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INTRODUCTORY,

An outstanding feature of steam power engineering at the
present day is the high order of performance obtainable from the
modern surface condenser. In this unit are embodied the fruits
of years of intense research and investigation, and, to such a
pit ch has the technique of design been brought, that further
improvement seems improbable. In striking contrast to this state
of affairs, is the position with regard to the evaporative
condenser, which may be said to be still in the most primitive
stage of development, technically and practically. This latter
aspect is seen in the averege colliery evaporative condenser,
which both in bulk and in area covered, is out of all proportion
to its usefulness, while the shortcomings on the technical side
may be gauged from the fact that design is still largely specula:
ttive. It is difficult to understand why such an unprogressive
policy should have been pursued, and the weakness of the system
has been fully exposed in some recent attempts to design portable
evaporative condensers for railway work, which have resulted only
in costly failures.

That this type of condenser is worthy of more consideration
may be appreciated from a comparison with the standard surface
condenser, cooling tower system. The latter scheme comprises
two separate and costly units, and the cooling tower must of
necessity, be capable of dealing with the same amount of heat as
the condenser. The water evaporated in the process may equal 85
per cent of the steam condensed. On the other hand, the evapora:
:tive condenser combines the condensing and water cooling processe
in one plant, the loss of water by evaporation is no greater, and }
& much smaller rate of water circulation is required. ?

Such advantages as these cannot be overlooked, particularlg
for portable units, but they can only be turned to practical use

when the principles of the heat transmission processes involved

J
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ere fully understood, and a rational basis of design established,
When the question of the application of condensers to

locomotives was first raised, research on the evaporative

condenser was instituted at the Royal Technical College, and
the results of the earlier wofk have already been embodied in

an important psper by D.S. Anderson, Ph.D. Much information of

a8 very valuable nature was obtained from these initizl investi:
:gations, and the complex character of the problem was fully
demonstrated. 8everal of the issues raised, however, were of
a distinctly comt roversial nature, but the limited scope of the
original apparatus, which was designed to deal only with atmos:
‘pheric steam, prohibited further examination of these points.
In order to carry development a stage further, therefore,
the investigation described in this paper was undertaken, and a
practical type of condenser was evolved, incorporating most of
the features likely to be met with under actual operating condi:
ttions. The steam side was arranged for wo:king under varying
vacuum, the cooling water was circulated continuously, and the
evaporation found directly from the decrease in weight of the
water in the system. It has thus been possible to carry out

tests under widely varying conditions on both steam and water

sides, and, in consequence, the general design basis developed

may be confidently applied to practical cases. 2
| A new line of attack on the problem has been developed. |

The component heat transfer processes have been separately

analysed, and it is clearly demonstrated that the generally

accepted laws of heat transmission and evaporation, are still

applicable to the evaporative condenser.
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DESCRIPTION of  PLANT,

The principal features of the apparatus are shown in
Figs. 1 - 3. Fig. 1 gives the condenser unit in detail, while
the general arrangement of the complete plant is illustrated in
the other figures. As will be seen from Fig. 1, the condenser
comprises a single brass tube Ty 13" bore, encased in a length
of steam piping 8, 3" internal diam. x 4 feet long. The cooling
water flows down over the inside face of the brass tube, and
is swept by the air stream, which also flows downward through
the tube T. In the annular space between S and T the steam is
-condensed.

Referring in detail to the figure, at the bottom end of
the condenser, the tube T is solidly brazed to-the heavy flange
F, which in turn is bolted to the bottom flange of the outer pipe
S. At the top end, pipe 8 is closed by & brass casting G,
through which tube T passes, being ferrule packed as in standard
surface condenser practice. This casting G carries a water
thermometer pocket and the water inlet pipe, and also acts as a
header for admitting the water to tube T. The inlet air branch ;
pipe is also bolted to G, in such & manner that a space of 'l'lginché
is left clear above the top edge of tube T. This slit serves
to spread the water in an even film over the tube surface. The
inlet air branch carries a §" dia. hole which serves the dual
purpose of a thermometer pocket, and window for inepecting the
water film. The steam enters at the top end of the condenser as
indicated, and the condensate is pumped off through a passage in
the flange F.

The water temperature at four points along the tube is
recorded by thermo-couples, and the details of the necessary

fixing are also given in Fig. 1. A metal pad A, sweated to the

brass tube T, carries the small brass tube B, 4" external diameter,
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A steel boss, O, is also welded to the external steam tube, and
in this box is incorporated a stuffing box. Through this passes
B, and leakage of either air or steam is prevented by means of
asbestos packing and ferrule D. A cylinder of cork, E, insulates?
the thermo-couple wires from the metel, and is adjusted until the
actual thermo-junction is just protruding into the water film, as
indicated. The couples used were of copper-constantan.

The general scheme of testing is best described by

considering separately the circuit of each fluid involved.

Steam Circuit: S8team throttled directly from a boiler into a

vacuum of say 24 inches, builds up an extrd&-ordinary superheat,

and is therefore useless for vacuum tests purporting to represent
practical condenser conditions. This difficulty is overcome in
the present plant by passing the boiler steam into a "vacuum steam
generator", Fig. 2. This vessel is maintained about half full

of water, which is heated by the condensation of the steam led into
it. From the space above the water a pipe 8 leads directly

into the condenser, hence the water in the generator boils at a
temperature slightly above the saturation temperature at the
condenser vacuum. Thus, by regulating the flow of the inlet boiler
steam, a steady supply of low temperature steam is fed to the steam

space of the condenser. The condensate outlet from the condenser

is connected to the Edwards air pumps of a surface condenser
installed in the laboratory. |

Control of the steam supply is effected by valve V;, During
a given test, the condenser vacuum, recorded on & mercury manometer,
was kept constant, and V; regulated so that the outlet steam
thermometer T2’ recorded the corresponding saturation temperature,
Oor as near to this as the air content of the steam permitted. Great
care was taken to prevent air leakaege into the steam system, but
the supply steam itself contained a fair amount of air, as the
boiler feed circuit is open. As a result there was a steam

temperature gradient along the tube in the high vacuum tests, and
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in such cases the mean steam temperature has been taken as the

average of the saturation and outlet temperatures.

