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HEAT TRANSFER TO 3OILERS 

AS A FUCTIO1 OF BOILER-WATER VISCOSITY 

I. PURPOSE 

It is the purpose of this paper to dea]. with the 

problems of heat transfer encountered in the determination 

of the effect of dissolved solids in boiler water. It is 

desired to present ixethods suitaole for the solution of 

these problems. The processes of heat transfer involved 

in boiler operation are reviewed, and the effect of kine- 

matic viscosity on heat transfer by convection is developed. 

Data are presented to show how viscosity varies with con- 

centration of dissolved solids in boiler water and what the 

effect on overall boiler efficiency may be. 

The design and description of apparatus suitable for 

experimentation Is presented. Suggestions are made for the 

construction and. use of improved apparatus for further 

research in the field. An extensive bibliography is in- 

eluded and. referred to in the context, that the reader may 

easily find more detailed information if it is desired. 

i0 wealth of experimental data is offered for the 

intent is to bring to tLe attention o± science a problem 

sorely deserving of further research. The attitude is taken 

that the aim of research is to leave the field clearer than 

when found (i). 



II. IIITR0DUCTI0ì 

During the past few years attention of the ngirieering 

world has been directed to the improvement of the steam 

engine and boiler. The increased use of the internal- 

comoustion engine, at first thouht to herald the end of 

usefulness of steam power, has, rather, spurred research 

and development until boilers and engines have today reached 

a peak of efficiency never before anticipated. $uch im- 

provements in design and. technique have affected particularly 

central stations where pressures of 1200 pounds per square 

inch and temperatures rear 1000 degrees Fahrenheit are 

commonly found. 

Certain phases of steam-power engineering have, however, 

been considered as having little or no affect on overall 

efficiency and have been ignored on the march to perfection. 

mong these looms largely the problem of water and its 

condition. Consideration has been given to scale forming 

properties, the necessity of blow down to control foaming 

and priming, and to the problem of metal embrittlement; but 

the influence of dissolved solids in water, as a direct 

factor in boiler efficiency, has received scant attention. 

ith boilers at the present time being operated at very 

high rates of driving, and. with water containing non-scale- 

forming solids up to many thousand parts per million, a 

state of uncertainty should not be allowed to exist. Obser- 
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vation o± boiler operation u.nder actual bad. water conditions 

(2) has indicated that there may be increases of several per 

cent in efficiency with a lowering of soluble solid concen- 

trations 75 per cent. If such observations can e bourn out 

by theory and by careful experimentation under controlled 
conditions, the source of a serious loss of efficiency may 

be found and controlled by blow down, or other means, in 

such a manner that optimum operation may result. 
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III. T}E PROBLEM 

G'enesis 2. Problem 

It is quite evident that loss ii boiler e±íieienc due 

to high concentrations of non-scale-forming solids in the 

water is not radi1y observable or the question would have 

arisen long ago. This ma be due to the fact that the con- 

centration in any one plant is usually constant within a few 

per cent during its entire life and the overall effioienoy 

is judged only on the plent's wn previous records. If any 

means .;ere obtainable for reducing the other factors afiect- 

Ing efficiency at various plants to a common datum plane the 

influence of solid concentrations would be more evident. 

Despite this handicap to observation several cases of trouble 

with concentrates 'nave been observed: 

(i) In 1934 a locomotive explosion on the Denver 

& Rio grande Railway near Salt Lake City was brought 

to the attention of and was investigated by the 

.?ederal Bureau of Locomotive Inspection. subse- 

quent report (3) stated thit uthe crown sheet failed 

from overheating due to the fact that the boiler 

water was so foal it would not carry the heat away 

at a sufficiently rapid rate". This report was later 

recalleì by the Bureau and an investigation by a 

disinterested committee found failure to be aue to 
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imperfect fabrication of the sheet. 

The fact still remains that there was evidence point- 
ing to boiler water as, at least, a contribu.ting cause, and 

the Bureau, at the present time prohibits concentrations of 
over ibO grains per gallon in locomotive boilers in order to 
remain well within the limits of uncertainty concerning 
explosions from this cause. 

