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IV. On the Passage of Heat between Metal Surfaces and Liquids tn contact weth them.

By T. E. Sranton, M.Sc., Assistant Lecturer in Engineering at
University College, Liverpool.

Commumnicated by Professor OsBoRNE REYNoOLDS, F.R.S.
Received April 7,—Read May 13, 1897,

Introduction.

TuEe determination of the rate of transmission of heat from the surface of a heated
metal to water in contact with it, or from hot water to a colder surface, is a problem
of some difficulty, but is of such great importance in the theory of boilers and surface
condensers, that further investigation would seem to be justified, especially as,
although the theory of the subject has been much studied, yet owing to practical
difficulties, the constants involved, so far as the author is aware, have not been .
definitely determined for cases which occur in practice.®

PrcLET’S experiments on the rate of transmission of heat from water to water across
a metal plate,t throw much light on the question. His experiments were made to
determine the thermal conductivities of various metals by measuring the heat passed
through a metal plate, one side of which was exposed to steam and the other to
water which was kept agitated by a stirrer. In these experiments, Prcrer found
that the heat transmitted was sensibly independent of the nature and thickness of
the metal used, the conclusion being that on each side of the plate there was a film
of water through which the heat was transmitted by conduction, and that compared
to these, the thermal resistance of the plate was small.

This difficulty was overcome by an arrangement consisting of revolving brushes in
contact with each side of the plate, so as to prevent the formation of a film on the
surfaces, and by keeping the water in a violent state of agitation. In this way it
was possible to keep the surfaces of the plate at the same temperature as the water
in contact with them, and the conductivities of metals determined by this method
agree with carefully determined conductivities obtained by other methods.

Prover farther pointed out, that before the brushes were used to prevent the

* RANKINEs ¢ Steam Engine,’ p. 266.
t ¢ Traité de la Chaleur,” p. 388.
K 2 16.9.97
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68 MR. T. E. STANTON ON THE PASSAGE OF HEAT BETWEEN

formation of a film, the rapidity of the agitation of the water by the stirrer had a
marked effect on the amount of heat transmitted. This fact has been often observed
in experiments on steam boilers, in which the rate of evaporation has been shown
to depend upon the rapidity of the convection of the water in the boiler.

Hence, in order to determine the rate of transmission for the case of the ordinary
heating surfaces of boilers, it would be necessary to first determine the rate of convec-
tion of the water to and from the surface. The difficulty of measuring the convection
in such a case is very great, and seemed an effectual bar to all experiment.

A means, however, of measuring the rate of convection appeared in the case of
water flowing through metal pipes, at fairly high velocities, which could be
determined, and it is to this case that the experiments described are confined.

The theory of the transfer of heat under these conditions has been stated by
Professor OssorNE REYNOLDS.* According to this theory, the heat carried off' by
any fluid from a surface is proportional to the internal diffusion of the fluid at or
near the surface, that is, for a given difference of temperature between the fluid and
the surface.

Professor REYNOLDS further points out that the rate of this diffusion will depend on—

(1.) The natural internal diffusion of the fluid when at rest.

(2.) The eddies caused by visible motion which mix the fluid up and continually
bring fresh particles into contact with the surface, and that the combined effect of
these two causes may be expressed as follows :—

H=At+Bpot . . . . . . . . . . (1),

where ¢ is the difference of temperature between the surface and the fluid, p is the
density of the fluid, v its velocity, and A and B constants depending on the nature
of the fluid ; H being the heat transmitted per unit of surface in unit time. In the
same paper experiments were described giving evidence in favour of the truth of the
above theory.

The chief ditficulty in any experimental determination of the rate of transmission
in metal pipes, lies in the fact that the temperature of the surface of the pipe varies
from point to point along the pipe, and again tends to adjust itself by lateral con-
duction along the pipe. Hence, in order that any definite results may be obtained, it
is necessary that the temperature of the pipe shall be constant throughout its length,
It oceurred to the author that this result might be obtained in the following way :—

In fig. 1, AB represents a tube placed vertically, and surrounded by a second
tube 0D, the annular space between them being used as a water-jacket. Now, if hot
water at a temperature T, initially, flow down the water-jacket, and cold water, at
a temperature ¢, flow down the pipe, then heat will be transmitted through the

% ¢ Proceedings, Manchester Lit. and Phil. Soc.,’ 1874:, p- 9.


http://rsta.royalsocietypublishing.org/

a
J,
A

/—%

A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A \
I~
b \

S

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

METAL SURFACES AND LIQUIDS IN CONTACT WITH THEM. 69

walls of the pipe to the cold water, and if the quantities of water be the same in
each case, the fall of temperature of the jacket water will be equal to

the rise of temperature of the water flowing through the pipe, if means  Fig. 1.
are taken to prevent the escape of heat from the jacket water to the Z'I I !
outer walls. . ¢ 45 D

In this way, although the range of temperature from water to water is 4
diminishing, yet the mean value of (T + ¢) is the same at all cross
sections. ‘