Air Circuit: As a rule fans supply sufficient air for evapdra:?

ttive condensers, but in the present case it was more convenient»é
to take the air from a compressor storage tank. In thqéupply':;
pipe a measuring nozzle plate is fitted as indicated in Fig. 2. ‘
This plate is of the standard type for pipe flow work, the
manometer connections being taken from elther side of the nozzle f
out through the body of the plate. The manometers record the
pressure drop across the nozzle in ins. water, and the air
pressure on the bottom side of the plate. 1In order to minimisé

the disturbance set up.in the air sqﬁam, a relatively large siz

nozzle is used. The humidity of the supply air is found by
tapping off a stream of air before the nozzle and passing it over
a wet and dry bulb hygrometer. The temperature of the air at

inlet to the condenser tube is taken at Tg. The air stream

passes through the condenser, collecting the vapour evolved

from the water, and at the outlet end is diverted through roughly

N

180° and thus prevented from carrying off solid wateér in

suspension.

Water Circuit: The water circulation is maintained by a gear

T o e el

pump, P, Fig. 2, which is driven by a small shunt motor,
fitted with a rheostat in the armature circuit. Alteration of
the rate of circulation is effected by varying the motor speed.
From the pump a long copper pipe, .’L}E bore, leads to the hea.der
at the top of the condenser, whence the water passes to the inner
tube, as previously described. Although little difficulty wes

experienced in maintaining a water film with the vacuum tests,

in order to ensure regularity of results, the inner tube surface
was faced with a fine silk widely meshed net. At the foot of the ;
tube the unevaporated water is collected in the metal cone, where

its temperature is taken at T4, and is passed back to the storage'
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tank as shown. 1In addition the temperature of the water leaving
the tube was teken. In earlier tests a calibrated weir was fitted
below the cone to measure the rate of water circulation, but

it was found to be more accurate to measure the water flow
directly, before and after each test. The storage tank is placed
on a weighing machine, and a flexible tube leads from the foot

of the tank to the suction of pump P. With a constant rate of
water circulation, and no evaporation taking place, the balance
reading remains constant. With evaporation, however, the air
carries off a percentage of the water as vepour, and the loss

due to this is recorded by a decreased balance reading.

The leads from the four water thermo-couples are taken
to a common switch box, where the cold junction temperature is
read on T7. Leads are also taken from the box to a calibrated
Cambridge millivolt-meter, which by means of a four way switch,
may be put in circuit with each of the thermo-couples separately.

Before concluding this section, it may be stated that
previous to starting the tests, the balance, gauges and thermome:
iters were calibrated. No test was started until all conditions
had been steady for at least 15 minutes. The actual length of
& test depended on the rate of evaporation, the average time
being about 25 minutes.

The principal observed readings and derived results are
given iﬁ Tables 1-3, while the main features of the calculations

are dealt with in the following section.

TEST MEASUREMENTS AND REDUCTION OF DATA.

U]
(a) Calculation of Air Flow. A pure-convergent nozzle, i%

diaemeter, was used, and the pressure drop across it was varied

from 1 to 23 inches of water. The guantity

of air passing was calculated on the

following basis:
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Let w = specific weight of air, lh/ftB, taken
| 2 as constant over the given pressure

range.

P1,Pp = air pressure 1b/£t° at sections (1)
and (2).

vi,Vo = alr speed ft/sec. " "
and (2).

&,,8, = cross section ft2 " "

and (2)

Then, by Bernoulli's equation,

2g.(p; - pP2)
.. v = 2L e
e w.(1 -( 2) (1) |
-\
|
And 1b. air passing per sec. = Cd. ap. W. vo—-(2)

Where Cd, the coefficient of discharge was taken as 0.97.

Also, if H} = pressure at (1), inches Hg.
and Ty = tempr. " " °F abs.
and h = pressr. drop across nozzle, ins. water
H
Then w = __PL__ = 1.33
53.3 T ﬁ%

and (p1 - p2) = 5.2 h.

Combining (1) and (2) and making thg above substitutions
gives finally for the air flow through & %6 nozzle,

. | Hih
W 1lb/sec. = .0216 TI—

The smallest air speed used corresponded to a flow rate

in the condenser tube of 0.36 lb/sec/sq. ft., while the critical
o
velocity for air in the tube, with air at 180 F, is in the region

of 0.22 1v/see./sq. ft.

(b) Measurement of Evaporation. This was estimated by means of

& stop watch ané an accurate balance. The sensitivity of the

balance was increased by artificially raising the centre of gravity
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of the beam, so that there was & definite movement of the beam
between its stops while passing through the point of balance.

At the beginning of a test, the rider on the beam was set at a
noted weight, and when, due to the loss of water from evaporation,
the beam swung through the balance point, the watch was started.
This was repeated for sultable weight decrements, the time being
noted in each intermediate case. The results were then plotted
a8 indicated in Fig. 4, and the gradient'of the streight line
graph gave directly the rate of evaporation during the test. The
results obtained in this way were remarkably consistent, and for
any given test the plotted points always lay on or very close to
the mean line. The outstanding advantage of the method, however,
is that it acts as a check on the steadiness of conditions during
a test, since varying conditions would be indicated by uneven
plots. The only possible sources of error which might occur are
leakage in the water system, and the carrying off by the air
stream of solid unevaporated particles of water. Freedom from
the former trouble was ensured by very careful packing of all the
joints concerned; andlenglthy tests with an air vacuum in the
steam space, and no air flow on the water side, failed to reveal
any measurable leakage even With the smallest amount of water
circulating. Regarding the latter trouble mentioned above, it
was found that there was a maximum air speed below which no
visible water globules were carried off, and the highest air speed
used, about 25 feet per sec, was well below this maximum.