(2) In March, 1935, tube failure occurred in a 

25 horsepower idgemoor boiler in the illiston, 
lNorth Dakota, shops of the reat Iorthern Railway 
Company. Failure was thought to be due to ernbrittle- 
ment though no published informtion could be found 

on embrittlement ratios under cDnditions of very high 
concentration of solids. In an effDrt to reduce the 

concentration in the boiler heavy blowdown was re- 
sorted to and even though heat exchangers were not 
used to recover the waste heat an increase in overall 
efficiency was observed which was estimated by the 
hater Service Engineer as amounting to as much as 
0.8 per cent.* Such a part of the fuel bill of a 

large plant would be well worth saving. 

(3) A final instance throws further light on the 
problem (4). return tube boiler operated in the 

* See footnote page 6. 



Great Northern Round House in Fargo, North Dakota, 

accu.mulated. scale up to three quarters of an inch on 

the crown sheet, water legs, flues, etc., and. it be- 

came impossible to keep steam pressure up to the 

normal eighty pounds. The scale was relatively hard 

and contained considerable silica. To remove this as 

rapidly as possible the boiler water was kept over 

treated with soda ash, sodium aluminate, and tannin. 

Heavy blowdown was resorted to during this period of 

treatment, but in two weeks, in spite of the heavy 

blawdown, the boiler water became a heavy blacic fluid 

containing much suspended and colloidal matter, but 

onlv about 200 grains per gallon of dissolved solids. 

* The computations of r. B. d. Deeer, hater Service 
Engineer, Great Northern Railway Company, are of particular 
interest: 

verage water evaporation per day 40,000 gallons 
Recent concentration in boiler 4,300 grains/gal. 
Desired. concentration 1,000 ' 

.verage solids in treated water (winter)56 " 

verage solids in treated water (sunmer)74 " I' 

verage solide in treated water ( year )67 " 

àverage olowdown for year fr 1000 gpg. per cent 
Recent blowd.own allowing 4,00 gpg. 1.3 " 

Increase in blowdown to hold 1000 gpg. 5.3 " 
t? 

Loss of heat due t o increased blowdn 2.5 t, 

Thermal conductivity loss at 4,300 gpg. 4.3 " 

Thermal conductivity loss at 1,000 gpg. 1.0 u 

Saving in above b;1 maintaining 1,000 gpg.3.3 " 

Loss of heat required to hold 1,000 gpg. 2.5 " 
Net saving in heat by holding 1,000 gpg. 0.8 U 

This is based on an estimate, by observation, of a ther- 
mal loss of 0.6 per cent for each 1000 gp;. of dissolved 
solids present in the boiler concentrates. 
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It was found impossible to hold over ten pounds 

pressare on the boiler with en exceedingly heavy oil 

fire. The boiler was then opened and a very soft 

scale found which flashed out easily. On again 

putting the boiler in operation it was found that 

eighty pounds pressure could be maintained with 

only a fraction of the fuel required to hold ten 

pounds with the foul boiler water. 

The foregoing are undoubtedly special and exaggerated 

cases, but they point clearly to the existence of n un- 

known factor in builer operation which should 'be carefully 

examined. 



Theoretical Considerations in the Effect of Solution 

Concentration on Heat Transfer 

The efficiency of boilers is directly dependent on 

heat transfer from combustion products to the water and. 

steam inside the boiler drum. anything, therefore, which 

affects this rate may be considered to be a factor in 

boiler efficiency. Por this reason a review of the theory 

involved in such heat transfer will be advantageous. 

In modern large boiler operation much of the heat is 

exchanged by means of radiation in the firebox and a small 

share by convection. s transfer by radiation ceases, 

however, in the latter passes, convection transfer increases 

in importance. .oiler efficiency is largely determined by 

the rate of heat transfer at this point, for a decrease of 

a few degrees in flue gas temperature will produce a large 

increase in efficiency. It is, then, to convection that the 

searcher may look for the solution of his problem. 

Vihen in 1882 Reynolds performed his classic experiments 

in the change of fluids from streamline to turbulent flow he 

gave to science an accurate index of fluid friction in his 

Reynolds' number, . In heat transfer b;; forced cDnvec- 

tion the same concept may be employed (5) . Reynolds and 

Stanton (6) took the point o± view that the transfer of heat 

from a metal wall to a fluid occurs by the same physical 

process that causes fluid friction. 



