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ABSTRACT
4

EHAVIOR OF WA*ER SPRAY INJECTED INTO AIR / STEAM ENVIRONENT
i

The behavior of a water spray injected into both an air and a steam

environment was studied. The water spray was divided into two parts -

1 sheet portion and droplet portion. An analytical model is proposed for

explaining the spray behavior. Experiments were performed to substan-

tiate the analytical results. Holographic pictures were used to obtain

the droplet size distribution. These size distributions were used for

.i

computing the motion of spray droplets in the analytical model. Har the
i

j sprays used in this study, the sheet portion plays a very important role

in the heat transfer phenomenon. The spray angle is primarily governed

by the sheet portion. In addition, the axial. extent (length) of sheet 3

is very important parameter in determining the spray angle. A correla-
'

4

tion is obtained experimentally for breakup length in terms of the Weber

number and the Jakob number.

;

i

i
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NOENCLATURE

a constants

a distribution parameter

A constants

A flow area of the nozzle (m )o

b constants

C constants

C drag coefficientD

C specific heat of water (KJ/Kg C)p

d thickness of water sheet (m)

D diameter of droplets (um)

D initial droplet diameter (um)
i

D, maximum droplet diameter (pm)

D nozzle diameter (m)n
P

i f f p,f
De De number (A p C ~[1Jp

E length of the initial part of drop portion (see Fig. 11-3)

Iburiernumber(4at/Df)Fo

g gravity

h enthalpy (KJ/Kg)

Ja Jakob number (C (T,- T)/A)p

Je Jet number (We-(p ,/pL) * )

k thermal conductivity (KW/m C)

L length of water spray sheet in axial direction (m)

$ condensation rate between z- z+dz (Kg/sec)
c

E, vapor entrained between z - z+dz (Kg/sec)
v111
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k,In mass flow rate of ' ' quid (Kg/sec)

( mass flow rate o; spray water at nozzle exit (Kg/sec)

In mass flow rate of vapor (Kg/sec)

n integer numoec

N number of drop?sts

2
AP pressure difference (N/m )

Pe Peclet number
2

P pressure of vapor (or air) at z, outside the water sheet (N/m )og

2
P pressure of vapor (or air) at z, inside the water sheet (N/m )g

Q volume flow rate of liquid (ml/sec)

r radial distance from the axis of the spray (m)

R radius of spray cross-section at z (m)

Re Reynolds number

R' position of droplets in radial direction from breakup point (m)r

R' position of droplets in tangential direction from breakup point (m)g

S direction of flow of liquid sheet

T temperature ( C)

T temperature of spray water at the nozzle exit ( C)go

T temperature of water droplet at breakup point ( C)
t

T temperature of steam ( C)s

t time (sec)
-

v volume of droplets

V velocity of air (/V +Vvr)a yg

liquid velocity (axial direction) (m/sec)Vtg

V liquid velocity (radial direction) (m/sec)Lr

V liquid velocity of the sheet portion (m/sec)to

ix



V velocity difference between liquid and steam (or air) (m/sec)o

V steam (or air) velocity (axial direction) (m/sec)yg

V steam (or air) velocity (radial direction) (m/sec)vr

V tangential velocity of water (m/sec)g

We Weber number (p V D /c)g

We.p 2a/p V d

in[a D /(D,- D )]y g 1

z axial distance from the nozzle tip (m)

2thermal diffusivity (m /sec)a

6 distribution parameter

A heat of vaporization (KJ/Kg)

T [1 + C (T - Tto)/A] ! -1p s

3p density (Kg/m )

-I(dr/dz)ri tan

o surface tension (N/m)

G radius of curvature

$ stream function

$ normal direction to the flow

( vorticity

2v kinematic viscosity (m /sec)

x
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1. INTRODUCTION

The purpose of a spray is to increase the surface area of the in-

jected liquid in order to promote the heat and mass transfer. In most

cases, the behavior of spray can be described by spray angle, dispersion

(drop size distribution) and penetration. These parameters are deter-

mined by the spray nozzle, breakup mechanism and aerodynamic effects

after breakup, which in turn depends on the ambient pressure (density),

injection pressure, liquid and gas properties for a particular nozzle.t

Since 1930, a great deal of research has been performed on the

breakup mechanism and the effects of ambient pressure, injection pres-

sure, liquid properties [1-19] including extensive review works [20,

21]. The aerodynamic behavior of spray was studied by Rothe and Block

[22].

Castleman [1] explained the mechanism of atomization of the jets by

the drag of the ambient air; a portion of the large mass (jet) caught up

by air stream and anchored at the other end is drawn out to fine drops

by Rayleigh instability. Schweitzer [2] explained the breakup mechanism

by the turbulent motion which occurred inside the nozzle. The radial

| dis-turbance (velocity) tends to break the interface as soon as the

| restraint imposed by the orifice wall ceases. A laminar boundary layer

may retard this disintegration up to certain distances. Tanasawa et al.

[3] studied the breakup mechanism using the photographic method, the

light source being an electric spark of 0.1 micro-second duration. As a
;

criterion for defining the various patterns of the breakup regime, they

introduced a nondimensional number, Je (Jet number, We-(p,/p )0.55), de-

fined as the function of Weber number (p V D /a) and density ratio ofg g

1

|

|
<

__ - _ _ _ . . _ _



liquid and gas. The breakup regime is divided into four patterns; dripping

(Je < 0.1), longitudinal oscillation (0.1 < Je < 10), lateral oscillation

(10 < Je < 500) and atomizing (Je > 500) . Basically, Castleman explains

that the initiation of breakup is due to the drag of the surrounding air;

whereas the model of Schweitzer emphasizes the turbulent motion which

originates from nozzle hole. Yet there is no definite explanation on

the breakup mechanism; the effect of turbulent motion, drag of surround-

ing fluids, properties of liquid and surroundings (such as, viscosity

and surface tension), shape of the nozzle are all considered as govern-

ing parameters of breakup. However, as far as breakup patterns are con-

cerned, the type of classification used by Tanasawa is generally ace

cepted.

Rar the purpose of application to practical systems (such as engine

design), the study of sprays was conducted in a different manner. That

is, the phenomena of spray were studied experimentally by changing the

governing parameters; such as ambient pressure, injection pressure (flow

rate) and fluid properites. DeJuhasz [4], Lee [5,6] reported that the

drop size distribution becomes even and initial spray cone angle in-

creases by increasing of ambient pressure, injection pressure and de-

creasing of liquid viscosity. Ranz [7] introduced the concept of stress

on the atomizing mechanism. In his report, the condition of atomization

depends on the ratio of inertial stress (velocity of droplet) and sur-

face normal stress (surface tension effect), which leads to a form of

the Weber number. Also the theoretical dispersion angle is predicted as

a function of viscosity parameter. He suggested the possibility of

modelling the spray using the Weber number as the criterion. Recently,

2
,

i

!

!
,
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6Reitz et al. [8] used an ultra-high-speed-filming camera (about 10

frames /sec) to study spray phenomena; such as, intact length, spray

angle, etc. He found the spray cone angle increases as ambient pressure

increases and decreases slightly with increasing liquid viscosity, and

strongly depends on nozzle design.

Most of the above studies were conducted on a solid-injection

nozzle. However, in many applications, other types of nozzles - such

as, swirl (centrifugal) nozzle, poppet type nozzle and fan spray nozzle

- are used for better atomization ( Fig.1-1) . Fraser et al. [9] concen-

trated on determining the drop sizes for swirl and fan sprays as a

function of injection pressure and flow number (which depends on the

atomizer design). Their results show the drop size is inversely pro-

portional to the injection pressure. Also, the effect of ambient

pressure (at sub atmospheric pressure) on drop sizes was studied. Mare

data of this type were obtained later by Dombrowski et al. [10] .

Dombrowski et al. [11-17] also studied the disintegration of a liquid

sheet which is produced by fan spray nozzles. Two principal modes of

disintegration were discussed; due to the growth of aerodynamic waves;

i and due to the perforation in the sheet. The aerodynamic instability is

| caused by unbalance of the aerodynamic forces and interfacial tension.

This unstable wave propagates at the same velocity as the sheet with

exponentially increasing amplitude (Kelvin - Helmholtz type instability)

| until breakup occurs. On the other hand, perforation occurs by the pre-

|
sence of nonwettable particles in the liquid or by certain turbulence

characteristics in the nozzle. Coalescence of expanding perforation

produces the network of unstable ligaaents which eventually break into

3
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(a) Solid injection nozzle (b) Poppet type nozzle
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(c) Swirl (Centrifugal) nozzle ( ) (d) Fan spray nozzle ( }

Fig.I-1 Typical types of nozzles
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droplets. DeCorso (18,19] studied the effect of ambient and injection

pressure on spray angle and drop sizes. Experiments were conducted with

the centrifugal nozzle and diesel fuel. He concluded that the spray

angle decreases markedly with increasing fuel and ambient pressure.

This conclusion seems to contradict to the results reported by other

researchers [3-5,8]. This is because the swirl (or centrifugal) nozzle

has different flow characteristics compared to the solid injection

nozzle. It is generally explained [20] as follows; for the plain

atomizer (solid injection) the axial velocity of liquid is always larger

than radial velocity (5 to 15 times). With an increase of air density

(due to increase of ambient pressure), the decrease of axial velocity

will be greater than the radial velocity and the spray angle will in-

crease. However, in case of swirl nozzle, higher ambient pressure

causes larger air core diameter to exist inside the nozzle. With the

vortex type flow of liquid, the tangential velocity at the air core

periphery must decrease, which results in decrease of spray angle. R)r

a centrifugal nozzle, it is also reported [20] that the effect of in-

jection pressure on the spray angle turned out to be small. Rather, the

large decrease of spray angle observed by DeCorso seems to originate

from a different definition of spray angle DeCorso used. He defined the

equivalent spray angle which is primarily determined by the spray radius

downstream. If the spray is injected into air, it will drag the air in

the axial direction, induce the entrainment of the ambient air inwards

in lateral direction, and then drag the droplets inwards. If the

ambient pressure (or ambient gas density) increases, the inward drag

force increases; thus the equivalent spray angle (or spray radius

5

_ _ _ _ _ _ _
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downstream) becomes smaller. He also reported that the drop sizes

(Sauter Mean Diameter) becomes smaller up to a certain ambient pressure,

and then increases above that pressure. It is conjectured that increas-

ing the ambient pressure above a certain value causes the coalescence of I

dropiets. However, this secondary effect has not been clearly docu -

mented experimentally.

Recently, Rothe et al. [22] proposed a one-dimensional model to

obtain the spray shape assuming the breakup is completed at injection.

The continuity and momentum equation were set up for the whole spray

region with the drag force on each droplet taken into account. Their

solution gave the spray outline shape. In this model, the drop size is

assumed to be uniform. This model greatly simplifies the actual system

and from a practical point of view, it is questionable to define the

boundary of spray based on a uniform drop size.

The effect of condensation on a spray is not taken into account in

the above research. The phenomenon of direct contact condensation of

steam is important to various fields. Rar example. a cold water spray

is injected into steam when LOCA situation occurs in a nuclear reactor;

a cold water spray is injected into steam in direct contact type con-
|
,

densers (heat exchangers); etc. Although direct contact condensation
,

j has been a subject of importance for a long time, only very limited
|
|

research has been done on the behavior of cold water sprays in direct
l

contact with steam.

Brown [23,24] studied the effects of mean droplet diameter and

water feed rate on heat transmission for water spray droplets in a steam

|
environment. This theory suggests that the value of the heat transfer

.

6
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2 2coefficient varied from 2300 to 11600 Beu/f t -hr-F (3.98 - 20.1 Kw/m -C)

for the droplets whose sizes range from 100 to 500 microns. Similar

range of heat transfer coefficient was reported by Lim et al. [25] in

case of the stratified steam-water flow. Lim's work consisted of ex-

perimental measurements over a wide range of steam and subcooled water'

flow rates.

Kutateladze [26] studied condensation on a free falling jet, ob-

taining an expression for the temperature change of the water as a

function of the length of jet with an outflow velocity of 3-5 m/sec.

.

However, it was pointed out by others [27] that the turbulent exchange

coefficient (eddy diffusivity) included in his formulation is based on

an eddy diffusivity coefficient evaluated from pipe flow correlations -
1

which differs from the case of jet flow with free surface.

Weinberg [28] studied the heat transfer for sprays of water in a

steam atmosphere at low pressure. The spray was divided into two

regions - film region and the droplet region - corresponding to the flow

of water as a film and as drops. In Weinberg's analysis, it was con-

cluded for the centrifugal nozzle that the film region is much more

important than the droplet region with regard to heat transfer.

Hasson et al. [27,29] studied the heat transfer by direct contact

condensation for laminar liquid jets, and experiments were conducted by

measuring the variation of water sheet thickness to substantiate their

analytical model. According to their results, the heat transfer coeffi-

cient for a laminar water sheet is very high; ranging from 100,000 to

2 2200,000 Kcal/hr-m -C (120-240 Kw/m -C), surface resistance being

! neglected.

| 7

i
i



More recently, a water spray in steam atmosphere was studied by 1

l
'Sandoz et al. [30,31] and the General Electric Company [32] for LOCA

!situations. They studied modeling of environmental effect on the water

sprays from nozzles used in reactors. However, these studies do not

contain a detail behavior of the spray, i.e., drop size distribution,

breakup lengths, etc. They concentrated on a prototype experiment for

design purposes. The G.E. Report (32] mentions the effects of ambient

steam pressure and spray water subcooling temprature as follows:

1. With spray water at saturation temperature, the spray cone

outline appears substantially the same in steam as in air

at 1 atm.

2. The spray cone outline narrows as the ambient pressure

increases.

3. The spray cone outline narrows as the spray water tempera-

ture decreases (from saturation temperature).

Takahashi et al. [33] have studied the water spray phenomena for a

mixture type steam condenser to be used in geothermal power plants.

They conclude that the rising temperature of water spray from centri-

fugal nozzles can be correlated to H/D where H represents the height of
e

fall of cooling water and D is nozzle orifice diameter. Mast of the

water temperature rise occurs before breakup where H/D is less than 20.

! Lekic et al. [34-38] have studied the water spray behavior in

greater detail. Firs t , they studied the behavior of drops experi-

mentally and devised an analytical model of the spray. Droplet size
i

distributions were studied experimentally by photographic method, ano

their theoretical considerations include the motion of droplets
t

8

l
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i

(vertical direction only) and heat transfer rate. In their analysis,

the thermal utilization * for a given length of spray is obtained.

The drop size is found to be the most important parameter influencing

thermal utilization. In Lekic's paper, the initial drop sizes were

taken from the photograph of the spray injected into steam at the

location about 30 mm from the nozzle tip. As mentioned earlier [28,33],

most of the heat transfer (or droplet growth) occurs within very short

distance from the nozzle tip. The measured size might be different from

the original droplet size, D . Also in Lekic's experiments, a slit isg

placed inside of the spray to facilitate photographing the droplets.

