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ABSTRACT

An analytical model was developed to describe the thermodynamic
and fluid dynamic processes in an exhaust gas cooler employing liquid
water injection. The model is based on the solution of thc equations of
conservation of species, momentum, and energy for the system and
the equations for the exchange of these quantities betwecen liquid and
gaseous phases. These cquations are programmed for solution on an
IBM 360 computer. The predictions of the model are compared with
measured data from a scries of turbojet tests in the Propulsion Develop-
ment Test Cell (T-1) spray cooler. The comparison showed that the
niodel gave a good agrecement with the measured pressure and liquid
temperature at various points along the cooler. Paramcters such as
gas temperature and specific humidity which were not measured arc
discussed in terms of their relation to the overall cooler performance.
FFrom the results of the measurements and predictions, a physical de-
scription of the cooling process is presented. Based on the results of
onc of the tests, a possible method of reducing the pressure loss in a
cooler is proposed.
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Vo

Cross-sectional area of ccoler as function of distance x along
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Fraction of cooler not blocked by piping
Cross-secctjonal area of cooler at x = 0, t't2
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Specific heat of liguid water, Btu/lbm - °R
Specific heat, Btu/lbm - °R

, ti s C = +
Mass fraction of vapor v pv/(,:;v pnc)

Particle diameter, ft

Diffusion coefficient, £t%/sec
Internal cnergy of droplet, Btu

Ratio of liquid flow rate to noncondensable gas flow rate,
m,/m
£ nc
Enthalpy, Btu/lbm
Heat transfer coefficient, Btu/ftz-sec-°R
Dimensional constant, 778 ft-1bf/Btu
Thermal conductivity, Btu/ft-°R-sec

Mass transfer coefficient, lb-molc/ftz-sec

Molecular weight, 1bm/1b-mole
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m Mass flow rate, lbm/sec
Nu Nusselt number for heat transfer
Nuab Nusselt number for mass transfer
P Pressure, lbf/ft2
Pr Prandtl number
R Gas constant, ft-1bf/lbm-°R
Re Reynolds number
RU Universal gas constant, ft-1bf/1b-mole-°R
Sc Schmidt number
T Temperature, °R
t Time, sec
v Velocity, ft/sec
X Distance along cooler, ft
X Mole fraction
6 Incremental distance, ft
u Dynamic viscosity, lbm/ft-sec
, 0 Density, lbm/ft3
o Surface tension, 1bf/ft
: W Molar rate of evaporation, moles/sec
]
{ SUBSCRIPTS
A Average #
f Film value
g Gas phasc—vapor plus noncondensable !
i Liquid originating at injection station i 1
2 Liquid phasc
nc Noncondensable
ref Refercence

s Droplet surfacc
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v Vapor
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SECTION |
INTRODUCTION

Testing of turbojet engines and rocket motors at simulated altitude
in ground test facilities requires cooling of the high temperature ex- }
haust gas to a reclatively low temperature before the gas enters the ex-
haust gas pumping system. Cooling of the gases by water spray with
direct heat and mass exchange between the water and the exhaust gas
has been utilized in many test facilities. This method of cooling is
often called spray cooling.

Many of the spray coolers used in the Engine Test Facility (ETF)
at the Arnold Enginccring Development Center (AEDC) receive exhaust
gas from a rocket or turbojet engine. The cooling process reduces the
temperature from approximately 4000°R (maximum temperature of a
turbojet engine exhaust gas) to approximately 550°R. By means of an
atomizing water spray, the exhaust gas is cooled and humidified. The
cooling produces a temperature compatible with the ducting, control
valves, and pumping system material limits, Water conservation is
an important consideration in operation because of the large quantities
of spray water required.

Previous work has developed computer models for spray coolers
based on the assumption of a homogeneous two-phase flow with kinetic
and thermodynamic equilibrium (Refs. 1, 2. and 3). The investigations
contained in this report cover the development of a computer model of
a spray cooling process that follows a typical liquid water droplet in the
coc.er ducting. No assumptions of kinetic or thermodynamic equilib-
rium between the gas and liquid are made. The model is then compared
with measurements made in a spray cooler during operation. The approach
approach is similar to that used by Shapiro (Ref. 4).

SECTION 1l -
EXHAUST GAS COOLING SYSTEM

2.7 CONFIGURATION

The configuration of the Propulsion Development Test Cell (T-1)
spray cooler consists of a diverging conical inlet section followed by
a constant-arca duct to the end of the spray cooler (Fig. la,
Appendix I). The cooling water is iniroduced through a group of nozzles




AEDC-TR-72.89

arranged in a series of banks, in which the first three banks of sprays
consist of nozzles projecting a fan-type spray directed downstream
along the wall to protect the ducting (Fig. 1b). The remaining banks
are arranged in a wagon-wheel configuration with several spokes, each
"spoke' containing several spray heads. Each spray head contains
several fixed-geometry, conical spray nozzles (Figs. 1lb and c) directed
generally downstream. The water to each spray bank is supplied by a
large header, and the flow rate to each spray bank is controlled by a
valve between the header and the spray bank.

2.2 INSTRUMENTATION

Instrumentation was provided to measure flow rates and pressures
of the exhaust gas stream entering the cooler, and e temperature and
composition were calculated using the method of R. ., 5, Exhaust gas
static pressure and liquid water temperature measurements were a1So
made at five axial stations along the cooler. The temperature of the
cooling water before injection was measured, and the flow rate was
calculated from pressure measurements made across an orifice or at
the control valve. The location of this instrumentation is shown in
Fig. 2. Measurements taken by this instrumentation provided experi-
mental correlation with the analytical results from the mathematical
model.

The millivolt outputs from the thermocouples and strain-gage-type
pressure transducers were recorded on either magnetic tape or by a
photographically recording galvanometer-type oscillograph. The mag-
netic tape data were reduced on a digital computer, and the oscillograph
data were reduced manually using electrical calibrations taken prior to
testing.
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SECTION (1l ' , '-
DEVELOPMENT OF THE ANALYTICAL MODEL

The analytical model is baseu . : the equatjons of conservation of
energy, momentum, and species for the exhaust gas cooler and the ex-
change of these quantities between phases. The model considers the
behavior of a typical drop down the length of the cooler and calculates
the changes in thermodynamic properties cver a series of small incre-
mental distances. The equations were programmed for solution on a
digitial computer.

Some of the key assumptioné in the analysis are as follows:

1. All gases including water vapor obey the perfect gas
equation of state. : ,

2. The flow is steady and one dimensional,
The gas mixture at any section is homogeneous,

4, The droplets from each injection station are hniformly
distributed over the cross-sectional area of the cooler.

5. The droplets are injected parallel to the gas filow and
maintain this direction throughout the cooler. The in-
fluence of gravity on the droplets is considered negli-
gible. ' :

6. There is no aerodynamic breakup or agglomeration of
the drops.

7. The drops injected at any injection station are uniform
in size, ' C '

8. The maximum number of injection statlions is nine,
and their spacing is arbitrary.

9. The internal resistance of the drops to heat distribu-
tion is negligible, thus the temperatura is uniform
through the drop. :

10. The drops injected at each injection station are
accounted for separately, :

11. Heat transfer and friction at the duct walls and piping
are negligible.

12, Cross-seclivnal area of the cooler is a prescribed func-
tion of distance along the cooler.

B ar st R L St e e p S RS L EOS Y
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3.1 EQUATION FOR THE CONSERVATION OF SPECIES FOR ONE
INJECTION STATION '

The conservation of species written for the exhaust gas and water
(in both liquid and vapor form) over an incremental distance éx is
dm dm dm

mv+m +m =m t—4¢%fx+tm,+———946x+m_+

c (1)
g ne v dxl 2 dx ; nc 6x -

If the noncondensable flow rate is assumed constant and insoluble in

water, Eq (1) may be simplified:
dxr'lv dn'lg : @)
—_—T e — = : 2
dx dx . 0 o :

The mass fraction of vapor may be written

m
_ v
v m_+m (3)
v nc

' C

and the mass fraction of noncondensable gas is

, m_ .
! :l_-—_- = -
nc m_+m 1-C ’ @)
v nc.

In addition, the specific humidity may be defined as
m C
v v

m “1-C , - (5)
nc v

and the liquid water ratio (fg) as

(6)

3.2 EQUATION FOR THE CONSERVATION OF ENERGY FOR ONE
INJECTION STATION

The cnergy equation is developed to equate the total energy of the
c¢xhaust gas and liquid watér as they pass two planes an incremental
dlstance (6x) apart,

ok et A
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e [Pae Voo 72)] + 1, i, * (Vo 12 + sy oy + (V2]
= [“"nc + (drflnc/dx)éx] {nye + (an, Jdxex
+ [Vpo * @V, Ja06x]" 12} + [mh, + (ara /awex] {n,
+ (an fanex + [V, + (av, fanex'/2)
+ (drh, /ax)6x] {h, + (dh,/dx)sx

+ [V:z + (deldx)bx]z/Z} (7)

By expanding and simplifying the above and expressing the mass flow
rates of the various components in terms of Eqgs. (5) and (6), Eq. (7)
becomes

dhnc dVnc Cv dhv dvnc [hv i (Vnczlz)] de
1+ + +
dx N vnc dx 1-C dx Vnc dx 2 dx
v (1- Cv)
2
dh dVv A\ df
£ £ £ £
—_— —_f + +—_—f - =
MY (dx Vs dx) (hz ) ) ax 0 (8)

3.3 EQUATION FOR THE CONSERVATION OF MOMENTUM FOR ONE
INJECTION STATION

The momentum equation expressing the total momentum passing
two planes (6x) apart is:

mnC Vnc * rﬁv VnC * m£ Vl + PA = [rhnc * (drflnC/d")éx] [vnc
+ @V [dxen] + [y + (arh /axex] [V + @v__/dx)ex|
+ [, + (drﬂI/dx)éx] [Vn + (dVE/dx)éx]

+ [p + (dP/dx)éx] [A - (dA/dX)6X] (9)
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Expanding and simplifying give

o 3 , . .
mnc(dvncldx) + vnc(dmnc' dx) + mv(anC/dx) + Vnc(dmv/dx) (10)

+ rhl(dvlldx) + Vl(drhlldx) + P(dA/dx) + A(dP/dx) = 0

By dividing by rhnc and incorporating the specific humidity and liquid

water ratio in terms of Lgs. (5) and (6), respectively, Eq. (10) may be
expressed as

C v
dvnc + v ClVnc+ nc de +f dvl + vV if_g_ + P d_A_
dx 1 - Cv dx a - Cv)ﬁ dx £ dx £ dx m . dx
fA 4P g
m dx
nc (11)

Multiplying by Vnc(l - Cv); and assuming that the change in area over

the increment é6x is negligible give

av . dC \ av, df,
(1-C)V ey "X +@a-cyv |t +V
Vv nc v nc

dx nc dx £ dx ¢ dx
(- Cv) 4P _
+ — -d—x— =0
Pne (12)

3.4 EQUATIONS FOR MULTIPLE INJECTION STATIONS

Exhaust gas coolers similar to those shown in Fig. la consist
of a series of spray banks or watcr injection stations, whereas the
equations previously developed indicate that the water is injected uni-
formly at one station. The equations are easily expanded to include
multiple injection stations by adding a term to describe the liquid injcc-
tion conditions at cach spray bark and thc location of each bank. The
previously developed equations (L2gs. (2), (8), and (12)) are modified
as shown below.  liquation (2) becomes

din dmf

v i
R . (13)
dx ‘:': dx 0
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Equation (8) becomes

dh dv C (dh dv ) h + (V) I'dc
nc¢ nc v v nc \Y4 nc v

+ +V + — I3
(1-C) l X

dx vnc dx + 1l - Cv dx nc dx
: (dhzi dvli) ( vﬂi dfli
+ + 1=
+zn: 2 \ax Vzi p +Z;: hzj 5] ax | =°

and 12q. (12) becomes

(14)

av__ ac_ , Ve, U,
- + — 4 - — 1 4 -2
& CV)Vnc dx Vnc dx & Cv) Vnc‘zr:1 fﬂi ax Vli dx
1-C)
+ ( V) ig =0 (15)
o] dx
nc

The piping nccessary for the spray banks in an exhaust gas cooler
similar to the one shown in Fig. la can occupy a significant portion of
the cross-scctional arca of the duct. In the cooler of test cell T-1, the
frontal area of the piping at each injection station is approximately 12
perceat of the total cross-sectional arca. DBecause of the large amount
of liquid normally used for cooling and the blockage caused by water
piping, the equations describing the cooling process must be further
modified to incorporatc terms necessary to account for the loss in
momentum of the liquid that strikes this piping, This modification is
made 0. 25 ft upstream of each spray bank wherc the liquid propertics
from all previous stations are mass averaged to produce two new
strecams, onc of which represents the liquid passing a spray bank with-
out interference and a sccond stream which strikes the piping, losscs
its momentum, and is then reaccelerated. The fraction of liquid strik-
ing the piping is cqual to the fraction of area occupied by the piping.
Therefore, the new liquid properties passing the spray bank will be

f

1A

+ + + 0 -
(AA)(f(l f;: £, ) (16)

(17)

e
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s £ . 4 £
TS = ! 5 f2 S 5 (18)
A E £,
n i
+ Da»
D, f‘e| D: f12+D3 f£3+
D, = (19)
A 2. B,
n 1
The properties of the liquid that strikes the piping will be
v =1.0
' 2
2o (20)
T =T
Sg Sa (21)
DB - 130 -
P (v -V, > (22)
g\ nc B
The velocity (VI ) is arbitrarily set at a small value but not zero be-
B
cause it appears in the denominator of several calculations; TS is

B

assumed equal to T, since the system is adiabatic and no heat is lost

SA

to the piping. The diameter of the reaccelerated drop (DB) is based on

Eq. (12.6) of Ref. 6. The equation has becn modified by neglecting the
second term on the right side since it is almost negligible for the condi-
tions encountered in this program. The final form of the equation for
the drop diameter is basically a solution to the Weber number for a
critical value of 13,

3.5 EQUATIONS FOR THE EXCHANGE OF MASS, ENERGY, AND MOMENTUM
BETWEEN PHASES

It is now neccssary to develop the equations to relate the transfer
of mass, ecnergy, and momentum between phases., Since the mass flow
rate of tiic noncondensable portion of the cxhaust stream is considered
constant and negligibly soluble in water, the only exchange of mass
occurs betwecen the liquid water and vapor. The conservation of water
was expressed carlier in Eq. (2) and is
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dnhv Ri
dx +Z dx =0

