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INTRODUGCTION.

There are very few branches of modern engineering practice
in which the subject of Heat Transmlssion in its widest sensc
does not enter under one aspect or another: from the simple
process of proportioning a domestic hearth for a room of given
;ésize,vtd the ﬁore complicated design of a modern steam plant
for a large power station.

It is also one of the subjects which lends itself to
fruitful research, élbeit the final results achieved seem very
meagre when compared to the amount of preparation necessary to
ensure a satisfactory dégree of accuracy of these results.

It was on account of the possibilities of this subject thet,
as far back as 1920, Dr. A.L. Mellanby suggested that it should
be taken up, and directed attention to the literature which
should form the basis of any studies; Osborne Reynold's paper
("'On the Extent and Action of the Heating Surface for Steam
Boilers") and Nicolson's classical contribution to the
Proceedings of the Institution of Engineers and Shipbuilders
in Scotland (Boiler Economics and the use of high gas speeds)
immediately decided the choice of that form of Heat
Trensmission which degls with the transfer of heat from one
fluid to another throdgh a metal wall, as a subject of

research.

Various pieces of apparatus were placed at my disposal in
the Laboratory of the Mechanical Engineering Department at the
Boyal Technical College, and I take this opportunity to
express my thanks and.my indebtedness to Dr. Mellanby, for his

courtesy and helpful advice.



The first objcctive, after a study of the subject
covering 3 or 4 years had been made, was Lo find out in what
menner a new line of resesrch could be initiated and developed.
Numerous experiments were met with, carried out by renowned
experimenters, dealing almost exclusively with hot air and
water, dry or wet steam and water, but very few indeed concern-
ing a fluid and metal surface. These numerous experiments are
all then of what might be termed an overall character: for
example, there.are several experiments on the transmission of
heat from Air (or hot flue gases) to water, of which the
results are expressed as a plot of ;heat transmitted per sqg.
foot of heating surface per hougjgrog'Air (or hot flue gases)
to water" on a base of air (or hot flue gases) speed, and this
simply because it was experimentally proved that, within the
limits of these experiments, there seemed to be very little
change in the quantity of heat which was transmitted.by alter-
ing the water speed while maintaining a constant flow ofJair
(or hot flue gases), whereas the effect of varying the gas
speed was more noticeable.

Until recent years, such plants as alr preheaters were
hardly deemed one of the necessary adjuncts of medium and
large boiler plants, and even superheaters were probably
designed by empirical rules, since as recently as 1928, the
author came across a design of superheaters by ZEpecialists in
that class of work who used the relation heat transmission
rate = constant x (temp. difference)z. With the advent of
such plants as air preheaters, superheaters, interheaters or
resuperheaters and desuperheaters, together with the enormous
proportions which these units may assume in modern plants, the
necessity for accurate determination of the heating or cooling
surfaces 1s of first importance and involves a more intimate
knowledge of what exactly are the possible values of the hcat
transmission coefficlients concerned.

It became quite clear that, since the speed of the hot
gases (alr, flue gases or superheated steam) had such an

important bearing upon the magnitude of the heat transmission/



transmission ccefficient when dealing with onc of thege gaces
and water, a similar and equally important effect would be
produced if the water were replaced by any one of these gases
as a cooling agent. Exactly in the same way, when hot o¢il is
cooled by water, the speeds of both liquids could be expected
to influence the overall rate of heat transmission to a more
or less equal extent. An overall rate of heat transmission,
in cases such as these, could not very well be expressed
solely as a function of the speed of one of the fluids. The
conclusion was that the overall method of research should be
abandoned, at least temporarily, and something else
substituted instead.

While Reynold's law,that the heat transmitted by each sguare
foot of metal surface per unit time (H), is usually expressed in
the form H = (A f’pr)(T‘— &), 1t is often more convenient to
trensform it into h = A + B g . "h" is the heat transmitted
between fluid and metal per square foob of surface per unit
time; per OF difference of temperature.

With the 8econd as the unit of time, and the British Thermal
Unit as the unit of heat, this quantity will be called the

"Rate of heat transmission" throughout this thesis, and various

subscripts will be affixed to this symbol to enable it to be
retained in cases where more than one heat transmission rate is

concerned.

& B are the usual Reynold's constants,
is the rate of fluid flow in 1lb/sec.,
is the cross sectional area of flow in sq.feet.

(= pv) will be called the "Mass-Flow Rate" throughout
this thesis.

The equation, when written in this last form, has the

oig » b

advantage of containing only one variable g, and 1s to be
preferred from this point of view.

Let any hot fluid flow on one side of a metal tube at a
known mass flow rate wj, to which corresponds the coefficient
hy, and let any cold ?}uid flow on the other side, mass flow

rate wg, coefficient hz'
ag
At any section of a thin tube, let T, €, t, be the/
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the temperatures of the hot fluid, the mean metal and the

¢old fluid respectively.

e
CC//?O’?'?C/79C

. fré. /.
ql’ —1-51 < e

Over an infinitesimal length of tube §x, the temperatures will

be sensibly constant, and if the mean metal surface be
“considered as the heat transmitting surface,
hy. TT.d. 8x.(T -~ ©) = hy.TT.d.bx. (& =~ t).
Agein, 1f hy = the overall coefficient, each of the above
= n, o TTed. bx. (T - t).

Hence:- L1+ T -6 =1+he
&=t 1
T -t = h] +hp
- ny
But, I -t = hg
& -t o
Y . _]_-_ = hl +h2
ho h hg
or L = 1 +1
ho hy hg

Thus the above consideration leads to the conclusion that the
overall rate is dependent upon each of two individual rates
which in turn are functions of the individual fluld speeds.
HENCE, IN AN ABSOLUTE SENSE, NO CASE OF OVERALL HEAT
TRANSMISSION RATE CAN BE REGARDED AS BEING DEPENDENT ON ONE
OF THE FLUID FLOWS ALONE. This probably accounts for the
fact that the results of different investigators show some
lack of agreement: While each experimenter recognised the
apparent ineffectiveness of the motion of the one specific
fluid throughout the range of his own particular field of
research, yet,the student who wishes to compare these several
results: must take account of the degree of ineffectiveness of
that particular fluid.

As an example of the above, the surface condensation of
steam by a current of cold water presents the strongest
evidence. In no other instance of heat transmission work is
there such wide disagreement between the results of different

investigators. It ig surprising to note how wide apart are/



are the plotted points showing overall h values on 2 base ©

for water.

Tables A and B have been compiled from W.G. Webster's data.
(Proceedings of the Institution of Engineers and
Shipbuilders in Scotland - 19%3-14).

TABLE A. STEAM PRESS: 18:5 1b/in®abs.

. , N
1 | No. of Experiment 34| 35 36 37 81 46 60
.- JURN SN S —
2 | Water speed ft/sec. 2.461 4.66] 9.831 16.1] 12.5] 7.321 1.25
3 | w water. | 153| 291| 615| 1005| 78l| 458{ 76.8
b E A | _
4 | Heat/sec/sq.ft, water.| sp vl 4z.2] 55.8! 69.7] 69.0] 54.31 25.9
Hy. B.Th.U.
5 | Mean metal temp. 19 178 153(135.5[159.6| 170 188
water side By S op ; 0 53|18 _ )
6 | Mean water temp. ty_ | 73.4| 64.1| 57.6  54.3| 56.8| 59.1) 4.4
7 i hy = Hy/ (G by). 0.28110.380/0.585]0.810{0.673!0.490|0.231
s - - S S— : - —+
i - i
8 | £ ,corrected to mean | 4.90! 3.52| 2.35| 1.70] 2.05! 2.81] 5.96
W gsurface area. ,
Heat/sec/sq.ft. steam. : ‘ b4 =
9 HS_'. é.Th{U. L B 19-8 2602 23.81 w4:2.3 4108 32.8%0 -1-‘:11—92/—
: | i
10 Tg - O F 3l.4} 41.0] 65.0! 8l.5! 58.3| 48,61 3.0
111 | Steam speed ft/sec. 36{ 32| 341 30.51 68 54| 22
. [Mear - | ! I
i i i i
12| hy = Hg/(Tg- €5) 0.63! .64 .521 .520 .715: .675! .440
{ i i _ i
i I | i i
13| £ corrected to mean | 1.25' 1.23! 1.51] 1.51! 1.10!1.165' 1.79
S surface area. i L R R
IERE 6.15, 4.75| 3 21 5( 7
HS va HO . L. 0086 30 3015 5-970 .075
15| ho 0.163(0.211,0.259{0.312{0.318,0.252,0.129
JN S S e i —
16| Tq °F 225.61223.7|225.9'223.,9!228.6|225.5]225.5
|
17 1 Overall mean temp. 152.21159.6(166.3(169.6!171.81166.41139.1
diff. ty  °F
18 | Heat/sec/sq.ft. mean.H| 26.3| 34.7| 44.8| 56,0 54.9| 43.6| 19.2
19 | bl = H/ty 0.173]0.218]0.269 {0.331 [0.319|0.262.0.158




TABLE B. STEAM PRESS: 90 1b/inabs.

