@ https://ntrs.nasa.gov/search.jsp?R=19770019083 2020-03-22T10:13:56+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



JSC-11402

NASA TECHNICAL MEMORANDUM NASA TM X-58187
December 1976

MIUS INTEGRATION AND SUBSYSTEMS TEST PROGRAM
(NASA-TH-X-58187) 4IuS INTEGRATION AND N77-26027
SpBSYSTEMS TEST PROGRAM (§ASA) 151 P

i CcSCL 05A
HC AQ8/MF A01 Unclas

g3/85 36073

el TTE . f

MODULAR INTEGRATED UTILITY SYSTEMS
improving community ufility services by supplying
electricity, heating, cooling, and water/ processing
liquid and solid wastes/ conserving energy and
natural resources/ minimizing environmental impact

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LYNDON B. JOHNSON SPACE CENTER

HOUSTON, TEXAS 770 58



1. Report No. 2. Government Accession No, 3. Recipient's Catalog No.
NASA TM X-58187
4. Title and Subtitle 5. Report Date
December 1976 i
MIUS INTEGRATION AND SUBSYSTEMS TEST PROGRAM 6. Performing Qrganization Code o
JsC-11402 S
7. Authoris) . 8. Performing Organization Renort No.
Willie S. Beckham, Jr., Gerald C. Shows, Tony E. Redding, PR
Richard C. Wadle, Martin B. Keough, and Jerry C. Poradek 0. Work Unit No. T
9. Pertorming Organization Name and Addsess 386-01-00-00-72

Lyndon B. Johnson Space Center
11, Contract or Grant No.

Houston, Texas 77058

_ 13, Type of Report and Period Covered

12. Sponsoring Agency Name and Address Technical Memorandum
Nuotional Aeronautics and Space Administration

14. Sponscring Agency Code

Washington, D.C. 20546
15, Supplementary Notes

16, Abstract

The MIUS Integration and Subsystems Test (MIST) facility at the Lyndon B, Johnson Space
Center was completed and ready in May 1974 for conducting specific tests in direct support
of the Modular Integrated Utility System (MIUS) Program sponscred by the U.S. Department :
of Housing and Urb.n Development (HUD). A series of subsystems and integrated tests ho
has been conducted since that time, culminating in a series of 24-hour dynamic tests wo ‘ '
further demonstrate the capabilities of the MIUS Program concepts to meet typical utility
load profiles for a residential area. This report presents results of the MIST Program,
which achieved demonstrated plant thermal efficiencies ranging from 57 to 65 percent.

\s

17. Key Words {Suggested by Author{s}) 18. Distribution Statement
Energy conservation STAR Subject Category:
Thermal energy 85 (Urban Technology and Transportation)

Utilities services

18, Security Classif, (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price”
Unclassified Unclassified 152 $6,75

*For sale by the National Technical information Service, Springfield, Virginia 22161
NASA - . ISC

JSC Form 1424 {8oy Ju! 74)




NASA THM X-58187

MIUS INTEGRATION AND SUBSYSTEMS TEST PROGRAM

Willie S. Beckham, Jr., Gerald C. Shows, Tony E. Redding, Richard C. Wadle,
Martin B. Keough, and Jerry C. Poradek
Lyndon B. Johnson Space Center
Houston, Texas 77058

hniia




o R

PREFACE

The Department of Housing and Urban Development (HUD) is conducting
the Modular Integrated Utility Systemn (MIUS) Program devoted to develop-
ment and demonstration of the technical, economic, and institutional advan-
tages of integrating the systems for providing all or several of the utility services
for a community. The utility services include electric power, heating and cool-
ing, potable water, liquid-waste treatment, and solid-waste management. The
objective of the MIUS concept is to provide the desired utility services consis-
tent with reduced use of critical natural resources, protection of the environ-
ment, and minimized cost. The program goal is to foster, by effective develop-
ment and demonstration, early implementation of the integrated utility system
concept by the organization, private or public, selected by a given community to
provide its utilities.

Under HUD direction, several agencies are participating in the HUD-MIUS
Program, including the Energy Research and Development Administration, the
Department of Health, Education, and Welfare, the Department of Defense,
the Environmental Protection Agency, the National Aeronautics and Space Ad-
ministration, and the National Bureau of Standards (NBS). The National
Academy of Engineering is providing an independent assessment of the Pro-
gram.

This publication is one of a series developed under the HUD-MIUS Program
and is intended to further a particular aspect of tt-e program goals.




COORDINATED TECKNICAL REVIEW

Drafts of technical documents are reviewed by the agencies participating in the HUD-MIUS Program.
Comments are assembled by the NBS Tearn, HUD-MIUS Project, into a Coordinated Technical Review. The
draft of this publication received such a review, and all comments were resolved.
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- Miu3 INTEGRATION AND SUBSYSTEMS TEST PROGRAM

By Witlie S, Beckham, Jr., Gera!d c. Shows, Tony E, Reddmg, ichard C. Wadle,
Martin B. Kecugh, and Jerry ¢, Poradek
.- Lyndon B. Johnson Space Center -

summnv -

The Urban Systems PFQ]BCI Ofi‘ ice at the Lyndou.".
- B. Johnson Space Center undertook the MIUS In- -
tegration and Subsystems Test (MIST) Program in

support of the conceptual design work associated
with the Modular Integrated Utility System

.(MIUS) Program sponsored by .the "U.S. Depart-. " -

ment of Housing and Urban Development. The
MIUS Pro_gram was intended to-develop and dem-
onstrate the technical, economic, and institutional

: _aclvantages of integrating the systems for providing-

all or several of the utility services fora com-

. mumty The objective of the MIUS Program was-

provision of the desired services consistent with

“ reduced:uise. of “natural -resources, envrronmental
_'protecuon and m:mmlzed cost,

The MIST Program is the test verlficailon of the

- MIUS design concepts. On a small scale, tests of
' futllisize MIUS désigns can'bs run' to verify desngns; :

before full-scale deployment.

The test program -herein descnbed was a
multiphase operation, Its initial thru_st_was_m estab-
. 1ish the performance characteristics of the elements = -
“that make up the facility and to compare these
~-tesults to manufacturers’ data. After the opera-
. tional envelope was explored and understood, fully
" integrated tests were conductedt; with the use of -
load profiles charactenstlc of different'types of user
" facilities and weather condmons, in an atiempt to
.. demonstrate the capability of the subsystems. to.
-function” in a- long-term 1ntegrated fashion; to ex-=":
amine the overall energy ‘balance and poilluting -
‘byproducts produced, and to ‘compare the test
. Tesults. w:th the conventzonal utlhty servxce L
perlence. . S e T
- Results of the mtegrated tests were hxghly en-
" couraging, Total plant efficiencies ranged from 57
.. t0.65:-percent, -an: approximate doubimg of -the. - .-
. ~figures associated with convertional” systems'-f'
L _Reductmn of total mput energy also. results in fewer
" emissions: | - - : '

INTH@DUCTION

The ObJECthe of the MIUS Integranon and Sub- '

systems Test (MIST) Program was 1o venfy in
practice the conceptual design approach of integrat-
ing utility: functions, with the goal of reducing

.energy consumption by increasing overall efficien-

-cy -and reducing environmental ‘problems assaci-

" ated with providing these services. This document
‘contains thé description, results, and conclusions
assoclated with the tests,

. *.. The broad organization -and ObjEcthE'-S ol the .
Modular Integrated Uuhty System. (MIUS) Pro-

gram  are delineated in .the Preface. A detailed

description of the MIST facility and its operationai
" characteristics are provided in the appendix, - S
. The MIST facility was completed in April 1974 .

and was accepted by the National Aeronautics and -
Space Administration {NASA) in May 1974 from
the prime’ contractor, Hamilton-Standard Division
(HSD) of the United Technologies Corporation.:

The MIST is a laboratory test-bed for evaluation
and verification of MIUS concepts and is composed

‘of . commercially - avallahle ‘hardware, - described -
*. ~herein. The acceptance tests served to demonstraie

the: MIST capability to meet the operational

.specifications of the contract. Details of the accep-- .
- tance tests-are contained in thé document “MIST =
__-Acceptance Test Report,” dated June 1974, Follow-
" ing completion. of the" acceptance tests, the sub-
‘systems tests and 1ntegrated~systems tests were per—
“formed. - : e
 The rauonale used in deveIOpmg the test pro- . .
graim was a building block approach that began with :
vendor. performance data:on individual hardware- . < ...
" elemerits ‘and culminated in simulations of com- " 7 T

,plete time cycle proﬁles representmg a typical user
- facility configuration under actual environmental
conditions: . Design . analy51s for. establishing. the . -

“final MIST confl iguration was based on vendor:sup- -

- plied operanng data - for the individual hardware -
o compenems The test proﬁles were constmcted to .
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best investigate hardware components, as well as
the key issues raised as a result of the analytical
design studies conducted in the MIUS Program.
The MIST Program was conducted in three phases,
as follows,

Phase 1 — acceptance tests
Phase II — subsystems tests
Phase III — integrated-systems tests

The data derived from the phase 11 testing provided
performance and calibration measurements for the
individual subsystems. The data derived from the
phase [I1 testing provided performance and calibra-
tion measurements for the series | (static set
points) and series II (dynamic 24-hour profile)
integrated-systems tests.

As an aid to the reader, where necessary the orig-
inal units of measure have been converted to the
equivalent value in the Systéme Internationai
d'Unités (SI). The SI units are written first, and the
original units are written parenthetically thereafter.

KEY MIUS DESIGN ISSUES

During early design work on the MIUS Program,
several issues were raised that could not be resolved
with confidence by analysis alone. The test in-
vestigation of these issues was, in fact, one of the
reasons for building the MIST facility. Those issues
into which insight was gained in the subsystems
and integrated-systems tests are briefly described in
the following subsections.

Thermai Integration Techniques

Thermal integration of MIST/MIUS subsystems
requires that all thermal entities — the prime-
r* srfincinerator heat loop, the coeling loop, the
heaung i6op, and the wastewater management sub-
system (WMS) loop —- be operated as an integrated
utility system over a variety of cyclical load profiles

~and utilize effectively all recovered waste heat.
Techniques for integrating the waste-heat recovery,

transport, and utilization between subsystems were
studied. ‘

Mixed-Mode Alr-Conditioning

Energy savings resulting from the use of absorp-
tion and compression chillers, with the absorption
chiller carrying the baseload commensurate with
the available high-grade waste heat from the prime
mover and the incinerator and with the compres-
sion machine serving as the peaking chiller, were
considered a potential improvement. Control of the
two chillers to effectively reduce the energy used
for space cooling was the key issue examined.

Thermal Storage

The efficient collection and storage of thermal
energy in the MIUS at off-peak periods for utiliza-
tion during peak periods as a supplementary energy
source ;0 optimize the energy savings is a prime
issue. Multiple arrangemenis were made in the
MIST to test the charging and discharging of ther-
mal storage both upstream and dewnstream of the
absorption and compression chillers. Generation of
chilied water for storage during off-peak hours for
utilization during the subsequent peak period was
studied to- determine electrical power “peak shav-
ing” capability. Collection and storage of hot water
for heating was accomplished in conjunction with
peak electrical loading for use during periods of low
electrical load and high heat demand. The incinera-
tor was operated at full load to supplement addi-
tional high-grade-heat requirements, Charging rates
and usage rates of the thermal energy tanks were
determined.

integration of Subsystems Control

A key issue in utility subsystems integration is
the problem of controls integration. The MIUS will

utilize waste products of one or more subsystems

(water, heat, sludge for fuel, etc.) as a primary input
for another subsystem, and this interdependency
must be carefully controlled. The control of one
subsystem process must be governed not only by
the loads to be met by that process, but alse by the
functioning of the other processes that provide the

energy input. If the product of a unit is reguired by

IR Iy




another subsysgem. the unit may not automaticatly -
shut down when lowis decrease below the amount
required for maxirmmum efficiency. This issue was
- addressed by experience gained in operating the
- MIST facility rather than by any specific test.

Dlnplay Requlremems ‘

The dlsplay of L()I"lll‘Ol ‘uul monitoring informa-
tion ‘tor any one of such subsystems is quite con-
-ventional; however, becausc the parameters-of one
subsyswm dlreuly influgnce those of another qub-
system in both the MIST and MIUS, the tnl‘orma-
tion must be easily related through the displays.
. Groupings of relateéd paramelters in: various process
loops were limited in the MIST: however, an MIUS
_ instailation would require either such an arrange-
ment or monitoring displays that enable the opera-
tor to scan a given segment of the control panel to
determine the status of related processes. This issue
was addressed by operational experience in the
same manner as comrols mtegranon

TEST PHOGRAM

The test program was conducted in three phases

- The phase I tests were performed by the prime con:

_tractor as a demonstration of compilance with cons

* tract specifications, and results were reported in the

MIST Facility Final Report Phase II of the test
program pertained -to' individual subsystems tests,
whereas phase Il was a series of integrated tésts,

Phlse n (Suhaysisms) Testa

One objective of the phase 11 series of tests was

10 obtain performance data and operational charac- 5 _
teristics of ‘the individual ‘MIST subsystems over

their full range of operating capacity. These data
 will'be used for correlatmn w:th and vahdauon of

subsystem evaluations made during the phase 11
mlegraled systems testing. To the maximum extent
practical, each subsystem was o be opéerated inde
pendently from the others to aveid confusion
performance data. The subsystem-level tesis
served to calibrate and validate the pertormatee
the MIST clectrical- and thermal-load simulato: s
over their full operational range. :
Additional objectives of the phase [) lests we
to obtain performance data and operational (-
teristics of the total MIST system and 1o dr,-r.
strate the capability of the system Lo meet . wiiz
mix of imposed loads in an efficient manner

Power Generation Subsystem

The purpose of the power generation subsystem
(PGS) test series was to determine engine fuel con-
sumption, engine heat-production rates, and heal-
recovery-unit (HRU) performance as funciions of
electrical load supplied by the gencrator. Tests were
divided into three series, as follows.

‘Series I — forced-circulation jackei walei‘;
355.37 K (180° F)

Series 11 — forced-clrculauon jacket water,
377159 K (220° F)y - .

Seﬂes IH— ebulhent coolmg. 394, 26-K (250° F)
Jacket water :

Engine noise levels and engine exhaust emnssaons
were also measured.”

Subsystem description, --The MIST PGS gener-
ates, conditions, regulates, and controls electrical
power for the other MIST subsystems and for the
simulated external loads. The PGS consists of a
diesel engine-generator set with heat-recovery units
on the engine-exhaust stack, the engine lubrication

-oii/aftercooler; and the engine jacket-water coolant

loops The engine is a four~cycle, urbocharged, in-
lirie, six-cylinder unit that operates at 1200 rpm and
drives a 375-k|lovolt-ampere 60-hertz, three-phase,

: ::j_-brush-type ‘generator. For testing" purposes, the -
__enging may be operated.in either the ebullient or
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the forced-circutation jacket-water cooling mode by

piping-configuration changes. The electrical output

ratings of the MIST diesel engine-generator are as-

follows.

1. Capacity — continuous rating
a. High-temperature jacket water (377.59 to
394.26 K (220° to 250° F)) — 230 kilowatts
b. Standard cooling (355.37 K (180° F)) —
300 kilowatts
2. Voltage — 480 volts alternating current,
three-phase
3. Frequency — 60 hertz
4. Power factor — 0.8 minimum
5. Regulation
8. Voltage — +1 percent
b. Frequency -~ =0.05 pereent.

Figure 1 is a schematic diagram of the diesel engine
and its associated heat-recovery and cooling loops,
showing the engine interfaces with the MIST. Also
shown are the locations and designations of opera-
tional and engineering instrumentation used in the
PGS testing. Figure 2 is a simplified schematic
diagram of the MIST electrical system. More
detailed descriptions of the MIST PGS are found in
the MIST Test Requnremems Document and the
MIST Facility Final Report.'

Test description.—All three PGS test series were

conducted in essentially the same manner; the only

difference was that associated with the different

cooling modes. The engine-generator was operated

at steady-state electrical load conditions of 0 (net),
50, 100, 150, 200, and 230 kilowatts. The zero-load
condition was defined as the minimum self-
sustaining load; i.e., all the electrical power gener-
ated is used to drive engine auxiliary eguipment,
The engine-generator loading (above  the zero
point) was accomplished by using the electrical-

load simulator. For each load test point, the engine-.

generator was operated at steady-state conditions,
with waste-heat production and power generation,
for a sufficient length of time (normally 0.5 hour)

_ to- obtain an accurate fuel consumption: measure- -

ment. The fuel consumption was measured by
means of the differential volume technique. The ac-
curacy -of the measurement was approximately
cubzc meter (=£0:05 gallon). A

) lLyndon B. Johnson Space Center: Hamilton-Standard Division u!
_systems Test; M!ST Fmal Faeility Report, 1974 (JSC internial documenl restricted distribution),

summary of the test proccdure used in each test
series follows,

1. Establish/verify test configurations,

2. Start engine according to standard operating
instructions and activate all ancillary equipment re-
quired for proper engine cooling.

3. Shut off supply valve to the fuel day tank and
record fuel level in graduated sight glass on day
tank.

4. Operate engine-generator at a steady-siate
zero net load to the electrical-load sim ulamr for 30
minutes. Record data.

