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Summary

In order to investigate the charascteristics of heat
transfer from gases at high temperature to water-cooled tubes
with extended external surfaces, & combustion chamber embodying
a singleerow bank of threeeinch tubes with ohe~-inch serrated
helical fins was constructed, Tests using gas temperatures up
to 700° F, and Keynolds mumbers from 1700 to 2600 1ndicai:ed
values of gas film coeffioclents in good agreemsnt with

the expre asion:
(Z5)(5)7 - 0035 (37)

This relation has been obtained (7) from stuiies et lowsr

0528

gas temperature s using simllar tubes of smaller dlameter,

At ths gas temperstares inwlved, m appreciable radlae
tive hea transmission was oOb served, .

Direct determings ion of gas film coefficlenmts from measured

gagewall temperature differences was found to be generally the

gimplest and most relisble of several methods investigated,




Mesning of symbols used

The symbols used in this report, largely in the legends

of the flgures and in the sample computatl ons, have the
following significence:

A ' area in square feet; sub f, of the fins, neglecting
edge area; sub b, of the base; sub T, total; sub 1,
internal

a the square root of tne quantity Bhg/k'l'

¢ heat capscity at constent pressure, Btu per pound
per degree Fahrenhelt

D external base dlameter ~f the finned tubes, feet

G mass velocity, pounds per square foot per hour;
sub m, at ths minimum crosse~section

h f£1lm coefficient, Btu per square foot per hour per
degres Fahrenheit; sub g, of the gas filu; sub w, of
the water film |

‘ k  thermal conductivity, Ltu por square foot per hour
' per unit temperature gradient, degrees Fahrenhelt
per foot; sub £, at the film temperature

. Q rate of heat transfer, Etu per hour; sub f, in the
T finned tube bark; sub s, in the shielding bank

\ ‘ T fin thickness, feet
| t tempersture, degrees Fahrenheit; sub f, of the film

At temperature difference, degrees Fehrenheit; sub m,
logaritimic mean temperaturs dif ference

k U overall heat transfer coefficlent based on gaseside

area, Btu per square foot per hour per degree Fahren-
| heit; sud £, of the finned bank; sub s, of the
shielding bank

wt length of f£in from base to tip plus me-half the fin
thiockness, fest

x di stance from fin base to eny point on the fin, feet
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" Nusaelt rmmber, hD/k

fin effectiveness, the ratlio of the smount of heat
tpansferred from fin to gas to the amount transferred
by en equal area of surface all at the same temper-
ature of the fin base

overall effectiveness of the finned tube including
both fin and bage areas

viscosity, pounds per foot per hour; sub f, et the
film temperature

gas=metal temperature difference, degrees Fahrenhelt;
gub b, at the base wall; gub x, at some polnt on
the fin

Prandtl number, C 4(/k
Reynolds number, Duf [l

Stenton number, h/cG




Introduction

The heat trgnsfer characteristics of Tilco=fin tubing
in air oorﬂition;.ng gervice have baen the subject of a serles
of investigati ons carried at ab Lehigh Unlver sity. The
results heve be en recently summarized by McDonnell (6)es This
tubing, mamfactursed by David E, Kennedy, Ins., is of the
transverse serratedefin type, aul table for gaseliguid or
gag=gteam heat tremafer,

The present phase of the work constitute s en extension
of the s studies to higher gas temperatures, up to about 750° F,
The tubing used is also considerably larger in slze, having
a threewinch base dismeter with mew~inch finss Tubing of this
type would be miteble far industriel use in economlzers,
pipe stills and high-temperature heat recovery apparatus.

The apperatus and exper ymert 81 techniques described in
this report are intended principally for investigations at
gt11l higher ‘gas temperaturss, such as might be encountered in
the industrial applications mentioned above, The data pree
sert ed here , however, W1ll provide a link between hgh and low

temperature service and dharld permit prediction of performance

at moierately high gns temperatires.




Theoretical Background

Ths convective trenafer of hest to finned surfeces in cone
tact with £lulds has besn trested from a theoretical st andpoint
by a number of euthors (1, 2, 3), the earliest, and probebly
simplest, trestment being that of Harper and brown (2)s The
enalyeis involves setting up the dLfferential equation for heat
£low in a £in on the besis of certain assumptions, and determine
ing the arount of heat tpuneferred to the fin in terms of the
amount which would be tranaferred to the same ares of bese tube,
The ratio so obtained is called the fin effectivenssse 1IN the
Harper & nd Brown development, the esoumpt fon opsn to the pgreatest
objection is that the {llm cos ficient is uniform over the fin
surface, (In applying the method to finned tubes, the safe £1inm
cosfficlernt is assumed as applying to the exposed hase tute
surface), Since the velooity of the fluid ye 1at ive to the
surfece 1n transverse flow w41l not be uniform, the agsumption
18 invelid, The final Harper and Crown relationahlp iss

€’ ® tenh awt/aw! |
weere € = fin effeotivensss, the ratio of the Ieat transferred
| to or from the fin to the heat transferred to or
i from an equal erea of surface all at the temperature
of the fin base
we oorreoted fin width, the distance from tase to tip
oi" fin plue ono;hnlf the fin thickness
e £ O, with the dimension length "

h 8 £11m cosffictant of convective transfer to or fron

the surfaoce
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k 2 thermal conductivity of material of fin

T 2 fin thickness
After cbtaining the fin ef fectlveness, the overall effectiveness

3 . R P

of the finned tube assenmbly can be computed fromt

/
5 Apotal
where the A's represent &reas.

There ere some amblgulties in the appliocetion of these equa-
tions to snalysis of heat tpansfer data for finned tubes. The
equation for fin effectiveness was daveloped for infinitely long
firs , in which the contritution to heat treansfer of the lateral

\ . ' r-e{iges (but not the tip edgs) would be negligible., In serrated

| / fi;i;xed tubes, this area my be considerable. The arbitrery
distinction is made that in computing heat transfer coefficlents
directly from experimental data, this edge area 1s included in
the total, but in the calculation of fin effectiveness, the fin
and total area do not include the lateral fin edgese.

A more important factor 1s the choice of the proper value
to use for the metal (fin and wall) reslstance to the flow of
heat when correcting overall coefficients for resistance of the

g wall and the fluid film inside the mabes, It vill be shown in
another paper that the metel resistance depends in this case on
the cutside film coefficlent snd is hence variatle. In this pager,

the necessity of computing the metal wall réaiatance has been

overcome by measuring directly the g s-metal temperature dif ference

on the firmed side.




