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ABSTRACT

BEHAVIOR OF WATER SPRAY INJECTED INTO AIR/STEAM ENVIRONMENT

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 -
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 distridutions were used for
computing the motion of spray droplets in the analytical model. For the
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 axia! extent (length) of sheet
is very important parameter in determining the spray angle. A correla-
tion is obtain;d experimentally for breakup length in terms of the Weber

number and the Jakob number.
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I. 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.

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 [l] 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 mechanisa using the photographic method, the
light source being an electric spark of 0.l micro-second duration. As a
criterion for defining the various patterns of the breakup regime, they

0.55

introduced a nondimensional number, Je (Jet number, We-(oa/oL) ), de-

fined as the function of Weber number (vaEoDn/a) and density ratio of
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 orf breakup. However, as far as breakup patterns are con-
cerned, the type of classification used by Tanasawa is generally ac
cepted.

For the purpose of application to practical systems (such as engine
design), the study of sprays was conducted in a different manner. That
is, the phencmena 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,



Reitz et al. (8] used an ultra-high-speed-filming camera (about 108
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.

Mst of the above studies were conducted on a solid-injection
nozzle. However, in many applications, other types of nozzles - such
as, swirl (centrifugal) nozzle, voppet type nozzle and fan spray nozzle
- are used for better atomization (Fg. I-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. Mre
data of this type were obtained later by Dombrowski et al.[l0].
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;
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 ligawents which eventually break into
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(a) Solid injection nozzle (b) Poppet type nozzle

(9) (9)

(¢) 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 werz 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 it the air core
periphery must decrease, which results in decrease of spray angle. PRr
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. I[f 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



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 conjectursd that increas-
ing the ambient pressure above a certain value causes the coalescence of
droplets. However, this secondary effect has not been clearly docu-
mented experimentally.

Recently, Rothe et al. [22] propesed 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. [r example. a cola water spray
i{s 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
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
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



coefficient varied from 2300 to 11600 Btu/ft’-hr-F (3.98 - 20.1 Kw/mz-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 formuliation is based on
an eddy diffusivity coefficient evaluated from pipe flow correlations =~
which differs from the case of jet flow with free surface.

Weinberg [25] 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
200,000 Kcal/hr-mz-c (120-240 Kw/mZ-C). surface resistance being

neglected.



More recently, a water spray in steam atmosphere was studied by
Sandoz et al. [30,31] and the General Electric Company [32Z] 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
fall of cooling water and D is nozzle orifice diameter. Mst 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. Flrst, they studied the behavior of drops experi-
mentally and devised an analytical model of the spray. Droplet size
distributions were studied experimentally by photographic method, ana

their theoretical considerations include the motion of droplets



(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
takén 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 is
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-Rammler,
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.

More recently, Kashiwagi et al. [41] studied direct conmtact 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
{nto account. These results were obtained numerically. They introduced
a dimensionless number, Dc, (Xfopr.flechp.Lol/Ja) , defined as the

- o

* Thermal utilization is defined as the ratio between the actual heat transfer
rate at distance z from the nozzle and the theoretical heat transfer rate.

9



o1

Name Function Form Comments
Nukiyama- . 2 -bnf = 5 1is chosen for best fitting
Tanasawa ab =BDe
o Function for number distribution
2
where, b = ——
én'
3/
B=&6b /[(3/8)
n : Number fraction of droplets
D': Diamater of maximum probability
1 /’8
Rosta-Remnler 1 -v = (D/D) ° D, & are chosen for best fitting

where, v : Accumulated volume fraction
of droplets

Log-probability

2 2
y

av § -6
dy Ji?

where, y = la(D/ D)

5, & are chosen for best fitting

Upper-limit

where, y = In[@an/(d, - )

D,

m © Maximum droplet diameter

o 4,8, Dy are chosen for best

fitting
Modified form of Log-probability

Table I-1

Functional forms for drop size distribution



inverse of the Jakob number (CP(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 Dc < 10. Also, they
obtained the non-dimensional thickness of condensate film with para-
meters of the Dc 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 develcped 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 withkin 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 sp-ay as a function of distance. The Peclet
number (Pe = PreRe) 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

11



theoretical model and the experiments. Their liquid nozzle consists of
many small holes such as seen in a shower nozzle, and breakup length for
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 weiz *aken
as experimental parameters, and the difference between the steam and air

environment was studied.
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II. ANALYTICAL MDDEL

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.

l. 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 ®g, 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 come nozzle is at most 10 to 1l 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.
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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 Fg. II-2. A major difference between models
proposed in Flg. II-l1 and Flg. II-2 {s 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 mode!' of the spray with condensation is proposed.
The analytical model for spray flow pattern is assumed to be similar to
that shown in Rg. II-3, where the two regions (sheet and droplets) will

be treated separately.

2. Water Sheet Portion

We will discuss the ccndensation 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
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Flg. LIi~4, the governing equations can be established. The following

assumrcions are made:

(1) Condensation has a negligible effect on liquid sheet thickness
(the mass flow rate of the condensate is very small compared to
mass flow rate of water).