A certain amount of water is evaporated between the
condenser outlet and the entry to the storage tank, and it is
necessary to correct the total evaporation for this, to find the
actual evaporation in the tube. This correction is simple, as the
heat lost by the circulating water between the above two points
is known. This heat is a direct measure of the veaporisation
which has taken place, and is converted to equivalent evaporation

by dividing by the heat required per 1lb vapour formed. All

€vaporation rates are based on a water air surface of 1.90 sq. ft,;
T
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The series represented‘in Fig. 4 comprised tests with
varying water flow, and a constant air speed. The method of
plotting indicates very clearly how little the evaporation rate
is affected by elteration in the water supply, since the gradient

is practically equal in each case.

Measurement of Water Temperature by Thermo-Couples.

Before being put in position, the couples were calibrated
in water, against a standard mercury thermometer, for temperatures
from 60°F to 212°F. From this & graph wes plotted of temperature
difference (hot junction - cold junction) to a base of millivolts,
on which a range of 150°F corresponded to 3.8 millivolts. The
scale on the millivoltmeter is subdivided into 0.01 m.v, During
a test, the cold junction temperatures and the millivoltmeter
reading for each couple, were taken at intervals, and the mean
temperature readings plotted to & base of condenser length, as in
Fig., 5. In addition there have been added to the figure, for each
test, the inlet and outlet water temperatures, as recorded on the
respective mercury thermometers. A curve was constructed through
each set of points, and from this the mean water temperature over
the tube was found. The figures show the effect of increased air
speed on the water temperature; for a given air speed there was
little variation in the water temperature with different water
flows.

With a few exceptions the results may be considered very
regular, in view of the comparatively delicate nature of the
observation. The only irregularities encountered were with the
top thermo-couple in the atmospheric steam tests, which appeared
to read high. It was pbserved, however, that during these tests
the inlet steam current impinging on the tube above the couple
created a local ﬁurbulent effect, resembling ebullition; this

disturbance which was entirely absent with the lower steam
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temperature tests was damped out very quickly. The only direct
application of the mean water temperature is in the czlculation

of “h;", the steam to water heat transmission coefficient, and

in view of the above uncertainty, the "hl“ values with atmospheric
stee:n have not been considered.

The falling off in water temperature in the latter end of
the condenser may be taken as evidence of the increasing capacity
of the air stream to absorb vapour, and therefore heat, from the
water. This effect would not proceed indefinitely, however, as
after a certain length equilibrium would finally be established

when the air became saturated at the water temperature.

(d) The Heat Balance.

Throughout the remainder of the paper the following

symbols are used.

o
Ts - steam temperature, F.
T - Wwater " R oF.
t - air " , °F.
w - water flow, 1lb/sec.
Wy, - air ¥  1b/sec.
v - water vapour initially associated with air 1b/sec.
sqg = specific heat of dry air.
8y - “ " water vapour.
Py ~— Dpartiel air_pressure, ins. Hg.
Py - " vapour “ ins. Hg. §
Ht =~ total heat of water vapodg at t F B.Th.U /1b.
hy - 1iquid heat of water at T F, B.Th.U./1b.
e - water evaporated in condenser - 1lb/sec.

The total heat transmitted through the tube surface was
cédlculated on the following basis. The inlet and outlet air

conditions are conveniently represented diegrammatically as shown.

Inlet ; Outlet.

LA ] w, @ tp

v et (e+v) @ tp

v @ Tl —t =wr===—== (W —-e) & T2

Steam at Ts

Then, Heat to dry air B.Th.U/sec. = Wg.85.(t2 - t1) ————-—- (1)
" " initial vapour * = v(Hyp - Hyy) -------—- (2)
" " evolved vapour, * = e(Htp = hpy)e--mm—mmmmm (3)
" " surplus water, * = (w-e).(T2 - T})ev (4)
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The first three terms may be combined to give

Total Heat carried off by the air, B.Th.U./sec.

Sg-(tp = 32) 4 (v 4 e).H, - WaSa(ty - 32) - vHy - eh,
W + e) v
wg [Sa (tp - 32) + "wg th] -[Sa.(tl- 32) + @'Ht;]}‘ ehr,

~ vie
KTotal heat of moist air at tp, (vapr content ~ w, 1b/1b aiy

_ QT TV e
S ~(5)

Thus, Total heat transmitted through tube, B.Th.U/sec.
= (4) 3+ (5)

Expression (5) is a very suitable form for calculation
purposes as standard graphs of "Vapour Content", and "Air Total
Heat! per 1lb. air may be readily plotted to a base of air
temperature. These graphs vary a little with atmospheric
pressure. The total heat of the air entering the condenser is
known from its observed temperature and humidity. The vapour
content of the air at outlet is also known from its initial
humidity and the measured evaporation; and taking the air as
saturated, the corresponding air total heat and mean temperature
at outlet are got from the above mentioned standard charts.

| In connection with the expression for the heat necessary
fof evolution of the vapour, an error frequently made is to assume
that the heat required per lb. vapour is simply the Latent Heat
at the water temperature, i.e.

Heat of Vaporization = elg B.Th.U./sec. (&)

Comparing (a) with (3) above, it is evident that (a)
only applies where the final temperature of the vapour is equal

. to the water temperature.

THE HEAT TRANSFER PROCESSEB,

In the type of investigation at present under discussion,

e ey |

the ultimate aim of research may be regarded as the establishment
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of a working theory or hypothesis, which covers all experimental
results and is readily applicable to practical use. In the
development of such & scheme there are three distinct stages.
First, a previous analysis of the variables involved and their
incorporation in a simple rational theory, based on accepted
fundamental physical laws; secondly, the application of this
theory to given experimental results; and lastly, if possible,
a comparison of the final values obtained with those of a related
nature for already established theories. Such a line of develop:
tment has been followed in the investigation described in this
papér and the present section is devoted to a brief consideration
of the principles governing the various heat transfer actions in
the evaporative condenser.