This slit disturbs the shape of the spray; thus, it no longer has the

advantage of an optical non-disturbing experimental method. There have

been studies in which the drop sizes have been measured [37,39] and

several mathematical expressions were proposed for fitting the droplet

distribution curves [40]; such as, Nukiyama-Tanasawa, Rosin-Ramnler,

Log probability, Upper-limit, etc. , (Table I-1) . The Upper-limit

function fits the droplet distribution best and is simple to use. Lekic

[36] mentions this in his paper.

Mare recently, Kashiwagi et al. [41] studied direct contact conden-
!

sation for coolant fluid jets. Here, theoretical investigations were

carried out for direct contact condensation for plane, cylindrical and

spherical jets with the effect of the condensate film resistance taken

into account. These results were obtained numerically. They introduced

*1/Ja) , defined as theg/A p Cp,ga dimensionless number, Dc, (A og pC ggg

Thermal utilization is defined as the ratio between the actual heat transfer
l rate at distance z from the nozzle and the theoretical heat transfer rate.
1
! 9
|

,
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'

Name Function Form Comments

Nukiyama- 3 e 3 is chosen for best fittingdn 2 -bDTanasawa =BDe
dD

Function for number distributione
,

2
where, b =

dD'g

B=6b /f(3/8)
n : Number fraction of droplets
D': Diamater of maximum probability

y , y , ,-(D/6)&Rosin-Rammler 5, 6 are chosen for best fitting*

where, y : Accumulated volume fraction-

of droplets

b -6 yLo8-Probability 6, 6 are chosen for best fittingdv *

Ti 'ric
where, y = In(D/ D)

[

Upper-limit I,6 , Da are chosen for best22b -6 odv
i -=-e fittingdy (K

where, y = In(i D /(D, - D))

D, : Maximum droplet diameter

Table I-1 Functional forms for drop size distribution



inverse of the Jakob number (C (T,- T)/A) multiplied by the ratio of

thermal conductivity, density and specific heat between the coolant and

condensate film. In our case where the coolant and vapor are water and

steam, Dc number is just inverse of Jakob number. The computational

results show that the accurate local Nusselt number cannot be obtained

by neglecting the condensate film resistance if De < 10. Also, they

obtained the non-dimensional thickness of condensate film with para-

meters of the De number.

Tanaka [42] studied the heat transfer of a spray droplet in a

nuclear reactor containment for the LOCA situation. He developed a com-

puter program (CONDENSE) for the rigid-droplet model and complete-mixing

droplet model. This program was developed to calculate the spray heat

transfer efficiency as a function of falling distance with the input

data of droplet size, initial velocity, spray angle, and gas tempera-

' ture. This work was done for a single droplet, and it does not explain

the effect of drop size distribution on the whole spray pattern.

Ohba et al. [43] studied the direct contact condensation of steam

on a high speed spray-jet of subcooled water. In their theoretical

model, the internal circulating motion within the droplet is assumed.

The drop size distribution was obtained by using the oil bath method.

This drop size distribution is used as the weighting function to obtain

the mean temperature of spray as a function of distance. The Peclet
j

!

number (Pe = Pr+Re) was used to represent the strength of internal

circulation. Temperature of the water spray was measured and compared

( with the temperature obtained from a theoretical model. Neglecting

| breakup length may be the cause for most of the deviation between the
l
1
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|
|

|

|
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theoretical model and the experiments. Their liquid nozzle consists of

many small holes such as seen in a shower nozzle, and breakup length for
i

such a nozzle may not be negligible. The heat transfer for a liquid

column (before break-up) is very much different from that of liquid

droplets (after breakup).

Most of the previous studies on sprays dealt with particular

aspects of sprays - such as, breakup mechanism, spray angle, condensa-

tion and/or evaporation of single droplets, etc. Very little research ;

has been performed on the overall behavior of a spray starting with

initial condition at the nozzle exit. Even less has been done taking

into account condensation effects. In this research, a model is pro-

posed and experiments have been conducted to predict the overall be-

havior of water spray injected into steam environment. To study the

behavior of droplets, the holographic method is used to obtain 3-

dimensional, instantaneous pictures of the water spray. Nd:YAG pulsed

laser is used for this purpose. To examine the outline shape of the

sheet portion, 2-dimensional pictures were taken with the same laser

(back lighting). In addition to the outline shape of the sheet portion,

the breakup length was measured from these pictures. Injection pressure

(or flow rate), ambient pressure and subcooling temperature were teken

as experimental parameters, and the difference between the steam and air

environment was studied.

1

|

|
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II. ANALYTICAL WDEL

Generally, the spray consists of a sheet (or film) region and

droplet region, which occurs before and after the breakup, respec-

tively. Usually, the sprays used in direct contact condensation have a

wide spray angle; which means, basically, these sprays are classified as

hollow cone sprays *. In this chapter, the general flow pattern of the

spray is considered and then the analysis will be presented for the two

regions of the spray; i.e., the region of spray that is a liquid sheet

and the region that is droplets.

1. General Flow Pattern of the Spray

Generally, a spray consists of two regions, i.e., sheet and droplet

regions; the sheet region usually extends a small distance from the

nozzle. In case of no condensation (water-air, or saturated water-

steam), the water spray behavior will be as seen in Fig. II-1. When the

water sheet leaves the nozzle, the water sheet will drag the adjacent

air with it. Also, the droplets formed (from the breakup of the liquid

sheet) will drag the air in the spray core downwards entraining air from

sides. This air flow pattern within the sheet is confirmed by an ex-

periment which is discussed in Chapter IV. It appears to form closed

streamlines as indicated in Fig. II-1. With this assumption, it is pos-

sible to determine the pressure distribution inside the sheet by using

the method of Parlange [44], who calculated the pressure distribution

* The spray angle of the full cone nozzle is at most 10 to 11 degrees [8].
The usual definition of a full cone spray is as follows: the water droplets,

;

have even distribution at certain distance downstream. In this study, the

full cone spray means no hollow portion exists before breakup occurs.
13
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inside of water bells. The details of this derivation are given in

Appendix 1. The calculated results show the pressure changes (for our

range of flow rates) due to the air circulation inside the water sheet

is negligibly small. Thus, the sheet shape can be calculated with sur-

face tension and inertia forces taken into consideration.

In case of significant condensation, the flow pattern is assumed to

be similar to that seen in Fig. II-2. A major difference between models

proposed in Fig.11-1 and Fig. II-2 is that the entrainment of vapor

from surroundings is more vigorous when condensation is present. The

proposed flow patterns are deduced from the experimental observations.

Small secondary flow may be formed at the edge of the sheet which may

enhance the breakup of the sheet. Experimentally it is found that for

the same water flow rates, the length of the water sheet is shorter in

condensing flows than in non-condensing flows. With these general con-

cepts, an analytical model of the spray with condensation is proposed.

The analytical model for spray flow pattern is assumed to be similar to

that shown in Fig. II-3, where the two regions (sheet and droplets) will

be treated separately.

2. Water Sheet Portion

We will discuss the condensation case and obtain computed values;

the non-condensible case will be treated as a special solution. Along

the sheet region, vapor condensation occurs on the inside surface of the

sheet as well as the outside surface. The sheet itself acts as a vapor

sink. The vapor interior to the sheet enters from a region downstream

of the breakup zone. If a small segment of the sheet is isolated as in

14
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Fig.11-4, the governing equations can be established. The following

t
', }L ;< ,

,

J'assuspejons are made: "Is.
.+/ .i s, .

~

(1) / Co densation has a negligible effect on liquid sheet thickness
,1
; ;

. ,
(the mass flow rate of.the condensate is very small compared to1

\
mass flow rate of water).*

,

, s

/

(2) Effect of the(fliction drag o2 the liquid sheet is neglected.,
'

>s>
.

g''

QY . b')Ft'As see and veltcity of vapor inside the sheet (hollow portion)
.

i . .

./are uniform along the cross section (away from the sheet
/

~/ . ,.

bocadary).' '
<

.

$ ,4- ,

, ,

h(4) Grafity torce neglected.
, i 7, .

The n ~, (see Fig. 11-4) the equation of motion in normal direction to'

(k \
.

/
the surface of the sheet will be [45]1 's -

i t

\I ]; \
*

\ ' .<; , ,

,; >
.

.,

\V ( d'V d
.

2c + 20 0 (1)r/cos n + Ap
=

%q
.3 r cas nNG i

4 |
p- ? .

i ,r;x
-tg

where, G is the radius of 'curvattire defined as:<
_

1
'

* - ,
.

~I' 1 d r/dz (2)=\ -= -
.

/, ',% (1 + (dr/dz){ [3(",
,,

G

., .,w - 4

. }- ) '!
.,

The first. %too terms of Eq. (1) are the ef fects of the surf ace tension,/h. J
"

s '1ngs ,
% . a, and the third term is the pressure differencei caused by condensation or' ,

'

]\ 1 |+
*\ > tin ernal circular motion $t',the air flow. These forces are balanced by

.,

,

'

' v ,. > y,

..'the centrifugal forces (or' inertia cerms) which show up on the fourth'

1 .

2 !
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In case of no condensation, as explained previously, AP is negli-

gibly small. However, in case of significant condensation, AP is not

negligible.

With no frictional drag by the vapor,

Vto = const (3)

and also

V r = const (4)
t

; and the thickness of spray sheet is

"Lo
d 2xrp V (5)

L Lo
In case of condensation, the heat transfer coefficient between the

2liquid and vapor is very high (about 100 Kw/m - C) [27,29]. Similar

range of Nusselt numbers is obtained by Lim et al.[25] where the thick-

ness of the water layer is large. Thus, it is assumed there is no heat

transfer resistance on the vapor side of the interface. The removal of

heat from the interface is assumed to be by means of conduction in the

liquid sheet. Therefore, the heat balance equation is

V =a (6)
e.

with boundary conditions

T(S,0) = Ts

T(S,d) = T (7)s

T(0,4) - Tto

where, S denotes the direction of flow of liquid sheet and & is taken

normal to the flow direction ( Fig. II-5) . The derivation and solution

of Eq. (6) are explained in Appendix 3.

If temperature distribution T is known at each segment, the en-

thalpy of each segment will be,

|
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d
h, = [ (C To2nr/1+(dr/dz)dz]d4 (8)

o

and, the condensation rate for the segment dz can be obtained from the

enthalpy change as follows:

=hh (9)Am
c g

Half of the condensation occurs on inside and outside of the sheet

respectively; thus,

z $
f [dz=pV wr (inside) (10)

fE"Pv "# vr
dz (outside) (11)

c

The vapor pressure at inside and outside surface of the sheet is,

= P, - h p V (inside) (12)P y3

P,3 = P. (outside) (13)

The vapor pressure outside the surface of spray sheet is same as

the ambient pressure. Therefore, th'e static pressure difference between

inside and outside of the sheet will be,

=fpV (14)AP = P -P y9g g

The pressure drop due to flow of vapor past the droplets at the edge of

the breakup zone is considered negligible. The relation between time

and axial distance is

ut (15)ddz = V

;
.

21
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| Prom the equations presented, the radius of water sheet can be obtained

numerically by proceeding step by step.

3. Droplet Portion

In the droplet portion of the spray, the liquid droplets are en-

trained by the surrounding vapor. Due to continuity, the vapor noves

into the spray which drags the drops inwards; thus, decreasing the spray

cone radius. In case of steam and a subcooled-water spray, the steam

condenses on the cold liquid drops. This increases the momentum

transfer. The behavior of droplets can be computed with the following

assumptions:

(1) All the droplets are spherical shape.

(2) The droplets have a size distribution given by the Upper-limit

function.

(3) The velocity and temperature of droplets at breaking point are

assumed to be same as the sheet velocity and temperature ob-

tained from the sheet portion.

(4) The pressure in this region is assumed to be uniform and equal
4

to the ambient pressure.

(5) No influence between the droplets, i.e., no secondary breakup or

coalesce.

(6) Gravity force is neglected.

The equation for the drop size distribution is [401

y=in[aD/(D,-D)} (16)g g

D
(17)

~ } D (D - D ) eXP(- 6 y )D
1 g1

22
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where, a and 6 are distribution parameters which represent skewness and

uniformity respectively, and D is the maximum droplet diameter. The

number of drops produced per unit time with diameter between D + 1/2dDit

and D - 1/2dD ist i

J 6
dNg= 3

**E ~
I (

i
6 D (D ,- D ) wDL g 1 1

The effect of cor.densation on the droplet size is [35]

i{l+T[1-exp(-w F )f/2 } (19)D=D

where,<

T=(1+C(T-T)/A]13/-1 (20)
p s i

( l}F =
o 2

D
i

Equations (19) - (21) are obtained by assuming zero surface resist-

ance and neglecting internal motion within the droplet. Kashiwagi et al.

[41], who studied the heat resistance at the surface shows insignificant
f

surface resistance for steam-water. Ohba et al. [43] studied the heat
i

i transfer augmentation by internal circular motion of,a droplet. How-
I ever, the experimental results do not clearly substantiate their analyt-

ical model. Hence, the assumption of heat transfer by conduction appears
|

to be reasonable.

|

|
l
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3a. & tion of Each Single Droplet

The equation of motion for a single droplet is

dY

(f D p )dt ~
O ~"~ ~

L v L vD o L v

where, V = |V - V j. The acceleration of a droplet on the left hando

side of Eq. (22) is balanced by the effect of mass change of droplets

(the first term on the right) and drag force term (the last term).

Equation (22) can be written in its component directions as:

z-direction

vz)~ V(V -V ) (23)*
(V -V=- o gz

r-direction

Lr" vr o tr~
-*~

vr

tangential direction

-f VV (25)V=-

where, the velocity V is defined as,o

V =((V -Vyg) + (V -V ) +V 2 (26)o g g

24
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and CD (drag coefficient) is chosen from Ref. [46] and the list of CD as

functions of Reynolds number is in Table II-1. Also Yuen et al. [47]

studied the drag coefficient with the mass transfer taken into account.

