CCNDCISTI=241.91*17.57692:-4 -l.Of-6*Fll~TMIISTJJ 
453 40 CrNTINUE 

c 
454 0'1 50 IST:.l,3 
455 VISCIISTI=<!.42*Cl.:>746E2 -5.4455*FILMTMITSTI +8.3752E-2*FILMTMliST 

SI*FILMT~(l~Tl -7.~J/b~-4*FILMTMIISTI*FIL~TMII~Tl*FlL~T~IISTl +3,77 
!48~-6*FILMTM4l~ll*~~ -l.l3B6f-8*FILMT~IISTI**5 +1.8497E-ll*FILMTMI 
SISTI**6 -i.~~uJt-14*riL~TMCISTI**7J 

456 50 CONTINUF 
457 00 60 IST=7oll 
458 VISCIISTI=2.42*1l.o746f2 -5.4t.55*FIUIT'41JSTI +f!.3752F.-2*FILMTMIIST 

SI•FIL~T~IlSft -7.~Jlb~-4*fll~THIIST)OFILMTHII~Tl*FILMTM(ISTI +3,77 
~4~5-6*FIL~TMI1STJ••4 -l.l386F-B*FlLMTMIISTI**5 +1.8487E-ll*FILMT~C 
SISTI**6 -~.2~o~S-l4*FILMT1.11ISTI**71 . 

459 f:O COlT INU~ 
c 

460 00 70 IST~l,3 
461 TCTSTI=lO.U*IflL~J~IISTI-32.01/18.0 

46 2 7 0 C.f NT I N.U'= 
lt63 D'J 80 IST:7,ll 
464 TCISTI=lO.u~CFILMT~IJSTI-32.01/18.0 

465 80 CrNTINUE 
c 

466 01 90 IST•l.l 



467 

468 
469 
470 

471 

472 
473 

474 
475 
476 

477 
478 
479 

c 
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R~UIISTI=o~.42u/(J.Yi484A t6.2796c-4•1TIISTI-651 +9.2444E-7*1TIIST 
$l-t51**2 •l.v~l~-~•CTIISTI-651**31 

c;o CfNT It-,~U~ 
DO 100 IST=7e.Ll 
R1UIISTI=c2.~2d/lu.9~4848 t6.2796E-4*1TIISTI-651 t9.2444E-7*1TIIST 

Sl-651**2 •3.u~7£-9•1TIISTI-651**31 
100 CONTINUE 

no 11 o Is r = 1 • l 
BETAIISTI=kuUilSTI*Cu.2796E-4 +9.2444E-7*1TIISTI-65.1*2 +3.057E-9* 

$1TITSTI-6~.1•*L*j.J/b2.42B/1.8 
110 CI"'NTINl.J': 

rn 120 TST=7.11 
EIO::TI\IISTJ=i<.uul ISTI•Cc..279cE-'• +9.2444E-7*1HISTI-65.1*2 +3.057E-9* 
$ITIJSTI-6,.1**~*j•l/62.428/1.8 

120 CCNTTNUE 
RJ;TUFI~ 

r:No 

SENTRY 



ACOEFF 

ACOND 

AL 

ANUSSL 

ARE NO 

BCOEF 

BETA 

BISC 

BLNUSS 

CDEN 

CDENSQ 

CISC 

COEFF 

COND 

CORECT 

DIN 

DOUT 

ERSTVT 

FILMTM 

G 

GRAEZ 
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Nomenclature for Computer Program 

average local heat transfer coefficient calculated by Equation 
(6.l), Btu/(hr-ft2-°F) · 

thermal conductivity of the ethylene glycol evaluated at aver­
age of inlet and outlet bulk temperature, Btu/(hr-ft- 0 F) 

location of the station number on the test section to evaluate 
bulk temperature, ft 

average local Nusselt number 

average Reynolds number 

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

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

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

local Nusselt number 

current density, A/m2 

current density square, A2/M4 

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

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

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

subroutine CORECT 

inside diameter, ft 

outside diameter, ft 

subroutine to evaluate electrical resistivity of stainless 
steel 304 

film temperature, °F 

gravitational constant, ft/hr2 

local Graetz number 



GRS 

I FLUX 

IPR 

IQFLUX 

I REND 

IST 

L 

LTOTAL 

MW 

NRUN 

OUT 

PHROP 

PRO 

PRNO 

QFL 

QI 

QLOSST 

QOUT 

QPER 

RAL 

HEADS 

RENO 

RESIST 

ROU 

SHEAT 

T 

local Grashof number 

subroutine to evaluate radial heat fluxes 

peripheral index 

local radial heat flux, Btu/(hr-ft2) 

local Reynolds number 

station number index 

location of the station number on the test section, ft 

total length of the test section 

mass flow rate, lbm/hr 

run number 

dummy variable to transfer values 

138 

subroutine to evaluate physical properties of ethylene glycol 
I 

local Prandtl number evaluated at film temperature 

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

average radial heat flux, Btu/(hr-ft2) 

heat input, Btu/hr 

heat loss from the test section, Btu/hr 

heat output, Btu/hr 

percent error in heat balance 

Rayleigh number 

subroutine reads data and writes them in table format 

Reynolds number evaluated at bath temperature 

resistivity of stainless steel 304, (ohm-m2)/m 

density of ethylene glycol, lbm/ft3 

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

temperature variable to convert from °F to °C 



TAMPS 

TBATH 

TBULK 

TCBA 

TCONDK 

THCOND 

TIMSUF 

TIN 

TISURF 

TO SURF 

TOUT 

TROOM 

VISC 

VOLTS 

XAREA 
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current to the test section, ampere 

bulk bath temperature, °F 

bulk temperature at a station, °F 

average of inlet and outlet bulk temperature, °F 

conductivity of stainless steel, watt/meter-°F 

subroutine to evaluate conductivity of the stainless steel 304 

mean inside surface temperature, °F 

inlet bulk temperature, °F 

local inside surface temperature, oF 

local outside surface temperature, oF 

outlet bulk temperature, °F 

room temperature, °F 
I 

viscosity of ethylene glycol evaluated at film temperature, 
lbm/(ft-hr) 

voltage drop across the test section, volts 

cross sectional area, ft 2 or m2 
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