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THE _EFFECT OF LENGTH
oN

NOZZLE LOSSES.

INTRODUCTORY .

- The subject of steam nozzles is by noc means a new one,
as it has been cornered by many investigators in the last few
years. '

A considerable amount of this has been carried out in
the Heat Engine Laboratories of The Royal Technical College by
Drs. Mellanby and Kerr. They adopted in their first paper 1
a method combining the measurement of flow and search tube
investigations along the axis of the nozzle. They deduced a
number of equations and formulae which made the analysis of
nozzles possible. From their investigations it would seem that
the convergent-parallel nozzle is the most suitable for detailed
examination, and in a papergread before the N.E.C. Inst. of
Engineers and Shipbtuilders, they showed that the total losses
in nozzles are divisible into two parts namely friction and
entry losses. It may be here mentioned that in all their
experiments they used round nozzles, but Dr. D. S. Anderson
has confirmed the method of their analysis by applying it to
rectangular nozzles.3 It was found necessary that the writer
should carry out the present work to provide a further link in
the chain of nozzle research.

The losses were investigated by a series of pressure
| flow experiments. The flow quantities were.noted down at
several periods during the experiment and a mean of these was

1. "Steam Action in Simple Nozzle Forms"™ B.A.Section G.
: August, 1920.

2. "Losses in Convergent Nozzles" N.E.C.I. of Eng. & Ship:
tbuilders, February, 1921.

3. "Losses in Nozzles of Rectangular Cross Section"
@reenock Soc. Engs. & Shipbuilders: March, 1922.
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namely 20, 40 and $0 Ibs* gauge were taken. The nozzle was out
down by a J of an inch for every series. Reference to these
tests will be hereinafter called as Case I, Case II and Case III
according to the different back pressures and Series I, II, III
etc., according to the shortened length.

To avoid complications due to supersaturation in the
nozzle, the steam was superheated to a fairly high degree. It
will be seen from Table I that the temperatures were constant
over a fairly wide range as it was practically impossible to get
a finer adjustment over the gas rings heating the steam before
its entry to the nozzle.

Fig III shows the nozzle before it was cut down. It
is made of soft brass and is machine finished and 1.404” total
length, the parallel length was 1.144”* All further details
after the nozzle was cut down are given in Table I. The nozzle
showed in the tail portion the marks of the turning tool, and a
large number of faint rings or ridges being clearly perceptible.
The duration of each test was between 30 and 35 minutes. From
the search tube and micrometer readings, the pressure ratio (i.e
ratio of the pressure at any point to the supply pressure) was
obtained. On a base of distance along the nozzle axis,pressure
ratio curves were drawn, this along with the flow quantity and
initial steam conditions was all that is necessary for the
analysis of the nozzle.

All gauges, thermometer and weighing tanks were
calibrated.

The "total length" of the nozzle is given on all the

graphs.

THEORETICAL ANALYSIS.
The method of analysis used in the present work, has
been adopted from Drs. Mellanby*s and Kerr*s investigations, due

acknowledgement being here made.



This is given fully in their papers mentioned at the
beginning of the present work, but it was thought advisable to
give an outline of the theory involved.

The expression connecting the flow quantity, cross

sectional area and initial fluid condition is

72

WUICU IS roundédTén the hypothesis, “‘that when steam is expanded
adiabatically all the work done goes to create onward velocity,

the adiabatic index -jv is fixed and unalterable.

G m Flow quantity Ibs/sec.
s Cross Sectional area ins”
s Initial pressure Ibs/ins”™ abs.
vy s Initial specific volume ft~/1b.
f = Pressure ratio = A
For superheated steam ox = [*3

substituting this value for
and also substituting a for n - 1 , the above

n
expression reduces to:

(. ,.
The left hand side of (1) is less than the theoretical, hence
it was found necessary to introduce a loss factor "K" to the

right hand side of (1) so that both sides may become identical

The form of the expression may be written as:

f = ~V (2)
A yA A AT

where K 1is always positive, and the expression as in (2)

becomes applicable to any form of actual expansion.
Mr>ve 0 6-A.

l6c-/Ir  PR/Cs. fits.



F is known as the jet function. The quantities in

the expression are either got by measursment or calculation.
.v; is caloulated by means of Callendar Equation for superheated

steam where:

T el S
V.= 089487 -o_-»4-215(m;;;-—-) 4+ -0l6 (3)

where. T, is in absolute degrees.

Considering again the 1lsft hand form of F, it 1s seen
that for fixed initial and final conditions G ill be constant
and the only variable will be A. Hence tiLe values of F
obtained under these conditions will vary along the nozzle
length. If, however, attention is concentrated on one particu:
tlar section of the nozzle and the final conditions varied,

Vi, A and F will be constant and G the variable.

The values of the jet function will then give a flow
curve to some scale for different pressure ratios of operation.
The most convenient section is undoubtedly the nozzle outlet
and the joining of these terminal points of F will give the
flow curve. Having found F, K the loss factor could be easily
spotted on the calculating ochart Fig. X.

Knowing K other important expressions can be easilly
obtained.

M
Let the volume factor = Rt =M
v

Jet flow area varies as JF'_"

. . .
Jet ensergy varies as (F;\) that is as (l- K-~ )
Flow velocity varies as (Fm0 that is as (F-K- '“)z

The expression for the nozzle efficiency is:

= "K“"“ _——— e —— —
Y e (4)




\ATiO

Lcn"H? —



\’(0 II
Tut



Jet krvqtb



Jd knyth
Il & W' WAL

I

9

11



Tet-knta(h In



-6 -

The co-efficient of discharge (4

4
. /- 2
s Cd = G actual = F_actual . °}‘:K-Yq):-. (5)
G theoretical F theoretical Kyl v
The co-efficlent of velocity is equal to the square

root of the efficiency
i .
..o Cv - "Z S & (6)

The reheating effect increasing the specific volume makes
Cy <Cy

These are the expressions derived from the expression for the
jet function, their practical application will be illustrated
later.

Table I gives the results of the tests and Figs. IV,
V, VI, VII and VIII show the pressure ratio curves for the 1
nozzle as it was cut down.

It will be noticed that the throat position of the

nozzle lies on a steep part of the curve, this is probably due

to the vena-contracta effect at entry, and owing to this effect

a new throat had to be taken. This fact is better illustrated
by the figure below.

mar

A

"\ .\ ' ]
b,i

The steam on leaving the nozzle follows the lines indicated at
outlet as above so the outlet section had to be taken at a little
distance before the outlet so as to be sure of parallel straight

line motion.
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The pressure ratio curves are very smooth and well
defined. The determination of F depends on A (the annular
space between nozzle and search tube) and therefore it beconmes

an easy matter for the calculation of F from the relationship:
L .
ALY ®
F "1‘5\'6:) A

F  being found the loss factor K could be sasily determined
from the calculating chart Fig X. The discharge coefficient
is at once obtained by dividing the value of the jet function
at any point on the flow curve by the theotetical valus of the
function corresponding to the same pressure ratio. The theore:
ttical value of the jet function is obtained from the chart
where K=o '

It was found advisable to plot all the pressure ratio
curves of Case I for different lengths of the nozzle together
Fig IX. |

It is very interesting to notice that all the curves
follow the same path while the pressure ratios at the throat
drop with the shortening of the nozzle.

The next thing to be dealt with is the losses in the
nozzle.

Figs. XI, XII and XIII show the loss curves, for
Cases I, II and III respectively for differeﬁt nozzle lengths.
The ocurves are plotted on a base of nozzle length and indicate
clearly the growth of loss as the expansion proceeds along the
nozzle. The losses are rather slow at entry and they grow
rapidly along the tail of the nozzle. This shows that the !
loss at entry is entirely different from that occurring 1ﬂ the
tail, and also signifies the fact that there is a frictional
effect dependent on the speed. The frictional loss will be
dealt with at a later stage.
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Considering the loss curves for any of the three

- cases, at shortened lengths, one is at once struck at the
diminution in loss at entry; the opposite effect would seem |
more reasonable, this will be dealt with at a later stage.

On the calculating chart is given a line acoustic
velocity or velocity of sound in the mediumat the critical con:
:ditions. This line marks the pressure ratios at which, with
different losses, the limiting velocity of sound is reached and
should definitely mark the end point of the expansion in the

nozzle.

FRICTION LOSSES.

This loss can be calculated by direct methods, and
the difference between this and the total losses gives the
other losses.

The frictional resistance to the flow over a boundary
surface depends entirely on the density, the speed of the fluid
and the extent of the surface. It also depends on the nature
of the surface, the influence will be on the constant co-effic:

tient in the expression.

1f df = frictional resistance over length
£ = total perimeter (nozzle 4 search tube)
U = velocity of fluid.
V = specific volume of £luid
then & = density of fluid’

e dK: q.-&-.U«’-L* dx

where m and a are constantes .

Energy loss per sec. is:-

dt O dR

R (7)



IcTAL-cv BouriDARY
LoOSE-6.

set



-9 -

The Equation

-é— - ! E&ﬁ’iﬁ ._.w_r“‘?%: L I- Y& o
A T 144 Mot vy -

Y
could be rewritten thus:-

v

G Lo | assan. Rl ¥G-k= 1) (8)
-3 Lz R O+ k)*

e

G - C°H5\'-7( /\/—F|V|-T (1= K*\Y“ )
A % (k)

From the Equation of continuity

,..G.— 4 .-mu—_ - IFC )( E—
A \' vV

i

where "E" is the energy change in the ewssessien

oo (-v®)

is proportional to the energy Change with adiabatic expansion.
hence V,V‘K
18 proportional to the energy loss on the exXpansion provided

that: VK

. Y ,
represents the increase in volume due to the reheating effect

of the loss.
.". Loss per 1b. is given by:- bh. Vi K

where b is constant. Hence the total loss/lb must be

dE = &G.b.fi. ¥ dK.
Equating this to Equation (7) gives:=

C‘\.b- ?..V‘ C‘K = Q. J\T'Um*‘.ldx.

Substituting the value of G from the continuity equation

A\obo€1V.¢d K - C&.\_S? X' A e,
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and substituting in the continuity equa,tiori, the value of
% from equation (2)

L - L
&) =(\2 % -b. ?‘V‘)z (- K -V“) 2
where Ké is the total loss at a preésure ratio Y

Let K& = Frictional loss. Hence
| ) ' )
e —_—
Ab.- OV dKf = a (za bPv, )T (\- K -1“)2

The valusz of "m" usually taken in/ practic is 2 and substituting

this we, K should get. .

o&K{» = C(I-Kk_yj :%. AKX . (9)

2

Where C 1is the frictional constant depending on the surface.

Integrating equation (9)

3

K{_ = C ((,I-K‘,- 4“)% Ax . (10)

o
thus the frictional loss over an element of length $x » is

proporticnal to the product of the energy liberated over that
length.

A méfhod for the evaluation of the constant therefore
lends itself possible. All that is required is to measure the
'incremen'b from x, to x, on the total loss curves and divide

that by the integral of
- K -v“) L ax.
(-xe-v2) &
over the same length from X, to x4
or

. IKedeo (11)
(k=) £

The method for finding this constant for the nozzle is clearly

C

1llustrated in figure XIV for Case I. The integration was
oarried out by a graphical method.
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The constants given below are those of Case I, II

and III as found from the long nozzle before cutting it down.

Case I C = . 0042
Case II C = .0046
Case III C = .00478

Mean Value for C = 00452

SEARCH TUBE EFFECT.

The introduction of the search tube into the nozzle
cauges a change in the friction.co-sfficient which must be
corrected. | V

| Actually, the tube has its own co-efficient and it
is the sum of the two co-efficients, (i.e. nozzle and tube)
each multiplied by its corresponding surface area exposed to
steam, which is equal to the coefficient as found, multiplied
by the area to which it refers EQ |

Thie may be expressed as :-

Qb Lt Cppeel = C’?'R‘
where &, = true coefficient of nozzle ~
.= true coéfficient for search tube.
¢ = coefficient as caloulated.
l:” = nozzle perimeter.
b = tube perinmeter
p = perimeter of (nozzle 4+ tube).
,( = length of nozzle

This may be written as:-

C"’O""*'\’k - c};,
This equation has two unknowns in the quantities C.wckbu_t
C et C¢ could be made equal assuming that both the surfaces
of search tube and nozzle are of same finish.
For the sake of easiness and also to avoid integra:

*tion, the constant C could be written thus %_. ¢y and the
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reciprocal of the hydraulic mean depth, and the velocity may be
both assumed .uniform, the operation of integration then becoming
equivalent %o rmaltiplication by léngth and the expression

becomes: -~
Ki= & . 8. X
(TR

wherxe % = nozzle perimeter

and ,( = nozzle length

Total loss/sec. is then:-

[SRY S E. LG
2g A

or loss/unit surface/sec

F= £ .2.6 2 & .. ' (12)
<2j A ;LB v
Now from D'Arcy's equation
ot 2
Friction head « f = &I O : (13)
2'jd :

which gives the loss in circular pipes of diameter "d" for a
friction coefficient {- .
Equation (13) wmay be rewritten

__—i._f_.f,u’— (14)
29 A

which is exactly of the same form as equation (12) when changed

to give the energy loss per unit surface per sec.:-
£ o008 |
23 ,

where f = den-sity of water
Comparing equations (12) and (15) it is obvious that
C for the nozzle = f for water flow.

«"+« loss of K.£ over any section of the nozzle is

K |
oo = <5t

For.design purposes it is much better to work with the true
fract;onal loss which is:-

A
P \+Q,J;_.Q'

(16)



-13 -

which reduces to:=-
L= S—
44-%;-
neglecting the very small loss, we could write

25 = CL.%E. L

for the fractionél loss in any part of the nozzle for which the
friction factors have been assumed constant.
The values of ( and -& agree for similar surface

conditions.

