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SUMMARY

This paper presents overall heat transfer coefficients
for the following standard condenser tubcos

Admiraltys 1 in., 7/8 in., 3/4 in., 5/0 in.,

1/2 in, and 3/8 in., 0D, 10 BUG.
7/8 in., D, 16 BIG.

Muntzs 7/8 in., M, 18 BC,

Arscnical Copper: 7/€ in., 0D, 18 BUG.

Alumimm Brasst 7/8 in., M, 18 BIG.

Aluminum Bronze: 7/8 in., @D, 16 BiG.

Coppereliicksls. 7/8 in., and 5/8 in., C, 18 BIG.

The limits of the tests on these tubes are as followss

Steam temperaturet 100°7,

Inlet water temperaturet 80°F,

WVater velocityt 2 to 10 feot per seconds
Active tube lenpth: 61,56 inches,

Graphs showing the variation of overall heat transfer
coofficlents with chanpe in water wvoloclty arce prosented.
The effect of diameter, wall thiclmess and conductivity is
notede

Nlelative correciion factors for the Admiralty tubes
are presented as an explanation for the variations between
the experimontal values and the values calculated by the
general equations. Differences in steam«film cdoefficients
among the various metals, calculated from experimental
valugs of thie overall heat transfer oocefficients of these

tubes are also presented. These relatlve correction factors




"‘ for tho Admiralty serios and the calculotod steam-film
‘coefficient for 7/8 in., OD, 18 BTG Copper-Mckel tube are
used to predlct ovorall coefficients for 5/8 in., and

1/2 in,, @, 18 BTG Coppor-lickel tubos to within a dovia-

tlon of four percent from actual experimontal values.

L i BGSSeR eSER =

Details are given of the apparatus,
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OBJICT

The object of this thesis is the determination of "pure"
heat transfer coefficients from the "raw" data campiled for
the Heat Exchange Institute at Lehigh University from February
1946 to August 1947 and the evaluation of this data to determine
if it is in agreement with theoretical considerations based
on the pensrally accepted concept that the overall resistance
to the flow of heat from one fluid to anothsr is cqual to the

sum of tho rosistances of the two fluid films and the resistance

of tho tube wall,




PROCEDURE

The data contained in this paper was compiled for the
Heat Exchange Institute at Lehigh University from February
1946 to August 1947, A total of L1 runs were accumulated
in vhich tha efiect of steam temperature and inlet water
temparature wore studied.

A data survey was made to determinc which of these
rung preSented useful information. Criterla wore sat up by
which a1l but 167 runs were eliminatode The criteria and a
sumary of tho runs is as follows$

Criterias Steam temporaturc 100°T,

Inlet water tcaperature 80°F,
At oquilibrium, water rate
constant and no oxcessive

varlations in stecam or in-
lot water tomperaturce dur-

ing a run,

Sumary of runs:  Steam other than 100°F. and/or
inict water other than 80°F, 12l

Not at equilibrium, water

rate etc. 63
Unknown metal tube, 65
Total excluded 252

Of the remaining runs, 117 were used in this report
as they presonted a useful range of data on the efiect of
tube diameter amd conductivity,

The exclusion of runs at stecam tomperaiures other than
100°F, and/or O0°F, was nade ag not onough data vas compilsd

for any givon condition.
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Steam temperatures rocorded in the oriéinal data were
measured both by a platimm resistance and a mercury thermo-
meters Variations of the order of a degree were found between
these roadings, Investigation found that the platinum rosise
tance thernometer deteriorated during the period of operations

In cases of disagreement in rcadings, the mercury thermometer

was favored in calculations used in this report.
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DESCRIPTION OF EQUIPMENT

A schematic diagram of the equipment is shown in Figure 1,
and 8n end view of tﬁe calorimeter in Figure 2. The equipment
is most ocasily described by considsring the two separate ree
cycling systoms-étoam and circulating wmter,

Steam gls’wm

Sf,oam generated under vacuum in the ovaporator passes
through the calorimeter around the condenser tube, The steam
condensate which forms and drips from the tube is collected and
returned to the evaporator. That portion of the steam not con-
densed is also returned to the evaporator. The vacuum pump ree
noves any non=condensables from the vapor8 in the condenser and
maintaing the system at a pressure considerably below atmospheric
(about 28 inches of morcury vacuum), Control of the vacuum, and
conscquently, of steam temperature, 1ls obtained by regul ting

the rate of cooling water flow throuph the condsnser,

Circulating Vater System

Circulating water flows from a constant head tank through
the condenser tube in the calorimetor to a multiple~orifice
tank flovmoter. Details of construction of the multipleo-orifice
tank Zlowmoter are shown in Figure 3. A valve adjacent to this
floimotor serves i‘(:»r adjusting tho flow rate and holding it cone