There are four component processes involved. These are,
- first the heat exchange between the steam and cooling surface,
and secondly, the metal to water interchange on the other side of
the tube. At the water-air interface, two simultaneous actions are
involved, the convective heating, by the water, of the air, and
its associated vapour, together with the process involving the
conversion of a portion of the cooling water into vapour at the

alr temperature.

Steam-Metal-Water Heat Transfer. In ordinary surface condenser

investigations the laws governing the rate of heat transfer are
stipulated from Reynolds' work, and, for the purposes of design,
the experimental researches are concerned only with the determina:j
:tion of a single curve, giving the variation of the heat trans: |
:imission coefficient, from steam to water, on a base of cooling
water speed. Strictly speaking, two curves are necessary, one
cévering steam to metal, and the other giving the transfer rate
from metal fo water, but it has been found that one overall curve
meets all design needs, provided the steam side conditions are

similar in the practical and experimental plants.

| 2
Passing to the evaporative condenser, so far as the(@et .



is aware, the cooling process is similar to that in a surface
condenser. In the latter case, the water is cooled, e.g., by
evaporation in cooling towers, between exit and entrance, while
in the evaporative condenser the cooling of the water by the
air takes place continuously along the condenser length.
Otherwise, the metal-water heat interchange is identical in
both cases, being proportional to the diffusion at the metal
surface, and also to the temperature difference between metal
aﬁd water. Consequently, an overall heat transmission coeffi:
‘scient may be also applied to evaporative condenser design.

For this new coefficient Reynold's equation must
still hold, H= (&+ Bpf(v) ) (Tq - T), Dbut the
addition of the evaporation effect modifies the usual application
of the equation in two respects. The factor "A" is included
to cover "the internal diffusion of the fluid when at rest",
and in ordinary convective problems, this factor is often
negligible. Oonsider, howe#er, the case of evaporation taking
place from a horizontal water surface. It then becomes possible
for an appreciable heat flow to be established between the heating
surface and the water, without the water being given a positive
velocity. This is due to the flow of heat from the water surface
into the air causing convection currents to be set up within the
water. Thus, at zero water velocity,"h" still has an appreciable
value. If the water is given a definite velocity past the surface,

there will be a corresponding increase in the rate of heat transfer,

as in pure convective heating. Thus, water velocityié still the
correct basis of comparison for the heat transmission coefficient
in evaporative condensers. An absolutely rigid estimate of

this velocity is impossible as the nature of the flow in such

steam-heated, air-cooled films is very indeterminate. A measure

of the velocity, however, sufficiently accurate for a practical
basis of comparison may be obtained if laminar flow is

assumed in the film. As shown later, a mean water velocity
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may then be calculated from the standard hydro-dynamical
relationships for fluid flow ir open channels.

The effect of evaporation also causes a modification
in the temperature difference factor. 1In the surface condenser
the temperature difference between steam and water follows a
hyperbolic law through the condenser, and the mean is celcul:
table on a log.formula, covering only inlet and outlet tempera:
tture difference. It may safely be said, however, that no
general formula, involving only inlet and outlet water
temperaturegcan possibly be used for the mean temperature
difference in the evaporative condenser; some of the possible
temperature variations are well illustrated in Fig. 5, The
method employed in the present tests, of directly measuring
the temperature difference between steam ahd water represents
the only accurate means of determining "hj"., Fortunately the
application to practice 1is not so difficult, as the water then
circulates continuously without cooling, and suffers little

temperature change through the condenser.

The Heat Transfer at the Water Air Interface. The process of the

convective heating of the air and its entrained vapour is a

simple heat transmission problem, analagous to the metal-air
interchange in tubular air heaters. As such, it is reducible
to & similar simple basis involving only a heat transmission
coefficient, air speed and temperature difference. In additionm,
however, to the fluid diffusion set up by the relative motion
between the air and the water surface, there is an additional
amount of diffusion caused by the evaporation taking place at
the surface.
i.e. H = (a4 f(e) + Bpf.(vy) (T - t).
The evaporation factor, f(e) is in turn a function

of the air speed v_, hence v, may be conveniently taken as &

a’ a
basis of comparison, for the heat traensmission coefficient,

incorporating both diffusion effects. For a given air speed,
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the evaporation effect will be reflected in a higher value of

“h*, than for the usuel metal air case without evaporation.

The process of evaporation of a part of the cooling water
represents the outstanding feature of the condenser. The
subject of evaporation from water surfaces into air has
received a great deal of attention from physicists, and has
long been recognised by them as a process of diffusion. Water
vapour is regarded as a gaseous collection of water molecules.
In intimate contact with any water surface, provided the water
is not boiling, there is always a layer of air constantly
being charged with molecules from the water and, therefore,
saturated with vapour at a pressure corresponding to the water
temperature. So long as the vapour pressure in this layer is
greater than that in the air beyond, there is a steady‘
diffusion outwards of the higher pressure vapour. The rate
of diffusion, and therefore of evaporation, is thus dependent,
other factors remaining constant, on the difference between
the saturation pressure at the water temperature, and the
mean vapour pressure in the main body of the air. In addition,
in accordance with the fundamental laws of fluid diffusion,
the rate of evaporation is also proportional to the eddy
diffusion set up by the passesge of a positive air current over
the water surface. The process is very similar to the
ordinary case of heat transfer by diffusion and may be
represented by the same type of equation. |
Thus, 1if E = rate of evaporation 1b/ft%/se0.