3b. Nbeentum Balance of the Spray

The z-directional momentum of the spray should be balanced as

follows:

[ f D p dN V fp2xrdrV = const (27)+
y

D R

momentum of drops momentum of vapor

,

J

3c. Velocity Profile of Vapor

If it is assumed that the sheet portion is relatively small, one

would expect vapor profile to be similar to that of a free circular

jet. Thus, the velocity profile of vapor is assumed to have a shape

similar to that seen in Fig. II-6. A simple, approximate mathematical

expression of such a profile is assumed

-Cg(z)(1+f) (1-() (28)V ,yz

and the radial velocity profile is assumed to be linear,

= - C (z) { (29)V
2yr

I

i
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Recommended Drag Correlations: Standard Drag Curve, w = log Re

Rang Correlation

(A) Re < 0.01 Co = 3/16 + 24,Re

**
(B) 0.01 < Re s 20 log,. -1 = -0.881 + 0.82w - 0.05w2

i.e, Co = g'4 [1 + 0.1315 Re'o.sa-o ese)

#
(C) 20 s Re $ 260 logi. -1 - -0.7133 + 0.6305w

i.e, Co = g'4 (1 + 0.1935 Re''''']

2(D) 260 s Re s 1500 log,.C. = 1.6435 - 1.1242w + 0.1558w

(E) 1.5 x 10's Re s 1.2 x 10' logi.C - -2.4571 + 2.5558w - 0.9295w2 + 0.1049w8

2(F) 1.2 x 10' < Re < 4.4 x 10' logi C. = -1.9181 + 0.6370w - 0.0636w

(G) 4.4 x 10' < Re s'3.38 x 10' logi,C - -4.3390 + 1.5809w - 0.1546w2

S 5(H) 3.38 x IO < Re 5 4 x 10 Co = 29.78 - 5.3w
S(1) 4 x IO < Re $ 10* Co = 0.1w - 0.49

0) 10* < Re Co = 0.19 - 8 = 10*/Re

* Sources of data: Achenbach (A3); Arnold (A7); Bailey and Hiatt (BI); Beard and Pruppacher
(B5); Davies (D2); Dennis and Walker (D3): Goin and Lawrence fG9); Goldburg and Florsheim

i

(GIO); Gunn and Kinzer (G14); Hoerner (H14): thme er af. (II); LeClair (L5); Liebster (L12);
Masliyah (M2); Maxworthy (M7, M8); Millikan and Klein (M10); Moller (M!!); Pettyjohn and
Christiansen (P4); Pruppacher and Steinberger (P8); Rafique tRI); Rimon and Cheng (R8); Roos

|
and Willmarth (RIO); Schmiedel (52); Shakespe -(59); Vlajinac and Covert (V3); Wieselsberger

! (W4); Woo (W9).
* Number of data points: C-149; D-74; E-61; F-52; G-142.

|

Table 11-1 Drag coefficient on liquid droplets as function of
Reynolds number (46)
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where,

C (z) = center-line velocity of vapor
1

C (z) = radial velocity of vapor at spray boundary2 ,

R = radius of spray outline.

Other power relations were tried for the vapor velocity profile (Eq.

(28) and (29)) and they had little effect on the results. These will be

discussed later.

Large radial velocity of vapor is expected at the beginning of the'

drop portion, designated by E in Fig.11-3, because most of the vapor

for condensation at inner side of water sheet will flow through this

region. Ibr computation, the length of E was assumed to be the same as

water cheet length L. Various lengths of E were tried and they had

little effect on the results (this implies the droplet portion is not

important for determination of spray outline shape).

The mass flux of the liquid and vapor should be balanced as follows

( Fig. II-6) :

(a+(lz+[a],-(a+(1,+d,y e v

(b}z" ~ + ~

e v z+dz vz z+dz z

=(b]zRz ~ ( v]z + [ Condensate rate}zy

That is,

1

R+dR R

2sR dz V p = f 2nr dr py[V,)z+dz ~y ** *
0

(30)
;

+fp f (D - D )dN

27
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The velocities of droplets can be obtained as;

dV

[V )+[ *)z[dt}, (31)[Vg)" =

dV

[Vg)g, = [V )+[ #) [dt]z (32)

dV

[V ] +[ t)g [dt], (33)[V ) =

[ and the radial positions of the droplets will be ( Fig. II-7)

[R'Iz+dz=[R'Iz+[Vgy),[dt]z (34)
r r;

[R lz+dz = [R Iz + IY lz IdE}z (35)
t t t

[RjzMz =([R']gg + [R ) 2 (36)'

t

,

|

|
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III. EXPERINENTS

1. Test Section and Experimental Apparatus

Fig.111-1 and Fig. III-2 show the schematic diagram of experi-

mental apparatus. Water is boiled with an electric heater located in

the bottom of the test chamber. Thus the saturated steam is generated

inside the test chamber which is maintained at a desired pressure by

relief valve. Subcooled water spray is injected through the nozzle at

pre-selected flow rate and temperature. The experiments were conducted

with various spray water flow rates, temperatures and pressures (mostly

saturated steam or air at 1 atm.). Some of the higher pressure (3 atm.)

experiments were conducted to determine the drop size distribution at

higher pressure.

The test section, which is made of brass, is 25 cm in diameter, 30

cm high, and contains windows (50 mm diameter) made of 25 mm thick pyrex

glass for taking holograms and photographs. Spray water flow rate is

measured with calibrated rotameter (Fisher and Porter) and the pressure

inside the test section and the nozzle are measured by calibrated burdon

type pressure gage. Fig. III-3 shows the calibration curve for the

|
l rotameter obtained by measuring the amount of water flow over a fixed
i

| time duration. Fig. III-4 shows the calibration curve for the pressure
l

gauge. Calibration was made with a dead-weight-gage calibrater. The

pressure gage to be calibrated is connected to a chamber filled with

fluid whose pressure can be adjusted by means of some type of pump andi

bleed valve. The chamber is also connected to a vertical piston-

i
! cylinder to which various standard weights may be applied. The pressure

is slowly increased until the piston and weights are seen to " float," at
31
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which point the fluid " gage" pressure must equal the dead weight sup-

ported by the piston, divided by the piston area. Ibr temperature

measurements, calibrated chromel-alumel thermocouples are used. Three

of the nozzles used were manufactured by Spraying Systems Company

(#1/4TTGO.3, #1/4TTGO.4 and #1/4TTGO.7) and their specifications are

listed in Table III-1. These nozzles have two (or four) slots inside

the nozzle chamber and produce the swirl motion. The other two nozzles

used were poppet type which were designed and constructed in our machine

shop (see Fig. III-5,6).

A gear type water pump is used to supply water for the spray. Tap

water is used for the experiments. To reduce heat transfer from the

steam to the inlet water, a double pipe is used to connect the water

supply line to the nozzle inside the test chamber. In order to elimi-

nate the condensate on the window, electrical tape heaters are used for
i

heating the pyrex windows. A spray pan is installed inside the test

chamber in order to deflect the spray water directly from the test

chamber without mixing with the boiling water. Before holograms (or

photographs) are taken, the water inside the test chamber is boiled for

at least an hour exhausting steam to the atmosphere - thus eliminating

air from the test chamber. The water spray is turned on when steady

state conditions have been achieved, the laser and ELN-1 are turned on

to take holograms (or photographs).

Holographic plates are developed in KODAK D-19 developer (5-6 min.)

and put into stop bath (30 sec.) and then put into the rapid fixer (2-4

min.). Once the holograms were obtained, photographs of the 3-dimensional

image in the holograms were taken with a 35 mm camera. A He-Ne Laser is

35
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Nozzle # Type Specifications

1 Spraying Systems, Dn(Orifice diameter) = 0.02"
(= 0.508 mm)Type TG Full Cone

Spray Nozzle, with two slots for swirling

| kTTGO.3 inside the nozzle

|

*
2 Spraying Systems, D '(Orifice diameter) = 0.023"n

Type TG Full Cone (= 0.584 mm)

Spray Nozzle, with two slots for swirling

kTTG0.4 inside the nozzle

3 Poppet type nozzle Equivalent hydraulic diameter
of orifice = 0.406 mm

2Flow area = 0.858 mm

(See Fig.III-5)

4 Poppet type nozzle Equivalent hydraulic diameter
of orifice = 0.445 mm

2Flow area = 0.439 mm
(See Fig.III-6)

5 Spraying Systems, D (Orifice diameter) = 0.03"n
Type TG Full Cone (= 0.762 mm)

Spray Nozzle, with four slots for swirling

inside the nozzlekTTGO.7

* Original specification in catalogue shows 0.022". However, the
measured size is 0.023" (measured with Electric Comparator)

Table III-l Specifications of the nozzles used in experiments

:

37
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used in the reconstruction. K0DAK Tri-X Pan ASA 400 film, used for

taking two dimensional pictures, is developed with >Ecrodol developer

(10 min.) and then fixed with Rapid Fixer (2-4 min.) . br data taking,

enlarged positive prints were made using standard photographic paper.

Also, 2-dimensional pictures of the spray were taken by back lighting

with the Nd:YAG pulsed Laser. Thus, the laser was used as a light

source and shutter. These photographs are then analyzed to determine

droplet size distributions, cone angle, breakup point, spray radius,

etc. The details of the holographic method is explained in the next

section.

2. Holographic Method

As explained above, holograms of the water spray were taken to

determine the drop size distribution. If a coherent reference wave of

light is combined with light scattered from an object of interest, it

will result in an interference pattern that would be a function of the

phase and amplitude of the light scattered from the object. If this

interference pattern is recorded on film, which is called hologram, then

a 3-dimensional image of the object can be reconstructed using the holo-

gram and coherent light source. This imaging technique is known as

holography. The basic theory and application of the holography can be

found in many recent text books dealing with lasers and optics. The

main advantage of the holographic method is that it contains information'

concerning the shape, size and position of the droplets 3-dimensionally

without disturbing the spray. In this case of counting dcoplets, the

holographic method requires a great deal of tedious data handeling.

40
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That is, to obtain the size and position of the droplets in the spray

requires making measurements and counts from the many photographs, which

is laborious work. There are techniques for electronically counting and

measuring the droplets, but these devices are generally quite expen-

sive. Lekic [37,38] used a device called Quantimat for counting drop-

lets. However, there is some uncertainty in applying this counting

equipment to holography because normal photographs which are taken from

3-dimensional hologram show the unfocused droplets as well as focused

droplets. It is difficult to judge one from another by the Quantimat

system. We have a T.V. camera and CRT screen which is used to examine

the enlarged images of the spray. In the present experiments, the size

and position of the droplets were measured manually from photographs.

Though it is time consuming to analyze holograms in this manner, it is

accurate. Later, if electronic measurments are made, those can be

checked against our manual measurements. In Fig. III-7 the holographic

configuration is shown. This holographic configuration was originally

set up by Stachniak [48], but was modified; thus improving the holo-

grams. A Q-switched Nd:YAG pulsed laser is used as a coherent light

source and off-axis holographic conffguration is chosen because it
!

allows us to operate at higher density flows. The Nd:YAG laser is capa-

ble of supplying pulsed light (0.532 micron and 1.064 micron) with a

i pulse repetition rate between 2 to 22 Hz. The average pulse time dura-

tion is approximately 6 nano-seconds with a peak power per pulse of 9 FM

(0.532 micron) and 22 FW (1.064 micron). Coherence length of the light

|
is less than 10 cm but using an Electronic Line-width Narrower (ELN-1)

|

|
accessory, the coherence length can be extended to about 3 meters. The

41
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Nd:YAG laser beam strikes a prism that separates the 0.532 micron

(green) and 1.064 mic. . P afra-red) light and directs both beams across

the room. The 1.064 micron infra-red light is collected in a light trap

while the 0.532 micron green light is reflected across the room to the

iris stop, where the laser beam is about 30 mm in diameter. The origi-

nal diameter of the beam emitted by the laser is approximately 6.5 mm.

This iris stop is used to select the uniform portion of the laser

light. The portion of the laser beam that is allowed to pass is then

expanded by plano-concave lens and an off-axis paraboloid mirror. The

lens and mirror are separated by a distance equal to the difference of

their focal lengths. The' light reflected by the off-axis mirror is a

parallel light which is directed to 1:1 beam splitter, where the laser
a

beam is divided into a reference beam and an object beam. The reference ,

beam is directed to the holographic plate by two folding mirrors, and

the object beam is reflected by a folding mirror through the test

section. Before the object beam strikes the test section, it passes

through a ground glass diffuser, which provides uniform illumination of

the object fisid. An image of the illuminated object field is formed

near the holographic film by a pair of plano-convex lenses. The dis-

tance between the image (or object when no lenses are present) and the

recording plane affects the quality of the hologram. By placing the two

imaging lenses so that they are separated by a distance equal to the sum

of their focal lengths, the magnification factor is constant over the

field of view. The focal lengths of the lenses in our case are 212 mm

and 483 mm. The size of the image becomes larger proportional to the

ratio of focal lengths and depth of field becomes larger proportional to

42
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the square of the ratio of focal lengths as shown in Fig. III-8. The

angle between the object and the reference beam is approximately 25

degrees. The film used to record the hologram is AGFA-Gevaert 10E56-AH

(4" x 5") glass plates with a film resolution of 2800 lines /mm (Table

III-2) [49]. However, because of the laser speckle, the resolution

ability of this holographic method is about 50 microns. Droplets

smaller than the 50 microns are not practically measurable. Rar recon-

struction, the He-Ne 15 mW laser (Spectra Physics) is used with the

configuration shown in Fig. III-9. The He-Ne laser beam is routed

across the table by plane folding mirror. The plano-concave lens used

in taking the hologram is removed and the beam is expanded by a double-

convex lens pin hole assembly and off axis paraboloid mirror. The
t

double-convex lens and the paraboloid mirror are separated by a distance'

equal to the sum of the two focal lengths to obtain a parallel beam of

light. The reference beam reflects off of beam splitter and two plane

, .
folding mirrors to the holographic plate. These were the same mirrors

that were used during construction. Thus the beam of light during re-

construction traces the same path as during construction. The object

beam is shielded because it is not used for reconstruction. The dif-i

<

ferenceindiptnsionswhichoccurbecauseofthedifferentwavelength'

between the construction wave and the reconstruction wave was checked by

taking .the hologram of two objects of known sizes and distances between

them. The 35 mm camera and the traveling carriage was placed behind the
,

reconstructed hologram and the camera was traversed until a few water
|

' "sdroplets closest to the camera appeared to be in focus. With that posi-
.

tiEn.as the starting point, photographs were taken by traversing the

44
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Material Resolution Exposure for Conunents

densityofone P= Panchromatic
lines /mm erg /cm 0 4rthochromatic

KODAK
649F 2000 1000 P
649G,6490 2000 1000 0

,

S0243 500 5 P
High Contra-

st Copy 200 0.5 P
HRP 2000 1000 0
Tri-X Pan 150 0.1 P

AGFA-Gevaert
8E70 3000 200 Peaked for He-Ne

; 10E70 1500 50 and Ruby lasers

AGE PEFF 280 2.5 0

AGEPAN 220 1 P

10E56 2800 50 Peaked for Argon
lasers

39C56 165 3 0

,

1,

Table III-2 Properties of the most common photographic emulsions (49)'

.
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camera in 10 ma increments and taking pictures. The incremental

distance in the real image is 2.7 mm. The focus and all other camera

settings were never changed while photographs were being taken. Thus

the processed photographs have information on the location (x,y,z) and

sizes of droplets. Extracting this information for analysis is a rather

tedious process.

i

l

'
,

1
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IV. RESUITS AND DISCUSSION

1. Droplet Portion

Experiments were conducted for the test conditions listed in Table

IV-1 using nozzle #1. In the region z = 10-25 mm (axial distance from

the nozzle), the diameters and positions of the droplets are measured

and recorded. Figure IV-1 shows a typical photograph of the droplets

taken from a hologram. The diameters are grouped in 50 micron incre-
i ments and counted. In determining the volume of droplets, non-spherical

droplets are handled as ellipsoids or cylinders. R)r the test condi-

tions #1-#7, the droplet sizes range from 50 to 750 microns. The drop-

let data can be expressed with one of the usual distribution equations.