Now the temperature of the wall of the pipe at any cross section will
not necessarily be a mean between the values of T and ¢ at that section,
but if the total fall of temperature from one end of the pipe to the other
is small, say not more than 6° C., then under certain conditions of flow
which unll be stated, we may fairly assume that the ratio of the differences
of temperature between (jacket water and wall) and between (wall and
water flowing through pipe) is constant for the whole length of the
pipe, and hence that the temperature of the pipe is constant throughout

its length. ) KK

As regards the conditions of flow it is necessary to point out that if Z“ g

the motion in the pipe or the jacket is ““steady,” u.e., the water flows in
stream-lines parallel to the axis of the pipe, then the temperature of the water cannot
be considered as uniform across any section of the pipe, and might vary considerably.
In order to avoid this condition of flow, all the experiments were made at velocities
considerably higher than the critical velocity of water for the pipe in question ; this
“critical ” velocity, as determined by Professor REyNoLDs’ experiments,* being given

by the expression
1 P .
V, = 8D e (Z),

where
D == diameter of pipe in metres,
T == temperature of the water,
P = (1+40336T 4 000221 T?)7,
V, = critical velocity in metres per second.

Equation (2) gives the critical velocity for the smooth lead pipes used in those
experiments, and it may be assumed that the critical value of the velocity for smooth
copper pipes does not vary greatly from this.

Under these conditions, and using an apparatus as described above, it seemed
possible to study experimentally the transmission of heat from metal to water, and
water to metal, at varying velocities and ranges of temperature, by careful observa-
tions of the initial and final temperatures of the water and the temperatures of

the surface.
* ¢ Phil. Trans.,” 1883, p. 976.
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70 MR. 1. B. STANTON ON THE PASSAGE OF HEAT BETWEEN

The apparatus being made, before more complicated experiments were tried, it
was necessary to test the truth of the above assumption that, at velocities greater
than the critical value for the pipe, the temperature at any cross section was constant
at all points in the section, not immediately adjacent to the surface of the hot pipe.

To test this, the pipe and jacket were fixed vertically, with hot water at about
70° C. flowing up the jacket, and water at 20° initially flowing up the pipe. A cap
was fitted to the end of the pipe, having a small pipe, of half' the diameter of the
outer one, projecting about 1 centim. into it, as shown in fig. 2.

In this way the water at the section AB was divided, the inner portion passing into
the chamber C, and the outer portion into the chamber D, in which the temperatures
were taken by thermometers.

It was found impossible to detect any difference in temperature between the
water taken from the centre of the pipe and that from the outside, and this even in
cases when the velocity was considerably below the critical value, thus showing
that when the temperature of water flowing through a pipe is continually changing
the motion is unsteady, even although the velocity is below the critical value.

Fig. 2.
Thermometer

=== 0
T LI}

7 hertiometer

P
Fig. 3.

:-____' Coloyr bana.
—~ _ W

l
Li [flame.

This may be illustrated by the following experiment. A glass jar, filled with
water, and having a glass pipe fixed to it, as shown in fig. 3, and through which
water may be drained, is allowed to stand until the eddies in the water have
died out.

A tap is then opened at the bottom, and the water allowed to flow down the pipe.

If now a streak of highly-coloured water be allowed to pass into the pipe from the
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METAL SURFACES AND LIQUIDS IN CONTACT WITH ‘THEM. 71

tank, then, if the velocity is sufficiently low, this extends in a straight line down
the tube. (This method of showing the stream-lines was used by Professor REYNOLDS
in his experiments,™ and has been fully described.) 1If now the flame of a Bunsen be
applied to the outside of the glass pipe, it will be noticed that the streak of colour
soon begins to flicker, and finally breaks up into eddies, and this for a very small
rise of temperature of the water.

This experiment seems to explam ‘the equa,hty of temperatures observed in the
case of the water taken from the heated copper tubes. It was found, however, that
experiments made at velocities below the critical value were unreliable, owing to
the rapid alternations between steady and unsteady motion which went on in
the pipe. This was shown in the following way. When the velocity was above the
critical value, then for the given temperature of the surface, the final temperature
of the water was perfectly steady. If now the velocity was reduced until near
its critical value, it was observed that the mercury in the thermometer stem
suddenly began to oscillate rapidly through a range of one, or sometimes two
degrees, and that the time of these oscillations was about two seconds.

The table shows at what velocity the unsteadiness comes in.

Diameter of | Temperat Initial Final Velocity.
1ameter o e;n p r;)a, ure Temperature | Temperature |In centims. per
prpe. 0‘ surface. of water. of water. second.
1-39 396 1800 226 69-0
1-39 396 18:00 22:75 581
139 396 18-00 2291 436
1-39 396 1800 23-2—2315 286
(Unsteadiness| beginning.)
1-39 396 1800 23-4—23-8 18-00
(Mercury oscilllating rapidly.)

Now assuming that the critical velocity for the pipe used is given by

P
V.= 57gp metres per second,

then for a temperature of 23°

V.= 0137,

so that the unsteadiness observed from the thermometer readings becomes marked at
‘about a velocity of

1'3V,.to14 V..

* ¢Phil. Trans.,” 1883, p. 942.
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72 MR. T. E. STANTON ON THE PASSAGE OF HEAT BETWEEN

This result agrees remarkably with the results of Professor REVNOLDS experiments
on the change of the law of resistance in pipes, in which he found a range of unsteadi-
ness in the pressure lying between

V.and 1'3 V..