BOUNDARY LOSSES.

It could be easily deduced from equation (11) that:-

*
K5 = C f(l- Ky -—yﬁ%&L %% Ax .
whe re k5 is the boundary loss, the values of (  for Cases I,
ITI and III for the long nozzle are given and a mean was also
calculated, Ke and Y could be easily determined from the
figures of pressure-ratio curves, and total loss curves, hence
Ky determined.

When it is considered that the loss factors represent
.the residue from the reduction data, and correct to about 1%,
the agreement will be admitted to be remarkably close.

Considering the Ks curves Figs. XI, XII and XII
it will be noticed that the graph of K, 1s not quite a straight
line in the parallel portion but has a slight concavity upwards.
This is due to the increasing speed of the fluid along the talil.
But by deducting this curve from the actual loss curve we are
left with a loss occurring wholly in the convergent portion.
This latter loss is the loss that causes the diminution of
efficiency with decreasing pressure range. Prof. A. L. Mellaby
and Dr. Kerr have proved that the viscosity has very little
effect on the loss occurring in the convergence. The loss

must then be attributed to the eddy currents in the main floed.
This eddy effect will vary with different convergences.
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PRESSURE RATIO CURVES.

| Dealing with the full range expansion curve, Case I
Series I, the pressure ratio at the outlet is approximately
«535 and .708 at the throat. The theoretical value of the
_ pressure ratio is .546 for superheated steam. With perfect
expansion and no losses, the energy liberated by expansion to
a pressure ratio of .546 is sufficient to generate in the fluid,
a speed equal to the speed of sound in the fluid at the critical
pressure conditions.

Since, however, the expansion is imperfect and losses
take place, some of the energy available will be absorbed by
these losses, and the fluid will not attain the speed of sound
at a pressure ratio of .546. It will also be noticed that
there is a big drop in the pressure ratio between the throat
and outlet which shows that there is a big drop of pressure
along the tail. |

It will be of interest to note the drop of the press:
ture-ratio at the throat, and the rise of pressure ratio at
the outlet as the nozzle is shortensd down as shown in Fig. IX.
0f course, this is not only applicable to Case I, but by com:
:paring the pressure=ratios of Case II and Case III for the
different shortened lengths, the same effect is noticeable.

This effeoct is brought about by the fact the losses are smaller,
and also the friction losses are less. This latter fact makes
the flow quantity in lbs./sec. greater, forthe same steam inlet

I
conditions this}%hown clearly in Table I.

LOSS_CURVES.

——

The total loss curves for any of the three cases,
and for shortened lsngths of the nozzle are definitely parallel
to one another. The shorter the nozzle the smaller the losses.
In Series III, IV, and V, it will be seen that if |
the actual values of F be plotted on the calculating chart on
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a pressure ratio base that the points will be thrown out of
the theoretical loss value K = © This is due to the steam
not filling the nozzle and the throat area which was taken in
the first two series becomes ineligible for these last serises
owing to the contraction of area at throat. The co-efficient
of surface, being known for the three cases of the full length
nozzles, was used for caloulating the boundary losses occurring
at the tail, and the total loss derived. This method also
gives us the contracfion_of area at the throat as it will be
the difference of the F calculated as above and the F given
by experiment.

Fig. XV shows the variation of losses at the throat
plotted to a base of pressure, this is done by the method of
cross interpolation from the pressure ratio curves and the loss
curves.

The curves are well defined and are of the same shape
for the three cases with different lengths. This shows dis:
ttinctly that the losses at the throat decrease with the
pressure-ratios.

This is not what was expected, because if we consider
one nozzle with the different back pressure and the same steam'
inlet conditions, we would at once see that the curves are of
opposlite characteristics, l1.e. the losses increase with the
pressure ratios at throat.

This is easily explained by the facts that the search
tube is no longer fit to investigate the losses in the throat,
owing to some small losses which amount up in the calculations,
and that on dealing with the full lengths of the nozzle the
flow area at the throat was quite stable and as the lengths
were shortened down, the flow area was more and more uncertain
until at shortest length the steam was not filling the nozzle
at all, this effect could be very easily noticed if the values
foi the shortest length would be spotted on the caiculating
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chart Flg. X, they would fall outside the K =0 1line. This
shows clearly and definitely that other methods than the search

tube should be dealt with for further work on throat losses.




_.17 —

ommm” u mmman 089T* 627°9 0°'¥9¢ 6°6G. ¢620°
0¢62 " 6L02 Loz 87°9 0°06% 6°G. 29¢0° wGGYT°0 nGS0Y 0 (G)
N a2¢se: go¢z2* ,omm. ghe9 Q°06¢ 6°Gl 2ovo"
162° " 069T1"° 091" ¢86°9 0°¢ob 6°Gl. ¢g20"
62" " aoe* 0202° TYAL 0°26¢ 66l 147K wGV6¢°0 wGVG9°0 (%)
162 2¢6e” 0lz2z° obzz* 600G°*9 G 26¢ 66l 26¢0°
i p T9GT" ghat- 7¢tl 9 2Ty 68°6G. 9920°
o i 086t 996T"* 7¢656°9 L*0o0¥ G6°G/l 21reo’ w790 w706°0 (£)
gaée 2¢6e” g022"* 0612* 10869 L* oot G6°G. 0g¢o0"
__ i A 20GT” Y1669 L ¢ob 79/ 1920°
" " gy6T” 0¢6T" mmom.m Loy 9l 9¢¢0" n768°0 WG T (2)
gase: 2¢6z” e o¢te’ o¥lG*9 L ob -9l 6Tl¢0°
" i ogbt* SaaN 2909°9 L*lov 0°9. 0620 .
" " 0681" T88T" ¥6v9°9 G- 2th 0°9/ 6G2¢0" NAASE: wov 1 (1)
Gage: 2¢62" ¢ote* 9g02"° 8919°9 G* gov 0°9l T19¢0° ‘
. . T g *oqy . *Z0N d0 *ZON 40
v1a vid (137100) ( IYOYHI ) A TT0A msma camiy OIS /841 e NET goonat | -on
131100 IYO¥HI g g MYALS MoTd TETIVEYd TvI0Ll | ISEI
‘T T T4V L
¥9¢0* = geTano ‘ut *bs G¢T0° = BOIV
19€0* = 3eoIuy wlTET® = JI9jseweTp °J 'S




ArNAEr>v

170

>v«rtt-etf-K C

yii*



- 18 -

JET ACTION OUTSIDE THE NOZZLE REGION.

This short work was carried out on the nozzle appara:
:tus described at the beginning of this paper, the object being
to investigate the jet condition after leaving the nozzls.

A convergent parallel nozzle, 1" long and .25" dia.
at the throat was used. '

The search tube was cut at right angles to its own
axis and impact readings of the pressures as the search tube
was moved from the nozzle outlet taken. During these experi:
sments 1t was noticed that when the search tube was pushed into
the nozzle thé pressure ratio was the same at any length.

The inlet pressure was kept constant at 60 1bs./sq.
in. G. and the back pressures were kept constant at 20, 30 and
40 1bs./sq. in. G., while the temperature was kept at 410°F.
thus ensuring a high degree of superheat so as to avoid any
complications due to supersaturation. The results of these
tests are given in figure in a graphical form.

The flow quantities for the three tests were:-

(60/20) = «390 1bs/sec.
(60/30) =  .353 1bs/sec.
(60/40) = .270 1vs/sec.

PRESSURE RATIO CURVES.

Fig Ia shows the pressure-ratio curves plotted

against the jet length.

Table I gives the results of the tests taking as a
unit,»ﬂhe diameter of the nozzle.

The results are plotted on Fig. II on a base of the
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o reéibrocals of the jet lengths.

The reason why the square root scale of the pressure ,-
ratio was chosen, was because this approximately varies as the
jet speed.

The graphs of a No. 11 turbine nozzle, a réctangular
nozzle 3:1, and a square nozzle, were kindly given by Mr. J.
Brown, M.B.E., due acknowledgement being here made. They were
taken from his investigations on low pressure air in nozzles.

| Plotting these on the same ordinates as the round
nozzles, shows similar charscteristics. The distinguishing
feature is that the square root value becomes zero before in:
efinite distance and is doubtless due to confined space in the
exhaust side of the apparatus. The results are close for the
following deductions.

(1) Air and steam show identical characteristics.

(2) Over wide range of steam pressure there is no

evidence of any secondary factors.

In conclusion, I beg to thank Professor A.L.Mellanby,
D.Sc., for the interest he has taken, and the facilities granted
for the progress of the work; I also beg to thank Associate-
Professor Wm. Kerr, Ph.D., A.R.T.C. for the suggestion of this
line of research and for the kindly help and advice he has so
freely given.
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INVESTIGATION ON TURBINE BLADE LOSSES.

INTRODUCTORY.

In spite of the considerable amount of research
that has been done on the subject of blade losses, there is
8till very little known about these losses.
| In every case the experimental work has been carried
out with a view to determining the values of the blade velocity
coefficients under different conditions.

A suitable value of this coefficient for any given
case has to be obtained by analysing the performance of the
machine or by the use of some empirical formula, but opinions
differ as to the most suitable value of the blade coefficient
for a given blading arrangement.

Rateau found from experimenting with a series of
blades having angles varying from 25 to 34 that the velocity
coefficient varied from .7 to .382.

Briling(léives the following equation as deduced

from his experimental work.,
£
%L[: 2,”0""""4'3?‘63

where 3b; = .9 to .97 when the bucket edges are rounded

and from .95 to .99 when they are sharp.

6 = the total curvature of the blade as measured
in degrees. '
and ?ﬁ = Dblade velocity coefficient.

In these experiments Briling varied the blade pitch and the

velocities ranged from 250 to 1,300 ft/sec, but the value

(1)vgngineering" - 25th. April, 1910.
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of the pitch giving the least loss was independent of the
gteam speed, though the blade efficiency rose as this speed
increased.

Stodola's(g) work is about the most recent work

of any interest on the suvject, where he gives the following

“equation for the blade velocity coefficient,

P [
¢ =(;::3, -Ca-.;c(’) Caa/gl

where F = inlet pressure

‘m = mass flow per unit time

W, = the speed of the flow
oA = nozzle angle
ét= geometrical outlet angle of the blade.
He finds however that if air escaped in whirls through the
opening then 95 does not measure the real diminution of speed.

All the sbove experimenters used some speclal kind
of apparatus coneisting of groups of impulse nozzles and
stationary groups of blading to represent the rotor blading
in a turbine.

The guestion of assuming an overall blade velccity
coefficient is rather unreasonable because on examining some
of the velocity coefficients they were found to ke so low as
to suggest that the single coefficient is not a true
representative of the actual occurrence, and that the blade
velocity coefficient as used at present is not a true blade
velocity coefficient in that it covers losses other than those
occurring actually in the blade passage.

Such considerations as these led to the following
experimental investigation of the blade losses at the Heat
Engine Laboratories of the Royal Technical College of Glasgow.

For this purpose a special apparatus was designed

(2)"Dampf und CGas Turbinen" vpw. (145 to 160) By Prof. Stodola.
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and arranged by the author, which will be referred to,
hereinafter as "The Stationary Blade Apparatus", and tests
were carried out by the author with different blade curvatures,
and for making the investigation complete, some of the results
of Mr. John G. E. Ellis, B.Sc., A.R.T.C., on "Stationary
Torgue Turbine Tests" were taken into account. Also some of
the power tests on the Turbine were taken. These being
carried out by the Post Graduate course of the Royal Technical
College of whom the writer was a member in the year 1923.

Both the "Stationary Torque Turbine Tests" and the
"Turbine Power Tests" were carried out on the Turbine at the
Heat Engine Laboratories of the Royal Technical College,
Glasgow.

These tests made possible the investigation of the

blade losses both in their stationary and moving conditions.

RANGE OF EXPERIMENTAL WORK.

(2) Stationary Blade Apparatus Tests. Fig (1) gives a

detailed sectional view of the "Stationary Blade Apparatus®.
It consists of a blade carrying lever fixed at one end by

two pins that allow free motion in either the upward or
downward directions, and supporting'a set of stationary blades
‘at the other end. This lever is enveloped by a cast iron
casing to represent the turbine casing.

The blade carrier is so designed as to allow the
blades to be moved in any direction without shifting the
horizontal or zero position of the lever.

The force on thesge blades is measured by a spring
balance outside the casing, the lever being kept always in
its zero position by means of a thin steel wire attached to

it and passing through a gland on top of the casing, and
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"round a smooth running pulley on ball bearings to minimise
friction which is atteched along with the balznce to a fixed
frame,. A bélanoe weight is aftached to this end of the steel
wire to keep the lever in 1ts zero positiom, before steaw is
allowed througli. A nozzle 5ox is fitted at 16° to the
vertical axis of the casting, thus fixing'the nozzle angle.
This nozzle box could slide backwards and forwards perpendicular
to the nozzle angle, so as to enable the adjustment of the
gap between ithe ﬁozzle outlet and the blade inlet.

A Vane Indicator is fitted to the casing. This
instrument consists of two a2luminium vanes, one being
suspended opposite the nozzle, but on the far away side of the
blades. Each vane consists of a2 thin plate attached to a
thin steel rod, which passes through the casing and st right
angles to it, and 1s in such a position that the vane lies in
the actual line of flow of the steam issuling from the blades.
To the other end of the rod is attached a needle which moves
over the face of a graduated brass plate in cegrees, so that
in whatever position the vene takes up, the actual angle can
be easily read off, thereby giving the actual angle that the
steam leaves the blades.

