
CofiF-W010-'/ 
^ECEiVEi 

nil l <i 13S8 GA-A22069 

3TI 

OPTIMIZATION OF THE GAS TURBINE -
MODULAR HELIUM REACTOR USING 

STATISTICAL METHODS TO MAXIMIZE 
PERFORMANCE WITHOUT COMPROMISING 

SYSTEM DESIGN MARGINS 

L.J. LOMMERS, L.L. PARME, and A.S. SHENOY 

JULY 1995 

* 
GENERAL ATOMICS 

^w^wmwm^^wmwm^m 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



GA-A22069 

OPTIMIZATION OF THE GAS TURBINE -
MODULAR HELIUM REACTOR USING 

STATISTICAL METHODS TO MAXIMIZE 
PERFORMANCE WITHOUT COMPROMISING 

SYSTEM DESIGN MARGINS 

L.J. LOMMERS, L.L. PARME, and A.S. SHENOY 

This is a preprint of a paper to be presented at the 1995 
International Joint Power Generation Conference in 
Minneapolis, Minnesota, October 8-12, 1995, and to be 
published in the proceedings. 

GENERAL ATOMICS PROJECT 7600 
JULY 1995 

<•£• GENERAL ATOMICS 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED^ J 



OPTIMIZATION OF THE GAS TURBINE - MODULAR HELIUM REACTOR 
USING STATISTICAL METHODS TO MAXIMIZE PERFORMANCE 

WITHOUT COMPROMISING SYSTEM DESIGN MARGINS 

Lewis J. Lommers 
Laurence L. Parme 

Arkal S. Shenoy 
General Atomics 

San Diego, California 

ABSTRACT 
This paper describes a statistical approach for determining the 

impact of system performance and design uncertainties on power 
plant performance. The objectives of this design approach are to 
ensure that adequate margin is provided, that excess margin is 
minimized, and that full advantage can be taken of unconsumed 
margin. It is applicable to any thermal system in which these factors 
are important. The method is demonstrated using the Gas Turbine -
Modular Helium Reactor as an example. 

The quantitative approach described allows the characterization of 
plant performance and the specification of the system design 
requirements necessary to achieve the desired performance with high 
confidence. Performance variations due to design evolution, in-
service degradation, and basic performance uncertainties are consid
ered. The impact of all performance variabilities is combined using 
Monte Carlo analysis to predict the range of expected operation. 

INTRODUCTION 
Performance margins are typically incorporated in the design of 

complex fluid and thermal systems in order to provide the necessary 
level of confidence that overall performance goals will be achieved. 
Common performance margins might include specifying a larger 
pump than nominally required, oversizing a heat exchanger, or 
designing a compressor to accommodate a broader range of off-
design inlet temperatures. Performance margins are distinct from 
other plant and system margins such as structural and safety margins. 

The underlying goal in assigning performance margins is to 
enhance economic competitiveness. The objective is to maximize 
system performance and efficiency while minimizing system capital 
cost. Failure to include adequate performance margins increases the 
economic risk associated with a design due to the potential for 
degraded system reliability and the possible need for derating or 
system modification. On the other hand, the use of overly conserva
tive design margins is undesirable, since it needlessly increases 
capital costs while offering little additional performance. A balanced 
approach is necessary. 

The manner in which performance margins are applied in the 
design process is just as important as the selection of the appropriate 
margins in the first place. While proper use of margins enhances 
system performance, improper application of performance margins 
can result in a misdesigned system which is actually less likely to 
perform as specified. The use of a systematic approach for the 
incorporation of system performance margins is the primary focus of 
this paper. The principles discussed are useful in the design of 
individual power plant systems and particularly in the integrated 
design of the power plant as a whole. 

THE GAS TURBINE - MODULAR HELIUM REACTOR 
The Gas Turbine - Modular Helium Reactor (GT-MHR) is an 

advanced reactor concept in which a high temperature gas-cooled 
reactor is linked with a gas turbine engine to create a closed loop 
Brayton cycle system. The GT-MHR offers the potential for 
unparalleled reactor safety and high cycle efficiency, resulting in 
reduced waste and lower net busbar costs than previous systems. The 
development and application of GT-MHR performance margins is 
being carried out as discussed in this paper. 

