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INTRODUCTION

As a liquid flows inside a pipe, there is a decrease in the

static pressure caused by the friction of the fluid moving past

the walls* If the flow is adiabatic and if the temperature of

the fluid is such that its vapor pressure is only slightly leas

than the static pressure of the line, then the friction may re-

duce the pressure until it equals the vapor pressure of the

fluid. At this particular condition of equal pressures, some of

the liquid will start to boil or "flash 11
. Prom this point to

the discharge, the pipe is said to be transporting a "flashing

fluid". A flashing fluid also exhibits a resistance to flow

which manifests itself in the form of friction. However, the

magnitude of the frictional resistance is quite different from

that of the pure liquid. The experimental evaluation of friction

accompanying the adiabatic flow of a two-phase fluid through

straight pipe was the subject of this investigation.

Knowledge of the pressure losses of flashing fluids fre-

quently is of value in industrial plant designs. All steam

generating facilities are confronted with such a problem of pre-

dicting the pressure loss of a flashing fluid. Hydrocarbon

processing plants have a similar problem. The problem in such

an industrial situation is to predict a proper pipe size required

to transport the necessary volume of fluid while staying within

certain pressure loss limitations. The present day design calcu-

lation procedures are both tedious and inaccurate. Because a

pipe which is too small may prevent the equipment from operating
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properly, the usual practice is to choose an excessively large

size of pipe. This over-designing is a needless expense which

could he avoided were a better knowledge of the two-phase fluid

friction losses available.

THEORETICAL ANALYSIS

The term "flashing* was used in preference to "boiling*1

since the former denotes a mixture of vapor and liquid in which

additional vapor is being formed at the expense of sensible heat

of the liquid. This mechanism may be shown for water and steam

flowing adiabatically a differential distance by the following

stepsi

1. As the pressure decreases, the saturation temperature

decreases causing a corresponding decrease in the enthalpy or

heat content of the water.

2. The heat liberated by the decrease in enthalpy of the

water goes into latent heat of vaporization of some water to

maintain the total enthalpy of the system constant.

3. The specific volume of the water and steam mixture in-

creases rapidly since a small amount of liquid occupies a large

volume when vaporized.

4. If the aass rate of flow is to be constant, the velocity

of the mixture must be increased since the specific volume in-

creased. The energy for accelerating the mixture causes a further

decrease in the pressure.

The above qualitative mechanism may be expressed mathe-

matically with a mechanical energy balance as developed in



standard texts (15,20) on fluid flow.

zl * plvl + llf / pdv - z2 + P2V 2 * isf + ^f ^
cxg <xg

This equation is valid for a single mass unit of any elastic

fluid where the energy of the ultimate particles is constant.

An examination of each term will be useful in later considera-

tions.

The "Z" terms measure the difference in static head or

elevation above some selected reference datum between the two

points about which the energy balance is being taken. Since a

horizontal pipe would have no change in such an energy term, a

simplification in the analysis of any experimental data would

result if level pipe were used.

When any unit mass of fluid moves into the system, it must

force out a similar mass of fluid if there is to be no accumula-

tion of material. The entering and leaving fluids are then doing

work, the quantities of which are the products of the pressure

and the volume*

Because the fluid is flowing, it possesses kinetic energy.

This is different from the kinetic energy of the ultimate par-

ticles, for the latter is present whether or not the fluid is

in motion and is dependent upon the state of the fluid. From

elementary mechanics, the kinetic energy is evaluated by

K. B. » 1/2 m u 2 . (2)

Since the mass commonly used by engineers is actually the weight,

a gravity term must be inserted as follows*



wig or m » w/g. (3)
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The symbol u represents an average velocity of the fluid which

is usually defined as

u * w v /A. (4)

A mean velocity defined by thiB equation does not always yield

a true mean kinetic energy, A true kinetic energy must be ob-

tained by a suamation of the instantaneous values at each point

in the cross section of the pipe. For turbulent flow, the <*

of aquation (1) can be shown to have the value of two. Since

all of the flows discussed in the paper were turbulent, ex will

be taken as two throughout the remainder of the paper.

If a compressible fluid is in the line, it will expand

while flowing since the static pressure is continually decreas-

ing. When any unit slug of fluid expands it will do work upon

the slug of fluid preceding it. This work is represented by

f pdv. The pdv is not a point function; and, therefore, re-

quires a known expansion path for the evaluation. The usual

procedure is to assume an approximate path and to regard ths

error as part of the friction term.

The £ £ terra represents the total loss as a result of

friction. It actually represents the mechanical energy made un-

available by the irreversibilities in the flow process.

Dittus and Hildebrand (4) and Kraft (XI), after studying

tubular heaters for flashing hydrocarbon mixtures, concluded

that the friction term is the most significant. Bach of these

authors suggested that the friction term be evaluated by neglecting
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any kinetic energy or expansion work. The small quantities for

the latter energy terms may be calculated from the terminal

conditions determined by the friction* They may then be added

to the friction term as corrections. However, the authors point

out that suoh small corrections are hardly justified since the

errors in estimating the friction term for two-phase flow are

possibly auch larger than the kinetic energy or expansion work

terms.

If the kinetic energy and expansion work are assumed to be

negligible, the total energy change between two points is caused

by the fluid friction. This change in energy between two points

is manifested in the static pressure difference of the two points.

Therefore, an investigation of the pressure drop of flashing

fluids required a study of the friction factor and equations for

using this friction factor to predict the pressure drop.

Dimensional analysis has shown that the frictional resistance

of a moving fluid is proportional to the diaensionless ratio

D G/u, which is usually called the "Reynolds' number'*. Experi-

mental investigation has verified this theoretical analysis and

charts are readily available today for estimating a friction

factor if the Reynolds' number is known.

Once the friction factor has been evaluated, the pressure

drop can be calculated, one equation in common use for determin-

ing the pressure drop is the Fanning aquation (5).

P f G u L
2 g D (5)

For a two-phase mixture, the viscosity term in the Reynolds'

Number and the velocity term in the Fanning aquation are difficult
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to evaluate. The viscosities of the two phases way differ fifty-

fold. There is a problem of how to average the properties of

the two phases in proportion to their respective amounts. The

same exists in trying to average the specific volumes of the two

phases in order to calculate the velocity for the Panning Equa-

tion. The only way to determine how to combine the properties

of the two phases to form one rtpsuedo H property of the mixture

was to obtain experimental data on the pressure drop of such

mixtures and to adjust the properties to fit the observed data.

UTKRATUR3 SUHV3T

Before proceeding into the experimental evaluation of the

pressure drop of flashing fluids, a review of the previous work

on two-phase fluid flow was advisable.

Flow Mechanism of Two-Phase fixtures

In estimating the friction factor for the two-phase flow,

one of the first problems concerned the dispersion of the two

phases. Investigations were carried out at the Massachusetts

Institute of Technology (8,22) to determine the mechanism of

flow with the hope that knowledge of the mechanism would permit

a theoretical evaluation of the friction factor. By observing

the flow of various air and water mixtures in a glass pipe, the

workers concluded that four distinct types of flow were evident.