_ stant during a run,

Circulating water leaving the multiple -orifice tank flow=
meter falls intoaweigh tank, used for calibration, and then
passes through the circulating water cooler to the supply tank,




Regulating the rate of cooling water flow to this cooler controls
the temperature of the circulating water at the inlet to the
condanser tube in the calorimeter,

The cireulating pump takes suction from the supply tank and
returng the water to the constant head tank. The overflow from
the constant head ténk may be cooled in the overflow cooler bae
fore roturning to the supply tanks In order to obtain higher
velocities through the condenser tube tho constant head tank is

by-passed, and circulating water cnters the tube directly at pump

pressurc,
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DETAILS OF THE BQUIFLIENT

Calorimetor
Thevcalorimeter is a steel chamber (14" x 36" x 64") with ine
ternal baffles so arranged that the entire volume of steam pasdse
ing through the system flows across the condenser tube under toste
A singlo condenser tube about two fect longer than the calo-
rimeter is inserted horizontally. The extra length of tube exe
tends into the two end fittings where a baffle arrangement
cquses the water entering and leaving to pass over the exterior
surface of tho tube ends. This provents any radlation effocts
upon the tube onds and limite ths heat tronsfer surface of the

tube to ths interior length of the caloriroter.

Iultinle-Orifice Tank Ilowmeier

The flommter is a sheot alumimum tenk (8% x 127 x L2} and
sight clagc, with a series of 3/8 inch dismeter orifices in the
vertical dividing wall. The meximum capacity of the flewmeter
is 25 pallons per mimte.

Actual calibration date, obtained using the weight tank and
scale for timed runs and plotied as gauge reading (H cm.) against
circulating water flow (w 1b,/hr.), produced a family of intere
secting curves, particularly for the high flow ratesj ths points

of intorseotion coincided with the position of the orifices.

Evaporator
Tho evaporator is of the submerced coil typs operated from

the loboratory steam line., The water lovel remains constant
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‘during a series of runs (one-half full) since all condensate is

returned to the e vaporators

A reducing and regulating valve assembly supplies steam for
heating ’ohe coll at eight pounds par square inch reduced from
120«160 pounds per square inch. This establishes approximately

constant steam velocities across the condenser tube for all runs.

Yaown Pup

Two Nash "Hytor" vacuwm pumps, size TS-7, Test Nos, H=1641
and H«l6li2, in series.

Circulating Pump
Incorsoll-Rand "Hotorpump”, lodol B, Serial M. 024171,

20 rallons por mimute at a head of 50 foote
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THEORETICAL CONSIDZRATIONS

It has boen generally accepted that the overall roe
sistonce to tho flow of hoat from onoc fluid to another is
equal to the cum of the resistonce of the two fluid £ilms,

the resistance of the tube wall, and the resistance of any

dirt, ccale or other £ilms that myy intérvenss In the case

of nevw condeonscr tubes thic 1Iatis- rosictinde may be
noplocteds
If \Uo) ropresants the gversdl houd ironcic. oo friciamd
PR P,

Nt © 4 b ad A T T
based on the cubtside arez, ohen UL posizudncs To wiene Jio

; V2 ey \ N P LR N SO SRS
woasied 88 the Cumy of tha. reslisvilcen st

" " F Ty

s s e A ST T S W R P i
The resistance of whe tubo wall, Mo/, o welio 4 oy

Fouricrts Lo and equation 1, io calevl ted from the wall
‘-‘cl’xj‘_.clmos;s, svezspz and outnide dicmtoe, anl e toimnd
conductivity of the tubs.

The resistanco of the wator film Do/hyDi, i3 calculated

from tube dinersions-and the Dittug~Doelier cquatlen:

hy = 0,025k [DvR P8 (o a0l L L., (2)

whore thie propertiss: of k, /2, 4 and ¢ are cvaluated at the
mean of inlet and outlet temperaturcs.

‘The resistance of the steam condensate film for & aingle

horizontal tube is calculated by the equation of Nusselts




in which the properties k, /0 s A and /\ arc cvaluatad at the

averare temperature of the condensate film.




SAUPLE CALCULATION

The equation, @ = UAQtm, was used to calculate Uy the
overall heat transfer coefficient based on the outside tube
areas The heat transfer rate g, was calculated from the
temperature rise and flow rate of process water through the
condenser tubo, A was measured, and Otm wes the log mean
temperaturc difference between the stcam and the water,

The data taken for a single typical run is shown belows

Run Mumber 33
Time Us 0 % 1
0 99,0 00,5 0L 0 41,2
5 99.8 80,0 01,0 1.2
10 9945 80,0 84,0 11,2
15 9945 80,0 6L, 0 LL2
20 100, 0 80.0 8Le0 L1.2