Furthermore the mass transfer to or from a single drop may be
developed from Eq. (21,2-26) of Ref. 7 which expresses the molar rate
of evaporation as

ivs - iv
(m) _ 2 i
w, Tk, ™D 7T (23)
1l 1 VSi

By multiplying by the molecular weight of vapor (M ), the results in
terms of the mass rate of evaporation may be expressed as

w ™y oy DM (24)
V. v X, 1 v X
1 1 VSi

Since the mass rate of evaporation is cqual to the decrease in the mass
of a drop per unit time, then

dM X -X

di . vsi v
T Tar TR O MOTT (25)
1 VSi

Since the equations developed will be solved for incremental distances
(dx), the equation above will be more useful in terms of the distance (dx):

dM X -X
di . v vsi
Vo Tax Kk ™Dy M T (26)
i i v8,

For a mixture of perfect gases, the molar concentration (ivs ) can be
i
expressed in terms of the pressure where

P
Vs,

X = ! (27)

VS, P
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is the mole fraction of vapor at the drop surface and va is the vapor

saturation pressure computed at the drop surface temperature. While
this method of evaluating ivs is exact only for zero mass transfer, it

can be shown to give satisfactory results even at relatively high mass
transfer rates. The mole fraction (iv) of the free stream is

m_ /M Cc /M
)—( . — v V = v v (28)
v (m /M)+(m M) (C /M)+ (- c,/M )

The change in the total amount of liquid may be expressed in terms of
the change for one drop and the number of drops

The transfer of energy between phases is related to the thermody-
namic state of the exhaust gas stream and the liquid drops. Since the
system is adiabatic and at a constant area over the distance (dx), any
change in the gas stream will necessarily result in a change in the
drops; therefore, the exchange of energy between phases will be
expressed as a change in internal energy of a single drop, anc this will
then be related to the change in energy of all the liquid. The change in
internal energy for a single drop over the distance (dx) is

de dM

d di

i_s
Vo ax T hmD; (Tg Ts.)+ hy, Vi (30)
1 1 Si 1

where the first term on the right expresses the convective heat transfer
and the second term expresses the heat transfer accompanying the mass
transfer and change in phase. I'rom the known energy transfer for one
drop, the total energy transfer may be expressed as
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It is assumed that the resistance to heal distribution within the droplet
is negligible compared with the resistance to heat transfer at the sur-
face, that is, the temperature within the drop is uniform. Thus,

= ¢, (T -T_ ) ,
i 2 s, ref (32)

€q

for a constant specific heat of liquid (ci).

The momentum transfer between phases will be expressed using
Newton's Second Law where the force on the drop is due only to the
droplet drag. Therefore, expressed in this manner,

9 - - V
d wDi c:Di Vnc V!i (vnc l)
Vziﬁ Mdi(vnc - VQ) Pe 3 —7 (33)
which may be simplified to
dei dV‘i
(Vnc Vli) vzl d * M(:li le dx
Di CD1 vnc il Vlil(vnc B Vli).
g 4' ) : _ (34)

where pg is the dencity of the combined noncondensable gas and vapor
in the stream.
The equation of state for the exhaust gas stream is

= + ‘ . .
P (pnc pv)Rngcr (35)

wiiere
1 - Cv _ Cv
Rg - M * M Ru ' (36)
nc \Y

3.6 COMPUTER SOLUTION OF THE EQUATIONS

The conditions in the cooler are determined by first computing the
changes to the liquid and then Incorporating these changes into the solu-
tion of the conscrvation equations for the complete system. The
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computer solution is based on the modified Euler method. The changes
in the liquid properties are calculated from the derivatives given in

Egs. (26), (29), (30), and (34) and a known step size (dx). These
changes are calculated for each liquid strecam. The sum of the changes
in mass, energy, and momentum are then incorporated into qs. (13),
(14), (15), and (33) to solve for the new gas properties. An iteration
technique is used for the solution to the last three eauations, The calcu-
lation procedure continues down the cooler until a point is reached

0.25 ft upstream of & spray bank. At this point, the liquid properties
arc averaged as discussed in Section 3.4 (I2gs. (16) through (22)). By
using the gas properties last calculated and the liguid properties of
stream "'a’ only, the calculation procedure discussed above is com-
pleted for one step (dx). At this point, stream "b'" (the liquid that has
impinged on the piping) is added to the calculation, and the changes to
Eqs. (26), (29), (30), and (34) are calculated for the two streams
separately. These changes in mass energy and momentum are included
in this iterative solution to Eqgs. (13), (14), (15), and (35). The calcula-
tion procedures continue until a new spray bank is reached and then
these liquid properties are included in the calculation routine.

The step size (dx) is variable in this program. The initial value
used is 0.0001 ft, but if convergence is achieved quickly (less than 3
iterations), the step size is increased for the next series of calcula:ions.
The step size will vary between 0.0001 and 0. 01 ft depending on the

number of iterations necessary for convergence in the previcus set of
~ calculations, A computer listing of the program is given in Appendix III,

The frequency of printout for the calculations may also be varied,
but experience has shown that for most conditions printing the results
every 0.25 ft is sufficient to see the changes in the exhaust gas cooler
conditions,

Typical input for a computer run is shown in Tables Ia and b
(Appendix II). Special note should be taken of the spray banks in which
no water is injected (f, = 0). The spray banks are included in the input
bercause they will contribute blockage to the system and their location
must be known. In cach case. a fictitious velocity, temperature, and
drop size is also included to prevent division by zero during the solu-
tion, but since these properties are also multiplied by fﬂ, thev hacome
zero and do not affect the final solution. :

For conditions where two-phase flow exists, but the piping for in-
jecting the liquid does not occupy a significant portion of the cross-
sectional arca, a variation of the analytical model may be used. This
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variation involves only the solution of Egs. (13), (14), (15), (206), (29),
(30), (34), and (35) without the averaging of the liquid properties dis-
cussed in Section 3.4 (using ligs. (16) througu (22)). In addition, a
drop size distribution may be simulated in this variation of the model
by inputing the various drop diameters and their respective quantities
(t"2 ) as spray stations but with the stations at the maximum dx distance
i
apart. A computer listing for this model variation will be found in
Appendix IV,

SECTION IV
EVALUATION OF THE ANALYTICAL MODEL

An evaluation of the computer model was made by comparing the
predicted exhaust gas pressure with measured data and also the pre-
dicted liquid water temperature with the valuc measured by an ¢xposcd
junction thermocouple at scveral points in the exhaust gas cooler. In
addition, the calculatcd cxhaust gas temperature and the specific humid-
ity are discusscd to determine how these parameters are influcenced by
test conditions.

Six typical data points taken during the testing of a turbojet engine
are used to evaluate the model. The input conditions for use in the com-
puter program arc shown in Tables I and I[. Also shown in the tables
are the inlet conditions to the sprayv cooler which were calculated using
the method of Ref. 4 winich has been included as a part of the medel,
Thesc data show that, for the runs in Table I, the cooler inlet conditions
are constant and the difference is in the spray banks that are in usc,
whereas the data in Table II show the cooling water parameters to be
constant and the exhaust gas temperature and velocity to vary, Two
other items of importance that sheould be noted are:

1.  The cooling water flow ratc from the individual "'wagon-
wheel” spray banks was kept constant, and only the num-
ber of spray banks was varied, and

2. The cooling water from the wall sprays of spray banks
No. 2 and 3 were not normally inciuded in the calculation,
wherceas the water from spray bank No. 1 was included,

The flow rate from the individual spray banks was kept constant to mini-
mize the effcels of varialions in cooling water velocity, drop size, and
distribution from the individuad nozzles. The cooling water from spray
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banks 2 and 3 was not included because it was believed that these wall
sprays would not contribute significantly to the cooling of the exhaust
gas. Calculations show that the pressure change in the ducting to the
first wagon-wheel can generally be adequately described by assuming
a one-dimensional isentropic flow with no cooling water present. The
cooling water from spray bank No. 1 was included because liquid water
must be present at the start of the computer program (i.e., iy | # 0),

and the difference between the isentropic value of pressure and that
calculated using the initial spray bank was not significant.

The measured and calculated values of pressure as a function of
distance along the cooler are shown in I'ig. 3; the liquid water tempera-
turcs are shown in Fig. 4. The increasc in pressure during the first
9 ft (the diverging portion of the ducting) followed by a drop in pressure
for the constant area portion of the cooler is characteristic of nearly
all runs. The initial risc in pressurc is due primarily to the subsonic
compression of the exhaust gas with very little acceleration of the cool-
ing water except on the outer edges of flow., The abrupt decrease in
pressure that follows occurs in the constant diameter section of the
cooler where the wagon-wheel sprays are located. The drop in pres-
sure in this section is caused by acceleration of the cooling water from
the initial wagon-wheel spray bank and the loss in momentum of the
previously injected liquid water as it strikes the piping and is then re-
accelerated. This later loss in momentum is taken in account by the
averaging of the liquid propertics and the resultant use of Egs. (34),
(35), and (36). Although the area occupied by the internal water piping
at each spray station is small (approximately 12 percent), it is sufficient
to cause a drastic change in the pressure characteristics. The magnitude
of the change caused by inclusion of this piping is best illustrated by
assuming that in the constant diameter section the piping is removed but
the water is still introduced uniformily over the cross section of the
cooler at the various spray banks. Figure 5 shows the calculated
cooler pressure for several blockages as well as the standard 12 percent
used for the calculation of all data from the cooler in test cell T-1, All
calculated pressures show good agreement initially, but then the pres-
surc begins to increase for the case of zero blockage while decreasing
rapidly for the remaining cases. This increase in static pressure is
causcd by the decrease in dynamic pressure while the total pressure of
the exhaust strecam remains essentially constant, The decrease in
dynamic pressurce is duc primarily to the cooling of the exhaust gas
strecam. The decrcasce in pressure for the conditions with various
amounts of blockage is due to the interfercence caused by the piping.

The cffect of blockage in a flow stream is well known and the above
example illustrates its importance in a two-phase strcam. The percent-

ages in IFig, 5 cover the range of normal and extreme blockage conditions

14
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and indicate not only the importance of including the blockage in the ana-
lytical model but also the importance of minimizing it wherever possible
in cooler design.

The measured and predicted liquid temperatures for the data points
in Table I are shown in Fig. 4. Three of the four measured values
show good agreement with the predicted values, while the remaining
value (the initial measurement) is always high, It is significant to note
that the predicted liquid temperoature for the first wagon-wheel spray
bank at 9, 2 ft rises approximately 70°R in approximately 6 in. and then
levels off at an almost constant value even when additional spray banks
are used. This rapid rise in temperature is due to the fact that initially
the liquid water temperature is low (53G°R) and its vapor pressure at
the drop surface is also low. The low vapor pressure of the drop com-
bined with the low vapor partial pressure in the gas stream rcsults in
a low mass transfer rate, while the large difference in gas and liquid
temperatures gives a high heat transfer rate and a rapid rise in the
temperature of the liquid with little evaporation. As the liquid temper-
ature begins to rise, the difference between tl e partial pressure of the
drop and gas stream increases, and the mass transfer (or cvaporation
from the drop) increases. This increase in mass transfer continues
until a liquid temperature is approached where heat transfer to the drop
is almost completely used for the evaporation of water., The final tem-
perature approached by the liquid is its adiabatic or wet bulb saturation
temperature. As additional cooling water is added through the usc of
additional spray banks this process is repeated, but the rate of liquid
temuperature rise will decrease because of the smaller temperaturc
difference between gas and liquid and also because the hotter liquid
must also be cooled. The cooling of the liquid does not become im-
portant until there is a very large amount of "hot" liquid present. The
fact that the cooler liquid temperature does rise very rapidly keeps the
overall cooling process from becoming extremely inefficient due to
alternately heating and cooling the liquid in the stream.

The previously mentioned thermocouple located at 3, 2 ft always
reads high. The high reading is believed to be caused by the location
of the thermococuple at the edge of the diverging section where the fan-
type spray will leave a liquid deficient region near the thermocouple.
Since the smaller liquid quantity is surrounded by a large amount of
hot exhaust gas, the heat transfer to the liquid will be abnormally high
and thus causc the liquid temperature to rise to a value higher than is
predicted by the computer model which assumes a uniform liquid distri-
bution over the cross section of the cooler,
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The validity of the computer model is best determined by comparing
the predicted and measured values of static pressure, gas tcmperature,
and specific humidity., A compariscn using the static pressure has
already becen made, but measurements of the later twc quantities have
not becen made because of the difficulties inherent in a two-phase stream.
The exhaust gas temperature is important because of the effect on pump-
ing machinery capabilities. As the temperature of the exhaust gas
entering the machines is increased, the maximum mass flow rate that
can be pumped at a constant pressure decreases; or, stated another way,
for a given mass flow rate of exhaust gas, the minimum upstream precs-
sure increases as the temperature of the exhaust gas entering the
machinery incrcases. Therefore, it is desirable to cool the exhaust
gas as much as possible., The specific humidity, like the gas tempera-
ture, places a lower limit on the pressure capabilities of the exhaust
machinery. s the specific humidity increases, the minimum upstream
pressure at the test cell also increases because this additional vapor is
additional mass that must be removed. Therefore, the optimum cond:-
tion would appear to consist of the lowest exhaust gas temperature and
specific humidity. The problem is that the temperature normally de-
creases at thc expense of an increase in humidity for spray coolers like
those in ETF unless very large quantities of water are injected. Since
the overall process of reducing the temperature is normally by evapora-
tion of cooling water, the specific humidity for the process increases as
the temperature decreases.

The predicted gas temperatures along the length of the cooler is
shown in Fig. 6 for the three data points under discussion. The de-
crease in temperature follows the same path for the three runs as long
as the same spray banks are used. :\s expected the lowest gas temper-
ature occurs for the data point using the most cooling water (Run No.
36-13), while the highest temperature is predicted with the least amount
of cooling water (Run No. 36-18). The temperature curve shows a dis-
tinct change occurring at approximately 9 ft. Although the data indicated
that the pressurc change at this point could be treated as a subsonic com-
pression of a gas with no mass transfer, this is not the case with the
predicted cooling curve. If the gas temperature followed a subsonic
compression process with no mass transfer, the predicted temperature
should be at some valuc greater than the cooler inlet value of approxi-
mately 3570°R. If this were a subsonic compression the wall-type
sprays would probably be spraving dircctly along the wall and the
thermocouple at 9, 2 ft should be recading approximately gas temperature
and the first wagon-whceel spray bank should be surrounded by the high
temperature gas flow, :As noted ecarlier, the thermocouple at the end
of the divergent section indicates 2 measurcd temperature higher than
the predicted liquid but certainly not an exhaust gas temperature., Since
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the thermocouple is measuring a liquid temperature (Refs. 8 and 10),
there has obviously been heating of the water indicating that the temper- .
ature characteristics cannot be described by an isentropic compression,
Therefore, some cooling aihd mass transfer has taken place in the diver-
gent section of the cooler, and the predicted curve probably has the
correct shape, but it is not possible to know if the temperature is abso-
lutely correct. The remainder of the predicted exhaust gas tempera-
ture curve is typical—a rapid decrease in temperature while there is a
large temperature difference between gas and liquid followed by a de-
creasing rate of cooling near the exit' as the temperature difference de-
creases. The point where the cooling curves separaté is the location

of the next spray bank being used. ' The differences noted at the exit
indicate the magnitude of temperature change that can be expected by
using additional spray banks for the conditions of these tests.

