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ABSTRACT 

DeGuzman, Jose Pineda, M.s., Purdue University, ·Jnnuary, 1958. 
~ Convec·tion. ~.Transfer . .12 .. Horizontal. Cylinders . .f.r..Q.! 
~ Ordinary Fluid.Containing,_A,. Volume Heat .. , Source. Major · 
Professor; Alexander Sesonske 

Outside heat transfer coefficients·for several horizontal 

tubes cooling an ordinary fluid containing a volume heat 

source by free convectj_on were obta.i.ned·exper~mentally. 

Water was used as the.coolant·and a very dilute solution of 

hydrochloric acid was the'bulk fluid. 

The basic equipment included a Lucite test cell which 

contained the bulk fluid, copper screen grids through which 

an alternating current was passed to generate a volume heat 

source in the bulk and several horizontal 1/4" O.D. stainless 

steel tubes through which the co.olant was pumped. . Experiments 

were conducted using a single-tube, four-tube and five-tube 

geometry. The heat transfer coefficients obtained were 

considered accurate within 8 per cent. 

With single-tube cooling, t.hP. heat tr·ausfer coefficients 

were ~or related by 
1/4 

Nu = Oo49 (Gr Pr) 

which compares with 

Nu= o.s4 (Gr Pr) 
1/4 

recommended by McAdams ( 12). 

With four cooling tubes, the data were correlated by 

Nu = Oo59 (Gr Pr)l/4 
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while with five cooling tubes, the value of the coefficients 

in the correlation equation was 
1/4 

Nu = Oe64 ~r Pr) 



1 -
INTRODUCTION 

/JE CU- 3cS7J 
. -. ~- ._ 

The homogeneous type of nuclear power reactor where the 

fuel is dissolved in the moderator has attractive features, 

namely, continuous fuel reprocessing and the avoidance of 

heat transfer complications inhe.rent in solid fuel elements.· 

The fuel solution in ·such a reactor wo~d act as a volume 

heat source in the critical, heat generating zone of the 

reactor.· 

If a homogeneous reactor has been operating for some 

time at a power of the order of megawatts, the activity of 

fuel solution after shutdown will continue to generate many 

·kilowatts from. the fission products which c.ontinue to decay •. 

Unless this heat is.·removede temperatures will increase with 

possible resulting damage to the reactor. Should a shutdown 

result in fu~l circulating pump failure, a free convection 

regime .would be set up since.the heat generating fuel solution 

would be in contact with cold coolant surfaces • . 
If steady state heat removal could be accomplished 

without the complications of a circulating pump in a 

corrosive system, the homogeneous reactor concept would ·be . 

more attractiveo 

In both applications, horizontal tubes have· practical 

design advantages over ot.her geometries. The· measurement of 

heat transfer rates to horizontal cooling tubes from a 

volume-heated fluid under conditions of free convection was, 
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therefore, considered important. 

To date, very limited experi~entel and theoretical 

investigations have been .carried out to.determine free. con­

vection film coefficients with a volume heat source. The 

investigation described in this. thesis was one phase of .a 

study .. of free convection heat. transfer rates to horizontal 

cool~ing tubes from an ordinary fluid con.taining a volume 

·heat source. In this particular.JA'Ork, outside film coefficients 

were obtained using a single-tube, a four-tube, and a'five-

tube geometry. These values were compared with the various 

empirical and theoretical equations in the literature apply­

ing to both volumetric and non~volumetric heat sources • 

. , 
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PRE.'VTOUS INVESTIGATIONS 

Non-Volumetric ~ Source 

In 19]7. Squire (3) used the bcundary layer equations 

for momentum and heat flow to calculate the heat transfer in 

free ccnvection for a vertical plate. He assumed ideal 

velocity and temperature profiles for a laminar boundary 

layer which were substituted into the integrated equations 

with the result: 

where 

11! Nu = k 

Pr= ~ 
k 

Gr= /-2~o x3 
·~ . 

h - ·point heat transfer coefficient 
.· 

f coefficient of volum~tric expansion 

0 

x.= 

temperature differential, ambient f'luid to wall 

characteristic length (or diameter) 

;« viscosity of ambient fluid 

;t> density of ambient fluid 

g acceleration due to gravity 

k = thermal conductivity of ambient fluid 

Cp heat capacity of ambient fluid 

Squire's equation was in good agreement with the results of 
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Schmidt and Beckmann (3) who carried out experiments on free 

convection heat transfer from vertical plates. 

It is interesting to note that possibly the first analy­

tical solution of convective heat 'transfer from a hot vertical 

plate to still air w~s given by Lorenz (11) in 1881 with his 

equation: 

h = 0 o 548 [ C p g k3 ~ 2 A t J ; . /LTr:_ . 
· Nusselt (13) in 1915 applied dimensional analysis, which 

he called "c.onsideration of similarity"~ to the fundamental 

differential equ9tions of fluid flow and heat conduction~ 

and derived for the case. of natural convection the formulai 

Subsequent efforts have improved Lorenz's work, the 

most extensive of which were carried out by Schmidt and 

Beckmann (16) with rnathenmticel assistance from Pohlhausen (9) o 

· Eckert (2) mentions the classi~al experiments of Schmidt 

where.the boundary layer and the temperature field around a 

horizontal tube ·and a vertical plate in free convection were 

shown in schlieren and interference photographs. 

Hermann (7), in 1936, solved the boundary layer equations 

for free. convection neat transfer from a horizon tal cylinder 

to air. He obtai ned the following relationship 

[ Nun] = Oo40 (G~ Pr )i . avg 
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where 

Gr 

D of the cylinder· 

McAdams (12) mentions a similnr form of the above 

equation, differing O!lly in the value of the constant: 
), 

Nu = 0.53 (Gr Pr)~ 

This equation describes a good deal of experimental data. 

The nuclear energy program has encouraged research on 

free convection systems. Hyman and Bonilla (8) have studied 

natural convection processes in mercury and lead-bismuth 

; eutectic systems as well as several ordinary fluids. They 

fotmd that for streamline flow, the data for liquid metals 

for all cylinders larrer ~han wire, can be represented by: 

. 2 _l 

Nu = Oo53 (Gr Pr ) 4 

or 

r ,cl c 2 2 ]~ . 
h = o. 53 r- yeA ~ p k · 

They also investigated the transi~icn from laminar flow at 

low heat · trens.fer rates, to turbulent flow at the top of the 

cylinder at high rates for the case of heating non-liquid . 

Bonilla and Collins (1) have studied natural convecti.on 

heating and cooling by horizontal cylinders with ordinary 

fluids.. Their results indicated that the usual correlation 
iJ'.• 

(" -« 1 \) .l... 
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for heat transfer by natural convection • 
.!. 

Nu = 0 • 54 ( G r Pr) 4 

applies equally well to heating or cooling and that the "film" 

temperature is an adequate temperature at which to evaluate 

the physical properties of the fluido 

In 1955, Levy (10) presented an evaluation of the range 

of application 5 accurac:,- ond usefulness of interral. methods 

in natural convection flow. B-y using integral methods, he 

obtained approximate solutions to free=convection problems 
. 

for bodies of arbitrary geometrieso For a horizontal 
) 1 cylinder, the solution was: 

[ HuD] = 0.4J+ (Gr Pr) i . avg 

Levy'.s results are 10 per ce'nt greater than Hermann's and 

about 15 per cent below the accepted experimentfll correlation 
. . 

for horizontal cylinders given by McAdams, 

( )
J.. 

Nu = 0.53 . Gr Pr ~ 

Volumetric.~. Source 

Ostrach (14) ~ in 1952 i analyzed ·the laminar natural con= 

vection flow and heat transfer of fluids with heat sources · 

between two long parallel plane surfaces with constant wall 

temper.atures. He found that frictional heating and heat 

scurc·es increase the velocities and temperatures in the 

channel. 

In 1954, Hamilton, et. al. (5) published· a theoretical 

analysis of free convection for pipe and parallel plate 

"'~'"'~~0 
~{.::.tJI 



_systems having a large ratio of length to diameter and 

oriented with the long axis vertical. They developed 

solutions for the Navier-Stokes eq ua ti"ons and the heat 

conduction equation for a moving system. 

7 

Hamilton and Lynch (6) p in 1955, investigated a free con­

vection system consisting of two channels formed by three 
' 

parallel and equally spaced vertical platese They found that 

the free convection circuit in such.systems exists as one 

long cell equal to the height of the system. In the upper 

end region, the velocity structure had the appearance of the 

free· convection boundary layer near the top of a cooled 

vertical plate immersed in a fluid. · The velocity profile in 

the middle region appeared fully e.stabl ished. and was s.imilar 

to that given by the laminar theory (5). The transition 

from.laminar to turbulent boundary layer occurred at a 

Grashof modulus of about 5 x 109. 

In 1955, Hallman (4), determined the effec~ of a volume 

heat source in a vertical tube r.eometry. His work appeared 

similar to Hamilton's analysis of the vertical channel. 

Recentlyt Randall (15) analytically studied the effect -

on the heat transfer coefficient of a .volume heat source 

within an ordinary fluid being cooled in free convection by 

a horizontal cylinder. He solved the problem for a vertical 

flat plate cooling the fluid containing the volume heat 

source and transformed his results to a horizontal cylfnder 

assuming the heat source existed only in the boundary layer 
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around the cylinder. Hi-s calculations indicated the heat 