As threc consecﬁtive readings were identical these wer:
used in the determination. In cases wWlire three consecutive
readings were not identical, only those which showed a cone
stant temperature difference between t and tp were considered
and then the arithmetical average was taken. Slight steam

variations wero also averageds

Weter Flow Rate (W)

Tho water rate over the range H=25 - 50 cm. was cal-
enlated from tho linear relationship 7= Uk (H) - 9416
derivod by previous investigators, liasured water rates were

used bolow H = 25 cms
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Examples
H = 41.2 cm, W = 44990 1b, /hr.
From the tube dimension the L3990 pounds per hour was

converved to V = 4,99 fect per second,

Total Heat Transfar Rate (q)

The total heat transferred from the tube to the circulating
water was caleulatod from the value of (w) found above, the
difforence between the heated wator and inlet water tomperaturc,
and the spocific heat of the water, which wes teken as 1,0

DTV por pournd - °T. in this cxample, by means of the cquationt

It

q w (to - t1)e
q = l99o(8L.0 - 80,0)(1,0) = 19960 BTU/hr.

Outside Tube Arca (4)

Jun nuober 33 was made on a 1 in., 18 BUG tube,
61,56 in., eficctive tube length.
A o= (3.U36)1)(61.56)/1L = 1.353 8g. fte

Log Maan Temperature Difference (4 im)

e

The log mean temperaturc differcnce was useds

Aty = B = 1 = L4 O = 17,35,
1n,§.~...lt =t L5
tg = to 1546

Overall Hoat Transfer Coefficicnt (Ug)

Uo = g/AOty = 19960

X »

il

855 BTU/hrn-BQo Tte="T,
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TABLES OF DATA

Pn w8 # 7 g g
Tablo I i
Tubo Sizet i in. D, 18 BUG Admiralty

29 99,5 80,3 85,0 3003 14110 16,70 . 3

32 995 79,9 8hk.3 3969 17450 17.25 3,97 753
33 99,5 00,0 84,0 L4990 19960 17.35  L.99 855
31 100,55 80,1  BlL. 5985 24520 18,35 5,99 Pk
39 100,0  79.83 83, 6976 25600 18.38 7.0 1035
28 100,0 79.6 83 8000 28000 16,60 8,0 1120

1<
=

VLN

i Tablo II
Tube Sizet 7/8 in. 0D, 18 BWG Admiralty

, 100 100,2 80,6 87.0 1478 9450 16,20 2,0 196
106 100,2 60,0 86,0 2226 1336 17.05 3,01 666
l' 102 100,0 80,0 8Le9 3695 18105 17,0 5.0 865
104 100,0 79.5  63.9 5193 22850 18,10  7.0L 1072

8.0

101 100,0 80,0 8L.0 5%7T 23708 17.92 . 1125
| __; Table III
; Tube Sizes 7/8 in. 0D, 16 B'G Admiralty
29 998 00,6  85.9 1935 10250 6.k 2.85 533
%69 1016 80,1 06,3 1965 12190 18,23 2.09 547
268 10L0 79,8 85,3 262 1500 18.3 3.9 é16
267 100,9  79.0 049  3keo  17h50 8.k 5,0, 806
266 10095 79.7  68L.,5  L160 19950 16,75 6.13 005
265 10L,0 6801  8L.6 L85 21700 18,7 7.1 966
263 10049 80,0  0L.2 5510 23160 18,7 015 1050
262  10L1  79.9 03,9 62,0 249L0  12.2 9,10 1105
o6l 10L1S 79,86  83.6 7000 26900 19.45  10.L0 1178

560 1011  79.8 83,3 77,0 27100 19.30 1140 1195

Tablc IV
Tube Sizes 3/L in. 0D, 10 BUG Admiralty

365 10L.3 79,8 87,8 1237 9896 17.20 2,37 570
367 1010 80,3 87.5 1603 11550 16,90 3.08 679
. 370 1009 60,0 86,7 1910 12800 17,3k 3,66 T3l
, 372 10,0 80,3 86,5 2298 1h2Ls 17,35 LJda 815
o . | 37, 10L0 80,3 86,1 2658 15k00 17,60 5.1 670
A 377  100,5 60,07 65.63 3018 16760 17.L0 5.8 959
R 2 369 10L0 80.3 8506 3393 18000 17,90 6451 998
378 100,5 00,5 85,6 3738 19090 17,30  7.17 1097
375 10069 80,1 65,1 4098 20460 18,25 7.67 1115
376 10,5  79.8 8lie7 L8 21850 18,10  8.56 1200
373 100,86 - 80,0 BL,7 L84 22750 18,40 9.3 1230
371 1008 80,1 8L.6 5197 2300 18,30  9.96 1269

3 RS AR I i L . X T

o
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Table V
Tube Sizet 5/0 in, D, 18 DVG Admiralty