When steam is allowed through, the lever is brought
back to its zero position by means of a small hand wheel
attached to the spring balance and also %o the fixed franme
that supports the spring balance.

All balance readings are taken with the lever fixed
in this zero position.

In addition, provision is made for measuring fhe
pressure and temperature at the stop valve, nozzle box, and
also in the viéinity of the exhaust pipe.

The amount of steam consumed is measured by

collecting in & tank and weighing the contents at periods of
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two minutes, thus giving the consumption in lbs per second.

A Photograph of the apparatus under working conditions
is shown in fig. (2). |

Four sets of bledes of different sizes were tested
in this apparatus. Each set being mounted on a special blade
“carrier that could be easily fixed on the lever as shown by
‘the'drawing, every set containing seven blades and shrouded
on top in the ordinary Way. The blades were cut down to 13"
~in height.

The position of the blading relative to the nozzle
was first fixed and the horizontal position of the lever was
marked on the pulley, this being the zero mark.

The gap between the nozzle and blades was kept at
1/16" through the whole testing of the four blade sets.

Superheated steam only, was used so as to avoid any
complications arising from supersaturated steam calculations.

The tests were carried out by varying the inlet
pressure and keeping the exhaust pressure a constant at
atmospheric, thus providing a series of pressure ratios,
balance readings, and condensate for each set of blades under
test,

A sectional view of the blades used is given in
figure (3).

(b) Stationary Torcue Turbine Tests. These experiments and

also the Power experiments were carried out on "The Turbine'.
The *arbine was built by Parson's & Co. Ltd., and
had a ratio output of 250 K. W. when running a speed of
5,000 R.P.i.
Originally this turbine was fitted with three blade
wheels-and each of the three wheels carried a set of blades

having stationary blades between each wheel.
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Twelve nozzles were cuployed for supnlying steanm
and these were arranged circumferentially, not equally spaced
around the rotor, but grouped together in an arc at the top
of the casing.

These nozzles were arranged in four groups of three
nogzles eaci. Admission to the first of these groupns was
obtained by merely opening the main stop valve after which one
or all the others could have steam Dy means of‘the three
separate hand wheels controlling the admission valves to each
of the latter three groups.

In order to facilitate experimental work the turbine
had been considerably altered.

Fig. (4) gives a sectional elevation of the turbine
and indicates fully the constructional arrangement and the
engine details. The rotor now carries only one blade wheel,
the other two having been removed. Conseaquently, the number
of nozzles had to be diminished and so the whole arc of nozzles
was removed, and for these only two were replaced, one being
a convergent divergent and the other a convergent parallel,
~and both being of rectangular cross section. Two of the
valves which previously admitted steam to the previocus nozzle
grouns, are now utilized to supnly steam Lo the two mozzles.
On cpening the main stop valve, steam is admitted to the
valvelhest and by one of the valves or the other, steam is
allowed to pass through the corresponding nozzles. The
bearings are 24" diameter by 5" long and are of the Parson's
elastic sleeve type. A thrust block absorbs axial thrusts
which owing %o the blade angle may be of no mean order when
large quantities of steam are passing. The lubrication of
bearings and thrust block is obtéined by o0il rings. A "Run-
Away" governor is connected with a valve controlling the
passage between the main stop valve and the nozzle chest. This

governor closes the valve when the turbine Speed is about
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15% in excess to its normal speed of 3,000 R.P.i. A vane
angle indicator is fitted to the turbine. For the pressure
measurements small tubes are led to various points in each
nozzle, viz. nozzle inlet, nozzle outlet, rotor inlet and rotor
outlet, these tubes being in communication with: gauges on the
instrument board. See fig (5).

For the measurement of the torogue with the rotor
stationéry, a special dynamometer was used. This consisted
of a torgue bar haVing at one end a flange which was Dbolted
to the rotor shaft coupling, the bolt holes in the flange being
extended circumferentially to permit of adjustment of the
relative angular positionsof the bar and rotor. Near its
outer end two spring balances are attached to the bar and to a
fixed frame respectively so that one balance exercises an up:
tward pull and the other a downward pull on the torque bar.

A mark at the outer end of the bar was put so as to set up

the bar in the horizontal position, this being obtained by
manipulating the balance adjusting hand wheels, so as to bring
the zero mark on the bar into line with a small fixed pointer
on the balance frame,. A large fixed pointer attached to the
rotor shaft and an accompanying scale fixed to the turbine
casing, was used for indicating the relative position of the
rotor and nozzles for the different series of tests.

In these tests a great difficulty as to the
determination of the actual position of the blading relative
to the nozzles was cxperienced. This difficulty was totally
overcome in the writer's apparatus in determining the actual
position of the blading relative to the nozzles. In these
"Stationary Torque Turbine Tests", the rotor position was
arbitrarily chosen and marked on the scale, provided for the
purpose, so that this position was the same throughout the
first series, so long as the torque bar was set to thevzero“_

mark. Two rotor positions were taken in these tests.
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(c) Turbine Power Tests. A full description of the machine

has already been given under the "8tationary Torque Turbine
Tests". Fig (6) shows a sectional view of the vane angle
indicator fitted to the turbine and also gives the details
of the nozzles and blading.

These tests were made on the‘turbine, the steam
supply pressure ranging from 20 to 120 1bs/sq.ins., gauge
and the speed from 500 to 3,200 R.P.M. The reocuired variation
in jet speed was obtained by varying both the stop valve
nressure and the vacuum,. this giving the same jet speed for
different steam pressures, that is to say for different mass
flows.

Each test was of thirty minutes duration, the speed
and torque readings being taken every five minutes and the
other readings at ten minutes intervals.

The turbine was allowed ample time in which to reach
a steady temperature conditions and the machine was accordingly
run slowly for at least two hours before commencing any tests.

Particular care was taken to maintain steady
conditions during each test, and in this respect the speed
regulation was the most troublesome factor, the dynamometer
being designed for a load many times greater than any dealt
with in these tests. This made it somewhat difficult to
maintain a constant speed and to obtain accurate brake readings.
In spite of this, however, the tests for the greater part are
very satisfactory, the principal weakness being that it was
not possible to cover the same speed range for each of the
pressures adopted owing to the very low torque necessary to
give a higher rotor speed with low steam pressure.

The steam flow was measured during these tests by

collecting the condensate in a calibrated tank, the total steam
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passed during each test being measured. Detailed consideration
of the flow cuantities will be found in the appendix.

All the teésts in this paper were made with a
Eénvergent~divergent nozzle. The flow quantities measured
during the Power & Stationary tests (b) and (c) are not used

as they stand in any of the subsequent calculationsX.

TEST RESULTS.

(2) Stationary Blade Anparatus. "Jet Impulses”. The results

for these tests are exhibited in %ables (1)s, (1)p, (1)g, and
(1)g. The jet speed depends very nearly on the pressure
ratio alone, that is, it is independent of the supply pressure
of the steam, but the mass flow through the nozzle, is
cirectly proportional to the nozzle inlet pressure,.

The steam load on the blades is expressed as "Jet
Impulse' in 1lbs. per lb. of steam per second. This gives an
excellent check on the resulits since the tests cover a large
range both of steam pressures and of pressure ratios irres:
ipective of the steam supply pressure,

In all these tests the vane angles measured were
exactly equal to the geometrical outlet angle of the blade,
the passage of steam being also clearly marked on the blade
carrier and indicated the geometrical outlet angle of the blade,
which angle was taken for the subsequent analysis of the ‘
results.,

The Impulse on the blades is expressed as already
explaeined in 1lbs per 1b of steam per second, and are shown
plotted ageinst the pressure ratio "T% in fig (7) and against

the jet speed in fig (8). The dotted line in fig (8) will

*See appendix.
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te referred to later, under the "Stationary Torque Turbine

Tests', The blades were so fixed in each series of tests

;so as to assure that all the blade passages within the jet

‘are running full and so giving the best value of jet impulse.
The normal pressure ratio of the converge'f—divergent

nozzle used is about .15 and for the higher pressure ratic the

fjet undergoes recompression within the nozzle a condition which

f

i considerably reduces the nozzle efficiency. No doubt then,
! v

that the big drop of Jet Impulse values is due to the poor

' quality of jet.

The curves show a pronounced change of direction

I wiiere the nozzle is working at its best, and this indicates not
5§only is the efficiency of the nozzle a maximum for this
‘pressure ratio, but élso that the jet is of particularly good
‘iquality at this point, in that the further losses to which it
‘iis subjected beyon@ the nozzle outlet are less than for any
fiother pressure ratio.

- () Stationary Torcue Turbine Tests (Jet Impulses). The

&fresults for these "3tationary Torcque Turbine Tests" are shown
| in figs. (9) and (10). The torque values and jet speeds are
";taken from Mr., Ellis's curves which are reproduced in figs.

| (9) ena (10).

» No doubt that part of uncertainty which exists as
éto the torcues at the higher pressure ratios 1s due to some
é‘experimental error, the dynamometer being insufficiently

E gensitive for the measurement of the very small balance loads,
&_obtain§d in that regiomn.

A mean curve through all the points available was

d drawn for the two positions of the rotor, f&g. (11)

“ It would certainly have been desirable to investigate
I the definite region of the higher pressure ratios more fully

L and also for a variety of rotor positions. The torque values
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represented by the dotted lines in fig. (11) are obtained
by assuming an outlet® geometrical angle of the blade and a
blade velocity coefficient egual to unitye.

The full line curve approaches most closely to the
ideal curve for a jet speed of 2,500 ft/sec corresponding to
o pressure ratio of .1, which is the most effective ratio for
the convergent-divergent nozzle fitted to the turbine.

We now come to the dotted line given in fig (8). The
points for that line were taken from the torgue curve in figure
(11) and expressed in terms of impulse iﬁ 1bs per 1b of steam
per second by simply dividing the values of the torgue in It
1b. per 1b steam by the radius of the rotor in feet. The
width of the blades in the turbine are .787" and the blade
viten is equal to .539. This lineis not in bad agreement with
the writer's tests considering the different types of nozzles
used in the writer's apparatus and the turbine, and also the
difficulties of getting the correct torque value from the
"Stationary Torcue Turbine Tests" which arise from fixing the
rotor in the right position.

{¢) Turbine Fower Tests (Jet Iasulses). The test results are

shovn in figs. (14), (16) and (16a), and all of these tests

were made with the convergent-divergent nozzle alone in

o

operation. The results are only a few of the tests carrie
out, to enable of the subsequent eneslysis. The torgue values
are also seen expressed as "Jet Impulses" and plotted against
Jet speeds in fig (16a).

Before calculating the torque values in these tests

we have many other things to comnsider.

{1) Disc and Bearing Friction Power. After obtaining the

brake horse vpower for each test, we have to determine the power
actually developed in the blading. Now the only sources of
loss between the blading and the brake are the frictional

resistance between the turbine rotor and the steam in the
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casing and the friction at thevrotor shaft bearings, the

1stter of course including the thrust bearing and the glands.
For the determination of the power lost in cisc

friction, the following formule was derived some years ago Dy

Professor Wum. Kerr(l) from experimental data obtained from

T )]
/oo lo

= gisc friction POWET seveverececenrenann . H.P.

this same machine.

«02
b= (&) &) % e (4

/oo

where:—

= mean blade SPEEA seeecvarnacnenieas .... ft/sec.
mean diameter of blading secvceveecnccne. inches.

= Specific Volume of Steam in casing ...... £35/1b.

\\<Q_(AQ\
]

= Temperature of the steam in casing ...... OF, Abs.

Inserting the numerical values of "d" we have:i-

3
Foo= It 54,(/00) __\L/.. 11.014—72( ) dod

The limiting values of T during all the power tests are
662.7°F, Abs. and 672.90F, Abs., so that we may insert the wmean
value of T in the formula without any sensible error since

this term occurs as (7}1/3. This mean value is 667.79F,Abs.,

and making the substitution (1) reduces finally to =
: J)
. looV ¢
S ___.g 0331( ,+_-O4—-}
& = 156 ( 755 S

Fig. (13) gives a series of curves of Py against

rotor speeds in R.P.M. for a number of different casing
Pressures sufficient in cover the present tests.

For the determination of the bearing friction. power

(2
)Paper by Prof. Wm. Kerr, Royal Technical College Journal

1924.
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we have in fig. (12) a curve of friction coefficients for
various bearing surface speeds as given by FProfessor Wu.
-Kerr, and from this the curve of frictioh H.P. in the same
figure is obtained.

{2) Blzde Fover and Whirl Velocities. To the brake power

for each test we can now add, the disc and bearing friction
power obtained as shown above, the sum of these three cguantities
being the power actually developed in the blading.

The blade power per 1lb of steam per second is shown
plotted against rotor speed in fig. (14).

The data may now be still further reduced by
calculating for each test the torque for unit steam flow and
the velocity of whirl.

Considering the usual velocity diagram as shown in

fig. (15).
Let -~
JA = absolute steam velocity at inlet .e..c....... £t/sec
Vv = relative steam velocity at inlet eeevev.n.... ft/sec
M, = absolute steam velocity at outlet............ ft/sec
= relative steam velocity at outlete........... ft/sec

= Jet Angle.

geometrical angle of blade at outlet

v,
0
}y = absolute exit angle of steam
S

= D18AE SPEEA  te it e e ft/sec
V= velocity of whirl .......cvvvninin evnunnnn.s ft/sec
Fs = force exerted by steam on blading..lbs/lb steam/sec
T, = Torque per 1b steam/SeC vt 1bs. ft.
P = Dblade power per lb steam/sec suvvvvv.n...... H.P.
G = MASS FLOW  eetvtttieei et ee et eeeeneenns lbs/sec
9y = 32.2
R = mean radius of blading eeevevvieeeenene ... inches
N = rotor speed .....vovnininiieii.., ey ‘ReP.M.