They were as follows:

1. Separate flow
2. Bubbling flow
3. Slugging flow
4. Washing- out flow



"Separate flow* was defined as that condition where the

two phases pass through the tuhe in two distinct layers. Even

for separate flow, there is a noticeable ware motion on the

surface of the liquid. As either the water or the gas rate in-

creases, these waves become larger. V/hen the wares touch the

top of the tuhe, the surface tension tends to hold them up there

and the air is entrapped as a bubble. This is called "bubbling

flow". Bubbling flow is also said to occur when the air rate

is so low that there is no possibility of wave motion. Given a

condition of bubbling flow, an increase in air velocity will

cause a change to "slugging". Here, the water is apparently

carried along by the air—the latter being at a muoh higher

velocity. When the wave motion of the water touches the top of

the tube, the air is slowed considerably. This builds up the

pressure of the air which pushes the air down to the bottom of

the tube forcing the water ahead of it. The increased pressure

behind the wall of water tends to force the water along at an

increased speed. An increase in either the water or air rates

causes the slugging to change because of slug breakdown, to that

type of flow called "washing-out". During this period of break-

down, an increase in either component causes the slug to move

faster, since the greater friction of the slug against the

bottom of the tube causes the top to move faster, the water at

the front of the slug falls to the bottom. The top of the slug

becomes shorter until it finally breaks down and washes out.

An important point of interest in these investigations was

that the pulsating or slugging flow prevented any pressure drop



data of reliable accuracy to be taken.

The flow mechanism was also studied at the University of

California by Martinelli, et. al. (12) in the investigation of

pressure drop of two-phase fluids. However, the conclusions

were quite different from those obtained at the Massachusetts

Institute of Technology. Pour types of flow were found but the

criterion was based upon streamline or turbulent motion of the

gas and liquid phases, either one or both phases could be in

streamline or turbulent flow. All of the types were experi-

mentally observed except that of a turbulent liquid and a viscous

gas. The most common type of flow was where both of the phases

were in turbulent motion. The phases are intimately mixed to

the extent that no visual separation was apparent. The liquid

was carried along in a spray, the fineness of which was dependent

upon the velocity of the phases. Sach of the four types of flow

was observed to have a characteristic pressure drop equation.

However, in all four types of flow, the liquid phase was more

important than the vapor phase in determining the friction factor.

The fact should be pointed out that none of these investi-

gations used a flashing mixture. All of the studies of flow

mechanism were with two-component, two-phase flow where the

liquid- to-vapor ratio was constant throughout the test line. So

far as could be found, no work has been done on investigating

the flow mechanism of a flashing fluid.



Pressure Drops in the Flow of
Two-Phase Mixtures

The majority of the work on the pressure drop of two-phase

fluid flow was done at the University of California Agricultural

Sxperimental Station by several workers (2, 13, 14). The pur-

pose of these experiments was to arrive at a means of properly

estimating the size of fuel lines to the heaters of fruit orchards.

Hfhile no investigations were made on flashing fluids, much in-

formation was obtained about two-phase flow characteristics*

Numerous tests were made on air-liquid mixtures. Eight different

liquids were used in pipes of three different sizes at various

temperatures. The air-to-liquid ratio varied from all air to

all liquid. As a result of several years of testing, a method

was devised for predicting the pressure drop of two-phase, two-

component flow. The proposed method, however, is based upon a

vague flow type modulus which is the ratio of the actual cross

sectional area of the liquid in the pipe to the total pipe cross

sectional area, and is accurate only to within thirty percent.

Methods of estimating the modulus are dependent upon the type of

flow and the composition. No correlation was made with the

pressure drop equations commonly used in fluid flow problems.

Although no work was done on flashing fluids, one of the

workers (14) has attempted to extend the knowledge gained in

these tests to predict the pressure drop for flashing mixtures

of water and steam. The method has the same limitations as that

for the two-component flow described above.



10

Bottomley (3) was the first to publish any results on the

pressure drop of flashing fluids. His test data consisted of a

single run on a marine boiler. Because of the limited data, no

conclusions were reached except that lines for transporting

flashing fluids should be considerably larger than for a single

liquid phase.

The most informative study on the pressure drop of flashing

steam and water mixtures was made by Benjamin and tiller (1),

although their work was primarily an investigation of erosion

rates in the bends of steam boiler lines. Believing that the

erosion of the elbows was being caused by the velocity increase

resulting from the flashing of part of the liquid, they investi-

gated the pressure drop of flashing fluids in order to be able

to prediot the extent of flashing. The tests were made at a

Detroit power plant on the drain lines of steam boilers, while

the technique used was excellent for the study of erosion, it

has some limitations for investigating pressure drops. The plant

had to continue operation at normal capacity; and as a result,

the range of flows which could be obtained was narrow and limited

to those occurring daily. However, sufficient data were taken

to propose a method for estimating the size of lines which should

be used for flashing mixtures. The calculation of the pressure

drop of the flashing mixture was necessary in order to keep the

fluid velocity low and to thereby minimize erosion in the bends.

In the method proposed by Benjamin and Miller (1) pressure

drops were estimated by a graphical integration of a modified

form of aquation (1), the mechanical energy balance equation.
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For the friotion factor, the authors proposed the use of an

average value of all the observed friction factors. This is a

logical assumption since all of the observed data showed that

the friction factor varied only about twenty percent on each

side of the average. The primary shortcoming of the method,

however, is the failure to correlate the friction factor with

the factors for all water and all steam flows in terms of the

vapor- to-liquid ratio. This prohibits extending the application

of the method beyond the ranges covered in the test runs or ex-

tending it to other fluids. As the authors concluded, the

investigation was meant only as a guide in some boiler design

problems similar to the installations on which the tests were

made, and was not to be a general solution to the two-phase flow

problem*

Dittus and Hildebrand (4) have published an article on the

design of tubular heaters for hydrocarbons. In this article,

they propose a method for calculating the pressure drop of the

flashing hydrocarbon mixture. The method is composed of a series

of tedious trial-and-error solutions which, in effeot, amount to

at step-wise integration of the energy balance equation. The

method was developed mostly from experience rather than from any

experimental investigations.

Kraft (11) has also proposed a method for designing tubular

heaters for flashing hydrocarbons. This method is a simplifi-

cation of that proposed by Dittus and Hildebrand. Kraft recom-

mends that the pressure drop of a flashing fluid be done in a

step-wise manner. The friction faotor is estimated entirely from
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liquid properties, as the work at the University of California

indicated. However, the velocity in the Fanning Squation is

determined from a weighted average of the two phases* The author

believes that the pressure drop calculated in such a manner is

probably high necessitating over-designing rather than under-

designing* For those heaters investigated, the method appears

to approximate actual conditions*

Conclusions From Previous Work

The conclusions from the previous work may be summarized as

follows.

1* The microscopic mechanism of flow for a flashing fluid

has not been investigated* A simpler approach appeared to be to

study the macroscopic effect in hopes of determining some empirical

correlation for the prediction of "^suedc" properties*

2* The friction factor is probably determined by the liquid

portion of the mixture.