5. Increase electrical load on the engine-genera-
tor to 50 kilowatts, using the electrical simulator
load bank. Operate for 30 minutes at constant load
as observed on the engine:generator wattmeter.
Record data, including fuel consumption,

6. Repeat operation of item 4 for electrical loads
of 100, 150, 200, and 230 kilowatts.

7. Reduce simulated eiectrical load to zero.

8. Perform engine shutdown and auxiliary
equipment shutdown according to standard operat-
ing instructiens.

During initial PGS testing, several [oad-transient
tests were performed to determine thermal
stabilization periods beiween load changes. Tests
were conducted for both ebullient and forced-
circulation cooling. The procedures used in con-
ducting the tests were generally as follows.

1. Load-increase transient

a. Establish engine-generator operation at
100 kilowatts and continue operation for | hour or
until all temperatures and flow rates have
stabilized.

b. Increase the engine load from 100 to 150
kilowatts.

¢. Simultaneously with step 1-b, begin
recording system temperatures and flow rates at 15-
second intervals, including measurement of steam-
condensate return rate. Continue recordlng until
condensate return rate has stablhzed

2. Load-decrease transient — Reverse the pre-

- . vious procedure, _decreasmg the load from 150 to
- 100 kilowatts. . :

{ the United Technotogies Corp., M[US 1n1egrauon and Sub-




Data. recorded ~During each test series and for
each load condition, the engineering and opera-
tional data listed in tables | and II were recorded
continuously on a DEXTIR data acquisition
system. The sensor numbers listed in tables [ and 1T
may be correlated with their location shown in
figure 1.

‘The steam producnon rate was determined by
collectmg and weighing the quantity of condensate
from the excess-steam condenser during a
fixed-period test run. These data were recorded
-manually, as were the fuel consumption measure-

ments, Key operat:onal parameters such as jacket-

water temperatures, exhaust-gas temperatures, and
lubrication oil/aftercocler coolant temperature
were monitored. for stability during eiach steady-
state run. These data were also manually recorded
for checking against the data printouts, ,
Test results.~The MIST PGS test results consist
pnmanly of diesel.engine-generator thermal perfor-
- mance characteristics for the three PGS test series.
‘Key parameters 1o be evaluated include engine fuel:
consumption under steady-state load conditions,
engine-cooling and heat-recovery rates, and tran-
sient thermal response characteristics.
Series 1 and II — forced-circulation cooling:

annre 3 shows engine fuel consumption rates
~ under a steady-state load condition for the forced-
circulation jacket-cooling mode, Measurements are
- §hown for both the 355.37 K (180° F) (seriés I) and
37759 K (220° F) (senes II) jacket-water inlet-
" temperature conditions. In both cases, the
waterflow rate through the engine cylinder coolmg
jackets was .0.6. m’/min (160 gal/min). Note, in
ﬁgure 3, the negligible difference in fuel consump-
tion with respect to the two different jacket-water
. operating temperatures. Note also the excellent
. agreement -of ‘the test data with fuel consumpnon
data quoted by the engine manufacturer at 75, 150,

and 225 kilowatts for the standard cooling mode
(355.37 K (180° F) forced circuiation).

Flgu:e 4 shows the steam generation rate inthe

engine-¢xhaust heatrecovery unit as a function of
engine load. As in the case of fuel consumption,

. very. little difference in heatrecovery rates is ob-
served between ‘the 355,37 and 377.59 K (180" and - -

220° F) Jjacket- water-operaung-temperature modes.
. Flgure 5 shows essentially tha sameé data shown
. in figure 4 except that the steam production rate has;
been converted to a heat rate so that: performance
comparisons can-be made with vendor data and

wrth exhaust-gas sensrble-heat transfer. The ongr-

nal venidor data indicated “recoverable” exhaust,

based on a constant 422.04 K (300° F) finai (T-5)
gas temperature. Actually, the final temperature
varies with engine load as would be expected, and
the exit iemperature was greater than 422,04 (300°
F) at engine loads exceeding B0 kilowatts.
Therefore, for comparison purposes, the vendor
data have been corrected to the measured exit tem-
peratures. However, this correction did not bring
the vendor data in line with the measured heat
recovery. This discrepancy appears to be a result of
lower measured exhaust-gas flow rates and lower
initial exhaust temperatures than those stated by

-the supplier.

The accurate determination of engine jackei-
water and oil cooler/aftercooler heat-recovery rates
was complicated by the relatively small inlet-to-out-
iet temperature difference of the cooling water in
passing through the engine and heat exchanger. In
general, at low engine loads, when generation rates
are reduced, the error was greatest. Table IT] shows
a heat balance for the engine operating at 150
kilowatts. Both 355.37 and 377.59 K (180° and 220°
F) jacket-water-temperature cases are shown. The
table shows the current trend: (1) that more heat is
transferred to the jacket water at lower jacket-water

‘temperature because of the larger gradient available

and (2) that at the higher temperature, more heat is
transferred to the oil cooler/aftercooler coolant
loop. In both cases, approximately 75 percent of the
input fuel energy (lower heating value
(LHV) = 37 601.5 MJ/m" (135 000 Btu/gal)) was
recovered. If the unrecovered exhaust heat is added
to this quantity, approximately 90 percent of the

-~ total input energy is identified. The balance of the

energy is attributed to radiation and convection
losses from the engme and associated cooling
equipment.

Series Il — ebullient cooling: Frgure 6 shows the
engine fuel comsumption as a function of load for
the ebullient-cooling mode. As in the case of
forced-circulation. cooimg, the manufacturer’s fuel
consumption data agree with the measured values.

* Figure 7 shows the steady-state steam generation

rate from engine-exhaust heat and jacket-water heat
recovery as a function of engine-generator load,

‘The equivalent heat recovery is shown in figure 8.

Also shown (fig. 8) is the vendor’s estimate of

“recoverable” heat corrected to the measured exit
- temperature of the exhaust gases, As‘in the foreed-
~ circulation case, the measured values are lower than
‘the corrected vendor values., A pamal explananon




for this discrepancy is the lesser exhaust.gas heat
recovery observed in the forced-circulation tests.
Other possible reasons include lcwer gas-flow rates
and inlet temperatures compared to the vendor
data. A discussion of these parameters is provided
in a subsequent section of this report.

Figure 9 shows the input heat rate and the dis-
tribution of electrical and thermal output heat rates
as a function of engine load, Note that at full load
(230 kilowatts), approximately 78.3 percent of the
input fuel energy (LHV) is recovered in the form of
electrical and thermal ehergy, or slightly more than
in the forced-circulation-cooling-mode cases.

Figure 10 shows the heat rate or specific fuel
consumption (SFC) of the engine-generator unit as
a function of load. Data points shown for the two
forced-circulation cases and the ebullient-cooling
case indicate very little difference in SFC with
respect to cooling mode except at low loads, at
which the ebullient mode is slightly better. The heat
rate is minimum and relatively flat with respect to
load fromi approximately 150 kilowatts (65 percent)
to full load (230 kilowatts}. The fuil-load heat rate is
2.9 J;/Je (9750 Btu/kWh), which corresponds to a
thermal-to-electrical conversnon efficiency of 35
percent,
 Engine exhaust-gas heat-recoveéry unit: Figure 11
shows exhaust-gas temperatures at the inlet and the
exit of the heat-recovery unit as a function of
engine load. Because performance of the heat-
recovery unit was not in accordance with original
predictions, the unit was cleaned. As indicated in
the figure, the final (exit) exhaust temperature
dropped approximately 55.56 K (100° F) because of
the cleaning operation, a result indicating increased
heat transfer from the gas to the water in the heat-
recovery umit. The steam generation rate increased
approximately 20 to 25 percent in the forced-
convecuon-coolmg mode. During testing, the ex-
haust gases were found to contain large quantities
of unburned hydrocarbons, which would accumu-
late on the tube walls. One explanation for the car-
bon buildup is that the engine was operated at low
loads for extended periods.

Noise data: Engine noise data were measured
during the initial PGS testing with the engine set up
for forced-circulation cooling. Measurements were
made with a Bruel and Knaer sound-level meter,
type 2205 with octave band filter set. Table TV
shows. the sound levels in decibels at distances of
0.9,7.0, and 15.2 meters (3, 23, and 50 feet) from the

~ engine, Measurements were made at engine loads

of 20, 50, 100, 150, 200, and 230 kilowatts. The data
indiciate that noise levels are almost invariant with
load. The noise levels measured agree with availa-
ble engine manufacturer's data (table IV).
Thermal transient tests: Figure 12 shows the
steam-condensate return rate variation during the
load transients. This parameter was the most
responsive to load changes. From figure 12, it can
be observed that the load-increase transient stabil-
izes within 1.5 minutes for the forced-circulation
case (377.59 K (220° F) jacket water) and within 2.5
minutes for ebullient cooling. The load-reduction
transient, which is shown for the ebullient-cooling
mode only, stabilizes within 1.5 minutes.
‘Exhaust-gas analysis: An example of exhaust-
gas-analysis test data is presented as table V. A
summary graph of several parameters is included as
figure 13. During the entire test period, stack-gas
visible emission was sometimes observed to be less
than 10 percent of capacity and did not exceed the
permissible 20 percent of capacity at any time.
The maximum particulate emission occurred
with the engine operating at lOO—percem load and

. was calculated to 64 000 ,u.glm On the basns of an

average gas-flow rate of 17.0 m *min (600 ft’ fmin),
this particulate emission is equivalent to a pollutant
mass rate of 0.07 kg/hr (0.15 Ib/hr). The maximum
allowable eémission rate was calculated to be 1.1
kg/hr (2.5 Ib/hr).

Conclusions and recommendations.— On the basis
of the results of PGS testing to date, the following
conclusions have been reached.

1. Engine fuel consumption data closely agree
with manufacturer’s data.

2. The electrical generation performance is ac-
ceptable and within specification requ:rements for
the MIST facility.

3. The engine heat rate (fue! heat energy input
per unit of electrical energy generated) was not
affected by the engine operating temperature (cool-
ing mode) within the accuracy of the measurement
technique used.

4. Performance 6f the exhaust/jacket-water
heat-recovery unit is substantially reduced by soot
buildup on the inside surfaces of the boiler tubes,
Reduced performance is indicated by increased
final (exit) exhaust-gas temperatures and reduced

‘steam generauon under constant engine-load condi-

tions,
5. Final exhaust-gas temperatures from the
heat-recovery unit ranged from 44.44 K (80° F) 10

P

A S




approximately 100 K (180° F) higher than that im-
plied by vendor data. This increase resulted in a
reduction in heat recovery below the “recoverable™
amounts advertised in supplier data.

6. The ebullient-cuoiing mode is preferable o
the forceéd-circulation mode because (1) a jacket-
water pump is not required (thus, parasitic loads are
reduced), (2) the recovered jacket-water heat and
exhaust heat are combined in a single, easily con-

trollable low-pressure-steam system, and (3).

slightly more energy is recoverable (78 percent
compared to approximately 75 percent).

7. Engine noise data agree with supplier-fur-
nished data. '

8. The limited thermal transient testing con-
ducted indicated that heat recovery (steam genera-

fion rate) responds quickly to engine-generator load

demandis. Stabilization periods are on the order of
1.5 10- 2.5 minutes and should be compatible with
most heat-using equipment.

9. The results obtained from exhaust-gas
analysis indicated that the diesel engine was operat-
ing well within the applicable limits for particulate
matter as defined by the Texas Air Control Board.

Recommendations are as follows.

1. A more detailed evaluation of the diesel
engine and its exhaust silencer heat-recovery unit
should be made to determine heat-recovery-perfor-
mance degradation as a result of soot buildup (foul-
ing).

2. Additional and improved instrumentation

should be incorporated in the MIST PGS.

Specifically, more thermocouples shoutd be placed
in the exhaust-gas duct and the steam-condensate
system. Also, an improved (or more accurately
calibrated) flowmeter should be placed in the
exhaust-gas duct. An improved measurement tech-
nique is also needed to abtain steam flow-rate data.

- Heatiﬁg 'and'-Cdol:i_ng-Subsystem

The purpose of the heating and cooling sub-

system (HACS) tests was to determine the perfor-

mance characteristics and operational efficiencies
of the equipment through individual equipment
testing over a full range 3f load conditions. Perfor-
thance information was collected and compared, if
possible, with available manufacturer’s data. Six

* ‘major test series were associated with the HACS, as
follows. -

I. Series I — absorption chiller test. This test
was conducted to study the performance of the ab-
sorption chiller during its operation within the
MIST complex with an energy source generated by
the heat rejected from the diesel engine exhaust and
jacket water. The main purpose was to determine
the chiller capacity as a function of steam rate and
cooling-water temperature. Resulting data were
used to determine the chiller coefficient of perfor-
mance (COP), the overall engrgy consumption, and
the subsystem efficiency. _

2. Series 11 — compression chiller test. The
scope of this test was an examination of the
electrically driven compression chiller similar to
that of the absorption chiller. Capacity as a function
of condensing-water temperature and return-
chilled-water temperature was examined; and, from
the collected data, the COP, the total power used,
and the subsystem efficiency were determined.

3. Series [I1 — combined-chiller performance
and control characteristics. The obiectives of this
test series were twofold. The foremost objective
was to analyze the chillers operating together and
determine their combined performance charac-
teristics. Secondly, the test was designed to examine
those techniques used to contfol the combined
chilled-water temperature and determine what
effect the location of the chilled-water temperature
sensor would have v compression chiller opera-
tion and the resulting combined coefficient of per-
formance.

4. Series IV — thermal storage tanks. The hot

_ and cold thermal storage tanks were tested to evalu-

ate theéir charging, discharging, and beat-storage
characteristics for selected chilled-water flow rates.
An additional effort was made to analyze tem-
perature stratification. within the tank and thus to
determine whether significant thermal separation
was maintained and what effect it may have had on
thermal storage capacity.

§. Series V — heat rejection/heat transfer.
Determmination of the heat-rejection characteristics
of the cooling tower while the PGS, the HACS, and
the incinerator were operational was the goal of this
test series. In addition, the heat-transfer charac-
teristics of the oil aftercooler interchanger, the
jacket-water interchanger, and the excess-steam
condenser were to be determined, and their thermal
effectiveness was to be assessed. -

-6, Series VI — ancillary heat exchangers. This

. test series enabled those heat exchangers not in-

cluded in series V tests to be examined for thermal




effectiveness of heat transfer under varying load
conditions. A list of that equipment follows.

Facility heat exchanger

Aukxiliary facility heat exchanger

WMS heater

Freshwater preheaier

Freshwater heater .

Water sterilization heat exchanger
Regenerative sewage heater

Sterilization regenerative heat exchanger

Subsystem description.—The HACS provides
space heating and cooling to the using facility. It has
the capability to siore and then utilize thermal
energy recovered from the power generation sub-
system and the incinerator, Cooling is provided by
-chilled water produced by an 87.9-kilowatt (25 ton)
absorption unit using 103 x 10"-pascal (15 psig)
steam and by an 82.6-kilowatt (23.5 ton) electrically
driven reciprocating compression unit. The
. baseline is satisfied by the absorption machine, and
thé peak demands are satis‘ied by the compression
unit. Chilled water is delivered to the simulated
cooling load at a temperature of 279.82 = 1.11 K
{44° x 2 F). The cooling loop is equipped with a
9.8-cubic-meter (2600 gallon) cold-water storage

" tank capable of storing 297.8 megajoules (282 495

British thermal units). The total capacity of the
system is dependent upon available waste-heat
energy from the engin¢ and the incinerator, but the
cooling-load simulator is designed to impose loads
of as much as 175.7 lnlowatts (600 000 Btu/hr) on
the system. .

.Stéam and/or hot water recovered through the
heat exchangers interfacing with the engine and the
incinerator is used to satisfy a 146.4-kilowatt
(500 000 Btu/hr) space-heating requirement at a
temperature of 355.37 X (180° F), and to heat 0.01
m /mm (2.77 gal/min) of domestic hot water from
283.1510 344.26 K (50° 10 160° F). In addition, ther-

mal energy i$ used to enhance the operanon of the.

wastewater treatment plant by increasing the tem-
perature of the wastewater from 283.15 to 310.93 K
(50° to 100° F) for process stabiiization and to

ing loop contains a hot-water thermal storage tank
of 9.8-cubic-meter (2600 gallon) capacity, capable of

storing 1378.1 megajoules (1. 307 027. Brmsh ther-.

mal units) at 383.15 K (230° F).
A 615-kllowatt (175 ton) capacity wet-coolmg

tower is prov:ded 10 reject all heat transferred into

373.15 K (212° F) for sterilization. The space-heat- '

the cooling-water loop from the major equipment
and heat exchangers, The blowdown water from
the cooling tower can be processed in the
wastewater management subsystem and returned
85 cooling-tower makeup water,

The HACS has a total of 11 heat exchangers. For
operation of the jacket-water interchanger and the
auxiliary facility heat exchanger, the engine musi
be configured in the forced-circulation mode. Aii
other heat exchangers require that the engine coul-
ing be in the ebullient mode. - ‘

Figures 14 10 20 are schematic represeniations ol
the HACS showing relative positions of the compao-
nents and instrumentation. '

Test description.—1n general, the tests noted pre-
viously were performed by using the MIST sun-
dard operating procedures. Heating and coohing
loads were controlled by maintaining a prede:
mined temperature difference between the il
and outlet fluid at the HACS load simulators. Wi
the exception of the thermal storage tests, ali fluw
rates were set in accordance with the design 1.
quirements and were not varied during the tes:s
The temperature of the cooling-tower water was
controlled in accordance with test requirements oy

~ manually adjusting the cooling-tower bypass vaive

to maintain the desired outlet temperature. Finally,
each test sequence was run for a minimum of 30
minutes to ensure that a stable condition was ob-
tained.