(2) Ef fect of the fiiction drag oa the liquid sheet is neglected.
‘3 prisscre and velczity of vapor inside the sheet (hollow portion)
are uniform along the cross sectisn (away from the sheet

boundary) .
(4) Gravity iorce neglected.
| Then, (see Pig. II-4) the equatiou of motion in normal direction to

the surface of the sheet will be [45]

2
20, _2 _,, -.‘:Zzi?.‘.':‘.i.-v‘ i.l;d_.o (1)
z r/cos n P 4 T/cis n

where, % is the radius of curvature defined as:

- dzt/dz2 (2)
[1 + (dr/dz)2 }3'2

2l L

The first two terms of Eq. (1) are the effects of the surface teansion,
and the thicd term is the pressure differerce caused by condensation or
internal circular motion «f the air flow. These forces are balanced by
the centrifugal forces (or inertia cerms) which show up on the fourth

and fifrh terms of Eq. (1).
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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,

Vio = comst (3)
and also
Vc-r = const (4)

and the thickncgo of spray sheet is

"o

’ ZtrpLVLo
In case of condensation, the heat transfer coefficient between the

d (5)
liquid 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
2

3T 3°T
V s==a— (6)
Lo 3S 302

with boundary conditions

T(S,0) = T,

T(S,d) = Tg (7)

T(0,4) = Ty,
wherz, S denotes the direction of flow of liquid sheet and ¢ is taken
normal to the flow direction (Flg. II-5). The derivation and solution
of Eq. (6) are explained in Appeudix 3.

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

thalpy of each segment will be,
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Heat balance of the liquid sheet
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d
h, = / [cp TpLZwr /1 + (dr/dz)de]do (8)
o
and, the condensation rate for the segment dz can be obtained from the
enthalpy change as follows:
» d
x-c dt hz (9

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

respectively; thus,

o | ;c 2

[ 347 92 =0V, " (inside) (10)
o

-% ic = QVZwr erdz (outside) (11)

The vapor pressure at inside and outside surface of the sheet is,
P =P -~ l-p V2 (inside) (12)
z ® 2 vz

P 2 8, (outside) (13)
The vapor pressure outside the surface of spray sheet is same as
the ambient pressure. Therefore, the static pressure difference between
inside and outside of the sheet will be,
1 2

AP-POZ"PZ'-Z'OV

v vz (16)

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
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where, a and § are distribution parameters which represent skewness and
uniformity respectively, and Dy is the maximum droplet diameter. The
number of drops produced per unit time with diameter between D;+ 1/2dDy

and Dy~ 1/2dDy 1s

'Lo § Du 6

dNi'p —_
L /n Di(Du- Di) tD1

exp(~ 6%y%)d, (18)

The effect of cordensation on the droplet size is ([35]

D =Dy {1+T[1~- exp(- ,ZFO)I‘/Z} (19)
where,
r -1on) -1
[1+c(T-T)) ] (20)
FO = 4—;—E- (21)
Di

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
surface resistance for steam-water. Ohba et al. [43] studied the heat
transfer augmentation by internal circular motion of a droplet. How-
ever, the experimental results do not clearly substantiate their anmalyt-
{cal model. Hence, the assumption of heat transfer by conduction appears

to be reasonable.
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and Cp (drag coefficient) is chosen from Ref. [46] and the list of Cp 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. Mmentum Balance of the Spray

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

follows:
n 3
[ §DodNv, ~— + / p, 2nr dr Viz const (27)
Di R
momentum of drops momentum of vapor

Jc. Velocity Profile of Vapor

1f 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 Flg. II-6. A simple, approximate mathematical

expression of such a profile is assumed
2 2
r £
Ve = Ci(2) (1+g) (1-g (28)

and the radial velocity profile is assumed to be linear,

Vor = = Cp(2) £ (29)
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where,

Cy(z) = center-line velocity of vapor

Cp(z) = radial velocity of vapor at spray boundary

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. II-3, because most of the vapor
for condensation at inner side of water sheet will flow through this
region. For computation, the length of E was assumed %o be the same as
water sheet 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

(FMg. 1I-6):

- .

{$v+ aL]z b [ae]z & [mv+ I'L]z'O-dz

ﬁe]z - [&v]zﬁ-dz - [av]z % [al.]z+dz % [al.]z

= -4 - o ] z+dz

[mv]z+dz [mvjz + [Condensate raCe]z

That is,

R+dR : : R r
2nR dz erpv = fo 2nr dr vavszz-*dz - fo 2nr dr vasz]z
(30)
!. f { 3 - 3,
- 3 Pp . \Dz+dz Dz)dNi
Oy

27



el Z EzQQQ9QQZAA666/ . r

‘\er
R
—
r
Cz(z) kil Nkt
Fig.II-6 Vapor velocity profile model at droplet portion

28



The velocities of droplets can be obtained as;

r rdez

[sz]z+dz 4 Lsz]z *i dt ]z [dt]z (31
dVLt

[er]z+dz " [va}z » [ dt ]z (dt]z (32)
dVt

[vt]z-rdz '[vc]z +[E—]z (del, (33)

and the radial positions of the droplets will be (Fig. 11~-7)

(Re'lz4dz = [Re'lz * [th]z ldel, (34)
(Relpegz = [Relz + [Velp [del, (35)
(Rlz4qz = ([Rr']:+dz b [Rt]:+dz : (36)
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III. EXPERIMENTS
1. Test Section and Experimental Apparatus

Flg. III-1 and Fg. II1I-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
rotameter obtained by measuring the amount of water flow over a fixed
time duration. PFlg. III-4 shows the calibration curve for the pressure
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 and
bleed valve. The chamber is also connected to a vertical piston-
cylinder to which various standard weights may be applied. The pressure

is slowly increased until the piston and weights are seen to “float,"” at
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Nozzle # Type

Specifications

1 Spraying Systems,

Type TG Full Cone
Spray Nozzle,
¥T760.3

Dn(Orifice diameter) = 0.02"
(= 0.508 mm)

with two slots for swirling

inside the nozzle

2 Spraying Systems,
Type TG Full Cone
Spray Nozzle,

*
D,(Orifice diameter) = 0.023"
(= 0.584 mm)

with two slots for swirling

¥TTGO.4 inside the nozzle
3 Poppet type nozzle | Equivalent hydraulic diameter
of orifice = 0.406 mm
Flow area = 0.858 mm2
(See Fig.III-5)
4 Poppet type nozzle | Equivalent hydraulic diameter
of orifice = 0.445 mm
Flow area = 0.439 mm?
(See Fig.III-6)
5 Spraying Systems, D,(Orifice diameter) = 0.03"

Type TG Full Cone
Spray Nozzle,
¥TTG0.7

(= 0.762 mm)
with four slots for swirling

inside the nozzle

* Original specification in catalogue shows 0.022".