transfer coefficient with a volume heat source to be slight-

ly higher than its value without a heat source. His results 

revealed an increase in the ratio of heat transfer coefficients 

with increasinr value of the volume heat source for a given 

cylinder diametero He also found this ratio decreased with 

increasing temperature difference across the boundary layer, 

while the lncidence of turbulence occurred at smaller values 

of this temperature difference -D.s the cylinder diameter· 

' increasedo S\ .. 
~~~ :~t\ 
(!';> 
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EXPERIMENTAL 

The purpose of the experimental part of the investigattqn 

was to obtain outside heat transfer coefficients for several 

ho!'izontal tubes cooling an ordinary fluid containing a . . 

volume heat source by fr.ee convect! on .. ·Water was used as 

the coolant and a very diJute solution of hydrochloric acid 

was the bulk fluid • 

. Experiments were first ccnducted using a sing:le~tube 
. . 

geometry to study the different operating variables involved 

in t~e measurement of· outsiqe film coefficients. · Then, 

experiments were carried out ~sing foUr horizontal tubes and 

later five cooling tubes to determine the relative importance 
-of a new variable, tube number and arrange~ent, which may be 

useful for industrial applications. 

The basic equipment used included a Lucite tank which 

contained the bulk liquid, .copper screen grids through which 

an alte'rnating current_ was passed to generate heat _in the 

bulk fluid, and several horizontal stainless steel tubes 

through which the coolant passed. A coolant p\llllp, rotameter, 

piping, instrumentation, and some accessory equipment comple­

ted the installation. 

The hea·t transferred through the tube wall was determined 

from the coolant mass f~ow ra~e and -the coolant temperature 

·increase. The outside film coeff.ic ients were obtained by 

dividing this heat transferred value by the product of the 
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bulk to tube wall temperature differential and the outside 

area of heat transfer. 

11 

A brief description of the equipment, discussion on 

temperature measurernen t, and experimental procedure's follow: 

Equipment 

A Plexiglass-walled, tank, 24" by 12" and 16" high 

served as the test celle .Luci te tube racks, 24" x 3;' and 

1/2'' thick held the 1/4" O.D. 20 gage .s.tainless steel C304) . 
tubes. horizontally at each end inside the tank permitting 

adjustment of any tube to the desired height in the electro­

lyte as shown in Figure 2. A uniform volume heat source was 

produced by passing an alternating current of about 3.5 

amperes at 80 volts b~tween two vertical 35 mesh copper.wire 

screens, 22" long and 15" high situated outside of the tubes 

in the solution. A Variae· was used for can trolling the· v.olt­

age. Heat removal was accomplished by pumpil_l~. cooling~wa te.r 

through the horizontal tubes~ A 1/4 HP centrifugal pump 
. 

drew its supply of cooling water fro.m a 30•ga1lon constant-

head tank. The coolant flow rate was ro~hly determined 
' .. 

with a Brooks Full-View rotameter (cap:: 0-5 GPM) and 

accurately measured during each run.using a stop watch.and a 

weighing scale. 

Temperature Measurement 

Chromel-Alumel thermocouple wire, 36 gage, with Teflon:;. 

Fiberglass insulation, 'Thermoelectric Coo type TG-36-CT, was 

·. :490. O·i '"" ~ q ..... J. 



FIGURE 2 

PHOTOGRAPHS OF ·TEST CELL 
SHOWING LUCITE TUBE RACKS IN 

A FIVE-TUBE GEOMETRY 
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used in all ·thermocouple installations. 

The coolant inlet and outlet temperatures were measured 

by a thermae ouple immersed in a mercury-filled glass capillary. · 

which was suspended in a 60 ·cc. bottle as shown in Figure 3. 

The insulated bottle served as a mixing chambor so that the 

coolant mixed mean temperature was actually measured. 

The outside tube wall temperature was measured by a 

thermocouple whose junction was silver soldered to the tube 

wall with a carefully_controlled non-oxidizing flame. A 

smooth soldered joint was produced as shown in Figure 3 so 

that the pattern of convection currents in the vicinity of 

tbe installation was .not disturbed. 

A series of suspended thermocouples were used to measure 

the bulk fluid temperatures at different known positions i.n 

the cell as Dhown in Figure 11. 

The r~adings of the different thermocoupl~s were taken 

with a Rubic6n Co. Type B High Precioion Potentiometer, 

Serial .No. 904940 ~NO selector switches in a junction box_ 

provided a systematic method of readine the various temper-

atures. 

All original temperature data were taken in millivoltso 

The coolant te;nperatura differential was.obtained between 

the individual readir~s for coolant inlet and outlet temper­

at,~es. In the second 9 a direct potential difference read­

ing was obta. ined between the two thermocouples with nc cold 

junction used. The sec9nd method was considered more ~elinble 
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although results obt~ined by the two methods for a single 

measuremept checked within one per cent. 

Procedure 

15 

To start each run~ the coolant pump and the Variac were 

switched on and the desired coolant flow rat·e \vas set. with 

control valves. · The system was then allowed tc) adjust itself 

for a p·eriod of about two hours. Readings. were then taken of 

the coolant in.let and outlet temperatures, tube-wall temper­

ature, bulk temperature end room temperature. Voltage across 

the grids was adjusted until the tank temperature remained . 

cl.ose to room temperature. The heat transfer system was then 

allowed to come to ~teady state which usually required a 

period of abcu.t three .hours or more. During this time~ read-

ings were taken every hour. Readings were again recorded at 

one hour intervals after steady state was reached. 

Although a rotameter was used, the coolant flow rate 

through the cooling tubes were actually measu~ed individually. 

The rate of ·flow· through each tube was determined by we.igh­

ing a timed amount of the coolant. This was done for every 

run made. 



RESULTS 

Pre.sentation of Results 

Sinele Horizon tal _Coolipg . ." TUbe 

A se.rie$ of 28 runs were made to obtain data under 

different heat rate~ ranging_from 60 to 249 Btu/hr and bulk 

to tube wall temperature differential ranging from 9.9 to 

22.7°F. From thes·e data, the heat transfer coefficients 

were calculated. 

When the logari t.hm ,of the resultant Nussel t number was 

plotted against the logarithm of the product of the Grashof 

and Prandlt moduli, reasonable agreement was obtained with 

predicted values for non-volumetric heat sources. The 

16 

average of the heat transfer coefficients with a volume heat 

s-ource appeared only approximately l()fo lower than those 

without a heat source as shown in Figure 4o 

~ Horizontal .. Cooling_.Iybes 

A total of 12 runs were made with four horizontal 

cooling ·tubes. under··.· . different heat rates ranging from 89 

to 352 Btu/hr And bulk to .tube wall Lemperature differential 
0 . . 

ranging from 7. 2 to 21.6 F. . From these data, the outside 

heat transfer coefficients, the resultant Nussel t numcer, 

the Grashof modulus .and the Prapdlt number were -calculated. 
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When the logarithm of the Nusselt numbe~ was plotted 

against the logarithm of the product of the Grashof and 

Prandlt moduli for the total number of runs, the volume heat 

source results were approximately lOfo higher than that 

predicted by McAdam's (12) correlation for a non-volumetric 

heat source as shown in Figure 5. 

~ Horizontal Cooli.ng Tubes. 

A total of 60 run~ were made with five horizontal cool­

ing tubes. These were also made under different·heat rates 

\~ ranging from 136 tq J40 Btu/nr and bulk to tube wall temper-
(v~ 

ature differential ranging from 9 to 22.9°F. From these 

data, the outside heat·transfer coefficients, the resultant 

Nussei t number~ the Grashof modulus and the Prandlt .nuruber 

were again calculated. 

'l~heh the logarithm of the Nussel t number was plotted 

against tpe logarithm of the product of the Grashof and 

Prandlt~ moduli for all of the runs, the results were 10 

per cei1t higher than· the ·results for the four-tube geometry. 

The heat transfer coefficients for each of the five horizontal 

cooling tubes with a volumetric hea.t so.urce appeared to be 

approximately 20 per cent higher than that predicted by 

McAdams' (12) correlation r·or a non-volumetric heat source 

as shown in Figure 6. 

Correlation . .1:£!:..1!. Volume .. ~-- Source 

A. correlation for free convection heat transfer with a 

volume heat &:>urce has been given by Dr. E. V!9 Sparrow (18) 
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who suggested a plot of the Nusselt number versus 

~-. 1 . for constant Prnndlt number and tube diameter 
At Gr~ 

where, 

qttt;: Btu volume heat source, 3 hr X ft 

21 

At 
0 

- bulk to tube wall temp~rature differential, F 

Gr - Grashof .:modulus 

· With single-tube cooling~ when the results were plotted 

usiP..g the sug~ested correlatic,m, a straight-line relationship 

was obtained as shown on Figure 7. However, when the results 

with four cooling tubes were also plot ted, there 'was some 

scattering of the data although a straight line relationship 

wns also obtained as seen in Fieure 8o 

Description. of_il,Q1LPa t terns 

A study of the nature of the flow around the cooling 

tubes was necessary to confirm the assumption of laminar 

fl-ow expected in the Grashof Number range studied and to 

determine the location of the "wake~ from the tube. 

Visual observations of the convection flow patterns were 

made with the aid of minute red droplets of Meriam Uriity 

Instrument Oil dispersed in the bulk fluid by a hypodermic 

syringe • 

The pattern of convection.currents for a single· tube, 

four-tube am five-tube feometry are shown gr.aphically on 
' 

Figure 9, 10 and 11.. The dotted arrows indicate the path 

of the oil droplets which seemed to quite accurately indicate 
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the nature. of the flow patterns ar.ound the cooling tubes e 

In all cases, \;>oundary-layer behavior was noted. 

After long~time observations of the flow patterns, it 

was found that the oil droplets in the vicinity of the 
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wake dropped straight down from the tube for a distance of 

about~three inches. Then the oil droplets would branch off 

to either side and start to riseo It appeared that the same 

liquid stayed .in the current with. the rest of the bulk fluid 

remaining ·stagnant. No attempt was made to measure accurate­

ly the velocitY of the convection currents. It was observed, 

however, that it took the oil droplets approximately 30 to 40 

seconds to travel the path indica ted on Figures ·:9 t 10 and 

li during a typical experimental run. The sp~ed of the 

currents increased with an increase in the value of the 

volume heat source since in order to maintain steady state, 

the bulk to tube wall temperature differential would have to 

increase. As a result of this increase, there was a con­

sequent increase in the density driving force for convective 

flow. Increasing the coolant flow rate also increased the 

velocity of the coiwection currents for the same reason· 

since the average wall temperature tended .to decrease. 

Evalyation of Rrrnrs 

Before reaching conclusions on the effect of a volume 

heat. source usi.ng the results obtained, it. was necessary to 

evaluate all sources of error. The data were corrected for 

• 
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thermal conduction effects w~icn could be easily calculated. 

Other errors were examined and their effect on the heat 

transfer coefficieqt calculated~ These in"cluded changes in 

bulk properties-with temperature, errors in the measurement 

of the coolant temperature, coolant flow rate~ errors due to 