Figure 14 deplcts the space-cooling loop, show-
ing the absorption and compression chillers plus
supporting components. In the series | tests, the
diesel engine was configured in the ebullient mode
and the electrical load was set at 180 kilowatts to en-
sure maintenance of 103 x 10° -pascal (15 psig)
steam pressure to the absorption chiller. The cool-
ing load to the absorption. machine was varied over
arange from 35.2 to 87.9 kilowatts (120 000 Btu/hr
(10 tons) to 300 000 Btu/hr (25 tons)), with incre-
mental setiings of 17.6 kilowatts (60 000 Bw/hr),
for each of three cooling-tower water temperatures;
namely, 299.82, 302.59, and 305.37 K (80°, 85°, and
90° F). On the assumption that the cooling-water
temperature-drops by 2.78 10 5.55 K (5° 10 10° F) as
the -water . goes through the cooling tower, these
valves represent dry-bulb atmospheric temperature
conditions of 302.59 to 305.37 K, 305.37 to 308.15

- K,and 308.15 10 310.93K (85° 10 90°F,90° to 95° F,

and 95° to 100° F), respectively. The energy con-
sumption (steam rate) of the chiller was deter-
mined through enthalpy differences of inlet steam
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and outlet condensate. The condensate was

manually weighed and its temperature recorded

periodically throughout each test setup, The con-
figuration did not include the cold thermat storage
tank; therefore, the thermal control bypass valve,
SV-804, was closed to the tank during the test.
Finally, amperage measurements were made on all
operational pumps and motors in conjunction with
generator voltage and power factor fecordings so
that the power consumption and resulting efficien-
cies could be determined.

For the series 1l compression chiller tests, the

engine remained in the ebullient mode, but the

electrical power generated was the only energy in-
put used, The engine load and resulting steam
generation were minimized by setting the electrical-
lcad snmulator to 0 kilowatt. The operational set
pomt on the chiller was set at 285.93 K (55° F),and
the cooling load was varied from 17.6 kilowatts

(60 000 Btu/hr (5 tons)) to 87.9 kilowatts 300 000

Btu/hr (25 tons)) at 17.6-kilowatt (60 000 Btu/hr)
increments. By loading the chiller in this manner,
compressors {two cylinders each) could be eycled
through their control steps of 40, 60, 80, and 100
percent of rated capacity. Each of these load condi-
tions was repeated for cooling-tower-water tem-
peratures of 299.82, 302.59, and 305.37 K (80°, 85°,
and 90° F). Upon completion of this segment, the
chiller set point was reset to 284.26 K (52° F) and
‘the complete test was repeated. No thermal storage
was attempted during this test. Instantaneous cur-
rent readings were taken as in series [ on all sup-
porting equipment, and a continuous amperage
record was made of the compression chiller moters,
together with the generator voltage and power fac-
tor, so that total energy consumption and sub=
system efficiency could be calculated.

To accomplish the objectives of the series I
combined-chiller tests, the engine was configured in
the ebullient mode with. a 180-kitlowatt ioad im-
posed to ensure adequate energy to drive the ab-
sorption chilier. The cooling load was varied from
70.3 to 175.8 kilowatts (240 000 Btu/hr (20 tons) to
600 000 Btu/hr (50 tons)) at 17.6-kilowatt (60 000
Btu/hr) increments. This procedure was followed
to determine the capability of the compression
chiller to operate in conjunction with. the absorp-
tion chiller and sattsfy all loads in excess of 87.9

kilowatis (25 tons). As in series Il tests, loads were

~ established so that the chiller compressors were

cycled at 40, 60, 80, and 100 percent of their rated
capacity. Similarly, as in series I and II tests, the
temperature of the cooling-tower water to the
chiller was controlled at 299.82, 302.59, and 305.37
K (80°, 85°, and 90° F) for each load setting, and
thermal storage was not included.

Series ITI tests also included measuring the effect
on power consumption of the compression chiller
operational sensor location. The sensor was first

placed upstream of the chiller inlet to sense return-

chilled-water temperature; then it was moved
downstream of both chillers to sense combined
chilled-water output temperature. No change was
made to the absorption chiller controls. Power
measurements identical to those described pre-
viously were made during this sequence of tests.
Figures 15 and 16 are schematic representations

of the thermal storage components within the
respective cooling and heating loops. During series
IV tests, the flow rates through the tanks were
varied in an attempt to judge the relative effect on
charge/discharge rates and on thermal mixing of
the water in the tank wita the inlet water. The
engine was configured in the ebullient mode and set
to generate 150 kilowatts of power. The heating and
cooling loads were set at “zero” during the charge
sequence and at “maximum” during discharges.
The absorption chiller was operational during the
cold thermal storage tests, and the facility heat ex-
changer was on-line during the hot thermal storage
tests.

 The flow rate to the cold thermal storage tank
was electronically controlled through control valve
SV-804 for full, three-fourths, and one-half flow.
During cold-storage charge operations, the inlet,
outlet, and tank temperatures were monitored ev-
ery 15 minutes. When the chiller outlet and tank
temperatures (TP-31 and TP-33) became equal and
the tank registered a temperature of 280.37 K {(45°
F) or lower, the tank was considered charged and
the test was terminated. For the discharge run, the
chilled-water return and tank temperatures (TP-36
and TP-33) were monitored for similarity; and
when the tank temperature reached 285.93 K (55°
F), the test was ended.

2'1"h¢= operational set point on the chilier represents the lowest temperature of return chiled water at whtch the’ chnlter will-operste.

The sensor will automatically signal chiller shutdown when this temperature is reached.
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The hot thermal storage test was run using es-
sentially the same techniques as noted previcusly.
However, the flow was controlled manually by set-
ting diverter valve SV-801 at positions of full, three-
fourths, and one-half flow. The inlet. outlet, and
tank temperatures were monitored as before, so
that when the tank and the facility heat exchanger
outlet temperatures (TP-28 and TP-30) became
equal and the tank temperature reached 383.15 K
(230° F) or higher, the charging was considered
completé. During discharge, steam valve SO-36 to
the facility heat exchanger was closed, and the ther-
mal charge satisfied the heating load until the inter-
nal temperature régistered full discharge at 349.82
K (170° F). As a {ina! test sequence, both the hot
and cold tanks were charged and allowed to stand
for 24 hours. Internal tank temperatures were taken
periodicaliy to establish heat leak or heat gain rela-
tive to the atmosphere.

in the heat-rejection/heat-transfer series V tests,
the waste heat recovered from the engine, the
chillers, and the incinerator was transferred into the
cooling-water loop and rejectéd through the wet-
cooling tower. This configuration is shown in figure
17. During “engine only™ iesting, the cooling loop
was -configured so that only one coolmg—water
pump was operating to supply 0.9 m Ymin (225
gal/min), With the inclusion of the chillers and the
incinerator, the cooling loop was reconfigured to
bring two pumps on-line (items 510A and 510B) to
supply 1.7 m ’/min (450 gal/min). The engine was
configured in the ebullient-cooling mode,

Loads were imposed on the cooling tower over
the full range of MIST heat-rejection eapabilities by
using the prime mover, the air-conditioning
chillers, and the incinerator in various load com-

" binations. The first segment of the test was per-

formed with only the diesel engine operating
through a range of 25 to 225 kilowatts at 25-kilowatt
increments. The second sequence of loads was

satisfied by using the engine and the chillers in

combination 10 obtain 150 kilowatts and 105.5
kilowatts (30 tons), 175 kilowatts and 105.5
kilowatts (30 tons), 200 kilowatts and 140.7

- kilowatts (40 tons), and, lastly, 225 kilowatts and
175.8 kilowatts (50 tons). Finaily, to obtain the max-

imum heat-rejection load on the tower, the in-

- .cinerator was operated — with oil used as fuel
- (waste incineration not operatlonal) — in conjunc-

tion with the engine at 225 kilowatts and the chiller
providing 175.8 kilowatts (50 tons) of gir-condition-

. ing. With only the engine operating, all the steam
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generated was condensed in the excess-steam con-
denser. With the addition of the air-conditioning
load, part of this steam was used to drive the ab-
sorption chiller and the remainder was condensed.
With the inclusion of the incinerator, all additionai
steam generated was condensed and the heat of
condensation transferred to the cooling-water icop.
Heat-transfer data were collected on the oil after-
cooler interchanger and the excess-steam con-
denser during operation in the ebullient-.cooling
mode. For convenience, the jacket-water in-
terchanger was tested during the series VI forced-
circulation-cooling configuration.

The test was run over several days under varying
ambient conditions, and no attempt was made 10
control the cooling-water temperature. The cooling-
tower blowdown was accomplished as required du;-
ing the interim between set points, but no atlemp.
was made 10 process the blowdown water by using
the facilities of the water management subsysiem
This test series did not include the measurement o
noise emitied from the tower or the delerminatiin
of its drift characteristics.

The ancillary exchanger tests in the series Vi
category were run in two phases because of the
necessity of placing he engine in both the forced-
circulation and ebuliient-cooling modes. In <he
forced-circulation mode, the rejected jacket-warter
heat was measured first through the auxiliary
facility heat exchanger and then through the jackei-
water interchanger. All other ancillary exchangers
of series VI tests were checked during the phase 11
ebullient cooling. Figures 18, 19, and 20 are
schematic representations of the jacket-water loop,
the oil coolant loop, and the steam loop, respec-
tively, showing the location of those exchangers in-
cluded in this series.

The auxiliary facility heat exchanger and the
jacket-water interchanger were tested separately
when the engine was cooled in the forced-circula-
tion mode. First, the engine jacket-water-
temperature controller, SV-827, was set at a tem-
verature of 377.59 K (220° F). to ensure a complete
bypass of the jacket-water interchanger; thus, the
auxiliary facility heat exchanger was left free forin-
dependent testing. The heating-load simulator was
set at maximum load, and the facility heat ex-

~ changer was taken out of the space-heating loop by

closing steam valve S0-56. When the jacket-water
interchanger was tested, SV-827 was set to a tem-
perature of 355.37 K (180° F) to ensure that all heat




transfer and control was performed by this ex-
changer. The auxiliary facility heat exchanger was
taken out of the engine-cooling loop by stopping
flow in the space-heating loop. Cooling-water flow
through the Jacketawater interchanger was main-
tained at 0.9 m’/min (225 gal/min), and engine
loads were varied from 25 to 225 kilowarts for both
exchanger tests (fig. 18).

The engine cooling was then placed in the
ebulliem mode, and the cooling tower was operated
at 1.7 m/min (450 gal/min}, as depicted in figure
19. The WMS heat-transfer loop was configured to
bypass the biological-disk unit, the Met-Pro unit,’
and the reverse-osmosis (RO) unit and thereby
isolate the WMS heater and supporting WMS ex-
changers for testing. The WMS flow was set at the
upper limit (approximately 0.15 x 10~° m’/min (4
gal/min)), temperature controller was set at 377.59
K (220° F), and the electrical ioads were varied
from 50 to 225 kilowatts.

During the second sequence, in which the fresh-
water preheater was tested, the WMS flow was
stopped, the freshwater preheater bypass valve
S0-35 was closed, and the position of valve SO-809
was adjusted to ensure full flow through the
preheater, Measurements of heat transfer were
made at engine load settings from 50 to 225 kilo-
watts with a nominal freshwater flow of 0.01
m’/min (2.77 gal/min).

For the third segment of the test, temperature
controller valves SV-809 and SV-810 were set at
327.59 K (130° F) so as to bypass the preheater. At
the same time, the heating-load simulator was
brought on-line, the hot thermal storage tank was
placed in the bypass mode, and valve SO-35 was
opened. The engine load and freshwater flow were
stabilized at 175 kilowatts and 0.01 m*/min (2.77
gal/min), respectively. In this configuration, the
facility heat exchanger was tested through a range
of 29.3 to 146.4 kilowatts (100 000 to 500 000
Btu/hr), at 29.3-kilowatt (100 000 Btu/hr) incre-
ments, and the heat-transfer characteristics of the
freshwater heater were examined (figs. 19 and 29).

Lastly, the water sterilization heat exchanger
was tested by reducing the inlet steam pressure
from 103 x 10° pascals (15 psig) to 48 x 10° pascal
(7 psig) at 14 x 10° -pascal (2 psig) increments, to

~ determine the effect on the sterilization capability.

Data recorded—The continuous acquisition and
recording of test data was accomplished primarily

by using the DEXTIR data system, The instrumen-
tation considered mandatory for HACS series test-
ing is listed in table VI. This list includes both
operational and engineering instruments and is
categorized by type and equipment association. In
some instances, the same instrument reading was
used for an outlet point on one component and an
inlet point for another. When instrumentation was
not adequate or available, manual measurements
were made (e.g., steam condensate, weight and tem-
perature, atmospheric wet- and dry-bulb tem-
perature, cooling-tower makeup, etc.). For
measurements that were critical to the control of
the test, data were manually recorded from the
visual display contro} panel and used as the prime
data source during the test, These data included
such items as the load simulator temperature
differences; the engine power load, voliage, and
power factor; the chiller inlet and outlet chiiled-
water temperatures; the cooling-tower outlet tem-
peratures; the thermal storage tank inlet, outlet, and
internal temperatures; etc.

Test results.—The results of the six major test
series associated with the HACS are presented in
the following subsections.

Series [ — absorption chiller: Figure 21(a)
depicts the amount of steam consumed by the ab-
sorption chiller for three different condenser water
temperature settings (cooling-tower temperature)
over a fuil range of load conditions. An analysis of
the resulting test data indicates that chiller perfor-
mance was less efficient than catalog data predi-
cated. Ai low loads (below 352 kilowatts (10
tons)), the chiller operat:on was erratic and became
unstable below 42 x 10° pascal (6 psig) inlet steam
pressure. Complete shutdown of the equipment oc-
curred at 21 x 10° pascals (3 psig).

The steam usage rate for the rated conditions as
determined from test data is higher than that from
the manufacturer’s data. Some difference can be ex-
pected because stearn usage was measured during
system operation and was based on manual
measurements of chiller condensate weight and
temperature that were generated during the test.

" Qutlet chilled-water temperature as a function of
unit capacity is shown in figure 21(b). The
manufacturer’s rating point at 280.37 K (45° F)
chilled water and 302.59 K (85° F) condensing
water is 92.1 kilowatts (314 460 Btu/hr (26.2 tons)).
The test capacity for the same set of conditions

_ 3_A physical-chemical wastewater treatment unit manufactured by the Mei-Fro Company.
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equals 79.1 kilowatis (270 000G Btu/hr (22.5 tons)) or
is lower by 14 percent.

The power consumption of the absorption
chiller was considered minimal, The catalog data in-
dicate that approximately 0.25 kilowatt is used for
control and solenoid operation; thus, no attempt
was made to measure this value. The supporting

- power requirements are plotted in figure 21 (¢). The
power for nem 510A represents the energy required
to pump 0.9 m */min (225 gal/min) of cooling water
through the HACS A second pump (item 510B)
-supplied 0.9 m *fmiin (225 gal/min) of cooling water
to the engine-cooling loop and therefore is not
represenied. The cooling-tower fan was operated
.continuously, but only one-half of the power con-
sumed was considered to be for HACS heat rejec-
tion. The sum total resuited in 20 kilowatis being re-
quired to run the subsystemt for absorption chiller
testing. Therefore, the average subsystem coeffi-
cient of performance — considering the total
energy used for an 87.9-kilowatt (25 ton) output
and each of the condenser water settings — is equal
to 0.55.

The coefficient of performance for the absorp-
tion chiller (fig. 21(d)) reached a maximum of 0.65
at a rated capacity of 92.1 kilowatts (314 400 Btu/hr

" {26.2 1ons)). However, for maximum loading con-

ditions obtained during the test of 98.1 kilowaus

279 tons), with the use of 299.82-K (80° F) con-

densing water, the COP of the chiller reached 0.69.

Series 11 — compression chiller: Figures 22(a)
and 22(b) present the average chilled-water tem-
perature resulting from each loading condition for
the 284.26 K (52° F) and 285.93 K (55° F) return-
chilled-water sensor setting, respectively. When the
chilled-water sensor was set at 284.26 K (52° F), the
chiller produced chilled water- at a temperature of
approximately 280.37 K (45° F) when operating at
its rated load of 82.6 kilowatts (282 000
Btu/hr (23.5 tons)). The results were the same for

_each condenser water setting; i.e., 299.82, 302.59,

“and 305.37 K (80°, 85°, and 90° F). At other loads,
“the operation remained relatively stable but the

chiller produced chitled water at temperatures with-
-in arange of 279.26 t0 282:04 K (43° t0 48° F). Some

~_erratic behavior was noted during the 305.37-K (90°

- F) condensor water setting at low loads. When the

sensor was reset at 285.93 K (55° F), the chitler pro-
- ‘duced chilled water ‘having a much wider range of
temperatures and functioned less preductably The

coldest water was produced within the 52.8- 10 70.3-
_Kilowatt (15 to 20 ton) range, and the chiller

-
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became more stable operationally after the load ex-
ceeded 70.3 kilowatis (20 tons). The lowest tem-
perature reached was 282.59 K (49° F) (with 302,59
K (85° F) cooling water used), and the highest was
285.37 K (54° F) (with 305.37 K {(90° F) cooling
water used).