{\( . S | - In order to measure hestetransfer cherscteristics at high
gas temperatures, the fimmed tubing was incorporated as a tube
\ . K § | bank {n o comhistion chambers <Lhe combus ion chamber consisted
esgentially of a shell of shest steel about eight feet high and |
naving a cross section twert y=five inches square. For versatility

and ease of sssembly, the chamber was built up out of shorter

box-like sections, in which the tube banka and other apparatus

were instelled, Schematic diagrams of the combustion chamber

\/ | ' ': assenbly are shown in Figures 1 snd 24 Lkor the tests des~
} eribed in this paper, the ohamber wae not insulated, »
\ ‘ ' | The flue gasee were supplied by a bank o six gas burners,
\ ‘\> | -‘ situate d in the lowest section of the chamber, This section
’ ‘_ , ' _ was equipped with eight sliding dampers, fair above and four
[~ / pelow the bturners, for the admission of se condary air. After

generation, the hot gases passed upward through the chamber,
eventually reaching a redw ing section leading to an eighte
inch stack. From this stack, the gases passed to a second
, steack equipped with a Ul ower, 80 that a certain amount of
v forced draft could be wplied to the chamber by aspiration,
The tube bank consisted of & gingle row of flve finned tubes
| connected in series by means of return bands, The chamber and
tube seotions were so made that the fi ns reached all the way
to the wlls and to the fins of the adjscent tubs, Lhere was
no free space and no overlaping of fms., I physical chare
X 1 acteristics of tle fimed tubing ame presert ed in dable I,
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¥ater from the city msins was passed through the bank, the rate

- o ] o £low being regulst ed by means of & valve in the outlet' line,
| The line carrying the effluent to ti® drain was ralsed above

¢ i the level of the tubé baﬁk, and a vent pock was installed on
. . | the top stde of me of the finned tubes, so tiat the tube bank |
: was always sure to be mming full, any trapped air being
removéd through the vent cock. The finned tubs bank assembly
was installed nesr the top of the chamber, just below the
section leading to the stacke

For the preliminary per formance teats, two stainless steel
baffles were provided whieh could be installed between the
¢ _ fleme and the firmed tubes, These were slmply amt-out sheets,
one £he complement of the other, intended to act as a shield
agairs t heat transfer to the tubes by direct rediation. For
later rmuns, 8 tlres=rovw ghielding tube benk was installed in

order to conform more nearly with actual indusrial installation

practics. The individual tubes, of one-imoh pipe, were

connected in series , and water ws passed through the lowe st,
: ' | ” , middle snd top bamk in that. crder, The physical messurements
| of the shielding benk are giwn In Table II., The water rate
throagh this bank was { ndependent 1y cortrolled by means of &

valve in the axtlet line,.

r

(I - , | _. o | : | '8

asie wRM e B VEIMCTETPA ISR TR RTINS TR AT AL I, T T U Skh A ORI 1 TP 2 320 ROTIRE TR T R A

sy i o 108 AT A 20142 520 M £ S51 v



AT Ty

’ /’767(/’/"@ /

pféﬂ/ﬁ*)//? Ay /ok"/.?“‘} ot Cax‘)‘%z/i-’ 7 /_0/7 F//z?/ﬁé@ﬁ T




Pevised Form of conbustion chamber

)

Pesitions of
Hoccr 1 pRLES

| C/) £, /«c?b,, x«e/wg/) Uf?ll/é?f '/)’ 10




\ B
Physical characteristl os of fimed tube bank
Base tube:
'K .
Outside diameter 3,00 inches
Inside diameter 8,74 inches
Haterial Steel
Finss
Type Serrated
] transverse helical
Length from bage to tip 0,963 inch
2 Thiockneas 0,0376 inch
3 width 0.344 inch
! Fitoh 45 rows per foot
Material Steel
Method of attachbing Base bent and welded
Banik1 : |
‘. Mumbe r of rows 1
3 Fumber of tubes per row 5
Finned length per tube 28 inches
Cent & ~towconter dletance 6 inches
i Clearance of fin tips at wall
and between tubes 0
f? Heat transfer areast
Total 76,5 3Q. £t
Base 7.2 8q¢ fto
Fine ) 68¢3 8G. ft.
) Pins neglecting edges 81,7 8qe ft.
) | ) ,1:
g
bl | | | : e . | 1 .
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Table II :
-
Physioal characteristics of shielding bank
Oomponent s | ) ' leinch standard pipe
Famber of rows 3
Mumber of tubes!
5 Lowest row ‘ 10
Middle , 10
S | { Top J 9 :
Certer«to-denter distance in each row ' 24 inches
" Row arrangemsnt Top and middle rews in lime, -
; bottom row staggered |
, Comter-to=center distance pet ween rows!
Top-middle 1 7/8 inches
i Middle~tottom 2 1/8 inches
. Heap transfer ares 20.8 sg. ft.
| - ;




Instrumentation

For the preliminary tests, gas temperatures wers read by
meeng of & portable bareswire thermocouple ani an Alnor "pyrocon” s
This instrument is a maltirange mill4 voltmeter celibrated to
read directly in degrees Fehrenhelt to ths nearest ten degaes.
Gas velocitie s wers read in the stack by means of an Alnor
Nyelometer®, & vane~deflection type of instrument reading linear
veolocity in feeb per mimtbte in twenty-feet-per-mlnute divisions.
A suitable attachment for chteining velooltles in a duet was
aged wWth this instrument, The inled and oatlet water tempere
atures in the finmad tube bark were read by means of the rmome
oters with two-degree divisions, readable to omé «half degree.
For meaguring water rete in this bank, & calibrated orifice
in the inlet 1ine was utilizeds

In the improved form of the apparatua, gae temperatures
wepe measured by means of highevelocity thermocouplese. These
wore of the type ghown in Figire 3, and were permanently
instelled at four points 4n the combustion chamber: one bvelow
the shielding bank, two between the shielding bank and the
fimed tube benk, end one above the fimmed tabe bank at the
entrence to the stacke The jocation of these thermocouples,
notably those between the two tube tanks, wIe studied care=~
fully in order to insure reliable temperature indicationsg,