3* Ho method has yet been proposed for estimating the pres-

sure drop of flashing fluids by the equations commonly used for

single-phase fluids*

THB aXJSRIM!3HTAL SQTUPKSNT

Steam and water were chosen as the fluids with which to ob-

tain some experimental data* This choice was determined by two

factors* First, the water and steam were readily available in

the laboratory; and since there was no necessity of recovering

the material, no cooling or storage equipment at the exit of the
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test line was needed. Second, the steam served as the medium

for heating the water by condensing a portion of the steam in a

mixing device* The uncondensed portion of the steam and the

water at its saturation temperature were forced through the test

line* '

The test line was a nominal three-eighths inch diameter

galvanized iron pipe* The size was a compromise between a pips

that would behave similarly to the large pipes in commercial in-

stallations, yst not so large as to require a high capacity

water-steam mixing device. With the pipe size selected the pres-

sures at which the water and steam were available in the labora-

tory were sufficient to obtain reasonable variations in flow

rates. The test line was forty feet long with pressure taps

brazed onto it at ten feet increments* The line was horizontal

and straight in order to eliminate potential head and equivalent

length of fittings. To make the flow approximate adiabatic con-

ditions, the line was covered with foamglas insulation one and

one-half inches thick* Figure 1 shows a diagram of the line and

the arrangement of the pressure taps*

The pressure drop was measured with mercury manometers of

the single leg type* Figure 2 shows the details of the manometer

connections* The manometers were connected to read the pressure

drop over increments of ten feet, so that the full effects of

flashing were able to be studied, 1

As the amount of vapor increases, the velocity increases rap-
idly* Referring to aquation (5), the increase in velocity should
increase the pressure drop. The pressure drop, according to the
formula, should be different for each increment of length. Con-
nection in this manner permitted the measurement of the static
pressure difference over each ten-foot section.

_-._..
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Brazed joints

Air blear-off valve

Merri&ii nanometer

Fig. 2, Details of the manometer connections as vieirod from

the rear of the manometer.
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The static pressure in the line was measured by a pressure

gauge on the upstream end of the line. When the line was ex-

hausting to the atmosphere* the pressure gauge reading provided

a check on the total of the manometer readings.

The construction of a mixing device which would provide a

smooth flow over wide ranges of vapor-to-liquid ratio was the

major obstacle in the design of the equipment. Pounding and

"bumping" occurring in an open mixer is a typical occurrence when

steam strikes cold water. In order to obtain reliable pressure

data, bumping had to be eliminated or smoothed out before in-

jection into the test line.

The first device tried was a mixing chamber into which the

steam and water were injected. The chamber consisted of a nominal

one and one-quarter inch pipe six inches in length. The steam

and water were mixed by forcing the water into the pipe perpendi-

cular to the steam in an attempt to obtain intimate mixing. This

arrangement was completely unsuccessful

,

Believing that email steam bubbles would smooth out the

flow, an injection nozzle was made* A piece of nominal one-inch

pipe eighteen inches in length was plugged at one end. Fifty

holes, each five thirty- seconds-inch in diameter, were drilled in

the pipe. The nozzle was inserted concentrically into a two-inch

pipe as shown in Pig. 3. Steam was adroitted inside the nozzle,

and as the bubbles of steam emerged from the holes, they were to

be swept along by the water. This device was a considerable im-

provement over the Bimple chamber but still failed to produce

a flow smooth enough to obtain pressure data.
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A jet evacuator vas tried but with absolutely no success.

Using either water or steam as the motive fluid failed to produce

even flow.

The device finally used was a centrifugal pump arranged

as shown in Big. 4. The impellers of the pump were to provide

sufficient agitation to break up the steam bubbles and mix them

intimately with the water. The steam is injected into the water

by means of a nozzle placed as closely as possible to the im-

pellers of the pump. The nozzle consisted of a regular one-half

inch pipe plugged with a cap. Four holes, each three thirty-

seconds of an inch in diameter, were drilled into the cap through

which the steam was admitted. Provision for recycling of the

mixed material was made; however, this was not used. The fact

should be pointed out that the sole purpose of the pump was to

serve as an agitator to mix the steam and water and not in any

way to act as a pressure booster. Actually, there was a loss of

pressure through the pump. The mixing chamber of the pump served

to bring the water to the saturation temperature. Additional

steam was admitted downstream of the mixture*

Certain auxiliary equipment indicated in Fig. 4 was also

needed. The water pressure of the main was found to cycle with

variations of as much as five pounds over periods ranging from

two to ten seconds. Therefore, to stabilize the pressure of the

water, a surge tank with an air pooket was placed between the

water main and the mixer. Another surge tank was placed between

the steam main and the mixer to remove small pulsations in the

steam pressure and to act as a moisture separator, a rotameter
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was used to measure the water flow.

PROCEDURE

The procedure for obtaining data for a typical run was as

follows*

1. The rate of water flow through the rotameter was ad*

justed to slightly above that which was desired for the run.

2* The steam valve was opened to admit sufficient steam

to obtain approximately the deBired vapor-to-liquid ratio as

indicated by opening the sample line and making a visual observa-

tion to the mixture.

3. A final adjustment on the water rats was made so that

the rotameter was exactly as desired. The increase in pressure

of the system after the admission of the steam tended to slow the

water rate to about the desired value since it was over-ranged

initially.

4. The pressure differentials were read from the manometers.

5* The calorimetric data were obtained.

a* An empty thirty gallon steel drum open at one end
was weighed.

b. Approximately 125 pounds of water were added and
the weight of the drum and water were obtained.

c. The temperature of the water was taken with a ther-
mometer calibrated in tenths of a degree Centigrade.

d« The mixture of steam and water from the sample line
was admitted to the drum. The water was stirred
while the mixture was being added in order to keep
the water temperature approximately uniform through-
out*

e. The final weight of the drum, water, and sample was
obtained.
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f • The final temperature of the contents of the drum
was taken. The tests were so conducted that the
water was heated from a few degrees below room
temperature to a few degrees ahove room temperature*

6* All calorimeter measurements were repeated as a check*

A minimum of time elapsed between the pressure reading and

the calorimeter readings since the apparatus had a tendency to

change spontaneously. This effect was especially noticeable

for runs made using mixtures of high quality.

The best operating soheme was to close the recycle valve in

the mixing section and not run the pump. The pump was actually

serving only as a chamber in which the water and the steam were

mixed as the impellers were stationary* The two valves for ad-

mitting steam downstream of the mixing section were always fully

opened, permitting the maximum amount of steam to enter at those

points*

TH2 DATA

The e : t rimental data taken in this investigation are re-

ported in Tables 1, 2 and 3 of the Appendix. Table 1 is the

calibration of t'ae rotameter which was used to measure the water

rate. These calibration data have been shown graphically in

Fig. 5.

The particular friction factor for the test line was determined

from the data shown in Table 2* The experimental friction factor

has been shown as a function of the Reynolds' Number in Fig. 6*

The solid line is the calculated value of the factor and the

dashed line is the value reported by pigott (21) for clean, new
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three- eighths inch diameter pipe as used in the test line.

The data for the test runs with various liquid-to-vapor

rati 03 at the outlet are included in Table 3* These data* which

are shown graphically in Pig. 7, represent the maximum varia-

tions obtainable with the apparatus. The water rate ranged from

one and one-half to four gallons per minute. The maximum vapor

oontent at the outlet was four percent on a weight basis or ninety-

eight percent on a volume basis. Data from only one calorimetric

determination has been included for each run. Because the ap-

paratus was somewhat unstable, it did not always continue to

operate at one oondition for more than a few minutes; therefore*

first determination of quality was believed to be the more

accurate. The second determination of quality served mainly as

an order-of-magnitude check on the first trial, sample calcu-

lations are shown in the Appendix to illustrate the method for

finding the quality from the experimental data. Three measure-

ments of quality were made on the downstream end of the test

line to study heat loss. Mo difference in the upstream and down-

stream qualities could be determined within the accuracy of the

calorimetric measurements.