Since one of the objects of the cooling process is to get the lowest
value of exhaust gas temperature at the lowest specific humidity, the
temperature as a function of the specific humidity is presented for the
three data points in Fig. 7 to show how the cooling takes place. . The
two points immediately obvious and important to the model description
are: :

1. The overall proccss: is one of humidification and not two
separate processes, i.e., one of humidification followed
by dehumidification, and

2. There are short periods:of dehumidification downstream
of each active-injection station but quickly followed by a
resumption of the evaporative process.

The normal mecthod of visualizing the cooling process in an exhaust
gas spray cooler is to picture first a short scction of cooler in which
sufficient water is present to provide saturation conditions. This water
is injected into the strcam and is immediately vaporized because: of the
large temperature difference between liquid and exhaust gas, This pro-
cess involves transferring sufficient heat from the gas‘stream to vapor-
ize the water. After the gas strecam becomes saturated with respect to
the cooling water that has been injected, ary further cooling water
serves to dchumidify the gas strcam. This dchumidification process is
generally imagined to take place very slowly when compared with the
vaporization process. s shown in'Fig. 7. the cooling process does not
appear to follow the model described above; instcad the process appears
to be one of almost continuous cvaporation with a few periods of slight
dehumidification. Which process is corrcect becomes very important
in the understanding and design ol spray coolers. The first process

e eaosa.
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actually describes what takes place in an infinitely long cooler where !
6nly small amounts of ;water are injected, and this water is allowed to
reach tempcv'ature and velocity equilibrium before any more water is
injected. ' In this way, saturation may be achieved but with no excess "
liquid water present. The second process descrlbes a nonequlllbrlum _
process in terms of 11qu1d and vapor temperatures, velocity, and con-

centrations but is the acétual process in an exhaust gas. cooler.
: | .

1

\ \Vhen liquid water is injected into the gas stream, 1n1tla.11y the
liquid. is at a low tcmperature and partial pressure, whereas the gas i
stream has a relatively high temperaturc but low vdpor pressure due

to the small amount of vapor in the strecam (generally only the water
formed during the combustion process) Since the evaporation pro-
cess is controlled by the vapor concentration difference (see Eq. (16)),

~the mass transfer will initially be very low, but because of the large
temperature differences (on the order of 3000°R) ' the heat transfer

' rate will be very high, With the high heat transfer rate, the 11qu1d

temperature rises very rapidly, and the partial pressure differencé
between the liQuid‘ and gas stream increases, causing a rise in the
mass transfer rate. This process of rising liquid temperature and
'mass transfer rate continues until a 11qu1d temperature is approached
where the heat transferred into,the liquid is used almost comipletely for,
vaporization. The temperature that is approached by the liquid is the
adiabatic or wet-bulb saturation temperature, but although this temper-
aturc is nearly achieved, the evaporatic: of the liquid continues because
there still exists a partial pressure difference between the droplet sur-
face and gas stream tp provide the mass transfer driving force: and a
temperature difference to supply heat for vaporization. This process
will - continue until thé partial pressure’ and temper'aturé dlfference dis-
appears.

This process discussed above is basically for one spray bank, where-
as the normal cooler operatjon uses several banks. What happens when
fresh codling water (from a downstream spray bank) is injected into the
gas stream can be divided into two processes These occur:

! !

1. W hcn the Vapor pressure of the fresh liquid is greater '
" than the vapor pressure of the exhaust stream, and

2. When the vapor pressure of the fresh liquid is less
than theivapor pressure of the gas stream.
. i ;
"~ Both of these conchtions are shown in Fig. 7c. The first condition
occurs at the entrance to the cooler when the exhaust gas contains very
little vapor (the partial pressure is almost negligibléd) and water is

18
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injected with a partial pressure of approximately 64 psf. In this instance,
evaporation begins immediately and continues the length of the cooler,
The second case occurs when the gas temperature has reached 2500°R
(at spray bank No. 4). The partial pressure of the gas stream is now
215 psf which is above that of the incoming water and should result in
the gas stream being dehumidified. This is in fact what happens, but
because the dehumidification takes place over such a short distance, the
decrease in specific humidity does not show up. The dehumidification
process is much clearer at spray bank No. 5 when the gas temperature
has reached 1600°R, and the specific humidity decreases from 0. 43 to
0. 41 before beginning to increase again. Another way of picturing the
process is shown in Fig. 8 where the partial pressure difference be-
tween the liquid and vapor is shown as a function of the specific humid-
ity. When the pressure difference is positive, evaporation takes place,
and when it is negative, dehumidification takes place. In this figurc,
the liquid from spray bank No. 1 is shown to be evaporating from the
start, whereas the liquid from spray bank No. 4 initially causes
dehumidification until the pressure difference reaches zero. Then the
process for spray bank No. 4 becomes evaporative, and the specific
humidity begins to increase again. The same thing will happen to the
spray banks downstream as shown in Fig, 8 where dehumidification
takes place imiediately downstream of the injection station. The spe-
cific humidity has a greater decrease for each succeeding spray bank
because the partial pressure difference is initially greater,

Three additional runs are included in this discussion to show the
agreement between the model and the experimental data and also to
point out some possible effects of the two wall spray banks in the diverg-
ing section which are normalily omitted from the calculation procedure,
The measured engine inlet parameters and the calculated cooler inlet
parameters are shown in Table II, and the pressure as a function of
distance data is shown in Fig. 39, Thesc data show good agreement
between theory and experiment at the cooler cxit, but for Run 36-16, the
agreement at the exit from the diverging scction (8. 2 ft) is not good.
Comparing the measured and predicted pressure for the three runs
shows that the agreement is good for Run 36-14, but becomes progres-
sively poorer for Runs 36-15 and 36-16, From Table 1I, the test
parameters, including the cooling water, arc secn to be the same with
only the engine fucl flow rate changing. Thus, there is poorer agrec-
ment between the model and data as the fuel flow rate decreases.

A possible explanation for this lics in the interaction between wall
spray banks 2 and 3 and the relatively low velocity gas stream. At the
interface between the liquid and gas strcams, a portion of the hot ex-
haust gas is cooled by flowing radially through tie wall sprays to the

14
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area betweer the interface and the duct wall while the remainder under-
goes essentially an isentropic compression as it flows down the duct,
As the Mach numbers of the two streams decrease, their static pres-
sure increcases, and for the gas flowing through the sprays, the total
pressure will also increase because of the evaporation of water. The
resultant effect is to increasec the static pressure above that predicted
by the model because oi the cooling of the radially flowing gas.

To show the effect of the wall spray banks on the agreement between
measured and predicted pressure, a run (35-44, Table II) was chosen
with similar cooler inlet conditions but without spray banks 2 and 3
operating. The predicted and measured pressure for the first 9, 2 ft is
shown in Fig. 10 for Runs 35-44 and 36-16. The agreement between
predicted and mcasurcd pressure for Run 35-44 is good, indicating that
the wall sprays arc at least part of the problem.

A second intcresting point about Run 36-16 is that the measured
pressure is higher than the totzl pressure calculated by assuming
either an iscntropic expansion or a two-phase cooling process, as
shown in Fig. 11, To achicve this mecasurcd pressure, mass must be
added to the strcam but under conditions where there is not significant
luoss in momentum due to the added mass being accelerated. This con-
dition could probably be achicved by the gases flowing radially through
the water strcam and adding vapor to the gas stream.

The condition of abnormally high static pressure is not usually
encountered becausce the wall sprays arc not used for conditions such
as encountered in Run 36-16 where the cooler inlet velocity and temper-
ature arc low, For thosc runs where the sprays are used, such as
36-14, the total cnergy level of the strcam masks any influence of the
wall sprays.

If this radial mass flow through the wall sprayvs is the reason for
the extremely high static pressurc at the end of the diverging section,
this technique might be a useful way of supplementing the exhaust pump-
ing machincry to achicve a lower test cell pressure,

SECTION V
CONCLUDING REMARKS

An analytical model was developed to describe the process carried
on by an cxhaust gas spray cooler. The model consisted of the computer
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solution to the cquations of conservation ol specics, momentum, and
cnergy and the exchange of these quantities between the gas and liquid
phase.

The model was comparced with data from turbojet tests conducted in
Propulsion Development Test Cell (T~1). The range of spray cooler
inlet conditions was as follows:

148 to 153 lbm/scc

nc
T = 1066 {o 25u8°
nc
P, =711 to 909 psf
V. =402 to 1147 ft/scc
nc
ff =2.5%t03.8
T. = 336°R

The static pressure and liquid temperature were measured at six posi-
tions along the length of the cooler, and these pressures and tempera-
tures were ccmpared with similar values predicted by the model. The
measured static pressure at the cooler cxit agreed with the predicted
value within 4 percent or less, and the measured liquid temperature
agreed within 1 percent of the predicted value. With the exception of
the pressure at the entrance to the cylindrical section, the agreement
between model and measurement for the other data was at least this
good. The predicted values of gas temperaturc and specific humidity
are discussed, but measured values of these quantities were not avail -
able for comparison bccause of the lack of adequate instrumentation,
Successful instrumentation was not available for making this type of
measurements in a typical exhaust gas cooler stream with liquid-to-gas
mass ratios on the order of 2 to 1 or greater.

Static pressure mecasurements at the exit to the diverging scction
of the cooler gave abnormally high results for one run based on the pre-
dicted value from the model. A possible explanation for thesc data
based on a separated recirculating flow in this area was postulated.
Additional data for verifying this werc not available., A possible method
for improving spray cocler performance based on this postulatc was
also mentioned.

A oo
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TABLE | (Concluded)
b. Cooling Water Flow Rate Conditions

AEDC-TR-72-89

Inlct Liquid

. Distance A . j
Run Station from fo;uld Velocity Temperature,
No or Fatrance Ratio. fp, Vi, Tg, °R
: Spray Bank x, It ~* | 1bm/lbm ft/sec s
36-13 1 0 0, 524 70.0 536
4 9.25 0. 849 90.0
5 11.50 0. 840 90.0
6 13.75 0. 951 95.0
i 16.00 0.0 90.0
6 18.25 0. 968 94.0
9 20. 50 0.0 90.0
10 22.75 0.0 90.0
11 25,00 0.0 90.0
36-14 1 0 0. 520 69.5
4 9.25 0. 849 91.5
5 11.50 0. 908 91.0
6 13.75 0.961 95.5
7 16,00 0.0
8 18.25
9 20. 50
10 22.75
11 25.00
36-18 1 0 0. 631 71.0
4 9.25 0. 887 2.0
5 11,50 0. 935 1.5
G 13.75 0
1 16,00
8 18.25
9 20. 50
10 22,75
11 25.00 \

\

i+ e i

Drop Size,
D, ft

0.20 -, 10-2
0.59 ¢ 103

0.194 x 1072
0.59 x 1073
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.
TABLE 1l (Concluded)

! i

b. Cooling Water Flow Rate Conditions

AEgc-TR-'I"z-ss

, ¢ Inlet Liguid ;
. . Distance - R
Run Station ‘from’ L19u1d Velacity Temperature, | Drop Size,
No or Entrance, | Ratio: fe Ve, Ts. °R | D,
" : | Spray Bank e e | tom/1bnd ft/sec s .
1
36-14 1 0,0 0. 52 69.5 |* 536 0. 0020
g ! 4.8 0.187 , 81,0 0.0020
, 3 6.9 0.176 76.6 i 0. 0020
4 9.25 0.849 91.5 ' | 0.00059
' 1+ 5 11,5 ¢ 0. 908 91,0
’ 6 13.75 0, 961 95.5 ,
7 16.00 0.0 .
8 118,25 - 0.0 : k
.9 20.5 0.0 .
36-15 ' ‘1 0.0 0:534 71.0 0.00197
2 4.8 0,191 81.0 0.00197
l 3 , 6.9 0.179 76.0 0.00197 !
! 4 9.25 ! 0.873 87.0 0. 00059
‘ 5 11,5 0: 921 89.0 ' !
,6 13,75 0. 979 90.0 ' ,
7 16, 00 0.0 , .
8 18,25 0.0 ' 1 ’
9 20.5 0.0 : :
36-16 1, 0.0 0.547 72.0 0.00194
2 1.8 0.195 81,0 | ' 0.00194
3 6.9 - 0.186 77.0 0: 00194
4 i 9.25 0. 910 88.0 /] 0. 00059
5 11.5 0. 959 91.0 , '
6 13,75 1.01 ] ,
7 ! 16.0 0.0 ’ ) !
8 18.25 0.0
. "9 20.5 0.0 ‘ ’ .
35-44 1 0.0 0.175 60.0 0.0020
2 4.8 0.0 60.0 0.0020
3 6.9 0.0 60.0 ; 0.0020
Py 9.25 1.020 104.0 ; 0. 00059
5 11.5 1,341 08: 5
) 6 13.75 0.0 92.9 !
y 1 16,00
8 18.25 e |
0 20,5 l J
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APPENDIX 111
A LISTING OF THE COMPUTER PROGRAM
AND THE REQUIRED AUXILIARY EQUATIONS
FOR AN EXHAUST GAS COOLER

A listing of the computer program for the solution of the equations
developed in the text is given in this section. In addition, auxiliary

equations necessary to define certain constants used for the computer
solution are listed.

