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USE OF THE BUILDING LOADS ANALYSIS
AND SYSTEM THERMODYNAMICS PRO-
GRAM TO PERFORM TOTAL ENERGY
SYSTEM ANALYSIS

1 inTRODUCTION

Background

Recognizing that total energy systems offer the po-
tential for more efficient use of scarce fuel resources,
the Department of Defense (DoD) in 1974 issued a
document! that required careful study of the feasibil-
ity of total energy. selective energy. and built-up heat
pump systems for major new construction and rehab-
ilitation projects. Following DoD’s action, the Office
of the Chief of Engineers (OCE) issued instructions?
(hereinafter referred to as “OCE Instructions™) to sup-
plement the directive and provide additional guidance
for preparing feasibility studies.

Implicit in the predictions of energy savings and the
requirement to study total energy, selective energy,
and built-up heat pump systems is the assumption that
the potential performance of these systems can be pre-
dicted accurately and that such systems can be de-
signed to operate at peak efficiency. In the past, the
approach to designing energy systems was to satisfy
peak demand without regard to part-load performance
or variations in load profiles. Although peak demands
must usually be satisfied, the use of peak demand alone
is particularly unsatisfactory when considering total en-
ergy systems. Both load vanations and part-load perfor-
mance greatly affect total energy system efficiency,
and thus must be considered in the design and perfor-
mance analysis. The criteria for system evaluation must
be based on annual energy consumption and not the
ability to meet peak demand. Since the analysis must
be made on an hourly basis, manual calculation of load
profiles. equipment performance, and economics is too
difficult and tedious to be practical.

The use of a computer program for performing
these hourly performance calculations is the only feasi-

Wioditication of DoD Construction Criteria Manual 4270.1-
W (Department ot Detense, 13 September 1974).

2hnvincerine Instructions for Preparation of Feasibility

Ntwdics for Total Fnergy, Selective Energy, and Heat Pump Sys-

fems (Oftice of the Chiet of Engineers, 1 July 1975).

ble approach. However, there are several difficulties in
this approach: (1) existing computer programs for
making these calculations are not directly available to
Corps of Engineers designers: (2) the proprietary pro-
grams available are difficult and expensive to use. can-
not be directly used by Corps Districts, and are oiten
inaccurate in one or more of the calculation modes:
and (3) there is no methodology for applying computer
programs (o a total energy study.

Objective

The objective of this research was to develop energy
and life-cycle cost-analysis tools and a computer-aided
design method for District Engineer personnel and
their architect/engineers to use in assessing the perfor-
mance of candidate total energy systems. and for opti-
mizing totai cnergy system performance in the design
phase in accordance with requirements of DoD Manual
4270.1-M and OCE’s supplemental instructions.

Approach

The first step is meeting the research objective was
to develop a user-oriented, fast-running computer simu-
lation program for total energy systems. Existing com-
puter programs were evaluated and the best available
program was procured and modified to conform with
the modeling requirements. including the requirement
that the program interface with building load predic-
tions and air distribution models developed under sep-
arate Army- and Air Force-funded work units. This
simulation program is described in detail in a two-vol-
ume U. S. Army Construction Engineering Research
Laboratory (CERL) draft report entitled 7The Building
Loads Analvsis and System Thermodvnamics Program
(BLAST) Program; Volume | is the User Instructions,
and Velume 1l is the Program Reference Manual.3

The second step was to study several good total en-
ergy studies and develop a methodology for systemati-
cally analyzing candidate total energy systems so that
the optimum system configuration could be established.

Finally, this report was prepared in order to de-
scribe systematically the methodology for using the
BLAST program so that the optimum total energy con-
figuration can be determined and energy and life-cycle

3D. C. Hittle, The Building lLoads Analysis and Svstem
Thermodynamics (BL.AST) Program, Volume 1: User Instruc-
tions and Volume I1: Program Reference Manual, Draft Techni-
cal Report (U. S. Army Construction Engineering Research
Laboratory, 1977).
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costs can be compared with those of a conventional
system.

Chapter 2 briefly describes the features of the BLAST
program, Chapter 3 provides guidelines for using the
program during the performance of feasibility studies,
and Chapter 4 outlines methods of using it for detailed
equipment and system performance evaluations neces-
sary for final design.

Scope

This report provides guidelines for using the BLAST
program to perform total energy. selective energy, and
heat pump studies. and final design caleulations. The
report does not provide detailed instructions for pre-
paring inputs for the program: these are presented in
the BLAST User Instructions. Instead, this report fo-
cuses on the selection of candidate systems and the in-
terpretation of program output, with the aim of optim-
izing the systems used for comparative study and the
system finally selected for field implementation.

The methods described herein provide in part the
necessary tools for complying with the OCE Instruc-
tions.

2 THE BLAST PROGRAM

General Description

The BLAST program is a comprehensive computer
program for estimating hourly space heating and cool-
ing requirements, hourly performance of fan systems,
and the hourly performance of a central plant, total
energy plant, and/or solar energy system. Figure 1 illus-
trates the general program flow. Apart from its com-
prehensiveness. this program differs in four key re-
spects from similar programs that have been used for
total energy studies.

1. The BLAST program uses extremely rigorous
and detailed algorithms to compute both building loads
and system performance. Many of the methods used
are based on the American Society of Heating, Refri-
gerating, and Air-Conditioning Engineers (ASHRAE)
algorithms:4. 5 however, many new algorithms, which

AProcedure for Determining Heating and Cooling Loads for
Computerized Energy Calculations (ASHRAE, February 1975).
SProcedures tor Simulating the Performance of Compon-

ents and Svstems tor Energy Caleulations, W. I, Stoecker, ed..
ird ed. (ASHRAL, 1974).

represent improvements in the ASHRAE methods,
have been included.