: o 99427 795 88,0 697 5930 15,05  2.05  L6B
f 20 100,6 80,1  88.L 925 7680 16.0 2,72 970
95 100,06 80,0 88,1 1100 8920 15,6 3.23 660
98 99,9 80,2 B87.8 1h65 11120 15,6 lie3 850
9 10,0 79.86 87.0 1830 13320 16,3 5.371 974
% 100,0 80,0 86,6 2230 14700 16,5 655 1040
1% 100,1 80,0 86,0 2700 15950 16.8 7,92 1130
2206 100,5 79,8 85,8 275 14450  17.4k5 8,05 1125
219% 1005  80.1 85,1 372, 10650 17.75 10,91 1250

<3
Ia

# Indicates Tube No, 2

Table VI
Tube Size: 1/2 in, 0D, 18 BVWG Admiralty

4274 200.,5 80k 89.9 740 7030 185 3,93 705
426  100,5  79.95 88,0 1120 9010 16,15  5.55 830
128 100,7 80,1 87,9 1420 11090 16,40 7,16 1005
L2, 100,5 80,0 07.0 1730 12100 16,70  8.85 1060
423  100,5 80,1 86,5 2040 13060 17,00 10,3 112
422 100,0 80,0 85.9 2420 14290 16,85 12,2 1260

IR TR~ DRI ¥ R, S WP -

Table VII
Tubo Sizot 3/0 in. OD, 18 BUG Admiralty

29 10,0 80,0  93.hL 225 3020 13.20  2.40 152
436 101,0 80,1  92.8 270 3430 13.55 2,67 501
430 10,0 80,1 92,6 332 4150 13.70 3,52 600
L35 10LO0 80,0 919 L03 L4000 1L,20  Lo28 669
431 100 79.8 911 51y, 5000 14,80 5.5 776
L3 10,0 79,9 90,8 600 6540 15.05 6,33 860
432 10,0 79,9  90.7 607 7420 15,15  7.31 970
433 10L0 80,0 90,0 780 7800 15,50 B8.30 995

: 1 Table VIII
- ., 3 Tube Size$ 97/0 in, 0D, BWG Arsenical Copper

166 100,5 80,2 B6.2 1467 8800 17,10  1.99 U436
165 1008 80,0 85,7 2284 13050 17,75  3.08 625
163 10,2 80,0 85,2 3047 15860 18,55 L, 11 728
162  100,9 80,0 8L.,9 3695 18100 18.L2 540 835
15k  100,0 60,1 85,0 3695 18100 17,28 5.0 891,
159 1004k 80,6  8Le96 LL30 19300 17,55 50,99 936
155 999 80,1 84,53 LLLO 19650 17.h0 6.0 961
161 100,67 80,0 684,82 LL51 22400 18,24 6,001 1002
157 100,9 80,0 Bk.5 5178 23300 1B.5 7.0 1070
156 1085 79,95 84,0 3927 24,000 18.85 8,01 1085
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Table IX
* Tube Sizet 7/8 in. 0D, 18 BVG Muntz
116 99,9 79,86 86,0 178 9150 16.85 2.0 162
111 100,0 79.6 85,1 2226 12L00 17.5 3,01 5%
11, 99,8  80.4  85.2 2961 14200 16,85  L.05 718
115 99,8 79.0  83.83 3695 17850 18.15 5.0 837
118 99,7  79.6 83,9  LL30 19050 18,0 5.98 902
113 1000 79,58 83,98 LLLO 19550 18,1 6.0 919
112 100.0 80,25 BL.4 5178 21500 17.65 7.0 1033
110 100,0  79.95 8L.22 5178 21600 17,62 7.0  1dd
117 100,0 80,0 B83.8 5913 22500 18.0 8,0 1065
: Table X
e Tube Sizes 7/8 in. OD, 10 LUC AlumimmeDrass
196  100,0 80,03 66,25 3Lk G06C 16,65  1.9L  Lse
199 100,53 60,0 06,0 178 9300  17.15 2,0 468
193 100,86 0G0,k 86.7 1550 9760 17,0 2,09  LGO
180 100.5  80.0 85,1 2961 15050 17,9 L.05 710
187 10,9 0.1 0.0 3702 161C0 5.01 OO
192 1c0,0 80,0  GL.8 810 18300 17.5 5ell 000
106 10,9 79.0  fhey  Bhgstoo20850C 18,62 S.0n 937
190 10L.0  £0.0  8L.0 5oy 2300 16.95 7.91 1051
18, 101.23 80,0  BLL.O 5936 2370 12,25 B.02 1050
197 10L0 00,6 BL.O  65h6 20080 16,95 88L 1177
199 10L,5 80,0 B3.52 7806 27700 19.65 10,65 1200
Table X1
Tube Sizcs 7/8 in. 0D, 18 BVG Alumiawz-Bronze
211  100,8  79.8 86,5 77 9890 17.L5 2.0 182
208 100,7 80.1 8646 1,92 9700 17,20 2,01 480
207 100,6 80,0 85,3 2255 11980 17.85 3,05 570
204  100¢h 80,0  8L.9 2961 14500 17,80  Lo.05 694
203 1008 80.0 8L.6 3695 17000 18,45 5.0 78l
270 100.6 80,0 B8L.6 3695 17000 18,25 5.0 792
i 202 100,8  80.0 B8L.2  LL30 18600 18,70  5.98 647
20 100,75 80,0 8l,2 5121 21500 18,47 6.92 990
209 100,86 80,0 84,0 588 23550 18,80  7.95 1065
200 10,8 80,0 84,0 588, 23550 18,80  7.95 1065
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Table XTI
Tube Sizes 7/8 in. 0D, 18 BWG Copper=lickel