Description of the Apparatus.

For the purpose of the experiments, three drawn copper tubes were obtained, the
thickness of the metal being '08 centim., the length 48 centims., and the internal
diameters being 1:39, 1-07, and *736 centims. respectively.

As it was necessary that the velocity of the jacket water should be as high as
possible, in order that the motion in the jacket might be “eddying” (the eritical
velocity for such a case not having been yet determined), the distances between the
outer surfaces of the pipe and the inner surface of the jacket was made as small as
possible, consistent with the possibility of getting the required amount of water to
flow through under the available pressure.

The jacket pipes were of brass, the width of the jacket space being

165, ‘065, 16 centim.
for the three cases.

To insure a uniform density of the water at any cross section, it was necessary to
place the pipes in a vertical position, and, to make the motion of the water as unstable
as possible, the water flowed downwards in each case.

The water used was obtained from a large tank in the tower of the College
buildings, the head available being about 100 feet, which remained practically constant
throughout the experiments. It was found that the supply from the Town’s main
was useless, owing to the varying pressure in the mains causing the flow to be
unsteady.

Measurement of the Water.

To estimate the quantities of water passing through the pipe and jacket, two
meters were required which would give correct values of the amount of water passing
through them at any instant, and which should be sensitive, .., would indicate at once,
the change in the flow due to an adjustment of the water valves.

In the early experiments, the water ran into cylindrical vessels with open tops, and
thin lipped orifices, through which the water was discharged ; the discharge being
estimated from the head of water in the vessel.

The objection to this form of meter is that the change in the “head,” due to an
alteration of the valve, takes place slowly, in some cases nearly a minute elapsing
before the head of water in the vessel attains its new position. Consequently the
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METAL SURFACES AND LIQUIDS IN CONTACT WITH THEM. 73

adjustment of the valves to obtain exactly equal amounts of water through the pipe
and jacket became very difficult and tedious.

To remedy this defect, two meters were made according to suggestions made by
Mr. Foster of Owens College, and these proved very successful. The form of the
meter is shown in fig. 5, and consists of a cylindrical tin box, 14 centims. diameter
by 7 centims. deep. The water enters at the centre A, and flows radially over the
flat plate BC, then radially inwards, guided by the radial vanes to the central orifice,
which is re-entrant. When in use the meter is always full, and the motion is very
steady.

The head is measured by the column of water in the small glass tube TF, and the
flow read off on the scale GH, which is calibrated at intervals by experiment. It was
found that on any re-adjustment of the water valves, the level of the water in EF
almost instantly took up its proper position for the altered flow, so that it became an
easy matter to set the two valves to give an equal flow of the desired amount.

The circular orifices were made of the thinnest sheet brass procurable, soldered to
brass plugs, which could be screwed into the bottom plate of the meter. A set of
three pairs of orifices was made, and the scale calibrated for each by experiment.

Method of Heating the Water.

As it was necessary to be able to adjust the initial temperature of the jacket water
and pipe water to any required value, two copper coils were made, out of §” tubing,
the length used being about 8 feet for each coil. These were contained in cast-iron
cylinders, which were connected to a steam boiler, and were provided with suitable
cocks and drains.

During every experiment it was found necessary to maintain the pressure in the
boiler constant, as a variation of two pounds on the square inch in the boiler pressure
had a considerable effect on the final temperature of the water passing through the
coils. ‘

By using steam in the cylinders surrounding the coils at 60 Ibs. per square inch
pressure, it was possible to raise as much as 25 lbs. of water per minute through a
range of 50° C.

The arrangement of the heating coils is shown in fig. 4.

 Measurement of the Surface Temperature of the Pipes.

In the preliminary experiments it was attempted to measure the temperature of
the surface by means of a thermo-electric couple. As the wires had to be taken
through the hot water in the jackets, considerable difficulty was experienced in
insulating them, and although several attempts were made, consistent results could
not be obtained, so that the method was abandoned.

VOL. CXC.—A. L
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74 MR. T. E. STANTON ON THE PASSAGE OF HEAT BETWEEN

A satisfactory means of measuring the surface temperature was found in the
following way.

Since the thickness of the metal was only 0°08 centim., and the heat transmitted
per square centim. per second was not in any case greater than 10 thermal units,
and in the majority of the experiments was less than 5 thermal units, then, from the
known conductivity of copper, the fall of temperature from one side of the wall to the

Fig. 4.

other would in most cases be less than 0'5° and would never exceed 1°. Thus, if the
mean temperature of the pipe be determined, then by applying a small correction to

this, depending on the amount of heat transmitted, the surface temperature can be
found.

The mean temperature of the pipe was found by observing the actual elongation of
the copper pipe by means of an extensometer, the arrangement being shown in fig. 5.
A is a cast-iron standard, the upper face of which is planed, and into which the
copper tube is screwed, the connexion being as thin as possible, in order to prevent
loss of heat from the pipe to the metal of the standard. At a distance of 8% inches
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from the copper pipe a wrought-iron pipe is screwed into the casting, which is also
surrounded by a water-jacket as shown. '

Fig. 5.