1 | No. of Experiment Kal 75 98 991 100! 101! 102

2 | Water speed ft/sec. 2.7| 6.36| 2.76| 2.76| 6.2! 6.55| 11.6

3 | ¥ (water) 169! 398| 173| 173, 338| 410} 725

i

4 | Heat/sec/sq.ft. water.| gg,5| 77,3| 62.5| 67.5| 74.5 87.71 112.5
HW. B-ThoUo

5 | Mean metal temp. water|{g42.5:214.2(243.4 248 |217.8(231.7:210.5
side (By) 7~ ’

6 | Mean water temp. (twgr 90.7} 70.6] 95.3 | 98.9| 73.2| 76.2] 68.2

7 | hy = Hy/(6y — tw) 0.398|0.538 {0.422 {0.453 {0.516{0.565|0.790C
- W

8 | 5 corrected to mean | 3.45| 2.56| 3.26 | 3.04 | 2.68| 2.44] 1.74

W surface area. - o

9 | Heat/sec/sq.ft. steam.| 36,7 46.8, 37.8 | 40.8| 45.2| 53.2| 68.2
Hg., B.Th.U. ’

10 TS - 'e's .F 7203 98.5 7105 6703 9700 8105 100.7

11, Steam speed ft/sec. (mean)5.2] 11.3| 10.3 | 18.0 8.5 27.2; 32.0

12| hg = Hg/(T4 - ©5) 0.508(0.475 {0.529 {0.608 |0.466 |0.655]0.678
N -

13 hg corrected to mean 1.42} 1.65| 1.48 | 1.29) 1.69| 1.51} 1.16

surface area.

1 + 1 = 1

15| hy 0.20510.237 {0.211 10.231 10.229 {0.253{0.345

16| Tg F 320.5| 3201320.7 [321.4 [321.5(321.1(322.1

17 Ov%gal% me an temp.ﬁ: 229.81249.4 {225.4 222.5 |248.3 i1244.9{253.9

. m
18| Heat/sec/sq.ft. mean.H.| 44.0! 56.2| 45.5 ! 49.1| 54.2| 63.8]| 81.8
191 hy = H/tp 0.1920.221 {0.202 0.221 |0.219 |0.261 |0.322

(NOTE:~ Since average metal temperatures only are given by

Webster, the various mean temperature differences have been taken

as arithmetical means, and heat transmission rates have been

based upon these).

Line 14 shows the overall rate as calculated from the individual

rates,rgfter correction had been made for the mean surface area.

157

- Line 19 has been directly calculated from overall data, and the

FN
agreement with lineiléjis‘sufficient to demonstrate the relation

1 =1 41
ho hl Kz

Now it is very obvious that all the figures from line 12 which

€xpress the effect of the steam speed on the overall rate of heat/
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heat transmission, on the steam slide, are comparable to, or of
the same order as the figures in line 7, which express the effect
of-the water speed on the water side. Indeed, under test 102,
the one is 0.678 and the other 0.79, a ratio of 1 to 1l.lé.
Under those circumstances, agreement cannot be expected amongst
overall rates when plotted on a base of water speed.
It is only in a case such as alr and water where the order of
the individual rates is as 0.005 for air to 0.20 for water,
that any such overall plot can have any significance and be of
any use.
Again the full importance of the relation % = %'*’% will be
realised, when it comes to a question of ob%aining salues for
h for a fluld which has not yet been experimented with.
For example: suppose the investigator desires to obtain h for a
metal and superheated steam. Choosing as a heating or cooling
fluid (as the case may be), air whose values of h to metal we
shall say have been previously ascertained, he will obtain the

following overall data:-

(1) air flow, steam flow;
(2) air temperatures and steam temperatures;

From these, the overall rate h, is first calculated, and from

the formulase 1 = 1 4
h

1
° h

air steam

=

the value of hsteam can be found for various steam flows, while
meintaining a steady air flow. But of courge, this last

condition is not sine qua non, since it is supposed that hgir

is known as a function of the air "w"

a
Hence the objects of experimenters should be directed towards

establishing rates of heat transmission between 'metal' and
various fluids. These would allow of the building up of a
chart somewhat as per figure (2), over.

And 1t is towards this end that efforts have been directed in

the experimental work which follows.
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(2).

Hence, considering a small element of the tube Sx,
héat passing from hot gas to metal wall per unit time = (T=8).
TTdrﬁx, heat passing from metal to cold gas wall per unit time =
h{e-t). TTdobx, where & and dgare the inside and outside
diameters of the tube.

Agaln, heat lost by hot gas and'thét gained by cold gas per
unit time, in passing over the element 5x, are -w;S16T and
‘~w252$¢ respectively. 9 and Spare the specific heats of the hot
and cold gas respectively.

These four expressions being equal to one another, 1t follows

h{T - 0). TTdybx

n

that -w Sy 9T
Again, 8 = 67 ~ mx

"'_S_T_=h1 (r - &~ mx) . T

w1 5
In the 11m1t dT . h .
- T - = mX . d
i {T =@~ mx)}. TTa
or 4T 4 hTTg P D 1774y
dx ~ = (91" my X)
m 51 WS
Let h1Tvd) = ¢
w5
ther dT 4 ¢qT = cy(87 = m]_X);
dx

multiply both sides by e®1%
a@ + €C1X 4 ¢1TeClX 5 ¢q (81~ mx).eC1lX
or dT.e®1* +¢1 T.eC1x gx = ©1(8] - myx) %1%, gx
Integrating both sides
. TeC1X 2.1;1(gf myx)e®1¥gx 4 ¢,

= ¢107. %1% |
’ 117{ - c1my [xe%1 X gx 4 ¢,
To find fxeclx dx,

we have u/;eclx ax = 1 .xe®1%¥ . ;'/;clx dx

c1 c1
=1 xeC1¥X _ 1 ,eC1Xx
S
hence T e®l¥X = gieC1X = ml.eclx (x -~ 1 )4-0
(T -~ 81+ mx) e = m ,eCl%¥ + ¢
¢1

when x = 0, eC1X =1, 1o = Tl

I B R
c1




(B)f

When x = ﬂ, T = Tg

o (Tg - ey 4 ml[)‘ ) ecle = ’El’ecle+ (T ~ 61 - 2)
. 4 oL £ % 4 erd
S (Tg = 8 = m)eCl= (T ~ 61~ T )e mleoTt e ~ 0oL -
c1 ¢l : , '
and since mie = (81 ~ 62)
ot =Ty -6 =0
a1
To = 82 = M
2
- . -0, - 11
or 018 = log, Ty - €1 - T
To = €3 = 711
: 1
- c -
or clﬂ = log, 1 1(ry = €9) .

Since all the values in this equation are determined
experimentally, ¢, can be calculated most readily by the method

of trial and error.

Also hl - Elflﬂl, hence hy can be calculated.
TTai

The me en temperature difference tml between the gas and the

metzl can be calculated thus

tmp = T51(T1 = To)

.'. the meen gas temperature is
Proceeding elong the seme lines, snd equating -woSpodt to hg
(e - t)TTd,éx, 1t can be shown that a consideration of the
conditions on the cold side of the tube would lead to similar

equatlions, viz. -
c _
1 -2 (92 = tz)

0225.1083 me » (mo 1s here equal to mq)
©1-%2 (6, - t1)
m2 1
= C282wW2
tmo= woSg(ty ~ to) .
‘ TTd2 hg
It 1s now posslible, thetefore, to obtain the value of the

rate of heat transmisslon from gas to gas, namély hgo= T——%—MI~
Ei Eg

It will be observed that, provided values of hy ahd hg are
avellable for different "mass flow," a value for hycan always be

1 1
talculated 1f necessary. Further, were the graphs of h1 2g8einst




(4).

agalnst gl end hg against g&_tovfall near enough to one another
for a siﬁéle curve to be takgn in practice to represent both
graphs, then h will be a maximum (for the highest value of ho
permissible) when hy = hg—1l.e., when g%~= ;%; under these
conditions 1t will be found that the performance of the heater
will be improved. The performance on any preheater can be

defined as the ratio:-

actusl rise in temperature of cold air
&temp .of flue gas entering heateﬁ~&evp of cold air entering heateﬁ)

Now, in one perticular case where "1®5:14, "2 = 0.58, h = 0-00858,
a1 g 82
ulgoF., t = 7850F., to = 185°F, ,

w] = Wg = 0.00212 1b./sec., A = heating surface = 2.016 sq.feet.
. . 110 _
. « coefficient of performance = =55 0-31.

