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ABSTRACT

A design model for a once~through waste heat recovery
é; unit with a segmented fin-tube arrangement was developed

along with a simple model of a combined gas and steam

(COGAS) turbine propulsion system. These models were inte-
grated and applied in a computer program written in FORTRAN

IV for the IBM 360-67 computer. Waste heat recovery unit

designs were produced and tested at off-design conditions.

Using the space constraints and power requirements of a
Navy destroyer-type ship, one design was selected and
employed to make estimates of possible fuel savings to be

realized through the application of a COGAS system.
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I. INTRODUCTION

A. BACKGROUND

The U. S. Navy has made a commitment to gas turbine
propulsion systems, with two classes of gas turbine ships
entering the fleet (DD-963 and FFG-7) and one class pro-
posed (DDG-47) at the time of this writing. The DD-963 class
has two shafts with two General Electric LM 2500 gas tur-
bines powering each shaft. The FFG-7 class is a single-
shaft ship with two LM 2500 gas turbines. The DDG-47 class
propulsion plant, as proposed, will be similar to that of
the DD-963 class.

Currently, means for conserving fuel are being sought
in all sectors of the economy and government. In most of
our steam turbine-powered ships fuel conservation must be
pursued largely through operating practices such as reduced
steaming time or reduced speed when steaming. Several
alternatives exist, however, for fuel consumption reduction
for the gas turbine propulsion system. These alternatives
involve combining another type of propulsion system with
the gas turbine in order to reduce the overall fuel consump-
tion by either operating the combined systems in parallel
or by operating the less expensive system in the cruise
mode. Some examples of these combinations are:

Gas Turbine and Diesel (CODOG, GODAG)

Gas Turbine and Steam (COGAS) (steam system not

separately fired) H




Gas Turbine and Steam (COSAG) (steam system
separately fired)
The COmbined Gas turbine And Steam turbine (COGAS) system
is probably the best of these alternatives with respect to
fuel consumption, initial cost, maintenance, and manning
requirements.

The COGAS ship propulsion plant uses the exhaust heat
from a gas turbine to generate steam in a waste heat re-
covery unit (WHRU). This steam is used to drive a steam
turbine which is operated in parallel with the gas turbine,
for ship propulsion. A common reduction gear connects both
turbines to the propeller shaft. Figure 1 illustrates the
COGAS system.

Several studies have examined the potential of the COGAS
system for improving propulsion plant fuel efficiency.
Giblon and Rolih [Ref. 1] studied the commercial ship
application of COGAS. References 2 and 3 investigated the
feasibility of the COGAS system for military ship application.
In all three studies the COGAS system was designed around
a gas turbine brake horsepower of about 23,000. Additionally,
all three employed a drum-type boiler as the waste heat
recovery unit.

In this study, COGAS system designs were considered for
a destroyer-sized ship with two shafts and two LM-2500 gas
turbines for each shaft. One gas turbine was equipped with
a WHRU. 1In the COGAS mode of operation the WHRU-equipped

gas turbine was operated in parallel with the steam turbine,
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powering one shaft. The other shaft was allowed to drag.

It was assumed that the principal employment of the COGAS
system would be for "cruise" conditions. That is, the COGAS
system wouldvbe operated primarily for steady steaming. The
horsepower range over which the COGAS system could be
operated is, theoretically, limited only to the range of
powers over which the gas turbine can be operated. Thus,
the power range would vary from the COGAS system power
output with the gas turbine at idle to the system power
output attained with the gas turbine operating at its maxi-
mum continuous power rating.

When the COGAS system operating range is selected, the
desired goal of fuel conservation must be balanced against
system reliability and routine maintenance requirements.

If only one gas turbine is equipped for COGAS operations,
the system downtime will increase as the turbine is operated
at higher power settings. In order to increase the time
between major gas turbine maintenance requirements, two
COGAS systems could be installed in a twin-shaft ship. The
increased overall reliability which this redundancy would
afford, however, would be at least partially offset by the
higher initial cost, the increased manning requirements,

and the added weight of two systems.

A once-through counter-cross-flow heat exchanger was
selected as the WHRU. Reference 6 states some of the
principal advantages of the once-through steam generator

over the drum~type boiler. These advantages are as follows:

20
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lower initial cost, faster response, more compactness,

and lower operating cost. Additionally, the once-through
unit provides a somewhat simpler model than the drum-type
heat exchanger. A schematic representation of a once-
through WHRU installed in the exhaust ducting of a gas

turbine is shown in figure 2.

B. OBJECTIVES

There were five main objectives for this thesis.
1. Develop a design model for the once-through WHRU. This
model was to size a WHRU and predict is performance given
initial conditions such as feedwater inlet temperature,
steam outlet temperature, WHRU operating pressure, inlet
and outlet gas conditions, and gas flow rate.
2. Consider several sets of initial conditions and design
constraints (e.g., maximum frontal dimensions) and produce
WHRU designs for each set.
3. Evaluate these designs and integrate them with a simple
COGAS system model in order to test the design model and
to develop a clearer understanding of the WHRU performance
in the COGAS system.
4. From the evaluated designs, predict the performance
of the COGAS system.
5. Provide a framework for future studies involving a
detailed, complete COGAS system cycle analysis and

optimization.

21
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II. MODEL DESCRIPTION

A. OVERVIEW AND INITIAL CALCULATIONS
The waste heat recovery unit (WHRU) is modeled as a
once-through counter-cross-flow heat exchanger. The model
is applied in a computer program for use in heat exchanger
design for a combined gas and steam (COGAS) turbine pro-
pulsion plant system. The same model could be adapted
for use in a complete cycle analysis of the COGAS system.
The WHRU model is divided into three principal sections:
heating, boiling and superheating. The specified initial
conditions for the model are: (l) gas temperature into
the heat exchanger (Tgl), (2) minimum average gas exit
temperature from the heat exchanger (Tg4), (3) gas flow

rate (mg), (4) water inlet temperature (T_.,), (5) water/

£1
steam pressure (Pf). Useful background material for the
model formulation was obtained from references 1-5.

Two simplifications should be noted at this point. First,
the water-side pressure drop in the WHRU is neglected.
Second, gas temperatures, evaluated at several points in
the model, are average temperatures. Specifically, the
average inlet and outlet gas temperatures for the heating
and superheating sections and the average inlet and outlet
gas temperatures for each pass in the boiling section are

evaluated. 1In each of these calculations the gas tempera-

ture distribution is neglected. Clearly, even if the gas




turbine exhaust flow is uniform in temperature as it
approaches the WHRU, the gas temperature will not be gni-
form after the first WHRU pass is encountered. Due to the
varying gas~to-fluid temperature difference across each
pass the gas temperature will be distributed non-uniformly
after the first WHRU pass. One can, however, calculate the
average gas temperature approaching a particular pass

based on the heat release from the gas in the previous pass
and the average gas temperature entering the previous pass.
Averaged gas temperatures calculated in this manner are
used throughout the model.

Prior to the heating section, some initial calculations
are performed to determine the water/steam mass flow rate
and to set the pinch point. In order to calculate the
water/steam mass flow rate an energy balance is performed,

using the starting conditions, as follows:

= % C. (P =D
Q My Cpg g1~ Tga!

where Cpg is evaluated at the average gas temperature !

Tgan = (Tgl-+Tg4)/2. The fluid mass flow rate is

calculated from

where hfl and hf4 are inlet and outlet fluid enthalpy




respectively. Intermediate fluid and gas temperatures are
calculated as follows:
1. The heating section is assumed to heat the water from

inlet conditions to the saturation temperature, T A

£
heat balance is performed on the water side yielding a

heating section heat transfer of

The required average gas temperature entering the heating
section is then calculated from
Q
T g S

R
g "pg

2. In the boiling section it is assumed that sufficient
heat is added to produce saturated vapor at the outlet.
An energy balance on the steam-side provides the total heat

transfer in the boiling section,

where hf3 is the enthalpy of saturated vapor at the
pressure specified. The required average gas temperature

entering the boiling section is

Q%




3. In the superheating section, the steam temperature is
raised from the saturation temperature to the outlet
temperature specified in the initial conditions. The heat

transfer in the superheating sections is

where hf4 is the enthalpy of steam corresponding to the
steam outlet temperature Tf4. The gas inlet temperature

Tgl is known from the initial conditions.

The "pinch point", for the purposes of this model, is

defined as the difference between the gas temperature enter-
ing the heating section and the water temperature leaving the
heating section (saturation temperature). This temperature
difference will normally correspond to the smallest tempera-
ture difference between gas and fluid in the heat exchanger.
The only other likely location for the smallest temperature
difference between gas and fluid is at the gas inlet, or
superheater outlet. Figure 3 depicts the typical gas and
fluid temperature distribution in the WHRU.

The model must provide some internal control over the
pinch point temperature difference as defined above. This
is desirabie because the gas-fluid temperature difference
at the fluid saturation point is indicative of the amount of
heat transfer area which will be necessary to heat the in-

coming water to the saturation point. As the temperature
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difference at the pinch point increases the heating portion
of the heat exchanger becomes more efficient from the point
of view of heat transfer area required. The minimum pinch
point temperature difference is set at 25 F. After the
interim temperatures areAestablished the pinch point temp-
erature difference is checked. If the difference is less
than 25 F, the gas temperature at the heating section inlet

is reset to

T = 7T

s e ik,

From the overall energy balance

= m_.(h

* £

Cog Mg (Tg1 =~ Tgq) £4 ~Bgy)

and the energy balance across the heating section

Cpg mg(Tg3-Tg4) = mf(hfz"hfl)’

a revised gas outlet temperature may now be calculated from




After this new gas inlet temperature is established, all
initial calculations are performed again, to establish a
new water/steam mass flow rate and to recheck the pinch
point temperature difference. Once these calculations are
complete, the geometric parameters for the heat exchanger

must be specified.

B. GEOMETRY

A fin-tube with helically curved extended surfaces on
circular tubes is assumed for this model. The fins are
segmented. The tubes are configured in banks of one row
each and the rows are staggered. The base tube surface is
taken from Ref. 7. The description of the finned tubes

is as follows.

d; = tube inside diameter = 1.86 in.

do = tube outside diameter = 2.00 in.

dr = fin root diameter = 2.00 in.

N = fins per inch = 5.94

L = fin height = 1.015 in.

zc = 1length of cut from fin tip = 0.82 in.
df = fin outside diameter = 4.03 in.

te = fin thickness = 0.048 in.

v, ® fin segment width = 0.17 in.

N, =™ number of segments in 360 degrees = 38

The finned tube configuration is shown in figure 4. The
tube length, L, and number of tubes per row Nt/r are

chosen by the designer according to the frontal area, Af,
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Figure 4: Segmented Fin-Tube Configuration

desired. The tube layout is shown below in figure 5.

The center-to-center tube spacing in the transverse direc-
tion is 4.50 inches. The eguilateral, staggered tube
arrangement used in this model leads to a spacing normal
to the gas flow, Sn, of 4.50 inches and a spacing parallel
to the gas flow, sp, of 3.90 inches as shown in figure 5.
The heat exchanger height is established by the number

of WHRU passes (rows) and the tube spacing parallel to the

gas flow (Sp).
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Figure 5: Model Tube Layout
In order to establish the minimum gas flow cross-

sectional area the total "blocked" frontal area, Ab' of

the heat exchanger must be calculated from

Ab = Nt/rLdo+LNfLNt/r2.tf,
and the minimum gas flow area 1is

Amin ) Af Y Ab

The total inside area available for heat transfer per pass

is
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The gas side surface area available per pass for heat
transfer is the sum of the fin surface area and the bare
tube surface area per pass. The fin surface area per tube

is calculated from

>
]

Fin Nf L[NS(Z zc ws-+2 tf lc-+ W, tf)

T, 42 2
F(dgy, = 45) ]

where dfb = df - Zlc. The bare tube area per tube is

Abt = do L-n do tf Nf L .
Therefore, the total outside area per pass available for

heat transfer is

BAop=Ne/p (Bein * Bpe!
The cross-sectional area for fluid flow is calculated from

= T 2
Bgg = T 94 Nepp oo

With the mass flow rates, terminal temperatures and heat
exchanger geometry established, the remainder of the model
may be solved for number of passes, actual interim tempera-
tures, location of the fluid phase changes, and the gas

side pressure drop.
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C. HEATING SECTION

The gas-side Reynolds number for the heating section is
calculated initially using the gas bulk temperature to find
the gas properties. With this Reynolds number, a j-factor
and a friction factor, £, are obtained from polynomials fit
to the data for tube layout number 5 in Ref. 7 (fig. 5).
The friction factor will be used later to calculate the
gas side pressure drop in the heating section. The j-factor
is related to the heat transfer coefficient hg by the

following relationship.

2/3
J St Pr/
By introducing
Ny
S =
€ Re Pr

N N
j = u P2/3 w ul €,
R P r /
R P
i eg ‘rg
and
= 1/3
Nu J R Prg ’
where
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Therefore, a relationship may be written for the heat

transfer coefficient as follows:

K
: 1/3
h = R P -
g 1 3 eg “rg
The water-side heat transfer coefficient is calculated by

using the Dittus-Boelter correlation

where all properties are obtained at the bulk temperature

of the water in the heating section. Using the tube wall
resistance together with hg and hf, the overall heat transfer
coefficient for the heating section may be written in terms

of the inside area as

1
oi T Aip En(_do/di) A,
Efg 271K, N L

t/p

where

= 1- (L-np) 2fin .
-
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The fin efficiency, Ngo is calculated from the expression

= tanh ML
Ng N

where

M = thP/KA

and, if the fin is approximated by a set of rectangular
d. -d

strips extending from the tube wall, L = —115—12. Now,

the cross-sectional area, A, of a rectangular strip may

be written as

and the perimeter is
p-= 2(ws + tf).