The total subsysiem power consumption f{or
varying loads is shown in figure 22 {(c). The total
auxiliary power measured during the test was constant
throughout the test at 21.44 kilowatts when the
284.26-K (52° F) sensor setting was used and was
20.86 kitowatts for the 285.93-K (55° F) setting. The
curves include usage of both auxiliary and chiller
power and represent the operational trends of the
compression chiller within the HACS. It can be
seen that a definite increase in power is required 10
meet cooling loads at a return-chilled-water-sensor
setting of 285.93 K (55° F), compared with a setting
of 284.26 K (52° F). Results showing the electrical

"power used per unit of refrigeration power for each

cooling load setting are contained in table VII, Here
again, an increase in the quantity of electrical power
per unit of refrigeration power is required to drive
the chiller when the 285.93-K (55°F) sensor setting
is used instead of the 284.26-K (52°F) setting. A
typical trace of chiller amperage taken from a con-
tinuous-recording ammeter is depicted in figure 23.
The cycling shown is characteristic of chiller opera-
tion when the load is set at a point at which the
compressor cylinders are operating intermittently.
At the higher loads, for which all cylinders are
functioning, the trace becemes a. continuous
straight line. This result explains the more stable
operation noted previously at a load of approx-
imately 70.3 kilowatts (20 tons).

The maximum coefficient of performance of thc
chiller was reached during use of the 284.26-K (52°
F) set point, with 299.82-K (80° F) condensing
water used at an 87.9-kilowatt (25 ton) load. The
COP at this point was 4.28. The erratic behavior of
the chiller at the 285.93-K (55° F) set point resuited
in high COP values at low loads. The more stable
data taken at high loads resulted in a COP of 3.80,
with 299.82-K (80° F) condensing water used at
87.9 kilowatts (25 tons). The average subsystem
COP — with consideration given to the auxiliary
power and the compression chiller power required
to meet an 87.9-kilowatt (25 ton) cooling load -~ is
2.00. The COP’s for.all conditions are shown in

“figure 22(d).

.Series 11l — combined chillers: The power con-
sumption for the combined operation of the absorp-
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tion and compression chillers is shown in figure
24 (a). The results indicate that there is a definite
power advantage in setting the compression chiller
operational sensor downstream of the chilled-water
outlets 10 sense combined chilled -water supply in-
stead of sensing return-chilled water from the cool-
ing load. The auxiliary power for pumps and
motors during subsystem operation was measured
at 38 kilowatts. All power used in excess of this
value was required to operate the compression
chiller. During maximum loading on the cooling
system (i.e., 175.8 kilowatis (50 tons)), the power
requirements for the compression chiller exceeded
22 kilowatts. Operational trends of the compression
chiller are indicated by the change in slope of the
curves and the abrupt changes in power required.
The smoothest operation was noted during the
299.82-K (80° F) condenser water setting. The
greatest savings in power were experienced when
the cooling load exceeded 123.1 kilowatts {35 tons).
Cycling of the compression chiller was not as fre-
quent as that noted during the series Ii test. The
compressors operated in a more continuous mode
when the sensor was placed downstream of the
combined chilled-water outlets. The frequency of
in-rush cycling current was reduced, and a more

‘constant engine load was the resuit.

The coefficient of performance for combined
operation is depicted in figure 24(b). An interesting
point to be made here is that the COP is lower when
the combined chilled-water supply is sensed even
though there is a reduction in power consumed.
This reduction in power results in an increase in
steam energy required by the absorption chiller.
Therefore, the increased use of the absorption
chiller having a much lower COP resuits in an over-
all decrease in the combined COP. The maximum
COP for the return-chilled-water setting was 1.06
with 299.82-K (80° F) condenser water used. The
maximum COP for the combined-chilled-water-
supply setting was 1.02.

The average subsystem COP for combined-
chiller operanon — considering all energy used to
meet the maximum load of 175.8 kilowatts (50
tons) -~ was 0.81 when the return-chilled-water
sensor was used and was 0.83 when the sensor was
moved downstream.

Series 1V — thermal storagt tests Slgmﬁcant
differences in charge and discharge rates as a func-

tion of fluid flow were noted during the running of
the cold thermal storage test. The configuration and
instrumentation locations are shown in figure 15,
The actual test data taken during the full-flow (0.2
m’/min (60 gal/min)) discharge/charge test are
plotted in figure 25(a). These plots typify the trends
obtained for the other flow rates — three-fourth
and one-half flow (not shoawn). It can be seen that
definite thermal stratification’ was maintained
within the cold-storage tank during the discharge
cycle. The trace of thermal sensor TP-33 shows an
upsurge in temperature between 9 and 10 p.m. Ap-
proximately 2 hours later, sensor TP-15 indicated
that the stratification layer had reached the bottom
of the tank. At this flow rate, to discharge the tank
from 279.82 to 285.93 K (44° 10 55° F) required ap-
proximately 4 hours When the flow rate was
reduced to 0.17 m*/min (45 gal/min, aimost 7 hours
were required for discharge, when it was set at 0.11
m’/min (30 gal/min); discharge was complete after
10 hours. The plots of the thermal charge cycles did
not reveal similar surges of temperature that would
indicate thermal layering. Test data did show that 2,
4, and 5 hours were required to,charge the tank
from 285.93 K (55° F) t0 279.82 K (44° F) for full,
three-fourths, and one-half flow, respectively. Ta-
ble VIII is a tabulation of the discharge and charge
rates based on these data.

The heat gained during the 24-hour seak test
resulted in elevation of the tank temperature from
278.98 to 280.37 K (42.5° to 45° F). The storage
capacity of the coid-storage tank was reduced by
57.4 megajoules (54 459 British thermal units), The
heat-gain factor (HGF) is defined as the rate at
which thermal energy is gained into the tank per
unit temperature difference between the storage
medium and the average ambient air. Using 280.37
K (45° F) as the average charge temperature and
302.59-K (85° F) ambient air, the HGF equals 29 9
W/K (56.7 Btu/(hr « © F)).

The maximum ideal storage capacity of the 9.8-
cubic-meter (2600 gallon) cold thermal tank is 293.8
megajoules (282 495 British thermal units). This
capaeity exists when the tank is considered charged
at278.71 K (42° F) and discharged at 285.93 K (SS"
F). The specific capacity then becomes 30.3 MJ/m’
{108.7 Btu/gal) or 0.030 Ml/kg (13.026 Buw/lb) of
fluid. The effective storage capacity, on the basis of
actual test data from all three flow rates and in con-

ﬁhermal stratification is a demarcation or separation layer between a higher temperature fluid and a colder fluid.
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sideration of the heat gained during a 24-hour
period “ias an average value of 191.6 megajoules
(181 749 British thermal units).

The performance coefficient (PC) for thermal
storage is the ratio of the performance of a thermal
energy storage system to the theoretical perfor-
mance of an ideal water tank containing a specific
mass of water and having perfect stratification and
zero heat loss or heat gain. The average value of the
PC for this test was 0.88.

The space-heating loop shown in figure 16 con-
tains the hot thermal storage tank and the instru-
mentation used in this test. The hot thermal storage
test results for full flow are presented in figure 25
{b). The profiles are indicative of the results ob-
tained for the three-fourths and one-half flow rates,
No differences were noted in charge or discharge
rates as the setting of control valve SV-801 was
manually adjusted from full flow through half flow,
There was no indication of a thermal layer within
the tank during any of the flow rates tested. At the
end of the test series, an additional temperature
probe (TP-44) was added to the outlet of the tank.
During a short rérun, it was found that the TP-28
tank and TP-44 temperatures matched closely and
showed no indication of thermal stratification. The
significant break in plots TP-27, TP-18/34, and
TP-30 at approximately 6:30 p.m. resulted when the
thermal storage tank could no longer maintain the
355.37-K (180° F) supply and the system tem-
perature thus began to drop. Normally, when the
TP-28 temperature reached 349.82 X (170° F), the
tank no longer be used and would be considered dis-
charged.

During the 24-hour soak test for the hot tank, the
temperature was reduced from 384.82 K {233° F) to
381.87 K (227.7° F) because of heat loss, The
storage capacity was reduced by 122.6 megajoules
(116 296 British thermal units). The heat-loss factor
(HLF) is defined similarly to the heat-gain factor in
its relation to the ambient air and the resulting rate
of heat loss. Using an average charge temperature

. of 383.15K (230° F) and 302.59-K (85° F) ambient

air, the HLF equals 17.6 W/K (33.4 Btu/(hr - °F)).

The maximum ideal storage capacity of the 9.8-
cubic-meter (2600 gallon) hot thermal storage tank
is 1378.1 megajoules (1 307 027 British thermal
units). Ideal conditions exist when the maximum
charge temperature of 383.15 K (230° ¥) is reached
and a minimum discharge temperature of 349.82 K

(170° F) is not exceeded. The effective storage

capacity, in consideration of the heat-loss factor,
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had an average vaiue of 1398.8 megajoules
(1 326 699 British thermal units). This value is
slightly higher than the ideal capacity because the
actual charge temperature reached 388.71 K (240°
F). The average performance coefficient for hot
thermal storage equaled 0.92.

Series V — heat rejection/heat transfer: The data
obtained during this test indicates that the amount
of heat rejected by the cooling tower during specific
loading conditions was less than anticipated. Iigure

- 26(a) is a plot of cooling-tower heat rejection as a

function of the load on the engine, the aircondi-
tioning chillers, and the incinerator. The values are
calculated on the basis of the cooling-water flow
rate and the tower inlet- and outlet-temperature
differences recorded during the test. Figure 26(b)
shows the engine manufacturer's catalog data for
available recoverable heat during operation in the
ebullient-cooling mode. From a comparison of the
two curves, it can be seen that a marked difference
exists between the test results and the manufac-
turer’s data. An examination of engine stack-gas
temnperatures indicated that the diese! exhaust 1em-
perature was running excessively high. In turn, the
outlet from the heat-recovery unit wes exceeding
the design conditon of 422.04 K (300° &) (approx-
imately 533.15 to 588.71 K {500° 10 600° F)). This
situation resulted in reduced steam production and
explains the reduced heat transfer into the cooling-
tower loop.

Figure 26(c) shows the actual quantity of heat
transferred from the engine to the cooling loop
through the oil aftercooler interchanger and the
excess-steam condenser. The total quantity of heat
rejected is the sum of the heat guantities rejected by
both exchangers. The “engine only” curve in figure
26(a) and the total-heat-rejection curve in figure
26(c} followed the same trend very closely until the
engine toad reached 180 kilowatts. The test run on
the exchangers indicates that the heat gquantity
transferred dropped off sharply after this load was
reached. Following completion of this test, the
engine was overhauled and the engine heat-recov-
ery unit was cleaned to improve its heat-transfer
capabilities, The cooling-tower test and the ex-

-changer tests were not rerun, but the engine tests

were; and reference data can be obtained from the
section entitled “Power Generation Subsystem” for
comparative analysis. The maintenance and rework
of the engine and the recovery unit did improve the
quantity of Lcat generdted and recovered.

Figures 26(d} and 26(e) represent the ambient
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conditions and the cooling-tower makeup ex-
perienced during the test. No measurement was
made of the windspeed during the test, but the loca-
tion of the tower would tend to minimize drift.
Figure 26(f) is presented to show the calculated
values of cooling-tower “range,” expressed in units
of temperature. The range is a measure of the heat-
rejection rate compared to the water circulation
rate. For this particular cooling tower operating
under the MIST conditions, the calculated range
values agree well with catalog data.

The analysis of heat transferred through the oil
aftercooler interchanger indicates a considerable
difference between actual operating characteristics
and those outlined in the procurement specifica-
tions. The oil-aftefcooler-interchanger specification
requires 0.3 m’/min (80 gal/min) of fluid flow on
the shell side, but test data failed to show a
measurable flow rate. Upon checking the design
specification, it was learned thai this exchanger was
selected for a fail-safe condition to protect the
engine from damage, It is only under a failure con-
dition that the full flow rate would be experienced.
To determine the effectiveness of this exchanger,
therefore, it was necessary to calculate the flow
through the shell side on the basis of the measured
heat transfer on the tube side. Table IX (a) is a
tabulation of the thermal effectiveness.

A similar condition exists for the jacket-water in-
terchanger. Whereas the performance specification
indicates a jacket-water flow of 0.6 m’/min (160
gal/min) through the shell side, the actual operating
flow was so low that the flowmeter could not
register a value. Here again, the specification relates
to a fail-safe design condition rather than to opera-
tional parameters. The jacket-water interchanger
was designed to accept full flow only if a system
failure occurred, Table IX (b) is a tabulation of the
results — calculated by using the heat-transfer data
taken on the tube side — obtained when the engine
was run in the forced-circulation mode during
series VI testing.

It can be shown that the excess-steam condenser
actually extracts more than the latent heat of
vapeorization from the steam. Figure 26(g) is a plot
of condensate temperature as a function of engine
load. Temperatures as low as 308.15 K (95° F) oc-
curred during low engine load; the maximum tem-
perature was 333.15 K (140° F). Review of the
excess - steam-condenser specification shows the
tube-side flow rate to be 454 x 107" m’/min (225
gal/min). By operating with the latter flow rate, the

exchanger is essentially oversized and would ex-
tract the additional heat noted. The main disadvan-
tage to this situation is that this energy must be
replaced in the saturated liquid returning to the
engine before steam can be produced. Table [X (c)
represents data for the thermatl effectiveness of this
exchanger. Specificaiion datys necessary for an
effectiveness comparison were not available. The
excharniger was designed to transfer 351 kilowatts
(1 200 000 Biu/hr).

Series VI — anciilary heat exchangers: The
calculated results from the series VI tests are pre-
sented in table X(a) to X(h). The heat-transfer
characteristics and the thermal effectiveness of the
auxiliary facility heat exchanger, the facility heat
exchanger, the WMS heater, and the regenerative
sewage heater are considered acceptable. The data
from the freshwater preheater, the freshwater
heater, the sterilization regenerative heat ex-
changer, and the water sterilization heat exchanger
indicate that neither the quantity of heat trans-
ferred nor the thermat effectiveness reached expec-
tations :nd thus are subject to further study. In the
freshwater heater test, the facility heat exchanger
was operational and supplied heat to both the
space-heating load and the freshwater heater. The
flow through the latter was dependeny upon that
modulated flow rate to the facility heat exchanger
to satisfy the space-heatin§ load. in addition, the
steam pressure was 62 x 10° pascals (9 psig) instead
of the 103 x 10’ pascals (15 psig) normally sup-
plied. As a result of these deviations from the
design conditions, the quantity of heat transferred
was considerably iess than anticipated. Although
resulis from the - freshwater. preheater indicated
reduced heat transfer and thermal effectiveness,
the temperature of the outlet freshwater was be-
tween 325.93 and 327.04 K (127° and 129° F) and is
considered adequate to meet preheat requirements.
The slight reduction in freshwater flow rate enabled
the temperature to approach the specification.
Failure to record the steam condensaie during the
water sterilization heat exchanger test prohibited
the calculation of its thermal effectiveness. The
heat-transfer rate, however, exceeded that required
by design specifications; therefore, its effectiveness
should be acceptable. The temperature of the
sewage water reached 38926 K (241° F) when
steam at a pressure of 103 x 10° pascals (15 psig) was
available and 374.82 I (215° F) when 48 x 10’
pascal (7 psig) steam was used. Tt is obvious that a
temperature adequate to sterilize the process fluid
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was reached. The flow rate on both the tube and
shell sides of thé sterilization regenerative heat ex-
changer was below design specification; therefore,
the expectéd amount of heat transfer *vas not
reached. Temperatures of outlet fluids were ade-
quate, however, 10 susiain the sterilization.

Conclusions and recommendations.—On the basis
of the results presented in the preceding section,
the following conclusions from the HACS tests
have been reached. '

1. Although performance of the absorption and
compression chillers does not coincide with the
manufacturer’s predictions, it is adequate 1o meet
design requirements for cooling 1oads under sepa-
rate or combined operation.

2. Some reduction in power requiremenas can be
realized by adjusting and properly locatirig the
operational sensor on the compression chiller dur-
ing joint chiller operation.

_3. Further study is required to determine the full

“scope of thermal stratification within the therrial
storage tanks. 1t is recommended that a thermocou-
ple tree be developed and used within the tanks to
gather data for a three-dimensional analysis of the
fluid during operation.

4. The quantity of heat transferred from the
heat-recovery unit into the cooling loop is depen-
.dent upon the maintenance of the HRV. Tubes
should be cleaned periodically to remove hydrocar-
bon buildup.