2. The program employs its own input language.
which permits rapid input preparation in a completely
unformatted English-like style. This language contains
a library of all materials, wall and roof sections, and
their properties found in the ASHRAE Handbook of
Fundamentals .6 The user, by referring to these build-
ing components by name, is freed from the tedious
task of inputting scores of numbers for each space or
building. Similarly, the use of default equipment pet-
formance parameters permits the user to investigate
generic systems easily and rapidly.

3. The program execution time is extremely brief,
making the study of many alternative concepts relative-
ly inexpensive.

4. The program is not proprietary and is therefore
open to inspection by its users and those who are to
rely on the results generated.

Simulation Capabilities

The BLAST program requires the general type of in-
put data described in Sections 6 through 9 of the OCE
Instructions, i.e., .ccupancy, lighting. and equipment
usage schedules. « escription of the building(s). system
design variables, hourly climatological data, etc. De-
tailed descriptions of data requirements and input pre-
paration are presented in the BLAST User Instructions.
The simulation methods are outlined in the User In-
structions and documented in detail in the Program
Reference Manual.

In addition to calculating the space loads and simu-
lating a range of air-handling systems. the BLAST pro-
gram is capable of simulating any thermodynamically
feasible system consisting of any or all of the following
central plant components:

1. Diesel engine generators

2. Gas turbine generators

w

. Steam turbine generators
4. Centrifugal or reciprocating chillers

5. Absorption chillers (both one- and two-stage)

Standbook of Fundamentals (ASHRAE, 1972).
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6. Double-bundle chillers (heat pumps)
Boilers

8. Solar collector and storage tank systems

). Hot thermal energy storage

10, Cold thermal energy storage

L. Utlity company power

Thus. with the exception of engine-driven heat pumps
and heat pumps using waste engine heat. the program
user can contigure all of the systems described in the
OCt BLAST will in-
clude the required additional heat pump system simu-
lation capability

Instructions. Later versions of
Note that generic models for each
component (based on data from several manufacturers)
are present in the model, but the user may vary one or
more sets of equipment performance parameters to al-
low the rigorous simulation of a particular manufactur-
er’s product. This permits the user to study generic to-
tal energy plant configuration (diesel vs. gas turbine,
for example) during the preliminary phases of the pro-
ject  without developing detatled equipment perfor-
mance parameters. During the final design phase. de-
tailed data can be used to assess any performance vari-
ations that may exist among different manufacturers.

In addition to performance analysis of variously
configured central energy plants, the BLAST program
computes life-cycle costs of each system option selected
on the basis of user-supplied or default capital cost,
maintenance cost, operating cost, and utility rate
schedules. The BLAST program uses the OCE life-cycle
costing method outlined in the OCE Instructions.

Default cost data have been provided only as a
convenience users who wish to become familiar
the

tor
with economics of various options. Users should
not assume that these data are or will remain valid for

their particular application.

Ihe principal outputs from the BLAST program
(see Chapter 3) are (1) monthly totals of pertinent en-
crgy demands, (2) tuel or utility consumptions (always
converted to source energy). and (3) equipment use
statistics (average part-load ratio and number of hours
of operation per year for each plant component) and
life-cycle cost summaries.

3 USING THE BLAST PROGRAM FOR
CENTRAL ENERGY PLANT STUDIES

Procedure

As with any complicated engineering problem, the
study of central energy planis requires engineering
judgment. The procedures described below illustrate a
step-by-step approach for coupling engineering judg-
ment with computer calculations that has been success-
fully applied to the study of central energy plants.

Step 1: Obrain Required Input Data for Predicting
Building(s) Load Profiles

The first step in performing a central energy plant
analysis is to determine the energy demanded in the
building zones or spaces. The BLAST program uses
weather data, user-supplied use profiles. and the user’s
description of the building to compute the hourly zone
energy demands.

Hourly climatological data tor an ASHRALE “Test

Reference Year™ are available from the National Oce-
anic and Atmospheric Administration (NOAA). Ashe-
ville, NC, Addi-
tional sites and years are also available from NOAA and
from the Air Force Air Weather Service. Federal agen-
cies and persons engaged in federally funded studies
should contact CERL for assistance in obtaining the re-
quired weather data. The BLAST program requires that
the weather data be computerized in the NOAA 1440
Series™ format. Hourly solar radiation data in NOAA’s
280 Series™ format can also be used with the hourly
weather data.

for some 60 sites in the United States

In addition to the weather data. user-supplied use
profiles of space occupancy, lighting, miscellancous
equipment, and infiltration must also be provided. Note
that these schedules do not include energy required for
heating and cooling (i.e.. fans. pump, chillers, etc.),
since these energy demands will be computed by the
program. Section 6 of the OCE Instructions outlines
procedures for obtaining building use data. If available,
measured data from similar buildings should be used.

The user must also supply a zone-by-zone descrip-
tion of the building or buildings under consideration.
This description includes basic data about the proper-
ties of the building walls. roofs. windows. floors, etc.,
and a definition of the internal loads and temperature
control in each space. Note that this input is consider-




ably simplified by the availability of predefined walls,
roofs. floors. windows. materials, etc., in the program
library. The building plans and the ASHRAE Hand-
bhook of Fundamentals are the major sources of infor-
mation used in mputting a building description.

