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THE CONDITION OF HEAT TRANSFER APPARATUS. 

l h e  ulti~ndte economy and abo the lilaxiniu~n attdinabk output 
of any stvam installation is very largely determined by the condition 
and pcrform~nce of a class of app~ratus  which nlay be grouped under 
the heading of " heat exchangers." lhesc comprise such units 
as boilers, steam condensers, feed and oil fuel heaters, lubricating 
oil coolers, cs-apor'ltors, distillers and refrigerating plant, n11d they 
forin a very lalge proportion of the total weight of machinery 
carried in a vessel. 

Lion 3s I'lle existing knowledge of tlie 1,iws of heat transmis,' 
z~pplicable to the practical design of such apparatus is admittedly 
satlly deficient, and in view of this it is the universal practice to 
make ample provision of heating surface in order to cover incalcu- 
lable factors-in other words, there is a large margin which is fre- 
quently doubled by the desirability of duplicating apparatus in 
case of failure from corrosion. It is obvious that such a pro~edure 
tends towards needless weight thus Ieacling to  a reduction in the 
inilitary qu'tlities of the vessel. 

The principal unknown facti~r for whicli the designer must 
make an arbitrary allowance is the increased resistance to hcat 
flow due to the formation of deposits upon the heating surfaces 
under service conditions. Reliable information in this respect, 
culled from vessels of all types working under widely varying con- 
ditions, shonld enable a rnore just app~cciation of this factor to be 
madc, with ensuirig benefit to future designs. 

Naval vessels commonly operate a t  very low proportions of their 
full power, with the result that the adrnittedy liberal provision of 
heat transference surfaces is, under normal cruising conditions, 
so ample that any gradual deterioration of their efficiency is not 
generally elklent, possibly orily beco~ning so when a demand 
is iriade for high power. These circumsiances engender the possi- 
bility of ultimate failure to produce the power required from the 
machinery ; this dange~ is usually remote, thanks to the ample 
inargiii providcd and to  the necessity for periodical inspection of 
these parts if corrosion is to  bc avoided, but it requires to be borne 
in mind, and forms one sound argume~lt for maintaining J. fairly 
close watch upon the perfonnance of this class of apparatus. 

There is, however, another important factor in this latter regard, 
namely, that if for any reason the resistance to heat flow becomcs 
abnormally high then the required rate of transmission can only 
be obtained by increasing the quantity and velocity of one or both 
of the fluids being handled ; this entails the use of more power in 
the pumping apparatus, so leading to  a needlessly high fuel expendi- 
ture. The question is, what is the best method in practice for 
readily determining the condition of the heating and/or cooling 
smfaces and of expressing this in quantitative terms ? It is the 
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purpose of this article to suggest what observations appear to  be 
best suitcd for this purposc, llaving in mind tbc lindted appliances 
available in a ship and tlie rleccssity Tor si~nplicity arid ready inter- 
pretation of the rcsults. 

Ztesislances l o  il~e Flow of Heat.-It is desirable for the sake of 
conlpletcness to recall bricfly sornc of the more important consi- 
derations and expressions ill conncctiorl ~v i th  the flow of heat by 
conduction ;tnd convectioii. 

Co~zdrictz on. -'Ylris forill of heat ti-tlnsinission is relative] y nnim- 
portant in the usual enginccrirrg ~)voblcrns, the resistance of tllc 
~netal  walls being so low as to be r?cgligible, while that of the gas 
or fluid lilins adjacent to the surfaccs is so high that the ~ L L S S : L ~ C '  

of l~ca t  through then1 is almost critirely ellectcd by conveciiori. 
I t  is sufkicnt to state tl~al: the resistance to flow by contl~~ctiou 

is given by thc expression :- 

wltevc K = coriciuctancc in (say) 13.T.U. pci- hour per sq. ft.  pcr "F. 
tcmpcrature dificrcncc. 

