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- ABSTRACT

DeGuzman, Jose Pineda, M.S., Purdue University, January, 1958.
Free Convection Heat Transfer to Horizontal Cylinders from

an Ordinapy Fluid Containing a Volume _Heat Source. Major»
Professor: Alexander Sesonske

" Outside heat'transfer coefficients‘fof seVeralinofizontal
tubes cooling an ordinary fluid containing a volume heat .
source by free'convecﬁion-were obtained‘experimentally.
Water was used as the coolant and a very oilute solution of |
hydrochloric acid was the bulk fluid. . i |
The basic equipment included a Lucite test cell which

'oontained the bulk fluid, copper écfeen grids through whioh '
' an alternating current was passed to generate a volume heat
source in the bulk and several horizontal 1/4* 0.D. stainless .
vsteel tubés through which the coolant was. pumped. . Expériments
were conducted using'a single-tube, four-tube and five-tube |
geometry. The heat transfer coefficients obtoined were
considered accurate wiﬁhin 8 per cent.

With single-tube oooling, tne heat»transféf'coefficients
were nornelaoed by i,

Nu = 0.49 (Gr Pr)
which compares with |
Nu= 0. 5a (Gr Pr)l[h
'recommended by McAdams (12).
With four cooling tubes. the data were correlated by

"Nu= 0. 59 (Gr Pr)l/u

A o nn
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while with five copling'tubes, the value of the coefficients

in the correlation equation was

Nu = 0.64 (Gr Pr)l/u




INTRODUCTION

AECU -3579

The homogeneous type of nuclear power reactor where tﬁe
fuel is dissolved in the moderator has attractive features,
namely, continuous fuel feprocessing and the avoidance of
heat.transfef complications inherent in solid fuel elements.
The fuel sclution in such a reactor would 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 ét a power of the ordef of megawatts, the activity of'~ 
fuel solution after éhutdoﬁn will continue tb generate many
"kilowatts from the fission products which continue to decay.
Unless this heét isjrémbved, temperatures will inérease with
possible resulting damage to the reactor. Shculd & shutdown
result in fuel circulating pump failure, a free convection
regime,wou;d be éet up since, the heat geherating fuel solution
would be in ccntact with cold coolant surfaces.

I1r steady state'heat‘removal could be accomplished
without the complicétions of a circulat;ng pump.in &
corrosive system, the homogeneous reactor concept would be .
more attractive, |

In both applications, horizontal tubes haQe'practical
‘design advantages over othgr geometries., The‘méasurement of
heat transfer rates to hdrizontal coolihg tubes from a

volume-heated fluid under conditions of free convection was,




”therefore; considered‘important.

'To date, very limited experimental and theoretical
investigationé<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
'cooling tubes from an ordinary fluid containing a volume
'heat source. In this particular work, outside film coeffic1ents
were obtained using a single- -tube, a four tube, and a ‘five-
v_tube geometry. These values were compared'withvthe verious
emplrical and theoretical equations in the literature apply-

ing to both volumetric and nonavolumetric heat sources.:
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PREVIOUS INVESTIGATIONS

‘Non-Volumetric Heat Source

In 1937, SQuire.(B) used the bcundary layer equations
for momentum and heaf"flow tb calculate the heat transfer in
free cgnvection for a vertical plate. He assuﬁed ideal
Velocity and témperature profiles for a laminar boundary

layer which were substitutéd into the integrated equations

'with the result:

[0

. X . . 1.
Nu= 0.508 Prz (0.952 + Pr) (Cr)*

- where

= point héat transfer coefficient
= ' coefficient of volumetric expansion
= temperature differential, ambient fluid to wall

= characteristic length (or diameter)

h
/f
b ¢
/U = viscosity of ambient fluid
//9 densi ty of ambient fluid
g = acceleration due to gravity
k = thermal conductivity of ambient fluid
C heat capacity of ambient flﬁid -

Squire's equation was in good agreement with the results of
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Séhmidt and Beckmann (3) wﬁo carried out experiments on free
convection heat transfer from §értical plates. |

- It is ihteresting to note that possibly the first analy-

tical solution of convective héat"transfer from a hot vertical

plate to still air was given by Lorenz (11) in 1881 with his

equation:

‘ | - Co e 1’ plac]d
, h= 0.548
: /‘LT[ __

- Nusselt (13) in 1915 applied dimensional analysis, which
he called "consideration of similarity™, to the fundamental
differential.equations of fluid flow and heat conduction,
and derived for the case.qf natural convection the formulai

el [

Subsequent efforts have imprcved Lorenz's work, the

most extersive of which ﬁere carried out by Schmidt and
Beckmann (16) witxlmathematical.assistance from Pohlhausen (9).
Eckert (2) mentions the classical experiments of Schmidt
where_the boundary layer énd tﬁe temperature field around a
Aﬁorizontal tube 'and a vertical plate in free convection were
shown in schlieren and interference photographs. |
Hermann (7), in 1936, sclved the boundéry layer equations
for'free.convectiOn heat transfer frem a horizontal cylinder

to air. He obtai ned the following relationship

[NUD]avg: 0.40 (Gr pr)¥

@

4 -."_'1»;.§3§ {}#‘? @2
"-;\-:7( 4 Lr B Y




.

-,

where
NUD - 22
Tk
Gr = e gﬂa'){B
me '
D = out§ide diameter of the cylinder

McAdams (12) mentions a similar form of the above
equation, dl“fer¢ng only 1n the value of the constant
‘Nu = 0.53 (Cr pr)y3
This equation describes a good deal of experimental data;
The nuclear energy program has encouraged reseafch on
free.convectiog systems. Hyman énd Bonilla (8) have studied

natural convection processes in mercury and lead-bismuth

~eutectic systems &5 well as several crdinary fluids. They

found that for streamline flow, the data for liquid metals

for all cylinders larger than wire, can be represented by:

Nu = 0.53 (6r pré)i

or
c2274
h = 0.53 [pz %tgAt Pk :]e‘
V)

They also 1nvestiga*ed the transiticn from laminar flow at
low heat transfer rates, to turbuWent flow at the top of the
cylinder at high rates for the case of heating non- liquid
metals,

Bonilla and Collins (1) have studied rnatural convection

heating and cocling by horizontal cylinders with crdinary

fluids. Thelr results indicated that the usual correlation
' ;‘;" . : .
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for heat transfer by natural convection,

Nu= 0.5 (Gr Pr)¥
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 fluid.

" In 1955, Levy (10) presented an evaluation of the range
of application, accuracy and usefulness of integral,methods
ih natural convection flow. DBy using integral methods; he‘
obtained appréxim&te scluticns to free-convection problems
for podies of arbitrary geometries. For a horizontal

cylinder, the solution was:

[' D svg O.ub.(Gr Pr)

Levy's results are 10 per cent greater than Hermenn's and

3

about 1% per cent below the accepted experimentsl correlation
for horizontal cylinders given by lLicAdams,

Nu= 0.53 (Gr Pr)%

Voiumetric_Heat Source

Ostrach'(lA), in 1952, analyéed the laminar natural con-
vection flow and heat transfer of fluids with heat sources
between two long parallel plane surfaces'witﬁ constant wall
temperatures. He found that frictional heating and heat -
scurces increase the velocitigs and temperatures in the
channel. | . |

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

analysis of free convection for pipe and parallel plate




"systems having a large rztioc of length to diameter and
oriented with the long axis verticél. They developed
solutions'for the Navier-Stokes equations and the heat
conduction equation for a moving system.

Hamiltor. and Lynch (6), in 1955, investigated a free con-
vection system consisting of two chapnels fofmed by tﬁree
parallel and equally speced vertical plates. They found that
the free convection circuit in $uch‘systems exists as one
long cell equal tc the height of the system. 1In the upper/‘
end region, the veldéity structure ﬁad the appearance of the
free  convection boundary layer neér the top of a cooled
vertical plate immersed in a flﬁid. - The velocity'profile in
the middle region appeared fully established and was similar‘
to that given by the laminar theory (5). The transition
from. laminar to turbulent boundary layer occurred at a
Grashof modulus of about § x 109.

In 1955, Hallman (L), determined the effect of a volume
heat source in a vertical tube geometry. His wofk appeared
similar to Hamilton's analysis of the vértical channel. .

Recently, Randall (15) analytically studied the effect )
on the heet transfer coefficient of a volume heat source
within an ordinary fluid being cooled in free convgction by
é 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 cylinder

assuming the heat source existed only in the boundary layer

433 013




around the cylinder. His calculations indicated the heat
transfer coefficient with a Qolume heat sdurce to be.slightf
ly higher than its value without a heat source. His results
revealed an increase in the ratio of heat transfer coefficients
with ihcreasijg value of the volume heat source for & given
cyiinder diameter. He also foﬁnd this ratio decreased with
incfeasing temperature difference across the boundary layer,
whilé the incidence of turbulence occurred at smaller values
of this temperature difference as the cylinder diameter

increased.
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EXPERIMENTAL

The purpose of the experimental part of the investigation
was to obtain outside heat transfer coefficients for several

horizontal tubes cooling an prdinary'fluid éontaining a

. volume heat source by free convection. -Water was used as

the coolant and a very dilute solution of hydrochléric acid

. was the bulk fluid.

. Experiments were first ccnductéd using a single»tube-
geometry to study the different opérating variables involved

in the measurement offoutsiqeVfilm'coefficients.“Then,,'

‘experiments were carried out using four horizontal tubes and

Alater five cooling tubes to determine the relative impdrtance

of ‘a new variable, tube number and arréngement, which may be-
useful fer industrial applications.
The basic equipment used included a Lucite tank which

ccntained the bulk liquid, copper screen grids through which

an élternating current was ﬁassed to generate héét_ih the

bulk fluid, and several horizontal stainiess steel tubes
throﬁgh which the coolant passéd.- A coolant pump, rotameter;':,'

piping, instrumentation, and some accessory equipment comple-

- ted the installation.