So, using known geometric parameters and the thermal conduc-

tivity of the fin metal, the parameter ML may be expressed

as




s

i PR

d. - d 2(w_ + t.)
& = 1 £ o)v/ s £

2 ws tf X

Now,

tanh C vh_ Agio
i, = {3~ 4L~ . oL
€ /H; op

. '

The number of passes required in the heating section is
calculated, using the effectiveness-NTU method, in the
following way.

l. An average pass effectiveness for the heating section is
calculated from the following expression for cross-flow
effectiveness with both fluids unmixed obtained frcm

Ref. 8,

o o exp (-NCn) -1,
sp 1 exp [ T ]

where

it C £ m

c = _min _ “pf £ .
C ..o
max Pg g

; U A
N = NTU = —ﬁ%——il-,
min
now g2

Water and gas properties are taken at bulk temperatures.
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2. An overall heating section effectiveness is calculated

from

( E le max)n 1
e = P
o (l - Epcmln/émax)n len
l - ¢ C
P max

where n = number of passes. This expression was obtained
from Ref. 9. The overall effectiveness formulation was
actually derived with the condition that fluids are mixed
between passes. It can be shown [Ref. 9], however, that
the error is not large when the expression is used for the
case where fluids are unmixed between passes.

3. The expression for & s is now used in an iterative
fashion starting with n = number of passes = 1. Each time
€ is solved, the gas temperature into the heating section,

ca

T ., is found from

g3

T . €0a Cmin Tgl ~ Cmax Tg4
g3

€oa Cmin Cmax
which is derived from

cmax(Tg3 i 4)

€oa T T { P

min'Tg3 ~ Tf£1

4. Once the inlet gas temperature is established for a

particular number of passes, an energy balance may be
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performed to solve for the total heat transfer which would

take place in the heating section for that number of passes.

m_C T = T
% g “pg! g3 g4’
5. The enthalpy of the water at the outlet of the heating

section for a particular iteration may be found from

and this yields the temperature of the water at the outlet,
sz, for the number of passes under consideration.

6. The outlet water temperature, sz, may be checked to

see if it exceeds the saturation temperature.

7. This set of calculations is performed until sz exceeds
the saturation temperature. This naturally means that
boiling begins in the last pass of the current total number
of passes. 1Initiation of boiling will be treated in the
boiling section of the model. Therefore, the heating section
ends with the pass prior to that which initiates boiling.

The results of the above calculations are: (a) The total
number of passes contained in the heating section, (b) the
new gas temperature at the inlet to the heating section Tg3,
and (c) the new water outlet temperature sz.
With these new heating section terminal temperatures an

average outside wall temperature for the section may be

calculated from




U

- - (oi ti z
58 (hg Ato) (Tgp = Tep)

where Ati/Ato are total inside/outside areas for the section
and Tgb/Tfb are the new gas/fluid bulk temperatures for the
section. The expression for : A is derived from the follow-

ing formulation for heat transfer in the heating section,

il gb idle) gb WO
- e = R
IRy -
which reduces to
Ro
Two = Tgp 7 33 Hap = Tep!
L=R¢en
where
s
R —
5 fe By g
and
1
IR = .
th Yot Ted

The gas-side film temperature is

T = T

Tgf o gb WO
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This gas-side film temperature is now introduced at the
beginning of the calculations for the heating section, to
replace the gas bulk temperature. All calculations are
performed again with Tgf'

The gas-side pressure drop in the heating section may
now be calculated using the previously obtained friction
factor, £, from the correlation contained in Ref. 7. The

gas-side pressure drop is

2

AP ~ - Gmax Nt/r<iz)0.l4
g9 o Hp
where

m
G = _L
max A_.

min
Nt/r = number of tubes per row
o} = gas density
He = gas viscosity at wall temperature
Hy = gas viscosity at bulk temperature.

D. BOILING SECTION

The boiling section is solved pass-by-pass since most
of the section will involve two-phase flow on the cold side
and the inside heat transfer coefficient will change with

quality, x, and heat flux, gq". The correlation for the

two-phase region inside heat transfer coefficient selected



for this model is that recommended by Tong [Ref. 10] for
both nucleate boiling and forced convection. The equation
for the two-phase flow heat transfer coefficient was

given by Schrock and Grossman in Tong [Ref. 10] as

h " n
L fg tt
The constants are given by Wright [Ref. 10]: B = 6.70:{103,

A = 3.51(10-4, n = 0.66. The heat transfer coefficient

assuming a total liquid flow is

K, d. G(1 -x) i
B, w0008 abialar. NS REL 2101
: " ) Xy

’

and the Martinelli parameter is

1

g (

xtt

0.9 .°2.0.5 .Mv.o0.
=100 (A0 (0t
Dv ul

The limits of the data for this correlation are

quality: 0.05 - 0.57

heat flux: 6.0 x10Y - 1.45 x10° BTU/hr-£t2.

In this model, heat flux in the boiling section will be at
levels considerably below 6 x 10° BTU/hr-ft? and the full
range of quality must be considered. Therefore, in order
to observe the performance of the Schrock and Grossman
correlation at lower heat flux and quality above 0.57 a

plot was made (fig. 6) of the ratio htpf/hl vs. quality
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where hl is the heat transfer coefficient from the Dittus-

Boelter correlation for water at saturated liquid condi-
tions. The correlation of Dengler and Addoms as given in
Tong [Ref. 10] for entirely forced convection vaporization
is included for comparison. Tong [Ref. 10] indicates that
low heat flux and high water-vapor mixture velocity favor
the forced convection mechanism. After a review of the
information available in Tong, it is not entirely clear
whether the forced convection mechanism or the nucleate
boiling mechanism is dominant for the relatively low flow
velocities and low heat flux of this model. 1In any case,
the Schrock and Grossman correlation applied at low heat
flux represents a type of compromise between the entirely
forced convection assumptions of Dengler and Addoms and
the "mixed" assumption of Schrock and Grossman. When the
Schrock and Grossman correlation is applied under the
conditions of very low heat flux and quality (x < 0.05),
as in the first pass of the boiling section of this model,

it can be seen that the ratio h /hl becomes less than

tpf
one. This is both unrealistic and computationally diffi-
cult to handle. Therefore, in the boiling section, the

model assumes that htpf = h, for the first pass or for any

Z
pass where x < 0.05. This assumption will produce a more
realistic but still conservative design.

One other simplification should be explained prior to

discussion of the actual model calculations for the boiling

section. Since the boiling section calculations are performed
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for one complete pass at a time, the average quality, Xy in
a particular pass is used as the "local" gquality to compute
the inside heat transfer coefficient from the Schrock and
Grossman correlation.

The first pass in the boiling section, as indicated
in the calculations for the heating section, will, in
general, involve both heating water to the saturation tem-
perature and the initiation of boiling. From the calcula-
tions for the last pass of the heating section we have the
following quantities for the first pass of the boiling
section: water inlet temperature (Téin), average gas
outlet temperature (Tl ). The gas side heat transfer
coefficient, hg, is obzgzned, using the average gas tem-
perature in the boiling section, in the same way as for
the heating section.

A rough estimate for the gas temperature into the first
pass must be obtained in order to begin calculations for
that pass. This is accomplished by calculating a rough

overall heat transfer coefficient, Ul

oi’ for the pass using

the tube wall resistance, hg, and neglecting inside resis-
tance. A pass effectiveness, E;, is then calculated assuming
that only boiling takes place in the pass. The expression
for effectiveness for fluids unmixed between passes for

C = 0 becomes

ep = (1 - exp(=N)
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where N = NTU. Using ep calculated from this expression,

the rough gas temperature for the first pass is

Since this pass has been simplified by allowing the inside
heat transfer coefficient to be computed by the Dittus-
Boelter correlation this initial guess for Tl' is not
essential. It would, however, become importa;z if we were
attempting to "split" the pass with two inside heat transfer
coefficients, one for heating and one for boiling. Instead,
the inside heat transfer coefficient, h%, is calculated for
the entire pass using the Dittus-Boelter correlation with

water conditions corresponding to the average water condi-

tions in the heating section of the pass, that is,

+
1 = in Tsatf
£ 2 °

With this inside heat transfer coefficient, an expression
for the overall heat transfer coefficient for the first

pass may be written,

Ul " 1
oi 1 3 Aip Iﬁ(do/di) 2 Aip 1
;J.' ZTerNt/ L~ Aj h1

The pass effectiveness, e;, is now calculated in the same

manner as previously described. With e;, the average gas
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temperature in is calculated from

1l c Tl 1l
o o mi? i max Jout
9, =
e P cmin max

Ql
hl o hl ‘o
£ £, .

out in mf

and outlet quality is calculated from

1
1 = hf’out hsatf

X .
out hfg

In order to determine the location of the interface between
heating and boiling the total inside area devoted to heating

in the first pass is calculated from

1
al (hsatf 5 hfin) A
ih 5 1 ip °
out in

Subsequent fluid passes in the boiling section are
calculated until the quality at the outlet of a pass is
found to be greater than 1.0. When this occurs, the boiling
section is allowed to end with the last pass for which

X < 1.0. A "mixed" pass where both boiling and superheating

out
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takes places will be calculated in the superheating section
of the model.

After the first pass, boiling section fluid passes are
calculated in the following manner.
1. The steam quality at the outlet of the previous pass
becomes the inlet guality for the current pass, Xin- The
average gas temperature at the inlet to the previous pass
becomes the outlet average gas temperature, T , for the

out

current pass.

2. Using the last overall heat transfer coefficient calcu-

., approximate values of

lated for the previous pass, Uo:.

NTU and ep are calculated.
3. With this approximate Ep the average gas temperature

into the current pass is calculated from

4. Using this gas temperature in, T , the pass heat
in
transfer, Qp, is calculated. This allows the calculation

of enthalpy out, hf , and quality out, x as well as

out ot
the average quality in the current pass, X, -

5. The inside heat transfer coefficient, h , may now be

tpf
calculated,

Q_/A,
i
h B + A(=2=)"] B
tpf G hfg £t [
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where the Martinelli parameter ;l— is calculated using

average quality, X 0 and all oth:E terms are as previously
described.
6. A new overall heat transfer coefficient is now calcu-
lated from which a new pass effectiveness can be calculated.
7. This new pass effectiveness yields a new average gas
temperature into the pass from which a new pass heat
transfer may be calculated.
8. The new pass heat transfer is compared with the pre-
viously calculated pass heat transfer. If the two heat
transfer calculations do not agree to within 5% the entire
set of calculations is repeated.
9. When the pass heat transfer calculation converges, the
final quality at the outlet of the pass is calculated. If
the quality is less than 1.0 another pass is calculated for
the boiling section.
10. If the quality is 1.0, the boiling section ends with
the current pass. If the quality out exceeds 1.0 the boiling
section ends with the previous pass.

Calculations for the average gas film temperature and
gas-side pressure drop are performed in the same manner as

for the heating section.

E. SUPERHEATING SECTION
The first pass of the superheating section will, in
general, involve both boiling and superheating. The inside

heat transfer coefficients will be quite different for the

48




Y

VI

boiling and superheating portions for the pass, and, for

this reason, the pass will be "split" to allow more accurate
calculation of the heat transfer in these two regions. An
outline of the calculation scheme is as follows:

1. Calculate the gas-side heat transfer coefficient for

the section in the same manner as for the previous two
sections.

2. Estimate the average gas temperature into the first
pass. This is only a rough guess for T ¢ O begin the
calculation. i

3. Calculate the required heat transfer in the boiling

portion

5 g satv

where h is the enthalpy out of the last pass of the

fin

boiling section and h is the enthalpy of saturated

satv
vapor.

4. Using Qrb and the average quality in the boiling portion
of the first pass, calculate the inside heat transfer
coefficient, htpf' using the Schrock and Grossman correla-
tion, as in the boiling section of the model. This, together
with the gas-side heat transfer coefficient and the wall
resistance, will yield an overall heat transfer coefficient

b

for the boiling section, Uoi‘

5. The calculation of the area required for the boiling

portion of the pass is performed in an iterative scheme as follows.




TRV

a. An initial estimate for the required boiling area,
Al, is made.

b. The mass flow rate of the gas over the boiling
portion is then

b Al .

B = AR

9 A, g

c. An effectiveness for the boiling portion may be

calculated from

& = rb
b b
S (T -7 )
min gin sat
where
b T -
“min T Mg Cpg

d. Using the previously calculated overall heat
transfer coefficient, the estimated boiling area and the

consequent gas-side heat capacity, NTU is calculated from

. a1
ol

NIU = =g,

Cmin
e. A "test" effectiveness, sg, can be found by applying

this NTU in the relationship for effectiveness

eg = 1 - exp(NTU).

and et

f. The two effectiveness calculations, L are

b
compared.
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(1) 1If e; is greater than ¢

b’ then the original
estimate for the boiling area, Al, was too large for the
heat transfer required and the specified gas temperature
into the pass. So, the estimate for the boiling area is
decreased and a new Al is established.