The & ielding benk, which was originelly placed only & few
inches below ths finped tube bani, had to be moved downward
in order to give the gases rlalng from this tank en opportunity

B oatrwistand e e g e T
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| | . - o | %o mix befors entering the highavelocity thermocouples. Tom
psrsture traverses immediately above the shielding benk showsd
merked temperature variation with position, depsnding on whether
- o . | the thermocouple was plased directly over or bet ween tubes
. in the top roﬁi of'the shielding bank, The gas drawn through

the higheveélocity thermocouples passed to a common manifold
and thence to a small motoredriven fan and the atmosphere,
Thermocouple voltages were read by means of & potentiomster
with a 60emillivolt range, In addition, fine ironeconstantan
thermasouples were & lveresoldered to the tube wall and
aoross adjacsnt fin tipsonbdh the lower and upper.side of
the middle tube of the finned tube bank. Ag before, the
gas velooities were read by means of a Velometsr, but the
\ ) B fiow rates so d& ermned were usedonly as & check on the
rates determined from heat balances, The weter thermometers
were replaced by precision thermometers graduated in 0,2° F,
divisions, in order to insure pre cigse mea surement of heat flow,
4 When the shielding bank was 1n use, 143 water outlet temperature

was read by means of a the rmometer with twoedegree divisions.

Pressure in this bank was indicated by means of & Bourdonetype
_ gsuge, and the flow rate was meagured by collecting the

effluent over a measured period of tims,

T T T e e
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In starting up the combustion che mﬁor, water was first intro-
ducsd into the tube banks, the burnera wera lighted, stack and
thermocouple blowers were started (1f used), and gas and water
flow rates were adjusted, A pericd of twenty minutes to one~
half har wasi usually required toreach & gteady state, During
this peried air was ventad from the 1. med tube bank and the
ori®ios msnometer cornections, snd the siiding Gumpsrs were
adjusted, In runs with the revi sed instrumentation, the
dempers wers regulated so that the two the mocouples below
the firned tibe bank had nearly iderlcal readings. No attempt
was made to regulate the gas flow rate, tumer s belng either
tumed on full or off ,

After reaching equilibrium, instrument readings were
taken at ten-mimute intervals for forty minutes, making @ total
of five sets of readings far each yun, Two or three determin=
ations of gas velocity with the Velometer, ard of water rate
through the shielding bark, were made during the run, In the
preli minery rung, 1t was necessery to insert the vare-wire
thermocouple through parts at various points in the cambustion
chamber mﬂd allow time for the Pyrocon to reach a stesdy tempere
ature. S8ince the thermocouple was nt fixed, there was 8
posgibility of measuring the tempsrature at different points
on successive readings, Cere was taken to minimize any sauch
variation, In all cases, the verious instrument readings wers

taken in the sams order 8O a8 to meintain equal increments of

16




4 4ime bebween recorded values,

i Preci sion of Data as Read

i

:{ In the improved form of the apparatus, water temperatures

1 {n the fimed tube bark could be read to tie mearest 0.1° F,

The outlet temperatume yinotuated continnonsly ovar e range of
0.3 t0 0,5°, so that a Wpental integration” process based on
observations over half a mimte or morc Was necessaery to ascertain
the true value, The duplicability of these readings is felt to

offer support for thelr reliability, VWater flow rates could be

obtalned from manometer reeadings with = precision of one per cent,
Gas temperatures shoved some verisbility, b no serious
finctuations. At times there occurred a rise in temperature as
indlcated by one of the thermocouples situated below the finned
tube bark, witle at the same time there was @ corresponiing ‘

dacrease in the reading of the other. These my have been due

to disturbances in the ge&s flow pattern at the low velocities

used, In any case the varistions were always below twenty

degrees and usually mach smal ler .

' Some variability was noted in the readings of thermocouples

J attached directly to the finmed tubes, especlally that indicat-

ing the tube wall temperature of the urder side. This variation
was equivalent to cnly 8 few degrees, and an abb empt was made

to cbtain an average reading in ve cording tin ge valpes. The
potentlometer galvanometer siowd & definite deflection for @
aifference of 0,05 millivolts in gl 1dee wire &6 tting from the

valance points. This dif ference correspords to 1ess than 2° F,,

' nm\.iit {5 felt that most o the readings were less in error »

than tHi s,




" (30 feet per mimute). These data are mcluciod in the Appendix,

Aaxiliery readings, such as Velometer readings, were sube
jeot to grester uncortainty.‘ Velometer readings, for exaiplé,
depended on the position in the stack of the duot tubej con=
siderable wariation, from reading to reading, was roted in
stack velocities. Vater flow rate 1n the shielding benk, found
by collecting the effluent over a period of time and weighing
it, is probably velld only to plus or mims five per cent
pecsuse the quantity was re letiwly small .

The overall operation of the equipment was influenced to a
certain extent 'by envirommental cond tions, Fluctuations in
water pressure, gas presgure, end room temperature and alr
moverert affected steady state conditions and ceaused the
digoardirng of a conslderable emount of dsta, Yo run was cone 1
sldsred asceptable unless marked varliations in conditions were
abgent , and no ocontimous trends in any readings were obsarved,

Ca at of Instrument

All instrumentation used ws checked or celibrateds The
the rmaneters in the tib e bank were compared with & DBureau of
Standing calorimster thermometer & the same immersion depth
ag was uged in installation, The thermometer in the shielding
bank was alaso compared wth a precid on Centigrade the rmometer,

All thermooouplec were tested by comparison with a mercury

thermometer immersed in a glycerol bath. The petentiometer was .
equipped vith @ standard cell and cold junction corrections were |
applied, The Velometer hed been chedced by the memufacturer

emd vas certified accurate vithin three per ot of full scsle

Tables X, XI, and XII, Figure 11 shows the cal ibtration ourte

18 | , o
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for the orifice in the finnmed tube ocircuit,
The most oriticsl measuremmts-from the standpoint of

technique are the high gas temperatures. The miltiple-shield

higheveloeity thermocouples will reglster a lower reading than

tyue gas temperaturs if the velocity of the gas past the the rmoe
couple is insuffiolent (9, 10). Although the most suitable

blower avalilable was used for drawing air over these thermocouples,

1t ws Pelt advisable to attach the blower to each thermocaiple

separately under operating caditions to determine w'ether any

inereane in 1micated temperature would te observed, JThis was

done a mumber of times, with variable results, summariged

{n Table IV, It appesrs definite that thermocouples No, 3 and

4 require no correction for insufficient gas velocity. The

mximm correstion for thermocouples No, 1 and 2 would be 18

and 20° F, respectively, In using these readings, no corrections

were applied for insufficlent gas velocity, for reasons given

in the Discussi on of Results.