T

A O O BTN

iﬂ_

—————>
WATER T JABKET

————
WATER TO PIPE
A

IO
TOTITIITO

A

A R

T T LT

LTI

G

o
WATER EROM PIPE .VE
_meves

S

CIRBULATING
f—

WATER HETRER

During a set of experlmentq water at a constant temperature is circulated up
through the inner pipe passing into the jacket through the holes shown at the top,
and then down the jacket. In this way, the length of the wrought-iron pipe remains

L 2
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76 MR. T. B. STANTON ON THHE PASSAGE OF HEAT BETWEEN

constant. To the upper end of this pipe a steel plate is attached, on the lower side
of which the knife-edge of the extensometer bears, and which also carries the scale.

The extensometer consists of a long light lever working in a small bearing, at the
top of the copper tube, the short end carrying a thin steel knife-edge, and the long
end extending to the scale, by means of which the extension of the copper pipe
could be measured. .

The extension was magnified by this means, so that a movement of 1 millim. of
the pointer represented a change in the temperature of the pipe of 0°5°, with the
result that the temperature of the pipe could be estimated to i%5th of a degree.
Before and after any experiment, the temperature corresponding to the given scale
reading was determined by actual trial. All the pipes and the exposed parts of the
apparatus were carefully lagged with cotton wool and sheet cork to prevent loss or
reception of heat.

Measurement of the Temperature of the Water.

For this purpose carefully calibrated thermometers were used, of such a scale that
readings within §5th of a degree could be estimated. These were fixed in small
brass chambers through which the water passed on entering and leaving the pipes,
the chambers being carefully lagged and placed as near the pipe as possible. The
chambers were fitted with small stuffing boxes and screw glands to prevent leakage,
and are shown in section in fig. 5.

As the difference in pressure between the water entering the pipe and leaving it
was small, no correction was found necessary for the observed readings.

In the experiments, at a pressure of about two atmospheres, it was found that the
pressure had a small effect on the thermometer readings, due to compression of the
bulb, but this was not more than 0:15° C.

To measure the pressure, a “Tee” joint was connected to the top of the copper
pipe, as shown in fig. 4. This “tee” carried the extensometer lever in the centre,
one branch being connected to the water supply, and the other branch being con-
nected to a mercury pressure gauge in the form of a U-tube.

To regulate the pressure to any desired amount, brass cocks were attached to the
waste pipes leading from the pipe and jacket, Whlch could be adjusted to produce the
pressure.

The joint between the copper tube and the Jaeket pipe at the upper end was made
by an india-rubber washer and screwed cap, 0 as to allow free expansion of the pipe.
At the lower ends, where the pipe was fixed to the standard, the jacket pipe and
inner pipe were soldered together.

Method of Making an Experiment.

In the first place, the inside of the pipe was cleaned by a small brush, then the
valves were set so that the required amount of water was passing through the pipe
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and the jackets. The water in each coil being raised to the same temperature,
T, say, the scale reading was taken. The initial temperature of the water flowing
through the pipe was then set to a given value, say ¢;, the temperature of the jacket
water being regulated so that the scale reading remained the same as before. When
the final temperature of the water flowing through the pipe became steady, its
value ¢, was taken. The temperatures of the pipe and jacket water were then again
brought to the common value they had initially, and the scale reading again taken.
If this agreed with the first reading, the experiment was taken as correct ; if not, it
was rejected and another made.
The observations would be as follows :—

ExperiMeNT L.—Water, 148 grms. per second.

(a.) Mcasurement of Surface Temperature :—
Temperature of jafcket water = 47'8: } Scale reading, 6'57 centims.
99 pipe » 478
(b.) Measurement of Heat transmatted :—
Initial temperature of water in pipe = 17-98°.
' ’ ' jacket = 67-60°,
Final . ’ pipe = 24-45°.
) ” ” jacket = 61°10°.
(¢.) Checking Surface Temperature :—
Temperature of jacket water = 47-9°

) pipo L AT } Scale reading, 6'56 centims.

Results of the Experiments.
Let

T, = temperature of the inner surface of the pipe in degrees Centigrade.
¢t = mean temperature of the water in the pipe at any cross section.

v = velocity of the water through the pipe in centims. per second.

pressure of the water.

= radius of the pipe in centims.

2 3
I

L = length of the pipe in centims.

Then, for a small element of the internal surface of the pipe = 2w dl, we may
write, for the case of transmission of heat from metal to water,

Heat transmitted = dH,
=K. 2ardl ¢ (T, t, (Ty—1t).p.v.7),

where K and the function ¢ are to be determined by experiment.
From the description of the apparatus given above, it will be seen that the effect
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78 MR. T. E. STANTON ON THE PASSAGE OF HEAT BETWEEN

of each of the quantities T, ¢, (T, - ) p, » and r, on the rate of transmission, can
be studied separately.

Thus, in determining the effect of the velocity of the water, a series of experiments
were made at varying velocities, but in which the values of T, t;, (Ty — ¢,), p and »
remained constant.

I.—Errrct of the Varying Pressures of the Water, Ty, (T, — ¢,), v, and r constant.