The heat transferred through the tube Wall was determined =

from the coolant mass - flow rate and .the ccolant temperature

‘increase. The outside film coefficients 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. 4
A brief description of the equipment. discussion on

temperature measurement, and experimental procedﬁres follow:

Eguigment

!

A Plexiglass-walled tank, 24" by 12" and 16" high
served as the test cell. Lucite tube racks, 2&" x 3" and
1/2" thick held the 1/4" 0.D. éO gage stainless steel (304) ‘
tubes horizontelly 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 eoﬁrce.was
produced by passing an alternating current of about 3. 5
amperes at 80 volts between 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 ccntrolling the volt-

‘age. Heat removal was aecomplished by pumping.coolingjweter
through the horizontal tubes. A 1/l HP centrifugal pump
drew its supply.of cooling water from a BO-gallon constant—
head tank. The coolant flqw_rate was roqghly determlned
with a Brooks Full-View rotémeter (cép: OQS GPM) and
eccurately measured duriﬁg eaeh'run.USiné a stop wateh.and a

'weighing_scale.

Temperature Measurement = ' ' ' -

Chromel-Alumel thermeCOuple wire, 36 gage, with Teflon<
Fiberglass insulation,'Thermoelectric Co.'type'TG-Bé-CT, was

o458 puv
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used in all %hermocouple instaliations.,

The ccolant inlet and outlet temperatures were measured

by 2 theruwmocouple immersed in avmeréury-filled glass capiliéry“

which was sdspended in a 60 cc. bottle as shown in Figure 3.
The insulated bottle sefvéd as q.mixingAchambér so that the
céoiant mixed'mean}températﬁré'was ectually measufed.

The outside tube Wall temperature was méasured by a
thermocouple whose‘jUncfion was sil&er soldered to the tube
well with a cerefully controlled non-oxidizing flame. A
. smooth soldered joint wa$ pfoduced as shown in Filgure 3.30
that‘the pattern of convection cﬁrrents in the vicinity of
the installation was not dis’turbed° | o

A series of suspended thermocouples'éere used to measure
the bulk fluid témperatures at different known bositiOns in
‘the cell as shown in Figure 11.

The readings of the different thermocouples were taken
with a Rubicon Co. Type B High Precision Potentiométer,
Seriél.No. 90&9&.‘ Two selector‘swiﬁches in a Juncﬁion box_
provided a systemafic metﬁod of reading the véfious temper-
atures. |

A1l origihél température de;a wére taken in millivolts.
' The coolant temperature differential was\obtéinéd between
the individual readings for codlant inlet and outlet temper-
atures. In the second, a‘direct potential.difference read-
ing was obteined between the twoAthermocouples with nc céld

Junction used. The seCth method was considered mere ?eliable

P
i}
2
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although results obtained by the two methods for.a single.

measurement checked within one per cent.

Procedure

To - start each run, the coolant pump and the Variac were‘
switched on und the desired coolant flow rate was set with
control valves.w The system was then allowed to adjust itself
for a period of about two hours. Readings'were then'taken of

the coolant inlet and outlet temperatures, tube-wall temper-

‘ature, bulk temperature and room temperature. Voltage across

the grids was adjusted until the tank temperature remained .
close to room temperature. The heat transfer system was then
allowed to come to steady state which usuallj required a
period of about three hours or more. During this time, read~
ings were taken every hour. Readings were again recorded et
one hour intervals after steady state uas reached.

' Although a rotameter was used,uthe coolant flow rate
through the cooling tubes were actually measured individually.
The rate of -flow through each tube was determined by weigh-

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

run made. -

o
e
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RESULTS

Presentation of Resﬁlts

Single Horizontal Cooling Tube

A series of 28 runs were made to obtain data under
different heat rates ranéing,from 60 to 249 Bfu/hr and bulk
to tube wall temperéture differential ranging from 9.9 to
22,7°F. From these data, the heat transfer coefficients
were calculated. |

When the logarithm .of the fesultant Nusselt number was
‘plotfed against the logarithm of the product of the Grashof
and Prandlt moduli, reasonable agreement was obtained with
predicted values for non-voluhetric heat sources. The
average of the heat transfer coefficlents with a volume heat
source appeared only approximately 10% lower than those

without a heat source as shown in Figure 4.

Four Horizcntal Cooling Tubes

A total of 72 runs were made with four horizontal
‘cooling tubes. uhder%,different heat rateé ranging from 89
“to 352 Bfu/hr and bulk to tube wall lewperature differential
ranging from 7.2 to 21.6°F.A'From these data, the outside |

heat transfer éoefficients. the resultant Nusself numter,

the Grashof modulus and the Prandlt number were calculated.
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When the logarithm of the Nusselt number was plotted
against the logarithm of the product of the Grashof end
Prandlt moduli for the total number of runs, the volume heat
source results were approximately IO% highep than that
predicted by McAdam's (12) correlation for a nohnvolumetric

heat source as shown in Figure 5.

Five Horizontal Cooling Tubes

iA total of 60 runs were made with five horizontal cool-
ing tubes. These were also made under dlfferent heat rates
%@' ~ ranging from 136 to BAO Btu/hr and bulk to tube wall temper-
| ature differential ranging from 9 to 22.9 F. From these
e data, the outside heat transfer coefficients, the resultant
) Nﬁsselt'number; the Grashof moaulus and the Prandlt number
- were agaln calculated.

When the logarithm of the Nusselt number was plotted
against the logarithm of the product of the Grashof and
Prandit4 moduli for all of the fune. the results were 10
be: cenl higher tnan-the-results for the‘four-tube geometry.
The heat transfer coefflcients for each of the five horizontal
cooling tubes with a volumetric heat source appeared to be
approximately 20 per cent higher than that predicted by
McAdams' (12) correlation for a non-volumetric heat source

as chown in Figure 6.

Correlsticn for & Volume Heat Source

. A correlation for free convectioniheat transfer with a

volume heat source has been given by Dr. E. M. Sparrow (18)

453 0
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who suggested a plot of'the Nusselt number versus

gt 1 for constant Prandlt number and tube dismeter
At Gri
where,
qQ''*'= volume heat source, Eﬁu&——-jg
' ' hr x ft 6
At = bulk to tube wall temperature differential, F

Gr = Grashof modulus

With single-tube cooling, when the results were plotted
using the suggested correlation, a straight-line relationship
was.ob;ained qs shown cn Figure 7. However, when the results
with four cooling tubes were also plotted, thére was some
scattefing of the data although a straight line relationship

was also obtained as seen in Figure 8.

Deseription of Flow Patterns

A study of the nature of the fiow arouhd the cooling
tubes was necessary to confirm the assumption of laminar
flow expéctedvin the Grashof Number range studied and to
determine the location of the "wake" from the tube.

Visual observationé of the ccnvecfion_flow patterné were
..made with the aid of minute red droplets of Meriam Unity
Instrument 0il dispersed in the bulk fluid by a hypodermic
syringe. '

The,pattern.of'convection_currents.for a.single'tube,
four-tube and five-tube geometry are.shown graphically on
Figure 9, 10 and 11. The dotted arrows indicate the path

of the oil drOplets which seemed to quite accurately indicate

409 2%
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the nature.of the flow patterns around the cooling tubes.
‘In all cases, boundary -layer behavior was noted.
After long-time obcervations of the flow patterns, it
was found that the~oil droplets in the vicinity of the

- wake dropped straight dowﬂ ffom the tube for a distance of
about.three inches. Then the oil droplets would branch off
to either side and start to rise. ‘It appeared that the same
liquid stayed in the cufrent wiﬁh-the rest of the bulk fluid
remaining etagnant; 'No attempt was made to measufe accurate-
ly the velocity of the convection currents. It was observed,
however, that it took the oil droplets approximately 3C to 40
seconds to travel the path indicated on Figuree "9, 10 and
11 dﬁring a typical experimental run. The speed of the
currents increased with an increase in the valﬁe of the
volume-heet sourcelsince in order to maintain steady state,
the bulk to tube well temperature differehtial would have to
increase. As & result of thie inecrease, there was a ccn;
éequent increase in the density driving force fer convective
tlow. Increasing the coolant flow rate also increased the

- _veloeity of the cohvection currents for the same reason

since the average wall temperature tended to decrease.

Evaluatioh of Errors

Before reaching conclusions on the effect of a volume
heat. source using the results obtaihed, 1t:wes necessary to

evaluate all sources of error. -The data were corrected for
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thefmél conductioh effects.which could be easily éalcﬁlated.‘
Other.erroré were examined and their effect on the heat
" transfer coefficient calculated. These included changes in
bulk properties”with temperaturé, errors in.the measurgment
of the coolgnt temperature, ccolant flow rate, errors due to

inaccuracies of thermocouples and heat conduction errors.

Changes in Bulk Properties with Temperature

In thevcalculations, broperties of the solution were
assumed independent with temperature. This was, in fact,
not the case. Changes in:both.electrical and physical
properties of the electrolyte are discussed in the following

paragraphs.

A. Electrical Properties
The 0.001 N HCL in distilled water solution used as the

"electrolyte was aésumed to have the physical properties of
water. At atmospheric pressure, all the physical properties
of water except the viscosity and expansion coefficient do
not change greatly with temperature variationé.