Treaat 'ta

From averaged values of observed date, presented in Table VII
the overall hwat tranafer coefficient was caloulated for each run,
Tpis was then corrected for water filu and metal wall (but not
fin) resistance, %o providse &n cdoeerved gaseside film coefficient.
The fin effectivensas for the sltustion wves than determined from
a nomograph of the Harper and Brown relationship, due to Mack
and Pitcher (8)e This nomograph does not take into account the
correction for curvature in helical fins given by Harper and
Brown (2). The correction, however, 15 small and uniform in
the range of film coe fficient s occurring here, and was neglected,
Phe fin effectiveness so obtained was then srplied bo det ormine
the sctual fineside film coefficlent, Aversged cbserved data
and calculated results for the preliminary runs are presented
in Tevle VI in the Appendix.

For the runs with the re f red instrumentation, several
improvements in treating the data were poesible. Because of
the uncertainty in the values for water film emd metal resiste~
ances, the fineside coefficiet was also computed directly from
the messured gasebase wll temporatﬁrg difference., <This value
was fhon expressed aa the Masselt pumbsr or as the Stenton
mumber mltiplied by the Prandt]l mmber raised to the two=
thirds power, using the app ropriate values for air for the
gas film properties, In order to deternine the Reynolds ruder,
& heat baln;mo acros s the fimed tube tenk was made, snd the gas




flow rate was computed, Plota of Faaselt and StantoneFrandtl
numbofa versus Reymlds ﬁum‘ns'r were mﬂd§ to correlate the data,
Computed velus s for the seocond set od’ Mns are gﬁén in Table III,
A sample computation is presented 1n the Appendix,
| Re Corpelstio
The e sulte of the prelimnary tests when plotted as

Stant one=Prandtl mumbers versus Reynolds numbér ghowed a rather
diffuse point fleld in the-general vicinity of McDonneli's
correlation, as dwow in Figure 4, These results showed the
desirability of increasing the range of avellable Heynolds
mmbers, but gave qualitative support to the possibility of
extending McDonnell's correlation to higher tempem tir 63, Ko
radie tion effedts were evident ; however, it was possible that
g the metal baffles used were ineffective as radiation shields,

| being themselves at high temperature, A striking otservation
was thet the temperature of the gas stream was reduced as

B moch as 400° F, in a single passage over & fiveeinch depth of fins.
The tests on the revised apparatus I d to excellent egreement
§ vith previocus wark over the entire range of temperature and
Reynolds number available, as shown in Figures 5 and 6, These

re malt s make use of a fineslds film coe fficient determined
directly from gasebase wall tenperature difference. The gas

§ £11n coeffiotents conputed by correcting the observec overall

‘coefficlent for water film smd tube wall resistence were soms what

‘7 jower. The relation between these corpubed film coefficlents and
¥ the direotly determined values 18 gown in Table V, By taking ;.nto
N socount the resistance of the fins as will as the wall, better

sgreemert between the two sts of values is obbained (Table V).
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Agaln there was no cbaervable inoréase over the expected
vyalne of film coafficlent when the chislding was partislly removed
by eliminating the flow of water in the dielding bank, As the
naxlmim gas 18 mperatures attained was only n20° F,, radiation
offacts might be expected to make relati vely smell contributions
to heat transfer.

Phe effect of a possible error in me asuring the gas tempere
ature approaching the fim od tube bank was inve stigated for two
cases, In order to ascertain the maximm effect of such a changs,
the calculations were repeated using the cvserved approach
temperature plus 20° F, Thisg was the meximm possible correction
to one of the thermocouple s indicating this temperature, the
other requiring no correction, (Table IV) No correction was
required in the temperatur e of the ges leaving the finnéd bank,
The pesults of these calenlations 18 ahovn in Figure 7. Slnce
the gas flow rate was determined fron a heat balance over the
fimed bank, & change in both Keyrplds mmber and StantonePrandtl
mmber occurred, the net offect being & shift toward lower Reymolds
mmber, but still in reasonable agreement with McDonnell's
correlation, The low-temperature run uged as one example vould
represent an extreme 0888, gdnce the correction would be expe ot ed
to be considerably smaller than twenty degrees as lower temper=
atures, The use of the properties of adr for the gas stream is
felt to be @ Yeasonable gimplificetion for the dilute flue gases
{nvolved, FFarthermore, 1t 1s indicated by the lack of reliable
informetion on gas propertles in gereral, In order to have @

reliable, consistent set of values for air, the tables given

by Keeran and Kaye (4) weré used, although these yleld slightly

1




jower Prandtl number values then were used by Mcmnnoil , starting
at 0,72 and deoreasing somswhat with increasing temperature.
Oorrectién for the presence of carbon dioxide and water vapor
would increase this value slightly (5)e

By the end of the prel iminary series of runs, the entire
exterior sirface of the finned tubes hed become covered with a
thin, flaky rust layer. Since no accurate me asurements had
been made bafore 1ts formation, the effect of this layer on
the heat transfer could not be evaluated, Its resistance was,
nowever, undoubtedly very smell {n comparison with that of the
gas film, end this effect may have be en partially off set by the
increased turtulence provided by the roughened sur face,

A possible point of a1 f¥erence between the data obtained
here and McDomnell's correle lon is that the latter was based
largely on benks of se veral rows of tubesj the se might be
expectad to show improved turtulence an¢ hence improved heat
trensfer, by analogy wit h bare tubes, 1he date used by Mo
Donnell do, nevertheless, snclude same single-row results wvhich
are not distinguishable from the miltiplee-row figures, The
turbulence does not therefore appear to be improved in maltiple-
row banks when using finned tubes.