Then we have -
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Chenge of velocity of steam = u-m

The component in the direction of the motion of the blading
:(wmé—d&%lp)
:._(“%9 _,.u',c«'ag"s)

- U

—

The change of momentum per lb of steam

: v ot
:(ua—, 6 t+v,co= 3 “,‘S) = —‘? 1bs
_ R 6 +ur B S
s = 29 </“‘c“’ ’ ,).
= s 7a.
= Vr
22-73
o= S Vs
‘ §50- 9
- S
= 2 ( e —S)
SSQ? (’ ‘ftﬂc{aﬁ’
also i1~
T, = 33evo £
2 x M
y, = 2275
R - P
= /J-Z X 33000 T3 - /~l?leo§-‘5-
2/ YR ry

?Fig. (16) shows'j;, the torque per 1b of steam per sec, in
;lbs. ft. plotted sy ninst the blade speed 8 for both the
EStationary and Power Tests on the turbine.

A series of curves are drawn in this figure, each
Ecurve being for a particular jet speed'but these curves are
Inot sufficiently defined to permit of their being used to
;determine torgue valuss in preférence to the plotted points.

' The individual test figures will thus be retained. The
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BLADSZ VELOCITY COEBFFICIENTS.

The results are now in a form to enable the examination
of the blade velocity coefficients.-

Fig. (18) gives the velocity diagrams of the 1" blade
- from the éuthor's apparatus. 8ince the blades were kept
stationary, then, naturally the blade speed becomes zero
and the two points a and b (15)kwill coincide at the point
(4) Fig. (17).

M & « fix the direction and magnitude of the
jet speed U , being the nozzle angle.

The velocity of whirl is equal to the horizontal change

of velocity.

i.e.
Vo = ”‘*%‘F' " .
where
F = +the pull on the blades in lbs.
M = the condensate in lbse/sec.

q& is then set off as shown in fig. (17) and W, the
outlet speed of the steam from the blades is measured from the
fig.

The blade velocity coefficient & = ¢

Considering again fig. (17) we have:-

Uz o 4w, e
But

or
- Co» 3
. b 32 — h COA
- - @ o3

Where [ = the vane angle.
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The above method for determining the velocity coefficients
was used in all the stationary tests.

The determination of the blade velocity coefficients
from the power tests were made by drawing the ordinary velocity
diagram fig. (15).

The blade velocity coefficients for the "Stationary
Blade Apparatus" of the author are shown plotted againset a
pressure ratio base in fig. (19), whereas those for the
"Stationary Torgue" and "Power" Turbine tests are shown in
fig (20).

The coefficient "b"™ has a sudden drop after it reaches
its maximum value at a pressure ratio of .15 in "Stationary
Blade Apparafus" Tests fig (19) and after a maximum value
of about .1 in all the Turbine Tests fig. (20).

These pressure ratios correspond with the best pressure
ratiofof the nozzles in operation respectively?

The occurrence of the maximuwm value of "b" at this point
confirms the impressions given by the Jet Impulse curves,
namely, that in addition to having the highest efficiency,
the jét alsoc has the best form at this ratio, resulting in a
reduction of the loss in the gap, and blade passage.

At the low jet speeds the curves seem to tend to the
horizontal and keep a constant value which could easily be
explained by the fact that the jet is so poor that it has no
further effect on the blade coefficient.

- X

See appendix.
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LOSSES IN BLADE DPASSAGE.

It has already been stated that we cannot assume a '
single blade velocity coeffieient to cover gll the energy

losses in the blade passage, for the simple reason that it

would have a very high value.

This being the case we are led to the conclusion that
other efiects are present and.thét these effects result in
the reduction of the jet velocity or are eguivalent to such

a reduction.
This fact is clearly shown by the blade coefficient

curves,
1 The separation of these effects, then become essential

; and is undoubtedly a decided improvement on the method which
E‘Slumps together a variety of effects due to several
j occurrences which are distinctly different in their modes of

| sotion and in their importance.

The losses in the blade passage will thus be summed up

ias follows:-

(1) Boundary Loss.
(2) Curvature Loss.

(3) Jet Quality effect.

The blade velocity coefficient curves have a maximum

lalue at the best working pressure ratio of the nozzle which

fhows that at that particular point the losses are due %o
‘éundary & Curvature losses.
maximum blade velocity coefficient.

Let bo |

Then (1 —-b°2> =

boundary Loss + Curvature Loss.
The drop in the curve takes place immediately after the best
working pressure ratio of the nozzle is reached which shows

that the loss occurring at that part qf the curve where the
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jet is very poor is due to an effect that is brought forward

by the guality of the jet.
Let Jo) = blade velocity coefficient.

Then:-
(1 - bz) - (1 - boe) or the drop in the velocity

coefficient must be equivalent to that effect.

(1) =Boundary loss. Considering the factcrs which determine
g .

the magnitude of the loss to which the fluid is subjected, one
of the obvious factors is the frictional resistance offered by
the blade surface to the passage of steam.

This boundary loss taking place in the blade passage

should vary as:

L

)/41 AL
A

]

where:
A
7; = average hydraulic mean depth
and is = podon 6 A
2 (fo+A)
p = Blade piten
6 = Qutlet angle of steam.
A = Blade height.
L= Total length of mean curvature of blade
(See Fig. 21).
Al = A small increment in the length of mean
curvature of blade.
Let ¢, = Friction coefficient.

Then: L
Boundary loss = G /‘f‘ Al
o
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(1) :
C, is taken as .005 for this kind of finish of

surface.
L

The value of /f‘ AL was found by graphical
) (] .

integration fig. (21) by taking sections across the blade
passage and calculating the value of {% and then plotting

it against the corresponding value of the length of mean

curvature of blade " [ ", the area under the curve being
the value of &L . .
/f_au. |
/ A
(2) CQurvature Loss. This loss is brought about by the

continuous change of direction of the steam going through the
blade passage.

It will be agreed that steam flowing through a straight
pipe only entails a frictioﬂ loss which varies according to
the finish of the surface in contact with the steam , where
as in a curved passage there is another factor which plays a

vbig part in adding to the losses, this being the curvature
loss and is due to the chenging direction of the steam.

This curvafure loss should vary as

(44
or to some power of
(44)

It has already beeh stated that the loss at the maximum

point of the blade velocity coefficient is due to boundary and

Survature effects.

L
S ( boz) = ¢, /‘%6‘ L 4+ Curvature loss---(1)
o
m-_ o Nezzles,

Peper on Pipe Losses,by Profs., A.L. Mellanby and Wm, Kerr.
Proc. M.E.C.E. & 8.
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Let this curvature loses e K and as we know all the
other parts of expression (1) then we can find the curvature
loss K for all the four sets of blades used.

Plotting this value of K against % the nett
curvature of the blade fig. (22) shows that: it could be log-
plotted to find the power. A log plot is shown in fig. 23
and. gives a gradient of 1.055.

From the log plot fig. (23) we have

The line shown is of the order - mx = C

g koo A (§L) = Ag S

x £ _,.‘.‘...-—- - C,
w7
K

= C?.

- o)

where cz is. a constant and egquals the blade curvature

coefficient.
e .
- gL
K - Cz (R
Table II gives the value of as WM - /34
1.05%
" K = 1134 (—2—‘-)

L 9‘ n
R N /5“‘- + < (4
o

Substituting the values of the coefficients and the index

we have: L

/
(1 - boa) = .005 % KL 4 U334 (%L) _____
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The index 1.055 is s0 neer unity that we can write

eqguation (2) as follows:
, . L, ,
L LA
. O'BJ =.ws/fwu—4-W34(R )
s

(3) Jet guslity Effect. The vblade velocity coefficient as

already explained is best when the pressure ratio of operation
0r tne nozzdie 1s a8t 1its best, which indicates that not only
is the efficiency of the nozzle a maximum at this pressure
ratio but also that the jet is of particularly good guality
at this point.

Had the blade velocity coefficient kept steady at its
maximun value b, then the losses would have only been due to
vboundary and curvature effects, but the drop in the curve shows
that there is still another factor to be accounted for, which
could be none other than the effects resulting from the poor
quality of the jet.

The steam at the higher pressur: ratios is of of a
very poor guality as the losses resulting from recompression
will increase as the jet speed falls, the recompression loss
being the more severe at the higher pressure ratios.

The pressure ratio term has thus to be reduced to cover
Jet quality since the degree of turvulence depends upon the
pressure ratio at which the nozzle is operating.

Considering all the above efiects the guality effect

should very with the extent of compression in the nozzle.

Let Q = Pressure Ratio
Best Pressure Ratio.

by Maximum blade velocity coefficient.

b

blade velocity coefficient.

The percentage energy loss at the maximum point by must then

be equal to
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This has already been dealt with and is equal to boundary
and curvature losses:
The drop is due to quality effects and must be some

function of Q

“ b)) - (1 - bg )-—--——-—m- (3)
This value of is calculated and is shown plotted
against a pressure ratio base in fig. (24). The values

being shown in Table (11.)
This was again log plotted toget anexpression to
satisfy this curve.

This log plot is shownon thesame sheet as the

curvature plot Fig. (23).

The logarithmic curve shown is of the form

log j-iO),) - log = log Co

where isEstant.

y
A (from the log curve) = 48
4'i
Z Co Y
But c, = .396
Then i(cQ = .396Y:

From Equation (3) we have:-

J (=) (1 - = (1 - (5)a
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But:- A
Aosrr
(1_ 2 — .005/\_/\/\ _t VHH (AL)
0
Substituting this value of (1 - and of j'(")
in equation (3)" we have:-
/C / /'Off
(I - b = .005/~ a4 1134/~ ~ ) 1

The percentage energy loss in a blade passage could be
separated, in terms of a boundary loss, a curvature loss, and

a jet quality effect, thus:
L

where = Friction coefficient.
A2 - Curvature coefficient.
4 "o= Aquality coefficient.

ENERGY  LOSSES,

Fig. (25) gives the total Energy Loss § (which is equal

to (1 - b*) ) against a pressure ratio base, and shows that

the larger the blade the less the loss of energy fo. Fran

Figs. (26 - 29) it will be seen that the boundary loss
decreases with the increase of blade width, so does the
curvature loss decrecase with the increase of the blade width,
while the effect that is brought by the jet quality 1s constant

as the nozzle used is the same for all the author's experiments.
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The curvature lose plays the biggest part in the amount of
energy losses in the blade passage.

The values of were next applied to the
tests on the turbine both stationary and Power and the
curves are shown in fig. (30).

It will be noticed that the velocity coefficient b is
much lower in the Power Tests than in the stationary tests
on the Turbine fig.,(20).

This will mean, of course, that the blade is subjected
to more energy losses when running than when it is stationary
and seeing that the boundary and curvature losses must be the
same for the same blade whether it be moving or stationary and
that this extra loss could not be due to some jet quality
effect, then it should be due to some steam being kept in the
blade passage by the centrifugal force while the turbine is
running. That quantity of steam though{;r:lay be small, will
disturb the flow of the steam througVthe blade passage, that
is in the stationary tests and hence cause this further lose.

We may submit then that this use of separating the various
losses in a blade passage is quite rational.

It might be well to note that the turbine from which
the experimental data for the Stationary Torque and Turbine
Power Tests were obtained is a somewhat abnormal machine in
that the arc of admission is exceptionally short™” and that
the nozzle used (see Appendix) was ofrectangular section.

It is notsuggested that on this account, however, that
the method of separation of the different losses is not
applicable here, as there can be no doubt that these losses
occur inall types of machines.

(1) Jet actionin Turbines with short admission arcs
by Prof, Wm.Kerr.
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APPENDIX.

ESTIMATION OF NOZZLE SFFIGIENOY AND JET SPEED.
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STEAM  FLOW.

The flow quantities as determined from the
observations made in the Power Tests are shoivn plotted against
stop valve pressures in fig. (31).

It will be seen that the plottedpoints lie very
closely on the d o t line but as this does not pass through
the origin, these values are inadmissible. Theline through
the origin and parallel to the dotted linegives flow quantities
about .012 Ibs per sec lower than the observed flows from which
it would appear that there has been a continuous leakage of
steam which has passed from the steam pipe to the condenser
without passing through the nozzles. As there is a half inch
pipe passing from the boiler side of the stop valve to the
condenser, leakage may easily have passed through the valve
on this pipe. The full line in the figure may accordingly
be taken as giving the quantity of steam actually passing
through the nozzles for any stop valve pressure. This curve
is valid only when the pressure in the casing of the Turbine
is less than the critical pressure, i.e. about .6 of the stop
valve pressure and this limit is not exceeded in any of the

present tests.

STEAM CONDITION DURING EXPANSION.

For the determination of the nozzle efficiency it
is necessary to know whether or not the steam remains in the
dry state during expansion, i.e. whether we are having

supersaturated or wet steam.
For supersaturated expa.nsion the adiabatic law is

A n - constant

and the critical ratio is .55. For the given divergent nozzle
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operating with a supply pressure of 100 Ibs. per sq, in.
abs.,.the theoretical flow is .219 1lbs. per sec. under
superheated conditions, but with expansion in the ivet field
the critical ratio is .577 and the theoretical flow is .207
Ibs per sec, this being only very little greater than the
flow quantity, from the curve i.e. .205 Ibs/sec. Since the
actual expansion must be accompanied by losses which reduce
the flow quantity to a value less than the theoretical, we
are justified in concluding that the expansion up to the
nozzle throat is within the supersaturated field. It is not
certain that this steain condition will persist right through

to the blade outlet but we will assume that this i1s so.