inaccuracies of thermocouples· and heat. conduction errors. 

. . 
Changes -~n .. ~ Propert:le..s.:.Y!11b. .. TernQera ture 

In the calculations, properties of the solution were 

assumed independent with temperature. This was, in fact 9 

not the case. Changes in-both electrical and physical 

properties of the electrolyt-e are discussed in the following 

paragraphs. 

A •. Electrical Properties 

The 0. 001_ N. HCL in distilled water solution· used as the 

electrolyt~ was assumed to have the physical properties of 

water. At atmospheric pressureJ all the physical properties 

·or water except the viscosity and expansion coefficient do 
- . 

not cho.nge g1•eat.ly with temperature variations. 

The electrical properties of this electrolyte were 

measured by Hamilton and Lynch (5). Their plot of the 

variation of the resistivity of the electrolyte with. temper­

ature is reproduced on Figure 12 and was used to analyze the 

effect of this variation on the uniformity of the volume heat 

source. 
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If the bulk fluid is divided into two layers, the heat 

generated in each layer is inversely propertional to the 

respective resistivity of the· electrolyte in each layers. So, 

for a uniform volume heat source to exist in the bulk fluid& 

the electrical resistivity of both layers mupt be the same, 

i.e., the elec~rolyte resistivity must b~ independent of 

temperature • 

. With single-tube cooling 9 the t~mpern ture profile as 

sh·own in Figure 13, indica ted the bulk temperature varied 

from 81°F at the lower layer to 85.8°F at the upper layer. 

From Figure 12, the corresponding variation in the. electro­

lyte resi$tivity was from 37,800 ohm~cm at the bottom layer to 

36,600 ohm-em at the top layer. It was 9 therefore, evident 

that the electrolyte resistivity was temperature sensitive and 

that the volume heat source was not uniformo Due to the 

hieher value of the electrolyte resistivity in the lower 

colder layer, less heat is being generated in this layer as 

compared with that in the upper, warmer layer. As time 

~lapsec t the lowe.i· B yer becomes colder and the upper layer 

becomes warmer, due to the decreasing variation of the electro­

lyte ·resistivity with increasing temperature or vice ·versa. 

Consequently, density. stratification developed in the bulk 

liquid with nou-unifqrmity in the volume heat source. 

With four cooling tubes, the temperature profile 
0 -indicated th~ bulk temperature varied from 84.2 Fat the 

bottom to 86°F at t-he top with a heie:ht of the bulk liquid 
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of 14 incheso The corresponding variation in the electrolyte 

resistivity was from 36,870 ohm-em at the bottom layer to 

36,560 ohm-em at the top layere This showed only a slight 

variation in the electrolyte resistivity as compared with 

that of. the single..,tube case with the volume heat source 

quite uniformo 

With five cooling tubes, the temperature profile 

indicated the bulk temperature varied from 78°F at the 

bottom to 79o5°F at the top with a height of the bulk liquid 

of 15 inches.· The corresponding variation in the electrolyte 

resistivity was from 38,450 ohm-em at the bottom iayer to 

38,~50 at the top layer. This also indicated a slight· 

variation in_ the electrolyte resistivity with the volume 

. heat source in the bulk fluid again quite Wliform. 

B. Other ~ Properties 

The usual practice in free convection .experiments is· 

to evaluate the properties use!i in correlation equations at 

the "film" temperature. The valid! ty of ·this method ~or 

volume heat source cases .has not been explored but was used 

for want of a bett~'r technique.· Therefore, the error involved 

by using the "film" temperature could not be determined. 

Among the different physical prope·rties of the electrolyte, 

the coefficient of volumetric expansion;4, and the viscosity 

seemed to vary a good deal with temperature change. These 

variations were assumed to have introduced an error in the 

value of the heat transfer coefficients of about one per cent. 

j 

4~9 f38 
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Conduction Errors 

~.~.Temperature . .Measurements 

Possible heat conduc~ion along the thermocouple lead 
. . 

wires due. to the temperature difference between the bulk 
. . 

liquid and the tube wall would· introduce an error in the 
' . 

tube-wall tempe~ature measurements. This errof may be 

negligible for small _temperature differentials but may 

become significant as the temperature differentials increase. 

This error was partly minimized in the th~rmocouple_installat­

ions made by wrapping part of the lead wires around the tube 

as show·n in Figure 3. 

For high temperature differentials. however, calculations 

. were carried cut to determine the magnitude of error in the 

tube wall temperature. 

To estimate. the thermocouple conduction error t use was 

inade of the approximate equations of Schneider ('17) whj.ch he 

derived for the sar:~e si t.uation as encountered in this work. 

(Refer to Appendix C). A typical thermoco~ple conduction 

error in this particular case was calculated to be 0.18°F. 

Since this· represented a calculable conduction effect e the 

measured temperatures were _appropriately corrected. 

One check on this calculation was to obtain the average 

tube wall temperature from the measured r:1:ixed mean inlet and 

outlet coolant temperatures and calculate the temperature 

~'):9 039 



change across the tube wall. It should be noted that the 

wall temperature actually measured represented the hottest 

part of the tube wall. Since the other parts of the tube 

wall were colder due to an increasing thickness of the 

boundary layer from the top of the tube, it was believ,ed 
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that the tube temperature would not be uniform. Since the 

actual thermocouple measurement was found to be within 0.40°F 

of the-calculated avei"age tube wall temperature, this was felt 

to provide at least "an order of magnitude" indication of the 

temperature variation around the periphery of the tube. This 

was· equivalent to a heat transfer .coefficient variation of 

around lifo. 

Coolant. Tempera ture .. .Measurements 

In the measurement of the coolant temperature differ­

ential, the -discrepancy between the differential obtained 

by individual readings of the coolant inlet and outlet 

temperatures and tltat obtained by a direct difference reading 

by balanc.ing the two thermocouples against each other without 

. using a cold junction was less than one per cent. The former 

·readings were·found to be higher than the ln..tter readings by 

less than one per cent• T!'"le latter readings were considered 

to be more·reliable And were used as data. 
. . 

Since the coolant temperature differential that was being 

measured was small, small errors involved in these measure-

ments would still affe.ct the heat transfer results. It was 
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believed that these errors would be intoduced.by the 

inaccuracies of the potentiometric readings as well as those 
. . 

of the thermocouples themselves. The potenti?meter was 

readable to 0.001 mv or 0.043~F while the coolant temperature 

p- differentials ranged from 0.90°F to 1.8°F. 

Accuracy . .Qf. ,lhermoc·ouple·s 

The 36 gage Chromel-Alumel thermocouple wire.used in all 

tem.perature measurements-was calibrated using an ice bath and 

a constant boiling apparatus. Within the range cf tempe·r~ 

atures used in the experiments, the resultant calibration 

curve was found to be within less than ·one per cent of the 

Leeds· and 'Northrpp Co. s·tand~rd 31031 Conversion Tables for 

Chromel-Alumel thermocouple at- a reference ·junction of 0°C. 

The L ~nd N calibration curve was originally. us.ed to convert 

millivolt readings to degrees Fahrehheit. 

The accuracy of the thermocouple readings were further 

checked when the coolant temperature increase was obtained 

by two_methods. The individual readings of the coolant 

outlet and inlet thermocouples gave a difference which was 

within less than one per cent of the direct difference read-

ing obtained by balancing the two thermccuples against each 

other without using a cold junction. This indicated that 

the transientchanges in the individual inlet and outlet 

thermocouple measurements as well as cold junction erro~_were 

negligible. 



Experiments were also conducted to determine the effect 

of. a passing alternating current on the readings of a 

:suspended thermocouple in the bulk liquido .Although the 

findings of the experiments indicated the effect to be quite 

negligible, it was felt that there was actuallY. some effect 

on the readings of the· bulk 'thermocouple. If such an effect 

existed, the current would set up an e.m.f. along the sus-

-pended thermocouples which would tend to give higher bulk 

temperature readings. These higher readings res.ul t in a 

lower value of the heat transfer coefficients due to an 

increase in the bulk to tube wall temperature differential. 

The temperature data were appropriately corrected for this 

error. 

Measurement .Ef Coolant Flow __ Rate 

The flow rate through the cooling tubes were act1mlly 

measured individually for each run madea A stop watch was 

used to ti~e the coolant flow and a Toledo weighing scale 

wes used to mea~ure the weight of the codlant. ~he accuracy 

of the two separate measurements was such that the.error 

.i.nvolved was considered to be about two per cent. Since the 

flow rate was directly proportional· to the heat transfer 

coefficient, this·introduced an error of about two per cent 

in the heat transfer coefficient. 



Heat :conduction Through Insulation 

·Heat conducted into the two vertical ends of the tubes 

due to poor insulation would increase the coola·n t temper-
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a tw-e differential, and henc.e, the value of the hen t transfer 

~oefficient. S~ft rubber, 0.20" thick was used as insulation. 

To find out how effective this was as an insulator, calculat­

ions were made to determine the heat input into the insulated 

part of the tube (refer tc Appendix D). The calculations 

revealed that about 7~5 per cent of the total heat flux 

was due to the heat conducted through the insulation~ 

This effect was significant so the data were appropriately 

corrected. 

Maximum Random Errors 

On the basis of the different estimated random errors 

involved in the heat transfer measurements, the maximum. 

value of the random errors was calc1:1lated using· Sherwood 

and Reed's method for estimation of errors in a function of 

several variables as shown in Appendix D. 

The calculations revealed that the experimental heat 

transfer·coefficients were subject to a random error of 

about ± 8 per cent. 

Reproducibility_of_Results 

The ~·reproducibility of the heat transfer results was 

checked by calculating the standard deviations of the results 

4.99 043 
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of the different runs. For the single tube c~se J the standard 

.devi,ation was 7.5 while those for the four-tube and five= 

tube geometries were 4o6 and 3·3~ respectively. 
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DISCUSSION OF RESULTS 

Sin~le Horizontal Cooling Tube 

With s-ingle~tute cooling, the heat transfer coefficients 

with a volume.heat source wer~ slightly lower than those 

without n heat source. For the same case. Randall (12) · 

predicted film coefficients with a volume lfea L source to be 

slightly higher.than those without a heat source. Randall 

explained that the inclusion of the heat source raises the 

temperature of the fluid at every point in the boundary 

layer r·es ulting in a higher temperature profile across this 

layer. This higher temperature profile resulted in a smaller 

value of the boundary layer thickness, 8, compared with do 

.without a heat source. In other words. So> 8 Now since 

then 1 

where 

ho -hnv .. _. ... 

~ 
s 