The following table gives the results obtained :-—

Diameter of | Temperature ; Inizial ) Final Velocity of PPQSS‘}W m ! Rise of

pipes. | of surface. emperature | temperature water cenbims. g0 merature.

PP f of water. of water. ) of mercury. | P
107 604 256 3446 160 | 940 | 9%0
107 604 254 34°3 116:0 113-0 | 8°9
1-07 | 604 253 344 1160 152-0 f% 9°1
1-07 j 604 253 345 116-0 191-0 J 9°2

1 | }

These results show that for the given range of pressure, 7.c., from one to two
atmospheres, the transmission is practically independent of the pressure.

[1.—FErrrcr of Variation of Velocity, Ty, (T, — t,), ¢, and 7 constant.

About 50 experiments of this kind were made. As an example of the results the
following table may be given —

i Diameter of T x ¢ ' i v Rise of
|‘ pipes. -0 l L By : temperature.
L , i L o I
|
1°39 A5 L 1798 2Uedd | 690 647
1-39 47°55 f 1799 24,08 . 980 6°:09
| 139 A7B5 1800 2302 ! 1232 5002

These results show that the increase in temperature of the water for the given
range of temperature, &ec., is nearly independent of the velocity. Thus, for an
increase in the velocity of 80 per cent., the rise of temperature is only 85 per cent.
less, or in other words, the heat transmitted for the given range of temperature
is nearly proportional to the velocity of the water. Those experiments were repeated,
and then tried with a different value of the range (T, — ¢,), but with the same
results, the ranges of temperature varying from 5° to 40°.
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L —Errecr of Varying Ranges of Temperature ¢;, v and » remaining constant.

As an example, the following set of results may be quoted :—

Diameter of T y : Rise of
. 0 1. 9 v. Lo o
pipes. temperature.
1-39 4755 18-00 2392 1860 5°92
1-39 3935 1801 22-22 1860 4°-21
1-39 3245 18-:05 2083 186-0 2°78

Now if the heat transmitted under these conditions varied simply in the range
of temperature, we should have had for the whole surface of the pipe

C (T, — 1) ds = Wdt,

or,

where
S = whole surface of the pipe,

2
i

a constant,
W = weight of water flowing through the pipe per second.

Now the values of log %0—_—3;1 for the experiments quoted are ‘222, 218, 213
]

respectively, which show that the heat transmitted is proportional to (T — ?)
multiplied by a function of the temperature Ty

TV.—FErrrcr of Varying the Initial Temperature ¢,, the range (Ty — #;) v and »
being constant.

A setb of experiments at 69°0 centims. per second gave :—

i
| .
Di ter of I Rise of tem-
lagil;ezl. ° To b fy v I perature.
{
1-39 35:00 18:80 22:18 690 ! 3°-38
1-39 5360 3740 41-25 690 ‘ 3°:85

These results show a considerable increase in the heat transmitted for the same
range and velocity ; this increase, as will be seen by comparing Experiments IIL and
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1V., being greater than would be accounted for by the difference in the value of T,.
Other experiments carefully made gave similar results.

Thus, for a pipe of given diameter these experiments indicate that the transmission
of heat from the surface of the pipe to water flowing through it, at velocities above
the critical value for the pipe used, is given by an expression of the form

dH = R2ar di (T, — ) f0) F Ty @ (@) . . . . . (1)

It is also seen that the values of F (T) and @ (t) do not vary very much from unity,
and may probably be put in the form :

F(T)) =1+ oT,,
@ () =1+ B,

where o and 8 are constants to be determined by experiment,
Again, from Experiments II., it is seen that the heat transmitted is nearly
proportional to the velocity, thus indicating the probable form of the velocity

function, as
S (v) =V,

where 7 is a number a little less than unity, and to be determined by experiments at
varying velocity. ‘

It may be noticed that in equation (1) the value of K may depend on the diameter
of the pipe and the nature of the surface.

The experiments made on the three drawn copper pipes, of diameter 1:39, 1:07,
and 736 centim., did not clearly indicate what the relation between H and # was,
beyond showing that the effect of the variation in diameter of these pipes was not
great, the supply of hot water from the heating coils not being sufficient to enable
experiments to be made on pipes of larger diameter.

It is shown in the theory that the heat transmitted is proportional to the value of

P -2

where 7 has the value 1:84 apprbxima‘cely.

This would make the heat transmitted across unit area of the surface of the
smallest pipe (‘736 centim. diameter) about 10 per cent. greater than that trans-
mitted through unit area of the surface of the largest pipe (1'39 centim. diameter)
under the same conditions of flow and temperature.

General Theory.

The experiments described in this paper were originally made in order to determine,
if' possible, an expression for the rate of transmission of heat from metal surfaces to
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water, without reference to the theory, and which expression has been shown to be
of the form given in equation (1).

The Author is indebted to Professor OsporNE REYNOLDS, who kindly offered to look
through the paper before publication, for the following theory of the subject.

The outline of this theory, as has been previously stated, was published in 1874.%

The discovery of the law of resistance in parallel channels, made by Professor
ReyNoLps, in 1883,1 enables this theory to be definitely stated.