2) " Ef eﬁ is less than € Al is increased.

g. A new gas-side heat capacity is calculated from

: m. C .
min Aip g P9

h. A new boiling portion effectiveness is calculated

using the latest boiling area estimate

& L p

b 1 *
Ci.. (T - T )

S 9in fsat

i. As before, an NTU is calculated with the new Al.

This generates a new "test" effectiveness, which is

€
Eb,

compared with Eb’ If €y and e; are not equal, a new Al is

calculated based on the comparison.

]
™M
.

j. These calculations are continued until € 2 .

The current Al is then set equal to A?.

6. Once the area required for boiling, A?, for a particular
average gas inlet temperature has been established, the

following first pass quantities can be calculated:

sh

a. Ai = area available for superheating

Sl




b. '2 = gas flow rate over the boiling portion
(o m;h = gas flow rate over the superheating portion
d. Tb = gas temperature out of the boiling portion
Jout
. b = Q1
| * s e
2] Jout in  Wm.C
’ g P9
e. TSh = gas temperature out of the superheating
L Jout
portion
b b
Ra o E = A T
rSh - = Your t 9out
gout A?h
i
» sh b
(The weighted average of T and T must equal
out gout
the T previously calculated.)

out
7. Since the heat transfer to the cold side must satisfy

an energy balance involving the average temperatures of the
gas, the expected heat transfer in the superheating portion

may be calculated from the heat release on the gas side

Q. *im. G (T il ),
P 3 B9 915 Soate

and the required heat transfer in the superheating portion

as

Qsh = Qp g Qrb G
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8. The enthalpy and temperature of the steam out of the
first pass may be calculated from the assumed heat transfer

in the superheating portion, Qsh‘

9. The steam properties for the superheating portion may
now be found. These properties, along with hg and wall

resistance, will yield an overall heat transfer coefficient,

US?, for the superheating portion. The Dittus-Boelter

correlation is applied to calculate the inside heat trans-
fer coefficient.
10. The heat capacities on the gas and fluid sides are

calculated, using the current gas mass flow rate over the

superheating portion, m;h, to calculate the gas heat capacity.

h

The heat capacities along with Ugi and Aih yield the effec-

tiveness for the superheating portion of the pass, €sh*
11. A new average gas temperature into the pass may now
be calculated from the superheating portion effectiveness

and the superheating portion heat transfer required to

satisfy the original heat balance from the expression

Q
*
T = T + sh__ | *
9in fin £ Cs.
sh "min

This temperature, T ;8 is a measure of the temperature
which would be requiigd to produce the originally specified
Qsh under the actual conditions of the heat transfer char-
acteristics of the superheating portion.
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%*
2. Ef the Tg is the same as the originally specified
in
average gas temperature into the pass, T , then the heat
in

transfer in the superheating portion, Q is possible

sh’
under the current distribution of area between boiling and
superheating and the heat balance is satisfied between steam
and gas sides for the specified gas temperature in. In
this event, the calculations for the first pass of the
superheating section are complete.
3 EE T;in is less/greater than the current T e the
average gas temperature into the pass is increased/decreased
and the entire set of calculations is performed again until

* =
Tgin 2 Tgin.
14. The second and subsequent superheating section passes
are calculated in much the same way as in the heating section.
That is, an overall pass effectiveness is calculated for a
specified number of passes, using the multipass effectiveness
relationship from Kays and London [Ref. 9].

15. The average steam-side heat transfer coefficient, hf,

is calculated using the Dittus-Boelter correlation with
steam properties at steam bulk temperature for the remainder
of the superheating section. The overall heat transfer
coefficient and the average pass effectiveness, sp, are then
calculated.

16. The formulation for overall effectiveness with the

number of passes, n, variable, is
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l'_ep Cmin/cmax n
£ P
€ = .
b (l ‘p Cmin/c;nax)n 4 min
1l -c¢ C
P max

As in the heating section this expression is used in an
iterative fashion, beginning with n = 1.
17. Each time €0a is solved, the gas temperature into the

superheating section is calculated from

©oa cmin Tf. % Cmax Tg
T - in out
s € Ci =

in oa min max

where Tf is the temperature of the steam into the second
in
pass of the superheater and T is the average gas tem-
out
perature out of the second pass of the superheater. This

gas temperature in is compared with the originally specified

gas temperature into the heat exchanger, T

gl

18. If the calculated gas temperature in, T , is less
in

than Tgl the number of passes is increased by one and the

calculation is performed again. If T exceeds Tgl’
in
superheater is allowed to stop with the previous pass.

the

Calculations for the average gas film temperature and
the gas-side pressure drop are performed in the same manner

as for the heating and boiling sections.

F. MATCHING SUPERHEATER GAS INLET TEMPERATURE
The model calculations thus far lead to a waste heat

recovery unit design for which the gas temperature at the
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inlet is, in general, lower than that specified in the initial
conditions. This condition occurs because the superheater
ends with the last complete pass calculated for which the
entering gas temperature is less than or equal to the
originally specified WHRU inlet temperature. This outcome

is, of course, unsatisfactory since the inlet gas temperature
is an independent quantity which is a function of the horse-
power setting on the gas turbine. An iterative scheme is
employed for matching the T . calculated in the superheating
section with the Tgl specifi;g in the initial conditions.

' Since the model does not allow the calculation of frac-
tional passes and since the scheme for the calculation of
superheater passes will not allow inclusion of a pass which
would require a gas inlet temperature higher than that
specified in the initial conditions, the final gas inlet
temperature calculated for the WHRU will generally be lower
than that initially specified. 1In order to match this
superheater gas inlet temperature with that specified
initially, the heat exchanger gas outlet temperature is
allowed to rise. Each time the gas outlet temperature is
increased, the entire waste heat recovery unit calculation
is performed again, and the calculated superheater gas
inlet temperature is compared with the gas turbine exhaust
temperature. When a match is achieved the design is

fixed.
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G. OFF-DESIGN CALCULATIONS

Once a particular design has been selected the designer
must test that design at several off-design points. A
design will define the following WHRU characteristics:

Dimensions (length, width, height)
Operating pressure

Superheater outlet temperature
Fin-tube configuration.

The off-design calculation requires that the selected
WHRU design performance be predicted for a gas inlet tempera-
ture and flow rate different from that which was used to
produce the selected design. The design model can be used
in an iterative fashion to make this calculation. All
model calculatidns are made as prescribed in the previous
sections, with the exception of the pinch point calculations
which are not performed.

The off-design procedure requires that the designer
fix the WHRU frontal dimensions, operating pressure, fin-
tube configuration and minimum gas outlet temperature. A
design is then produced for a gas inlet temperature and
flow rate at an off-design point. This design is checked
to determine whether it conforms to the height dimension
of the WHRU designed at the gas conditions of the off-design
point. If the height dimension is not matched then the
number of WHRU passes must be adjusted until a match with

the design-point WHRU is achieved. The number of WHRU passes
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may be altered by either adjusting the WHRU gas outlet
temperature or the superheater outlet steam temperature.

The effect of either of these adjustments is to change

the steam flow rate and the heat transfer rate. It would

be possible to adjust the steam flow rate and allow the
superheater steam outlet temperature to remain fixed.
However, for the method of this model, the computation time
required for this means of control would be large. The
actual procedure used produces designs relatively quickly
which closely approximate the results which would be
obtained by a fine control on steam flow. Each time the
superheater steam outlet or gas outlet temperature is adjusted,
a new design is produced. This procedure is continued

until a design is produced for which the height (number of
passes) equals that of the design point WHRU. When the WHRU
height at the off-design gas conditions is equal to that

of the design point WHRU, the gas inlet temperature is
matched with the gas inlet temperature specified for the

off-design point, using the procedure described in Section E.

H. COGAS SYSTEM OUTPUT MODEL

The COGAS system output model calculates performance
parameters for the combined steam and gas turbine system for
a specified gas turbine input power. The WHRU model pro-
vides a steam flow rate, pressure, and temperature for a
specified set of gas turbine exhaust gas conditions which

correspond to a particular gas turbine horsepower setting.
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This WHRU output is applied in a simple Rankine cycle to
calculate the steam-side power output. The gas-side
pressure drop calculated in the WHRU model is used to
arrive at a revised gas turbine horsepower. By combining
these two power outputs, a COGAS system power can be calcu-
lated. Other performance indicators such as specific fuel
consumption, thermal efficiency and steam turbine share of
the load are also calculated in the COGAS system output

model.

1. Rankine Cycle

The following conditions are assumed for the Rankine
cycle calculations:
a. No line losses
b. Steam turbine efficiency = Aan ™ 0.85

c. Condenser pressure = 2.0 psia (4 in Hg)

d. Feedwater heater pressure = 15 psia

e. Feedwater temperature 200 F
f. Pumping power required is neglected
g. Fuel LHV = 18400 Btu/lbm

The following input conditions are received from the
WHRU model: steam turbine inlet pressure (Pl), steam turbine
inlet temperature (Tl)' steam flow rate (mf), gas turbine
exhaust pressure drop (APgas). From Pl and Tl the turbine
inlet enthalpy (hl) and inlet entropy (sl) can be found.

The turbine exhaust steam quality, assuming isentropic

expansion, Xygt is calculated from
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where

S¢

ng

entropy of saturated water

entropy increment for evaporation.

The steam turbine exhaust enthalpy assuming isentropic

expansion, h

where

he

hfg

g’ may now be calculated from

2s hfg

enthalpy of saturated water

enthalpy increment for evaporation.

The isentropic turbine work is

and the actual steam turbine work is calculated from

W

Mgt Ves °

The actual turbine exhaust enthalpy and quality are

————a (b




and

In this model it is assumed that heating steam for the
feed-water heater is provided, via a reducing station, from
the main steam line. The fraction of the steam mass flow

rate from the WHRU required for the feedwater heater is

h - h
i fw 2
H1 - h,

where

=2
]

s enthalpy of the feedwater

o 3
]

enthalpy of the condensate at feedwater
heater pressure.

Therefore, the steam turbine power output is

Pst = (1-m) mf wt .

2. Gas Turbine Performance Calculations

The original gas *urbine horsepower, exhaust gas
flow rate, and exhaust gas temperature inputs to the WHRU
model were hand-calculated using figure 4 of Ref. 1l and
figures 1, 6, and 8 of Ref. 10. The assumptions used to

calculate the WHRU model inputs were:




Ambient temperature = 100 F
Ambient pressure = 14.696 psia

0.0

Humidity

Fuel LHV 18400 Btu/lbm

Inlet loss = 4.0 in. HZO

Exhaust loss = 6.0 in. HZO

In the COGAS system output model, the gas turbine horse-
power correction factor for the gas-side pressure drop in
the WHRU (BHP for 6" loss/BHP for WHRU loss) is found by

solving

cbhp = 1.0125 + 0.002125 APgas ’

where Cbhp = BHP for 6" loss/BHP for WHRU loss. This rela-

tionship was found by extending the duct loss relationship

of fig. 7, Ref. 11 linearly from the point of 6 in. HZO

exhaust duct loss already assumed. The final gas turbine

horsepower is

*
where Pgt is the input gas turbine horsepower. The total

COGAS system horsepower, is found by adding the steam

Ptot’
turbine and final gas turbine horsepowers.
In order to calculate the gas turbine specific fuel

consumption fig. 4 of Ref. 11 is entered with the final

62




e ey T

gas turbine horsepower, and the s.f.c. is read from the

propeller law curve superimposed on that figure. The s.f.c.

, 1is

correction factor for exhaust loss in the WHRU, Csfc

found in the same manner as Cbhp from fig. 6 of Ref. 11

where ]

Csfc = (s.f.c. for total exhaust AP)/(s.f.c. for 6" exhaust AP)

and the gas turbine specific fuel consumption is

g.E.e. = C sfc

gt sfc 6 in. loss

The specific fuel consumption for the combined system is
calculated by first finding the fuel consumption rate of

the gas turbine

mfuel = s.f.c.gt Pgt . i

The COGAS system s.f.c. is then calculated from

4
m
e O —EEE& ﬁ

COGAS Peoe

To allow the direct comparison of the COGAS system with the

all gas turbine system the specific fuel consumption of the

*
gas turbine at the new, higher COGAS system power, s.f.c.gt,

is calculated in the same manner as s.f.c.gt.
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The thermal efficiencies for the gas turbine at
input power, the COGAS system, and the gas turbine at COGAS

system power are calculated from the relationship

i 2545
"th S.f.c. LAV °

Additionally, the steam turbine share of the load

is calculated from Pst/Ptot'
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III. RESULTS AND CONCLUSIONS

A. BACKGROUND

The foregoing model was applied in a computer simulation
program written in FORTRAN IV for the IBM 360-67 computer.

A listing of this program appears in Appendix A. Addition-
ally a set of supporting programs was written for water,
steam, and air properties. A listing of this set of pro-
grams appears in Appendix B.

In order to test the model and develop an understanding
of the behavior of the WHRU, a set of designs were produced
for a variety of initial conditions. These designs were
then reviewed, and an analysis of the model behavior was
performed. After completion of the model analysis, several
of the designs were selected for observation at off-design
conditions. The off-design simulations were produced for
gas turbine input powers corresponding to ship speeds of
9, 16, and 20 knots, which represents the entire range of
gas turbine input powers considered in this thesis. Finally,
two designs were selected for detailed testing at off-design
conditions. These latter two designs were tested at gas
turbine input horsepowers corresponding to speeds of 9 to

20 knots, at one knot increments.

