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FOREWORD

The work described in this Annual Technical Report was performed at the
United Technolugies Research Center (UTRC) under Contract N0OOO14-80-C-0476,
Modification P00Q002, entitled "Study of Flow Disiribution Control Characteristics
in Marine Cas Turbine Waste-Heat Recovery Systems", for the Office of Naval

Research (ONR).

This repor? summarizes results obtained for the Phase Il (second

year) study on flow distribution control characteristics in waste-heat steam
pearrators which was preceded by the first-year study on diffusers, Dr. Simion C,
Kuu 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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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
with the design of marine waste-heat steam generators were identified. A
once-through counter 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-
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 guicde vane and one flow injection for boundary
iayer separation control), the boiler efficiency can be expected to improve
by approximately 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 counsideration.

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
Research, 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
evonomic criteria. Units designed for industrial applications have been

custom=built to fit different configurations using mostly finned carbon steel
tubes. :

For naval propulsion applications, a once-through forced-cirvulation steam
generator design should be selected because of stability, reliability, compact-

ness and lightweight considerations. In order to achieve maximum performance,

water-gage, and the pinch-point temperature should not be less than 50°F.

The analytical model developed to predict the waste-heat boiler performance

is based vn the use of compact heat exchanger design criteria and the relaxation-
approach method, The model is capable of estimating the waste-~heat botler
performance at any iniet gas flow distribution.

Results of an extensive parametric performance analysis indicate that among !
the four candidate tube size and arrangements combinations, a circular finned

tube with the foilowing dimensions is the most effective for the baseline

waste-heat boiler design: tube leagth =230 ft; outside diameter =3.774 inch;

fin diameter =1.403 inches; fins per inch =9; fin arrangement: staggered with
longitudinal pitch =1.75 inches and transverse pitch =1.357 inches.

At its design condition {corresponding to a 50-percent power vutput 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
valculated 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 te 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 ib/sec and
6.6 lb/sec, respectively,




LA e .

[ STOR)
L]

s
Y

R82-955750-4

. To pruvide adequate technical information so a comparison with the analytical
results can be made and to produce vperational experience with a gas turbine
waste-heal 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.
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INTRODUCTION

As a result of a system feasibility study conducted by NAVSEA in 1977
{Ref, 1) 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 of the marine gas turbines to
provide 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 INB25 would be
the candidate material for construction 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 pruopulsion applications,
some problems related to the general design practices remained to be solved by
the design engineers. Because each ccmponent of the RASKER 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 analrtical
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 deczirable

Esas

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
per formance (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
transfer 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
1 (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-1 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 distributicn control
means are used. 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-II study which emphasizes the effect
cf nonuniform flow distribution on the waste-heat boiler performance.

This report presents the technical approach and the results of an analytical
study ot flow distribution control in marine gas turbine waste~heat steam
generators. The report consists of three secticns and one appendix. 1In
Section I, the applicable steam generator design concepts and general d651gn
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 propared; this is
presented in Section III. The detailed descriptions of the computer program
developed for the analytical model are presented in Appendix A.
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SECTION 1

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). 1In 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. |.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
air efficient, lightweight, and reliable waste heat recovery system for U.S.
Navy surface combatant propulsion application is underway (Refs. 1.9 and
1.0). Accoerdingly, 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 material, used by manufacturer of waste-heat builer or
hot-water heaters were evaluated; and the critical problem areas associated
with design of warine 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 1.1, 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.

I.1.1 Designm?oint 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. 1If two gas turbines
werz 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 tais 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 full-power operation.

Flow Parameters: Because the ratio of gas to liguid (water) flow rates in
the waste-heat boiler or hot water heater are inherently high, externéily extended
{(finned} tubes are more desirable than bare tubes. Many studies (Ref. 1.2, 1.7,
1.1l 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. Tc¢ incrzase the flow
area and heat transfer area, the use of a suitabie Jiffuser to .onnect the waste
heat boiler with the gas turbine exhaust box becomes necessary. The candidate
diffuser identified during Phase-1 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 prassure), 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
{ired boiler, the temperature differential between the two working fluids in a
gas turbine waste-heat boiler is low., Accommodating this low temperature
differential requires & 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 cost do not exceed the
economic limit,
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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 high
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
vooling 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
goud 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
autemobile air conditioning unit (with finned straight tubes used as the heat

rarnsfer core and with the ends of the tubes weided to a U-shape tube joints
which are located ovutcide of the tube sheet as shown in Fig. I1.7), 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 Deg;adation C .siderations

In designing heat transfer equipmént, the possible performance deterioration
due to flow leakage, nonuniform flow distribution, and fouling must be considered.
Leakage is one of the most exasperating problems in heat exchanger fabrication and
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maintenance, for it not ounly 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). 1In
wef. 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 vperating effectiveness as compared with the values predicted for the ideal
vase of uniform flow distribution. Therefore, applicable flow distribution
vontrel, wherever is necessary, must be incorporated into the design of a waste
heat butier te aveid 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
vapability over a desired period of operation with minimum maintenance and
repair, the designer must give serious consideration to the selection of
materials. The material specified must be able to offer maximum resistance to
corrosion, 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. 1In 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.

i.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 en turbine main-
tenance as well as the cost of the overall installed recovery syzstem. 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 vertical 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.

I.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 design 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 comprehcnsive survey was performed to identify the state of the art of
waste heat boiler design (includihg'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 I.Z 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 s 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 700°C, 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.
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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
practicval 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)
amd the boiler design configuration (not shown in the table), offer further
tasight into boiler design. For industrial applications, finned carbon steel
tubes m1e the most commonty used although stainiess steel tubes are also used
in some designs. The boiler configurations are ﬁnstly once-through designs.

The critical technology problem areas of waste-~heat boilers are listed
tn Table 1.3, These critical problem areas are-generaiiy 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

‘envountered material problems are related to corrosion damage in the boiler

tubes including those of denting, pitting, cracking, and erosion. These
problems recults 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 ubserved in the region near the tube '

_ sheet when phosphates have been used in water itreatment. 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 FY??lat ‘
DINSRDC/Anapolis to determine the best material for use 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 vscillatory and usually small in amplitude, the
rubbing process taking place is termed “fretting™. It is well known that the
fretted region is highly suszceprible 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
ieakage., 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
the most beneficial solution,

12
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The results of Phase-l 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
prédicted.

Problems related to transient operation of the marine waste-heat boiler
must also be addressed. Because of the self-clearing 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 and
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 asteam turbine would
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 Selecvion of Csndidate Steam Generator Configuration

Based on the results of Tasks I.l and I.2 obtained in this study, and the
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
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 I.4.

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.