~ The electrical properties of this electrolyte were
measured by Hamilton and Lynch (5). Their plot of the
variatién of the resistivity of the electrolyte with temper-
ature is reproduced on Figure 12 and was used to analyze the
effect of this Qariation on the uniformity of the volume heét

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‘
respect ive resistivity‘of the'electrélyte in eéch layers. So,
for a uniform volume heat source to exist in the bulk fluid,
the electriéal resistivity.of'both layers must be the same,
i.e., the electrolyte resispivity must bé independent of
témperature°

.Wiﬁh sinéle-tube coéling, the temperature profiie as
shown in Figure 13, indicated the bulk temperature varied
from 81°F at the lower léyerlto 85.8°F at the upper layer.
From Figure 12, the corresponding variation in the electro-
lyte resistivity was from 37,800 ohm-cm at the'bo£tom layer to
36,600 ohm-cm at the tép layef. It was, theréfore, evident
that the electrolyte resistivity was teﬁperature sensitive and~
that the volume heat source was not uniform; Due to the
higher value of the elecﬁrolyte resistivity in the lower
colder layer} less heat is being genefated in this layef as
compared with that in the upper, warmer layer. As time
elapses; thé 10werbliyer becomes colder end the upper layer
beéomes warmer, due to the decreasing variation of the electro-
‘1yte‘résistivity with‘increaéing temperature or vice versa.
‘Consequently, density stratification developed‘in the bulk
liguid with ﬁou-unifcrmitylin the volume heat source,

Withvfour cooling tubes; the temperatu;e profile
indicated the bulk temperature varied from 84.2°F at the
bottom to B86°F at the top with a height of the bulk liquid
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of 1 inches. The corresponding variation in the electrolyte
resistivity was from 36,870 ohm-cm at the bottom layer ﬁo
- 36,560 ohm-cm at the top layer. This showed only a slight
| variatibn in the electrolyte resistivity as compared with
that of the single-tube case with the volume heat source
quite uniform. .

With five cooling tuhes, the temperature profile
indicated thé bulk temperature varied from 78°F at the
bottom to 79.5°F at the top with a height of the bulk liquid
of‘l5 inches. The corresponding vafiation in the electrolyte
resistivity wés from 38,450 ohm-cm at the bottom layer to
38,150 -at the top layer. This also indicated a slight
variation in the electrolyte resistivity with thé volume

. heat source in the bulk fluid again quite uniform.

B. Other Bulk Properties

Thé usual practice'in free convectién,experiments is
to evaluate the propérties used in correlation equations at
the "film® temperéture. The validity of this method for
-7 volume heét source cases has nét been explored but was used
for.wént cf a bettér technique.‘ Therefore, the error involved
by using the "film" témperature could not be determined.
“ Among the difterent physical properties of the electrolyte,
- the coefficient of volumetric expansionyt?, 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 avout cne per cent.

]
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Conduction Errors

Tube Wall Températufe_Measurements

Possible heat conduction along the thermccouple lead

wires_dué to the temperature difference between the bulk

liquid and the tube wall would introcduce an error in the

tube-wall temperature measurements. This error may be

negligible for small temperature differentials but may

beccme significant as the temperature differentials increase.

This error was partly minimized in the thqrmocouple_inStallat-

ions made by wrapping part of the

as shown in Figure 3.

lead wires around the tube

For high temperaturé differentials, however, caléulations

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

tube wall temperature.

To estimate the therﬁccouple
made of the approximate equations
derived for phe same situation as
(Réfer to Appendix C). A typiéal

error in this particular case was

conduction error, use was
of Schneider Ci?) which he
encountered in this work.
thermocouple conduction

calculated to be .0.18°F.

Since this represented a calculable conduction effect, the

measured temperatures were appropriately corrected.

One check dn this calculation was to obtain the'average

tube wall temperature from the measured mixed mean inlet and

outlet coolant temperathres and calculate the témperature




3L.
" change across the tube wall, It should be noted that the
wall temperature aétually measdred 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
boundafy layer from the top of the tube, it was belleved

that phe'tube temperatﬁre would nct be uniform. Since the
actual thermocouple measurement was found to be within O°AO°F
of the‘calcﬁlated averége‘tube wall temperature, this was felt
* to provide at leasp "an order of_magnitude" indication of the
temperature variation around the periphery of the tube. This
was equivalent to & heat transfer coefficient variation of

around 4%.

Coolant Temperature lMeasurements

In the measurement of the coolant temperature differ-
ential, the~discrepancy‘between the differential obtained
by individuai'read;ngs of the‘cooiant iniet and outlet
temberatqres and that bbféined by a direct difference reading
by balancing the twb thérmocouples against each other without
‘using a cold junction was less than one'per cent; Ihe former
'reédihgs were found tovbé higher than the latter readings by
less than one per'cent; The latter readings were concidered
ﬁo be more reliable aﬁd were uscd as data. |

Since the coolant temperature diffeféntial that was being
measured was small, small errors involved in these measure-

ments would still affect 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
‘_df the thefmocouples themselves, The pqtentiometer was
‘readéble to 0.001 mv or,0.0A39F while the‘coolant temperature
differentials ranged from 0.90°F to 1.8°F.

AccurgczHgnghermdcougles

The 36 gage Chromel-Alumel thermocouple wire used in all
température measuréments-was calibrated ﬁsing'an ice.bath and
a éonstant béiling apparatus. Within the range c¢f temper-

- atures ﬁéed in the experiments, the resultant calibration
curve was found to beAwithin less than one per cent of the
Leeds and Northrup Co. Standard 31031 Conversion Tables for
Chromel-Alumel thermocouple at & reference junction of 0%.
The L and N calibration curve was originally used to convert
mi1livolt readings to degrees Fahrehhéit. o

The acéuracy of the thermocouble readiﬁgs wefe further
checked Qben the coolant temperature increase was obtained
by'twamethods; The individual readings of the coolant
outlet énd inlet thermocouples gave a difference which was
W1thin'less'than.one per cent of the direét difference read-
ing obtained by balancihg the two thermccuples against each
other without.using a ccld junction. This indicated that
' the transientchanges in the individual inlet and outlet
thermoccuple measurements as well as cold junction errorswere

negligible.
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Experiments wefe also conducted to determine the effect
“of a paseiné alternating cujrent on the readings of a
-fsuspended thermocouple in the bulk liquid. ,Aithough the
findings of the experiments indicated the effect to be gquite
negligible, it was felt that there was actually some effect |
on the readings of the bulk thermocouple. If such an effect
existed, ﬁhe eurrent would set up &an e.m.f. along the sus-
?pehded thermocouplee which would tend'to give higher bulk
temperature readings.  These higher readings fesult in a
lower value of the heat transfer coefficients due to an
) increase in the bulk to tube wall.tempereture,differential.
The temperatﬁre'data were appropriately corrected for this

error.

'Meagurement,gg‘Coolant‘Flothate

‘'The flow rate through the coolihg tubes were actually
measured individually for each run made. A stop watch.was
used to time the coolant flew and a Toledo weighing scale
was used to me&éure_the ﬁeight ef,the coclaﬁt; The accuracy
of the two eeperate measurements was such that theierror
involved was considered to be about two pef cent. Since the
flow rate was'dipectly proportional:to the heat transfer

coefficient, this introduced an error of aboﬁt two per cent

in the heat transfer coefficient.
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Heat Conduction Through Insulation

Heat ccnducted into ﬁhe'two vertical ends of the tubes '
due to aoor insulation'Would increase the coolant temper-
'ature differentialpland hence, the vaiue of the heat transfer
coefficient. Soft 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 éent of the total heat flux
was due to the heat conducted tnrough tha'inaulation°

This effect.wasisiénificant SO the'data were appropriateiy

corrected.
‘Maximum Random Errors

On the basis of the different estimated random errors
involved in the heat transfer meesurements, the maximum .
value of the random errors was calculdted using -Sherwood
and Reed's method for estimation of errors in a function of
several variables as shown in Appendix D.

The calculatious revealed that the experimental hest
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‘palculating the standard deviations of the results
453 043
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of the different runs. For the single tube case, the standard
.deviation was 7.5 while those for the four-tube and five- |

R tube geometries were .6 and 3.3, respectively.
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DISCUSSION OF RESULTS
Single Horizontal Cooling Tube

With s~ix;‘gle"etube coo'ling. the heat vtransfer coefficients
with a volume heat source were slightly lower than those
without & heat source. For the same case, Randall'(lé)'
predicted film coefficicnts with a volume leal source to be
slightly higher than those without a heat source. Randall
explained that the inclusion of the heapksource raises the
temperature'of the fluid at every point in the boundary
layer resulting in a higher temperature profile across this
layer. This higher temperature profile resultéd‘in a smaller
value of the boundary leyer thickness, d, compared with 3,
.wiﬁhout a2 heat source. In other words, 86>-S . Now since

2K

) ho' — | 8 —- 801
hnv - 2K 5
| o -3,
then, ho >.1
Bpv
where f ' - :
'ho = heat transfer coefficient with a volume heat source

hnv:: heatztransfer coefficient without a heat source

For a 1/4" C.D. herizontal cylinder with a bulk to tube

wall temperature differential of.20°F and a volume heat

Btu 3
sec X ftj

’

source of 60 - » Randall found by graphical integration

P
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that'

[!&__} = 1.022
hpv ave '

whereas experimental results gave

[h_o J = 0.90
- hpv , :

avg

Since temperature across the thermal bdundary layer
varied from & minimum st the tube wall to the bulk temper-
ature at the outer thickness,glectrolyte resistivity véried
and less heat was generated at the colder region'fhan.at the
warmer region; As a result, theré will exis£.a gradient in
the volume heé; source across the boundary layer. But

' Randall'é (12) analysis which assumed a uniform heat source
across the boundary layer,p:edicted that the pfesence of this
‘heat source would give slightly higher'film coefficients :
than those without a heat'sourcénv For a non-uniform heat
source iﬁ‘the bOUQdéry.layer, therefore, ﬁeép transfer
coefficients wculd be predicted which Were.lower than for’
ﬁhe seme value with uniform heat source but higher than for
no heat source. | |

Bonilla and Collins (1) in fhéir experiments with a
single horizontal tube without a volﬁme_heat source'encount-
ered the problem of density stratification in Ehe bulk
liquid which gdve them lower heat transfer coefficients than

éxpected.
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Although the best line through the data fell below
UYchdam's correlation, scatter was such that no significant

_deviétion'from the correlation is.sapparent.