The closed loop Brayton cycle is shown in Figure 1. High 
temperature helium from the reactor outlet is expanded through the 
turbine. The power extracted by the turbine drives both the compres
sors and the generator. A high effectiveness recuperator is utilized to 
recover most of the useful energy in the turbine exhaust and transfer 
it to the reactor inlet helium flow path. The remaining unrecoverable 
energy in the low pressure helium flow path is removed by the 
precooler prior to entering the low pressure compressor. An 
intercooler enhances cycle efficiency. The recuperator allows the 
reactor and turbine to operate at high temperature while the compres
sors operate at low temperature. This maximizes cycle efficiency. 

PERFORMANCE VARIABILITIES AND MARGIN 
SELECTION 

All performance margins used in design address the effect of some 
type of variability or unknown on system performance. If there were 
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TABLE 1 
MARGIN SELECTION CONSIDERATIONS 

Design Evolution 
• Specific design changes identified for future consideration 

during preliminary or final design 
• Parameters strongly influenced by areas where the design is 

immature or has not been evaluated 
• Performance parameters which previous experience has 

shown to be subject to frequent degradation or derating as 
details are developed 

Operating Life Performance Variation 
• Heat transfer variation due to fouling (based on industry 

experience, anticipated cleaning schedules, etc.) 
• Wear In machinery and seals which affects component 

efficiency, leakage, etc. 
• Degradation due to anticipated remedial maintenance activities 

(e.g., tube plugging) 
• Changes in material properties due to aging which affect 

component performance 

Performance Uncertainties 
• Material property uncertainties 
• Analysis uncertainties 
• Fabrication uncertainties and tolerances 
• Measurement and control system errors 
• Variation in ambient conditions 
• Any other factors outside the designers' control and which 

cannot be predicted precisely 

no unknowns, then system performance could be predicted precisely, 
and no margins would be needed. Performance margins can be 
categorized into three types based on the type of variability that they 
are intended to address: 

• Design Evolution, 
• Operating Life Allowances, and 
• Performance Uncertainties. 
As the name implies, design evolution margin addresses perfor

mance variation due to possible future design changes which are to 
be accommodated. Of the three types of variabilities, the factors 
addressed by design evolution margin are most directly within the 
control of the designer. Design evolution margin predominately 
addresses uncertainty in the design process itself. Operating life 
allowances provide for routine performance degradations which 
occur during component life such as fouling, pump wear, etc. These 
variabilities are not within the designer's direct control, but they can 
be characterized reasonably well. Finally, performance uncertain
ties are included to address the variability in system performance due 
to measurement, control, analysis, and fabrication uncertainties and 
tolerances. These variabilities are more random in nature. While 
their ranges can be bounded with varying degrees of effort, they 
cannot be predicted precisely a priori. 

Typical considerations which affect the determination of required 
margins are listed in Table 1. In general, competing interests must be 
balanced when specifying system margins. Large margins tend to 
simplify the design process and reduce technical risk, but they also 
increase capital cost and often result in reduced performance goals 
due to more conservative component design. On the other hand, 

small margins normally reduce capital cost, but they may increase 
design effort and ultimately the risk of derating or the need for 
subsequent fixes. In simple cases an individual designer's judgement 
may be adequate for determining the required margins. For key plant 
systems, a detailed cost-benefit analysis may be required to determine 
the optimum level of margin in the system. Table 2 lists the main 
GT-MHR performance margins. 

A significant way to reduce the need for margin in a system design 
is to reduce the variabilities being addressed by the margins. Early 
in the design process it may not be feasible to significantly reduce the 
variabilities. However, some reduction may be achieved as the 
design progresses, if design evolution margin remains unconsumed. 
Moreover, a significant reduction in some uncertainties may be 
realized once the completed plant is placed in service. However, 
unless these reductions can be predicted beforehand, they must be 
accommodated by the design either directly or by providing contin
gencies. If excess margins are found to remain once operation has 
commenced, increased system performance may be achievable. 