Vg = velocity of air relative to water surface

ft/sec.
pr = saturation pressure at water tempr.- ins.Hg

pt = partial vepr. pressure in air - ins.Hg
Then E = (a4 B£(py). (Pp - Py) ——------—m- (a)
E

The factor, pp — Py , 18 the equivalent of "pY,

and may be termed the “Coefficient of Diffusion”. As seen
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from eqn. (a), the proper basis of comparison for this‘
coefficient is rate of air flow, as with the convective heating
coefficient. |
Since evaporation is purely a surface effect, the
above laws should hold for the water film surfaces in the
evaporative condenser, in the same way as for the surface of
large water bodies. This is fully confirmed in the results
of the present tests. For a given air speed, the sole factor
controlling evaporation is the vapour pressure difference
between the water and the air; neither film thickness nor
water velocity have any discernible effect. The mode of
evaporation is well illustrated by Fig. 6 in which Evaporation
Rates have been plotted to a base of mean water temperature,.
The given curves are exactly similar in trend to those obtained
by passing air over gtill water maintained at a constant
temperature; such a curve, to a separate scale, is shown
dotted. For the test series, the average dew point of the

supply air was 60°F, end this, of course, marks the lowest

water temperature at which evaporation is possible. From that
point, the evaporation curves rise, with an increasing gradient
and finally tend to a very high rate of evaporation for boiling
water.
Certain workersx in this field heve encountered
‘rather anomalous evaporation results in their work, such as
higher rates of evaporation with low water temperatures than
with water films much higher in temperature. These phenomena,
however, have since been found to be due to ebullition caused
by entrained air being deposited from solution in the water.
In the present series of experiments, and in practice, where
the same water is circulated continuously, the small air
content of the water has negligible effect, and hence ebullitim

effects are absent.

Xe.g.  Anderson, Journal, Royal Technical Oollege, 1925.
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Zvaporation is also a heat transmission'process,
and the hed loss experienced by the water is a measure of the
energy required to sustain the outward flow of water molecules.
When the air above the water becomes saturated, the evolution
of molecules from the water surface still continues, but these,
instead of dispersing into the air, now return to the water at
the ssme rate as they are evolved, and no further heat is
extracted from the water. Since it is desirable to reduce all
heat transfer processes to a temperature basis, an attempt was
made to express evaporation as a function of temperature
difference between water and air. It was found, however, that
this could not be effected on a basis, sufficiently accurate
and simple for practical application. 1In converting (pT"pt)
to a function of (T - t), the saturation pressure pgq bears

the following relation to T,

- B
g pp =4 - Trzeo

If the air is saturated at %1, Py may also be

- C.log. (T + 460)

expressed as above, but for unsaturated air,
- P
Py T 7%
7» ' w + 1

b]

wpgre PA = atmospheric pressure and W = vapour content of air.
Either of these quantities may vary considerably
and independently without alteration in t. K /s a comsfast”
In the following treatment, therefore, the rate of
heat transfer by evaporation has been expressed as a compound
factpr involving the product of heat quantities and pressure

difference.

THE HEAT TRANSFER COEFFICIENTS.

From the considerations of the foregoing section 1t
follows that a comprehensive working theory of Evaporative
Condenser Design will require to incorporatg at least three
separate component theories, in order to tzke full account of
all the possible variables. This combination is most suitably
effected by the use of separate coefficients for each process

concerhed, as in the following development:

i
!
H
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Consider a section of the condenser tube.
_ L'af ("faf'v‘d f:
Y

1 ,
10 |
7:‘ v
Steart /;:I'Erﬁr g
-/ /l /
s 4!7' 'l ¢
]
_ ? f; (a};,-p_ ; +8e) h [ _
Z l T+ 8 4
- Se '

Over the element of water surface, &A, 6e lb. water
are evaporated.

As in the typical practical case, sensible heating
of the water may be neglected, and the water temperature taken
as constant at T.

Then if hy = heat transmission coefficient, steam to water,

0
B.Th.U/Sec.x8qg.ft.Xx F.
+

Heat transmitted from Steam to Water = hl_(TB - T),SA -——=(1)
Also
Sensible Heat transmitted from Water to

Air =(wj8y + V.88t (2)
and Evaporative " “ = 8e(Hy;,, =~ BT) ——-—-—- (3)

And, since Heat from Steam = total heat to air.

hl-(Ts = T),SL = (Wasa + VBV)-st + 89-(Ht+5t - h'r)""(4‘)

For design purposes the ideal arrangement of the
right hand of (4), would be to cover both the contained terms
under a single overall coefficient. As already noted, however
the evaporation term does not lend itself to reduction to a
temperature basis, hence the use of two coefficients is

necessary for the total heat transmitted to the air.,

Thus, if h, = heat transfer coefficient, for sensible heat ing
of air by water, B.Th.U./sec.xe8q. f£tX°F.
Equation (2) reduces to

(wgs, +vs,).8t = Dhy, (T = t). A ——oommem (5)

Also, if a new coefficient be taken for the mass

diffusion of the vapour, the evaporation over the section

may be expressed as
Be = C.(py - Py) - 8BA oo (6)
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where ¢ = vapour diffusion coefficient, 1lb/secXsq.ftXin.Hg.
vapour

and (pT - pt) = vapour pressure difference. pressure
diff.

between water eand air,
The corresponding evaporative heat transfer in equ.
(3) is thus expressed as
e /6
Eqn. (4)/may then be re-written as
B(Tg - T).8h = (By(T - ) + Clpp- p,). (H, _hT))igA’
---------- )

ver - Bp)Sh—mee(7)

And, integrating over the total condenser area,

BT, = DA = [T - t) + Copme (B, - Bp)| . Aeeee(9)

where t, = mean air tempr. C°F.

" vapour pressr. diff. between water and air.

Pnm
to

air temperature at outlet °F.

