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FOREWORD

The work described in this Annual Technical Report was performed at the
United Technologies Research Center (U`TRC) under Contract N00014-80-C-0476,
Modification P00002, entitled "Study of Flow Distribution Control Characteristics

in Marine Gas Turbine Waste-Heat Recovery Systems", for the Office of Naval
Research (ONR). This report summarizes results obtained for the Phase II (second
year) study on flow distribution control characteristics in waste-heat steam

generators which was preceded by the first-year study on diffusers. Dr. Simion C.
Kuo is the Principal Investigator for this contract program, and Dr. Ho-Tien Shu
is the major contributor to this phase of the study. The computer program used in
analyzing the steam-generator was derived from an existing Fuel Vaporization Model
originally developed by Messrs. Chiappetta and Szetela, both of UTRC.

The research contract was signed by ONR on July 23, 1980, and the Scientific
Officer is Mr. M. Keith Ellingsworth, Mechanics Division, ONR, Arlington, Virginia.
Valuable guidance and comments received from Mr. Ellingsworth are gratefully
appreciated.
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I
SUMMARY

The objective of this study was to investigate the effect of flow
distribution control on the design and performance of marine gas turbine
waste-heat steam generators. The applicable steam generator design concepts
and general design consideration were reviewed and critical problems associated

I with the design of marine waste-heat steam generators were identified. A

once-through c.ounter crossflow heat exchanger was selected as the candidate
waste-heat steam generator for recovering the waste heat from the exhaust of a
marine gas turbine. A two-dimensional heat exchanger model suitable for the
study objective was formulated and computerized. Parametric performance
analyses were made of the waste-heat steam generators for four different
tube arrangements from which the most desirable design was selected (as base-I line waste-heat steam generator) for further investigation. The effect ot flow
distribution control on the baseline waste-heat boiler performance, under both
design and off-design gas turbine operating conditions were analyzed. It was
estimated that, at design condition without flow distribution control, the
overall heat transfer rate would be approximately 16 percent less than that
obtainable based on uniform flow distribution. With appropriate flow distribu-
tion control (using one flow guice vane and one flow injection for boundary
iayer separation control), the boil.r efficiency can be expected to improve
by approximete!y 20 percent as compared with that of the uncontrolled case.
Based on the results of this analytical study, a suggested experiment program
was formulated for ONR consideration.

I This study program was conducted by the Thermal Engineering Group at UTRC
under Contract N00014-80-C-0476, Modification P00002, from the Office of Naval

" " 1Research, Mechanics Division, Arlington, Virginia.
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RESULTS AND CONCLUSIONS

The design of a gas turbine waste-heat boiler or hot-water heater depends on
the gas turbine model to which it would be mated, its end-use, and space and
economic criteria. Units designed for industrial applications have been I
custom-built to fit different configurations using mostly finned carbon steel
tubes.

For naval propulsion applications, a once-through forced-circulation steam
generator design should be selected because of stability, reliability, compact-
ness and lightweight considerations. In order to achieve maximum performance,

the gas-side pressure loss for the steam generator should be limited to 200 umm
water-gage, and the pinch-point temperature should not be less Lhan 500F.

The analytical model developed to predict the waste-heat boiler performance I
is based on the use of compact heat exchanger design criteria and the relaxation-
"approach method. The model is capable of estimating the waste-heat boiler
performance at any inlet gas flow distribution.

Results of an extensive parametric performance analysis indicate that among
the four candidate tube size arnd arrangements combinations, a circular finned
tube with the foilowing dimensions is the most effective for the baselirne
waste-heat boiler design: tube length =210 ft; outside diameter =0.774 inch;
fin diameter =1.403 inches; fins per inch -9; fin arrangement: staggered with
longitudinal pitch =1.75 inches and transverse pitch =1.557 inches.

At its design condition (corresponding to a 50-percent power output of the gas
turbine), the baseline waste-heat steam generator with a uniform gas flow
distribution is estimated to be able to generate approximately 28000 pound per
hour of superheated steam at 700*F and 300 psia. At this condition, the
calculated overall heat transfer rate would be approximately 10000 Btu/sec; the
gas-side pressure loss would be 0.55 psia; and the pinch-point temperature
would be approximately 75"F.

When the water flow rate of the baseline waste-heat steam generator is maintained
at its design value of 7.9 lb/sec, the steam temperatures with and without flow
distribution controls are estimated to be 725"F and 450*F, respectively. When
the steam temperature is maintained at its design value of 700"F, the water
flow rates with and without flow distribution control would be 8.1 lb/sec and
6.6 lb/sec, respectively.

2
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I .To provide adequate technical information so a comparison with the analytical
results can be made and to produce operational experience with a gas turbine
waste-heat steam generator in naval propulsion applications, an experimental
program should be undertaken. A suggested program consisting of nine major
tasks would require approximately sixteen months to complete and a level of
effort of approximately 3000 man-hours.

I
I
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INTRODUCTION

As a result of a system feasibility study conducted by NAVSEA in 1977
(Ref. I) the Rankine Cycle Energy Recovery (RACER) system was selected as a
candidate system for future advanced naval propulsion system. The RACER system
uses waste heat recovery from the exhaust a, the marine gas turbines to
providp additional pre-ulsion power for the U.S. Naval combatants. Since then,
the development of a reliable, efficient and compact waste heat steam generator
has become one of the most important engineering disciplines. Critical technology
areas were defined and appropriate programs were initiated to address these and
thereby to reduce the risk of system development (Refs. 2 and-3). Results of
these critical-technology programs indicate that a self-cleaning boiler is
feasible, a low-leakage system can be demonstrated, and IN625 or IN825 would be
the candidate material for constructin of the waste-heat boiler. Based on
the general design objectives outlined by the Navy and on the results of these
critical technolbgy programs, contracts for the preliminary design of the RACER
system were awarded in 1979 and those for its development, testing and evaluation
were awarded in 1981 (Ref. 4).

Although the results of system studies and critical technology programs
continue to support the use of RACER system for Naval propulsion applications,
some problems related to the general design practices remained to be solved by
the design engineers. Because each component of the RASER system must be
designed to satisfy specific system performance requirements, and particularly
those related to the waste heat steam generators, uncertainties related to
heat-transfer and pressure-loss coefficients, as well as to nonuniform flow
distributions must be eliminated. Although the degree of nonuniformity
and its effect on the waste-heat boiler performance are not completely clear,
what is apparent is that the waste heat boiler must be designed with care
because of such factors as cost, the space and weight limitations, and per-
formance and reliability requirements. Therefore, an experimental program
becomes a necessity. However, for large units like the RACER system, it would
be unpractical, if not impossible, to build a full-scale test apparatus to
conduct a comprehensive test program. Accordingly, the present analytical
study was conducted first to provide some basic understanding of the flow
distribution characteristics and the effect this flow has on marine gas turbine
waste-heat boiler performance. Based on the analytical results, a desirable
and constructive experiment program can be formulated for ONR consideration.

It is well understood that any nonuniform flow distribution will reduce
the heat transfer performance and at the same time, increase the pressure loss
in a heat transfer device to various degrees, depending on specific design and
actual operating condition. Several studies have been made in the past to
investigate the effect of flow distribution nonuniformity on the heat exchanger
perlormance (Refs. 5 to 8). Because the actual flow distribution would be
different from one design to another, these studies were made based on
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arbitrarily assumed nouniform flow profiles for the working fluids. Results of

these studies indicated that as much as 30 percent reduction in overall heat

Stransfer unit (NTU) could be ascribed to the poor flow distribution in the heat
exchanger core. Because the flow distribution profiles assumed in these
studies are quite different from that of the marine gas turbine exhaust, and
furthermore the heat exchanger core considered are often unsuitable for naval

piopulsion system applications, these study results can be used for reference
purposes only, but not suitable for direct applications. Therefore, an analytical

study of waste-heat boiler performance based on actual flow distributions
measured in a typical marine gas turbine exhaust was performed and the results
obtained are presented in this report.

'The overall analytical program has been structured into two phases. Phase

* I (Ref. 9) emphasizes the understanding of the basic flow-distribution phenomena
and its impact on two-dimensional diffuser design and performance. Results of
the Phase-I study indicate that flow distribution in marine gas turbine exhaust
was highly irregular and nonuniform, and that this flow will remain nonuniform
through a two-dimensional diffuser unless proper flow distribution control
meatt6 are usea. This nonuniform flow distribution can be made more uniform by
using a specially designed diffuser which incorporates appropriate guide vanes
and, if necessary, flow injection at critical locations. The results of

Phase-I study were then used ia this Phase-Il study which emphasizes the effect
of nonuniform flow distribution on the waste-heat boiler performance.

This report presents the technical approach and the results of an analytical
study of flow distribution control in marine gas turbine waste-heat steam
generators. The report consists of three sections and one appendix. In
Section I, the applicable steam generator design conccpts and general design

* considerations are reviewed; the design data used by many manufacturers of
waste-heat boiler are evaluated; the critical-problem areas associated with

design of marine waste heat steam generators are discussed; and a candidate

waste heat steam generator configuration was selected. Section II discusses

the analytical model formulation and presents the results of parametric

performance analysis, including those for both design and off-design operations

of candidate waste heat steam generators. Based on the results of this analytical

study, a proposed experiment program plan and schedule was prepared; this is

presented in Section III. The detailed iescriptions of the computer program

developed for the analytical model are presented in Appendix A.

4.
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I
SECTION I

SELECTION OF CANDIDATE STEAM GENERATOR CONFIGURATIONS

Gas turbine waste heat recovery systems have been designed and used

with success for generating either hot water or steam or both for various

applications (Refs. 1.1 to 1.4). In addition, results of technical and economic

feasibility studies have shown that the combined gas and steam turbine power

system is attractive for use in marine propulsion applications (Refs. 1.5 and

1.6). The use of small-scale heat exchanger units for recovering waste heat
from service gas turbine generators of U.S. DD963 ships has also been reported

in Refs. 1.7 and 1.8. Furthermore, the research and development efforts leading to

aa.i efficient, lightweight, and reliable waste heat recovery system for U.S.

Navy surface combatant propulsion application is underway (Refs. 1.9 and
1.O). Accordingly, the objective of this task was to select a candidate waste heat

steam generator configuration which could be integrated with the candidate gas
turbine and diffusers investigated in the Phase-I study. In order to achieve
this objective, the applicable steam generator design concepts and general
design considerations were reviewed; the design data, which include the system
operating conditions (flow rate, temperature, and pressure), the boiler, its

efficiency, and the tube macetial, used by manufacturer of waste-heat boiler or

hot-water heaters were evaluated; and the critical problem areas associated
with design of marine waste heat boilers were investigated. Based on this

information, a candidate waste heat steam generator configuration was selected.

I.1 Design Concepts and Considerations of Marine
Gas Turbine Waste-Heat Boilers

In the process of specifying a marine gas turbine waste heat boiler, a
designer must determine: (1) the total amount cf heat that can be recovered

economically; and (2) the type of equipment that is best suited to the available

space and the quality of the steam. Based on the results obtained, the designer

proceeds to investigate other basic design considerations the most important of
which are summarized in Table I.I. These considerations are based on general
design practices of industrial gas turbine waste heat boiler designs, or on the

general constraints and requirements of naval ship operations.

1.1.1 Design-'Point Performance Considerations

Capacity sizing: in practice, the design of marine gas turbine waste heat

boiler is conducted on one of two approaches. The first is to design the

system for a ship which would operate at full load for long periods of time
(such as commercial marine and naval auxiliary ships); the other is to design
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the system for efficient operation at cruise, but still taking into consideration
the need to operate for intermittent periods at full-power (such as the naval
combat ships). The method of integrating the waste heat steam generator with
the marine gas turbine will depend on both the ship type (maximum installed
power and duty cycle) and the gas turbine engine selected. If two gas turbines
were needed to power one propeller, it would be desirable to have the exhaust
systems of these two turbines directed through a single waste-heat boiler for
the steam turbine, thereby reducing weight of the waste-heat recovery system.
In Lnis case, the maximum heat which could be recovered will depend on the
performance characteristics of the gas turbines and their operating profiles.
The off-design performance of the steam cycle will depend on whether it is
designed for cruise- or 'ull-power operation.

Flow Parameters: Because the ratio of gas to liquid (water) flow rates in
the waste-heat boiler or hot water heater are inherently high, externally extended
(finned) tubes are more desirable than bare tubes. Many studies (Ref. 1.2, 1.7,
1.11 and 1.12) indicate that when the gas flows across the finned side of the
tubes, the heat transfer will be maximized, and therefore, the designers of
most gas turbine recovery systems have adopted this cross flow pattern. To handle
the relatively large amount of gas flow at low pressure and high temperature and
to satisfy the low-pressure-drop requirement, the flow area on the gas side must
be adequate. When external finned tubes are considered, gas-side pressure drop
through the heat recovery system may impose significant penalties on the operation
of the gas turbine. In industrial waste heat boilers, the pressure drop is
normally limited to approximately 15 inches of water (0.6 psia). Therefore, the
tube size and tube arrangement must be carefully selected. To increase the flow
area and heat transfer area, the use of a suitable diffuser to zonnect the waste
heat boiler with the gas turbine exhaust box becomes necessary. The candidate
diffuser identified during Phase-I study will serve this purpose.

Pinch Point: It is difficult to assess practical limits on the degree of heat
recovery without considering the cost of the equipment, and one of the most
important parameter in sizing the waste heat boiler is the pinch point tempera-
ture. Figure 1.1 shows the profile of the turbine exhaust gas and the water/
steam temperature for a typical unfired waste-heat steam generator. The pinch
point generally occurs where the liquid reaches its saturated state. The
selection of the pinch-point temperature not only effects the liquid-side flow
condition (flow rate and pressure), but also the boiler size. As indicated in
Ref. 1.11, waste-heat boilers with pinch-point less than 50"F are normally not
considered to be economical.

Temperature Differential: Unlike that in a conventional oil or coal
fired boiler, the temperature differential between the two working fluids in a
gas turbine waste-heat boiler is low. Accommodating this low temperature
differential requires a special design in terms of tube arrangement and material
selection. Finned tubes with high thermal conductivity can be considered as
long as the sum of the material cost and manufacturing coat do not exceed the
economic limit.

8
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I 1.1.2 Tube Design Considerations

After the flow conditions, tube material, tube size, and the tube arrangement
have been selected and defined, the waste-heat steam generator performance can
be estimated; the selection of the tube size and tube arrangement has a significant
effect on boiler performance and size. Use of small diameter tubes yields a highI heat transfer coefficient on both sides of the working fluids and results in small
boiler. The advantage can be taken of using small tubes only when working with
organic fluids or extremely high quality water so hardness or fouling problems are
eliminated. However, from a practical standpoint, the tube size selected should
be sufficiently large to accommodate a pneumatic tube reamer. This precaution is
taken so that if untreated water is used for an emergency condition, or if the
cooling water (river water or sea water) leaks into the condensate, the tubes can
be cleaned mechanically if chemical cleaning is impossible or if the tubes become

- plugged to the point where chemicals cannot be introduced. Therefore, from a prac-
tical viewpoint, tubes smaller than 3/4 inch in diameter should not be considered.

Heat exchanger tubes should be arranged in such a manner that thermal
stress concentration can be avoided; both U-shape and coil arrangements are
good candidates in this respect. However these arrangements are not generally
regarded as being compact and their accessibility for maintenance and replacement
of parts is generally poor. A modular design, similar to the evaporator of the
automobile air conditioning unit (with finned straight tubes used as the heat
transfer core and with the ends of the tubes welded to a U-shape tube joints
which are located outside of the tube sheet as shown in Fig. 11.7), may be a
better choice for marine gas turbine waste heat applications.

The baffles needed to act as tube support plates and flow guide vanes must

be located so that the maximum tube length between support plates, or between a
tube sheet and a supporting plate, does not exceed 36 inches. Holes for
tubes in baffles, baffles clearances, and tie rod standards must be designed in
accordance with the latest standards of the ASME boiler design code (Ref. 1.16).

The selection of tube material affects not only on the heat transfer
performance and the initial cost, but also the boiler reliability and its
operation. For landbased waste-heat recovery systems, carbon steel or low
alloy are commonly used. However, for naval ship propulsion system applications,
high-temperature stainless steel (such as 304 or 316) or Incoloy 800 may be
used to cope with the possible dry-running conditions.

1.1.3 Performance Degradation C siderations

In designing heat transfer equipment, the possible performance deterioration
due to flow leakage, nonuniform flow distribution, and fouling must be considered.f Leakage is one of the most exasperating problems in heat exchanger fabrication and

I-

|.9
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maintenance, for it not fnly effects the heat exchanger performance, but also
requires flow make-up and clean-up equipment. Therefore, use of all-welded
tubes may be considered to ease the leakage problem. Nonuniform flow distribu-
tion has some effects on heat exchanger performance (Refs. 1.14 and 1.15). In
Ref. 1.15 i:. is indicated that poor flow distribution through the cores of a
typical counterflow exchanger can cause degradation in excess of 30 percent in
the operating effectiveness as compared with the values predicted for the ideal
% 0- of uniform flow distribution. Therefore, applicable flow distribution
•,ntrol, wherever is necessary, must be incorporated into the design of a waste
reat boiler to avoid any unnecessary performance degradations.

Fouling has also been a problem common to all waste heat recovery equipment.
In order to design a marine waste heat boiler capable of sustaining its design
tapability over a desired period of operation with minimum maintenance and
repair, the designer must give serious consideration to the selection of
materials. The mate-ial specified must be able to offer maximum resistance to
Lorrosion, and to the fouling characteristics of the fluids being handled.

As an added design burden, consideration must be given to the varying
degrees of inclination encountered in sea service. In naval practice, all heat
transfer equipment must be designed to perform satisfactorily under conditions
of 5 degrees trim, 10 degrees pitch, 15 degrees list, and 45 degrees roll.

1.1.4 System Layout Considerations

The physical arrangement of the gas turbine exhaust relative to the
location of the heat recovery unit has considerable effect on- turbine main-
tenance as well as the cost of the overall installed recovery sy.%tem. For
industrial applications, the horizontal side-discharge gas turbine exhaust'
(Fig. 1.2) is preferred. This arrangement provides good access for turbine
maintenance, has less structural support for the waste heat recovery components,
and provides adequate space for bypass stack and/or supplementary firing. This
arrangement also offers the opportunity to use natural circulation (through
vertical tube arrangement) for reliable flow circulation and uniform heat
distribution, both of which are of particular importance if supplementary
firing were required. Because of space and weight constraints in ship propul-
sion system applications, a vectical top-discharge gas turbine exhaust (Fig.
1.3) is more desirable (Refs. 1.9, 1.10, and 1.12). The advantages of this
arrangement are primarily for saving in cost and space as well as good exhaust gas
distribution across the boiler heating surface provided that diffuser is properly
designed. Generally speaking, this arrangement does not create any special gas
turbine maintenance problems because the engine is housed in its own enclosure and
can be removed through the intake for major services. For easy installation,
maintenance and replacement, the heat exchanger tube elements are arranged hori-
zontally. However, this arrangement would require forced circulation of liquid to
satisfy such operational requirements as ease of control and dry-running. In
addition to having the characteristic of good stability and reliability, the
forced circulation design is known to be more compact and lighter in weight in
comparison with the natural circulation (vertical) design.

10
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The physical location for the auxiliary components, such as the pump, the
automatic (pneumatic) control devices, the feed water treatment system, and the
pipings must be carefully selected so that accessibility for their maintenance
and parts replacement is adequate. If the space limitation were such that an
integral waste-heat boiler system would cause problems in accessibility,
dispersed arrangement of some secondary auxiliary component must be considered.

1.1.5 Structural Rigidity Considerations

Due to the rough sea service condition, all components of the waste-

heat boiler must be provided with adequate foundation supports. Additional
allowances must be made in the desi~gn of the heat recovery equipment supports
to provide for expansion, contraction and high-impact shock. Furthermore, all

design features must conform to the ASME Boiler and Pressure Vessel Code (Ref.

1.16). The design data commonly used by manufacturers of industrial waste-heat
boiler and waste-heat economizer (hot water heater) and the critical problem
associated with marine gas turbine waste heat boiler design are discussed
in the section which follows.

1.2 Waste Heat Boiler Design Data and Critical Problems

A comprehcnsLve survey was performed to identify the state of the art of
waste beat boiler design (including the gas and liquid flow conditions, the unit
capacity, the efficiency, and the materials used) and the critical technology
problem areas. The data obtained from this survey are shown in Table 1.2, and
the critical technology problem areas are summarized in Table 1.3.

It was discovered that there are more than one hundred waste-heat-boiler/
economizer manufacturers worldwide and those shown in Table 1.2 represent only
a few of this total. The design approaches used by these firms have been
varied depending on the heat sources, amount of heat which can be recovered
"economically, the end-use of the recovered heat, and space and economic concerns.
The left column of Table 1.2 shows that most manufacturers can provide custom-
built units (shown with an affixed "*" mark) to meet a specific design require-
ment. Therefore, the design data obtained vary over a wide range. For example,
on the fourth line SA Babcock Belgium NV can provide both waste heat boiler and
waste heat economizer (hot water heater) for gas flow rates ranging from 27 to
333 cu. meter/sec, gas temperatures from 400 to 700C, and gas-side pressure
losses from 20 to 60 mm W.G. The liquid flow rate, liquid temperature, and
unit capacity would then vary according to the design requirements. The unit
capacities and heat recoverying efficiencies of these designs vary from 10 to
200 MW and 60 to 75 percent, respectively. The design data for other manufac-
turers are similar in nature, but different in level of absolute values.

Ii
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Among the design data presented, the gas-side pressure loss information is
probably the most useful to this present study. It was found that (from column
No. 4 of Table 1.2) a pressure loss between 100 to 200 mm W.G. would be a
practical value for marine gas turbine waste heat boiler design. Other informa-

tion, such as tube materials (shown on the far right column of the same table)
and the boiler design configuration (not shown in the table), offer further
insight into boiler design. For industrial applications, finned carbon steel

tubes aie the most commonly used although stainless steel tubes are also used
in some designs. The boiler configurations are mostly once-through designs.

The critical technology problem areas of waste-heat boilers are listed
in Table 1.3. These critical problem areas are generally related to material
selection, mechanical design, or operational requirements. From available
information, it appears that problems with materials are the most common and
serious of these observed in the steam generator equipment. The commonly
encountered material problems are related to corrosion damage in the boiler
tubes including those of denting, pitting, cracking, and erosion. These
problems retults from the attack of concentrated aggressive chemical impurities

on the tube materials. Laboratory tests made on samples removed-from dented
steam generator tubes indicate that denting is an acid chloride reaction (Ref.
1.17). Tube wall thinning has also been observed in the region near the tube
sheet when phosphates have been used in water treatment. Examination of tubes
removed from a once-through steam generator has also revealed that stress
corrosion cracking may result from sulfuric acid attack. In view of these
severe material problems, Navy initiated a material study program in FY79 at

DTNSRDC/Anapolis to determine the best material for une in boiler tubes. The
results of the study indicate that Incloy 800 can resist to oxygen and chloride
stress corrosion as well as that from sulfurous and sulfonic acid attack.

The cause of the problem of tube fretting and wear can be traced to
vibration. The tube vibration can be induced not only by fluid flow perpen-

dicular to the tube but also that parallel to the tubes. Because the movement
between the rubbing surfaces is oscillatory and usually small in amplitude, the
rubbing process taking place is termed "fretting". It is well known that the

fretted region is highly r'iicepttble to fatigue cracks. The immediate con-
sequence of the fatigue cracks is the leakage of working fluid and/or cooling
water. The leakage in the boiler affects system performance, increases feed-
water makeup requirements, and demands more frequent cleaning (including
deoxygenation) operations. Minimizing the flow-induced vibration is a critical

task. One common approach has been to use an all-tubular boiler with no
connections other than the water inlet and steam outlet manifolds to reduce the
leakage. However, use of flow distribution control to achieve a more uniform

flow distribution is even more essential, and in the long run may prove to be
t the most benefic~ial solution.

12
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The results of Phase-I study indicate that the flow distribution within
the exit diffuser of the gas turbine exhaust is highly nonuniform in the
absence of flow distribution controls. This nonuniform flow distribution not
only could reduce the heat transfer performance (Refs. 1.14 and 1.15), but also
could create thermal and mechanical stress concentrations, local hot spots, and
dryout problems (Ref. 1.18). Therefore, before the accurate performance can be
predicted, both analytical and experimental programs must be conducted to
investigate the actual flow distribution pattern inside the waste heat boiler

predicted.

Problems related to transient operation of the marine waste-heat boiler
must also be addressed. Because of the self-cleaning requirement, the waste-heat
boiler may have to be operated under dry condition for a period of 15 to 30
minutes at elevated temperatures, as recommended by the manufacturer. Additional-
ly, the boiler has to be operated under odd-design condition every so often to
meet the duty-cycle requirements. These transient and off-design operation andI the routine start-up and shut-down procedures will undoubtedly have profound
effect on the boiler reliability and life expectancy. However, available informa-
tion indicate that the allowable thermal distortion for the ateam turbine would

j limit the rate of load change to not more than approximately 2% per minute. Even
at this seemingly slow rate of load change, care still must be exercised to
control the boiler and its auxiliary system so that the pressure, temperature, and
water inventory distributions in the system create no severe conditions throughout
the starting period.