It is known that the spray droplets have a random distribution, and t):e

Upper-limit equation is the best-fit curve [36,40]. The Upper-limit

equation is the modified form of the Log probability equation. The

mathematical expressions are:

f"/w exp(-6y) (37)
D(D DJm

y=in(aD/(D,-D)] (38)

where, a and 6 are the distribution parameters which represents skewness

and uniformity respectively, and D,is the maximum droplet diameter. To

determine these parameters, the least square method was used to fit the

experimental data. This provides the best fit to the data points, and

the parameters obtained for each test conditions are listed in Table IV-

2. Figure IV-2 - Fig. IV-8 show the droplet size distributions for test
i
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Condition #1 #2 #3 #4 #5 #6 #7

Environment Air I atm Saturated Steam 1 atm Air Saturated
3 atm Steam

3 atm

Spray water flow rate 3.52 2.23 2.23 3.52 3.52 3.52 3.52
(ml/sec)'

1
'

! Spray water temperature 13.0 13.1 24.5 24.5 61.1 15.0 24.5
(*C)

Saturation temperature - - 100 100 100 134.0-i

(*C)

8
Table IV-1 Test conditions for measuring the drop size distribution (Nozzle #1)

Condition #1 #2 #3 #4 #5 #6 #7

a 2.79 1.97 2.44 1.79 1.77 2.03 2.32

6 1.40 1.17 1.19 1.07 1.33 1.22 1.16
!

Dm 972.3 936.0 1320.0 908.8 676.0 688.5 966.5
(microns)

|

Table IV-2 Parameters of drop size distribution functions of each test conditions (Nozzle #1)
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conditions #1-#7. In Fig. IV-2, the number distribution is shown ( Fig.

IV-2(a)) as well as the volume distribution ( Fig. IV-2(b)). The volume

distribution is skewed to the right compared to the number distribution

3because it is weighted in proportion to D . Figure IV-9 shows the

effect of flow rate, ambient pressure, subcooling temperature and co'-a

parison between air and steam environment. Droplet sizes become more

uniform and smaller when ambient pressure and/or injection pressure

increases. Also, the average drop sizes are larger in a steam environ-

ment than in an air environment ( Fig. IV-9(a,b,g)) . This seems to be

due to the earlier breakup of water sheet in a steam environment. The

effects of ambient and injection pressure on droplet sizes agree with

results of other researchers [3,4,5]. ( At injection pressure higher

than 5000 psi, it is reported that the effect of injection pressure on

drop size is negligible [20].) When the subcooling temperature de-

creases, then drop sizes become smaller (Fig. IV-9(h)) and the distribu-

tion shape become close to that for the air environment ( Fig. IV-9(a)) .

These droplet size distributions were used for calculating the

droplet trajectories af ter breakup. As a trial, calculations were

performed with the sheet portion neglected because the sheet portion is

usually very short (less than 20 orifice diameters). As seen in Fig .

IV-10, it is assumed that the nozzle hole is the source of droplets.

The droplets emitted from nozzle were assumed to have the measured size

distributions with uniform velocities and temperature. Computations

were done using Eqs. (16)-(36) of Chapter II. The PDP-ll/44 computer

and the TEKTRONIX 4052 graphic terminal was used for numerical computa-

tions and plottings. Figures IV-ll,12 show the computed results of
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space distributions of droplets. The plotting was done for the range of

5 degree in azimuthal direction of spray with 50 micron increments of

drop sizes and 2 degree increments of spray angle (Fig. IV-10). In

Figs. IV-ll,12, one side of the plots (Number distributions) show the

position of droplets in space - each point indicates a single droplet

regardless of its size - and the other side of the plots (Volume distri-

bution) shows the relative volume distribution of droplets in space.

Since the plots were made with a range of 5 degrees in azimuthal direc- f

tion, both plots of Number and Volume distribution of droplets in space

are seen to be more dense at the edge than at the center of the spray

(the edge volume is larger than the center volume). The large droplets

follow their initial trajectory; whereas, the small droplets are de-

flected inwards. In Fig. IV-ll, we can see a group of droplets that are

deflected inwards which were initially injected at the edge portion. We

can verify the deflecting droplets to be small ones by following methods:

if plots were made (by computer) without 50 and 100 micron droplets,

this group of deflecting droplets in Fig. IV-ll vanishes. The deflec-

tion of small droplets are seen to be greater in air environment than in

steam en-vironment even though condensation is present in latter case.

Air has a higher density than steam; thus the drag force due to entrain-

ment is larger in case of air. Also f rom Figs. IV-ll,12, the outline

shape of the spray does not change appreciably between the case of con-

densation and non-condensation. That is, the large droplets follow

their initial trajectory - inward deflection is negligible. Therefore,

it is believed that the contraction of spray angle in steam is primarily

due to the contraction of the sheet portion - even though this region of
!
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the spray is very short. Similar conclusions are reported by Chan et

al. [50). The method of Rothe and Block [22] used a uniform drop size

and obtained contraction. If the average size droplet were used in our

computation, we would have also observed contraction in the spray angle.

2. Sheet Portion

Concerning the sheet portion, two major quantities must be deter-
!

. mined: the shape of the sheet and its breakup length. Up to the breakup
!

point, the shape of the water sheet can be calculated by the model de-

veloped in Chapter II. Bar this purpose, the calculation and experi-

ments are performed on the Nozzle #1, #2, #3 which are described in

Chapter III (Table III-1). A program for the numerical calculation is

listed in Appendix 4. Figures IV-13,14,15 show the typical photographs

of these sprays. Figures IV-16,17 show the comparison between calculat-

ed and measured results for the sheet portion of Nozzles #1, #2 in air

and steam environment. Each rippled line is an outline shape of the

water sheet obtained by a tracing from a photograph of the spray. The

p pulsed laser was used as a light source and shutter. The duration of

-8the pulsed light is 10 see and the shape of the spray is not smooth as

in the ideal cases. Flve or six photographs are taken for each set of

conditions and the rippled lines are these traces. Rar Nozzles #1 and

#2, expansion of spray sheet is caused by the tangential velocity since

there are slots for swirling inside the nozzle. It is difficult to

decide the tangential velocity at the nozzle exit by the angle and size

of the slots inside the nozzle because of large pressure drop within the

nozzle itself. Therefore, the ratio of tangential velocity and axial
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velocity (V /Vto) at nozzle exit was found for each nozzle by a best fitt , ,

. .
\1,.

of computed value and experingntal value,(from a photogr,aph of spray) at
y,,

a certain test condition. The ratios of V /V at nozzle exit turnedg to

out to be b$ and 0.45 for Nozzle #1 and #2 respectively. Once the

rae.to, V /YLo, at the nozzle exit was found, then this was used fort
s , 1,

.
calculation at the other experimental conditions. That is, the ratio of

tingentialvelocityand'axialveloegtyatnozzleexitdependsprimarily

on % nozzle design aad hot on the# ambient condition af ter the injec-,

t' r

Incaseofthepoppethcy,py' nozzle,thedeflectorplatespreads, / (/' tion.
1 s _.t

i ? .,%-
n' the water sheet instead of swirling motion, and initial spray angle is

hl idetermined by the nozzle geometry. ngures IV-16,17 are replotted in

b,

6. Fig. IV-18 with the average value of measured shape.. Also, the measured

and calculated shapes for Nozzle #3 were plotted in ag. IV-19. The

lines were obtained from computation and the solid dots were averaged
f

values obtained from the photog h. gs'of the spray.J Er.the nozzles- .

tested, the experimentally obtaine#d results '.show good agreement with the
A

- } r, 3

calculated shape. As seen in Fig. IV-19, thq difference of breakup
'

3, ;

lengt$ between the cases of condensation and non-condensation is well

observed with Nozzle #3, which is designed to have a relatively long
t '

sheet portion. It is noted that, thebreakupoc$ursearlierincaseof
/i-

4condensation. This effect is not'as clearly defined with Nozzle #1, #2,
,

because both of these nozzles have very short sheet portion-due to high
r~

y s'* , ,
>

-1. water velocity and small orifice size compared with Nozzle #3. The sur-

Q| ,
+

4'~ face tension of water listed iis the published tables is for pure water.
.,> .
%, f

In our case, we used tap water which has a lower value. Er the spray'
<

,
, s ,

3 shape computations, the surfade tensi.on of tap water was measured as
*

I
;) } .**
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E
Measured Measured Measured

Steam 1 atm Steam 1 atm Air 1 atm

Q = 3.52 ml/sec, Tto= 73*C Q = 3.52 ml/sec, Tto = 20*C Q = 3.52 ml/sec, T o= 20*Ct

,

Fig. lV-16 Calculated and measured shape of sheet portion (Nozzle #1)

(V /Y = 0.4 at nozzle exit)t Lo
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Calculated------

4'
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z(mm)

Air 1 atm, Q = 3.52 ml/sec, Tto = 20*C

(

0 1 2 3 4
' r(mm)

.'F1

2.
,

3. g

\ ------ Calculated

#
Measured

5.

z(mm)

Steam 1 atm, Q = 3.52 ml/sec, Tto = 20*C

Fig.IV-17 Calculated and measured shape of sheet portion (Nozzle #2)
(V /Vta= 0.45 at nozzle exit)t
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Steam 1 atm, Q = 4.40 ml/sec, Tto= 30*C

Fig. IV-17 (Cont'd)
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Nozzle #1 Nozzle #2

(V /VLo= 0.4 at nozzle exit) (V /VLo= 0.45 at nozzle exit)t t
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.

.
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.
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Steam 1 atm Air 1 atm Steam 1 atm Air 1 atm Steam 1 atm Air 1 atm

= 20*C Tto = 20*C T = 20*C T = 20*C T,o = 30*C T = 20*C
Tto to to to

Q = 3.52 ml/sec Q = 3.52 ml/sec Q = 4.40 ml/sec

measured*

calculated

Fig. IV-18 Calculated and measured shape of sheet portion (nozzle #1,#2)
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described in Appendix 2. The results show the surface tenison of tap

water varies from 50 to 60 dyne /cm depending on the temperature. Fbr

large initial spray angle and/or radius (Nozzle #3, Fig. IV-19 ) , the

calculated results show that the outline shape of sheet portion is not1

changed significantly by condensation. The outline shape does change'

significantly for a spray'having a small initial spray angle and/or

radius. Accordingly, the contraction of spray- angle is well observed

in the case of Nozzles #1, #2 as in Fig. IV-13,14 (or Fig. IV-18).

Similar results are reported by Sandoz et al. [30} as seen in Fig . IV-

20. In both figures (Sandoz's and ours), the spray angle contracts in

case of steam environment prior to breakup. However, after breakup, the

spray expansion is greater in the case of a steam environment as com-

i pared with the case of an air environment (non-condensation). This can

i

; be explained as follows: With a small angle and assuming a vortex type

flow (for a swirl nozzle), the centrifugal force is greater at breakup
4

because of higher tangential velocity (smaller radius). Thus, with

; contraction of the cone angle in the sheet portion along with shorter

breakup length (for condensation) one would expect the droplets to have

| a greater tangential velocity at the breakup point. This in turn would

result in a greater centrifugal force on the droplet and thus forms a

; greater expansion angle of the spray after breakup. One would not
;

expect this for the poppet type nozzle.

As mentioned earlier, the shape of the water sheet is not the only

.

factor that governs the spray shape, but also the breakup length.

Figure IV-21 shows the sample calculation of the outline shape of the

'
two sprays with all same initial conditions but different breakup ;

78
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e 5- -

Breakup

e

e

10 .

* measured Breakup<
e

calculated

Steam 1 atm Air 1 atm15 --

Q = 6.30 ml/sec Q = 6.30 ml/see

Tto = 20 * C Tto = 20 'C

If

z (mm)
.

Fig . IV- 19 Calculated and measured shape of sheet portion

(Nozzle #3)
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(a) No condensation (Nozzle: Spraying Systems, 1 mil 2)

{
,

r,[ '

.

.

,

(b) Significant condensation (Nozzle: Spraying Systems, 11011 2 )

Fig.IV-20 Full cone swirl nozzle spray with and without condensation

(Results of Sandoz et.a1 )
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lengths are assumed. The lengths of the sheet portion are assumed to be

5 and 10 mm respectively for Nozzle #3. The straight lines were drawn

after the breakup assuming that the velocity and direction of the large

drop-lets will be the same as the sheet value at the breakup point. It

can be seen from Fig. IV-21 that the breakup length plays an important

role on the final shape of the spray. This is why, in Fig. IV-15, the

water spray with condensation has a larger area of coverage compared to
)

the case of non-condensation. The breakup length is an important

parameter in determining the spray shape.

Although, breakup of liquid sheets have been studied by numerious

researchers [11-17, 51-53], the breakup length cannot be predicted ana-

lytically. It depends on the flow conditions for a given nozzle as well

as the type of the nozzle. In the present research, a number of experi-

ments were performed under experimental conditions listed in Table IV-3

to determine if a correlation can be obtained from the experimental data

in nondimensional form. The results obtained by examining 425 frames of

pictures with 5 different types of nozzles are shown in Fig. IV-22. A

correlation is obtained with the three non-dimensional groupings, i.e.,

theWebernumber,theJakobnumberandL//I{.Thefollowingequationwas

fitted to the experimental data:

4}]=C
C -C ( * - 62 3

/ T (1 + C Ja
(3 )5*ey

o
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Fig.IV-21 Effect of sheet length on the spray shape

(Nozzle #3, Q = 6.3 ml/sec)
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Nozzle Environ- Flow rate Initial water temperature,Tg(*C)
; # ment (ml/sec)

( l atm) 10 20 35 50 65 80

1 Air 3.52 x
. Steam 3.52 x x
1

; 2 Air 3.52 x
4.40 x

*

6.30 x
Steam 3.52 x x

7 4.40 x x

I 3 Air 2.67 x x* x* x* x* x*
< 3.52 x x x* x* x*

|I
4.00 x
4.40 x x x* x*
5.25 x
6.30 x x
7.83 x x

: 9.40 x x x
11.10 x x

,

12.50 x x
13.40 x

; 14.90 x x

j!
Steam 2.23 x x x

2.67 x x x
l 3.10 x x x x x
$ 3.52 x x x
} 4.00 x x x x
! 4.40 x x x x

5.25 x x
'

4 6.30 x x x

| 9.40 x

: 4 Air 5.25 x
; 6.00 x
1 6.60 x

7.20 x
7.83 x

i 8.50 x
Steam 4.40 x,

! 5.25 x x

5 Air 7.20 xi

| 7.80 x
8.20 x,

' 8.60 x
i 8.80 x

9.10 x:

I 9.40 x
!