B. DESIGN VARIABLES
The following set of design variables was selected to

produce the basic set of designs.

B T SR AR G 09 4
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1. WHRU operating pressure: Three WHRU operating pressures
of 400, 600, and 800 psia were selected for design production.
2. WHRU geometric scale: In order to test the model

response to a range of fin-tube sizes, designs were produced
for the basic fin-tube configuration described in the geometry
subsection at 1.0, 0.75, and 0.50 scale.

3. Frontal dimensions: The approximate WHRU space constraints
for a DD-963-type engineroom are shown in figures 7, 8 and

9. Consistent with these constraints, frontal dimensions

of 12' x 12' and 12' x 15' were selected for the initial
design set.

4. Gas turbine input power: The gas turbine input horse-
power determines the input gas conditions, temperature and
flow rate, for the WHRU. Since the most advantageous use

of the COGAS system was assumed to be for "cruise" speed
conditions, the range of gas turbine input horsepower con-
sidered corresponds to the gas turbine power required for

a ship speed range of 9 to 20 knots, with the gas turbine
operating alone. The three gas turbine input powers selected

for the production of WHRU designs are shown in Table I.

Gas Turbine Input Powers

GTHP Approx. Speed (kts) Temperature (F) Flow Rate (lbm/hr)
16421 20 849 407589
8526 16 742 328641
1684 9 689 159731
Table I

66

DI




| i SSETE SSGTS .
- ] N TAKIE EXHAUST - '
l
. | i
1 t
8’- o? \ N

16-0* : ’
|

t
EXH. FANS

X

\

-__._'G)b_._ -

R~ 6TRE
> o UPTAKE S
= | f—cooLing

T {g==.._.. a—— AR EXH

i
~ ‘%‘ *

PLAN VIEW

ENGINEROOM

L3 x]
H
)
S
oy}
=
~2




/ e r2‘-6”—!

4 rc,‘ma UPTAKES

¢ ‘
9 l $ -~
T T { 4Z’°'AGL
' | ;
: l . /
| ' [
; | : H
: . E =7l 3%-0"a8L
- ! } / /
' - . /
= STEAM
GENERATOR
i [ { EXHAUST
| —_— 2ot
L INTAKE . z o“ AL
: COOLING
AIR
EXHAUST e
MN RDCN GEAR

i GTRB ENCLOSULRE

i neee” 18
& e = Fr"""
]

S

T 4-6"maL
BASEL INE
ELEVATION.
cNGIINEROOM
FIGURE 8

68




. — aY-0"aRL

;—33‘-0'ML

5— ?.4’-0'ABL

-~ |TsTeAM TuReine
LAND CONDENSER

BASELINR

SECTION

ENGINEROOM

FIGURE 9




5 T

TW T TR T T
Filin: e
By b

5. WHRU gas outlet temperature: The WHRU gas outlet
temperature is fixed at 400 F. Reference 3 states that

the principal cause of "hot" corrosion in the WHRU would

be due to the formation of sto4 from an expected concentra-
tion of S04 of up to 50 parts per million. Reference 13
states that dew point condensation of vapor in the exhaust
gas becomes a problem for corrosion if the stack temperature
is depressed below 250 F. Therefore, a minimum average gas
outlet temperature of 400 F is considered to be reasonably
safe from the aspect of gas-side corrosion prevention. It
should be further noted that the outlet gas temperature
calculated by the program is an average temperature, based
on the heat release from the gas. Therefore, the actual
temperature of the gas in the stack will be cooler than

400 F in some locations due to the non-uniform distribution
of the gas temperature as it leaves the WHRU. It should
further be noted that, although this temperature is a fixed
design variable for design production, it will vary somewhat
from 400 F in response to the program calculations for
setting the minimum pinch point and for matching the gas
inlet temperature with that specified in the initial
conditions.

6. Superheater outlet steam temperature: The target WHRU
superheater outlet steam temperature is 650 F. This tempera-
ture will also vary somewhat in response to steam flow rate

changes brought about by the program calculations to match
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; the gas inlet temperature with that specified in the
initial conditions.

7. WHRU water inlet temperature: The WHRU water inlet
temperature is fixed at 200 F.

8. The other major COGAS system parameters are fixed as

2 follows:
Condenser pressure: 4 in. Hg

Steam turbine efficiency: 0.85

Feedwater heater pressure: 15.0 psia

Fuel LHV: 18400 Btu/lbm.

C. THE DESIGN SET

A set of 54 designs was produced for the combination of
design variables just discussed. The array of design
variable combinations is described in Table II. The summary
computer output pages for the results of each design run P

are presented in Appendix C.

As discussed in Section A, the purposes for producing
this design set were to test the model and to promote an
# understanding of the likely behavior of a WHRU for a range
of conditions. To this end, the following set of output
variables was considered.
1. WHRU output

a. height (number of passes)

b. gas inlet temperature

c. gas outlet temperature

d. steam flow rate
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e. gas side pressure drop
f. pinch point temperature difference
g. heat transfer rate

2. COGAS system output

?, a. gas turbine horsepower (including loss from the

Tis

WHRU gas-side pressure drop)
’f b. steam turbine horsepower
' c. COGAS system horsepower
d. steam turbine share of the load
e. specific fuel consumption
(1) s.f.c. of COGAS system
(2) s.f.c. of gas turbine at COGAS system horsepower
f. thermal efficiency
(1) Neh of COGAS system
(2) Nth of gas turbine at COGAS system horsepower
Clearly, several of these variables are related, such as
s.f.c. and Nen’ and no additional information is provided by
studying all variables in a closely related group. Therefore,
the following subset of output variables was selected for
analysis.
1. WHRU height
2. Steam flow rate
3. Gas-side pressure drop
4. Pinch point temperature difference
5. WHRU heat transfer rate

6. WHRU gas outlet temperature
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7. Steam turbine horsepower
8. COGAS system horsepower
9. COGAS specific fuel consumption

The above output variables are presented in tabular form
using the format of Table II. Table II also serves as an
index for the set of basic designs. Additionally, the
significant trends in the variables are presented graph-
ically. Where the trend of the results was ascertained to
be the same for the two frontal dimension sets, only the
values for the 12' x 12' front were presented graphically.
Where clarity was better served, only one scale was plotted
as representative of the trend described.

Effect of Scaling.

The only significant trends noted with respect to scaling
were a decrease in WHRU height with a decrease in scale
and the same trend for gas side pressure drop (see Tables
IIT and 1IV). The trends are shown in figures 10 and 11l.

The basic fin-tube dimensions of the model were scaled
by factors of 0.75 and 0.50. For any scale with constant
frontal dimensions, the total inside and outside areas
remain the same. That is, for a constant length tube, the
scaled inside/outside area (Ai/Az) is proportional to the
full scale areas (Ai/Ao) with the scale factor, s, as the

constant of proportionality. Hence
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Since constant frontal dimensions are to be maintained,

the number of tubes per row is scaled up by the scale

factor, so

N N .
A? = _t/p s A. and As = —ELE s A ,
ip S 1 op s o
where Nt/p is the number of tubes per pass. Therefore, the

scaled outside and inside areas for a pass for constant
frontal dimensions are the same as the full scale areas.
Now, the scaled cross-sectional area for fluid flow on the

inside will be,

>
[0
]
INE
(0]
N
o
N
u‘Lg
[
0]
Y

which is equal to the Reynolds number for the unscaled
geometry. It can also be shown that the outside Reynolds
number remains constant with scaling. Recalling that the
Dittus-Boelter correlation was used to calculate the inside
heat transfer coefficient for the single phase regions and
used with a multiplier for the two phase heat transfer
coefficient and assuming constant fluid properties, the

Nusselt number remains constant

s
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= Const.

So, the scaled inside heat transfer coefficient

increases with a decreasing scale factor. Similarly, for

the scaled gas-side heat transfer coefficient,

s : k 1/3

an increase is seen with a decreasing scale factor.
Therefore, in addition to a decrease in height attributable
to a scaling down of the fin-tube dimensions, there is also
an improvement in heat transfer which results in a further
reduction in height by elimination of passes. This trend
is supported by the results.

Recalling the relationship used to calculate the gas-

side pressure drop,

2
L 2 G Noye W 0,14
AP o (—) ’
g 5 “b

it can be shown that the scaled gas-side pressure drop is

inversely proportional to the scale factor,

(Vo]
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where C is a constant based on the assumption of constant
gas properties between scales. For the same number of
passes, then, an increase in gas-side pressure drop could
be expected. However, since the number of passes is decreased
with decreasing scale, a net decrease in gas-side pressure
drop was experienced (Fig. 11).

Some differences in pinch point with scale were observed
in Table V, but no consistent trend could be established.
It was expected that pinch point AT would remain fairly
constant with scale for fixed pressure and input gas condi-
tions. That result was apparent to some extent, particularly
in the range of high gas temperature and low steam pressure.
This finding is consistent with the manner in which the pinch
point AT is established. That is, the program fixes an
initial pinch point AT only when the rough pinch point AT
is less than 25 F in the initial calculations. At the lower
pressures and higher gas temperatures this mechanism would
not be operative. Also, the final and initial pinch point
AT calculations are based on the average gas temperatures
at the inlet to the pass where the AT is calculated. There-
fore, the actual pinch point may be either lower or higher
than the one calculated, depending on the actual gas temp-
erature distribution at the inlet to the pass. The pinch
point AT will be discussed at greater length in the analy-

sis of the effects of pressure.
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Effect of Pressure.

The most important effect of pressure on the model
performance arises from the calculations which establish
the minimum pinch point temperature difference. As related
in the model description, the minimum pinch point AT is set
at 25 F. The WHRU outlet gas temperature is adjusted in
the initial model calculations in order to ensure this
minimum AT. The initial model calculations establish the
steam flow rate from a simple energy balance involving the

gas inlet and outlet temperatures (Tgl,T the gas flow

gz)l
rate, the water inlet temperature (Tfl), the required steam
outlet temperature (Tf4), and the steam pressure. Tentative

interim gas temperatures for the heater inlet, T and

g3’
boiling section inlet, ng, are also established in this
calculation set. 1In order to establish the minimum pinch
point AT, the model tests the interim heater gas inlet

temperature against the criterion

Tg3 2 Tey * 25

where sz is the temperature of saturated water at the
+ 25 then T

2 g3
is set equal to sz + 25 and a new gas outlet temperature

pressure specified. 1If Tg3 is less than Tf

is calculated as follows,

. L i 3 - aT 1
g4 =y
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where
L Al T N
hey - Bgy

As an aid to understanding the behavior of the model, it

is useful to predict the WHRU gas inlet temperature at
which this pinch point calculation becomes operative for

a particular pressure. This is accomplished by establishing
a "critical" heater gas inlet temperature, T;3, for each
pressure considered,

*

T =

g3 Te mar™ 29 »

where T is the temperature of saturated water at the

f sat
pressure specified. The ratio a can also be solved for
each pressure considered, based on a constant water inlet
temperature of 200 F and a constant superheater outlet

temperature of 650 F,

L
Tl

where hf = enthalpy of saturated water at the pressure under
consideration. Finally, assuming a minimum WHRU gas outlet
temperature of 4-0 F the minimum WHRU gas inlet temperature
at which the pinch point calculation comes into effect may

be calculated as follows,




*
T* & 3g3 = (1 - a)400
gl a :

Table VI summarizes these calculations for each of the pres-

sures considered in the design set.

Minimum Gas Inlet Temperature for Pinch Point Calculation

Pressure T* (F) a T* (F)
~psia) g3 - gl
400 470 <219 720
600 497 .262 770
800 543 .299 878

Table VI

Now the pressure at which the pinch point calculation becomes
operative for each gas turbine input power considered is
predicted. The pressure for which the pinch point calcula-
tion begins to adjust gas outlet temperature is listed below

for each gas turbine input power considered, in Table VII.

Pressure At Which Pinch Point Calculation Takes Effect

*

Gas Turbine T 1 (F) Pressure T 1 (F)
Input Power g (psia) -
16421 849 800 878
8526 742 600 770
1684 689 400 720
Table VII
85




It should be recalled that the outlet gas temperature is
also adjusted by the iterative technique employed to match
the model-calculated gas inlet temperature with the gas
inlet temperature of the initial conditions, once the
design is established. This is a relatively minor adjust-
ment, however, and is never greater than 10 F. These adjust-
ments to WHRU gas outlet temperature are apparent in the
values of Table VIII and are displayed graphically for the
12' x 12' frontal dimentions and 0.75 scale in Fig. 12.