Suppose the outer pass where the cold air is flowing were
redesigned so as to make its cross-section ao equal to a;, so
that "L = "2 ., (In practice, since w1 and wg are very nearly

a1 ao
equal to one gnother, 2% will be very nearly equal to wg as ag

ag
1s designed equal to al.)

Then, on the assumption of the single graph already
mentioned, ho will be equal to 0.00858, and therefore h,will be
equal to 0.00429.

Iet x denote the altered temperature of the hot gas leaving

the preheater, and y that of the cold gas leaving the preheater, F

‘7
the flow belng counter~current.
Then T} ~ x = ¥ = 1
Xt+¥y=T1 4ty =508 . . . . . . (a)
Again, tp,the mean tempersture difference from hot to cold £98,=
Ty -~ v = x - t1
“.ohtgtA = w8(T7 - X) = w8(y -~ t7)
0. 00429(T1 ~ y) X 2.016 = 0.0212 X 0.24 ¥ (430~x)
or 8-66y - 5-1x = 1540. . . . . (v)

Solving for x and y from (a) and (b) we have x = 206°F.,
¥y = 2990F,

Hence the coefficient of performance = %%% = 0.63.

This shows that, by careful designing and judicious choice

w -
of g, it is vossible to construct a tubular heater with a

performance which will compare very favourably with that of the

re
generative types on the market, which claim o coefficient of/







(5).
of 7C per cent. or more, and are ugually more cumbersome.

The apparatus required to obtain the necessary data for the
' determination of the coefficients hj. and hg previously mentioned,
was constructed in the Laboratory of the Mechanical Engineering
Department of thé Royal Techniceal College._ A large number of
experiments were carried out, the first set of trisls took place
about four months after the erectlon of the plant and the second
set a year later, thus the heat-transmitting surfaces nmust have
become coated with rust and dust. Each test»was conducted with -
great care, while very few of these lasted less than one hour.
The results of these trials may, therefore, be looked upon as
‘representing with fair accuracy what ﬁight be realized in actual
practice with a‘preheater of a gimilar type, i.e., of tubular
form. It must be pointed out at this stage that the material
available did not permit of the two areas of flow aj and ag being
anywhere near to one another, but they were made.in the ratio
0.00413 to 0.0365 or 1 to 8.84; this will explain tﬁe lbw
efficiency of 0.31 which has been previously mentioned.

To facilitate the description of the plant, shown in Fig.4a
the latter has been divided into four sections or elements, which
in their relative positions are in the following order:- (1) the
air heater* (2) the air preheater, (3) the air cooler, and (4)
the nozzle-box ¥

The air heater consists of a coiled piﬁe prlaced inside a
cylindrical steel shell lagged With aébestos._ One end. of the
coiled pipe is connected by a valve to the pipe from the receiver
of an air compressor, and the other end is connected to the innef
pipe of the preheater by a pair of flanges separated by means of
a thick pilece of asbestos sheeting.

The coil was heated by means of an ordinary gas ring.

The air preheater consists of two concentric steel'pibes.
The air enters from the heater, passes through the inner tube and
leaves at the other e;d into the cooler, re-enters from the
cooler into the annular space of the preheater and is discharged

into the atmosphere through the hozzle-box. The joint between/

* for defaiis See Appendix I

i

H
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between the inner pipe and the cooler is eslso of’the flenged
and insulsted type. This type of joint was found necessary, in
order to reduce to a minimum the conduction losses which otherwilse
csused differences of 1C per cent. and over In the heat balances.
The figures emploved in the plot shown In Fig. 5 are derived from
those tests where 2 difference of less than 10 per cent. obtained
4n the heat balance, which may be accounted for by radiation and
conduction losses. |

The a2ir temperature at entrance to the preheater and at the
.nozzle~box was measured by mercury thermometers.inserted directly
into the air current, whilst at the other three poilnts indicated
mercury thermometers were placed in thin steel pockets insulated
from the steel containers. The temperature of tﬁe metal of the
inner tube was measured by means of thermocouples, of copper and
Constentsn wires, placed st the two ends of the pipe, but quite
close to the outer pipe. |

The coocler is simply a small high~speed weter-cooled
condenser which permits the cooled alr being malntained at a
falrly constant tempersture hefore re-entdring the preheater.'

The nozzle-hox is a cyvlindrical casting sbout 6" diam. X
10" long, fitted with a thermometer at tre top, a pressure tube
. at the bottom, 2nd a2 nozzle-plate at the end, while fine wire
gauze discs are plaéed‘at intervals inside to break up the flow
of the 1Incoming air, and allow it fo come to rést before being
discharged through a smooth convergent nozzle into ihe
atmosphere. & nozzle, %" in dismeter, was used, the air
temperature in the box was measured by a mercury thermometer
with the bulb directly exposed to the air, and the éir preséure
registered by a column of mercury.

The method adopted in conducting the experiments was to
hegt the air hefore its entrence to the prehester and to maintain
1t at 5 temperature a2s ccnstant os possitle once the sir used was
flowing at s steazdv rate. WNext, the sir leaving the preheater
was cooled to a predetermined temperzture before 1tg re-entrance
to the prehester and maintazined st this temperature throughout

all the tests.
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Tﬁe air guantities were varied from test to test, but the
above temperature conditioné were malintained throughout the one
set of experiments. Several sets were carried out with
different 1nitial hot—air temperatures., The values of hy and ho
were deduced 28 has been iIndicated previously, and these have
been plotted on a base of massflow in Fig. 5.

Another series of tests has been carried out with the cold
air flowing in the inner tube and the hot air in the annular
space, but only the cold side has been dealt with and therefore
only hgo aprears on the graph. The main readings for these tests
are shown in Table C in the Appendix.

It will be noticed that the rate of heat transmission from
metal toc alr does not seem to be affected to any conslderable
extent, whether the flow i1s annular or full bore, as Indicated
by the fuil line; whereass there is an appreclable difference
between hy and he especially at the higher velocltles, as shown
by the relative positions of the broken and full llnes; neither
does a variation of 1000F. 1In the initiasl temperature of the
hot alr seem to affect these coefficlents to any great extent.

In conclusion, taﬁing into account all the possible factors,
both known and unknown, which may in practice affect the results
which any plent 1s lilkely to yield, the author 1g of opinion
that the full-line graph given in Fig.!6 may be safely used by
deslgners 1n the mahner set forth elsewhere in this Thesis.

It has been pointed out in the Introduction, that (for
steam and water), plotting overall rates of heat transmission on
a base of massflow for one of the flulds does not always yield
satisfactory results. Yet for practical purposes this ig e most
desirgshle procedure and should be done wherever possible. It is
thus relevant at thils polnt to find out the approximate speed at
which the water side ceases to affect the overall rate of heat
transmission when "alr to water" are the fluids concerned.

To that end Table D has been compiled.

Column (1) indicates alr mass-flow rates w;

X ,
Column (2) indicates h, (alr to metal) from the preceding

experiments.
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Columns (3) to (7) indicate h  overall, for hy, (water to
metal) os derived from Jordan's curves, these emhracing

water mass-Fflow rates O to 20 or speeds 0:0 to 0:33 ft/sec.