5. The excess-steam condenser is operating as
an oversized exchanger because of excessive cool-
ing-water flow. It is recommended that a bypass ar-
rangement be installed to réduce flow. to its design
requirements. -

-6.- The  exchangers ' associated with the ‘WMS
should be reevatuated with the design flow rates,
Some reduction in. heat transfer was noted, but an
increase coutd be achleved by testing at de51gn con-

~dmons

7. The coolmg-tower heat rejectlon was adequ-
ate to handle the maximum load placed on it. Its

~operational parameters were well within manufac-
Tufer. speclficatzons :

Wastewater Managemem Subsystem

All u-eatment processes, from primary settlmg to

complete tertiary treatment, have problems associ-
~ated_with them. In addition, small treatment

6

systems are always costly whert compared to large,
regional systems. The performance of MIUS:type
systems, therefore, was to be evaluaisd with
specific knowledge gained -about operational
characteristics, probtems. and costs,

The integrated-systems concept also means in-
terdependence of operational labor within the
system. Manpower required to operate the
wastewatel system in an integrated utility complex,
therefore, 1s less than that required by the same-size
individually operated plant. Specific knowledge of
operational and maintenance manpower require-
ments is required for effective MIUS evaluation,

Integration of closely coupled wtility functions
creates problems that are not encountered by in-
dividual uiility fanctions. Failures of equipment in
one utility more seriously affect or obstruct opera-

" tion in a different utility function within the MIUS

concept when compared 10 conventional, separate
systems. The type, the magnitude, aid the frequen-
cy of failures and their interutility effects must be
investigated. to evaluate the MIUS concept. .

In summation, the purpose of this initial tes:
program was as follows.

1. To identify process treatment effectiveness.

2. To obtain specific information on manpower
requirements for process operation in a manpower-
sharing integrated utility.

3. To identify the type, the magnitude, and the
frequency of problems related to closely coupled

utility systems.

Specific test objectives.—A large number of possi-
ble treatment processes were considered for testing.
Some processes were combined into the two basic
test series discussed in this report; namely, inde-
pendent physical-chemical treatment and: bluiogl-
cal-physical-chemical treatment.

The objective of the tests was to identify the
basic process. advantages and 'disadvantages and
thereby to define the best potential treatment pro-
cesses that could be integrated into a wastewater
treatment system. After this objective was ac-
complished, by using the purposes outlined in the
previous section as the evaluation criteria, a further :
detailed test program could be defined. :

Subsystem description.—-The initial MIST
wastewater treatment system (figs. 27 to 29) con-

~ sisted of an inclined-screen-separator primary
‘stage;-a temperature—controllmg heat exchanger. a
,_..four-stage rotaung-dxsk aerobxc bwlogmal comacx
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unit with clarifier, a submerged four-stage rotating-
disk anaerobic denitrifying unit, an alum-coagulant
upfiow chemical clarifier, an expanded-bed upflow
granulas-carbon contact column, a chlorine contact
basin, and a multimedia filter,

Because: of problems in obtaining raw
wastewater of domestic quality at the NASA Lyn-
don B. Johnson Space Center (JSC), a day tank of
approximately 26.5 cubic meters (7000 gallons)
capacity was filled during the early .afternoon
hours, when the sewage was strongest. The day
tank was aerated to preveni the sewage from
becoming septic. Flow through the system was con
stant, and the overall wastewater subsystem simul-
ated a potential MIUS system with an aerated flow
equalization basin. Flow splitting and level con-
trollers were used to adjust the hydraulic capacity
of subsequént treatment processes, The associated
plumbing was designed toaccommodate the adjust-
ment in the flow schemes to bypass specific compo-
nents within the overall system to achieve the level
of treatment desired in each particular test.

Process operation.—The various elements of the
WMS and the method of matching the different
flow rates and flow paths are described.

Day tank: Sewage to be treated was pumped
from & 7.9-meter (26 foot) deep manhole on the
JSC main sewer line to a 26.5-cubic-meter (7000
gallon) covered day tank that was fitted with aera-
- tive piping and aerated with a minimum of 10 to 15
milligrams of oxygen per liter of air per hour from
facility air lines. The raw sewage was screened to
remove solids with a diameter larger than 1.3 cen-
timeters (0.5 inch) by a coarse screen that was
pericdically backflushed to the sewer. The tank was
filled at a rate of approximately 1.1 m */min (300
gal/min). At times, the tank was filled twice a day,
but, in general, once a day was required. The filling
process took place between 12:30 p.m. and 3 p.m. to
obtain the strongest possible sewage,

- Iniclinedsscreen separator: Water was pumped, as -

requnred at approxxmately 0.03m Imm (8 gal/min)
from the day tank over the 22.9-centimeter (9 inch)
wide inclined screen with a 0.040 screen size. Sludge
* from- the sctéen was conveyed to the combined
sludge tank, arid.the screened wastewaier entered a
level-controlled holding tank.
~ Holding-tank distribution: Wastewater from the
- holding tank could be directed to flow through or
- bypass the heat exchanger to either the rotating-
disk processes-or directly to the chemical clarifier.

Heat exchanger: The heat exchanger, a tube-in- _

tube unit, was designed 1o achieve a maximum tem-
perature rise of 22.22 K {40° F) in incoming sewage
al a temperature of 288.71 K (60° F) with a flow of
0.02 m’/min (5 gal/min).

Rotating-biological-disk process; The rotating.
disk process is a type of secondary wastewater treai-
ment process and consists of four groups of large-
diametler plastic disks mounted on a horizontal
shaft. The contoured-bottom tank is partitioned
into four stages, each with its own disk group. The
disks are rotated slowly, with approximately 40 per-
¢ent submerged in the wastewater. The biomass on
the disks is very filamentous and provides a large
active-biological-surface area, larger than the sur-
face area of the disks. The biomass achieves a
buildup of approximately 0.318 centimeter (0.125
inch) and is maintained at that level by the shearing
forces created when the rotating disk passes
through the mixed liquor. The rotation also creates
a mixing action that keeps the solids in suspension
as they pass through the various stages. This unit
operates  with separzte, nearly homogeneous
cultures on each disk; i.e., nitrifiers on one disk and
carbonaceous bacteria operating on a different disk.
Other biological systems provide only a
heterogeneous environment. The initial stages,
which receive the highest organic loading, develop
cultures of filamentous and nonfilamentous bac-
teria and fungi for organic decomposition., As the
concentration of organic water decreases, nitrifying
bacteria appear, together with higher concentra-
tions of rotifers, protozoans, and other predators.
Because the biomass is continuously being sloughed
and replaced by new growth, sludge recycling is un-
necessary;, hence, the system is simplified and
operator attendance is reduced to a minimum.

- Denitrifying process: In this test program, a
rotating-disk system similar to the one just de-
scribed was used for dentrification. The system is
modified so that the entire disk assembly is sub-

merged in the wastewater and thus an anaerobic

condition is created. The dentrification step in this
system had to be preceded by biological-oxygen-
demand (BOD} removal and hitrification in the
rotating-disk process previously described. A car-
bon source — in this case, methanol — was added
to the influent flow of the denitrifier. This food
source is required for development of the denitrify-

ing bacteria on the media. To achieve a high level of

nitrogen n,moval a high degree of ammonia con-
version to nitrate in the agrobic disk system is re-
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quired, as well as the nitrate conversion to nitrogen
gas.

Physical-chemical treatment system.—In addition
10 the screening und biological processes described,
a packaged physical-chemical (P-C) system was in-
stalled in the overall system. The unit was used
both as an independent P-C system without the use
of the biological processes and as a tertiary system
for polishing the effluent from the biological pro-
cesses. The P-C process steps are as follows,

1. The untreated wastewater is pumped from
the holding tank or the denitrifier, as applicable, to
the flash-mix tank by a constant-rate influent
pump. Coagulant chemical is added to the incoming
wastewater in the flash-mix tank by a manually
variable positive-displacement feed pump.

2. A motor-driven mixer mounted on the flash-
mix tank provides agnatlon to fully contact the
chemical and wastewater streams. Both the
coagulant feed pump and the mixer are turned off
and on with the input pump.

3. From the flash-mix tank, the chemically
treated wastewater flows by gravity to the
downcomer section of the clarifier. Here, the
chemically treated wastewater is agitated gently by
a series of flat circular disks that give the stream a
dowriward rotation motion. The rotating stream is
directed against & series of baffles located at the bot-
tomn of the downcomier that stop the rotation of the
water and redirect it into an upward, linear path,
The flat disks are driven by an electric motor
through a variable-speed drive and a gear reducer
that are mounted on top of the clarifier,

4. Studge is withdrawn from the bottom of the
clanﬁer by means of » - ..ii ve-displacement pump,
This pump is controlleu by a photoelectric instru-
ment mounted above the clarifier water surface,
This instrument detects the level of sludge in the

‘Tarifier and starts and stops the sludge pump accor-

- dingly. The withdrawn sludge is pumped to the

drain. From the clarifier, the water passes upward
through a carbon ‘column. to which a continuous
supply of air is added by a small compressor,
5. From the carbon column, the water then
~ flows by gravity to a surge tank that acts as a hold-
ing reservoir-for the pressure filter, Level-control
probes in this tank operate the filter-feed/backwash
pump. Disinfectant chemical, when applicabie, is
added to this tank by a manually variable positive-
- displacement’ feed pump, The disinfectant-chemi-
cal pump is turned off and on with the filter-
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feed/backwash pump. The latter pump normally
drives the water through the pressure f{ilter, which
removes any residual solids from the waste stream
left after the preceding treatment steps. This pump,
in conjunction with proper valving, also serves to
backflush the accumulated solids from the filter
bed during the backwashing operation. :

6. After passage through the pressure filter, the
water moves through a flow control valve to drain
as final effluent or to the RO unit if applicabie,

Test description —Six different test series were 1o
be investigated in this phase of the MIST Program;
however, because of certain limitations, modifica-
tions and deletions had 1o be made (1able XI).

Independent physical-chemical tésting: A
schematic of the P-C system used is shown in figure
27. in the following description of flow through the
system, the numbers in parentheses represent com-
ponents designated in figure 27.

1. Raw wastewater is drawn into.an aerated tank
(1}. Because of thé dilute characteristics of the ISC
wastewater, the water was selected during a limited
time period, between 12:30 and 4:30 p.m. each day.
The characteristics of the raw wastewater are
shown in columns 2 and 3 of table XII.

2. Wastewater is screened through a Bauer hy-

drosieve for primary solids separation (2).

3. Primary treated water is delayed in a stirred

holding tank,
- 4, Wastewater is taken from the holding tank 0
the P-C plant cosgulant flash mixer, through two
heat exchangers that control inlet temperature to
+0.56 K (+=1.0° F) from ambient to 302.59 and
310:93 K (85° and 100° F) (5 and 6).

5. Wastewater is delayed approximately 2 hours
in an upflow flocculator clarifier; here, a heavy
siudge bianket of aluminum hydrox:de 18
produced (8). :

6. Clarified effluent is passed through an aerated :
upflow carbon column (9). -

7. Water is delayed in a chlorme contact basm
for 15 minutes (10). -

8. The final treatment step of the process is
filtration through a muitimedia filter (11).

9. Water is then sent back through the regenera-

tive heat exchanger 1o rediice the temperature for

discharge (5).
10. Water is sent to the surge tank and then dis-

.charged (12)
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Reverse-osmosis testing: Figure 28 is a
schematic diagram of the RO test setup. In the RO
test series, the P-C system was used first to pretest
the wastewater. The P-C outlet water then was pro-
cessed in the RO unit as follows. (Numbers in
parentheses represent components designated in
fig. 28.)

1. Refiltered through the RO sand filter {16)
2. Acidified to proper hydrogen-ion. concentra-

‘tion (pH) to protect the RO membrane (15)

3. Forced through the RO separation module
(14)
4. Dispensed
a. Purified component: sampled and sent to
drain
b. RO underflow componem returned to
holding tank (4)

Biological-tertiary testing: Figure 29 shows the
entire WMS flow schematic. The flow patiern for

* the biological-tertiary test series is as follows.

(Parenthetic numbers represent.components desig-

nated in fig. 29.)

1. Water is treated as in the P-C system, through

the temperature-conditioning stage; fiow rate 0.019

m’*/min (5 gal/min).

2. Wastewater is contacted in four stages by the
rotating biological disks (18).

3. Wastewater is settled for 2 hours (19).

4, Fiow from the settler is split, with 0.0019 to
0.0057 m’/min (05015 gallmm) flow through the
denitrifier (20). .

5. Flow is combined at the P-C system rapid-
mix unit and proceeds through the P-C unit as pre-
viously described. :

, Bié’kogical overloading: The biological dver;oad
test setup was identical to that for the biological-

- tertiary tests. Sludge was added to the wastewater

supply tank to increase BOD, chemical oxygen de-
mand (COD), and suspended solids to approx-
imately two and three times the normal concentra-

setup for biological-system poisoning was the same
as the biological-tertiary pattern, Alum was added

“in increasing .amounts until the biomass was no

ionger viable enough to properly process the incom-
ing wastewater.
Data recarded mWater samples were taken at

numerous points in the system as required for the
different test series. These locations are indicated in
figure 29. The points investigated and the analysis
performed can be readily identified on each data
sheet. Temperatures and flows were routinely
recorded.

Test resuits.—~The MIST WMS test results in-
clude graphs of several critical parameters showing
daily variations in input and output and tables sum-
marizing the overall resuits of the analyses per-
formed on each test series. Several visual observa-
tions are also included.

Independent physical-chemical testing: Table
XI1 shows the averaged results for the difierent
parameters investigated during the P-C test series.
In general, it can be seen that little difference in the
removal efficiency of the system was found when

- the temperature was increased from 302.59 1o

310.93 K (85° to 100° F). There is an apparent in-
crease in ammonia removal at the higher tem-
perature, but further investigation would be re-
quired to verify that conclusion. Operationai
difficulties with maintaining a proper sludge
blanket in the clarifier were encountered at the
higher temperature. Sludge-blanket upset appears to
be caused by small changes in inlet water tem.
perature. This conclusion also should be investig-
ated further, In general, the P-C unit produced very
good removal efficiencies with the exception of the
ammonia.

Reverse-osmosis testing: After the wastewater
was passed through the P-C system, a further
reduction in pollutants was achieved by means of
the RO unit. The resultant effluent is of extremely
high quality and could be used for boiler purposes
in the MIST system, The results of the RO tests are
summarized in table XHI.

Biclogical-tertiary testing: Extreme cyclic in-
fluent parameters were troublesome throughout the
program. Figures 30 and 31 are examples of the
variation in BOD and in ammonia, respectively,

- during a portion of the test program. The effective-

ness of the rotating biological disks and of the P-C
system as a tertiary process sequence is also shown

- for the ammonia and BOD measured during this

period. Strongest raw wastewaters were consis-
tently found at midweek, with weak waste at the
beginning and the end of the week. Data were not
recorded during the weekend, Table XIV shows the
results of this test series in relation 10 temperature
effects. Operation at the controlled temperatures of

302.59 and 31093 K (85° and 100° F) revealed no
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specific temperature effect. Later, the wastewater
temperature was allowed to fall to approximately
294 K (70° F) but was not controlled. Even with
this lower temperature, no significant change in the
biological portion or in the tertiary portion can be
seen. Biomass growth on the disk, however, is
much greater at warm temperatures. High-quality
treatment was reliably achieved during thé entire
test period even though the influent water content
continued to fluctuate widely.

Biological overloading; Creation of an overload
condition was attempted by adding primary sludge
from a nearby treatment plant to proeduce two and
three times the normal concentration of several
contaminants: BOD, COD, suspended solids, and
turbidity. The results were not optimum (table
XV). Only in COD, suspended solids, and wurbidity
were there significant changes in the influent con-
centration and then not the twofold and threefold
changes anticipated. However, the significant result
was the capability of the rotating-disk system to ab-
sorb changes of this magnitude. The tettiary system
was not requnred to smooth oul the operational
‘suirges.

Biological-system poisening: Alum was added to
the first stage of the rotating disk in an attempt to
reduce the phosphates in the biological system, as
well as to remove suspended solids and BOD more
effectively. The addition of 100 mg/liter of alum
produced a good removal of phosphate but no
change in suspended solids or BOD removal. The
alum dosage was increased in steps to approx-
imately 500 mg/liter with no change in conditions.
At that point, the ammonia conversion to nitrate
ceased. Although no other immediate changes oc-

“curred visually or chemically in the rotating disk, a

. biological kill obviously had occurred. Subse-

quently, major sloughmg of the blomass was ob-
served

Conclisions and recammendatmns —On the basis
of WMS testing results, the following conclusmns
have been reachecl :

1. Physical-ch'emical_ testing o
a. Alum as a single coagulant is excellent.
b. The Met-Pro flocculation blanket is stable
under water temperature conditions.
c. Redesign of the P-C unit can save power
d. Activated carbon is not necessary in all
cases wlth an MIUS

e. The P-C system produces excellent water
and has reasonably low manpower requirements if
it is well automated.

2. Biological testing '
a. The Bio-Surf’ is stable under difficult
water conditions.

b. Better clarification is required to reduce
suspended solids.

c. Denitrifiers less expensive than the one
used are available; however, the performance of
denitrifiers is excellent.

d. The Bio-Surf is an economical wastewater
treatment system with low power and maintenance
requirements.

3. General ,

a. Analysis delays produce significant prob-
lems in test operation.

b. Detailed coliform tests are required.

¢. Chemical analysis of ammeonia conversion
is the most rapid measure of biological toxicity.

d. The RO process has limited use in an
MIUS.

e. System design should enable removal of
walter at various points in the treatment process for
use when high levels of water purity are noi re-
quired.