h0 heat transfer coefficient with a volume heat source 

hnv= heat transfer coefficient without a heat source 

For a 1/4" O.D. ·horizontal cylinder with a bulk to tube 

wall temperat~ra differential of.20°F ~nd ·a volume heat 

Btu · f · --~~--3 e Randall ound by graphical inteeration 
sec x ft 

of 66 source 
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that 

[~~v Lg 1.022 

whereas experimental results gave 

Since temperature across the thermal boundary layer 

varied from a minimum at the tube wall to the bulk'temper-

ature at the outer thickness
1
electrolyte resistivity varied 

and less heat was generated at the colder region than at the 

warmer region. As a result, there will exist a gradient in 

the volume heat source across the boundary layere But 

Randall's (12) analysis which assumed a uniform heat sourc·e 

ac.ross the boundary lflyer predicted that the presence of this 
.. 

h~at source would give slightly higher film coefficients 

than those without a heat source. For a non-uniform heat 

source in the boundary layer, therefore& heat transfer 

coefficie:nts wculd be predicted which were lower than for· 

the same value with uniform heat source but higher than .for 

no heat source. 

Bonilla and Collins (1) in the.ir experiments with a 

single horiz;ontal .tube witho"..lt a volume. heat source encount-
'• 

ered the problem of density str.atification in the bulk 

liquid which gave them lower heat transfer coefficients than 

ex.pected. 
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Although the best line through the data fell below 

McAdam's correlation, scatter vms such that no significant 

deviation from the correlation is.apparent • 

. Four Horizontal _Cooling. Tubes 

With four cooling tubes, the heat transfer coefficients 

with a vot ume heat source were slightly high"er than those 

with no heat source present. This would be in agreement. 

with Randall's analysis as mentioned for the single tube 

case. 

Since the effect of the boundary layer temperature 

gradient would still apply in· this case, and other conditions 

were presumably the same, reasons for the increase on the 

value of the heat transfer coefficients are net clearly 

apparent; 

For the four cooljng tubes~ however, the heat transfer 

coefficients were not the same for each tube. The coefficients 

varied from five to fifteen per cent of each other. This 

indica ted that · t.Qere was some effect due to the geometry of 

the tube arraP~ement on the heat transfer coefficient. The 

variation may heve been due to the setting up of small . 
currents in the b~lk fluid as discussed in the following 

section. 

Five Horizon tal . Cooling .. Tubes 

The heat.transfer coefficients for each of the five 

horizontal cooling tubes with a volume heat source appeared 



to be somewhat higher than the usual correlationo 

The differences in results between the single tube and 
' 

the multiple tube cases could perhaps .be explained by the 
.. 

setting up of small cur.rents in the .bulk fluid in the latter 

.cases. AI though long-ti::ne visual ot.serva tions made in the 

multiple tube. case did not reveal any small currents being 

set up in the bulk, it is possible tha·t these did exist but 

were no·t noticeable. It is also likely that these would be 

different for each geometry. 
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CONCLUSIONS 

·1. With si.ngle-tube cooling D the heat transfer coefficients 
-. with a volume heat source were correlated by 

Nu = 0.49 
.!. 

(Gr.Pr)• 

2. #ith four cooling tubes, the heat 1iransfer coefficients 

were correlated by 
Nu = 0.59 J. 

(Or Pr) 4 

3. With five cooling tubes p the heat transfer coefficients 

were correlated by 
'"· 

Pr)! Nu = 0.64 (Gr 



1. 

RECOMMENDATIONS· 

Single Horizontal Tube 

It may be noted from Figure 4 that the experimental 

data is quite scattered. This is attributed to the fact 

that steady state was not reached in some of the runs 

even after a long time has elapsed. 

It appears that the installation of a thermostatic­

a-lly-controlled closed cooling·. loop would help the· 

system reach steady state sooner. This would ensure a 

more constant bulk to wall temperature differential. 

Also, if the coolant could be refrigeratedj larger 

temperature differentials could be attained without 

increa.'sing the tank temperature above r_oom temperature. 

As discussed under "Changes in Bulk Properties with 

Temperature," there existed a non-uniform volume heat 
' 

source with single -tube cooling due to' density strati-

fication in the bulk fluid. This situation could be 

remedied by providing a compensating _heat source, around· 

the lower, colder·re[ion of the bulk fluido 

It was noted by Bonilla and Colli'ns (1), howevere 

that the location of this compensating heat source~ when 

it was concentrated, had considerable effect on 'the 

measured coefficient, for a non-volumetric heat ~urce. 

During a cooling run in which Bunsen burners were used, 
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a·40fo increase in heat transfer coefficient was observed 

when the four burners were moved two inches to one side 

of the points directly below the test cylinder. In the 

light of this result, the burners were replaced with 

hot plates which ·provided the requisite heat at low 

fluxes over a much wider area. 

The problem could possibly be solved by positioning 

the heating grids such that they are inclined as a "V" .• 

In this position 0 more heat would be generated at the 

lower, colder layer due to lower resistance of the bulk 

in this layer as compared with the upper layer. This 

effect, then, would tend t·o neutralize the density 

stratification in -the bulk. A somewhat more complicated 

electrode arrangement whereby the applied voltage could 

be increased in the cooler regions might also be success-

ful. 

Multiple-~.System 

It was mentioned that the setting up of small currents 

in the b~lk for the multiple tube .case could perhaps explain 

the higher coefficients obtained in this case. · No definite 

conclusions were reached, however, since these currents were 

not noticeable in the observations made. It' is, thereforee 

recommended that further work should include development of 

better visualization techniques to determine whether such 

small currents existed in- the bulk. 



It was also noted that there were some variation in the 

heat transfer coeffi~ients for each tube with position in 

the electrolyte. These results indicated tha~ the geometry 

of tube arrangement in a multiple' tube case has some effect 

on the heat transfer coefficient. Since only one geometry 

was studied for each of the four:--tube and five-tube arrange­

ments, :i,.:t is recommended that this variable be investigated. 

Pertinent to this study, the effect of the "wake" in multiple 

tube systems should also be investigated •. 
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Gr 

NOI:IENCLATURE 

Outside area of heat transfer. ft 2 

Heat capacity at constant pressure 9 Btu/lb mass x °F 

Outside tuoe diameter, ft. 

Acceleration due to gravity, f1__ 
. .2 3 hr2 

Craslwf modulus =/0 ;t'A L Do . , dimensionless 
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1- )<A-2 . . 
Outside heat transfer coefficie.nt w.i th volume heat source, 

k 

Nu 

Pr 

q 

q' 

Btu ; hnv' without volume heat source 
hr X ft 2 

X °F 

Thermal conductivi-ty .. ,. Btu 
hr X ft X "F 

noDo . Nusselt modulus=-, dimensionless 
k 

·Prandlt modulus=¥· dimensionless 

Heat rate through tube wall, Btu/hr 

Ccrrected heat rate through tube wall·, Btu/hr 

q' '' Volume heat source • Bty 
hr x rt3 

t .Temperat'!Jl'e at any point; tB, bulk temperature; tw,. 

tube-wall temperature, tR, room temperature, °F. 

W Coolant flow rate, lb/hr 

.At Bulk to tube wall temperature differ.en.tial, °F 
. ' 

Coolant temperature increase, 0p 

Coefficient of volumetric expansion.: - ~ ·. ~. , l/°F 

Boundary lay'er thickness; 00 , without volume heat source, 

ft 
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t 
I 

Viscosity, lb mass/hr x ft 

Density, lb mass/ft3 

·subscripts 

b ·Bulk· 

f Film 

w Wall 

Superscripts 

Prime(') Corrected measurements and results. 
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CALCULATIONS 

I. Method of Calculations 

The original temperature data taken in millivolts was 

converted to degrees Fahr~t by the use of a conversion 

table plot. The coolant temperature differential was obtain= 

ed in degrees Fahreheit by dividing the millivolt difference, 

which was s.light, by 0.023 mv/°F D the value given in the con­

version tables for Chromel~Alumel thermocouple in the range 

of 32°F to 212°F. 

Heat transfer coefficients were calculated using two 

equations which follow~ 

where 

q w C · At0 _ 1 p 

q - ho Ao A t 0 v 

(1) 

(2) 

q rate· of heat transf.er.r·ed t.hrough the tube wall, .. 
Btu/hr 

W ~ coolant flow· rate 9 lbs/h.r 

Cp= heat capacity of coolant, Btu/lb x. °F 

A t 0 _ 1 = temperature differential 5 inlet and exit coolant °F 

h0 = o'utR1de heat. tr~nsfer coefficient» Bt 1L.._~ 
? hr ~ ft2 x °F 

Ao = outside surfaee area of tube~ ft· 

A t 0 v = temperature differential, bulk to tube wall 9 °F 

Solving equation (1) and (2) for h0 , we get 

h W. Cp A to-i 
0 = 

A0 A t 0 v 
(3) 
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II. Correlation of Data (Free Convection Heat Transfer; 

where 

A. Grashof modulus'· NGr or Gr 

3 z. . 
Gr = D7f~ At 

D0 = outside diameter of cooling tube~ ft. 

g = · acceleration due tc.· gravity t ft/sec2 

fr= coe.f;icient of volumetric expansion,(°F)-l at tf 

~.!= density. of bulk fluid at t.f, lb/ft3 

~f=· viscosity of bulk fluid at tf, lb/hr x ft 

f:t. t = temperature differenti~l, bulk to wall. °F 

Properties were evaluated at the "film" temperature·, the 

53 

arithmetic mean between the tube wall and bulk fluid temper-

atures. 

where 

B. Prandlt n~~ber» Pr or Npr 

Pr=¥ 
. f 

Cp = heat capacity of bulk fluid, Btu/lb x °F 

viscosity o.f b~lk fluid, lb 
hr X ft 

kf= thermal conductivity of bulk fluid, Btu/hr x ft x °F 

c. Nusselt number - Nu or NNu 

Nu = ho Do 
kr 



--------- ~ 
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where 

ho outside heat transfer coefficien't, Btulhr x ft 2 x °F 

D0 . = outside diameter of cooling tube j · ft 

k.r== ·thermal conductivity of bulk fluid~ 
hr X ft X ~ 

Btu 

The usual correlation for heat transfer by natural 

. convection ( 12) is: 

[ PrJ ·0 .25 Nu ~ 0.54 Gr·x 

III. Sample Calculations 

Sample calculations which follow illustrate the methods 

used and indicate the assumptions made in ottaining the 

results. 

DATA 

Run No. 29 

Coolant flow rate: 175 lb/hr 

Coolant temperature increase: 1.44"F 

Corrected tube wall temperature; 65.0 °F 

Corrected bulk temperature: 8J.O 0 1'' 

Rocm temperature: 87.3°F 

Outside area of heat transfe~: Oo0953 ft2 . 

The heat rate is fj_ven by the equation~ 

_q = W Cp ~to-i 

where 

W 175 lb/hr 

Cp= 1.0 Btu/lb x °F 

A to-i = 1.44oF 
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q = 175 (1) (1 .. 44.) =252 Btu/hr 

The correction for heat conduction through the insulation 

is then applied: 

. q' = 252 - 19 = 233 Btulhr 

then:· 

q'= 110 A0 At 

where 

h0 = outside coefficient of heat transfers Btu/hr x ft2 x °F 

A0 = 0.0953 ft2 

At= tB - tw = 83.0 - 65.0 = 18. b °F 

Solving for h 0 , 

ho = q' 
A0 At 

233 . = 136 
0.0953, •(18.0). 

Grashof_and .. Prundlt Moduli 

tr "film" temperature . tB + tw 
. 2 

t f = 83 • 0 + 6 5 ~ 0 · = 7 4. 0 °F 2 . . 

Btu 

From chart of • rfo. ll . ] [ G p f f] versus tempei"!l t ure • °F 0 

especially preparedfto simplifyfcnlculations (see Figure 14): 
~ 8 1 0· "" = 2 ,05 x 10 , . at tr = 74.0 F 

ft3 ~ °F 

Nor • ~!Pr E: o( X J. X .A t 

where 

NGr = Grashof modulus 

Npr.- Prandl t number 
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n3 =. outstde diameter cubed = 9 x 10-6 ft3 

Therefore, 

Nnr • N Pr ~. · 2. 05 x 108 x 9 x 10-6 x 18. o 
Ncr ... NPr :::: 33 &ooo 

57 

But Npr= q,75 (McAdam's Fig. A~?. p. 470)where tr=74.0°F 

So 