ESTIMATION OF EFFICIENCY.

The nozzle efficiency has not been directly

determined, so has to be estimated by evaluating the losses

due to
1. Boundary loss.
2. Convergence loss.
3. Recompression loss.

For the boundary loss we have

(1)

or very nearly

(l)a
where
Cf = Friction coefficient

-* distance from nozzle inlet to the point at which

recompression commences.
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Y = Pressure Ratio = Pressure in Nozzle
/ A Pressure at Inlet,
'w = adiabatic index » 1.3
B> * nozzle perimeter
/4 a Area of cross section of nozzle,
element of length of nozzle.

The convergenceloss is given by

or approximately

................................. (2)a

where

= convergence loss coefficient

* initial pressure . Ibs. per sq.ins.abs,

a initial specific volume............ cub.ft.per 1b.

a pressure ratio at throat
for the loss due to recompression
where

IC Area at Nozzle Outlet A

A - Area at Nozzle Throat.

YI# « pressure ratio at end of compression
Vj a pressure ratio at beginning of compression.

The nozzle efficiency is given by

— 1 ' O
n - =
/_ y*u
where =total loss factor m A

Y a pressureratio at nozzle outlet.

For the evaluation of these expressions a series of pressure
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ratio curves for the nozzles are necessary. These curves
along with the efficiency curves are shown in fig. {32), and
(33), for the turbine nozzle and the Stationary Blade
Apparatus’ nozzle respectively. The efficiency estimated
in the above manner takes account only of the losses which the
fluid incurs up to the nozzle outlet, any further loss in the
gap being therefore neglected, but the error on this account
is not likely to be appreciable since these nozzles do not
give a sudden pressure change at the outlet except for
pressure ratios lower than .1 in the turbine nozzle and .15

in the Stationary Blade Apparatus nozzle.

I beg to thank Professor A. L. Mellanby, D.Sc., for
his interest and kind advice in the whole course of this work
and also for providing all facilities and new apparatus for
the progress of the work.

I also beg to thank Professor Wm Kerr, Ph.D., for
suggesting the above line of research and for the very
valuable help and advice, so readily given during the

subsequent analysis of the results.



A STUDY OF HEAT TRANSFER
FROM

"STEAM TO WATER" AND "WATER TO WATER"
In
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"A STUDY OF HEEAT TRANSFER"

FROM

"STEAM .TO WATER®  AND "WATER TO_ _WATER" .
I .
A HIGH SPEED EXPERIMENTAL CONDENSER.

INTRODUCTION . |

In spite of the very large amount that has been
written on condensers, no complete rules have yet been given
to serve as the basis of condenser design.

It 18 a very complicated matter, especially on the
steam side of the condenser tubes, and i1t would not be possible
from theory alone, to design a condenser.

Some very thorough experiments have been carried out
a good many years ago by Dr. J.P.Joule. These experiments were
carried out, under great accuracy, but unfortunately, one very
important datum is lacking, which is necessary in order that
the results may be analysed completely, namely the temperature
of the tubes themselves.

It was in October, 1874, that Professor Osborne
Reynolds brought forward his paper on "The Extent and Action
of the Heatinglsurface of Steam Boilsrs®. In his paper he
endeavoured to deduce from theoretical considerations the laws
of Heat Transmission and later verified the laws by experiment.

Many other investigations took place after that,
namely by Drs. Stanton, Nic#olson, etc. One of the most inter:
testing experiments was that carried out by Mr. Gordon C.
Webster at the Royal Technical College and read to the Inst.
of Engineers and Shipbuilders in Scotland in 1913. Great care
and thoroughness were experienced and in addition the experi:
:ments contain some data regardingvthe tube temperatures,

which were determined by using thermocouples. ‘ ‘ g
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With these data it was quite possible to examine the
steam and the water sides separately, and finally ‘to combine
the laws so obtained so as to examine the behaviour of the
condenser.

Webster deduces a certain number of laws and formulae
but he does not leave the subject in a form which is most

convenient to a designer.

DESCRIPTION OF CONDENSER.

Fig. 1 shows a sectional view of the condenser. Steam
in "Steam to Water" or "Hot water in Water-Water" tests respec:
ttively flows through the middle pipe 11" D to the right hand
énd of the tube, it then changes its path backwards and comes
out at the condensate outlet. Another tube of 18" D is circum:
:ferential with the first tube, both tubes are of 3" thickness.
The circulating water from the malins takes the annular space
between the two tubes for its path.

The following is a diagrammatic sketch of the flows

in the condenser:-

) J )
umvawﬂél* /lsﬂdez“D?Gs
volct » Canls notict

©
Cooli™y ¢ Hot Watey
wafte owmtict ©
inlet
flgg ™

CONDENSER DETATLS.

Length of water path - 3.10 ft.
Sectional area of water flow « .0021 sq. f%t.

Cooling surface of tubes in
contact with steam = 2.5 s8q. Tt.
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It was necessary in the case of the Water-Water tests to have
a thermometer pocket at the far off flange of the condenser so
as to get the temperature at the he,nd indicated in the sketch
by (B), and so treat the. condenser as two' separate condensers,

one as a parallel flow and the other as a counter flow condenser

"STEAM-WATER TESTST

Experiments on Heat Transfer were carried out by the
writer at the Royal Technical College on the suggestion of
Professor A. L. Mellanby, D.Sc,, first on "Steam-Water" and
second, on "Water-Water". The plant for the "Steam-Water"
tests consisted of two condensers as in Fig. 3*  The steam was
allowed from the mains by means of a valve to regulate the amouni
of steam flow. A pressure gauge was fixed at the inlet passage
of steam, and a throttle valve was adjusted at the outlet of
steam from the first condenser to increase or decrease the
pressure of steam in the condenser as required. The steam
then followed the passage indicated by the arrows from (2) to
(3) when it entered the second condenser where 1t left by the
passage indicated by arrows from (4) to (5) to an ordinary
weighing tank. The main object of the second condenser was to
condense the part of steam which passed uncondensed from the
first condenser. The condensers were so connected that each
had a separate supply of circulating water namely, (I) A and
(1) B. The water left by (2) A and (2) B after passing through
the respective condensers, and the water from the first conden:
:ser which was used as the experimenting one, was collected in
an orifice tank, while that from the second condenser was let

out to waste.

TANKS.

The orifice tanks have four holes 3", 4", 5" and 6"

diameter respectively. A sliding disc with a hole cut through
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is adjusted to fit closely to the bottom of the tank. The disc
could be turned round so as to get the desired orifice in use.
The readings given'on the measuring glass, alongside Fig. 4

. give the head of water, and amount of cooling water could then
’be easily read from a graph of heads and amount of cooling
water/minute for every orificé, and thence the speed of water

could be calculated by:-

%o = AXVX 62.5'.

where Q= cooling water in lbs. per minute.
as sectional area of water flow sq. ft.

y= speed of water flow, ft. per second.

The ordinary weighing tanks have a shut valve at the
bottom, and condensed steam is read off on the measuring glass °
“in ‘lbs.

A photograph showing the bottom of the orifice tank
with cover removed and also the bottom of the weighing tank
is shown alongside Fig. 5.
| The steam entering the first cohdenser was about
2 or 3% wet,

In these experiments the water speeds were varied and
also the outlet water temperatures, the steam flow and pressure
being kept constant throughout the tests. The pressure was

only varied for every separate seriss of tests.

"WATER-WATER TESTS*".

The plant was arranged for these tests as shown in
photograph, Fig. 6. It consists of three condensers connected
as shown, with three separate cooling waters. Steam is let
through the first condenser by an inlet valve. The steam out:
tlet from that condenser is led by a pipe to the third condenser
the main object of which was to condense the steam passed by
the first condenser. Hot watei was let from the outlet of

first condenser to inlet of second condenser. This hot water
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was cooled down in the second condenser by a fresh supply of
cooling water. Both hot and cold water were measured in orifice
tanks, the speed of the former being kept constant at 4«25 ft./
sec. right through, while the speed of the latter was taken at
six steps of 1, 2, 3> 5>and 6 feet per second. The inlet
temperature of the hot water was decreased after every series
of tests by opening the throttle valve fitted on the horizontal
steam pipe leading to the third condenser.

All thermometer readings were corrected and also
the tanks calibrated for accuracy..

The method adopted for tank calibration was to let
the water flow at a certain speed into the orifice tank, and
then remove the‘tank, and displace it by an ordinary weighing

tank, and a calibration graph drawn.

THEORY OF HEAT TRANSMISSION.

The simplest form of heat transmission is that of
heat transmission by conduction, in which the opposite sides
of the metal of indefinitely large area are kept at two differ:
;ent constant temperatures, T and t. Heat then flows across
the plate at a steady rate, and the amount being proportional
to the temperature difference and inversely as the plate thick:

‘ness, i.e.:-

a . K .T=-L—

where T and t are the temperatures in degrees Fahrenheit of
the two surfaces,

d is the thickness of the plate in inches and K is
the thermal units passing per hour across a plate one inch thick
when its sides are kept at a temperature difference of 1 degree

Fahrenheit in one hour. Supposing for an example to illustrate
this, we take,

T s tSOo'F , t P , K g 4-50.
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then we should have:-
Q = 4s0x EO = 1035 %107 BT /g /.

Considering the effect of high speed on conduction, we know
that the more quickly gases move, dr, the shorter the time they
remain in contact with the plates, the greater the heat trans:
cmitted.

It would indeed seem that the act of increasing the
gas speed relatively to the heating surface, is equivalent to
an almost proportional augmentation of the area of that surfacé

When one fluid extracts heat from another through
a metal surface, it is customary to express the rate of heat
transfer in B.T.U./Sec./Sq.ft/degree Fahrenheit temperature
difference.

This temperature difference varies considerably and
it is usually necessary to use a mean value which is never
the arithmetic mean.

The question of finding this mean value will first

be considered

Sy

Consider the condensation of steam in a tubs or at
any flat surface. With a continuous flow of steam the tempera:
tture on the steam sidse may be supposed constant at T and may

be graphically represented by the line AB.
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The water enters a temperature ¢, , and leaves at
temperature L-z » the form of the curve being given by <D
Let -~ = Rate of heat transmission B.T.U. per sec.

per deg. Fah. diff.

w = Rate of water flow, 1bs. per second.

- C t_“’
2
wliole arma A
At _ +%A suer

[ ST, & ..r_e

tl

LA

R /A (- A

Ll T'—b’

Dealing with the tube as a whole,
=)
L\Y (rL’b|) = 4t /&VA t‘)w

whise €, = mean temperature difference. Lelee. Consleucing

. &x _ k‘.,_,t| —— ——————— (b)
oY T T

From (a) ¢ (b)
4< "“‘“{.—, 1og£ T &, = 4 .SL—_:-EJ-

M . t - Q‘ - k\ . '
.. m YR (1)
- \)
Ly
3 s =—= T——:@'
» g '- ‘U"‘y ;-;- :gz o pnsptoin prava



fI*"L1

He/w Coe-fFiciLmT K

iS
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. = W, J=5 €, | (2)
4 A T &

Where 4 = B.T.U./Sec./9F/ of difference.
A = ft2 cooling surface.
= steam temperature (saturated)
W= 1bs. water/sec.
| tand €, = Inlet and outlet water temperatures.
When exawining the manner in which water gains and
steam loses heat, use is made of the Reynold's Law.
W o= At +cpyb (3)
where Y\ = Rate of heat transmission
A~vC = Experimental constants
tl = temperature difference of fluid and metal
f- Fluid density.
Y = Fluid velocity.
Considering first the heat flow from metal to water,
then with any reasonable velocity the second term in Egn. (3)
is so large that the first term is neglected.

7/
R ftv (4)
bat o bs K - W 2
. - !‘,_ vV 73 XM = = /x:xzf'
/3‘1 ‘q/‘. . AZ PR f FKL 4 4
[ —— =% ';;’1 3 ft U1 XY J

again:-

If = oy
t temperature difference 'mwu“’ wals

awd © = metal temperature

we aam have: -

H -g—'—a(e;—t) for the water side...... (6)




. (=8) =(-¢) 5

/[ w

Ba W
. Radi of
R - = T+ Sa
‘ [+ =-
l+§£-
a A of.
- T+ast _t-52"
w
T/:‘t'EZ

|
;
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In the case of the heat transmission on the stsam side, it is
quite reasonable to assume that on condensation taking place,
the velocity drops to a negligible gquantity so the second term

of Reynold's Factor may be neglected and we may write:-

H =A(T-e) - (1)

Now taking the inner and outer cooling surface metal
temperature as the same © (which is only an approximation
as it assumes that both surfaces are equally effective) and
also that the drop through metal may be neglected, which 1s
probably quite sound with the tubes used, we could apply the
above laws.