Solid Waste Management Subsystem
The solid waste management subsystem

(SWMS) consists of an incinerator, with its loader
equipment, that burns solid waste, The thermal

energy produced is exhausted out the stack through

the heat-recovery unit to produce steam. Figures 32
and 33 are schematic diagrams of the overall solid
waste system and the heat-recovery umt rmpeo—
tively.

The incinerator was designed to burn at a rate of
31.8 kg/hr (70 Ib/hr). The thermal energy produced
would be recovered with a design efficiency of 60
percent. Supplementary fuel is supplied for startup
and to maintain the primary and secondary cham-

~ bers at desired temperatures. _
Test objectives—Thiree specific tests were plan-

ned.

" 1. Series I, boiler mode test.
2. Series 11, refuse charge-rate test.
3. Series HI; sludge charging-rate tests,

_5A bfzo:léglcql sewnge t_realment unit manufacturéd by the Autotrol Corpqra:tiom




The first test was designed to determine heat-
recovery efficiency when only fuel oil was burned.
The second test was to provide incinerator perfor-

- mance data at various refuse charge rates. The third
1est was not performed.

Test description.—The boiler maode test (series I)
was operated using a variable afterburner tem-
perature controller set point ranging from 977.59 to
1144.26 K (1300° to 1600° F). Although 1310. 93K
(1900° F) was the maximum test temperature plan-
ned, it was not possible to reach a temperature
much in excess of 1144.26 K (1600° F).

The refuse charge-rate test (series II) was per-

formed with charging rates ranging from 30- t0 10~

minute cycles.

Test results.—During the boiler mode tests fuel
consumption varied from 0.016 to 0.019 m’/hr (4.2
to 4.9 gal/hr) for afterburner temperatures in the
range of 977.59 to 1144.26 K (1300° 10 1600° F).

 During these same tests the feed-water fiow varied

from 0.057 t0 0.114 m >fhr (15 t0.30 gal/hr). These
values indicate heat-recovery efficiencies from 23
. 10-40 percent. .

" "Results of the solid-waste oharge—rate test dem-
onstrated the capabnhty of the incinerator to reduce
refuse volume, Ten 0.2-cubic-meter (55 gallon)
- drums of grade 2 shredded waste (666.3 kilograms
(1469 -pounds)) were loaded into the incinerator
during the 11 hours of operation, One 0.2-cubic-
meter (55 gallon) drim -of ash (137 kilograms (302

pounds)) was cleaned out after test completion and -

-represented a weight reduction of 79 percent.
However energy recovery was small and slagging
problems occurred in the primary chamber.

~ Conclusions.and recommendations —The incinera-
. tor performance in reducing the volume of solid

~waste was excellent. The slagging problems that oc-

_curred can be eliminated by charging no more than

~136.1 kilograms (300 pounds) of solid waste be-

tween ash cleanout periods.

- . The time required to bring the mcmerator up to

- operating conditions was excessive, more than 2
- hours. The proposal to correct the problem is to
" shut.down the main blower until solid waste is ac-
- tually being burned, because the blower introduces

-.a large volume. of ambient air. into the primary

'chamber arid heat from combustion” must heat thls
. air-as well as the chamber
. Another. problem encountered was the exmng of

smoke and ﬂames through the: chargmg door when N
S ~~the charge sequence was actwate(L "

Control and Monitoring Subsystem

The purpose of the originally installed control
and monitoring equipment for the MIST was,
specifically, to maintain the operational status of
the subsystems and to record data for detailed
analysis after the subsystem tests had been run.
Hence, there were no tests associated with evaluat-
ing the contro! and monitoring equipment.
However, before each test, the control and monitor-
ing equipment was checked out to determine its in-
tegrity at that time.

Subsystem description—~The MIST control and
monitoring equipment provided the majority of in-
formation pertinent to most subsystem tests, The
operational equipment displaying pressiires, tem-
peratures, electrical parameters, and pump and
motor status information had to be functioning
properly before commitment to the subsystems
test, The following tests at the displays and controls
were conducted before each subsystem test.

1. Operational display

a. Temperatures — The operational temn-
peratures were displayed on a multipoint digital
readout device. This unit served as the primary in-
dicator for 48 critical subsystem temperatures. The
operation of the unit and of the thermocouples as-
sociated with it was verified before each test. A
multipen strip-chart recorder was also set up to
monitor critical cooling- and heating-water tem-
peratures. The signals for this recorder were pro-
vided by redundant temperature probes.

b. Pressures - Individual pressure meters
were located in the control room. These meters
were driven directly by the sensors in thé sub-

system lines. Only the most critical pressures were
displayed; and because of their crmcalness, they

- were checked before each test.

c. Motor, pump, and valve smtus mforma-
tion — Operating lights that indicated the mode of
operation of pumps, motors, and valves were used

" to establish the appropriate configuration of the
‘Subsystem b_et‘ore and during its test. A lighting test
_venﬁed operation of the indicators.

2. Controls — The subsystem controls for the

: MIS'I‘ were pnmaﬂly manual valve adjustments at.

the valves and manual control of the pump and
miotor operation by the use of rémote switches.
There were, however, nine automatic controllers
that had to be verified as operat:onal if they were to
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be used in the particular test phase. One of these
controllers was electronic, and the set point was ad-
justed in the control room. The other controllers
were pneumatic; two of them weré located in the
control room, and the remaining six were located in
the equipment area. The set-point adjustment for
these controllers had to be checked out before tests
involving these control loops were conducted.

With the data-recording equipmient, all instru-
mented paraimeters were converied 1o digital sig-
nals and recorded on magnetic tape for posttest pro-
cessing. The tape-recorded data served as the
historical record for a detailed analysis by test
engineers. The equipment that recorded the data
was called the DEXTIR and was manufactured by
Beckman Instruments. The data were recorded in
digital counis representative of the conditionied sig-

" nals with a range of —10 to +10 millivolts. A stan-
dard reference signal of § millivolts was included in
seven different channeis as a check on the
multiplexing and analog-to-digital conversion
equipment. The output of the DEXTIR was
‘checked by printing a paper tape of the data or by

_calling up any measurement individually on the
digital data readout. Since the DEXTIR output was
in’ counts representative of the conditioned signals,
the operator had to use appropriate tables to con-
vert the¢ DEXTIR output to the engineering-unit
value anticipated.

An example of the DEXTIR paper-tape printout
(fig. 34), an engineering-unit conversion table (ta-
ble XVI), and a copy of the processed data from the
DEXTIR magneuc-tape output (table XVII) are in-

* luded.

Test results.—~Several noteworthy observations.

were made, It should be pointed out, however, that
although the actuat impact of such an operation was
originally unknown, it was well understood that the
MIST operation could not be optimum with the

- manual controls and the techniques for recording.
‘and processing test data that were 1mplemented In

~ that respect, there were nurerous delays in test
starts, retestmg was necessary, and undue com-

' promlsw were made to avoid such retestmg or

delays in starting. These problems were caused by
failures that went unnioticed until the recorded data
were processed by the off-line computer; and, as a

- result, precaut:ons were taken to' avoid such Tecur-

- tences. The measures taken to alleviate the problem

of testing while bad data were being recorded are
summarized as follows.

1. The standard reference calibration signal of 5
millivolis in the seven channels was checked before
and periodically throughout the test,

2. The magnetic tape was dumped immediately
after a test procedure was shut down or completed.
This dump verified the integrity of the taped data
and enabled the operator 10 ascértain whether the
data could be processed. If there were problems
with the recorded data, it was necessary to adjust
the data acqmsmon system (DEXTIR) and rerun
the test.

3 ifno major discrepancies in lhe recorded data
were found, the next phase of the testing was iniu-
ated, The recorded data were sent to the NASA
data-processing center, where a hard-copy tabula-
tion and a microfiim of the tabulation were pro-
duced. Copies of the processed data were produced
and made available through the NASA microfilm
reproduction center.

4. The printouts of data were then distributed 10
those individuals or contractors primarily con-

_cerned with the tBSt — generally. the fi ollowmg reci-

pients,

a. The Urban Systems _Pro;e‘ct Office
(USPO) subsystem engineer

b. The simulation program development
contractor (Lockheed FElectronics Compaty)

¢. The MIST development contracter (HSD
of the United Technologies Corporation)

d. The test cupport contractor (Northrop
Services, Inc.)

‘A microfilm copy of the tabulated-data was then
filed in the USPO. Additional hard copies can be
produced upon specific réequest. '

Conglusions.—~A monitoring and control system
that provides display of only the *‘critical™

‘parameters in real time is not sufficiently con-

ducive to a sutcessful testing program. Sensors not
“critical” to operations (i.e., safe operations etc.)
are sometimes very valuable in the analysis. 1f such
a sensor has failed and the failure is not reatized un-
til the recorded data have been processed, the téstis

‘less than a success. Hence, evaluation testing of

future subsystems should be accomplished with a
momtormg and coritrol system that prov:des teal- -

g “time status of all measured values




Phase It (lnh‘jn‘todﬁya’toma) Tests

The MIST integrated tests were conducted in
two series. The series | tests were performed to
demonstrate the capability of the various sub-
systems to function as an integrated unit at discrete
set points, In the series II tests, the unit was oper-
ated to meet the demands of a 24-hour varying
proﬁle

Series [ Testing

Steady-state tests were conducted in the séries |
program to establish the capability of the PGS, the
HACS, and the WMS to function in an integrated
mode under a variety of conditions. Because of the
experimentai nature of the WMS, these tests were
conducted independently from the remainder of
the intégrated tests. Specificaily, the space-heating
tests were conducted primarily to evaluate thermat
storage use with a variety of heating-load condi-
tions and steam energy production rates. The space-

“gooling tests were designed to-establish the floating-
spli’t-“_charactetiﬁstics of the air-conditioning chillers
and the thermal storage usage at selected loads and
thereby enable the system performance and control
characteristics to be studied. :

The test data collected, presented subsequently
under “Series I Test Results,” were intended to pro-
vide & confidence level before the more complex,
dynamic series 11 tests were conducted. Because the
series I tests were intended as a confidence and
multipoint operation demonstration, no attempt

-was rhade-to draw. any major design conclusions
from these data. This information does, however,
serve as a cross-check at discrete points to the data
obtamed in the series II tests.

: Test: eorgf‘guratmn and description ~To ensure the

“miost effective thermal integration. of recovered
waste heat into the MIST system, the engine was

conﬁgured in the ebullient-cooling mode, the in-

_cinerator’ was made--operational, 4nd ‘the heating

and cooling loops utilized the energy to meet the
-Yoads and/or chasge the thermal storage units: The
_ engine and incinerator heat-recovery rates (i.e., the

* total emha]py difference through the heat-recovery '

umts) were determined through measu:ement of

the generated system pressure and the quantity and
temperature of the makeup water to the units. The
makeup-water measurements were necessary
because collected condensate representing the
steamn usage was not returned to the holding tank
for reuse. Although the actual quality of the steam
generated was not a factor in the analysis of series 1
test resuits, the steam was assumed to have a 2-per-
cent moisture content.

The incinerator was operated with only fuel oil
&S an energy source, and the configuration was such
that the generated steam was integrated- directly
into the waste-heat-recovery manifold. Fuel-oil
usage was recorded, and steam generation was
determined by measuring the makeup-water re-
quiremerit to the incinerator boiler.

The space-heating tests were conducted first
with the engine operating independently, and sec-
ondly with the incinerator and the engine operating
simuitaneously, The tests were conducted by main-
taining a fixed engine load and a fixed heating load
until the thermal storage tank was configured in
either the charge or the discharge mode to compen-
sate for the difference between the waste thermat
energy produced and the heating-load require-

ments. The tank was fully charged before the start

of the test if the discharge configuration was re-
quired during the test. The energy usage within the
heating loop was determined by the steam-conden-
sate quantity and temperature measured at the out-
let of the facility heat exchanger when the thermal
storage tank was in the charge mode. When the
thermal storage tank was in the discharge mode, the
total heat usage was found by measuring the heat
drain in the tank and the heat transfer through the
facility heat exchanger. The hot thermal storage
tank was considered charged when the fluid tem-
perature reached »83.15 K (230° F); the discharge
point was considersd to be 349.82 K (170° F).

The space-cooling tests were configured so that
the absorption and compression chillers could oper-
ate independently or in conjunction with others on
the basis of cooling-load conditions and the
availability of steam to drive the absorption chiller.
As in the space-heating test, only the engine was
operated for some load conditions, whereas both
the engine and the incinerator were functioning for -
other conditions. The floating split between the ab-
sorption chiller and the comp.ressmn chiller for

6'ﬂ:e ﬂoaung-Splrt mode of chiller operatmn requlres tbal all the avan!ahle stearn be utilized by the absorpnon chlller, with any re.

mmmng ooolmg load bemg carried by the onmpress:on ch ler :




each electrical- and cooling-load combination was
determined by measuring the percent of cooling
loac carried by the absorption chiller. Steam con-
sumpiion was measured at the condensate outlet of
the chiller, and load percentage was determined by
measuring the change in temperature of the chilied
water undergoing constant flow through the chiiler.
The split ratio resulted from the difference in total
cooling load and the percent of absorption chiller
load
* Thecold thermal storage tank was placed in both
the charge and the discharge mode to test its
capability to store or provide heat energy withiin the
cooling: loop. The tank was considered charged
when the internal fluid temperature reached 280.37
- K (45° F) and was completely discharged at 285.93
K (55° F). For those tests requiring discharge, the
tank was fully charged before the start of the test.
Finaily, it shouid be noted that no attempt was
made to configure the engine in the forced-circuia.
tion-cooling mode or to run the dry-heat-rejection
teést as described in the MIST Test Requirements
Document dated May 1974, Data from these tests
- were not considered critical to the series II testing.

Series 1 test results.—Results of the integrated-
systems series I tests are pr&eented in the following
subsections,

- System heat-recovery tests: Table XVIIE sum-
marizes the test data for heat recovery from the
engine at the selected engine settings. Included is

the. speclﬁc high-grade heat recovered from the ex-
haust gas and the jacket water, as well as the

specific low-grade heat recovered from the engine:

oil cooler/aftercooler coolant.

For each power load, the heat-recovery results
werée time averaged to normalize the test data. The
time-averaged heat-recovery rate was. determined
by the following relationship.

Time-averaged heat_érécb\"ery» fate =

Ty T

‘where .

_--T.= duration of test, hours :

"HR = heat-recovery rate, Br:tlsh thermal umts
-pér-hour -

n denotes test number o

The total engine heat rejecied through the
lubrication oil and recovered from the exhaust gas
and the jacket water is plotted as a function of
engine load in figure 35(a). The low-grade heat
from the lubrication oil as a function of engine load
is shown in figure 35(b). The total MIST system
high-grade heat recovered from the engine and the
incinerator is depicted in figure 35(c). The opera-
tional characteristics of the incinerator changed
during the running of series [ tests, as evidenced by
its performance curve. The efficiency dropped
from an average of 66 percent during the 41-
kilowatt engine setting down 10 an average low of
41 percent during the 107-kilowatt setting. Opera-
tion became stable during the 122-kilowatt-engine-
toad run. A significant difference was noted be-.
tween the amount of heat recovered during the sub-
system tests and at the start of the series I tests. The
time-averaged operating efficiency of the incinera-
tor was determined to be 55 percent. A compleie
tabulation of the heat-rejection/heat-recovery infor-
mation: for each engine load is offered as part of the
space-heating test results in table X1X.
Space-heating tests: The results shown in table
XIX represent a comparison of heating load, engine
load, incinerator stawus, and thermal storage status.
If a comparison is made of the quantities of high-
grade heat ut:hzed a difference will be noted. This
difference is a result of the test technique used in
measuring steam condensate. All condensate was
measured and dumped instead of being returned to

‘the condensate loop. Makeup requirenients were

met by using lower temperature facility water. The
difference noted previously is equivalent to the
energy required to raise the condensate from its

makeup temperature to the normal saturation tem- -

perature of condensate. Therefore, with a closed-
leop configuration in which condensate was being
returned to the heat-recovery unit, the actual heat
available for consumption or utilization wouid be

. equal to the high-grade-heat récovery rate. This ta-
ble aids in assessing the interactions and effects of
changing the heating loads, the thermal storage

status, and the incinerator status while the engine
parameters are held constant. A typical thermal
storage charge/discharge temperature profile is

. offered, for reference purposes: only, in figure

35(d). This chart was obtained from actual com-
puter plots of internal tank fluctuations in the heat-

mg—load-smulator operatlon

' ~7Recovered heat uui:zed is def ned as the sum of heat lO lond and mermal charge or the dnﬂ‘erenee bctween heat 10 low‘ and thermal

lescharge P
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Figure 35(e) represents hot thermal storage
charge and discharge rates as a function of steam
heat available for averaged values of space-heating
loads used in the series 1 tests, This chart can be
used to defermine the quantity of thermal energy
" that can be stored or the quantity that must be dis-
charged to meet a specific space-heating load, with a
specific amount of steam heat available, To arrive
at the amount of steam heat available, the opera-
tional status of the incinerator and the etectrical
load on the engine must be determined. By using
the 55-percent efficiency value for the incinerator
and the total heat content of the fuel used, the
recovered waste heat can be calculated. By using ta-
ble XVIII and extrapolating for the exact kilowatt
load, the engine-recovered steam heat can be deter-
minéd. The sum of these two values represents the
total steam heat availabie. The intersection of the
space-heating load and the steam-heat quantity
determines the charge or discharge rate resulting
from these conditions. This procedure can be
followed for each hour of a 24-hour profile to esti-
mate the total daily chargeldlscharge profile and
waste-heat utilization.