Consider a metal tube through which a fluid. is being 

forced, the metal 0±' which offers very little resistance to 

the transfer of heat in comparison to the fluid. Under 

conditions of streamline flow the liquid may be assnrned. to 

move as a series of concentric cylinders, the inner moving 

at a rapid rate and the outer, next the tube itself, re- 

maining almost stationary. Heat, applied to the outer 

surface of the tube, following the second law of thermo- 

dynamics, would then pass through the tube and into the 

water. In so doing it would penetrate the outer oilinder, 

or film, of water which would set up a resistance to its 

Ílow. 

If, however, the flow, by variation of D, V, p, or u, 

passed the critical range and. became turbulent, particles of 

water from all points in the tuoe would imptnge on the sides 

and the heat resistant film would be broken. This is the 

condition usually present in ordinary boiler practice. 

If the coefficient of heat transfer is plotted against 

Reynolds' number it will be found that below the critical 

range, or where equals approxLnately 2100, the slope of 

the curve is very low. However when flow passes the enti- 

cal range the slope increases and the change o± heat trans- 

fer with Reynolds' number is i:u.ch more marked. 

The relation of Reynolds' number to heat transfer mary 

also be reached by dimensional reasoning (7) . It may be 



assumed that the rate of heat transfer, h, is dependent on: 

Diameter of the pipe D 

Thermal conductivity of the fluid k 

Mean velocity of the fluid V 

Density of the fluid p 

Viscosity of the fluid u 

Specific heat e 

Then h = f. Da. kb. vd. pe u. c (1) 

ConsIdering the following dimensions 

H = heat 

T = time 

L = length 

e = temperature 

M = mass 

Then 

h= H 

T L2 e 

D= L 

k= H 

T L$ 
L 

T 

M 
p = L 

M 

LT 

C = 
M e 
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Then from (i) 

H _ LS H° L M M 11g (9) 

T i2e TbLbS T LZe LT L 

Then for dimensions H i b +g (io) 

T -1= -b-d. -f (n) 

L -2 a-b +d. -e -f (12) 

e -1 -b -g (13) 

M 0= 3 +±' -g (14) 

then (io) and (13) are aepend.ent, tLerefore there 

must be two u.nkn3wns. To get in terms of b and. e 

from (io) g i - b (15) 

from (14) g e + f i - b (16) 

add (II) to (12) 

-3 = a - 2b -e -2(e + f) (1?) 

-3 = a - -e -L + (18) 

a= e - 1 (19) 

from (16) e = i - b - f (20) 

from (ii) d. i - b - f (21) 

e 

Then 

i.' - - Ls rie-1 
. s 

b ire K . .0 e 1-b-e .0 .c 1-b 

hf.(uc) (k )O(DV)C 
D \uc \ U 

h f(D V 

Then, a function of heat transfer (h) must be Reno1ds' 
number. Later experiments by McAdarns and 'rost (b) proved 
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that for transfer of heat from a metal wall to water the 

equation should have the final form 

h 
= ( _ 

DVp 

Considering this in the light of boiler operation, with 

changes in the concentration of dissolved solids, it may be 

Seen that the only two variables are U, the viscosity sud P, 

the density of the solution. 

The problem thus becDmes one of studying the variation 

of the ratio , often termed the kinematic viscosity (9) 

with regard to changes in solution concentration. Some 

confusion exists here, some authorities (lo) defining kine- 

matic viscosity as .. and others (ii) as the reciprocal, for 
u 

the purpose of this paper the former will be accepted. 
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Affect of Solution Concentration on 

Kinematic Viscosity 

It is readili evident that a change in either vis- 

cosit or density will effect a change in the value of the 

ratio L. What such changes may be with respect to variations 

in the concentration of dissolved solids in water is open to 

investigation and. interpretation. 

Data on the viscosity of' aqueous solutions uxìder con- 

ditions of high pressure and temperature are very meager (5) 

as the only variable that has been generally considered. is 

fluid velocity. Tables giving the viscosity of solutions of 

sodium chloride (12) over a very narrow range of tempera- 

tures and. concentrations are availaole, but similar informa- 

tion for sodium sulphate, sodium hydroxide, and other salts 

oomiionly found in softened boiler water is confined to a 

single temperature or concentration. 