L = Cllieltness of metal througli wl~ich hcat is conductccl. 
C == conductivity in (say) B.T.U. per honr per sq. It. per 

ft. per O F .  tcrnperaturc differvnce. 
Average valucs of " C " for diffcrcnt matrrials in the r~bove unils 
arc :- 

Coppci- . . 230 13.T.Us. per sq. ft. per f t .  per 'l;. per Ilour-. 
13rass . . 48-63 ,, , ,  ,, , ,  )I 

Steel . . 26 ,, ,, , , , ,  
7 ,  

Co~zvecLio7z.---l'lIc theory usually propounded to account for the 
Irigll rcsistariccs to heat flow obscrvccl a1 smfaccs transmitting I~cat  
from one fluid to anothcr, assumes thc existence of more or less 
stagnant Iilins uj>on the heating surfaces, tlie conductivity of thcsc 
lilrns bcirlg very low. On this a.ssumption, it is cvitlerit t l ~ a t ,  
under given teinperat~rre conditions, the best practical rncaris of 
increasing the [low of heat is by passing the fluids over the sui-faces 
a t  snch a speed that the film is either reciuccd in tlrickness or, in 
tllc case of ccldying flow, is in a state ol altcrnnte formation and. 
destruction. In oilrcr words, llle rstcs of transmission depend 
very Iargcly upon the velocity of the fluids, and this has been 
repeatedly shown to be the case i n  pr-acticc. Tl~coretically the 
condizctancc of such a film slwuld be exprrssiblc irl  tlrc for~rr : - 

where W - weight of flnid passing in unit timc. 

a -= area for flow of fluid. 



--l is a term which expresses tlle natural rate of internal diffusion 
of the fluid, being a constant for a given gas or liquid under particular 
temperature conditions, B varies with the sh'tpe of the c1l:tnnel 
for flow of the liquid, and also with the temperature of tile film 
and the density and spcciiic heat of the fluid. 

In all practical engineering problems it llas become evident 
tliat the first itern is relatively unimportant, while, as the result of 
empirical investigation, the vicw is at  present geilerally lleld that 

?W \ the second tern1 of tlie .ibove cq~iaiion is nut a li~iear fi~liction of ( -1' 
1 a 

Generally syenlting then, it appears probable that the conductance 

of such lilms indy be expressed as K = b , where " n " has the 

sralue of about 0 .S. 
Rcsistances in Series.---The overall resistance l?+ of any heating 

surface on either side of which are flnid films may be considercd to 
be coniprised of the sum of a number of partial resistances, that is :- 

R = Y, + Y, + r ,  
svllcre r,, = fi1111 rcsistc~nce 011 one side 

1 
- - say 

1 - v  
5,, = rcsistancc of tlii, \v:~ll itself. 

- L 
- -- 

C 
r ,  = film resistance on ttlc other side. 

- 
1 

say - 
K, 

This cxpresses thc condition for clean surfaces, but in practical cascs 
tllcre arc, of course, deposits of grease, scaltl, mud, etc., which iniposc 
a very ,~pprecial~le rcsistancc to the flow of heat ; this resistancc 
may be couveiziently expressed as G, the wholc resistance being given 
by 

l< - -1 f 6  -:- Y v  7- rs 
In prdctice the rcsistal~cc (R) itself is not directly ~i~eas~lrct l  but 
lnther ~ t s  reciprocal, the co~iductance (K), the units of which Ii,~vc 
already becn referred to. The determination of this factor enta~lc; 
that of two other separate items, namely, the average heat transfer 
per unit area in unit time (H) and the mean temperature difference 
(em) between thc iluids on eithcr side of thc heating surface, K 
being given by H -;. O,,,. H can, of course, be readily cstirnated ii 
suitable instruments nre ,~v~xilable for indicating the quantities 
of each fluid and thcir c l ~ ~ n g e s  m temperature : it should bc noted 
that in practical heatels (or coolels) the absdlute s-alue of H neces- 
sarlly saries co~isiderably in different parts of tlic lleatlrlg surf'tce, 
and hence the values obtained by direct measureme~lt will in nearly 
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every case be a mere average, and thus not representative of the 
conditions a t  all positions in the tube nest. 

The temperature difference between the two fluids varies 
througllout the whole surface, and, at  the best, only the average 
value can be determined in practice. The average value of the 

0 - 0, 
mean temperature difference is given accurately by 0, = "--- 8 

log, -" 
0, 

svhere 0, and Be are the differences between the temperatures of 
the fluids at  entry to and exit from the heating surfaces, respec- 
tively. This expression is somewhat cumbersome to use and for 
ordinary purposes it is sufficient to einploy the arithmetic mean 
between On and Be as a working value for the mean temperature 
difference, which can therefore be readily estimated by means 
of suitably placed thermometers. 