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

BeLign =Point Performance 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 contractionm.
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TABLE I.3

CRITICAL PROBLEM AREAS OF GAS TURBINE WASTE HEAT BOILERS

‘Material Problems: Tube denting, pitting, cracking, erosion-corrosion

Vibration Problems: Tube fretiing and wear, high-cycle fatigue, stress
corrosion _

Leakage Problems: Performance degradation and feed~water mzkeup and
cleanup including deoxygenation

Flow Maldistiyibution Problems: Effective flow distribution control,

soot formation prevention and self-cleaning
. wethods

t

|
. Transient Behavior Problems: dry cleaning operation, and duty cycle Z

operation of gas turbine, regular or emergency
shut=-down and start-up.
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TASLE 1.4

CANDIDATE STEAM GENERATOR CONFIGURATION

Gas Flow: one-pass flowing upward without supplementary firing
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: between 12,000 to 20,000 kw
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POTENTIAL LAYOUT OF COMBINED-CYCLE GAS TURBINES MARINE PROPULSION SYSTEM
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R82-955750-4 FIG. 1.4

LAYOUT OF MARINE GAS TURBINE WASTE-HEAT STEAM GENERATOR: ONCE-THROUGH,
COUNTER-CROSS FLOW HEAT EXCHANGER
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SECTION II

PERFORMANCE ANALYSIS OF FLOW DISTRIBUTION
CONTRO!, ON WASTE-HEAT STEAM GENERATOR

‘This section describes the formulation of an analytical model and the
analysvs 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-
through, counter crossflow heat exchanger selected in Section I.3. The perfor-
mance characteristics of this candidate waste-heat boiler at its design and
ot f-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 sonuniform 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.

I1.1 Formulation of Analytical Model
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

‘mode ] 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
consists of the following five steps: (1) establishing a nodal system to represent
the overall waste heat boiler; {(2) compiling ail 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
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.
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I1.1.1 Establishment of Heat Exchanger Nodal System

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: (l) 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.l. Each node represents a rectangular
parallelpiped of same length, £, but of a different width, Ax; and height, Ay;.
The overall waste-heat boiler then can be described by a two-dimensional nodal
e , array in i, and j, where i=1,2,3... imax' and j=1,2,3... jg.x- Nodes are
’ 4 connected to form several groups which represent the flow paths and flow direction,
For example, Fig. II.] 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),...(1,10), 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 represented 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 2 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 warking Formula

The heat transfer coefficient (convective film coefficient) and the pressure
loss characteristics are functions of the surface geometry, fluid properties, and
fiow 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
pressure 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.

I1.1.2.1 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/C_ pU) wece expressed in terms of

- Reynolds number for various surface geometry in Chapter IX of Ref. 2.1. VWhen

) extended surfaces were considered, the fin-effect formulas presented in Chapter II

i ) : of the same reference were also used.

- I1.1.2.2 Eﬁﬂ?éﬁ:§£¢3A89§?EFE.g?{ﬁgﬁﬂ

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

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

. . : - : © 7 fRey Pry\ C C
laminar flow: N, = C |- b b} v2(Hb }"3 (1a)
L/D Ky
turbulent flow: N, = Ci(Reb)C2 (Prb}CS (1b)
. ¢
supercritical flow: N, = C; {Rew)c2 {Prw}CB (83-) 4 (1c)
pb

where C,, C;, Cy and C, are empirical constants presented in Table II.I,
The Reynolds number (Re), Prandtl number (Pr), viscosity (u) 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, {p, can
be calculated using the following relationship from fo”. 2.1:

2

G p. A 0. p.

bp = —_p,_ (Kc+1-02) +2[ A0 )\ g ht in (1-02—xe) _in_ | (2)
2gc f out Acf Dav pout

where K. and K, are entrance and exit coefficients, ¢ is the ratio of free-
flow area to frontal area, and Aht and Acf are the heat transfer area and core
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:

Ky ~3
hpge = 0.023 (Rey)0-8 (pr,)°-8(3_> F | (3a}

0.79 o, 0.45 5 0.49 _ 0.25
Ky Cpy Py 8¢ (AT)0-26 (8p)0-75 5 (3b)
00.5 ,0.29 20.24 5 0.26

hpic = 0.00122 (

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, 9 and X 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 8p is the difference in vapor pressure corresponding to this 4T. The subscripts
£ and Vv 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 (4Py,), and a frictional loss (4Pp),
which are defined as:
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éPG = {(1_3) pi + aav Siﬂe] (43}
. g£
2 - 2
A?M = élU ) ,i:i ,im *‘i__ (4b)
gc I-a §1 33“ )
dp_ = 2/N] N [bp - (4c)
PF - 1 + Y } (E;;) SV .

where @ and Y are defined as:

3729 -1 | |
RN o
Qz, j

o R G oy (.ti) o (5b)

Rep® Cy £y \ X

where m, n, Cp, Cy, N are constants presented in Table II.!. The tefm, X, is the
steam quality, and Ax; 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.] 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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11.1.3 Thermodynamic and Transport Properties of Water Substance

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
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
obtained from its derivatives. Because differentiation, unlike integration,
produces no undetermined functions or constants, the information yield is
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-
ships, along with the derivatives of the Helmholtz free energy equations, were
then incorporated into computer programs for use in this program.

I1.1.4 Numérical Computation Procedure

The numerical computation procedure used in this study is the same 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 KtM node can be expressed as:

where the subscripts g and & 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
Ty) are functions of the heat transfer rate between these fluids.

For
example the averaged gas temperature is
(T = 12 [(n) (1,) )
R K~ ‘ing ¥ Vlgloyt
; . . and & & K g K
éx (8)
{Tg}eﬁtx = (Tngg)inK - {ﬂg}g {C?g}uutx ‘

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: '

L ,

! (Ty)g = 1/2 I{T‘}ing + (Tg}outui B¢
and 4

Q / ,
{T")e«utx = [{Tgcpg}igg - —_{-E_;g }/{sz )L‘u{K {10’
, L ) i

Snbsti:uting Egs. {7) through (10} into Eq. {6), one obtains

4 H
Q= [(T,)_ (L+B_) = Tg)_ (1+8y) 2, 1 R 1 (11) ,
. { g’'m g /m VTR }f//{igkg Hg{Cpg}aut Mg (Cpg)oye

where B = (Cp);q/(Cp)

outs 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

g 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 ‘
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the previous iteration. If all outlet temperatures were within a specified
tolerance, the iteration was then terminated. Otherwise, the new averaged
fluid temperatures, together with the new wall temperatures, were used as bases
for the next iteration. It should be meutioned 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
degree F.