. Four Horizontal Cooling Tubes

With four.cooling tubes, thé heat transfer coefficients
with a volume heat source were slightly highler than those
"~ with no heat scurce present. This would be in agreement.
with Randéll's analysis as mentioned for the single tube
case. |

Since the effect of the boundéry layer temperature
gradient wbuld_still apply in thi$ case, and other conditions
were presumably the same;reasons fbr the increase on the
value of the heat transfer coefficients are nct clearly .
apparent, .

For the fouf cooling tubes, hcwever, the heat transfer
ccefficients were not the same for each tube.  Ihe ccefficients
veried from five to fifteen per cent of each other. This
ihdicated Chat'tbereyﬁas some effect due to the gecmetry of
the tube arrangement on thé heat transfer cdefficient. The
'vériation may héve been'due to ﬁhe setting up of sma@l
currents in the bullk fluid as discussed in the following

section.

Five Horizontal Cooling Tubes

The heat transfer coefficients for each of the‘five

horizonthl cooling tubes with a volume heat source appeared

£39
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'té be somewhét highef than the usual correlation.

The differences in reéults tetween the single tuye and
theAmultiple tube cases could perhaps be explained by the
settihg up of small currents in the .bulk fluid in the lafter
cases. Although long-time visual ohservations made in the
mdltiple tube. case did not revéal.any small currents being

set up in the bulk, it is‘possible<that these did exist but

were not noticeable. It is also likely that these would be -

different for each geometry.
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CONCLUSIONS

single-tube cooling, the heat transfer coefficients

a volume heat socurce were correlated by

Nu = 0.49 (Gr.Pr)%

four cooling tubes, the heat transfer coefficients

correlated by
o . N
Nu= 0.59 (Gr Pr)*

five cooling tubes, the heat transfer coefficients

correlated by

Nu= 0.64 (Gr Pr)% |
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RECOMMENDATIONS -

1. Single Horizontal TubeA'

It may be noﬁed from Figure L that the experimental .
data is quite scattered. This is attributed to the fact
that stéady state Was not reached in some of the runs
eveh after a long.time hgs elapsed.
| ‘ It‘appears that the installatioﬁ of a thermostatic-
ally-controlled closed cooling loop would help the:

_ system reagh steady étateisooner."This would ensure a 
more constant bulk to wall temperature differentisl.
Aiso9 if the coolant could be refrigerétedi larger
temperature differentials:could be attained without
increasing the tank temperature above room temperature.

As discﬁssed under "Changes in Bulk Properties with
Temperature," tﬁeré existe@ a non-uniform<§olume heat
source with single-tube cooling due to density stratin
ficatipn in the bulk fluid. This siﬁuation could Ee

| remed{gd by providing a compensating heat source, around-

o the lower, colder region of the buik fluid.
‘It was noted by‘Bonilla and Collins (1), however,
_ that the location of this compensating heat source, when
it was ccncéntrated, had cconsiderable effect on the |
mea sured coefficientp.for a non-volumétric heat a:urée.'

During a cooling run in which Bunsen burners were used,
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a 4,07 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
'lignt of this result, the burners were replaced with
hot plates‘which pfovided-the requisite heat at low
fluxes over a much wider area. | |

The problem could possibly be bo1ved by positioning

the heating grids such that they are inclined as a "V,
Ih.this position, more heat would be generated at the
lower, colder layer due to lower resistance of tha bulk
ip.this ieyer as eompared witn‘the upper layer. This
effect, then, would tend to neutralize the density
stratification in -the buik. A somewhat more complicated
electrode arrangement whereby the applied voltage could

be 1ncreased in the cooler regions might also be success«

ful.

Multiple Tube System

It was mentioned that the setfing up of small curfents
iﬁ'thelbulk‘for the multiple tube case could perhaps explain
the higﬁer coefficiente'obtained in this case. No definite
conclusions were reached,bhowever, since these currents were.
hot noticeable in fhe observations made° It is, therefore,
recommended that further work should include development of
better visualization techniques tovdeiermine whether such

small currents existed in the bulk.
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It was also noted that there were scme variation in ‘the -
.heat transfer coefficients for each tube with position‘in
- "~ the electrolyte. These results indicated thét-the.geometry
~ ~of tube arrangement in a multiple tube case has some effect
on the heat transfer coefficient. Since only one geometry
was studiéd for each of the foubstuﬁe and five-tube arrange-
ments, it is recommended that fhis variable be 1nvesfigated.
Pertinent to this study, the effect of the "wake" in multiple

tube systems should also be investigated. .
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- NOUENCLATURE

A, Outside area of heat transfer, rt2
- Cp Heat capacity at constant pressure, Btu/lb mass x °p

D, Outside tube diameter, ft.
ft

€ AccelerationAdue<to gravity, S
Gr Grashof wodulus 3/0 Eﬁgdg O ., dimensionless
ho Gat51de heat transfer coeffic1ent with volume heat sourcep
Btu i hpyo without volume heat source
2 o)

hr x ft© x °F
X  Thermal conductivity., — Btu

: hr x ft x OF
: D
Nu  Nusselt modulus = 2° o,'dimensionless

Pr Prandlt mcdulus= %éf dimen51onleso
q Heet rate through tube wall, Btu/hr
'Q' Ccrrected heat rate through tube wall, Btu/hr

q''' Volume heat source, ..Btu __
o hr x £t

t .Temperaﬁure at any point; tp, bulk temperatu}e; tys
- .~ tube-wall temperature, tg. room temperature, °r

W Coélant flow rate, lb/hr

At Bulk to tube wall temperature diffefeﬂiial, °p

At _; Coolant temperature inérease, o

T Coefficient of volumetric expansions= - %fl} ;é_ , 1/°F

8 Boundary layer thickness; 8;, without volume heat source,

£t




)/A Viscosity, 1lb mass/hr x £t

//o ‘Dehsity, 1b mass/ft3 .

‘Subscripts

b - Bulk
f Film
W Wall"

Superscripts

Q

Prime (') Corrected measurements and results.

Y2y
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CALCULATIONS

I. Hethod of Calculations
- - The'ofiginél temperaturé‘data taken in millivolts was
| converted to degrees Fahreiheit by tﬁe use of a conversion
table plot. The coolant te@perature differential was obtain-
ed in degrees Fahreheit by qividing the millivolt difference,
.which was slight, by 0.023 mv/°F, the valﬁe given in the con-
ﬁersion tables for ChroméléAlumel thermocouple in the range
of 32°F to 212°F. | |
Héat transfér coefficients were calculated using .two
equatibns which follow? T
Q= W CpBtoy . - (1)
g = ho Ao Btyy . - (2
where |
qQ = rate of heat transferred through the tube wall,
| Btuw/hr '
W i{ coolant flow- rate, 1bs/hr
- Cp= heat capacity of coolant, Btu/lb x °F

Ato_i = temperature differential, inlet and exit coolant O

Ho= outside heat transfer coefficient, Bty
2 hr x ft° x °F

Ao = outside surface area of tube, ft

. ' Atyy = temperature differential, bulk to tube wall, Op

Solving egquation (1) and (2) for hoe we get

hy = W.Cp A to-1 : (3)
Ao Dty




II. Correlation of Data (Free Convection Heat Transfer)

A. Grashof mbdulus,,'NGr‘or Gr

32 '
or = DoPf et At

//Lle‘

Do = outside diameter of cooling tube, ft.

g = acceleration due tc gravity, ft/sec2

1 at tf

/SfZ coefficient of volumetric expansion, (°F)~
/°f= density of bulk fluid at tf, 1b/ft
=" viscosity of bulk fluid at tf, lb/hr x ft

At= temperature-differential, bulk to wall, °F

Properties were evaluated at the "film" température; the
. arithmetic}mean between-the tube wall dnd bulk fluid temper-

atures.