Cohen (13) investigated the viscosity oÍ' aqueous sodium 

chloride solutions at temperatures of 1, 5, and. 23 degrees 

C., with pressures ranging from i to 600 atmospheres, and 

found that, unlike other liquids, water showed viscosity 

actually decreasing with increase in pressure. When, how- 

ever, the lata were plotted with temperature as abscissas 

and viscosity as ordinates the curves, for constant pressure, 

were found. to approach each other and the zero axis. The 

possibility is thus indicated that at some higher tempera- 
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ture the curves will cross the zero axis and the viscosity 
will then increase with pressure as in other liquid.s. In 

plotting the viscosity against pressure it was foan that 
solutions of different concentrations had. entirely different 
characteristics. It is therefore evident that the viscosity 
of aqueous solutions cannot be predicted by a linear equa- 

tion such as may be u2ed. with other fluids. 
Considering a solution containing more than one salt, 

viscosity is not necessarily equal to the sum of the 
viscosity of two equivalent solutions. Bingham (14) stites 
that the viscosity of a thorough mixture o± chemically in- 
different fluids must always be less than would be expeoted 

on the assumption that viscosities are additive, hit this 
inequality will approach zero as the differences between 

the viscosities of the components approaches zero. Therefore 

a complex solution of salts, such as boiler water, with the 

viscosities of its components reaching maximum and minimum 

points at different temperatures and concentr&tions might 

reasonably be expected. to vary considerably rather than to 

increase or decrease at a constant rate. Nevertheless, 
ac.urate mowledge o± the component viscosities would not be 

without value. 

Published information on the density of aqueous solu- 
tions (15,16) while cfined to a range oelow 212°F. permits 

determination of the fact that density is a linear function 
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of both the temperature and. concentration. Therefore, since 

'water is practically incompressible under ordinary boiler 

operating pressures, density may be assumed to remain a 

linear function in the range of higher temperatures. 

onsidering the kinematic viscosity,., it may be seen 

that if the density p vartes at a uniform rate the viscosity 

u will be the indeterminate factor. 
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IV. OTHER ASPECTS OF T PROBL 

The Use of Salt Solutions for Q.uenching Steel is not 

a Refutation of the Developed Theory 

In the practice of the quenching of steels it has long 

been realized that the rate of heat transfer, and conse- 

quentl the rapidity of cooling, increases with increases 
in the concentration of sorne common salts in the quenching 

medium. For that reason heavy salt solutions have been used 

in preference to water in many processes nere rapid 

quenching is desired. Though this finding may appear to be 

directly in opposition to the developed theory, it has 

recently been shown by Pilling and L'nch (17) that cooling 

takes place in three stages during quenching. In the first 
stage after starting the quench a vapor blanket is formed 

and rnaintained around the metal, presuinaoly by radiation 
absorbed at the vapor-liquid interface and by conduction 

through the vapor film. This is the familiar spher3tdal 
state exhibited by a drop oÍ' water on a hot stove. Heat 

traLsfer in this state Is slow because of the thermal in- 
sulation afforded by the vapor film which permits the water 

drop to remain liquid for a consid.eraole time. 
After the surface reaches a temperature wherein radia- 

tion azid cnduction are insu.fficient to maintain a vapor 

blanket, the metal is wet periodically by the liquid and 
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000ling in the seoond stage oegina. Cooling i, then, 

chiefly by vapor transportation, that is to say, the vapor 

formed copiDusly by direct contact between metal and. liquid. 

is carried. away by gravity and. convection currents to cool 

regions, where it condenses. Heat removal is eceedingli 

rapid. and. the cooling capacity of this stage is unavoidably 

taken to be representative of the liquid. concerned. When 

in the second stage, vaporizati3n ceases, cooling begins in 

the third. stage; therein it takes place entirely by cori- 

vection. Heat transfer is, comparatively, very slovì during 

this process. 

It is evident that the rapid. cooling qualities of 

aense liquids such as are used. in the quenching of steels 

are not attributable to heat transfer by convection as 

encountered in boiler operation. 
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The Theory of Transient Scale Formation 

fter reviewing the indications of an affect on boiler 
efficiency by high solution concentrations, Professor R. E. 

Summers, of Oregon State College, proposed the theory of 

transient scale formation (16) 

The theory postulates that ien the formation of steam 

takes place at a heated metal surface from water containing 
non-scale-forming solids the salts may be deposited, if 
but momentarily on any ne element of heat transfer area. 
Consider a metal surface where such action Is taking place. 

bubble of steam would form on the plate surface and the 

salts from the evaporatei. water would be, in part, depositea. 