The basle sssumption of uniform fineside film coefficlent
used by Harper and Brown coald be reedily tested in the's’e runs
by means of their exprpeasion re lating gas-fin temperaiure
difference at any point to the gaa-‘u\m wall tempsrature
différence, From me asuremert of finetip and wall temperatures
‘above amd below, it was fomnd that the lower side, faoing the
approaching hot ges, nad £ilm coe fficients on the order of & to

2%
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5 Btu per square foot per hour per degree Fahrenheit, while the
top,'tnomg the receding cooled gas had coef ficients of one or
less. These values were 4if fivult to determine precisely becsuse
of the small change in hypervolic cosine of x with x in this region,
Neither the arithmetic or 5logar1thmio mesn of thesé values showd
good general agreement with the experimental velue of the film
coefficient, as indicated in Table V.

In view of these considerations, it might be held that the
agresme nt between the present data and McDonnell's correlation
15 to mme extent fortultous, Nevertlsless, it appears that the
application of the fin effectiveness concept to an arrangement
of the type studied here does yield consistent results, whioh,
in the 1light of the sapport lent by determinations at lower gas
temperatures, make possible the application of this correlation

to design problems inwlving gases of moderately high temperatures.

24
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Table IIY

Calculated valuss of quant ities for runs on revised spparatus

Fun Condie- Qf Q.s Ay mass rate com- Q.f Q’a Gm U8 Uy Vatere
tioms puted froms: as basis wall

Velometer reading for air At ,OF,
Upper sower rate,lb/hr

49200 560 610 607 580 3487 1464 51

34600 540 600 501 520 2,41 1,55 4l
18200 17800 430 498 540 5,00 140 22

42400 42000 . £60 44,48 188 51

ports 41500 38800 876 2,10 1.89 80

1

28600 - 820 33

27600 ¥ 788 .78 1" 87
12600 .90 2.94 3 16

815 LS 61

R S N A T e e e
. ) N )

38 4 678 | Sl 61
6 47100 . 42800 =L 781 | .99 Lo 39

recalculated 423100 49200 L 566 Be79. Lo 51

17800 - 439 .88, 1o1 22

Bl. == draft Llover on e
¥No shlde == nNoO wat_;ér’-flowing sn shielding bank
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Table 11X, continued

125% Gas-wall Gas t, Fe h<from h, from hd (?lj)(§£%93?
velocity h water AT, oF, At w1l temp, k& <G/ K
0.442 180 o277 2.02 2.28 28,3 0.0171
0.435 175 232 1.87 2,08 27.2 0.,0164
0.451 170 143 1.69 1.87 26,8 0.,0175

0.435 180 245 2.31 2.64 34,0 0.0142
1.435 180 232 2 .37 2.73 35.3 0.0144

C.431 170 191 2420 2.50 4.0 0.0142

0.451 190 182 : 2,22 2.53 34,4 0,0149
0.458 180 109 1.99 2.24 23,4 0.0155

© ® 4 6 U & o« LI

0.484 205 318 2.42 2.80 335 0.0158

W
o

0,490 2056 3863 ' 2.22 2.52 20.1 0.0169

1 recalculated
0.442 180 £ : 2.20 27.0 N.,0177

% recalculated
0.451 170 . ) § 1,75 25.0 C.0166




Thermocouple corrsctions far blower eapacity

Date

10=18«49

10-25-49

10=31-49

11-1=40

ZTable IV

Correction $0 thermocouple

3

18°

27

18°

23°

Kumber
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Comparison of gas film cosfficlents esloulated
by various methods

Run ¥o. A B c D
B -
1 2,88 8,04 2,39
! 2 2408 1,61 2,07
1,87 1,68 1448
2,64 2,40 2,14 { f
] 8,73 2,41 2.28 ‘
. 6 2,50 2,35 2.29 8,53 _
7 8453 2,24 1,96 g
) 8 2,24 2,09 1.45 2,83
i 9 2,80 2,46 2.64 |
10 2,52 2,28 2,42
11 2,66 2440 2,12

A « oaloulated from wall temperature

B « oalculsted from overall coefficient neglecting fin
resistance

C « logarithmio mea n of upper and lower values caloulated
from fin-tip snd bese wall temperature 5

D - oalculsted from overall coefficient inoluding fin
resistance *

28 ) [s ’
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Senclusion -

* | The MoDonnell correlstiom,

[Clgj cr )\ _ 5935 Ke

K¥
has been shown to be applicable to hsat transfer characteristios

—~0.525

of fimmed tubes at gas temperature s up to atout 700° F, Previms

data on which this correlation was baged covered gas temperatures
up to only about 200° F, No appreciable radiative transfer was
observed at the temperature studied.
The agreement of values obtained here, to whi ch the Harper-
Brown concept of fin effectl veness was applied, ‘with the expression
| given atove, lends qualitative support to the reliability of this
| A concept at high values of fin effectivensss,

A tritical comparison of various methods of arriving at the
gas film coefficient has shown that (1) great precision would be
necessary to obtain accepteble film coefficient values from
‘ measurements of finetip and bage wall temper atwres; (2) ususl
| methods of celculating ges film coefficient from overall coefficient
1}; are not precise inthat they neglect the larest resistance (except
!; | for the gas film), nam ly the resistance of the metal in the fins;
! but (3) values of gas film coefficilent can be calculated which are
| in good agreement with directly observed values by taking into
| account the fin resistance; (4) the asimplest method of obtaining
reliable gas film coefficienta 1s by direot measurement of base

IL‘
i wall temperstures to obtain the gas~wall mean temperature difference.
f The apparatus and techniques developed during the investigation

| desoribed here shoul d prove mitable for imvestigation of still
higher gas tempsratures snd of the rolss of convection and radiation

i o ‘ 4n heat transmission to fimed tubes.
‘ 33.
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Table V

Observed and calculated values for rreliminary runs

Run No. (1 2 3 4 ) ( B G

Conditions 6 = closed 6 - top open
No. of burners '
and port position

wntgrorate,lb;/min; 128 57 92
F. 9.5 20,0 12,0

o 73000 GB8500 66300
Ave., water temr., F. 70 70 70

Gas in, °F. 770 700 690
Gas out, °F, 340 350 340
(At)m ' 450 430 420

U, Btu./ft.c=hr.-°F./ft. 2.2 2.1 2.1

Steck temp.,%F. | 330 340 326
Gas vell, fpm. 460 520 510 510
Corr. gas vel., fpm. £60 640 620 620

G, : 410 480 460 470
Gas film G emp. 330 3:0 310 310
ALl g, (6.~ b 0.0592 0,0586 0.,0580 0.0580
PG /e 1770 2010 2030 2080

%ater fllm temp., °F, 100 100 100 100

h for water 250 130 190 23
1/0 ; 0.45 0.48 0.48 0.48
1/h 0.0040 0.,0077 0.0053  0,0044
%atdr snd wall resistance 0,044 0,082 0,088 0,048
h_ spparent 2ed 265 2ed 23
1n® corrected 2.8 2.0 2.8 2.7

%)(Qé,/)g 0.022 0,020 0.020 0.018




Table Vi, comtinued

Run No. 10 ) ( 11 iz ) {13

Conditions - 6 - open ]
Nos of burners )
and port posigion

Water rate , 1v./min.
At, OF,
Q’ ﬁhl'./hr.