The data are believed to have a maximum probable error of

about ten percent. The mercury in the manometers was not steady

oausing a possible error in the readings of two-tenths of an

inch on each aianometer, but since most of the manometer readings

were larger than two inches, the probable error is well within

the ten percent mentioned above. The calorimetric measurements

were the limiting factors in precision of the experimental data.
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In many instances, unstable operation of the apparatus for periods

oyer a few minutes prevented checks on the quality determination*

furthermore, calculations based upon a weighing accuracy of one-

quarter of a pound and a temperature accuracy of two- tenths of a

degree Fahrenheit showed that the possible error in the quality

was about ten percent. For those runs where the apparatus was

stable, calorimetric check determinations were slightly better

than the ten percent figure*

ANALYSIS OF THE DATA

For the analysis of a flashing fluid, the data plotted in

Fig* 7 must be modified* This graph is a plot of the outlet

quality when exhausting to the atmosphere versus the static pres-

sure decrease over the entire test line* However, in most of

the runs a flashing mixture existed only in part of the forty

feet of pipe. The other portion was a single phase liquid.

These data must be used to calculate the length of line in which

flashing occurred and the pressure drop over only this length of

pipe. A sample calculation of the type used for determining the

pressure drop of the flashing mixture is included in the Appendix.

ihe results of the calculations are shown graphically in Fig* 8,

where pressure drop per foot of pipe has been plotted for vary-

ing percent vapors and for different water rates* The data of

Fig. 8 rather than Fig* 7 were used for correlating purpose*

since they show the pressure drop of the flashing mixture only.

An attempt was made to combine the fluid properties of the

two phases in a manner such that the single *psuedo" properties
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of the mixture might he used for the viscosity term in the

Reynolds' number and for the Telocity term in the Panning Equa-

tion. The following methods of averaging were tried*

1* Average the properties in proportion to the volume

fraction of each phase*

2. Average the properties in proportion to the weight

fraction of each phase*

3. Average the properties arithmetically irrespective of

the amount of each phase present*

Hone of these averaging methods nor any combination of them (as

using the weight average for the viscosity and the volume average

for the velocity) 7/ere suitable for predicting a pressure drop

corresponding to the experimental data of Fig. 8. Included in

this method of averaging was the procedure recommended by

Kraft (11) for flashing hydrocarbons* His estimation procedure

gave results from fifty percent to five hundred percent above the

experimentally measured pressure drop*

Since the viscosity and/or velocity of t_ flashing fluid

were not simple functions of the individual phase properties,

some other procedure had to be used for correlating the data*

On the basis of the conclusions reached at the University of

California by Boelter and Kepner (2), the assumption was made

that the friction factor of the mixture was determined by the

liquid phase only. The Reynolds' Number for estimating the fric-

tion factor was calculated by neglecting the mass of vapor and

using only the mass of the liquid portion of the mixture. The

friction factor for the mixture was then assumed to be the same



as when calculated for the single liquid phase.

Using the assumed friction factor, each term in the Fanning

aquation for pressure drop was known except the velocity. The

experimental pressure drops were used to calculate a Telocity.

Sample calculations for this procedure are included in the Apen-

dix. The problem of correlation of the data was reduced to one

of predicting this hack-calculated velocity.

A logical assumption at this point was that for a constant

water rate* an increase in the quality, or percent vapor, should

produce a proportional increase in the velocity. Hence, if the

fractional increase in velocity were plotted against quality, a

straight line would result for each constant water rate. Three

such lines are shown in Fig. 9 which is a plot of the data of

Table 5. The family of lines for the varying water rates was

evident.

Sinoe this method of predicting the velocity for the Fanning

Equation was both reasonable and convenient, a chart was con-

structed based upon smoothed experimental data. This chart,

shown as Fig. 10, is a plot of average quality versus increase

in velocity caused by flashing divided by the velocity for the

single liquid phase.

The smoothing of the data was done as followst

1. The pressure drop per foot of pipe for the liquid at

the boiling point was plotted against water rate.

2. By the method of least squares, the equation of the best

straight line through the points was determined.

3. At convenient water rate Intervals, the pressure drop
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0.5 i.o 1.5 2.o

Average percent (by -weight) vapor

, 10, Chart for estimating the fractional increase in the

velocity caused by part of the liquid flashing.
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was calculated from the equation determined in step 2* These

are shown in Table 6 of the Appendix*

4* A plot was then made of pressure drop per foot versus

quality for the convenient water rates. The lines were drawn

to pass through the calculated liquid pressure drop per foot and

drawn to have the same slops as an approximate water rate on

Fig* 8* This chart is Included for reference as Fig* 13 in the

Appendix.

5* Points were then read from Kg* 14 to calculate the

chart of Fig* 10. Table 7 in the Appendix is a summary of the

calculations*

Figure 10 enabled a prediction of "pseudo* Telocity that

was to be used in the Fanning Equation* A method for calculating

the pressure drop for adiabatic flow was as follows

t

1* The pressure drop up to the point of initial flashing

is found by examination of the pressure-enthalpy diagram* A

pressure-enthalpy diagram for water and steam is included in the

Appendix as Fig* 13* The length of pipe for this single phase

fluid may then be found from the Fanning Equation*

2* The static pressure at the point where there is about

one percent of the material vaporized may be read from the

pressure-enthalpy diagram* A pressure drop may be calculated

as the difference between the saturation pressure and the pres-

sure at one percent vaporization. There would be an average

quality of one-half of one percent in this interval.

3. Estimate the increase in velocity caused by the vapor

above that velocity of all liquid flow by reading on Fig. 10
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at an average quality of one-half of one percent for the par-

ticular water rate.

4. Calculate the velocity of the liquid from the usual

w v/a formula.

5. Calculate the "psuedo" velocity hy

tt* - u * u (£$) (6)

6. Estimate the friction factor from the Reynolds* Number

of the liquid phase*

7. Calculate the length of pipe needed to have the calcu-

lated pressure change found in step 1*

L . 2 P fi %
f u* (7)

8. Prom the pressure-enthalpy diagram, obtain the pressure

where two percent of the material is vaporized. Repeat steps 2

through 7 to find the length of pipe needed to vaporise the

second percent.

9. Continue taking increments until the length of pipe

corresponds to that needed in the physical requirements of the

design problem*

A sample problem is included in the Appendix illustrating

the above procedure*

CONCLUSIONS

The proposed method for calculation is based upon a rela-

tively narrow range of water velocities and liquid- to-vapor

ratios. The straight lines on ?ig. 8 would be expeoted to curve

upward at higher vapor fractions until they became asymptotic
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to the all vapor phase flow lines. This would cause the lines

of the graph for estimating the velocity increase to curve up-

ward also. A serai logarithmic plot would probably be necessary

since the velocity increase would be multiples of the liquid

velocity rather than fractions larger as observed in this experi-

ment. Because these lines on Fig. 8 might curve upward, care

was taken not to extend the lines beyond the range of experimental

data.

A calculation method of the type proposed has certain ad-

vantages over any previously suggested.

1. No trial and error calculations are involved for de-

termining the pressure drop over a specified length of line.