In Equation (7) the constant A is given by Webster
as nearly equal to unity, Mo A ﬂyc/www hecrwes H = (T-6)

Now consider any element of length 3&, then the

heat transmitted/sec. is:-

(l)a. 3Q = ("".9)-.‘3;3, (A, + Aq,) §% (Steam Side)
(2)y 3q = -‘%—"—“(e-t).{-‘h (A, + d,) Sn (Water Side)
(3)a 3Q= wdt (Water Side)

Equating (1) and (2),
We should have:-
(T- 8) %‘T— (Ava dy) 8 = %4(9 ..(:){_:-4_(47.+d3)$x'
~—l Bt Aa s+ ds _-..-/fw/zziu}uww

A,+Ady
(o= ——

‘J L £
< 7, — "
= e

L 6“

-— T‘—‘*.
e ——

Pa




Again equating (2), and (3), we should gét:-

. (e t) (“7.1—0\3)830 = w4t
M L-«, M—;% e vaten .Z(e €) from aAvrs

v @4- ) ’ ::rap(d“"’%)s* = 3t

or

- ¢ =
(B-(-“’)a (4-4-( r+ 43)dx = e
i o a. = E. <""_—"'d31— :)
l4+4

W . _4& “
54—% (ok3+0\1.)ahsx= 3t
A L

= 4 dx

€
(B “+ %) <43“o(1—)
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=6
L—?K (.‘.. tz) (B*'w)(ds——atb)‘

From the last expression

‘(B.,._u_f).-_ 4l \ (
= 2 8)
a (6(3 - dz.) * 'l'ge T- L
T - tz
Where A, 4, and ( are in inches,
and W in 1lvbs/sec.
o in ft.a aan_dh Iowesr B cols L

calewl atis.
The surface as such does not enter directly into the express:
tions, the main point being that the tube length L must be
sufficient to deal with the proposed water temperature rise at

proposed speed,

Rate of Heat Transmission/sec/sq.ft./°F/B.T.U's.

Let the cooling water/minute = W
Inlet water temperature = t.
Outlet water temperature = &,
Mean temperature difference - &,
Cooling surface in tubes in

contact with steam = A
Heat transmission rate - A

Then from above expressions, we should have:-A

I = w (e — €,)

Cna a

let

(h‘-‘ t!) = "\_
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Then: -
. w9
I (9)
EXAMPLE .

Take as an example Test 1 of Serles 1, (atmospherid)

Inlet temperature of cooling water 420F

Outlet temperature of cooling water = 206.5°F

Cooling water = 3.5 1lbs/minute - .06 lbs/sec.
Mean temperature difference = 52.5°F.
Cooling surface of tubes in contact

with steam = 2.5 s8q. ft.

Applying the formula on the previous page for finding

the rate of heat transmission in the usual method, we have:-

b= 9 T
fad X A

o (206.5 -4-2-2

S$2.4 x 2.5

I~
T

- 0 (16a-5)
S2.§x2-5

= 0752 B.T.U.Sq.ft./sec./OF of difference
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Again to find the value of %’- -

Where W is the amount of cooling water per sec.
and & is the sectional area of water flow in square feet:
Take us of the above example, l.8.:-
W= .06 1lbs/sec.
A= .0021 s8q. ft.

Jeoow o .06 = 28.7 1bs/sec./s8q.ft.
a L0021 —

From Equation (8) we can get the value of Reynold's Factor B
for the water side:-

The Equation is:

\
+ A = 4 £
T -t
or
B = 4'40( X -\
A —_
3 2 tT-c
EXAMPLE
The tube diameters on the water side are as follows:
d’-- 1%" diao
‘0\3: 13" dia.
K = 3010 fto
then
This value of a—_'g_z is constant for all tests.
Again 377
T = 213.99°F.
€ = 42.0 °F.

'
(o]
t;_.—. 206.5 °F.



Therefore: ¢
T -
———ee e P |1|.Qq
Aoy e by =135
= /&7& 22-94
= 3-139
. B (Water side) = W§§ x — >\ — — 257
] 3-1379

= 3.718 - 28]

= 349-5

For finding the water velocity the following expression is
used

Q

—_— = a PV

co f ,
where }7 = density of water in 1bs/ft3

v = velocity of circulating water in

feet per second.
A = sectional area of water flow.

Q= quantity of water in lbs/min.

In our case Aa .0021 s8q. ft.

62.5 1bs/£t>

\_Q
]

Q = 60x .0021 x 62.5 x
' = 7.875
= KV

Where K is a constant.

The design of surface condensers is fundamentally
baséd upon the rate of heat transmission between the condensing
steam and the cooling or circulating water.

There are several factors affecting the resistance to

heat transfer and the total resistance is the sum of the total
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resistances taken in series. The most influential factors

affecting the resistance on the steam side of the tubes ars,

the amount of air present with the steam, the design of the

condenser with respect to the velocity of flow or the elimination.

of stagnant spaces, and the cleaniineas of the surface of the f
tubes. On the water side the velocity of the water and the ?
cleanliness of the tubes are important. The resistance of the |

tubes depends upon the material and the thickness.

Resistance to heat transfer between tube and

1000 x Eon

water = 5 7.7.75q.T%./BT.

FRICTIONAL RESISTANCE.
Frictional resistance of pipe in 1lbs/sq.ft. is equal

%o K fVL

23
.. F = K%V’/Z 3
Where € is the frictional ,resistance in pipe in 1lbs/sq.ft.

density of water inu lB§/Cu$;&<{4L4r

<3 in F*/&ktt

V is the velocity of cooling water in ft/sec., but for

brass tubes as in the condenser used for the experiments shown

later: -
K = .005
. £ = :005 V"
>
Q'. v o= 2.
F -oOSfV
EXAMPLE.

Considering again the case of Test 1 of the 1lst.

series, to find the resistance to heat transfer between tube

and water and also the value of




-

F»4 (
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R - 1000 X €om

BT.L /sqffr/ M
tm: 52.5 °F

B.’\'.u/s?éi-/ju\, = 230.3x60 = 13818

. R= oo * Ewn - 35
13 8\§
2nd. ~
N 232
F ¢605fV

bk o bakles  f = 622 cwft ]

€ 005 X622 X445

I
'

|

MEAN TEMPERATURE DIFFERENCE for water on both sides of the tube.

twh_: Initial Temp. differ. - Final Temp. Diff.

Initial Temp. Diffce.
X Tinal Temp. Diffce.

which is applicable to either parallel or counter flow.

REYNOLD'S FUNCTION.

Now for finding the Reynold's function for water
from the "Water-Water" tests, and then applying it to the steam

tests: -
& A
—’
O LT TR TT 2D
- ‘|—

B 7777777777777 A7 77 77

t—
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We have:-
f,(T—e)oLA/: f,_(e~c—)oa,q,_
Where 7[ = (A +5-‘;—"—)

Where 7[ = Reynold's function for water

L. T-60 = 7[1. o A
’ 6—-6 f, OLA’
et FadA oy
. f f]‘L‘flé = Y6 -v¢€
or
8 = T+ Y€
(+ Y
Bt £, f‘r-— Tl dan, = £(T-gt)an
T T -vy( -
fi +ﬂ;'+y 3 }OLA’" h(T-€)aA

. 1’- ' AA . LAAA.
: by /

and hence Y found

also Y = .fl'. ," A Axr
fi ARy
but take
' %1_ - /&1.
7 E

from curve of mean rate /ﬂ , and therefore Y known, and
]L, a.nd‘ 7[1 could be found.
Now applying the values of ][L thus found, a graph
of 5 against speed with the mean value of 7‘1 as a point
on the graph is drawn and we are in a 'position to find 7(,

for the steam.

A8 = /:(T—e)otA, = ){(6-(‘)0(,/\1 s 4(’.“*)"(4

J-6 .;'_-.OLAL:

al

Y



Fié(



-17 -
As before

9 = T+ y€
I +vy

. flg%-f;i ;(—]o(Alz &(-r-e)aux

7[’_ Tavr—¢- Y(-]‘A._ A (T'-() A A,

I+
iFz
= o
| +Y A e
G [y = —é%xtLA/; hence Y found
- [~
%l S e g & Y(-'YTO(.A —_ /& (T—'b')O(A
I+ y { —
o oy ITEXT=T =Yyt A =v./((""_(-)o(A
1+ '
T- € = A (T-¢) A
fo (7= ) 7% (T-¢) A
]L . AA, = /[\oLA.
{+Y

and hence 7[, found for stean.

Apply the Y found above to this last equation in

which we know /Lfor steam from the assumed mean line and we
know A A

A A \
determined.

therefore 7[-1 for steam could be easily

METHOD FOR TUBE TEMPERATURE CALCULATION.

Divide the tube length into a number of equal divisions
atfonte PTE L
88 shown are the two inlet temperatures.

We have:-

L(T-t)AA = A Q

... .__QA = B\(‘T—L)

A
hence A Q found.
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!

where Wy, = 1lbs steam/sec. and w, = lbs water/sec.

. Ak and A+ found |
| .. Graph for T and & is drawn. | |
Now for graph of 6 | |
We know Y from the results calculated, so by substituting
the values for T and & in the formula,
6 = T &y €
L+ \ |
we get © for every division,

and then for finding the mean ¢ take the area under the curve.

EXAMPLE .

Considering test No. 1 of the 1lst. series, the mea.n
temperatures were calculated as for two different condensers
starting and finishing at the tubebend (where a thermometer was
fitted to read the bend temperature). | The temperatures used
in these calculations were marked by A, B, C, d , and < in
the tables of Results.

hkfor parallel flow was

loge A-d

b_kfor counter flow

b, =(8-d-(<-4) (2)
&3 BR— ¢
€ ¢C- A
Fig. 2 gives an indication of the flows.:
A = 1900F: B = 181.75°F: C = 173.5°F.
= 52.0°F: = 117.3°F.

Calculating for the parallel flow we should have

t:w\ & (190 = 52) - (181.75 - 117.3)

log, 190 - 52

[} - .
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. € . 138 - 64.4
log 138
°
= 73 > 6 . = 6 o)
Loge 2.14 Q

Whereas t,m for counter flow = 88.8. By equation (2)
The heating surfaces for the parallel and counter flows respec:
ttively are 1.08 and 1.37 8q. ft.

So by the equation

H
A= A Enn

Where M is the total heat/sec, A the heating surface and
mean temperature difference, /iL, the rate of heat transmission
could be calculated.

Now that we have Lfor both flows, a mean j\/ was
calculated and a graph was plotted against the varying speeds

of the cooling water.

REYNOLD'S FUNCTION FOR WATER.

- We mean by Reynold's Function the expression
<A+ B-‘;-’) which is denoted by -,L, and ‘/-,_ in Table 2.

‘/, being for the hot water and 7[L for the cold water.

DESCRIPTION OF GRAPHS.

The curves Fig.7(pp.&) on steam water tests show the
heat transmitted in B.T.U.'s/ /sec °F. difference against
a base of cooling water in ft. sec../ﬁ' increases with the water
velocity. It is therefore noted that the cooling water in a
condenser would be sent through at a fairly high speed for the
best results. Of course there is a limit, at least in practice
if the cooling water has to be pumped through the condenser, as
the resistance to flow increases, as the velocity to the powef
some thing likefli to ng_or rerhaps more. A compromise has
thus to be made to get the best conditions for any plant. Thus

/ﬁl d‘qreases with the increase of pressure.
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The curves which come next under consideration are
those of the heat transmittor in B.T.U.'s/sec/Sq.ft./°F in the
"Water-water" tests, page8- . The inlet temperature is given
for each case and the lines follow a very definite path which
if extended, will pass through the zero point. They show that
as in the case of steam water A increases with the increase of
speed. At the higher inlet temperatures the rate of heat trans:
:mission is bigger than in the low inlet temperatures of the
hot water. This is possibly due to some very small error in
the experiment as it could be obviously seen that the whole
points in the different tests should lie on a mean line.

The difference however, is very small indeed and a
mean line was taken for further calculations.

The curves shewn opposite page 7. are those of
Reynold!'s factor, for the water side plotted against an increas:
ting %% } Where W is the amount of cooling water in 1lbs/sec,
and ¢ 1is the sectional area of water flow in square feet.

has been calculated from the formula below
B+ -:'—L = (:?f-ak..) | 103 T-—t‘1

- 65

It will be noticed that Reynold's factor from the above equation
is a linear function while in the gréph i¢ follows a parabolic
path, this is probably due to a power, (very small), other than
unity which has been neglected in the above expression to avoid
further complications. The curve shews that K increases as%%'
increases, but at the high velocity &% does not inorease so
rapidly as at the lower velocitiles.

It will be interesting to see that in figure ( 8 )
of Reynold!s factor that at atmospheric pressure the value of
Reynold!s factor is highest and that as we increase the pressure
of steam, the value of [ decreases. We know that the value

of T in expression (7) depende on the pressure and the
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higher the pressure of steam, the higher is its saturation

temperature, and the value of 4”( " is a constant
‘ 3~ R
then the above-mentioned change depends mostly on the two other
variables which are - & oy ar the first
T — € A

of which changes considerably with the change of pressure..

FRICTIONAL RESISTANCE.
The frictional resistance curve page (14) between the
water and the tube in the water-water tests was calculated from

the formula

o ———

3

where K = co-efficient of friction and taken as . 005

F = Ku™
2

The equation above is that of a parabola passing through the
origin.

The graphs ppiS:i'b«'{gshow the resistance to heat trans:
:fer between tube and water plotted against %g— which shows
that the resistance decreases with the increass of velocity.
It will be seen that the curve suddenly changes its path at
about 180°F (for the cooling water temperature). This sudden
change in the rate of heat transfer is due to the pressure of
alr dissolved in the water which is but slowly liberated at
the lower temperatures.

When the water moves forward, the temperature of the
film along the walls will rise as the mean temperature rises.

The sudden change in the curve is that the liberation
of air at the high temperature will be so rapid that the film
in question will be broken up and the law of heat transfer
suddenly changed.

It will also be noticed that on exXamining the set of
gréphs mentioned above, (and starting by series 1, which is

atmospheric to series §, which is 10 1bs/sq. in. G) that the
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curves become flatter than the previous ones. This is accounted
for as follows:

The water enters the tubes by say an average tempera:
sture of about 40°F. and leaves at about 212. In the first

case the saturation tempsrature of steam is about 213.7°F.

L pzzzzzz7227077% A////////////% R
|80I°F g0 °F

4 o°F 1l 22’f

\% . 1217 19

In this case the critical temperature will be nearer
to side of outlet as we increase the pressure the saturation
temperature becomes higher and the critical temperature moves
towards the left.