0X1 the metal. With growth of the bubble, more salts from 

the evaporated. water would be deposited until the size of 

the bubble might permit steam escape from the surface, when 

the water would fill in over the salt layer and redissolve 
it. Other bubbles would form, at the same time, would 

deposit salts, and. escape from the surfaces on which gener- 
ated. The action described could undoubtedly take place 
rapidly and might be likened to the appearing and disappear- 
ing of light spots, such as created by beams of sunlight 
falling on a moving water surface. This action, in solu- 

tions of high concentrations, could form a transitory scale 
which might be as effectual a heat insulator as the more 

permanent and harder forms. ron-uniform as the salt layer 
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might be at any instant, its overall total action in 

blanketing heat-transfer surfaces as a whole could correspond. 

with that of' a uniform layer of some appreciable thickness. 

Its affect would. be most pronounced where heat transfer 

occurs by means of convectin, as in the latter passes of a 

boiler. Transitory scale wouid. then be a serious factor in 

boiler efficiency, even as the recognized. scales. 
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V. RESULTS 

Data on the viscosity and density of actual bailer 
waters is, to the extent of' the author's .mowledge, prac- 

tically nonoxistant. Tables of densities of many of the 

component salt solutions are available for the range of 

lower temperatares. From these densities at high tempera- 

tures may be predicted. In an attempt to gain information 

which would throw further light on the subject several ex- 

periments were undertaken. 

à glass capillary viscosimet.r was set up in a water 

bath arid. the viscoalty of' several aqueous solutions with 

varying concentrations of sodium sulphate determined at 790 

and 99°F. The densities were carefully determined, at the 

same temperatures by means of a pylmometer. 

The results, indicated in Table I, and Figure 1, show 

that as the temoerature increases the curve of . tends to u 
rise. It the present state of rowledge it is ipossible to 

predict whether the kinematic viscosity at high temperatures 

would become constant and, a straight line or vthether it 
would increase with increases in concentration. The latter 
is not beyond possibility in view of the action of other 

salts as reported by Cohen (13) and reviewed in another part 
of this paper. 

às the Ostwald type viscosimeter is entirely unsuited to 
work with high temperatures and pressures a falling sphere 
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TABLE L 

VARIATI 0i 0F KINEMA.T IC VISCOSITY WITH C ONO ENTRATI ON 

(Sodium Sulphate in Aqueous Solution) 

p.p.m., Viseosity* Kinematic Viscosity 
thousands 790F 99°P, 79°F. 99°F. 

O O.00b95 O.00b95 111.73 111.73 

5 0.00913 0.00908 109.56 110.19 

7.5 0.00925 0.00916 108.40 109.47 

10 0.00945 0.00943 lO7.5 107.76 

20 O.0096 0.00948 105.25 106.92 

30 0.00996 0.00974 102.71 105.02 

40 0.01014 0.01000 101.38 102.80 

50 0.31054 9.91 

* Relative, froni values 3btained with Ostwald Viscosirneter. 
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viseosimeter, described in ppend.ix , wa designed and. 

built. Though only relativeviscosities were obtainable by 

this means data were obtained on distilled. water and a 

sample of boiler water drawn from boilers in the Oregon 

State College heating plant. The sample contained total 

solids of 10,000 ppm. though a large share of phosphate 

precipitate was present. The density of the boiler water 

was obtained by means of a pyknometer and the density o± the 

solution at high temperature was predicted as shown in 

Figure 2. The kinematic viscosities, computed. from the 

relative viscosities, are indicated on Table Ii. 

The viscosity of pure water from 70°F. to 345°F. will 

be found plotted in Figure 3; the values from 700F. to 212°F. 

being taken from the International Critical Tables (19) and 

those above 2l20P. being from the equation developed by 

potter, Solberg and Hawkins (20). With these values are 

plotted the relative values found for the boiler-water 

sample. It is clearly evident tnat at the higher tenpera- 

tures the viscosity of the solution is markedly greater than 

that of pure water. 
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TABLE II 

KINELIATIC VISCOSITY VARIATION VITd CNCENTRATI0N 

(à Boiler Water) 

Concentration, Temp., 0F. Time, seo. Density (relative) 
:p.:p.m. 

0 70 1.570 0.9950 0.ö35 

0 212 1.315 0.9583 0.635 

o 34 1.250 0.8930 0.714 

10,000 70 2.900 0.9980* 0.344 

10,000 212 2.250 0.9b32# 0.437 

10,000 345 2.120 0.ô92# 0.457 

10,000 90 0.959* 

* Obtained, by experiment (pymometer 

# Obtained, from Figu.re II 
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VI. CONCLUSIONS 

In attempting to draw conclusions from the assembled 

data it must be kept in mind that until the data are sub- 

stantiated and more complete, conclusions must be tentative. 