138 10,3 80,0 86,0 1478 8650 17,1 2.0 Ll
U7 100,1  80.0 849 2226 10900 17.5 3,00 530
122 1010 79,7 B85., 2226 12700 18,3 3,01 589
131 00,0 80.6 85,5 2586 12680 16.81 3,5 6110
125 100,0 80,6 85,0 2961 13050 17.25  L.05 @42
128 100,1 80,0 BL.1 3695 15150 16,0 540 716
U8 100,11 80,0 B8L.O  372% 14900 18,0 50,05 705
139 99457 80ch  8L.0  LhLl 15960 17.25 6.0 780
126 10002 BOa 05 83 098 hhbb 17).L50 180 25 6.0 8]11
,\ 132 100,1 80,0 83,7 L4818 17820 18,20 6,52 83k
i 133 99.9 80,0 83,3 5337 17600 18,10 7.2 627
‘ 121 100,2 80,1  83.3 5927 18920 18,4,0 6,01 878
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Table XIII
Tute Sizet 5/8 in. 0D, 18 BWG Copper=Mckel

239 1006 80,2 87,7 930 6970 16,38 2,73 506
235 1000 80,0 86,7 1370 9200 17.42  L.03 627
232 10,0 80,3 85,8 20 1770 17.9 6427 763
231 10044 80,0 8L 2615 12810 17,85  7.68 &L
230 100,7 80,1  8L.8 2946 13050 18,17  68.65 97
2L0  100,6 00,1 84,7 3040 14000 18,05 8,93 922
229 100,2 80,2 8h.2 37106 14050 17.9  10.9 907
225 995 79,95 83.2 L6 15500 17.8 13.15 1035
241 10,9 80,0 83,67 45B1 16000 19.2  13.u6 1040

The following data in Table XIII and Table XIV from M. So
Thesis, "Overall Heat Transfex Coafficients of Copper-Mickel Tubcs®,
by Ibte Cudre Ro W, Arey USN and Lt. S, J. Robinson USN, Lchigh
University, Juns 1949

It
=

76 9947 79,75 8L.83 2330 11800 17.27 6.8 817
1 99,30 60,168 85.01 2380 1460 16,59 7.0 G2l
10 100,85 79,91 85,24 2380 12640 18.22 7.0 827
2 99,18 80,49 8L.91 2720 12000 16.38 8,0 874
3 9920 80,48 B8L,6L 3060 12680 12,50 9,0 915
11 200s58 79091 8L.L9 3070 140X0 18,05 9,05 925
7 1001 80,01 68L.6 3410 U200 17,97 10,0 937
L 100,28 80,68 8L,79 3L40 1220  17.43 10,1 973
5 100048 80,97 84,87 37h0 ASLO 17,48 11,0 993
12 100,41 79,89 83.92 3820 15360 1B,3% 11,2 996
6 100,01 80,46 BL.1S  LOTS 14990 17,70 12,0 1010
78 9907 79,70 83,22 4390 15410 18,23 12,9  10m
T 100466 80,47 84,00 LWIS 10540 18,30 13,0 1013
13 100,53 80,09 83,67 LL5 15750 18,55 13.0 1013
8 99,91 80,37 83,65 L755 10540 18,00 1L.0 1030
9 9991 00,25 83,39 5095 15940 18,15 15.0 1040
U, 100,29 00,0 03,25 5095 14300 18,62 15.0 1042
16 WA A6 82,61 5120 1600 18,10 15.1 1066
17 99423 79,61 82,62 5420 16250 18,00 16,0 1076
22 100,16 79.81 82,90 5LLO 16750 13,69 14,0 1069
79 999 79,59 82.61 5LL0 16380 18,85 16,0 1035
23 100e3L 80,20 83.09 5800 16700 18,62 17.1 1049
15 10,06 79%%542  82.3L 5940 17290 19,11 17.5 1070
18 99.89 79.684 62.5h, 59LO 17160 18,68 17.5 1093




. o e e e SR At o b
SR . L o o S g R S RO §
LT A b, P R R AN R R .