_ The figures pp 20. dFwwt—e5 show the resistance to
heat transferred plotted against speed 1inlet hot water tempera: |
:ture and Coo'lu)gw;?u respectively. |

They show very distinctly that the resistance has a
sudden drop over the small speed range, and at about a speed
of 3 ft./sec. the resistance is very much less and is practically
constant. For this reason it would be advisable for further
investigations on the subject that speed of cooling water should i

always be taken above 3 ft./sec.

[

The curves, page 24, are obtained from the above ones
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by means of cross-interpolation.
In conclusion I beg to thank Professor A.L.Mellanby,
D.Sc., and Dr. Wm. Kerr, for the enocouragement and valuable

he;p during the course of the work.




TABLE I=

£ STEAM=WATER, )

series I,Atmos.press.

Tober o Tost.
Duration of testimins.,

Barometic Press INsHge..

2
= = Hdm\g..‘l'l

Steam pressure 108/ "Ge..coe

n n

—u m&.......

om-........

Steam temp.Inlet

OUt1Et OFeverrnn.s

nn " mm.dﬁ.H..m.AwQQ,OM_Q @e 66 s

o .
Coling water temp®F.inlet...

n " " ocutlet.

-
L

" " "

L Aiffeeces

n n n MEBN ¢ o -

-
.

Steam flow per WOsw........r
Coolingwater per hour 1bs...

" " u

Mine 1DBecse

oot £06.W. BT U/Mileeeenenss
n voMp R U/ /min/SQ Fhe.
Heat/sec/sq. £t/°FBeToUlu s s
Velocity of C.W.ft/8€Cec....
Resistance to heat transfern
W/A(W in 1b8/S6C)ecciererenes
mmwmm (water side )oviviies.

Log T - t1 (water sidel...

T = dm

B (Reynold's Factor) .......

Well TEMP, ° F.

L 3
Density of water 1be/ft ...
V/F =

2G/e005 V ceeceoceens

I 2 3 4 5 6
12 12 I2 12 I2 I2
30.T5 30.I5 30.I5 30.I5 30:I5 30.I2
14.80 T14.80 TI4.80 T4.80 I4.80 I4.78
.500 500  ,500  .430  .430  .260
I5,30 T5.30 I5.30 I5.,25 I5.23 I5.04
213,95 213,95 2I3.69 2I5.69 2I3,60 2I3.20
212,20 2I2.20 2I2.20 2I2.20 2I2,20 2IT.00
213,99 2I3.99 2I3,795 2I3.795 213,795 £I3:I32
42,0 42,0 42,0 42,0 42,0 42,2
20645 204,0 200.0 194,00 I87.5 I85.8
I64.5 L6240 .158.0C I52.0 I45.5 J43,4
52.5 5649  64.9 70,4  T7.6  78.4
08.2  I0B425 I00,5 II00.85 IIL.25 I05.0
2I0,0 225.0 306.0 360.0 480.0 462.0
3.50 3.75 5,30 640 7.5 7.7
576.0 603.6 805,0 9I2.50 I092.0 IIISB.0
250.30 24I.0 322.0 364.3 436.9  446.0
L0752 .0705 .0826 L0865 .0939  .0945
445  L476  .636 764  .952  ,O76
3.800 3,93  3.56 3,22 2,980  2.920
28.77 £8.9  40.5  47.6  59.5 61.05
ITee. IIse. IIs8. IIs8. II88.  IIBS.
3.,I39 2.845 2,439 .m.me 1.878 1.833
349.50 363.5 4I17.5 468 .4 535.5 548,95
62.20 62,23 6B.25 62.275 68u28  62.29
476.2 436, 426, 218, 212,

2722

"



TABLE oTe

Contd

(Steam - water.) Series I,contd

Number of test.
Duration of test,mins

Barometriec Press.Ins.Hge.

2
" ®  1pg/ins

Steam Pressure 1bs/ " G;.
" " "  abs,.
Steam temp .Inlet°F.
" " Outlet®Fs

" " Saturated®F,

Cooling water temp.°F,
Inlet.

Cooling water temp Outlet.

fn ) "

.Qiff.
n n " .mean.
Steam flow pédr hour.

Cooling water per hour.

) BT " min,
Heat to C.W.B.T.U./min.

1" , non .—Woeodn\gg\mﬂwo

H’d.

Heat/sec/sq.F/°FBe T Ue
Velocity of C.W. ft/sec.

Resistance to Heat tranfer.

a\w.ﬁs in 1b8/sec)

p H_ VA 2
w) (water side)
dz = dg
log T= ty
T (water side)

2
B(Reynold's Factor)

Well Temp © F

Density of water Hdm\wwm

7 8
12 12
30.12 30, I2
14578 1482
+e260 +260
I5.04 - I54 08
213,20  2I3.26
212.0 212.0
213,132 2I3:26
42,4 42,0
185.0 178.7
140.6 156.7
BL.4 85.4
105.0 1050
5250 588. 0
8475 9.8
1232, 1339,
492, 8 5364 0
1005 .T045
1,109 I.241
2,75 2. 660
'69.5 77.8
1188, 1I88.
1.728 1,602
578, 0 618.2
62.31 62432
187 166.7

’ T

9
iz

30623
I4.82
.260
15.08
213,26

2IT, 0
213.26

42.D

10345
708, 0
IIi.8
1547,
618s0

« 114

1.495
2,439
93,6

1188,

I.452

67329

62.344

I38.5

10
i2

30420

«260
I5.08
213.26

179.0

213.26

42,2
I56.5
II4.3
103.9

99.0
792.,0

I3.2

1690,

676,0

« 099
2,180

104,8

1188,

807.0

6238

I23.7

i1
12

wo.wo
I4.80
« 260
15,06
213.20
163,0
215,198
42,2
147.0
I05.0
1X0.5
104.0
972.0
I6.2
1690,
676,0
« 120
2,058
26320
I28.5

1188,

880,

62,398

J00.%7

12
I2

30.20
18.80
.260
15,06
213,20
159.0
213,198
42,1
128.0
86.0
123.0
107.0
1098.0
18,3
1572,
630, 0
. 0910
2.320°
1.920
145.,0

1188.

« 698

980,

62,42

82,5




(Steam-Vater ; ‘ : .
: ) mwupmm s Pross 5 1bs./ " Gauges

- T ABLE, I. Contd

Number of test. I
Duration of-Test mins I2
Barometric pressiIns Hg. 30,01
" " 1bs/ing® 14,705
Steam pressure 1bs. " G 5.5
n " " abse 204205
Steam Temp§ Inlet °F 229,5
" " outlet °F 221,0
"t saturated °F 2284 56
Cooling Water Temp °F 12,0
Inlet.
CooVling Weter TBmp °F 206. 0
Cutliet
Cooling Water Temp.diff,. 1e3.8
n " " mean. 77.8
Stesm flow per hour. 267.0
Cooling Water per hour, 540,0
" n " mir, 9.00
Heat to C.W.B.T.Us/min. 1524,2
n nowon pop U,/ /min/sq 6IT.0
Heat/sec. /sq.F/°F m.e.QW¢. JI3I
Velocity of C.W? f§/sec. i;140
¥/, (iin 1pa/ sec ) 7135
wmmwmﬂmﬂoa to heat transfer 2,122
:mmwnamm: (Water side) 1188,
tos s%amxmwnﬁﬁmdm% side) 2,1066
B Aw@wﬂowgum Factor) mwo.
Wall Temp., °F
Density of water lbs/ftd 62521
: =28 181.6
T 005 v -

2
Iz
30,01
14,705
5.7
20.405
22946
22I1.0
228.53
42,0
I92.5
15065
75.4
270.
8I6,0
13,6
204940

821.3

«I815
1,725

107.9

I.b29

1188,

1,993

488, 1

62.275

I20.

3 4
12 12
30,01 30,01
14.705 14,705
5.5 5.8
20,203  20.505
228,55  229,3
22I.0 220320
22,53 229,31
42,0 42,0
186.5 182,0
T44.5.  T40.0
97.4  I0I.5
278.0 28640
939.0  I108.,0
15.65 18,00
2258.0 2520,
925,0  T008.0
o LI57 1655
1.985  2.280
123,9  I42.9
I.750  Ee680
1I88. 1188,
1.4839  I,3788
678.I  7I9.6
62.30  62.3I3
104.5 -  9I.0

5 6
12

I2
30.01 50,01
14,705 14,705

Se7 5«5

204405 20.205

228,9 228.5
22I.0 22I.0
229.05 228,53
42,0 42,0
I178.5 I75.5
I36.5 I23.5
104.2 T106.5
290.0 282.0
II76.  1I236.
19.60 20.6
2675,  2749.0
1068, 1099
<I705  .I720
2.485 2,617
I55.5 163.2
1.629 I.6I5
iI1ss. 1Iiss.
1.3087 1.2581
753.5 905
62433 62,340
83.5  79.45



TABLE .I. Contd,

R N TR AL T R el

(Steam=Wator).Series,2, contd.

-

NumbeP of test,
- Duration of test,mins
.mmdosmdwwo Preeas. IndHg.
n " 1bs/ins®
Steam pressure 1bs / " G
" " " ,mdw.
Steam temp .Inlet °F

n " Outlet om

n u

Saturated °F

Cooling water temp °F Inlet

n ] 1
0 ) n )]

" n "

Steam flow per hour,

Cooling Water per hour.
1 1" 1t B\_.ku.o

Heat ©0 CoW.B.T.Us/min

" # non w.ﬂod.\BHw\m@

.
Heat/sec/sq £t/°F B.T.V.

Velocity of C.Weft/sec.

Reglistance to heat Transfer.

W/ (W in lbs/sec.

L . .
Mw.lveam:fwfﬁﬁmdmd side)

Lo T - & ‘
& L. (Water side)
T = to

B (Reynold's Factor)
Wall Temp. °F

Density of water lbs/ftd

y - S
¥F 7 T o005 v

7

Ie
30,11
14.75

5.7
wormm
229,15
222.5
229, I7
41,6
I162.5
I20.9
I16.0
286,0

1695.

28:25

3410.

13635,

e 1960
3408
.prHm

22450

1188.

T.0403

I200.

62:537

57.8

\J

8
12
30.II
14.75
'5.40
20,12
2284
221,5
228439
41,6
I58.8
II7.2
II9.0
290.0
1884,
3TL.4
3685

1465,

205

3.982

1.350
249:5

1188,

+ 9858

1310.

62,38

52.1

- arem o wmemeA A AW A A A

j

9
i2
350,11
14,75
545
20625
228,64
221.5
228465
4T.4
I53.0
I1I.6
I27.8
290.0
2070,
m»;m,
38554«
1540,

« 225
4,36
I.380

274.2

1188,
.9083
I420,
62.394

*Qi O

I0
I2
30.II
I4.75
5¢5
MOﬂwm
228.9
22T.5
228,65
41,5
I45.,0
I03.5
128.2
288.0
2178,
3662
37504
I507.

0243
4.590
I.417

2873

1isss

« 8060
1600.

62,400

45.2



T A B L E, I ,.Contd

(STEAM=WATER).Series 3, _I¢ 1bs/ " G.
€ 1 - ... L.

- o,

Number of test I 2 3 4 5 &
Duration of test,mins iz 2 12 2 . I 12
Barometric Press.Ins Hg. 29,54 29.54 29,54 29,54 29.54 29,566
" " 1bs/ins® 14.50 14.50  I4.50  I14.50 I4.50  I14.5I
Steen Pressure lbs/ " G 11,9 HH,m I0.7 11.08  I0.7 II1.05
" " " aps, 26,4 26.4 2542 25458 25,2 25.56
Stesam Temp, Inlet®F 24350 24340 240,0 24T.0 240.0  24I.0
" " Outlet °F 233.0 23246 228, 0 232,0 232,0. 2354.0
" " Saturated °F 243,08  243.08 240,52 24I1.32 240,52 24I.27
Cooling water temp®F inlet »Hmo mH.o, 41,0 .mH.o 41,0 4I.0
" u n Mouplet  2IL.0 208.7 199.7 I90,0  I79.7 m«m.m
" mooomo waser,  I70,0 - I682.7  I58.7  I49.9 I38.7  IZ8.2
" "n pmeap, 92.3 t.  99e4  I00.0  I08.2 II6s7  I2I.I
Steam flow per hour B93.,4  394.0  393.5  395.0 396.0  394.0
Cooling water per hour 6I5.0  855.0  930.0 III5%0 I356. 1645,
" on " min,  T0.25 14,25 I5.5 I8.55  22.6 25,9

Heat cto Q.E.wr@.dT\EHH. I743.0 2319.0 2459,00 2782,0 - 3138. 3429,

" i " t i} wwu.ww\ma..o %
| 698. 927, 982, IIIS.  I252 I372.