The final calculated pinch point for each of the design
sets reflected the influence of the initial pinch point
calculation. These results were shown in Table V and Figure

13. It is re-emphasized here that the calculated pinch

point AT is useful only as an indicator of what the actual
pinch point might be for a particular heat exchanger design.
This is true because the model neglects the possibility of
a gas temperature distribution across the inlet of a WHRU
pass and, instead, uses the average gas temperature for
calculations. .
There are two other trends in the design results which ]
emanated directly from the control exercised by the model
over the pinch point AT and the resulting gas-fluid tempera-
ture distributions in the designs produced. These trends |
were apparent when the effects of pressure on WHRU height

and WHRU heat transfer/steam flow rate were examined.
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The effects of pressure on WHRU heat transfer and steam
flow rate are shown in Figures 14 and 15 respectively.
Tables IX and X list the actual values obtained for WHRU
heat transfer and steam flow rate for the designs produced.
WHRU heat transfer and steam flow rate directly reflected
the adjustment of the WHRU gas outlet temperature to main-
tain the minimum pinch point AT. That is, as the WHRU
outlet gas temperature was raised, the heat transfer rate
and steam flow decreased. The small increase shown in
Figures 14 and 15 in heat transfer and steam flow rate
for 16421 gas turbine input power at the 0.50 scale reflects
only a minor adjustment differénce in T for matching
T, between 400 psia and 600 psia. e

lnThe relationship of WHRU height to WHRU pressure is
slightly more complex. Figures 16, 17, and 18 demonstrate
the approximate gas-fluid temperature distribution along
the total length of the WHRU for the 0.75 scale at the
three pressures and input horsepowers considered. The
general trend observed in these diagrams of decreasing gas-
fluid temperature difference with increasing pressure is
representative of all the designs produced. This decrease
in gas-fluid temperature difference, taken by itself, would
produce larger heat exchangers with increasing pressure.
This trend may be observed for the 12' x 12' front at the

high gas turbine input horsepower in Figure 19. At the

medium and low gas turbine horsepowers, however, the WHRU

90
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height remained fairly constant or actually decreased with
increasing pressure. This trend is explained by the
decreasing heat transfer rate with increasing pressure
attributable to the pinch point calculation adjustment to
WHRU gas outlet temperature shown in Figure 12.

The design set results for steam turbine horsepower
output are given in Table XI. These results are presented
graphically for the 12' x 12' front in Figure 20. Two
separate trends were identified. The steam turbine horse-
power demonstrated an overall increase with increasing
pressure for the high gas turbine input horsepower. Although
there is a small net decrease in WHRU heat transfer rate
with increasing pressure at the high gas turbine input
power, the steam is rejected to the condenser at a lower
quality for the higher pressures. Therefore, there is less
heat rejection in the condenser for higher pressures. This
better performance of the high pressure systems in the
Rankine cycle more than compensates for the small decrease
in WHRU output at these pressures.  For the medium and low
gas turbine input powers the trend of decreasing WHRU output
with increasing pressure (Fig. 20) was dominant in the
Rankine cycle also, producing systems of decreasing steam
tﬁrbine horsepower with increasing pressure.

The design set results for the COGAS system combined
horsepower are given in Table XII. The results are displayed

graphically in Figure 21 for the 12' x 12' front. It is

99 i
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apparent that the system horsepower output trend followed
that for steam turbine horsepower output. This was the
expected result. This trend is modified only slightly by
additional gas turbine horsepower losses due to a changing
gas-side pressure drop across the WHRU.

Finally, the system specific fuel consumption followed
closely the results for steam turbine horsepower output.
That is, slightly better systems were observed at lower
pressures for the medium and low gas turbine input powers
and a slightly better system was produced at higher pressures
for the high gas turbine input horsepower. These trends
are shown in Figure 22 and Table XIII.

Effect of Gas Turbine Input Power.

An increase in WHRU height with increasing gas turbine
input power was noted in the results for the design set
produced (see Fig. 23 and Table III). This increase in
WHRU height generally followed the increase in WHRU heat
transfer rate with increasing gas turbine input power, Fig.
24. This trend is modified only by a slightly increasing
outside heat transfer coefficient with increasing gas turbine
input power (see calculations for gas-side heat transfer
coefficient in the model description).

As expected, the COGAS system specific fuel consumption
improved (Fig. 25) with increasing gas turbine input power.
This improvement represents the trend of improvement in

the gas turbine itself with increasing power, since the
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contribution of the steam system decreases with increasing
power.

Effect of Frontal Dimensions.

The only significant trends for changing frontal dimen-
sions were in WHRU height and volume (see Tables III and
XIV). The expected result of decreased height with increased
frontal area was observed. The gas-side pressure drop
follows this decrease in height. The WHRU volume showed a
significant increase for increased frontal area for all
designs produced. This result is consistent with the model
formulation. That is, as the frontal area is increased
and the tube length is held constant the area for fluid flow
is increased with a consequent decrease in Reynolds number
and inside heat transfer coefficient. The same result is
seen in the outside heat transfer coefficient. As the
frontal area is increased, the minimum flow area for the
gas is increased, causing a drop in the gas side Reynolds

number and heat transfer coefficient.

D. OFF-DESIGN RESULTS

The off-design results were produced using the same
computer simulation program used to produce the design set.
The method used for off-design runs was described in Section
F of the model description. As the computer program is
presently designed, the designer must manually adjust the
inputs to produce an off-design run. The procedure is

reviewed briefly below.

—
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First, the designer selects a WHRU design to be inves-
tigated at off-design conditions. Once this design has
been selected, the pressure, frontal dimensions, height and
scale of the WHRU are fixed. The designer then enters the
gas flow rate and gas inlet temperature corresponding to
the off-design point to be investigated. A design is pro-
duced with these gas conditions and the physical charac-
teristics of the WHRU design under consideration. The
designer then checks the number of passes (height) for the
resulting design. If the number of passes does not match
that of the selected design, the WHRU gas outlet temperature
and/or superheater steam outlet temperature are adjusted
to increase or decrezse the number of passes until a match
is achieved. Once the physical characteristics of the off-
design point WHRU match those of the design-point WHRU, the
gas inlet temperature is matched with the initial conditions,
and the performance of the selected WHRU design is established
for the off-design point under consideration.

In order to test the feasibility of the procedure described
above and to demonstrate the off-design performance of a
wide variety of WHRU designs, ten WHRU designs were selected
for off-design runs. These designs are listed in Table XVI.
None of the full-scale designs was considered because the
heights of the designs produced at that scale were, for the
most part, either too large or borderline according to the

space limitation described in Figure 9.
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The results of these off-design runs are given in

Table XVII. The summary output pages for each of these

off-design runs along with the design-point runs are pro-

vided in Appendix D. In terms of specific fuel consumption,

the performance difference between the design sets con-

sidered was not large. The performance range for fuel

consumption is even less significant. Table XV demonstrates

the performance range for the designs considered.

Power
high
medium

low

WHRU Off-Design Performance Ranges

fuel consump- approx. fuel consump-
SeEac, tion (lbm/hr) tion difference (gal/hr)
.329 - .340 6992.8 - 7019.3 3.9
.391 - .403 4429.2 - 4439.7 L5
«615 = .658 1764.6 - 1767.5 0.4
Table XV

Since the fuel consumption comparison showed very little

difference between the ten designs considered and since all

designs considered satisfied the dimensional constraints

of figures 7, 8, and 9, only two designs were selected for

additional off-design runs.

For these additional off-design runs, a pressure of

600 psia was selected. This pressure did not produce the

smallest designs but it is a steam pressure with which the

Navy has some experience in terms of materials requirements,

maintenance, and operation. A scale of 0.75 was sealected
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B4
WHRU DESIGNS CONSIDERED

P Design Design

1 Run # Pressure Scale Front Power Height

i

7 5 800 .75 12x12 med 2.9

” 14 600 .75 12x12 med 3.2

4 16 600 .50 12x12 high 2.0
22 400 .75 12x12 high 2.9
24 400 .75 12x12 low 2.4
35 800 .50 12x15 med 1.5
40 600 .15 12x15 high 3.4
41 600 .75 12x15 med 2.9
53 400 .50 12x15 med 1.5

TABLE XVI
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which yields a tube outside diameter of 1.5 inches and a

fin spacing of about 8 fins/inch. The rationale for this

selection was that a scale of 0.50 with 1.0 inch OD tubes

and a fin spacing of 12 fins/inch would probably be too

susceptible to both inside and outside fouling. In order §
to achieve the closest possible comparison, the design-point %
for both designs selected was for the gas conditions corres- :
ponding to the medium (8526 BHP) gas turbine input horse- ;
power. Both frontal areas were used for these detailed |
off-design runs. Table XVIII summarizes the characteristics %

of the two designs selected.

Final Design Characteristics

design GT input
run # design point scale front pressure height
14 8526 0.75 12 x 12 600 3w
41 8526 0.75 12 %15 600 2.9

Table XVIII

Table XIX summarizes the performance results for the
COGAS system with the 12' x 12' front WHRU and Table XX
gives the results for the system with the 12' x 15' front
WHRU. 1In both cases, the performance characteristics of
the gas turbine alone, at the COGAS system horsepower, are
provided for comparison. The summary output pages for each

of these runs are provided in Appendix E.
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The specific fuel consumption curves vs. brake horse-
power for the 12' x 12' front and the 12' x 15' front are
plotted in figures 26 and 27 respectively. The difference

in s.f.c. performance between the two WHRY designs con-

sidered was not significant. Geometric considerations were
therefore used in selecting the better of- these two designs.
A geometric comparison of the two WHRU designs is given in

Table XXI.

Geometric Comparison of the Final Two Designs

Frontal Total Out-
Front Area Height Volume side Area
k2" 215" 181.9 2.9 528.96 49586.4
12" £12° 144.8 352 464.64 42776.5 i
Table XXI _,
It was concluded that, since both designs met the height 1
constraint of figure 9, the 12' x 12' front was the

better choice because of the significantly lower volume and

total outside area requirements.

After the selection of the 12' x 12' front WHRU as the
final design, estimates were made of the possible COGAS fuel
savings for a DD-963-type destroyer over 1000 hours of ‘
operation. The NAVSEC Standard Destroyer Profile (Fig. 28)

was used to determine the number of hours a destroyer-type

ship spends at each speed during 1000 hours operation.
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Figure 29 was used to obtain the shaft horsepower require-
ments for each speed. Finally, figure 30 was used to obtain
the s.f.c. of the gas turbine operating alone.

Two estimates of fuel savings were made. The first
estimate assumed that the COGAS system would be operated for
speeds of 5 to 20 knots and would be secured outside that

range. The second estimate employed the COGAS system for

speeds of 5 to 23 knots. For the latter operating range,

the criterion for the high COGAS speed was an imposed maxi-

mum gas turbine horsepower input of 20000 BHP. Both fuel !

G 2 i

savings estimates are based on the following assumptions

E and simplifications:

1. The COGAS mode of operation implies the use of one
engine (COGAS mode) on one shaft with the other shaft
dragging.

2. The gas turbine is assumed to operate at idle (1000 BHP)

at speeds below 8 knots.

3. Maneuvering combinations, when two main engines would

normally be on the line, are not considered.

4. In the speed range of 21 to 27 knots, in the pure gas

turbine mode, one engine per shaft is used, with two shafts

on the line.

5. From 28 to 32 knots four gas turbines are on the line.
Table XXII provides the estimates of s.f.c. and fuel

consumption for COGAS between 5 and 20 knots and for pure

gas turbine for all speeds. The total estimated fuel savings
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X
: COGAS PERFORMANCE: 5 to 20 KNOT RANGE
| COGAS GT COGAS GT
Speed Hours BHP S«E.Cs T FuCe CONS CONS
1 10 17510
i 2 12.1 21187
b 3 12.1 21187
4 12.3 GT P TS FE. IS, 21187
IDLE .800 1.751
5 12.1 at 9680 21187
1000
6 12.% 9680 21187
7 12.1 9680 21187
8 12.3 9680 21187
E 9 12.1 1684 .750 1.100 15282 22414
10 12.1 1895 .705 1.070 16165 24534
11 63 2105 .680 1.000 90178 132615
12 67 3158 .618 .820 130760 173500
13 70 4316 .560 .700 169187 211484
14 71 5579 8-l .610 202808 241626
15 68 7368 .460 .550 230471 275563
; 16 61 8947 .426 .515 232497 281070
; 17 66 10421 .400 .489 275114 336327
: 18 72 12316 .380 .460 339666 407906
; 19 7 14210 .365 .440 399372 481435
20 89 16526 .350 .433 514785 636862
]
TABLE XXII
i Page 1
i
E 126




COGAS GT COGAS GT

Speed Hours BHP s.f£.e. s.f.c. CONS CONS
21 75 17368 «519 676049
22 43 20000 .495 425700
23 15 22105 .482 159819
24 13 25263 .463 152058
25 7 28684 .448 : 89953
26 5 32631 .435 70972
27 4 37895 .418 63360
28 3 44210 .482 62928
29 3 51580 .460 71180
30 a 58947 .444 78517
31 3 69474 .427 88996
32 3 78947 .415 98289
4774897 5429976
12.1% savings

over 1000 hrs operation

655088 lbm savings

or 96336 gal. dist. fuel
TABLE XXII
Page 2
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over 1000 hours of operation was 12% which is roughly
equivalent to 96000 gallons of distillate fuel.

The estimates of s.f.c. and fuel consumption for pure
gas turbine and for COGAS for the 5 to 23 knot speed range
are given in Table XXIII. The total estimated 1000-hour
fuel savings for this COGAS operating range was 19% which
translates to approximately 152000 gallons of distillate

fuel.

E. CONCLUSIONS

The waste heat recovery unit model and the accompanying
simple COGAS system output model provide the basic frame-
work for additional studies of the application of the COGAS
system to U. S. Navy gas turbine powered ships. The model,
as presently formulated, provides a reasonable estimate of
WHRU size required for the fin-tube configuration considered.

Estimates of the COGAS system performance in the 5 to
20 knot range and the 5 to 23 knot range are encouraging.
Even considering the assumptions involved in making the
fuel savings estimates, it is likely that a COGAS version
of a DD-963-type ship would consume on the order of 300000
to 450000 gallons less fuel in one year of operation than
the current DD-963 class ships.