TARLE _D.
w h . h (o]
a 2} hw hw hw hw . hw
Alr). _0.02! =0.083] =0.,04]| =0.056 | =0.10}
1 | 0.0019 | .00174 | .0018 .0018 o018
2 | 0.0031 | .00268 | +0028 .00297 .00292 §
4 0.0055 | .0043 | .0047 0048 | .0050 |
6 10.0079 | . .CO57 | .0063 .0066 | .0068 L0074
e |0.01C3 | .0068 | .0077 | .0082 .0084 | .0094
10 0.0127 | .0078 | .0089 | .0096 .0101 .0114
12 |0.0151 | .0086 .0101 | .0110 .0116 | .0182
14 0.0175 .| .0094 | .0111 .0120 .0130 .0150
16 |0.020 .070 .0120 | .03z | .0l4 .017
Columy 1 2 3 4 5 6 , 7

In fig (6) the resulting overall rates have heen plotted on
a2 base of ailr speeds, and 1t 1g sufficiently evident thst for
water speeds below about €.16 ft/sec (¥ = 1¢), it is not
advisable to discard the effect of the water speed.

R. Poyds hes carried out s considersble number of experiments
o overall heat trensmission from zir to water, and in his Book:-
"Hest Transmission by Radiation, Conduction and Convection" he
stetes, on pages 178 to 179:- "Tt 1s probable that in most of
these experiments, (air to water), the velocity of the water was
below the critical value?! An inspection of fig. 79 page 178,
(loco cit.}, will show thet the 1imits chosen for figure (6)
cover most of Rovds' experiments.

Yow, using the overall h velues of Rovds with hyvelues for
water st the speeds used bv Rovds 2nd Cempbell in their
exverirents, described in 2 peper to the Tnstitution of Fngineers
end Shiphuilders in Scotland ("The possibilitieg of flue gas
economisers on bosrd ship"), values of hy for gir to metal have
been cerived and these zre shown in fig 7, with Jordan's figures

(from Air to brass) and those of the author.
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APPLICATION TC INDUSTRIAL APPARATUS

ATP TO METAL.

The most 1mporitent ofthese may be clessed as follows:-
1. (a) Roilers, (b) Economisers, (c) Surerheaters and
Resuperheaters.
2. Exhesust gas bollers.
3. Air preheaters for (a) boiler plants, (b) muffles..

4, Air coolers for alr compressors.

1. (a) and (b). These have been dealt with by Nicolson and others:
(¢) These will be considered in the seccnd part of this Thesis,
in connection with superheated steam.
2. Exhaust gas boilers or water heaters, and 4, air coolers for
2lr compressors, of the tvbular type.
Only those hsving the hot air.or gases inside the tubes and
the water on the outside will be considered. Thé tubes used may
be of the followlng tvvreg:-
7 Plain parallel tuhes, tepered tubes, Serve tubes either
para11e1 or tavered, psrallel or tspered tubes fitted with
Retarders.
First it i1s necessary to ascertain how the overall rate of‘
heat transmission varies with the air speed for the plain
parallel tubes, ferve tubes, and tubes fitted with retarders. It
is agssumed of course that the weter speed will be above the 1limit
mentioned previously. | |
Fortunately,curves'are avallable to meet these cases, and
they indicate that the overall rate,hg,can be expressed as a
function of I, such as: h, = k(g)n.
Taking the most genersal case of the tspered tube of which
the parallel ig onlvy = speo%sl case, the followling development

w111l be found useful.

4 ¢
¢ G’/o’%fv(w 4
Z'L] 71 b
"N - HJL//?/;/M ) K

Fl6.8




(10).

Consider a short length Sx of the tuhe after a section
distant x from the oricin taken 2t entrence of the hot fluid to
the tube, i.e., at the lerger end, where T,€,t, are the temper-

stures of the hot gas, metal end water respectively.”r

d -
From the geometry of the tube we have ¢1-¢._d Y g

x i
dyp = do is the rate of teper of the tube, let this be denoted

by m, then d = d; ~ mx.
Let wq = the rste of ges flow in 1b/sec.
81 specific heat 2t C.p. for the gas, 1n B.Th.U.,quOFl

I

let §T = fall in temperature of ges while floﬁing over the
elementary svrfece area VTT1d.fx.sqg.ft. '

Since the cross sectionel srea varies continuously along the
length of the tube, let h he the velue of the rate of heat

transmission at the considered section, so that

he 778 (T - t) ==wySy387; . . . . . . . . . (1)

again Wlsg(T}— T) = Wz(tl = t), e e e e e e e (2)
. F ‘ A
) 1 | Tl——z Wlsl - 1 '

1= T W2
=~ Ti4+ T + t7 =t - ‘_’Vl_g_l“'w?‘mp
Ty =T . W2 _
(T - t) = (P9~ t7) = (w381 = we)( T1 = T)

. - wg
e (T =1t) =r.(7; ~T) 4+ (T7 = t1)

'o . h; TTd. SX . _];__ - = ST . . . . .. (3)\

S r(Ty - T+(R - t,)
or k(IL)® TT.(qy - mx). $x: 1 = ol
2 : K r(T7 - T) + (ry - 1)

or In the 1imit
E .iW]‘n“}
81 ( ‘)

— -1 ar
™ iT(dy - mx) -, a7 gx = -
! e SR r(Ty - T)F(T ~ )

k - e mx) o« (FT g, 2ynt
(W])n 1 TT(ay =~ mx) & (o 7)) gy

o \sT _—
(7r3n,(drmx)2n

_ aT
-or(h - TN~ B

kK /wyn~1 ’
sl(ar) N R dr . . (2)
. d i ’ r(T,~ TH(T; - t)
Integrating, we %ave:— 1 1 1
=k omyo-lo4 Ow?n
R - = (1 - mx)"77 d
o (a) YT ! =1log fr (1= T)+(Ty- tyfkc

di L. A
aT_ m(2 - 2n) T .. . (B)

0
- k w »nuT
.o - = 1 - 4
S (__) _— 1 (T, ~

1 al . m (gﬁgn) - F 10ge 1 tl) + C L]



R SPLE R L = flog dr(m - TH(Ty - H) i+
(A Ql(a%) pugﬂj(l"mt) T Oe;_r(Tl 2) ( 1 Jl)} ChH
.k <w1)n 1 1a(1-m£‘2 ?n} 110 (71— ﬂﬁ+(T -t
A N G — = 1 1 1
51 21" m(e- ?17{ e = (Ty— 1)
expanding (1 - %t‘? ?n to the 2nd power,
| 1
(Tt w{<z~zn>r3§ - (22m) oz L n2Y
ey m(2-2n) d1 2 gy
1 L
F108e 2121;7221£21:;j12_.
, | (T1- tq1)
GV -4-&{1 +2n-1 . E"_l,'d?_}= Hlog, {147 (T1- Tz)} .. (8)
LA [GoEnl)

This equation is 2 perfectly general one, 2nd the
particular case of eny of the tubes enumerated above cen he easily
dérived; but 1t 1s‘perhaps advisable to simplify this further by
expressing r es a function of w, and temperatures of hot and cold

fluids.
vThus:—

wo w2
now wo(ty- to) = wisi(T1~ Tp)
r = (- tp) = (T1- Tp)
~ T1~ Tg
end the right hend side of eaquation (6) reduces to

(t1~ tz)-(Tl-'Té).};
(T~ t1) .

-1

.. m

1~ T2
(Te- to)-(T1- t3

) logg {1 +

or T1- To - log, Ti” El
(Ty= tq)=(To~ to) Tom by
The equation 1s tren in its finsl form.
k (F1yn-1 4E( Ty~ Tg Ty~ t :
. 1+2n-1 ., dl""dg 1~ ; 1 1. . (%)
e @ 7 Latd) =T oE - (T %) %% T,

Should it be a question of an exhaust gas boiler it is
prossible to use heat transmission rates of a2ir to water since
the molecular weight and specific heats of air and average flue
gases are ghout equal: this determines the value of the index n.

Again in that case the temperature of the water side may be

taken as constent, when t7= to and the equation further simplifies

% (_%) -1 4({1+2n—1(d1jé93} = log, 1= & . . . I7a)
R S dl 2 dI : mz— 't.'

If parallel tubes are to he used, d] = do

- 1,

and k (W1) -1 fg = loge , Ty
a Tom %, N €4

a1




__N;ﬁ) expregses the efféct o the tevering.
Unless n ig less than % this function ig grester than 1. As a
rule n is pgrester than &, therefore the tapering has the effect
of reduoing.the length of tube required for é given initial tube
diemeter end a given value of "gﬂ.

‘ !

IWhether or not this reduction is worth very much mey Dbe
matter for controversy, this, however, does not invalidate in
any way tﬁe value of equation (7) &s a perfectly general
solution for the transmission of heat from air or flue gases to
water.