Step 2: Use BLAST to Obtain Space Loads

When the required data have been assembled and
correctly formatted. the BLAST program should be
used to obtain the space loads. The user can run the
program in the design-day mode to simulate a series of
days with extreme (design) weather conditions. The
output from these runs will determine the sizing ol
heating and cooling equipment. The design-day runs
should be followed by a l-year simulation to prepare
for systems simulation runs and to provide information
about the distribution and magnitude of space energy
demands. The output from the program should be care-
fully inspected to determine the tvpe or types of air
distribution systems and system zoning which will meet
the space demends most efticiently.

In many cases. buildings being studied as total ener-
gy/selective energy (TE/SE) candidates have not yet
been constructed. The BLAST program can be particu-
larly useful in these cases. since it permits study of the
effects of building architecture on space energy de-
mands. Users should take advantage of this feature by
examining design options such as building orientation,
glass area, wall and roof construction. space usage and
temperature control, and the use of shading overhangs
to minimize the space energy demands. Frequently, the
increased costs, if any. of energy-conservative building
design can be offset by reduced costs of smaller heating
and cooling systems. Even in the case of existing build-
ings. retrofit options such as adding insulation, instal-
ling storm windows and shading devices. reducing infil-
tration. or modifying lighting loads and space tempera-
ture control should be examined as methods for mini-
mizing the space energy demand.

Step 3. Simulate Air Distribution Systems

When the peak and hourly space energy demands
have been determined. air-handling systems for the
building should be simulated to determine energy de-
mands on the central energy plant. If the buildings are
still under design. several different air-handling systems
should be examined to determine which systems will
meet the space demands most efficiently. In many ap-
plications, variable air volume systems produce the best
results. since they reduce fan energy consumption and
minimize ventilation air heating and cooling require-
ments. In the case of existing buildings. relatively inex-

pensive control or fan system modifications can often
significantly reduce energy consumption.

Step 4: Simulate a Conventional Central Energy Plant

All TE/SE studies require investigation of 4 conven-
tional central heating and cooling plant as a basis for
comparing cost and energy use of TE/SE systems. By
simulating conventional systems tirst. valuable informau-
tion can be obtained for identifying candidate TE/SE
systems.

Conventional systems usually consist of one o1
more boilers and chillers.
purchased clectricity. and the boilers are powered by
purchased fossil tuels. Double-bundle chillers (heat
pumps) may also be part of 4 conventional system.

I'he chillers are driven with

The output from the simulation of the selected air
distribution systems provides the hourly demand for
hot water or steam, chilled water, and electricity for
lights and miscellancous equipment. This output should
be reviewed before selecting the components and sizes
tor a conventional plant simulation. Equipment use sta-
usties are particularly usetul for establishing component
size. By examining the distribution of the air systems’
energy demands. the proper number and size of boilers
and chillers can be selected to insure efficient part-load
performance of the central energy plant. For most
large energy plants, the selection of a single large boiler
or chiller wiil usually result in poor efficiency because
of reduced component efficiency under part load.

Given that several smaller botlers and chillers are se-
lected. how optimal the chosen central energy plant
configuration is can be established by reviewing the
output of a BLAST simulation of the plant. Again.
equipment use statistics provide valuable information
for configuring a more efficient central energy plant.
For example, if the simulation output indicates that
peak demand is much lower than the sum of the com-
ponent capacities. then smaller or fewer components
should be selected. If the peak demand matches the
capacity but the average part-load ratio is small, then
large components should be replaced with several smal-
ler components. Alternately, thermal energy storage
(hot or cold) can be used to reduce peak demand and
permit the selection of smaller components.

Several iterations through the central energy plant
simulation process may be required to arrive at a near-
optimal configuration. This is an important step, since
comparisons between conventional and TE/SE plants
will be valid only if the conventional plant is properly
configured.
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Step 50 Svudate a Diesel Engine Generator Total En-
ergy Plant

A diesel engine generator total energy plant will al-
most always be the most etficient type available for
consideration and i1s one that must be simulated ac-
cording to the OCE Instructions. The procedure for de-
termining the best diesel plant configuration is similar
to that described above for conventional systems. The
major new factors which must now be considered are
the number and size ot diesel engine generators to be
used and the appropriate mix of absorption and electri-
cal chiller capacities.

fo begin the definition of a candidate diesel system,
the electrical and thermal energy demand summaries
from the conventional system simulation should be re-
viewed. [f there is a continuously high thermal energy
requirement for purposes other than cooling (as in a
hospital, for example), then absorption cooling may
not be desirable. The first candidate system would
therefore consist of several diesel engine generators
(with heat recovery) and the same mix of various boil-
er and chiller sizes as in the near-optimal conventional
system

Selection of the smallest increment of diesel genera-
tor capacity is a matter of judgment and includes con-
stderation of reliability as well as part-load plant per-
formance. As a first estimate. the conventional plant
energy consumption data may be reviewed and the
mean demand of the month with the lowest electrical
consumption may be used as the smallest size incre-
ment. It may be advantageous from an operation and
mamitenance standpoint to select several identical die-
sel engine generators. The number of generators can
thus be established by referring to the peak electrical
demand given as output from the conventional plant
simulation

When the number and sizes ot components for this
first candidate systemi have been selected, the plant
should be simulated. Again, better configurations can
be selected by reviewing energy consumption and
equipment use statistics from the simulation. The num-
ber and sizes of diesel generators can be adjusted to
achieve optimal average part-load operating ratios as was
done for chillers in the conventional system. If the out-
put from the first candidate system simulation shows
high quantities of unrecovered waste heat. particularly
in months where cooling demands occur, then a new
plant should be configured which includes a mix of ab-
sorption and elecirically driven chillers. A first estimate
of a desirable ratio of absorption to electrical chiller

capacities may be obtained by considering the respec-
tive chiller coefficients of performance and the ratio of
power production to available waste heat for the diesel
engine.