1.3 Selection of Candidate Steam Generator'Configuration

1 Based on the results of Tasks I.1 and 1.2 obtained in this study, and the
I need to simplify the maintenance, increase the reliability, and reduce the size

and weight of the system, a once-through cross-counterflow type boiler was
selected as the steam generator configuration for this analysis. The criteria
used in this selection are consistent with those reported in Refs. 1.9 and
1.10, and therefore, the results obtained from this study should have direct

" I relevance to, the U.S. Navy RACER Program. A sketch of the conceptual steam
* generator configuration is shown in Fig. 1.4 and a summary of its characteristics

is presented in Table 1.4.

I Since the objective of this study was to investigate the effect of gas flow
distribution control on waste-heat boiler performance, the liquid flow has been
assumed to be uniform. As shown in Fig. 1.4, the feedwater would be supplied
through a water manifold and distributed evenly among the top two rows of the
boiler tubes; the superheated steam (or hot water) would be discharged from the
bottom row tubes and then collected in a steam manifold. The gas flow would
enter the boiler from its bottom. The flow distribution and flow conditions have
been based on the results of the Phase-I study.

u In the section which follows, an analytical model of flow distribution
control formulated for the candidate steam generator is presented, and results

obtained from its analysis are discussed.
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TABLE I.1

CENERAL DESIGN CONSIDERATIONS FOR MARINE GAS
TURBINE WASTE HEAT STEAM GENERATORS

DA ~-Point Perfornance Considerations: to handle the large amount of
gas flow at low pressure and high temperature; to satisfy the gas-side low
pressure drop requirement; to cope with low temperature differential between
the two working fluids.

Tube Design Considerations: tube size, material, and arrangement.

Performance Degradation Consideration: flow leakage, nonuniform flow distri-
bution, and fouling, sea-service condition.

Economic Considerations: material, sizing, and effectiveness.

Operational Requirement Considerations: thermal load, duty cycle, dry running,
emergency operation, and control devices.

System Layout Considerations: accessibility for maintenance and repair,
reliability, space and weight limitations.

Structural Rigidity Consideration: shock and vibration, structural expansion
and contraction.

I
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I

TABLE 1.3

CRITICAL PROBLEM AREAS OF GAS TURBINE WASTE HEAT BOILERS

Material Problems: Tube denting, pitting, cracking, erosion-corrosion t
Vibration Problems: Tube fretting and wear, high-cycle fatigue, stress

corrosion

Leakage Problems: Performance degradation and feed-water makeup and

cleanup including deoxygenation

Flow Maldistiibution Problems: Effective flow distribution control,
soot formation prevention and self-cleaning
methods

Transient Behavior Problems: dry cleaning operation, and duty cycle
operation of gas turbine, regular or emergency
shut-down and start-up.

isiS~I
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I
TABLE 1.4

I CANDIDATE STEAM GENERATOR CONFIGURATION

I • Gas Flow: one-pass flowing upward without supplementary firing

I• * .Water Flow: once-through forced circulation, c.unter cross to gas stream

. Tubes and Tube Arrangement: all-welded finned tubes made of corrosion
resistant material (IN 800); placed horizontally
along the gas turbine centerline direction

. Boiler Geometry: rectangular corss-section of 10 ft by 7 ft (compatible with
the diffuser obtained from Phase-I study), height be less than
8 ft (compatible with the ship)

. Self-cleaning on the gas side and scaling prevention on the water side

Heat Recovery Capacity: betveen 12,000 to 20,000 kw

L
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I

LAYOUT OF MARINE GAS TURBINE WASTE-HEAT STEAM GENERATOR: ONCE-THROUGH,
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I
SECTION II

PERFORMANCE ANALYSIS OF FLOW DISTRIBUTION I
CONTROL ON WASTE-HEAT STEAM GENERATOR

This section describes the formulation of an analytical model and the
analysts of flow distribution control on marine gas turbine waste-heat boiler (or
steam generator) performance. The analytical model formulated is based on compact
heat exchanger design concept (Ref. 2.1) and the relaxation-approach method
(Ref. 2.2). The configuration of the candidate waste-heat boiler is a once-

V) ,through, counter crossflow heat exchanger selected in Section 1.3. The perfor-
nmance characteristics of this candidate waste-heat boiler at its design and
off-design conditions were analyzed for three different flow inlet conditions
obtained from Phase-I study (Ref. 2.3). The three flow inlet conditions are: (1)
a uniform flow distribution; (2) a nonuniform flow distribution (based on actual
flow distribution of a typical marine gas turbine exhaust) without flow distribu-
tion control; and (3) a nonuniform flow distribution with flow distribution
control.

II.1 Formulation of Analytical Model I
The analytical model used in this study is modified version of the distillate

fuel vaporization model originally developed by Chiappetta and Szetela (Ref. 2.2).
Although the basic assumptions and the method of approach for the fuel vaporization
model are adequately described in Ref. 2.2, additional assumptions as well as
working formulas pertaining to this present study are presented below to allow a
better understanding of the results of this study.

The procedure used in formulating the working model for this present study I
consists of the following five steps: (1) establishing a todal system to represent
the overall waste heat boiler; (2) compiling all heat transfer and pressure loss
working formulas and empirical constants; (3) developing a computer program for
computing the thermal and physical properties of water substance for the applicable
flow conditions; (4) establishing a numerical computation procedure for computa-
tional analysis of the waste-heat boiler; and (5) developing a computer program I
based on results obtained from steps (1) through (4) to facilitate the compu-
tational analysis of flow distribution control in marine gas turbine waste-heat
boilers. A detailed discussion of each step follows.

I

I
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1 II.1.1 Establishment of Heat Exchanger Nodal System

of As cited in Ref. 2.2, in order to use a nodal system for easy computation

of crossflow heat exchanger performance, several assumptions must be made.
Two basic assumptions made are: (1) the heat exchanger must be rectangular and of
uniform thickness; and (2) the working fluid on the shell side must be a gas
although the working fluid on the tube side can be either a gas or a liquid.
Based on these two assumptions, the overall waste heat boiler can be subdivided
into several nodes as shown in Fig. III.i. Each node represents a rectangular
parallelpiped of same length, I , but of a different width, Axi and height, Ayi.
The overall waste-heat boiler then can be described by a two-dimensional nodal

/ array in i, and j, where i-1,2,3... imax, and j=1,2,3... imax" Nodes are
connected to form several groups which represent the flow paths and flow direction.
For example, Fig. II.1 shows a 5 by 10 array. Assuming that the gaseous flow for
this 5 by 10 array is divided into five paths and is flowing upwards, then the
first gas path can be represented by (1,1), (1,2), (1,3),...(ll0), and the second
gas path can be represented by (2,1), (2,2), (2,3),...(2,10), etc. If the water
were flowing in a single path counter cross to the gas stream, then the nodal
connection for the water path can be reprjesented by (5,10), (4,10), (3,10),

.(1,10), (1,9), (2,9).. .(5,1). The flow conditions, including the mass flow
rate, the temperature, and the pressure, are specified at the inlet of each
flow path to provide a starting point for numerical computation.

It should be noted that each node is treated as e miniature heat
exchanger. Because of the nodal arrangement, the exit flow condition of each
node will automatically become the inlet flow condition of the subsequent node.

In order to preserve the mass flow rate for each gas path, a plate-fin-type
heat exchanger or a baffle plate tube supporting structure must be specified in
the construction of the flow path for the waste heat boiler if experimental and
analytical results are to be compared.

The heat transfer coefficient for the "miniature" heat exchanger is computed
based on the averaged local flow conditions. Since the number of nodes in each
path and the number of paths for each fluid are arbitrarily selected, proper
arrangement of the nodal connection can be made to simulate any two-dimensional
heat exchanger geometry.

[
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11.1.2 Heat Transfer and Pressure Loss Working Formula

The heat transfer coefficient (convective film coefficient) and the pressure
loss characteristics are functions of the surface geometry, fluid properties, and
flow conditions. It is not the objective of the present study to develop these
functional relationships, but rather to compile the existing working formulas
from the open literature and to use them for computing the heat transfer and
"pressuie loss characteristics of the waste-heat boiler being studied. The formula
and/or test data which were used in the present analytical model are summarized in
the following sections.

11.1.2.1 Gas-Side Working Formulas

The heat transfer and pressure loss characteristics for the gas-side (shell-
side) working fluid are based on the data presented in Ref. 2.1. The friction
coefficient (f) and the Stanton numter (St=h/Ci pU) were expressed in terms of
Reynolds number for various surface geometry in Chapter IX of Ref. 2.1. When
extended surfaces were considered, the fin-effect formulas presented in Chapter II
of the same reference were also used.

11.1.2.2 Liquid-Side Working Formula

Because the working fluid (water) on the liquid side may experience phase
changes from a liquid to a vapor and possibly to a superheated vapor, it was
necessary to define different formulas for heat transfer and pressure loss in each
phase. In addition, the working fluid might be in laminar flow, turbulent flow,
or supercritical flow, appropriate working formulas had to be used.

For liquid-phase flow, the heat transfer coefficient can be computed
using one of the following formulas:

laminar flow: Nu = C C2Q ) \ C (1a)

turbulent flow: Nu = Cl(Reb)C2 (Prb)C3 (lb)

supercritical flow: Nu - Cl (Rew)C2 (Prw)C3(w•)4 (Ic)

where Cl, C2, C3 and C4 are empirical constants presented in Table II.i.
The Reynolds number (Re), Prandtl number (Pr), viscosity (p) and flow density (p)

/
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are computed based on either the bulk temperature or the wall temperature as
designated by the subscripts of b or w, respectively. The pressure drop, Ap, can
be calculated using the following relationship from K.'. 2.1:

Ap = - in (Kc+l1-0 2 ) + 2 +- I f A a (IO2Ke otin (2)
Ug P out / Acf P av eP~out

I
where Kc and Ke are entrance and exit coefficients, 0 is the ratio of free-
flow area to frontal area, and Aht and Acf are the heat transfer area and coreI flow area, respectively.

For boiling-phase flow, the heat transfer coefficients were calculated
using the correlations developed by Chen (Ref. 2.4), who assumed that
the overall boiling heat transfer coefficient consists of two additive basic

mechanisms: an ordinary macro-convective mechanism and a micro-convective
mechanism associated with bubble nucleation and growth. He defined these two
convective heat transfer coefficients as:

0.023 (Ret) 0 . 8 (PrL)0.8( ) F (3a

mic K Cjg0.023
hO.5 - 0.09 AO.24  v •4•24

where F and S are called the effective two-phase Reynolds number function and
the bubble growth suppression function, respectively. Both F and S are determined
from empirical correlations of heat transfer data and the momentum-analogy analysis
and are presented in graphic form in Ref. 2.4. The terms, 0 and A in Eq. (3b) are
the vapor-liquid surface tension and latent heat of vaporization, respectively.
The difference between the wall temperature and the saturation temperatures, AT,
and Ap is the difference in vapor pressure corresponding to this AT. The subscripts
I and V refer to liquid and vapor, respectively.

If the two-phase boiling process were isothermal, the pressure loss can be
estimated using the model developed by Lockhart and Martinelli (Ref. 2.5). In
this model, the overall pressure loss consists of three additive components: a
gravitational loss (APG), a momentum loss (APM), and a frictional loss (APF),£ which are defined as:

27
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APG "(-0) Ot + 40v sin' I (4a)

P = I X21 (4b)
APM Ag__

c PL aPVI

APF 1 + Y2IN jN G yl(4c)

whlrv a and Y are defined as:

CL + 1 _ 13 3 2- (5a)j x fŽ 3/2

y Rem C_ O ) 2 (5b)

Re~n Cv pt

where m, n, Cp, CV, N are constants presented in Table II.1. The term, x, is the
steam quality, and A[i is the nodal width defined in Section II.1.1.

For the supercritical flow, the analytical and experimental results presented
in Chapters V and VI of Ref. 2.1 were used to calculate the heat transfer and the
pressure losses . In this procedure, the friction coefficient and Stanton number
were expressed in terms of the Reynolds number in graphical form, which were
tabulated as input data to the computer program which is discussed in

Appendix A.

In order to increase the flow depth to satisfy specific design re-
quirements, each flow path may be reversed alternately to form several passes.
The pressure drop associated with the turns were calculated using the

averaged dynamic head evaluated at the nodes before and after the turn.
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I

" I 11.1.3 Thermodynamic and Transport Properties of Water Substance

I f Because the original analytical model (Ref. 2.2) was developed for distillate
fuel, vaporization application, the development of a computer program which
could estimate the thermodynamic and transport properties of water at any flow
condition became an essential part of the analytical model for the present
study. In this model the thermodynamic and physical properties needed are the
temperature, pressure, specific volume, enthalpy, specific heat, viscosity, and

.1 thermal conductivity. The numerical values for the thermodynamic properties
(the first six items) can be obtained from a fundamental equation, called the
Helmholtz free energy equation, which is described in Ref. 2.6. The advantage

- of using this fundamental equation is that all thermodynamic properties can be
I obtained from its derivatives. Because differentiation, unlike integration,

produces no undetermined functions or constants, the information yield is
S I complete and unambiguous.

To calculate the thermal-conductivity and the viscosity, two well-known
relationships contained in Refs. 2.7 and 2.8 were used. These two working relation-

a ships, along with the derivatives of the Helmholtz free energy equations, were

then incorporated into computer programs for use in this program.

11.1.4 Numerical Computation Procedure

The numerical computation procedure used in this study is the sante as that
presented in Ref. 2.2. To provide a better understanding of this analytical
model, a brief discussion of its computational procedure is given as follows.

As mentioned in Section II.1.1 that each subdivision (called node) will be
treated as a miniature heat exchanger. The performance of each miniature heat
exchanger will be calculated based on the averaged temperature for each fluid
and for the walls in each node during the previous iteration (to be described
below). Since the heat transfer areas on the shell-side and tube-side for a
finned-tube bundle are not equal, the overall heat transfer coefficient is
conventionally referenced to the shell-side. The steady-state heat transfer
rate for the Kth node can be expressed as:

"QK - (U)K (A)K I[(Tg)K - (T•K)x (6)

where the subscripts g and L denote the gas and liquid sides, respectively.
The term, U, represents the overall heat transfer coefficient determined from
the film coefficient of the working fluids on both sides of the tubes and the

thermal conductivity of the tube material.
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The averaged fluid temperatures of the gas and liquid (T and

Tj) are functions of the heat transfer rate between these fluids. For
example the averaged gas temperature is

and (T 9 K =i/2 j7(Tg~inK gT 9outxj (7)
F.41

(T) u TgCpg) 1  (c (8)
g OUtK inK (19K goutT •nK V

By definition, the inlet temperature for this node is the outlet temperature of
the previous node (or the gas supply temperature if this is the initial node for
the path containing this node). Similarly, for the liquid side:

A (Tt)K = 1/2 +(Tz)in (T)out (9)
and I K

(Tt)"utK [(T ) in j/)CPI °(10
K ' (MOj K

Substituting Eqs. (7) through (10) into Eq. (6), one obtains

(T) (1+g) - T)m (+8j)] [2 + MAg-t + L)outf (11)

where 8 - (CP)in/(CP)out, and the subscript K has been omitted in Eq. (11)

to facilitate typing.

The temperature distributions in gas, liquid and the tube walls of the
waste heat boiler were calculated using a relaxation method. This method is
described as follows: The averaged temperature of each fluid and of the walls
at each node estimated during the previous iteration was used to calculate the
thermal properties and the heat transfer coefficients for each fluid. At
the completion of each iteration, the outlet temperatures at the last node in each
path on each side of the working fluid were compared with those calculated during I

3
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I the previous iteration. If all outlet temperatures were within a specified
tolerance, the iteration was then terminated. Otherwise, the new averaged
fluid !emperatures, together with the new wall temperatures, were used as bases
for the next iteration. It should be mentioned that, for the steady-state
operation, the inlet condition were used as the initial guesses of the average
temperature distribution for each path. This simple iteration algorithm was
shown to be quite stable for most cases analyzed by the authors. Typically
convergence occurs within fifteen iterations with a convergent tolerance of 5

I degree F.

11.1.5 Development of Computer Program

I In order to minimize the computer program development effort, the existing
fuel vaporization heat exchanger program was updated to satisfy the study

j objective. This modification was made with permission and assistance from
Messrs. Chiappetta and Szetela. The modification included allowance for: (1)
isothermal vaporization; (2) variable nodal size, (3) use of water as the
working fluid; and (4) inclusion of overall size and cost estimates. Descrip-
tion of this computer program, which includes the program capability and
input/out format, is given in Appendix A.

"I

I
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11.2 Design and Off-Design Flow Condition

The shell-side flow distribution and flow condition at the inlet to the
waste heat boiler are obtained from the Phase-I study (Ref. 2.3). In Figs.
11.2 and I1.3, two typical diffuser flow distributions are shown for a gas
turbine operating at 50% power with and without flow distribution control. The
flow distribution and flow conditions at the exit uf the diffuser were calculated
for eah of the several sections which extend the entire width of the flow
paths, as shown in Fig. 11.1. The resulting flow conditions are tabulated in
Figs. 11.4 and 11.5 for gas turbine operated at 100- and 50-percent power,
respectively. Three different sets of flow distribution data are presented for
each operating condition, namely, a uniform flow distribution, an actual flow
distribution without control, and an actual flow distribution with control.
For the first two data sets, the flow was divided into five paths equally
spaced while for the third data set, the flow was divided into six paths
because a pressure difference exists between the two sid2s of the flow guide
vane. The averaged flow distribution data were used as input conditions to the
parametric performance analyses which are discussed as follows.

11.3 Parametric Performance Analyses

Parametric performance analyses of the waste heat steam generator were
made using the computer program discussed in Sectior 11.1.5. The parameters,
which were varied, included: (I) the tube arrangement, (2) the effective tube
length, and (3) the water flow rate. The uniform gas flow distribution data
presented in Figs. 11.4 and 11.5 were used as a reference for comparison with
the results of the nonuniform flow cases. The range of the parameters used were
based on the following rationales.

As noted in Section 1.3, the candidate steam generator selected was a
once-through, counter crossflow design. For this design, optimal heat transfer
surface geometry and the tube arrangement still had to be determined in order
to define its most efficient performance. Four different tube design configura-
tions, depicted in Fig. 11.6, were obtained from Ref. 2.1. Each configuration

" is comprised of circular finned tubes with tube diameter equal either to 1.024
inch or to 0.774 inch. For each tube diameter, two different longitudinal and
"transverse pitches and fin geometries were considered. The effect of the tube
designs on the performance of the candidate waste-heat boiler were then inves-
tigated.

The next parameter determined was the effective tube length which
is related to the following factors: (1) ease of installation and removal in 4
the ship (i.e. maximum height of each heat transfer module should be less than
8 ft); (2) acceptable thermal gradient within each node (assumed to be equal to
or less than 25"F for numerical stability); and (3) design and manufacture of I
boiler tubes according to the ASME Boiler Codes. With those concerns in mind,

32I
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the maximum nodal width (Axi) would be approximately 24 inches, and the
maximum nodal height, (Ayi) would be approximately 4 inches. The best tube
arrangement which would meet these constraints is shown in Fig. 11.7. Based on
this tube arrangement, the maximum effective tube length was estimated to be
approximately 200 ft.

The maximum water flow was calculated from an energy balance. Ftom the

Phase-I study, it was determined that the flow rates of the gas turbine engine
exhaust were approximately 160 lb/sec and 100 lb/sec for full-load and half-
load operation, and that the corresponding temperatures were 856°F and 796°F,
respectively. If the gas exit temperature from the waste heat boiler were keptj above 300F to avoid sulfuric-acid condensation (or corrosion) problems, the
maximum amount of heat that could be recovered would be approximately 21 MW and
12 MW for engines operated at 100-percent and 50-percent power, respectively.
Assuming that the feed water enters the waste heat boiler at 115.70F (cocrespond-
ing to a condenser pressure of 3 inch Hg.) and 300 psia, and leaves the boiler
as a superheated steam, the maximum water flow rates for a gas turbine operated
at 100-percent and 50-percent power would be approximately 18 lb/sec and 11
Ib/sec, respectively. In parametric performance analyses, the water flow rates
were varied in increment of 0.5 lb/sec per step to investigate the effect of
this factor on the performance of the waste-heat boiler.

After the values of all parameters were defined, the parametric performance
analyses were conducted. The results of these analyses (which are presented in
terms of steam temperature, gas exit temperature, gas side pressure loss, and
overall heat transfer rate as function of water flow rate) for all four tube-
design configurations and for gas turbine operated at full power are shown in
Figs. 11.8 through 11.11. The water-side pressure loss is not shown because
the pumping power required for pressurizing the water has essentially no effect
on the cycle efficiency. Results shown in Figs. 11.8 through II.11 indicate
that the a-rangements of tube design indeed have a significant effect on the
performance of the waste-heat boiler. Generally speaking, Configuration 1
would perform better than Configurations 3, 2, and 4 in that order if boiler
efficiency were the only concern.

'4

Figure 11.8 shows that, for a given tube design configuration, the water

flow rate can be regulated to yield a wide range of steam temperatures desired.
However if the water flow rate were greater than 15.6 lb/sec for Configuration
No. 3 (Fig. 11.6) a wet steam would be produced. If the water flow rate were
too low, the boiler would operate below its attainable efficiency (bee Fig.
"I.11). The experience gained at UTRC from studies of waste-heat recovery
systems indicates that a 700-degree Fahrenheit steam at approximately 300 psia
woulc be a practical design for a Rankine-cycle power conversion system applica-
tion. Therefore, this steam condition was selected as reference in the final
selection of a baseline design of waste heat boiler for naval applications.

S .
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In order to examine the sulfuric-acid condensation problem on the cold
end of the waste heat boiler, the gas exit temperatures were plotted as a
function of the water flow rate for all four tube design configurations; these
data are shown in Fig. 11-9. The constant temperature lines (shown in dash-
line) were obtained from Fig. II.8. It is seen that for an effective tube
length of 200 ft, the gas exit temperature would be between 370°F and 480'F, or
w, 'i -9 ve the sulfur i corrosion formation temperature of 300*F. Another
implication of these data is that it is possible to improve the waste-heat
boiler performance by increasing the overall heat transfer area if there is no
space limitation and if the gas-side pressure loss can be tolerated.

The effects of tube design configuration and water flow rate on the

vis-side pressure loss and on the overall heat transfer rate are shown in Figs.
11.10 and 11.11, respectively. It can be seen from these figures that he
pressure loss varied between 0.7 psia and 2.0 psia for the parameter ranges
considered. These pressure loss values were used in identifying the correction
facto for gas turbine output power which will be discussed later (Section

11.5).

11.4 Off-Design Performance Analysis

In order to compare the performance characteristics of a given waste heat
boiler design at different operating conditions, the uniform flow distribution
data presented in Fig. 11.5 for gas turbines operated at 50-percent power were
also considered. The results of this parametric performance analysis were
compared with those obtained previously based on the design-point conditions.
In Figs. 11.12 through 11.15, these comparisons are shown in terms of steam
temperature, overall heat transfer rate, gas exit temperature, and gas-side
pressure loss, respectively. The solid lines are results for gas turbine
operated at 100-percent power and the dotted lines are for 50-percent power
cases. The relationships of performance to tube design configuration is
presented in detail in the following Section (11.5).

Figure 11.12 shows that if these candidate waste-heat boilers (Configurations
1 through 4) were integrated with a given gas turbine which was operated at
half-load, the water flow rate must be reduced significantly in order to
generate the same quality steam (i.e. with the same steam temperature). For
example, *f the steam temperature required is 700°F, the water flow rate
would have to be between 6.8 and 8.4 lb/sec for gas turbine operated at half
power, and between 11.0 and 14.5 lb/sec for gas turbine operated at full
power. The overall heat transfer characteristics which correspond to these

operating conditions are shown in Fig. 11.13. There, it can be seen that the
maximum heat transfer rate attainable by these candidate boilers would range
between 9600 and 11500 Btu/sec at half power and between 15400 and 19400
Btu/sec at full power of the gas turbine engine considered (LUM 2500 or similar

model).

34

I. .. ...



I
R82-955750-4

The gas exit temperature and the gas-side pressure loss characteristics
i for the waste-heat boilers are shown in Figs. 11.14 aid 11.15. It is seen that

the lowest gas temperature shown in Fig. 11.14 still exceeds 300"F, which
implies thaL the sulfuric corrosion would not occur. Figure 11.15 shows that
when these candidates waste-heat boilers were integrated with gas turbine at
50-percent power, tht gas turbine back pressure would be between 0.3 and 0.8
1.bia, indicating that those tube design configurations are technically acceptable
from the turbomachinery performance view point.

11.5 Baseline Waste Heat Boiler

The background information which was used to select a baseline design
configuration for waste-heat boiler in marine propulsion applications are
presented in Figs. 11.16 through 11.19. Figure 11.16 summarizes the performance
characteristics of four candidate tube design configurations at steam temperature
of 700"F for a gas turbine operated at 100-percent power. Similar performance
data for a gas turbine operated at 50-percent power are presented in Fig. 11.17.

Based on the heat transfer rate shown on the far right frame of
Figs. 11.16 and 11.17, Configuration No. 1 would yield better performance
than Configuration No. 3, No. 2 and No. 4 in that order. However, the gas-side
pressure losses for these boiler configurations also decreases in the same
order. Unfortunately the higher the gas-side pressure loss, the higher is the
back pressure Lo the gas turbine. and according to the correction factor for
exhaust pressure loss shown in Fig. 11.18 the greater will be the loss in
turbine power output,

It is known that a most desirable waste-heat boiler design should be one
which can provide the greatest net gain in power output when coupled with a
Rankine cycle power conversion system. In order to evaluate the net gain
in power output, the cycle efficiency of the Rankine cycle power conversion
system must be identified. From the results of a waste-heat recovery system
study conducted at UTRC (Ref. 2.9), it was determined that, for steam condition
of 700"F and 3000 psia and a condenser pressure of 3 inch Hg, the cycle efficiency
of a typical steam Rankine system is approximately 22 percent. Therefore, the
net gain in overall power system is equal to the difference between the Rankine
cycle power output and the loss in gas turbine output power due to the increased
back pressure. The results of this comparison is shown in Fig. 11.19.