However, the

measured size is 0.023" (measured with Electric Comparator)

Table III-1

37
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used in the reconstruction. KODAK Tri-X Pan ASA 400 film, used for
taking two dimensional pictures, is developed with Microdol developer
(10 min.) and then fixed with Rapid Fixer (2-4 min.). Pr 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 hclography 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.
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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 d-oplets, but these devices are generally quite expen-
sive. Lekic 137,38] 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 Fg. 11I-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 configuration 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
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 MW
(0.532 micron) and 22 M¥ (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
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Nd :YAG laser beam strikes a prism that separates the 0.532 micron
(green) and 1.064 mic.. ! nfra-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 mircor is a
parallel light which is directed to 1l:1 beam splitter, where the laser
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 fi..d. 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
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the square of the ratio of focal lengths as shown in HMg. 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
11I1-2) [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. Fr recon-
struction, the He-Ne 15 mW laser (Spectra Physics) is used with the
configuration shown in Mg. 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
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 ana 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-
ference in digensions which occur because of the different wavelength
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
reconstru-ted hologram and the camera was traversed until a few water
droplets closest to the camera appeared to be in focus. With that posi-

tion as the starting point, photographs were taken by traversing the
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Material Resolution Exposure for Comments
donuitz of one P=Panchromatic
lines/mm erg/cem 0=Orthochromatic
KODAK
649F 2000 1000 P
649G,6490 2000 1000 0
50243 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 a3 0
AGEPAN 220 1 P
10E56 2800 50 Peaked for Argon
lasers
39C56 165 3 0
Table III-2 Properties of the most common photographic emulsions (49)
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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. Flgure IV-l shows a typical photograph of the droplets
taken from a hologram. The diameters are grouped in 50 micron incre-
ments and counted. In determining the volume of droplets, non-spherical
droplets are handled as ellipsoids or cylinders. Mr 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 tie
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:

D

dv _§ m 2.2

o - exp(- 6°y°) (37)
d = = D(D_- D)

y = 2afa D/(D_- D)] (38)

where, a and 4 are the Jitribution 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 1IV-
2. PFigure IV=2 - Fig. IV-8 show the droplet size distributions for test
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Condition #1 #2 #3 #4 #5 #6 #7
Environment Adir 1 atm Saturated Steam 1 atm Alr 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)
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
(°c)
Table 1V-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 Y77 2.03 2.32
S 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 1IV-2 Parameters of drop size distribution functions of each test conditions (Nozzle #1)



— el

Fig.IV-1 Typical photograph of the spray droplets
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conditions #1-#7. In Fg. 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
because it is weighted in proportion to D3. Flgure IV-9 shows the
effect of flow rate, ambient pressure, subcooling temperature and com-
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 after breakup. As a trial, calculations were
performed with the sheet portion neglected because the sheet portiomn 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-11/44 computer
and the TEKTRONIX 4052 graphic terminal was used for numerical computa-

tions and plottings. Figures IV-11,12 show the computed results of
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(a) Comparison between steam and air environment (Q = 3.52 ml/sec), 1 atm
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(b) Comparison between steam and air enviroanment (Q = 2.23 ml/sec), 1 atm

Fig.IV-9 Comparison of drop size distribution between each test
conditions.
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Air 1 atm, Q = 6.30 ml/sec, Tlo = 20°C Steam 1 atm, Q = 6.30 ml/sec, T[o = 20°C

Fig.1V-15 Typical photograph of the spray (Nozzle #3)



r
was S
ise

=
ae




r (mm) % r (mm)
14
2f
34
\
“»
\
\
z (mm) z (mm)
——eaeaCalculated = % «cecac== Calculated
~J
2 ~——— Measured —————— Measured
Steam 1 atm Steam 1 atm
Q = 3.52 ml/sec, Tia" 73°¢c Q = 3.52 ml/sec, Tio ™ 20°¢C

Fig.1v-16 Calculated and measured shape of sheet portion (Nozzle #1)
(Vt/vLo’ 0.4 at nozzle exit)

z (“am)

----- Calculated

Measured

Air 1 atm
Q = 3.52 ml/sec, Tyo= 20°C









z (mm)

measured

calculated

Calculated and measured shape of sheet portion (nozzle




described in Appendix 2. The results show the surface tenison of tap
water varies from 50 to 60 dyne/cm depending on the temperature. Rr
large initial spray angle and/or radius (Nozzle #3, Fig. IV-19), the
calculated results show that the outline shape of sheet portion is not
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—
pared with the case of an air environment (non-condensation). This can
be explained as follows: With a small angle and assuwing a vortex type
flow (for a swirl nozzle), the centrifugal force is greater at breakup
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
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Table IV-3. Test conditions for experiments on breakup and spray shape
( 2 - dimensional photographs taken with pulsed laser )
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orifice diameter. The results, seen in Fg. 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 Flg. 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 alsc is very short and it is difficult
to measure the difference between air and steam environment. In Fg.
IV-23, observations of breakup length by Sandoz [54] and modified re-
sults 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 Ag. 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 I difference. If Weber number is taken as

defined by Taylor [51], Wep = ZO/DLViod, the Wep in our experiments

4



pue aaqunu 13gaM JO uojilouny se 199YySs t«:Uﬁﬁ 243 Jjo _:x:.: ;:v__.«;..x

Aaqunu qojer

D

aM

00001 0005 0001

:a9dL3 21220\




ranges from 0.01 to 0.26. Taylor gives an upper limit on the sheet
length which is Wep = 1. This is certainly true for our experiments.
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 micronm 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 Fg. 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 Figs. IV-24,25, the shape
of the spray is primarily determined by the sheet portion of the