Step 6: Simulate a Gas Turbine Generator Total Energy
Plant

Although less efficient, gas turbine generstors may
have certain cost advantages over diesel engine genera-
tors and must, therefore, be considered in a TE/SE
study. The procedure for selecting a good gas turbine
generator plant follows exactly that which was out-
lined for a diesel plant. Thus, the resuits of the diesel
plant simulations can provide a good point of depar-
ture for simulating a gas turbine system.

Step 7: Simulate Steam Turbine Systems

While steam turbine generating plants are generally
more efficient than gas turbine plants, they have limit-
ed small-scale applicability due to high capital and
maintenance costs and limited equipment availability.
In marginal cases, one simulation of a steam turbine
generator plant will usually be sufficient to indicate
whether such plants deserve detailed study. If the re-
sults are positive from an energy or economic view-
point. the optimum contfiguration can be established as
previously described.

Step 8: Simulate Selective Energy and Total Energy
Systems With Two or More Engine Tvpes

The study of selective energy systems and total en-
ergy systems with two or more engine generator types
(@ mix of gas and steam turbine generators, for exam-
ple) introduces many new design variables and vastly
enlarges the number of possible plant configurations.
Thus. the systematic determination of “optimal™
systems becomes much more difficuit.

Selective energy systems are usually configured in
one of two ways: (1) by base loading the selective en-
ergy plant and meeting peak electrical loads with pur-
chased utilities, or (2) by meeting all or part of the
base electrical load with purchased power and meet-
ing peak load with the selective energy plant. The first
option will produce the most efficient selective energy
plant operation but may be unacceptable to the local
utility. Several simulations of this configuration should
be performed using smaller or fewer diesel. gas turbine,
or steam generators than were used previously in simu-
lating total energy plants. When these simulations are
performed, the total chilling capacity will not change,
but the ratio of absorption to electrical chilling capaci-
ty will be reduced.




Peaking® with a scelective energy plant should gener-
ally be considered only when utility demand charges
are high. and only it thermal demands are sufficiently
high during peak electrical demand periods to permit
the plant to operate efficiently. A peaking plant should
also be configured to meet at least a small fraction of
the base load to avoid operational problems. Peaking
plants require substantial capital investment for rela-
tively small fuel savings. since the equipment will be
fully used during only a fraction of the building’s oper-
ating lite.

The criterion for equipment seiection and system
definition tor total energy systems with two or more
engine types s usually economics rather than plant
efficiency (diesel plants are almost always the most
efficient). Total energy systems with two or more
engine types are trequently considered when existing
equipment (e.g.. emergency generators) can be incor-
porated into a new total energy plant configuration.

Although the specific guidelines provided for total
energy plants cannot be rigorously applied to selective
energy and total energy plants with two or more engine
types. the BLAST program is sufficiently inexpensive
and ecasy to use to permit the simulation of many can-
didate systems. This enumerative approach will permit
the user to establish lite-cycle cost trends for various
selective encrgy and total energy systems having two
or more engine types and thus arrive at a near-optimum
configuration. Rigorous computer optimization meth-
ods are currently under development but, in the near
term. intuition and engineering judgment take on add-
ed importance in the study of selective energy and to-
tal energy central systems having two or more engine
types.
Step 90 Use the Simulation Results to Rank Candidate
Svstems

Recalling that lite-cycle cost computation is part of
cach BLAST simulation it is now possible to rank each
candidate system according to its overall efficiency and
separately according 1o its lite-cycle cost (compared in
hoth cases to the conventional system). This ranking
will tacilitate the application of feasibility criteria and
permit selection of the system to be used for final de-

st
Suggestions for Effectively Using BLAST
As the previously described procedure indicates, the

BLAST program is extremely user-oriented. Two im-

“Meeting peak demands.

portant suggestions to assist in developimg sound user
habits are outlined below:

1. Perform as many simulations as the job requires.
When building loads and air distribution system perfor-
mance have been determined, 1-year central plant sim-
ulations will cost approximately $3 to S15 each, de-
pending on computer charge rates. This cost is incon-
sequential when compared to the overall cost of feasi-
bility studies and the design and construction of central
energy plants.

2. Be practical in configuring candidate systems.
Even though a component of any size can be simulated
by BLAST. there is little point in simulating systems
that cannot be built. [t would be useless, for example.
to simulate a total energy plant which included several
1860-kW steam turbine generators unless generators of
that size were being manufactured.

4 UsING THE BLAST PROGRAM FOR
DESIGN CALCULATIONS

After choosing the best candidate total energy or se-
lective energy system and deciding to proceed with de-
sign. the design engineer can use the BLAST program
(o perform many ol the necessary calculations required
e the tinal design process. The prncipal difterence i
applying the program for design calculations rather
than for feasibility studies is that specific. rather than
generic. components will be studied.

Most of the design variables for TE/SE systems have
been roughly established during the study of system
feasibility. Thus. the size. number, and type of genera-
tors and other components should not be changed radi-
cally during the final design phase. The equipment per-
formance parameters should be modified. however. to
simulate more accurately the differences among com-
ponents manufactured by different companies.