AUXILIARY EQUATIONS

These auxiliary equations are used to define certain dimensionless
numbers which are in turn solved for certain coefficients used in the
equations developed in the text, The properties of the system used in the

equations are evaluated at the so-called "film temperature' which is de-
fined as

T +T
T = 51—_&
fi 2
where the f indicates a film property and the i identifies the particular
liquid stream being discussed. For this program, the noncondensable
gas was assumed to be dry air, and the various constants were calcu-

lated using the properties of air. The desired constants and equations
are given below:

24 0. 687
~ = +
(,Di R [1 0.15 (Reﬁ) ] (Ref. 9)

€fi

18
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[ (I-C)P

Nu
fi

Nuﬁ

Pre

Re,

Segs

v (1-c
gpg v

fi

1C
I‘gRU

"“06( ) ( ) (Ref. 10)

£2+0. 6( ) ( )1/3 (Ref. 10)
-(Cpfix ﬁ)

kfi

= Ru/ [:'(v M+ (1 - iv) Mnc]

(Vg " Vai)Ps)(®)

Hi
My
“)Cat, )
( fi abfi
Tne /A
A /A
o/ o

X +x
\
si

2

v
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C /M
X = V+ v
v C/M _+(1-C)IM_

Cc

P

v .
- S1

V. P
si

uf.z(i H + 1-§v\)pnc
N TANM £i/\ "t

(p)(Ms3)
R T

u fi

Pgi ©

COMPUTER LISTING

The following computer program was programmed for the IBM 360
coraputer and was used to obtain the calculated data of this program.

T S TR S T I A = e T

bl

< e e ST TR I IR S A AR AR
TS S famama NTOE IS 5

R K T SRR :'f""';.u—.::&:‘«z!.vz-J
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DETERMINATION OF EXHAUST GAB COOLER
INLET CONDITIONS

IMPLICIT REAL®8(A=H,0=2)
REAL*6 T2TW{150)

; REAL®6 AREAJRAIR,RFUEL

} REAL®4 ARTM,ARPR,ARW]

‘ REAL®6 JRUN(2)WHAT(14)

: = COMWON 7GRP7 ARTETISUT, ARPRYISUT: RRWITTSUT NPT
! CGMNON 7/ ENTH 7 T, TY, Ry COA(T)y H{6), CO2A(T), H2AL(T), XN2ALT),
3 1 O02A17), H20A(T)y WT{6), COBIT)y CD2B(T)y H2R(T)y XN2B(T),
! 2 O2R(7), H20R(T7)y Cl&)s AlL&), P(212)
; CALL ERRSETI261,2564=1,1)
WT(1) = 28,011
WTTZY = &4.011
WT(3) = 2,016
WTi4) = 28,016
, WT(5) = 32,0
, WTi{6) = 18.016
P{201)= 11,766
T PU20%)y=E 12.260
| P1205)x 12,770
i PL207)= 13,298
P1209)= 13,846
! P(211)= 14,408
! Rz 1.98726
. T DATA 32 F TO0 212 F

t
. c
; T READ (5,100} (P{I),1232,199)
: . READ (5,100} (P{1)+1232004+212,2)
: 100 FORMAT (8010.0) }
e
T YEMPERATURE COEFFICIENTS
o

READ (5,101) ICOA(I)o1=1,7), (COBUI)eI=1y7)y (CO2A(1),E=1,T),
1 (CO2B(1)gT1=1e7)s (H2A(IDoI=197)y (H2B(T)}sI=1:T)y (XN2A(I)el=1,7),
2 (XN2R(1),1=1,T7)s (02AC1)yT1mYy7)y (O2B(E)e1=14T7), (H20A(])sl=1l,T7},
i 3 (H20R(1)41=1,7)
T 101 FORNAY (5016.772D016.1)

INPUT CONDITIONS
987 FORMAT (20A4)

MASS FRACTIONS

I‘Jﬂﬁ Qo

105 FORMAT (6D12,5)
1 READ (17,EMD=G99) CoPLloyTLoTW1 VGl VWL TGUESS, IRUN,WHAT
READ (17) AREA(RAIR,RFUEL
TGUESS=TWl+.01*(T1-TwWl)
T2MAX=TW]~-,01
TZRIN=TWI+.01

IF (P1.ED,0.AND,T1.€0Q,0.) GO TN 999
NPLT=0

EM=0.

DN 6 1 = 1,6

EM = EM + C(I)/ WT(D)
& CONTTIRNOE

EM = 1,0 / EM

tvl = C(&)

(7]
—
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CNCl = 1,0 - CV1
PVL ={F] * EM = CV1)/ 18,
PNCl = Pl = PVl
€ 3 T
T=T1/ 1.A
CALL ENTHAL
StUM = Q0,0
DD 71 =1, 5
SUM = SUM + C(]) & KL

T CONTTNOE - —
HNC1 = SUM / CNCL '

TTERETE Fui_TEHPERTTURE‘IS‘I—FUNCTTUN'UF‘ENIHALPY -

DOTMaRATR+RFUEL
CONSTN=((1565,2D0TM)/(2R,B85%146, %P1 %AREA ) J0x?
CONSTN=CONSTN/{2,%77R,232,2)

TGS1=T1/1,.R

TOCSZETTI=U.5¥TIV7 1.8 —_—
T=T6S1

CALL ENTHAL

CALL SUMIT (C,H,CNC1,ENT])

T=T%]1,R

FUNCL1=ENT)1+CONSTN®T®T=HNC 1

T=165¢ - T
CALL ENTHAL
CALL SUMIT (C.,H,CNC1,ENT2)
T=T=*1.R
FUNC2=ENT2+CONSTNST=T=HNC]
401 TGIF=(TGS1+7682)/2,.
AR st Tes =T e s Y7 16 s 2s T e to=0s 6010 sto—— —m——

T=TGIF

CACUC eNTHAT

CALL SUMIT(CsHsCNCL.ENT3)

T=Te1.8 SR
FUNC3=ENT3+CONSTN#TT~HNC ]
TSTA=FUNC18FUNC3

TSTR=FUNC 2 2FUNC 3

TF TISTARY &0L,50%,807
402 IF (TSTR) 405,405,403
403 WRITE (6,411)
411 FORMAT(*0 NN ROOT FOR INITIAL ENTHALPH')
GN 70 1
)4 FUNC2=FUNC3
THHZ=ETHLITE
GO TO 401
405 FUNCLI=FUNC3
TGS1=TGIF
GN TN 401
410 ENTNIIZENT3

TI=TGIF¥I.B . -

C END OF [TERATION
VG1=(DOTM&$1545 ,2T1)/ (Pl *AREAS)GLG, )
vGl=VGl/28.85
WRITE (6,413) ENTNU,T1,VG1
WRITE(IC(6)VGL+T1,P1
4T3 FORMAT [0 ENTHALPY = *,E12.4,° GAS TEMPERATURE = T,F12.4,

L G5 VELDCITY = ¢,E12.4)
GhY TN 1
999 CNNTINUE

52
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ENDFILE 9

REWIND 9

RETURN - N
— e

- SURROUTTNE ENTHAL
IMNPLICITY REAL#8(A=H,0=2)
COMMON"/ ENTH / T4y TTs Ry TOA(T)y HIG), £O2A(T)y H2A(T)s XN2ALT),
1 D02A(7T)s H20A(T7)y WT(6)y COB(7), CO2B17)y H2B(T)y XN2BI(T?).
"2 02R17), H208175, TT6Y, AlL)I, P(212) h
3 TTeRaT=},8
TF (7.CT. 100U GU 10 10
00 4 U=1,8
~ & AUJV=COATY
CALL HTRT (TA4H(1))
T ORI sH(YISTT/WT (L) +2848873 L B7WTIIY — T T ’
D0 5 Juleb
T 85 AlY)Y e CO2AUY T T CoT o
CALL HTRT (TsAsHI2))
= * . «B/WT{Z)
0D &6 J=ml,6
TTT6 AUYY=H2A(Y) Tt ThT e o e
CALL HTRT (T,A,H(3))
TTTUT TR SR ETT/WT (3 "+2023,.8 %1 870WT1AY T T
00 7 J=1.6
T ETIT=XNZATTY
CALL HTRT (T,A.MH(4))
T HIR)IBHTLIRTT/HTIL)Y ~ 92072.3 *1,8/WT(6Y 7~ = 77
DO 8 JU=ml,6
B ATUJY=02A(]Y ~ 70 T TTmmT e e -
CALL HTRT (T,48,H(5))
= . +B/WT(S)
D0 9 J=l,6
9 A(JY=HZDATIY T T T s s s e -
CALL HTRT (T,A,H(6))
HI8)Y=HIBIRTT/WTTISY +60184,7 *1,B8/WTI{8)
HV2zH(6)
GO TUO I
10 DO 11 J=1.6
11 A{JI=COBIJIY =7 ~— 7 Tt T e e e o
CALL HTRY (TeasHi1))
H{1)=H{1)%TT/WT(1) +2B488,3  #1.8/WTT1) T
00 12 J=1+6
— 1Z &ATJT=CUZRTYY
CALL HTRT (TyA.HI{2))
HI2)Y=HI2)RTT/WT12) 496290, *1R/WT2Y ~— 7 ————— 7 =~
NO 13 J=1,6
13 A(JY=H2B(J) o T T T e
CALL HTRT (Te.AeH(3))
T HU3TERTITETT/RTTIY +2023.8 ¥I.B/WTT3Y
DN 14 Jd=146
14 A{J)Y=XN2R(J) ’ o ) T T
CALL HTRT (T,A,H(4))
H{&)=H{&)I2TT/WT(4) +2072.3 ®*1,8/WTLl&)
00 15 J=1.6

TS ACIT=02RtJT
CALL HTRT (T,4,H{5))
H{S)I=H(S)ETT/WT(S) +20T74,7 *1.RB/WT(S)
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DO 16 Jal,6
18 at))=H208( ) B
CALL HTRY (T,A4M(6))

HV2uN(6)

“17 CONTINUE - -
MNC2 =Q,0
DO 18 t=1,% - -

18 HNC2aHNC2 + C{l)sH(])

s U™ LR

RETURN

SUBROUTINE SUMITIC,HyCNvENTH)
-~ tmp

- ) *HyU=07
DIMENSIAON C(1)yH(1)
Stim=0, ot T
DD 1 1I=1,5

1 SUM=SUMMCITI®NHIT) - T e e
ENTH=SUM/CN
T RETORNT
ENO
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" MAIN PROGRAM FOR EXHAUST GAR SPRAY COQOLER

IMPLICIT REAL®B(A=H,0~2)
T TOMMDON BALVLBLAALRNE T e
_ COMMON ROLyVWeGWoGC sRVICJVWNCAOLBIG) ISTA
COMMON TSET KKK KOUNT KN, KKT
MM
. COMMON FLN VLADA,FLA
-— COMMON_GE)+GE2.+GE3yGE42GES2GELS GET+GEBLGE92GELO9GELLsGEL2,GEL3,GE)
144GEL5,GEL16)GELT,GELS
_. COMMON. _PYTS.DAB,SCEsREsABNLFNY .
COMMON ROF
L MICH
- DIMENSION Y(99),YP(99),A5(10),A6(10),A7(10)+ARL10),A10(010),XVS{10
;);Xcl;;é?):.XBFG(IDMA__LLD_L&NUO)L&KUO).CDK 10)
' XH
QIMENSION FL{10),VL (10)2TS(10),D110},S8TALL))
103 FORMAT(1HL,*BEGIN STATION®o16,12X,12HRUN NUMBER ,8A8)
—_ MsQ !
200 MxMel
—  _XVF20,0 e

MICH=D - [
READ(5o5lOl5oEND'222)ALP
_540*5_‘03]A111AAA1;
READ(5+102) NSTA -
NS1= NSTAe) . s e
READ(S.IOI)(STA(l)ol'lvNSl)
- READIQsENDR222ICVU NG TGP - — . . . . _ R
PePel4é4,0
e READ(SAIO0LMLELIL), L) NSTA)
READ(S»1012(VLIT)I=1,NSTA)
READ(S,101)(TSA1)41ulNSTAY . L
READ(S+1012(0D(1),1=1 NSTA?
READ(S5,1012(B(1),18144) -
100 FORMAT (4E10,2)
101 FOBMAT( RE10.0}
102 FORMAT( [2) ,
= CPL=1.0
GE1=STA(2)-,25D0 '
GE2=GEl+,100 ____ e e o
GE3zSTA(3)-,2500
GE4=GE3+.100
GESaSTA(4)-,2500
GEb=GES+,100
GE7=STA(5)~-,2500
GEBR=GET+,100
GEY=STA{6)-.2500
GE10=GE9+.100
GE11=STA(7)=-,2500
GE12=GE]1]+,100

GE13%STA(8)-.2500
GE14=GE13+,100
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GEl15=STA(9)=,,500

. GE16=GE15+,100 ]
GE17=STA(10)=,2°00
y » 0.“2"
FLN=0.0

. VLA=0.0 _
NAz0.0
FLA=0.D
CL=0.0
DL=20.,0
TSA=0,0

BL=0.0
CJ=778.0

- GC= 32,2
ISET = 9
GW=29.0 _
VW=18.0
RV=1. 9868778.0

" RVAP=RV/VW
RNC=RV/GW

TROL=62.6
TREF = 540,0
[STA=]
MSTA={STA ) L e
NEQ=H ’
[ THE ARRAYS USED IN DIFFE ARE NOW SET ULP S
- Y(!)=Cv o ’ oo T
Y(2)=vG
Y{3)=1G
Y{4)=pP
Y(S5)=FL(1) ’ T
Y{6)=VvL(1)
Y{(T)=TS{1) o T e Tt rmrmrmm T e
Yigr)= D(1)
T WNCAD = V2V #(I.0-Y (DI V¥V (&) 7TV U 3TERVE(TTI-YI{ITI/GR+YI{LT7VRTY T
X=0.0
WRITE(6,103)I8TA,ALP
3 CONTINUE
. Dx=.0001 ) T o T
KOUNT =0
TFTISTA EQ, 1}J=B8

DO 1 11=1,9999999
IF{ISTA €0, 1)KK]=8
IF(ISTA LEQ. 2)KKI[=16
IF(ISTA LEQ. 3)KK[=24
IF{ISTA EQ. 4)IKKI[=32
IF(ISTA ,€Q. SIKKI=40
IF{ISTA LEQ, 6)KK[I=m&8
TFIISTA LEQ, 7)KKI=54
IF(ISTA .EQ, BIKKI=64
IFLISTA LEQ. 9)KKI=T72
IFIX .GE, STA(2) ,AND. X oLE. GE3)KKI=8
IF(X .GE, GE3 .AND. X .LE. STA(3))IKK]=16
TF{X .GF, STA(3) .AND. X «LEe. GESIKK]I=16
TFIX .GF, GES JAND, X LE. STA{4))KK[=24
IF(X GF. STA(&) ,2ND. X LE. GE7IKKI=24
TFIXL,GELSTA(S) ANNXJLEGE9)IKK]I=32