I * Formation of water bell

| Table IV-3. Test conditions for experiments on breakup and spray shape
j ( 2 - dimensional photographs taken with pulsed laser )
I
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where,

C1 - 6.55

C2 = 0.714

-6
C3 = 3.02 x 10

C4 = 475

and if We < 750 C5 = 2.47

C6 = 0.29

We > 750 C5 = 820

C6 = - 0.58

iThe constants were chosen for the best-fit curve to the data points by

>

nonlinear least square method. For the poppet type of nozzle, the Weber

number is based on the equivalent diameter (or hydraulic diameter). The

subcooling effects between spray water and steam are expressed as Jakob

i Number, C AT/A, and the breakup length is divided by the square root of
p

'the flow area for non-dimensionalization. In the case of poppet type

nozzle, the size of the poppet must be taken into account as well as the

gap between the poppet and the orifice. Ibr the single hole nozzle,

without the poppet, this dimension is directly proportional to the j

i
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orifice diameter. The results, seen in Fig. IV-22, were obtained for

the Weber number ranging from 30 to about 5000 and initial spray angle

of 40-60 . One finds that the breakup occurs earlier in steam environ-

ment than in an air environment, which means the condensation plays an

important role on the breakup of water sheet. In Fig. IV-15 there are

two photographs which clearly shows the effect of condensation on the

breakup length. However, if the liquid velocity (or Weber number) is

large, the breakup length in air also is very short and it is difficulti

to measure the difference between air and steam environment. In Fig .

IV-23, observations of breakup length by Sandoz [54] and modified re-

suits of Huang [52] are plotted for comparison. In case of Huang, the

water sheet was formed by two jets impinging from opposite directions.

Thus, in Fig. IV-23, his original results were reduced in half since the

water flow rate (and water sheet thickness) is twice as large as for a

; single liquid jet. Huang's experiments covered the Weber number range

of 100 to 40000. His results show the maximum valve of breakup length

to occur at Weber number between 800 to 1000 - which agree with our

maximum value. However his results differ from ours by a factor of

about 2. This difference, we think, may be due to the entirely dif-

ferent way the water sheet is formed. According to Sandoz, the breakup

length of water spray observed is 5 ~ 10 orifice diameters with Weber

numbers ranging between 4000 ~ 160000. Her observations are in agree-

ment with the extrapolation of our data within a factor of 2. Her

sheets are probably in turbulent range whereas ours are laminar, which

may explain the factor of 2 difference. If Weber number is taken as

defined by Taylor [51], wet = 2a/p V ,d, the wet in our experimentsgi

!
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__

ranges from 0.01 to 0.26. Taylor gives an upper limit on the sheet

length which is wet = 1. This is certainly true for our experiments.
4

Knowing the breakup length, the shape of the spray can be obtained using

the analytical model presented in Chapter II. Figures IV-24,25 show

the calculated shape of the spray - both sheet and droplets taken into

account. Plots were made for a wedge shaped volume having a 5 degree

angle (in the azimuthal direction) and drop size of 50 micron incre-

ments. The method of plotting is the same as described in Fig. IV-
,

11,12. That is, one side of the figure (Number distribution) shows the

) position of each droplet in space and the other side (Volume distribu-

tion) shows the relative volume distributions in space. The droplet

velocity and temperature at breakup point are taken from the values of

water sheet at breakup. As can be seen from Fig. IV-24, larger droplets
,

remain at the edge portion of the spray outline; whereas the smaller

droplets deflect inwards. This can be judged by the relative density of

points in Number distribution and Volume distribution of Fig . IV-24. It

is important to note that the outline shape does not change signifi-

cantly after breakup. Therefore, as seen in F1gs. IV-24,25, the shape

of the spray is primarily determined by the sheet portion of the
I

spray. Figure IV-26, shows the water spray injected into saturated

steam environment with small subcooling. The outline of its shape is

very similar to the case of water sprayed into an air environment ( Fig .

IV-24). In order to substantiate the space distribution of droplets as

in Figs. IV-24 ,2 5 ,26, a simple experiment was conducted. Figure IV-27

shows the schematic picture of experimental set up. Nozzle #3 was

installed in open space (not the test chamber), and droplets were
j
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collected by oil bath located at downstream. A shield is placed to

|
collect the droplets at the desired portion of the spray. The axial

position of the shield from the nozzle is 160 mm, and it is doubtful

that it affects the spray pattern upstream. The cover to the shield was

removed for about 1 second when the shield was near the edge of the

spray. When the shield was along the centerline the cover was removed

for about 10 seconds. With these collection times, a proper number of

fdroplets were collected with the oil bath at the center and edge portion

of the spray. Photo-graphs of the oil bath were taken - see Pig. IV-

28. As predicted, the droplets collected at the center portion are much

smaller than the droplets collected at the edge portion. This droplet

collecting experi-ment was not done for the water spray in steam

environment; because of limitations on the size of the test section. In

addition, it would be difficult to remove and cover the shield inside
)

the test chamber. There is no reason to suspect the droplets in a steam

environment would act substantially different than in an air

environment. Thus, the space distribution of droplets confirmed in an

open air en'vironment substan-tiates, at least qualitatively, the motion i

of the droplets predicted by the analytical model.

Figure IV-29 shows the calculated results of temperature rise of

spray water along the axial direction. As is seen, a major portion of

the heat transfer occurs in the sheet portion (the slope of the tempera-

ture rise is much steeper in sheet portion). Weinberg [28] and

Takahashi et al. [33] measured the spray water temperature by experi-

ments, and their results are also plotted in Fig. IV-29. Their results

show much sharper increase in temperature of water spray compared with
!

92

. _ . _ _ _ _ _ -



_ . _ . . __-

|
|

|

)
1
1 I' Nozzle
I

)

1
L

...;.

: '.i

.&,. - . . . . .
*

-

.. ....

.. . . . .
.

'

.'.
*

': .;--
.

.. . . . .
. .: -. .

. .... ....
. . . .. .

.. .. . ''

J over (removed for** ' :'..

. '.; ' . ' ', , *( collecting droplets)*'

. . ;.. , , . .M *s.. . s;.

. ' .
.

:s'%,% ,~~ ,~~~
3

.

Shield . . . - /.

-
... ,

.-/

's,/ .
*

.

(- ..--

I . ' . 1-

I .-

l-- : .--- -t

. . - I *..1..
,.

I| . ::.'
- . II lI

' L_______J

l

Oil Bath

Fig. IV-27 Schematic configuration of droplet collecting

system

93

. . . . . _ _ _ . .



y, v , nw' w' _, |
6, !-

W|I"jV.<%X;r'M % GF ' & .~ + | * ,p :m, , av, myeWTY; * '

- x e a

f:f * N-:{,'
'

3: . g,-~ e
,..

s r. .
#.,-)r ,r 1 w- # s,.

.

( :r e|:f,_ snr
'!

3 .

; ,# Y ?pf ' o,*| * ~

gs m- :

. n/ r : j ? ~ @p; --y; #
;e ,

.$l.,

fryliWiQ f' N a,.9:pW|- n.n , -
9 ., r

r ? ', . ,, ,
. ,

*

g , y?
<

C
. Q wq y : -

. ~., . y 6
p. , ,p'p. 3, q,. 0 ;, , +, * ..

{' p. gr'-* N

c. ,.,
, ,

n ;.6. t ' . M .g ;( g ,, , -
.

s
( r, e c n..

2 j g g y .( ,. , (.
*g' 'gl 'Q * Q , y4 .. .,5 +

*
y - f ?t:, e. ; q ;

pzncm ';p- ;e.rin' r %;;j: 7 F :. , 4 +

-s,~- y . . , r .,~ e .

.4. - t .- - (* - - -r,- a
- , r p,c r. ~ ;y: .;, ,

r - ~
.T. n,.

j

r >Qi|f,a
+ ae + we f. .' j- . % .r ,4 4 *

. ,
) f.' , J e w (f .en e

.7' ,A .4 . k'- e

9%,.s <
g.,~

k:' :% ~
<

- r. +m..
N- |C% Wi|x -

, f~ c +e
- , .w,

n $,y$. w. t .g
S.

- -

,.. %W ,! f.h.~ . L. ! b .(-; '( ,-
,

.

3, . : w. r . s.,a . f , *
*

-

g
C. , . et, - . , . . -,L,

b .a. . --
< .s - .

<

s w- n .m .g ,_

(
;

-,. . . . .r

:f' ;% . 4~ ww y
.- ~ -

m;.w &n.

. ,~;A,
L. ;~.5 .% % | * vq, L rn%,
-~

>s . , ' 4,, (, y , _
,

, < - . 33 t - jt y s s

65 Q ,s ; q y:c'| _ L' v , (,, ,t - v -en. - . ,

s. s { . :: ~ s.'t,.-
- ,a,

.-' m,.o,; r . w3." ( ..
- e< ,. .. ' s,. t n

- -,,.-
:r > .c

. . ; L ; f. . .. <:.

. . Jityv? - 'f
,e

,.A. -

3

- k~ '(.. a-<
, g '

.. ,c e 2 .-[ y ',, ' g' y.J. '/ . '4,; Q (),; 4
,, .

t ;. ?g .j s,, %jL

%; s m.u;,.CV, y. A s .3.,6 , , -
4

, o .m 3.

O' d,. a , .,g6
. ,,.

I
.w<s.* s. , .s . wy

y N -
,

v i.- -+, % y' . *.4 *4a, .

' gw%. {s i s.v ,f:e m ' w
-

P' J '*g A 3., @<N.:t ' i ' %,4

. .4 . :

O N,w' s M' ' r.
-. + g 1 |' ] . * Q .*. k, 2

.

w %.~-*-
'

..g'

c h > r g <w< y>, a v '.y n ,..

Q,g, fW.,.i-- y
4 c - q .si s

.

-

'u (k.
c ,~

6g ,% F,' .wy ?s . **A . b.
- A % w., :c;p%

1+ .. . A o. i. s w, . -
,

&. 7s.,N 1. - . 1. ,; .y %
.- 's

g A.r
.

- 4-

M>g, % e> A .c*.c,y % :;4 % ;
.c ;

v y a- ye
-,s>

4

,4w 1 g '3 .%
a1

, ,a - -
,' - L .,.c ., + , r.8 g-

u%~p %y W3d? . 7*- !PO, y*O M'e s u%.h %,f.o36I V-F 0$.
%.%,

p, Np
- g13~ . i%s . .w 4+a ..4

4

, -

--- o sm
--

g:n .:Qp; .m1,,3
;

.d -9, t .4, g %,y. 3 : g , , p :, - , 7, g>Wp-. av.; . , ,
..br;y u1s' , ;;.. tur . ,

_

.

Center portion Edge portion

Fig.IV-28 Typical photograph of the droplets collected at center and edge portion of the spray

- .
- _ __ - _ _ _ _ . - _-



our calculated results. The spray angle of Weinberg and Takahashi

aprays were much greater (85-90 ) than the spray angles for nozzles #1,

#2, #3 (40-60 ). If we carry out the temperature calculations for 90

angle spray and use Eq. (39) to determine the breakup length, the re-

sults shown in Elg. IV-29 are in agreement with Weinberg and Takahashi.

In addition, there are some comments concerning the measurements of

Weinberg and Takahashi-bhsuda that seem appropriate. Weinberg used a

thermocouple to measure the spray water temperature. From our sprays,

the water sheet thickness is so thin, that it would be difficult to'

immerse the thermocouple tip in the water. In addition, as seen in

Figs. IV-16,17, the spray sheet is rippled; thus the thermocouple would

be frequently exposed to the steam environment. Takahashi collects the

water in a pool and then measures the temperature of the water flowing

from the bottom of the pool. An adiabatic screen is floated on the

surface of the water pool to prevent direct heat transfer between the

steam and the pool water. It is assumed that the temperature of the

outflow of water from the pool is the spray water temperature. By vary-

t ing the pool level, the temperature of the spray at various distances

from nozzle exit is measured. This method seems questionable, because
;

of the assumption of an adiabatic screen on the pool surface. In both

the thermocouple measurements and the pool measucements, the experi-

mental values may give high readings. Also, in case of Weinberg and

Takahashi, the flow regime may be turbulent; thus the heat transfer will

be greater, leading to a higher temperature rise than our computed

values. Indeed, their values lie above the computed curve in Fig. IV-

29.

95

L
_ -



4

3. Air / Vapor Flow Pattern j

|
It is important to confirm the validity of air (or vapor) flow

pattern that was assumed in the proposed model ( Fig.11-1,2). It is

1
|

difficult to measure the pressure or velocity of vapor inside the spray
|

by conventional pitot tubes because of the limited space and the forma- |

tion of condensate in the probe. It was noted, however, that when a

small wire was inserted inside the sheet region, a droplet of water is

formed on the wire from the surrounding fog. This droplet is located at

a fixed point relative to the breakup region. A typical picture of this

phenomena is shown in Fig. IV-30. If the wire is moved vertically down-

ward below the breakup zone, the existing droplets run down the wire.

This is shown schematically in Fig . IV-31. Further evidence of the flow

pattern is obtained when a small wire with a 90 bend is inserted in the

sheet region of the spray (above the breakup region). A droplet forms

on the horizontal portion of the wire, with the droplet resting on the

top surface of the wire. If the wire is lowered below the breakup zone,

the droplet rests on the bottom surface of the wire. This is also shown
4

schematically in Fig. IV-31. These results indicate that the gas flow

along the central portion above the breakup zone is upwards; below the

breakup zone is downwards. Photographs were taken of the droplet for

the various experimental conditions. Experimental result shows, as in

Fig. IV-31, the higher the flow rate the larger the droplet size and

close to the nozzle exit. This means the internal air (or vapor) flow

is faster and sheet length is shorter at higher flow rate. Figure IV-32

shows certain relation between the position of the droplet and breakup

point for Nozzle #3 (poppet nozzle). It was difficult to obtain the
I
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quantitative position of the droplet as Fig. IV-32 for all ranges of

experimental conditions. At the very lo'w flow rates, wetting of the

wire reduces the stable formation of the droplet on the wire, and at the

very high flow rates, the sheet length becomes very short, making it

difficult to form a stable droplet. In addition, oscillation of the
t,

.

droplet makes the measurement of its position difficult. However,'atI

i
l least qualitatively, the experimental reeults give evidence that sup-

ports the flow pattern assumed in Figs. I1-1 and 2. t

4. Effect of Assumed Vapor Velocity Profile

It was stated earlier that the vapor velocity profile assumed in

the droplet region had little effect on the spray outline shape.