The equations used in simulating the performance
of components in BLAST are usually expressed as pro-
ducts of quadratics or polynomials of a single variable:
therefore. the equipment performance coefficients can
be determined by simple one-dimensional curve fittings.
Fhus as particularly convenient. since most manufactur-
ers present the data on component performance as one-
dimensional curves or tables where all variables except
one are fixed. In the case of a diesel engine. for exam-
ple. the following equations are used:

St b S




electric energy output/fuel energy input =

A; + A2 XPLR+A3 XPLR2  [Eq1]

where PLR is part-load ratio, and Ay,
are equipment performance parameters.

Ay, and Ay

recoverable jacket heat/fuel energy input =

By + B> X PLR +B3 X PLR2 |Eq 2]
where By. By, and B3 are equipment performance
p:u;lmclcr.\'.

recoverable lube o1l heat/fuel energy input =

Cp +Cy XPLR +C3 X PLR2 [Eq 3]
where €. Cy, and C3 are equipment performance
parameters.

total exhaust heat/fuel energy input =

D, + Dy X PLR + D3 X PLR2 |Eq 4]
where Dy, Dy, and D3 are equipment performance
parameters.

exhaust gas temperature/fuel energy input =

E; + E; X PLR + E3 X PLR2 |Eq 5]
where Ej. Ey.and E3 are equipment performance
parameters.

The diesel generator model uses the input electrical
load and engine generator size to compute part-load
ratio (PLR). kg 1 is then used to compute fuel energy
input. Egs 2 and 3 are used to compute recoverable
jacket and lube oil heat. Finally. Eqs 4 and S are used
with the U-factor-area product for the exhaust gas heat
exchanger to compute the recoverable exhaust heat.
The lett sides of the equations indicate the manufactur-
ers’ curves or tables that must be obtained for diesel
engine generators to derive the equipment performance
parameters. Note that simple transformations in the
form of the manufacturers’ curves may be required. For
example. the data required to determine Ay, Ay, and
Ay tor Eq | might be presented in the form of fuel
consumaption versus  kilowatt electrical load. In this
case. the transformation required is:

electrical
energy output
hrclrcncrgy input

(electrical load) (K)

(tuel consumption)(heat content of fuel)

where K is a constant to convert the ratio to consistent
units, and

clectnical load

part-load ratio
generator capacity

The following example illustrates the procedure for
generating equipment performance coefticients for a
specific diesel engine generator

Example*:

The data for a 630-kW ebullient diesel engine gener-
ator presented in Table 1 were obtained from the
manufacturer.

Also from the manutacturer:
lube heat (Btu/min) = 8.4 X horsepower

fuel consumption (Btu/min) = 1.1 (exhaust heat
+ jacket heat + lube heat + aux heat + work)

The first step in determining the equipment perfor-
mance coefficients is usually to determine Ay, Ay, and
A3 of Eq 1. However, because of the way these data
are presented, fuel consumption cannot be determined
directly, and the several calculations required will pro-
vide data for computing the other coefficients first.

Step 1. Determine exhaust gas temperature. Although
the exhaust gas temperature is not given. it can be de-
termined from the following equations:
total exhaust gas heat at 90°F = m cp (T 90)
recoverable exhaust gas heat of

300°F = m ¢, (Tg - 300)

where m is the exhaust gas mass flow rate, ¢, is the
exhaust gas specific heat, and Ty is the exhaust gas
temperature in “F.

After dividing one equation by the other and rearran-
ging

90 (recoverable exhaust gas heat at 300°F)

recoverable exhaust heat at 3007F

300 (total exhaust gas heat at 90°1)

total exhaust gas heat at 90°F
At 100 percent load, for example

_ 90(17650)
17650

300 (31960)
31960

= 559°F

Tg

*To prevent confusion, SI equivalents are not given tor
units in this example. The applicable conversion factors are
32)59="C

| Btu=1.055KJ. ("I




Repeating the process using manutacturer’s data for
other part-load ratios gives the results presented in Ta-
ble 2.

Step 2. Determine exhaust gas heat. Note that the
exhaust gas heat 1s not equal to the total rejected heat
at 90°F. The number requited is the total number of
Btu's leaving the engine in the exhaust gas per minute
(since ratios will ultimately be used, 1t does not matter
whether Btu/min or Btu/hr are used as long as the
same units are used consistently). This number equals
m ¢p (T 32) since 32°F is the hase temperature for
enthalpy calculations. Since Tg 1s known. only m ¢,
must be found in order to compute exhaust gas heat
The manufacturer’s data can be used to do this by not-
g that:

total exhaust gas heat at 90°F = m ¢p (T 90)
For 100 percent load,

m ¢y (559 90)= 31960

o1

A1 Yo0

— = 0814 Btu/mmn F
359 - 90

Iil Cp
Thus, the total heat content of the exhaust gas at 100
pereent load s

OR.14 (559 32)= 35912 Buu/min

Repeating the process for other part-load ratios gives
the results in Table 3.

Step 3. Determine lube o1l heat. The manufacturer
indicates that lube heat 1s a hinear tunction of load on
the engine

lube heat (Btumm) = 84 - kKW - 1 .34 HP/KW

For the 630-kW generator set, this percent results in
the figures in Table 4.