According to this theory, the motion of heat from the surface of the pipe follows
the same laws as the motion of momentum to the surface, whether by conduction or
convection (though not by radiation and absorption, through the material, which
unquestionably plays an important part in the so-called conduction of water).

Taking « as the direction of motion,

r = radius of pipe,

t = temperature of the water,

T, = temperature of surface of pipe,

D = weight of unit volume of water,

p == pressure of water per unit area,
W = weight of water discharged per second,

w = velocity of the water flowing through the pipe,
P = (1 4 0836 + -000221£)",

A, B, and » constants depending on the nature of the surface.
Then, above the critical velocity, the loss of pressure is given by the equation
@ _ o B
= @y 4t
Writing this in the form

dp o g P B ( w
o dp _ a9 Do B W
" dz = 7T W (27~)3~n w A . Ly w . o o . . o (]),

then, in (1), m*(dp/dz) is the loss of momentum due to diffusion and convection, so
that, according to the above theory, substituting

a . o A
W o, for @t
and
r W
W (T, —¢t) for ;W

¥ ¢ Proc. Manchester Lit. and Phil. Society,” 1874, p. 8.
+ ¢Phil. Trans.,” 1883, p. 976.
1 ¢ Phil. Trans.,” 1883, p. 976.

VOI, CXC.—A. M
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the equation for the passage of heat will be

W dt D I i
dJJ =Ty (2’}1)3‘:; w . ‘A“ . (TO o Zf) e e e e (2),

or writing
J— 2
W = Dwnr?,

the slope of temperature along the pipe is given by

i B o
This is supposing that the conductivity of the water, as compared with the viscosity,
does not enter ; but as it probably does, for ultimately it is conductivity by which the
heat passes from the walls of the pipe to the water, there will probably be a coefficient

S (¢/P),

the form of which can be determined by experiment.

Application of Professor REYNoLDS' Theory to the Experiments.

Assuming the variation in the value of ¢ to be small, say, not greater than 6°in the
whole length of the pipe, then, integrating equation (8),

h_ B g |
LS A D e Lo 000 (),

T —
where
t, = initial temperature of the water in the pipe,
¢, = final ” " » ”

L = length of the pipe,
P> = mean value of P>, for the water in the pipe.

Now, from equation (4) the value of 7 can be determined by a set of experiments,
in which
P2
has the same value in each.
This was done by plotting the Jogarithmic homologues of

log —* and w,

when it was found that the points plotted all lay approximately on a straight line,
there being no systematic deviation.
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For the three pipes used in the experiments the slopes of the logarithmic homo-
logues were found to be :—

For pipe No. 1, 139 centim. diameter ; slope = — 014, or n = 1'86.
" No. 2, 107 ,, ’s , = == 0175, or n = 1-825.
. No.s, 736 , y . = — 0170, or n = 1'83.

In pipe No. 1, the velocities of the water had values between 287 and 1232
centims. per second.

In pipe No. 3, the velocities of the water had values between 60 and 393°7 centims.
per second. -

It will be seen that the values of n given above correspond with the values we
should expect to find for smooth copper pipes from the law of the resistances, the
value for glass being about 178, and for smooth metal rather higher, rising to a
value of 2 for rough metal surfaces.

Effect of Viscosity and Conductivity.

If the conductivity of the water at the bounding surface be neglected, then for
experiments at constant velocity equation (4) gives the value of

T, — ¢

log ;0

ST, — 4,
1)'2—n

constant for different values of t.

Referring to the results given in the tables, it is seen that the value of this
expression 71ses with the value of the mean temperature (£,) of the water, which
seems to show that the conductivity of the water at the boundary has an effect.

It was also seen, in the experiments quoted above, p. 79, that the heat transmitted
depended on the values of T, and ¢, and that this effect would be represented by
coefficients of the form

(1 4 «Ty) and (1 4 Bt).
From experiments at constant values of w and ¢,, the value of « is found to be

« = 004,
and that of B is
B = 01.

The slope of temperature of the water in the pipe is then given by
It B ¢ P , )
=i %'(2753:;‘@0”“2(1'0 — )1 +aT)(L4+B8) . . . (5)
M 2
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Now for smooth metal pipes the value of B” may be assumed nearly constant, co
for a pipe of given length and diameter in which the surface temperature is constant,

(27,)3—n R 10g ']l‘() »51
ot . . . (6)

PP (L 4 Ty (14 BL)
where % is a constant depending on the nature of the surface of the pipe.
For the ranges of temperature obtained in these experiments no sensible error is
introduced by taking the mean value of

P2 and ¢

for the experiment and substituting them in equation (6).

When the variation in ¢ is considerable, equation (5) must be integrated more
exactly. _

Applying equation (6) to the results of the experiments on the three copper pipes
used, the values of % are found to be :—

Value of F.
Pipe. Diameter. Length, ;—— S - - -| Number of
experiments.
Maximum. Minimuom. Mean.
1’”“;2011’0111]8‘ COl'ltiHlS. T o T
I | 139 470 0108 0104 ‘0106 22
I1. 1-07 445 ‘0104 0100 ‘0102 13
III1. 736 460 ‘0103 0099 ‘0100 15

If W = weight of water flowing through the pipe in grammes per second,
equation (5) may be written

I)Q—n

dt 9 ~1 \ )
W L = e G T @ = DRI B) (),

dw

which gives for the transmission of heat from metal to water per square centim.
of the surface of the pipe

kP

H= G Gy (To= D14 al) (LB . (8),

gramme-degrees per second.
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Case of Transmussion of Heat from Water to Metal.