3earing this in mind, the following conclusions are reached; 

1. Evidence, in practical operation, points to the 

fact that there is an affect on boiler efficiency by high 

concentrations of dissolved solids in the boil3r water. 

2. The rate of heat transfer is a direct and important 

factor in boiler efficiency and particularly so in the 

latter sses. 

3. The rate of heat transfer is a function of the 

kinematic viscosity., P... 

4. The kinematic viscosity varies inversely with the 

concentration of dissolved solids in the liquid. 

The rate of heat transfer decreases with increase 

in concentration of dissolved solids in the boiler water. 

. The boiler efficiency decreases with increase in 

concentration of dissolved solids in the boiler water. 

7. The rapid cooling of steels wnen quenched. in highly 

concentrated solutions does not take place by convection. 

b. The use of highly concentrated salt solutions for 

the quenching of steels does not refute the foregoing con- 

clusions. 

9. It is possible that a transient soluble scale is 
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foruied, at points of high solution concentration nd uMer 

cnditions of high heat transfer rates. 
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A ?ALLIN SPHERE HIG.H-TEMPEiÂT1JRE VISCOSIMETER 

In a theoretical determination of the effect of solu- 

tion concentration on heat trarsfer, definite evalu.ation of 

the relative viscosities of boiler solutions at high tempera- 

tures is essential. No apparatus built coznereial1' at the 

present time is capable of making such determinations, and 

it was, therefore, necessary to design and construct suit- 
able apparatus. 

The resulting equipment, illustrated in Figures 4, 5, 

and. 6, is of the falling sphere type, capaole of determining 

relative viscosities at temperatures to 4000F. and pressures 

to 250 pounds per square inch. ilade from standard extra 
heavy steel pipe and fittings the instrument itself con- 

sisted of (i) an immersion heater; (2) a boiler; (3) a steam 

jacket; and (4) a brass tube runiing through the steam 

jacket. The parts are represented diagrammatically in 

igure 5. 

The electric immersion heater, controlled by two, 

fifteen ampere fourteen ohm, plate type rheostats, connected 

in parallel, heated the water in the boiler section at the 

base of the apparatus and produced saturated steam which 

flowed to the top of the apparatus and through the steam 

jacket. The brass tube, surrounded. by the steam jacket, 
except for the tube ends, contained the solution under test. 
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FIG.4 FALLING SREIERE VISCOSIWiiiTER 
VITH AMPLIFIING AND RECORDING APPARATUS 
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Saturated. steam heated. the brass tu.be and solution. Cori- 

densate was returned to the boiler section b gravit3. 

The viscositi tube protruded from each end o± the steam 

jacket three inches and. had en inside diameter of 0.42 

inches. On top of the tube au enlarged section of steel 

pipe was fitted to act as a liquid reservir and to irsure 

a full tube at all times. Above the reservoir two brass 

valves, one above'the other, acted as a lock to permit the 

admittance of spheres into the tube while under pressure. 

At the lower end. of the tube a smaller reservoir and single 

valve were placed to serve as a rece:tacle for the spheres 

and. to permit draining. 

The spheres used were standard. steel ball bearings 

carefully micrometered and checked to i:isure a diameter of 

O.1b75 inches. Balls of this size permitted a ball to tube 

diameter ratio of 1 to 4.5 and thus did not permit the ratio 

of i to 10 required for the determination of absolute vis- 

cosities. As stated, however, by Bingham (20) , a sphere of 

larger size may be used, if a correction factor is employed. 

For use in a determination of the relative viscosity, 

a function of the time it would take for a sphere to fall 

between two levels in the solution investigated, double 

wound coils were placed. at the top and bottom ends of the 

tube. Each coil was composed of a prinry with four- 

hundred turns of number 22 enameled wire and a secondary of 
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twelve-hundred turns of number 32 double cotton covered 

wire. The primaries of both coils were connected, through 

a controlling switch, to two cells of a storage battery. In 

them at each end of the viscosity tube was produced a field 

of approximately three hundred ampere turns. 