Step 4. Determine jacket heat. The jacket heat is de-
termined by subtracting the lube heat from column 4
of the manutacturer’s data. Table S gives the results

Table 1

Example Manufacturer’s Data

1 v 3

Total Fxhaust Gas  Recoverable Fxhaust

Percent Heat Rejected at Gas Heat at 300 F
Load 90 ¥ (Btu/min) (Btu/min)

100 31,960 17.650
7S 24.380 12910
S0 17.040 8.070
25 10,820 4.020

Table 2
Exhaust Gas Temperature for Various
Part-Load Ratios

Percent  Part-Load

Load Ratio Exhaust Gas Temperature

100 1.0 55971 1019°R
75 i 53671 996" R
50 .50 489" 949°R
25 .25 42471 884°R

("R ="F + 460)

4 5 6
Jacket & Lube Work Aux Heat
Heat (Btu/min)  (Pumps. Fans, etc.)
(Btu/min) (Btu/min)
25400 35,820 11,128
18.900 26,870 8.520
12300 17910 6.760
5900 8.960 4470
Table 3
Exhaust Gas Heat for Various Part-Load Ratios
Percent
Load Part-Load Ratio  Exhaust Gas Heat (Btu/min)
100 1.0 35912
U5 g8 34 345
50 .50 31,142
25 .25 26,712

{
|
|
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Table 4
Lube Heat for Various Part-Load Ratios

Percent :
Load Part-Load Ratio kW Load  Lube Heat (Btu/min)
100 10 630 3992
75 75 472 2991
S0 S0 315 1996
25 25 1157 995
Table 5
Jacket Heat for Various Part-Load Ratios
Percent
Load Part-Load Ratio  Jacket Heat (Btu/min)
100 1.0 21408
75 15 15909
50 S0 10307
25 25 7908

Step 5. Determine fuel consumption. Having com-
puted the exhaust heat, jacket heat, and lube heat and
using the auxiliary energy and work energy given by
the manutacturer, the fuel consumption can be compu-
ted on the basis of the formula provided by the manu-
facturer:

fuel consumption = 1.1 (exhaust heat + jacket heat
+ lube heat + aux heat + work)

lable 6 presents the fuel consumed for various part-
load ratios.

Step 6. Normalize results. The various heat rates (jac-
ket heat, lube heat, exhaust heat. electrical power) must
be divided by the fuel input rate to get data into form
for curve fitting. Table 7 shows the results.

1 hr

electrical power = kW X 3412 Btu/kW-hr :
60 min

Step 7. Fit data to obtain equipment performance

Five parabolic equations are needed to

simulate diesel engines. These equations are of the form

coetficients

v = ag tapx X axxy. Infitting an equation to the vari-
ous data sets, the x's are always part-load ratios and

Table 6
Fuel Consumption for Various
Part-Load Ratios

Percent
Load Part-Load Ratio  Fuel Energy (Btu/min)
100 1.0 119,086
75 TS 97,798
50 .50 74923
25 25 50.646

the y's are the numbers in columns 2,4, 5,6, and 7 of
Table 7. Many programmable calculators and almost all
computer centers have program packages for doing this
simple curve fit. The formula for parabolic curve fitting
can be found in any good statistics text, such as that
by Mood and Graybill.7 Tables 8 through 12 show the
results of the regressions for the sample data and the
coetficients for Eqs 1 through 5.

The BLAST user’s manual presents details of the
procedures required for curve-fitting manufacturers’
data to obtain equipment performance parameters for
cach type of component and describes how to input
these coefficients to override the default values.

From the example, it can be seen that considerable
number manipulation may be necessary. This problem
can be simplified by asking the equipment manufac-
turers to provide the performance coetticients. or, as a
minimum, by asking that the data be provided in the
proper form to permit direct parabolic curve fitting.

In addition to the equipment performance parame-
ters, other design variables such as chilled water tem-
perature, condenser water temperature, and tempera-
ture of the exhaust gas leaving heat recovery equip-
ment, can be varied to determine optimum design con-
ditions.

The simulation of specific components during the
design phase should reveal the magnitude of any effects
on annual energy consumption caused by different
brands of equipment and should permit specification
of the most efficient or cost-effective components.

TA. M. Mood and . A. Graybill, Introduction to the
Theory of Statistics (McGraw-Hill, 1963)
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| 2 3
Part-Load b xhaust Gas Flectric Power
Rato femperature R (Btu/min)

10 1019 IS 80
75 996 25.870
S0 949 17910
25 S84 X 960

Table 7

Normalized Data

4

Electric Power k- xhaust Heat Rate
Fuel Input Rate  Fuel Input Rate

A0l
265
239

177

Table 8

5

32

6

Jacket Heat Rate

Fuel Input Rate

180

163

138

097

Electrical Power/Fuel Input Rate Vs. Part-Load Ratio

Part-Load Ratio

10

18

25

Coetficients: Ay

Flectrical Power
Actual =~ .
Fuel Input Rate

301
265
239
177

144, Ag = 289, A3

Table 9

Predicted

104

Idectrical Power

Fuel l‘n.p.ulr

199

Jacket Heat Rate/Fuel Input Rate Vs. Part-Load Ratio

Part-Load Ratio

1.0
.18
S0

25

Coetficients: By =

Jacket Heat Rate
Actual - — -
Fuel Input Rate
1860
163

138

097

Predicted

046, By = 230, Bz = 0.096

Jacket Heat Rate

Fuel Input Rate

(180

lod

137

097

G ara e g

7

Lube Heat Rate
Fuel Input Rate

034
031
027

020
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Part-Load Ratio  Actual ———