I1.1.5 Development of Computer Program

In order to minimize the computer program development effort, the existing
fuel vaporization heat exchanger program was updated to satisfy the study
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.
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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). 1In Figs.
11.2 and II.3, two typical diffuser flow distributions are shown for a gas
turbine operating at 50% power with and without flow distribution contrel. The

flow distribution and flow conditions at the exir of the diffuser were calculated

for each 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 II1.5 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 squally

‘spaced while for the third data set, the flow was divided into six paths

because a pressure difference exists between the two sidas 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,

I11.3 Parametric Performance Analyses

‘ Parametric performance analyses of the waste heat steam generator were
made using the computer pcrogram discussed in Section II.1.5, The parameiers,
which were varied, included: {l) the tube arrangement, (2) the effective tube
length, and (3) the water flow rate. The uniform gas flow distribution data

_ presented in Figs. II.4 and II1.5 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 I.3, the candidate steam generator selected was a
once-through, counter crossfiow 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. II1.6, 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
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
boiler tubes according to the ASME Boiler Codes. With those concerns in mind,
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the maximum nodal width Qkxi) would be approximately 24 inches, and the
maximum nodal height, (Ay;) would be approximately 4 inches. The best tube
arrangement which would meet these constraints is shown in Fig. II.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. From the
Phase-I study, it was determined that the flow rates of the gas turbine engine
exhaust were approximately 160 1lb/sec and 100 lb/sec for full-load and half-
load operation, and that the correspinding temperatures were 856°F and 796°F,
respectively. If the gas exit temperature from the waste heat boiler were kept
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 115.7°F (correspond-
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
lb/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. II.8 through II.1l. 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. II1.8 through II.1l 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,

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 wevre 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 (see Fig.
II.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.

11
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In order o 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. I1-9. The constant temperature lines {shown in dash-
line) were obtained from Fig. I1.8. 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
wr "1 2k ve the sulfurirs 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
n1s-side pressure loss and on the overall heat transfer rate are shown in Figs.
11.10 and II.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 (Sectien

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. II.5 for gas turbines operated at 50-percent power were
also considered. The results of this parameiric performance analysis were
compared with those obtained previously based on the design-point conditions.
In Figs. II.12 through II.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 (IL.5).

Figure I11.12 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 1b/sec for gas turbine operated at half
power, and between 11,0 and 14.5 1b/sec for gas turbine operated at full
power, The overall heat transfer characteristics which correspond to these
operating conditions are shown in Fig. I1.13., There, it can be seen that the
maximum heat transfer rate attainable by these candidate boilers would range
between 9600 and 11500 Bru/sec at half power and between 15400 and 19400

Btu/sec at full power of the gas turbine engine considered (LM 2500 or similar
model).
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The gas exit temperature and the gas-side pressure loss characteristics
tor the waste-heat boilers are shown in Figs. II.14 aid IL.15., It is seen that
the lowest gas temperature shown in Fig. I1.14 still exceeds 300°F, which
implies that 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, the gas turbine back pressure would be between 0.3 and 0.8
tsia, indicating that those tube design configurations are technically acceptable
from the turbomachinery performance view point.

I1.5 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 I1.19. Figure 1I.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. II.17.

Based on the heat transfer rate shown on the far right frame of
Figs. I1.16 and I1.17, 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 io the gas turbine, and azcording to the correction factor for
exhaust pressure loss shown in Fig. 11.18 the greater will be the loss 1in
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. I1I.19.

The left frame of Fig. I1.19 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. 1In
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 1ts design condition {as detined 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., 1[.2Z and I1.23. From the temperature distribution
mips {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, 3
boiling~phase region, and a superheated-vapor region. In liquid-phase region,
which occupies about one-third of the upper portion of the boiler, the feedwater
is heated from 115°F to its saturation temperature (which is 417°F for steam
pressure of 300 psia). 1In the boiling-phase regior, 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 700°F. V

From these two temperature distribution maps in Figs. 11.20 and 11.21, it
was determined that the temperature gradient between sny two nodes is less than
20°F and relatively uniform under the two steady~state operstions. Therefore,
the thermal stress concentration should not be a problem. However, based cn
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 tune 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 sice

heat transfer areas (Ag) for all nodes (miniature heat exchangers) are shown in

Figs., I1.21 and 11.23 for baselire 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 [1.22. 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 these values are maianly determined by the gas-side film
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 1I.3i.

The eftects of flow distribution control on steam temperature of the baseline
waste heat boiler operatecd at design {(gas curiiue 50-percent nrower) and off-design
(gas turbine 100-percent power) conditions are shown in Figs. Il 24 and 11.25,
respectively. It shculd be noticed that only those water flow rates which can
provide 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
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 flow
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. 1I1f this occurred, the overall
heat transfer rate would be reduced from 10167 to 8540 Btu/sec. On the other
hand, from Fig. I1.24, 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 stear temperature would increase by approximately 25°F,
Alternately, if the steam temperature were to be maintained at the design
condition (700Q°F), the water flow wculd 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. I1I.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 assumed 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. I1.27 for the baseline waste~
heat boiler operated a: its design condition.

In Fig. I1.27 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. I1.26. In Fig. I1.27 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 1lb/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 I11.3l. From Figs. 11.28 and 11.29, it is seen that the
gas temperature near the exit becomes highly nonuniform, and that this nonuniformity
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 alsc 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. II1.30). The perfaymanﬂe;éegrédatian'ef the

waste-heat boiler can then be expected when no proper flow distridutien contrel
methods are implemented. o

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

(4) Constant for Equation (la), {1b), and {ic)

Laminar Flow : €, =0.595 C; = 0.498  Cy = 0.140

Turbulent Flow i C; = 0.0046 C,y - 6.927 Cy = 0.628
g Supercritical Tlow:  C) = 0.003356 Cp = 0.951 = Cy=0.435 ¢, = 0.38
%

Py
(B) Constant for Equatiéns (4a), (4b), (4c), (5a), and (5b)

Turbulent-Turbulent Viscous~Turbulent Turbulént-visccus Viscous~Viscous
Nﬂef>2380, N%EE?ZGGG NRef<iGG§, NRei>ZﬁG NRef>2008, §R§E<IBGG NRef<lGGQ, §R§8<IGGO

m 0.25 0.25 1.0 1.0

n 0.25 1.0 ‘ 0.25 1.0

- | ¢ 00 160  0.079 160

L ¢, ' 0.079 o019 6.0 . 16.0
N 4.0 3.50 3.50 2:75%
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NODALIZATION OF MARINE €

FIG. I

3INE WASTE HEAT STEAM GENERATOR
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FIG.IL2

ACTUAL FLOW DISTRIBUTION WITHOUT FLOW DISTRIBUTION CONTROL
& GAS TURBINE 50% POWER ‘ '
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ACTUAL FLOW DISTRIBUTION WITH FLOW DISTRIBUTION CONTROL