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 (Hg.
IV-24). In order to substantiate the space distribution of droplets as
in Plgs. IV-24,25,26, 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
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Fig. IV-25 Shape of the spray both sheet and drop taken into account (Nozzle #1)
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Edge portion

Center portion

and edge portion of the spray

Typical photograph of the droplets collected at center

Figo IV-28



our calculated results. The spray angle of Weinberg and Takahashi
sprays 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 Flg. IV-29 are in agreement with Weinberg and Takahashi.
In addition, there are some comments concerning the measurements of
Weinberg and Takahashi-Masuda that seem appropriate. Weinberg used a
thermococuple to measure the spray water temperature. From our sprays,
the water sheet thickness is so thin, that it would be difficult to
{mmerse 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-
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 measurements, 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. IN=

29.
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3. Air/Vapor Flow Pattern

It is important to confirm the validity of air (or vapor) flow
patteru that was assumed in the proposed model (Fg. II-1,2). It is
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 Hg. 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 Hg. IV-31l. FRurther 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
schematically in Hg. IV-31l. 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. Hgure IV-32
shows certain relation between the position of the droplet and treakup

point for Nozzle #3 (poppet nozzle). It was difficult to obtain the
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The first two boundary conditione of (A-27) implies the saturation
temperature at the interface, and third condition implies the initial
temperature profile at ith segment is the same as the final temperature
profile at i-lth 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 Ty ,. 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:

L e o _ -atelE,
Ti(ti”) -2 I [fo T,(0,¢)sin om¢ d$)sin nmp e (A-28)
n=1
For the lst segment, i=1,
Tl(O.Q) = 1 (since, T1 - TLo)
Therefore, (A-28) will be
- - it
Tl(tl.q) =2 L = (1 - cos nn)sin nnp e
n=1
and the final temperature of the lst segment will be, at t, = At,
- - _ -nn?E
Tl[al.O] -2 £ - (1 - cos nn)sin ard e (A-29)
n=1

which will be the initial condition for the 2nd segment.
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segment, 1=/,

and the final temperature of the 2nd segment will be

Generally, at the end of the mth segment,

»

Since




where,

. 2
51 aAt/d1

As a special case of uniform thickness of water sheet,
dl - dz - d3 B L isees = d - Conlt

and

91 - 02 - 63 ® cssees ® Bl = const

Therefore, (A-31) will be

T8 3 4 T sin[(22 + )ng] -(2z+1)2126
(2L + 1) ’

where,
B - at/d2
which is just the solution of non-steady conduction equation of a

parallel sided slab.
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PROGRAM FOR JATER SPRAY INJECTED INTO STEAM €

0«

This srosrae consists of Luo sortions = sheet rortion angd
droe sortion. In the sheet rortion:s Lhe surface Lent
swirl sotion are Laken into account Sravity force neslectes
This calculation Ly rerforeed

The TEXTROM(X 4092 is used for

OOOOOO0O0O0O000n

413 ang canstants
TYPE 12
FORMAT(1X, "WHAT (3 THE ENVIRONRMENT
ACCEPT L13.PR
FORMAT X:F2.0)
TYPE L4.PR
FORMAT (LX) "ENVIRONMENT PRESSURE»
TYPE |
FORMAT (LX) 'WHAT ARE THWE VALUES
ACCEPT 20+,VISANQV.TS
FORMATILIX+EP . Jv1X s Fa. 41 XsF6.2)
TYyrg 2
FORMAT(L1X, 'WHAT ARE T} OF THETO,ALAND,
ACCEPT JO,THETO
FORMAT XsFA, Lo LXF ] s L+Fs.%
TYPE 346
FORMAT(LX'WHAT ARE OF AQ'RADN?
ACCEPT J7,A0:RA,DN
FORMAT(LXER. I+ L XF
TYPE I8
FORMAT(1X, 'WHAT 1S JTAN/VLOD *
ACCEPT J9.P0
FORMAT(1X,F3.2
TYPE 40.,AQ/RA,DN
FORMAT(1X/SXs"a0»

Nz,

fPE 4}
ORMAT(S

YPE 42
QRMAT

e~
s B¢
CQwuwIXTow
- O .

OMmu

TYPE
YPE
IR~

-
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Print of i1neut data

PRINT 79

FORMAT (10X, "ESSSSRSASERNNRRERERSE [NPUT DATA sESSSRIIIFTTIRIIX

PRINT 100

FORMATILX/2% " TS +8X,"TLO"+ 35X ' AoV
ALAMD

PRINT 11

FORMAT(AX, " (C) ' »8X, (C)"+3Xy (KG/SELC)
KO/CUA.) 12X  (KJ/XKG)

PRINT 120+ TS TLO+ENLD»RHOV RNOL »ALARD

FORMATILX»2F10.2,2FL0.S,2F10.0

PRINT 40+A0+RA: DN

PRINT 1295./P0

FORMAT(SX, ‘VYTANM/VLO AT THE NOIZLE

Detersination of surface Lansion

(This relation is obtained Dy seasuring the si2e af water
pell in air environeent., The surface tension af
L8 2ssumed Lo De same 2% Air/water)

SURF=,.0018(40.29~.146372TL0"
TYPE 1%0,SURF

PRINT 130+SURF

FORMAT(LIX/1Xs SURFACE TENSION=

Detersination of Dreakur lensth as 3
Veber numsder vk
JAROD NnusberrAJA

VLO=ENLO/ (AQSRNOL)
WE=RNOLEZVLOXVLOSON/SURF
AJA=CPRITS-TLO)/ALAND

FITol . 024E~048(WE~474 ,8)8(WE~474,.8
IF(FiT=40.)157+1357+156

EXPC=0,

80 TO 158

EXPOeEXP(~F]