Figures IV-24,33,34 show the results for 3 different assumed vapor

velocity profiles. In Fig. IV-33, a vapor velocity profile is assumed

which is zero in the center and maximum near the outer radius of the

spray; in Fig. IV-34, a uniform vapor velocity profile is assumed; and

in Fig. IV-24, a velocity profile that is maximum in the center is

assumed (Eq. (28)). As is seen, these different vapor velocity profiles
,

have a negligible effect on the spray outline shapes.
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V. CONCLUSION

From proposed model and experiments, it can be concluded that :

1. The spray outline-shape (or spray angle) is primarily determined

by the shape of sheet portion and breakup length.

2. Rar our size sprays, most*of the heat transfer occurs in the

sheet portion of the spray. The spray angle contraction is

mainly due to the lower pressure by condensation of steam within f,

the sheet portion of the spray.

3. Breakup occurs earlier in case of condensation.

4 A correlation is obtained experimentally for breakup length in

terms of the Weber number and the Jakob number.

5. In droplet portion, the small droplets tend to deflect inwards

*

because of the entrainment of the vapor (or air).

6. Drop sizes become more uniform and smaller when ambient pressure

and injection pressure increases.

7. Drop sizes are larger in a steam environment than in an air

environment at same pressure and flow rate.

8. The outline shape of water spray injected into the steam envi-

ronment with small subcooling temperature is similar to water

spray injected into the air environment.

104 I



APPENDIX 1.

I CALCULATION OF THE PRESSURE DIFFERENCE DUE TO CIRCULATION OF AIR

Here, the procedure follows the method of Parlange [44] to find out

the air flow pattern inside the water sheet.

The shape of the water sheet can be obtained as

+#* " + AP + gp d sin n = ( A-1)8

1

By definition of streamline for axisymmetric flow,

.

=-f ( A-2)VV =
,vr

where, $ represents the stream function.

I Also, from the definition of vorticity, C,

BV 8Y
1 vr vz

"r az 3r
-

( A-3)
2 2i

. 1 [3 + ,3 + _ 1 3.1)
2 r 3r3,2 3rr

Itom the equation of motion, if the pressure term is eliminated,

3C/r , y 3C/r , ya[3 C/r , 3 C/r , 3, BE/r) ( A-4)y
2 # #vr 3r vz az 3z 3r

105

_ __ . _ _ _.



-- _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

By Batchelor's theorem, if the streamline is closed, then the solution

of (A-4) will be the constant, A. Wreover, the boundary layer thick-

ness is usually very thin and most of the air flow can be considered as

inviscid. Then from (A-3),

2 2

-f ]f=A= ( ( A-5)+

and the solution $ for ( A-5) should be obtained with the constant A

obtained from boundary conditions.

No other conditions were imposed to obtain ( A-5) except the con-

dicion of axisymmetry and closed streamline, and there can be numbers of

analytical function forms available. Among them, the appropriate

function form can be found out as,

# " ~ * * ~ ** ~* ^~t=8+ ab/3

with A, a, b chosen appropriately. Here, $=0 denotes the shape of the

water sheet. Once $ is obtained, the velocity of air can be obtained {
f rom ( A-2) and the pressure inside the water sheet can be calculated as,

AP = P ,- P g

(A-D
1 2

V" T #a a
i

i
where, at $=0,

+"
r z
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Then with Eq. ( A-1), the shape of the water sheet can be calculated

I it erative.ly .

As a sample calculation for the poppet type nozzle (Nozzle #3) with

the flow rate 6.3 al/sec and surf ace tension 57.0 dyne /cm (from measure-

ment as in Appendix 2), the constant b (stagnation point) and the velo-

city of air were determined from the experiment as,

I
b = 0.025 m

V , = 3 + 2ab z (b-z) % - 4.0 m/sec at z=0.0153m
y

Then with iteration from ( A-1) to ( A-7), the other constants a and A is

determined as

( a = 12.72

and

5A = - 5.04 x 10

where, the gravity effect neglected. Therefore,

$ = - 5.2 x 10 r[72(1.318 - 12.72z) - 16.96z2(0.025-z)]0 2

In Fig. A-1, the outermost line indicates the calculated results

f rom Eq. ( A-1) with AP=0, and also the experimental results show good

agreement. The maximum pressure difference occurs at about the maximum

point of r of the streamline $=0, which is about 4 m/sec, and the

pressure difference will be
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Fig.A-1 Effect of internal air flmi on the shape of water sheet
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AP = p ,V, = x 1.22 x 4 = 10 N/m ~ 1.0 mm H O2
l

which is very small. Hence, for this case, the shape of water sheet

calculated from Eq. ( A-1) with pressure difference neglected gives very

good agreement with the case of internal air circulation and experi-t

mental results.

|
t
1

k

-
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APPENDIX 2

DETERMINATION OF THE SURFACE TENSION

In present experiments in Chapter III, tap water is used. Usually,

it is known that the surface tension of the tap water is much lower than

the pure water and there might be error if the surface tension data

taken from the tables in most texts of fluid mechanics. Therefore, it

was decided to measure the surface tension of the tap water which was

used for the experiments. Basically, the surface tension were decided

by measuring the dimensions of water bell made by poppet type nozzle

(Nozzle #3). The method of Parlange [44] was used as Appendix 1 to

determine the surface tension. Equations ( A-1) - ( A-5) is also directly

applicable here. However, because of different geometry by closing up

of water sheet to form a water bell, the boundary condition should be

different. By Parlange, the boundary condition will be h

f r V,V dS=[ rV dS (A-9)g g
$=0 $=0

and integration is done along the $=0 of Eq. ( A-5), which includes the

axis and octer shape of the water bell. Here, the gravitational force

is going to be neglected in Eq. ( A-1). Actually, Eq. ( A-5) and ( A-1)

are coupled with boundary condition ( A-9), and it is not easy to

solve. Therefore, an approximate shape of the water bell which sat-

isfies Eq. ( A-5) to get the air flow pattern inside was chosen, and

decoupled from Eq. ( A-1) . This gives also a good accuracy. The shape

of the ellipsoid was chosen as an approximate solution of Eq. ( A-1) as

follows:
110 )
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$- 2(()+()-l} ( A-10)
8/a2 + 2/bf

where, a corresponds to the maximum radius of water bell and b corre-

sponds to the half length of the water bell, which can be mesured

directly f rom the photographs of the water bell ( Fig. A-2) . If the

water sheet velocity, Vto, is taken as constant, the constant A is

decided by the boundary condition (A-9) as follows:
1

.IRy
vr r az

( A-ll)
Arz

,

4(b/a)2,y

1 a+v
| vz r ar

( A-12)

2 (2(g)2 (g)2 _ 1)
^

--
24/a + 1/b

and if we put

**
U =

4(b/a)2 , 1#

2(2(g)2(g)2_1)*
U,=-

2 + 1/b4/a

then, ( A-ll) and ( A-12) will be

V =AU ( A-13)vr r

V =AU ( A-14)yg 2
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and f rom ( A-9) , ( A-13) , ( A-14) ,

V [ r dS
$=0A= ( A-15)

[ r /U +U dS
*

# *
$=0

Once A, a, b are obtained, then it is possible to get the pressure dif- ,

ference by the circulation with Eq. ( A-7), ( A-ll), ( A-12). Then Eq.

( A-1) can be solved with the flow condition given to obtain the surface

I tension. The surf ace tension was determined as in Fig. A-3 by examining

36 frames of photographs of the water bell, and a straight line was

drawn by the least square method. The dotted line at the upper part of

data points is the surface tension for the pure water. Therefore, the

surface tension of air / water can be expressed as a function of water

temperature as:

( o = 60.28 - 0.1657 T ( A-16)g

where, o is surface tension in dyne /cm and Tg is water temperature in

C. In order to check the correctness of this relation, the other meas-

urements were done. That is, by measuring the meniscus shape (height
'

and width) of the water surface at the vertical wall partly immersed in

water bath, the surface tension can'be obtained. These results are also

plotted in Fig. A-3, and are also shown in good agreement with the data

obtained by the water bell.
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APPENDIX 3

i

DERIVATION AND SOLUTION OF HEAT BALANCE EQUATION OF WATER SHEET

As seen in Fig. II-5, a energy balance over an element of length dS

in the flow direction and width d$ normal to the flow direction gives,

with d << r,

ECT-k 2nrdS=ECT+h(ECT)dS,

I (A-17)

-k 2rr d5 - (k 2xrdS)d$

then Eq. ( A-17) will be

h(ECT)dS= (k )2xrdSd$ (A-18)

The major advantage of choosing the element as above is that we can

have a convection term only in flow direction and only conduction has to

be taken into account in normal direction. Here,

m = 2xr d$ V = constg

since no flow crossing the streamline boundary. Therefore (A-18) will

be

EC = 2xr d$ k

or

BT 3T
2nr d$ V p C g = 2wr d$ k 2g p

This can be simplified as

V =a ( A-19)
2

34

115

l

,



. - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - _ _ _

and boundary conditions will be

T(S,0) = T,

T(S,d) = T ( A-20)s

T(0,$) = Tg

which are Eq. (6) and boundary condition (7) in Chapter II.

Since Vu is assumed to be constant, ( A-19), ( A-20) can be re-
'

written as

=a ( A-21)
3$

with

T(t,0) = T,

T(t,d) = T, ( A-22)

T(0,$) = Tg

The primary advantage of ( A-21), ( A-22) over ( A-19), ( A-20) is, we

can handle the problem as non-steady one-dimensional conduction equation.

Here, it should be sentioned that the water sheet thickness, d, and the

distances between the streamlines, d$, are physically changing as S in-

creases. Therefore, the solution of ( A-21), ( A-22) should be obtained

numerically as follows. (If the water sheet thickness, d, is given as a

function of S or t, the analytical solution can be obtained by coordi-

nate transformation [27].)

Without loss of generality, d (and d$) is assumed to be constant

for the short time segment, At. For the ith segment (Fig. A-4), Eq.

( A-21) , ( A-22) will be, by normalizing,

235 37
( A-23)'

=
-2

at_ 39

'
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T (I , o) - o
1 1

(A-24)

f (E , 1) - o
1 1

Y(o,i)-2_1(s_1,i_1)1 i 1 1 1

where,
T - T,1_

" T , - T,ip

f ( A-25)

5 " $ /d1 1

t = at /d
1

I = cat /d

Here, t1 stands for the small time scale between t and t + at, and di

stands for the thickness of the water sheet at ith segment. The non-

dimensionalizedlengthscalei ranges from 0 to 1 for all segments and

it will be

5"5"*****i I"

1 2

f thus, the subscript i will be eliminated from the non-dimensionalized

length scale, and ( A-23), ( A-24) will be

2
35i,391 ( A-26)

2
at 35

i

T (1 ,o) - o1 1

f (E ,1) = o ( A-27 )
1 1

1(0,5)=T_1@g_1,i)1

117

i

. - _ _ _ _ - -



_ . _ _ _ _ _ _ _ _ _ _ _ _ _ ._____- -___ __________________________ - ____ _-___________.

The first two boundary conditionc of ( A-27) implies the saturation j

temperature at the interface, and third condition implies the initial

temperature profile at ich segment is the same as the final temperature
i

profile at 1-Ith segment. Therefore, the temperature profile of the |
|
'

whole flow field can be obtained by computing from the beginning of the

lst segment, where the temperature is Tto. As mentioned above, the

water sheet thickness is assumed to be constant over the short time

segment At, and the solution of ( A-26), ( A-27) can be obtained as

follows:

-n ,2p2=
1[ffi(0,5)sinnwidi]sinnwiei(E,5)=2 E ( A-28)gg g

n=1

Ibr the 1st segment, i=1,

!

5(0,5)=1 (since, T =Tg)1 y

Therefore, ( A-28) will be

l

= -n w t J

h(1-cosnu)sinnuief(ty,5)=2 '

Iy
n=1

I

! and the final temperature of the 1st segment will be, at ti = At,
i

!

-n u I=
1

h(1-cosnu)sinnwief(I,i)=2 I ( A-29)
7 1 n=1

which will be the initial condition for the 2nd segment,
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R>r the 2nd segment, 1-2, f rom ( A-28), ( A-29),

(
_k ,2g.2

. .
I

h(1-coskw)eE [[ 2 IY ( 2, ) = 22 n=1 k=1

* sin kri. sin nwi di) sin nwi e

-n ,2p2-n ,2E2
=

[h(1-cosnz)e f sin nwi di] sin nwi e=2 E
| n=1
|

2-n w (g , p )=
2y ,

=2 E - (1 - cos nu) sin nw$ e
n=1

and the final temperature of the 2nd segment will be, at t " At.2

-n ,2(g , g )2
=

1 2
_ (_ _) = 2 I - (1 - c s nn) sin nwi eT 0 ,42 2 n=1

(

Generally, at the end of the mth segment,

-n w I
1"1

h(1-cosnw)sinnwief,(5,,5)=2 ( A-30)E

n=1

Since,

h(1-cosnu)=0 when n = 2,4,6,...

h(1-cosnu)=h when n = 1,3,5,...

(A-30) can be rewritten as

-(2i+1)2,2 [ g
~

y [g ,5) , u_ sin [(21 + 1)wil ,4 i=1 ( A-31)
m m (21 + 1)g,
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[
;

.

.

where,
1

l
,

20 = aat/d .|
i is

|
! As a special case of uniform thickness of water sheet,

dt=d2=d3 = ...... = d = const
|

and

I =5*e3 " ****** * i " "#""y 2

Therefore, ( A-31) will be i

,

sin [(21 + 1)w$} e-(21+1)2 2-
. -

w04- ,- ET(0 $) = w (21 + 1)
.

'

L=o

h

where,
f

2'

_6 = at/d;

which is just the solution of non-steady conddction equation of a

parallel sided slab.