® GAS TURBINE 50% POWER

16 Ib/sec

SCALE e
DIFFUSER 0 an
MASS FLUX © 10 oisec-t3
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R82-955750-4 FIG. L4
GAS FLOW INLET CONDITIONS FOR MARINE GAS TURBINE
WASTE HEAT BOILER — GAS TURBINE 100°% POWER
3% = WiDTH OF THE GAS FLOW PATH, (in }
M = 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. ’ i
‘ 1 2 | 3 4 54 6
axX 24 | 24 24 24 24 —
. Q 3 .
UNIFORM 32 2 32 32 32
FLow T 856 | 656 | es6 | 8s6 | 856 | —
. . P 1494 | 1494 | 1494 | 14904 | 14904 | —
ax 24 24 24 24 24 _
ACTUAL FLOW M 803 | 506 | 155 | 136 00 | —
DISTRIBUTION ~
WITHOUT
CONTROL T 856 856 856 856 856 -
P 1490 | 1490 1490 | 1480 | 1490 -
ax 24 24 12 12 24 24
ACTUAL FLOW M | 167 | 458 | 334 | 273 | 338 | 190
DISTRIBUTION —
WITH CONTROL T 856 856 856 856 856 856
P 1496 | 1496 | 1496 | 1489 | 1489 | 1489
8258818

44
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R82-955750-4 FIG. 5

GAS FLOW INLET CONDITIONS FOR MARINE GAS TURBINE
WASTE HEAT BOILER — GAS TURBINE 50% POWER

AX = WIDTH OF THE GAS FLOW PATH. (in )
M . AVERAGED FLOV/ RATE . (Ib/sec)

P = AVERAGED STATIC PRESSURE. (psta)

T - AVERAGED STATIC TEMPERATURE (°F)

AVERAGED FLOW PARAMETERS
FLOW
GAS FLOW PATH NUMBER
ISTRIBUT!
' DISTRIBUTION PARA
1 2 3 4 5 6
) AX 24 24 24 24 24 _
UNIFORM M 20 20 20 20| 20 -
. FLOW S I
: T 796 796 7906 | 796 796 -
P 1483 | 1483 | 1483 | 1483 | 1483 -
X 24 24 24 24 24 —_
' - ACTUAL FLOW .
. DISTRIBUTION M 50.2 31.6 9.7 8.5 0.0 -
WITHOUT
] CONTROL T 796 796 796 796 796 -
) P 1482 | 1482 | 1482 | 1482 | 1482 -
’ l aX 24 24 12 12 24 24
) ACTUAL FLOW M 10.4 28.6 209 | 171 211 1.9
S l DISTRIBUTION ,
-/ WITH CONTROL T 796 796 796 796 796 796
/!
7 , I P 1484 | 1484 | 1484 | 1482 | 1482 | 1482

. ~
[} []

82-5-86-17
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FIG.IL6

CONFIGURATIONS OF CIRCULAR FINNED TUBES FOR MARINE WASTE-HEAT BOILER
APPLICATION
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RB82-955750-4 ' FIG. L8

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

® GAS INLET CONDITION UNIFORM {160 Ibisec. 14 94 poia)
® WATER INLET CONDITION UNIFORM. 115 7°F 300 psia
® EFFECTIVE TUBE LENGTH = 200 #t
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FIGTY
EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON
GAS EXIT TEMPERATURE — GAS TURBINE 100% POWER
® GAS INLET CONDITION UNIFORM (160 ib'sec 14 94 psia)
® WATER INLET GONDITION UNIFORM (115 7° 300 puias
® EFFECTIVE TUBE LENGTH - 200 1t
600
550
STEAM TEMP  °F
w
T 500 & TUBE DESIGN
E CONFIGURATION
o
w 4
a.
=
w o)
- 7
s
<
w
g 450
400
350 1 i L
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R82-955750-4 FIG. IL10

{ EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON
’ GAS 35IDE PRESSURE LOSS — GAS TURBINE 100% POWER

# a5 L T CONDITION URNIFORM (160 Ibisec. 14 94 psia)
& WATER INLET CONDITION UNIFORM i_tfﬁ 7°F 00 puiay
& FFFECTIVE TUBF LENGTH =206 1

25

: o TUBE DESIGN CONFIGURATION
\\ STEAM TEMP °F

GAS SIDE PRESSURE LOSS. ps: -

18

WATER FLOW RATE, Ib/sec

47-5-06--13
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EFFECT OF TUBE DESIGN CONFIGURATION AND WATER FLOW RATE ON

HEAT TRANSFER RATE — GAS TURBINE 100% POWER

® GAS INLET CONDITION UN!FORM (160 Ib/sec. 14 94 psiay
® WATERINLLT CONDITION UNFORM {115 7°F 300 ps-a)
@ trreCTivE TUBE LENGTH - 200 1t

FIG. IL11
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RB2-955750-4 FIG. 12

CCOMPARISON OF STEAM TEMPERATURE FOR WASTE HEAT BOILERS OPERATED AT
DESIGN AND OFF-BESIGN CONDITIONS ‘

& UNEORM FLOW AND EFFECTIVE TUBE LENGTH =200 1t

a00
GAS TURBINE
e 100% POWER
- —50% POWER
S 700
A}
o1l
=
b
{ B
T A TUBE DESIGN
% CONFIGURATION
D 400
E .
<
ul
i—
(73]
500
400 ‘- SATURATION TEMP = 417*F
1 i H }
11 10 12 14 16 18
WATER FLOW BATE, Ib/sec
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R82-955750-4 FIG. .13

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

® UNIFCRM FLOW AND EFFECTIVE TUBE LENGTH = 200 tt

20.000 - -

TUBE DESIGN
CONFIGURATION

18,000

16,000 —

14,000 [~

HEAT TRANSFER RATE, Btu/sec

12,000 b~ GAS TURBINE
———— -1 e 1 (00 % POWER
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I g
8000 { | 1 1 1
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R82-955750-4 FIG. .14

COMPARISON OF GAS EXiT TE&!PERATSRE FOR WASTE HEAT BOILERS QPERATﬁﬂ
UNDER DESIGN AND OFF-DESIGN CONDITIONS

& UNIFORM FLOW AND EFFECTIVE TUBE LENGTH =200 1t

600 —
‘ e GAS TURBINE 100% POWER
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FIG. IL.15