2. The same friction factor chart is used as for a single

phase fluid.

3. The calculations are algebraically simple and permit

rapid solutions of each incremental step.

The main disadvantage of this method is that a chart for

estimating the increase in velocity must be experimentally found

for each fluid. However, if the data for steam and water were

extended and similar data were taken for at least one other

fluid, a general method might be found for approximating the

"psuedo" velocity.

The proposed method still requires a step-by-step solution,

but overcoming this tediousness would be difficult since con-

ditions all along the line carrying a flashing fluid are changing.

The chart used for calculating the «psuedo rt velocity is

limited to water and steam flowing through a three-eighths inch
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pipa. However, the chart oould probably ba used for other size

lines if the parameter ware mass velocity or velocity rather

than gallons per minute. This would require experimental veri-

fication.

RECOMMENDATIONS FOR FUTURE WORK

Future experimental work on this problem should consist of

extending the data for water and steam mixtures, then of ob-

taining similar data for at least one other fluid. Complete

experimental data of this nature for at least two, and prefer-

ably several more fluids, would probably permit a general solution

to the problem of pressure drop of a flashing fluid. In order

to obtain the necessary data, certain changes in the apparatus

as outlined below would be needed.

The data for water and steam mixtures could probably be

doubled if the water pressure on the present apparatus were in-

creased to equal the pressure of the steam. At present, when

the steam valve is opened to increase the quality of the mixture

to above the range investigated here, the water, because it is

at a lower pressure, is prevented from entering the mixing

section. Because the increase in range would still not permit

a liquid-to-vapor range from all water to all steam, this sugges-

tion is regarded to be of secondary importance to those for

completely revising the mixing section.

As mentioned in the discussion of the operational technique,

the best results were obtained with the mixing pump not running.

This fact suggested that a mixing chamber be installed to replace
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the pump. A possible arrangement would be to have a nozzle,

similar to the present one, exhausting into a pipe acting as a

chamber* A large pipe would replace the pump as the chamber.

Downstream from the mixing chamber, several (four or five) in-

jection nozzles such as the two now used should be located to

permit the addition of steam to the hot water from the mixing

chamber. In effect, this is a modification of the unsuccessful

mixer shown in Jig. 3. The failure of the nozzle shown in Fig. 3,

however, is now believed to have resulted from trying to admit

all of the steam into the mixing chamber. In other words, there

were too many holes in the first nozzle. A new nozzle should be

designed to admit only sufficient steam to heat the water to the

•aturation temperature, and the steam to provide excess vapor

should be admitted by the jets downstream of the mixer.

The type of mixer suggested should have one advantage over

the present pump arrangement, a pressure drop of fifteen to

twenty pounds per square inch existed across the mixing pump

and the connecting pipe to the test line. A mixer of the simple

chamber type would be expected to reduce this pressure loss in

two ways. First, the simple chamber would be expected to offer

less frictional resistance than the pump chamber; and second,

the more compact simple chamber might eliminate the span of pipe

between the present mixer and the test line.

A more versatile apparatus would be one making use of electri-

cal heaters, if electrical heaters were used, a surface heat

exchanger should be used to bring the liquid close to its satura-

tion temperature. The hot liquid should then be passed over the
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electric heater which would supply sufficient heat to vaporize

the portion desired. This arrangement is believed to have the

advantage of extreme accuracy in measuring the vapor-to-liquid

ratio. The surface heat exchanger is suggested so that the size

of the heater might be reduced to that just sufficient to supply

the latent heat of vaporization.

The recommendation to study another fluid is necessary be*

fore any general calculation procedure can be proposed since most

fluids will exhibit a greater flashing effect than water because

of their lower latent heats of vaporization. For example, the

latent heat of vaporization for a hydrocarbon is in the order of

one-fifth that for water, since the specific heats of the liquid

are about the same, an equal decrease in the enthalpy of the liquid

portion of the mixture will vaporize four to five times more

hydrocarbon than water. The flashing effect is, thus, more promi-

nent in substances whose latent heats of vaporization are relatively

low. The substance chosen must be one having thermal properties

and viscosities for both the liquid and the vapor phases available

in the literature. Acetone might be a suitable fluid with which

to work*

For handling more costly fluids (as acetone) storage and con-

densing facilities would be necessary. The condenser would also

permit direct measurement of the quantity of vapor at the exit.

To do this, heat extracted by the condenser would be measured by

the inlet and outlet water temperatures; these data, with the en-

thalpy data of the two phases, would be sufficient to calculate

the quality of the mixture entering the condenser, with this
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arrangement, a simple surfaoe heat exchanger or an electric heater

could be employed at the apetream end to generate the vapor.

The existing test line would be satisfactory for extending

the data. However, an improvement suggested is a method to check

pressures. Thermocouples could be installed at the pressure taps.

Measurement of the temperature would then be related to the pres-

sure if the liquid and vapor were in equilibrium. If the vapor

actually flows faster than the liquid, the two phases may not be

in equilibrium and the pressure as determined by the temperature

•asurement and that measured by the manometer would not agree.

This might lead to some revealing mechanism of the flow patterns

and finally permit a general solution to the problem of predicting

the pressure drop of flashing fluids.



39

AOXtfOVLKDQMSVI

The author acknowledges the assistance of Dr. Rollin G.

Taecker for the helpful advice on the experimental work and

on the preparation of this manuscript, and acknowledges the

cooperation of Dr. Henry T. Ward for permitting the use of

the departmental equipment.



40

BIBLIOGRAPHY

(1) Benjamin, If* W» and J. G. Miller.
Flow of a flashing mixture of water and steam through
pipes. Amer. Soc. Kech. Engg. Trans. 64: 657-669. 1942.

(2) Boelter, L. M* K. and R. n. Kepner*
Pressure drop accompanying two-component flow through
pipes. Indue, and Sngg. Chem. 31:426-434. 1939.

(3) Bottomley, W. T.
Plow of boiling water through orifices and pipes.
Mortheast Coast Inst, of Engg. Trans. 53:65-100. 1936.

(4) Dittus, F* W. and A* Eildebrand*
A method of determining the pressure drop for oil-vapor
mixtures flowing through furnace coils. Amer. Soc.
Mech. Engg. Trans. 64:185-192. 1942.

(5) Engineering and Research Division of Crane Co., Inc.
flow of fluids through valves, fittings, and pipe.
Technical Paper li0» 409. May, 1942.

(6) Goodenough, G-. A.
Supersaturation and flow of wet steam. Power. 66:466-69.
1927.

(7) Herahey, R. L*
The co-current flow of liquids and gases in pipes.
Paper presented at 5th Chem. Engg. Symposium. Division
of Indus, and Engg. Chem. Carnegie Institute of Technology!
Dec. 1938.

(8) Kelakos, M. G. and A* H. Crowley.
Two phase flow of liquids through a horizontal pipe.
M.S. Thesis, Mas 8. Inst, of Tech. 1935.

(9) Keenan, J. H. and 7. G. Keyes.
Thermodynamic properties of steam* Hew York: John Wiley
and Sons, 1946.

(10) Kemler, E.
Study of data of flow of fluids in pipes. Amer. Soc.
Mech. Engg. Trans. 55:HYD-2. 1933.

(11) Kraft, W. W*
Vacuum distillation of petroleum residues* Indus, and
Engg. Chem. 27:807-809. 1948.