The left frame of Fig. 11.19 shows the net-gain power for a gas turbine
operated at 100-percent power. It was found that Configurations No. 2 and No.
4 would provide almost equal value of net-gain power and this gain is sub-
stantially higher than that estimated for the other two configurations. In
contrast, the right frame of the same figure shows that at a 50-percent (gas
turbine) power condition, Configuration No. 3 is the most desirable selection,
Because improvement in the propulsion system efficiency at cruise conditions is
of primary concerns in naval ship operation, Configuration No. 3 was selected
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as baseline design configuration for the marine gas turbine waste-heat steam
generator application. The design conditions of the baseline waste-heat boiler
can now be defined as those which correspond to gas turbines operated at 50-percent
power, and off-design conditions are defined as those where gas turbines
operate at any power level other than the 50-percent point.

The temperature distribution inside the baseline waste heat boiler operated
at ILs design conditiut (as dexined immediately above) is shown in Fig. 11.20,
and the overall heat transfer coefficients (defined as UA in Equation 6) are
shown in Fig. 11.21. These results were obtained from performance calculations
using the miniature heat exchanger approach and the nodal system. Similar
information for off-design condition (corresponding to gas turbine 100-percent
power) are shown in Figs. 11.22 and 11.23. From the temperature distribution
maps (Figs. 11.20 and 11.22), it was determined that this waste-heat boiler
can be divided into three distinctive regions; a liquid-phase heating-region, a
boiling-phase region, and a superheated-vapor region. In liqdid-phase region,
which occupies about one-third of the upper portion of the boiler, the feedwater
is heated from I15"F to its saturation temperature (which is 417'F for steam
pressure of 300 psia). In the boiling-phase region, which is shown by'a shaded
boundary and occupies approximately 60 percent of the boiler volume, the
teedwater would go through an isothermal boiling process. After boiling, the
saturated steam would be superheated in the last 10 percent of the boiler
whereupon it would be discharged at 700F.

From these two temperature distribution maps in Figs. 11.20 and 11.21, it
was determined that the temperature gradient between any two nodes is less than
20*F and relatively uniform under the two steady-state operations. Therefore,
the thermal stress concentration should not be a problem. However, based on
the performance and design requirements, the water velocity was calculated to
be approximately 0.5 to 1.2 ft/sec and the gas velocity was approximately
between 80 to 130 ft/sec. The transient response of heat transfer characteristics
and thermal stress concentration could become severe under the dry-running or
changing load operations and this should be investigated before the final
design is undertaken.

The product of the overall heat transfer coefficient (U) and the gas side
heat transfer areas (Ag) for all nodes (miniature heat exchangers) are shown in
Figs, 11.21 and 11.23 for baseliiie waste heat boiler operated at design (gas
turbine 50-percent power) and off-design (gas turbine 100-percent power)
condition, respectively. These values were computed using the averaged tem-
peratures shown in Figs. 11.20 and 11.22. From these results, it was determined
that the value of UA varied between 1720 and 2585 Btu/hr-F for the design
condition and between 2100 and 3000 Btu/hr-F for the off-design operation. It
is believed that those values are mainly determined by the gas-side film

j coefficient rather than by the water-side film coefficient, and are generally
within the range of current design practices.
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11.6 Effect of Flow Distribution Control on Baseline Waste-Heat Boiler

The actual flow distribution data with and without flow distribution control
* (see Figs. 11.4 and 11.5) were used as input to the analytical model for

analyzing the effect of flow distribution-control on the performance of the
baseline waste heat boiler. The results of this analysis are presented in
Figs. 11.24 to I1.31.

The effects of flow distribution control on steam temperature of the baseline
waste heat boiler operatec at design (gas LuriLa 50-percent pnwpr) and off-design

(gas turbine 100-percent power) conditions are shown in Figs. II 24 and 11.25,
respectively. It should be noticed that only those water flow rates which canjprovide superheated steam were considered. The steam temperatures attainable
for the uniform flow distribution, actual flow distribution with and without
flow distribution controls cases are shown in solid, dashed, and semi-broken

I lines, respectively. These results show that if the baseline waste heat
boiler were designed for uniform flow distribution and for generated steam
700"F, and if it were operated with actual flow distribution without flowj distribution, the steam temperature would decrease to approximately 450"F.
However, the steam temperature could be maintained at 700"F if the water flow
rate were reduced from .9 lb/sec to 6.6 lb/sec. If this occurred, the overall
heat transfer rate would be reduced from 10167 to 8540 Btu/sec. On the other
hand, from Fig. 11.21-, it can be seen that if flow distribution control were
employed and if the water flow rate were maintained at its design condition
(7.9 lb/sec), the steam temperature would increase by approximately 25"F.
Alternately, if the steam temperature were to be maintained at the design
condition (700F), the water flow would increase to 8.1 lb/sec. The factors
attributing to this improvement in boiler efficiency are believed to be partly
attributable to more uniform flow distribution and partly to increased gas flow
rate in boundary layer separation control (see Fig. 11.3).

The heat transfer performance characteristics of the baseline waste heat
boiler operated at design and off-design condition for cases with and without
flow distribution controls are shown in Fig. 11.26. Again the solid lines
represent the results of the aasumed uniform flow condition, and the dash lines
and semi--broken lines are for cases with and without flow distribution controls.
The asterisk represents the conditions where the 700"F steam would be generated.
One can readily see that significant improvement in boiler efficiency would be
expected if flow distribution controls were employed. The percentage of the
boiler efficiency improvement is shown in Fig. 11.27 for the baseline waste-
heat boiler operated a. its design condition.

In Fig. 11.27 which illustrates the effect of flow distribution control on
the performance of a waste-heat boiler, the overall heat transfer rate for the
assumed uniform flow distribution was used as reference. The overall heat
transfer rates for constant water (or steam) flow rate and for constant steam
temperature were obtained from Fig. 11.26. In Fig. 11.27 it can be seen that,
without flow distribution control (blank bars), if the water flow rate were held
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constant at 7.9 lb/sec, the overall heat transfer rate would be reduced by
approximately 10 percent which, in turn, would lower the steam temperature by
approximately 250"F. On the other hand, if the water flow rate were regulated
so as to maintain a constant steam temperature of 700°F, the overall heat
transfer rate would be reduced by approximately 16 percent. Although this loss
is greater than that for the constant flow rate case, a constant-steam-tempera-
ture operation would probably be more suitable for Rankine cycle power conver-
sion system applications. Similarly, the shaded bars shown in the same figure
are for the results with flow distribution control. It was found that approx-
imately a 20 percent improvement in boiler efficiency would be expected for the

.... baseline waste heat boiler if flow distribution control were considered.

The predicted temperature distribution for the baseline waste-heat boiler
operating at design conditions and based on the actual velocity data with and
without flow distribution controls are shown in Figs. 11.28 and 11.29, respectively;
the corresponding overall heat transfer coefficients for these two flow cases are
shown in Figs. 11.30 and 11.31. From Figs. 11.28 and 11.29, it is seen that the
gas temperature near the exit becomes highly nonuniform, and that this nonuniforraity
is more apparent in the absence of flow distribution controls. This temperature
distribution nonuniformity is certain to cause uneven thermal expansion in the
heat-exchanger tubes, which in turn may result in thermal stress concentration
problems. It is also seen that due to the no-flow condition occurring in the
far-right column (uncontrol case), the gas temperatures and the liquid temperature
may be in equilibrium (see Fig. 11.28), indicating a region of "no-heat-transfer"
within the waste-heat boiler (see Fig. 11.30). The performance degradation of the
waste-heat boiler can then be expected when no proper flow distribution control
methods are implemented.

The effects of gas inlet temperature on the baseline waste heat boiler
performance were also investigated and the results obtained are shown in Fig.
11.32. From these results, it can be seen that change in gas inlet temperature
would have more profound effect on the baseline waste heat boiler performance
under constant steam temperature operation than under constant steam flow rate
operation.
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TABLE II.1

(A) Constant for Equation (la), (lb), and (1c)

Laminar Flow C1 - 0.595 C, 0.498 C3  0.140

Turbulent Flow C1  0.0046 C2 - 0.927 C3  0.628

Supercritical rlow; C1  0.003354 C2  0.951 C3  0.435 C4 - 0.38

(B) Constant for Equations (4a), (4b), ( 4 c), (Sa), and (5b)

Turbulent-Turbulent Viscous-Turbulent Turbulent-Viscous Viscous-Viscous"NRef>2000, NRe >2000 NRef<lO00, NReg>200 NRef>2000 NRe <1000 NRef<00 e <1000

m 0.25 0.25 1.0 1.0

n 0.25 1.0 0.25 1.0

C f 0.079 16.0 0.079 16.0

Cv 0.079 0.079 16.0 16.0

N 4.0 3.50 3.50 2.75*
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ACTUAL FLOW DISTRIBUTION WITHOUT FLOW DISTRIBUTION CONTROL

0 GAS TURBINE 50% POWER
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i ACTUAL FLOW DISTRIBUTION WITH FLOW DISTRIBUTION CONTROL
3 GAS TURBINE 50% POWERI
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GAS FLOW INLET CONDITIONS FOR MARINE GAS TURBINE
WASTE HEAT BOILER - GAS TURBINE 100% POWER

aX - WIDTHi OF THE GAS FLOW PATH, (in)

A = AVERAGED FLOW RATE. (Ib/sec)

P = AVERAGED STATIC PRESSURE, (psia)

T = AVERAGED STATIC TEMPERATURE. ('F)

AVERAGED FLOW PARAMETERS

FLOW GAS FLOW PATH NUMBER
DISTRIBUTION PARA.

1 2 3 4 5- 6

AX 24 24 24 24 24 -

UNIFORM 32 32 32 32 32 -

FLOW T 856 856 856 856 856 -

P 14.94 14.94 14.94 14.94 14.94 -

AX 24 24 24 24 24

ACTUAL FLOW M 80.3 50.6 15.5 13.6 0.0
DISTRIBUTION
WITHOUTCONTRUL T 856 856 856 856 856CONTROL

P 14.90 1490 14.90 14.90 14.90

AX 24 24 12 12 24 24

ACTUAL FLOW M 16.7 45.8 33.4 27.3 33.8 19.0
DISTRIBUTION , /

WITH CONTROL T 856 856 856 856 856 856

P 14.96 14.96 14.96 14.89 14.89 14.89
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N
GAS FLOW INLET CONDITIONS FOR MARINE GAS TURBINE

I WASTE HEAT BOILER - GAS TURBINE 50% POWER

.X - WIDTH OF THE GAS FLOW PATH tin

M . AVERAGED FLOW RATE. ib'sec)

P - AVERAGED STATIC PRESSURE, (psia)

T - AVERAGED STATIC TEMPERATURE (°Ft

AVERAGED FLOW PARAMETERS

I FLOW GAS FLOW PATH NUMBER
DISTRIBUTION PARA" PARA -

1 2 3 4 5 6

AX 24 24 24 24 24 -

UNIFORM M 20 20 20 20 29 -
FLOW

T 796 796 796 796 796 -

P 14.83 14.83 14.83 14.83 14.83 -

AX 24 24 24 24 24

"ACTUAL FLOW 101 50.2 31.6 9.7 8.5 0.0
DISTRIBUTION
WITHOUT
CONTROL T 796 796 796 796 796

P 14.82 14.82 14.82 14.82 14.82

A• 24 24 12 12 24 24

ACTUAL FLOW IA 10.4 28.6 20.9 17.1 21.1 11.9
DISTRIBUTION
WITH CONTROL T 796 796 796 796 796 796

/

P 14.84 1484 14.84 14.82 14.82 14.82

4%
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R82-955750-4 FIG. Z6

CONFIGURATIONS OF CIRCULAR FINNED TUBES FOR MARINE WASTE-HEAT BOILER
APPLICATION/ ',. , I i if I A HAN( 4t 11 10 Av ', NIt [ L NU)Ni

/1 IIIII!1111111111 tiliSI~1 11 111111III I II 11 It 11

TLaIE DESIGN
CONFIGURATION , )NLIOI

I I, 4 .I ,U 
)

BEST AVAILABLE Copy -1-1--
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R82-955750-4 FIG. 1l8

EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON
STEAM TEMPERATURE - GAS TURBINE 100% POWER

* GAS INLET CONDITION UNIFORM 1160 It/sec. 14 94 psta)

* WATER INLET CONDITION UNIFORM 115 7*F, 300 psia

* EFFECTIVE TUBE LENGTH -200It

• . ,-GAS INLET'

TEMP = 856'F
800 -

TUBE DESIGN

1 CONFIGURATION

LL-

3.-

60

<4cc
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400-
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TEMP =41 VF
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I
EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON

GAS EXIT TEMPERATURE - GAS TURBINE 100% POWER

I GAS INLET CONDITION UNIFORM 060b ISec 14 94 PQSiI WATER INLET CONDITION UNIFORM 0115 1 '1f 30 p•',oa

0 EF F ECTIVE TUBE LENGTH 200 It

600

550-

8)0

\ STEAM TEMP 'F

S500- TuBE DESIGN
CONFIGURATION

w '<
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R82-955750-4 FIG. I10

EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON
GAS 3IDE PRESSURE LOSS - GAS TURBINE 100% POWER

* .AS! NLt.T CONDITION UNIFORM (160 Ib/sec 14 94 psia)

* WATER INLET CONDITION UNIFORM ;i15 7
0

F 0C0o psia}

* EFFECT!VL TUBE LENGTH= 200 ft

25j
25 TUqE DESIGN CONFIGURATION

STEAM TEMP *F

201 580 1700 /0
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R82-955750-4 FIG. Z11

EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ONI ~HEAT TRANSFER RATE - GAS TURBINE 100%/ POWER

*GAS INLET CONDITION UN!FORM (160 lb/sec 14 94 pow~I * ~WATER INLLI CONDiliON UNPORM 11 15 7"'F 300 s

* L FL(CTIVL TUBE LENGTH P001t

22.000

STEAM TEMP 'F

20.000-8"/1)/60 50

S18.000-

cc 16,000-w
ILL

z4

I 14,000-

811214 16 18

WATER FLOW RATE, Ib/se,ý
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R82-955750-4 FIG. 11.12

COMPARISON OF STEAM TEMPERATURE FOR WASTE HEAT BOILERS OPERATED AT
DESIGN AND OFF-DESIGN CONDITIONS

* Uyt (IRM FLOW AND EFFECTIVE TUBE LENGTH =200 It

900

GAS TURBINE

-t 100% POWER

-- -- 50% POWER

800

CL CONFIGURATION
U) 600 -

500\

VA \ \

4 SATURATION TEMP 417 F

II I _

6 8 10 12 14 16 18

WATER FLOW RATE, lb/sec
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I R82-955750-4 FIG. 1113

COMPARISON OF HEAT TRANSFER RATE FOR WASTE HEAT BOILERS OPERATED ATI DESIGN AND OFF-DESIGN CONDITIONS

0 UNIFC.HNI fL3W AND EFFECTIVE TUBE LENGTH 200Ii t

1 20.000

TUBE DESIGNI CONFIGURATION

1 18,000-

o16.000-

u! 14,000

LL2,0

X 10,000 - A UBN

.0 21 14 16% 1OWE

WATER FLOW RATE, lb/sec
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R82-955750-4 FIG. 11.14

COMPARISON OF GAS EXIT TEMPERATURE FOR WASTE HEAT BOILERS OPERATED
UNDER DESIGN AND OFF-DESIGN CONDITIONS

0 UNIFORM FLOW AND EFFECTIVE TUBE LENGTH = 200 ft

600
GAS TURBINE 100% POWER

-- -- - GAS TURBINE 50% POWER

550-

U-
0

ccr TUBE DESIGN
,:D CONFIGURATION

i-

w4
a-2 2

Lu

LX 450

TUBE DESIGN
CONFIGURATION

400-

\ ",.th
-3

350-

I I

8 8 10 12 14 16 18

WATER FLOW RATE

r
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R82-955750-4 FIG. 11.15

COMPARISON OF GAS-SIDE PRESSURE LOSS FOR WASTE HEAT BOILERS OPERATED AT
DESIGN AND OFF-DESIGN CONDITIONS

* UNIFORM FLOW AND EFFECTIVE TUBE LENGTH z 200 It

I ~GAS TURBINE 100%1 POWER

---- GAS TURBINE 5Q0% POWER

TUBE DESIGN

2.0 CONFIGURATION

c/i
00
-J 1.5

LU

1.0

42

0.5 3 TUBE r)FSIGN

2 CONFIGURATION

0

6 8 10 12 14 16 18

WATER FLOW RATE, lb/sec
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R82-955750-4 FIG. 1.18

APPROXIMATE OUTPUT POWER CORRECTION FACTOR
FOR EXHAUST PRESSURE DROPS
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R82-955750-4 FIG, Z120

DISTRIBUTION OF AVERAGED TEMPERATURES FOR BASELINE WASTE HEAT BOILER
OPERATED AT DESIGN CONDITION (GAS TURBINE 50% POWER, UNIFORM FLOW)

Tj = LIOUID TEMPERATURE, IF

Tg=GAS TEMPERATURE. IF

24 in. },.i- 24'n. .••WATER

Tj = 181 168 139 124 7.8 Ib/sec

20 T9 =397 398 3.5in, 401 400 115"F
- - -- J 310 pssa

Tj-=-195 209 223 235 247
19 T9 = 420 420 421 423 423

300 291 281 270 258
18 439 439 441 442 442

17 310 320 328 337 345S455 455 457 459 459

380 374 367 360 353
16 468 468 470 472 472

386 392 398 403 408"15478 478 480 48" 483'

417 417 417 417 413
14 488 488 491 492 492

" 417 417 417 417 4177

S13 498 981 501 5022

BOILING (WET STEAM) REGION

417 417 417 417 417

663 663 673 675 6750

4 417 417 417 417 417
700 700 712 -714 715

417 418 433 460 486
3742 742 748 748 748

2 T = 602 582 561 538 512
Tg 772 773 773 773 773

-- -STEAM
6-f720 638 654 668 680 700F

Tg788 r 789-1 790 1 790 791 300 psia

TURBINE i 20 20 20 20 20 lb/sec
EXHAUST T 796 796 706 796 796 *F

G P=14.83 14.83 14.83 14.83 14.83 psia
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DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
i BOILER OPERATED AT DESIGN CONDITION (GAS TURBINE 50% POWER, UNIFORM FLOW)

* HEAT TRANSFER COEFFICIENT IN Btulhi-F

WATER
7 8 lb/sec

20 1781 1754 35 in 1672 1649 115*FI.. ... _ ... . 310 osla

i 19 1815 1845 1865 1884 1902

18 1973 1961 1950 1937 1925

17 1986 1994 2002 2009 2016

1 16 2044 2040 2037 2032 2027

115 2051 2055 2060 2C64 2066
7-, -= 7 7 7 7 7 T7 777,77 - -

1 14 2356 2345 2393 2074 2072

113 2374 2381 2404 2396 2409

SBOILING (WET STEAM REGION

5 2580 2581 2584 2583 2580

4 2546 2559 2572 2580 2586j - - ________ ~~ .... ... S...L....

3 2537 2489 1813 1182 1762

I2 1723 1726 1730 1736 1748
- - STEAM

1 1723 1722 1721 1721 1721 300psFa

TURBINE {m =20 20 20 20 20 Iblsec

r EXHAUST T =796 796 796 796 796
, GAS P = 14.83 14.83 14.83 14.83 14.83 psia

V *82-5-86-21



R82-955750-4 FIG. fl22

DISTRIBUTION OF AVERAGED TEMPERATURES FOR BASELINE WASTE HEAT BOILER
OPERATED AT OFF-DESIGN CONDITION (GAS TURBINE 100% POWER, UNIFORM FLOW)

T, = LIOUID TEMPERATURE, °F
T -=GAS TEMPERATURE, 'F

24 in _# WATER

T1 179 165 138 123 14 lb/sec

20 T,5=:5 45 in 453 453 1I5"F
11 333 psta

19 T- =192 205 218 230 242. =9 47 473 474 475 475
297 287 2/6 265 253

18 491 492 494 494 495

17 307 317 326 336 344

507 509 511 511 512

16 384 377 369 361 353

522 524 525 526 527

391 398 405 411 416

534 537 538 539 539
7rr'7rr 77-rrrr 17rr7? 71r7 -rrrrv

t 417 417 417 417 413
547 549 551 551, 551

13 417 417 417 417 417 -i

560 562 564 564 565 '
/ BOILING (WET STEAM) REGION

5417 417 417 417 417
735 743 744 745 746

4 417 417 417 417 417
769 777 779 780 781

3 418 431 457 482 506

80151 809 810 811 811

T; = 616 597 576 554 530
2 T 9 = 832 833 833 833 833

- - -- -STEAM

Tj =634 652 669 684 699 700PF
64Tg =8 849 849 850 850 300 psiaSt 1 1 4tý

TUR1INE ( m = 32 32 32 32 32 Itlsec
EXHAUST4 T = 856 856 856 856 856 "F
(As P =1494 14.94 14.94 14.94 14.94 psi&
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i DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
BOILER OPERATED AT OFF-DESIGN CONDITION (GAS TURBINE 100% POWER,

I UNIFORM FLOW)

* HEAT TRANSFER COEFFICIENT IN Flt. hr.F

I __ _ _ _ _ _ _ ____...

WATER
14 , SPC

20 2•2'.6 2201 3 5rn 2119 2096 ,FI 3- - _ _ ,,

S19 2259 2z90 2309 2327 23o,5

18 2416 2406 2394 2382 2368

17 2432 2441 2448 2456 2403

I16 2493 2489 2485 2480 2474I -L
15 2501 2506 2510 2514 2517

777 r rn r)
14 2782 2793 2757 2742 2732 /

13 280 2870 2816 225 2837

IBOILING (WET STEAM) REGION

5 2979 2979 2976 2973 2969

4 2919 2943 2957 2967 2975

S3 2888 2281 2232 2233 2L,7

S2 2192 2195 2198 2203 2211

3 -- -" STEAM

1 2194 2193 2193 2194 21941 R0 ooF
q 1 300 Psta

Ii

TUR•Br, m 32 32 32 32 32 lb/sec

EXHAUST T 856 856 856 856 856 OF

P =14.94 14.94 1494 14.94 1494 psic

63
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R82-955750-4 FIG. r.24

EFFECT OF FLOW DISTRIBUTION CONTRO. ON STfEAM TEMPERATURE OF BASELINE
WASTE HEAT BOILER AT DESIGN CONDITION

ASSUMED UNIFORM.'iOW
ACTUAL FLOW WITHOUI CONTROL

ACTUAL FLOWlT •hCOTiTOL

. 900

GAS INLET TEMPERATURE = 796*F

700-

I.-

SATURATION TEMPERATURE = 417"F

3001 I I
5 6 7 8 9 10

WATER FLOW RATE, lb/sec
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R82-955750-4 FIG. :1.25I

EFFECT OF FLOW DISTRIBUTION CONTROL ON STEAM TEMPERATURE OF BASELINE
I WASTE HEAT BOILER AT OFF-DESIGN CONDITION

ASSUMEI VUNIFORM FLOW

ACTUAL FLOW WITHOUT COIqTqOL

9 - ACTUAL FLOW V, ITH CONTROL

I _00__ ___s_ __t___atre•o

800 GAS.INLTTitMPEFATURE hI

j • 700-
p1

LAJ

Jw I

4 5300 \

c'.-ATURATION TE:MPERATuRI :- 41 ?'F

i 301 1

9J 10 12 14 1.6 18

WATER FLOW RATE. It,/sec
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RS2-955750-4 FIG. 1U,26

OFF-DESIGN PERFORMANCE CHARACTERISTICS OF GAS TURBINE
WASTE-HEAl STEAM GENERATOR

* STEAM TEMPERATURE T 700F

ASSUMED UNIFORM FLOW DiSTRIBU1ION

-- - ACTUAL FLOW DISI RIBUTION WITHOUT CONTROL

ACTUAL FLOW DIS!,ciBUI ON WITH CONTROL

18,000- -e

GAS TURBINE FULL POWt H

g 16,00C

-d .

u 14,000 -
LL.U, y

ujX, 12,000 -

10,000"- HALF POWER

&000

6 8 10 12 14 16

WATER FLOW '3ATE, lb/sec

66

bu~s* ~ ~ - -. ~ ,'.&a --



R82-955750-4 FIG. 1T.27

EFFECT OF FLOW DISTRIBUTION CONTROL ON WASTE HEAT RECOVERY
STEAM GENERATOR PERFORMANCE

0U OVEHALL HEAT TANSF ER RATL FOR ASSUML[)IUNII'ORM I LOW 01)I RIHU I IN 50U POW[ER

"Zl WIT•O)Ul FLOW rIS7RIBUTION uONTHOL

I WIIH I`LOW DiSTURBUTION CONTROL

100

i
'7"7

"I 9o '4/

LIJ
LA-

z
1 /

< 80

1X
IJ

I: /

L 70/

60 i

SCONSTANT STEAM CONSTANT STEAM

FLOW RATE, 7.9 LB/SEC TEMPERATURE, 7O0*F

92 -16

16



R82-955750-4 FIG. 11,28

DISTRIBUTION OF AVERAGED TEMPERATURE FOR BASELINE WASTE HEAT BOILER
OPERATED AT DESIGN CONDITION WITHOUT FLOW DISTRIBUTION CONTROL