[F(X JGE. STA(6) AND. X oLEs GEL1DIKKI=4O
[F{X oGF. STA(7) .AND. X ..E. GE13)KKI=48
TF(X o GF. S1A(8) .ANDe X oJLEs GE15)KKI[=56

IF{X GE, STA{9) ,AND. X ..Es GE17TIKK[=b64
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IFLISTA LEQ. 2 «ANDe X GEe STA(2))MSTA=3

IR{X +GEe STA{2) LAND. X JLE. GE3)MSTAx3

IF(ISTA LEQs 3 +4AND, X .GE, STA(3))IMSTA=]

1F(X .GE. STA(3) ,ANO. X oLE. GE5)MSTA=3
,_L_Llil__;ﬁg;___,AND- X +GE, STA{4))MSTA=3

IF{ISTA EQ. «ANDo X oGE. STA(S5))IMSTA=3

IF(ISTA €N, 6 «AND. X .GE; STA(b)!MSTA!B

TE(ISTA oEOc B8 +AND. X 'GE. STA(S))HSTA-3

TFCISTA LEQ, 9 +ANDs X +GEo STAI9)IMSTA=]

[F(X ,GE, GE3 ,AND, X LE, GE4INSTA=) _

IF{X +GEs GES +ANDe X oLEs GESIMSTAm]

JF{X +GE. GE7? .AND. X oLE. GEB)IMSTA=]

IF(X .GE. GE9 AND. X .LE. GE10IMSTA=1

IF(X (GE. GELll .AND. X oJLEs GE12IMSTA=]

IF{X .GE, GEL3 ANDs X JLEs GE14IMSTA=]

T1F{X ,GE, GE1S ,ANDs X o LEe GEl6IMSTA=]

TF(X oGE, GE17 .AND. X JLE. GE1RIMSTAE=]

IF(X «GEs GE2 JAND. X (LE. STA(2)IMSTA=2

1F(X .GE. GE4 AND. X LLE, STA(3))IMSTA=2

IF(X .GE. GE6 JANN, X JLEs STA(4))IMSTA=2

JFIX .GE. GEB +AND, X JI.LE. STA(S))IMSTA=2

IF(X +GEoe GEL1O +ANDe X o+LE. STA(H)IMSTA=2

IFIX +GE. GE12 ,AND. X .LE. STA(7))IMSTA=2

IF(X ,GE. GEl&4 ,AND, X .LE. STA(R)IMSTA=2

TFIX GE. GE16 AND,s X JLE. STA(9))IMSTA=2

IFi{Xx GE. GE18)MSTA=2

CALL OIFFEIX Y YP DXy IKKNEQ,KI,MSTA)

Ki=l

IF(X .GE. GE1l .AND,

X «LEe GEl«DXIGO TO 909
TFIX .GE., GE3 AND. X LLEe. GE3+DX)GO TO 666
IFiX o,GE. GE5 +AND. X oLE. GES+DX)IGD TO 666
IF(X +GE, GE7 .AND. X LI.E. GET+DX)GO TO 666
IF(X +GE. GE9 +AND. X .LE. GE9+DX)GO YO 666
IF(X .GE. GELl.AND. X JLE. GELL+DX)GO TO 666

IF(X +GEs GELl3 .ANDs X LLE., GEL13+DX)GO TO 666

IF(X GE, GE1S .ANDe X oLE. GE1S5+0X)GD TO 666
IF(X .GE., GE17? ,ANDe X JLE. GEL7+DX)GO TO 666
GN TO 669
666 FLN=(Y(LAI+Y{LA=G)+Y(LA=8))
VLAS(Y(LA+L)#Y (LA)*Y (LA=3)2Y (LA=G)+Y(LA=7}2Y(LA=B))/FLN
DA=(Y(LA+3)8Y(LAI+Y(LA-]1)®Y (LA-G)eY(LA=-S)uY({LA=R))/FLN

TSA=(Y(LA+2)#Y(LA)+Y (LA=2)8Y (LA=G)#Y({LA=b)3Y(LA=8))/FLN
GO T0O 6469
909 FLN=FLN+Y(J=3)
VLASVLA+(Y(J=3)8Y(J=2)/FLN)
DA=DA+{Y(J=3)3Y [ J)/FLN)
TSA=TSA+Y(J~1)/1ISTA

669 CONTINUE
IF(Xx .GE. GEl .AND.
1F{X .GE., GE3 .AND.
IFi{x .GE., GES .AND,
IF(X oGE. GE7 LAND.

«LE. GE1+DX)GO TO 8000
LE. GEI+DXIGO0 TO 8000
+LE. GES+DX)GO TO 8000
o.Ea GET+DX)G0 TO 8000
IF{X .GE. GE9 .AND, +LE. GE9+DX)GO TD 8000

M M 2 M M

1F(X .GE., GEll.aND, « €. GE11+DX)GO TO 8000
IF{x .GE. GE13 .AND. X ,LE. GE13+DX)GO TO 8000
TF{X .GE. GE15 AND. X .LE, GE15+DX)GO TO 8000
IFiX ,GF. GF17 JAND, X .LE. GE17+DX)GO TO K000
IF(X .GE. GE2 AND, X ._E. GE2+DX)GO TO BOO1
TF{X oGE, GE4 AND. X JLE. GE4+DX)GO _TO_8001

TFIX .GE. GEA .AND. X .LE. GL6+DXIGO 10 8001
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1F(X .GE. GE8 .AND. X LE, GEB+DX)GO TO 8001

IF(X .GE., GEL1O0 .AND. X JLE. GE10+DX)GO TO 3001
IF(X .GE. GELl2 +AND.X .LE. GE124DX)GO TO 8001

IF(X .GE. GEL4 +AND. X +LE. GE14+DX)GO TO 8001
IF(X ,GFe GFl6 .AND. X .LE. GE16+DX)GO TO 8001

99

8000

IFI{X ,GEes GELS +AND. X +LE. GE1R+DX)GO TO 8001

IF(X.GE.STA(ISTA+1))60 T0 2

GO TO 1
CONT INUE

IF(ISTA +EQs 1)ILA=S
IF(ISTA EQs 2)LA=}3

IFIISTA .€Q. 3)LAS21
TFIISTA .EQ. 4)L+=29
IF{ISTA JED. 5)LA=37
IF(ISTA LEQ. 6)LA=6S
TF(ISTA .EQ. 7)LA=53
IF(ISTA .EQ., B8ILA=b1

T FLASAA®FUN

TFTISTA .FQ. 9)ILA=69
Y{(LA+)1)=VLA

Y{LA)=FLA
RG=Y (1)%RVAP+(1.0-Y(1))=RNC
ROG=Y(4)/(KG2Y(3))

__ 8001

S16=.,0064790
Y(LA+2)=TSA
Y(LA+3)=DA
K{=0

GO TO 1
CONT INUE

IFCISTA .£0. 1)4J=8
IF(ISTA .EQ. 2)JJ=16

TF{ISTA .FO. 3)J0=24
IF(ISTA LEQ. “)JJI=32
IF{ISTA €0, S5)4J=40
TFUISTA .EQ. 6)J04=48
IF(ISTA LEQ. 7)J.0=56

20

IF{ISTA .EQ. 1J0=T2
PIE =3,1416

DO 88 |=1,2
JzJJ+ax(l-1)

GN TN(20,21)41
CONTINUE

FLA=AA=FLN

FLR=(1.0U-8A)=FLN
RG=Y{1)*RVAP+(1,0-Y(1))*RNC
ROG=Y (&) /(RG*Y(3))

$16=,004790
DB=(41R.6*SIG)I/(ROGH(Y(2)=VLB)**2)

21

GO 10 22
CONTINUE
Y{J=-2)=VLA
Y{J=3)=FLAR
YiJ=11=TS4
Y{J)=DR

22
a8

JKK=IKK+8
NEQ=NEQ+ 4
K[=0

CONTINLIE
CONTINUE

58

b a el
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1 CONTINUE
3JJ= JJJel
2 CONTINUE
WRITE(6,12139)
12139 FORMAT(1M1)
c WE WILL NOW PLOT THE STATION JUST FINISHED

ISTA= ISTA+l

IF(ISTA (EQ. 1)LA=S
IF(ISTA .EQ. 2)LA=123
IF(ISTA EQ. 5)LA=37
IFELISTA .EQ. 6)LA=4S
IF(ISTA EQ. 7)LA=53
IF(ISTA .FQ. 8)LA=6]
[FUISTA LEQ. 9)LA=69
IF(ISTA .GT. NSTAIGO TO S

ISET = 9
WRITE(6,10311STA,ALP
[+ SET UP ARRAYS FOR DIFFE

YINEQ+1)=FL(ISTA)
Y(NEQ+2)=VL(ISTA)
Y(NEO+3)=TS(ISTA)
YINEQ+&)=D(ISTA)

NEQ =NEQ+4
KOUNT = 0
60 _T0 3

5 GO Tn 200

222 stap
END

SUBRQUTINE OIFFE(X,sYeYP DXy IKK, NEQ,KI+M5TA}
IMPLICIT REAL=8(A-H,0~2)
COMMNN BA,VLB,AA,RNC
COMMON ROL ¢ VW oeGW oGC 4RV ¢C I+ WHNCAD(B( &) ,1STA
COMMON TSET KKK s KOUNT (KN y¢KK1
COMMON DL B ,CL,TSA
COMMNN FLNsVLAJDA,FLA
COMMON GE1+GE2+GEIGEGyGES+GEL GET7+GEB,GE9+GELO,GELLGEL2,6EL3,.GEL
14:.GE15,GE16,6GEL74+GE18
COMMNN PVTS,0AB,SCF,RELABNIFNU
COMMON RQOF
DIMENSION Y(99)4YP(99)42(99)4+2P(99)+IN(99)
NDY=0.0
CALL YFUNCIX oY o YP oKl ¢loeMSTA,IKK,DX,DY)
120 CONTINUE
DO 1 1=1,.NEQ
Zil)=yY([)+DXeYP(])
1 CONTINUE
X=X+0X
OX2=.,50+0*0X
00 6 J4=2,999
nyY=0Xx
666 CALL YFUNTC(XeZy2PsKloJeMSTALIKK,DX,0Y)
K=Q
00 40 [=1.NEQD
IN(I)=Y () eNX25(YP (] )+2P(]))
JE(DARS(2ZN(1)1=2(1))=1,0=-05¢DABS(IN(I)))14,4,3

3 K=
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4 KK=J
ZUE)Ya2NL T T )
40 CONTINUE ) i '
IF{K)546,5
5 CONTINUE
‘"ualtElb.99)(zﬂ(l).l-l.NEOx .
WRITE(6490)KK . o ¢
90 FORMAT(IS) !
99 FORMAT (4E20.10)
STOP
6 D0 7 1=1,NER
T ylh=2(h
1210 CONTINUE :
IF(. +GE. 3 oAND. J .LE. 5)G0 TO 1212 : ; '
IF(J +L1. 3260 TO 2020
X=,5%)X
Gn T0 1212
2920 DX=2.0%0X -
IF(NPX .GT. .N1)DX=.01 )
1212 CONTINUE
RETURN
END

SUBROUTINE YFUNC (XsY o YP oK1 +KoMSTA, [KK, DXy DY )
TRPLICTT REALCSBUA=H,D=0)

COMMON BA,VLB,AARNC

COMMON ROL.vu.Gu.Gt}Rv,CJ.HNCAo 8{4),,I5TA
COMMON 1 SET KKK (KOUNT «KN KK 1
COMMON DL +BLCL,TSA

COMMON FLN,VLA,DA,FLA
COMMON GEY +GE2+GE3+GE4+GESyGF6+GET+GEBLGET, GEIO.GEII.GEIZ.GEI3 GE1l
14,GE15+GF164GE17,GEL1S8 .

COMMON PVTS,CAB+S5CF.RE.ABN,FNU

COMMON ROF

NIMENSION v(99).v°(99).A5(10).A6(10).A7(10).A8c10).A10(10).XVS(10
1) XHL{10) 4 XHFG(10), BARH(IO)yDM(IO).XK(IO).CDIIOD
2.XHV{10)

RVAP=RV/VW

IF{ISTA EQ. 114=8

[FLISTA .EQ. 2)J=16
IFUISTA LEQ. 3Iru=24
IFITISTA LEQ. 4)J=32
IFCISTA LEQ., 5)J=40
TFIISTA .£D. 6)J=48
IFLISTA .FO. 71J4=56
IF{ISTA .EQ. R)J=b4
(FLISTA (EQ. 9)9=72
S1G=.,00479

PIE =3L1Q16

S1IM1=0.

SUM2=0, . !
SUM3=0, ‘
S1IMG=0,

SUM5=0.

JF(X oGCEs GEL-DX LAND,
IFIX +GF. GF2=DX JAND,
IF(X «GEs GFE3-DX ,AND,
TF(X +GEs GFL=DX &%,

o«LEa GELIGO TO BOOL
«LE. GE2)GO TD 8001
«LE. GE3IIGO TO 8001
«.E. GE&)GO TO 8001

x x> D
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lF(X .GE. GES‘DX .AND. X .LE' GES)GO TO 8001

IFIX +GE. GE&-DX .AND. X (LE. GE6)IGO TO 8001 ' :
Elx GET7-DX o, AND ) 00} B
IF{X .GF. GEA-DX .AND., X +LE, GEB)GO TO 8001 :
IFIX . 1€, GE9-DX .AND. X +LE. GE9)GO TO 8001

I1F(x " GE10-DX.8ND,X.LE.GE10)G0 TO 8001

IF(X . €« GFl1=-DX .AND. X +LE. GE111)G0 TO 8001

IF{Xx  -Ee. GE12-DX ,AND. X .LE.:GE12)GO TO 8001

—_ 1F(x_,GE, GE13-0X ,ANO, X ,LE,. GE13)GO 10 8001 .