(12) Martinelli, R. C, M. K. Boelter, T. H. M. Taylor, E. G.
Thomson, and a. H. Morrin.



41

Isotharmal pressure drop for two-phase, two-component
flow in horizontal pipe. Amer. soc. Mech. Sngg. Trans.
66:139-151. 1944.

(13) Martinelli, ft* C. and D« 3. Helson.
Prediction of pressure drop daring forced circulation
of foiling water. Amer. Goc. Meah. JSngg. Trans.
70:695-702. 1948.

(14) Martinelli, R. C, J. A. Putnam, and R. W. Lockhart.
Two-phase, too-component flow in viscous region.
Amer. Inst, of Chem. Sngg. Trans. 42:681-705. 1946.

(15) McAdams, V. H.
Heat transmission. 2nd ed. fftw York: McGraw-Hill.
1942.

(16) McAdams, W. H., W. K. Woods, and L. G. Heroman, Jr.
Vaporisation inside horizontal tubes. II Benzene and
oil mixtures. Amer. Soc. .lech. Sngg. Trans. 64:193-200.
1942.

(17) Kelson, W. L.
Petroleum refinery engineering. Hew York: McGraw-Hill.
1949.

(18) Helson, W. L.
Pressure drop in pipe stills. Oil and Gas Jour. Maroh
30, 1944.

(19) 0*3rien, M. P., R. G. Folsom, and Finn Jonassen.
Fluid resistance in pipes. Indus. Sngg. Chem. 31:477-481.
1939.

(20) Perry, J. H.
Chemical engineers' handbook. 3rd. 3d. New York: McGraw-
Hill. 1950.

(21) Pigott, R. J. S.
The flow of fluids in closed conduits. Mech« Sngg.
55:497-509. 1933.

(22) Reichart, H. L.
Flow of fluids in two phases through a horizontal pipe.
M.3. Thesis, Mass. Inst, of Tech. 1934.

(23) Roddatis, K. F. and V. A. Lokshin.
Forced circulation in boilers. Sngg. Digest. 3:613-615.
1946.

(24) Uren, L. C, P. P. Gregory, R. a. Hancock, and G. V. Feskov.
Flow resistance of gas-oil mixtures through verticle
pipes. Oil and Gas Jour. Oct. 3, 1929.



42

ex

D

V

f

G

I

L

m

P

u

11*

z

Y

BOMKSCLATURS

Cross sectional area of the pipe (sq. ft.)

Proportionality factor in the kinetic energy term
depending upon the type of flow*

Diameter of pipe (ft.)

Prictional resistance

Vanning friction factor

Mass velocity (lb./hr.-sq. ft.)

Gravitational constant (32.2 ft./sec.-sec.

)

Length of pipe (ft.)

Mass (slugs)

Static pressure (lb./sq. in. or lb./sq. ft.)

Velocity of fluid (ft./sec.)

"Psuedo* velocity (ft./sec.)

Specific volume (cu. ft ./lb.)

weight (lb.)

Height above a reference datum plane (ft.)

Viscosity of fluid (lb ./sec. -ft.)
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KJ5Y TO SYMBOLS OK .FIGURES

Symbol Rotameter reading

Q 0.70

0,80

A 0.90

O 1.00

A 1*10

B 1.20

x 1.30

© 1.40

These symbols have been used on Figs. 7,8, and 9.
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Sample Calculations

Calculate the quality from the bomb calorimeter data.

Illustrated on Run No. 2

Weight of barrel and water at start
of sampling

Weight of empty barrel
Weight of water in barrel
Initial temperature of water
Weight of barrel, water, and sample

mixture
Weight of sample mixture
Final temperature of water and

sample mixture
Enthalpy of water @ 19.8° C.
Snthalpy of water £ 30.8° C.
Enthalpy increase of water

Heat added to water per pound of sample t

19.75 (B.T.U./lb.) x 1X9 1/2 (lbs.) -

15 3/4 (lb. of sample)

Heat added to raise temperature of barrel t

144 1/2 lbs.
25 lbs.

119 1/2 lbs.
19.8 C.

160 1/4 lbs.
15 3/4 lbs.

30.8°C.
35.85 B.T.U./lb.
55.60 B.T.U./lb.
19.75 B.T.U./lb.

149.85 B.T.U./lb.

25 (lb.) x 0.012 (B.T.U./lb.°F.) x 19.4 (°J'.) = 3.79 B.T.U./lb.
15 3/4 (lb. of sample)

Final enthalpy of water is same as enthalpy of
sample mixture, or

Initial enthalpy of mixture:
55.60 + 149.85 4 3.79 *

55.60 B.T.U./lb.

209.24 B.T.U./lb.

Enthalpy of saturated liquid Q 1 atm.
Enthalpy of saturated vapor Q 1 atm.

X - weight fraction of vapor in the mixture

180.07 (1 - X) 4 11550.40 X * 209.24

X » 0.0301

180.07 B.T.U./lb.
1150.40 B.T.U./lb.
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Calculate the pressure drop per foot for the flashing

mixture.

Run Ho. 5.

ft

H

Manometer readings

t

1.8 inches of Hg
2.0 * * "

2.3 » • *

2.5 " * *

The enthalpy of the mixture as calculated from calorimetrio

measurements was 190.2 B.T.U./lh. From the pressure-enthalpy

diagram for water (Fig. 12) , the saturation pressure corres-

ponding to this enthalpy was 17.9 psia. This is 3.2 psi.

(6.5 in. of Hg) above atmospheric pressure. Since the line

was exhausting to the atmosphere, the length of pipe carrying

the flashing fluid was that distance measured from the dis-

charge end over which there was a pressure drop of 3.2 psi.

6.5 in. of HgTotal pressure drop desired
Pressure drop over last ten feet

of pipe (Manometer #4)
Difference
Pressure drop over the third ten

feet of pipe (Manometer #3)
Difference

2.5 »

ITS' "

2.3 "

1.7 »

ii ii

•I H

The pressure drop over the next ten feet of pipe was 2.0
inches of Hg, which is larger than the remaining 1.7 inches
of Hg. A linear interpolation was made.

10 x (1.7/2.0) * 8.5 ft.

The total length of pipe wast

10 10 + 8.5 » 28.5 ft.

The pressure drop per foot wast

6.5 = 0.228 in. of Hg/ft.
28.5
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Sample Problem

Water at a temperature of 250°?. and a pressure of 35 psia.

is being pumped from a waste heat boiler. The water is pres-

ently being sent to a steam boiler. A modification to another

section of the plant resulted in a possible use for this water

as a heat source and diluent. A 3/8 inch pipe, now idle, runs

between the two units and possibly could be adapted to transport

the water with a minimum of plant changes. Three gallons per

minute of the water will be needed. The water must exhaust into

a reactor whose pressure is 16 psia. If the equivalent length

(includes bends and fittings) is 150 feet, determine if the pres-

sure drop caused by friction would prohibit using this line.

Assume that the line is well insulated.

1. Prom the steam tables (9), the enthalpy of water at 250°F.
is 218.5 B.T.U./lb. The saturation pressure at this enthalpy
is 29.8 psia. (Pig. 12). The pressure drop before the liquid
begins to flash is 35.0 - 29.8 or 5.2 psi. Calculate the
length of pipe for a pressure drop of 5.2 psi. for all water
flow.