CONTINUE

IF(AJA)ILSY,

SSAsAJASE . 713SsEXPQ
IF(YE-7S0.)162,1462+143
BREAK=2, 4493uET 2893 /CONST
GQ TO 148
BREAK=818.83WEss(~, %581 ) /CONST
CONTINUE

slteaa/wataerr
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PROGRAR FOR SMFET PORTICN
IREPENRRARNNENNNRNNRRRANTY

PRINT 147
FORMAT(LIX/1X»
PRINT Ls0
FORMAT(1X/3Xx,'2 v |
‘AMOLE 12X
PRINT 170
FORMAT (22X, CLIE
DEG) ", 12
THaTHETOR2 .2PAL /]
I=9.
RR=GINI(TH) /CO8(TH
ENCGw0.,
ENTHO=CPSENLOSDTRTL
ENTHS=ENTHO
JORTEX=RAZVLOsP]

X
&C.

calculation of water sheel tesre ature
Meat transfer Dy conduction)

TRAR=Q,

TTallL N
A -

ILZ®ULD/ (1. *RRERR )22 . %
JLR=JLOERR 1L, *RRIRR )22 . %
DZ=0TxVLl

DEL=ENMLO/ (2. 3PAlRRASRNOL VL]
DELPR=0E

IF(TS-T

’2d
MI®0.

DELPREINZ, +TRAR

grea MmN OIM G
ZMmMmacC oOoOxC

¥ s X T
fro9omma~a» +1 0
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-
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70
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280

70

293
294

293

300
310

120
130

e

Calculation and srint oyt of)
Condensation raterENCO
Pressure difference By condensations JELP
Srraw anslerang
Serav radius RA
Yater tesreratures Tl
Heat .ranster coefficient Ml

EMCS(ENTH=ENTHS) /(ALANDECT)
HI*ENCEALANDE 28/ ((TS=TI)SPA[SRASDIN( L, +RRIRR) 82, 5)
EMCO=(ENTH=ENTHO) / (ALAMDEDT)
UUZS(ENCO/ (2. 8RNOV) )/ (PATIRASRA)

DELP=(RMOVEVVIEIWI) /2.

ANGoATAN(RR) £340./ (2. 3PAL)

RRRs=. |, +RREIRR)IEB(I, /2. )R (DELP+2 . YSURF/ (RAS( L, +RRIRR) 12 .93)~
RNOLSDELPRIVORTEXSVORTEX/ (RASRASRAR (L, +RRIRR ) 2x.3))
/(RMOLSDELPRIVLOSVLO~2 . SSURF)

RR=RR+RRAXDZ

TYPE 280,231000.,(RA+DEL/2.)81000.,EMCOR1000,

FORMAT(1X,F1S.3:2F20.7)

PRINT 290,2831000.+(RA4DEL/2.)81000,,ENCE81000.DELPANG,TI /KT,

wi

FORMAT(LX F4.J3+7F13. )

RAa=RA+RREDZ

I=l¢02

TIENTH/ (EMLOSDTICP)

ENTHS#ENTH

IF(RA)293,293,29%

TYPE 294

FORMAT(1X, 'SPRAY COLLAPSED")

G0 TQ 999

IF(Z-BREAKSAQSS.S) 200,300,300

TYPE 310

FORMAT(1X, ‘ENTER 1 FOR CALCULATION OF ORGP PORTION, TYPE 2 FOR
sTOP ")

ACCEPT J20.k1J

FORMAT(1X,I1)

IF(KIJ=2) 330,999,999

CONTINUE
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130
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370
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393
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aaoonon

OOOOO0O0 4

440

44

430

[ PR o

LR R RR R R R R R R R Y
PROGRAA FOR DROP PORTION
EERERAATRNETRARUNANIRARAS

Additionsl datas ineut for dras sortion
%9 sicron increesents for dras sizes

TYPE J%0

FORMAT(1X, "WHAT ARE THE VALUES OF A DELTA,DDR?")
ACCEPT J40+A,0ELTA,DDNM
FORMAT(LX s Fa. 44l Fa. 41X, FR. D)

OMe0CH/ L . E+08

DDleS.£-0%

0Zw=.001

IA=BREAKSAQSS. S

EL=ZA

TYPE 170

PRINT 370

FORMAT(LX/1X, ' PARAMETERS FOR DROP SIZE DISTRIBUTION")
TYPE 330+A+DELTA.DDN

PRINT 380,ADELTA,DON

FORMAT (LX) A® ' ,Fa.4,10X, DELTA® ", Fé.4,10X, 00N ',FB.3,

‘* MICRONS )
TYPE 390
FORMAT(1X, "ENTER | FOR CONTINUE: ENTER 2 FOR STOP)
ACCEPT 393,41
FORMAT(1X,11)
IF(LI=2)393.,999,999
CONTINUE

Number distribution of srray drorlets

J=1

Dl=00I

Y=ALOG(ASDI/(DM=DI))

DELNC(J)#(EMLO/RNOL)B(DELTA/PALSS,  S)S(DN/(DIL(DN=D1)))
204,/ (PALSOIRs],.) ) SEXP(-DELTARE] YY) 2001

DI=DI+DD!

IF(DI=-DM) 420,430,430

JeJel

G0 YO 410

CONTINUE

Boundary cendition for calculation of dros =artion

bl bt

(Qbtained from the sheet martion)

JisJ

TYPE QCOoYXvZAllooo-ol.'lOOO.vVL:-ULR

FORMAT(LIX,FLQ.2/,4F LS. 4)

PRINT 443

FORMAT(LX/1Xs BOUNDARY CONDITION FOR DRQP PORTION'.1X»

‘QBTAINED FROM SHEET PORTION

PRINT ‘5007112‘11000--.0.1000.9VLZDVLRotL'l°°°.

fc.‘lf(ll"rti'v'..l!llr'c'pslv'zi'"la.lcl(o'ﬂﬂ‘-xio'..'v
'XO.Q'ZXO'HH'oJX-'VLzl"‘IO.‘OlXO"'5‘:'-3!0’0LQ".
FLO. 41X “M/SEC  +IX"ELe " FLO. 41X, "NA")

VVZ0e9.