IF{X +GE. GEl4-DX LAND. X .LE. GELl4)}GO TO 8001

IFiX oGEs GE15-~0X ,ANDe X oLE. GE15)GO TO £001
IF(X .GE. GE16-DX ,AND, X .LE. GE16)GO TO AO0O1
IF({X +GEs. GE17-DX .AND. X <LE, GE17)GD TO 8001
1F(X .GE. GELB=DX .AND. X «LE. GE18)GO TD 8001
GO 10 8002

9998 CONTINUE

8001 CONTINUE
RG=Y (1) #RVAP+(1.0=Y(1))%RNC

R002 IFI(K] .EQ. 0)GO TO 8003
CALL ROGEE(ROGY(L)oY(2),X) ,
60_T10_8009

8003 ROG=Y(4)/(RGsY(3))

‘8009 CONTINUE

DO 1 I=1,MSTA

JsKK]-+ax([~1)

AS5(1) = PIE*ROL*Y(J)ew2 /2,0

CALL SUBLIY(L) oY {3 oY (&) Y{U=1) g XVSUT)oXVXK{T)oY(J)OML]),CD(I]),8B
LARH{ 1) oY (J=2),Y(2))

JE(XVE .GT« 1.0)RETURN

YP(J)= XK{])* PIE eY(J)=22 ®(XV-XVSI{I))eVW/(ASIIIOY(J=2)%(1=XVS(I)
1)) .

A6(1)= PLD) :

YP(y=2)1=((PIE/B, 0)‘R06‘(Y(J)t*2 YeCO(T)*DABSIY(2)=Y(J=2))%(Y(2)~
1Y(J=-22)1=( Y(2)=Y(J=2) )Y (J=2)&AS(]1)%A6(1))/(DOM(]1)eY(J-2))
AT(1)=YP(J=2)

YP{J=-3)= AS(])sA6(1)®Y(JU=-3)/DMI(])

AB(1)=YP(J-3) .

SUML=SUM]1+AS ({1 )*A6(1)2Y({J-3)/0M(])

CALL HLEIY(JI=1)¢XHL{I) XHFG(I)4XHV(]))

YP{J-1) = BARHI{T)®* PIE & Y(J)4®2 (Y (3)=Y(J=1))/ (DM{1)e*Y(y-2))~
CXHL (1) ®AS (1) *AG(T)/DM(1)+AS(T ) *A6(1)eXHV(T)/OM(T)

A10(1)= YPI(J-1)

SUM2 = SUM2 + Y(J=2'. git)*e Y{JI=3)*%AT7(])
SUM3 = SUM3 +ABLIIEIXHLIT)+Y(J=-2)%22 /(2,02*GC*CJ))
SUM&L = SUMéG +Y(J=3)% Y(J=2)%4T7(])/(GC*CY)
SUMS = SUMS + Y(J-3)=A10(1)
1 . CQA)TINUE [T,

YP(1) = =SUMI*(1=Y{1))8s%2

A9=YP(]) '

CALL AAAB(X,Y{1),Y(2),A3,AAQ0,DAAD+ROG)

CALL NERT( ROGSY{1)eY(2)4YI3)4Y(4),A9,SUM2Z,SUM3, suna.suhs.Ao A3,81
CleA12+A13,A14,RCPVCPA,A2 1AL ,AADVA) .

YP{3) =(A11%A14<~A129A13)/(A1L*(CPVAY(L)/(1-Y(1))+CPA)=-AL12%A0%RNGHR _

(]

Al15= YP(3) ‘

YP(2) = (A13-A0%*RNGBR=AL1S)/AL]

Al6=YP(2)

CALL OERPIRCG+Y(1)4Y{2)+Y(3)4RvA2+A3,A4,A9,A15,A16,0P,A)
YPI{4) = DP

1F(K,GT, 1) GO TO 3
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1FiX .EQ., 0.0)G0 TO 9999
IFix LT, B4)GO TO 3
BARBA+ .25
9699 WRITE(6,4)X
WR{TE(6,A8BRABIROF
TRWaY(1)/(1.0-Y(1))

[ FORMAT(1HO,'X="*,F16.,10)
WRITE(6+5Y AAO WKW
5 FORMATUIHO, *A/7A0="4G16486 55Xy *WV/WNL=',(16,5)

WRITE(G+s6)Y(1),Y(2),Y(3),Y(4&)
IF{ISTA FO. 1)Ju=B -
IF(ISTA .€EQ. 2)JJ=16
IFLISTA LEQ., 3)J0=26
IFLISTA JEQ, 4)JJ=32
IFClsSTa JED. 5)JJ=40

TFCTSTA ,EQ. 7130256

IFCISTA .EQ., 8B)JJ=64

IFLISTA LEQ. 9)J9=T72

[ FORMAT (1HO + 'CV=24620.9¢5Xs'V6=*3G20.9+5X,'TCu1'43G20,945Xy'Po!4,G20.9
| 9}

IF(X «GE. GFE2 «AND,

TF(X .GE. GE4 LAND,

.LE. GE3-DX)GO YO 88

«LE. GE5~-DX)G0D 10 68
IF(X +GF. GE6 .AND, «LEs GET7-DX)GO TO 88
IF{X «GE. GEB .AND, +LE. GE9=-0X)GD TO 88
IF{X .GE. GE12 .AND, X .LE, GE13-DX)GO 7O 88
IF(X +GE. GEl%s . AND. X LLE, GE15-DX)GO 7O 88
TJFIX .GE. GEt6 AND. X .LE. GEY7-DX’GO T0 &8
IF{X .GE. GE1R=-DX)GO TO 88
00 10 I=1,1
J=JJ+bn(l=1)
WRITE(E,AY YiJ=3),Y(J=2)1,Y(J-1),Y(J)
WRITE(6,9) YP({U=3),YP(J=2) YP(J=1),YP(J}

10 CONTINUE
GO T0 1001

88 DN 9R8 [=1,2
JsIKK+4%x({]=])
WRITE(641BIVII=3)eY (=20 Y (J=1) Y (J)
WRITE(649)YP(J=3),YP(J=2)+YP(J=1),YP(J)
988 CONTINUE

1F(X .GE. GFLl+.2500~DX ANND., X LE. GE3-DX)GO TO 1000
IF(X .GE, GE3+,25N0-DX .ANN. X LE. GES=DX)GO TO 1000
IF(X .GF., GF5+,2500~DX .AND. X .LE, GE7=-DX)}GO TO 1000
IF(X.GEs GFE7+,2500~DX.AND. X .LE. GE9=-DX)GO TO 1000
IF(X.GEs GF9+4,25000-DX ,ANDs X .LE.GE11-DX)GO TO 1000
IF(X .GE. GE11+.25D0-NDX ,AND., X LE. GE13~0X)GD TO 1000
IF(X (GF. GE13+,25D0-DX .AND., X LE, GELlS5-DX)GD TO 1000
IFIX .GE. GE15+,25D0-DX ,AND, X LE. GE17~DX)GO TO 1000
60 10 1002

1000 CUNTINUE
IF(X _.GE, GF1=-NX+,2500)JJ=8_
IF(X .GE. GF3-DX+.2500)JJ=16
1F(X .GE., GFS5-NX+.,25D0)JJ=24
IFIX GE, GF7+4,2500-0%)J)=32
TF(X «GEua GF9+,25Nn0-DX)JJ=60
IFIX ,GE, GF11+,2500~-DX)JJ=4R

IF{X .GF. GF13+,2500=-NX)JJ=56

> x >|»

T5(X €, GE15+. 27 0-0XiJJ=64
IF{X ,GE, GF1E=0X)G0 TO 1002
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1010 J=Jy+8

WRITE(648) Y(JU=3),Y(J=2)s¥Y{J=1)yY(d)
WRITE(6+9) YPIJ=3),YP{J=2),YP{J-1)oYPLJ)

199 CONTINUE

1001

CONT INUE

1002 CONTINUE

WRITE(OsTIYP(1)yYP(2)sYP(3)eYP(4&)

8 FORMAT(LHO,*FL2? ,G20.9+5X+s'VL=",620.9:15Xs *TSa?,G20,945X,'0=",0620,9
1)
9 FORMAT(LHO, *FLP=* 1GlE.695Xe'VLPE ' Gl 6,5Xy ' TSP=yGLl6.695Xy*0P=!,6
116.6)
7 FORMAT(1HO,'CVP='4G15,645Xs*VGP=*4G1l646+5Xs'TGP34(16,6+5%X, 'PP=',(
3 CONTINUE
2 FORMAT(1H ,7E16.6)
RETURN
END

SUBROUTINE SUBL( CVyTG4P TSy XVS4XVoXKy0,0OM,CD,BH, VL, VG)

IMPLICIT REAM #8(A-H,0~-2)

COMMON RA,VLB,AALRNC

COMMON ROL + VW GW oGC RV ,CI,WNCAD,B(4&4) ,]1STA
COMMON ISET KKK ¢KNUNT yKNKK]

COMMAN Dt 4R1L . CL,TSA

COMMON FLN,VLA,DA,FLA

COMMON GE1+GE2+GE3,GE4+GES+GE6+GET7+GEBVGEF+GEL10+,GEL11,GEL2,GEL13,GE1
144GE15,GE16,GE17,GE18

CNMMON PVTS,DAB,SCF.RELABNFNU

COMMON ROF

9899 CONTINUE

XV=(CJ//VW)/({CV/VW +{1=-CV)/GW)

X2=-9,06%( (-.5696%15+ ,0030€~4 #TS%%2 +,0927€~7 *1S5%%3+1352,3)1/¥5=

Cl.4425)
Xl= 672,0/7S
PVTS = 2117.0 =X1*25,19%DEXP(X2)
XVS = PVIS/P
XVF =(XVS+xv)/2.0
XM=z XVF* VW +(1=-XVF) 3GW
TFI =(T$+7G)/2.0

"MV =(10.6E~-7 *DSORT(TFI)»)/()1+1538,0/TF!)
FMNC= T7.5E=-7%DSORT(TFI)/{1+ 216.,0/TF1)

FM = XVF %FMV +(]1=XVF)REMNG

DASB (5375/P)=(TF]/491.0)%%2,33¢6

ROF = P» XM/ (RVsTFI)

SCF=FM/ (RNFaDAB)

RE =DABSI{VG~VL)IERNFED/FM
IF(RE LT. 0.0)G0 TO 9999

ABN= 2,0+0.,6*NSORT(RE) * SCFax 0,3333
XK = A3NXFM/{*SCF*XxM)

OM = D=%3 83,1416 %ROL/0.0

CD = 24.0/RF%({ 1.0+.152RE*%0,587)

TF{ TFI +G1.1700.0 JAND, TFI .LT.4500.0) GO 70 221
IF(TFL LT. 400.0 OR, TFI .GT,4500) GO TO 222
CPVF =,4304 +,167RE-w=TF] +0,278iE~-7%TF[282,0

CPNCF = 0.2318 + 0,1040E-4 *TF] + 0,7166E-8 *TFl#%2
GO TN 102

221 CPVF = ,3319 +0,143H8E-3 =TF] =0.1312E-7 *TF[*%2,0
T CPNCF= 0.221% + 0.352IF-4%TFI= 0.3776E<8 #TFIs%2
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G0 T0 102
222 WRITE(6,101)
101 FORMAT(1H ,*TEMP=-FI=1S QUT OF RANGE')
WRITE(64122) TG,.TS
122 FORMAT(1HO,* TG E20.69 5X¢'TSm*,E20.6)
9999 CONTTNUE

WRITE (619990)IRE+VG s VL +ROF4DFM
T 99650 FORMATI(6E1IB.10)
STOP
102 CONTINUE
FKV = 0.,432%FMV N
FKNC = 0,257 *(0.115¢ S5, 17%CPNCF)®= FMNC
FK= XVF®EKYV ¢(1=~XVF)® FKNC
LPE = XVES{VW/XM T8CPVE +({1-XVEI*CPNCF*GH/ XM
PVF = CPF SFM/FK
FNU = 2+.60 =DSORT(RE) * PVF*s 00,3333
AH =FNU #FM *CPF/(D®PVF)
RETURN
END

SUBROUTINE  ROGEETROG,CV VG4 X)

IMPLICIT REAL*8(A-H,0~1)

COMMON BA,VLR,+AARNC

COMMON ROL +VW+GWeGC oyRVCJIWNCADLBIG) LISTA

AAQD =RI(1l) +B(2)%X +B(3)%xXe22,0+ B(4)*X*23,0
ROG =WNCAQ/{(1~-CV)2*VG*AAQ)

RETHURN

ENOD

SUBROUTINE HLIITS XHL ¢ XHFG ¢ XHV)

IMPLICIT REAL38(A-MH,0-2)

XH. =TS =540.0

XHFG = -45696*TS + ,0839E~4 =*TS*%2 + 0,0927€E-7 »#T7Se#3,041352,3
XHV=XHL ¢ XHF G

RETURN

END

_ SURROUTINF AAA3(X;CVeVG,A3,AA0,0A80,R0G)
IMPLICIT REAL®*8(A-H,0~2)
COMMON BA.VLB,AARNC o e e
COMMON ROL ¢+ VW o GWGC eRV 4CJWNCAOQ.BLG) LISTA
COMMON TSET KKK ,KOUNT (KN KK T
AAQ = BUl) + Bl21%X +B(3)*X%52,0 +B(4&)eX*23,0
DAAD = B(2) +2,0% B(3)1eX +3,0%B(4)%X%%2,0
A3 = VG #({1=CV)=® DAAOD/ (VG*(1-CV)I*AAO)*s2
RETURN
END

SUBROUTINE ODERT( ROG+CVeVGLTG,P,A9,SUM2,SUUM3, SUMG, SUMS5,A0,A43,A11,
1A120A13,A144RWCPVCPALA2,A4,)AADLA)

IMPLICIT RFAL®B(A-H,0-2)

COMMON BA,VLB.AA,RNC

COMMON ROLQVHQG“'GC1RV,CJOHNCAO|B(4, QlSTA

COMMON  JSET (KKK

JFIVG LLT, 00,0160 TO 20

R= P/(ROG* TG)




AEDC-TR.72-89

AQ0 = GC*(1-CV)/ROG

A6 = WNCAQ/(VGe*2s({]1=-CV) *AAD)
All = {1.0-CV)®VG-TG*R*AD*AY
Al2= (1+CV/(1=CV))I®VG/IGC=CY )
A) = OW *CV +VWe{]-CV)

A = WNCAO/ (VG*(1~CV)**28AA0) o
XVe GW *CV/Al

" COMMON RAL VLA, AA,RNC

A2 . & RVEVHEGHS (GW-VW I/ (ALS*2% (XVEVH* [ 1-XV)*GN )8#2)
A13 = AOSWNCAOSTG*R®AI~A9®(VGP#2+ROGETGRA28A0+TGRREA *AD) -VG*(1~C
CVI®R2BSUM2