33 n·ooo 

6 .. 75 

488o· 

Nusselt Number 

. 
. Nu = ho. Do 

kf 

where 

Nu = 8.40 

136 ( 0.0208) 
0.337 

l ·!. '). 
.. "1,. · .. .] • ..,_jl 0()3 ,_ . 
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APPENDIX B 



-

I. DATA 

Tube No. Do L A 

1 0.25 17.5 0.0953 

2 0.25 18.75 0.102 

3' 0.25 16.]5 0.091 

4 0.25 18.75 0.102 

5 0.25 20o75 0.113 

Legend: 

D0 = outside tube diameter~ inches 

D1 = ins.ide tube diameter 9 inches 

L = tube length, inches 

Di 

0.1875 

0.1875 

0.1875 

0.1875 

0.1875 

A-= outside area of heat transfer. sq.ft. 

W = coolant flow rate, lb/hr 

tB~ corrected bulk temperature, °F 

tw' corrected wall temperature, °F 

59 

o· 
~ t '= corrected bulk to wall temperature differential, :r · 
A t 0 _ 1 = coolant tempera tl.u-e increase, °F 

. q' = heat transferred through the tube .wall a corrected 

for heat conduct~on through insulationp BttVhr 

q'' '= volume heat source, Btu/hr x ft3 

tR = rocm temperature, °F 
9 

h0 = corrected outside heat transfer coefficiento 

B.tu/hr X ft2 X °F 



-v 

Nu = Nus·selt number = h 0 0 0 

K 

NGr= Grashof Modulus 

Npr= Prandl t Modulus 

60 

... 
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DATA 

Single. Horizontal Cooling .. Tube 

Run No. w ' tw, At • Llto-i .. q ' .. q' It tR tB 

1 168 78.0 6~o2 12.8 0.~67 146.2 10~ .o J8.o 2 102 78.5 sS.J 20.2 1. 90 . 173.7 22 .o 8.5 
3- 102 78.5 59 .. 4 19.1 1.975 181.8 229.0 78 .. 5 
4 102 78.5 b0.3 18e2 1.930 177.3 229.0 78.5 
g 102 78.0 . 61.9 . 16.6 1.400 128.7 229.0 78.5 

102 78.0 64.3 13-7 1.010 92.7 229.0 78,5. 
7 102 78.0 70.3 7.8 o.~o 60.0 229 .. 0 78.5 
8 192 71.0 . 61.1 9.9 0~4. 3 83.4 229.0 77.0. 
9 168 78.0 63.8 J.4.2 1.1t0 172.8 103.0 78.0 

10 250 78.0 60.5 17.5 0.6 0 J.48.5 103 .o 78 •. 0 
11 225 78.0 61.b ·16.4 0:.612 123.7 10).0 78.0 
12 222 78.1 65.0 13.1 0.880 176.4 158.5 77.0 
13 222 78 .. 1 64.0 . 14.1 . 0.880 176.4 158·5 77 .. 0 
14 222 78.1 62.2 15.9 0.880 176.4 158.5 77.0 
15 222 78.1 61.7 .lo.4 0.880 176 .. 4 158 .. 5 77.0 
16 222 78.1 61 .. 2 16.9 0.880 176.4 158.5 77.0 
i~ 222 78.1 61.~ 16.6 0.880 176.4 158.5 77.0 

222 '78.1 60, 17.3 . 0.880 176.4 158.5 77.0 
19 264 77·5 63.6 13.9 0.833 208.0 229.0 '77·5 20 264 7~-5 61.6 15.9 0.880 208.8 229.0 77-5 21 264 7 .o 61.5 1o.6 . o. 880 208.8 229.0 77-5 
22 264 78.0 58.9 ' 19.1 0.967 229.5 229.0 Tl-5 23 264 78.0 58.2 19.8 0.967 229.5 229.0 77~5 
24 264 78.0 57 ·3. 20.7 1.050 249.3 229.0 77'·5 

- 25 264 78.5 ~~-2 21.J 1.050 249.3 229.0 77 ·5 . . 2o 264 78.5 5 ·7 21.8 1.050 249.3 229.0 77.5 
27 264 78.5 56.5 22.0 1.050 249.3 229.0 77·5 28 264 78.5 56.e 22.7 1.050 249.3 229.0 77·5 
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~ Horizontal. CooliM .. Tubes 

Run No. Tube No. w tB '· tw ' . bt' t.to-1 q• q ... , ' tR -

29 1 175 83.0 65.01$.0 .lo44 233 .. 0 412 • 0 '87.3 2 175 83.0 6~.8 17.l lc44 233o0 412.0 87.3 
·l. 175 83.·0 6 .6 14· 1.44 233.0 412.0 87.3 175 83.0 67.4 15·7 L44 233.0 412.0 87.3 

:30 1 175 83 .. 0 65.9 17.1 1.26 198.0 412.0 87 .Jj. 2 
.. 

175 83.0 6o.8 16.2 1.26 198.0 412.0 87.4 
l 175 83.0 65.0 18 .. 0 1.44 227•0 412.0 87.4 175 83.;0 6o.1 16.9 1.44 227 .o 412 .o 87 .4. 

31 1 175 83.0 66.1 16.9 1.26 198.0 412.0 :87 ·5 . 2 175 83.0 67.0 16.1 1.26 198.0 412.0 87.5 
3 175 83.0 6g.o 18.0 1.26 198.0 412.0 87.5 
4 175 83 .o 6 .J 16.8 1.26 198.0 412.0 '87.5 

32 1 175 8J.,O 66.1 16.9 1 .. 80 283.0 412.0 87.5 2 175 83.0 66.J 16.7 1.80 283.0 412.0 87.5 

l 175 83.0 66.6 16.4 1.80 283.0 412.0 . 87 ·5 175 8.3. 0 . 67.7 15 0 5 1.80 283.0 412.0 87.5 
33" 1 220 83.0 62 .o 21.0 1.26 249.0 508.0 87.0 2 220 83.0 62.7 20.J 1.26 249.0 508.0 87.0 3 220 8.3 .o 63.0 20.0 1.26 249.0 508.0 87.0 

4 220 83.0 63.6 19.4 1.26 249.0 508.0 87.0 
34 1 220 83.0' 61.4 21.6 1.26 249.0 508.0 87.0 2 220 83.0 61.~ 21.3 1.26 249 .. 0 ;os.o .97.0 

3 220 83.0 61. 21.3 1. 26 249. 0 508.0 87.0 
4 220 83.0 62.5 20.5 1.26' 249.0 508.0 87.0 .'!' ·-

35 1 . 220 83 .o 61.7 21.3 1.80 356.0 508.0 87.1 2 220 83 .o 62.3 20.7 1.80 356.0 508.0 87.1 3 220 83.0 62.5 -20.5 1.80 )56.0 508.0 87.1 
4 220 83.0 6).0 20.0 1.80 356.0 508.0 87.1 

36 1 220 83.0 61.7 21.3 1.44 285.0 508.0 87.1 2 220 83.0 62.3 20.7 1.44 285.0 508.0 87.1 t•. 3 220 83 .o 62.8 20.2 1.44 285.0 508.0 87.1 
4· 220 83.0 63 .. 5 19.5 1.44 285.0 508.0 87.1 

·- 37 1 125 83.0 70.0 13.1 1.44 162.0 323.0 88.0 2 125 83 .o 70.4 12.6 1.44 162.0 323.0 88.0 3 125 83.0 70.8 12.2 1.44, 162.0 323.0 88.0 4 125 83.0 71.1 11.9 1.44 162.0 323.0 88 .o 

~ ,...,_ (}, 
(J:.. .J .-' 
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Four Horizontal Coolin~ ... Tubes (Continued~ 
" .. 

Run No. Tube No. w . i 
tB . tw' t.t• Ato-i q' q"' .. tR 

38 1 125 83 .o 70.0 13.1 1.26 J..42.2 323.0 88.1 
- 2 125 83.0 70.4 12.6 1.26 J.42.2 323.0 88.1 

. 'J· 125 83.0 70.8 12.2 1.26 142.2 323.0 88.1 
-4 125 83 .o 71.1 11.9 1.26 J.42.2 323.0 88.1 

39 1 125 83.0 69.3 13.7 1.62 183.0 323.0 88.1 
2 125 83 .o 69.9 13.1 1.62 183.0 323.0 88.1 

l 125 83 .o 69.1 13.9 1.44 183.0 323.0 88.1 
125 83.0 69.6 13.5 1.44 183.0 323.0 88.1 

40 1 125 83.0 68.1 14.9 1.62 183.0 323.0 88.2 
2 125 83 .o 68.8 14.2 1.62 183.0 323.0 88.2 . 
3 12t:: 83.0 68.6 J.4.4 1o80 183.0 323.0 88.2 ,./ 

4 125 83.0 69.5 13.5 1.80 183.0 323.0 88.2 

41 1 12r:: 83 0 0 . 68 • 3 14 0 8 ·1.80 20~.0 323.0 88.2 :.; 
2 125 83.o 68.o 14.4 1.80 202.0 323.0 88.2 

l 125 83.0 68.6 J.4.4 1.80 202.0 323.0 88.2 
125 83.0 68.6 1.4.4 1.80 202.0 323.0 88.2 

1 125 83.0 63.9 1.4.1 1.62 183.0 323.0 88.1 
2 125 83.0 68.2 13.9 1.62 183.0 323.0 88.1 
3 . 125 8.3. 0 69 • .3 1.3.7 1.62 18.3 .o 323 .o 88.1 
4 125 83 .o 69 ·5 13 ·5 1.62 183.0.323.0 88.1 ,.· 

43 1 125 82.0 68.3'13.7 1.62 218.7 398.0 87.2 
2 125 82.0 66.0 16.0 1.62 218e7 398.0 87.2 
J 125· 82.0 66.1 15.9 1.62 218.7'398.0 87.2 
4· 125 82.0 66.9 15.1 1.62 218.7 .398.0 87.2 

1 125 82.0 66.9 15.1 1.26 170~6 398.0 87.4 
2 125 82.0 65.3 1o.7 1.26 170.0 398.0 87.4 

l 125 82.0 65.3 16.7 1.26 170.0 398.0 87.4 
125 82.0 6o.2 15.9 1.26 170.0 398.0 87.4 

45 1 12~ 82.0 66.6 15.5 1.62 218.7 398.0 87.4 _, 
2 125 82.0 64.8 17.3 1.62 218·~7 398.0 87-4 
) 125 82.0 64.8 17.3 1.62 218.7 398.0 87.4 
4 125 82.0 64.8 17.3 1.62 218.7 398.0 87.4 

46 1 l50 82.0 64.0 18.0 1.80 243.0 398.0 87 ·4 
2 150 '82 .o 64.~ 17.7 1.80 243.0 398.0 87.4 

' 
150 82.0 64. 1l.3 1.80 243.0 398.0 87.4 

'150 82.0 65.1 1 .9 1.80 243'.0 398.0 87.4 



Four Horizontal Cooling Tubes (Continued) 

·Run No. Tube No. W tB' tw' 6t' flt~-i q' 

47 

48 

49 

51 

52 

53 

54 

55 

1 
2 
3 
4 
1 
") 

• l-

? 
4 

1 
2 
3 
4 
1 
2 

l 

1 
2 
3 
4 

1 
2 
q 

4 
1 
2 

l 
1 
2 
3 
4 

150 82.0 65.3 16.8 1.62 218.7 398.0 
150 82.0 65.6 16.4 1.62 218.7 398.0 
150 82.0 6b.4 15-1 1.62 218.7 398.0 
150 82.0 66.6 15.5 1.62 218.7 398.0 

1~7 82.0 63.6 1g.4 1.62 274-0 508 
187 82.0 64.0 18.0 1.62 274-0 500 
187 82.0 64.9 17.1 1.62 274.0 508. 
187 82.0 65.4 16.6 1.62 274.0 508 

200 82.0 61.8 20.2 1.44 259.0 508 
200 82.0 62.2 19.8 1.-44 259.0.508 
200 82.0 62.9 19.1 1.44 259.0 508 
200 82.0 '63.3 18.7 1.44 259.0 508 

200 82.0 62.4 19.6 1.26 230.4.412 -
200 82.0 62.9 19.1 1.26. 230.4 412 
200 82.0 63.3 18.7 1.26 230.4 412 
2 00 82 • 0 6 3 • 8 18 . 2 1.2 6 2 3 0. 4 412 

200 82.0 63.1 18.9 1.08 194·4 412 
200 82.0 63.7 18.4 1.08 194·4 412 

. 200 82.0 64.0 18.Q 1.08 194.4 412 
200 82 0 0 64.3 17 ·7 1.08- 194.4 412 

200 82.0 63.1 18.~ 1.26 230.4 412 
200 82.0 6).718~41.,26.230.4'412· 
200 82.0 64.4 17~6 1.26 230-4 412 

·200 82.0 64a6 17.5 1.26 230.4 412 

200 82.0 
200 82.0 
200 82.0 
200 82.0 

187 83.0 
187 83 .o 
1S7 83.0 
187 83 .o· 

171 83 .. 0 
171 8J.O 
171' 83.0 
171 83 e'O 

63.118.9. 1.26 
63.7 18.4 J.. 26 
64.2 17.8 1.26 
64. 6 17 • 5 1. 2 6 

64.4 18.6 1.26 
64.4 18.6· 1.26 
64.8 18.2 1.26 
65.8 17.3 1.26 

64.7 18.4 1.44 
64.7 18.4 1.44 
65.9 17.1 1.44 
65.9 17.1 1.44 

230.4'412 
230.4 412 
230.4 412 
230.4 412 

212.4 412 
212 o4 ~.12. 
212.4 412 
212.4 412 

222.0 412 
222.0 412 
222.0 412 
222.0 412 
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8?.2 
87.2 
87.2 
87.2 

87.,.0' 
8?.0 
87.0 
87 .o 
.87 .1 . 
87.1 
87.1 
87.1 

87.1 
87.1 
87.1 
87.1 

87.1 
87.1 
87.1 
87.1 

87.1 
87.1 
87~1 
87.1 

87.1 
87.1 
87.1 
87.1 

87.1 
88.1 
88.1 
88.1 

88.1 
88.2 
88.2 
88.2 
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Four Horizontal Cooling Tubes (Continued) 

Run No·. Tube No. w ti3' tw' tr.t' Ato-1 

-- 56 1 171 83.0 64.65 18.4 1.26 
2 171 83 .o 64.65 18.4 1.26 
3 171 83.0 65.9 17.1 1.26 

- 4 171 83 .o 65 .. 9 17.1 1.26 

57 1 162 83.0 64.3 18.7 1.44 
2 162 83.0 64.~ 18.7 1.44 

~ 162 83.0 65._' 17~7 1.44 
162 83 .o 65.4 17.7 1.44 

58 1 162 83 .o 64.7 18.4 1.44 
2 162 83 .o 64.7 18.4 1.44 
3 '162 83.0 6~.7 17.3 1.44 
4 162 83.0 6-f. 17.3 1.44 ..,~.? 

•' 

59 1 162 8].0 64.7 18 ·4 1.44 
2 162 83 .o 64.~ 18.4 1.44 
3 162 83 .o 65. 17 .. 5 1.44 
4 162 83 .o 65.6 17.5 1.44 

60 1· 162 83.0 '64.7 18.4 1.44 
2 162 83.0 64.7 18.4 1.44 
3 162 83.0 65.6 17.5 1.44 
4. 162 83.0 65.6 17.5 1.44 

61 1 150 82.5 69.7 12.8 1.26 
2 120 82.5 69.7 12.8 1.26 
3 150 82.5 71.0 11.5 1 .. 26 
4 150. 82~5 71.0 11.5 1.26 

62 1 135 82.5 70.3 12.2 1.08 
2 '135 82.,5 70.3 12.2 1.08 
? 135 82.5 71.5 11 1.08 
4 135 82.5 71.5 11 LoS 

63 1 125 82.5 70.6 11.9 1.26 
2 125 82.5 70.6 11.9 1.26 
3 125 82.5 71.7 10.8 1.26 

·4 125 82.5 71.7 10.8 1.26 

64 l 125 82.5 70.8 11.9 1.26 
2 125 82.5 70.8 11.9 1.26 

l 125 .82.5 71.,5 11.5 1.26 
125 82.5 71.5 11.5 1.26 
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q' q I II. 
~ 

194.4 412.0 88.2 
194.4 412.0 88.2 
i94.4 412.0 88.; 
194.4 412.0 88.3 

210.6 412.0 88.3 
210.6 412.0 88.3 
210.6 412.0 88.3 
210.6 ~2.0 88.3 

210.6 412.0 88.3 
210.6 412.0 88.3 
210.6 412.0 88.3 
2~0.6 412.0 88.3 

210.6 412.0 88.3 
210.6 412.0 88.3 
210.6 412.0 88.2 
210.6 412.0 88.2 

210.6 412.0 88~2 
210 .. 6 412.0 88.2 
210.6 412.0 88.2 
210 0 6 412 . 0 8 8. 2 

170.0 183.0 87 .. 5 
170.0 183~0 87.5 
170.0 183.0 87.5 
1.70.0 183.0 87.5 
131 0 0 183 • 0 87.5 
131.0·183.0 87.5 
131.0 183.0 87.5 
131.0 183.0 87.5 

142.2 183.0 87.5 
142 . 2 18 3 • 0 87 • 5 
142 . 2 183 0 0 87 • 5 
J.42.2 183.0 87.5 

).42.2 183.0 87.5 
142.2 183.0 87.o 
142 • 0 183 . 0 87 • b 
.142.0 183 .. 0 87.6 
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Four Horizontal Cooling Tubes (Continued) 

Run No. Tube No. w·· tB' tw'-At' Ato-1 q' q I I I ·t R 

66 

67 

68 

69 

70 

71 

72 

73 

~--------~~--==--:110~-~--- ..... ~=- --e=:=- :uw .......................... .,,.,.,.,.,......,.. ...... ~=_,_ 

1 
2 

~ 
1 
2 
3 
4 

1 
2 

l 
1 
2 
3 
4 

1 
2 

l 
1 
2 

t 
1 
2 

l 
1 
2 

l 
-1 

2 
3 
4 

125 82 .• 5 70 .. 8 11 .. 7 1.26 142.2 183.0 87 .. 6 
125 82.5"70.8 11.71.26 142.2183 .. 0 .87.6 
125 82.5 72.0 10.5 1.26 142.2183.0 87.6 
125 82.5 ?2.0 10.5 1.26. J.42.0 18).0 87.6 

125 82.5 70.7 11.9 1.44 162.0 l83.0 87.6 
12) 82.5 70.7 11.9 1.44 162. o H33 .o 87.6 
125 82.5 71.7 10.8 1.44 162.0.183.0 87.6 
125 82.5 71.7. 10.8 1.44 162.0 183.0 87.6 

1.26 83 72.9 10.1,1.26 143.0 250.0 87.0 
126 83 72.9 10.1 1.26 143.0 250.0 88.0 
126 83 73.8 9.2 1.26. 143 .o 250.0 88 .o 
126 83 73.8 9.2 1.26 143.0 250.0 88.o 

. 126 83 71.7 11.3 1.26 143 .o 250.0 88.0 . 
126 83 71.7 1l.J 1.26 143 .o 250.0 88.1 
126 83 72.6 10.4 1.26 143.0 250.0 88.1 
126 83 72.6 10.4 1.26 143.0 250.0 88.1 

126 83 71.1 11.9 1.26 143.0 250.0 88.1 
126 83 71.1 11.9 1.26 "143.0 250.0 88.1 
126 83 72.2 10.8 1.26 143.0 250.0 88.1 
126 83 72.2 10.8 1.26 143.0 250.0 88.1 

126 8 3 . 71. 3 11 .. 7 1 • 2 6 143 0 0 2 50 . 0 8 8 .1 
126 83 ·71.3 1L7 1.26 143.0 250.0 88~1 
126 83 72.2. 10.8 1.26 143.0 250.0 88.0 
126 8J 72.2 10.0 1.2G 143.0 250.0 OO.o 

110 83 
i1o e3 
110 83" 
110 83 

110 83 
110 8} 
11.0 83 
110 83 

110 83 
110 83 
110 83 
110 83 

72.4 
72.4 
73·4 
73-4 

74.0-' 
74.0' 
"74- 7 
74.7 

10.6 0~90 
10.6 0 .. 90 
9-5 0.90 
9.5 0.90 

9.0 0.90 
9.0 0.90 
8.3 0.90 
8.3 0.90 

89.0 25o.o· 88.o 
89.0 250.0 88.0 
89.0 250.0" 88.1 
89.0 250.0 88.1 

89.0 250.0 88.1 
89.0 250.0 88.1 
89.0 250.0 88.) 
89.0 250.0 88.) 

72.9 10.1 0.90 107~0 250.0 88.3 
72.9 10.1 0.90 107.0 250.0 88.3 
74.0 9.0 0.90 107.0 250.0. 88.3 
74.0 9.0 0.90 107.0 250.0 88.3 
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Four Horizontal Cooling Tubes (Continued) 