Re - DJJ s 0.0411 (ft.) 3 (gal./min.) 7.99 (lb.Aal.)
u 0.20 (centp.) 0.000672 (lb./ft.sec.) 60 (sec.) 0.00133
'

1 Centp. ) rain. (ft. 2 )

Re * 91,800

f « 0.032 (from Pig. 6)

u m w t/a * 3 (gal./min.) 7.99 (lb./gal.) 0.0170 (ft. 3/lb.)
60 (sec./min.) 0.00133 (ft. 3)

u » 5.11 ft ./sec.

G « u^>* 5.11 (ft./sec.) 59.6 (lb./ft. 3 ) = 303 lb./seo. ft. 2

L - 2 P g D
f Q U
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%. ( 8) 5.2 |^)144 {fep.
32.2 11^ 0.0411 (ft. )

0.032 5.11 (ft./sec.) 303 (lto./sec. ft. a)

L • 39.7 ft.

2. The pressure where there is 1% vapor is 25.3 psia. The
pressure drop over the interval where the average vapor is
0,5% (toy weight) is 29.8 - 25.3 « 4.5 psi.

3. Bstimate the fractional increase in velocity. From Fig. 10,

<4*) -- 0.17

4. The liquid velocity will toe 99.5J& of the velocity for the
all water flow; or within the accuracy of the data, the same as
for all liquid flow which was 5.11 ft./sec.

5. Calculate the "psuedo" velocity.

-::-

• u + u(---S-) = 5.11 5.11 (0.17) = 5.98 ft./sec.
u

6. The friction factor is the same as for all liquid flow.

7. Calculate the length for the 1% vaporized.

L (2) (4. 5) (144) (32. 2) (0.0411) * 29.6 ft.
(0;032i(303i(5.98j

8. Summary of all steps down to the final pressure of 16 psia.

Outlet vapor %
Outlet pressure psia.
AP over increment psi.
Au/u
u* ft./sec.
L ft.

9. The total length of pipe is the sura of the increments atoove
plus that prior to flashing.

total length » 39.7 + 29.6 4 24.8 17.4 + 8.0 « 119.5 ft.

Therefore the 150 feet of line would toe too long.

For comparison, had no flashing occurred, the pressure drop
would have toeen atoout 17 psi. for the 150 feet.

1.0 2.0 3.0 3.5
25.3 21.0 17.6 16.0
4.5 4.3 3.4 1.6
0.17 0.33 0.49 0.53
5.98 6.80 7.62 7.82

29.6 24.8 17.5 8.0
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tameter
re

Time In
minutes

Pounds
of water

^unde of
water per
minute

0.50 5.0 45 . 9.0

0.50 5.0 56.O 11.2

^.70 5-0 66.0 13.6

0.G0 5.0 80.0 16.0

0. 4.0 72-5 18.1

1.00 4.0 81.0 20.3

1.10 4.0 90.5 22.6

1.20 3.0 75.0 25.0

1.30 3.0 81..5 27.2

1.40 3.0 88.5 29.5
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CO !h CD

U J 0) MrH
J -\ -p © n,

u u U £-1 Sh M <m as • -p a •

• <u 0) O i) 1) CO • O =5 HO Cm d
o •p a -p p -p P ; do « 0) rHO
c © -H CD CD a> U tH P rH •H CtJ

S T3 E rH a. A P • P c •

c ctf (3 O -. O - bOH •H CU a h a
3 P 4) r* r-\ •H <j) C S P^ e
« o ;- a .-d a aj a) ca 0) £. H <0 •H 'd CO

«
. -• -^ * " -p 01

H rH
05

£3

•P P

1 • 1.4 1.4 1.4 1.4 • 146 r

144
|

.7 169 31.8
c 70 2.0 . 5.4 • 7 .8 15 0^ 3~

3 SO 1.7 1.8 7.1 139* • 7 • 3
4 0. 1.7 1.9 2.1 2.3 .0 143^ 2r .5 16' .

5 O.i . • \~ • . 144 19.1 *l 31 .1
>
o . 2.1 . 3.1 .4 137?. 19. 150 33 .8

7 0.80 • 11. 137 .3 158i 34 .2

8 .90 2.3 » 2.

5

9.2 89f 21.7 107 34 4
o 2.7 . . 10.9 mi 18.6 131 33 .6

10 0.90 . 3.1 11-3 10. .7 1264- 34 .4

11 0.90 • 2.9 . .1 117 .4 13- 31
12 0.90 • 4.3 15.7 107* • 7 122* 34 .1

13 1.00 2.7 . 2.7 2.9 11. 98l 21.4 11 37 .8

14 1.00 3.0 - 3.3 3.3 12.8 144?; 23.1 160* 32 • 5
15 1.00 3." • 136 151 31 6
16 1.00 3-3 . 13.8 143* . 1604 29 4
17 1.00 3.3 3.4 .1 1421 i .2 151* 31
18 1.00 3.1 3-3 3.7 .5 97 19.1 mf 33 1

19 1.00 5.1 3.4 4.1 14. 863
137*-

13;*

IP. 103 38 6

20 1.00 . . .8 IE .-7 i5ii 4
21 1.00 4.3 4.7 .2 18.5 162| 33 9
22 1.00 4.7 4. • 2^.3 96 i .6 110 3
23 1.10 3.4 3.4 1'.4 104 2"=

- 1181 34 1

24 1.10 . . .1 10 26 . lie: 32
25 1.10 3.7 4.1 •5 105 .1 121 9
25 1.10 4.3 .1 10! 22.8 12 35
27 1.10 3.

a

4.1 4.2 1 .0 1044 24.4 114| 33.,8

28 1.10 . 4.-" 4.3 it. . 1 .7 104 19.7 117}
•9 /~\

52 .8

29 1.10 3.9 4.4 5 • c 1- .3 120 U . 134, 31 4

30 1.20 3.9 4.1 4.1 1,-7 24.1 109 3 .2

31 1.20 4.1 4.3 4.4 4.5 17.3 141 27-6 158 • 5
32 1.20 4.0 4.3 4.5 4.£ 17.6 90i 20.6 107i .1

33 1.20 4.3 4.5 4.6 4.7 16.1 I39i 18.1 156 30 •3

34 1.20 4.2 • .4 93* 18.6 11' 39 .2

35 ..20 4.7 4.7 4.3 1: . 137 1< -5 IS 31 ,8

36 1.20 4.5 4. :. 5.1 5.4 . 921 19.1 109* 37 .2

37 1.20 5.1 5.3 5-7 .0 97* .1 115 36 ,4

38 1.30 4.7 4.7 . 1 13 19.1 16: 34
39 1.30 •j. 2 .4 14; • -> 166-; 34 1
40 1.30 5.0 3-2 2°. 5 145 17.7 169 32 .1

41 L. 5.0 5.2 . 20.5 133 : 16.0 15< 34,
42 1.S0 • 21 . 144 .0 16 32 .0

43 1.
•

• 5-7 • .9 144 . 166* 31- 9
44 1.40 c n

• . • .1 13- .1 34.
45 1.40 - 3-7 5.7 13! .2 35. 9
46 1.40 * ...7 . .7 99 L .0 H3i 31- 6
47 1.40 • 3.9 23.5 94". 19-2 109^ 33 6



Table 4. Determination of the pressure drop
per foot of pipe for the flashing mixtur e