CALL HEEV (TGyXHV,CPV,CPA )
816 =-A9¥{XHV+VG#82,0/(29GCHCI) )/ (1=CVI®e 2  —S5UM3-SUM4=SUMS
_RETURN

WRITE(6,31)V0
FORMAT (E20.10)
sTop
END

SUBROUTINE  HEEV(TGsXHV +CPV,CPA)
IMPLICIT RFAL®8(A=H,0=2)

COMMON ROLsVW,GW,GC+RV4CJe WNCADB(&) LISTA
COMMON 1SET (KKK

IF( TG «GEL1700.0 AND. TG +LE.&500)G0 YO 222
IFt TG LT.,400.,0 OR, YG .GT.4500) GO TO 221

XHV = 44304%TG +,0B39E-4%TG¢%2,040,0927E-7#TG*23,0-236,3161+1042.9
CPV = .4304 + .16TBE-4*T(+s27BLE-T¢1G*%2,0
CPA = .231A+ .l1040E-4*TG+.T166E-8 *TG**2,0
60 TD 100
222 XHV = 3319 *TG + ,07195~38TG%52,0~,04373E-7#TG**3-185,381+1042,9
CPV = .3319 + ,1438E-3%1G- 0,1312E-7%TG*%2,0
CPA = 27214 +0.3521E=4%TG ~0.3776E-8+TGs%2,0
GO 710 100
221  WRITE(6,99)
99 FORMAT(1IH o*TEMP=G S OUT OF RANGE')
WRITE(&.,1) TG
1 FORMAT (1HO +*TG="4E16.6)
sT0P
100  CONTINUE
RETURN
END

SUBROUTINE ODERP(ROG«CVVG+TGyRsA2¢A3,A4,A9,A15,A16,0P,A)
IMPLICITYT REAL=B(A~H,0-2)
COMMON BAL,VLB,AA,RNC

COMMON ROLeVWIGW4GC 4RV sC I, WNCAD.BIG]) ,[STA

DP= ROG*R*A1S5S ¢ (ROG*TG*A2+TGHR*A )3A9~TGeR®A4*AL6-WNCAO*AI*TGSR
RETURN

END
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APPENDIX IV
A LISTING OF A VARIATION OF THE COMPUTER PROGRAM
FOR ZERO HARDWARE BLOCKAGE OF THE DUCT

The following computer program was programmed for the IBM 360
computer and has been used to calculate data for two-phase flow condi-

tions with zero blockage of the ducting and also for cases where a drop-
size distribution was to be simulated.
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DETERMINATION OF EXHAUST GAS COOLER
INLET CONDITIONS

IMPLICIT REAL®B(A=H,0=2)
REAL 864 T2TW{150)
REAL®64 AREA,RAIRIRFUEL
REAL*4 ARTM,ARPRARMW]
REAL®G TRUN(2)WHAT (14&)

— COMNDN " 7GRP7 ARTHTISUT, ARPR(I5U T, ARWITISOT NPT

1] A
COMMON 7/ ENTH / T, TT, Ry COA(T)y HI(6)y CO2a(T)s H2ALT), XN2ALT),
1 02A(7), H20A(7)y WT(6)y COBIT)s CO2R(T), H2R(T), XN2B(T),
2 02R(7)s H20R(T)s ClS)s ALS), P(212)
CALL ERRSET(261,+2564~141)
Wiil) = 28,011

WIT?Y = 44,011 -
WT{3) = 2,016

WTl4) = 2R.016

WwTi{sS) = 32.0

WT(s6) = 18,016

P(201)= 11,766

— P120%7= 12,260

P(205)= 12.770
P(207)= 13,298
P1209)= 13,844
P(211)= 14,40A
Rs 1,98726

KXz

100

PRESSURE NATA 32 F 1O 212 F —

READ (5,100) (P(1),1=2324199)
READ (54100) (P(1)412200,212,2)
FORMAT {8010.0)

ado !

TEMPERATURE COFFFICIENTS

READ (54101) (COA{1) 151,472, (COB(I)yI=D,T7), (CO2A(]),1=1.7),

1 (CO2R T el=1eT)s (HZ2A(ID)oI=10T)y (H2B(1)el=lyT)y (XN2A(I)s1=x147),
2 (XN2Ri1),1=147)s (D2A01)40=147)y (028(1)y1=1,7)s (H20AU1)sIx107),
3 (H20R(1),1=1,7)

C
c
c
C

——

101

987

FORMAY (5016.7/72016.71)

INPUT CONDITIONS
FORMAT (2044)

MASS FRACTIONS

105
1

FORMAT (6N12.5)

READ (17,6NN=999) C,PL1,T1,TW1l,VGl,sVW1,TGUESS, IRUN,WHAT
READN (17) AREA,RAIR,RFUEL

TGUESS=TW]1+.01=(T]1=~Twl)

T2MAX=TW]1=-,.01

TZRIN=TWT+, 01 ) - B -
IF (P1.ED.0LAND.T1.EQ.0.) GO TN 999

—& TONTIRNOE

NPLT=0

EM=0, ) o
DN 6 1 = 1,6

EM = EM + C(1)/ WT(D)

EM = 1,0 / FM
Cvl = Cl&d
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GNC1 = 1,0 - CVl

Pvl =(P]l & EM » CvV]1)/ 14,

PNC1 = Pl - pPvl —_—
TaTl/ 1.8

CALL ENTHAL T

SUM = 0,0

DO T1I =1, 5
SUM = SUM + C(1) = HILD)

——T"CUNTTNUE '
HNC1 = SUM / CNC1

T TTERXTE FUW TERPERKTORE ES B FURCTTON UF ENTRRLPY = -

c
DOTM=RATR+RFUEL
CONSTN={(15645,2D0TM)/(28,85%144,%P1#AREA) )en2
CONST{=CONSTN/{2.3778.,%32,2)
TGS1=T1/1.R

TGSZETTI=0.S*TTI1 718
T=1G6S1
CaLl ENTHAL
CALL SUMIT (C+H.CNCL1,ENT])
T=T=1 .8
FUNCLl=ENT)1+CONSTN=*T#T~-HNC ]
LA A Y4
CALL ENTHAL
caLL SsumirT
T=T=],.8
FUNC2=ENT2eCONSTNET=T=HNCY
401 TGIF=(TGS1+TGS2Y/2,

———

(CeHyCNC1,4ENT2)

T AR S TG S TGS Y/ TG S T T T O 100 G010 % 10

T=TG1F

CALL ENTHETY

CALL SUMIT{C+HyCNCL.ENT3)
T=T#1.8 -
FUNC3=ENT3+CONSTNRTRT<NNC]
TSTAzFIINC L3FUNC3
TSTB=FUNC2*FUNC3

TF (TSTAY 0%, 50%:%07

402 IF (TST3) 405+405,403

403 WRITE (6,411)

411 FORMAT(*0 NN ROOT FOR INITIAL ENTHALPH®)
Gn 10 1

L4 FUNC2=FUNC]

THOHZ=TLITF

GO TO 401

FUNC1=FUNC3 -
YGS1=TGIF

GN TN 401

ENTHI=ENT3

405

410

TISTGTHR&L . H

c END OF JTERATION
VG1={DOTM#1545,4T1)/ (P1#AREA*]44,)
vGl=VGl/2R.85
WRITE (64413) ENTNY,TL,VGL
WRITELGIC(6)VG1,4T1,P1

T %Y3 FORMAT ("0 ENTHALPY = ¥,E12.%4,°
L ] GAS VELDCITY = ¢,El2.4)
Gy T 1
999 CNNTINUE

“GAY TEMPERATURE = '.cl2.%,
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ENDFILE 9
9

RETURN
T END -

T SURKDUTTRE ENTHAL
IMPLICIT REAL*8(A-H,0=2)
COMMON / ENTH / T, TT, Ry COA(T)y HI(G6), CO24(T), H2A(T), XN2ALT),
1 O02A(7)s H20ALT7), WT(6), COBLT), CD2BLT7)y H2BIT)y XN2B(T),
2 02RIT), H20B(7), Cl6), AL6), PL212)
3 TTsRaT=%],R
TF (7. CT.1000Y GO 7O 10
00 4 J=1,6
§ AT =COATDD
CALL HTRT (T,A,H{1)) :
H{L)=HIL) *TT/WTIY) +284488,3 " 41,8/WT{1)
DO 5 J=1,6
S Aly) = CO2alY)
CALL HTRT (T,AHI2))
THIZY=HIZI®TT/WT(2Y +98250. *1.A7RT (2}
DO b5 J=1l.6
6 A(J)=H2A(J)
CALL HTRT (T, A,H(3))
H{3)=H{2)2TT/WT(3) +2023.8 *1.,8/WT(3)
DO 7 J=1.,6
T ETIYSXNZATTY ]
CALL HTRT (T,A,H(&))
HIL)=H{&)*TT/WT{4) * +2072.3 #*1.R/WT(4&)
DD 8B J=1,.,6
8 AUJ)=02A())
CALL HTRT (T,8,H(5))
THISYERTSTETT/RTUST F2075%,.7 XTI . B/WT1S)
00 9 J=1+6
9 A{J)=H2DA( )
CALL HTRT (T,A,H(8&))
Al6)=HIB)IATT/WTIAL) +60164,7 *1,8/WTI6)
HV2=H(6)
GO TO 17
10 N0 11 J=1.6
11 AU{JY=COR(J)
CALL HTRT [(T4B.H{1})
H{1Y=H{1)%TT/WT(1) +284R8.,3 *]1,B/WTI{1)
00 12 J=1l.6
“TZ ATJYSCUZRT)
CALL WTRT (T,A,H(2))
H{2)=HI2)sTT/WT{2) 496230, %1.R/WT'%Z)
PO 13 J=l,¢
13 A(J)Y=H2R(J)
CALL HTIRT (T,A,H(3))
T HI3YEHRT3TETT/ATI3T +20723.8 S1,.B7WTT3Y
nn 14 J=1,.,6
14 A{J)I=XN2R(J)
CALL HTRT (TyAH{4))
HIG)=HI4)*TT/WT(4) 420723 *1,R/WT(4&)
D0 15 J=l.46
o BUIT=IIZ81T]
CALL HTRT (TeAH(5))
HIS)=HISHETT/WTIS5) +20T74,7 ®1,R/WT(S)
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DO 16 J=l .6
16 AtJ)r=H2NB(J)
CALL HTRT (T,A,M{6))

TFEOTSG TN T SRTWTIE Y

HV2=H (&)
17 CONTINUE

HNC 2 =0.0

DO 18 1=1,%
18 HNC2=HNC2 + C(I)=®H(])

T T ANUIERNCZ/ITIUSCUETY -
RETURN
“ERU

SURRQUT INF SUMIT(CyHyCNLENTH)
T TMPUICTT XFRL¥R (A=, U727

DIMENSTION C(1),sHIL)

SHiM=0,

No 1 |=1 +5

1 SUM=SUM+C [ ])«HI])

ENTH=SUM/CN
T T RETORNT

END
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MAIN PROGRAM FOR EXHAUST GAS SPRAY COOLER
WITH ZERO BLOCKAGE

IMPLICIT REAL®B(A=H,0-0)
COMMON AA

COMMNN ROL ¢ VM, GH'GE'QVOCJ'NNCAB'B(CT +ISTA

COMMON TSET 4 KXK KOUNT

TTCOMMON/ ' OW/ MICH
DIMENSION FLI10),VLI10)+TS{1024D(10),Y(45), YP{45),STA(10)

T103 FORMAT(THTL,*BEGIN STATLON® , 16,12X, 12HRUN NUMBER ,249)

M=0

2N0 MaMe+]

BA'Q?S

MICH=O N )

) __READI5,51015)ALP,ALP2 _
S1015 FORMAT(2A9)

READ(S,102) NSTA

. NS1= NSTA+Y}

KEN=0

READ(5,101) (STA(T) +1=14NS1)

READ{5.,100) CV:VG2IGsP . = . _ . _

READISI0LY(FL{L) =1 NSTA)
READIS.101)(VL (1)al=1,NSTA)

100
101
102

READIS101) (TS (124 1=1,NSTA)
READ(S5+10L) (D{]1)4]=14N5TA)
READ(5,101)(B(1),1=144)
FURMAT (4E10,2)

FORMAT( 7£10.2)

EQEMATL 12)

CP,=1,0
CJd=778.0
C= 32.2
ISET = 9
GW=29,0
Yii=18.0

RvV= 1.,9A6% 77RA,0
ROL=62.6

TREF = S40.0
]STA=}

NED=R

THE ARRAYS USEN IN DIFFE ARE NNW SET uP

vy{l)=CvVv
Y{2)sV6
¥Y{3)=1G
Y(&)=P
YiS)=FL(1)
Yi{b)=vL (1)
Y{T)=TS({1)
Y{f)=_D(1})

WNCAD = Y(2) &(1,0=Y(1))2Y(4)/7(Y(3)sQVe{{]1=Y(1))/GuW+Y(Ll}/VW) )
X=0,0

WRITF(AL1ND3IVISTA,ALPL AL P2

CONTINUIF

nx=,0001

KQUNT =0

PN 1 1= 1.999999

CALY, NIFFFIX Yo YP NXyKKK NFQ W2 KEN)
[FIXGE,STA(ISTA«L))GO TO 2

CONT INUIE

JIJI= JIJ+1
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2 CONTINWIE
C WE WILL NNW PLOT THE STATION JUST FINISHED
JISTa= ISTA«l . N -
15ET = 9

IFCISTA 6T, NSTAIGO TO 5
WRITE(6+1N3)ISTA,ALPL,ALP2

C SET (IP  ARRAYS FOR NIFFE
YINEQ+1)=FL{ISTA)
YINEQ+2)=2VLISTA)
Y{NFQ+3)=TS{ISTA)
Y(NFOQ+4)Y=N{]1STA)
NEQ =NEN+4
KOUNT = 0
ERIREIEE]

5 IF(M=11200.,222,222 o o _
222 S108 o o o

END

SUBROUTINE NTFFEIX Y s YPsNX oXK oNFQ s T4 KEN)
IMPLICIT REAL®R(A=-H,0=7)
DTMENSTON Y(50).YP(50)1+72(50),2P(50),IN(S0)
CALL YFUNCIXeYoYPy]lKEN)
N0 1 I=1.NEQ

1 2=y (1)y+DX2YP(])
X=X+DX
NX2=,5N+0%NX
N 5 J=2,9999
CALL YFUNC(XoZosZP e JoKEN)
K=0
NO 40 [=1,NFO
IN(TIY=Y{1)+NX2c(YP([1eZP(]))
TFINDARS{IN(II=Z{1))=1.D-05%DARS(ZN(])))4,4,3