Ave., water temp., °F..

Gas in, °F.

Gas out, °F.

(A t)n o

U, Btu+/ft.“=hr.-°F,/ft.

Stack temp., oF.
Gas vel., fpmn,
Corr. gas vel., fpm,

G
GBs £1lm temp.
—AF, (6. SFF —h

Gater f£ilm temp,, °F.

h for water

1/0

b § ,

Water and wall resistancse
hg epparert

h™ corrected

42 ce\ &
cG& (K
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Hun No.

Conditions
Ho, of bwrmers
and port position

Vater rate,lb,./min,
A b, °F,

Q, Btu./hr. o

Ave, water temp., Fa

Gas in, °F,
Gas out , oE#
({Atnm

U,'Bta;/ft;aanre-°F¢/ft. 260

Stack temp., °F.
Gas vel, fpm, '
Corr. gas vel., fpm,

@
Gag film.-temp,

Ap, /B~
LDGiL:&:/ 7

Water fllm‘bemp.,pF.
h for water
1

i

Watgi end wall resistance0.074

‘.':4.8 apparent
h™ corrected

ce)(Z)5

Table VI, contimued

(16 17 18)
Closed, no baffles
6 4 2
65 63 66

18,0 13,0 6.0
70200 49200 23800
70 70 70
770 610 400
360 310 200
470 370 210
148 1.5
340 500 200
480 430 320
590 520 360
430 400 320
340 280 O 190
0.0598 0.0564 0,0514
1840 1820 1600
100 100 90
145 140 140
0¢850 0BS5S 0,67
00,0062 0,0071 0.0071
0.075 0.076
2.3 2.1 1.7
2,7 2.4 1.9
0.020 0,019 0,019

{19 20
Top open
<] 4
57 8%
20,0 14,0
68500 47900
70 70
700 550
380 270
430 S20
Lol 250
&40 270
520 460
640 8540
460 430
220 | 250
0.0586 00,0548
2010 2010
100 20
130 120
0e48 0.50
00,0077 0,0083
0.082 0,088
245 2.4
269 248
0,020 0,021

21.) (

2

57
7 ¢S
28700
70

390
210
220
1.6

200
410
460

400
200
0.05620
1870

20
i20
D63
0.0083
0,088
1.9
241

0,017

22 23 24 )
Top spen - no barfles

6 4 2

57 57 56
2240 14,0 75
75300 47800 25200
80 70 70
750 590 370
370 290 200
430 350 200
2¢2 1‘8 1.7
3280 280 200
540 45 DO
6:30 B70 450
450 450 390
340 270 i80
0.0538 04,0558 0.,0508
2060 2070 1970
110 100 80
136 130 115
0445 0.55 0+59
0.00%74 0,0077 0,0087
0,079 0,082 0.092
267 2.1 2.0
Se2 Se4d 2
0.021 0,01% Q.018
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8¢

Kon RNoa

Conditions
Ho. of bumers
and port position

¥Water race, 1b/.min.
At, °F,

Q, EBtui/hbr.

Ave. water temp,, ©OF,

Gss in, °F,
GCas out, °F,
U, Btu./ft,. =hr.- F,/ft.

Stack temp., °F.
Gas vel,, fpm.
Corr. gas vel., fpme.

a

Gls £1lm temp.
g (b FF -
[7(§/C44,

o
¥ater film temp., Fe.
h for water
1/0

1

-

¥Watér and wall resistance

h_ apparent
hg corrected

(s ()3

25

63

130
50700
70

610
310
370
1.8

230
800
460

0.0564
2090

100
145

L ~ -
00,0069
0.074
2.1
2.4

0,017

Table VI‘ conbinued

€5

10.5 ’
41000
70

530
270
310
1.8

250
460
530

430
250
0.00648
2010

90
120
0455
CeCO71
0,076
241
2.4

0.018

27 )

515]
6.0
23400
70

380
1380
200
1le6

180
320
42

380
180
04,0506
1920

80

150
0.63
00077
0.082

l.8
2.0

0,017

28

65

14,5
56600
70

630
310
3E0
240

310
540
680

490
290
0.0570
2200

100
145
0650

- 0.0C69

0,074
2.3
2e7

0,018

29

Open = no baffles

4

66

10,0
39600
70

540
280
320
1.6

280
470
560

440
250
0.,0548
2080

I

140
0,63

0.,0071
0.0%6

1.8

240

0,015

30 )

2

65
540
19500
70

380
190
190
1.4

190
320
430

380

0.0506
1920

80
130
0,71
00,0077

1.6
1.8

0,015
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Table VII

Averaged vslues cf data for second set of runs

B ] et~

Run - Condi- Temps below Temp. below Termpe. above Wall Fin-tip %wall Fin-tip
tions shield: TC 1, fimed bark fimed bank Telow below above above i
OF. C & TC 3 TC 4 iC 16 TC 1% TC 19 TcCc 18 “
1 6 turners 905 575 569 259 210 321 s2 98 |
4
2 4 burmers 747 <82 482 251 176 258 80 oe f
3 2 burners 461 321 330 175 134 179 72 76 ]
4 &, blower on €39 481 282 280 180 267 &9 102 ‘. 3
- S 6, blower on, ‘
o) ports open 648 £867 471 275 185 266 87 102
4, blower on 509 389 385 228 151 21s 78 21
4, dblowar on,
pxts open 515 S84 388 225 159 213 81 g2
2, blowsr on 328 256 284 154 118 - 144 71 7S
9 6, blower un, -
no shielding 719 633 624 341 235 368 86 106
10 6, no shielding 878 721 718 357 244 401 ~ 86 105
11 6, blower on 756 523 528 220 183 276 75 o