The most probable COGAS system would be one which would
be designed to operate in non-maneuvering situations for
either speed range considered above. That is, a system which

would be employed for maximum fuel savings in the cruise mode.
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Speed Hours
(kts)
E, 1 10
2 2 12.1
3 12.1
4 131
5 12.1
6 17.1
; 7 12.3
% 8 12.1
? S 12.1
; 10 2.2
§ 11 63
@ 12 67
f 13 70
é 14 71
; 15 68
16 61
, 17 66
T 18 72
19 77
{ 20 89
3

COGAS PERFORMANCE:

5 t0 23 KNOT RANGE

COGAS GT CCGAS GT
BHP S.ENCa s.f.c. CONS CONS
(1bm/ (1bm/ (1bm) (lbm)
hp-hr) hp-hr)
17510
21187
21187
GT IDLE EST. AVG. EST. AVG.
at .800 1.751 43588
1909 9680 21127
9680 21187
9680 21127
9680 21187
1624 .750 1.100 15282 22414
1395 .705 1.370 16165 24534
2105 .680 1.000 90178 132615
3158 .618 .820 1307690 173500
4316 .560 .700 169187 211484
5579 .512 .610 202308 241526
7368 .460 .550 230471 275563
8947 .426 915 232497 281070
10421 .400 .489 275114 336327
12316 .380 .460 339666 407906
14210 . 365 .440 399372 481435
16526 .350 .433 514785 636862
TABLE XXIII
Page 1
129




G e

B i, 2

SEeed

21

22
23
24
25
26
27
28
29
30
3l
32

Hours

75
43
15
13

7
5
4
3
3
3
3

3

COGAS GT COGAS GT

BHP s.f.c. s.f.C. CONS CONS
18421 .340 .519 469735 676049
20842 «335 .495 300229 425700
23368 .324 .482 113568 159819
252263 .463 152058
28684 .448 89953
32631 .435 70972
37895 .418 63360
44210 .482 63928
51580 .460 71180
58947 .444 78517
69474 .427 88996
78947 .415 98289
Totals: 4396861 5429976

19.0% savings
fuel saved in 1000 hrs operation
1033115 1lbm
or 151928 ga. dist. fuel
TABLE XXIII

Page 2
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During maneuvering and high speed operations the gas

turbines would be operated alone with the waste heat
recovery unit dry. Because of the relatively low gas

turbine exhaust temperatures involved, it is not expected

that damage would occur in the WHRU when operated dry.




IV. RECOMMENDATIONS FOR FURTHER RESEARCH

A. WHRU DESIGN MODEL IMPROVEMENT AND EXPANSION

The type of control imposed on the WHRU design model of
this thesis was essentially the adjustment of the steam flow
rate to maintain a superheater steam outlet temperature of
650 F at the pressure specified. This steam flow rate
control was further extended to accommodate the maintenance
of a minimum pinch point AT of 25 F. Further investigation
of WHRU design should include the effects of allowing the
superheater outlet steam temperature and/or pressure to
"float" with changing gas turbine exhaust conditions. The
combination of controls on the superheater outlet pressure,
temperature, and flow rate could lead to improved WHRU output
while still maintaining an acceptable minimum pinch peoint
temperature difference.

In order to increase the precision of the model and lead
to increased knowledge of the gas temperature distribution
in the WHRU, the present model could be modified for a "fine
mesh" approach. That is, instead of solving one pass at a
time, each pass could be divided into a number of segments.
The solution could then proceed using either the finite
difference or finite element method.

Other possible model improvements are as follows:

1. Include the calculation of fluid/steam-side pressure

drop.




o

2. Additional fin-tube configurations should be considered
for possible improvement of the heat transfer characteristics
and the weight and space requirements of the WHRU.

3. Consideration of inside and outside heat transfer sur-
face fouling should be given when investigating possible
fin-tube configurations.

4. Working fluids other than water should be investigated
for possible enhanced thermodynamic characteristics at a

minimum cost in system maintainability.

B. COGAS MODEL IMPROVEMENTS

After the waste heat recovery unit, the steam turbine
and condenser should have the highest priority for modeling.
Both of these units were modeled as "black boxes" in this
model. The modeling or performance mapping of "state of the
art" steam turbines for application in the COGAS model would
allow the designer to further refine the estimate of system
performance for various WHRU outputs of steam temperature,
pressure, and flow rate. The inclusion of a steam turbine
model would also allow the designer to make size and weight
estimates for that component. The same benefits would be
derived from the inclusion of a condenser model in the COGAS
system. As the condenser pressure is reduced, the system
performance should improve. The improvement must, however,

be weighed against the increased condenser size necessary

at the reduced pressure for constant steam and cooling water




conditions. A condenser model would allow the designer
to make these comparisons.

In the model of this thesis, pumping power for the
condensate and feedwater was assumed to be negligible. 1In
the case of the condensate pump, this is probably not a bad
assumption since it is likely that electric pumps could be
used, and the cost to the ship's electrical output would
not be large. The feedwater pump, however, would probably
be steam turbine driven at some cost to the COGAS system
output. The required feed pump pumping power for various
loads should be mapped and included in the model.

Finally, the likely engineroom machinery layout for the
COGAS system should ke described in enough detail that the
lengths of piping runs, number of turns, and location of
valves could be estimated. The inclusion of this feature
in the model would allow the designer to address pressure
drop and heat losses between components. This feature would
also contribute to tbe COGAS system weight and space predic-

tion.

C. SYSTEM OPTIMIZATION

Since the COGAS system is operated with a relatively
small heat source, optimization should be attempted in the
design of the system. The technique of non-linear programming
could be applied to a COGAS system optimization where an
important system output parameter, say specific fuel con-

sumption, is expressed as a function of the system design

134




variables such as component weight, component dimensions,
and gas turbine backpressure. This function is called the
objective function, and it is maximized or minimized subject
to constraints which are also expressed as functions of the
design variables. These constraint functions may be either
linear or non-linear and express some parameter limit not

to be exceeded, such as WHRU or condenser total volume.

For a system of the complexity of the COGAS system a
"local" optimization appro would probably have to be
adopted. That is, each of cwne major sub-models (WHRU,
steam turbine, and condenser) could be optimized using local
constraints. Then the entire system could be optimized using
linking variables, such as enthalpy, flow rates, and tempera-
tures between components. The process would be repeated
as many times as necessary to achieve the final system
optimization. One available computer-based system using
the technique of non-linear programming is the COPES/CONMIN

program [Ref. 14].
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APPENDIX A
MAIN PROGRAM LISTING
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OUT (FIRST PASS)

TFO-((FT F4—HFOL)/(HTF4-HSV))*(TFO-TFI)

ESTIMATE FLUID TEMP,

T FOl

out

CALL TEMP(PF,TFO1,HTEST,HFO1)

FIND ACTUAL FLUID TEMP.

FLUID PRCPERTIES FOR SUPERHEAT INC SECTION

-~
-
L]
n
u
-
-
]
-
)
v
<
a
[
v -
o (%)
— =)
w =2
Y -
%]
~ -~ n
D = wv
o v -
O wn
- s =
Cans=> O
OULI\ND -
Wy, o
Pt U

Come U, “p=V)
e v’ S iin =
LB N-W V.4
CortQuidmmeQ. N
Q we VNN
Wl QO U =t
s b P - )
AW~ " -t
Ch=x l Jd=dwn
ot (Y O AN d d
e ClawalD
NEULFEOO>

N~
Lom

0
~-HOOOMUOO VOO F~if-




v

————

[elolol=lolel=lolélclolelololelololelol®lololalalolelololololélololelalelelololololelelodelol ol =)
MNENO+DPO AN TNV~ OO FNONVAO~NOTNOOCNO=NMENON~OOO
POOTROTOOQOOO OO DO ™ sl vt =4 gy ot g g = et A N NN N AN NN O TN A NN T
Pt g g 7 ot vt vt O\ LN A O N NION N A NN NN A N NN N N N A N NN N N N N S NN N NN NN
[lolel=lolololel=lolelelolalSl fololollelolelololS e lolalolelalalolololale [Slofolelololelal o)
acddgodagboocataaocacaatnacacancaacatantaanatbanccatcocaanaacagoaan
2D DD DD D DD DID DD IO DIIDDIID DD DI IDIDDIDIDIDIDIDIDIDD
NN VNN NN NNVIN U NVINW NV NN NNV NN NN NNNNVDNV NNV NNNNVNVNW

OV

o—
—
-
*
Qo
'—
<
L ¢
T
z —
- (&) ™
L 2 - .
° I* &+
* Lo o Ue
- *+ (-8 N -
< ) * ° -
w w . w "
- - [~ 4 - N 'S e
- a < - - o
LI ] -~ w - - -
U 3 — - " L
— w @ —_ Q (4 o (&)
Q - W @ -y Q o = w
4] - 0O . U - (%] v
3* n * w o ~ -4
=4 w #* w o w T e -
(7] x X O Q - (7] ~ =
[ w QOu - D << L ¢ -~ w o =
> (7, I TR 7T} ~N 3#* a - - o =
¥* NV NN =~ ¢ & v > XX Z ¢« E QO
- AdA Z e 0w o - da (7] W w3
(2] O 9 w w g~ (7] TT 3* w - v
- x -~ - —— x v (STH] (8] w U
O b= = - Z + O - N - Z - v 7 TS
wL> wWn NO - < L =i W =t ~ WL a w
Le~OWa F ~Nopg= < —_N\OO- = ZZ T amSULND O -
W NS < Neinnly = m'eIg wi —_— ON_ smwd ~
@ N w w v p = > LVNEIT N\NZ=~ax a = T
T il T OQUOO=™ = NestJ=e m QU WV ) | =La 4 W
D VOO - #h-O & <« HQ o = O~ | =)0 -« =2 O
2 «HAf P Y i O W o e (5 bR IO Ne &
Q=O~O0 A VErCNO T -wa ONO W VOZXz i # #IWONO W
N SULO se o OO we GO e L QA ~gO—# D= | O e =
C #D V= U 5N Vo «& ONG Vw UL QLOITODOrFAa ¢ O g =
- Uesw oy w Qe d N N W | 1M T2 X~ J
o ?u&uq o I bua « O—=~aowd el ~llo>dwnew<s O =
Z N~"OFE m )0 & QN=0OETE o ZXEXFI O | >0 O -
> il e D U™ W N[0t ) e Tt O ) Lt ) e
W LW o Chb.agC 2 RO0YWLogl I3 237 1 Z22900LULa0 a O
@ Qae™IEL L AI=IUL O QI +=mI o QLLLVAVCLAOW=IWL O =
>
o
o © =) o ot (o ] N re
(S 1 L) ~OOWT NGO~ NCLOT NOL VYT

162




T

—

(elelolelololilelololololololalelalllololololololole(ololelololelololololelolalolololalelolelole)
- FNONO~OOCmAMNTNONDOO=ANMNOTN OO N FNONSDOO a1 OO0
W T T DN N D NN 1A NN O 0 00 Y0 N0 O QWU N N PN P N e GO 00 0090 0 0 0 0 R
AN AY N IO g N AN O O AT N g N AT N NN A N N AN g NN AT NN N A A N A N N oy N
(elelololololelololelolelelolslololololololololvlololelolelololelolololololololelolelololo ol o) =)
aasdcalaacagaaadoscoanananogatoogotoataacotnonstaancanoonca
= o o 0 oo o (o o 0 500 o 9 o oy 0 Mo s 0 b 0 i 20 [ e 5 i e o i 2 i P i o [0 oz 020 i v 2 b 1 o oy P2
VDOV NNNNNNNV NN N NNNVINNNG NN NDNNVNN NN NN DNNGNNDNVNNW

= -—
-] —
b4 P
v *
(T Q
- =
- Z
] <
o n ¥
g < (7] - z
X << - 3 ()
*  #* a- -~ ¢ -
" o 3 *
~ ~ b - o #* —
. (] ~ < e N (-8
" |} w w - U *
<< — - o = .
U U - (8] " a Z N
[s 4T 459 w — V) - W
a o« w B 3 -\
[ ) —— (TR - T -~ O -
< o}~ 0= w w (&) a o - O
xO<go<g o - L) ° w o
* ey ‘e o (&) (7] #* - 3% (T
=+ = | f— o ~ v # w O
[ L 14, P < [ 4 (-4 ) xoa a8 Q
[= BT — w - — Ol -~ O o
Qavaw Ww - > W <
OV L b e e~ . V) = = * -~ ¢ o 3
bodend Bendl =] Q Z N NV »n N XN- © w o
OxXO=~Q= X < WV et » (7] WU U L e
- TR G] w X W Q>==n - [ 8L 4 . V) g~
~QOOWO =~ (%} S = = Qe O Nttt @ Z wn
OLZE=Z = | it w ~N » «OWI u> WLaNOnN) « +T
- e € ~O00wn @ N DO OUD S Lw=Wl NN N @ aNm
Qs =~ U o tmiter et (%} -~ g GLMNUL=I~D <\ozwm~zu - O
WOt o ¢ o o (4] < C W ) ehu - 4- 9] T
e QO OO V=L a v I L TP T "—WN--O‘- CQme ™= T LW
Q™= ® g ¢ 0 o) o - WL~LAoN *OVQOFO " -Q « « N
QO Opp = ~o = —e W ROl it e NeTe W P
p Nt b= ol _J_ODOOYONo 2Z e O s N=ONANOAOQONCVHENO I a0
L@tk ¢ 4 ¢ 9 0D &= O W =OC = VNNV SULO »e mm == -0
~NLOD S J L= = =D Vo = 2 OFW UV OO ™N=ED awdDaOw | wda
Qil~<Tu. 'tbu_u..u.u.* = P [« B P!—U>>m | dew e J NN
u<uu~a~~~~—uﬁw<mo W D= o I NQilgwa) wwt a oo
QR QAOQQVO0NYE o= WV Nil=| = -IN-J.JN..JU) NNOFZNI =T & =0
U-LLH-& o s P || = ) @ Om@ O JUNAd NS IONY LU N W || I
g oy L e el bl CIO & Q0O | USC™RR Ol IOX UL > Owl
COOQP "t g et Tt Bl O N = U OFOUOUDOUDDOX™IULOLIIU O T+
x