3 =1

4 KKz}
Z{{Hr=INTT)

40 CONTINUFE
1F(X15,h,5

5 CONTINUE
WRITF{A,9G)(IN(T)1=14NEQ)
WRITFIA,QDIKK

90 FNRMAT(TS)
99 FNRMAT(4F20.10)
STOR
6 NN 7 1=1,NEQ
7 ¥ih=2(
IF(J) GFe 3 ,AMD, J oLEFe 5)CO Tr 1212

IF{Y .ILT. 360 T 2020
Nx=,5sN%
anoTn 1212
2020 Nx=2,0xDx
TEIDX LGT,.01)NXx=,01
1212 CONT NN

RETON
UND
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SURROUTINE YFUNZ (XY YP 4K KEN)
_ _IMPLICIT REALZE(A-H,0-2)
COMMON RA
COMMON ROLyVWIGWyGC yRVIC I WMCADLB(L) LISTA
COMMON ISET KKK ,<COUNT
DIMENS ION ~!L§Q)JYRISQ)[A5(10)'A6(10)-A7(lO)oAR(lO)'{lO('0)'XVS(10
1) eXHLOLU) y XHFG{10) yBARH(10),OM(10),XX(10),CN(10)
29 XHV(10),RE(10),SCF{10),ABN{10),PVF{10)4FNUI10)
PIE =3,1416
SUML=0,
StiM2=0,
...SUM3=0,
SUM4L=0,
SUMS=0, __ . ___ .. PR
CALL ROGEEIROG+Y(1)4Y(2).4X)
NO 1 I=1,1STA
J= Beb6x(]-1)
- AS(1) = PIE2ROL2Y(J)®%2 /2,0 _ = o
CALL SUBLIYUIL) g Y(3)34aY(4)eY(J=1D)eXVSLTI)oXVeXKET)oY(J)DOM{T),CNI(T).R
o _lARH{I) Y (J~2)eY(2)4RE(LIIySCFIT)ABNIT)4PVF(T)eFNU(T)]
YP(J)= XKI([)% PIE 2Y(J)222 &(XV=XVS(I))sVW/{AS(])xY{J=2)(1=XVS(]])
11)
Ab(FY= YP{))
YP(J=2)1S((PIE/B.OIRROGH(Y (J)%#2 PRCN(TISNARSIY(2)=Y(JU=2]))}=(Y(2)~
1Y(J=20)=( YUJ=2)=Y(2))8Y {J=2)RA5(])%A6(]))/7(DOM(] %Y (J=2))
CAT(I)=YP(Y=2)
YP(J=3)= AS(I)=Ab6(1)8Y(J=3)/DM( ]}
A9 ([)=YP(J=-3)
SUMLI=SUML+AS( I BAGI Y=Y {J=-3)/DM(])
CALL HLIIY(J=1) o XHLUT) o XHFG (T4 XHV(]))
YP(J=11) = RARH(I)»® PIE = v(Ut)ax2 2(Y(3}-Y(J=-1))/ (D¥U{I1)2aY(J=2))~
CXHL (1) =AS([ Y%A ()Y /DM +AS(1)%A6(])eXHV(])/NDM(])
Ai0(1)=s YP{U=-1)

SUM?2 = SUM2 + Y {J=2)%AB([)+ Y (J=3)8A7(])
SUM3 = SUMI +AB ([ =(XHL{[)+v{J=2)a%2 /(2,05GC=CJ))
SIIMG = SUMs +Y(J=3)2 Y(J=218A7(]1)/(GCxCJ)
StMS = SUMS + Y (J-3)=2A10(1])
1 CONTINUE
YP{1) = =SUM]I*{]l=Y(l:)ms2
A9=YP (1)

CALL AAA3IX,Y(1),Y(2),43,AA0,DAAC.RNG)
CALL NERT( BANGYI1)aY(2),Y(3),Y(4),A9,51M2,S1IM3, SUMG,SUM5,A0,A3,41

ClsoA124A13,A14,RyCPVCPALAZ,ALLAAND, L)

YP(3) =(A)11=A16=-A12*A13)/(A1L1*(CPVRY(L}/(1-Y(1))+CPA)=AL1Z2A0RRNGER
co

Al1S= YP(3)

YP(2) = (A])2=-A0%1NG2R*ALS) /AL

Alo=YP{2) ‘

CALL DERPIROGY (1) eY(2) 4 Y(3).R,A2,A3,464,A9,A15,A16,DP,8)

YRP(4) = PP

IFIK,6T, 1) GO TO 3

IF(X LE0e 040160 TO 9999

[FIX JLT. RAIGD TD 3

BA=RBA+.25

969G WRITF(A,L1X
WRITE(HHTESGIKEN
ARTA%G FORMAT( 301
W= Y{l)/1},0-Y(1))
A FNRMAT( (RN, X=* ,F1H,10)
—_ HRJTE(C,5) BAD,WH
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5 FORMATI1HO y"A/A0="* 4Glb.hsSXy *WV/WNCE* ,GL6,6)
e MRITE(646) Y(1),Y(2),Y(3),yY(6) !
6 FORMA"IHOQ.CV"OGZO 945X, 'VG=1,620. 905X"T50'v620 .9¢5X,'Ps?,G20.9 . 3
R ) e e
NO 10 I= 1.,]ISTA )
isfeen(f-1) !
MRITE(S:R)Y Y(J=3),Y(J=2),Y(J=1)sY{J)
8 __ FORMATIIHO o *FLZ*4G2049+¢5X+'VLE*+620.9+5X,*TS='4620, 9.5Xy'D=*4G20.9
| 8]

L __MRITE(6s9) YPIJ=3),YP(J=2),YP(J=1Dy¥P(J) ' .
WRITE(649A3)CDIT)+BARMIIY,RE(T),SCFII _
989 FORMAT(1HO,'CD=* G16,645Xy 'RARH='4616.6.5X  *RE=!,G16,6.5%, *SCFa',
1616.6) '
CWRITE(6.899)ABNIT)WPVEIL)oFNULLY

TTRO9 FORMATILHO o 'ARNZ Y ,G16e6+,5X s PVF=*,Gl6,6.5X, T FNUST G166
10 CONTINNE

QT T FORMAT(IHU o "FLP = 461heaB15X " VLPZY ,G16,64+5XK+ ' TSPV, Gloe645X, 'OP=",6
116.6) .
WRITF(647) YP(11,YP(2),YP(3),YP (&}

7 FDRMAT(LIHO,*CVP=*,G! .. 5,5X,*'VGP=1,G16, b.Sx.fTGPe'.Glb 6,5X,'PP=1,6
116.6)

1001 CONTINLE
1000 CONTINUE

3 CONTINIIF
2 FARMAT{IH L TE16.56) -
KEN=KEN+]
RETIIRN ,
END

SURRNDUTINE SURLICV e TG eP TS o XVS o XV XKD DM,CDVBH,VL vVGoR:F.vSCFoARNo

1PVF+FNI))

NPT TCTT REALFATA-H, 1=/

CAMMON A i

COMMNN ROL o VW GW o GC « RV eC I, WNCAD,R(4) v'STA

CNMMNAN TSFT KKK

XVZEOV/VW)Y/(CV/VW ¢{1=CV)/GW)

X22-9,0he{(-,56962TS+ ,OR39E-6G 2TSB2?2 +,0927F-7 »T7S3¢3+4]1352,3)/75~
CV.a5 07407 —

X1z A72.0/1%

PVTS = 2117.0 sxXT*=5.19s0EXP (X?)

XVS = PVI&/P

XVF =(XVS+XxV)/2,0

XM= XVF: VW ¢({1=XVF) 3Gw

TRl =(T1S«1Gr/2,0

FMV = (10,6F=7 &DSARTITFIII/{(1+153R,0/TFI])

FMNC= 7,59F~T73N50RT(TEL)/(1+ 216,0/TF1)
FM = XYF *FMV +{]=-XVF)3FMNC

NAR = (,5375/P)1%(TF]1/491,0)%%2 334

RGF = P% XM/(RVSTF])

SCF=FM/ (RNFeNAR)

RF =NBARS(VH-VLIBROFED/FM

ANz 2,0+0,A*NSORTIRE) ® SLFe® 0,333%

XK = ASNSEM/(N8SCFoXM)

NM = Nss3 33,1416 SROL/6.N i
CN = 24 ,0/RER( 1,0+,]5%RFX80,6R7)

1FC TR J6T.1700.0 JAND, TFI ,LT.4500.0) GO TO 221
1E(TFT 1T, 40N.0 .OH, TF1 LGT,4500) GO TO 222

CPVE 22,6306 +,16TAF~G2TF] #N,27R1E=TaTF[uu?2,0
CONZF = 0,231R + 0 1N6NF~56 2TF] + 0.7166F-R aTF[%22
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GN TN 102 !
221 CPVFE = ,33]9 +0,143RE~3 »TF] -0,1312€=-7 &TF[*s2.0 _ __
CPNCF= 042’14 + 0.3521E-4%TFl= 0,3774E~-8 =TF|*%2
GO 10 _10¢2
222 WRITE(6,101)
101 FORMAT(1H ,*TEMP=F]=1$ OUT OF RANGE®) e
WRITE(64122) TG,TS
122+ FORMAT{1HO,*'TG="'+E20,64 SX4*TS=',E20.6) _ I
sTOe
in2 CONT | 8UE

FKV = 0,432%FMV '

CFKNC - 04257 *{0.115+ S.17%CPNCF)® FMNC

Fr= XVFaFXV +(1=XVF)® FKNC

CPF_= XVEX(YM/XM )®CPVF +(1=XVF)®CPNCF*GW/XM o
PVF = CPF aFM/FK )

FNU = 24,60 ®NSORT(RE) * PVF** 0,3333

RH =FNU &FM &CPF/(D#FVF)

RETURN ! _ -

FND

SURROUTINE - RNGFE(ROGCV VG4 X)
IMPUICIT REAL=B(A-H,N=2)
COMMON _RA

COMMON ROL 2 VW GHGC AV SC I WNCAD,BI4) ,1STA

_AAD =R(1) +R(2)3X +B(3)=xXx%2,0+4 Bls)xxsx3,0

ROG =WNCAN/((1=-CV)I*VG*AA0)
RETURN
END

SUBRNUTINE HL (TS s XHL ¢ XHFG ¢ XHV)

IMPLICIT REAL®B(A~H,0=-2)

. XHL =TS ~540.0

CXHFEG = =,5696%TS + ,0R39E=4 $TS#2%2 + 0.0927E-7 2T8x%3,041352,3
XHVz=XHL + XHFG
RETURN
END

SURRNUITINE AAA3(X,CV,VG,A3,AA0.NDAA0,R0OG)
IMPLICIT RFAL%R(A=H,N=-7)

CAMMNL 84

COMMON ROL s VW GW,GL yRV,CJy WNGAO,R(4) HIS5TA
AAD = A(1) « A[2)aX +R(3)xxa%2,0 +Rl&4)eX®x3,0
NAAN = R(2) 2,08 R{3)IaX +3,0%R(4IeX%%2,0

A3 = V6 sl1=Cvis NAAD/ (VG2{1=-CVI®AAQ)s%2
RETURN

END

SHRRNUIT INF DERT( ROGCV VG TGLPLAQ,SUM2, S1UM3, SUIML, SUIM5,A0,43,411
1412 ¢A13 814 4R 4CPVCPAAZ,AG ALN )

[Mo [CIT QFEALEAR{A-H,N=7)

CaMMnr A4
_cnMMmnn ROLyVWIGWIGCL 4OV CIoWNCI0.R(&) LISTA

CnMMAN 18ET - KKK
[FIVG .. T, O,0)¥GN T0O 20
R= P/{rOLx TG)
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_A0 = GC*{1-CV)/ROG )
A4 = WNCAO/(VG*#28(1-CV) %AAQ)
All = (1.,0-CV)®*VG-TG*R=2A0RAG
A12= (1+CV/(1=CV))2YG/(GC®CY )
_ AL = GW *CV +VW*(1-CV)_ S
A = WNCAO/IVG*(1-CV)a®2sAA0)
xvg_pg *CV/AlL ) o
A2 = RVEUWRGWH (GW=VW I/ (A1 222& {XVOVWS ([ 1-XV)2GW)x%2)
Al3 = AORWNCAORTGER2AI-A9R(VG242+RNGETGRA22AQ+TGER®A ®AQ) -VGR(1-C

CVvInedsSyM2

_CALL HFFV_(TG.XHV,CPV.CPA ) 7
814 =<A9SIXHV4VGER2,0/ (20GCC.)) )/ (T-CV)ss 27 —SHMI-SUMG-SUMS
RETURN

20 WRITF(6,31)VG
31 FORMAT(E20,10)
STNP
END

SUBROUTINE  HEFV(TG XHV,CPV,CPA)

IMpLICHT REAL?B[A—&.O—Z) ) N . .
COMMNON RA Lo T T ’ -

COMMON ROLsVWeGWGL yRYWCJ,WNCADSB(&) +1STA

COMMON [SET ,XKKK

TF{ TG JGEL1700.0 JAND, TG JLEL45001)60 TO 222

IFC T6 LT,400,0 .0k, TG (GT,4500) GO TR 221
XHV = ,63048TG +,0839E-49TG*2,0+0.0927E=72T64¢3,0-236.3161+1062,9
CPV = 46304 + 16TRE=GRT(+,2TRIF=78TG%%2,0
CPA = ,23]R+ ,1040F-4uTGs, 7166F-R aTGe22,0
&0 10 100
222 XHV = .33]19 2TG + .0719E-38T6552,0-,04373E-7%TGe%3-1R5,381+1042,9
CPV = ,3319 ¢ ,143HE~32TG- 0,1312E-TaTG*%2,0
CPA = ,2216 +0,3521€-42TG ~0,3776E~-R*TG*%2,0

6N T 100

221 WRITE(64,99)

99 FORMAT{IH , TEMP=; 15 NDUT OF RANGE Y
WRITE(6,1) TG

'l FORMAT(LIHO ,'TG=* 4Fl6.6)
STOP

LOO CONTINLIE - )
RETHRN
END

SHRROUTINE DERP(RAG,CVeVG,TGIR,A2,A3,44,A9,415,416,DP,A)
TMPTTICTT REALFRTA-H,U=7)

COMMNON RA o o
CNMMON ROL s VW GWyGCoRV C T WNCAD,BI&) o ISTA 77—
DP= ROG*R*A15 +(ROGETGHA2+TG¥R#A 1#A9-TGHR*AGBA] 6~WNCAL *432TGHR
RFTHRN : o s Se s ="

END