B. Prandlt number, Pr or NPr
AAPI‘: .C_E#
. : f

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

/LQw: viscosity of bﬁlk fluid, 1lb
hr x ft

-kuI thermal conductivity of bulk fluid, Btuw/hr x It x °F

where

C. Nusselt number - Nu 6r NNu

Nu = ho Do
ke

e
w
@

059
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where :
hg = outside heat transfer coefficient, Etu}hr b ¢ ft2 x °F
DO*=' outside diameter of coolingltube,‘ft
ke= ° thermal conductivity of bulk fluid, Btu
- ' hr x ft x °F

The usual cbrrelation for heat transfer by natural
~convection (12) is: |
Nu = 0.5} [Gi"x Pr] 0.25

III. Sample Calculations |

Sample caléulations Which follow illustrate the methods
used and indicate the assumptions made in ottaining the
results. |

DATA
Run No. 29

Coolant flow rate: 175 1b/hr -
Coclant temperatufe increase: ;.uqu‘~
" Corrected tube wall temperature:' 65.0 °F
Corrected bulk temperature: 83.0 °F

Rocm temperature: 87.3°%F
2

Outside aree of heat transfer: 0.0953 ft
The heat'rate is fiven by thé equation:
q = W CpAtg.g |
where _ '
W = 175 1lb/hr
Cp= 1.0 Btu/lb x °F
Atgy_g=1.4L°F '
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- Solving for q,

g = 175 (1) (1.44) =252 Btu/hr
The correction for heat conduction through the insulation
is then applied: | |
.q'= 252 - 19 = 233 Btu/hr

then:-
q'= ho Ap At
wheré
h, = outside coefficient of heat transfer, Btu/hr x £t % OF
Ag= 0.0953 ft2
At=tg - ty = 83.0 - 65.0=18.0 °F
Solving for hgy, ’
ho = S .= 233 =136 Btu
Ao At 0.0953 (18.0) hr x ft2 X OF
Grashof and Prandlt Moduli | |
tf — "f1iln" temperature - 33_2'*;2{!.
tp = 33.0+ 65,0 _ 7.0 °F
2 © ,
2.0 . . O
From chart of %] [Cpéf] versus temperature, F,
: o
especially preparedfto simplifyfcalculations (see Figure 1li):
X =2,05 x 10°, —L  at tr= 70.0°F .
: £t? x OF o
Nop Npr:a(x D3 x At
where

NGr= Grashof modulus

Npp= Prandlt number

I
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D7 = outside diasmeter cubed = 9 x 10'6 rtd
At =tg - ty = 18.0°F
. ) 2 :
d:[ﬁfﬁg] [Cpﬂr} S —
/Afz ke | ft3 x OF
Therefore, '
e : N : .
Nop o NPT = 2.05 x 10" x 9 x 10 6 x 18.0
Ngp - Npz = 33,000 -

But Npp = 6.75 (McAdem's Fig. A-7, p. 470)where tg =7l.0%F

S0

Ner. = 22.4.999 -
or = 6T
Ngp = 4880

Nﬁsselt Number

ke - 0.337
where . |
= 0.337 at 74°F

kf

Nu = 8.40
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I. DATA

Tube No. Do L A Dy
- . 1 0.25 17.5 0.0953 0.187%
2 0.25 18.75 0.102  0.1875
) 3 0.25 16.75 0.091  0.1875
4 0.25 18.75 0.102 0.1875
5 0.25 20.75 0.113 0.1875
Legenq;
D, = outside tube diameter, inches

‘Di" inside tube diameter, incheé

L= tube length, inches o

A-= outside area of heét tfansfer, sq,ft.
W = coolant flow raﬁe, 1b/hr

tﬁé' corrected bulk temperature, Op

ty= corrected wall temperature, °F

At _; = coolant temperature increase, °F

for neat conduction through insulation, Btu/hr

qQ'*'= volume heat scurce, Btu/hr x ft3

tR = rocm temperature, Op
) no°= corrected outside heat transfer coefficient;
Btu/hr x £t2 X °F

. N M . o .
A t'= corrected bulk to wall temperature differential, F-

"~ q'= heat transferred through the tube wall, corrected

59




Nu = Nusselt number — hy Dg
=

Nep= Grashof Hodulus

Npp= Prandlt Hodulus
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_DATA

Single Horizontal.Cooling Tube

-
-

I 3 I N ) ) )~ )

132 ty At Aty_5 .
8.0 65,2 12.8 0.96
8.5 58.3 20.2 Y1850 .%%3.
8.5 59.4 19.1 1.975 181.
8.5 60.3 18.2 1.930 177.
8.0 "61.9 16.6 1.400 128.
8.0 6L4.3 13.7 1.010
8.0 70.3 7.8 0.440
1.0 - 61.1 9.9 0.483
8.0 63.8 14.2 1.1,0 172
8.0 60.5 17.5 0.660 148
8.0 61.6 16.4 0.612 123
8.1 64,0 . 1i.1 0.880 176
8.1 62,2 15.9 0.880 176
8.1 61.7 .16.4 0.880 176
8.1 61.2 16.9 0.880 176
8.1 61.8 - 16.6 0.880 176
8.1 60, 17.3 - 0.880 176
7.5 63.6 13.9 0.833 208
g,s 61.6 15.9 . 0.830 208.8
.0 61.5 16.6 ' 0.880 208.8
800 58.9 ' 19c1 00967 2290/
8.0 58,2 19.8 0.967 229.
8.0 57.3. 20.7 1.050 249.3
8.5 52.2 21.3 1.050 249.3
8.5 56.7 21.8 1.050 249.3
8.5 56.5 22.0 1.050 249.3
8.5 56,8 1.050 249.
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Four Horizontal Cooling Tubes
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220 83.0

. 220 83.0
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1
2
3
4

323.0 88.0
2.0 323.0 88.0

2.0 323.0 88,0
162.0 323.0 88.0
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Four Horlzontal Cooling Tubes (Continued)

Run No. Tube No.
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46
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Four Horizontal Cooling Tubes (Continued)

) 'Run No. Tube No. W tg' ty' At' Ate.; 4q° a''' tg
7 1 150 82.0 65.3 16.8 1.62 218.7 398.0 87.2
B 2 150 82.0 62.6 16.4 1.62 218.7 398.0 37.2
3 180 82.0 66.4 15.7 1.62 218.7 398.0 87.2
i L 150 82.0 66.6 15.5 1.62 218.7 398.0 87.2
148 1 187 82.0 63.6 18.4 1.62 27L.0 508 87.0
.2 187 82.0 6é4.0 18.0 1.62 274.0 508 817.0
3 187 82.0 6a.i 17.1 1.62 274.0 508. 87.0
L 187 82.0 65.4 16.6 1.€2 274.0 508 87.0
9 1 200 82.0 61.8 20.2 1.44 259.0C 508 87.1
b 2 200 82.0 62.2 19.8 1.44 259.0.208 87.1
3 200 82.0 62.9 19.1 1.4l 255.0 Eo8 87.1
4L 200 82.0 '63.3 18.7 1.4 259.0 508 87.1
50 1 200 82.0 62.4 19.6 1.26 230.4 412 -~ 87.1
2 200 82.0 62.9 19.1 1.26 230.4 412 87.1
3 200 82,0 63.3 18.7 1.26 230.4 l12 87.1
L - 200 82.0 63.8 18.2 1.26 230.4 ;12 87.1
51 1 200 82.0 63.1 18.9 1.08 194.4 L12 87.1
2 200 82.0 63.7 18.4 1.08 19i.4 412 87.1 ‘
'Z 200 82.0 64.0 18.0 1.08 194.4 412 87.1
200 82,0 64.3 17.7 1.08 194.4 412 87.1
52 1l 200 82.0 63.118.9 1.26 230.4 412  87.1
2 200 82.0 63.7 18.4 1.26 230.4 412  87.1
3 - 200 82.0 6 ,% 17:6 1.26 230.4 412 87.1
4 200 82.0 64.6 17.5 1.26 230.4 L2 87.1
53 1 200 82.0 63.118.9 1.26 230.4 12  87.1
- 2 200 82.0 63.7 18..4 1.26 230.4 i12 87.1
2 20 82.0 64.2 17.8 1.26 230.4 L2 87.1
) L 200 82,0 64.6 17.5 1.26 230.4 L12 87.1
L 1 . 187 83.0. 64.4 18.6 1.26 212.4 L12 87.1
, 2 187 83.0 64.% 18.6 1.26 212.4 412  88.1 .
z 137 83.0 64.8 18.2 1.26 212, L12 88.1
| 187 83.0° 65.8 17.3 1.26 212.4 L12 88.1
— 5 1 171 83.0 64.7 18.4 1.44 222.0 412  88.1
> 2 171 83.0 64.7 18,ﬁ 1.ﬁﬁ 222.0 [12 88.2
g 3 171 83.0 65.9 17.1 l.44 222.0 412 88,2
L 171 83.0 65.9 17.) 1.4y 222.0 22 88.2

[#4
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Four Horizontal Cocoling Tubes (Continued)

Run No.

Tube No.
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Four Horizontal‘cooling Tubes (Continued)

AT, . BT

T Run No. Tube:??;_'w tB'v ‘tw' At'- Ate_y Q' Q' ty

4. 1 110 83.0 72.8 10.3 0.90 107 250.0 83.3
2 110 83.0 72.8 10.3 0.90 107 250.0 88.3
3 - 110 83.0 74.0 9.0 0.90 107. 250.0 88.3
4 110 83.0 74.0 9.0 0.90 107 250.0 88.3
7% 1 110 83.0 72.8 10.3 1.62 161..250.0 88.2
2 110 83.0 72.8 10.3 1.62 161 250.0 '88.2
Z 110 83.0 73.8 9.2 1.62 161 280.0 88.2
110 83.0 73.8 9.2 1.62 161 250.0 8&8.2
76 1 110 83.0 72.8 10.3 1.26 125. 250.0 88.2
2 110 83.0 72.8 10.3 1l.26 125 250.0 88.2
3 110 83.0 73.8 9.2 1.26 125 250.0 88.2
o 110 . 83.0 73.8 9.2 1.26 125 250.0 88.2
11 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
Z' 87 8L.0 75.0 9.0 1l.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.h44 113 102.5 88.5 .
2 87 8L4.0 74.8 9.2 1.44 113 102.5 88.5
3 87 814.00 75'05 8-5 lom 113 10295 8805
- L 87 84.0 75.5 8.5 1l.44 113 102.5 88.5
79 1 87 84.0 75.2 8.8 1l.44 113 102.5 88,
2 87 sﬁ.o 72.2 8.8 Lﬁ 3 1052 882
Z 87 8L4.0 76.3 7.7 1l.44 113 102.5 88.6
- 87 84.0 76.3 7.7 l.44 113 102.5 88.6
80 1 87 84.0 76.1 7.9 1l.44 113 102.5 88.6
2 87 84,0 76.1 7.9 1l.44 113 102.5 88.6
3 87 8L4.0 76.8 7.2 1.44 113 102.5 88.6
= u 87 81—".00 76.8 792 lo_L‘.L‘. 113 10205 88.6 v
81 1 87 84.0 76.1 7.9 1l.26 : 102.5 88.6
2 87 Bﬁ,o 76.1 ;.9 1.26 199 102.2 88.6
3 87 84.0 76.8 7.2 1.26 99 102.5 88.5
4 87 84.0 76,8 7.2 1l.26 99 102.5 88.§5
82 1 87 84.0 76,4 7.6 126 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
4 8 76.8 7.2 1.26 .5 88.5
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- Four Horizontal Cooling Tubes (Continued)