Tf = LIOUID TEMPERATURE. -F
To= GAS TEMPERATURE. *F

__________H-24 in - __________

WATER
1 =166 145 122 115 -me- 80o1b/sec

20 T9 = 44 434 3- n 277 115 1151F
- - - .... J. 310 psta

190 210 221 228 233
19509 452 380 320 233

1 274 256 246 238 233

18 523 469 399 359 233

17 293 309 317 322 325
17 536 483 415 390 325

353 340 332 328 325
16 547 496 427 413 325

15369 381 387 389 390
1 558 507' 437 430 390

1 410 399 394 392 390
14561 517 443 442 390

/ 7- 77 /.7.r77 /7,77/ /177 "" "-7 1

13 417 417 417 417 417
13576 527 447 451 417

BOILING (WET STREAM) REGION

5417 417 417 417 417

693 658 553 548 417

417 417 417 417 41

4 50 684 588 581 417

417 417 417 417 417

3 735 712 832 625 417
417 417 417 417 417

2 758 744 688 684 417
- a - - - -- " 1-STEAM
TVQ--417 417 417 430 442 -- fo442 F

I Tgz9 783 778 758 757 442 3W Ps'A

tTURBINE1 3n52 31.8 937 8&5 0.0 Itisec
EXHAUS7T = T796 798 796 796 796 *
GlAS P =14 82 1482 14,82 14.82 14,82 psia
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R82-955750-4 FIG. 11.29

DISTRIBUTION OF AVERAGED TEMPERATURE FOR BASELINE WASTE HEAT BOILER OPERATED
AT DESIGN CONDITION WITH FLOW DISTRIBUTION CONTROL

T{ = LIQUID TEMPERATURE. °F

Tg =GAS TEMPERATURE *F

ý-24 m ______ _________ WATERIT 1 = 188 175 4136 122 do 80 It/sec
20 Tg = 351 444 i411 359 115°F

T =197 210 229 245 255 310osa
19 T= 3 8 0 464 496 433 387

118 312 303 288 273 263
403 481 512 452 409

1 17 317 326 340 351 357
421 496 526 468 427

16 393 388 377 367 361
434 508 537 480 440

r'-" / /, /7.7/.7r,,7
396 401 411 416 417
442 519 548 491 449

"f ... elf. ... I" I "!- - -

14 417 417 417 417 417j450 430 558 500 456

13 417 417 417 417 417

458 542 571 511 464

BOILING (WET STEAM) REGION

5 417 417 417 417 417
653 711 726 693 653'/."f /./.'/. /- / -/ a.,/.-

4 455 431 417 417 417
699 744 754 733 706

476 500 529 554 573
740 769 775 764 747

2 T, =659 645 628 508 591
T T = 769 784 786 781 772

-- --- - STEAM

'Tg-70 682 695 706 715 719*F
T = 787 792 793 792 791 299 psta

TU- INE M=1043 2870 3792 2110 11,85 Iblsec

EXHAUST T = 796 796 796 796 796
GAS P= 14.84 1484 1483 1482 14.82 psia

[ ) l -Ii ll.2
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R82-955750-4 FIG. 11.30

DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
BOILER OPERATED AT DESIGN CONDITION WITHOUT FLOW DISTRIBUTION CONTROL

a HEAT TRANSFER COEFFICIENT (UA) IN Btuhfl-F

24 m-- WATER

4 • 8 0 iblsec

20 2069 1843 3.5 in. 1346 0 115°

J - 310 ps~a

19 2137 2028 1530 1510 0

18 2340 2118 1566 1521 0

17 2375 2195 1627 1585 0

16 2463 2231 1642 1589 0

15 2481 2271 1674 1618 0

14 2524 2289 1681 1619 0

77/-7 /',,77, //77 7/777
"13 2537 2698 1833 1871 0

BOILING (WET STEAM) REGION

5 3261 2909 2016 1914 0

4 3281 2922 2029 1930 0

3 3289 2934 2047 1951 0

2 /3265 2930 2058 1971 0

- .. . . . .a ZY/ SlEAM

442*F
1 3250 2879 2009 1814 0 302 psi

TOAlINE (m 502 31 6 917 8,5 00 Ibtsec

EXHAUST = 796 796 796 796 7a6 *F

(sl tP14.82 1482 1482 14.82 1482 psIa

70-I-SO- 2*

7?0

• • | m m



R82-955750-4 FIG. 11.31

DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
BOILER OPERATED AT DESIGN CONDITION WITH FLOW DISTRIBUTION CONTROL

* HEAT TRANSFER COEFFICIENT (UA) IN Btu/hr-F

24 in____ _____ WATER•,_ * e-.- 8 o [!)/',fc
20 1527 1903 3.5 in 1680 1461 115,*,F

-- 310 psia

19 1548 1995 2139 1923 1677

18 1665 2145 2247 1965 1689

17 1673 2172 2318 2048 1763

1 16 1718 2231 2359 2063 1769

- r/M'77/7" 17/I7,
[ 15 1722 2244 2391 2100 1976

14 1927 2638 2863 2404 1975

I13 1938 2673 2902 2471 2061

BOILING (WET STEAM) REGION

522104 2856 3059 2610 2174
4.U-" u /UI - -- U. ./,-

I 41542 2638 974 2590 2185

3 1536 1874 1943 1750 1550

12 15". 1834 1918 1141 1551
- -- ST kAM

719*F
1 154j 1834 1917 1739 1549 J 299 gd

mU8N m10 43 28-70 37.92 21,10 11.85 lb/sec
TURBINE

EXHAUST T = 796 796 796 796 796 OF
GAS P =14 84 1484 14 83 1482 1482 ps5a

e2- 51-o6 -21

71- -". . ---"- . -1-. -



R82-955750-4 FIG. 11.32

EFFECT OF GAS INLET TEMPERATURE ON PERFORMANCE OF MARINE GAS TURBINE
WASTE-HEAT STEAM GENERATOR

11.500

11,000

DESIGN POINT

-- 10,500
,I

Lr
LLJ

I--
I,-.

uj 10,000 -
X
-J -

< CONSTANT STEAM
cr FLOW RATE (7.9 lb/see)

CONSTANT STEAM
9,500 TEMPERATURE (700*F)

9.0IcI I I

740 760 780 800 820 840

GAS INLET TEMPERATURE, *F

82- 3-106-3
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SECTION III

I ! FORMULATION OF EXPERIMENTAL PROGRAM AND SCHEDULE

I The effect of flow distribution control on a marine gas turbine waste-
heat boiler has been analyzed, and the results of this analysis are presented
in Section 11. It is obvious that a complex system like a waste-heat boiler

cannot be designed and operated successfully without first conducting a carefully
designed experimental program to generate sufficient technical information and
operational experience. In this section, an experimental program formulated

for the candidare waste-heat boiler is presented. The technical information
and operational experience desired from this experimental program, the experiment
program plan, and the overall program schedule and effort are discussed in

detail.

II11.1 Technical Information and Operationai Experience
Desired from the Experimental Program

I As shown in Table 111.1 the objectives of this 3uggested experimental
program can be divided into two categories: (1) that which would provide
sufficient technical information so comparisons with the analytical resuits can

I be made, and (2) that w•ticb w)uld allow eperational experience to be gained
with the use of gas turbine waste-heat recovery propulsion systems. In order

1 to obtain this technical information and operational experience, an experimental
program must first provide for the preparation of components and instrumentation
necessary for testing. Such preparation would include desigi specification of
the component and instrument designs, then fabrication, preliminary demonstra-
tions, and testing apparatus check-out.

A demonstration of steady state operation of an experiment model would seem
the first step in the experiment program following the preparation tasks.
However, before the experimental model can be operated at its steady state
condition, the start-up and shut-down procedures would have to be specified and
evaluated. Then the technical information and operational experience expected
to be gained from this steady state operation can he obtained from flow visual-
ization, and temperature and pressure measurements. Once the steady state
demonstration i3 completed, the transient characteristics of the model can be
demonstrated, particularly as they relate to naval ship propulsion applications.
The technical information and operational experience expected to be gained from
this transient (dynamic) operation demonstration should include those related
to flow and temperatue stability, thermal performance response, and possiblyr thermal stress concentration problems.
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One major consideration in the design of a waste-heat steam generator for
naval ship propulsion application is the characteristics and limitation of
the additional shaft power obtainable from waste-heat recovery at different
part-power operating condition of the gas turbine engine in order to match the
duty-cycle operational (i.e. speed and time) requirements. The suggested
experiment program should identify, at least qualitatively, the nature of these
cnaracteristics and limitations, if not specifically by estimating their
magnitude. The effect of flow distribution control on power output limitation
must also be estimated experimentally so that the results obtained can be
compared with the analytical results of Section II in this report.

To assess control methodology, the experimental program should also provide
sufficient information relating to the use of either pneumatic or electronic
controls to regulate the performance of the waste-heat boiler system. This
control system should be able to regulate the boiler pressure and feedwater
flow rate so the temperature and flow rate of the gas turbine exhaust can be
matched with the specified steam outlet temperatures. Since the waste-heat boiler
will be required to operate under dry-running condition for self-cleaning purposes,
the control system required to cope with the lost-of-coolant problem may not be
critical, however appropriate devices to prevent such operating condition will be
required.

The procedure to assess the dry-runr.ing operation of a marine gas turbine
waste-heat boiler' has yeL to be established, although many of the routine
operating procedures for marine waste-heat boilers may be similar to those for
landbased combined cycle system operation. However, for the dry-running
operation, special consideration must be given to the rate at which the feed
water is drained and recharged to avoid undesirable damage or deterioration of
the boiler tubes. This experimental program should produce valuable information
to assist in establishing the dry-running procedure.

The U.S. Navy is expected to be quite interested in identifying the manpower
requirements for a marine waste-heat recovery propulsion system. Again, the
experimental program should clarify this question through an assessment of
system maintainability and reliability. Areas of manpower needs should be
quite similar to those of landbased waste-heat recovery plants, while the
number of men needed in a marine propulsion application could be reduced if the
waste-heat boiler were designed with less complexity and higher reliability.
The importance of gaining as much data and operating experience as possible
cannot be overemphasized when dealing with the maintainability, reliability and
safety characteristics which are common concerns for any new system.
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11.2 Experiment Program Plan

An experimental program plan for the flow distribution control study of
marine gas turbine waste heat boiler has been prepared. This program consists
of four major tasks as shown in Table 111.2. The first task involves tile
design and fabrication of the experiment model, while the second task is
devoted to the set-up of experimental apparatus including the acquisition of
necessary auxiliary components. Tasks 3 and 4 are directed toward conducting
the actual experiment, including data recording and post test evaluation.

111.2.1 Design and Fabrication of Experiment Model

Tho first step in the desigT1 and fabrication of the experimental model
is to determine the model size. Because the cost of building a full-scale test
model as well as the heat source required for the experiment would be enormous,
a one-fifth scale model is suggested. It is believed that this scaled model
can be designed and fabricated in a reasonable time frame and at an acceptable
j cost that would provide these desired information described in Table 111.1.

The thermal condition (flow IdLe, temperature, and pressures) of the working
fluid are usually determined from the availability of the test (auxiliary)
equipment and by using the principles of similitude. In principle, the test
model and the full-scale unit should have the same Nusselt, Prandtl, Reynolds,
and Mach nurmbars. The flow passage in the test model and that of the full.-scale
unit should also be geometricallv similar. Because the detailed temperature and
flow distributions are the primary concerns in the present study, it is more
desirable to use larger flow passages with fewer number of tubes in the model.
As long as the flow conditions are based on the "rinciples of similitude, the
pressure loss and heat transfer characteristics in the test model should differ
little from the full-scale unit.

The instrumentation needed for the present study must be capable of measuring
temperature, pressure, and flow conditions. In a cot.ventional heat exchanger
experiment, as few as four temperature measurements might suffice (that is, the

inlet and outlet temperatures for the hot and cold fluids). However, in the
suggested program where The boiler is a single-pass counter crossflow heat
exchanger, the outlet temperatures will not be uniform. Accordingly, at least
fifteen temperature measurements would be required to identify the inlet and
exit flow conditions. If internal temperature distributions are also to be
measured (as shown in Figs. 11.20 and 11.22), additional temperature probes
would be needed.

The magnitude cf pressure drop across the heat-transfer matrix particularly
on the gas side of the waste-heat boiler is as important as the heat-transfer
performance. The test rig may be designed so the duct cross section is the
same as that of the inlet face of the heat-transfer matrix under test, in which
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case simple static pressures in the duct may be satisfactory. If this is not
practical, allowances should be made for differences in the kinetic pressure

head which changes with flow passage size. It is important that at least ten
diameters of straight duct preceed the heat-transfer matrix to assume a uniform
velocity distribution across the face of the duct. Because pressure drop data
,ire important, it is more desirable to use the piezometer ring.

The simplest and most accurate means of measuring the gas flow for this
exp,,rimental program would be to use a flow nozzle mounted at the air inlet and
a draft fan be mounted on the outlet side of the heat-transfer matrix. This
would preclude errors stemming from turbulence and poor velocity distribution
in the flow-rate measurements. To measure the flow distribution in each gas
path (see Fig. 11.20), pitot static tubes can be used. At least two pitot
static tubes must be used for each gas path and each tube should be installed
downstream of the heat transfer matrix in order to avoid disturbing the flow
field in the test section. Finally, care must be exercised to minimize the
rlo•w leakagti, heat loss, and boundary effect during the design and fabrication
ot the experiment model as severe flow leakage and heat loss could cause
difticulties in the analysis of test results.

111.2.2 Auxiliary Equipment Set-Up

The auxiliary tquipont needed for this experiment will include: a hot-air
-(or gas) supply and discharge system; a pressurized feedwater and steam handling

system; a contro! device to regulate the flow rate, flow distribution, temperature,
and pressure for both working fluids; and data acquisition and recording
devices. One possible arrangement of the experimental apparatus is shown in

Fig. 111.1.

The not-air/hot-gas supply and discharte system would require a draft fan which
should be mounted at the downstream of the test model, and a combustor which
burns either natural gas or propane for generating hot gas needed to simulate
the gas turbine exhaust. Both draft tan and combustor could be controlled from

a central control box to obtain desirable gas flow rates and gas temperature.
The pressurized feedwater supply system would consist of a pressurized feedwater
mantfold, a flow rate regulator, a stea manifold, a radiator, a condensate

tank, and a pump. Both the flow rate regulator and the pump would be controlled
by the central control device. A baffle plate should be installed in the
diffuser to regulate the desirable gas flow distribution. All the test data
including temperature, pressure, flow rates wojild be recorded by means of an
automatic data acquisition and recording device for later evaluation and

analysis.
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.1•

11.2.3 Test ?rocedure

The test procedures to be conducted in this suggested experimental program.

must include, as a minimum, all itenis shown in category C of Table 111.2. The

first step in conducting the experiment would be to assemble and check-out the

major components according to the layout drawing. Shakedown testing would then

i follow to demonstrate the functional capability and strctural integrity of the

experiment apparatus. Some minor modifications and adjustment might be necessary

in the early stage of the experiment before substantive test program can be

* commenced. Piping and wiring details would be determined prior to the assembly

of the experimental unit, ani instrumentation and controls of the flow rate,

tem;.erature, and pressure would be installed and calibrated before the actual

experiments were performed.

An extremely important asp-uct of the suggested program is flow visualization

test in the flow distribution contr'l study of gas turbine waste-heat recovery

steam generator. A# cited in Phase-I study (Section 11.2 of Ref. 11.3) the

actual flow distributon at the exit of the gas turbine exhaust is highly

irregular and nonuniform. The major portion of the flow was found to be near

the rear section of the elbow and some reversed flow as observed in the regions

near the front section. To complicate matters, theae flow distributions are

actually three-dimensional. In order to gain an insight into flow distribution

nonuniformit.! in the waste-heat boiler performance, two-dimensional flow

distributions were assumed in the analytical study. Pcwever, the results of

such an analytical study can only be compared with those of the experimental

study on the same basis, i.e. of a two-dimensional flow experiment. Therefore,

for naval applicators, the experiments must also include three-dimensional flow

distributions, since the results obtained from three-dimensional flow testing

"would be beneficial in any modifications of the analytical model, which is

deemed necessary.

Flow visualization for the hot combustion gas can b. conducted by attaching

tufts of thread or yarn to the passage walls, or by attaching these tufts to a
wire probe that can he moved about in the flow field. Smoke can alto be

employed, but its use is usiiAlly not very satisfactory because the smoke
filament tends to be dispersed so rapidly by turbulence that the technique is
4pplicable only Lor relatively low Reyoolds numbers and simple geometries. It

should be obvious 'that flow visualization tests can be conducted more conveniently
•f the models are made of a transparent plastic, such as Lucite.

"- "° IWhen preparing for heat transfer performance testing, particularly with nonuniform
flow distributions, consideration must be given to the flow stability to assure

that the test data are consistent and repeatable. During the literature survey

conducted in Phase-I study, it was noticed that the flow in the transitory

stall region of a two-dimensional diffuser is inherently unstable, and any
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disturbance could shift the stall region from one wall to the other. Therefore,
a flow stability test must be conducted in conjunction with flow visualization.;
A simple way of assuring that fluid flow is stable is to take periodic: flow
measurements (five to ten-minutes intervals are suggested) at each fixed
operating condition. This procedure should be continued until three successive

readings of flow measurement show negligible change.

The last item in the suggested test procedure of Table 111.2 is the heat
transfer performance test which should consist of a stead-state operation test
and a transient (dynamic) operation test. In the steady-state operation, the
thermal output characteristics and limitation of the waste heat boiler under
various flow conditions should be determined. The effect of variations in flow
rate and/or pressure of feedwater must be assessed, and the magnitude of such
parameters as critical temperature, pressures, stresses, control feedbacks must
be determined and examined as well.

The transient operation test would investigate the dynamic characteristics
of the marine gas turbine waste heat boiler during the dry running and off-design
operations. The first dynamic test should assess the effect of the heat input
which varies according to the duty cycle operations. There are three possible
operation modes: (1) variable gas temperature with constant flow rate; (2)
variable gas flow rate with constant gas temperature; and (3) both variable gas
temperature and flow rate. The response time and stability of heat exchanger
performance under these dynamic tests should be determined and examined. If
the steam temperature were maintained constant, the control procedure and
control requiremeucs *ould have to be identified. The most important information
to be acquired from a dry running test would be the rate of draining and
recharging the feedwater. In addition, following dry running, the metal
temperature would be approximately 900 to 1000"F, and therefore the requirement
of tool-down process must be determined. Finally, the possibility of wet
running with static flow condition should also be explored during the transient.

111.2.4 Post Test Evaluation

The last task of the suggested experimental program plan should be the post
experiment inspection and evaluation of the test results. This task would seek
to &asess the results of the experiment in terms of establishing requirements
for future modifications to the waste heat boiler design and analysis.

The first phase of this last task would be routine inspection and examination
of the test model to determine its general condition and to estimate whether
any degradation in conditions may have affected the test results. Evaluation
of the test results would then be made with particular emphasis being directed
toward the technical information and operational experiences desired (refer to
the discussion in Section 111.1). Recommendations regarding to the future

78



I
R82-955750-41
design of marine gas turbine waste heat recovery propulsion systems should he
included as part of this last task; methods directed at removing operational
limitations should be explored; and reliability and maintenance requirements
should also be assessed.

I 111.3 Overall Program Schedule and Effort

The overall program schedule formulated and man-hour effort estimated to
conduct this suggested experiiental study are shown in Fig. 111.2. Although
ove:laps in program schedule for certain activities are necessary because of
the nature of a particular test or because of the need to shorten the performance
period, it can be seen that the activities described are generally consistent
with the program plan discussed in Section 111.2.

The longest period required for this suggested experimental study woold be
those for model preparation (activities No. I and No. 2) and heat transfer
performance testing (activity No. 8); these would require approximately five
and four months, respectivEly. The experiment apparatus setup time (including
that for the acquisition of control devices, data recording system, pumps,
blower, burner test site preparation, utility hook-up, piping, and wiring) as
well as the shakedown would require approximately three months. Collectively,
the flow visualization and flow stability tests would require approximately
two months, and finally, two months woould be needed for post rest evaluations,
analysis of test results, recommendation, and reports preparations.

The last column of Fig. 111.2 shows the man hours estimated to completed
each task. It can be seen that most of the engineering effort would be spent
in model design definition and post test evaluation while the technician's
time would be directed toward model fabrication, test rig setup, testing, and
data recording. It should also be emphasized that a joint effort from engineer
and technician is also necessary during each task to assure the success of the
experimental program. Therefore, for the entire suggested program the total
engineering time is estimated to be approximately 1000 hours and that for
technician, approximately 2050 hours.
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TABLE III.1

Technical Information and Operational Experience
Wanted From Experimental Program

A. Related to Flow Distribution Control Study

Design Specification of Test Apparatus
Steady-State Operation Demonstration
Transient (Dynamic) Operation Demonstration
Output Characteristics and Limitation Identification

B. Related to Naval Propulsion System Applications

Control Characteristics Assessment
Dry Running and Duty Cycle Operating Procedure Assessment

* Maintainability, Reliability, and Safety Assessment
* Operational Manpower Requirement Assessment

s
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I

TABLE 111.2

I Experiment Program Plan

I A. Design and Fabrication of Experiment Model

Size of experiment model

Tesr condition and consideration
Principles..ot similitude

Adequate and potent instrumentation

Leakage, heat loss, and boundary effects

K Auxiliary Equipment Setup

Hot air/gas supply and discharge equipments

SWater supply and steam handling equipments

Control devices

Data acquisition and recording devicesI

C. Test Procedure

Shake-down flow and structural tests

Calibration of instrumentation
Flow visualization test

Flow stability test

Heat transfer performance test

I). Post Test Evaluation

I
I
I
1.
,F
h.

9.o
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POTENTIAL LAYOUT OF EXPERIMENT APPARATUS FOR FLOW DISTRIBUTIO"N
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FEEDWATER
FLOW CONTROL

rESi SECTION

RECRDD IATO

I III fill 401 IL4SATE1

BAN& SL33rr~rrrRADIATOR

IA I I I" v I t IMANI II IIOII

CENTRAL GAS
CONTRnOL k.

DEVICE.S i

-- / G-AS CONDE NA•TE

SBURN[RPUMP

F (it SUPPLY

82



R 82-955750-4 FIG. M.2

(D) I 0 0

S0 0

o C)o 0 0) C 2

z I-D

0

0 0
i -ULL

I0
I> Ii

0

I0 9L

wl 9Iz
co8

ccS ~

Ph 80



R82-955750-4

APPENDIX A

DESCRIPTIONS OF WASTE-HEAT BOILER COMPUTER PROGRAM

The heat exchanger computer program which was used to study the effect of
flow distribution control on marine waste-heat steam generator performance was
developed from the analytical model presented in Section II of this report.
This pregram can be used to predict the overall performance, size, and manu-
facturing cost for many types of crossflow heat exchangers. It is applicable
to nearly any kind of gas and liquid provided that their heat transfer and
pressure loss correlations are expressed in the form shown in the book "Compact
Heat Exchangers' by Kays and London. The surfaces of the heat exchanger core
can be of plate-fin, finned-tube, or screen-matrices geometries. Although the
program can be easily extended to other heat exchanger applications, it is
currently limited to the cases where the gases are flowing on the shell side
and the liquid is on the tube side. The liquid may undergo phase changes
(from liquid phase to boiling phase, and then to superheated vapor, but not in
reverse process) depending on the design requirement specified.

Program Structure

The program was organized in hierarchical structure as shown in Fig. A.I.
The main program which is called H1XMAIN is the commanding portion used to call the
three subroutines (HXINPUT, HXCALC, and HXOUTPUT) which perform the specific tasks
as indicated in their respective boxes in the figure. The subroutine HXINPUT
reads the input data, interprets and initializes these data prior to the heat
exchanger performance calculations, and finally stores all of the relevant informa-
tion in the common blocks. The input data consists of a job title, job control
parameters, the inlet flow conditions, the interconnection of flow paths, flow
properties, and heat transfer and pressure loss correlations, all of which are
explained in the next section.

The subroutine HXCALC is the calculation section of the heat exchanger progr m
which is based on the flow equations and the computation process described in
Section II of this report. This program takes the input data from the common
blocks as needed during the computation process and also stores the computed
results in the common blocks. The function of the HXOUTPUT routine is to
translate the results of the heat exchanger performance computed by the HXCALC
routine into practical engineering units and print them as hard-copy. The
output results consist of convergence information, summary results, temperature
distributions for gas, liquid, and tube walls, and heat transfer coefficients
throughout the entire heat exchanger core.
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The program which is written in Fortran language is implemented on a UNIVAC
1110/80 computer system and requires approximately 50K core storage. The
computational time required for a typical study varies according to the tolerance

of convergence and the number of nodes specified for the heat exchanger core.

For the cases studied, each of which consist of five gas paths and one liquid

path, one hundred nodes in heat exchanger core, and a five-degree-fahrenheit
tolerance on the exit temperatures for both working fluids, the computational
time was approximately 30 to 40 seconds.

In Lhe following section, the input parameters are discussed, the results
of a example run are presented, and the listing of the Fortran statements

iU 0h1 main program and three major subroutines are given.

Description of Input Data

The input data for the Waste-Heat Boiler Computer Program are listed in
Tables A.1 and A.2. Table A.1 contains four different types of input data; the
job title, the job control parameters, the inlet flow conditions, and the nodal
connection method for each flow path.