TENPsT]
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460 Vwisyvig
Ieln
DO 468 Jei,Jl
TT(J)=Q.
R (J)=RA
.Y(J).oo
YT{J)eVORTEL/RA
VLZIZtJrevLZ

6 VLRR( J)=VLR
LAY
MM=10
ECLLT
PRINT 447

w7 FORMAT(L1X/1X, SOLUTION FOR DROP PORTION')

Inttiation of sloatting

-

Qutline drawins

OOOOO0000

CALL TKINIT(240)

CALL OWINDO(=40.,2480.r=L14,s114.)
CALL MOVEA(Q. 114,

CALL DRAWA(O.r=114.)

CALL MOVEA(300.:0.)

Insart scales

aoaon

IX=%0.
00 472 J#)\.8
CALL MOVEACIX, 3.
CALL dRAVA(ZIX:0.)
CALL MOVEA(2X~-5..0.)
CALL ANMODE
WRITE(10,471)2X

a1 FORNAT(LX,F4.Q)

472 IX=7X+%50.
RY=100.,
DO 473 J=1,3
CALL MOVEA(O..RY)
CALL DRAMA(J. RYT)
CALL MOVEA(=20.,RY#+J.)
CALL ANMODE
WRITE(LQ+473)ABS(RY)

473 FORMAT(1X,FS.Q?

7% RY=RY-50.

€ Insert units

CALL MOVEA(-30.:1L4.)
CALL ANMODE
WRITE(10+477)

ar? FORMAT(L1X,"R(NM) ")
CALL MOVEA(240./10.)
CALL ANMQCE
WRITE(10,478)

473 FORRAT(LIX,»"2(MM) ")

c

c Draw the spray outline of sheet sartion

(Stratsht line i3 drawn fram orisin L3 Dreakus soint)
¢

CALL MOVEA(Q.,0.)
CALL DRAWA(ZASL000.,RABL000.)
CALL MOVEA(ZAR100Q0.,-RA21000.)
CALL JRAUA(Q..0.)
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490

300
Si0

320

Caleviation af matchizs sartion

The lensth of this #ortion i3 Jssused %0 De sase as Dreakus
lensth.
ENCC(M)=Condensate rate Detueen : and :+d2
OMOn=Moeentua af droslets at the end of the satching
*Qrtion in axial direction.

ENCC (M) =0,

OnOneQ,

Jui

0I=001

OTT () =QZ/VLIZ2 )

CALL DIA(DITTC(I)»DTT(J. TS Tl sALARD ALPNAPAL,D(J)10ALJ)CP)
ENCCIM)=ENCC(MI*(PAL/4.) /RAOLE(DA(J) 2. ~D(J) 83, ) S0ELNCY)
OMONeONON+ (PAL/6.)8D(J) 833 . 3RMOLSDELNCJ)BVLZZ( L)
RKCJISRK(JIFVLRR( JISOTT(J)

RT(JISRT(IISYT(JISOTT( )

ROJIS(RK(JISRKC JISRTIJISRT( J) )88, 8

CALL POINTAC(Z#07121000.+R(J)S1000.)

CALL POINTAC(Z+02)81000.+,~R(J)81000.)

DI=0I+0DC

[F(D1-DM) S00,510+510

FLELD

GO TO 490

JONTINUE

TEMPTENP+EMCC (M) SALAND/ (ENLOZCH)

CI(M)=(ENCC(M)+(ENCG/2.)8(DZ/EL) /(2. 3PALSR(JI)SDIZRNQY)

J=i

0I=pDI

CALL DIACDI»TT(I)+DTTLI)»TS T ALARD ALPHAPAL,DJ)+DACI) CP)

DOT=(DA(II=0(I))/0TT(J)

VUR»=C2(M)IBIR(J)Z7(JL))

Ve (VLZZ(JI=VVZ)S(VLZICJ)=YVZ)I#(VLRR( J)=VUR)I S(VULRR( J)=VVR)

SUTIJISVT(J) )82, S

RE=VED(J)/VIS

CC=DRAG(RE)

DULZe=(3./DCJ))SDDTR(VLIZ(J)=UVL) =, 7SS (RHOV/RHOL)S(CD/D(J))
BB (ULIZ(L -0 D)

DULR®=(3,/0(J) ) SDDTR(VLRR(J)=VUR) =, 7SS (RHOV/RHOL ) E(CD/D( J))
SUT(YLRR(J) =VUR)

DUTe=(3.70(J))SDDTEYT( ) =, 7SS (RHQV/RMOL ) S(CD/D(J) ) BVEVT( )

VLIZ(II=ULZZ(J)#DVLZEDTT L Y)

VLRR(J)SULRR(J)+DVLRSDTT(J)

UT(J)SYT(J)+DVUTEOTT ()

TTCA)I=sTTI(D+DTT( )

DI=DI4DDI

IF(DI-DON) S30:540,540

Julsl

GO TO S20

I=sZ+02

TYPE SS0+231000.,(R{28J)81000.+J%1,1Q)
FORMAT(L1X,4FLO,.4/L1X SF L0, &)

TYPE 343+ TENP

PRINT S460,7%1000.+(R(28J)S1G20. A3
FORMATI(LX/1Xy"Zun" ,F4. 14X, 'Re’ Vou
PRINT S43, TENWP

FORMAT(1X, 'AVERACGE WATE® ¢ ' FLo.501%0'C")
LEL Bt

IF(2-ZA~EL) 480,490,570

CONTINUE
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73
<80

399

400

o
-
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430
440

430
640
870
480

8790

CALCULATION OF THE mAIN DRQP PQRTION

-

Jetersination of}
EMCC(M)=Condensation ~ate Detueen I dnd 44~

ORMOMsMomentus of draomlets «% 2442 1n axial 4irection

VIZMA=0,

DO $79 Jsi.J1

AVOL(J) =0,

ANUMC J) =0,

S EL PRI 4

CiisCl(m)

EX=1,

(L=l

ENCC (M) =0,

ORMOMN=Q .