Apart from the case of boilers (with their superheaters) the type 
of heat exchanger most frequently met with in marine practice is 
that in which heat is transferred from condensing steam to a metal 
tube, and thence to water, e.g., condensers or feed heaters. In 
cases such as these the mechanism of transfer on the vapour side 
is extremely complex, being dependent not only upon the tem- 
perature of  he vapour and the thickness of the film of condensed 
water which collects upon the tubes, but also being greatly influenced 
by the amount of air efitering with the steam and by the distribution 
of this air in the body of the apparatus. The effect of such factors 
as these is but little understood, their investigation being a matter 
of extreme difficulty. The resistance on the vapour side unfor- 
tunately may average a somewhat large proportion of the total 
resistance to heat flow, and this tends to obscure any change in the 
other partial resistances, especially so when such effects can only 
be determined by the somewhat approximate measurements likely 
to be available under service conditions. 

The engineer's object is to obtain a rough idea of the extent 
to which his heating surfaces become foul and to arrange matters 
so that due warning is given of any circumstances affecting the 
efficiency of heat transmission. Now, as has already been pointed 
out, the resistance to the water film varies with the velocity of the 
liquid itself, and from the form of the equation already given it is 
evident that the resistance due to this cause should be zero a t  
infinitely great flow ; under this latter condition the observed (or 
predicted) total resistance must, of course, be the sum of the remain- 
ing partial resistances. 

One practical method of making use of the foregoing argument 
consists in estimating the overall resistance under standard con- 
ditions (as regards the vapour side) at  varying velocities of the 
water. A curve is then drawn of " Resistance " to the reciprocal 

of the rate of flow of the water, i.e., R to I 

gallons per min. per sq. f t .  ' 



infinite flo\sr corresponds to Lero vciliie of the latter function, .~nd the 
\ -<L~UC of 12 '1t this poi~ii  ( ~ b t ~ ~ i ~ i ( d  1)y r\tensioi~ 01 tlre curve) c011 C.;- 

~'orlds to 1 ,  ,- v, {- i;. 
The valne of i t  can bc c,rlcr~latd, wI.lrilr tliat of I ,  m ~ t v  cithcr 

l ~ e  ass~lnred to be about 1- or 11c cstim'tted fro111 tllc rcsnlts of 
4,000 

similar t r i , ~ l ~  with clean tul~es.  Tllcrlce the value of i; may finnlly 
be ciedlrced, giving a c l~~an t i t~ t t i \~e  ide ,~  of tlic state of tlie hc.lt 
tr-,insmitting .;m-f,icc. 

In practice it is .riot ~~su , t l ly  pr,~cticahle to  meclsirrc illc cluairtity 
o l  w,lter cledlt nith, but 1111s c d ~ i  he e s t i ~ n ~ ~ t ( > d  wit11 ~ e d s o n ~ ~ h l e  
accuracy either irom the ~ i ~ ~ - o l u t i o ~ i s  of the circ111ati1lg pulllp in 
cor~jurlction with Ille results of known trials. \vIleue such have been 
run, or else hy dcd~lction from the temprralurc rise of the iluicl when 
llarldling ,l linosvn (or estilnxtcd) qn,mtity of Irrat. ,As . ~ n  eu'tmple 
of tlle pr,lcticc~l nsc of such rrirthods tlie follomir~g desciiption of rllc 
a ~ i , ~ l y s ~ s  oS tllc per-formancc oi the rnai-tl condenier-: o F certain 
vessels may 1,c of-interebt 

0Zgri.f.--To ebtimate ille value ol tlie Overall Cofiicicrlt of 1Fc:~t 
tr.xrlsfer (IT) 'incl 10 r,~lcul;lte the :L\-cr'rge p,trLial rc.;ist,lrlce-; to 1le;~t 
Hon, ~ i t h  ,L -\~iesv to cleterrili~liilg the 5t;lte of t i ~ e  tl111e > i l l l " i ~ ~ ~ .  

I)ai~~.-ln tllesc particular c,rics the only avai1,tble data coinprised 
the S.1-I.P. of the main tiitbirles (torsion-n~eter), tlic vxuurn  a t  the 
exliaust connection to the m,~ in  condensers ;LI~CI the obser~-ec1 tml- 
peratures of the circulatit~g sv,~tcr ,it inlet to and outlet fro111 the 
co~ldcnser. 