1.0

TS

to
o

Coefticient

Table 10
Lube Heat Rate/Fuel Input Rate Vs. Part-Load Ratio

Lube Heat Rate

Fuel Input Rate
034
031
027

020

P |
034
031
027

020

st Cy=.012,C9=.038,Cg 0016

Table 11

Exhaust Heat Rate/Fuel Input Rate Vs. Part-Load Ratio

Exhaust Heat Rate

Part-Load Ratio  Actual - ——

1.0

Coetticients

Fuel I n;ldka(c
302

352

ST

I'xhaust Heat Rate

Predicted — ————— —— -~
Fuel Input Rate

304

Dy = 660, Dy = 601, D3 = .244

Table 12

Exhaust Gas Temperature Vs. Part-Load Ratio

Part-Load Ratio  Actual Exhaust Gas Temperature

Coetficients: by - 796, k5 = 390, k3= 168

1019 'R

996 "R

949 'R

884 “R

Predicted ¥ xhaust Gas Temperature

1019

995




Unless the results of systems simulations using spe-
cific component data differ substantially from the gen-
eric simulations previously pertormed, previous simu-
lations need not be repeated for selecting optimum
component sizes. It simulations using specific compon-
ent data indicate a considerably higher energy con-
sumption than generic simulations, this probably indi-
cates that the actual components simulated are not
well suited to the particular central energy system. In
any case. (b large ditterences exist, the proceduse out-
lined i Chapter 3 should be repeated to optimize tinal

desigen

S concLusions

A tast. easy-to-use, computer-aided method tor pre-
dicting the performance of total energy and selective
energy systems has been developed. This method has
been mtegrated with an overall buillding energy analy-
SIS computer program which permits the cnergy and
life-cycle cost analysis of conventional. total energy/se-
lective energy . and solar energy systems, as well as the
analysis of impact ot building design on energy con-

sumption

Apphations of this method. which incorporates the
BLAST program, will provide the Corps of Engineers
with the capabihty of designming energy-conservative fa-
cihties and assessing the potential savings of total ener-
gv svstems and other energy conservation options in
terms of both dollars and tuel

Results of this work will provide a means of comply-

g with the DoD-ssued Moditication of DoD Construc-
tion Criveria Manual 4270 1M

6 FUTURE PLANS

The computer-mded methodology described in this
report will be hield-tested durmg FY77. Concurrently,

the BLAST program will be applied to an ongoing total
energy study by an OCE-designated Distnict Office.
The results of user response to the ease with which the
program can be apphed will be compiled, and a repon
of these results will be prepared. Included in the report
will be a plan for both the widespread implementation
of the BLAST program and the development of the
necessary training and user support activities.

REFERENCES

L neweerine astructions for Preparation of Leasihility
Studies for Total Energy. Sclective Energy. and
Heat Pump Svstems (Ottice of the Chief of Engin-
cers. | July 1975).

Handbook of Fundamentals (ASHRAE, 1972).

Hittle. D. C.. The Building Loads Analysis and System
Thermodynamics (BLAST) Programs, Volume |: Us-
er Instructions and Volume 1 Program Reference
Manual . Draft Technical Report (U. S. Army Con-
struction Engineering Research Laboratory. 1977).

Modification of DoD Construction Criteria Manual
4270.1-M (Department of Defense, 13 September
1974).

Mood., A. M. and ¥. A. Graybill, Introduction to the
Theory of Statistics (McGraw-Hill, 1963).

Procedure tor Determining Heating and Cooling Loads
for Computerized Energy Calculations (ASHRAE,
February 1975).

Procedures for Simulating the Performance of Com-
ponents and Svstems for Energy Calculations, W. I
Stoecker, ed., 3rd ed. (ASHRAE, 1974).




Picatinny Arsenal
ATTN:  SMUPA-VP3

Mrector of Facilities Engineerang

AF
Al

0 New York 09827
0 Seattle, WA 98749

DARCOM STIT-EUR
APD New York 09710

SA Lrarson Detachment
ATIN: Library

e

e

w York, NY 10007

t Point. NY 10996
N Dept of Mechanics

ATTN Libravy

#UA (SGROD-£DE )

hiet ot Dngineers

ATTN Tech Monitor
ATIN DAEN-ASE-L (2)
ATIN

ATTN:

ATTN

ATIN: ODAEN-FESA
ATIN: DAEN-FEZ-A
ATTN: DAEN-MCZ-S
ATTN:  DAEN-RDL
ATTN:  DAEN-PMS (7)

tor forwarding to

National Uefense Headquarters
Director General of Construccion
Ottawa, Ontario K1AQK?

Canada

Canadian Forces Liaison Officer (4)

US Army Mobility Equipment
Rese
Ft Belvoir, VA 22060

Div of Bldg Research
National Research Council
Montreal Road

0t tawa, Untario, KIAORG

Airports and Const. Services Dir

Technical Information Reference
Centre

¥AOL, Transport Canada Building

Place de Villp

(ittawa, Ontar ada KIAONE

A-CHREL
Aewil
oncrete Laboratory
TN Library
elvoir, VA 2Z06(

Kingnan Building, Library

+ Monroe, VA 23651

T ATEN

ATEN-FE-U

Ft Lee, VA 23801

TTN:  DRXMC-D (2)

Army Fareign Science & Tech Center

ATTN: Charlottesville, VA 22901

Al

IN: Far East Office

5 Arniy

AFKC-LG-E
Engineer District

ATTN: Chiet, NANEN-E
ATTIN: Chief, Design Br.