The job title, which may be comprised of up to 72 characteristics, wust Le
punched on a BCD card. The job contrcl parameters (there are twenty two of
Lneih) are defined as follows:

NI - No. of nodes in I-direction (< 30)
NJ a No. of nodes in J-direction (Z 30)
NPTHA = No. of paths for gas side (< 10)
NPTHB - No. of.paths for liquid side (< 10)
NPRNT - option for printing the intermediate iteriation results (-0 or 1)
NDUMP option for dumping the detail calculation for each iteration (-0 or 1)
KOMPLX - option for using or not using the boiling heat transfer model (-0 or 1)
NITER - maximum No. of iterations (default value a 25)
YLEN overall core height (- ZNjajj inches)
XLEN overall core width ( NiaXi inches)
ZA=ZB - overall core depth (inches)
rHKWAL - tube wall thickness (inches)
TOTITR - convergence tolerance for iteration of the exit temperaturej of the fluids (*F)
TURNLA - factor for turn loss on the gas-side
FURtJLB 0tactor for turn loss on the liquid side

NCOST - option for cost estimate (-0 or 1)
NTYPE a types of heat exchanger (0 to 5)
,%fCOE a types of tubes material (1 to 8)
TSHEL 0 types of shell material (0 to 8)
•c'r - fabrication complexity factor
FACTE * escalation factor from Hid '70 dollar valu*
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In addition to the job control parameters, there are several sets of input I
data which were used to describe the inlet flow conditions and the nodal
connection method for each flow path (see line 6 to line 28, or line 29 to
51, etc. of Table A.D). The number of these data sets is equal to the number of I
gas paths (NPTHA) plus the liquid paths (NPTHB). The first two data cards for
each data set contain ten parameters which are defined as follows: [

WDOT . gas flow rate (lb/sec)

PZRO gas inlet pressure (psia)
TZRO gas inlet temperature OF) I
DHYD = hydraulic diameter (inches)
DELTAX a nodal width (inches)
FAOFA a flow area/frontal area I
SAOV a surface area/volume
FINTHK - fin thickness (inches)
FINLEN - fin length (inches) I
FINSRF - fin area/surface area

The remainder of the input data are for flow direction, number of nodes, and j
nodal connection sequence. The liquid-side flow conditions and nodal connections
(lines 122 to 223) are similar to those for the gas flow except that the last
five parameters are replaced by a NTUBES parameter which is used to specify the
number of tubes for that path.

The development of this heat exchanger computer code 'sa developed to
be independent of the working fluids, and therefore the user has complete
freedom of choosing a working fluid to meet a specific need. Consequently, the
thermal and physical properties of working fluids must be specified as part of
the input data for the program. For application in the present study, the
properties of air and water are tabulated in a special format as shown in Table
A.2. It should be noted that each data set is preceeded by an integer number I
which specifies the number of entries to be read.

The thermal and physical properties for the liquid-side working fluid are
given in lines No. 1 through 209 of Table-A.2. Lines No. I to No. 24 (which
were not used in the present study) are the coke (scale) properties, the coke
thickness as function of temperature, and the coke formation history as function I
of time. Lines 26 to 30 tabulate the saturation pressures (psia) and temperatures
('F). The formats for these entries are Z10.5. Lines 31 to 33 are the empirical
constants for computing the convective heat transfer coefficients (see Eqs. Is to I
Ic in Section 11 of this report) for laminar-, turbulent-, or supercritical-flow.

I
I
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Lines 35 to 56 provide the heat transfer correlations in terms of Reynolds
number and StPr 2 / 3 for the vapor phase. Lines 58 to 66 tabulate the liquid
properties including its the temperature (F), viscosity (lbm/ftsec), thermal
conductivity (Btu/ft-F-Hr), specific heat at constant pressure (Btu/lb F) and
density (Ibm/ft3)'. The input format is also in El0.5. Line 67 consists of
three parameters which represent the critical pressure (psia), critical temperature
(F). and molecular weight.

Lines 68 to 119 are the tabulations of vapor properties which corsist of the
pressure (psia), temperature (F), density (lb/ft 3 ), viscosity
(Ibm/ft-sec), ther:mal conductivity (Btu/ft-F-Hr) and specific heat at
constant pressure (Btu/lbm-F). Each parameter will be read in ElO.') format.
The number of the pressure entries is specified by the first parameter on line 68
and the numbers of entries for other parameters at a given pressure are specified
on line 69. The second parameter shown on line 68 represent the type of the
working fluid: I for distillate and 2 for pure substance.

Lines 121 through 125 tabulate the sataration pressure (psia) and the heat
capacity (Btu/lbm-F) for the boiling mixture if the boiling heat transfer model
is not used (i.e. KOKýLX0O). Lines 128 to 139 are the pressure (psia), the
temperature (F) and the density (lb./ft 3 ) above the critical point. These
data are also read in EIO.5 format. There are three sets of prensure data (as
shown on line 126) and at each pressure value, there are four sets of data for
the Lemperature ond densitv. Lines 141 to 1 45 give five saturation pressures
(phia) and their corresponding values of heat of vaporization (Btu/lb). They
all have the same input format of E10.5.

Lines 147 and 148 presents the data for temperature (*F) and surface tension
(dyne/cm). The F-function and the S-function required for boiling phase heat
transfer computations (see Eqs. 3a and 3b in Section It of this report) are presented
in lines 150 to 170 and lines 172 to 186, respectively. Finally, the friction
coefficient (which was defined asAp - 4fpV2 L/(2gD) as function of Reynolds number
are presented in lines 188 to line 209.

The gas-side thermal and physical properties are tabulated in lines 210 to
265. Line 210 specifies the molecular weight of the gas while the temperature
(F), molecular viscosity (lb./ft-sec), thermal conductivity (Btu/ft-F-Hr),
and specific heat at constant pressure (Btu/Ib.-F) are presented in lines 212
to 230. The friction coefficient and the Stanton numbers as functions of
Reynolds number ire given in lines 232 to 246 and lines 248 to 262, respectively.
Finally the wall (tube) thermal conductivity (Btu/ft-F-Hr) as function of
temperature (F) are tabulated in lines 264 and 265. All these entries are
also read in E10.5 format.

87



R82-955750-4

Sample Results

Based on the input data shown in Table A.l and A.2, the computed results
for heat exchanger performance are presented in Tables A.3 through A.7.

Table A.3 presents the convergence informatioa; i.e., number of iterations
and the tolerated errors in exit temperature of the working fluids between the last
two iterations. The summary results, which include the flow conditions, the
heat exchanger size, and the manufacturing cost estimate (not shown in this
example), are shown in Table A.4.

Table A.5 shows the temperature distribution for the entire heat exchanger
core, including the inlet, and the outlet as well as the mean temperatures for both
working fluids and the wall temperatures on each side of the tubes for each
node. The distributions of the convective heat transfer coefficient, the
Reynolds number, and the overall heat transfer coefficient are shown in Table
A.6. The liquid-side pressure loss characteristics, the steam quality, and the
boiling heat transfer coefficients are shown in Table A.7.

List of Computer Programs

The listing for Fortran stalement for the four major computer programs
(HXMAIN, HXINPUT, IIXCALC, HXOUTPUT) and the common block allocations are shown
in Tables A.8 to A.12.

I
I
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STRUCTURE OF WASTE-HEAT BOILER COMPUE. L PROGRAM

IXAI

ixiN PuT HXAL x OuTPuT

* F4ý AD ,% lpITE "PRLT o RTrRiEvE DATA FRO)M * AL.Tqf~ Vc 1,jiNPT FAT~

itNOTDA!A COMMON BLOC<c FCR ujSE A ~ N )PL(Sl,

9:ir/LIF 0 PERF;A! HX PLRFOHMANCL OEO bLCO2KS
Pf(OwE SS CCMPUJTATION 0 R'q ESUILTS

* ISOkEPFOAAT10N 'NO0STAESUJLTS iNTO

COMMON eLCSFOR USE COMMON BLOCKS FOR uS,

I I COYMON BLUCKS

INPUjT DATA ouTPL)T RE SULTS

_* TIT LE eCONVtR.ENCk INFORMAlikIN
o RUN CONTROL *SUIMARV Rf S;Uý T1,

0 Fl0fLtv,0ND!~k)* Tf~k4PFATuR~k MAPS

0 PATH CONNECTION iNODAL SY~iTF Mi 0 H[AT TRANSý 14 MAPS(
0 iLC,,' VRO)PtR''ES HAT TR4ANcFFR 6 PRESSURE LOGS MAPS

PRU,5UPE LCSS (.OF4HL.ATl0N5

82- 5-bG-24



R82-955750-4

TABLE A.1 INPUT DATA FOR MARINE WASTE-HEAT BOILER STUDY

1 '4ARI\E o.ASTE-HEAT ?OILER tCESIGN STUDY (UNIFOPM FLOW, 'Cý PG'.ER)
? ;.jU!,Copý NIj:?%,..J=5,NPTHA:5,,NPTHE:l ,NPRNT:C',NDUt'P=O,.OMPLX:1,
3 YLEN:7'.T, XLEN=12O.UZA=8'4.LZB=S4.!,THiKWAL=:I.95.

4 OLT=*ETALACCUNB=*#COST~w,NTyPL=4,,

72.fln 14 9 Cl31A 796. C*322 24.C~
1o?: 8bo.C1,'I 0.3445 D~q35l

13 £ 3

15 7
i6I

17 9
1E 1 i

19 11

131

23?i
324 13

37 1
7I

3791
299

4? r,121161 e1 *34 03
322

.45 14
46 15 7
47 16

41 17

43 2

47 16 2
47 17 ?

63 9

13 3

69 2C15 484 799 022*

7? 18
573 1 3
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TABLE A.1 Cont'd

74

76 2C,3 14 8 796on 0022 24*C
77 r*.572 8501C CoO12 Co3445 CS3576 1 u
79 2 4

cr 4

14 74Z5 i Q
06 414

7 Ir '4

1 '4

113 4

S11 - .4
12 7-

51  13 4

1;6 19 4

; 7  '499 1 4 976o2

121 I "

1

* 1.3 23 1

*12• C; C

1C6 6 ,

- 7 7
1U

* -.. 8 19

112 1:
S135 13 c
114 14
115 15

* 116 1t

118 1?3•

119 197

121 1 ?
122 9975 3u4ran 115.0 83 wo6*546

123 1 1

124 2 2
1215
126 2"

129 19 4
I 3 19 T
131 19 2
132 19
133 1
134 1.
135 18 3

13 6 17 .4

139 17 4
141 17

143 16 1f 144 16 2 B#EST AVAILABLE COpy
145 16
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TABLE A.1 Cont'd

14f 16 u
147 16 5
148 is
149 15 4
15r 15 1
151 15
1:,2 15 1
153 14 I
154 14 2
151; 14 3

1b 14 4
157 14

19' 13 4
I bl, 13
1b1 13 2It 13
lb! 13 1

16?I D4 I

Ib6 12 4
ib0 12
lb5 11
17C 11 "

171 II 1
172 11 1
173 10 1
171s 1( -

175 1I 7

176 I! '4
177 13 5
178 9 F
179 9 4

9
9

163 31
jc'4 6
115 3 "

1Z7 9 5
18 7 c
189 7 4
I;v 7 3
191 7 2
1;2 7 1
193 6 1
194 b
195 6
196 6 4
97 6 5
I; 5 5

199 5 4

2C2 5 1
2C3 4 1
2U4 4 2
2,.5 '4
26 4

i4
3

269 3 4
2 21C. 3 3
2 11 3 2
212 3 !
213 2 1
2114 2 1 BEST AVAILABLE COPY
215 2 3216 24

217 2 5
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TABLE A.1 Cont'd

I219 
4

220 !3
2212
23 .AJD ,pPCPTY3

I
I
!
I

I
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TABLE A.2 THERMAL AND PHYSICAL PROPERTIES FOR WATER AND AIR

2 19
3 l5jo. Flo
4 zcLo I'dLO-G
5 415 05 , .0E.
6 3 c, o%- 1.ý2C!E-Z6
7 35¶J00So5]EC

9 45.J.C

11"o 3,c61 -'

i3 71J~ Is 7jfE-C7
16 7519J
17 79 o .1r -.

19 10L3o.r ScOEL

21 13- * *r t) M -

231
254

ý6 *~2LCO*U3 *69C
27 o25C'*C3 s 4ý It.,C3

II.4CCO.L3 0444d7+0t
31 0.596 n0492 94
32 '.L.'.V6 r,'.7 r.2S3 LX..j 7454 b).95! C94 3 5
34 .2
35 sci C.-
.16 6i"La .*r.tU52r
37 lrL, aC',07 3 r

99-co .Oc6cr

41 1510 10
42 Zccce 900L4C
.43 3OOZ0. .'ozar
.e4 4LUiJU. 9Ct24r

4e60Oo .003(4f
4.7 ~CCo oOL*35E

49 150cC. 9D03.3C
5f v rOC3, .*gL 3 1
51 .3 r urC.11. 00O26!

5; #rG~c. a CL? 7"
54 8(rc~c. sOC2'.t
55 100000. *.0&2C,
56 suncou, .O(40fU
57 9

58i o~ SC.0 2 77o-O? .3369#00 *ior's#ai *624.6+0259 *IJCOLIC3 *4592-L3 *362Z*L! .99974lr' *62135.J2

b2 200.0*3 *1U5O-C3 .3957.00 .1016.01 7.02
63 *34C0003 91'37-03 .3959.00 oIC30.01 o5736.0264 .3L fl.+.3 11.27:0. A 911#01~ .1051.01 :5564.0265 *4LuCD#G3 00786 04 * 818+00 .7#0 5367.02
66 *4174.03 08366-I.4 .3774400 sI9+ 5292.0267 *320b*04 97-.a54*G3 .1800.02
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TABLE A.8 LISTS OF HEAT EXCHANGER MAIN PROGRAM

INCLLJOE PPOCO LIST

C ------SET LATA TA(2MXA)

DATA LCTTA/2q244/
DATA NC.KSTP,NCIKS4V,1r,r,
D AT A NSTOWE/9;/
ISOYN:1
CALL INcUT(%AVG,!2iZOC)

1^%'6 CONTINUE
NU"PL.C =u 2w ,vi

NSAv =
CALL E'kTRAN(c,'ASD,,T 9.'

C-EFIiF FLL NAsD9T5:CNUW;)URE
CALL CALC(LOTTA)

1J00 CONTINoF,

l1rX. CCNTINL''
IFIISPYN*EJ*1)GO TO 1050
6rlTio0 6,6Sfl) QNETqSUMCP,OTAU,TAU

o 5 ( FOPMATl//lLX,'FPOm, DYNAmIC PESFONSE MODEL ...'

jX/!CX,*NF -'TAU151),Bu/E'

X CAL X rT3,¶t,&-.plv*ECN0'

3UCONTI NUE
CALL CALC (LOITA)
DO lif'r 1:1,NIITrAP ( 7, It J :--.5* (TW ALL( ,IIJ)I.TWALL 2,1ItJ,12JQ CONTINUE

C ------MASS PER NODE
DMASS=EL'MASS/(N'L*J)
SU;MCP:C .C;
DO 130r, I1=19%

CALL LOCK(~TCPPET CP'MET NCPMiETTEECPEE KK)jUC=LMP- DMloPelTA 1 1:)-AR(1 ,j
1300 CONTINE

DTAL' B4*'*QC/NT
TAU= TAU*DTAU
GO TO ir~r

400 CONTINJUE
CALL ERTtAfot69' &FPEE 9[ ~~RITE (K 6,960O)NSAVE

600 F0RM1ATt//1UX,'UNIT ',15s1XHAS, NOT BEEN FREED#//)

200 CONTINUE[ IFIJCK(SA*NE.1 sAND. NCKSAV.NE*?)GO TO Zlfl
wPITE. O6.,600 )NCKSTR
IFiNCKSAV*NE*1)GO TO 21f
NDUM=MAxx*MAXY
CALL NTRAN(NCKSTR ,22,1O,229112,71ZTLELL,22s

X'lju 1 TH ,LL922t,1O,22)

61 FRITM X I~ , CONKE HIKNS DATA HAVE BEEN STORED'

STOPr ~E ND
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TABLE A. 9 LISTS OF HEAT EXCHANGER INPUT PROGRAM

SUBROUTINE !NPUT(I,5)
Th;CLuDE PqOCO LIST
DIMENSICN NTtE(1O1, TYTLE(12)
DATA $R,Kvj/3t6/
DATA PI,GC/3.1i41592, 32.174/
DATA ELMASS/C.0i/
DATA NCPb4ET.,i.TYPL,mTCORE,MT SHE LJACTF,FACTC/D), 1,1, 1,.1.Ot?.3/

C NAMELIST /IIPUTI NCPMET,CPMET,TCPMET ,ELMASS
NAMELIST /RUNCON/ NI ,NJ,NPTHA~tcPTMBNPRNTNDUMP0KOMPLX,NITER,

X NCCST ,NTYPE,MTCORE,MTSHEL,FACýTF,FACTE,
X YLEh,t XLEN #Z At2BoSWEEP ,THKWAL ,TOL ITRI UPNLA ,TURNLE

C
C
C READ INPuTS - CHLCK FOR ERRORS
C
C ------CUMMY PA'AMETFRS SET FOR USE It; WRITE STATEMENTS

MAXJ =MAXX
MAXI MAXY
MAXP = mAxPTH
MAXT = mA XT A'
MAX% = MAXNUD

C
C

NCRRDn
IF(ISDYk.Eu.11GO TO 10010
RE AD gP ,INPUT LPR:=It00G, END=1flCInD1
ISDYNX=ISVYN-1
wRITE(K'h,l100SIISCYNX

1)005 FORMATI 1b1/1CX,'*4******t**STAPTING DYNAMIC RESPONSE',
Xyl 0 OCOE -STEP',I5,IX,'********4*'/)

GO TO lt%20
10010 COI.TINUV
C ----- CA;D 1

READ (KR ,5nC) 1 TIlLE( 11,1:1,121
so11 FOPHATI 12A6,,I31
51,1 FOPMAT1lI1U)
52U1 FORMAT(S%1t,.5)

READ (5, Ut:CON)
I~iZO CONTINUE
C ------ CARDS iC - 19 -

00 100 N:1,NPTHA
READIKR 51%2) IST,NOOE,LSTEP
lSTAR~dd,N): 1ST
NOD--S(1,N,) =:!
KANISTRI K)=:1
IF(LSTEF.GTO.)KANSTP(PJ):1
READ(KR,520) WDOT(1,NIPZRQIIN),TZROI1,N),DHYD(1,N),
1 CE LT AX IN.)
READIKR,520) FAOFA(N),SAOVIN),FINTHK IN) ,VINLENl(NIFINSRV(N)
00 110 L:1 NODE

IREAD(IR,t~11) I .1TIN(1,IJ), HASIDEII,J)
511 VORMATI2IIC,ZEiJCS.)
312 FOPMAT(!E1O.StIIZ,ZE1O.5)

IARAYI1,N,L): I
JARAY(1,NL)Z J

110 CONTINUF
100 CONTINUE

C ------CARDS 21 - 29
00 2110 N:1 NPTHR
RADIMP b16 ) 1ST, NODE
ISTA4TI3,N)Z IST
NOOESIZN) = NODE
REAOIKR,512) WDOT(2,N),PZQO(ZN),TZRO(2,N),

X r*TUBES(N),OHYO(2,N),OELTAYIN)
00 210 I~i NODE
READ(KRt ,s)tIZAPAYI 2,NLI, JARAY(2,NL)

2111 CONTINUE
ZDU CONTINUE

C
IFIISDYk.NE.1)GO TO 10030

C

106
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TABLE A.9 Cont'd

C ------CAkO ?2 COKE. DATA
RE rA2 I w 5C ) XK COKE

* ~READ(KR,5lCi 'NCOKE
D0 31C~ L:1,NCCKE
RFA0(KP,52L.) TCTAB(L), THKCI(L)

31u CONTINUE

RFAD(KR~,52L,) P'RSYAX

REA0(WkI,¼l1)%HOuASNCASAv

DC 311 L:1,NHCAT
READU'Q,52(i) HOUSIT~L)TSTBL

31CON T I NJ

REAO(KR,5!ý; NATUbEUPCUR
READIV~ ,S2C) PASUPEL$U,TSuPDSUP

3 2o COT I Nu -
C ------L~I CARD 3 AT7-39ISTA F ORLAI

L I ZCUP:I

REAZj(KP9523) ILAYU,~USPDU
GO O 37'L1,NJA

323 C OoNT I U E

322 CONTIN
R EA D (K R 51 U) KNSJ A
DO 33"? L:1,NLTNAY
RrAD(wR .320) ENST C(L), STNTB CL)

322 CONTINUE

C
C------CARDS 4f-49
C

READ(KI~,51O) NTA38
00 42C L=1,NTAEBS

* ~READ(KR,52C) TEM3T(L), VIS8T(L),XKBTCL) ,CPBT(L),RIH4BT(L)
420 CONTINUE

READIKR,520) PCPITB,TCRITS, A-MUS
C C------FUEL VAPOR PROPERTIES

REAO(KP,51C,) NP,ISPURE
* NPROPS=5

NTRY :NPIROPS.1
REA0( MR,5j0)(CNTEE CL) ,L:1,NP)
TABVAPC 1):NP
T ABiVA P12) :NPRCPS
DO 43' LZ1,NP
TASVAPC?*L:= NTEECL)

'43L CONTINUE
LAST= 2#2*NP

lip, 00 432 N= I, NP
NT:NTEE (N)
00 434 K-1 NT
REAOCMRoi2l) PEE. C TA8VAP(LAST*Lh#L=19NTRY)
IFCK.EO .1) TARVAPC2*NP*N):P'EE
LAST:LA ST*NTRY

034 CONTINUE

REhO(KR950NIK LOKR,5U) MIXTS ,CPMIXB CL)

107



R82-955750.-4

TABLE A.9 Cont'd

436 CONTINUE
C
C------DENSITY ABOVE CRITICAL CONDITIONS

REAC( KR ,S1C)NP
REAOIKR,sxjc, INTEE(L),L=zNP)
NPROPS: I
NTRY NPROPS.1
TABERTI 1): NP
TABCRT(2): NPPODS
DO 44f' Lz1,fýP
TAECRT( ?.L: NTEEIL)

44Lý CONTINUE
LA ST:2+ Z4NP
DC 442 NZI,NP
NT:NTEE (NI)
DO 4.44 HZINT
RETADPKR,szo, 0EE, TABCRT(LAST+L),LZINTPY)
IF(K.E04j) TABCPTt2.NP.N):prF
LAST :LDST *N'r;

444 CONTINUE

44,. CONTINUE
C
C
C ------NEAT OF VAPORIZATION
C

PEADcxR,s1u) NVAPTB
DO 48r, L:1,NVAPTb
REAO(KR,52cU rLAMTB(L),NVAPTB(L,

48U CONTINUE
C
C------SURFACE TENSION

REAO(XRS1L) %SIGt.iA
- DO 46:. LzNSIGuA

48! rou
C
C------F FUNCTION FOF BCILING
C

REAO(KR,slo) NlOVxFDO 462 LZINOVXF
REAVDKRszC) XOVFTB(L),FOVFT8(L)

482 CONTINUE
C
C------S FUNCTION FOq BOILING

C REAO(KR,51uj) NSTAB
00 463 L=1,NSTA1'READ (KR .52L) SRELT3i(L) ,STAB IL)483 CONTINUE

C
C------FRICTTION JouryCIENT

REA (CR*5 50) X, P1
00 446 L-lpNr 43
REAOIKPý21. PEFS)FTbL

446 CONTINUL PNBuFA()
C
C
C

j. CARDSSr-59 AU

READIKP.Slo, NTABA
DO 45V1 LflNTABA

45U COTN
C

READt(KR,5IC, NFPIC
DEO(R56 460 LZ ),FTAB(L)
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460 CO%TINUr
RE AC ( KP 5 1 ,:kS T ANT
DC 472 L=1,NSTANT
READIKP,ý-PL) PENSTIL),STNTABIL)

4.7U CONT;NuE
C
C C------CARý,s Gr-69

DC 62" L-IgNsA5LI
PrA:f(6( '52 . Tý.TAb(L), X~wTAB(L)

Cb 2 C0 N T I % UF

C PX. OF INPuT
C
C
C 6PITE :kPUTS

C I FI .PP PiT .EQ r 0 o L To 74,71

62ljLi FCPMAT(11i1)
%P!TE(KhE6C1L) iTITLE II )tI:1,12

buLG FCRP1ATj/IO)A,''N2%T SPECIFTCATIOSF 2AI

wP ITE ( K6, 62L ) NI ,NJ, PJPTHA ,NPTHRNPQNT,9NOOMP,9KCMPLX
6 jg2. FORMAT I

X/1L.X :NC. OF N.ODES IN Y-UTP. 9911L,
X/ICX,'Aico OF NOCES IN X-DIRo i.Iict
X/1r;x 'Nl~o OF a- PATHS ''Ili,
X/1~jX NC. ý'F P PATHS I IL ,