FL3Y

3Is=00I

OTT(J)eDZ/VLITLI)

CALL DIACDITT(2)+0TT(J)+ TS TI ALANDALPHAPAL,D(J) DACJ)CP)
DRNON=ORMONS(PAL/4.)80(J) 823, SRNOLSDELNC IBVLIT( )
EMCC(M)=ERCCIM)I#(PAL/4.) SRHOLS(DA(J) 883, -D(J) 833, ) SDELNCD)
DI=0L+DD1L

IF(D1-DM) 400+,410+610

Jelsl

G0 TO $%0

CONTINUE

TEMPRTENP+ENCC (M) SALAMD/ (ENLORCP)

Detersination af CiI and C2

Detersine the varor velocity By confireing the continuits
and momentus dalance.
Clvaxial velocity of varor at axis
C2eRadial velocity of varor 3t Doundary
YMONsMomentue of varar in axial direction
YZMASe=Mass flow rate af varor in axial direction

R8=0.

DRB=R(JI)/100.

VROM=0 .,

UZHQSIO .

IF(RB=R(JI)) 440,430,450
YUZSCLI(M)IS(L . ~RE/R(JIN)ISEI. . S(L . +RB/R(JI) )22,
vnon-unonouvz:::,stRlouan/:.)t:.a!u:ton.:uuov
UZIMAS=UINASHIVVIS(RB+DORE/2.)82 . sPALSORBERNAV
RB=RJI+ORE

GO0 TO &30

CONTINUE

IF(LL=100) 460:,970+970

VUMOM® (UMOM=(DMON=0RNOM) ) /ONON

TYFE 470,YVMCM,0N0OR,DRMOM,VROA
FORMAT(1XsF20.7,2F1S.7,F20.7)

IF C(ABS(VUROM)=.0001) 710,710,680

LLsiL+l

[F(VMOM=(DMOMN=-DRNON)) 700,700,490
Cli(m)esCL(Mm)I=CLL1/2.83EX

EXEXHL.

G0 TO &20

CL(M)=Cl(M)+CL1/72.32EX

EX=EX+Ll.

GO T0 820

URMASSENCC (M) $(VINAS-VIINA)

UIZNAsUZNAS
C2(M)=YRMAS/ (2. SPATSR(JI) SDISRNOV)

TYPE 720.CL(M).C2tM)

FORMAT(1Xs2F20.7)
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730

740

/39

780

?79

OoOOonNnaOoOO0On

772
773
-

778
779

780

CALCULATION OF DROPLET POSITION IN SPACE

-

FLAY

9l=001!

VUZeClIMIS(L . =ROJI/REJINISIL.=RIJI/RIJINISIL.eRUJI/RIJIN)E
(L. eR(JI/RCIL))

VURe=C(M)SI(R(JI/R(JI))

BTT(J)=02Z/VL2Z( )

Ve ((ULZZC J) =YV SIVLZZ( ) =UVT) +(VLRR(J) =YUR) S(VLRR( J)=VUR)

WT(JIBVUT(J) )28, $

CALL DIACDI »TT(J)+DTT(J) TS, TI  ALARDsALPHAPALD(J)DACJ)CP)

DDT=(DACJI=0(J))/DTT(J)

RE=VED(J)/VIS

CO=O0RAG(RE)

DULZ®=(3./0(J) )8D0TR(VLIZ(J)=VVT) =, 7SR (RHOV/RHOL ) S(CD/0(J) )8
VEB(VLZIZ(J)=wV2)

DULR®=(3,./0(J) )SDOTR(VLRR(J)=VUR) =, 7SS (RMOV/RNOL)B(CD/0(J)) 2
VE(VLRR(J) =UVUR)

DUT==(3./0(J))S0DTSVYT(J) =, 7SS(RHOV/RHOL) S(CD/D(J) ) BVEYT ()

RKCJISRK(J)PVLRR( JIBOTT( )

RT(JISRT(JISVT(JISOTT( )

ROJIS(RKCJISRK(J)SRTIJISRT(J) 18,5

VLZZ(J)=VL 22 J)+0VLISOTT ()

VLRRC(J)SVLRR( J)+0VLREDTT( )

UTCJIeYT(J)+DVTRDTT(J)

IFI(RCJ)) 740+7%0+7%0

Rt(J)s=R(J)

VLRR( J)w=YLRR(J)

TTiI=TT(JI#BTT( 4}

DI=0I+0D!

IF(D1=-DM) 7460+770+770

Jel#l

GO T0 730

CONTINUE

Plot of seace distridution of dromslets

Plot every dz=2ae intervalsy within S desree ranse in
azimythal direction.

IF(M=NNN)B00,772,772

00 780 Jei.JI

ANUMCJ) S (DELNCJI) Z7(VLIZ(J)S72.) 80232, +ANUN(Y)
IFCANUNCJ)=1.) 780:77%:77%
IFCANUNCJ)=2.,)07786:777:277

CALL POINTA(Z21000.,R(J)21000.)
ANUR(J) sANUM(J) =1,

GO TO 780

IFCANURCJ)=3.)778,779:779

CALL POINTA(Z21000./R(J)31000.)