.
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.
© -tf a

0} 03 a •h Jd d •

h f» • <n m e- o to a-p r-« ti p p
• © 'vO p CbX> © • © . •HX <^ x) u
o •P c a t. <H H Jh ctf U ^ a U U) o\
G <D -H © o d\ Q.-H Q.rH Sh • oca • u

e n o n. X! • m © CJ •H S3 ro S3
fl d cd U aJ -P 3 C Q, S3 <D >Ti & >>•* m u
p P © © > C P *» - w $3 P U A © J) .
r*-*
-*•• o Sh 04 M CQ +3 P © o o '0 L, CQ u a cV

• -* aJ as r-i O -P S3 aJ as

© O rH
<X» -H

1 0.70 0.00 177.0 14.7 0.0 0.0 40.0 0.140
2 0.70 3.01 209.2 25.4 10.7 10.7 40.0 0.268
3 0.80 0.00 180.1 14.7 0.0 0.0 40.0 0.177
4 0.80 0.G3 18 C. 2 16.6 2.2 4.5 20.5 0.220
5 0.80 1.04 190.2 17.9 3.2 6.5 28.5 0.228
6 0.30 1.49 194.6 19.4 4.7 9.6 36.2 0.262
7 0.80 2.97 208.9 25.3 10.6 11.8 40.0 0.295
8 0.90 0.00 180.0 14.7 0.0 0.0 40.0 0.230
9 0.90 0.81 187.9 17.2 2.5 5.1 17.9 0.285

10 0.90 1.02 190.5 13.0 1 m 6.7 22.3 0.300
11 0.90 1.31 192.8 18.8 4.1 8.3 2C.9 0.308
12 0.90 3.10 209.8 25.7 10.0 15.7 40.0 0.392
13 1.00 0.00 180.0 14.7 0.0 0.0 40.0 0.275
14 1.00 0.57 185.7 16.5 1.8 3.7 10.9 0.340
15 1.00 0.70 186.9 16.9 2.2 4.5 13.8 0.326
16 1.00 0.99 189.7 17.8 3.1 6.5 17.7 0.356
17 1.00 1.06 190.4 18.0 3.3 6.7 20.0 0.335
18 1.00 1.56 195.2 19.7 5.0 10.2 29.1 0.351
19 1.00 1.73 196.8 20.3 5.6 11.4 30.1 0.379
20 1.00 2.05 200.0 21.5 6.8 13.8 37.1 0.372
21 1.00 2.46 203.9 23.2 8.5 "16.2 40.0 0.405
22 1.00 4.01 218.9 30.0 15.3 20.3 40.0 0.507
23 1.10 0.00 180.1 14.7 0.0 0.0 40.0 0.335
24 1.10 0.82 188.0 17.2 2.5 5.1 12.1 0.405
25 1.10 1.32 192.9 18.9 4.2 8.6 21.6 0.598
26 1.10 1.54 19£.0 19.6 4.9 10.0 24.1 0.415
27 1.10 1.75 197.0 20.4 5.7 11.6 28.5 0.407
28 1.10 2.23 201.7 21.8 7.1 14.5 34.2 0.423
29 1.10 3.01 209.3 25.5 10.8 19.3 40.0 0.482
30 1.20 0.00 180.1 14.7 0.0 0.0 40.0 0.392
31 1.20 0.99 189.7 17.8 3.1 6.3 14.1 0.447
32 1.20 1,03 190.1 17.9 3.2 6.5 13.8 0.471
33 1.20 1.14 191.2 18.3 3.6 7.3 15.7 0.465
34 1.20 1.41 193.8 19.2 4.5 9.2 19.0 0.485
35 1.20 1.G4 196.0 20.0 5.3 10.8 24.9 0.474
36 1.20 1.83 197.9 20.8 6.1 12.4 23.9 0.519
37 1.20 2,58 205.1 23.6 8.9 18.1 34.1 0.531
38 1.30 0.00 180.1 14.7 0.0 0.0 40.0 0.465
39 1.30 0.60 185.9 16.6 1.9 3.9 7.4 0.527
40 1.30 0.94 189.2 17.6 2.9 5.9 11.2 0.527
41 1.30 1.00 189.8 17.8 3.1 6.3 12.1 0.511
42 1.30 1.27 192.4 18.7 4.0 8.1 15.1 0.537
43 1.30 1.53 195.0 19.6 4.9 10.0 17.1 0.585
44 1.40 0.00 174.1 14.7 0.0 0.0 40. 0,527
45 1.40 0.51 182.8 15.6 0.9 1.8 3.2 0.562
45 1.40 0.46 184.8 16.2 1.5 ?.l .' .8 ^.585
47 1.40 1.07 190.5 18.0 3.3 6.7 10.1 0.662
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fable 5. Correlation of experJ al date

a, •

*

>» c
O 03 p <*-t +>

. c rH *H
Sh rS "d •H •H i • •rH ed

• TJ -P +> a C rH O • O P P CJ ,'J • c; © p
.p O C_i cd O tr OH •H 0) (DP O O 03 vH

c £ t* <u o\ CO CO •h * rH 63 r-\ O O 03 CO-H CD d do
O O k< Vi ^0 <d 3 -p 0) 1 0) o\ cd cj y 0)

p. O Q 3 w rH O s* > • >rH i-l • o'V O JhfH
3 U c3 50 ti .a •H O h (1) <D 4-> fcrH • 51 OO
ry* © > 03 <D • £^ £1 -P CO xj 00 f> > <H O <DP fc C >

a. 0) Q. C fcl O <n\ a d >=m '^ -H

t« -H © c of a • d X H
&« X >H «M a .0

rH

3 0. 0.177 51. 3-5 234 950 4.04 ____

4 O.63 : . 220 235 1180 - 0.9C ''.243

5 1.04 0.^26 236 1220 17 1.13
6 1.49 0.262 237 1400 1.87 • 63
7 2. 7 o.s 241 1580 . 2. 24

13 0.00 75 62. 3.4 151° .

15 -.70 0.526 299 1800 02 0.94
17 1. • 335 299 1840 22 1.14 0.224
16 1.56 0. 551 302 IV 6.4n 1.32
19 1.73 0.379 302 20 . 1.

20 2.05 . 304 20; • 75
21 2 . 45 . 403 303 2230 . A 2.23 •39

22 4.01 ;07 308 2790 . • 97 •

'"1

30 O.00 0.392 79.7 3-3 22 .

31 0.99 0.447 370 2540 6. .

34 1.41 0.4 371 .'+4 I. .

35 1. . 474 372 7. 1.14
36 1. . 373 2? 7. 1. •

37 2.^8 0.531 375 30 1.
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resaur >er foot of pipe for
wat> b after t ta

in er
re

Pressure
drop/foot
(exp. )

Pressure
drop/foot*
(calculated)

1 .70 0.140 0.121

. • i77 0.177

0. 0.2 • 233

13 1. 0.289

23 1.10 >35 • 545

1. . 392 0.401

1.30 . o7

44 1.40 0.527 0.513

* ^_ - . L R - 0.2
L
AiJ si r foot.

• )
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Fig. 12. Pressure-enthalpy diagram for water (9).
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2.0 3.0 li.O

Percent by weight of vapor

Fig. 13. Pres3uro drop per foot vs. quality
a.fter the data nere smoothed.