- Space-cooling  tesis; Table XX contains the
results of the space-cooling tests and indicates the

- floating-split ratic of the absorption/compression

chiller for each lead condition. In an effort to vali-

date test results for be:ter correlation to theoretical

system performance, the foilowmg assumptions
‘were made. -

1. Test data for absorption chiller loads of less
than 35.2 kilowatts (10 tons) were considered
unreliable because the. units under test were not
designed to operate at less than 50 percent of their
- 87.9-kilowatt (25 ton) rated capacity, according to
_the manufacturer. :

2. Test data thm resuitad in an gbsorption: chiller
COP greater than 0.7 were questionable, and this
-value was used instead because it is the maximum
value obtained in subsystem testing. '

- Because condensate nméasurements s:mﬂar to

!hose for the space-heatmg tests were made for this
segment. of - tests, some increase in steam
- availability could be expected in a closed-loop con-

figuration. This increase would result in a slightly

_higher percent of absorption chitler operation for
atl settings. Although data reliability at low load set-
-tings, (less than 50 percent of rated capacity) is

S -quwuonable the data enable: esnmauon of the"'

floating split resulting from a specific space-cooling
toad condition and electrical-load profile.

Figure 35(f) is a graphical presentation of the
calculated floating-split ratios plotied against
theoretical performance for 70.3, 105.5, and 140.7
kilowatts (20, 30, and 40 tons). Figures 35(g) and
35(h) are discussed in the section entitled “Series If
Testing.”

Series [ Testing

The series Il integrated tests were conducted to
demonstrate the MIUS concept in meeting typical
residential load profiles. Several key issues dis-
cussed in the section entitled “Key MIUS Design
Issues™ were identified as the basis for the demon-
stration. The series 11 testing consisted of a series of
five 24-hour tests for simulating different seasonal
load profiles and a separate test for domesticzhot-
water heating. Table XXI shows, for each test, the
simulated secasonal test conditions and whether
thermal storage was used.

Test configuration and procedures.—The MIST
configuration used for all the series II testing was
typical of that expected in an MIUS installation.
The major aspects of configuration and opurational
procedures that are pertinent to test data aralysis
are presented in this section. Any deviaion jor a
particular test is discussed in the section reyaung to
that test.

Power generation subsystem: The ebullient-cool-
ing mode was used throughout the series I testing.
In this cooling mode, the heat recovered from the
engine exhaust, the engine water jacket, and the in-
cinerator is collected in a common sieam header as
saturated steam at a pressure of approximately
103 x 10° pascals (15 psiz). Heat was recovered

* from the engine oil/aftercooler at a temperature of

approximately 330.37 K (135° F). Enginé loading
was . established by adjusting the load simulator
each hour to follow the MIST electrical profile.
‘Heating, ventilation, and - alr-condmonmg sub- .
system The configuration of the heating, ventila-
tion, and air-conditioning (HV AC} subsystem was

varied from test to test on the basis of the require-
- ment for thermal storage. For each test profile re-

qumng space cooling, the absorption and compres-

sion chillers- were operated in. the ﬂoanng—sphz
_ mode used for senes 1 tesung :




L Y

The heating- and cooling-load simulators were
used to establish the required loads on the HVAC
subsystem by establishing a predetermined tem-
perature difference of chilled water entering and
leaving the simulator.

Domestic-hot-water loads were satisfied from
the hot thermal storage tank during all of the test
profiles. The tank was charged before each test with
enough heat to satisfy the requlremems A constant
domestic-hot-water flow of 0008 m’/min (2.21
gal/min) was maintained throughout each test
profite for the freshwater preheater and freshwater
heater heat exchangers.

Solid waste management subsystem: Because of
operational problems experienced during previous
testing, the incinerator was operated without trash,
with fuel oil used as the only heat source
throughout the series II testing. The incinerator was
operated at a constant rate during all of the tests;
the length of operation varied from test to test.

Wastewater management subsystem: A constant
flow rate of 0.023 m’/min (6 gal/min) was main-

- tained throughout ali the series Il testing through

the WMS heater.
- General procedures: All the test profiles required
hourly adjustments of the load vatues for a 24-hour

-period. Test data were recorded continucusly on

magnetic tape and manually for several parameters
at I-hour intervals, In addition, a printed copy of ali
the data recorded on magnetic tape was obtained
hourly.

Load conditions.~The load conditions used for
the integrated tests were based on the results of the
NASA “MIUS Community Study,” which estab.
lished thé power, heating, air-conditioning, and
domestic-water-heating profiles of figures 36, 37,
38, and 39, respectively. In addition, the study
defined incinerator burn times and heat-recovery

- tates. An analysis of these load conditions was per-

formed to establish the MIST load conditions that
are thermally representative of the MIUS system

loads. The MIST loads were determined by
- duplicating the MIUS waste-heat utilization for ab-

sorption chilling (i.e., the floating split). This pro-
cedure established the air-conditioning-load profile

~and the power profile. The profiles for space heat-

ing and for domestic-water heating were established

by maintaining the same percent of the recovered
‘waste heai for these functlons as is requlred by the
- MIUS.

- Table XXH lists the eight selected engine set

- points used in- the series I tests and also identifies

the incinerator status from each run. At each test
point, heating and cooling loads, as well as operal-
ing modes, were varied. The number of tests 10 be
conducted as series | tests was minimized by deter-
mining the peak heating, air-conditioning, and
domestic-water-heating loads associated with
hourly power loads. These load conditions were
then reviewed to eliminate duplicate and/or similar
toad conditions.

The series 11 test profiles were selected 1o best
address the key issues identified in the section en-
titled “Key MIUS Desigh Issues.” These profiles
are presented in figures 40 to 43. Each test consisted
of 24-hour profiles for heating and/or air-condition-
ing loads and domestic electrical loads. The
domestic-hot-water heating loads and the
wastewater-treatment heat load were assumed 10 be
independent of season and were held at a constant
level throughout each test profile. The loads were
sealed down from those for much larger facilities 10
be consistent with MIST equipment capacities. The
resulting load profiles indicated that a relatively
large auxiliary electrical load was required to ac-
commodate the scaled-down MIST equipmeni,
compared to that for an MIUS of much larger
capacities.

Heating of domestic water may be accomplished
in the MIUS concept in any of the following
methods and their combinations.

1. At a constant flow rate when a hot-water
surge tank is used

2. At the demand flow rate when a hot-water
surge tank is not used

3. With or without preheating the domestic
water with the oil/aftercooler heat

4. By using high-grade waste heat directly or
with the return water from the space-heating
system

To determine the effects of these options on the
MIUS system, additional series I tests were con-

“ducted with domestic water flows of 0.006, 0.009,

0.011, and 0.017 m’/min (1.5, 2.25, 3.0, and 4.5
gal/min). Each of these flow conditions was tested
with and without preheating and with engine loads
of 75, 125, 175, and 215 kilowatts. The higher
engine loads were selected to provide additional
heat-recovery data.

. Series II test results.—The following comments
concérn the series IT test data analysis in general
and apply to all the individual tests. Any analyses
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that were peculiar to a particular test are discussed
in the section pertaining to that test.

Cooling-tower test data were used to determine
the incinerator heat-recovery rates. The amount of
heat rejected attributable to the incinerator was
taken as the increase over the engine and chiller
heat observed when the incinerator was in opera-
tion. This heat-rejection rate was used as the heat-
recovery rate for each hour of incinerator opera-
tion. The incinerator fuel consumplion rate was
then estimated from the heat-recovery rate, with a
60-percent efficiency assumed.

The heat-recovery rates from the engine water
jacket, exhaust heat exchanger, and oil
cooler/aftercooler were also taken from the sub-
systems test data. An average engine load was
determined for each test profile. On the basis of this
average load, the heat-recovery rates were deter-
mined from the appropriate engine data. The
average rates obtained were then used in calculating
energy balances for each 24-hour profile for the
series I testing.

The amount of energy supplied to the space-
heating-load simulator was determined from series
I1 test data. Supply and return water temperatures
and flow rates for the load simulator were used.
Each measurement was averaged for each test
profile, and these values were then used to calculate
the total amount of heat transferred during the 24-
hour period.

The amount of heat supplied to the WMS heater,
the freshwater preheater, and the freshwater heater
was calculated by using averaged inlet and outlet
water temperatures. The flow rates were preset at
the beginning of the test period and were assumed
10 remain constant throughout the test profile.

The quantity of electrical power delivered to the
compression chiller was calculated from measured
amperage values. By using the total ampere-hour
value for the 24-hour profile and an average power
factor of 0.9, the total compression chiller power
consumption for each test profile was determined.
The energy consumption for the absorption chiller
was determined by using data from a steam meter
on the chiller and the difference between the inlet
and outlet steam enthalpy.

To estimate the COP for the chillers, the toial
amount of ¢ooling delivered was assumed to be the
amount required by the test procedure, By using the
assumed cooling load and a COP of 0.59 for the ab-
sorption chiller, as estimated from subsystems test
data, a COP of 3.0 for the compression chilier was

determined. This value also agrees with subsystems
test data, and these COP values were used in ail
chiller analyses,

The amount of heat rejected by the excess-steam
condenser was calculated by collecting the conden-
sate from the condenser. The enthalpy difference
between the excess steam and the condensate was
determined from measured data, An adjustment
was made to compensate for replacing the conden-
sate in the system with colcer makeup water,

The system efficiency is defined as the summa-
tion of all the electricity generated and the waste
heat utilized divided by the total heat content of the
fuel consumed by the system. The efficiency was
calculated for each 24-hour test profile on the basis
of the analyses performed for the major system
components,

The data for each series 1] test are presented in a
performance summary table and an energy flow
chart. The summary table shows the total services
produced and the total fuel consumed for the 24-
hour test profile. The energy flow chart shows the
energy flow between major MIST components and
the energy balance for the 24-hour test profile.

Test HHA-1: In test [1A-1, a design-summer-day
load profile was simulated and cold thermal storage
was used. The performance summary and the
encrgy flow chart are shown in table XX}II and
figure 44, respectively.

The quantity of high-grade heat was out of bal-
ance by 864.57 megajoules (0.82 X 10° British ther-
mal units) for the 24-hour period, or by approx-
imately 7 percent of the high-grade heat recovered.
This disagreement is due to assumptions used in
the data analysis and to inaccuracy in the total test
instrumentation. The assumption that delivered
cooling is equivalent to the desired cooling load, the
chiller COP assumptions, the incinerator-heat-
recovery assumptions, and the engine-heat-recov-
ery assumptions all have a direct impact on heat-
balance calculations. When the potential for com-
bined errors resulting from the data analysis
assumptions and procedures and from expecied
measurement errors is considered, the 7-percent
imbalance noted in the high-grade heat values is
within reasonable limits.

No measurement was made of the unused low-
temperature heat that was recovered from the
engine to enable a heat-balance calculation similar
to that for the high-grade heat,

Test 11A-2: In test IA-2, a design-summer-day
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load profile similar 1o that for test [1A-1 was simul-
ated, but no thermal storage capability was used in
satisfying the loads other than for domestic-hot-
water heating as previously described. The perfor-
mance summary and the energy flow chart are
shown in table XX1V and [igure 45, respectively.

The quantity of high-grade heat is out of balance
by 158.15 megajoules (0.15 X 10° British thermai
units) for the 24-hour period, or by approximately
13 percent of the recovered heat. The imbalance is
caused by a combination of measurement error and
assumptions used in the data analysis procedure, as
in test [1A-1, The imbalance noted is well within ac-
cepiable limits. No attempt was made 1o perform a
similar energy-balance analysis on the low-tem-
perature heat.

A comparison of the test data from tests I1A-1
and I1A-2 shows that thermal storage resulted in
only insignificant changes in the system perfor-
mance charaeteristics. The most significant beneflts
to be expected from the use of thermal storage are
increased system efficiency through increased
utilization of “free” heat by the absorption chiller
and reduced peak electrical demand due to limiting
compression chiller loads at times of high electrical
load. Neither of these benefits is evident in the test
data. The small differences noted in the two sets of
data can be attributed primarily to nonrepeatability
of the test profile and t0 measurement uncertain-
ties. Tt should be noted, for example, that the
difference between the high-grade-heat imbalance
(7 percent for test I1A-1 compared to 13 percent for
test I1A-2) could resuit in a detectable difference in
overall system efficiency.

Test [IB-1: In test [IB-1, a design-winter-day load
profile was simulated and thermar storage was used
io satisfy the loads. The performance summary and
the energy flow chart are shown in table XXV and
figure 46, respectively,

The energy flow chart shows a net loss of 295.22

- megajoules (0.28 X 10° British thermal units) from

the heat contained in the storage tank for the 24-
hour period. In consideration of this value, the
quantity of hlgh-grade heat is out of balance by
105.4 megajoules (0.1 % 10° British thermal units),
or by approximately 1 percent of the recovered
heat. This imbalance is a result of the combination

- of measurement uncertainties and assumptions

used in the data analysis procedure and is well with-
in acceptable limits. No attempt was made to per-

form a similar energy-balance analysis on the low-

temperature heat recovered.

28

~ shown in table

Test 11B-2: In test I1B-2, a design-winter-day load
profile similar to that for test [IB-1 was simulated
but no thermal storage capability was used in meet-
ing the loads. One other significant difference be-
tween the two winter design test cases was that the
incinerator was operated for 12 hours as an addi-
tional heat source rather than for 6 hours as in the
previous test profiles. The performance summary
and the energy flow chart are shown in table XXV1]
and figure 47, respectively.

The quantity of high-grade heat i Js out of balance
by 1233.59 megajoules (1.17 X 10° British thermal
units) for the 24-hour period, or by approximately
11 percent of the heat recovered. The imbalance is
due 10 a combination of measurement uncertainties
and assumptions used in the data analysis pro-
cedure. The relatively high imbalance, as compared
to that for the other series Il tests, is due primarily
to the assumption concerning incinerator hea
recovery and the increased incinerator operaung
time. No auempt was made to perform a similar
energy-balance analysis on the low-temperature
heat.

A comparison of the data for tests [IB-1 and
IIB-2 shows a systern efficiency of approximately
seven percentage points higher in the test with ther-
mal storage over that without thermal storage. This
large difference is due, in part, to the increased in-
cinerator operation and consequently higher quan-
tity of unused heat in the case without thermal
storage. Had the incinerator been moduiated to pro-
vide only the heat required for the additional 6
hours of operation, the thermal storage case would
have shown an improvement of approximately
three percentage points. As noted in the case of the
two summer design test cases, the uncertainties in
the imbalance of the two high-grade-heat quantities
could very significantly alter the comparison be-
tween the two winter design cases.

“Test IIC-1: Tn test HC-1, an average load profile
for a spring or tall day was simulated and thermal
storage was used in satisfying the loads. The perfor-
mance summary and the energy flow chart are
XXVII and figure 48, respecnvely

A net gain of 843.5 megaijoules (0.8 X 10° British
thermal units) in the heat content of the thermal
storage tank was noted over the 24-hour period. In
considération of this value, the quantity of high-
grade heat 1s out of balance by 495.54 megajoules
(0.47 x 10° British thermal units). The imbalance
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is caused by a combination of measurement uncer-
tainties and the assumptions used in the data
analysis procedure.

It should be noted that, because the expected
engine heat was sufficient to meet the loads, the in-
cinerator was not operated. Thé only significant im-
pact on the test data was in the area of plant effi-
ciency. The 63-percent efficiency shown in table
X XVII, which is approximately the same as that for
the design summer aand winter days, would have
been reduced to 53 percent if the incinerator had
been operated for 6 hours. This reduction in: plant
efficiency is to be expected in an MIUS application
during the pericads of low HVAC loads because the
potential for recovered-heat utilization is reduced.

Test IID: Figure 49 indicates the amount of high-
grade (steam) energy required to increase the tem-
perature of domestic water from 308.15 to 338.71 K
(95° to 150° F) when no preheating is done. If
preheating is accomplished by using lubrication oil
heat, the high-grade-energy savings are evidericed
by the reduction in steam heat required. (See the
preheat curve (fig. 49).) In figure 50, the required
steam heat is plotted against the engine load for
each of the flow rates tested. The results show that
the amount of thermal energy provided by the low-
grade heat is not significantly affected by the engine
load. Figure 35(g) quantifies the amount of energy
required to preheat domestic water. In the tests con-
ducted, the low-grade heat provided 62 to 65 per-
cent of the total energy needs for domestic water
heating.

Integrated-Systems Test Conclusions

Overall results of the integrated-systems tests
tend to affirm the objectives of the MIUS Program.
Increased plant efficiencies, reduced prime energy
input, and reduced emissions resulted when the
various utility services were operated in a unified
fashion.

Series I tests.—T he total quantity of heat rejected

* and recovered fiom the ebulliently cooled diesel- -

generator set is in good agreement with the
manufacturer’s data for the total quantity of high-
grade heat available for rejection and recovery, as
shown in figure 35(a). An examination of the quan-
tity of low-grade heat rejected from the lubrication
oil (fig. 35(b)) and the quantity of steam heat made
available from the heat-recovery unit (fig. 35(c)) in-
dicates an equally good agreement with -the
manufacturer’s data on an individual basis. These

data compare favorably with subsystem heat-rejec-
tion results obtained during earlier tests. Consisten-
cy of results between heating loads for a single
engine-lcad setting is evidenced from table XIX,
where the deviation from the average quantity of
heat fejected or recovered is less than | percent.