INCORPORATING MARGINS INTO SYSTEM DESIGN 
Once required margins and variabilities have been identified, they 

must be incorporated into the overall system design. This is done to 
ensure that each system component can accommodate the effects of 
the margins on system performance and to ensure that the overall 
system is configured to make maximum use of the installed margins. 
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TABLE 2 
GT-MHR PERFORMANCE MARGINS 

Design Evolution Maroln 
• Primary coolant pressure drop 
• Leakage at additional internal primary coolant seal 
• Turbine purge flow allowance 
• Heat rejection heat exchanger and pump sizing 
• Generator capacity 

Operating Life Allowances 
• Heat exchanger fouling and plugging 
• Reactor core pressure drop 
• Wear at internal seals 
• Pump wear 

Performance Uncertainties 
• Ambient heat sink temperature variation 
• Internal seal leakage uncertainty 
• Uncertainty in component efficiencies 
• Uncertainty in predicted heat exchanger performance 
• Uncertainty in component pressure drops 
• Uncertainty in regenerative heating and parasitic heat losses 
• Instrumentation uncertainties 

When margins are provided to enhance the performance of a 
particular component in response to uncertainties in that component's 
performance, the presence of the margins has an effect on the system 
as a whole. 

The primary impact of the margins is a shift in the system operating 
point. The magnitude of the shift is determined by the balance 
between each of the installed margins and the actual portion of the 
margin required to compensate for the uncertainty addressed by that 
margin. For example, consider a heat exchanger that is oversized by 
fifteen percent to compensate for uncertainty in heat transfer 
effectiveness. If me actual heat transfer effectiveness of the heat 
exchanger turns out to be 87% of that calculated by the designer, then 
its overall performance including the fifteen percent margin will be 
exactly as specified in the overall system design (0.87 + 0.15 x 0.87 
= 1.0). However, If the actual heat transfer effectiveness is 98% of 
that calculated, then its overall performance including the margin will 
be 113% of that specified in the overall system design (0.98 + 0.15 
x 0.87 = 1.13). Since a fifteen percent margin was included, the heat 
exchanger can be thought of as having thirteen percent excess 
margin. While this improved performance may well be beneficial, it 
does shift the system operating point for all other system compo
nents. This could produce undesirable results, if other system 
components were not designed to tolerate the conditions at the shifted 
operating point. 

Approaches to Margin Integration 
Various strategies exist for incorporating the specific component 

and system margins into the overall system design. The simplest 
approach is to do nothing, relying on the presumed adequacy of 
individual component margins. Another approach is to provide 

means to control or nullify any excess or "unused" margin. The 
appropriateness of a specific strategy depends upon the design 
situation. 

For complex systems which are designed with significant perfor
mance margins and which accommodate significant performance 
uncertainties, a more sophisticated approach is worthwhile. The 
approach employed for the GT-MHR is to design the overall plant 
and all of the individual components for the full range of system 
operating points possible, considering all of the performance margins 
and uncertainties inherent in the design. This approach provides a 
high level of confidence that system performance goals will be 
achieved regardless of whether or not margins are fully consumed, 
and it provides for the full utilization of any excess margins. In order 
to accomplish this, a detailed performance analysis is required at the 
system-level to determine the full range of operating points possible 
given the uncertainties and margins to be accommodated. 

Combined Impact of Multiple Performance Uncertainties 
Numerous variabilities affect the performance of the overall system. 

The impact of each of the performance uncertainties and margins 
must be combined to determine the overall range of possible system 
operating points that must be accommodated by the design. Perhaps 
the simplest approach is to manually vary the uncertainty parameters 
over their anticipated range (typically ±2a) and design for the 
resulting extreme points. This is illustrated in Figure 2 for a system 
characterized by two uncertainty parameters, each assumed to have 
a normal distribution. Varying uncertainty parameters A and B over 
the ±2o range yields the rectangular region circumscribed by the 
dashed line. In this simple approach, it is assumed that each uncer
tainty parameter, A and B, may be anywhere within ±2a of its mean 
independent of the other uncertainty parameter. 