~= ......... .-.-:.-- ·----.!:~-- :.~11:1;1 

' ·tvv' • Run No. Tube No. w tB At · t1t q' .q"' ~ o-1 
... .. - -·- -- ~ 

·- 74 1 110 83.0 72e8 10.3 0.90 107 250.0 88.3 
2 110 . 83 .o 72.8 10.3 0.90 107 250.0 88.3 
l 110 83.0 74.0 9.0 0. 90 107 0 250.0 88.3 
4 110 83.0 74.0 9.0 0.90 107 250.0 88.3 

75 1 110 83 .. 0 72.8 10.3 1.62 '161. 250. o. 88 .. 2 
2 110 83.0 72.8 10o3 1.62 161. 250.0 '88.2 

~ 110 83.0 73.8 9.2 1.62 161 250.0 88.2 
110 83.0 73.8 9.2 1.62 161 250.0 88.2 

76 1 1.10 83.0 72.8 lO .. J L26 125, 250$0 88.2 
2 110 83 .o 72.8 10.3 1.26 125 250.0 88.2 
3 110 83.0 73.8 9.2 1.26 125 250.0 88.2 
4 110. 83.0 73.8 9 .. 2 1.26 125 250.0 88 .. 2 

77 .1 87 . 84.0 73.9 10.1 1.44 113 102.5 88.2 
2 87 84.0 73.9 10.1 1.44 113 102.5 88.2 

l· 87 84.0 75o0 9.0 1.44 113 102.5 88.5 
87 84.0 75.0 9 .. 0 1.44 113 102.5 88.5 

78 1 87 84~0 74.8 9.2 1.44 113 102.5 88.5 
2 87 84.0 74 .. 8 9.2 1.44 113 102.5 88.5 
) 87 84.0 75<>5 8.5 1 .. ~ 113 102.5 88.5 I 

•4 87 84.0 75·5 fL5 1.44 113 102.5 88.5 

79 1 87 84 .. 0 75.2 8.8 lo44 113 102.5 88.5 
2 87 84.0 7.).2 8.8 1.44 113 102.5 88.o 

l 87 84 .. 0 79~3 7.7 L.4J+ 113 102.5 88.6 
87 84 .. 0 7'6.3 7.7 1.44 113 102.5 88.6 

80 1 87 84 .. 0 76.1 7·9 1.44 113 102.5 88.6 .., 87 84.0 76.1 7.9 1.44 113 102.5 88.6 .... 
3 87 84.0 ?6.8 7.2 1.44 113 .102 ·5 88.6 
4 87 84.0 16.8 7 .. 2 1.44 113 ·102 ·5 88.6 

81 1 87 84 .. 0 76.1 7.9 lo 26 :199 102.5 88.6 
2 87 84.0 76.1 7.9 1.26 19.9 102.5 88.6 
3 87 84.0 76.8 7.2 1.26 99 102.5 88.5 
4 87 8h.O 76 .. 8 7.2 1.26 9.9 102 .. 5 88.5 

82 1 87 84.0 76,4 7.6 .. 1.26 99 102.5 88.5 
2 . 87 84.0 76.4 7.6 1.26 99 102.5 88.5 
3 87 84 .. 0 76 .. 8 7.2 1.26 99 102.5 88 .. 5 
I 87 84.0 76.8 7.2 1.26 99 102.5 88.5 4 

073 
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Four Hor1zonta·1 Cooling Tubes .(Continued) 
. 

,, • Rtm No., Tube No~ w tB tw .. bt• Ato-i q' q' ... tR· 

83 1 100 8.3 .68. 6 14 .. 4 i .. 8o · 162.0 380 .'o' 87 "9 
2 100 8.3 68.6 14-4 1..80 162.0 380 .. 0 . 87.9 

l 100 8.3 69 • 5 13 • 5 1. 80 162.0 380 .. 0 87.9 
lOO 83 69.5 13.5 1.80 162 .o 380 .. 0 87 .. 9 

84 '1 100 83 67 .. 9 15.1 1 .. 80 .162 .. 0 .380~0 . 87 o9 
2 100 83 67.9 1'1.1 1.86 162.0 380.0 87 .. 9 

l 100 8.3 68 .. 4 14 .. 6 1.80 162 .. 0 380.0 88 
100 83 68 .. 4 J.4.6 1 .. 80 162 .. 0 380.0 88 

85 1 100 8.3 67 0 7 15 .. 3 1.80 162.0 380.0 88. 
2 100 83. 67.7 il"3 1 .. 80 162 .. 0 380.,0 88~1 

l 100 8.3 68 .. 4 ... 6 1.80 162 .. 0 380.0· 88 .. 1 
100 83 68.4 J.4 .. 6 1.80 162.0 380.0 88.1 

86 1 100 8.3 66.8 16 .. 2 1.80 162.0 380.0 88 .. 1' 
2 100 83 66.8 16.2 1.80 162 .. 0 380.0 88 .. 1 
.3 100 83 67.7 15 • .3 1 .. 80 162 •. o 380.0 88 .. 1 
4 100. 83 67.7 15.3 1.80 162 .. 0 380.0 88 .. 1 

8-7 1 100 83 67.0 16 .. 0 1 .. 80 162 .. 0 380.0 88.1 
2 100 83 67 .. 0 16 .. 0 1.80 162.0 380.0 88.1 

l 100 83 $7.9 15.1 1 .. 80 162 .. 0 380.0 88.1 
100 83 67 .. 9 15.1 1..80 162 .. 0 380.0 88.1 

88 1 100 83 66.8 16.2 1 .. 98 178.0 380.0 88 .. 1 
2 100 83 66.8 16.2 1.98 178 .. 0 380.0 88 .. 1 

l 100 83 67 ·5 15.5 1.98 178.0 380.0 88.0. 
100 83 67·5 15.5 1"98 J.7A.o 38o.o 88.0 

89 ·1 140 84 68.0 16.0 1 .. 80 226 .. 8 380 .. 0 88.5 
2 140 . 84 68.,0 16 .. 0 L80 226 .. 8 380.0 88.5 
3 140 84 68 0 7 15 0 3 1. 80 226 .. 8 380.0 88 .. 5 
4' 140 84 68.7 15.,3 1.80 226.8 .380.0 88.~ ., 

90 1 140 84 67.8 16.2 1.80 226.8 380.,0 88 .. 5 
2 140 ~t . 6~.8 16.2-1.80 226 .. 8 380.0 88 .. 5 
3 1'+0 6 ·7 15.3 1.80 226.8 380.0 88 .. b 

.4 140 84 68.7 15.3 1.80 226.8 380.0 88.6 

91 1 140 84 . 68.0 16 .. 0 1.80 226.8· 380.0 88.6 
2 140 84. . 68.0 16.0 1.80 226 .. 8 380.0 88.6 
3 40 84 68 .. 4 15.7 1.80 226.8 380.0 88 .. 6 
4 140 84 68.4 15.7 1.,80 226 .. 8 ).80 .. 0 88 .. 6 

.;f0lQ . .)' :;y . 071 
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Four Horizontal Cooling Tubes (Continued) 

Run No. Tube Noo w tB' tw' At' Ato~i q' .. q"' ~. 

92 1 140 ··a4 67 ·4 16.6 1.80 226o8 380~0 88.6 
·2 140 . 84 67 .. 4 16.6 1.80 226.8 380.0 88o6 

3 140 84 6$o5 15.,5 1~80 .226.8 380.0 88.6 
4 140 84 68o5 15.5 1.80 226.8 3?0.0 88o6 

. 93 1 140 84 67.4 16.6 1.80 226.8 380.0 88o6 
2 140 84 67.4 16,6 1.80 226o8 380.0 88.6 
? 140 ~t 68.5 15.5 1.80 226.8 380.0 88.6 
4 140 68 o5 15 o5 L80 226.8 380.0 88.6 

94 1 140 84 67.4 16.6 1.80 226.8 380.0 88.6 
2 140 ~t 6~ ·~ 16 .• 6 1.80 226.8 380.0 88 .. 6 

·~ 140 6 • 15.5 1.80 226.8 380.0 88.6 
4 140 84 68.5·15.5 l.o80 226.8 380.0 88.6 

95 1 165 84 69 • 3 14. 7 1. 62 240.0 380.0 88.7 
2 165 84 69.3 J.4. 7 1 .. 62 240o0 380.0 88.7 

l 165 84 70.15. 13.9 1.62 240.0 380.0 88o7 
165 84 70.15 13o9 lo62 240.0 380.0 88.7 

96 1 165 84 68.9 15.1 1.44 214.0 380.0' 88.8 . 
2 165 84 68.9 1,5.1 1.44 214.0 380.0 88.8· 
·~ 165 84 69.8 J.4.2 1.44 21.4.0 380 .. 0 88.8 

165 84 69.8 J.4.2 1.44 2J.4.0 380o0 88.8 

97 1 165 84 68.9 15.1 1o26. 187.0 380.0 88.8 
2 165 ~tt 68.9 u:1 1.26 187 .o 380.0 '88.8 

l 165 69.8 I • 2 L 26 187.0 J 80. 0 88.8 
165 84 69.8 J.4.2 1,26 187.0 380.0 88.8 

98 1 165 84. 67.6 16'84 1.62 240.0 380.0 88o 7 
2 . 165 84 67o6 16.4 1.,62 240.0 380.0 88.7 
3 165 84 68o3 15.7 1.62 240.0 380.0 88.7 
4 165 84 68 0 3 15. 7 1. 62 240.0 380.0 88.7 

99 1 165 84 . 67.6 16.4 1.62 240.0 380.0 . 88.6 
2 165 84 U·6 16.4 1.62 240 .• 0 380.0 88.6 
3 165 84 .3 15.7 1.62 240.0 380.0 88.6 
4 165 84 68 • 3 15 • 7 1 0 62 240o0 380.0 88o6 

100 1 165 ~tt 67.6 16o4 1.62. 240o0 380.0 88.5 
2 165 67o6 16.4 1o62 240.0 380.0 88.5 

' 
165 ~t 68 0 3 15 • 7 1 0 62 240.0 .380.0 88o5 
16t; 68 "3 15 • 7 L 62 240.0 380o0 88o5 ./ 
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Five Horizontal Cooling Tubes 

Tube Nc. t I tw 
I 

q' trt Run Nc. w B /1t 0 Ato-i q I I .f .. 

101 1 180 78 64.0 ~&0 1.98 320.0 535.0 87.5 e•• 
") 198 78 63.0 1 .o 1.98 340.0 535.0 87o5 '-

3 204 78 ·63.0 15.0 1.98 340.0 535.0 87.5 
I 204 78 62.0 16.0 1.98 340.0 535.0 87.5 4 
c:: 180 78 65.0 13 .o 1.98 320.0 535.0 87.5 -! 

" 

102 1 180 78 64.,~ J.4.5 lo98 340 .. 0 5J5.0 07.5 I 

2 198 78 62 0 . 15 0 2 1. 98 340.0 535.0 87.5 
3 204 78 62.8 15.2 1.98 340.0 5J5.0 87.5 
4 204 78 62.5 15.5 1.98 ~~o.o 53~ .o 87.5 .5 180 78 6 5 0 0 13 • 0 1 . 98 o .. o 53 .o 87. 

103 1 180 78 63.0 15.0 1.98 320.0 535 .o 88.7 
2 198 78 62.6 15 ·4 1. 98 34o.o 53 5. o· 83.7 
.l 204 78 62.6 15.4 1.98 340.0 53).0 88.7 

204 78 62.5 15.5 1.98 340.0 535.0 88.7 
5 180 78 64_.9 13.1 1.98 320.0 535.0 F38.7 

104 1 180 78 62.9 15.1 1.98 320.0 535.0 '89 .. 6 
2 198 78 62.5 15.5 1.98 340.0 535.0 89.6 
3 204 78 · 62.t l5o5 1.98 340.0 535.0 89.6 
I 204 78 62. u_.o 1.98 340 .. 0 535.0 89.6 4 
5 180. 78 '64 .. 0 .. o 1.:98 320.0 535-0 89.6 

105 1 180 78 62 • 7 15 0 3 1. 98 320.0 535.0 89.6 
2 198 78 62.4 15.6·1.98 340.0 535.0 -89.6 

l 204 78 62 0 4 15 • 6 1. 98 340e0 535.0 89.6. 
204 78 62.3 14.7 1.98 340.0 535.0 89.6 

h 180 78 64,0 l .o 1.98 320.0 535 .. 0 89.6 .,.1 

106 1 180 78 62.6 15.41.98 320.0 535.0 89.6 
2 198 78 62.3 15.7 1.98 340 .. 0 535.0 89.6 
3 204 78 62.3 15.7 1.98 340.0 535.0 89.6 
4 204 78 62.2. 15 .. 8 1.98 340.0 535.0 89.6 
5 180 78 63.9 14.1 1.98 320.0 535.0 89.6. 

107 1 180 78 62.6 15.4 1.98 320.0 535.0' 89.6 
2 198 78 62.3 15.7 1.98 340.0 535.0 89.6 
3 204 78 62.3 15 • 7 1. 98 340 .-0 53 50 0 89. 6 -
4 204 78 62.2. 1~.8 1.98 340 .. 0·535.0 89.6 
5 180 78 63.9 1 .1 1.98 320.0 535.0 89.6 .. 
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FivQ Horizontal Cooling Tubes (Continued) 
. 

Run No. T1Jbe No. w t I 
. B_ . _tyy_' -~t '. ~ -~to-1. q' q"··~· 

·--'- 108 1 110 80 97.0 13.0 2.3 232~0 53.5;6' 86.0 
2 110 80 cl.o 13oo 2.3 232.0 535.0 86.0 
3 115 80 6 • 5 13.5 1.8 187o0 535.0· 86.0 
~. 11t; 80 66 .. a 13 ·~ 1.8 1'8~.0 535.0 86.0 -' eo 66 0 13 0 86.0 -' 11.5 2o7 27 .o 53).0 

109 1 110 80 66.5 13.~ 2.3 232.0· 535.0 86.3 
2 110 ;~so 66.5 13 ·5 2.3 232.0 535.0 86.3 
~· 115 80 66.3 13.7 1. 8 187 0 0 53 5 • 0 86.3 

115 80 66.3 13.1 1.8 187.0 535.0 86.3 
t; 115 80 66.6 13 0 2.7 279.0 535.0 86.3 ,, 

'110 1'. 110 eo 66.3 13.7 2.3 232.0 535.0 86~3 "2 110 80 66o3 13 0 ~ 2.3 232.0 53.5o0 86.3 
3 110 80 66.2 13. 2.3 187.0 535.0 86.3 

~ 110 80 66.2 13.8 2.3 187.0 535.0 86~3 
110 80 66.5 J.,3. 5 2.7 279.0 535.0 86.3 

111 1 110 80 66.1 13.9 2.3 232.0 535.0 86.7 
2 110 80 ·66.1 13.9 2.3 232.0 535.0 86.? - 3 110 80 66.1 13.9 2.3 187.0 535·.o 86.7 
4 110 80 66.1 13.9 2.3 187.0 535.0 86.7 
5 110 80 66.3 13.7 2.7 279.0 535.0 86.7 

112 1 110 80 6,5.9 J.4.1 2.3 232.0 535.0 87.5 2 110 80 65.9 14 .. 1 2.3 232.0 535.0 87.) 
3 110 80 66.0 14.0 2.3 18~.0 535.0 87.~ 4 110 80 66.0 14o0 2 • 3 18 0 0 .53 5 • 0 8?. 
5 110 80 66.1 13.9' 2.7 187.0 535.0 87.5 

'113 1 110 80 6,5.8 14.2 2.3 232.0 535.0 87.8 
2 l10:. 80 65.8 J.4 .. 2 ·2.3 2~2.0 53.5.0 87.8 
? 110 80 65.9 J.4.1 2.3 1 7.0 535.0 87.8 
4 110 80 6,5.9 14.1 2.3 187.0 535.0 87.8 
5 110 80 66.0 14.0 2. 7 279·. 0 53 5. 0 87.8 

114 1 110 .80 6,5.8 J.4.2 2.3 232.0 535 .. 0 8?.8 
·2 110 80 6,5.8 14.2 2.3 232.0 535.0 8?.8 
. 3 110 80 65.9 J.4.1 2.3 187.0 535.0 87.8 

4 110 80 6).9 14.1 2.3 187.0 535.0 87~8 
5 110 80 6o.o 14oo 2.? 279.0 535.0 87.8 
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Five Horizontal Cooling Tubes (Continued) 

Run No. Tube No. w tB -tw At' f1to-i q• q'" - tri 

115 l_ 140 88 70.0 1$.0 2 .. 3 214.0 620 •. 0 87o9 ··- 2 140 88 70.0 , 18 oO 2.3 21.4.0 620..0 87.9 
3 140 88 69.8 18 .. 2 2 .. 3 21.4 .. 0 620 .. 0 87o9 
4 140 88 69e8- 1.8.2 2c3 214oO 620o0 87.9 
5 140 88 70 18 2.7 340o0 620.0 87.9 

116 1 135 88 70o2 l7o8 2.3 284.0 620o0 88o7 
2 135 88 70.2 1~ .. 8 2.3 284oO 620.0 88.7 
3 135 88 70.0 1 oO 2.3 284 .. 0 620.0 88o7 
4 .135 88 70.0 18.0 2.3 284.0 620.0 88o7 
5 l35 88 70 .. 1' 17.9 - 2.7 327o6 620.0 88 .. 7 

117 1 135 88 70o4 17o6 2.3 284.0 620.0 88.7 
2 135 88 70o4 17.6 2.3 284.0 620.0 88.7 

l 135 88 70.2 17.8 2.3 284.0 620.0 88.7 
135 88 70.2 17.8 2.3 284.0 620e0 88.7 

5 135 88 70.3 17.7 2.7 J.27o6 620.0 88.7 

118 1 135 88 7·0.6 17.4 2.3 284.0 .920.0 88.7 
2 135 88 70 .. 6 17.t 2.3 284.0 620.0 88.7 
3 135 88 70.4 17. 2.3 284oG 620.0 88.~ 
4 135 88 . 70.4 17.6 2.3·284.0 620.0 88 •. 
5 -135 88 . 70.5 17.5 2 0 7 'g27. $ 62 0 0 0 88.7 

119 1 135 88 71.0 17.0 2.3 284.0 620.0 88.7 
2 13.5 . 88' 71.0 17.0 2.3 _284.0 620.0 88o7. 
3 135 88 70.7' 17.3 2.3 284oO 620o0 88o7 
4 135 . 88 70.7 17.3 2.3 284.0 620 .. 0 88.7 
t:: 135 88 70.9 17o1 2.7 327,6 620.0 88.7 .,1 

120 1 135 88 71o3 16.7 2.3 284.0 620.0 88.7 
2 135 88 71.3 16.7 2.3 284 .. 0 620 .. 0 88.7 
3 135 88 71.0 17o0 2.3 284~0620.0 88.7 
4 135 S8 71 .. 0 1z.o 2.3 284.0 620 .. 0 88.7 
5 135 88 71.2 1 .8 2.7 327.6 620.0 88.7 

121 1 175 89 67o4 21.6 2.2 340.0 620.0 89.6 
2 1J5 89 67 ot 21.6 2.2 340.0 620o0 89.6 
3 1 0 89 6~ '23.4 1.9 320.0 620,0 . 89.6 .,1 • . 

4 180 89 6~.6 23.~ 1.9 320.0 620.0 89.6 
5 175 .89 6 .1 20. 2.2 340.0 620.0 89.6 
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Five 'Horizontal. 'Cooling T.ubes (Continued) 

Run No. Tube No. w . ' 
~· t-w' At' Ato-1 q' q' U. tn 

12.2 1 175 89 67.9 21.1 2.2 340.0 630.0 '89.6 
2 1~5 .89 76.9 21.1 2.2 340.0 630'~0 89.6 
3. ]. 0 89 66.1 22.9 1 .. 9 320.0 630.0 89.6 
4 180 89 66.1 -22.9 1 .. 9 320.0 630.0 89.& 
5 175 89 68.5 20.5 2.2 340.0 630.0. 89.6 . ~ .. . 

123 1 175 R9 ·68,)5 20.6 2.2 340.0 630.0 89.6 
2 1~5 89 68.t 20.6 2. 2 . 340 • 0 63 0 0 0 89.6 
3 1 0 89 66. 22.4 1.9 320.0 630.0 89.6 
4 180 89 66.6 22.4 1.9 320.0 630.0 89.6 
5 175 89 68.9 20.1 2.2 340.0 630.0 89.6 

124 1 175 89 68.4 20.6 2.2 340 .. 0 630.0 89.6 
2 1~5 89 . 68.t 20.6 2 .. 2 340.0 630.0 89.6 
3 1 0 89 66. 22 o4 1.9 320.0 630.0 89.6 
4 180 89 66.6 22.4 1.9 320.0 630.0 89.6 
5 175 89 68.9 20.1 2.2 340.0 630.0 89.6 

125. 1 175 89 68 .. 3 20.7 2.2 340 .. 0 630.0 89.6 
2 175 89 68.3 20.7 2.2 340~0 630.0 89.6 

•. 'l 180 89 66.5 22.5 1.9 320 .. 0 630~0 89.6 
180 89 . 66.~ 22.5 1.9 320.0 630.0 89.6 

5 175 89 68. 20.2 2.2 340.0 630.0 89.6 
126 1 175 89. 68.6 20.4 2.2 340.0 630.0 89.6 

? 1~5 89 68.6 20.4 2.2 340.0 630.0 89.6 .. 
l 1 0 89 66.9 22.1 1.9 320.0 630.0 89.6 

180 89 66.9 22.1 1.9 ]20.0 630.0 89.6 
.5 175 89 69.0 20.0 2.2 340.0 630..0 89.6 

127 1 175 89 68.8 20.2 2.2 340.0 630.0 89.6 
2 1~5 89 68.8 20.2 2.2 340.0 630.0 89.6 
3 1 0 89 67.2 2L8 1.9 320.0 630.0 89.6 
4 180 89 67.2 21.8 1.9 320.0 630.0 89.6 

"" 5 175 89 69.2 19.8 2.2 340.0 630.0 89.6 

128 1 120 ~§ 73.1 11,9 1~4. 156.0 580.0 89.8 