Table VII, continmaed

Finned bank Shield bank Velometer reading
Water temperature Rate, Viater temperature Rate, - fpme
In Out 1b./mine. In Out 1b./min. Upper Lower
6543 797 675 65 143 10.5 420
65.7 739 6645 66 146 7e2 400
6640 7064 69 142 Se9 300
6640 76,6 136 630
6546 7640 ; 7060
€65 .4 73 ed ' 8600
65.9 TS 660
6546 6945 ‘ S 570

O © Q9 0 0 d G N W

65.8 7849 620
65.8 793 460

Mo
M O

65.2 7142 650




Table VIII

Sample date from Kun 3, revised apparatus

Fin Bank Manometer rezde Shielding bank V.ater Velometer read-
Water temperaturs,®F, ing OAHyin, tater temperature,oF. rate ing, fpm ‘
In .' Cut In Cut Uppsr Lower

6549 7043 2,05 66 145 %e91/min. 300 340
6549 70.3 2el 66 140
6640 70.4 2.1 66 140

2 burners

€620 70.4 2.1 66 141
6640 70e4 2.1 66 142
t ® 4,4° 2.1 in. £ 691b/min £t = 76°

Thermocouple reedings, mv,

Gas temperstures TC 16 TC 17 TC19 Cold
TC 1 TC 2 TC 3 TC 4 Wall Fin tip Well jct.
Below shield Below finned Above baznlt Below bElow ‘ above
bank _

11424 6.98  7.19 2,55 1.29 2,70 - 054
11,18 7400 7,19 1.30 2,62 ' =0,51
11.12 675 7423 1.39 2,67 | -0.52
4150 11419 7.00  7.15 245! 1.28 2460 -0.51

5:00 11.1g§‘fgis;ea 7429 2 ii1.24 2.59 8 =0.51 90

Average 13,10 = 6,91 7.21 o LET 2464 . ~0.52 90
Gg;fected 12.65 | 8457 8.8%7 o 4,50 o le14 1.66

Tempera=- 461° 321° 330° : 179° 720
ture,°F,




Sample Computations

Tube areas based on data in Tables I and IIt
Total fimmed tube length 3 Lis,i.gs_w- ® 10,4 ft.

End ares of fins = Q20376 g,gi x 3,075 ine x 7/

x 45 turns /ft, x 10.4 ft. = .16 sq. ft.
(Correction of end lengtl: for pitch is negligible)

3.075 in x 77 x 10.4 ft. = end area

= 8.39 - 1018 - 7021 aq. fto

Base area

Number of fins /fft. ® 45 turns Jft. x 2078 T
/t 4 YL A
= 1265 /ft,
Side area of fins w 2{(11/32 x 0,063) x 126 £t
x 10,4 ft. - 60,6 8q, ft.

8.60 8q. ft.

Edge area of fims

x 10,4 fto
Total area 8 1.2 t 7¢é2 + 80,6 1+ 6,6

- 75.6 .qo f'bo

Pctal fin area neglsoting edges = 61.8 sq. ft,

Inside areas .L%Am x 7" x 2,74 in,

& T.47 8q, ft,

Outside area of shielding benk = £9 tubes x ﬂﬁ!h
= 20.8 8q., ft.

1
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Averaged values of data are takesn from Tabl; VII for Run 63
Qe, heat taken up by fimed tube tank S 60 min,/hr,
x 10.4° x 66,6 1b,/min, = 41500 Btu,/hr,
Qs heat taken up by shielding tamk & 60.x 9,5° x 68
8 38800 Btu./Mr.
Ur, overall heat transfer coefficient in finncd bank

- 2 1,89 htu./hr. - .q.ft.‘ovo

(Aths (469=71) - (276-T1) 8 290°
In gg%

where 71° 1s the mean water tempe rature,

v = 38800 ® 4,10 Btu./hr. - 8q.7t.-F,

a 8 t)m

(at)m = 1848—68) - (469 -121) = 455°
=

Here the ganeral direotion of water flow is conocurrent with gas flow,

1600 = 876 1b,/hr,

Gas rate, from Q, = TIE3 -

whers 0,244 Btu,/1b, = °F, is the average specific heat of
air in the range of te mperature covered.

G,, maximum mass velocity = %’%ﬂ;&@ﬁ. % 609 1b./eq.ft.-br,
[} [

The minimum area between finned tubes = 5§ tubes x @I%E&

x 8.x0.908 in. . 48 turns /ft, x uﬁ:&%m.z.ﬁ&ﬂm

b 4 10.4 ft. : 1,67 L4 0083
. 1.44 8q. 0t,

43




Msan water-wall temperabure difference g {186 = T1) = (87=71)

o
Water film temperature & 71° + ﬁgg = 96" F,

Vater velocity 3 66 ie%b mf:n X 5 ‘tn 7
: . T . . _ . . . .

1.! . ’

& x % o 0,44 ftc/ﬂec.

,’; ‘ ) . 62,3 1lb,/cu, .

From Figure 8, the film cos fficient is found to be 145 Btu,/hr,

e 80s fte - °F, To this is added 25% of its value because of

the high turbulence ceused by the return banda, making h & 180,

Adding resistancest

! | Ui—zsi-wt..?%f Ai\

where ts gsymools bave the significanoce given in urder Nomenclature,

S | ' - 0,131 in,) 76,6 _sg, £t
‘.i, T:%r‘ ESL_ + * P » - ol 8q, ft,

| - | + I8

. 84, o

h; % 2,13 Btus/or, = 89, ft. = °Fa, observed

! . . . ) _ ) From Figire 10, the actual value of hg is 2,41 Btu s /hr e=8q oft o =CF,

S8eoond computation of hgz

‘ Mean @s-wall temperature dif ference g

h' '“ | o - {469 « Lgségf (275 _« 87) . 232°

iR
T

il \

i




l:’
i
»

o ﬁgoamieﬂ
he s e (Atnm ’ +C 8q, 5T, 2%)

-4 8,37 Btl;oﬂﬂro - lq.ft.-oF._

From Pigire 10, h, ‘@ 2,75 Btu,/ir, = 8q.fte=OF,
s 2437 w 0,868
€ F 5

The man finegas temperature difference s £ (gasewall At)

™ »

= 0,868 x 232° & 201°

Gas film temperatur® ¢ mean gas temperature = %
(gasefinAt) g 372° < 10122 2m0°
By interpolation in Table IX, the properties of air at this

temperature are:

Viscosity 80,0859 lb,/ftehr,

; Q
Conductivity = 040198 Btu,/ft ehr,= F,
0.248 Btu./lb.ooF
Prandt]l nmmber © 0,68

Hoat caepecity

From these values,

-« DG 7 £t 09 1b £t o=hr
Re - /-{:-L. : *» ® oelid’ ¢
« 2790
W s ? ‘ ® ' f: o"opo
. e U3
(Prl%(&t) e é.«s)% ("66'9
/ :




N

%

s (0.68)

Figure 8¢
Values were found fa h st V 2 1 ft./s0¢c,

and various temperstures.