O

N QLO™M

(18 L)

163

N
NO NOLWOLO

OSPRASSRSNSS SN

s A M

Lo i

o

ST
Ko iabie

S




[=lnleleldelololololololalelalolololelolololololololelololallolololalololololelolelolo[olals (o]
, QO=HAIMTINONDCO~ANMTNONOPO NSO QPO i ANAOTOONVRO~NM FNO
k OPPRVRCNPPTOOOOO OO OO O ™ = 1t i ot ol ot st N AN O N N Ay NI N MM M My (N
: ANNNAIN N AN AN N MO MO E O @O MO MO E O M OM O 0 MO 6O EOMME OO MEOEO @O oMo
L [elslelalslelolslalelololololololelalalolololololololelolalalMelolelololololelelollol ol 1]} 4
3 c.cadoacnacacafdcaaandaglantaacatcacastataaaancoadaaaaan
b 209 Lo o o o oo 0 B T s oy Vom0 o oy Y s ¥ s i 3 i o D00 a5 o 2 Koy Yoo i Yo 5 (i os Y s oy Yo (o Yo o oy s s T Vo 3
NNV NI N NN NN NN NV NN VN NN NNN NN N NNV VN NNNNND NNN N NIV

prowew

i

-
»
<
w) -
W O
v )
L4 zZ
P-4 -y
a b 3
()
w *
o T ©
(T n
o4 w
w - o
~
-~ 2 s il
m 2D N D ) =
Ll Q (&) o o
N -(d w (V9
b O -~ O - b > =
- U a | 3 vy [ J - -
- W e ZX -0 — |t [ and
- -~ n 2w g - o . V- 7]
~N 2 ¢ W w #T O Tt ~N woN w ™
9 ) L > VO Q= ~SWO c - O - ©
) % U = x| w o oo o Iz o T
w un 5 W - Qe ol @ - - - &
- n ~ a O -~ O -0 =0 CxX9 1 v V-
- W =z ~ Ln W N © TR (e Lot ") T n <
cn =2 — memtU e ~OWn e (Dt = Qe - W - w Q
IO w FN_ ccdowd UL O o# 0 Z SZu —le = el = D
L > NZ~0 a W ¥ O [ <= VO &« VO =
~e e WL W) | wlSeme o [ Bl LIRS ] L N e P WL -~
Qe = VOXA |I#=~aAlFQ*> & U D ZI N o= = o~ —-= A —wa a O
%o B RESsetaNets D S.Ss . P¥SSS VY -3 s
o w a*#a O = WQU™ - NO= s [~ + o O
X L OORRDS o e 2 138%°Tws SBLVEPBLob0 vigaeSra mtEnn
O UL AaSN0ODkFA * Ow W ¢ azllF~dl e DOWWW L0 WaCcCuLWn »
b W QUL T Z X ol L i W Uz * 0 ¢ | Tl il =
w< »n—u5<wnam< ¥ QA0 NVAwwWaO=OAaaWOTIl OOI N Ow
= vV ZXIODLV | =QOE W jO0ON VI il || =S =gt || O I ) b= | VI Y d
HE N IO ) ] et O Owe b || N wwoe L WUT ) (T -
W € X2 )IZ2Z2CAASULa0 D XelLOwOOWLVYEXOWOWUWLUO W Jll QU _ el <Wu
Eh a4 OVOANAOWmTIU, ) G CW =l DU =~ O™ g™ WG T W (OO = =) (O
(=) (- n
®n 9 ) - > on ® ) =]
NOCOW NCOOY N W 0 ") ®




elelalolSlolalslololololalolslelolslalalSlololalolalolelelolsldlololololélelalalolalelolelalss)
OPO~ANMATN OO OmNOTNONFORO=NMFNO=DCO=AMFINOPONO~amn T
MMM F T FF TP INNNIN O S A N N N0 O O N0 0 0 0 OO O == ™ e ™= e o N0 @O CC 0 R
MO OMMEAMO A EOOMOEOOMEAEOOOOMEOMEOEEOEOOO@ OO OE@OOOaOOaOaam
lelelololelololelololelelelolelalololelslelalalalolalolel=lolol=llolololelololololololelelel (=]
caataanbactaoacagacadacancacacladaatanctanoacasc0goontaoaa
DIODIDDDID DT DIDI2DDIDDDIDDIODDIODDODIDDDIDDDIDIIDDIDODIONIDD
NNGNDNNNN NN GDNDNNDNNNNNVNNNNNNNVVDNDVNDANVINVNNONNNNNNG

p_& -
‘ -
= - -4
(B} s w
1 0 -
z O 3
et (VS
F - - -
(8] @ - -4
* U 1] w
(V99 - - b (5%
T ) ~N ~ =
w O ° (V2] w
- (4] N~ -
- ~ [ i 'S - Q
(& ] - - - (w] 'Y -
| ~N - +*+ - - 9
= o o _— 1] N - w > 4
= -~ L - ) L | -~ Q
- (8] X c [-% - O - -y
a #* - | * - =4 = o - " -4
w*O Z§ - - w 0 [} . < Q
WwOu. * - V- * [ " a L
we - #3ZT N U e gt S o W = (%}
| <4+ VL C —Cv» T = - v o w a v
¥ vy xi O I ~ - I > <
3 —— - <=~ - Ll o~ < o << i o
-~ -C | wiwv LVt 3 L] Ve F-
~ ey, SN » 2 Lad NN= O oy N ) et -
wil T o e . SSk2IR% <
) ) - U0 _— O - ] - - <t
wad ~_Z OO e VO* = a0 =0 Z2 T © o
[ W T e W TOCU=e Sptam — N m~e ~e
U J zt —— O~ el O o=y = o O O an(N = Q-
U 3 = O #Q wy= QA+~ Ma «sO0QF We e O Qe
Wi O O 00 O Z=ONOM—d —_NONQ N o YO

| O L il iV VA ~NTT OO Cqd™m | D ae (5 | V) o OO ea o * ae Vpml™ oy
-«mm*mrlgwhuo WWwaaimam O=t=y, O ol mo¢o-o-oo~¢~*3@- 1 1

~ L, - mI<Wu*mth'~ A tQemewt =0Ty D L ST, 1- S = : ]
— | OO NW=NOT Il QAQq # i QWL = etpe O u.l<u<.uu.<.—p_mou-l< |
3 "W m-lf-'-tﬂ- "= “W..l'-w" ey NOp=gr= IO MOF—F-VN—I)—ID—O—I IR 2T = }
E QUTP N ) el ™t || DT otew et O D DO ot O, U U e () Bt QL g O rg ot O T o L =

AUl NLOO Yl Yl | WO UL UO=mL YA UL QalaaOuw 1t CeO
CUIP et O Z W =G T Ot L = = o e et B O Q) rt b e QO = T, B DU - X O WU,

=} e O
E ~u® ~Oo® o
" A oPoNn N

292
600

"\
@

500

. 165




|
|
|

[elelolelololdlelolalololelalolololelolal=lol =]
NOSOPO=ANNTINONDRO i NN GO
DVOOVRPVNOOPPPPRTOOVOCOO0
MEOMOMOMAOOOMOOOMOT FTE T3
[elelololololeolelalelololololslelolelololelo o)
aacataagtaoaacaagasaaaagacagcaagaan
DODDOODIDISIOIDDIDDDIDDDIODIDDD2
VNN NN NN NN NN NNV NNW

- {
° |
e i
T |
- - 1
- w |
(7] (7] Q Q {

4 w -4 b Z ]
o - - = J
b> =4 v - - |
- 0 0 * * |
o (2] Juinuy 0 |
e - 3 e b |
- [ o S _n " ;

- (%] -0 (&) ]

. w -2 z i

a - O = -

a - (&) |

’ —-— Ead -

w p———~ . |

- AW ¢ OU ouv :
oldee 0O oZ [}-4 |

w O o= = bt

4 [« W o | | e (]

e w |V ol b O *) O

»oom0m40~0~¢~o~¢
Ddmeqmuu&? Lo
ON I I e | owhuos
XO™ I NaQAQ N =~ || ==
mZmamu-—uum Ol =0
2 et et g = e L, b ke et O U L. I W Z
NFEFAWAQQ™ =~ QOEFQO W

<
o
=
-
w
>4

g o 0
® VLU <+ L 4

END

0
L 2




e

(elololelololelslolelololslolslelolSlolololololalalelelololalalololelolalolalslelololelololelole)
—-NTNYrODPRO~AMNTNOSDVOO~AINMTNOND PO NMFNOMNDOOO M PN O~ D :
QOOCQOO O O ™ g 4 e ot e gud o 7=t 0y NN YN NINNAI AN N AN A YOO N M T F T i
[el~lelelealSlololblolelololololeSlolololalalalelclalalnlelalclelalalolelololslololelalalolele]
oOcOooOoOOQOOQOQOOOOOOOOQOOOOOQOQOOgOOOOOOOQOOcO
CcoOvVOoOUCCO0OoCOOCOoLOCOoCCOoULCCOOOoOoOO00UOCOCOCOCcOD O
A U AU U 1 AU WU A U g ML L) S L B U L L) L U U U A A g M UL U ) s U L L U ) g A WU A W
GOVOOVVOVVVOOVVVVVOVVOLVOVVVVVVLVVOVOVVVVVVVIVDVOVOLVY

«
o
(&)
-
o
U
L~ ¢
-
[« -
v o
- ] 1
Z )l !
v) 'S |
— 'S |
ac - |
(=] 4 |
<aZ £ |
(2 ¢ - |
Z Q- (& |
o ad 'S - z
U Zk - e 1
< > o -l
Q el w
W ad « w |
- - — @ 3
- Wi - [ |
T iy o Q -
9O oOouw W -~
WU e = (- 4 >
(7, o — <
(TS | (-4 (7] -
£ 9Z %] o
< e -4 Q [
- OW w a2
8 Qe a L U
] - -
Z Zd w) Q -
< w = "
- T - @ w =
U < e o~ - - (=} v
W e@ (= - < wv)
€ Ju [ B w ~ <
=) (TR . @ (7] a
X o« = o = () = w
QO e ¥ b+~ e 2 o @ -4
W Q=3 " -l w
LI O W [~ - 4 ~— - a
T woo e O w w Qa: (8]
o -y T La - - = o v (7
g O=#08 ~ny Zr- Z g =] g OON - =
wauo 5 uZ uw o<aZ o LSV e @ -
U 9 g - -~ o L™ o = (=] (1817, VIR W et D Z0 <«
o TWE NO & =& o, O™ ® O = e ™ QU # G- - <o W
& WOt O O em=oye =~ OFe 0N m**m8~m~hipu #e
ZV) OV miOYD® O=MDOMMUO®MO < # NUNDOWN # L g DN b ae¢e «
> e O Rt e T e DU ee W P T NN O~ & C xnN
A PFrred T Ve PO » P e w I N F T OO0 N & 8 o
= D00 O wllgl SN EHEOM ¢t @ S <«
W 000 Old ‘W degugwdalig Q | ~=OOQ ) i # MmN W 1 d =
T X o jmMOgM IO |-IQIO0O-IX A se o@D 0o oy @ AN 2
O @ROAD| > |~ XLX™'LLX™™EX = il NI P BIIDL U NE T -y ©
W JIEQmeeO~a QUWOOWOULSXO W ZWUmmITWLilUW==waZay 2 2= o
3 W;—daﬂxual LB CWL~IL YV QO -+ d2QUlLunVie= £ <o W
=
Q O ~ N ™ - o
Qe -y ® ©® ®© ™ VOLOR Lo (S8

e,

PRI RTINS F



09600039 (2°94%4="443 NIJ ¥Od °LSNGDs 'y 0y JLYWYLY  OTT
05600039 uz.m .oﬂa.o.uhwxz