2 120 73.1 11.9 1.4 156.0 580.0 89.8 
3 l20 85 74.2 10.8 1.3 136.0 580.0 89.8 

~ 120 ~~ 74.2 10.8 1.3 1f.6.o ~8o.o 89.8 110 72.8 12.25 2.5 245.0 8o.o 89.8 

4~9 ·0.19 
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Five Horizontal Cooling Tubes ·(Continued) 

Run No. T11be No .. w tB 
0 tv/ tit o Ato-i q' q"' . tR: 

-· --. -- -·. 

129 1 120 ~§ . 72.3 12.7 1.8. 194.0 580~0 90.0 
2 120 72 .. 3 12.7 1.8 19~.0 580.0 90.0 
3 120 a~ 70.6 14.4 1.6 17 .o 580.0· 90.0 .I 

4 J.20 8t:: 70.6 14.t 1.6 175.0 580.0 90.0 ,./ 

5 110 85 72.4 12. 2.5 249.0 580.0 '90.0 

130 1 120 85 73e9 11.1 1 .. 4 156.0 580 .. 0 90.0 
2 120 85 73.9 11.1 1.4 156.0 580.0 90.0 
3 120 85 75.0 10.0 .L3 136.0 580.0 90.0 
4 120 85 75.0 10.0 1.3 136.0 580 .o 90.0 
5 -110 85 73.2 11.8 2.5 249.0 580.0 90.0 

131 1 120 . 85 74.4 10.6 1.4 156.0 580.0 90.0 
2 120 85 74.4 10.6 1.4 156.0 580.0 90.0 
3 120 85 15·5 ''.9.5 1.3 136.0 580.0 90.0 
4 120 85 75·5 9.5 1.3 136.0 580.0 90.0 
5 .1.10 85 73·5 11 .• 5 2.5 249.0 580.0 90.0 

132 1 120 85 74.9 10.1 1.4 156.0 580.0 90.0 
2 120 ~~ 7~·9 10.1 1.4 156.0 580.0 90 .• 0 
? 120 7 .o 9.0 1 .. 3 136.0 580.0 90.0 
4 120 ·as 76.0 9.0 1.3 136.0 580.0 90.0 
5 ·110 85 73.9 11.1 2.5 249.0 580.0 90.0 

133 1 ·125 85 70.4 14.6 1.8 156.0 580.0 90.0 
2 12t:; 85 70·4 14.6 1.8 156.0 580$0 . 90.0 ,., 
3 125 85 70.4 14.6 1.6 136.0 580.0 90.0 
4- 125 ~~ 70.4 14 .. 6 . 1.6 1~6.0 5$0~0 90.0 

. 5 120 70.,4 J..4.,6 2.) 249.0 580.0 90 .. 0 

134 1 125' 85 71 .. 0 .14 .. 0 1.8 202.0 580.0 90.0 
2 125 85 71.0 14.0 . l~R 202.0 580.0 90.0 
3 125 85 71.0 14.0 1.,6 182 .. 0 580.0 90.0 
' 125 85 71.0 1~.0 1.,6 182 .. 0 580.0 90.0 4 
t:: 120 85 . 71.0 J.4.0 2.5 283.0 580.,0 90e0 ,., 

135 1 125 8t:: 71 .. 4 13 .. 6 1.8 202.0 580.0 88.0 
.2 125 s5 71.4 13.6 1.8 202.0 580.0 88.0 

l 12t:: 85 71.4 13.6 '1.6 182 .. 0 580.0 88.0 ,./ 

125 85 71.4 13.6 1.6 182.0 580.0 88.0 
5 120 85 71.4 13.6 2 .. 5 283.0 580 .. 0 88.0 

499 oso 
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Five Horizontel Cooling Tub~s (Continued) 

' ' A.to-i Run No. Tube No. w tB tw tJ. t • q' q' ' ' tR 

136 1 125 85 71.9 13 .1· 1.8 202.0. 580.0 88 
2 125 8~ 71.9 13.1 1.8 202.0 580.0 88 

l 125 a"" 71.9 13 .. 1 1.6 182.0 580.0 88 
125 8~ 71.9 13.1 1.6 182.0 580.-0 88 

5 120 85 . 71.9 13 .l 2.5 283.0 580.0 88 

137 l 125 85 72.3 12 .. 7 1..8 202.0 590.0 88 
2 125 gc:: 72.3 12.7 1.8 202 •. 0 580.0 S8 
3 12~ 8:5 72.3 12 0 7 1.6 182.0 580.o· 88 

"' 

5 . 125 85 72.3 12.7 1.6 182.0 580.0 88 
120 85 . 72.3 12.7 . 2.5 283.0 580.0 88 

138 1 125 85 72.6 12 .. 4 1.8 . 202.0 580.0 88 
2 125 as 72 .. 6 12 .. 4 1.8 202.0 580.0 88 

l 125 85 72.6 12.4 1.6 182.0 580.0 88 
125 85 72o6 12 o4 1.6 182.0 580.0 88 

5 •120 85 . 72.6 12.4 2.5 28).0 580.0 88 

139 1 125 a~ 72.9 12.1 1.9 202.0. 580.0 88 
2 l2t:; s5 72.9 12.1 1.9 202.0 580.0 88 ,., 
3 125 85 72.9 12.1 1.8 182.0 580.0 88 
4 125 85 72.9 12.1 1.8 182.0 580.0· 88 
1:: 120 . 85 72.9 12.1 2 ·5 28J.O 580.0 88 .,/ 

140 1. ~> "lit5 84 66.2 1~ .8 1.9 158.0 580.0 88 
2 84 66.2 1 .8 1.9 1.58.0 .580.0 88 
~- 145 84 66.3 17.6 1.8 235.0 580.0 88 
4 145 84 66.3 17.6 1.8 235.0 580.0 88 
5 .145 84 66.5 1.7ft5 2.5 328._0 580.0 08 

l<+l 1 ,. 145 84 66.0 18.0 1~9 158.0 580.0 :87 
2 J45 84 66.0 18.0 1.,9 158.0 580.0 87 
3 145 84 67.2 "16.8 . l. 8 . 23 5 • 0 580 • d 87 
4 145 84 6z.2 16.8 . 1.8 23g.o 58o.o 87 
5 145 84 6 .2 17.8 2.5 32 .o 580.0 87 

142 1 145 84 66.6 18.J 1.9 158.0 580.0 87 
2 145 84 66 .. 6 18.3 1.9 158.0 580.0· 87 

l 145 84 66.9 17.1 1.8 235.0 580.0 87 
145 84 66.9 1J.1 1.8 23~.0 580.0 87 

&::: .145 84 66.0 1 .. o ? &::: 32 .o 580.0 87 .,1 ~·../ 

ust 
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Five Horizontal Cooling Tubes (Continued) 

Run No. Tube No. W· tB I tw I c:\t t Ato-1 q' q I t t . tn 
143 1 145 84 65.·4 .18. 6 2.6 282c0 580.0 87 

2 145 84 6) .. 4 18.6 2.6 282.0 580.0 87 

l 145 ·84 6o.2 17.8 1.9 258.0 580.0 87 
145 84 66.2 17.8 1.9 258.0 580.0 87 

5 145 84 65.7 1[~.? 2.7 351.0 580.0 87 

144 1 145 84 65.1 18.9 2.6 282,.0 58Qo0 87 
2 14~ 84 . 65.1 18.9 2.6 282.0 580.0 87 G -' 

3 145 84 65.8 1[3.2 1.9 258.0 580.0 87 
t 14~ 84 65.8 18.2 1.9 258.0 580.0 87 
..1 145 84 65.5 18 ·5 2.7 351.0 580.0 87 

.. ~ 1 i55 84 67.8 16.2 1.8 252.0 580.0 87 14_, I 

2 155 84 67.8 16.2 1.8·252.0 580.0· 87 
3 155 8' 66.5 15.5 1.4 201.0 580.0 87 
4 155 84 66o5 15.5 . 1.4 201.0 580.0 87 
5 155 84 66.o 1o.o 2.3 326.0 580 .. 0 87 

146 1 1.-~ 84 65.9 16.,1 1.8 252 .. 0 580 .. 0 87 ;;_, 
2 155 84 6).9'16.1 1.8 252.0 580.0 87 
3 155 84 6o.6 15.4 1 .. 4 201.,0 580.0 87 

I 

4 155 84 66.6 15.4 1.4 201.0 580.0 87 
5 155 84 66 .. 1 15.9 2.3 326.0 580.0 87 

147 1 155 84- 66 .. 0 16.0 1.8 252.0 580.0 87 
2 155 84 66.0 16 .. 0 1.8 25?.0 580.0 87 
3 155 84 66.7 15.3 1.4 201~"0 580.0 87 
4 155 84 66.7 15.3 . 1.4 201.0 580.0 87 
5 155 84 66.~ 1598 2.3 326.0 5f10,0 87 

148 1 155 84 66.1 15.9 1.8 252.0 580.0 87 
2 155 81' 66.1 15.9 1.8 252 .• 0 580.0 87 
3 155 aft 66.8 15.2 1.4 201.,0 580.0 87 
4 .155 84 66 .. 8 15.2 1.4 '201.0 580.0 87 
~ 155 ~ 66o3 15o 7 2.3 326oO 580..0 87 -' 

149 1. 155 84 66.2 15.8 1.8 252.0 580.0 87 
2 155 84 66.2 15.8 1.8 252.0 580 .. 0 87 
? 155 . 81+ 66 .. 9 15.1. 1.4 201.0 580.0 87 
L~ 155 84 66.9 15.1 1.4 201.0 5$0.0 87 
5 155 84 66·.9 15.1 1.4 201.0 580 .. 0 87 
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Five Horizontal Cooling Tubes (Contjnued) 

Run No. Tube· No. w tB ' tw' At• Ato~i q' q "~~ ta 
"' 

150 1 160 83.0 65.0 18.0 1.9 25~.0 580 .. 0 85 .. 2 160 83.0 65 .. 0 18 .. 0 1.9 252.0 580.0 85 

l 160 83 .o 6.5 .. 3 17.6 1$8 201.0 580.0 a~ 

160 83.0 65 .. 3 1?.6 1.8 201.0 580.0 s-f 
5 160 83.0 65.0 18.0 2.3 326.0 580.0 a5 

151 1 160 8) .. 0 64.,8 l8o2 1 .. 9 284.0 580 .. 0 85 
2 160 83 .o· 64.f? 18 .. 2 1.9 284 .. 0 580.0 85 
) 160 83.0 '65.1 17 .. 9 1.8 259.0 580.0 85 
4 160 83.0 65.1 1~.9 1 .. 8 259.0 580.0 85 
5 160 83.0 64.8 1 o2 2.3 337.0 580.0 85 

152 1 160 83.0 64 .. 6 18.4 i.9 284.0 580._0 85 
2 160 83.0 64.6 18.4 1 .. 9 284.0 580.0 ~~ l 160 83 .o 64.9 18.1 1.8_ 259.0 8_0.0 

160 83.0 64.9. 18 01 1 .. 8 259.0 580.0 85 
5 160. 83.0 64~6 18.4 2.3 337.0 580.0 85 

153 1 160 83 .o 64.7 18.3 . 1.9 284 .. 0 580.0 ~~ 2 160 83 .• 0 64., 7 18 o3 1.9 284.0 !}80.0 
? 160 83 .. 0 65.0 18.0 1.8 259 .. 0 580.0 a~ 

,/ 

4 160 83.0 6,.0 18.0 1.8 259.0 580.0 8C: 
5 160 83.0 6 ·1 18.3 2.3 337.0 580.0 85 

___ ,, 
154 1 160 83 .o 64.9 HLl 1.9 284.0 580.0 85 

2 160 83 .. 0 64.9 18 .l 1.9 294.0 580.0 85 
3 160 83 .. o 68.2 17.8 1.8 259.0 580.0 85 
4 160 83.0 6~.2 17.8 1.8 259.0 580.0 85 
5 160 83.0 6 .9 18.1 2.3 337.0 586.0 85 

155 1 160 83.0 65 .. 1 17.9 1.9 284.0 580.0 85 
2 160 83 .o 65.1 17.9 1.9 284 .. 0 580.0 8t:: 

l 160 83.0 65 .. 4- 17.6 1.8 25.9.0 580.,0 8~ 
·160 83.0 65 •. 4 17 .. 6. 1 .. 8 2)9 .. 0 580.0 85 

5 160 83.0 65 .. 1 17.9 2.3 337.0 580.0 85 

156 1 175 82.,0 64.0 18.0 1.8 284 .. 0 580.0 8') 
2 175' 82.0 64 .. 0 18.0 1 0 8 "2 84 0 0 58 0 0 0 g"' 

85 3 175 82.0 64.9 17.1 1.6 259.0 580.0 85 4 175. 82.0 64.9 17.1 1.6 259.0 580.0 8~ ~ 175 82 .o 64.7 17.3 1.9 337.0 530.0 .,; 

1~JJ · C83 
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Five Horizontal Cooling Tubes (Continued) 
·- ·-- -- ... 

·Run No .. Tube No. w ~· . tyy' At• .Ato-1 q' qq,f, :ttR .:. 
.... ---- ------- -· 

157 1 175 82.0 64.2 17 .. 8 1.8 28).0 580.0 85 
.- 2 175 82 .. 0 64 .. 2 .17.8 1.8- 283.0 580.0 85 

-~ 175 82~0 ·65.o 17.0 1 •. 6 256oO 580o0 85 
175 82 .. 0 65.0 17 .. 0 1 .. 6 256.0 580.0 85 

5 175 82.0 64.9 17 .. 1 1.9 311.0 580.0 85· 

. 158 1 175 '82.0 64.4. 17.6 1.8 283 .o 580.0 85 . 
2 175 82.0 64 .. 4 17.6 1 .. 8 283.0 580.0 85 
3 17.5 82.0 65.2 16.8 1.6 256.0 580.0 85 
~ 175 .82.o 65 .. 2 16.13 lo6 256.0 580 .. 0 .85 

175 82 .. 0 65.0 17.0 1.9 311.0 ·580o0 85 

159 1 175 82.0 64.5 17o5 1~8 283 .o·_s8o .. o 85 
2 175 82.0 64.5 17 .. 5 1.8 283.0 .580. 0 85 

l 175 82 .. 0 65.1 16.9 1 .. 6 256 .. 0- 580.0 85 . 
175 82 .. 0 65 •. 116.9 1 .. 6 2)6.0 580.0 85 

5 175 82 .o . ·65.0 17 .o 1 .. 9 311.0 580.0 85 

160· 1 . 175 82.0 64.,5 17.5 1 .. 8 283.0 580 .. 0 85 
? 175 82.0 64.11l·~ 1.8 283.0 580.0 85 ... 

~ 175 82 .. 0 65.. 1 0 1.6 256.0 580.0 85 
'175 82.0 65.116.9 1 .. 6 256.0 580.0 85 

5 175 82 .. 0 65.0 17 .. 0 1 .. 9 311.0 580 .. 0 85 
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II. TABULATED RESULTS 

Single Horizontal Cooling Tube 

Run No •. ho' Nu NGr-NPr Grnshof Log(Gr •. Pr ). Log Nu 

1 113 ·4 6.62 23,000 3380 4.361 0.821 
2 83.2 '] 8~ 58,200 9400· 4.765 0.686 ~· .I 
Q 126.4 7.38 55,000 8870 4 .. 740 0.868 __, 

4 97.2 5.c1 49,200 7800 4.692 . g:J§~ . 
~ . -z7 e4 4-)2 . 35,800 5520 4·554 . 

7..2 e:~~ 23,400 ·3440 4.Jb9 . o.g~3 
~ 76.2 "9,770 1350 4.000. 0~ 8 

. 83 .. 4 4· 7 12 ,500 1740 4·99~ b.6 8 
9 120.1 ].00 25,oOO 3770 4·40 0.844 

10 84.1 4.90 31 ,)00 4630 4.498 o.·69o 
11 74.1 4-32 26,600 3880 4·425 0.635 
12 13l.2 7. 78 20,000 2900 4.300 0.890 
13 12 .2 . 7.25 21 t c::oo 3070 tt:j~~ 0.860 
14 .110 .. 7 6.45 24,~00 3520 0.809 
1~ 107.1 6.23 2),000 3630 4.398 0.794 ,.1. 

1o· 103.5 ·6.05 26,600 3870 4·42g 0.782 
1'7 105.3 6.15 26,100 3800 4.41 0.789 _, 
18 100.8 ~·83 2Jv200 3960 4.4.34 0.766 
19 14J. ·3 . 25 1 ,700 2670 4.272 0.916 
20 130.5 7.60 32s900 4800 4·417 . 0.880 . 
21 12§.0 7.30 26,100 3800 4. 16 0.863 
22 11 .o 6.88 34,tOO 5070 4·536 0.837 

~l 114.7 6.?0 35s 00 5275 ·551 0.826 
121.5 ?.10 37,300 5570 4;572 0.8~1 . 25 118.5 6.92 38~200 5JOO 4.582 0.8 0 

2o 114.0 6.65 39,200 5 50 4. (.93 0.822 
'27 112.9 6.60 41,600 02~o t:fj~· 0 .. 8~0 
28 108.9 6.37 43»000 647o ·0.804 

·~99 085 
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Four Horizontal Cooling Tubes 

Run No. ho' · Nu NGr-NPr Grashof Log(GrcPr) · Log Nu 

29 ~0 8.40 30 ,"800 4880 Li,.488 0.924 
JO 1 :2 7-50 32.,200 . 4850 4.508 . 0.875 
31 120.1 7.00 32,000 4820 4·r 0.845 
32 167.1 9.90 30,300 t520 4· 81 0.988 
33 125.0 7 .JO 43 .~00 o9o 4. 38 0.863 
34 120.6 7.03 ~.t5. 00 7070 4.66.1 0.847. 
3.5 167.0 9. 73 42,700 6f.20 4.630 0.988 
Jb 143.0 8.33 42,300 6470 4.626 0.,920 
§~ 134.0 J-82 22,100 3250 4.344 0.894 

108.0 .30 22,500 3310 4•352 0.800 

46 123.3 7~20 23 .:too . 3400 4.3o4 0.857 
136.2 7.9J 2J,500 3460 4.371 0 .. 900 

41 137.7 8".02 23,200 3410 4-366 0,904 
{+2 137 .o 7.98 22,300 3280 4-348 0.902 
43 145.0 8.45 30,000 4480 4.·477 0.926 
44 12o.o 7·35 25,200 3790 4.401 0.864 
4~ 131.4 7.67 27,400 4120 4.438 0.884 

il-6.0 -~-93 31,000 I 630 4·~1 . 0. 900 4 ~ 

ft~ o.o .17 27,500 4100 4- 0 0.912 
150.0 . 8. 75 .. 30,500 4560 4·t 4 ·0.942 

49 138.0 8.06 42,000 g~~g 4· 2~ 0.906 
50 126.0 7·35 37Jj500 ·fr·~~ 0.866 
51 110.0 6.42 3.6 ~:200 5480 0.) 0.807 
52 141.0 8.23 35.700 5420 4·553 . 0.915 

~4 131.0 7-63 3~ QOQ 5430 tt~555 0.882 ../ &, 
121.0 ?.06 39,300 oOJO ·594 0.848 

55 128.0 ~:t~ . 38 j400 5920 4.§84 0.~73 so 113-4 38,400 h920 4c ·84 o .. 82o 
57 119.0 6.93 39,200 . b025 4.593 0.840 
58 118.0 6.88 38,500 5930 4.585 0.8,8 
59 120.6 7.02 38.700 5950 4.587 0.8 6 
bO 120.6 7.02 . 38 '700 5950 4-587 0.846 
61 147.6 8.60 19,100 2790 4.281 0.934 
62 117.0 6.83 16,700 2420 4.222 '0.835 
63 129.0 ?.52 16,000 2320 4.204 0.876 
64 129 .. 0 ?.f)2 15,600 2290 4.193 0.876 6c:;. 1.21. 5 7.09 15,600 2270 4.193 o.8zo 66 120.0 7.00 15,000 2140 4~17o 0.8 5 
67 118.5 6.9.3 12,150 1730 4.085 0.841 
68 117e5 6.86 13,6,?0 19l0 4.135 0.836 
69 116.5· 6.77 14.300 20 0 4.155 0.330 
70 127 .o ?.42 14,150 2020 4·150 0 .. 870 
7-1 125.5 7·33 12,600 1800 4.100 0.865 . 

439 Q8G 
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Four Horizontal Cooling Tubes (Continued) 

Run No. ho ' Nu NGr-NPr Gra.shof Log(Gr~Pr). Log Nu 
--~ ~ 

72 113.0 6.61 10,500. 1t80 4.022 0.820 
7) 119.5 6.9~ 11,iso 1 JO 4.06-=l 0.843 
74 '114.5 6.6. 11, 00 1650 4.06~ Oo825 
75 124eO 7.25 11, 00 1680 4.072 0.860 
76 11.0.0 6 .,.., 1.1,800 168.0 .4.072 0.807 .Lv,. 

~~ 10' ~5 6.10 11p600 1635 4.065 . o. 785 
1oB.5 6.33 10,300 1450 4.013 0.801 

79 111.0 6.t7 9,700 l3DO 3.985 0.810 
80 113 ·5. 6. 3 8,900 1235 3.949 0.822 
81 116.0 6.77 8.900 1235 3.949 0.830 
82 103 .o 6.03 8,900 1235 3.~9 0.780 
83 127.0 7.41 27,600 4-J.So 4. 1 0.8~0 
84 JJOaO 7 • .;58 29,500 4470 4.4 c 0.8 0 
8~ 123 .o 7.17 29,600 4450 4·471 0.855 
86 127.5 7 ·43 31p200 4700 .: . '·4.494 0.871 