X/1C:X, opirumpI
X/1OX,*KiC'w'LX 910

o I TE ( A .6L3LA YLE~,XLEN,2A,Zr-THK,*AL,TOLIT~,
T LkNL A ,TUPNLb

6,30 FORMAT(

X/13x, A -SIDE DEPTH 9tEI~o5t1X#'INCHES*#

X/lOXq'ITLRATION TOLrRANCE 5,1ZSx 'EG F It
X/13x:OSIO)E A TURN LOSS FACTOR ',E12o5o
X/1Gx,'SIJE 8 TURN LCS6 FACTOR ,E12.59

wrZITL (K66A ) SAEEP
6j31 FORMAT(

X/Iox S'I.EEP ANC1LE $9E1lo5#lXt'DfGQLES9/l

6J49 FORmAT(1H1v/1rx#.A-SIDE PATH DESCRIPTIONS*/)
C
10 L 3 3 CONTINUE

UO 7Ur(h t.=1,NPTI4A

x PZkvO(1,N), TZQOII,N), DHYDI1,N)
6050 FORMATI

E/1ox ' PATH Nu008FR '11)29
X/1cx,'START ItýDICATOR Ii
x / 1Ox NLMPER OF NODES 01
X/10X,'STEPPING SWITCH 012

X / 10x , FLOWWAYE ',C1Z.5:1X:'LBM/SEC't
X/1L3X,OIKTIAL PRESSURE 'E12 5 IX OPSIA '

X/IDXJIkTIAL TEMPERATURE ',E12:5:1X::OEG HF S,
X/10X9*HLRAULIC DIAMETER E,12 5 1X,'INC LS ,Ii RjTO(Xhq,606C) FAOFAIN), SAOV(N), FINTHM(N), FINLENtIN,
x F It. S WF IN

6 J6Cri FORMATI
X 1OXtIFLOW AREA/FRONTAL AREA ',ElZ.5,
X/lox,'SuLiFACE AREA/VOLUML 'E12oSo IXtIFT**-1 '

XIOX FN HIKNSS0C12959 LXINCHES 9
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X/ILX,'FIN ARLA/SURFACE AREA #,E12,5,

NODE z IKOVES(1.N)
IF(KANSTP(N)*CT*-)GO TO T31r
wh-ITL(K6,6LTZ) (IARAYIINL) ,JAPAY( 1,N, L)L:1, NOLE)

6]TL FOR'4AT(/IOX '1`OQE.CO:QRDZNATES t,)t~
/ (lcX,L(*13,',1,13,3X))

50 To 7rIUO
7jiiJ cON~T1NLJF

6Y7l FCRMAT(/irx, ' lJ, 'TEMPERATURE H
XI/lox, 8y, 'DEG F BTLJ/HR-SQFT-F#)b

00 ?LZC L:11NOOE
1 = IAPAY(1,N,L)
j JARAYfIt NL )

T 22 FOZm.AT( lXtc214, F12*3, 6~4,S)
7 UZ~ C ON TI *UE

wPITC (K.,6Z3?3)
6171 FORMATt///)
7,j0U CONTINUEF
C
C

ibRITL IX6,610Z)
6101U FORMAT(IJH /1rWB-SIDE PATH DESCPIPTIoNS*/)

wRIT~tfbu,6L53) N,ISTART(iN) Nb~ OOES(2,N) ,NTU&ES(N) ,WDOT(Z:,N),
X PZRO(2,N)t TZPO(2tNi ýHYD(2,N)

6353 FORMAT(

X/ ux: STAPTINDICATOR
X/ !:: X 9 *LMSLR OF' NODES t.112,
XI1QXt *NLMSEP OF TLBES '1127

XI1QxiATITIAL P9ESS&IRE 'E2~1,P
'E/ZOX,*IkITIAL TEMPEPATUPE **El2.SdqX,*QEG F
Y/IZX,'Y.,jRAULIC DIAMETER f,E12 5*1X , INCHLS
X/IOX,'TG DLST ,E251,IN**-2 O

NODE =torLS (2, N)
wQITEfKi,6t;TL..I IARAY(21,NL), jARAYf2,N,L) .L:1,NCDE)

7 1OIQ CONTINUr
IF'IISDYN*NE*1)GO TO IPC40

I.RITEI.I6.611C) WKCOKE
611iý FORMATt//ILX, 1COE THERMAL COND. O'E1295,1xf

X 'B TU/LS#M-F T-HR0/I
IWPITE (K W9612CI

61. FCRMATI/l~nxj N TEMPERATURE COKE THICK*,
X/1SX*1 OEG F INCHES#/)

00 7110 N:1NCOKE
wRITE(K9,61 C) N, TCTA6(N), THKCTIN)

6 1 3ý FORMAT(1I%,XtI3.2X# 2E12*5
?1ZJ CONTINUF

C

WPITE(Kh,6131)HRSMAX
bl~ FOMAT/10k 'OKECURVE REPRESENTS CONDITIONS AT',E1Z.5,lX,
IVitJCK(SAV.EQ.1)WRITEUKW,6121)NCKSTR
IF( NCKSAV .EO.'') WRITE gw,6122 )NCKSTR

6121 FCR'4ATM/1Xt'SAVE COKE THICKNESS DATA ON UNIT* 15/)
6122 FORMAT(/1OX#*PEAD COKE THICKNESS DATA FROM UNIfstis/1
C

wRITE (Kik#6131I
6132 FORMATI/1M , N TIME*/10Xt3X,2X,?X,sHOURS4/)

DO 7111 N:?,NHOURS
wRITE tKk*613OI) N,HOURSIN)

7111 CONTINUE
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wRI TL(K6,6140)
614, FO'4MAT(1jr),'SATLJRATION TrMPEPATURE TABLE',

X /113 x' 9 NP SATo-PRESS SAT.-TEMP',
X / 1 x , P S IA rEG F'I
bC 712C' N:1 NrAT
&QT'K66K) N, PSATT8Pj) ,TSATTB(N)

GO TO 17121,71"2239 LIQCOk
7121 cCNT:NUE

6RITE (K ., 62or 1 ALAM,9BLAM ,CLAM 9LLAm , ATUPb tBTU~b qCTURB ,I ~ 4 Asup, B S'P , C SUP, L)SLIP
623w FCrO4AT(//1J.X,'HEAT TRANSFER CORRPELATION CO-EFFICIFNTS',/

X/,3X,'FLuw A C 0'

X/ICX , TLk58LLE1T ', 3E1C95,

X / )
GO Tu 71Z9

71?Z CO!,TINLIF
wPITE (i.,621%)

6-2,5 FOPMIA'H/x,LOX *-$ICE STANTON NUVSEP TABLE ILIQUID)'/
'9L~* REYN NO. STvPP*'*2/3'/I

DO 7123 'v=19NLJAY
WPITE(Kim,631-j) N, RFLICQ(N)q STNLIQIN)

7123 CONTINUE

.129' CONTINUE
C
C

b1'- F OR"A T r~'xr-SID[ STANTON NUM'BER TA:LE (VAPOWI/
x /IC x,' q, , I R EY N NO. ST*PR**2/3'/)
0O 713C N:1 NSTNTR
vokPTL(I..,63 L) N, prNST5(I%),STt.TB(N)

,13w~ CCNTINuF
W P I'T~ b( I . 39 0

6 3 0 FORMArf( 1H1,/-X, 'LI:UID THEPMAL. PROPEPTY DATA '

x /C: I HEAT0 TEMPERATURE VISCOSITY THLPM CONO',
x SPEC DET ENSITY',
X / S X 7 X, 'OýE CF' ' LBM/FT-SEC STU/FT-F-HR BTU/Lj)M-F',

00 73Gto N=19NTAF4I
WRITE (A.,6313)N, TEM1PT(K),VIS9TfN) ,XKBTfN) ,CPST(N) ,PHOUT(N)

631J FOR'4ATE11X,I3,2Xo5El295)
73(%a CONTINUF
C

WRITE (K6#6320) PCRITbTCRITB, AfU6
632*. FCPMAT(

X/1oxt'LIýUID CRITo PRESSURE 'E12:5:1x:' PSIA'.x / 10 x , 'CR1 T TEMPERATUR": 'E12 5, IX, DEGF'
x/luxt' M'OLECULAR WEI~wT ',EU.*5*

C
ovRITEoK6,A~3.1-)ISPU9E

6.33L FORMATEIH ~/1CXI '8-SIDE VAPOR THERMAL PROPERTIL.S (ISPLRE=',

X/1L~X, NP NT PRESSURE TEMPERATURE DEN.%ITYI,
X ' VISCCSITY THEPM CONO) SPLCo HEAT QUALITY',

X/..,1YX,'tSIA*W7,'DECl F', * LLM/CU.FT',
x L LM/FTSEC T U/FT-F-_HR BTU/LBm-F PLRCENIT/)

NP: TAFRVAP(J)
NTRY: TAdVAP(2)#I
LAST= 2*2*NP
DO 731C N:1,NP
NT: Th~ VAP12+.NI
PEE=TA3 VAP( 2.NP*N)
DO 732G K:19NT
wPTTE(96 .63'40) N K PEE, fTA8VAP(LAST4LIL=I,NTRY)

634C FORMAT(l;JX92I5#2A9,7f1Z3)
LAST:LA ST#NTRY

732 CONiTINUEr
7 3I1 CONTINUE
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wRITE (K6h,6140)
6 144. FORmAT( /1f3,),'SATURATION TEMPERATURE TABLE',

x /If]X,' N SAT#-PRESS SAT.-TEMP',
X /I1OX,' PSIA PEG F'I
CC 71-r N-1 NSýAT
*RITL(KkI,6Iit) N, PSATTB(PJ),TSATTBfN)

71~CONTINUI
GO TO (7121,7122), LIOCOR

UCONT:NUE
hRITE (K I,62OC) ALAHBLAM,#CLAMLLAM,# ATURb,BTURbCTURB,

x LSuP ,FSVP ,C SUP , OStP
6_20t FOi-MAT( //1LX, 'HEAT TRANSFER CORRELATION CO-EFFICIUNTS',/

X/ 10)( *A IF ~ ,iý A pC
X/lu *L~INAA4E1,'.5,

xllCX,'TIABULEkT ',3EIC.5,

X/1ZX,'SLPERCRIT. o E0S

GC hi 71Z9
712Z COX.TINUF

6_10! FORMATI/j.x,'9-SICE STANTON NUMBSER TABLE (LIQUID)*/
x/icllx % # ' PEYN NO. STvPR**2/3'/)
DO 7123 N:1,NLJAY
wPITEIK6.,631'i) N, RENLISCIN), STNLIQIN)

7123 CONTINUE,
C
7124 CONTINUE

c

tIL- FOR"AT(/ir'X OP-SIDE STANTON NUMBER TA2LE (VAPOR)*/
xllJcn,' f. ', REYN NO0. ST*PR**2/3'/)
DO 713C NPCI NSTNTB
iRITL(Ka,6b31 U1 N, RrN.!TBfa,STP TB(N)

7134. CONTINUE
wRITL (K`*,630U)

6SO0L, F ORMA T (1M,/tIrXLI IflhD THERMAL PROPERTY DAT A
Xn/icxt NP TEMPERATURE V'SCOSITY THERM COND',
x SPEC HEAT DENSITY',*
xiisx, 7X,'DE$ CF'ý ' BM/FT'-SEC BTU/FT-F'-HR BTU/LzsM-F',

# LcOM/CUoT'/
00 7301i NI1,NTAS"
WRITCIKIA,6312)N, TEMBT(N),VISBT(N),XKBT(N) ,CPBT(N) ,PHOBT(N)

631ý.2 FORmATfI. 1x,13,2x,5E12*5)
734X, CONTINUE

wRITE (Kfh,632Zj) PCRITbTCRITB,AMUB
632.. FORMAT(

X/1OX,'LIQUID CRIT. PRESSURE ',E12.S,1X, PSIA'1
Xracx,' CR11. TEMP(RATURE',E12,S#l,1x, DEO Ft
XI10OX # MOLECULAR WEIGHT ',E12.S,

C
wRITL(K6s,A33 J)ISPURE

633 iŽ,AT Ix, 931/ #SIDE VAPOR THERMAL PROPERTIES (ISPLAC:',
X/uGX, NP NT PRESSURE TEMPERATURE DENSýITY',
v VZSCCSITY THERM COND SPEC* HEAT QUALITY',
X/IZX,12Y, bX ,#PsIA'17X,*DEfF',# LLM/CUFT',
K ' LAm/PT-SEC ATUIFT-F-HR# BTU/LBM-F PERCENT#/)
NP: TARVAPII)
NTRY: TAdVAP(2).1
LAST= 2.2.NP
00 7310 N:1,NP
NT: TAPVAP(2.P.)

PEE:TA3VAP( Z.NP.N)

63CwQITElK1~i634O) N:K ~PEE (TABVAP(LAST*L),L=lNTRY)

732; CONTINUE

7310 CONTiNE
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C
w,71TL (A-, ,635,.

6 35L; FCO','AT //1 , 'M! X~wPE HEAT CAPACITY T AiLE I/
Xi12x,' ;, ', PPESSUPE SPEC. EAT,

x / Iý IP SI A BTU/LSHM,-F'n,

7 33iu COrIur'

C.36- FflPRmAT(//!dx,'D)F'.SITY ABOVE CRITICAL POIT'/
x / ICX, I N.P N T POESSUPE TEMPERATuP OL NS IT Y'
X/1.Xt 1-A , I PSIA CEG F L6M/CveFT'/)

L A S T = Z

PEE: T AL 2 P.

a PI TL ( K 6., 34L )N, ,%PEE,( TASCPT ( LAST +L)LlNT1
LAST:LA ST+NTkv

7341, CONTIM.0.
734: CCNTIkUE
C

6Q',LfU' A,638L)
6361 FCP;4A7(//ILX,'HEAT flF VAPORIZATION TAibLE',/

x/1Ox,' I* PQESSu9F 1-A
X/1X lo , ; PSA PTU/L2'4'/)

7 3 8 ' CONT lkýr
C

638.1 FORM;AT(I/! X,ISUPFA,- TENSION TAOL'I/
x /1C, I \~ '9 TEMPERATURE SICHA
x /1tJ.ý 'x * DEG F DYNES/C,'/,)
010 731 N~1,%SI53"A
&PITL U' ,,631.A) %, TSIGm4AtNi,SIGTA2'(N)

7 3S1 CONTP~~uJ
C

0 I TE IK 6, 6302)
6382 FORMAT1//lLXv'F-FLNCT!ON FOP POILIrNG*/

X/1cx,' .N 09 ' 1 / 1G X F' I
00 7.,82 N:i oNCV
WP ITt. U' ,3 1C )Ns ,XOVF TO(t. ) FOVF Te(N)

7382 CO!.TlkNuE
6PITL U'.,6!83)

6383 FORMAT(//1I;X,'S-FUNCTION FOP BC1ILING'/

00 71P4 N1fT'
wP'ATE (K6~,;3Ni N, SPELTS(N) ,STAB (N)

7384 CC!N!INUF
C

637Ui FOIRMATI//1Lx'Xta-SIDr FR~ICTION FACTOR TABLE f/
X/lCXO t. 1, I REYN NO. F-FACTORO/)
00 7350) N:1,NFRp
WRITLIM6,631w) N, RENFU(N), FSTABIN)

735C CONTINuE
C
C
C

6PITE (K6, 64%.)AMUA
64.0C FORMAT(W~ 1/11'X *A-SI0E THERMAL PROPERTY DATA',

X/ICX,'MCLEIULiR wEIGHT 09E12*5/
X/loxg N ' TEMPERATURE VISCOSITY THERM COND',
x ' SPEC HEA to
X/Isx,' 9CG F LBM/FT-SEC BTU/FT-FHR BTU/L8M-F91)
c0 7400 t%:1,NTASA
WRITE(Kk9631C) No TE"ATIN)bVISAT(N),XKAT(N) ,CPAT(N)

7400 CONTINUE
C
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.RITE(1*A-,645O)
61450 FORMAAT(1M1./lrX,'A-SIOE FRICTION FACTOR TABLE'/,

X/12,X,' N It # REYN NO. F-FACTOR'/)
DC 74SC N:1 NFRIC
bRQITEIKki,63l0) N, RENFIN), FTAbIN)

745f6 CONTINUE
C

WiRITL (Kh, 646Z)
64#6. FORMATI//11,X,'A-SIDE STANTON NUMBER TABLE',

//13%,' N * ' REYN NO. ST*PR*#2413/)
DO 1460 %:1 NSTA%T
wPITL (K I,6IIluI N, RENSTINI, STNTAB(NJ

746;1 CONTINUE
C

ivRITEI(A6, 647A*
647C FOWMAT(//1L.X,'WALL THERMAL CONDUCTIVITY TALsLE'/,

x/10X,# I 'E TEMPERATURE THERM COND',
xil5x,' E F BTU/FT-F-HQ'/J
DO 7473 f,:1 NWALK
WRITL (A h631 LI., TbTAR(N), XKWTAB(N)

74%7 COTINUE
7471 CCNTINUE
7412 FORMAT11i~t, P-SIDE FLOW RATES FOR EACH PATH ARE:',//1C11X,

1 E(12.*51

IF(IISPs.;L .LT.1I ISPUREZI
IFtISPU9%.GT.2) ISPUQE=2
IF(ISPUPE*bE.2 *AND. NPRNTE.EO.U wRITEIMW,74721
1 iwL;OT 12,NI,N:1,NPTHB)

C CONVLQT TO A CONSISTENT SET OF UNITS

C TTME -SECONDS

C TEMPERATURE -RANKINE

C
XLEN xtEN /121.
YLEN - TEN /12.0
ZA jA /1290

THKviAL- IHKWAL/12.0
C

XKCOKE =XKCOKE /36VC.G
PCRITq PCRITB*144.C
TCRIT T= TCRITB+*6O0#

10340 CONTINUE
00 SUItC NflMAXP
PZRO(1,K) PZRO(I,NI * 144.01
PZROl I %) PZQOIN * 44.0
TZRO(II,) TZQC i ,NN))*460.00
TZROI2,N) TZROIZN)#46O0O

C
OHYD~II,) DHYD (IIN) /12.OE
OHYDIZ,Ni =tsYOIZ,2N ) 112.C
DELTAYIN) =LIELTAX(N) /1%o'
DELTAYtN) =DELTAYIN) /12.0
FINTHKIN) =FINTHK(N) /12#0
FINLEMIN) :FINLENIN)/ 12.00

9100 CONTINUE
F I~ OYN*NL.1)GO TO VIDEO

TCIAB(N) =ICTABINa.460*0
THKCTIN) =TmKCTIN)/12.O

C PSATTBIN) =PSATTB(N)*144.O

TSATTB(N) =TSATT8IN)#466L~.
C

TEmPTIN) =TEMBT(N).460.0

XKIITIN) =ZMBTNIN/3600.O
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PmIXTRIK) :PvlXTB(N)*144#.J

c TE'MAT(ý.) : TEMATIN). 8 46Cov.
XKATM% : xi'AT(N)/36DC*0

T.TAo(N) : w6(*4C1

C PLAIATBIP.) :PLAPTP(N)*144*C

c TSIGMAIK%) :TSIGMAMN + 46G.C
C ------DYt.E/Cm' T0 LbF/FTIS!GTAE(k) :S1&rTA'-(N) * 2.248E-6* 3C*48

8100 CCNTINdUE

NV: TAEVAP(1)
NTFAY = %SVAPtd)'1
LAST:?. 2d.P

NT= TAbv4Pf2.*N)
7AbVAP( 2.NP-N)= IAbV4P(2.NP-N)*j4

4 9C
DO 6i1c K:1,r,?
TABVAP(LA~ST+ 1) = TAEVAPILAST1I) + 4b09O
TAiýVAPILAST+ 4) : T~rVAP(LASI+4) I!bCt.30
T,%t3VAP(LAST+ f) : T E A (AT6
LA')T=LAS1.NT:4Y VALST)*.t

$210 CCNTINUF
820C CC%TINUF

C NP= TAbrkT(1)
NTRy: TibCkTl-)',
LA ST=?7.2'.'NP
00 S.,2t '.:1l,%P,
NT: 1A6,C'-T 1 '11)
TAEC;Tf2,,NP*N)= TAbCPTlZ*'JIFN) *1(44*0

TAbCRTl LAS!*1)= 7AbCPT(LASl41)*460*'
L AST=:LAS~T * NTR~Y

823'. CCT INUV
622u. CONT:NUE

C
I,')ij 5G C0N T I 1Wr

00 8240 '.:1,NPTHA
1rgKANSP(N?,LE*C)GO TO 824r'
N DE = NCM E S (9N )
LjO 8241 6=,:1Ncor
1: :A0A'ff hNL)
J: JARAYi11N L)

HASIJ (7J) ASILVE119J) /360060
8241 CONTINUFJ
8240 CONTINUF
C IFIISDYI~.NL*1)GO TO 1006C

C
C
C
C INITIALIZATIO%

0O 5L:t!0' 1:1 N I
DO 51ri0 J:1t,
DO 520l0 :1%2

TOUT(b(,' It J) 6!6

TlALL (,, 9 9J .
TOEANtKol ,J) 0.0
CPMEANV'IIIJ Coc

5200 CONTINUE
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TEP9MS(3I,J) =C.C

5jO0. CONTINUE
C
13363 CONTINUE
C

C---INITIAL TEMr--ATfiRF ASSIGPJMENTS

00 650C N:1,NPTHA
NODE= NCCES( IN)
00 6511 L:1,NCDE

IF(KANSTPIN),GT*C)GO TO 652C

TOUT1, I ij) :TZRO(11N)
TME A%(1,1, TZPCf1,N)
GO TO G6JI

652L CONTINUE
TOUT(1,I,J) =TINIl19IJ)

6ýIL COTNV
650C CONTINUE

IF(IISOY N.NE *I)GO TO 1CC70
DO 6600 N1l NPTHb
NOCE= NCDESIZ,N)
IJO 6olC L:=I#NODF
I =IARAY(i,fN,L )
J = ,JARAY(Z,N,L)
TINI 2, ItJ) :TZPO(29N)
TOUT(&ZtI,J) TZPOI29N)
T4ALLt1tIJ) TZOO(2,N)
TWALL (I- , I , J TZPOZtZN)
TCOKE(Isi) =TZROt2,h)
TMEAN(2,I,ý4 : TZAO(2,N)ý
TH(CK ( I J) = 0.