COMPARISON OF GAS-SIDE PRESSURE LOSS FOR WASTE HEAT BOILERS OPERATED AT

GAS-SIDE PRESSURE LOSS, psi

DESIGN AND OFF-DESIGN CONDITIONS

® UNIFORM FLOW AND EFFECTIVE TUBE LENGTH = 200 1t

2 5 e o ¢ e et s —_— e m—— Ppp—
GAS TURBINE 100% POWER
== = = = GAS TURBINE 50% POWER
TUBE DESIGN
20} CONFIGURATION
1
1.5
3
-~
\
2
] 4
- -
— —— — . — o 3
0.5 TUBE DFSIGN
e e o 2 CONFIGURATION
T e o - m - - - ‘ s
0 | | 1 1 |
6 8 10 12 14 16 18
WATER FLOW RATE, Ib/sec
92-5--88-10
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FIG.I1.18
APPROX!MATE OUTPUT POWER CORRECTION FACTOR
FOR EXHAUST PRESSURE DROPS
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FIG.IL20

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

Ty = LIQUID TEMPERATURE, °F
Yg =(GAS TEMPERATURE, °F

bt 24 i, =t
. WATER
Tp=181 | 168 iJ 139 124 jet—— 78 0isec
20 Tg=397 | 398 3.3 in. 401 400 e 115°F
IR S — b e — —— — 30 psia
Ty =195 209 223 235 247
19 Tq=420 420 421 423 423 3
300 291 281 270 258 -~
18 439 439 441 442 442
. 310 320 328 327 345
455 455 457 459 459
380 374 367 360 353
16 468 468 470 472 472
s 386 392 398 403 408
‘ 478 478 480 48" 483 \
- B A S O SN B SY N S v A S Ny v o s oy v g av gy g ae o ey v sl s Reennlii el
( 417 417 417 417 A 413
MV 488 488 491 452 4 492 |
. 417 47 417 417 47/
ase a08 501 501 s02 §
— A—— —— A— A—_ ——— —— —— i m— 4 \
Z BOILING (WET STEAM) REGION /
5 a7 417 417 47 41
663 663 673 675 675
s 417 417 417 417 a7 Y
700 700 712 714 15
—— !4{;;;:;: F IV N
\ :: a7 418 A 433 460 486
74 74 74
A0 W I I
2 Ty =602 582 561 538 512
Tg=772 773 773 773 773
= = — et — = |— — STEAM
; Tp=620 | g3g 654 668 680  p—e= 700°F
Tg=788 789 700 790 791  p—w= 300psia
| TurBine { M=20 20 20 20 20 lbisec
EXHAUST { T=796 798 708 796 796 *F
GAS P=1483 14.83 14.83 14.83 14.83 psia
32-5~-08-20
60
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FIG. IT.21

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

o HEAT TRANSFER COEFFICIENT IN Btu/hi-F

}-4—?4 n —-—1
‘ ‘ WATER
20 1781 1754 351n 1672 1649 e
- — f— — =4 _' — b — ] e ] 310 psia
19 1815 1845 1865 1884 1902
prnc  e— ovei— S— — ] v  Cmmm——" el w— e | w— o—— —
18 1973 1961 1950 1937 1925
17 1986 1994 2002 2009 2016
e e d— o o— o— C— Gm— g —— wa— Sv— a— .
16 ] 2044 2040 2037 2032 2027
o o o v a— 1.—— — o — ey C— o— o
15 2051 2055 2060 2064 2066
/!z//f/ T77777N777777737777777 — — d
L 2086 2345 2353 2074 4 2072 ,/
A
o = —] — — p— —— — T7 77777
13 ; 2374 2381 2404 2306 | 2409 fQ“
2 BOILING (WET STEAM) REGION Z 2
F-3--F-4-=--F-3
5 \s 2580 2581 2584 2583 2580 /]
¢ y,
7—- —  cy— — e | e—— omsu— —— —— e | enee  — /
4 ; 2546 2559 2572 2580 2586 /
A
— c— Lol . boedhdbobioncdioclhedhe Lkl
. A
3 / 2537 2489 4 1813 1782 1762
Llllll/l/_‘[/_‘_/;r___ PRI S SRR
2 1723 1726 1730 1736 1748
-1 T —{— — STEAM
-8 700°F
1 1723 1722 1721 1721 1721 300 psia
m= 2(') 20 20 20 20 ib/sec
TURBINE
EgHAUST { T=796 796 796 796 796 °F
GAS P=14.83 14.83 14.83 14.83 14.83 psia

82-5-86-21
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#

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

Ty =LIQUID TEMPERATURE, *F

¥§ =GAS TEMPERATURE, °F

i 2410 ]

g y WATER
T! =17% 165 35in 138 123 ptl——— 14 ib/sec
20 Tg=450 451- “‘ 453 453  je— 115°F
e e e b e e e mmee b e el e 333 psiz
19 Te=192 1 205 218 230 242 |
Tg=471 473 474 475 475 4
'8 297 287 276 265 253
491 492 494 484 | 495
17 307 37 326 336 344 |
507 509 511 511 512
6 o1 384 377 369 361 353
522 524 525 526 527
5 391 398 405 411 416
534 . 537 538 539 533
T T TN T Iy T 7T I T 77T T T I T T T T T TArT ™ 7 :
. /417 417 417 417 413 /]
f;_ 547 549 551 551, 551 /
13 :: 417 417 47 a7 417 ;u\
560 562 564 564 565
L — A—l . A——— ?- ﬂ—_ a— Jp m—— ——— . i o I— 4
/) Z BOILING (WET STEAM) REGION Z

—— v e e sl Sum—— a—

5 417 417 a7
743 744 745
‘ 417 a7 417
777 779 780
" o o Al hkod b B Ybd bk LT
3 431 457 482
809 810 811
597 576 554
2 833 833 833
} 652 669 684 699  |—e= 700°F
849 849 850 850 |p—w= 300psa
Turaine ( M=32 32 32 32 32 Ib/sec
EXHAUST { T =856 856 856 856 856 *F
GAS P=1494 14.94 14.94 14.94 14.94 psia
22-5-04-3
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FIG. I.23

DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
BOILER OPERATED AT OFF-DESIGN CONDITION (GAS TURBINE 100% POV/ER,

UNIFORM FLOW)

o HEAT TRANSFER COEFFICIENT IN Bty he-F

Jdn
l.‘—_ I et WATER
22 2201 35 2119 2096 | er
2270 o mn s g 0
= ° ] S
b ———— — 4 = —  — ] — = ] 0 ps
19 2259 2490 2309 2327 2345
poe e ey cmem om— ] — v— o Cwm—  otwen | s  ow— ——
18 2416 2406 2394 2382 2368
17 2432 2441 2448 2456 24€3
. e a— e om— — w— ormm— o ommas o  C— —— =
16 2493 2489 2485 2480 2474
15 2501 2506 251C 2514 2517
S SEAESAs RESAEEES EESEEE. rr/rrrv/
14 ; 2782 2793 2757 2742 2732
7- m—— o — o — pr—— —— e — v/,
13 2801 2870 2816 2825 2837
( — — R em— — —— — 4 L
:5 BOILINSG (WET STEAM) REGION J
&% — ey — e | o C— codpr emmme o ow (o w-——
5 \-/ 2979 2979 2976 2973 2969 /]
;-—- — ewras s cumm | s w— e s e § e  SS—
4 Y 2919 2343 2957 2967 297%  /
5‘___/‘_“1_“4_,11111111 YN Y.VYNSIYY.
3 / 2888 A 2281 2252 2233 27
Lddddd B e s e e A e e e e
2 2192 2195 2198 2203 2211
s wmeum  owmm ovns s | ewwe Gaue  aede e anuseEe ——— e Gl SYtAM
1 2194 2193 2193 2194 2194 #= 700 *F
hamegmee 300 psia
TuRpne { M=32 32 32 3 32 ib/sec
exHaust ¢ T =856 856 856 856 856 °F
GAS P=1494 14.94 14.94 14.94 1494  psic .
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EFFECT OF FLOW DISTRIBUTION CONTROL ON STEAM TEMPERATURE OF BASELINE
WASTE HEAT EOILER AT DESIGN CONDITION
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FIG. J.25

EFFECT OF FLOW DISTRIBUTION CONTROL ON STEAM TEMPERATURE OF BASELINE

WASTE HEAT BOILER AT OFF-DESIGN CONDITION
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OFF-DESIGN PERFORMANCE CHARACTERISTICS OF GAS TBRE%NE
WASTE-HEAT STEAM GENERATOR
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R82-955750-4 FIG. II.27

EFFECT OF FLOW DISTRIBUTION CONTROL ON WASTE HEAT RECOVERY
STEAM GENERATOR PERFORMANCE
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DISTRIBUTION OF AVERAGED TEMPERATURE FOR BASELINE WASTE HEAT BOILER
OPERATED AT DESIGN CONDITION WITHOUT FLOW DISTRIBUTION CONTROL
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RB82-955750-4 FIG. .29

DISTRIBUTION OF AVERAGED TEMPERATURE FOR BASELINE WASTE HEAT BOILER OPERATED
AT DESIGN CONDITION WITH FLOW DISTRIBUTION CONTROL
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R82-955750-4 . - FIG.H30

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

* HEAT TRANSFER COEFFICIENT (UA) IN Btuihr-F

fe—2sm — ' WATER

‘ : e 8 0 ID/SEL

20 / 2069 1843 3.5 in. 1346 0 e 115%F

- — e — 4 _—— —— - — o 30 psia
19 2137 2028 1530 1510 0 4
18 2340 2118 1566 1521 - 0
17 2375 2195 1627 1585 0 N
16 2463 2231 1642 1589 | o

puvs ———— A—— A — A —— —— A—— ———— ,; S Ay
15 2481 227 1674 1618 .0
14 2524 2289 1681 1619 0

D/ TTSTAITS T AT 777 /A7 /77 /TSI
i3 \a ) 25 2608 | 1833 1871 0 /-’,’%

[~ — 2
BOILING (WET STEAM) REGION
5 3261 2909 2016 | 1914 0
4 3281 2922 2029 1930 0
3 3289 2934 2047 1951 v
2 / 3265 2930 2058 1971 | 0
—_— e dn e ] - e ‘;ywéffﬁffﬂ STEAM
*

1 3250 2879 2009 / 1814 0 z:z ova

990794 990097970974 , t ] '

TURHINE f:ﬁﬁ? 318 , 97 85 0.0 ibisec
LXHAUST JT = 796 796 796 796 746 *F
oA [P=1482 14 82 1482 © 1482 14 82 psia ,
82-5-88-3%

10




RB82-955750-4 FIG. 11.31

DISTRIBUTION OF OVERALL HEAT TRANSFER COEFFICIENT FOR BASELINE WASTE HEAT
. BOILER OPERATED AT DESIGN CONDITION WITH FLOW DISTRIBUTION CONTROL
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EFFECT OF GAS INLET TEMPERATURE ON PERFORMANCE OF MARINE GAS TURBINE
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SECTION III

FORMULATION OF EXPERIMINTAL PROGRAM AND SCHEDULE

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 II. [t 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 intormation
and vperational experience desired from this experimental program, the experiment
program plan, and the overall program schedulc and effort are discussed in
detail. '

I11.1 Technical Information and Operationai Experience
Desired from the Experimental Program

As shown in Table I11.1 the objectives of this suggested experimental
program can be divided into twc categories: (1) that which would provide
sufficient technical informatiou so comparisons with the analytical resuits can
be made, and {Z) that which would allow cperational experience to be gained
with the use of gas turbine waste-heat recovery propulsion systems. In order
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 design 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 tempersture 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 operatinnal experience expected to be gained from
this transient (dynamic) operation demonstration should include those related
to flow and temperatue stability, thermal performance response, and possibly
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 cutput limitation
must alsoc be estimated experimentaliy so that the results obtained can be
comnpared with the aaékyticsl 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
filow 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. : o

I

The procedure to aseess the dry-running operation of a marine gas turbine
waste-heat boiler bas yei tu be established, although many of the routine
operatiag procedures for marine waste-heat boilers may be similar to those for
landbased combined cycle systém 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 deterijoration of
the boiler tubes. This eéxperimental program should produce valuable information
to assist in establishing the dry-running procedure.

The U.S8. 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 desling with the maintainability, reliability and
safety characteristics which are common concerns for any new system.
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II11.2 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 tie
design and tabrication of the experiment model, while the second task 1is
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

The first step in the design 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 sugpested. It is believed that this scaled model
can be designed and fabricated in a reasonable time frame and at an acceptable
cost that would provide these desired information described in Table III.1.

The thermal condition (f{low 1aLe, 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. 1In principle, th2 test
model and the full-scale unit should have the same Nusselt, Prandtl, Reynolds,
and Mach nunbers. The flow passage in the test model and that of the full-scale
unit should also be geometrically similar. Because the detailed temperature and
flow distributions are the primary conrcerns 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 couventional heat exchanger
experiment, as few as four temperature measurements might suffice (that is, the
inlet and outlet temperatures tor the hot and cold fluids). Hewever, in the
suggested program where .he 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. 1f internal temperature distributions are also to be
measured (as shown in Figs. I1.20 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 hest-transfer matrix under test, in which

/

75



R82-955750-4

case simple static pressures in the duct may be satisfactory. 1If this is not
practical, allowances should be made for differences in the
head which changes with flow passage size. It is important
diameters of straight duct preceed the heat-transfer matrix

veloctty distribution across the face of the duct. Because
4re lmpartant, it

kinetic pressure
that at least ten
to assume a uniform

pressure drop data
15 more desirable to use the piezometer ring.