§~ 129~5 ?.go 30~(.00 4650 4.490 0.8~5 130.0 7 0 0 3lz400 4720 4·497 0.8 1 89 121.5 7.08 25.300 3720 4.403 0.850 
90 116.0 6.77 25.500 3750 4.406 . 0.830 
91 124.0 ?.25 27,100 3990 4-433 0.860 
92 120.0 7.00 27,500 4030 t·t39 0.3~5 
93 122.0 7.10 27,500 4030 '. 39 0.8 .... 1 
94 126.0. ?.3J 27D~oo 4030 4.43~ 0.865 
95 130.0 7.58 19, 00 2890 4~29 0.880 

·96 128.0 7 ·4~ 19p800 2890 4-296 0.872 . 

§J 121.0 7 .o . . 19 ,800 2890 4.296 0.850 
~2~.~ 7·~7 28,800 4.2§0 Lt.459 o.sr§ 9Y 126 ..... 7.3t3 28,800 42 0 4·459 0.8 

100 124.0 7.25 28,800 4230 4.459. o.86o 

------- -- --
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Five Horizontal Cooling Tubes 

Run No. he' Nu NGr-NPr Grashof Log(Gr!Pr) Log Nu 

101 153.0 8.92 26,300 l980 4.420 0.950 
102 156.0 9oJ2 28v400 330 4-453 0.9bO 
103 158.0 9.23 29,700 4630 4.473 0.965 
10' J.~~-0 9.02 29,800 4660 4·471 0.9~5 
105 1 .o 8.70 30,000 4680 4-47 0.9 0 
106 1' .-, h 8o~ 30,500 4770 4.48 . 0.920 ~ ..... 
107 144.5 8. 30,500 4770 . 4.484 . 0 e 925 
108 143 .o fL36 25,300 3830 4.403 0.922 
109 1.46.0 8.52 25,700 3960 4.4J.O 0.930 
110 139.0 8.12 2o ,ooo 4000 fr·~5 0.910 
111 142.0 8.29 26,400 4070 • 1 0.918 
112 151.0 8.82 27,000 4160 4-431 0.94.5 
113 14-5.0 8.43 27,400 4220 4.438 o.92o 
114 ito.o 8.20 2~,~00 ~20 4:438 0.914 
11~ 1 ~- 0 9.66 3 • 00 320 4 .. 589 0.985 
11 15 .o 9.22 38,100 6250 4.580 0.965 
117 1.53·5 8.95 37t900 6270 . 4.579 0.952 
118 1o0.0 9.33 37,~00 6280 4·576 0.970 
119 157·5 9.17 37 p 00. 6300 4.578 0.962 
120 163 .. 0 9.t3 47,600 6270 ft:tig 0.979 
121 16a.o 9. ,6 7,500 . 7800 0.985 
122 16 .o 9 .. ~5 47,100 7720 4.672 0.980 
123. 162.0 9.~6 46,700. 7650 4.669 0.976 
124 169.5 9.-9 47,000 7830 4.672 0.995 
12.5 . 171. 0 10.00 46,900 7320 4.6z2 1.000 
120 J-,58 $0 9.22 46,_500 7880 4.6 8 . 0.965 

I~~ 16?.0 9 .l.j}4 i.j.6 ,300 7850 1..666 0.975 
J-44-. 0 8.42 20,000 2970 4e~301 0.92~ 

129 J.42.0 8.29 22 'roo 3370 4'.356 0.91 
130 14.1..0 .9.20 19'. 00 2820 4,.288 0.9M3 131 142 t:: 8.32 19,000 2770' 4-279 . 0.92 . ".I 

132 J.44.o 8e40 18,,500' 2~00 4.26~ 0.924 
133 139·5 8.13 25,000 3 20 4.40 0.910 
134 136.0 7 .95' 24,300 3630 4.385 0.900 
135 .1.42 .o 8.30 24,000 3560 4.380 0.919 
136. 145·0 8.46 . 23 '700 3(70 4.375 0.927 
13~ 149.0 8.70 23 aoo 3 ·30 4.367 0.939 
13 146.0 8.51 22,900 3370 4.360 0.930 
139 J.46.o 8 .. 50 22,500 3310 4 .. 352 0.929 
140 153-0 8.93 3~.500 5230 4.52~ 0.951 
141 156·5· 9.12 3 ,~00 . 5430 4.53 Oe900 

.142 150.0 8. 73 3 , 00 .5770 4 .. 561 0.9~ 
143 158 ... 5 9 .. 22 39,100 o21o 4·592 0 .. 9 5 
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Five Horizontal Cooling Tubes (Continued)· 

Run No. ho • . Nu NGr-NPr Gra.shof Log(Gr.Pr) Log Nu . 

144' 163.5 9·55 40,500 63·90 4-608 0.;980 
145 1.49.5 8.71 27,J+OO 4070- 4.438 0.940 
l4b 146.0 8.51 26,800 3970 4.428 0.930 
147 13§.0 ~·97 26 ,300:' 3900 4.420' 0.901 
148 13 .o .07 25,900 J840 4.4lt 0.907 
149 152.5 8.90 25,500 3780 4.40 0.950 
150 154.0 9.00 32~400 4920 4.510 0.954 
151" -142 ·5 8.32 30 0 000 4420 4·477 0.920 
152 139.5 8.12 28,000 4120 4.447 0.910 
15~ 145·0 ~.86 26,000 3800 · 4 .. 415 0.895 
15 1 1.5 .25 23,500 3410 4·371 0.,9lb 
155 137.5 8.02 20&000 2900 4.401 0.90t 
15o 135 .o . ~·87 26!000 3770 . 4- 15 0.89 
157 . J.42.5 .32 ·21,000 3000 4·322. 0.920 
1~8 141.-0 8.22 18,000 2110 4·256 0.915 ./ 

1.59 136.5 7·95 15,000 2 0 . 4.176 o. 900 . 
1oo 133 .o 7·77 15,000 2140 4.176 0.890' 

4SS C.89 
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APPENDIX C 



. I 

ESTIMATION OF ERRORS IN TUBE-WALL TEMPERATURE MEASUREMENTS 

Calculations for the average tube wall temperature and 

for the thermocouple conduction error involved in tube·wall 

- measurements·are contained.here. As~ check on the direct 

measurement, an attempt was first made .to calculate the 

ave~age tube· wall temperature using t~e followinp equations 

and data~ 

q=(twAve tCA~e) 
R 

where 

q heat·transferred thro~gh .the tube wall~ Btu/hr 

tw Ave= average tube wall temperature~ °F 

tc average coolant temperature= 63.8°F 
. Ave 

W = coolant mass flow rate = 175 1 b/hr 
. . 0 . 

Atoi~coolant temperature ·increase= 1.44 F 

Cp = Heat capacity of coolant= 1 Btu/lb x °F 

R resistance of stainless steel tube wall 

ln ~· 
R . D1. 

2lrkss L 

where 

D2 = outside tube diameter = 0.0208 ft 

D1 = inside. tube diameter= 0.0156 ft 

kss =stainless steel thermal conduct1v1 ty = 9.4 Btu/hr. x 

ft X °F 

L - length of tube 22. o" or 1 o 83 5 ft 



Solving for R, 

. ln 0.0208 . 

R = 2lTt9.:4)t~.835f'·= 0
'.
00261 

Solving, for q3 

q = W CpA t 0 i = 175 (1)(1.44.) = 252 · Btu/hr 

Applying 'correction for conduction through insulation: 

·q'=252 ~ 19= 233 Btu/hr 

Solving for tw : 
Ave 

twvAve tc Ave+ q' (R) 

· twAve= 63.8 + 233 (0.00267) 

64, .. 4°F t' :::.. vVAve 
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The tube wall temperature as read from the thermocouple 

was 64G8°F. The calculations therefore seemed to roughly 

check the thermocouple reading. 

Now·, to estimate the thermocouple conduction error 8 use 

is made of the approximate equations of Schneider (17) which 

he derived ::for 'the same situation as encountered in this 

work. He givesthe following equation as a close approximation 

for calculating thermocouple conduction errors: 

where 

1+ 2w:q::. ~ l's IC1 ( 6rs)/K0 (~ r 5 ) · 

Kl 

t 0 = temperature recorded by thermocouple 

~ = wall temperature in absence of thermocouple or 

temperature at ~n infinite distance from TC junction 

439 092 



t . 
K1 = internal conductance of thermocouple leads 

K thermal conductivity of tube wall 

"( tube wall thickness 

K1} modified Bessel f'unctions of the second kind 

Ko . 

tB temperature of bulk fluid 

rs = ·{2 ·r7" where 

~ JFff 
where 

r =TC wlre radlus .,. 

outside film coefficient (bulk-side) 

h2= inside film coefficient (coolant-side) 

8? 

t The ~nternal thermocouple conductance; K1 e for the two 

thermocouple leads in parallel can be expressed thus: 

where 

H - average unit surface conductance ·for flow over T-
ChromEd wire 

HT,= average unit surface conductance for flow over 

Alumel wire 

PT = perimeter of Chromel wire = 21rrT 

PTF . perimeter of Alu.mel wire = 2 TrrT, 

4T= cross-sectional area of Chromel wire= 1T'rT2 ' 

ATf . cross -sectional area of' Alumel wire = 1r rT, 2 

r, 0. 3. u;:; . 



Since HT = HT, , AT= ATe and PT = PT' 8 expression for 

internal thermocouple conductance reduces to: 

_____________ ..,. 

2. 

where 
.1 .1 

W - KT2 +. KT' 2 

KT= thermal conductivity of chromel wire 

~.;- thermal conductivity of Alumel wire 

Applying equation 2 into equation 1: 

1 3 

where 
1 

1r = ~·. [ Kss~" (hl + h2)/HT rT) .2 
vV . . 

. modified Bessel 
K1} . . 

functions of the 2nd kind 
Ko - . 

Schneider plots to -f versus 
tB - f . 

val-ues of~ r 6 from loO to 0.001. 

for parametric 
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Now, to calculate .the thermocouple conductio~ error, the 

unit surface conductance over each insulated lead, hT, is 

assumed to be 180 Btu/hr ft2 °F. 
The average unit surface conductance t HT i.s: 

1 
l + i 
hT j0" l 

insulation thickness = 0 .• 0147 ft 
'12 

K1 = thermal conductivity of insulation 



Ki 7 0.025 Btu/hr ft °F 

HT = .1 _ 18.3 
'1 + Oo0J.47 . 
180 '0.025(12) 

Solving for K1 t in equation 2 when: 

.!. 
W = Kri + KT, ;c. 

. . l 1. 
W = · ( 10) 2 + ( 27., 9) 2 ? 8. 44 

rT = 0 o 0025'' or 0. 000208 ft .. 
K = 10 Btu/hr ft <7 . T· .. 

KT' = ?1 · 9 Btu/hr ft °F 

t i Kl = TrW rT (2HT rT) 
1 

K~ t= 11" (8 .. 44.) (0.00020.8) r 2 

Kl t = 4.82 X 10-4 .. 

( 18.3 ) ( 0. 000.208) 12 

To calculate e. assume h1 = 100 Btu/hr ft2 °F 

h2 = 1000 Btu/hr ft2 °F 

Solving for l:: 

K::>:is= 9.J.1 'Rt.u/hr .ft ~ 

t = 0 0 0312 5 It 

'r
5
= J2 rT -. 1.414 (0.000208) = 2 .. 94 x 10-4 ft 

Value of the parameter ers is: 

€: rs= 212 (2.94 x lo-4) - 0.0623 

89 



Value of Kss Y. is: 

Kit 

4.82 .x lo-4 (12) 
51. 

Using Schneider's plot (Figure g-5, p. 178: 

when 

6 r 5 0.0623 

KssD =·51 
K1t· 

·by extrapolation, 
0.010 

or 

Since t 0 = 64.8°F .and tB - 82.7 ~, 

. f ~ t 0 - 0. 010 ( tB - f ) 

f = 64.8 ~ 0.010 (82. 7 - f )' ---------~--=-- 4 

The true wall-temperature, r , can be solved by trial 

and error. 

Assume: 

Subs ti t.uting values in equation. (4) ~ 

f.::: 64.8 ~ 0 •. 010 (82e7 - 64.7) = 64.8 - 0.18 

f = 64.62°F (close t.o assumed va~ue) 

90 

The thermocouple conduction error in this case was, 

therefore~ O.l8°F. The measured .tube-wall temperature data 

were a ppr.opria tely corrected to take into account this 

conduc.tion; errqrc. . 

. \ 
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APPENDIX D 
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I. Estimation . .Q!. Errors .. .!!l. ~.Function_ of._Several Variables 

The random error· in the value of the heat transfer 

coefftcient obtained was estimated using the following 

development: 

Q = W C p ll t 0 _ i 

where 

W = coolant ·flow .rate 

·A t 0 _i = coolant temperature increase 

6t0 v = bulk to t·ube wall temperature differential 

Cp = 1.0 Btu/lb x °F 

A0 = outside heat transfer area 
2 

0.101 ft 

Solving for h 0 - in equation 1~ 

ho. = WCp .6to-i .. == 
4o .A t.ov 

W .6 to-1 
O.l0l.At0 v 

By partial different±ationD we get 

an. 

(1) 

n h A to..:i ~ 
aw - '0.10l(At0 v:) OJ(4tov) 

or 

2 0.101 <Atov) 

.•. 

·~.~~.!·o~.i) tA~·tov) 
u ,101 (Atov)2 

where ~ h - error in the value of heat transfer coefficient 

499 



A t eztimated error in the bulk to tube-wall e ov -

.. t~mpera ture differential, °F 

6eto-i =· estirna ted error in th·e coolant temperature 
·0 

increase, F 

~ w. = e estimated error in the coolant flow rate 

From previous discussion, the estimated error in the 

93 

coolant flow rate was 2 per .cent. Using the same data as in 

sample calculations: 

tiY = 175 lb/hr 

Aew = 0.02 (175)~ ± 3.5 lb/hr 

The error in the bulk to tube-wall temperature was 

estimated to be about 0 .50°F after taking into account the 

accuracy. of the thermoc·ouples and the uncertain ties in the 

individual bulk and tube-w~ll temperatures. 

The estimated error in the coolant ·tempera~ure differ­

ential was Oo050°F after considering errors in potentiometric 

rea~ings Ann t.hP. accure.c~ of the thermocoupl~:;, • 

. The estimated errors are summarized thus: 

Aevv = + 3.5 lb/hr 

Ae t 0 v = ± 0. 50°F . 

Aeto.i= ± o.o5o°F 

To obtain the ma.ximum value of the estimated random 

error in the heat transfer coefficient, ·Ah is evaluated 

taking the signs of Aew and A e to-1 as pos 1 ti ve and the 
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sign of Aetov as_negative. 

Ah 

Solving .for. A h: 

l.:tlt(J.f) 
0.09.5318) + 175 ~0.0~0) -+ 175(1.44)(0.SO) 

0.09~3(1 ) 0.0953 (18)2 

A h = 2.94 + 5.10 + 4.07 = 12.11 

The approximate value of h is found to bel 

94 

h _ W Cp Ato-i =· 175(1)(1.44~ =, .14.7 Btu/hr x ft2 x °F · 
A ( A t 0 v) 0 o 09 53 ( 18") 

·Maximum Random Error =· ± .12 .11 x 100 = ± 8.23% 
147 -

II. Calculation. of ~ Input Through .Insulation 

The heat input through the insulated part o.f the tubes 

can be calculated using the equation: 

tsoln - ~coolant 
R1 f: R2 + 13 

Rl resistai1ce due to rubber insulation 

R1 . ln ~ 
- U2 

2·1TKR L 

R2. = . resistance due to stainless steel tube wall 

ln D2 
. R2 = D3 

2.TKss L 

R3 = resistance due to outside film coefficient 

1 

""ro .t(; 



I 

I 

I 

I 

I· ·~ 

--

Using the. following data: 

D1 - 0.625" 

D2 - 0.25" 

03 = 0.187? 

Kss= 9.4 

KR = o·.1o 

L - 0.667 ft 

tcoolant = 6b.OoF 

tso1n = 83 ~ OoF 

h
0 

=. 100 Btu/hr ft 2 0 F. ·· 

A0 = 0.109 ft2 

Solving for Aq _ · 

t. q =---............. - .............. -....:...:· (:...::.8~3.:....8 a;:... .. _-_6.:::....6;;...:_ ·...;;.·o.:....) ..... ___ """"""";" __ _ 

· ln 6:~~ 5 
· +. ln g:~~~5 · 1 

21r < o.1to.667) 21r (9 .4)( o.667) + -1o-o-co-.-1o_9_) 

A q = ~~li"*7-~~~-~~~--- .. -. ·=. 11. · o. 792 + b.OOT36 + 0.0917 -0.891 

.fl q = · 19 Btu/hr 
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The heat :input. through the insulation was~ therefore, 

19/Btu/hr, the correction applied to the measured heat rate. 
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