6blU CONTINUE
660C CONTIN'Jr
C

IFINCKSAV*NE.2)GC TC 67CO
C
C RECALL COVE. THICKNESS DATA
C

NnUMZMA XX*MAXY
CALL NTgANtNCKSTR,12 ' 10,220? 12 TYTLE,LL,22,

x 2,'KDUiv,THKCKtL L,ZltI6 t2

6710 FORMAT(/IrX,'COVC THICKNESS DATA HAVE BEEN RECALLED t,
x/10iX, #FROM CASEttlX,12A6/)

6700 CONTINUE
C
C END OF INITIALIZATION
C
C

IFfNEPP .LEL.) RETURN I
10070 CONTINUE

IF(ISDYN.GT.2)RETURN I
C
C------RESET PRINT OPTION
C

NPRNT=:O

C------COKE THICKNESS CANNOT CHANGE DURING TRANSIENT
C

HOURSfI)= HOUPStNHOURS)
NHOURS= I

-~- - - -- - - -- ~116.
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6PIltlK6,Iu07:) LLMA5SS
IOG72 FORMATI/W , x,'ELM ASS ',E1Z.5tlX9'LBM'/)

10074 FO .4AT( //1OX t fE TAL H~EAT CAPACITY TABLE I/
X1ILuX, 1 N' , 9 TEmPERATURE Cps ,
X/Iu'xl2x , 0 DEG F BTU/LBM-F$/l
00 iJirlE N:1,NCPmET

wCG lTEfK6, 1CO?9)N, TCFMET(N) ,CPMET(N)
YCPI4ET(PNJ:TCPMELT(N)+46Q,0I107 CONINUE~ C~C

1'8.FORUPAT( /1/)
PETUR~N I

10,ýOC CONTINUE
C
C E~POW SLMMACY
C

RETURN
E N
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TABLE A. 10 LIST OF HE&.l EXCHAN4GER CALCULATION PROGRAM

SUBROUTINE CALCILOTTA)
INCLUDE PPOCO#LIST
DIt4ENSIC~t ZTAP( IC) TERROR(Z#MAXPTH)IQPATH12 #4AXPTH)
DIMENSION FILOAT(16),INVRSA(MAXY,MAYX),INVR8IBMAXY#MAXX)#
X OSAT(MAXPTH) UA(MAXY IMAXX),MATEPL(ll) ,TPATL(MAXY,MAXX)
DATA fMATERLIP:),N~l 10)/ 6HCAQBON, 6H4 STEEL, 6i4MOLYSD, 6HENUM
X 6I4STNLS t 6HSTihL # 6HMONEL ,6H4 6H.SUPLR ,6HALLOYSI1

DATA RZERO /1545#C,/
REAL NEI.mOm

COSB=COS( S&EEP*PI/18ZL.)
C
C
C------SET UP INVERSE ARRAY
C
r

DO 2U N1l NPTHA
NODE=N~r!Ll( 1 N)
DO ?,-, L:19NODE
I:IARAY (l,f4,L)
J:JARAY tN#L)
I14VPSA( T,J):N

20 CONTINUE
DO 21 N=1,NPTI4&
NODE=NOCES(2vf1.3
DO 21 L=1,NODE
1:IARAY fZNtLR
.J:JARAY (4,N,L)
INVRSRf !,4:N

21 CONTINUE
C
C
C OUTEk LCOP CCNTPOLS AGING OF' HE.AT EXCHANGER
C

Do 50rCr ISHOUR:I,NHOURS
C
C TIM'E
C

TNEHR HOURS(ISHOUR)
C
C SET COKE THICKNESS
C

IF(ISHOUR&LE*1)GO TO S010^
OHOURS =THEHR - HOURS(ISHOUR-1)
IF(ISHOUR*GT*2)GO TO 50050

* C
C GET RATE OF COKE THICKNESS FOPMATION BASED
C UPON FIPST SOLUTIONIC

CALL LOCA4I TClABT~4KCTNCOKETWALLf2,IJ) ,THICK,KK)
500TRATE(I ,J)=THICK/HRSMAX
SOGCONTINUE

C
500J50 CONTINUE
C
C UPDATE COKE THICKNESSES

DO ioflbC I=1,Nl
D0 SC06C .J=),141
THKCKlItJ)= HKCK(IIJ)* TRATEIX,J) D HOURS

$0060 CONTINUE
C
50100 CONTINUE
C-I. IFINITER *LT* 1) NITER=25

THTA:0. C
DO 10000 ITEP:1,NITER

C
C SAVE PREVIOUS PASS'S OUTLET TEMPERATURES
C

118
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CO lJfý kzltNPTHA
NODE: NCDESI 1,N)
I LAST: IAPAV Is ,N, NODE)
JLAS7: .JAPAY(liNNODE)
TOUTSV(1,N): TOUT(1,ILAST,.JLAST)

IOU CONTINUE
DC 110 K:19NF-THR
NODE : NODES(' N)
I LAST :I ARA Y I ,N NCCE)
JLAST Z JARAY12,N,NGDE)

dOTOUTSV(7,N): TOUT12,ILAST,JLAST)

C A-PATH CONDITIONS

0O 2crX k:1,NP!HAI NODE = NOOLS11,N)
DO 21'm LZ1,NOCE

I=IAI;AY(1,N,L)
j = JAPAYIlt1,NL)
NP: INVPSS1 El, J)
EL = DEL7AX(N)
IF(ISTDF-T(I,N).FQ.1) EL: DELTAYINa)
IF(SvýEEP.GT*L91) GC TO Ill
FRONAPUI : ZA*EL
FLARA(N) = FACFA(K) *FRONAR(N)
SRFAEkA(Ni: SAOV IND.ZA*D)ELTAX(N)*DELTAY(NB)
FINAIN) : r1NSPFIN)2* SRFARA(N)
GO TU 112I111 CONTINUE
FAOFA(N) :o
FPONAR~t.) z LL* ZA * COSB
FLARA(N) = FOUNAR(N)
SPFARA(K) = DELTAX(N)*0ELTAYINE)
ShOV(N) = A*O/ZA
FINSRFNK =:9
FINAR(N) = LoC

112 CONTINUE
E TA F = 0. r

SETAZFO:I.C
REN=UoD

IF(KANS7P(N).GTsC)GC TO 205IC --- THERMAL PROPERTIES
CALL LOOv~fTEMAT9 VISAT, NTAflA, TMEAN(1,I,J), VIS, p04)
CALL LOCIK(TEMAT, XKAT, NTABA, TMEAN(1,I,J), XIS, KK)

C...CAkL LO0,K1TEMAT CPAT NTASA, TMEAN(I,I,J), CPMLAN(lIJ),KK)I C-----TP NSPO;T COEFFtCIENTI
GEE: 6DOTI1,N)/ FLAPAWN
PEN = GEE* DIHYD(1,N) /VIS
PRN :VIS* CPMEAN(1,I,J)/XK
CA.LL LOOK ( RENST,9 STNTAB, NSTAK.T, PEN, STANT,XKI)
HA = STANT / PRN**C.o666617 *GEE * CPPEAN11,IJ)

C ------F IN EFFECTIVENESS
CALL LOOKITWTAB,XKWTAB, NUALK, TWALLII,IJ), XIKWA,KK)
EM: SORTZ(2*0-IA / (XKWA* FINTHK(NU))
ETAF = TANHUEM*FINLEN(N)) /(EM*FINLEN(N))

25ETAZRO : 1*0 -FINARMN / SRFARA(N) *11*0- ETAF)

FILDATII Zh

FILDAT(4) = PEN
TEM( )=o/EAR *SRFARAIN) * H'A)
LREC=( I-i)*NJ.JI ~WRIT (NSAVE.'LPEC)IFILDATIKK),KK:1,NUMWRO)
IFMIER.9T.1) G0 TO 210
ONET =QNLT *1.O/TEPMS(1,I,J) 0 ITPEAN119IJ)

THTA:THTA * SPFARA(N)
210 CONTINUr

C
200 CONTINUE
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C
C 6-PATH CJNDITIONS
c

D C 3 ' 01:1,NPTH-ci
NODE = ODES(2,N)

xHi-:u VL.C

C QSAT~rj):
C ------MAXpIv~mHMEAT ADDITIGN FOR CONSTANT TEMPERATURE VAPOPIZATIO0. PkCCEC

CALL LCCIK(PLA"'TBHVAFTB, NVAPTE, PZPOg2,N), VP K)C Q"VAP:wr0Ti?2, *HVAP VP X

LO 3D 1=1,!,I
DO 30J jzl,Nj

3L CCI'TI'c

C ----- SATURATIUN TEOLPERATUPE
C

CALL LO0KfPSATTDtTSATTb, NSAT, PZROt2,N) ITSAT(N), IKI'3DO 31r~ ZI 1NCODEI =A~ p~, I
IA Ayl,,N,L)

NA IKVPSAcJ)
EL:DELT Ax(NA)'
IF(tISTAPT42,N) .Eý,2) EL=IELTAY(N3IFfSwFEF.rT.G.j) LO TO1011

FLAb(., ZNTsI8EStN)*P1;4.C rHD2,l*AiýALLAI,N) Z -TUT,JESlN* PI * DHYD(2,N).THbivAL)*EL
AikALLIZIN) '.TUBES(%)* PI DH* (,)E6~0 To) IC

11 CONTiNUE
EL:OLLT A I NA)
IFfISTAc'Tf2tNa.EQ.j) EL=OCLTAYIN)
NTL1BES( N)z
FLARB(N) tEL*ZB.COSrE
DHYDf20d,: 2-0* EL* 26 4COSB / (ELCC~SB*ZalAWALLII#N) = ELTAXtNA)*DELTAYjN)
AwALL(2,4) =AWALLI0,N)

Clu CONTINUE
C

C IF'PZRO(Z,N3.GT*PCRITB) GO TO 311
C ------GET ;JlUALITY
C
C

GO To (733l 3 32),ISPURE
C331 CONTINUE

C DISTILLATE Su6STANCE
C

CALL LOCKUP(TABVAP#PZPOI 'N),TifANt? IJ)#ZTA8P(I(JCUAL(I,.fl: ZTABJ c)
GO TO 333

C
C332 CONTINUE

C PURE SUSSTANCE, QUALITY DETERMINED FROM PREVIOUS NODE.C
IF(L*EO*.1 GOTO 333I P:IA RAY1 2, N,L -1)
JP:.JA0AY12,N L-1D
QUAL(I,J)=oUh (IP,,JP)

C333 CONTINUE

IF(QUALfI,J).LE#C#0) GO TO 311
C IFQUAL(Z,JJ.fT. 0 .O *ANC. QL'AL(I,J).LTy.1.o) GO TO 312

120
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C ------FL0.4 !S 0L%( VAPOR

C,

C ------TH-LPMAL PPOPLP711S
CALL LOCKLJP( TASVAP, PZPO(4ONl ,TVEAN(2,I1,J) ,ZTAB,XKi

vIS : ZTAB( 1)

CPMEAN(2 .IJ)= 7TA61 4)

WE% : rLE uHY¶H,N)/VlS
PPt. :VIS*cPMrAN(2,I J)/ XK
CALL L0Cirf~fENSTq9STNlB ,NSTNTB,RENISTANTIMMK
H.B= SIAKT* GEE CPPEAN(29IJ) / PRN**ýo6666?
HCONV =:4

311 COLIUIT 
MEN(fIJ)

IFLAj(311J)=
C---THERMAL PPOPEPTIES

CALL LCCK(TEMPT, VISBT, NTA~r., TMEANt2,I,J), VIS, KK)

CAL LC~'1EPT XKE, L NTA2E3, TMEAN(29ItJ)t XK% K K
CALL LOCb4(TEMS9 CT TAcPUAN12,',J ,.KK)

CALL LOCA'ITEMPT, 4T, B T E.AN(2 kHosM

CALL LOCK(TFM-,T, RHCBT , NTAE9, ICO)'E(IIJ), WHOý, KK)

C------TRAN!:POcT COFFFICIENTS
GEL = wCT(2v';/ FLAIRBIN)

ýPPN V%$ * CPMEAN(2ý,IJ)/ ýK

C G(' TO (741#346'), LICCOR

341 CONTINUE
C IF(PZPO(Z#N)*GT# PCRITB)GO TO 340

C -- -- -- T LESS T.HAN TýAT / P LESS THAN~ PC
IF(PLNGT,23&L.l) GOC To 32L,

35C ONT 1.Ur
CALL LCCKITEHBT, VISET,NTAEbD, TCOKE(I,J),VISW, KK)

xX=XEL
ANU:ALAM*(REN*gPPN/(X/DHYD(29N)))**BLA?O
x /lVISW/VIS)**CLAM

C ------ MINIMUM LAOI!~AR NUSSLLT NO* IS FOR FULLY

I F (ANUs*L Te*3;66)A£N U=3&*6
He:ArL* XM / YD102,N)

HCO4V =H
HGUR(o = 00C
HBRE AL:P
GO TO 37w

37t CONTINUF
ANU = ATURB*qEN** 9TUA9 PRN** CTURS

14B ZANIJ* %I / DHYO(Z,N)
HCON'd = :

HeREAL=)-u.it GOTO 37
34C CONTINUE

C ------ P GRLATEk THANi PC
IF(QLN.LT923LCo0)GO TO 345

LCALL LOCKIIEMP~, V1SbTtNTABB, TCOKE(IJ)lVIS6, KM)

* CA'LL LOCthtTEMPT, XKFT, tTA6b, TCOKC(IJ),XKW, KM)

*CALL LOCKE(TEMOT , CPBT, T: B TCOKEIIJ),CPW, MM)

PEN= GEE*DHYD(2 0N)/VISW
PRNZ VISWJ* CPW/)CKW

ANUZ ASUP* REN**BSUP*PRN**CSUP*(RHOW/RHO5)**DSUP
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HB :ANU* XX DHYD(2,N)
MCONV = B
HGURG : 0.0
MBRE AL: I-D
GO TO 3%L

342 CONTINUF
C------LIQUID STANTON NUMBEP

CALL LOCK (RENLIQ, STNLIQ,NLJAYREN,STANT ,IM)
HS=SlANTS 3Ff* CPMEAN(2,I,J) /PRN** C,66667

HCONV : H3B
MGUP% : *
MBREAL:ý-j
GC TO 37LJ

312 CONTINUE
C
C-----FLO* IS A MIXTURE

c-ALL LOCA(PMIXTECPmIXb,NMIXE.PZRO(?,N) ,CPMEANIZ,I,J),AA)
IFIKOMPLX .01. 0) SO TO 315
HS = l.Ct*Z0
HCONV : HiR
NGURL = Go.-I NUPEAL=r.0

GO TO 37Th
C

375 CONTINUE

C ------TWO PNASL BOILING
C

IFIQUAL(IJ) .GT. 0.71 G0 TO 371-
GEE 6[ 7i(2II,N)/ FLA%(iN)
CALL LOCKITEMU1T, VISPI., NTAPB, TMEANI2,iJ), VISL, #K)
CALL LOOrklIE~flT,-XKr-T, NTABB, TMLAN42iIJ), XAL, A(K)
CALL LOCK(TEMBT, CPRT, NTABB, TIIEANI2,'IJ), CPL, Alt)
CALL LCCA4(TEMeT. RMCBT, NTAEE, TMEANI2,I,J), P801., AK)
CALL LOC,%(PLAfTB,HVAPTB, NVAPT8, PZROLZN), HVAP, AK)
CALL LOCAEISIGMASIGTAb, NSIGM*A TMFAN(2iIJ) SIGMA,KK)
CALL LOCAETSATTB,PSATTB, NSAT, tMEANI , I J , hSTTB, AK)
CALL LOCK(TSATTP,PSATTB, NIAT, TCOKE(IItJ1, P511W, AK)
CALL LOCAUPfTABVAF,-PZRO(ZN), TMEAN(2,I,J)t ZTAB,KK)
RNOV ZZTABt1)
VISV : ZTABIZ)
VFG:1./QHOV - 1*/P'401
PEN:= GEESI1.3I-QUALIJIJ)) *OHYD(2,N)/ VISL
PRN =VISL* CPL/XAL
XFUNCT = (C.UALII,J)/(1.0-OUALII,a) ))**O.9

K *IRNOLIRMOV)**0.#S * (VISV/VISL)**O.1
CALL LOCaX(AOVFTB,FOVFT83, NOVXF, XFUNCT FVAL ANK)
MCONV : .D23*XKL / DNYDIZ,N) * RCN**6.8 *PA s.0.4* FVAL
SARG PEN* FVAL**:.z5
CALL LOCAESRt.LTB, STAB, NSTAB, SARG, £55, AK)
HGUR- *Z
DT =.C*
OP = o.
IF(TCOKrJIJ) .LT. TSATIN)) GO TO 372
OT:TCOKEII J) - TSATINI
OP:778. 16*15T.NVAP/ITSATIN)*VFG)
HGURG =0.00122 * XKL**O.79 *CPL*SO.45 *RNOL**O.49 * GC**C*ZS

X IISIGMA**O.25 * VISL**O.29 SHVAP**fl.24 *RNOV**0.24)
x * 0**0.24 * OP**O*i5 * £5

37Z CONTINUr
MMACHC CNV
HMZCNHGLRG
HSB HCCNV*NGURG
NBRE AL: Pt3
GO TO 37J

371 CONTINUE
C
C ----- NHIGH QUALITY MIXTURE
C
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IFUiibV .0Ta s.C) GO TO 373
CALL L0CKUP(TABVAP,PZRO(2,N),TMEAN(2,1,J) ,ZTAB,K,4)I XKZZTAE (3)
VISZZTAI2)
Rw~oazZTAa I)
CPV:ZTAP '4)
GEE= wDO T( 2,N )/F LA%( 4N
RENZ:)EE*L'HY0O,N)!VIS

CALL LOCbKdREN~STB,STN78 N~STNTPB PETNK)
HV=STAT*ULE*CPV/PAl.,,0.6666~ NSATK

H~u2G:4'IC,;(t1.)-CUAL(l,J))/C.31**O.5
HB:HCONV Hut.PG

C BREA'L: i-,

376 CoNT:NUE
FILCDAT~l H -T
FILDAT(2) r
FILOAT(u) Z -CCNV
FILDAT(S) t.,rUP3

C
C -- -- --COKE
C

THKC ZTtiCKIIJ)
C ------TERMS 1%~ EFFLCTIVE HEAT T;ZANSFLP EI;UATION

TER!St3,1,j,. = IHKC /IXKCGjKE* AWALLI2,N))
AeEEfIo,..):NTuPES(N)*Pl*EL*(OHYD(2,N)-THKC)
IFIK.'AJSTP(NA )oGT.C) ABEE(I,J)= SRFARAINA)
TEPOS(4,1,j) t .Cj / tHb'* ABEE11,J))
TRAP= r9S*tT'6ALL(l,IJ)*TJALL E2,IJ))
CALL L0Cr,(TWTA8 ,XOTABNWALL,TEAF(,X(W, K4( 1

C
C------kEAT TPA'iSFEA RATE (STU/ SEC)

DO 3oC L,=1,4
UA(I*J) :UAIIJ) * TERMS(LQ,I,Jl

38C CCNT.INUE
FILDATI?) :: 1.0/ UAII,J)
CALL LOC#\(TEMAT, CPAT, NTaASA TINal I J)CPAINAK)
CALL LOCKITEIOAT, CPAT, NTABA, 7OUT(I,iJt CPAOUT,KK)

Gt~TII~)(TIIII J)-TIN(Z I ,JIl/
IUAiI,J) *1e/(.,*D*INA)*CPMEANI1,1,J))

X *1.O/(2.C*'.COT(2,Ni)*CPMEAN(Z,lIJ) I
C OUTI2,1,J)=TINI2,IJ).CD0T(I,,fl/(wOTZ2,t8*CPMEAN(ZIJ))

GC TO (!'vO,392),ISPURC6
39i CONTINUr

TCUT(2 'IJ)=TIN(2IJ).QDOTII,%J)/(,.OOT(2 N)*CPMEAN(2,IJ)I
IFIIFLAG(IJ)sEQ9 *AP40 TOUTI&',I#J) *GT* SATIN))

I TOCUT I(2, jJlI:TSAT (N)
IF(QSATIN) .GT9CoC sAND. QSAT(N)oLT.oHVAP) TOLJTIZ,I,J):TSAT(N
QGAIN:'QG4IN + Qt0O7hIJ)

C ------CONSTANT TEMPERATURE HEAT ADDITION PROCESS
C

IF(TUUT(2 I J)oLloTSATIN) *OR* XCKoriT.2.O) GO TO 390

T0UTI ?, f,J!:TSATIN)
C ------CUUSEJNA TRANSFER INCLUDES CORRECTION

C---FOR FIRST NODE THAT JUST CONTAINS MIXTURE
C -- -- --(AND TOUT JUST EXCE D~S TSATI

GSAT(N):QSATIN)+,0 4J)-iOOT(2,N)*CPL*(TSAT(N)-TIN(2, I,JlI

391T CONINU
F(QUL,(,J*GTo1s.G)CUALII J)=190

123
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C
C ------FLOw HAS JUST BECOME VAPOR

TSAT( N):T SAT(IN) * .0
CALL LOCKUPITABVAP PZPO(2 .N),TSATIN),ZTAB,KK)
CPMEAN( 2,I,Ji:ZTABiu)
TOUTIt,1J:=TSATINP*IOSATI(nI-OHVAP),IWDOTE2,N)*CPV)
OSATUD :&.JVAP
1FLAZf I ,J):3
XCK:3 *fl

!9-J CONTINUE
C
C

IFIL.'EQ.NOOE)GO TO 'El
IP = IACAYIZ,,#L~l)
JP : JARAY(2tN#L*l)
TTIN(I2IF JPj: TOUTIZ,I J)
TMEANIZ ,l%,JP)ZTIN(2I Ž,ii¾

381 CONTINUr
IREC = IV3NJ. II-1)*NJ.J
WRITEINSAVE'LPEC) IFILDATIKK ) KK=l,NUMiRDp)
IF C 11R .EO*l)

X% :;NET : s.NET - HBREAL*ABEE(IIJ *ITBAR-T.MEANHZ,I#J))
31u CONTINUF
SOC CONTINUE

C
C UPDATE TEMPERATURES

DC 4310 N:1,NPTHA
OPATril ,):0.C
NODE: NODESIIN)
DO 410 Lzl,NODE
I :IARAYI ,NL

IFIwDOTI1 N) -LE* Go,) TIN(I1IJ):TIN(2,TJ)
IF(KANSTPIN).GT*c) GO To 301
CALL LOCh(TEMAT, OPAl, NTA8Aq TINIIIJ), tPAI&N,KK)
TCUTIlI, Ij):TIN(1,I1 J) - COOT(IIJ)/IWDOTIINR.CPAI;t)

302 CONTINUE

TOTIJ:T CUjTt11,,JR
CALL ,OCK(TEMAT OPAT NTABA TOTfIJ, CPAOUTtKK)TOUtt ..h):IcpIzN*TIwIJI#)ZooT( I JWDOTI! N))/CPAOUTIFIABSITAUTI1,I,JLSTCTIJ) *LT. 1.0 .6g. 13.G734) (60 TO 301l
GO TO 3Ci

301 CONTINUr
GPATrII I,NLOQPATH( 1j4) + WDOT I1,N)*ICPAIN*TIN(l1,J)-CPAOUT*
X TOLTjIl I,J))IMEAII IJ: 0SSITIN(I1,IJ). TOUT(I#IJ) I
TWALL(III,J): TMEANI1,IJ)- QOOTII,J) * TEWMS~IIIJ)

COCIJ :TALII,-ODT!JTWALLI211 J): TWALL(1IIJ)- QO)OTII,J) * TEIRMS(iItj)
.E~:IJ WLt~l -O.O1 W )G *t TERMS(3,1.J)

JP ARAVI1,NL.1)
TINII,IP,JP) :TOUT(I1IJ)

41j CONTINUE

40QLOST:OLOST + QPATHfI,N)

420 CONTINUE

430 C430N~ -. 124
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C C0NVEPGE!%CC CHECK
C

DO 5LAP KZ1,NPTHA
NOCE= t,ýDESd1,N)
I : JARAYI1,N,NOCE)

TCHK = TOUT(1,IJ) -TOUTSv(19Nd
TEPRRP( 1,N):TCHK
IF(ArbS(TCHK)*GT. TOLITR) NOGOO[t: NOGOC0+1

i~ CONTINUE
DC 51r' h:1,NPTHR3
NocE = KwOLS(29N)
I : IAPAY(21N,NODE)
J:JAR iYE2,NqNODE)

TCHK = IOUT('tIJg)- TOUTSV(2,N)
TERROPC ?,N)=TflibK

IF(AoS(TCHA)oGT* TOLITR) NOGOOL NOGOOD+1
31C CONTINUF T 0C

ITAT: I TER

C DUMP OF i.NTEk"ECIATE RESULTS

NALL =r
DO 2u0C IDzl,?4I
DO 2G50i JL:1,'.J
NALL:NA LL+*
IFIMiQDIIKALL-l95C)oNEoC)GO TO 21'00
kPITEIKx*,211C) ITAT,NOGOOO

211L FOP"AT(1.-i1 /ir.x,*CumP FORi ITERATIOrt',15 IX,'NOUOO:',S is
X/i1OXO TA-IN TA-OUT fA-M'EAN T.AILL 4 ,.
x T.iALL-P TCCKF TD-IN TB-OUT To-MEAN',

6PIOCOTLIKN y12)ICr TIN(2,ID,JO), TOUbZID,JD),
x T'AN(1IDJ). TWALL(LtI,JO 1 ) D,

x TMEANUID J) OTI,
212C FORATILX92I5,9 1h..3,ElOe5)
2USUJ CON.TINJUE
2uOu CONTINUE

NALL:r)
DO i'r, IC :1,pNI
Do ion2 jD:1,NjI, I NALL:NALL.1
N=NVRSA1IOJD)

NS=INVRSb IIDvJD)
IF(MOt)(NALL-l 50)*NE~fl) GO TO 2003
wRITE(K.6,7.0J41 ITAT,NOGOOD

2GC4 FOR4ATI IHj,/IXp9CUMP FOR ITERATION',IS91.X 'N00000' 15,
X ,'1x,' I i CPP.EAN-A CPMEAN-B fLM-1 - hRM-
x ' TLPM-3 TEPM-4 UA QUALITY DELTAX1,
X CELTAY ? I FL A G'

ZQO3 CONTINUE Cj)I::)UIDJ),ULID

2,)05 FORMAT(IX 15,2Ib,?hC5,3F 1.4,IIC;)

wRITLI(K6?CL01) OLOST OGAIN
2001 FORMATI/////1'X OMEAI LOST FROP A-SIDE =,E11.Ell ATU/SEC'

r X/1f:XIHEAT GAINED BY B-SIDE : Ell1.:SO TUISEC'
wRITLIK69213C)

-23 FORMATI/M/
10bOGO CONTINUE
C
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C NO CONVERGENCE

0ZITEfKW,600) ITAT, NOGOOD
600 FOFMAT(I/I1OA 'FAILED TO CONVERGE...AVTER ,ISt,' ITERATIONS,'9

X IX,'NO3600 : ,11011)

GO TO 3r1 4 OG
2C610C CONTINUE
C
c CONVERGE14CE

c wRITL(Kk,613) ITAT
61. FORZMATII/1OJtX,'PROGPAM 'CONVERGED £FTER',I5,1X,'ITERATIONS'1I/

3C335C CONTINUF
wQITE Ikh1 6C1)

bOl FORMAT(l/15X,*SIDE PATH ERROR-DEG F'I)
DO iicor N:1,'*PTHA
LABSO-Mil- A
WRITE(K w,6GZ )LABSD,Nj,TERROR! 1,N)

602 FORMAT(1ZX,44,I5,SXF10.3)
IIJOU CONTINUF

DO id'Ot N:1,%PT$B
LABSO:41- B
WQITL (KW,6.jZ)LABSS,N,TERROR(2,N)

1Z.JOC CONTINUE

C
*C PRESSUR! DROP CALCULATION

C
C

C A SIDE
C

DO 3IrCr N=I,NPTHA
NODE : NODES(,I N)
DZLP(1,rN) z o
HEADNO: -fl
DO 3ilCrr L:1,K0rE
HE ADCL: 9-EA ONU
I: 1ARA Y'1,NL)
j= JARAYI1,NL)

C
ROIN : PZWO(!,N)*AMUA / (RZERO, * TIN(1,It)
ROEX : PZROI1,N)sAMUA / (RZERO, * TOUT11,ItJ))
LPEC: (I-i )*NJ*J
READ(NSAVE'LMEC)(FILDAT(KK),KK:1,#NUH.IRO)
REN:F IL CAT (41
CALL LOCK(RENFtFTAb, NFRIC,REN, VRICKK)
GEE : WDOT(1,IN)/ FLARAIN)
DELP~l N)= DELPi ) +GEE**2,1(2iO*GC SROIN)

X *1? 41 o. EFLLRA(N)/VRONAR(N))**b )S (ROIN/ROEX.1G
y + FRIC * SRFARA(N)/ FLARAIN)SROIN / (D.S*(ROIN.ROEX)))
HEADNtU : GEE**21 (2.0* OC * 0.5s*(ROIN+ROEX)
IF(L.EQ.1l)GO TO 3110C

C
C ------TURN LOSS

K SCORE: C

DM1: JARAV(I ,NL-1)
IF(ISTART(1,N).EQ.2)GO TO 3112!