68

[]
tyw - Bt Atoos q°f

Run No. Tube No. W  tg. Q"' ty
- 83 1 100 83 68.6 1.4 1.80 162.0 380.0 87.9
> 27 100 8%~ 68.6 %ﬁ.ﬁ 1.80 162.0 %80,0-,8;.9
Z 100 83 69.5 13.5 1.80 162.0 380.0 87.9
! 100 83  69.5 13.5 1.80 162.0 380.0 87.9
8L, "1 100 83  67.9 15.1 1.80 162.0 380.0 87.9
~ 2 100 83 67.9 15.1-1.80 162.0 380.0 87.9
Z 100 83 é8.L4 1,.6 1.80 162.0 380.0 88
4, 100 83  68.4 14.6 1.80 162.0 380.0 88
8 1 100 8 67.7 15.3 1.80 162.0 380.0 88"
2 2 100 AB%‘ 6%.; ig.% 1.80 162.0 %80,0 88.1
Z 100 83 68.4 14.6 1.80 162.0 380.0 88.1
- 100 83 68.4 14.6 1.80 162.0 380.0 88.1
86 1 100 83 = 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 1.80 162.0 380.0 88,1
N 100 * 83 67.7 15.3 1.80 162.0 380.0 88.1
87 1 100 83 €7.0 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
Z 100 83 67.9 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
Z 100 83 67.5 15.5 1.98 178.0 380.0 88.0
100 83 67.5°15.5 1,98 - 178.0 380.0 88,0
89 1 1,0 84 68.0 16.0 1.80 -226.8 380.0 88.5
2 1,0 84  68.0 16.0 1.80 226.8 380.0 88.%
3 1o 8,  68.7 15.3 1.80 226.8 380.0 88.§
L 140 84 68.7 15.3 1.80 226.8 380.0 88.5 .
90 1 140 84 67.8 16.2 1.80 226.8 380.0 88.5
2 1,0 84 .65.8 16.2.1.80 226.8 380.0 88.5%
3 140 84 63.7 15.3 1.80 226.8 380.0 88,6
.4 140 84 68.7 15.3 1.80 226.8 380.0 88,6
91 1 - 10 84 . 68.016.01.80 226.8 380.0 88.6
2 140 84 . 68.0 16.0 1.80 226.8 380.0 88.6
3 1,0 84 68.4 15.7 1.80 226.8 380.0 88,6
L | 1,0 84 68.4 15.7 1.80 226.8 380.0 88,6
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Five Horizontal Cocling Tubes
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Five Horizontal Cooling Tubes (Continued)

ty' At' AL,y q

L

W

Tabe No.

S

q'l'

Run No.

,WO&OOO
d o £ * o
SRV N Y Y P a Vo

A A AT A e
V2 VA VAtV

0.0000

LI P fmOn
NN O I~

NNHHN O

ooooo

.....

108

ooooo

ooooo

ooooo

oooooo

109

. e ® o ¢ o

ooooo

ooooo

ooooo

ooooo

ooooo

110

e el ol

/O/O/O/O/O
WO C o

OOOOO

LALALALA
ALATATA LA
WO

ooooo

ooooo

00000

ooooo

111

552/5

N
00 oo ©

.OOOOO

55 czc)c)
SATLA YA TSATIA)
1'9 VN Vo \FaQVaY

.OOOOO

22777
MM W
NN~

ooooo

eeeee

112

oooooo

......

ooooo

1113

ooooo

ooooo

NN NN
NNAH~AO
° (-] ] Ql‘
43339

OOOOO

114

te
o
o

<N
WA




72

N
©
g
4
o
o
(o]
O
o
0
[0)]
Feol
o]
£~
)
=
~q
—
O
(@)
(&
—
]
]
=
Q
N
-t
=~
o
, 4
)]
>
o
<

q"lr.

Run No.

'tg“

Ato-i q.

At'

tg Yy

W

Tube No,

ooooo

ooooo

115

eeeee

oooooo

ooooo

ooooo

ooooo

116

eeeeee

ooooo

ooooo

oooooo

117

000000

00000

118

00000

00000

00000

.....

ooooo

ooooo

120

eeeee

00000

ooooo

121

* T

D

e
LA




73

FiVe'Hdrizcntgl/Cooling Tubes (Continued)
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Five Horizontel Cooling Tubes (Continued)

Run No. Tube No. W tp ty At' At,4
136 1 125 85 71.9 13.1 1.8
2 125 8% 71.9 13.1 1.8
Z 125 85 71.9 13.1 1.6
125 85 71.9 13.1 1.6
5 120 85 71.9 13.1 2.5
137 1 125 85 72.3 12.7 1.8
2 125 8% 72.3 12.7 1.8
3 128 8g 72.3 12.7 1.6
- 125 85 72.3 12.7 1.6
? 120 85 . 72.3 12.7 2.5
138 1 125 85 72.6 12,4, 1.8
o 2 125 85 72.6 12,4, 1.8
125 8§ 72.6 12.4 1.6
2 125 85 72.6 12.4 1.6
5 120 85 . 72.6 12.4 2.5
139 1 125 85 72.9 12.1 1.9
2 l2s 85 72.9 12.1 1.9
3 125 8% 72.9 12,1 1.8
n 125 8% 72.9 12.1 1.8
£ 120 - 85 72,9 12,1 2.5
140 10 8l 65.2 17.8 1.9 158.0
2 %ﬁ? 83 66.2 17.8 1.8 158.0
3 1,5 84 66.3 17.6 1.8 235.0
4 145 84 66.3 17.6 1.8 23%5.0
5 145 84 66.5 17.5 2.5 328.0
141 1. 1y 84 66,0 18.0 1.9 158.0
2 qu 84 66.0 18.0 1.9 1E8.0
3 45 8L 67.2 16.8 1.8 235.0
n 145 8, 62,2 16,8 . 1.8 235.0°
5 U5 84 66.2 17.8 2.5 325,0
142 1 145 8L 6.6 183 1.9 158.0
2 145 84 66.6 183.3 1.9 158.0
Z 145 84 66,9 17.1 1.8 235.0
s 8L 6€.9 1g°1 1.8 235.0
S 145 8L  66.0 18.0 2.6 32B.0
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Five Horizontal Cooling Tubes (Continued)

'Run No. Tube No. W tg' ty' AtY At
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TABULATED RESULTS

Single Horizontal Cooling Tube

79

Run No. hg Nu - NGr-NPr  Grashof Log(Gr.Pr) Log Nu
1 113.4 6.62 22,000 3380 4.361 1 0.821
2 83.2 4.85 58,200 9,00  4.765 0.686
© 3 126.4 7.383 55,000 8870 L.740 0.368
4 . 97.2 5.€7 49,200 7800 4692 0.754 .
5 .ZY.A 4e52 - 35,800 5520 L5504 0.655
6 - 67.2 gg 2 23,400 3440 L.369 0.593
g . 76.2 L.45 9,770 1250 ;. 000 . o;é 8
- 83.4 4.87 12,500 1740 u.o9g . 0.688
9 ©120.1 7.00 - 25,600 3770 L .40 0,844
10 - 84.) 4.90 31,500 4630 L4.h98 - 0.690
11 Thedl L.32 26,600 3880 L.425 0.635
12 133.2 7.78 20,000 2900 4.300 0.890
13 12L.2 . 7.25 21,500 3070 4.333 0.860
1,  .110.7 6.45 24.300 3520 4.386 0.809
15 107.1 6.23 25,000 3630  L.398 0.794
16 103.5 6.05 26,600 3370 A.AZg 0.782
17 105.3 6.1%5 26,100 3800 L.41 0.789
18 100.8 2083 2g,200 3960 - L.434 0.766
19 141.3 B.25 18,700 2670 L.272 0.916
20 130.5 7.60 32,900 4800 A»El7 . 0.880 .
21 125.0 7.30 26,100 3800 L.[16 0.863
22 118.0 6.88 34,400 5070 .536 0.837
2 114.7 €.70 35,600 5275 .551 0.826
. 121.5 7.10 37,300 5570 L.572 0.851
25 118.5 6.92 28,200 £700 L.582 0.840
26 114.0 6.65 39,200 5850 4.593 0.822
27 112.9 6.60 Li.600 270 ‘4.)218_ 0.820
28 108.9 6.37 43,000 6470 L.634 0,
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Four Horizontal Cooling Tubes