Por t, = 80°,

s 160 (1+0,018 t¢) (V)28 4 160 (1+0.96) (1)

h
(D7) UeB 1,288

2 256

Lines were then drawn through these points with slope ® 0,8

Figamre 101
A value for h was assumed, and the nomogrsph, Figire 9, was

used to find €’ . Forh 2 1, €' 0,94
Then € 3 1 () + c' (ag) ¢ 7'“8'? (62,8)
At [ )

g 0,946

The value of h cbserved = hE€E
® 1 X 0,945 o 0,945 Btue/bre-q.25,-,
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| N
Gasenide film cos Fficient ocomputed from finetip and bass wall )

it
i
!
il
:

bteaperature Al fferences

In the devivation of the expression for fin effectiveness,
Harper and Erown (2) arrivé at the following intermediate
equations

9, = 6, cosha(x = w')
co avw

where O

gasemetal temperature difference; sudb b,
at ths base vall; sub x, at dist ance x
from the base

a 2 the square root of tle quantity 2h/kT -

h 8 gas side film coefficlent, Btu per sq,
ft. per OF, par hr,

1]
"

thermal conductivity of fin material,
Btu per sq, ft,./per hr, per °F, per ft,

& 26 Btu per sq, ft, per °F, per ft, per hr,

T 8 fin thiclkness, ft, & 0,002l ft,

x @« distance from base wll to point where
@, is measured s w' for the fin tip

w! & distance from base wall to end of fin,
corrected for effect of fin thic lkness,
teaken as 1 ineh = 0,083 ft,

Subatituting these values far conditions at the fin
tip, where x < w's

9, /0y ® ocosh 0,414 nd

For Run 5, on the top aide of the flmed bank:

o s 275° « 87° = 188°F,

o, & 27° . 102° = 173°F,
&p/6, = 1,088

arcoosh 1,088 3 0,430 from standard tables of
hyperbolic functions

Therefore by, & (04430/0,414)% = 1,08




Similarly h’bottom & 4,32

The logarithmic mean of these two quantities

is 2,28 Btu per sq, ft, per F, per hr,

i
|

|
.1;
|;
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Table IX

Properties of air from Keenan and Kaye: "Gas Tables"

Table 2, Page 34

C k. z
: mp. U ¢ A —
| | Sp, " Btu, be __ FrofE..OF, / £

§ i 9.7  0.2304 0,0392  0,0130 0,72 0,81
% | 40.3  ,2396 .0425 .0143 W71 «80
| 90,8  ,2399 ,0454 .0156 .70 .79
i 140,3 2403 0486 0168 +70 o179

1 190,83  ,2409 .0515 .0180 .69 .78
; a 240,35  ,2416 10544 +0191 .68 .76
| ; 200,85  ,2424 .0569 .0202 .68 78
l} | 840,85 2434 ,0598 .0213 .68 78
| | 440,35  ,2458 .0645 .0237 67 o7
| ; 640,35  ,2486 0691  ,026 .66 .76
i’ § 640,5  ,2516 0738 .028 .66 .76
% ? 40,3 2547 ,0785 .00 .66 .76
i : 840,43 +2579 .0829 .032 .66 .78
; ? o0 2611 WOBTL. 035 W86 7B
{ : 1040,3 2642 .0911 ,037 .68 .75
i

- to 1940°F,
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. 2able X and XI

Calibration of Thermometers

Water inlet and outlet thermometers in finned tube bank:
Inlet: Cenco N8360, 0«150°F, in 0,2° divisions
Outlet:s Cenco N6367, 0=150°F, in 0,2° divisions
Standard: Parr 410422, N, B, S, certif icate 73822,
65«108° F, in 0,058° divisions

All immersed 4 ;.:ohes in water

Standard N6360 N6 367
75,65 7546 7646
80,45 80.4 80.4
87.85 87.8 87.8
91,45 91.4 91.4
98.45 9843 9843

104,30 104,1 104,1

Water outlest thermometer in sh is 1ding bank:

Outlet: Eimer & Amend 40-300° F, in 2° divisions

Standard: Parr 410422, described above, up to 100° F,
Brooklyn No, 93924, 0~100° C, 1n 0,1° divisions

Standard Standard Eimer and Amend
. 0
7247 72
76,2 76
88,2 88
100,28 100

“d 111.4 111




'1'-%10 x1 o% inued
an a (.}

Standard Standard Eimr and Amend

(v)
0.‘ oFo

“ TR 114,38 114
; | | - i 5047 123,3 123
| - 5645 133,7 133
6249 145,82 16
6943 166,7 156
74,7 166,56 166
79,2 174,6 174
8444 183.9 184

R e AR e e M e 4O Do

90,2 194,.4 194
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Thermocouple check versus mercury thermometer

Thermocouplest Eleven No, 8 ifon constantan element s
Comparison standard: A, H, Thomas Co, 600°F, in £° divisions

In glyecerol bath

Mean thermoe Cold junciion Indicated Standerd
couple reading, temperature oF,
millivolts # oF Mv, Mv. .
1,87 "7 1,30 3417 141 141
3,86 ™ 1,30 4,86 198 197
7.10 R {: 1,38 Be43 316 316
10,49 78 1,33 11,82 426 426
11,39 78 1,33 12,72 455 466

# Deviation of individual readings from thi s mean did not
0x008d 0,03 mv., with a mean devistion of 0,02 mv, or less,
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