Library
Pittsburgh
ATTN Library
ATTN: Chief, fngr Div

Philadelphia

ATTN Chief, NAPEN-D
Baltimore

ATTN:
Norfolk

ATIN: Library

ATTN: Chief, NAOEN-M
Huntinqton

ATIN: Library

ATTN: Chief, ORHED

Chief, Engr Div

rch and Development Command

CERL DISTRIBUTION

US Army Engineer District

Wilmington

ATTN:  Chief, SAWEN-PP

ATIN:  Chmief, SAWEN-D
Charleston

ATIN: Chiet, Engr Div
Savannah

ATIN: Library

ATIN:  Chiet, SASAS-L
Mobile

ATTN: Chief, SAMEN-C
Nashvalle

ATTN: Library
Vicksburg

ATIN: Chief, Engr Div
Loursville

ATIN: Chief, Engr Div
Detroat

ATIN: Library
St. Paul

ATIN: Chief, t0
Rock fsland

ATTN: Library

ATTIN: Chief, Engr Div
Chicaqo

ATIN: Chief, NCCPD-ER
St. Louis

ATTN: Library

ATTN: Chief, £0-B

ATIN: Chief, ED-D
Kansas City

ATTN: Library (2)

ATTN:  Chief, Engr Div
Omaha

ATTN: Chief, Engr Div
New Orleans

ATIN: Library

ATTN: Chief, LMNED-DG
Little Rock

ATTN: Chief, Engr Div
Tulsa

ATIN: Library
fort Worth

ATTN: Library

ATIN: Chief, SWFED-D

ATTN: Chief, SWFED-MA/MR
Albuquerque

ATTN: Library
Los Angeles

ATTN: Library
San Francisco

ATTN: Chief, Engr Div
Sacramento

ATTN: Library, Room 8307

ATTN: Chief, SPKED-D
Far Fast

ATTIN: Chief, Engr Div
Japan

ATIN: Library
Portland

ATTN:  Library
Seattle

ATIN:  Chief, NPSEN-PL-WC

ATIN: Chief, NPSEN-PL-ER
Walla Walla

ATTN: Library

ATIN: Chief, Engr Div
Alaska

ATTIN: Library

ATTN: Chief, NPADE-R

US Army Engineer Division
Europe
ATIN: Technical Library
New England
ATTN: Library
ATTN: Chief, NEDED-T
North Atlantic
ATTN: Library
ATTN: Chief, NADEN-T
Middle Fast (Rear)
ATTN: MEDED-T
South Atlantic
ATIN: Chief, SAEN-TE
ATTN: Library
Huntsville
ATTN: Library (2)
ATIN: Chief, HNDED-SR
ATIN: Chief, HNDED-CS
ATIN: Chief, HNDED-ME
Lower Mississippi Valley
ATIN: Library
Ohio River
ATIN: Laboratory
ATTN:  Library
ATIN: Chief, Engr Div

LPE

US Army Engineer Divistion

North Central
ATIN:  Library

ATIN: Chiet, ingr Div

Missoury River
ATIN:  Library (Z)

ATIN. Chief, tngr Uiy

ATIN:  Laberatory
Southwestern
ATIN:  Library

ATIN: Chief, SWDED-TM

South Pacitic

ATIN: Chief, SPDED-TG

Pacific Ocean

ATTN: Chief, PODED-D
ATIN: Chief, PODED-P
ATIN: Chief, PODED-MP
ATIN:  Chief, Engr Div

North Pacific

ATIN:  Chief, Engr Div

Facilities Engineer

Carlisle Barracks, PA 17013

Ft Hood, TX 76544
FORSCOM
ft Devens, MA 01433

ft George G. Meade, MD 20755
ft McPherson, GA 30330
Ft Sam Houston, TX 78234

ft Carson, CO 80913
Ft Lewis, WA G8433
USAECOM

Ft Manmouth, NJ 07703

TRADOC
ft Dix, NJ 08640

Ft Belvoir, VA 22060

Ft Lee, VA 23801
Ft Gordon, GA 30905

Ft McClellan, AL 36201

Ft Knox, KY 40121

Ft Benjamin Harrison, I[N 46216
Ft Leonard Wood, MO 65873

Ft Si11, 0K 73503

Ft Bliss, TX 79916
USATCFE

Ft Eustis, VA 23604
DSCPER

West Point, NY 10996

USAIC (3)

Ft Benning, GA 31905

USAAVNC
Ft Rucker, AL 36361
CACAFL (2)

Ft Leavenworth, kS 66027

AMC
Duaway, UT 83022
JSACC

Ft Huachuca, AZ BS613
HQ. 1st Inf Div & Ft Riley, KS

AF/PREEL
Bolling AFR, DC 20332

AF Civil Enar Center/XRl
Tyndall AFB, FL 32401

Little Rock AFE

ATTN: 314/DEEE (Mr. Gillham)

Kirtland AFB, NM £7117

ATTN: Technical Uibrary

Naval Facilities Engr Command

ATTN: Code 04
Alexandria, VA 22332

Port Hueneme, CA 33043

ATTN: Library Code (LOBA

ATTN: Moreell Library

Washington, OC

66440
HQ. 7th Inf Div & Ft Ord, CA 9394]

ATIN: Bldo Research Advisory Eoard
ATTN: Transportation Research Board

ATTN: Library of Congress (2

ATIN: Federal Aviation Administration
ATTN: Dept of Transportation Library

Deferise Documentation Center (12)

Engineerin Societies Library

New York, NY 10017

TS

YRR WL

=