. steel sphere fell through the solution in the tube 

and through the field of a coil, a magnetic field was cut ana.. 

an electromotive force was set up in the secondary of that 

coil. Each secondary was connected to one side of the 

microphone transformer of a eneral Radio Company, type 614, 

class A, amplifier. The output of the amplifier, fed 

directly to a eston, type 637, miniature relay, opened the 

relay, which was normally closed, when the ball passed 

through the detector coil. As the small relay could b.nd1e 

only a few milliamperes, it was arrtnged to operate a tele- 

graph type relay, also normally closed, the contacts of 

which were capable of handling a heavy current. 

The action of these relays interrupted, momentarily, the 

sixty cycle, half wave current supplied by a single tube 

tungar rectifier which operated the stylus on a type 2-A 

Vwestern Union cable receiver. Thus, the stylus rrarked a 

curve of sixty cycles a second on the traveling tape except 

in the instant when the relay opened due to the passage o 

the sphere through one o± the detector coils. To determine 

accurately the length of time required for the passage of 
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the sphere from one coil to the other it was necessary only 

to count the number of cycles between interruptions and 

express the results in sixtieths of seconds. Several typical 

records are presented for the readers inspection in figure 7 

nd a general wiring diagram of the apparatus may be found 

in Figure 3. 

In considering the affect of the magnetic field set up 

by the detector coils on the time of passage of the sphere it 

was assumed that the two fields would offset each other so 

that no appreciable error would be introduced by their 

presence. In ax effort to confirm this assumption tests 

were run on distilled water with the asuring equipment 

described above. The two detector coils were then replaced 

by single wound coils, each o± one hundred tuíns of number 

32 double cotton covered wire. These coils were couîected 

in a balanced. bridge circuit as shown in Figure 9. A 

thousand cycle D.C. motor driven oscillator was used. on the 

input of the circuit and the output observed, with the aid 

of amplification, by auditory means. The circuit was 

balanced by means of the variable resistor until the thousand. 

cycle note was inaudible. However, a steel sphere passing 

through the coil unbalanced the circuit and. the note was 

sharply audible in the headphones. Thus the passage of the 

spheres between the two coils could be checked manually by 

nans o± a stop watch. 
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Results by the check rthod. agreed with those of the 

principal method within the limits of observable error, with 

the same solution in the tube. 

Although it is possible that an automatic recording 

apparatus using the balanced bridge circuit could be per- 

fected, it would, of necessity, be more dlffrcult of 

adjustment and more colicated than the double coil ap- 

paratus. 
To further check the accuracy of the automatic timing 

device, spheres were allowed to fall through the tube When 

it contained, air alone. In that case the time of fall 
should correspond to the fall of free bodies in air which 

may be computed from the equation 

S = - g t2 

Where S is the distance, in feet 
g is the acceleration due to gravity, in feet 

per second per second 

t is the time, in seconds. 

As the distance between the coil centers was exactly 3.75 

feet the time of fall should have been t in the equation 
t) 3.75 16.1 t, or 

t = 0.46 seconds or 29 sixtieths. 
The time thus checked exactly as may be seen by examination 

of the tape reproduced in Figure 7. 

Though the viscosimeter, as built and described, would 



permit the determination of relative viscosities it could. not 

be considered as tile ultimate of cerfection. Qertain faults 
were inherent in the design among Which were: 

1. Heating of the detector coils by the steam jacket 
and the test tube to a point where common electrical 
insulation breaks down. 

E. Necessity of using a high flux density to obtain 

operation with small spheres. 
3. Limitations of frecjuency imposed by the amplifier 

on the rate of travel of the spheres (If the 

sphere cut the lthes of flux too slowly the am- 

plifier would not pass the change in the coil 
secondary). 

4. Complications of control and recording equipment. 

5. Inability of the apparatus to detect extremely 

small spheres. 

'5. Difficulty of introducing spheres into the vis- 
cosity tube. 

7. Difficulty in maintaining uniform temperature in 
the entire length of the viscosity tube. 

b. Affect of caustics on brass or copper parts. 
A somewhat similar apparatus, using a form of the 

balanced bridge circuit, has recently been developed by 

Potter, Solberg, and Hawkins (21) at Purdue University. 
Though the author was aware that such work was in progrese 
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the development o the above described viscosimeter has been 

entirely independent. Thou.h only the general aspect o± the 

work at Purdue University was own during the period of 

construction it was understood that the research was for the 

purpose of farnishin data on the viscosity of pure water 

and steam, for publication in future steam tables. In direct 

opposition to this the author work has been entirely with 

waters containing high concentrations of dissolved solids. 
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A PROPOSED HIH-TtPERATURE VISUOSIM.TER 

Prom the experience gained, with the falling sphere, 

high-temperature viscosimeter, it was evident that improve- 

ments were to be desired and that many changea would be 

necessary to perfect it as an accurate and reliable instru- 

ment. Rat}er than attempt reforms which would serve only 

to produce a more complicated inatru.ment the following 

design illustrated in b1igure 10, is proposed. 