Eqn. (9) represents the fundamental equation for heat
transmission in an evaporative condenser, and provides a
complete and general basis‘for design, demanding only the
provision of experimental values for the coefficients concern:
sed. The primary object of the present investigation was
to provide the necessary values for these coefficients, and
the following sections deal with the methods of derivation
and the final results obtained.

Calculatian of Water Velocity., As a preliminary to plotting
the coefficient curves, a method of calculating the mean

and surface water velocities had to be derived, and the
following basis was adopted.

( For viscous flow on a vertical wall,

NRRNNN SN

the velocity distributn. in the film will

4

%——>¢—
':__ELL

.

be as indicated.

<

Let v

NN
)
4!
]

velocity flow,ft./sec., at a

Tuse.

N

depth x ft. from the wall.

N

A\

X = total depth of film - ft. - j
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F = viscous drag of the air stream
1b/ft% .
w = specific weizht of water - lb/ft3
U = viscosity ¥ " lb.sec/ft2

W = total water flow, 1lb/ft. width of
well.

In the case of an elemental layer, 8x thick and of unit area

in a plane parallel to the wall, for unaccelerated motion,

Wt. of water in element = supporting viscous forces
. av _a
. . . W.8X = u. dx - u dx (v + Sv}
////O ) v _
s o W = ""u- ﬁa
, Qv
- 1u dx = wx 4 A
But (wX 4 F) =
ut (WX 4 F) u-(§ & x =0
.. A= - (WX 4 F)
: dy
.. =—u'dd = wx- (WX 4 F)
. !gz
. .uv = =2 4 (wXx 4+ F)x 4+ B
When x = 0, v = 0 .'. B=20
w o
. uv = - T X $ (WX $F).X o (1)
". From (1)

Surface Velocity, Vs

and Mean Velocity, Vm =

S~ M~ i el

Also, from the general equation for mass flow o

-_%_
X = W - (4)

Substitution of eqn. (4) in equn. (3) gives

Vg =

W
[3- ?——2— + %F W.Vn ]
. [ 24} F]/ .......... (5)

For a given test, the only unknown in eqn. (5) is V.

or wu =

iqa zua

The right hand side may be plotted to a base of Vnm,

|

for selected values ofL:; and the interception with the horizon -

1tal through the ordinate at w.u, gives the required value of Vm-
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Where the viscous air drag is negligible, eqn.

(5) reduces to

e L — ®)

W 1 4
Vs = 1.5 (7!1—'_— 3 (7)

The effect of the air drag was examined, using the

National Physical Laboratory curve for the skin friction of
fluids in smooth tubes. Fig. 7 shows the derived curves of F,
the drag in 1b. per sq. ft, for air flowing in an 13" tube,
at temperatures of 70°F and 140°F. These curves were a.ppl.’L:f:';f:é
directly to the present tests, there being assumed to be
little difference between the resistance offered by the smooté
water surface and that offered by a metal tube. For inter: x
imediate alr temperatures, interpolation was aspplied. In
estimating F from Fig. 7, the relative velocity between the
air and the water surface is the correct value of V to take,
For this purpose, the water surface velocity may be taken

from eqn. (7) with sufficient accuracy. In Fig. 8, eqn. (6)
is plot ted for various water temperatures, For convenience
the base was taken as the total water flow on a surface, equal
in width to the perimeter of an.1g" tube, but by suitable
modification of the base scale, the curves can be used for |
"any width of surface. The equations for a plane vertical %
surface have been taken as appliceble to the tube surface,

as the dimensions of the film are small compared to the radius
of curvature of the tube.

For the smallest air flow, the water velocity was

obtained directly from Fig. 8, the air drag being negligible. i
The maximum increase in water velocity, at the highest alr %
speed, was 6% over the velocity given by Fig. 8. For a given i

air flow, the percentage increase in speed is greater with the .

thinner films. -
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The Steam to Water Goefficient;gi; The test series for

the investigation of hl’ comprised sets of tests at four
steam temperatures. For a given steam temperature, tests were
carried out with four rates of water supply and a conétaﬁt
air speed..

For each test the total heat transmitted through the
tube, and the mean water temperature, were found as described

in Section 2. Denoting these respective quantities by H and

T then
h = H B.Th.U/sec. o]
1 i.77'?%.g“i‘trs¥fﬁi) F.

Fig. 9 gives hy; for the vacuum tests, plotted to a

m’

base bf mean water veloclity, the velocity being calculated
as described in the preceding sub-section. The curve (2)
represents a mean line through the test points. Any irregular:
tities in the points are entirely due to the small temperature
differenceswhich exist in the evaporative condenser; as a
result, moderate experimental errors,in temperature measure:
tment may result in appresiable percentage errors in hl.
S8everal broad conclusions, however, may be drawn from the
figure, to which has been added a mean curve (1), for a small
surface condenser employing an annular water flow space. The
given curve is for steam condensing at a constant temperature
of 212°F.

Referring to the evaporative condenser results, it
may be stated that neither steam temperature nor air speed é
appear to have eny very definite effect on hl, for the tests ‘
given} With the atmospheric steam series, however, there was |
a tendency for the hy values to be higher.

The effect of the water velocity presents some

.

interesting features. The maximum velocity of 2 feetyper sec.

represents a generous water supply to the condemser, such as

would not likely be exceeded in practice. Thus, if an
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extrapolation is ventured, it is seen that in an average
condenser, of the total value of hy, only 50-60% will

be due to velocity, and the remainder to the "still-water"
effect. This serves to explain the apparent anomaly

that higher rates of heat transmission are obtained with
the laminar flow of the evaporative condenser than with
the forced convection of the surface condenser, as represen:
:ted by curve (1). The fact, that an increase in the

heat transfer rates is obtained with higher water speeds, 5
has an important practical application. The prevalent
idea regarding evaporative condensers appears to be that
for efficient working and high evaporation, the water film
must be kept as thin as possible. The results of these
tests, however, would indicate that & more copious water
supply would be detrimental neither to heat transfer nor .

evaporation, and, at the same time, the danger of dry

patches developing on the tubes would be considerably

nminimised.
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ft
The Convective Heating Coefficient, Water to Air, ’{%. The

test series analysed for h2, and also for the diffusion
coefficient, comprised twenty tests, in all of which the water
supply was kept approximately constant. Tests were run at four
steam temprs. at each of which five air speeds were used.