Run

ts

Table XIV

Tube Sizes 3/2 in, O, 18 BWG Cop.er Nickel

28
L9
L6
29
50
L7
32
33
L5
3L
35
5%
36
52
37
30
39
L0
L
L1
53
L2
L3

99457
100,17
100,77
100,10

99083
100,18
100,20
100,20
100,15
100,61
100,75

99455
100,62

99460

99633

99:97
100:43

99697
100,56
100,19

99.63
100,18
100. 20

80,02
79.75
80,12
79,97
79.91
79.96
79:67
79465
00,2}
8001)4
80,42
79.96
80445
79.88
79 .89
79,78
79.94
79,99
79.99
79,26
79.88
79,29
79,80

86,38
864442
86.54
86,23
85.59
85432
8L.08
8l,469
85.05
8l1.93
84,90
8lis33
8L,78
8L, 07
8L, 07
83w9h
8L.01
83,76
83,92
83,06
83,50
83,01
83433

1360
100
1580
1600
1780
1980
2190
2360
2570
2610
2720
2770
2890
2960
2980
3170
3360
3560
3560
3750
3760
3950
4150

3

8750
19300

9960
10000
10080
10560
11370
11870
12300
1250
12370
12080
124,90
12370
12400
13150
13640
13390
13930
1,200
13580
14,660
1,570

&

16017
16. 8,.1

16, 8L
16,87
17,39
17,80
17,90
17.75
17.90
17.98
17.32
18,04
17,52
17,20
18,07
18,39
18, 08
18,58
19,03
18,05
18,78
18, 59

0@.0..0000‘0000.0
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AMALYSIS OF RESULYS

Tho experimental valuss of the ovorall heat transfer
coofficients (Up) calculated from the "raw" data obtained for
the Ibat Bxchange Institute are displayed in Figse L to 10,
13 to 17, and 20 as a function of the process water velocity
(V). Tho range of the 5/8 in., 0D, 18 BiiG, 70-30 Copper-Nickel
tube, [ige 20 was cxtended by use of daia as noted in Table
XIII, Fige 21, /2 in., OD, 18 BWG, 70=30 Copper-Nickel tube
was includod to illustrate a method of predicting overall co-
efficients using relative coriections to be advenced further
in this papors

The accuracy of the results was calculated using the
1imits to which the meesurod variables viore read. Tho devia-
tion of the ooefficients from their mean based on these limits
was fourrl to be five percent and indicates the magnitude of
any rnonsyctemotic experimorrtal errorse

Offact of Tube Diameter

Mg. 11 16 a plot of the overall heat transfer coefll-
cients (U,) versus the water velocity (V) for the various
sizes of 18 BiG Admiralty metal tubes (1.e. 1 im, 7/8 in.,
3/ ine, 5,1/{5111., 1/2 in., end 3/8 in., OD). This plot is
presented as a family of envelopes, the limits of which were
drawn + 2.5 percent from the mean values shown in Figse L to 10,
Calculated values of the overall coefficient as outlined under
theoretical congiderations arec also included to allow compari-
son with experimental values; As can be noted the calculated

valuos follor the general trend of incroasing coeffloient with
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decreasing tube aize while the envelopes of the experimental
valucs chaw a decreasing coefficient beyond the 3/L in. (D tubae.
To roiterate, the 5/8 in., 1/2 in. and 3/8 in. show exact re-
versc order from the calculated valuses.

At this point it appears that no constant correction
factor will bring the calculated and experimental values into
close agreenent and that some correction such as a function of
diameter would have to be introduced to account for the low=
ered cocfficients in the 5/8 in,, 1/2 in, and 3/8 in., O,

18 BUG Admiralty tubes.

Racolution of the experimenial curves into individual
film resistances and wiall resistances wag attempted. This
presonts a solution of ons equation (Fourier's) and two un-
Imowns (Ditius«Boolter and Musselt)s As no absolute value of
the cloan film could be presupposed, any colution would have
to be relative among the variocus tube sizes znd motals, Tae
finding of a best combination of water film coefficient and
steam {ilm coefficient to duplicate the experimental curves
was undertalen., As a starting point it was assumed that the
basgic nethod for calculation of these resistances was correct
and thai correction factors on these rcsistances would be
satisfactory as a solution to the problem,

Study was made of the 7/8 in., 0D, 18 BUG Admiralty tube
becauso it also appears in the conductivity series. A cor-

rection factor of 1,32 on the water film coefficient as cal-

culatod and a constant steam 7ilm of 3500 for the 7/0 in. tube
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i | " were found, by trial, to give values in perfoct agreement
; with cxporimental values over the complete range of velocity.
| Rolative condensate film coefficiente for the other sizes of
{ . Admiralty tubes were then calculated using the relation-