Of course the equation alone does not suffice to determine
all the necessary sizes for such plants, but it must be used
along with the equations:-

I w grbitrary value, or, value determined from consideration
5 :

of fan power or friction loss, which, if tubes of
suitable diemeter be chosen, will determine the number
-of tubes.

This part of the problem is found in most text books and 1is

therefore left out of the question here.

-------------------------------

3e Airpreheaﬁers of the tubular type.
The use of a curve for overall heat transmission rates is
out of the quéstion. .
The available data is the known relation h = A + Bg for alr
to metal or metal to aif ., which 1g not affected by the
direction of flow.

Consider the case of plain parzllel tubes, with the same

notation as before, and with the pitch of the tﬁbes denoted by p,

we have first, for equal mass-flow rates at any section N1 = W2
al a®

hence a» = aq (V& - a1(1 -
2 =21(F8) = 2101 - 2.)

since wjlb. flue gases = 1 1b. fuel + wglb. cold air,

. 2 2
.". 0-866p2 - 173" = ;;d (1 - %1)
4 e

CLooteeep = Tra%(2 - 1) . . . . .o .. (8
Z Wy

Also the heat lost by the hot fluid flowing over the element

j==iEiﬁiﬁﬁﬁﬁiﬁﬁiiﬁli-i---J

of/




of surface & . TFg = h.T‘Td.S};(T—e) = - WlSlST

and the heat gained by the cold fluid
h.trabx(e-t) = —WZSZSt

6-t
R et T
g ~ °
But, h.TTd.bx = - bp .
ewy 51 T-1
ArﬁO, Wlsl(Tl- T) = w252(t1- t).
-1+ w5 :tl—"b__l:r_,
wolo T1= T
r = (T - t)- (T~ t1)
TL - T
T-t = r(Ty~ T) + (T1~ t1)
N AT _ ar
" - r(T1- T) F (T1~ ©1)

On Intégra ro_r?;
this reduces to:-

BTTd . [ _ 1 1og, r(T3- ) + (T1- t1)

2w1Sy r (T1- t71)
or,since TTdZ4 .
4 ? ,
. Ty=T -
2h. i - 1~ Tg Log, T1- t1
(W"1)s7 @ Ty= b)) = (Tp= tp) To- by

a

substituting for h = (4 + Bgé

214 { T~ T2 Ty~ t .
£ (A 4 B), - 1 1o 1- t1
“1(§? g (M- 1) - (Tz- t3) °° Tem g . . . (9)

This is the fundamental equation for the ratio Q,

---------------------------

There are two functions in the above equation (9) which have

a very great bearing upon the surface area required and upon the

ratio q’ these are Tg, the outlet temperature of the hot gases
w

and 51, the mass-flow rate. It is now proposed to indicate the

effect of these two factors.

With the same notation as before
51(1 + wg) (T3~ Tg) = sgwp(ty~- t2)
and Si1wy is nearly equal to Sowg

. . Ti= Tg = t1~ to
or Ty~ t; = Tg- Tg (nearly)

. . Mearn Temp. difference tp = T1- t; = Tg- tgo.

’ - i
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(14)
again:
81(1 4 wg) (T3~ T2) = hy - (Tg~ tg)H

1 - . . 1 + W2
where hy = overall rate of heat transmission = =(A ng)

where M = heating surface in square fest;

e M=t twe) —2 0 (Ti- To)
' Bt eE) | (T t)

Assuming an average value of 15 1b. of gases per 1lb. of
fuel, and 0+26 for the specific heat, and a fuel comsumption rate

of I 1lb/sec., the heating surface M in square feet is given by:-

M= 836 ., f£(t) . .
A + BV
g
where f£(t) = ijig

Tg- t2 ,
T1 is usually about 800°F, and tg about 70°F. with these two

e e e e e e e (9)

e e e 4 ... (10)

arbitrary values inserted in (10)

£(t) = 800 - Tg |
To~ 70
this function has been plotted in fig (9) on a base of Tg.(Outlet

temperature of the flue gases).

By taking a series of values for 22 (from 1 to.8), and
reading off figl6 the corresponding valugs of (A + ng), the
heating surface ¥ can be calculated for any particular outlet
temperature of flue gases. |

Thus with z5 = 4, (A ¥ BgZ) = 0.0061

for Tg = 4000F, £(t) = 1.212

i — 8.36 '
L. M= 22¢R2 x 1.212 = 1660 sqg.ft. for each 1b. of fuel
' * 0061 B burnt/sec.

Fig 10(a) shows the effect of the mass-flow rate on the
heating surface required for various outlet temperatures of flue
gases, ranging from 250°F to 500°F, and fig lC(b) shows more
clearly the effect of lowering the outlet temperature of the
flue gases. ‘

The importance of the two factors: mass—flow;raté,and
outlet temperature of the flue gases is Wellvillust?aﬁed by the

curves in figures 10(a) and 10(b). 7
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PREHEATING OF AIR OF CCMBUSTIOK
PROBABLE FURNACE TEMPERATURES

In the case of a boiler not fitted with any sort of
economlzer, the flue gases on leaving the boiler are discharged
into the atmosphere, carrying with them and dissipating a
guantity of heat, which may be as much as 35 to 40 per cent. of
the heat generated by the combustion of the fuel. By introduc-
ing, thereforé, either a feed water heater or an air heater in
the path of the flue gases after their exit from the boiler, a
certain proportion of this heat may be recovered, and experience
now shows that it is preferable, from several points of view, to

make use of an air heater for that purpose.

Let w = the weight in 1b. of air used per 1lb. of fuel, cp™
the specific heat at constant pressure of the flue gases. Let
also 71 = the temperature of the gases 1éaving the boiler with
no preheater and Ty = the temperature of the atmospheric air,
then the heat lost will be (w + 1)°p(Tl‘ To).

If a preheater is now fitted to the boiler and T1 = the
new temperature of the gases leaving the boiler and entering the
preheater and To = the temperature of gases leaving the preheater,
the heat lost under these conditions will be (w + L)ep(Ta- Ta).

| Therefore, the heat saved = (w + l)cp(Ti— To) per 1lb. of
fuel, and not (w + 1)cp(Ti— T2), as might at first sight be
supposed.

The immediate effect of the introduction of hot air into
the furnace is an increase in the temperature of the furnace.
This increase, however, is by no means egual to the rise in the
temperature of the air supply, but is a function of it and of the

original temperature of the furnace, as the following will show:-

Let €7 = temperature of the fuel before combustion(PF.a%s.),
S1 = specific heat of the fuel BT, I,%)
¢ = calorific velue per 1lb. of the fael.Bmu) »
@ = teumperature of the products after combusticn{OF.abs),
¢, = specific heat of the products at constant pressure.
w = weight of air used per 1b. of fuel.
Ty = temperature of the atmosphere (OF.abs.),
55 = specific heat of air at constant pressure(ﬁnVJVﬂ

Total heat supplied to the furnace per 1b. of fuel before

COmbust ion - Slel+ ‘VSaTa"* C . . . . . . . . . (1)
Total/
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Total heat generated during combustion = heat radiated by the
burning fuel + heat in the products of combus@ion
=R 4+ (w + l)cp.e . . . . . . (2)
.. 81814 wS Tt ¢ = R + (w4 1)cp.9 . . . . (3)
If the air is now preheated by an amount x°F., © will now be
increased by yOF., say, and the radiation from the bed will be
increased from R to R + r.

Hence 5101% wS,(Ty +x)+ ¢ =R + r +(w + L)e (0 + y) .(4)
subtracting (3) from (4),
wSex = v +{(w + l)cp.y . . . . . . . (5}

r is evidently here a function of the furnace temperature, ond
therefore zlso a function of y.