The simplest and most accurate means of measuring the gas flow for this
vXperimental program would be to use a flow nozzle mounted at the air inlet and
a Jdratft 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 vach gas path and each tube should be installed
heat transfer matrix in order to avoid disturbing the flow
field in the test section. Finally, care must be exercised to minimize the
ticw leakayge, heat loss, and boundary effect during the design and fabrication
ot the experiment model as severe flow leakage and heat loss could cause
difficulties in the analysis of test results.

downstream of the

111.2.2 Auxiliary Equipment Set-Up

The auxiliary equipment 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 fiow rvate, flow distribution, temperature,
and pressure for both working fluids; and dats acquisition and recording

devices. One possible arrangement of the experimental apparatus is shown in
Fig. 111.1. '

The not=air/hot-gas supply and dischar_e system would require & draft fan which
. should be mounted at the downstream of the test model, and & combustor which
burns eifher natural gas or propane for generating hot gas needed to simulate
the gas turbine exhaust. Both draft fan and combustor could be controlled from
a central contrul box te obtain desirable gas flow rates and gas temperature,
The pressurized feedwater supply system would consist of a pressurized feedwater
manifold, a flow rate regulator, a steam 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 would be recorded by means of an

automatic dats acquisition and recording device for later evaluation and
analysis,
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I1.2.3 Test Procedure

The test procedures to be conducted in this suggested experimenta' program
must include, as a minimum, all items 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 accordiny to the layvout drawing. Shakedown testing would then
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 rhe experimental unit, and instrumentation and controls of the flow rate,
temperature, and pressure would be installed and calibrated before the actual
experiments were performed.

An extremely important aspect of the suggested program is flow visvalization
test in the flow distribution contrcl study of gas turbine waste-heat recovery
steam generator. A¢ cited in Phase-1 study (Section 11.2 ot Ref. I1.3) the
actual flow distribut.on 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, these flow distributions are
actually three-dimensional. In order to gain an insight into flow distribution
nonuniformity in the waste~heat boiler performance, two-dimensional flow
distributions were: assumed in the analytical study. Hcwever, 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 be moved about in the flow field. Smoke can algo be
employed, but its use is usually not very satisfactory because the smoke
filament tends to be dispersed so rapidly by turbulence that the technique is
applicable only for relatively low Reynolds numbers and simple geometries. It
should be obvious that flow visualization tests can be conducted more conveniently
if the models are made of a transparent plastic, such as Lucite,

When preparing for heat transfer performance testing, particularly with nonuniform
flow distributions, consideration muet be given to the flow stability to assure
that the test data are consistent and repeatable. During the literature survey
conducted in Phase-1 study, it was noticed that the flow in the transitory
stall region of a two-dimensional diffuser is inherently unatable, 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 II1.2 is the heat
trans{er performance test which should consist of a stead-state operation test
and a transient {dynamic) operation test. 1a 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, pressurss, stresses, control feedbacks must
be determined and examined as well.

The transient cperation 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
whiich varies according to the duty cycle operations. There are three possible
operal ion 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 teste should be determined and examined., 1If
the ateam temperature were maintained constant, the control procedure and
control reguiréwments would have to be identified. The most important information
to be acquired from a dry running test would be the rate of draining and

S 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 Teat 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 assess 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 genersl condition and to estimate whether
any degradation in conditions may have affected the test results. Evaluation
of the tes: results would then be made with particular emphasis being directed
toward the technical information and operational experiences desired (refer to
the discussion in Section 1I11.1). Recommendations regarding to the future
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design of marine gas turbine waste heat recovery propulsion systems should be
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.

I11.3 Overall Program Schedule and Effort

The overall program schedule formulated and man-hour effort estimated to
conduct this suggested experinental study are shown in Fig. I11.2. Although
overlaps 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 I11.2.

The longest period required for this suggested experimental study would be
those for model preparation {activities No, 1 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 would be neseded for post test 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 definiticn and post test evaluation while the technician'a
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, appruximately 2050 hours,
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TABLE III.l1

Technical Information and Operational Experience

A.

Wanted From Experimental Program

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
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TABLE 111.2

Experiment Program Plan

A. Design and Fabrication of Experiment Model

Size of experiment model

Tesr condition and consideration
Principles or similituae

Adequate and potent instrumentation
Leakage, heat loss, and boundary effects

B Auxiliary Equipment Setup

. Hot air/gas supply and discharge equipments
Water supply and steam handling equipments
Control devices

. Data acquisition and recording devices

C. Test Procedure
Shake-down flow and structural rests
. Calibration of instrumentation
Flow visualization test
Flow stability test

. Heat transter performance test

D. Post Test Evaluation
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FIG. .1

POTENTIAL LAYOUT OF EXPERIMENT APPARATUS FOR FLOW DISTRIBUTION
CONTROL STUDY OF MARINE WASTE HEAT STEAM GENERATOR
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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 §regram 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. Tne 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 regquirement specified.

Program Structura

The program was organized in hierarchiczl structure as shown in Fig. A.l.

" The main program which is celled HXMAIH 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 dats 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 1I of this report. This program takes the input data from the common
blocks as needed during the computation process and slsoc stores the computed
results in the common blocks., The function of the HXOUTPUT routine is to
translate the resultas of the heat exchanger performance computed by the HXCALC
routine into practical enginesring 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 transfar coefficients
throughout the entire heat exchanger core.

B4




R82-955750-4

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 the following section, the input parameters are discussed, the results
of a example run are presented, and the listing of the Fortran statements
for the main program and three major subroutines are given,

Description of Input Data

The input data for the Waste-Heat Boiler Computer Program avre listed in

Tables A.l1 and A.2.