The theory for this case is the same as in the transmission of heat from the surface
to the water, so far as the convection of the heat is concerned. It seemed probable that
the conductivity coeflicients would also be the same, but on experiment this was found
not to be so, the viscosity in this case having a much greater effect, the results of
the experiments being that the heat transmitted was nearly inversely proportional
to the mean viscosity of the film of liquid at the surface, so that the conductivity
coefficient can be put in the form

k/Pm:

where P, is the mean value of P for the experiment, and
% \ 27 -1
P = {1 + 0336 (__0;_:;> + 000221 <1"~;”> } .

For this case equation (5) now takes the form

ii_l: _ p—n ;(/_ Pa-n ,wn—ﬁ(t — TO) 9
BT A D e (9

The results of experiments made under these conditions are given in Table V., and
the values of £ calculated. These values do not show quite such a high degree of
consistency as the values of £ deduced from the other experiments, but this is
probably due to the difficulty of working under the given conditions. Other experi-
ments in which the heat flowed from water to metal were made, but always with the
result that the heat transmitted was sensibly inversely proportional to the mean
viscosity of the film at the surface, the deviation being never greater than 7 per cent.

The Transmssion of Heat from the Jacket Water to the External Surface of the Pipe.

During all the experiments the temperatures of the jacket water were taken, so
that the rate of heat transmission from the jacket water to the surface of the pipe
could be calculated.

It was found in this case also that the transmission of heat was sensibly inversely
proportional to the mean viscosity of the film of water at the surface of the pipe, the
value of the conductivity coefficient being always slightly less than the mean value
of P~ for the film of water.

This is shown in Table VI., in which the product in the last term is calculated on
the assumption that the effect of velocity and range of temperature is the same as in
the previous cases.

It was found from these experiments on the jacket water that the value of » is
practically the same as in the case of the pipe, the value for the jacket of No. 1 pipe
being 1°855.
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The results stated in Tables V. and VI. would, therefore, seem to show that the
conductivity coeflicients in the passage of heat between a metal surface and water in
contact with it, will depend, in their value, on the direciion of the flow of heat, the
viscosity of the film of water at the surface having much less effect when the heat
flows from metal to water than when the flow is in the opposite direction.

The experiments were made in the Whitworth Engineering Laboratory, Owens
College, in 1895 and 1896, the author being at that time Demonstrator in Engineering
in Owens College.

TasrLE I.—Copper Pipe, No. I.  47°0 centims. long, 1'39 centim. diameter.
Value of n = 1°86.

T, 4 by w wr " | log To—1 P2 14Ty | 14 Bt k.
47-20 18-00 2392 1232 196 2263 1-086 1189 1-209 ‘0105
3910 180t 22-22 123-2 1-96 ‘2224 1-082 1:156 1201 0106
3228 1805 2083 123-2 1-96 2171 1-079 1129 1194 ‘0105
5055 3325 37:00 123-2 1:96 2440 1134 1-202 1351 0104
40-25 2510 28-20 123-2 1:96 *2286 1106 1161 1266 0105
34¢50 1815 21-39 123-2 1-96 2206 1-080 1137 1.198 *0107
4155 1818 2285 123-2 1:96 2227 1083 1166 1-205 ‘0105
47°26 1799 24:14 980 1-90 2356 1086 1-189 1211 *0105
3915 1800 22:38 98-0 1-90 2318 1082 | 1157 1-202 0107
3231 1803 2090 980 1-90 2241 1-079 1129 1195 *0106
4500 1879 24:18 980 1:90 2300 1088 1-180 1-215 -0103
5025 3325 37:03 980 1:90 2512 1134 1-201 1:351 0104
4025 2520 28'40 980 190 2387 1107 1161 1-268 ‘0106

TasrE II.—Copper Pipe, No. I.  47°0 centims. long, 1'39 centim. diameter.
Value of n =186

E
T, e tg. w. w¥?, | log t[:(’- hl = +aTy. | 14 Bln. k.
) To—1ty
47-33 1798 24045 69:0 1-80 2487 1-087 1-189 1212 0105
39-20 18:00 2260 690 1-80 ‘2443 1-083 1157 1-203 ‘0107
32:35 18:03 2103 69:0 1-80 ‘2348 1:080 1129 1:195 0105
4500 1877 24-28 836 1-86 2358 1-088 1-180 1215 *0104
3965 18:82 2315 836 1-86 2325 1-086 1-158 1-210 0104
54-25 42-20 4510 836 1-86 2750 1:160 1-217 1:436 0106
39:52 1832 23:02 581 1-767 2504 1-085 1-158 1-206 ‘0107
3955 1835 2326 436 1:696 2632 1-:085 1-158 1-208 ‘0108
4030 1843 2365 287 1-600 2725 1-086 1-160 1-210 ‘0105
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TasLe IIT.—Copper Pipe, No. II.  44'5 centims, long, 107 centims. diameter.
Value of n = 1:325,