Let it Dbe assumed that all the heat radiated by the burning
bed of fuel 1g finally received by the boiler; and, further, that
this radiation takes place according to the fourth power law of
Stefan and Boltzmann, so that if T is the furnace temperature

and Ty that of the boiler, in OF. abs.,
R = k(T4— To4) for the first set of conditions ..(8)
(

R+ r=xk(p % y= Tgt)for the second set of conditions ...(7)

Subtracting (6) from (7),

r = k(4T3y + 6r%yR+ 41y3) . . . . . . (8)
or r = kT4 (%g + g%g 4Y°)
Neglecting the ord term r = kT4 (4Y + 6Y2) e e (9)
Substituting in (5) we have

Wi x = kT4 (4y t 6y2) + (w + i)cpy e . . (10)
This is a series of parabolas, the vertices of which are all
very remote from the origin, and the portion of the curve which
is of interest is almost straight—i.e., neglecting the y2 term

axmd pow b1, opy
(WSa W - S-Ja%) y = X ° ° . . . . (11)

' . s, ! 7, P
M. Rozak, (memoires de la Societe des Ingenieurs Civils de

France,1923), from a series of experiments on a boiler plant,

has been able to plot the curves represented by equation (10)

above, and from these results a suitable value of k for equation

(11) is 0.135 & 1072,

Again, since cp and Sa are very unearly equal to one

W 4-_1. C-j: . 5
— Sg 1 and equation (11) reduces to

(0-225 & 107° %; tLyy oo o (12)

another we can write
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This equation gives the iﬁcrease in furnace temperature to be
expected from a definite amount of preheating, and shows that
this increase is smaller the higher the original furnace
temperature.

Thus, if the alr is preheated by 400°F., the increase in
the furnace témperature whien T = 20000F. abs. is 182C0F, and
when T = 2500°F. abs. it is 120°F., with an air to fuel ratio
of 15+0, in both cases.

The increased furnace temperature causes an increased rate
of heat trensmission per square foot of heating surface, and
alsé results in the tempersature of the gases leaving the boiler
proper being higher than would be the case without the
interposition of the prehéater; At the same time the temperature
of the gases leaving the preheater is less than that of the gases

leaving the same boiler without a preheater.







HEAT TRANSMISSICH TWEEL METAL ALD QDP“RlﬂuTEJ STEAN .

. 1 =141
It has been demonstrated that the relation F, hy bhg

.is an important one when investigating problems in heat trans-
migsion; it has also been shown how this eguation suggzests as
line of regsearch the detecrmination of velues of h for any rluid
which may receive the attention of the experimenter.

A choice is made of a suitable first fluid, of which the

‘L nave been elready established (such

variations of hi with g
1

©
[0}

air); the second fluid can be either heated or cooled by the
first, end overall values of hgy are obtained experimentally. It

is then a simple matter to deduce hgo and plot these values on a
2 P

bage of Y2,
ao

&

In this section of the work zi the first fluid, and

0]
k3
<t
=
m
0

superheated éteam the second.

In order to render the results more conclusive, the
experiments were grouped as follows:-

(&) Experiments giving directly values of hg.

(b) Experiments giving directly velues of hg, hq and hy

(c) Experiments giving indirectly values of hyp, from those

of hy and hy.

The se experiments were all carried out on the same agparatus,

; ig.4
with some modifications for groups b and c. The apparatus/was
an zdaptation of that used in the experiments with zir,
despribed_in the first part of this thesis. Baturated steam from
the laboratory diétributor was led into a separétor which was
allowed to drain continuously with a small excess steam flowingthes
through a gas-heated superheater coil where it could be further
dried and superheated if necessary. The dried steam now eﬁtsrca
‘the superheater element proper through a regulator velve. This
Slement consisted of one straight length of steel tubing. The

pupsrheated steam left the element through sz second regulator/




regulator valve and was finally condensed in a small high sp eed

surface condenser which was capable of dealing with the largest

gquentity of stecam used while securing emple cooling of the

condensate.

.
d ]

The condensatc was collect end weighed.

The circuit for the hot air was sensibly the same as in the ‘
air to &ir ezperiments. The hot alir, after flowing through the a
ennular space surrounding the inner superheater element was

arged through a "Hozzle-Box". The pressure and teuperalure

Qs
-
wn
o,
-

')

ture

of the air in the nozzle-box were taken to enable the air flow
to be calculated.
Thermocouples placed at the ends of the superhester element

gave the mnetal temperatures required for the experiments of

groups (a) and (b).

The whole apparatus was carefully lagged to reduce readiation
losses.

The chief precaution obhserved in these experiments was to
iﬁcréase the duration of each test, in order to ensure a

reasonadle guantity of steam toc be collected.

From the outset it was recognised that dlfilcultles would be

encountered from radiation effects, znd the first experiments

confirmed this expectation. The hot gir temperatures were too
high and a regsonable heat balance could not be struck.
Calculations indiceted however that the values of hg, from
superheated steam to metal, were about double those of hj(air-
met l) for 15 - f’l ('W LI .
meta or equal mass-flow rates (g). This was of course quite
regular, from Reynolds' Law, as the specific heat of steam at
constant pressure ig approximately twice that of air.

It was therefore decided to continue with the experiments

and deal with the steam side only. Table E, in the appendix,
shows four tests which ceme under group (a). The discrepancy in
the heat balance is indicated.

Table F, also in the appendix, shows the average readings

for the remainder of the tests carried out under group (a). In

Serieg BVgnd C, the pressure of the steam was that of the/




Jx%/%/</2/ryfte



(20).
the atmosphere while the initial temperature varied from anv

avérage of 238°F in‘series B to 245°F.in series C. Iﬁ'the ﬁext
series D, the steam pressure was increased to 24 lb/sq.in.abs.,
and the initial temperature was also increased to 250°F. The
rates of heat transmission from metal to superheated steam, as
deduced from these experiments, have been plotted on a base of
mass—-flow rate and fig. 11 is the result.

| he plots average up to a straight line, in agreement
with the fundamental law of Osborne Reynolds':h = 4 +BY .

It was now essential to confirm the figures obtained from
these experiments by more tests with closer heat balances.
Accordingly, the tests in group b were carried out, with a
radical modification in the apparatus: the outer pipe was
removed, and a smaller one, 1.62" internal diameter, was sub-
stituted, giving a 79% reduction in the annular area, with a
possibility of higher air speeds. In view of the high air
temperatures registered in the nozzle-box, an alr cooler was
interposed between the air discharge from the superheater

element and the nozzle-box.

As there seems to be no reason to suppose thét the rate
of heat transmission from fluid to metal should be different

from the rate of heat transmission from metal to that fluid,

the steam supply was highly superheated before entering the

superheater element, while cold air was admitted to the outer
annular space: thus converting the superheater into a

desuberheater or air heater. This change successfully
fulfilled what had been anticipated: a reasonable heat balance

was obtained throughout the tests.

The average readings for thils group are given in Table G,

in the appendix..

The rate of heat transmission from steam to metal was

calculated, as in group (a), directly from the equations
m
T1=- 61~ 7o |

— - m
Te- G2 c2

02@ = loge

and hg = CgSsz .
TTdg
as derived for the air to air experiments.
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These rates of_heét tfanéﬁission (denoted by hy) are
"t

plotted in fig.l2 on a base gf. These points confirm the
average line obtaineavfrom'the experiments in group (&), and
show that there is no substantial difference between the rates
of heat transmission from fluid to metal and from metal to
fluid.

The readings teken in this series enabled the coefficients
to.be determined for the air side. These were calculated and
plotted in fig.13. The points are shown relative to the
average air-metal line obtained previously. While they are
on the whole below the mean line, they show good agreement with
the metal to air rates of fig.>5.

Lastly, it was desired tovtest the relation %o= %1+ %2-
Hence, hg wés calculated,firét from the individual rates
(after correcting h; and hy to a mean surface area),and second
in the usual way,Ai.e.,'heat transmitted per square foot per
second, divided by ﬁhe dverall mean temperature differencé.

The two values are plotted, one against the other, in fig.l4.g(

A third group of 4 tests was undertaken, in which the
metal temperatures were ekcluded in order that the rate of
heat trénsmission from steam to metal might be calculated
from the overall rate and from the air rate as taken from the
mean line in fig.ls,

The readings are recorded in table H, in the appendix.

The results of this group are plotted in fig.l3 relative
to the mean steam to metal line previously derived from the
experiments in groupé (2) and (b). Agreement between the two

methods,ie., the direct and the indirect, 1s now well

established.
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APPLICATION TO INDUSTRIAL APPARATUS
INVOLVING THE TRANSMISSION OF HEAT FROM
SUPERHEATED STEAH TQ METAL.

DESUPERHEATERS OR LAST-STAGE FEED WATER HEATERS UTILIZING
SUPERHEATED STEAM. »

In small merine turbine plants using steam with a fairly
high superheat and fitted with auxiliaries driven by recilprocat-
ing engines, the steam supply to these auxiliary engines has to
be "desuperheated", as these are not usually suitably desiéned
to ﬁtilize superheated steam. In such casés either sea water
or the feed water itself may be used as cooling agent. In
either case the speed of the cooling liquid will certainly not
be the factor controlling the overall rate of heat transmission.