4
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APPENDIX 4

i

COWUTER PROGRAM IOR NUERICAL CALCULATION OF WATER SHEET

AND DROPLETS

,
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C sasssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
C s :

C s PROGRAM FOR WATER SPRAT INJECTED INTO STEAM ENVIRONMENT
I C s a

C sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
C
C This erosrae consiste of two portions - sheet nortion and
C drop portion. In the smeet porttone the surface tenston and
C sutet motion are taken into account. Gravitw force neslected.
C
C This cateulation is eerformed with the PDP-11/44 MIN! COMPUTER.
C The TEKTRON(X 4052 ts used for plottins.
C
C
C
C
C
C

UIMENSION DELN(150),VL22(150)eutRR(150)eTT(150) DTT(150)eD(150),

f 1 DA(150).R(150)eEMCC(300) C1(300)eC2t300)eANUM(150)eAVOL(150),
2 VT(150) RK(150).RT(150)

C
C
C
C
C Input data and constants
C ------------------------

C
TYPE 12

12 FORMAT (1Xe*WHAT IS THE ENVIRONMENT PRESSURE?')
ACCEPT 13ePR

13 FORMAT (1XeF2.0)
TYPE 14sPR

14 FORMAT (1Xe* ENVIRONMENT PRESSUREe 'eF2 0.' ATM*)
TYPE 15

f 15 FORMAT (1Xe*WHAT ARE THE VALUES OF VISeAHOV,TS?')
ACCEPT 20eV!$eRH0 VETS

20 FORMAT (1XeE9 3 1XeFe.4 1XeFe.2)
TYPE 25

25 FORMAT (1Xe'WHAT ARE THE VALUES OF YMET0eALAMDeTLosEMLO?')
ACCEPT 30.THET0eALAM0eTLQeEMLS

30 FORMAT (1XeF4 1,1XeF3.0e1XeF5 1 1XeFe.5)
TYPE 34

34 FORMAT (1X'WHAT ARE THE VALUES OF A0eRAe0N?*)
ACCEPT 37eAceRAe0N

37 FORMAT (1XeE9.3 1XeF7.4 1XeF7.4)
,

TYPE 38
38 FORMAT (1Xe'WHAT IS THE VALUE OF VTAN/VLO ?')

ACCEPT 39ePO
39 FORMAT (1XeF3 2)

TYPE 40sAceRAe0M
40 FORMAT (1X/5Xe*AO= *eE9.3e

1 * Mas 2. 'e*RA= *eF7.4,*M *,'DN= *eF7.ee* M')
TfPE 41

41 FORMAT (5Xe'VIS'eeXe'RH0V'e3Xe*TS*e2Xe'THETO'e1Xe*ALAMD*e
1 2X,*TLO'e3Xe'EMLO')

TYPE 42eVISeRHQVefSeTHET0eALAMD.TLO EMLO
42 FORMAT (1XeE9 3 1Xere.4e1XeFe.2,1XeF4.te

1 1XeF3.0 1XeF3.le1XeF6.5)
TTPE 125ePO
TYPE 45

a5 FORMAT (1Xe' TYPE 1 FOR CONTINUE. TYPE 2 FOR STOP')
ACCEPT 50e!!

30 FORMAT (11,11)
IF(I!-2) 55 999,999

55 CONTINUE
Pat =3.14159
ALPHA =1.5E-07
CP=4 197
RMOL=1000.
DT=t.E-05
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C
C
C Print of input data
C
C

PRINT 70
70 FORMAT (10Xe*ssssssssssssssssssss INPUT DATA sasssssssssas*) '

PRINT 100
100 FORMAT (1X/7Xe*TS*e8Xe*TLo*e5Xe'EMLO*e7Xe*RHOV*e4Xe'RHOL'eeXe

1 * ALAMO *)
PRINT 110

110 FORMAT (eXe*(C)*e8Xe*(C)*e3Xe*(KG/SEC)*e2Xe*(KG/CU.M.)*e
1 *(K0/CU.M.)*e:Xe*(KJ/KG)*3

PRINT 120efteTLosEMLoeRHOV RHOLeALAMQ
100 FORM A f( 1X e :F10.2 e 2F10. 5,2F10. 0 )

PRINT 40eAceRAeDN
9RtNT 125e90

125 FORMAT (5Xe*VTAN/VLQ AT THE NQZILE QUTLET = *eF3 2)
C
C
C
C
C Determination of surface tension
C
C (This relation is obtained bv sessurine the size of watee
C bell in air environment. The surface tension of stese/ water
C is assumed to be same as air / water)
C
C

SURF =.001s(40.23 .1457sTLO)
TTPE 150eSURF
PRINT 150 SURF

150 FORMAT (1X/1Xe' SURFACE TENSION = *eF3.4e* N/M*)
C
C
C Determination of breakup tenstn as a funetton off
C Weber numbersWE
C Jakob numbereAJA
C

VLO=EMLO/(AQsRNOL)
WE=RHOLsVL0svLQs0N/ SURF
AJA=CPetTS-TLO)/ALAMD
FIT =3.02eE-04s(WE-474.8)s(WC-474.8)
IF(FIT-40.)157 157 154

154 EXPC=0.
00 TO 158

157 EXPO =EXP(-FIT) 1

158 CCHTINUE
IF(AJA)159e159ete0

159 CONST=1.
00 70 1+1

160 CONST=1.+4.554sAJAss.7135sEXPO
~

161 !F(WE-750.3162e16:e143
142 BREAK =2.449:WEss.2895/CONST

00 70 145
163 3REAK=818.8sWEss( .581)/CONST
tes CONTINUE
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C
C

I C
C
C asssssssssssssssssssssssa

t C PRQQAAM FOR SHfET PQRT!QM
C sesessssssssssssssssssssa
C
C

PRINT 147
147 FORMAT (1X/1Xe*SQLUTION FOR $NEET PQRTION')

PRINT 148t

| 148 FORMAT (1X/3Xe*ZZ'e10Xe' RADIUS'e10Xe'EMCQ'e10X,*DELP*e10Xe
1 ' ANGLE'e12Xe*T!'e13Xe*HZ'e13Xe'VVZ')

PRINT 170
170 FORMAT (2Xe*(MM)*e10Xe*(MM)*e9Xe'( 0/SEC)*e7Xe*(N/ Mas 2)*e7Xe

! 1 '(DEQ)*e12Xe*(C)*e7Xe*(KW/Mes2 C)*e4Xe*(M/SEC)')
' TH=THETQs2.sP41/340.
t Z=0.

RR= SIN (TH)/CQW(TM)
EMCQ=0.
ENTHQ=CPsEMLQsDTsTLQ
ENTHS=ENTHQ
VQRTEX=RAsVLQsPQ

C
C
C Calculation of water sMeet toeperature
C (Heat transfer Dw conduction)
C

TBAR=0.
TI=TLQ

200 VLZevtO/(1.+RRsRR>ss.5
VLR=VLQsRR/(1.+RR*RR)ss.3
DZ=DTsutZ
DEL =EMLQ/(2.sPAtsRAsRHOLsVL2)
DELPR= DEL /(1.+RRsRR)ss.5
IF(T5-TLO) 205,205e204

205 HZ=0.
ENTH=ENTHQ
SQ TO 271

20e T3AR=4LPHAsDT/DELPR*s2.+T3AR
DX=.005
X=0.
ENTH=0.

210 SUM =0.
ENaq.

220 $$1H=$1N((2.sEN+1.) SPA!sX)/(2.sEN+1.)
SUB=(2.sEN+1.)ss2.sPAIss2.sT3AR
IF(SUS-40.) 240e240 230

230 EXPQ=0.
GQ 70 250

240 EXPQsEXP(=$US)
250 CONTINUE

SUM =$UM+(4./PAI)sSSINsEXPQ
EN=EN+1.
IF(EH-50.) 220 220 240

240 TEMP =T5+(TLQ-TS)sSUM
ENTH=ENTH+2.sCPsTEMPsDXDELPRs2.sPAIRAsD2sRHQL*(1.+RR*RR>ss.5
X=XtDX
IF(X .5) 210e270,270

,
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C
C
C
C Calculation and *eint out oft
C Condensation rateeCMCO
C Pressure difference ow condensationeDELP
C $*rew anste.AND
C Sprow radiuseRA
C Water toeperatureeTI
C Neat transfer coefftetenteHZ
C
C
270 EMCe(ENTH-ENTHS)/(ALAMDsCT)

HZeCMCsALAnDs.25/((TS-TI):PA!sRAsDZa(1.+4RsRR)ss.5)
271 EMC0e(ENTH-ENTHO)/(ALAMDsDT)

VVZe(EMC0/(2.sRHOV))/(PA!sRAsRA)
DELP=(RHOVsVVZsVVZ)/2.
ANGaATAN(RR)s340./(2. SPA!)
RRRe w1.6RRsRR)ss(3./2.pstDELP+2.sSURF/(ras (1.+4R*RR)**.5)-

1 RHOLsDELPRsVORTEXsVORTEX/(RAsRasRAs(1.+RRsRRiss.53) i
'

: /(RMOLsDELPRsVLO*VLO-2.sSURF)
RR=RR+RRRsDZ
TYPE 280eZs1000.e(RA+0EL/2.)s1000.eEMCOs1000.

250 FORMAT (1XeF15.3 2F20.7)
PRINT 290eZs1000.e(RA+0CL/2.):1000.eENCOs1000.eDELPeANGeT!sHZe

1 VVZ
290 FORMAT (1XeF6.3e7F15.7)

RA RA+RRsDZ
Z=Z60Z
T1=ENTH/(EML0sDT*CP)
ENTHSaENTH
IF(RA>293e293e295

293 TYPE 29a
294 FORMAT (1Xe* SPRAY COLLAPSED')

00 TO 999
295 IF(Z-BREAK *AQss.5) 200e300e300
C
C
C
300 TYPE 310
310 FORMAT (1Xe* ENTER 1 FOR CALCULATION OF DROP PORTION, TYPE 2 FOR

1 STOP*)
ACCEPT 320eK!J

320 FORMAT (1Xe!1)
IF(K!J-2) 330e999,999

330 CONTINUC

,
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C
C

| C
C sassassassassassssssssss
C PRCORAM FOR DROP PQRTIOM
C assesssssssssssssssssss:
C
C
C Additional data input for drop portion

C 50 encron increments for drop s1 es
C
C

TYPE 350
350 FORMAT (1Xe*WHAT ARE THE VALUES OF AeDELTAeDDM?*)

ACCEPT 340,4,DELTAeDDM

| 340 FORMAT (1XeF6.4e1XeFe.4e1XeF8.3)
I DM=DCM/1.C+0A

DD1=5.E-05
DZ=.001
ZA=gREAnsAces.5
EL*ZA
TYPE 370
PRINT 370

370 FORMAT (1X/1Xe* PARAMETERS FOR DROP SIZE DISTRIBUTION')
TYPE 380eAeDELTAeDOM
PRINT 380eAeDELTAeDOM

380 FQWMAT(1Xe*As 'eFA.4 10Xe* DELTA. 'eF6.4 10Xe* DOM = 'eF8.3e
1 * MICRONS *)

TYPE 390
390 FORMAT (1Xe' ENTER 1 FOR CONTINUEe ENTER 2 FOR STOP*)

ACCEPT 393eLI
393 FORMAT (1Xe!1)

IF(LI-21395 999 999
395 CONTINUE
C
C
C Number distribution of sprav droplets
C -------------------------------------

C
J=1
DI=0DI

410 Y=ALOG(AsDI/(DM-DI))
DELN(J)=(EMLQ/RHOL)s(DELTA /PAtss.5)s(DM/(dis (DN-DI)))

1 s(e./(PA!sD!ss3.))sEXP(-DELTAss2.sysyssDDI
DI.DI+001
IF(DI-DM) 420,430e430

420 JoJ+1
GO TO 410

|
430 CONTINUE

, C

| C
C
C Soundarv condition for esteulation of drom =ortion
C --------------------------------------------------
C (Obtained from the sheet nortion)
C
C

| J1=J
TYPE 440eTIeZAs1000. eras 1000. VL:eVLR

i 440 FORMAT (1XeF10.:e4F15.4)
' PRINT 445

445 FORMAT (1X/1Xe'30UNDARY CONDITION FOR DROP PORTION'/1Xe
1 '0BTAINED FROM SHEET PORT!cH')

! PRINT.450efleZAs1000..RA 1000 eVLZrVLR ELs1000.
! 450 FORMAT (1Xe*Tt=*ere.te1Xe*C',3Xs' =*eF10 4 11e*MM* 3Xe*R='e
' 1 F 10. 4 1X , ' MM ' e 3 X e ' VLZ a * ,F 10. 4 e 1X e ' h/ SE * e 3X e 'VLR = ' e

: F10.4 1Xe*M/SEC*.3Xe'EL='eF10.4 1X 'nM*>
VVZ0=0.
TEMP =TI

C

i

l
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C
C
440 VVZeVVZO

ZeZA J
' - - 00 465 Ja!.JI i

! TT(J)=0. |'

RK(J).RA
RT(J)=0.
VT(J)*VORTE2/RA
VLZZ(J)=VLZ"

445 VLAR(J).uta
M*1 ,

NNato |

NNNe2
PRINT 447

447 FORMAT (1X/1Xe'SQLUTION FOR DROP PORTION')
C
C
C
C Initiation of plottins
C ----------------------

C
C
C Qutline drawins
Cs

CALL TKINIT(240)
CALL DWIN00(-40.e240.e-114.e114.)
CALL MOWEA(0.e114.)*

CALL DRAWA(0.e-114.)
CALL MOVCA(300.eo.)
CALL DRAWA(0.e0.)

C
C Insert scales
C

ZX=50.
30 477 Jales
CALL MCVE4(2Xe3.)
CALL DRAva(ZXeo.)
CALL MOVEA(2X-3.,0.)
CALL ANMODE
WRITE (10,471)ZX

471 FORMAT (1XeF4.0)
472 ZX=ZXt30.

i;
RY.100.
DO 475 J=1,5

CALL MOVEA(0.eRY)
CALL DRAWA(3.eRY)
CALL MOVEA(-20.eRYt3.)
CALL ANMODE
WRITE (10,473)AIS(RY)

473 FORMAT (1XeF3.01
475 RY=RY-50.

I C
C Insert units'

C
CALL MOVEA(-30.e114.)
CALL ANMODE
WRITC(10 477)

477 FORMAT (1Xe*R(MM)')
CALL MOVEA(240.e10 1
CALL ANMODE.

WRITE (10 478)
c 478 FORMAT (1Xe':(MM)')

C 2'

i C Draw the sprav outline of sneet portton
C (Stratsht line is drawn from ortsin to breakup point)

i

C
CALL MOVEA(0.,0.)

) CALL DRAWA(ZA 1000.eRtst300.)
' CALL MOVEA(ZAs1000.e-ras 1000.)

CALL DRAW 4(0.,0.)
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* *L' Catev;ation of match 13e portion
q .... ........................

i /C
\C''

#
C The tensth of this portion is assumed to be same as treakup
C tensth.s

C EMCC(M)= Condensate rate between : and :+d:
C DMOM=Mosentum of droelets at the end of tMe matcMans
C =ortion in antal directton.
C
400 EMCC(M)=0.