In deriving hy, the standard method for convective
coefficients was employed,le.

Heat given to air = Wa. 8a. (t5; - t1) B.Th.U./sec.

and Mean tempr.differencegtm - (Tq = %) - (15 - tg) o

between air and water = F

T3 - %3
To = to
- B.Th.U./sec/ftZ/°F,

log e

Then, h2 - Wa. x 024 X (‘Eg_:. t;.-)
ty x 1.90 8q. ft.

The water area used is the total tube surface exposed
to the air flow. For T, the end Values of the curves in Fig.5
were not taken for those tests in which the temperature curve
fell towards the outlet end. 1In such cases, in order to apply
the log. mean difference expression the water temperature was
assumed to rise continuously while still maintaining the same
mean temperature. The end values then obtained were taken for
To, as given 1in Table 3. This ensures that the h2 values do not
err on the high side,

The calculated values of h, for all the tests are
given in Fig. 10, and the results are exactly in accordance with
theoretical considerations. The lower curve of "h" from metal
to air, is taken from a paper by xSneeden, and the similarify
between the processes represented by the two curves 1s at once
evident. For a given air speed the difference in the "h" values
is a measure of the increased diffusion caused by the évaporatibn
at the water-air interface..

The curve, for the present tests, given in Fig. 10
takes no account of the sensible heating of the vapour in the
air, but its use can easily be extended to air saturated to any
degree thus -

For a given alr speed,

x Journal, Royal Technical College, 1926.
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h2 for moist air - Kp x p for moist air.
hy for dry air fb x ¢ for dry air.

where Kp = specific heat @ constant pressure.

and f’ = density.

For dry air, Kp = .24

and e =

144 x
i i AR
For 1 1b of air ancd vapour mixture, containing Wa. 1b. air and

Wy. 1b. vapour.

Kp =Wa. x .24 + Wy. x .46 (.46 = mean spec, heat of water
vapour, )

And if }’a = partial air pressure, 1b/in°,

‘o for the mixture = 53%3 s _4 5) b ¢ W]; 1b/:t‘*l:.3

On this basis, the thermal capacities of dry and fully
saturated air are compared in Fig. 11. It will be seen that up
to about 110°F, there is little difference between the two gases
as heat transmitting agents. This is an interesting point, in
view of the fact that in at least one type of practical air
condenser, the trouble has been taken of saturating the inlet
air, possibly in the hope that a nearer ap?roach to a water-
cooled effect would result. -

The Vapour Diffusion Coefficient, C. - The successive:stages in

the reduction of the evaporatioﬁ_results_to.a fundamental basis
are Tepresented in Figs. 12-14. ‘Figure'la.,illustrates the
general nature of the resulté‘obtéined, and brings out well the
comparatively low evaporation rates which may be expected at
ordinary vacuum sféam“%empefatuies;‘iFor each test the mean
vapour pressure diffeiénce betﬁeen thé water and the air was
calculated; in;no:éase‘waslthefe @ﬁch difference between the
arithmetic‘aﬁd lbgarithmib;m§a£f6f the inlet and outlet vapour
pressure aifferenées; The evaporatiﬁn rates of Fig. 12 were
then plottéd to a basé'bf mean vgpourvpreséure difference, as
in Fig. 13. Allowing for'eiperimenf@l aberrations, it is seen

that the linear relationship between evaporation and vapour

pressure difference is fdllowe&}fairly’closely. The probable

explanation of the .irregularities in the high temperature te
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is that the mean pressure diff. based on inlet water
" temperature is too low, since in these tests there was a
sudden rise in water temperature near the inlet. Since the
application of the derived coefficients, however, is to vacuum
conditions, the mean lines have been kept below these atmospheric
steam tests as shown. o
The gradients of the straight lines in Fig. 13 give
the mean diffusion coefficient for the respective air speeds,
and the resultant coefficients are shown plotted to a base of
air flow, in Fig. 14. The general nature of the curve is similar
to the usual heat diffusion coefficient curves. As has already
been mentioned, the subject of evaporation from still water
surfaces has received much attention from other workers, and
it 1s interesting to compare some of the figures obtained with
the results from the evaporative condenser. In chemical
engineering circles, the work of ‘Carrierd and Hinchley2 is
outstanding. Each has carried out research of an eminently
practical nature, and has developed a working formula connecting
evaporation,air speed,and pressure difference. Their respective
formulae, when converted to lb., ft. sec. units, and expressed in
a coefficient form, give for C.

C = .000026 (1 ¢ .26v) 1b/sec/sq.ft./in.Hg. - Carrier.

and the linear law is stated to be an approximation. The
intercept on the gzero air flow line covers the "still-air®
condition, where, although there is no positive air current above
the water, evaporation may still take place so long as a vapour
pressure difference exists. This condition is usually maintained
by the convection air currents set up above the water, which
result in the continuous induction of fresh air to the water ‘
surfaces. The process is rather indeterminate and the "still-air®
coefficient equally so.

The experimental conditions under which these results

were obtained were vastly different from those existing in the’

1 - Journal Industrial and Engineering Chemistry, Nay, 1921,
2 - Trans. Inst. Chemical Engineers, 1924.




experimental evaporative condenser used for the present

tests. e.g. In Hinchley's work,the evaporation took place from
a flat pan into a draught channel 1'6* x 9" high. In view of
this fact, the comparative agreement of the results is interest:
ting, when allowance 1s made for the increased diffusion caused
by the motion of the water surface in the condenser. If the
coefiicient of diffusion, for a given air speed, can be shown
to be very little affected by the dimensions of the air passage,
'such an experimental curve as given in Fig. 14, will have very
great practical value. Its use need not be confined to
evaporative condensers, but could be extended e.g. to the design
of coolihg towers; 1t would there be used in combination with

the convective heating coefficient of Fig. 10.