: ship of he/n} = (D4/Dy)Y/Y from the equation of Musselt, Using

thege valuss for the steam film resistances, correction factors

on the mnter film coefficients arc calculated from the experi-

mental values using the following relationships
1 Up(Txpe) = WDo/KDg = L/kg = Do/Dibylcox: o factor) . . . (L)
A listing of these values 15 proscntod in Table XIV and
a graphical dicplay in Fig. 1Y. Tho corrcction facter of
oach tubc 817c appears to be a definitc function of tho inside
diametere
Those varictions are attributable to the effect of the
ratio of diameter to length, D/L, and the deaign of the appa-
ratuse It appears that a smaller ratio of D/L vould tend to
nmininize these end effects wnd from a consideration of the
values obtained in Table XIV the critical value would be
roughly D/3L.
Effect of U/all Thickness

Fige 12 45 a plot of the overall coefficients versus
the wator velocity for 7/8 in., 0D, Admiralty tubes of vary=-

f ing wall thiclmess (1.e, 16 and 18 BUG)e These follow the

caleulatod values through the weloclty range studled. The

apparent differcnce in the ratio of tho experimental values

to tho ealculated valuos for the two tubes can be explained
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in light of different end effect corrections. The calculated
end offect correction for the 16 B.JG tube based on a stcam
film coofi{icient of 3500 is 1,27, the inter;olated value from
Fige 19 is L.31. Though these valuos are in close ajreenment
1% is folt that a complete study of 16 DUG tubes is necessary 1o
ascert:in the possibility of wall thiclmocs eficcts on these
correcctions,

It is also noted fram a study of the work of Lt. Condr.
R. e Arcy USH and Lt. S, J. Robinson USH that thero is a differe
orce in tho ratio of the experimental values to tho calculated
valuoo for the 1/2 in., @D, 10 and 20 UG, 70-30 Cojjer-licksl
tubesa

Effect of Conductivity

Fge 10 i a plot of the overall hcat transfor cosiliclont
(Uy) showing tho effact of conductivity (k) for 7/0 in., @,
18 BUG tubes of the follewing metalss Arsenical Copper
(k = 302), Imata {} = 78}, Adniralty {k = O}, iluninum Brass
(k = 58), Alwiimus Bronze (k = 48), aund Copper Mickel (k = 17)e
Calculated values, as in the case of the dilameter and wall thicke
ness scrics, arc included to allow conparison with the experie
mental voluos, The calculated valucs chow a contimued rise

in overall hoat transfer coefficients with conductivity while

the axperimental valucs of Admiralty and Aluninum Brass prove

this trend does not hold in mractico.
Trom theorotical considerations tho water £ilm coefficients
of tho various tubes at a given velocity are approximatoly

equal, this would hold for any emd efioct correction as it

L pve i
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would be applicable to all tubes within a groupe As the
tube wall resistances are not of sufficient magnitude to exe
ercise the variation in the overall cocfficlents as chowm,
the only other contributing factor could be the stcam film
rosistances Delative steam £ilm coofficients were calculated
using equation (L) and the ond effect corrcction of 1,32 on tho
wator £ilm ecoofficient. These valucs are listed in Table IVI.
They by naturc of thoir derivation follow the trend of tho
experimental values except in the case of Copjer-Nickel in
which the inll resistance becomes an inportant factor,

An explanation of different steam film resistances mi ht
lie in the difforent surface conditions of the imdlvidual
tubes ags influenced by the type of meotals

Caleulated Overall Coefficients for CoppereHickel

Using the end effect correction factors establishod for
the Admiralty tubes and the steam film coefficient calculated
for the 7/8 in., @, 10 BG Coppereliickel tube, modified for
diamotor, the overall coefficients for the 5/8 in. and 1/2 in,,-
M, 18 0 Copper<Nickel tubes vero calculatede These calcu=
lated vwlues and thelr deviations fron the experimonal values
appear in Table XVIL. Graphical displays arc presented in
Figse 20 and 21, Deviations arc well within experimental

errors of the original datae
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CONCLUSIONS

Based on the data contained in this report, overall heat

transfor coafficients may be calculated in the following

manery

L

2o

3

Lo

50

Calculate the water film by means of the
Dittus-Boelter equation times a correction
factor,

Cotain correction factor from Table XV or
from Fig. 19

Caleulate tube wall resistance from Fourier?s
cquation using acceptod valucs of conductivity.
(btain stean £1ilm by mltirlying the valuss
found in Table IVI by the corroction factor
bo/hé = (Db/DO)l/h where tho primed values
arc for the 7/8 inch OD, 18 D.G tube used as
a basis.

Compute the overall coefficiont in the usual
manner from the two films and the tube wall

rosistance.

This work is limited to 100° Fe etcam, 80° F. inlot water,

18 B.G tubing and ths metals studied, The correction factors

used in (2) are s;ecific for the apparatus and tube length

usode
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3380

3500
3610
3620
L4030
4330

L

Table £V. Dolative Correction Factors on 1B DG Admirally Tubos,

The stoom £ilm cosfficients (hg) arc based on the 7/8 in.