A comparison between the highest value of hy, for steam,
which is likely to be adopted, 0+0L (3 = 3) and the lowest
probable value of hy, for water, O'%;g = 80), will show that
the overall rate is likely to be small, 0-00955, and therefore
practically dependent on the rate of flow of the superheated
steam. This low value of the overall rate of heat transmission
requires to be compensated by relatively large cooling surfaces.

For example: to desuperheat 1 1b. of steam per second, at

250 1b/sqg.in.abs., 1209F superheat (specific heat 0:588), would

0-.586 X 120
C-00955

temperature difference. With the saturation temperature of the

require = 7360 square feet of surface, with 1°F.mean
steam at 401¢20F. and an average water temperature of 80°F, the
mean temperature difference would be apprroximately 380°F and
hence the surface required would be about 19.3 sg.feet per 1lb.

of steam.

On the other hand if the cooling agent was the feed water
itself, the mean temperature‘differenoe would be smaller and
the cooling surface would have to-be extended in proportion.
Supposing that the feed water has already been heated to a

temperature of 2500F, and that it is desired to heat it up

further to the saturation temperature of the steam in the/
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the boiler, and that this is done by superheated steam
extracted from the main steam pipe, then the surface aresa
required would depend upon whether the latent heat Jf the
steam is availadble or not.

Case (a): The latent reat is available.

} —
Quantity of steam required/1b. feed = 17 221p. = 0.175 1b.
~ H-h
1

where H = total heat/lb. of supérheated steam at the
conditions already specified: 250 1b/sg.in.abs.
120°F = 1280 B.Th.U.
h, = liguid heat/lb. water at saturation temp.
3763 B.Th.U.
ho= liguid heat/1b. water at 250°F = 218+5 B.Th.U.

If the heater be regarded as made up of two heaters in
gseries, the first becomes a desuperheater, and the second a
surface condenser working at 250 1b/sq.in.abs.

The value to be assigned to hy for the desuperheater part
will be that corresponding to a mass-flow (g) of 1.5, giving
an overall rate 0-006 B.Th.U/sec. per sq.ft. per OF.

The author had an opportunity to examine the performance
of a triple expansion pumping engine, in which reheating of
the cylinder steam’ was accomplished by superheated steam
extracted from the pipe supplying the engine. The quantity of
superheated steam actually used on test and the dimensions of
the reheaters allowed the probable mass-flow rate for the
heating steam to be calculated: This figure was less than 1.
It is therefore admissible that 1.5 is about as‘high 2 mass-

flow as would be allowed in this instance.

Superheat lost by steam = 0.586 X 120 X 0-175 = 12.3 B.Th.U/1b.
feed.

Latent heat lost by steam = 833 X 0:175 = 145+5 B.Th.U/1lb.feed.
%, temperature rise of feed due to condensation of

L *

steam = 139.80F neariy.
& temperature rise due to loss of superheat of steam
= 11.4°F nearly.
‘., on the steam side of the desuperheating surface the mean

steam temperature will be about égl_%_égl = 481°F

on/
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on the water side the mean water temperature will be about
250+ 140 1 5 = 3950F: Thus giving an average tempersture
difference of 461 - 395 = 66°F.

.

. « Cooling surface recuired for desuperheating

= —12.3 = 31.1 sa.feet for a flow rate of
"006 X 66 1 1b. of feed/sec.

In the condensér;bpart, an average value for the rate of
heat transmission from steam to metal is about 1:0 (Webster),

and about 0.4 for water 2t a speed of about 2.5 feet/sec.

Overall rate of hest transmission

) - l l""““‘-I—‘—' = 0.286 BoThoUo/SeC- per' Santo

0.4 1 per CF,

The steam temperature on the steam side is 401.2°F;
the average water teuperature on the water side is about
120 = 5005,

. . Mean temperature difference = 401.2 -~ 320 = 81.2

250 ¢

. Cooling surface reauired for condensation
= U—E%%éiégT_Z = 6-28 sa.feet for a flow rate of
1 1b. of feed/sec.
. . Total cooling surface required for a flow of 1 1b. of
feed/sec. = 37.38 sa.feet, of which about 83% is
necessary to cause the steam to lose its superheat, before it
will condense on the remaining 17% of the cooling surface.
- Case (b): The latent heat of the steam is not available.
This reduces of course to the desuperheater problem, with
a mean temperature difference of about 1560F.,(§9l—i—§§l) -
2
(250 i_éOl).
2
Even allowing for a higher mass-flow rate for the superheated
steam and a correspondingly increased rate of heat trensmission of

0.01 B.Th.U/sec. per sa.ft. per OF., thecooling surface necessary
15%7.8
-01X 136

works out at = 116 sg. feet for a flow rate of 1 1b. of

feed/sec.

These calculations have been somewhat elaborated in order to
show the difficulties with ﬁhich the'designer has to contend,
since both these types of feed water heaters have been proposed

for modern steam plants.
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. STEAM SUPERHEATERS .

Probably the most important application of heat transmission
factors for superheated steam is in the design of superheaters
and reheaters, Whiéh are identical so far as their duties are
boncerned. The possible differences in these two are to be
found in the arrangement of the tubes and in the path given to
the heating gases.

On one side of these tubes, the hot gas flows at such rates
which are capeble of influencing the overall rate of heat
transmission to a large extent, on the other side, there flows
a colder gas at rates which are almost equally capable of
influencing the overall rate of heat transmission.

Indeed, considering that 1 1b. of coal requires an average
of about 15 1b. of air for its combustion, znd genefates about
7 1h. of.steam, the relative weight of gases to superheated  §
steam is about 2 to 1. Again, from Fig.l3, it appears that the
rate of heat transmission from metal to superheated steam is
approximately twice that from air to metal for equal mass flow
rates. It follows therefore that with equal sectional areas Qf
flow for the gases and for the superheated steam, the
individual rates of heat transmission will be about equal and
the average température of the metal will be midway between
that of the gases and superheated steamn.

For instance, if the average temperature of the gases 1is
9000F., that of the steam 450°F., the mean metal temperature
will be about 675°F.

Should a higher steam temperature be desired than 1is
implied by the 450°F. above, then the steam speed will have to
be increased in order to reduce the temperature difference on
the steam side, and retain the temperature of the meta%/within
the séfe 1imits required by the elastic properties of the

/

material. For example Dr. A.L. Mellanby and Dr. W. Kerr, in a

paper, "The use and economy of high pfessure steam plants",
suggest as a llmiting steam temperature about 8500F. at a

pressure of 1000 lb/sq.in.abs. (saturation temperature 547OF )
Thig/
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This would mean an average steém temperature of about 690°F.,
hence the steam speed would have to be rather high in order to
bring down the mean metal temperature, and this speéd would
have to be maintained especially at the lighter loads when the
steam flow is 1likely to decrease. Such high speeds may have
serious effects on the pressure drops through the tubes of the
superheater. |

This safeguarding‘of the metal from overheating at all
loads has been achieved in the Loffler high pressure boiler in
a very positive manner, by what is known as the "Steam Puﬁping
Précess". In this process, steam is produced in an evaporator
or veporizer to start with, this steam is then highly super-
heated in special superheater tubes. Part of the superheated
steam is led to the engines and part of it is returned to the
vaporizer to evaporate the requisite quantity of steam for the
cycle of operations. A pump is used between the vaporizer and
the superheater coils to maintain a positive circulation. When
starting up, the superheating is carefully controlled by
reduced firing, but once started, the control of the super-
heating is effected by varying the speed of the pump so as to
maintain a very high mass-flow rate in the coils at all loads.

The normal working pressure of this boiler is about 1400
1b/sq.in.abs., and the mean working steam temperature 880°F.

The average speed of the steam in the superheater coils
is about 65 ft/sec.

Under these conditions hard open-hearth steel tubes were
found to be quite satisfactory.

A superheater design for a locomotlive boiler will now be
considered.

As a general proposition a 4-flow element type will be
assumed, usually known as a "Schmidt Superheater", and fitted
in the top three or four rows of smoke tubes of a locomotive
boiler:

Let A and a be the cross sectional areas of flow in one

large flue tube containing the superheating elements and in

one/
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one of the smailer flue tubes respectively, sq.ft;

Let P and p be the corresponding perimeters, ft;
Py and P% the perimeters of the metal in contactlwith
water and steam respecti&ely in the large tubes, such that
P = B+ Pg, ft;
W and w the weightsof gas flow per tube per hour, for
large and small tubes Pespecfively, 1b;
N the number of large flue tubes and n the number of
smallflue tubes;
G the total weight of flue gases, lb/hour;
S the 1b. of steam evaporated per 1b. of coal.