Logarithmic lMean Pressure Difference. For the practical case

of evaporation from water at a constant temperature into an air
stream, the use of the arithmetic mean vapour pressure difference
is not accurate and the logarithmic mean should be used as

indicated in the following development.

/ﬁz‘
Z

¥

R,

5

N

If P, = vapour pressure at water tempr. - ins. Hg.
%= " % inair ;

the vapour pressure diagram for the condenser is as indicated.

In a mixture of air and water vapour,

ei%;ht of vapour €C. Vol. of air at partialair press.ﬁa
= —I)-I 1] vapour " [} lfv

air -

X X

A R

- .622-%

. Hence, considering a section of the condenser surface, $A,
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Evaporation over 84, 8¢ = C(Py - p).84 - (1)
Also Se = .622% - (2)

In the average practical case, where the partial
vapour pressures involved are of a low order, the absolute
value of py varies very little through the condenser, and may
be taken as constant.

« « Equating (1) and (2)
622 ;2 = C(Py - p).8A

“/QPW - P) “/. 8A.

o.- 10g . -pl ’A
v € fr':fﬁg .522

And, for whole condenser,
| 622 , ¢ )
Pa, P2 = P1

. 622
*+ Pn = Gi.pa (P2 - p1)

Co pmo A -

Do =P

log, . W =1
Py - P2

The remaining figures, 15~17, have been prepared as
a matter of practical interest. Fig. 15 illustrates the fact
that although increased air speed means an.increasea rate of
heat transmission, it also results in a decreased usefulness,
per 1lb. air circulated. Fig. 16 shows the overall effect of
increased air speed on the heat carried off by the air, the
plotted points being taken from the test results. Also, for
each of these tests, the water and air conditions being known,
the total heat tramsferred to the air was calculated by the use
of the mean coefficient curves in Figs. 10 and 14. These
Calculated and Actual Values were then plotted against each
other, in Fig. 17; if complete agreement existed between the
two sets of Qalues, all points would fall on the 45° line
shown. ,The'objecf'of‘plotting this figure is to demonstrate
that the actualltest results in general have not:suffered'undae&

distortion in being analysed to give the oveiali coefficients.

The only tests which show any marked deviation from the mean
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line are the two atmospheric steam tests which gave the

irregularities in Fig, 13.

PROCEDURE _IN DESIGN.

For a given case of condenser design, the steam
temperature and the required total heat transmission per second
are known. In the case of the evaporative condenser, there are.

3 expressions for this total heat, as derived previously in the
paper.
v
- —_— - . e
Total Heat/sec = wa.[ (84 + s 8v).( tp -t )+ & (Hy, - h,!)].(l)
- hlb (Ts - T)'A (2)
= by (T - tm).A ¢ C.(pT - Dm ).(th - h?)a (3)

A = total cooling suriace - sq. ft.

Pm- = mean vapour pressure in air - ins. Hg.
T = the water temperature, taken as constant.

As in suriace condensers,certain preliminary
stipulations are necessary. The following points would require
to be previously decided.

Water Speed, and therefore, hj.
Air Speed, and therefore, hy and C.
The average atmospheric temperature and humidity would fix the
inlet air conditiomns.

In surface condenser work, the outlet water temperature

is kept at a given amount, e.g. 8-16CF, below the steam
temperature, and a similar stipulation requires to be made with

regard to the outlet air condition in the evaporative condenser.

As the question is mainly one of evaporation, a convenient way
of stating this limiting condition is to fix the vapour pressure
in the outlet air at a given amount below the absolute steam

pressure. This is not an irrational basis, as, if the

condenser were sufficiently long, the water would rise to the

steam temperature with the alr saturated, also at that temperatd#
In the highest-vacuum tests of the present tests, the average
vapour pressure difference between the steam and outlet aig‘;

was 3 ins. Hg,
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Having fixed the vapour pressure in the outlet air,
as a safe approximation, the outlet air temperature is taken
as the saturation temperature at this pressure. If the air is
not completely saturated it simply means that the outlet
temperature will be a few degrees higher.

A tentative estimate may then be made of the mean
ailr temperature (tm) and the mean vepour pressure (pm) in the
condenser.

Equating (2) and (3) above, then gives

by (Tg = T) = hp.(T = tp) + O(pp = pm).(Hy, = By) = - =(4)

The only unknowns in equation (4) are T, Py and hT'

Over short temperature ranges Pp can be appreximately
expressed in terms of T, e.g. from T = 100°F to T = 110°F, the
saturation pressure at any intermediate T is given by

pp = 1.94 - .068(T - 100) ins. Hg.

And hp = (T - 32) B,Th.U./1b.

Hence eqn. (4) may be solved for the required T.

The total condenser area, A, is then got from either
eqn. (2) or (3). The total air flow, Wa, required is got from
eqn. (1). Wa and (%?) determine the air flow area, and if a
specified size of tube is used, the total number of tubes also
becomes fixed. The total perimeter of the air-flow cross section.
being then known, the total cooling surface divided by this
perimeter fixes the tube length.

The entire investigation described above was carried
out in the llechanical Engineering Laboratory of the Royal
Technical Collece, under the supervision of Professor A.L.
Mellanby, D.Sc., to whom I am greatly indebted for his advice
and guidance throuchout all stages of the work; an@_l have also

to thank Professor W. Kerr, Ph.D. for his k;gg’intéreét in the

development of the subject. _"‘f:;ﬁZEiiEiﬁ*g
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