The viscosimeter, itself, is of the familiar Ostwald. 

type arranged in such a manner that it can be used for 

detarminations at high temperatures and pressures. A 

simplified diagram, shown in Figaro 10, indicates the main 

part to be a high temperature water bath. This is construct- 

ej. of aequarterinch sheet steel in the foim of a tall 

box with a cover that can be bolted down tightly. From the 

cover is suspened an Ostwald. viscosimeter as shown. This 

would. be immersed in the water of the bath with the cover 

in place on the box. The viscosimeter would be filled with 

the Solution under test in the customary manner and. obser- 

vations would be made through a Pyrex sight glass set in the 

aide of the box. A similar glass in another side would per- 

ait the admittance of light. 

When the bath was heated, as by a gas flame or by heat 

applied to external coils, pressure built up would force the 

liquid in the viscosimeter up in the capillary tube if the 
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valve 3 were opened. Vdth the tube filled, the valve could 

be closed and. valve . opened, equalizing the pressure on 

ooth legs oÍ' the viscosimeter. The time of solution flow 

between marks on the capillary tube could then be tUned 

manually, with a stop watch, in the usual way. The tempera- 

ture of the solution tested could be accurately determined 

through measurement of the resistance of a coil of nickel 

wire wound around the capillary tube. 

It is the author's belief that such an instrument would 

be simple, accurate, and far more easy to use than the 

falling or rolling sphere types. 
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A PROPOSED PERIMENTkL BOILER 

Though much work may be done on the theoretical aspects 

of the problem o± the affect of solution concentration on 

boiler efficiency it would be highly desirable if apparatus 

were available capable of making direct efficiency tests of 

boiler waters. With this purpose in mind an experimental 

boiler has been designed at Oregon State College. 

As shown in Figure 11 the apparatus consists of a 

heated tube boiler, a condenser, and a device for weighing 

condensate. Nith a solution of iaiown conceitration in the 

drum, heat, measurable through the input to the ten kilo- 

watt electric heater, is applied. The resulting steam will 

pass into the dry pipe mounted on top o± the drum and 

through the riser where its quality may be determined. by 

means of a calorimeter. The riser will deliver the steam 

to the counterfiow condenser whose cooling rate and area 

may be easily controlled.. As the pressure in the system is 

equalized, the condensate will Ílow by gravity into the 

weighing equipment wbich consists of two small steel tani 

connected to the system by high-pressure flexible tubing. 

The tanks are arranged in such a manner that one may be 

filled, while the other is being weighed on accurate scales. 

At the end of a weighing operation the condensate will re- 

turn to the drum by gravity. Thus, solutions with different 

concentrations of &issolved solids could be tested. by 
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running a boiler efficiency test while using each solution. 
The results wou1 be directly comparative and. would give a 

true indication of the affect of solution cjncentration on 

botler efficiency. 
Many other features are incorporated in the design whicn 

permit varied investigations and accurate determinations. À 

baffle provided at the top o± the upcomer prevents carryover 
into the dry pipe and a valve in the downcomer allows regu- 
lation of flow. Sight glasses are provided. in each end of 
the drum that the water level and action within the drum 

may be observed. Thermocouples in the surface of the tube 
and a movable thermocouple on the axis o± the tube would 

permit determination of actual heat transfer coefficients 
while in operation and. would do much to throw light on the 
Transient Scale theory. 

Detailed plans of this boiler are on file with the 
Department of' Mechanical Engineerig at Oregon State College 
and. there is hope that it may be caistruete in the future. 
although a ruling of the Interstate Commerce Commission 

prevented final action, one railway company planned to buil 
the equipment for the use of the school. much modified 
design of the aoove described. apparatus has been built and. 

is now ready for use, but the design illustrated in 'igure 
11 is undoubtedly the ultimate for the pirpose of making 

complete an investigation of the problem. 
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