In view of the fact that the members constituting the one
superheater element are usually of'unequal lengths and do nop
ektend for the whole 1engﬁh of the flue pube, the following
will be assumed to meet the case with sufficient accuracy, for
practical design.

(a) the length of the element is the mean of the individual
lengths;

(b) the temperature drop from furnace end to smoke box end is
the same forﬁlarge and small tubes;

(c) the pressure drop from furnace to smoke box is the same
for large and small tubes;

(d) the heat absorbed by the water surrounding the tube is
proportional to the metal surfacés in cornitact with the
water.

Assumption (c) leads to the key equation

2 2

WY E= (@73
| Ceox= B @7 : SRR
Again NW +nw = G, . . from (1) NW = —==
o . 1+§,f§.(%)

= 1+ E B

CA—
W=N+n(§)?(%) N )

If H and h are heat lost by the flue gases per hour in large

and small tubes respectively, B.Th.U;
H = KW = B.,p\B. Ad.
H  nw ﬁf(g) (a)’




(28).

if Hy = heat to water from large tubes, per hour, B.Th.U;
Hy _ NPy from assumption (d)
h np
hence H = %. A Z
| = BE ). B
H =,p ¢ Av¢ B .3 '
B, B @ (@Fex.o. oL L L L L (3)
Now, 1f Hg = superheat taken in per hour by steam
Hg = H - By
VoHs=z1-HBe o o9 L1
I H X
OrHS:H(l-}%) . . . . . . . . . . .(4)
Let‘gcp = mean specific heat of the flue gases, at

approximately constant pressure;

Ty and T, the temperatures of the flue gases at firebox

end and smoke box end respectively:

then H = NW . ng(Tl— Tz)-
Hg

. _ . _ . '. . . . . 8
P (Tl Td) = gcp.(]_ - %). wW.N ( )

It must be borne in mind that the steam as supplied by
thé boiler to the superheating elements is by no means dry,
and of a dryness fraction which may not easily be determined;
but an average figure might be assumed as consistent as
pdssible with the usual working conditions of the boiler.
The quantity Hg, as used above, 1s meant therefore to cover
the addition of the latent heat necessary to dry the steam
prior to its being superhegted, over and above the
superheat proper.

Let Q@ = total coal consumption in 1b/hour
then steam/hour = Q8§ 1b.

Let "wg" for the steam side = k 1b/sec per sq.ft. of cross

ag
tione th N=__8 . . . . .. (e
sectional area, en 3600 k.ag _

wheve &g = Cross sechon uberh I ) .
I% remgiﬁéaggﬁfg%giSﬁwgﬂmaﬁditional equation to determine

the length of each element.

The difficulty here lies in the arrangement of each limb
of the superheater element. W®hile the flue gases maintain a
simple uniform path, the steam flow is partly in the same
direction as the flue gases and partly inuthe opposite

direction; An exact solution for the mean tempefature/
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temperature difference would therefore be an elaboration not
quite justified by the approximations stated at the beginning
of the problemn.

It is probably quite sound to take the average

temperature of the steam between the two limits of outlet and

inlet temperatures and subtract this from the mean temperature

of the flue gases. Calling this mean temperature difference T, |

the overall rate of heat transmission hy B.Th.U/sec., per sq.ft.tj
' ! (.
per OF., the heating surface Pg . l , where Z = mean length of s;

T T

each member of one element, then

?

hy « Ty . N Be.l. = s oL
. 5600
Recapitulating:-
e
From (1) ¥ = ()% (4)
w P a
3 3 1
From (3) X = (22 (&) (Bw)®
Py P .
1 s

F 5 oN.{1l - N
rom (5) W.N.( %) 2p (T1~ Tp)

’-_ g.s N
From (8) N = 3350 K.ag

Hg -

From (7)
and lastly (8) NW + nw = G.

These six equations provide a complete solution to the fi
problem. |

Probably the most importent of these equations is (6),
where the number of elements and k values must be such as to
ensure the metal temperature remaining within safe limits af

all loads. The fluctuation of the temperature of the metal

must be kept small, in order to prevent undue fatigue from the
repeated and uﬁequal contraction and expansion. It has been |
shown in the introduction that if T = temperature of hot fluid, |
o = temperature of metal wall and t = temperature of cold

fluid at any section, then %:545:: %ﬁ, where hy and hg are the
rates of heat transmission from metal to cold fluid

(superheated steam), and from hot fluid (flue gases) to metal

respectively,
Taking/
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Teking T = 1400°F, t = 7000F, € has been plotted against

n | | | h
rl in fig. 15, it will be seen that ratios of Eé- varying
12 .

from 10 to 50 must be provided for in the design in order to

limit the range of fluctuation of the metal temperature.







CONCLUSION. -

The main object of this thesis ié the determination of fhe
rate of heat transmission between air and metal, and super-
heated steam and metal. This object has beeﬁ achieved andn
fié.lﬁ shows the results, the outstanding feature of which is
the confirmation of the Reynold's law.

The relative positions of the lines in fig.1l6 also show
that the rates of heat trensmission between fluids and metal
surfaces are proportional to the specific heats of these |
fluids, provided there is no change of state (such as from
liquid to vapour), and the velocities of the fluids are higher
than the critical.

Fig.l6 has been drawn after due allowance had been made for
the lowest points in the preceding plots, and forms what might
be termed a working chart for design purposes.

The full gpplication of these importent coefficients has
also been indicated in connection with the design of
industrial plants.

The question of pressure drops in all the practical
applications considered has been purposely omitted as being a

separate entity from the purely heat transmission side.




APPENDTIZX.LI

Tables C, E, F, G, H, showing the principal
readings and results for all the tests which
’have been plotted on £he graphs contained in

this thesis.
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APPENDIX TI.

Particulars of air heater and nozzle box.

The air heater, fig.l7, consists of a steel pipe l"linternal
diameter, coiled in the form of a spiral of four complete turns.
One end of this coil. A,,is connected to the pipe from the receiver
of an alir compressor, by a valve B, the other end C is connected to
the inner pipe of the preheater by a pair of flanges, separated by
means of a piece of thick asbestos sheeting. The shanks of the
connecting bolts are sheathed in asbegtos, while thick asbestos

washers are placed under the head and nut of each bolt. These

- refinements were made in order to reduce to a minimum any longitud-

inal conduction of heat along the 1eng£h of the preheater element.

The nozzle box, Fig.l8, is a flanged cylindrical casting D,
6" dia. x 10" long. It is connected at one end to the air discharge
pipe E, fromuthe cooler, and at the other end it is fitted with a
cover F, into which the nozzle N is screwed. Fine wire gauge discs
G, placed inside the cylinder, steady the air flow. The temperature
of the air in front of the nozzle is measured by the mercury
thermometer H, while tube K, screwed into the nozzle box is connect-

ed to the mercury manometer used to measure the pressure‘of the air.

The nozzle N is of the convergent type, +" dia. at exit, with
well rounded entrance and J7{52"01’ parallelism éﬁ outlet.

The discharge coefficient for the nozzle was not assumed, but
was obtained directly from experiments, as follows.

In the Laboratory wheré these researches were conducted, is a
"Nozzle Testing" apparatus, designed about 5 years ago by Professor
W. Kerr, Ph.D., A.R.T.C. By this apparatus, it is possible to
supply steam, saturated or superheated, at definite pressures to a
nozzle screwed into a removable pléte. The discharge from . the
nozzle 1is condensed in a surface condenser, while the discharge
pressure can be regulated by a valve placed on the discharge pipe

to the condenser. The %" dia. nozzle, proposed to measure the air

discharge was placed in the "nozzle testing" apparatus; steam,

first at 20 1b/in2abs., second at 25,1b/in2abs. with relatively/



relatively high superheat, was passed through the nozzle; the
discharge from the condenser was weighed; and both supply and
exhaust pressures were noted over considerable périods. The
theoretical discharge waé calculated by means of Callendar's
steam tables, and this divided into the actual discharge gave
the required coefficient. It is this coefficient which was
used in calculating the actual air discharge from the air pre-

heater, by means of the usual formula for the flow of gases

through nozzles.