Tablo VI, Dolabive Steam Film Coefficients of 7/6 in, 0D,

10 DG Tubes of Diffcrent Conductivities,

%
e 0sDe (inches) X by
1 1,37
| 7/8 1,32
3/k 1.28
5/8 1.23
1/2 1.09
3/8 0.9%
0D Tube,

Tubo letal k

Argenical-Cop, or 102

lhntz 78

Admiralty 6l

i Alumirmum«Brass 58
] AlvmimmeBronze 1,8
| Coppor=liickel 17

5 sty T R S

hS
3100
2900
3500
3050
2800

2850
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Tablo XVII, Calculated Values of Ovorall Coefficients

.
!
d
B1Hl
1,
|
i
.
\

Based on Relative Corrections.

v hy hy(Corre) hg  Up(Calc.) Uo(Exp.) 2 Deve
Tube Sizes 578 in,, 0D, 18 BWG, 7030 Copper-Nickel
; ' 2,13 12 888 3110 516 506 198
| { L.03 968 1215 3110 6li2 627 2l
7.0 1535 1885 3110 825 825 0,0
E ] 10,1 2060 2535 3110 950 973 2.2
, E 13,0 2550 3090 3110 1033 143 1,97
% -. 15.0 2835 82 3110 2082 1045(ava) 3.52
II j Tube Sizes 1/2 ins, 0D, 18 BiG, 70-30 Copror-Mickel
-ﬁ
}' . 7.0 1620 w65 3280 05 806 246
l ! N1 2350 60 3280  9L8 052 0.2
| i .0 2700 3030 3280 1020 1031(ava) .06
‘ 161 3150 3o 3280 1073 1085 12

l | 21,0 3850 4200 3280 110 1168 2.l
|
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SAMPLE CALCUIATION OF RELATIVE VALUES

Steam-film Cosfficient (hs) = 3/8 in., D, 18 BWG Admiralty Tube.
For this, use equation hy/h,t = (l)o'/DQ)l/h and the
steam-f1lm coefficient (hs' = 3500) established for the

7/8 in,, 0D, 18 BWG Admiralty Tube.

DY = 0,875 in,
D, = 0,375 in,
b, = 3500(0.875/0.375)¥4 = L330

§team-film Cosfficient (hg) - 7/8 in,, OD, 18 BWG Copper-Hickel Tube.

For this, use equation (L) and the water-film coefficient
correction of 1.32 as established for the 7/8 in., D 18 BWG
Admiralty tube, Water-Film coefficients vsed in the following
examples were calculated from equation (2), Mo calculations
are shown as standard procedure was followed.

U,(Exp,) = 878

hy = 1590
E = 17
Dy = 0.875 in, .

0,826 in.

&
B

L 0,049 in, = 0.00408 fte

1/678 - 0,00408 x 0,875 - 0,875
x O, ~ 0.7 x 1.32 x 1550

= 0,001140 - 0,000254 - 0,000535
= 0, woBSl
hy = 20650

7
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) End Effect Corrsction (corr., factor) - 3/8 in., 0D, 18 BiG
Adniralty Tube,

‘ \ For this, a.ain use equation (L) and the steam-film

coefficient (hg = 4330) from previous calculations.
U(Exp,) = US55
b, = 760
K = 6l
D, = 0,375 in,
Da = 0.326 in,

Di = 0,277 in.

L = 0,049 in, = 0,00408 ft,

. % [} Lod * @ ]
i = 0,00178
i 5
e 0,90
g 3
i‘
A
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Thermal conductivity, BTU-ft./hr.-sq. ft,=°F.

[ o B R - - B <

Length, ft.

Heat transfer rate, BIU/hr.

. NOMENCLATURE
;i | A Outside tube area, sq. ft.
v ¢  Specific he;at, BTU/1b, -OF,
D Diameter, ft.

Accelaration of gravity, 4.18 x 108 ft./tm-.2

Film coefficient, BIU/hr.-sq. ft.-°F.
f Flowmeter ;auge reading, cm,
|
|
%
;

| ‘ t  Temperature, °F,
J ‘ U  Overall heat transfer coefficisnt, BIU/hr.-sq. ft.=°F.
: V  Circulating water velocity, ft./sec.

w  Circulating water flow rate, 1b./hr.

Atm Log mean temperature difference, °F,

A latent heat of evaporation, BTU/b, }

! . | /7 Absolute viscosity, lb./fte-sec. or 1b./ft,-hr,
' | /P Demsity, 1b./cu. £t
Subscripts

a Average
i Inside

I | o  Outside

] Steam, or condensate film

w  Water film
1 Inlet
2 Outlet
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