T, t b, w wr, | log ']170—? A P | 14aly | 1486 | R
3 0_ 153
6335 | 23928 | 8220 | 1160 | 230 2515 | 1139 | 1253 | 1277 | -0100
5460 | 2330 | 8012 | 1160 | 230 2455 | 1134 | 1220 | 1267 | 0101
4735 | 2330 | 2837 | 1160 | 230 2365 | 1130 | 1189 | 1258 | -0100
5085 | 3660 | 3988 | 1160 | 230 2613 | 1184 | 1203 | 1882 | ‘0104
3570 | 2188 | 2435 | 1038 | 225 9321 | 1117 | 1143 | 1248 | -0101
5650 | 2139 | 2980 | 976 | 223 2549 | 1120 | 1226 | 1253 | -0101
6325 | 4880 | 5250 | 916 | 22l 2955 | 1930 | 1253 | 1506 | 0104
3570 | 2138 | 2440 | 9l | 291 92366 | 1117 | 1143 | 1229 | -0101
5280 | 37°60 | 4110 | 884 | 219 2718 | 1187 | 1209 | 1393 | -0102
5650 | 2189 | 2940 | 853 | 2178 | 2586 | 1128 | 1926 | 1254 | 0100
3570 | 2140 | 2450 | 793 | 215 2438 | 1118 | 1143 | 1229 | -0102
6325 | 4880 | 5260 | 793 | 215 3050 | 1230 | 1253 | 1507 | 0104
5650 | 2139 | 2960 | 731 | 212 2660 | 1130 | 1226 | 1255 | -0101

PHILOSOPHICAL
TRANSACTIONS
OF

TaBLE IV.—Copper Pipe, No. III. 46 centims. long, 0786 centim. diameter.
Values of n = 1-88.
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prE | 14aT,. | 148t | &

39-30 14-06 2072 3937 2:76 +3060 1-090 1157 1-174 -0102
31-80 14-06 1858 3937 2:76 2935 1-084 1125 1-163 0100
2625 14-06 17:13 3937 276 2915 1-081 1-105 1-156 0102
20-45 14-:07 1564 393-7 2:76 *2820 1-077 1-082 1-149 -0101
17-10 14:07 14-82 3937 276 -2840 1-075 1-068 1-144 +0103
39-30 13-90 2078 2960 2:63 3160 1-089 1-157 1-173 0100

51:65 3750 41-80 296-0 263 +3620 1-184 1-207 1:397 -0100
42:55 2833 3240 2960 2:63 *3370 1-146 1:170 1-303 0099
2820 14-06 17-80 2960 263 *3070 1-082 1-113 1-159 *0100
3942 13-90 21-00 2446 2:55 "3255 1-090 1-158 1-174 *0100
2625 14-04 17-30 244-6 2:55 +3100 1-080 1-105 1-156 *0100
2055 14:05 1575 244-6 2:55 3035 1-077 1-:082 1-148 ‘0100
3800 14:20 21-80 900 215 *3840 1-092 1-152 1-180 0099
56°50 14-20 2855 900 215 4140 1-107 1-227 1-214 0099
3800 14-20 22-20 60-0 2-005 4095 1-093 1-152 1-182 -0099
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TaBLe V.—Transmission of Heat from Water to Metal. Copper Pipe No. IL
44'5 centims. long, 1°07 centims. diameter. Value of n = 1-825.

T()‘ t.l.' 2‘3 w. lUgMn. Pm‘l. IOg ’2:?,%:0' Pn—‘l k
| _
30-85 52:25 4660 884 219 27 3065 1-226 00743
36:00 5220 47-80 884 219 2-85 3165 1-228 | 00726
42-15 5220 49-20 884 2'19 303 3540 1231 00778
44r90 52:30 5005 884 219 312 3620 1-232 00763
3170 5360 47-60 884 219 275 *3200 1-231 00765

TaBrLe VI-—Experiments on Jacket Water of No. I. Pipe. Area of
Jacket 0'9 sq. centim. Value of n = 1-855.

Values of
a =Ty | sy 51 | Braai—To aeu
TO' tq. 2% w. wir, log tq—TO. Pr2, PL P ]O_g t;:’f(;’[/i__
P2~n
4790 6667 6075 2070 2-17 | 3780 1-225 356 282
39-50 5421 50-00 2070 217 8370 1192 3:00 291
32-62 4318 40-40 2070 217 3050 1160 255 301
47-85 6683 6075 164-0 2:09 3857 1:295 3:56 277
39-55 5413 4975 164-0 2:09 3560 1 1:191 3:00 295
32'58 42-87 40-00 164-0 2:09 ! 3270 1160 2:55 311
i
4777 6'7:32 6085 1160 199 4014 1-226 356 275
3960 53:95 4935 1160 199 *3860 1:192 2:99 306 f
32:55 43-00 4000 1160 199 3380 116 2:55 305 |
4800 6787 6075 730 1-86 4425 0 1227 357 282
| 3975 5491 50-00 730 1-86 3910 } 1192 301 288
| . ! |
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