Assuming that the intent is to establish a 95% confidence design 
region, the rectangular region is inadequate for two reasons. These 
are illustrated by comparison with the elliptical region enclosed by 
the solid line. The elliptical region is the actual 95% confidence 
region, based on a statistical analysis using 8000 Monte Carlo 
iterations. The first shortcoming of the rectangular region is that it 
really provides only 90% confidence that the actual operating point 
will be within the design region (0.95 x 0.95 = 0.90). For example, 
point X should be included in the design region, but it is well outside 
the rectangular region. The second shortcoming of the rectangular 
region is that it includes very unlikely operating points, such as point 
D, which are well outside the true elliptical 95% confidence design 
region. The probability of both uncertainty parameters simulta
neously deviating from their mean values by 2o is very low. These 
problems become even more severe when several variabilities are 
considered simultaneously as is necessary for a real system. 

The statistical approach is used to incorporate all performance 
variabilities in the overall GT-MHR design. This ensures that an 
adequate operating range is provided without requiring components 
to be designed to accommodate extreme points which are very 
unlikely to occur. 

PROBABILISTIC DETERMINATION OF MARGIN IMPACT 
AND REQUIRED OPERATING RANGE 

A statistical variability analysis is used to accurately define the 
range of operating conditions that results from the combined effect 
of all system performance variabilities. The resulting operating range 
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provides the conditions that system components must be designed to 
accommodate. The steps in this process are: 

• Identify independent variables and their distributions for 
probabilistic performance analysis, 

• Perform actual Monte Carlo analysis to identify statistically 
valid operating states, 

• Evaluate operating states and reoptimize, if necessary, and 
• Produce required conditions for component specifications. 

These steps are discussed briefly in the following paragraphs. 

Independent Variable Uncertainty Distributions 
The independent variables in the performance analysis are simply 

the performance variabilities discussed in the first part of this paper 
design evolution margin, operating life allowances, and random 
performance uncertainties. The probability distribution for each 
variability must be determined by the system designer. 

In genera], the probability distributions are derived from compo
nent test data, specified fabrication tolerances, analytical uncertainty 
analyses, and expert opinion. Where an overall performance 
variability is dependent on several underlying factors (e.g., variation 
in heat exchanger effectiveness due to uncertainty in correlations, 
material properties, and geometry), these factors are combined using 
standard statistical techniques. 

For each of the design evolution margins, the probability distribu
tion normally extends from none-of-the-margin-consumed to all-of-
the-margin-consumed. The shape of the distribution over this range 
depends on the anticipated likelihood of how much margin will be 
consumed. Determining this likelihood normally requires a judge
ment on the part of designers familiar with the relevant issues. 
Normally a uniform distribution applied over the applicable range is 
reasonable. If the evolution margin is discrete in nature (e.g., either 
some change is made or it is not), then a discrete probability density 
function is used. 

The probability distribution selected for each of the operating life 
allowances is dependent on the anticipated performance degradation 
rate. Anticipated degradation is normally determined based on 
industry experience for similar equipment in like service. A uniform 
distribution is appropriate for most conditions in which the degrada

tion rate is continuous and fairly constant. For components whose 
performance is generally constant but with a brief period of acceler
ated degradation (e.g., during break-in or at end-of-life), a skewed 
distribution is required. The correlation between operating life 
allowance distributions must also be taken into account. All 
components will be at beginning-of-life at the same time, and those 
components which will not be replaced will also be at end-of-life at 
the same time. Thus, their random distributions cannot be allowed 
to vary independently in the Monte Carlo analysis. 

The probability distribution selected for each of the random 
performance uncertainties should be tied directly to the uncertainty 
that they represent Measurement and control uncertainty distribu
tions are based on existing instrument error data. Analysis uncer
tainty distributions are based on the uncertainties associated with the 
analysis methods and correlations used. 