Heat/sec/sqft/°FB.T. U, - L1263 ..IB65  LI635 L I7I5  +I90  .205
Vel., of C.W. ft/sec. 1.30 1.907 T.965 2,352 2,865 3,285
Resistence to Heat transfer 2.21 I.78% I1.750 I.585 T. 549 I.495
W/a (Wi in 1bs/sec) 8I.5  II3.2 123.0 T47.1 I79.3  202.5

4 L i .
FFme— (Water side) 1188, 1188, 1188, 1I88. IIs8., 1Iss.

3 - Y2 . ,

log T = ¥3

— (Water side) 1.8405 I.6371 I.5872 1.38I3 1I.1878 I.08CI
- T

B (Reyhold's Faetor) ; 385.5 6I2.8 6264 7II.9 822.7 898.5
Well Temp °F , m | |
Density of water lbs/ft° 62.182 62,20 62,23 62,25 62.,3I2 62,33
= Sl 159.5  108,9  I05.5 88,3  72.49 63.I



T A B L E,., I, Contd
ﬁmmmwz - sbemwvumwmmww 8, Contds,
Numbeyr of test. . 7 8 9 10
Duration of Test,mins. i2 I2 I2 12
Barometric Press.InsHg. 29,56 29,56 29,56 29,56
" " 31bg/ins® 14.5I  I4.5I  I14.5T T4.5I
Steem pressure 1bs/ " G I0.4 IT.0 ITe2  II.O
o " " abs. . . 24:9T 25,51  25.7I 25.5I
Steem temp Inlet °F. 240.0  241.0  24I.0 240.9
v " Outlet °F. 235.5 237.0 237.0  236.2
n " Saturated °F. 239.89 24I1.I7 241.59 24I.17
Cooling water temp °F.Inlet 4I.0 41.0 4I.0  4I1.0
n n " Youtlet I65.7 162.8 1I59.7  I54.7
mo "ongiff, I24.7 I21.8 I18.2 II3.7
n " " Umean, I26.4 130.T  I33.0 I35.1
Steam flow per hour, 393.4 39345 394.0  394.0
Cooling water per hour. 1704. 1860. 1995.5 2I45%
" " " min, 28,4 31.0 33.25 35,75
Heat t0 CeWeB.T.U./min 3523, 37765 39353,  4069.
omoww v nw /min/sq  I4I0. 1509 1570. 1627,
: N 12PN
Heat/sec/sq £t/°F BT.T. L1859 WI955  .I970 42000
Velocity of CuWe fb./Se ¢ 3.62 34935 4,22 4,53
Resistance to heat transfer  I.36 1,32 T.270 1.383
W/A (W in 1bs/sec) 955,400 245.9  264.0 . 283.8
2L .~ (VWater side) IIss. 1188,  IIse.. 1Iss.
L3 - 2
lcg T = %y
swe—(Water side) +9858 +9363F .8899 8416
T = %o R ,
B (Reynold'si'Factor) 979:6 1023,I  I073. II27.2
Wall Temp. °F
Density of water 1be/ft°  62.35 62.369 62,372 62¢385
V.. . s28 57.4 52.9 49.20 45,75

12
20.56
14.51
I1.0
25,51
241.0
34,0
241,17
41,0
138.9
97.9
14546
,mmmao
2160,
3640
3524,

14730,

«J615

4,57

I.720

285.9

I1s8.

#6714

TZ35,T

45.4

12
12
29.56
14,51
II.2
25,71
241.5
23240
241,59
41,0
1359
94,9
J47.8
394,.4
2I75.
36425

5445,

1378

« 1554
4.60
Te79

28745

iiss.

. 6418

156745

62.418
5.1



T L IO,

33.6
« 560
I90.
Hmm.o_
32.0
I7.9
174.0

59,8
. 658
5.02
5.0
79.0
18.4
I15.2
102.5
I8.5
1,37
I.08

1485
. 1318
« 1402

I.98

4T.25

o

47,6
783
6.04
51.0
73540
19.03
116.8
I103.1
19,05
1.37
I.08
« 1515
« 1345
« 1425
1.95

34,3

- SMALL HIGH SEEED CONDENSER
o WATER TO WATER /
e e e e e e
Series No. (1)
Number of test. 1 2 3 4
Hot waber circulation.
Water, 1lbs/min. 33,6 33.6 33.6 3%5.6
Weter 1bs/sec. .560 560 .560  .560
Inlet temp. °F (A) I90. - I90. I90. 190.
‘Outlet temp.°F (C) I73.5°  166.6  162.0  1I59.5
Temp. difference. 16.5 23.4 28.0 30.1
Heat B.T.U'S / sec. 9.24 13.10 15.67 16.84
Temp. et bend °F (B) 181,75 I78.3 176.0 174.95
Average hot wmwmw speed. 4,25 fv.sec.
COLD WATER CIRCULATION
Water 1bs/min. 8.25 I15.6 23.5 32.1
Fater lbsf/dec. .I375 1« 260 «390 .535
Water speed ft/sec. 1.045 1.980 2,983 4,075
Iniet tenp. °F (d) 52.0 5240 5240 52.0
outlet temp. °F (E) 1I7.3 102, 0 9240 84.0
Heat .B.T.U's/sec. 9.03 15,0  I5.64 - I7.I2-
t me (parsllel.flow) 96.5 104,0 I08.0 1I2.5
t m (counter flow) 90.0 94.20  95.5 . 99.0
Corrected Total heat/sec 94 03 13.0 15464 17.55
Heating surface (c.flow) 1.37 I.37 I.37 I.37
Heating surface (P,.flow) I.08 I.08 I1.08 I.08
h (parallel fiow) . 0865 1156 +I04T  .I4T0
h (counter flow) s 0731 .I006 .I096  .I265
h (mean) . 0798 .I081 .I268 « 1337
R (meen) - 345 2.58 2,195 2,035
L =2g 198.0 104.5 6945 50.8
F . 00 v
F « 00505 .0I86  .0428 . 0803

«I2I5

« 176



T A B L E . II .contde

SMALL  HIGH SPEED  CONDENSER. (Water to water)

SERIES NP. | (2) | ,
Number of test. I 2 3 4 5 6
HOT WATER CIRCULATION

water 1bs/min. 33.6  33.70 53,65  33.65  35.75 33,80
water lbs /sec. « 562 « 563 + 562 .562 « 5625 «564
Inlet temp. °F (A) 1805 180, 180. 180, 180. 180.
Qutlet temp. °F (0) 164.5 158, 6 I54.0°  I58,0 I50.0 149.8
Temp.differences I5.5 2I.4 25,5 2850 30,0 30,2
Heat BaT.U's/sec. 8.70 12,0  I4.3  I5.72 1688  I7.0
Temnp at Bend °F (B) I72.25 169.3  I67.25 166.0 165.0  I64.9
Aversge hot water speed 4,55
COLD WATER CIRCULATION

‘water lbs/min. 8425 15425 23.4 3Ta75 39.75 4649
water 1lbs/sec, » 137 +258 «391 527 .662 .782
water speed ft/sec. T. 045 1.96 2,97 4,03 5,04 5,96
Inleb temp. °F (D) 5I.0 5I1.0 5I.0 - 5L,0 5L.0 5I1.0
outlet temp °F (E) 11045 9543 87.0 8I.0 76.0 7440
Heat B.T.U's/secs 8.16  IT.42  TI4.T0 - 15.80  I6.52 1749
t m (parallel flow) 9I.25 98,7 I02.I  I05.8  IO07.6 1085
t @1 {couhter flow) 8645 90, 6 9I.25 92,8 95,7 95.6
Corrected total heat/sec 8.16  II.42  I4.08 15,81  I7.20  I7.90
Heating surface (c.flow) I.37 I.37 1,37 I.37 Te37 I.37
Heating surface (p.flow) 1.08 1,08 T+ 08 . 08 1408 I.08

h (parallel flow) .0828  %I09 L1278 L I392 .I1420  LI50I
b (counter flow) L0590  .0920  LII35  LI25I  .I26B  ,I306
h (mean) « 0759 «I109I « 1206 . 1327 . I340 « 1400
R(mean) 3469 2,81 2,32 2.I0  2.00 1,92
= e 198,0  105.6 69.7 5T.4 4T.2 34,7
F. .00505 +0I96 40428  ,0785  &lI22 . 187



SMALL

DS MDD D e M D O b S T D G S G e P G D D B LD GF TR N M D LGS e G B
.

SERIES Nos

Number of Test.

HOT WATER CIRCULATION
water 1lbs/min.

water lbs/sec.

Inlet temp. °F(B)
Ooutlet temp.°F (C)
Temp.difference.
Heat E.T.U's/sec.
Temp.at bend °F (B)
Average hot water speed.
COLD WATER CIRCULATIONs
water 1bs/min
water 1lbs/sec

Water speed f£t/sec;
| Inlet temp. °F (D)
Outlet temp.°F (E)
‘Heat B.T.U's/sec

t m (parallel flow)

t m (Counter flow)
Corrected Total heat/sec
Heating surface (C.flow)
Heating surface (P.flow)
H, (parallel flow)

H. (counter flow)

H. {(mean)
R (mean)
V .28
P 005 5v

I A B L EII. contd,

HIGH

SPEED

WATER TO WATER

H

3354
%557
150,
139.0
1LO
645125
I44.5

820
WHumm
I.04
51,0
98,0
6:.45
6945
65.2
6.43
1.37
I.08
. 0856
<0721
£0788

uvmm..

199.,0

J

|
(3)
2

33,78
+5625

160.

13540

1550
8.41

142.5

1575
« 2621
2,0
5I.0
82,0
8. I4
72.0
6632
8. 14
I.37
I.08
» 1045
+090
» 0972
2,87

10345

CONDENSER,

FENS L Sn S ED D N D R DD S T U M W Re e

33.65

e D62
150,
HU H‘o 6

Hmwp
I0+35

I140.8

4.25

25.6
w4l
30
5I.0
77.0
10.23
m04¢
68.2
10.0
I.37
I.08

+ILIB
1098
« 1124

m”. m
mm.. O

!

""l'l.-l_-!'"""‘

3396
560
1504
I30,0
20,0
11420
140.0

31s4
»524
U.o @@

51,0

75.0
IT85I
82.2
72.8
IL.3
Te37
I1.08
+I2I5
+» 1135
« 1205
2336
51e9

3442
«570
150,
I27.8
22,2
I2.62
13849

39.75
« 657
meow,
5120
70,0
12,49
858
T4:3
18,61
I.37
Hrom
21360
. 1260
*I31
2,18
41,2

W""‘ll"

3375
« 562
150,
127.6
22.9
12,9
139,05

46,9
« 781
5.96
51,0
68,0
13.29
84.0
83.7
13.29
T.57
I.08
A.Hpmm
. 116
° 1317
2.18
34,7



I A B L E .II. contds

.ll.l.l'-l-l.l‘-l'.llIl.I.II-'-II-ll-l.l-l.l"'ll-l"l"""‘l"-l-l.I.ll.ll-l-.ll-l.'.l.l".l )
. - e e -
Lol T - Y,

SERIES No

zcawau of test

HOT WATER CIRCULATION,
water 1bs/ming

water 1bs/sec.

Inlet temp. ©F (A)
outlet temp., °F (C)
Temp differance, |
Heat B.T.U's/sec,

TEwp, at bend °F (B)
Average hot water speed
COLD WATER CIRCULATION
water 1lbs/min.
water 1bs/sec.
water speed ft/sec.
Inlet temp. °F (D)
Outlet temp. °F(E)

Heat B.T.U's/sec.

t m {parallel flow)

t m (counter flow)
Corrected Total Heat/see
Heating surface (c.flow)
Heating surface (p.flow)
h (parallel flow)

h (couter fiow)

h Aammuv

R (mean)

vV .28
¥ 005 5v

HIGH SPEED CONDENSER
WATER TO WATER
1 2 3 4
3346 3346 33:6 3347
+ 560 %560 qmmow «562
I306 130, 1306 130,
120,0 1I8.5 116.2 114.2
10.0 IT.5 I13.8 I5.8
5.60 6643 7.75 8.90
125.0 124.25 123.1 122.0
- 4,25
8.30 15.75 23.6 31.70
. 1366 »262 341 +527
1.04 2,0 5840 &.02
5I.0 81,0 5I.0 5I.0
85.0 74.0 72.0 68.0
4.67 6405 8461 8.95
57.3 6346 64,0 6548
53.1 58455 5845 59.1
4,67 6,20 770 8.90
I.37 I.37 I.37 I.37
1.08 1,08 1,08 1,08
20915 5093 112 « 125
« 0643 « 0785 + 0963 +II0
0779 .0857  LIII-  LII7
4,01 3:34 2.64 2437
199:0  103.5 69.0 5I.5

5 6
33475 uu.wm
.562 «563
130s I30.
II2.,0 I12,5
I18.0 I7.5
L1010 9.85
I21.0 I2I.25
39,2 46.9
»654 781
4,98 5.96
5L, 0 5I.0
65.0 64.0
9.1I5 10.1I5
671 . 67.5
58,0 6I.0
960 T10.1I5
I.37 I.37
1.08 1.08
+ 1325 +I391
« 1205 «I2I5
+ 126 « 1303
2,20 213
41,6 54,7



T A B L E. II % contds

- D D GP NP S WD S N D A SO e e bl ek oded 2 L X T N Y R Y.

SMALL

CONDENSER

D T T P A0 MDY B KD M P NS U S 0 T RS WD ED M en B G M B G S MR N U MR R G SR Be e B  B B S e G S e e - - - [
- e - - - - -
-~ . - om we e o
) - -

SERIES No

Nurber of teet.
HOT WATER CIRCULATION
water lbs/min,
1bs/sec
°F

water

(a)
cutlet Tewmp.°F (C)

Inlet Temps.

Temp. Gifferences

Feat B.TeU'e/sec.

Temp. at bend °F (B)
Average hot water speed.
COLD WATER CIRCULAF¥ION
weber 1bs/min.

water 1bs/sec;
water speed ft/sece

(D}
Outlet temp. °F (E)

Inlet temp, °F

Hest B.T.U's/sec.

t m (perailel fiow)

t n (coubhter wwoav |
Corrected total heat/secs
Heating mswwmmm (ce flow)
Heating surfacé (p.flow)
h (perallel flow)

h (couvnter flow)

h (mean)

R (mesn)

\i

FC .&wmwa;zm«

HIGH SPEED
WATER TO WATER
I 2
3356 33465

+562 +5625
100: 100.
19550 9340
5.0 740
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