CALL POINTA(Z21000./R(J)%1000,85.9%)
ANUMC J) =ANUN(J) =2,

GO TO 780

CALL POINTA(Z31000.,R(J)21000.)

CALL POINTA(Z21000.,R(J)21000.2.9%)
CALL POINTA(ZE1000.+R(J)S1000.81,09)
ANUNC J) =0,

CONTINUE
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783
78s

798?
788

789

oOoOo0

2

1002

1003

993
994
993

998

997
998

999

00 790 Jei,Jt

AVOL(J)m(DELNCJ) Z(VULZZ(JIS72,. 080282, 8(FLOAT(J))82].
+AVOLC J)

IFLAVOL(J)=1,)790,78S,783

IFAVOL(J)=2.)7086+787, 747

CALL POINTACZN1000.,-R(J)%1000.)

AVOL(J) =avOL(J) =L,

G0 T0 790

IF(AVOL(J)~3.)788,789,.99

CALL POINTA(ZR1000,.,~R(,"81000.)

CALL POINTA(Z®1000./~R(J)S1000.8.799)

AVOL (J)=AVOL(J) =2,

G0 TO 790

CALL POINTA(ZE1000.+~R(J)E1000.)

CALL POINTA(Z31000.,-R(J)%1000.8.99)

CALL POINTACZS1000,,-R(J)81000.81.0%)

AVOL(J) w0,

CONTINUE

MNNeNNN+2

Print out of the outrut

TYPE 930,(Z+02)81000.+(R(28J)81000.+J%1,10)

TYPE 343, TENP

IF(M=NN) 930,920,720

PRINT 360+(2Z402)21000.(R(2I8JIE1000.+JmL+10)

PRINT 343+ TENP

NNaNN+10

CONTINUE

[F(n=230) 740,970,970

LAL RN

I=7402

30 TO %80

PRINT 'lOo(HIIOOCt(H‘lO)-CZ(H‘IO).EHCC(H!\O)oﬂ'anO)

PRINT 990,vuVZ0

'0."‘7(1X-l3-l°ln‘Cl.‘o'lO-Sa'(H/S(C)"IOXO'C:"r'lO.Sl
*(M/SEC)* 120X, ENCe’ ,ELT. 46,  (KG/SEC) ")

FORMAT(LIX/1X, "UVZO~"»F20.7+1Xs "H/SEC")

PRINT 991, (DELNCJI) s JwlsJl}

FORMAT(LX,"DELNCJ) “+3X,10F10.0)

Label the »lot

-

CALL MOVEA(10.,114.)

CALL AMNMODE

WRITE(1Q0,992)

FORMAT(1X, SPACE DISTRIBUTION OF DROPLETS")

CALL MOVEA(10.:,70.)

CALL ANMODE

MRITE(LO0+1002)

FORMAT (LX) "NUMBER DISTRIBUTION")

C‘LL -.OVIA( lO ot -00 o)

CALL ANMODE

MRITE(10,1003)

FORMAT(1X, "VOLUME DISTRIBUTION")

CALL MOVEA(10.,-90.)

TYPE 993

FORMAT(1X, ENTER | FOR STEAM, ENTER 2 FOR AIR)

ACCEPT 994,LK

FORMAT(1X,11)

IF(LK=2)997,999,993

CALL ANMODE

NRITE(10,994)PR,EMLO,TLO

FORMAT(1Xs 'AIR ENVIRONMENT  ,3X,F2.0," ATH’'/13X, 'FLOW RATE= *»

F&.5" KG/SEC’»3X»"TLOw “+F6.2+" c

60 TO 999

CALL ANMOQDE

WRITE(10,998)PR,ENLO,TS,TLO

FORNAT(L1X, STEAM ENVIRONMENT ' ¢3IX,F2.0," ATN’ /13X, FLOW RATEs '
F4.5:' KG/SEC +3X+'TSe *1F8.2+" C 3N+ "TLO= “+Fé.20"° (o
sToe

END
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20
30

40
30

40
70

80
90

100
200

SUBROUTINE DIA(DL,T,DT TS TI,ALAND I ALPHA,PAL, D 0A.CP)

-

SUBPROGRAM FOR CALCULATING DROPLET GROUTH 3Y CONDENSATION

-

PSIw( L, . +CPR(TS-TI)/ALAND)SS(1,./3.)~1,
FOwa . SALPHART/DI22],

FOO®4 . SALPHMAR(THDT) /01222,
ExPO=Palzxl . sF 00

IF(EXPO~40.) 20+10:,10

DAsDIR(Ll.+PSIT)

O=0A ’

go To 3o

CONTINUE
DASDIR(L,+PSIN(L . ~EXP(-Pa[x32,2F00) )22, %)
Ou0IB( L. +PSIN(]. . ~EXP(-PA22T, .2F0))23.5)
RETURN

«ND

FUNCTICON DRAG(RE)

-

SUBPROGRAM FOR DRAG COEFFICIENT QF DROPLETS

THIS SUBPROGRAM IS FOR THME REYNOLDS NUMBER UP TOQ 44,000

W=alL0GLO(RE)

IF(RE=-.,01) 10,10,20

DRAG#3./14.+24,./RE

GO0 TO 200

IF(RE-20.) 30,300,440
DRAG=24,.8(1 .+, L3192RELS(.92~-.0934))/RE
GO TO 200

[F(RE~-280.) 50:,%0:40
DRAG#24.8¢1.+,193SsRESX,.4309)/RE

Ga TO 200

{F(RE-1500.) 70,70+80
DRAG#10.28(1,8433~1.1242%w+, 1353886z
GO TO 200

IF(RE~L.JF%04) 90,90,100

DRAG=10,. 88 (=2, 457142, 5558w~ ., 92952waus . L0479 sunuzy)
GO TO 200
DRAG#10.8%( =1 ,9181+,4372u~,08302u2w)
RETURN

END
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