Monte Carlo Analysis 
Once the independent variable distributions have been defined, the 

Monte Carlo analysis of performance variation is performed. In a 
Monte Carlo analysis the distribution of potential results is deter
mined by considering a large number of independent cases or 
iterations in which the independent variables are varied randomly 
according to their probability distributions from iteration to iteration. 
The analysis is based on a thermal hydraulic model of the system or 
plant which defines the operating state of the system as a function of 
the performance variabilities. Thus, the output of each Monte Carlo 
iteration is a system operating state, typically in the form of a detailed 
heat balance which specifies the value of each of the system's major 
thermal parameters. 

The output of the Monte Carlo results define the range of system 
operating states as a function of the desired confidence level. This is 
illustrated in Figure 2. For the simplistic system represented by this 
figure, the Monte Carlo results indicate that there is only a 50 percent 
probability that the system operating point would be in the small 
operating region immediately surrounding the design point. If 
system components are designed only for this small region, there is 
a 50% chance that they will exceed their design limits. However, if 
they are designed to accommodate operation anywhere within the 
95% confidence region, then there would only be a 5% chance of 
exceeding a design limit 

Design Optimization 
In general, iteration is required to ensure that the system design is 

optimized with respect to the evaluation criteria. An acceptable 
design must satisfy all design limits and system requirements. In 
addition, the optimized design must maximize economic perfor
mance. Table 3 lists the most important criteria used to determine 
that GT-MHR performance is acceptable. 

The performance optimization process is illustrated by Points 1,2, 
and 3 in Figure 3. Point 1 shows the unoptimized system design 
point and its surrounding operating range which has been determined 
statistically. This point is shown with large margins between the 
edge of its operating range and the three constraints shown. The 
unoptimized point could just as easily have been shown violating one 
of the constraints. Point 2 shows the point after it has been shifted to 
eliminate any unnecessary margin (or to provide the necessary 
margin if it had originally violated a constraint). Finally, Point 3 
shows the design point once it has been shifted to optimize system 
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TABLE 3 
GT-MHR STEADY STATE EVALUATION CRITERIA 

System/Component Design Limits 
• Reactor Core Inlet Temperature 
• Reactor Core Outlet Temperature 
• High Pressure Compressor Outlet Pressure 

Overall System Requirements 
• Maintain Passive Decay Heat Removal Capability 

Economic Constraints 
• Maximize Net Plant Efficiency 
• Minimize Levelized Net Busbar Power Cost 

economics. Adequate system margin is maintained, because the 
operating range (at the prescribed level of confidence) does not 
violate the adjacent steady state operating constraint. 

Several degrees of freedom exist in optimizing the system's steady 
state performance. The simplest approach is just to shift the design 
point as necessary as was done in the Figure 3 example. Alternately, 
system constraints can be shifted in many cases. This typically comes 
at the expense of increased development, design, or material costs 
which must be weighed against any potential economic benefit 

Perhaps the greatest flexibility exists in dealing with the perfor
mance variabilities imposed on the design. These factors directly 
control the size of the operating range surrounding the design point 
Design evolution margins can be adjusted by either focussing greater 
attention on key design decisions early on so that less design 
flexibility is subsequently required or by providing flexibility 
through alternate parameters which do not move the operating point 
toward a nearby constraint. Operating life allowances can be adjusted 
by specifying materials with increased wear resistance, by specifying 
steps to reduce fouling, etc. Basic uncertainties in operating parame
ters can be reduced through more detailed analysis, through increased 
testing and development, and through more precise system measure
ment and control. 

Resulting Component Specifications 
Once the projected steady state system operating region has been 

defined, the defined region is embodied in the form of component 
design requirements. These requirements consist of two types. The 
first type, referred to as performance requirements, specify the 
required performance that the component must deliver. For example, 
a pump must supply a certain flow rate at a specified head, or a heat 
exchanger must provide a certain heat duty at specified fluid 
conditions. These performance requirements are specified at the 
design point The GT-MHR design point is shown in Table 4. 