~ s f t r n ~ i l i o i z  (f " [r."--\s a fi13t step it is iicccssar-y to find the 
11ixat rejectetl to the condenser irl unit time. This erltalls a lino-\v- 
ledge of the ste'~nl consumption of tile turbine (721) and tlic total 
llcat per 113. of the exh'mst steLlm (He,). The forrncr o f  t l i e~c  1r1ay 
be Poutld by applying llle s7acuum col-I-ections (given in ITig. I V  a 
of papels No. 8, pagr 22)  to the steani consui~lption rne,tsllred on 
contractor-S trr,tls. 'Tlic tot'tl iie'lt a t  ex l l~us t  c,ul be esti~n~xtccl fro111 
ttrc Mollier- dlagr,ttn, ,lpplying a suitable clhciency ; t~lter~latively. 
it i t  has already bbten c,tlcul~tecl tor the original cor~lractors trials, 
this vahle nlay lte arllerldeci proportionately to t l x  probable ite,tm 

-1 check on tllc steam co~lsnmption m,zy be obtained by plotting 
" Total steam per hour " against " Noz7le box pressures " (for t~i ; l l  
conditions) and rc~cling off the probable stcarn consumption, under 
any p.xz-ticulctv condition, from tlie clurt  agalnst the observed 
n o z ~ l e  11ox pressure (vide Papers Ko. S, page 47). Tllc mean 
ternyer;lture ditfercace ( 0 1 7 ~ )  is thcn c~lculated by the nletllods 
already referred to, the temperature of tile steam being assunled 
to  he constant and equal to the sctturation terrlperature of steam 
a t  the absol~ite prcssure obsers~cct a t  the exhaust oriiicc (stectm tables). 

(313/496) Q a4 



7it.H~ 
" U " is then directly calculated froin U = --- M-here S is the S. O t l ~ '  

area of the condensing surface. 
Qirnillity i r i ~ i Z  Vt'locit-y of C i ~ ~ ~ i l i z t i ~ ~ s  Tt7ntci.-The quantity of 

circulating water nlay be calculated by equating the heat in tllc 
exhaust steam to that represented by the temperature rise of the 
circulating waier. The figures given in the table were so obtained. 

Alternatively, if the characteristics of the circulating pump 
arc known (say from shop trials) then their output 1na57 be obtained 
with fLlir accuracy by observing the revolutio~b of the pu111p and 
thc total dclivery head as n~easuretl by suitably placed pressure 
8:'uges. Tl~is assumes that the characteristics hare not bcen 
;~lterecl Ijy irnpeller erosion, etc., but in any case the fignres so 
obtained arc a valuable check upon those calculated by the iirst 
nlethocl. 

The velocity of tllc watrr tllrol~gll the tubes (,~verage) is rccluired 
for calculating thc resistlrnce 05 Ihe water-film to heat flow. 

Paytin1 R~sista.itc&s to Hctrt I;lo;i'.-Tlle resist,~rlces of the water- 
film and oC the tube waU may be found irorn the following expres- 
sions, which givc very fair results wit11 g-in. tubes working under 
the conclitions llsual in Xa~-~xl Conclensers :-- 

Iiesislance 01 water film, Y, = bvO.s 

'YLZ r= ratio of length to internal diameter of tubc. 
f - fluidity of circulating water , ~ t  ayesage tempcrLxttir~ 

of lilin - 1-35 at 100" F.;  1.22 at 90" F, 
l'hc units employecl are ft.2 lb. "F.-hour, the velocity being 

in ft./sec. 
Resistance of tubc wall, r,  = 7 -0 X for &-in. tubes of 

Admii-alty alloy. 
1 

Tile overall resistance R --, .nld hence the value of Resist,~nce. 
U 

Resistance of Scxle Air and vapour film, r = I i  - (r, + r,). 

The table shows the value of the foregoing factors as estimated 
from observations in two vessels both on service and (luring their 
original trials. 

The following points may be noted, amongst others :- 
( l )  The value of r on Contractors trials in all vessels wai 

approximately the san~e. It is to be expected that the 
tubes were in nluch thc same'state oE clea~iliness, that 
sinlilar rates of air leakage mere experienced, and that 
the steam film resistances were ncarly the same in all 
cases, and, in view of tllis, tlle agreement between the 
estimated valucs ol r nldy be reasonably taken as justify- 
ing thc mode of calculation adopted. 