Run No. hg' ~ Nu NGr-NPr  Grashof Log(Gr.Pr) Log Nu
) 29 .0 8.40 30,300 4880 4.488 0.924
30 128.2 7.50 32,200 4850 4.508 - 0.875
31 120.1 7.00 32,000 L820 4.50% 0.8L5
32 167.1 9.90 30,300 2520 L.431 0.9838
33 125.0 7.30 43.500 690 L.638 0.863
34 120.6 7.03 45,800 7070 L.661 0.3,7"
35 - 167.0 9.73 42,700 6520  L.630 0.988
36 143.0 8.33 L2,300 64,70  L.626 0,920
3; 134.0 Z,az 22,100 3250 L.344 0.894
38 108.0 6.30 22,500 3310 4.352 0.800
9 123.3 7.20 23,100 3400 L.3EL 0.857
0 136.2 7.93 23,50C 3460 L4.371 0.900
L4 137.7 8.02 23,200 3410 L.366 C.90L
L2 137.0 7.98 22,300 3280 L.348 0.902
43 145.0 8.45 30,000 8o L4477 0.926
Ll 126.0 7.35 25,200 3790 4.0l 0.86l
L5 131.4 7.67 27,400 4120 4.438 0.884
L6 136.0 <g.93 31,000 4630 L.491 - 1 0.900
ug 0.0 8.17 27,500 4100 L4440 0.912
4 150.0 8,75 30,500 1560 a,% n 0.952
49 138.0 8.06 2,000 . 6%50 L.62 0.906
50 126.0 7.35 37,500 5680 L.57L 0.866
51 110.0 6.42 36,200 £l 80 L.55 0.807
52 141.0 8.23 35,700 5420 L.553 . 0.915 .
SZ 131.0 7.63 35,900 5430 4.555 0.882
5 121,06 7.06 39,300 6030 4.594 0.848
595  128.0 7-%7 38,400 5920 584 0.873
56 112.4 6.62 38,400 5920 4.584 0,820
57  119.0 6.93 39,200 602 L.593 0.840
58 118.0 6.88 38,500 5930 4585 0.838
- 59 120.6 7.02 38,700 5950 4.587 0.8L6
60 120.6 7.02 . 38,700 5950 L .587 0.846
61  147.6 8.60 19,100 2790 1,281 0.93L
- 62 117.0 6.83 16,700 2420 L.222 '0.835
63 129.0 7.52 16,000 2320 L .204 0.876
N 129,0 7.02  15,600. 2290 4.193 0.876
65 121.5 7.09 15,600 2270 4.193 0.850
66  120.0 7.00 15.000 21,0 4.176 0.8L5
67 118.5  6.93 12,150 1730 L.085 0.841
68 117.5 6.86 13,660 1950 1.1385 0.836
69 116.5 6.77 L ,300 2040 L.155 0.330
70 127.0 7.2 14,150 2020 .150 0.870
71 125.5 7.33 12,600 1800 4.100 0.865
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Four Horizontal Cooling Tubes (Continued)

Run No. bhg' Nu NGr-NPr Grashof Log(Gr.Pr) Log Nu
72 113.9 2.61 10,500 1480 3.022 ' o.gio
119.5 €. 11,%50 1630 .063 0.

;Z 11,5 g.eh 11, 3 1es L;.068 0,822
75 124.0 7.25 11,800 1680 4.072 0.860
76 110.0  6.42 11,800 1680 14.072 0.207
7 104.5 6.10 11,600 1635 4. 065 - 0.785
7 108.5 €.33 10,300 1450 4,013 0.801
79 111.0 6.%7 9,700 1360 3.986 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
82 103.0 6.03 8,900 1235 3.949 0.780
83 127.0 7.4 27,600 - 4180 L.44L1 0.870
8L 130.0 7.88 29,500 L1770 LJi70 0.880
8c 123.0 7.17 29,600 = LL4s0 L.471 0.855
86 127.5 7.43 31,200 4700 ... L49l 0.871
8 128,5 7,20 30,900 L4650 4.490 o.8g5
8 130.0 7.60 31,400 4720 L.497 0.881
89 121.5 7.08 25,300 3720 4.103 0.850
90 116.0 6.77 25,500 3750 L. 406 0.830
91 124.0 " 7.25 27,100 3990 L. 433 0.860
92 120.0 7.00 27,500 4030 4.439 0.855
93 122,0 7.10 27,500 Le30 L.439 0.851
I 126.0°.7.33 27,500 4030 4.1439 0.865
95 130.0 7.58 19,800 289 L.296 0.880
95 128.0 7543 19,800 2890 L;.296 0.872 -
9 121.0 7.08 19,800 2890 L.296 0.350
9 129,é 7.57 28,300 4230 L4559 o.szg
9Y 126.5  7.38 - 28,800 4230 L4.L59 0.8
100 124.0 7.2% 28,800 4230 L. 459 0.86€0
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Five Horizontal Cooling Tubes

Nu  NGr-NPr Grashof Log(Gr,Pr) Log Nu |

153.0 8.92 26,300 980 L4.420 0.950
156.0 9.2 28,400 330 L.453 0.960
158.0 9.23 29,700 4630 L.473 0.965
). g.o 9.02 29,300 4,660 Le47! 0.925
14%.0 8.70 30,000 L680 aau7z 0.9L0
S 12,5 8022 30,500 4770 L8k 0.920
1L .5 8. 30,500 4770 L.4BL . 0.925
143.0 8.36 25,300 3830 L.403 0.922
1;6.0 8.52 25,700 3960 4.410 0.930
139.0 8.12 26,000 4,000 L4215 0.910
1,2.0 8.29 26,400 LO70 L2 0.918
'~ 1£1.0 8.8 27,000 4160 L.43) 0.945
145,0 8.43 27,400 {4220 L4.438 0.926 -
0.0 8.20 25,%00 20 L,438 0.9
165.0 9.66 38,800 320 L.539 0.985
158.0 9.22 . 38.100 6250  L.580 0.965
153.5 8.95 37,900 6270 L.579 0.952
160.0 9.33 37,700 6280 L.576 0.970
157.5 9.17 37,800 6300 L4.578 0.962
163.0 9953 27,600 6270 - L.575% 0.979
,162fo 9.66 7,500 7800 L.676 0.985
16L.0 9.55 47,100 7720 L.672 0,980
162.0 9.%6 46,700 7650 L .669 0.976
169.5 9.89 47,000 7830 L.672 0.995
171.0 10.00 46,900 7320 L.672 1.000
158.0 9.22 46,500 7880 L.668 0.965
162.0 9.4 46,300 7850 L.666 0.975
1.0 8.42 20,000 2970 1301 0.92
12,0 8.29 22,700 3370 L.356 0.91
141.0 8.20 19,400 2820 5.288 o=91%
142.5 8,32 19,000 2770 L.279 0,920
4.0 8.4,0 18,500 2700 L.26 0.924
139.5 8.13 25,600 3820 L.40 0.910
136.0 7.95 24,300 3630 4.385 0.900
142.0 8.30 24,000 3560 4.380 0.919
5.0 8.46 23,700 3570 4.375 0.927
1,9.0 8.70 23,300 3430 L.367 0.939
- 1y6.0 8.51 22,900 3370 L.360 0.930
146.0 8.50 22,500 33210 L4.352 0.929
153.0 8.93 33,500 5230 u.szg 0.951
156.5 9.12 34,500 5430 L.53 0.960
150.0 8.73 36,400 5770 L.561 0.9
158.5 9.22 39,100 6210 L.592 0.965

o)
&
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Five Horizontel Cooling Tubes (Continued)-

'

Run No. hg . Nu NGr-NPr Grashef Log(Gr.Pr) Log Nu
4. 163.5 9.55 40,500 6380 - L.608 0:980
L5 9.5 8.71 27,400 4070. L.438 0.940
146 146.0 8.51 26,800 ° 3970 L.428 0.930
147 13g,o g.97 26,300: 3900 .20 0.901
148 138.0 8.07 25,900 38,0 u.hl% 0.907
149  152.5 8.90 25,500 2780 L .40 - 0.950
150 184.0 9.00 32,400 4,920 L4.510 0.954
1517 1U2.5 8,32 30,000 420 L 477 0.920
152 139.5 8.12 28,000 4120 Ny 0.910
15 135.0 goeé 26,000 3800 - L4.415 0.895
154 - 141.5 8.25 23,500 - 3110 4.371 0,916
155 137.5 8.02 20,000 2900 4.301 0.90
156  135.0 - g.87 26,000 3770 L4l 0.89
157 .5 8.32 21,000 3000 L322 0.920
1¢8  141.0 8.22 18,000 2570 - L.256 0.91%
159  136.5 7.95 15,000 240 - L.176 0.900
160 133.0 7.77 15,000 21,0 L.176




" APPENDIX C

84



85

ESTIMATION CF ERRORS IN TUBE-WALL TEMPERATURE MEASUREMENTS

Calculations for the average tube_wall témperature ahd
for the thermocouple conduction error involved in tube ‘wall
»"measureﬁents-are contained‘here. As‘d check on the direct
méasuremenﬁ, gan attempt was first made .to calculate the
average tube wall temperature uéing the following equations

and data:

Q= (tWAveH° tCave) = WCp Atéi
where = | | . |
q = heat transferred through the tube wall; Btu/hr
tW,,o= &verage tube wall temperature, °F
tCAve:: average coolant temperature = 63.8°F
W = coolant mass flow rate = 175 1b/hr
Atyq=coolant temperaﬁur‘é increase = 1.-141),01“ ‘

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

R = resistarce of stainless steel tube wall
ln-I-)-.z—_-
R _ D
~ 2TMkgs L
~where

Dy = oﬁtside tube diameter = 0.0208 ft

D1 = inside tube diameter = 0.0156 ft

kss =stainless steel thermal conductivity=9.4 Btu/hr x
ft x °F . | | |

L = length of tube = 22.0"or 1.835 ft

on
&
p-b

I
(&)
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Solving for R,

1n ===t

. g
R = 0 %b = .OOZéZ ,
2T 1.835) B :

0.020
.01

‘Solving for q,

q=WCpAty =175 (1)(1.L4)=252 Btwhr
Applying\COrrection for conduction through insulation;

q'=252 - 19= 233 Btuwhr

Solving for twAve:

e+— q' (R)

| tw'Ave_z tCAV

'_twAvez 63.8 + 233 (0.00267)
. = 6i.4° —

.t'u'YAv.e 4 }4' F

The tube Wall temperature as read from the thermocouple
was 64Q8°F. The calcﬁlations‘thereforé seemed to roughly
check the thermocouple reading.'