C ------HORIZONTAL TNAVERSCIFINJ*EC.Z)GO TO 3j100
VLJ.EO.1 .OR." J.,EQ.NJ) KSCORE:1
IF(JMX.EQ.1 .OR. JH1.CQ.NJI KSCORE:KSCORE.1
GO TO 31150

31120 CONTINUE
C ------VERTICAL TRAVFRSE

IF(NI.EC.2) Go TO 31100

IF(IMI.Ew.*1 #OR, 111150. NI) KSCORC: KSCORE.1
3115U CONTINUE

I~fKSCORCEo.0*) OCLP(1,N) : DELP(1,N)* C.S*(HCAONU.HCAOOL)*TURNLA
3110C CONTINUE
C
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31lýOu CONTINuE
C
C E ID
C

CC 32flCr N:1,K~PT,-9
NODE:NOCLS( ?,NJIDELP(2,OJ 1
H"EAONU ro
NEwm4ll C.0
CO3 329ZC L:1,NODE
14EADOL : HEACN~U
OLOP4Om :NW
I: IAOAY(-,NL)
,J= JAPAY(?,N,L)

NA:INVPSA(ItJ
EL :DELTAX(!NA)
IF(ISTA;T(2tN)oE"*2) EL DELTAY(N
IrlSftEEP.C.T.L.')' GO TO 32Or1
FLA~i3(.1 NTu5,ES(N)*PI/'..L * HYO(2,0,)*%v2
Ak.ALL(,rf-) =NTUdESfP.)* P1 * IGYDI2,k)+.TH~wAL.*EL
A6ALL12,r.) :NTUEES(N)* PI * tHYOD1,N)*EL
GC TO 32.ýjC

321001 CONTINUE
E.LZDELTAA(NA)
IF ISTAPT(2,N).EC.1) ELZOELTAYIN

FLAP6Btv) :EL*ZS'ý'COSD
OHYP(2,K.3: 2.0'* EL* ZB *COSB / (EL'CCSB+Zb)
AW.ALL(1 ,r.) =DELTAXINA2*OELTAYNIN
Am.ALL(2) 14) A6ALLI1,N)

32JC2 C 0% T I N, 'i
ALPHAII,J3 11
KGO Z IFLAG(19J)
GO0 T Z !2 1CGO, 3 22CCL, 32 3G03 K GO

32100 CONTIUE'
C
C FLO .IsCC% LIGUIL,

GEE : w.OT(?9N)/FLAPRHN)
CALL LOCPKITEPBTtVISST, %TABB, TMEAN12,1 ) VISB,KK~)
CALL LOCP,(TEMBTtVISBTg NTAbP, TCOKEII# ji, VISW XK)
IF4PZPOIZ,f.rT.PC;IT7 .AND. TPE'AtJ2 IJ)*GT, TC.AITBI GO TC 3211
CALL LCCKITEMBTgRHOBT# NTABB, TMEAN(IIItJ), RH0B,Kgm)
GO TO .1"11C

32105 CONTINUE
CALL L0CIKUP(TABCRT,PZ-PO(2,N) ,TPEANI2,ItJ) ,ZTAB,KK)
RHOBZZT Au 11

32110 Cý'NTINUF
REN =GEE*s OHYD12 N)/ VISDS
CALL LOCK(RENrb9F6TAE NFQB, QEN,FRIC,KK)
OELTAP(1,I,J): 4*C0*F4IC* EL/ OHYOI?,N)*GEES*2 /1?.-*GCsRNO9)
NEwh4Om :* C.0
GO To !7tOU

3220L0 CONTINUE
C
C MIXTURE
C

GEE= WDCTI 29NI/FLARPIN3

CAL C--- L'OCK I EMST 9V!SBT 9NTAbS # TIN(29,I9j), VISLvXK I
CALL LOCKITCEMToRHOST9 NTAbPt TIfi#,IvJ)9 RI40LMK)

C ----- VAPOR
CALL LOC,(UP(TABVAPPZPO(2,N) ,TOUTIZI,JIZTABKK)
RI40V :ZTAbillIiVI$V :ZTAbl2)
RFNL 11. -l~ :CUALIWJ3*GEE* 014Y01? N)/V!SL
RENV = (~AL(IJ* GEE* QYD42 N /VISV
CALL GEIEX(RLNV,RENLgRHOV,RHOHL ,QUAL'tiIJ3',BIGX(IJI),PSIV2,PSILZ,
x K

C ----- DETER~MINE .141CH PRESSURE DROP IS APPLICABLE
C
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IF18IGX(1vJ).GT.1.O)GO TO 3225ZL
C --- VAPOR DELTA P

PMOB PHOV
vISS: V!%V
V154:~VI cE
GCE:.!'OT(2,PJ)e CUAL 11,4)1 FLAQE(N)
PEN: GEE*DNYCK,-'N)/VISB

PSIFAK =PSIVZ
-0 TO 32.e55

32,.:b: :ONT1%Lr
c------LICUIr rE'LTA r

V1S2: VIZ':L
PB-CGB: PB-CL
CALL LOCK(TEu~RT,VISAT,NTA3B, TCOKE(I#1 ;),VISWKK~)
G -EL= 119C - CL AL II.J i) *6 )*DOT(12,9N)i IF LA P B( t
PE%: GEES&NYD(2,N)/ ViSE4

PSIFAK = SIL2
3U-.56S CONTINUE

CALL LOCKEIPENFI VB'TAS , NFRB , PEN, F'RICKK)
DELTAP(Il1,4)- 4.G*FPIC*EL/DHYO12,N)*GEE**2 / 12,O*GC*RB4OP)*

X I imVSi*E PSIFAK
ALPH4AII,J): J.Q/ul.C + 11.0- CUALII,4))/CUALi,)

X (RNCVIDKOL)**C#66t67)
NEYýMOM : 11, CUALiIJ))**2 /tlI.P-ALP4A1(IJfl1RMOL

'4 * ~UAL(-,J)vOUAL(I,j)/ ALPNA(II~j/RHOV
t"XPN.LS : Z[Eýc'2 /12O*G)ýC*RHOL*(I.Ls-ALPHA(I,4)))
bC To 37:OCL

3 23% C ON TrI4U

C FLOw IS 1^.C% VAPOR

CALL LOGNUPITSBVAP,PZPOI2,N) ,TPEAN(2I,1,),ZTABKK)
V IS.4 Z 7TAP( 2
R!H2E32 =ZyTABII)
GEE: viCCTe.2.NJ FLARBIN)
RENJ GrE* 0niyD1Z,N)/V1St,
CALL LocýA1FErr~r'h VTAB.NFRb#EN,FUIC, XK1(
DELTAPl1,T,J)% 4.C*FP!C* ELI DHYD(2,N)*GEES*2 /1l-.~o*GC*QHClb)
NEWIO0M =Ifl .91R~oB

C
32'4OU CONTINUE

DELTAPII,#J) C#O
IFIL.CTjl) DELTAPEZ,I,J): GEE*s2/ GC *(NEWMOM -OLOMOMI
DELP?2,td:DELPI2,NJ. DELTAPI 1,I,4)* DELTAPIZIJ)
MEAONU : GtE4'*2/I2#T*GC*RNOA)
IFIL*FC*1)GjO TO 329rr)

C
C ----- TURN LOSS
C

KSCORE: C
IMI: IAP-AY(flsiL-U)
.iNI: JAk4AY(2,N* L-1)
IF(1STAFTqý,dn.1;.2bGO TO 3281C

C------HORIL0NTAL TRAVERSE
lr(NJ4EC.2)Go TO 329C0
171F .~. .7%?. j .EO.NJ) KSCORE:1
1F(JMl#.Ej.1 .0%. JMIi *EO.NJ) KSCORF3KSCORE.1
G0 TO 32b5U

3ZoIC CONTINUF
C- -----VERTICAL TRAVERSE

IFtlN *RB. Z)G0 TC 32900
1711 .EC.1 .OP. I*EC.NI) KSCOPE:1
IFIIMI.Ew.1 .CR. IMI.EQi.NI) KSCORE=KSCORE.1

32oS~w CCNTINuE
IF(KSCOCE.NE,2) GO TO 32900
AOOLOS =A.5(*4HEANUU.HEAOOL)* TURNLB
IFIIFLAGII,J).EO.2) £00105 EXPNLS *TURNIB
DELPZ~t,M: OELPZ2*N)s ADOLOS

32930 CONTINUE
C
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32,G'w CCNTINUr
CI IF(NPPN'.LE.L)GO TO 5100L

JF(ISHOUm*5T.1 AN.L* ISHCUP *LT* NHOUPSYGO TO 500rlL
5 1 '0 6- CONTINUE
C
C -------%PITE FLOW CC'o.DITIINS FOP THIS HEAT EXCHANGER

NAeLL:P
DO T6~r~ (U, - 4ý r ,

"4JiQ CCNTINJE1 ~NP Z NPT H
SIQIE : 4 A
GO TO 4CL0

42;ZJ CO!,TINjr
NP=N PT HSI E

j NALL : SLL+Il
IF(MoD(NALL-1,35')*NEsrCJG0 TO 4i'!*G
wPITE(K6~,41l1j) ITITLE(L),'L-1 12)

411C FCQP,.,TllH1,/7.X90A* FLOW CONDfTIONS FOP ',ldA6/IX/lux, SIDE PAT- START END FLOW T-IN 1-OUT',X 6X,09P-IN P-Cu QDOT',
X/ 4,X,'L2/SLC', 2(5x*'DES F*),2(6X,-PSIA-),3Xg'bT6/SEC'/)

423Z CGNTINJUE
NCOE : N~lESbK,%)
I I= !AAY1 K 'N,
IL:= IA;?AY(K,P4,NCDF)

JL =Jh~ 1AYtA,N,-NCDr)I72:T,"UT (.K,IL,,JL I- LF
P .) P: P0(K ,N) / 1'. 4 * C44,
w QITE(K6,L2?.Z1 SIDE ,P,I1,Ji,lLJL,,.OOT(KNhtT1,TZ,P1,PZL

422"'FOPAT16JX,2X,A4,I6,2(1X,13,',',13,), 6F10.Z)

C C------WPITL Hi-AT EXCHANGEP SIZE
C

w I TL (K4,9511~G ) YL ENoXLEN ZAI ~51001 FOP'4AT( ////SX 'B. THE CORI SIZE OF THIS HEAT EACHANGER IS '
X '*Fpp'oxlMAT*ELY Z ,2(F5.2,- FT. BY ')qF5.2o' FT9')

C ----ETMATF '4L AT EXCHANGER MANUFACTUR1N5 COST

C IFIITER*:5E.NITEP oO~o NCOST.EQOet) GO TO 5ICL-,

P A MA X0 *C *

D^ 5lVcj? 11:1 NPTHAI 51JO2 1F(PA'AYeLT.IRO(1,N)) PAmAX:pZROf1,N)
j ~DO 51rC,2 NZ1,'IFTHb

51.'003 4jFIP~mA XLT .PZROI2 ,N) P9MAX=PZRO?2,N)
PAMAX:PAMAX/1'4. C
PBMAX:P'3MAX/j44sC
IF I "ICO PL LT * ) MTCCPE: 1

CALL HXCUjST(THTAoPBMAX PAMAX NTYPC P'TCOR~iTH~CSS

MTS.4E.L: ?*'TSmEL -1

WRITL(Kl%,Sl04) 7HTA PA-AX PBMAX,MATERLIi4TSNEL)tMATERL(MTSZ) ,
t x MATERLfMTC6REi,ml7EPLlMTC2)
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S1ýO4 FORMAT(////SX'C THE MANUFACTURING COST OF THIS HEAT '

X 'EACHAY.JEb Lsl ESTIMATED BASEL ON THE FOLLOWING DATA:',
x //1,X,'i. TOTAL HEAT TRANSFER AREA (A-SIDE) ',FS.O ' SC-FT
X /IOX,'2. A-SIDE (OF SHELL-SIDE) PRESSURE "IFb.- PSI A',
X 1IX10),'! b-SIDE (ORZ TUBES-SIDE) PRESSURE ',F8.i## PSIA'f,
X /13X,'". A-SIDE (OQ SMELL) MATERIAL '4*A69
y 11t2x05. -SIDE (OF TUSES) MATERIAL #Z6
wRITE OKW, SICZ5) FACTO.FACTPA,FACTPB,FACTMFACTF,FACTECOSTCI

Slj'!2S FORMATI'hX,'b. AN4D FOLLO*ING ADJUSTMEt-T FACTORS: ',/11X,
X 'DESIGN TYPE FACTORf :',F5.Z,113X,
X 'A-SIDE PRESSURE FACTOR ':,F5.2#/13x,
x 'B-SITDE PRESSURE FACTOR =',FS.Z,/13x#
X 'MATERIAL CGSTING FACTOR :',TS,2s113X,
A 'MAUFACTURING COMPLEXITY FACTOR :'F5.2,/13X,
X 'ESCALATION FACTOP FROM MID-72 :',F.Z,111,X,
X '7. TOTAL MANUFACTURING COST *,FIO.O, - DALLORS')

51006 CONTINUE
C
C OUTPUT
C
C ------STORE ALL DATA ON CRUM SINCE OUTPUT WILL ALTER UNITS

CALL OUTPUT(IHEHR)
St? 20Zi CONTINUE

RETURN
END
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SUbPOUTIr.E OLTPUT(THEHR)

INCLuDE PPOCO,LIST
C OUTPUT S.%BROUTINE FOP HEAT EXCHA14GEP DECK
C
C CHAN6E TEMPERATUJRES TO DEG~REES F
C PRESSUR~ES TO PSIA
C QUALITIES TO PERCENT
C

DIMENSIC!, RECA(1C),RECB(V')

Do 11"*** J:11NJ

IotIvj.):9TIN(K ,I ,JJ-467*
TOUT(K,T iJ): TOUT EK,IJJ-I4bO.'
T MLAN,(K~. !,j): TME AN IK, I, J )-46r. 0

DELTAPI K,I,J) DELTAP(K,I,J)/144*,j
12CL CONTINUE

TCOKEE(I:J): TCOKE(f I J)-46Z.*'3
THKCK (.iJ: T14KCK ( I ,) *12.00

i100 CONTINur
1ýiOG CON.TINJUE

DC 1300 I%:l,NPTHA

130C CCNTINUE
On 131, K=lONPTH"
DELP('tv: DELP( ?,K )/144oj

131L. CONTIF.UE
C
C

NALL:fl
00 2L)JC 1=1,N!
00 2j5O J:liNJ
NALL:NA LL* I
IF(moDU\ALL-1 ,5!*KEoC)GO TO 2100
wPITEfK~.,2llG) I TITLE (K) ,K:1,12hqTHEHP

211L FOR'lAT( 1p-1,/1OXt'PESULTS OF*,1X,12A6,1Xt'TIME :'tFo.2,lX,

X/lcx,' I J TA-IN TA-OUT TA-MEAN ToALL-A',
x T61LL-Dr TCOKE TB-IN TB3-OUT Tiu-MEAN't

X/20xv 9(5X,IDEG F),3X'9'TU/SECo/)
Z2flU CONTINUE

WRITE(KI.,212C) I,J, TIN(l I J),TOUTf1,I,J),TMEAN(1,I,.j),
x (TWALL(L,IJ),L:1,2): , COKE(19J)v
x TIN(2iItJ), TOUT(2,IJ)t TMEAN(29IJ),

__)f CCOT( JJ)
212)I FORMAT(lCX,2I5,19F1Co3,EIo.5l
C
2L;56 CONTINUE
2JOU CONJTINUE

WPITE(Kk,213C)
2130 FORMAT(///)

ERROR = l0*0**U.0 - OLOST/OGAIN)
*RITE (K6, 2200) OLOST ,OGAINtERROP

2200 FORMAT(
X/1CX,'HFAT LOST BY A-SIDE lAPPROXjMATEP#,E12*5qlXq'BTU/SE
X/lGXt'HEAT GAINED BY B-SIDE (APPROXIMATE)',E12*5,lX,'bTU/SE
X/
Y/1OX. 'EPROR s,EC12.5,1X, 'PERCEN'

C
C
C SEARCH FOP MAXIMLM TEMPERATURE OF 6ALL
C I=

TMAX:09C'
DO 2Sr~O K:1,2
00 2500 I=lNI
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IF(TwALL(K* #J) .LT*TMAX)GO TO 2500
Ix= I
Jx: J
TMAX: TWALLfMvIIJ)

2513 CCNTINUF
WRITEfKkb,25jC)-TMAX, IX,JX

2510 FORMATt/lOX 'MAXIMUM WALL TEMPERATURE =*,F1Oo3t1x,'F',

C
NALL =
00 3LCO I~lttI
DO 3C~50 ..i1NJ
NALL=NALL~i
IF (MODt "ALL-lt50) *NE.D)GO TO 3100
WRITE (Kwt3l11;) (TITLE (K )d1,14=*Z)

3~14 FOkMATtIHI /1rX*IRESULTS OF',1xt12A6/
xilcx,' I H-Al ,3X ' ETA-F ETA-0',
X R EN NO*-A 14-P AEN NQ.-B U*A COKE THKt
X/iox,1Px, ' BTU/HR-SOFT -F f BX8x,10Xt
X ' RTL/H9-Sl2FT-F',1CA, 6X, lfU/HR-F', 4X,#INCHES',

3100 CONTIN4UE
LREC = (I-1)*NJ+J
READtNSAVE*LRFC) (RECA(KK) ,Kg:1,NUMWPD)
LPEC ZNI*Nj + (I-1)*NJ+J
RE'A:)NSAvE*LRFC) (REC8(KK )tKX:1,NUMWRD)
REC3ll) kE~CE(l) *3to,0.'
RECR(3) :RECP(3) 360063

X TIHCI(I,J)
3120 FORMAT ltY#?jS#El4*S9 2FS.6, EIO.5, E14*5# E10*59 EI4*5,FIL.51
TZSQ CONTINUF
3COO CONTINUE

C
C PATH Su'pMARY
C

NALL~r
0O 44fPr K=1,2
GO TO (1jl,4Cr2O),K

40QI~i CON4TINUE
NP:NPTH A
SIDE = 4H A
GO TO 4C30

4&2j CONTINUE
NP: NP TN
SIDEz 4H$ B

4U30 CONTINUE
C

DO 41CD N=1,NP
NALL = NALL.1
IFtMOO(lALL-1 50)*NE.0)GO TO 4200

4110 FORMAT(1r4l*/ICXt*PATH SUMMARY FOR **12A6/
X/10X,' SIDE PATH START END T-IN F-OUT',
X 3x,#OELTA P't
X/Iox 6X,6X* SX98X, 2(SXt'OEG F'h*6X,*PSIAl/)

420L CONTINUE
NODE= NCDESIK#N)
Il = IAkAY(K IN,l)
IL = IARAY(KN,NODE)
Ji = JARAY(KtNtl)
JL = JARAY(KiN NODE)
WdRITEAKI6,E422Cl IICE# N, Il,Jl9 ZLJL# TINfKIlJ1)sTOUT(K,IL#Jt

42 FORMAT(IOX,2X,A4,16,Z(1X,13,',',I3,), 3FI0.3)

'4000 CONTINUE
C
C 8 SIDE PRESSURE DROP DATA TABLE
C
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NALL:(P
DODWL N= ,PT H

NOD- NCE oeNl
DO blV' L=1,NtCDE
N ALL: k.ALL. 1
IF(MOD(',4LL-l,5C~)eNEeO) GO To 5120IvjLKqjL TTEK Z,2

c5110 FOqMAT(1H1,/5Y,'b-SIDE PI ESSUPE DROP/QUALITY AN~D OTHER DETAILS'tIIX/SX,' P07H I J99 DELTA-P-FR DELTA-P-MOM',
x LLTA-P-TCT QUALITY BIGX',

y IHb-CONV HS-GURGLING ALPHA*,x/lox,3( '>,'PIA'), cYPERCENT',
x 2( ETU/HR-SCFT-F'),

3x / )
3512u CONTINUE

I = JAPAYEN ,L)
j = JARAY12,14sL)
OPTOT: OELTAPC 1,IJ)+DELTAPI20IJ)
LPEC :.4*Nj +(I-.)*NJ +JI REAO(NSAVEILREC) (RECS(KK)vKK:1,NLUMWP0)
RECE.(Lf = RECS(L4)*36tO.O
RECBI;) = RECB45)*3600*0
wRITE(K6 513C) N I J(OLLTAFIKI J) :1,=12),DPTOT,ý.UAL(I,J),

3130 FORMAT( EX,31i,5Fl2.E,2E14.5,E1U.4)
5 100 CONTINUE
C
5JCý CONTINUE

RE T U WN
END
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Poico- ppOc
PARAMrTEW MAYX:!C', ?MAXY:3u,
PAPAMETk MAXPTN4lr, MAXNJ0020C',
PAPAMETU# MAXIAB:37t,
COýMMON /ALLVAFZ/ GjCPIKC,Kh,

MAAJ ,MAY,,-!X0.MA\kN,MAXT,
x IITLE( 12) ,'eIýxJ,N1PTHA,NPTHBNPRNI,NP)UMPIKOMPLXOUý'TEQ,
X XLCN YLEN4ZA,ZEIStEEP,THKWAL,TOLITR TURNLA,TUPN4Lt

XNCvSI ,NTYA L,MTCOREMTSHEL,FACTFFACIE,ISIAkT(2,MAXPTk),
V teCDESI2.MAXPTH) OELTAX(MAXPTN) OELTAYIMAXPIND,

X, wFZTI2,MAXFTn)# ,ZR3 I ,MAxPTH), ,ZPO(2,MAXP~rI) ,DHY&(2,MAXPi'-)
C3IMMON /ALLVAP/ FACFA(MAXPTP), SAOV(MAXPTH1,

FINYNK (t!AXPTr-), FINLEN(MAXPTM), FINSRVItMAXPTrt),
I ARAY(2,MAXP!N,'7AXNOD) JAPAYI2,mAXPTM,MAXNOO)

)tNTJBLS(MAXPIH) ,TCTABQ4AXTAB) ,TI'KCI (YIAXTAb) ,NCOKEXKCC&4E,
x TSATTBU'AXTAE-), PSATTBI-MAXTAP), NSAT,
X TEMBT(MWAXT), VISbTIMAYIAB), XKBTIMAXTA6)
X CFbTIMAXTAb3, PMObT(MAXIABA, NTABB,AMUB,PCRITBTCPITB,
Y IFMATIMAXTAB), VISATIMAXTA2I, XKAT(MAXTACA,
y CFAT(MAXTAt3), NTARA. At4LA
COMMON /ALLVAP/ RENFIMAXTAB), FTABII4AXTAI3), NFRIO,

RENSI(MAXTAB), SINTALIMAXTAB), NSTAN4T,
T;.TA5(MAXT AB), AK'*!AB(fMAxTAu), NWALK

COMMON /A*LLVAP/ FQCNARfMAXPT8), FLAR;AI.MAXPTH), SRFARA(PAXPTH),
x Fllr.Ak(MAXPTN), FLARBIMAXITH), AWALLI2.,MAXPTH),
x TCLTSVIZMAXFTH), TSAT(MAXPTH)
COMMON /ALLVAP'/

I Ih.(ZMtXYMAX)( , -TOUT(2-,MAXY,MAXX) , TWALL(2,MAXY,t"AXX),
x TCOKLfrAXYMAXX), QDOTt'4AXYMAmX%)'
x T"AN½,rfAX~Y,M AY*), CPM!ANI(,MtAXYM4AXX),
X A%-E(MAYY "AXX), THKCKIMAXYMAXX),
X TEýMS'4, MIXY, MAXX)

COMMON, /ALLVAF/
x ALAM, nLAM, CLAM, OLAM,

x ATLJRC, FTUkBt CTUPII,
y ASuP9B5,LP,CSUP#OSUP,
x OCAIN, CLOST, ISPURE,
X %SAVE, t:IJmPEC, NUMWRO, LPEC
COMMON /ALLVAP/ IFLAGIMAXY,MAXX), CuALIMAXY,MAXX),

X RFNSTBIMAXTAB) STNTB(MAXTAB), NSTNTB,
x TAtVAPM"CZ2), IAbCRT1422),
xC PPIIXTBIPAXTAB), CPMIXBtMAXTAB) ,NMIX,
xC OFLPI2,IPAXPTH), OELTAP(2,MAXY,MAXX),
'C RENFBIMAXTAB), FBTABIMAXTAB), NFRB,
'C ALPMA(MAXYMAXX), BIGX(MAXY,MAXX)
COMMON /ALLVAP/

xC PLAMTS(MAXTA--fl,HVAPTB(MAXTA8).NVAPTB,
x T!IGMA(PAXTAB), SIGTABIMAXTAS), NSIGMA
xC XCVFIBI*'AXTAB),FOVFTBIfMAXTAB) ,NOVX FMAIDEIMAXY,MAXXt,
x SRLLTBIPAXTAbi), STA9(MAXTAB), NSTAB,KANSTPIMAXPTH)
COMMON /ALLVAP/ LIOCOR, NLJAY, RENLIC(MAXTAB),STNLIQ(MAXTAa)
COMMON: ,ALLVAP/ NRSHAX,NMiOURS,MOUPSEMAXTAB),

xC NCiKSAV, NCKSTR
COMMON /JYNAM,'t'/ CNET,ISDYNTAUNCPMETCPMETISO1),TCPMETISC),

EN ' NSTCRE, EAMASS
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