. 0%6000 39 02T 0L 09 (wNS°du°vdl) 3l
mmmm%mww (S* 4% (NDL%3LBVIM)/ (3L +8VIM)%°2) )%471=INI 4 5
01600039 AIN3IDI443 NI ¥04 A¥i3IWDID J
00600039 p)
06820039 dINVEZx210%(*%/1d)=44V %6
08800039 ]
04800039 MD74 O0I1N)14 ¥03 V3uy 2
09800039 . ]
05800339 (€°24% y=SSVA/VIYV °NI+*XEZ°Ld*4=SSVd/VIYY *LNOs *40y 1LYWYLS 18
0%800039 dIV*dOoYy (28°9)3LTuM
0 €8000 39 %6 Gl 09 (WNS*J0°Vd0) 4T
02800039 (LBV+NI4V)%dLNV=dOV
01800039 o)
00800039 v3wv 301 SLNO SS7d ]
06100039 . )
08L00039 V%dd4%4 is00 %xId- 1200 x1d=18Y
01200039 3
09200039 v3yv 38Nn1 3uve 2
36402039 \ 2
0%.00J)39 NIV dINV=LNI 4V 3
0€400039 IxddIx( (24x00-2 %830 )x( *2/1d)+X
02L00339 (1%OVIM+BYL T1xd1%*2+9V IMxBY L1%°2) S8V L) =NI 3V w
01200039 ) o
00L00039 v3yv NI 4 2 -
06900039 )
08900039 dLNVE % 10%1d=d1V £6
04900039 o)
09900239 V3yv 30ISNI SSvd J
05900039 o)
24300039 (€°L3%4=1331S SVO)IVIVY MOTId “NIW+!40y) LYWYI 98
0€900239 NIWY (98°9)3 LI 4M
02900039 €6 0L 09 (WNS°*¥O°VdO)J1
01900039 gV-44v=NIAV
00900039 2
06500039 SV9 404 V3IYV MOTd °NIW o)
08500039 2
02500039 41%°2 24 1% YLNVx % 3d J+00= 1x YLNV=8Y Z6
09500039 2
06500039 v3yv IWINOY4 03%I018 )
05500039 D
0€500039 (1°94%4=v34V TWINO¥I ! 40,) LYNYDS G8
02500039 udv (98°9)3114M
01500039 26 01 09 (WNS*YO°VdO)3I

. 00600G 39 (3134 (*T-YINV)I=NS) =44V

3 06%00039 )




R e e s SR e 4 Y e s R - PP I TR 5 = AR~




=le b l=lelolalblololelolololallolollolololololalolelolololelalolallololololo{elololololalol=]
AT VOOV RO~NAOTVONDTO i NAOTNOOPO=NMENONDRO = M N OO |
QCOOOOC O OO O it 7ol ol e ™ i o = gt pod (\| AN NN NN AN N MO TN OO MO T P T |
(=l=lSlclolololélololololelolalelalolSlolololalblelolblolelelolelole]=/c]elalelolololelololola]S ) {
=lelS/elelolalelelololollo oo lalalolololelol=lolalslalolalolelolalslolelole Io]elololo oo o l=] |
e ) e e o o ) ) ) e d ) e ) ) e e ) ) S e ) e o e ) ) e d _d
Sl ol Tl el C L Ll el il el bttt ittt C .0 9
(ol oJ0o - oL oYo oTe afVa Y- ofe aTo'aYe e FUOYR e al. oY oY oFoaY - oF. oY o]- aPOYe o¥c afo'aYc afeafoelc el aY- of- afea]  afe oYc oo ol aYe o . oo oo oYY o o)

sHPGT oPT yHPTC STS yGTSFCy CASFC, SFC

(10) oSE1C)4VELO0) 4 X(1C)

ER NUT OF STEAM TURBINE=',F7.1)

-
=
- =
2 O ~ -
a Qe > (4]
~ O« - N
D = - >
O WX — -
a ~ 4] -~ >
s S (7, -~ ~ U Z
w X2 T s & V) -~ NOO
- Vg & - w - W Ixra
0V O -~ -t w OO N W &
» ey O ~ 'S INnN »n N (LIl
N e =~ > o L L | I O] et
ar~ v - - -_—e O - L
vV wlda - X 0O Nemw N = ~-T>=
qd e - Wow - N W Nt
O Wi~— - s W b~ - N P NTH o
cC EXI#0O b Z e = o I L-~Qac
O Otdmt - -] ® W = Ay tmema | NQ# a
O oV < - o Nl OV - Il=ae
o T W= [T.%.) - Z W X aNaNNN X! <0 « W
C W N LU - O o 00w-unwl | ~QX Qe =
w 2< Z L 0 = A O - ow Qi |k | Ve =
=00 oI NnoOoO N - N PajfweNwtab el e
T E emmotrund o NONOWN™ i UV W LN IN_JN=X =l ¢+ O o
g DTV s Fe-0NIN =~ oy F=~a N Z Tewo=IlnununNNwedt Lwlmwh 2D
& Om=Zomil | fOONS>NOON 1 W — (7 X] N XTIl || w=WS -
T msdm N ¢ ¢nZD Wi k= J D gl dp NN LS | =
C alaFayu <4auN|j 1=OkW il =0 «q 4 & JVNJIJULOULO NG =& N
X = edri Vel OwlQUDOTU e & 2O SNedd NN slewwyr O o
O VOV AWWXIYJ-Iac v o F VVEREOUVXIISIIXUWLAIZW O °
>
3
(S[S]S) VLV LU ~OOLO
170




L it . st ol

(elelelolelolaleololalelolelololeololelololelolnlalo e lololololololelels)
NO=AMPFNONROCO=ANMNMTNOFEOPQNMITN OO O ~NMY
TN NN NNNINY 0 OO0 0 OW O VRt e i = i e 0C 00 DO D
(elelololeololololalololololelelolel=lalsl lalolole i lololslelolololelole)
[el=lelol=lol=lololololololelolololalalololalolala D lalalole lola o le o]
- e e ) ] e e e e )l ) e el e e P o ) DS d )
99 I I VAT I CILLCCICUqLCAICICCILCqaCCI]ICD
o o aY- oY aPVaYe o Vool e o fo oY ol oF. e Vo SPaYe oY e ol eFooYe i oYe Lo ali Y- af. afsaY- oF0aY - o] ofs e el o)

'S
-
"
Ll
(7,
b d
Q
o
Q
x -
™ .
- w
™ uw
* w
("3} =
Ue L] - o~
- -
- 5 b4 ot
] uw w }
- = (&) w
wv) o)
= -y S
b (4] - w (32
. [} x Q. 0
(- <] (8] ™ - L 4
w - - - ™
- Q 4 x It
- - (VS L N Nae
" - w 0 - 3* %
w . - W —t *a
2 © [ 3 - L) G'I
— (T -3 - n L
@® (s OMe | (' L X ]
[+ 4 L4 U &M = L N
= [[] VM ¢ > - [
| o o b 2 . | " Wiy
w onwe Z o e
v = = - 0O [~ 4 "alya ]
L 4 (] O o= < fo =)
(&} a T 0 - o = -t o
o~ O (7]} N
(7' > 4 QO™ - .
- o w > ° . 2
L) - &J-Il -] %
[-% - (7] -~ -~ gZ U -4 a
(=] =, > - > > COxXaW > Ia
* [~ (7] O = =~ « NO - #* T
n a ® ROVl "o 0 -~ ne
N ~x O4 [= S OIUO=TE C X o
- Ny a FOWFOU#t N - ua -~
N QA Al ~FLNOFVEFEONSEW - &Oc
Q IO ITOr~0VikRaadLOWWLOT Iwvn ow
ox a —OOOFWVWITICW V»* = N W = O
Lm® e Q™ *(Vyit NSwl)rme o =, po e L erw
+$ L0 00 aTAPHENOINTO op=-Q = 0O » W~
N\ ne $Qe =T OUDShWDINNae gOa N Em
N Q= NOLV-OVZNDIDZ>Ne Mo *mO N e
O e (9 ee LOOWOFWYZ oo = o ¢ o Z O
QO Yl Owniu. Vg HOQAVOYOOY OVw O+
L ewp= Lo | N I} i EO e wawh Owp== - eMZ
quw<um<uunu£4u TWwaowT =~We (U T
NS Ok T Uy b=l WL itTLi~Eai~ED Qi #*D
O Dot b e E A D P DS bt ot & F e o O ZoakFa
Ao Or Wbt L4 ITxOr O =-xOWZ DLWz
I&JurzmcmwaQOOP3&;3m:m3u¢w mm;zw
Qo o (=] (=] =]
un g n (=} n
- ~ ™ ™ VOO




[=lelol=lololelol=lolelelelSlolcleololololeleleloleloclelelollolelolalelelelolelol=lolololel=]ol=)
AT OO ONNITNO OO NMPENOMNDO RO MPNONDIO~AIMT O~
ocoocooooa~~A~~_~~ﬁNNNNNNNNNNmmmmmmmmmm¢¢¢¢¢¢¢¢g
[slalolelTlelalalblolelolalSlolololelololslelelolSlolelolelSlolelolololalalelolololololalslels]
olelelelSlelelolelololelolololelolololelololalalelololololelololelalelallolelolelolel=lololeolo]
2 3¢ 3 2K 3¢ € € 3 X X K 3 3¢ I XK 3¢ XX 2 X I 3¢ 2K 3 XX 5 XX XX 3¢ XK D 3¢ 2K D X X 3¢ 3 3K 3 I 3¢ X XK XK XK ¢
DI DD DD DD ODIDDIDDIDIIDDIDDIDIDDI=DIIDIDIODIIDD
LA LC<ICICLVGUQCUCI LA LCC ALV LA LA LA LA LCILCLCgLCIa LI LD

WATER ¢ AND AIR PROPERTIES

STEAM,

LOVYLLOLVOLOVLVLLLULVLLVLLLVLLLLLLLVLVLL

MOCYNAMIC ANC

ER
A

TH
AND

INSTRUC TIONS:

BPROGRAM ARE GIVEN IN
R
W
R
S

x

WEIWe W0
ID:§0.§D$
-0 ZQ Z:
w we W
oL ® W) exyM
=N DD

RESTRICTIONS:

Qu

£0

<0 w

own I wuy
il - wT
w P

-

s
V=00
O >IEIZZXUW
xOdcdqua - 2
we WEQ Wk,

[l == 1. 4> 417

BFIuwo Tod ow
g _u<g wa2
WQUWIEWO o o
L= ¢ sl
NI INNNZO>

172

FUNCT ION TCC(T )

OF AIR

MAL CONDUC TIVITY (BTU/HR-FT1-F)

ER
RE

LVLOO

=t
-
@ o
N N
OO g ™~ )
OO i | =l
OO | | M~
- R QUuNWen
aRANON =~
(o i Lo {7 o VT N g
ZNQQO™mMA =
OmiOOmi ol o=
—_eQ 0 ™M e
WV s el N M|
ZWpunhawa
LU o o S oy,
T NP UG~
Pt e D o, W g

oO9qgI9<gq_aqD




|
|

[elel=l=lelol=l=]=l=ltlol=l=[=l=l=lelelolelelelololcltlcl=lelol=lTolelcl=lelelol ool SloT =T = ToL &}
CONANMINOTDTO~NMEFNOTONO~NNMFNONORO~=aMENO~DRO—aMT N0
T AN N DN DA 0 000 00 0O OIS e DD O VD VDO DDV POV
(Slol=Tolel=lolol=l=l=lolol= =121 l=lo =l lolololol ol ola] =Tol=lS ot = It s to = laTo (S P Yo Y= To T 5]
0000000000000 0OROCO0O0NR00P0000COOC00
2 3< 2% 5 3C < 3¢ 2 2 3 X 2 3K XK 2 3 XK 3¢ 2K 3 D 2K 3 X 3 5 3K S 2 XX 3 X XK 3¢ 2% XK X 2 3¢ XX XK 3¢ XK 3 € X X XX
DS D™D DD DD D DD DD DD D DDIDSDDDDIDDODDDIDIDDDIDDDDIDDD
A< A4<I VI LCILIVCCLGILC ALV LUK CA QA QLI L LI <L

TY ((LBM/SEC~-FT) XLOE7) OF

PRAND COMPUTES PRANDTL NUMBER OF AIR GI VEN TEMPERATURE

X
¥*
* L
- (% 1-4 ¥
- N #* oD
- =) - O < *
< - - N — -~ WUig no o
* 4] Net ~AO - L~ 4 NN -
#* o OO | it < - >w QO |~ *
- Z ~~o~%ll +* (L) Q = Sow e
* < R fnotNww O W VT O O~ =
-~ (-3 - OMO WM NMm a - W e ANO P~~~ ~
s a < N~EOmMON90 -4 > Fe- an DFNowO <
- OQO QAT « b=/ O NoQoaNY +
=4 g 2 0RO iNmiO & v Z a Z e VOO0~ O
+ QOO o= o=~ C x O NM~OQ oNed 0
(4] —y — (L= 0 O gt oM || J.,,z - OD> A MY O ol =z
uZ - NQD o | Qi)™ (4 — O™ NGO 0 %) Nme S
e O Q ZON N iyhy ~05 QQ Q Z&pnunpnity =~ypd
] &: < ¥z-—~-u—-..~m |2+ £ O w —— T e s\ | D=
g O = O =) Qe NSOV OM™ i qWZ S N FINOD~NNMPNG —NHUZ
nowZ ("% (e e (D | o XU e S QL s W L) || W
M C W Atdgq_lAgqga<qIxXa >4 OF>Aq9a<aqaal x>

"2 Vow oLw " VOO VLLC Ta) <




APPENDIX B

This appendix contains the program listings for the

E‘ subroutines called by the WHRU design program and the COGAS

model to obtain steam, water, and air properties. Refer-
ences 15 and 16 provide relationships for use in calcula-
ting the thermodynamic properties of steam and water. The
relationships of Ref. 15 for the thermodynamic properties
of steam were used in Subroutine SS of this appendix.

The remainder of the subroutines for steam, water and

air properties were obtained by fitting polynomials to the

values for those properties found in References 17 and 18.

In all cases, the polynomial coefficients were obtained

using a "canned" program for least squares regression pro-
E vided with the Hewlett-Packard System 9845 Computer installed ﬁ
in the Naval Postgraduate School Mechanical Engineering

1 Department.
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