The second type of requirement specifies the range of system 
operating conditions surrounding the design point that may actually 
be imposed on a component due to performance variabilities. This 
range is based on the Monte Carlo analysis results, and it is selected 
to achieve the required level of confidence. The component must be 
designed to function at any foreseeable operating point in order to 
ensure that component limitations do not overly constrain system 
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TABLE 4 GT-MHR DESIGN CONDITIONS 

Reactor Power 600 MWt 
Reactor Inlet Temperature 491 C 
Reactor Outlet Temperature 850 C 
Turbine Outlet Temperature 511 C 
Turbine Row Rate 320 kg/s 
Turbine Pressure Ratio 2.66 
Recuperator Effectiveness 95 % 
Precooler Inlet Helium Temperature 125 C 
LP Compressor Inlet Temperature 26 c 
LP Compressor Inlet Pressure 2.57 MPa 
Intercooler Inlet Helium Pressure 4.31 MPa 
Intercooler Inlet Helium Temperature 104 C 
Intercooler Outlet Helium Temperature 26 C 
HP Compressor Outlet Pressure 7.24 MPa 
HP Compressor Flow Rate 323 kg/s 
Overall Compressor Pressure Ratio 2.86 

operation. These condition requirements are communicated as 
component design envelopes. They display the combination of 
parameters that the component must be able to tolerate during its 
operating life. 

Envelopes are created for the parameter combinations that are 
critical to each component. For example, the relationship between 
reactor inlet temperature and reactor coolant flow is important to the 
GT-MHR reactor designer. The design envelope showing these 
parameters is shown in Figure 4. This envelope is defined by 
projecting the statistically determined plant operating region onto the 
plane formed by the inlet temperature and coolant flow axes. 

Design envelopes for the GT-MHR low pressure compressor are 
shown in Figures 5 and 6. Many additional envelopes are required 
in order to completely cover all of the GT-MHR systems and 
components, but space does not permit their inclusion here. 
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TRANSIENT MARGINS AND CONSTRAINTS 
Before concluding, transient considerations must be recognized. 

The entire preceding discussion has focussed on variation in steady 
state system operation at full power resulting from steady state 
performance uncertainties and on steady state operating constraints 
and margins. As a plant or system is being designed, transient 
margins and constraints must also be considered. Many of the 
principles used in the steady state approach described here are also 
applicable to the required transient analysis. Of course, the actual 
margins and constraints used are different In general the long-term 
steady state operating constraints are significantly more conservative 
than the corresponding transient limits. 

The steady state optimization process and the transient analysis are 
coupled in two ways. First the projected steady state operating 
region surrounding the design point defines the range of possible 
initial conditions for the transient analyses. Acceptable transient 
performance must be obtained from any point within the steady state 
region. Secondly, transient limits can pose a constraint on steady 
state performance. This occurs, if the preferred design point does not 
provide sufficient margin between the initial operating state of the 
system and the transient limit to accommodate the parameter 
deviation which occurs during a transient. In such a case, it may be 
necessary to shift the design point even though the projected 
operating region did not violate any steady state constraints. 

CONCLUSIONS 
In order to ensure that system performance is not compromised, 

adequate perfonnance margins must be incorporated in the system 
design. Furthermore, to obtain the maximum benefit of installed 
margins, system components must be designed to accommodate the 
full range of variation in system operation conditions that may result 
form the installed margins and the performance uncertainties inherent 
in the system. 

Unfortunately, many traditional approaches do not permit the 
quantification of margin adequacy. Depending on the design 
approach selected, the impact of performance variabilities may be 
either under or over predicted. This can result in subsequent 
performance derating or in excess, unusable, margin. 
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The use of probabilistic methods provides a realistic indication of 
the anticipated variation in plant or system performance due to the 
effects of performance margins and uncertainties. This allows the 
adequacy of system margins to be determined with the required level 
of confidence. It also allows a more accurate projection of the 
operating range for which system components must be designed. 
With this information, balanced margins can be specified which are 
adequate but not wasteful. This provides the desired assurance that 
system constraints will not be violated and that the system will be 
able to take full advantage of any unused installed margins. 
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