DMOM=0.
J=1
DI=DDI

490 DTT(J)=DZ/VLZZCJ)
"

CALL DI A( Die TT(J) e DTT(J: , TS. T! e ALAMD e ALPHA eP Al e D(J) e D A( J) e CP)
EMCC(M)=EMCC(M)+(PA!/4.11R30La(DA(J)ss3.-D(J)ss3.)sDELN(J)
DMOM=DMOM+(PAI/e.)sD(J)ss3.sRMOL*DELN(J)sVLZZ(J)
RKCJ)=RKtJ)+VLRR(J)sDTT(J)
RT(J)=RT(J)+VT(J)sDTT(J)
R(J)=(RK(J)sRKtJ)+RT(J)sRT(J))ss.3
CALL POINTA((Z+D71s1000.eR(J) 1000.)
CALL POINTA((Z+0Z)s1000.e-R(J) 1000.1
DI=01+DDI
IF(DI-DM) 500 510 510

500 J=J+1
00 TO 490

310 ZONTINUE
'

C
TEMP = TEMP +CMCC(M)sALAND/(EML0sCt)
C2(M)=(EMCC(M)+(EMCG/2.)s(DZ/EL))/(0.sPAlsR(JI)sDZsRHOV)
J=1
DI=DDI

520 CALL DIA(D!eTT(J)eDTT(J) TS T!eALANDeALPHAePAleD(J) EDA (J)eCP)
DDT=(DA(J)-D(J))/DTT(J)
VVR=-C2(M)s(R(J)/3(JI))
v=((vtIZtJ).VVZ)s(VLZZ(J)-VVZ)+(VLRR(J)-VuR)s(VLRR(J)-VVR)

1 +VT(J)sVT(J))ss.5
RE=VsD(J)/VIS
C = DRAG (RE)
DVLZ=-(3./D(J))sDDTs(VLZZtJ)-VVZ) .75s(RHOV/RHOL)s(CD/D(J))

1 sVs(VLZZ(J)-VVZ)
DVLR=-(3./D(J))sDDTs(VLRR(J)-vvR) .75s(RHOV/RHOL>s(CD/D(J))

1 avt(VLRR(J)-VVR)
DVT=-(3.~/D(J))sDDTsVT(J) .73*(RHOV/RHOL)s(CD/D(J)):VsyT(J)
VLZZ(Ji=VLZZ(J)+DVLZsDTT(J)
VLRR(J)=VLRR(J)+DVLRsDTT(J)
VT(J)=VT(J)+DVTsDTT(J)

C

i TT(J)=TT(J)+DTT(J)
DI=DI+DDI
IF(DI-DM) 530 540,540

330 J=J+1
00 TO 520

540 Z=Z+0Z
TYPE 550.Zs1000.e(R(2sJ)s1000.eJ=le10)

550 FORMAT (1XeeF10.4/11Xe5F10.4)
# 'TYPE 545, TEMP

PRINT 540eZs1000.etR(:sJ):1000. - * -101
340 FORMAT (1X/1Xe*Z=*eF4.1,4X,*R=' ai 3.<e

PRINT 545, TEMP
545 FORMAT (1X.' AVERAGE WATER a /10.5 1Xe'C')=

M*Mt1
IF(Z-ZA-EL) 480 490,570

570 CONTINUE <

*
C
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C
C CALCULATION OF THE MAIN DROP PORTION
C ------------------------------------

C
C Determination off
C EMCC(M)= Condensation rate netween : and :+1-
C DRM0M= Momentum of droplets et :+4: in antal direction
C

VIIMA=0.
DO 575 J=leJI
AVOL(J)=0.

573 ANUM (J)=0.
380 C1(M)=VLZ

C11=C1(M)
EX=1.
LL=1
EMCC(M)=0.
DRMOM=0.
J=1
DI=0DI

590 DTT(J)=DZ/VLZZtJ)
CALL DIA(DieTT(J)eDTT(J),TSefteALANDeALPHAePAleD(J),DA(J)eCP)
DRMOM=DRMOM+(PAI/4.)sD(J)ss3.sRHOLsDELN(J)sVL :(J)
EMCC(M)=ENCC(M)+(PA!/4.):RHOLs(DA(J)ss3.-D(J)ss3.)sCELN(J)
DI=DI+DDI
IF(DI-DM) 400,610,410

400 JoJtt
00 70 590

410 CONTINUE
TEMP = TEMP +EMCC(M)sALAMD/(EMLQsCP)

C
C
C
C Deteretnation of C1 and C
C
C Deterenne tMe vapor velocitw tw confirmins tMe continuitw
C and somentus Dalance.
C C1=Autal vetoettw of vapor at axis
C C = Radial velocitw of vapor at toundarv

C VM0M= Momentum of vapor in antal direction

C VZMAS= Mass flow rate of vapor in antal direction

C
600 R9=0.

DR5=R(JI)/100.
VMOM=0.
VZMAS=0.

430 IF(RS-R(JI)) 440,450e450
ea0 VVZ=C1(M)s(1.-R3/R(JI))ss2.s(1.+Rg/R(JI))ss2.

VMOM=VMcM+vvZss2.s(R5+0R3/2.):2.sPAIsDRBsRHOV
VZMAS=VZMAS+VVZs(R3+DRS/2.)s .sPAlsDR3sRMOV
R5=R3+DRB
00 TO 430

450 CONTINUE
IF(LL-100) 640e970 970

440 VVMOM=(VMOM-(DMOM-DRMOM))/DMOM
TYPE 470eVVMCM.DMoneDRMOMeVMOM

470 FORMAT (1XeF20.7e:F15 7eF20.7)
IF (ABStVVMOM) .0001) 710e710ee80

480 LL=LL+1
IF(VMOM-(DMOM-DRMcM)) 700,700,490

490 C1(M)=C1(M)-C11/2.ssEX
EX=EXti.
00 70 e:0

700 C1(M)=C1(M)+C11/2.ssEX
EX=EX+1.
00 TO 420

710 VRMAS=EMCC(M)+(VZMAS-VZZMA)
VZZMA=VZMAS
C (M)=VRMAS/(2. SPA!sR(JI)sDZsRHOV)
TYPE 7 0eC1(M) C:(M)

720 FCRMAT(1Xe2F20.7)
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C

C
C

C CALCULATION OF DROPLET POSITION IN SPACE
C ----------------------------------------

C
Jet
31=001

730 VVZ=C1(M)s(1.-R(J)/R(JI))s(1.-R(J)/R(JI))s(1.+R(J)/R(JI)):
1 (1.tR(J)/R(JI))

i VVR=-C2(M)s(R(J)/R(JI))
OTT(J)=DZ/VLZZ(J)
v=(tvLZZ<J).VVZ)s(VLZZ(J)-VVZ)+(VLAR(J)-VVR)s(VLRR(J)-VVR)

1 +VT(JasVT(J))ss.3
CALL DIA(D!eTT(J),DTT(J)eTS TIeALAMDeALPHAePhleD(J) EDA (J)eCP)
DDT=(DA(J)-D(J))/DIT(J)
RE=UsD(J)/VIS
CD= DRAG (RE)
DVLZu-(3./D(J))sDDIs(VLZZ(J)-VVZ) .75s(RH0V/RHOL)s(CD/D(J)):

1 Vs(VLZZ(J)-VVZ)
DVLR=-43./D(J))sDDis(VLAR(J) VVR) .75s(RHOV/RHOL)s(CD/D(J)):

1 Vs(VLAR(J)-VVR)
DUT==(3./D(J))sDDTsVT(J) .75s(RHOV/RHOL>s(CD/D(J))sysVT(J)

|
RK(J)=RK(J)+VLAR(J)sDTT(J)
RT(J)=RT(J)+VT(J)sDTT(J)
4(J)=(RKtJ):RKtJ)+RT(J):RT(J)!ss.5
VLZZ(J)=VLZZ(J)+DVLZsDTT(J)
VLAR(J)=VLAR(J)+DVLRsDTT(J)
VT(J)=VT(J)+DVTsDTT(J)
IF(R(J)) 740e750,750

740 R(J)=-AfJ)
VLRR(J)=-VLAR(J)

/50 TT(J)=TT(J)+DTT(J)
DI=DItDDI
IF(DI-DM) 760e770,770

740 J=J+1
00 70 730

770 CONTINUE
C
C
C
C Plot of space distrinution of droplets
C
C Plot everv d:=2me intervalse within 5 desree ranse in
C azimutMal direction.
C

, IF(M-NNN)S00e772e772
l 772 DO 780 J=teJI
, ANUM (J)=(DELN(J)/(VLZZ(J)s72.))sDZ32.+ ANUM (J)
l IF(ANUM (J)-1.) 780,775 775

| 775 IF(ANUM (J)=2.)776s777,777
; 776 CALL POINTA(Zs1000.eR(J)st000.)
| ANUM (J)= ANUM (J)-1

GO 70 780
7 .'? IF(ANUM (J)-3.)778e779,779

; 778 CALL POINTA(Z31000.eR(J) 1000.)
l CALL POINTA(Zs1000.eR(J):1000.8.95)
| ANUM (J)= ANUM (J)-2.
: GO TO 780

779 CALL POINTA(Zs1000.eR(J) 1000.)
i CALL POINTA(Zs1000.eR(J):1000.s.95)
' CALL POINTA(Zs1000..R(J)st000.*1.05)

ANUM (J)=0.
780 CONTINUE

I
l

I
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00 790 JaleJI
AVOL(J)=(DELN(J)/(VLZZ(J) 72.k)sDZs2.s(FLOAT (J))ss3.

1 +AVOL(J)
IF(AV0L(J)-1.)790 785 785

785 IF(AVOL(J)-2.)784e787 7W7
786 CALL POINTA(Zs1000.e-R(J)s1000.)

AV0L(J)=AVO((J).g. !

00 70 790
787 IF(AVOL(J)-3.1780e789e/R9
788 CALL POINTA(Zs1000.e-R(J's1000.3

CALL POINTA(Zst000.e-4(J)st000.s.95)
AVOL(J)=AVOL(J)-2.
00 TG 790

789 CALL POINTA(Zs1000.e-R(J)s1000.)
CALL POINTA(Zs1000.e-R(J)s1000.s.95)
CALL POINTA(Zs1000.e-R(J)s1000.s1 05)
Av0L(J)=0.

790 CONTINUE
NNN=NNNt2

C
C

C Print out of the output

C
800 TYPE 550e(Z+0Z)s1000.etR(2sJ):1000.eJ=1 10)

TYPE 545, TEMP
IF(M-NN) 950e920 920

920 PRINT 540e(Zt0Z)s1000.etR(2sJ)st000.eJ=te10)
PRINT 545e TEMP
NN=NM+10

950 CONTINUE
IF(M-250) 960,970 970

940 M=Mt1
Z=Z+0Z
00 TO 580

970 PRINT 980etMs10eC1(Mato) C2(Ms10).EMCC(MstoleM=1 20)
PRINT 990eVVZO

980 FORMAT (tXe15etoXe*C1=' eft 0.5.*(M/SEC)*e20Xe'C2='eFlo.5e
1 '(M/SEC1'e20Xe'EMC=*eC13.4e*(K0/SEC1')

990 FORMAT (1X/1Xe'VVZ0**eF20.7etXe*M/SEC*)
PRINT 991e(OELN(J)eJeteJ!)

991 FORMAT (1Xe'DCLN(J)'e5Xe10Fto.0)
C
C Label tMe Plot
C --------------

C
CALL MOVEA(10.e114.1
CALL ANMODE
WRITE (10,992)

! 992 PORMAT(1Xe* SPACE DISTRI8UTION OF DROPLET 5')
CALL MOVEA(10.e70.)
CALL ANMODE
WRITE (10 1002)

1002 F0aMAT(1Xe*NUM8ER DISTRI8UTION')
CALL n0VEA(10.e-40.)
CALL AMMODE
WRITE (10e1003)

1003 FORMAT (1Xe* VOLUME DISTR 18uTION')
CALL MOVEA(10.e-90.)
TYPE 993

993 FORMAT (tXe' ENTER 1 FOR STEAM, CNTER 2 FOR AIR *)
ACCEPT 994 ELK

994 FORMAT (1Xe11)
IF(LK-2)997e995 995

995 CALL ANMODE
,

WRITE (10 994)PReEML0eTLO
996 FORMAT (1Xe' AIR ENVIRONMENT'e3XeF2.0e* ATM'/15Xe' FLOW RATE = ',

1 Fe.Se' KQ/SEC'e3Xe*TLO= *eFe.2e' C')
00 TO 999

997 CALL ANMcDE
WRITE (10 998)PReEML0eTS. tlc

998 FORMAT (tXe* STEAM ENVIRONMENT *e3XeF2.0e' ATM'/15X.' FLOW RATE =
's

1 Fe.Se* KQ/SEC'e3Xe'TS= 'eF6.2e' C'e3Xe'TLO= ' F4.2e' C')
999 STOP

END
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C
SU3 ROUTINE DIA(DiefeDTeTSeTieALAMDeALPHAePAleDe0AeCP)

C
C ---------------------------------------------------------

C SUBPROGRAM FOR CALCULATING DROPLET GROWTN SY CONDENSATION
C ---------------------------------------------------------

, C

l PSI =(1.+ cps (TS-TI)/ALAMD)s:(1./3.)-t.

| F0=4.sALPNAsT/31ss2.
| F00=4.sALPHAs(T+DT)/DIss2.

EXPO =PAtss2.sF00
( IF(EXPO-40.7 20 10,10

10 DA=D!s(1.tPSI)
D=0A

*

GO 70 30.

20 CONTINUE|

DA= dis (1.+PSIs(1.-EXPT-PAtss2.sF00))ss.5)
D=0!s(1.+PSIs(1.-EXP(-PAtsst.sFO))ss.5)

30 RETURN
LND

,

|
i

C
FUNCTION DRAG (RE)

l
C -------------------------------------------

C SU3 PROGRAM FOR DRAG COEFFICIENT OF DROPLETS
C -------------------------------------------

C
C THIS SUBPROGRAM IS FOR TNE REYNOLDS NUMBER UP TO 44 000
C

W=ALOG10(RE)
IF(RE .01) 10 10,20

to DRAG =3./te.+24./RE
GO TO 200

20 IF(RE-20.) 30,30e40
30 DRAG =24.s(1.+.1315:REs (.92 .05sW))/RE

GO TO 200
( 40 IF(RE-240.) 50e50,40
l 50 DRAG =24.s(1.+.1935:REss.43051/RE

'

GO 70 200j
. 40 IF(RE-1500.) 70 70,80

70 DRAG =10.s:(1.4435-1 1242sw+.1558 wsu)
GO TO 200

80 IF(RE-1 2Et04) 90,90e100
, 90 DRAG =10.s:(-2.4571+2.5558:w .9295susw+.1049sususW)
| GO TO 200

100 DRAG =10.s:(-1.9181+.437:w .0esesusw)j
200 RETURN,

END

|

|
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