Table A.l 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 be

punched on a BCD card.

them) are deifined as

NI

NJ
NPTHA
NPTHB
NPRNT
NDUMP
KOMPLX
NITER
YLEN
XLEN
ZA=ZB
THKWAL
TOTITR

TURNLA
TURNLB
NCOST
NTYPE
MICORE
MTSHEL
FACTF
FACTE

No. of
No. of

= No. of

No. of .

option
option
option

The job contrcl parameters (there are twenty two of

follows:

nodes
nodes
paths
paths

in I-direction (£ 30)
in J-direction (< 30)
for gas side (< 10)

for liquid side (< 10)

for printing the intermediate iteriation results (=0 or 1)

for dumping the detail calculation for each iteration
for using or not using the boiling heat transfer model (=0 or 1)

maximum No. of iterations (default value = 25)
overall core height (= fN:.aj. inches)

overall core width (= IN;aX{ inches)

overall core depth (inches)

tube wall thickness (inches)

convergence tolerance for iteration of the exit temperature
of the fluids (°F)

factor for turn loss on the gas~side

tactor for turn loss on the liquid side
option for cost estimate (=0 or 1)

types of heat exchanger (1 to 5)

types of tubes material (1 to 8)

types of shell material (1 to 8)

fabrication complexity factor

escalation factor from Mid '70 dollar value

L})

(=0 or 1)
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In addition to the job control parameters, there are several sets of input
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.1). The number of these dats sets is equal to the number of
gas paths (NPTHA) plus the liquid paths (NPTHB)}. The first two data cards for
each data set contain tean parameters which are defined as follows:

WDOT = gas flow rate {lb/sec)
PZRO = gas inlet pressure (psia)
TZRO = gas inlet temperature {°F}
DHYD = hydraulic diamerer (inches)
DELTAX = nodal width {inches)

FAOFA flow area/frontal area
SAOV = surface area/volume

FINTHK = fin thickness (inches)

FINLEN = fin length {inches)
FINSRF = fin area/surface areas

The remainder of the input data are for flow direction, number of nodes, and
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 pf tubes for that path.

The development of this neat exchanger computer code was developed to

be independent of the working fluids, and therafore 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
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. 1 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
of time. Lines 26 to 30 tabulate the saturation pressures (psia) and temperatures
(*F). The formats for these entries are £10.5. Lines 31 to 33 sre the empirical
constants for computing the convective heat transfer coefficients {see Eqs. la to
ic in Section II of this report) for laminar-, turbulent=, or supercritical-flow.
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Lines 35 to 56 provide the heat transfer correlations in terms of Reynolds
number and StPr2/3 for the vapor phase. Lines 58 to 66 tabulate the liquid
properties including its the temperature (°F), viscosity (lb_/ft-sec), thermal
conductivity (Btu/ft-F-Hr), specific heat at constant pressure (Btu/lb F) and
density (lbm/ft3). The input format is also in E10.5. 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/fts), viscosity
(1b_ /ft-sec), thermal conductivity (Btu/ft-F-Hr) and specific heat at
constant. pressure (Btu/lb -F). Each parameter will be read in E10.5 format.
The aumber 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 lire 68 represent the type of the
working fluid: 1 for distillate and 2 for pure substance.

Lines 121 through 125 tabulate the saturation pressure (psia) and the heat
capacity (BLu/lbm-F) for the boiling mixture if the boiling heat transfer model
is not used (i.e. KOMFLX=0). Lines 128 to 139 are the pressure (psia), the
temperature (°F) and the density (lbm/fts) above the critical point. These
data are also read in E10.5 format. There are three sets of pressure data (as
shown on line 126) and at each préssure value, there are four seis of data for
the ilemperature ond densitv. Lines 141 to 1 45 give five saturation pressures
{(psia) 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 II of this report) are presented
in lines 150 to 170 and lines 172 to 186, respectively. Finally, the friction
coefficient (which was defined as Ap = 4fpV2L/(ZgD) 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 (1b_/ft-sec), thermal conductivity (Btu/ft=-F-Hr),
and specific heat at constant pressure (Btu/lb ~F) are presented in lines 212
to 230. The friction coefficient and the Stanton numbers as functions of
Reynolds number are given in lines 232 tuv 246 and lines 248 to 262, respectively,
Finally the wall (tube) thermal conductivity (Btu/ft-F-Hr) «s function of
temperature (°F) are tabulated in lines 264 and 265, All these entries are
alsv read in E10.5 format,
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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 ocutlet 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
Reyno’ds number, and the overall heat transfer coefficient are shown in Table
A.6. The liquid-side pressure loss characteristics, the stear 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 msjor computer programs
(HXMAIN, HXINPUT, HXCALC, HXOUTPUT) and the common block allocatiors are shown
in Tables A.8 to A.12.
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STRUCTURE OF WASTE-HEAT BOILER COMPUTER PROGRAM
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TABLE A.1 Cont'd
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TABLE A.2 THERMAL AND PHYSICAL PROPERTIES FOR WATER AND AIR
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C====-MAXIMUM HEAT ADDITION FOR CONSTANT TEMPERATURE VAPQRIZATION
CaLL LOCxt PLA“TS;HYSF?B; NVAPTE, PZPOILZ N, RVAP, KK}
GHVAPZWTQT {(Z2yM12nVAP
C
L0 30 Izi,nl
DO 33 JZisng
QUALIT, U120 .0
c 3L CCHTINVE
C~====SATURATIUN TEMPERATUFRE
¢ .
Cati LQ??fFSi?TQ;TSQTTﬁg NSAT, PERQ%Z,H),TSAYtN}, KK )
00 31ln LZIQNQDE
Iz IﬁgﬂYfﬁghyL}
J o= 33F3?{£;N;L3
NE Z IMNVPSACT, 0
ELZDELTAXx({NA)
IF(ISTART (23N oEC 2} ELZDELTAYIN)
IF(SwFEPGT,C.1% GO I0 11
FLARBIN) = NTUBESINI®PI/4,C = DPBYDI2,N)e%2
AWALL{) oN)Y = NTUSESINI% Pl = {5“YD(2;N)’IHK&§L)¢£L
AwALL 12N T STUBES{N}® PI = DHYD(Z,NI®EL
B0 T0 31f
11 CONYINUF
ELZDLLTAAINAS
IF§ISTibe2gh1aEQ-I} EL=DELYAYIN)
NTUBZS{M)T}
FLARBINY T EL®ZBSCOSH
DRYD (2,03 2,08 ELs 2B #CO0SB /7 (EL*C0SB+23}
AWALL (Y N) = DELTAX tﬂﬁ)#QELTRYfN}
. AwALLT2,4) = AWALL £1:8)
¢ 1y CONTINUE
€ ; o
C IFIPZROUIZ N GTPCRITR] GO T0 311
E---"GET ~UALITY
c
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G
331 CONTINnuT
g DISTILLATE SUESTANCE
CALL LQCKGP{TASVAP P

CUALITI,u)z Z1A8B(¢
GO T¢ 313

ZPO(;cN} THEAN(2 410U} 4 2TAB KK}

c
o 332 conTinue
¢ PURE SUSSTANCE, QUALITY GETERMINED FROM PRZVIOUS NODE.
IF(LEQ 1) GO TO 32
IP:IARAY(?:N,L-i}
JPZJAPAY(2,NIL-1)
QUAL(T, JizQUAL(TP,up)
¢ 333 CONTINGE
IF(QUAL(I,U).LELC.0) GO TO 311
] TFGQUALUI U1 oCT 040 oANCe QUALII.J)oLTo1.0)

GO 10
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