Now, to estimate the'thermocoupleconduction error, use

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

~ he derived gfdr'the same situation as encountered in this

work., He givésthe'following equation as a close approximation

for calculating thermocouple conduction errors:

. to ’? - . _ | _ :
tg =f 1+ zwﬁ_g_.. &g Ky (€rg)/fK, (&rg)
o Ky |
where
t, = temperature recorded by thermocouple

§‘= wall temperature in absence of thermocouple or

. temperature at an infinite distance from TC junction

235 092
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Kl = internal cohductance of thermocouple leads
K = thermal conductivity of tube wall
T - K = tube wall thickness

| _ l} modified Bessel functions of the second kind

tg = temperature of bulk fluid

rs = V2 1, where r=T1C wire radius

€ = [h hp
K3y

where

£ hy = . outside film coefficient (bulk-side)
- hp = inside film coefficient (coolant-side)

The internal thermocouple conductance, Klt, for the two

thermocouple leads in parallel can be expressed thus:

¢ 1 by
where
}H:= average unit surface cqnductance'for flow over
‘Chromel wire |
}%ﬂ= average unit surface conductance for flow over

m; Alumel wire

Pp= perimeter of Chromel wire = 2Wryg
PqF . perimeter of Alumel wire = 2Ty,
A$# cross-sectional area of Chromel wi-re:-TTrT2

AI?, cross-sectional area of Alumel wire = 1TrT.2
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Since Hq= Hpo o Ap = Aqe and Pp=Pps , expression for

internal thérmocouple conductance reduces to:

Kltz T\'WI‘T (ZHTI‘T)% e mmemecc—o - 2.

e

1
W= Kp2+ Ko

i

|

|
- where
Kp= thermal conductivity of chromelAwiré

Kpi~ thermel conductivity of Alumel wire
Applying equation 2 into equation 1:

“to - §

= N e 3
tg. - g 1+ Klﬁe I's,)/KQ' (ér‘s) ‘
where 3 1'

. . é‘ N

,4[ = £ [ xssrchlf hp)/Hq rT]
K11 ' . : '
X modified Bessel functions of the 2nd kind
o - . .

P ' K
Schneider plots .EQ__jL‘versus @3%41- for parametric
tB‘ °7 Kl
values of ér, from 1.0 to Q.OOl.
| Now, to calculate the thermocouple conduction error, the
unit surface conductahce over each_insulated lead, hp, is
- assumed to be 180 Btu/hr rte Op.
| The average unit surface conductance, Hp is: .
Hp = -1
L o4 1
hp + Ki

}/i = insuletion thickness = Qg%%&l ft

Ky = thermal conductivity of‘insulation




K; = 0.025 Btw/hr ft °F

1 4 0.0L7
L 180 + 0.025(12) ..
'Sdl‘ving for Klt in equation 2 when:

3 -

W= (1003 + (27.9)% = 8.4
rp= 0.0025" or 0.000208 ft
Kp=10 Btwhr £t °F |
‘Kpv= 27.9 Btu/hr £t OF

. 1
Klt= W I"T (2HT I‘r‘]:)§

N

Ky = T (8.44) (0.000208) '[2 (18.3) (o,ooo.zo'B)]

K;b= .82 x 1074

To calculate &, assume hy = 100 Btu/hr ft° °F
hy, = 1000 Btu/hr ft° °F

Solving for €: , A ' :
é,;.’hl+ ho K, & 9., Rtu/hr ft °F
‘ 'kss . : . :

| . A ¥ = 0.03125"

‘ P = 1100 (127 _ 212
T o ¥9-4(0.03125) =7

re= V2 rp= 1.4 (0.000208) = 2.9L x 1074 £t
Value of the parameter grg is:

€r =212 (2.94 x 10°4) = 0.0623
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Value of Kgg T is:

SU
Kss ¥ _ 9.400.03125) _ &
Kyt 4-82 x 10-4 (12)

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

when
ers = 0.0623
§§§X::51
| Kyt |
"by extrapélation, ' ESL;LE; - 0.010

Since tg = GA.SOF and tB = 82.7 OF,
f=t5 - 0.010 (tg - )
or ‘

f =¢L.8 = 0,010 (82.7 =§ ) coemeemmceccan- L

The true wall temperature, f » can be solved by trial
and error.
Assume: § = 64.7°F

Substituting values in equation (4):

f = 6,.8-0.010(82.7 - 64.7) = 6i4.8 - 0.18

f = GQ,62OF (close to assumed value).

The thermocouple conducfion e:rbr in this case Qés,
therefore, 0.18°F. The measured,tubeawall temperéture data

were appropriately corrected to take into account this

conduction: error..,

499

<
X
<
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APPENDIX D
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I. Estimation

f RIS M EACEECORE ¢ SaaCEY "GN

JFunction of Several Variables

The random error in the value of the heat transfer
coefficient obtained was estimated using the foliowing
development: _ | |
R=WCpAts.y = ho Ay Atgy B (1)
where o '

W = coolant flow .I"ate_:

Ato-1 = coblant temperature'increase'“

Atov- = bulk to tube wall temperature differehtial
Cp = 1.0 Btu/lb x °F |

. . >
A, = outside heat trarisfer area 0.101 £t
Solving for hy in equation 1:
ho = WP Ato.g . Watey .
Ao Atoy ~ 0.101 Atoy
By partial differentiation, we get
an _ Ato 1 ; @b = W__ ¢ dn -
W - 0.101(Atgy) 3Atoy.i) 0.101 (Atoy) a(Atov)
: 4 , | |
- W (Atn'i)
0.101 (Atqv)z
or : o
Ah —Abog B W Bety y) _ war, ;) Ggtov)

0.101(@tov) 0.101(Atov) 0,101 (Atov)2

where Alx:= error in the value of heat transfer cbefficient
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Aet‘ov = éstimated ‘erz"or .1n, the bulk to ﬁube«wall
‘ temperature différential,°F
Aeto-i=5 ‘estimated error in the coolant.temperathre
_increase,’F | | |
A = estimated érrof in the coolant flow rate

i

From previous discussion, the estimated error in the -
coolant flow rate was 2' per .cent. Using the same data as in
Sample calculations:

W= 175 lo/hr

Ao = 0.02 (175)= * 3.5 1v/hr

The error in the bulk to tube;wall temperature was
estiﬁated to- be about O.50°F after taking into account the
accuracy of the thermocouples and the uncertainties in the

individual bulk and tube-wall temperatures.

}The"estimated error in.the coolant tempera;ure differ-
ential was C.050°F éfter-considering errors 1n potentiometric
readings and the accuracy of thc thermecouples,

. The estimated errors are summarized thus: |
Aw = %3.5 1o/hr
Agtyy= *0.500F
Asto.y= < 0.050°F

ov=

To obtain the maximum valué of the estimated random
error in the heat transfer coefficient.'Ah is evaluated

- taking the signs of AeW and Aet'o-i as positive and the

99
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)




oL
sign of Aetbv as negative.

- Solving for. Ah: _ _
- N 41._4_5(2.?), 175 (0.050) 4 175(L.uit)(0.50
A 0.0953 it 5.3 531 + 0.0953 (18)2 -
Ah = 2,94+ 5.10 + 4.07 = 12.11

The approximate value of h is found to be:

| W ' o | |
h = Cp Ato-1 = 4 1)(1. = . 147 Btu/hr x ftz x °F
: A (A toy) 0.0953 (18) o .
‘Maximum Randem Error = x }_21?}_1 x 100 = -f8=22%

II. Calculation._qg"Heat Input Through Insulation

The heat input through the insulated part of the tubes

can be calculated using the equation:

Ag = = A; = tgoln - tecolant
where
Rl = resistance due't'o rubber insulation
== Dl
- 2TKg L
Ro = “resistance due to stainless steel tube wall
1n D2
R2 = D . _—
ZFKSS L - : . ' .
R3 = resistance due to outside film ccefficient
T _ 1 M . - .
RB =

hs An -
o 4o 439 120




Using the following data:

1 = O 62Cu
D? = 0,025'"
Kss= 9.4
KR_ = 0.10
L = 0.667 ft
. _ o
tccolant = 66.0°F

 tsoln = 83.0°F

h, = 100 Btwhr £t° °F
Ao = 0.109 £t
Solving for Aq, \
Aq=_ -~ (83.0—€6.0) v
€2 ’ ‘ 0,250
"1n ‘5—935 | " TS P a
ur(o 1(0.667) + 2w (9.4)(0.667) = 100 (0.109) -
Aq = 3T | Nt A
T oy 5To0T JE+ 0. 55T7 SET—

Aq =19 Bt u/hr

The heat 1nput.through the insulation was, therefore,

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