(2) The cliange in Y with time Inay he seen by comparing 
colunlns (d) and 6, wllence it appears that this factor 
has increasecl gradually till it accounts for nearly half 
of the total resistance, instead of the normal figure of 
about 15 per cent. 

In this particular instxnce examination showed 
the tubes to be coated internally with a thin scale which 
coilld readily be scraped off with a knife, but which was 
not removed by brushing. Experiments are in hand to 
check the estimated heat resistance of this particular 
scale. 

(3) Analyses of this type enable the engineer to see whether 
his circulating pumps have been driven unduly fast. 
This is exemplified by the results of the contractors 
trials of vessel A. The trials were conducted under 
very similar conditions, yet it will be observed that 
the pumps in trial (c) were run at a very much lower 
output than in the remaining cases. 

(4) There is a distinct indication that U tends to increase as 
the temperature of the circulating water beconles higher. 
This agrees with theory. 

I t  should be observed that Y includes three items, which are 
not separable individually by any practical means. They are, 
of course, tlie resistances of (1) the scale ; (2) the steam film ; and 
(3) the air in the steam. The values of the two latter will depend 
upon the temperature in the steam space, upon the quantity of 
the air and upon the velocity and distribution of the steam-all 
factors which it is impracticable to evaluate. Under reasonably 
similar conditions as regards these variables, however, a marked 
increase in r may be attributed to a change in the scale resistance, 
and this possibly should thus be explored, bearing in mind that 
quite a thin scale may exercise a very marked effect upon the heat 
transference. 

In conclusion, it is desired to eillphnsise tlie fact that tlle iml~ort- 
ance of analyses of this nature lies not so much in tlic numerical 
accuracy of the results, as between ship and sliip, but rather in 
the comparative values obtained from time to time in one vessel 
operating under more or less similar conclitions. The observations 
and ensuing calculations are simple and e~si ly  inride, and provide 
a ready meand of checking the performance of the plant and of 
detecting operational errors, which latter rnay thus frequently be 
avoided. Investigations of this naturc are to 11c encouraged as 
they provide data which may he of value in improving the equip- 

'L ion nlent of new vessels, especially if in reporting results inform t '  
is given regarding the assumptions made and the methods of 
measurement enlployed. 



- 
-- - _-_ - -  _ -_ - _ 

Original Triali. 1 Tliali at  Sea. 
---- - - - - -- - - 1  I. 2 P I  ' 4 

- 

- - p--- 

/ Trials a t  Sca. 
Original (condenser tubcs I badly scaled ) 
pp - -- -- 

(4 I , 5. 1 6. 

I-Teal. transfer coefficieni, C. 
13.T. lJ~./hr./Tt.~/'F. . . . . l  633 / 767 

Circulating TVdier iupplltd, 
gals. /mill. . . . . . . (  13,020 116,900 1 

. . 

ancl alr ( r )  . . . . 
total resist-dnce r, 9; 

I 
l 

l 1 

3.9 

124.6 

Ahsoll~te pressurc in Cond+i~rer, 1 1 
ins. of Hg. . . . . 1.91 1.77 2-34 3.0 3 .8  

Temperature of Exhaust s t eak ' /  

--- 

8 9,5 2.71 3.5 8 .2  

(41, "F. . . . . . . . . l  99.4 1 97 .1  / 106.4 1 117.4 / 123.6 1 1 2 0 6  
Temperature of C~rculatlilg SVattr 

Inlet (tJ, 'F . . . . . 5 4 1  62.0 0 4 84.0 8 4 0  1 8 1  

111.5 

50.0 

82-0 
43.8 

Temperature of Circulatl~ig \?;atcr 
( I , )  Outlet . . . . . . l  7 7 0  1 

&Iean temperature difference, O,, ,  / 32.6 / 25.9 

153.8 157.1 
er 

81.0 1 83.0 0 

1160  1 lkl:? 
l 

52.5 
79"S.O ' 1 0 2 . 0  102-0 ' lO>O / lO2.1 

40.8 / 24-78 1 29.8 I 26.5 1 30.6 
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