Space-heating loads were amply met with energy
from the engine and the incinerator or with.a com-
bination of steam heat and energy from ti:¢ charged
hot thermal storage tank. Integration of the in-
cinerator waste heat into the system during low
electrical loads (41 kilowatts), however, was not
adequate to meet the high space-heating loads. Dis-
charge of the hot thermal storage tank was required
in addition to the incinerator heat when the heating
loads approached 102.5 kilowatts (350 000 Bwy/hr).

Reduction in operating efficiency of the in-
cinerator was caused by tube fouling from exhaust
gases, Frequent cleaning of the tubes appears to be
mandatory to maintain reasonable efficiency. With
this periodic cleaning, a 60-percent efficiency can
be assumed.

Although the space-cooling results compare
favorably with theoretical results, some improve-
ment could be expected in a closed-loop system in
which condensate could be reused. Additional test-
ing is required on the space-cooling loop to obtain
the chiller operational set points for optimum float-
ing-split - characteristics. These tests would be
followed by cold thermal storage performance and
conirol tests.

Series I tests. —Resuits of the series I1 tests dem-

onstrated the operational feasibility of complete
utilities integration into the MIUS concept for typi-
cal residential loads. This demonstration was based
on the issues described in the section entitled “Key
MIUS Design Issues.” The key issues relating to
thermal integration techniques, mixed-mode air-
conditioning; and integration of subsystem controls
were resolved successfully in the séries II testing.
All the MIST ‘subsystems were operated in an in-
tegrated manner during dynamic simulations of a

- vatiety of typical residential load profiles without .

significant problems.
The thermal storage system design and pro-
cedure used in the series Il esting resulted in no ap-

preciable benefits to support the thermal storage

key design issue. The most significant benefits to be
derived -from  the use of thermal storageé are in-

-creased plant efficiency through increased utiliza-
tion of “free” recovered heat for cooling and heat- -

ing and the reduction of peak electrical demand
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through limiting compression chiller loads during
periods of high electrical load. Neither of these
benefits is clearly evident in the test data; however,
significant benefits could be derived through in-
creased system control capabilities and design
changes to enable independent operation of the two
chiilers.

Analyses of the test data were based on several
basic assumptions rather than on measured. test
data. Examples include the procedure for determin-
ing incineration and engine heat recovery, cooling
delivered to the cooling-load simulator, and
assumed flow rates in several heat exchangers. The
resuits are reasonably consistent but couid be made
more meaningful and conclusive with better test
data and controls.

The test results confirm the technical validity of
the MIUS concept and provide the basis for con-
tinued testing with the MIST as a utility system
test-bed.

-Because domestic water heating requires a cons-
tant amount of energy annually rather than
seasonatly, it is concluded that preheating of
domestic water serves to improve the overall ther-
mal efficiency of an MIUS system. Furthermore,
the preheating provides a nearly fixed percentage of
total water-heating needs regardless of waterflow
rate and engine load. These conditions favor the use
of a demand-flow domestic water system to elimi-
nate the need for a hot-water surge tank. However,
the final heating of the water would 13quire a surge
_capability to prevent drastic changes to steam con-
sumption with domestic-hot-water use. As part of
the series I1 airconditioning-profile tests, the hot
thermal storage tank was used to provide this final
~ heating of the domestic water. The results of this
‘test aré plotted in figure 35(h). During this 24-hour
test, water at a constant flow of 0.009 r’/min (2.28
gal/min) was heated from 294.26 t0 338.71 K (70° to
150° F) by using a preheater and the thermal
storage tank. All steam produced during this test
was used for air-conditioning purposes and not for
heating water. ’

The results of the domestic-water-heating tests
signify- that hot thermal storage tanks can be used
" to provide the thermal surge capability and elimi-
nate the need for a hot-water surge tank. This use of
hot thermat storage increases its effectiveness from
seasonal heating applications to annual use.

- Displays and controls.—Two of the identified key
issues, integration of controls and data display re-
quirements, were not addressed by specific tasks.

“4g

Rather, the evaluation and testing of the MIST pro-
vided the experience in dealing with the various
thermal, electricai, an¢d water treatment loops that
was necessary to associate the operating parameters
in more easily recognized formats for ease of con-
trol by the test personnel. In addition, the trade-offs
between automation and manual control were a
direct evoivement of the initial test program.

Since completion of the integrated tests, imple-
mentation of these identified needs has proceeded
and a refined data system and a limited automation
of control functions are now being installed. Plans
have been made to rerun a selecied set of profiles
upon completion of this instailation, 1o compare
the two approaches.

CONCLUDING REMARKS

An analysis of the results of the tests describea
herein leads to the conclusion that the technicai
goals of the MIUS Program are feasibie; i.e., provi-
sion of utility services can be achieved by integrated
systems with a reduction of prime energy consump-
tion and a reduction in environmental impaci. In
the area of economics, it can be concluded that an
automated control system can operate the plant
with a minimum manpower level. No other firm
conclusions in the economic sphere can be drawn
from the experience gained from this program.

The demonstrated ability to simulate important
system variables on a small scale and to thusly
prove cut design concepts at low cost was shown to
have valid application to the urban sector.

Lyndon B. Johnson Space Center
National Aeronautics and Space Administration
Houston, Texas, December 22, 1976
386-01:00-00-72
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T48LE | —Engineering Data

Sensor mumber

ltem fLocatinn
Pressure P-1 Fuel input {enging)
-2 Ambient air
P3 Engine-exhaust stack |
P4 Engine-exhaust stack 2
p-5 Exhaust silencer heat-exchanger feed waler
P-12 Qi interchanger water inlet
P-i6 Cooling-tower inlet
P17 Excess-steam-condenser ecoling-tower water outlet
P-18- Condensate main-line inlet
P31 Condenser water
P-32 Jucket-water heal-recovery intet
Temperature T-i Fuel
T2 Amitient air
T-3 Engine inlet air
T-4 Engine-exhaust stack 1
T-5 Engine-exhaust stack 2
1.7 Exhaust silencer heatexchinger feed water
T-26 QOil interchanger water inlet
T-30 Cooling-tower water inlet
Temperature T-31 Excess-steam condensate outlet
T-40 Ot interchanger ocil-loop outlet
Flow F-4 Exhaust silencer heat-exchanger feed water
F-18 Cooling-tower water inlet
F.22 Excess-steam-condenser condensate outlet {manual)
F-28 Oilfaftercocler interchanger cooling-tower water inlet
F-38 Oil/aftercooler engine inlet
F-39 Engine-exhaust gas
F-40 Oil interchanger outlet
TasLE H-~Cperational Data
Trem Sensor number Location
Pressure PI-1 - Qilaftercocler inlet
P12 Exhaust-silencing heat-recovery backpressure
PI-3 Engine jacket-water inlet i
PL-5 Cooling-tower water pump ocutlet
PL& Steam pressure
Temperature TP OiVaftercooler outlet coolant
TP-2 Qitfaftercooler inlet coolant
TP-3 Engine jacket-water outlet
TP-5 Exhaust-silencing steam
TP-6 Engine jacket-waler inlet
TP-10 Cooling-tower water pump outlet
Temperature TE-11 Steam mianifold
TP-14 Oil/aflercooler interchanger cooling-tower water outles
TR1§

Excess-steam-condehser cooling-tower water outlet




- TusLE Hl—Engine Heat Balance~Farced-Convection-Mode

f1 50skilowarl electrical load]

Hear

Quantity

| 377.59/(2200)

64.1 (219 000}

{ 1125 (384000)

"} Jackér-waler - Unrecovered Jacket- Oit enafer Exhaust Electric Total
infet -exhaust -fieat ¥ | water aftercoofer heat recovery. power inpul rate, Recovery, accann-
" temperature, | k W (Btufhir) freat recovery, | heat rejection, kWiBtuftr) eyuivalent, kW (Btuthr) percent | able, per-
K{F) kW (Btuihr) | kW (Brufr) . kW(Builtr) cent
155.37.(180.0) | (709 (2420000 | (1523 (520000} | 35.) (120000} | 35.7 (122000) 149.7 (511 0600) - [ 477.4 (i 630000 78.2 930
42,2144 000) { 360 (123 C00) 149.7 (511 000} § 4774 (1630000} .3 850

"-Bas_ed an a_-310.93-’l‘{‘{‘1m° F}.ambient-temperature,
BLHv = 376016 MYy 1135 000-Bugdl).

T4BLE IV =~Diesel Enginie Noise Levels

Electrical load, kW

Noise fevel, dB-ar -

0.9 m(3 1) 7.0-m23 41y 15.2 m(s0.f13
Fest data
20 104 965 92.0
50 106 97 91.0
100 105 97 90.5
150 104 9.5 $9.0
200 105 97.5 §9.5
230 105 98.0 90.5
Engine manufacirer’s data

230 (mechanical noise) 979 859 78,
108.6 95.1 89.2

230 (exhaust wi_th straight stack)




TABLE V.=JISC Environmental Health Services Analysis Report
[Diesel engine exhaust gas - 75 percent (173 kW) loading, MIST ijeet, buildik_g 321}

Particulates, ;eglmJ

430 %107

Polfutant Cancentration Average Deviation
Feb. 24, 1975 Mar, 5, 1975° | Mar. 12, 1975

Carbon monoxide,p/m .............. 147 130 145 141 9
Carbon dioxide, vol. % ............ . 7.5 8.5 7.5 78 0.6
Oxygen, vol.% .........ooveiiennn. 107 99 113 10.6 0.7
Nitrogen vol. % .............. Ceeaan . 81.8 81.6 81.2 8L.5 0.3
Water,vol. % ...t e 317 56 6.6 53 1.5
Unburned hydrocarbons, p/m ........ 7 27 28 24 12
Methane, p/m .......coviieeacnninas 5 §] 9 8 3
Free cathon, p/m ...........: A, 5 16 19 13 7
Oxides of nitrogen, ugfm’ ............ 1490 %107 [ 140x10” | 962x107 | 191 %10 | 286 %107
Suifur dioxide, pg/m’ _............... 170 10~ 18%107 | 168 x107 | 1Max10”. 9%10”°
Sulfur trioxide, pg/m’ .........oeiees 223%107° | 293%10”° | 284x10” 1 267x10° | 038xi0"

.................. 902x107 | s88x10™ | 640x10” | 240x107

BEngine operaling at 200 kW,




TABLE VI—HACS Instrumenitation List

ltem . Sensor nomenclature . Location
Pressure Pl-5 Cooling-tower water pump outiet
: PL-6 Steam manifold
Temperatire | - 1 Generl
Sling psychrometer Ambient wet and dry bulb
TP-1 ' Engine oil coolant cutlet
TP-2 Engine oit coolant inlet
T¥-6 Engine jacket-water inlet =
TR-10 ' Cooling-tower water pump outlet
TP-27 Heating-load water supply (simutator)
TP-18/TP-34 Heating-load water return {simulator)
TP-35 Cooling-load water supply {simulator) ~
TP-24/TP-36 i Cooling-load water return (simulator). |
TP:11 ° ' Steam manifold
- Absorption chiller
Thermometer .| = Absorption chiller condensate outlet
T33 . - -Absorption chiiler chilled-waiter inlet
TP-13 Absorption chilter condenser water outlet
e : TP-19 . Absorption chiller chilled=water outlet

T-34 Absorption chiller condenser water inlet

Comipression chiller

TP-25 Compression chiller condenser water outlet
TP-26 Compression chiller chilled-water outler

TP-32 Compression chiller chilled-water intet
Combined chillers _
TP-17 Combined-chillers condenser waier outlet
TP-31 Combined-chillers chilled-water outlet

Therimal storage

TP-15 Cold thermal storage outiet
TP-33 Chilled-water storage tank

TP-28 ' _ Hot thermal storage 1ank

Heat rejeciion/heat transfer

TP-29 _ B ) Cooling-tower water outlet
TP-30 Cooling-tower waler inlet -
TP-26 - : : Oil-aftercooler-interchanger cooling-water inlet

TPA4 ' Oil-aftercooler-interchanger cooling-water outlet

Excess-steamn condenser
Thermometer Excess-steam condensate outlet
™22 ) Excess-steam-condenser cooling-tower water outlet

. Jacket-water interchanger
T-8 ‘ Jacket-walter interchanger outlet
TP-16 = - . : Jacket-water interchanger cooling-tower water outlet

Auxiliary facility heat exchanger
TP-3 Engine jacket-water outlet
- TP-29 Jacket-water pump inlel
i 2 S R .. Auxiliary facility heat exchanger watef infet.




TanLe Vi—Continued

ftem Senispr nomenclaniie Luvation
Temperature Facility heat exchanger
Thermomeler Facitity heat exchanger condensie outlet
TP-30 . Facility heat exchanger hotswater outlel
Freshwater preheater
T-22 Potable water inlet
TP-8 ~ Freshwater preheater outlet
TP-21 Freshwater preheater oil-loop outlet
Freshwater heater
T-23 Heuter water outlet
T-24 Freshwater heater heating=waler inlet
T-21 Freshwater heater heating-water outiet
WMS heater
T-10 WMS heat exchanger sewage infel
T-11 WMS heat exchanger sewage outlet
T-28 WMS heater oil-loop outlet
* Waler sterilization heat exehanger
- TP23 Swerilized. water inle
T-13 Sterilized water outlet
Thermoineter Sterilizer condensilte outlet
. ‘Regrnerative sewage heater
T-25 Sewage supply inlet (biological dlsk}
T-14 Sewage regeneritive heater outlet
TP9 Regenerative sewage healer process waler inlet
T-_I 7 Sewage regenerative water outlet
Sterilization regenerativé heat exchanger
T-18. Sterilizer preheal outlet .
T-19 RO water outlet
TP-12 Sterilizer owlet
Flow F-2 - Jackel-water rewrn -
F:3 Jacker-water ifllerchanger
F-10 Mei-Pro unit inlet
< F43 Incinerator fuel flow rate.
CF-12 Potable water inlet
F-14 Potable water into freshwater heater
F-15 Potable water om of freshwater heater
F-16 Hot thermal storage/facility hent exchanger supply
- FaT . Famlny heating hot-water supply
"~ F-I8 Cooling-tower water inlet
F-23 Compressiou chifier chilled-water inlet
F-24 “Absorption-chiller chiiled-witer vutler
F-25 Absorption chilter condenser water outlet
F27 -~ Compression chiller condenser water outlet -
F-28 _Oil-uftercooler-interchanger cooling-tower water inlet
F32 Sierifization regenerative héat exchanger inlet
F-36 Cooling-1ower water makeup
E38 .. Qil aftercodler engine inlet
CFAQ - Off interehanger cutlel

3




TasLE VI—Concluded

Sonsor nnmenciadire “Lovation

F-41 ) . Cold thermal s1orage hypass

Manual ) Excess-sieam-condenser condensate weight
Manual Absorption chiller condensute weight
Munual Facility heat exchanger condensate weight
Manual Witer sterilization heat exchanger weight

Ammeler ' Coolifig-tower fan

Arameter Cooling-waler pump molors
Ammiete: Chilled-water pump molors
Strip chart (ammeter) © Compression chiller molors
Watmeter Engine

Power factor meter Engine

TasLE VIi.~Power Ratio As A Function Qf Load, MIST Series 1] Test—Compression Chitler

299.82 K (80° F) condénser.water 302.59 K (85° F) condenser water 305.37 K (80° F} condenser water

Cooling load, Powgr consumption Coaling load, | Power consumption . Cooling load, FPower consumption
kW (ion) per unit coaling load, kW (won) - | per unit.cooling load, kW {ton) per unit cooling lodd,
' kKWW & Witon) kWY (k- Witon)} _ kWikW (kWion)

Sensor set point = 284.26 K (52°F)

1920 (5.46) 0.26 (0.90) 1846 (5.25) 028 (099 1748 (496) 0.27 (0.96) -
369 (901 |- 26 (90) 3665 (1042) .28 (1.00) 3868 (11.00) 28 (57
5497 (15.63) 25 (87 56.34 (16.02) 24 {86} 53.77 (1529) .30 (1.06)
ST QL0 T 24 (84) .78 (2041) 28 (9%) 74.38 (21.15) | 31 (109) .
91.30 (2596) | 23 (82 | 8912 (2534) | 26 (93 - | 8859 2529 | - 27 (95)

Sensor set point = 285.93 K (55° F)

©2423 @89) | 032 ¢ | 2620 (745) | 022°079) .| 2045 (673 | 034 (1sy
3548 (1009) | 3108 | 4044 0150) | .30 (1.04) 3527 (1003) | 27 (95)

b 5244 (1491) L1y | 5479 (1558) .34 (120) 49.97 (1421) 28 (1.00)

. 67.98 (19.33) 130 (1.05) 72.13 (2051 32 (1.12) 73.78 (2098) 31 (110
8869 2520 | 2693 | 91192599 | - 26 (92) - BT.57 (24590) .28 (99




 T4BLE VIIl.—Thermal Storage Summary Data, MIST Series IV Test—Thermal Storage Tesis

{a) Cold thermal storage

Discharge rate, kW (Btu/hr), at -

Fullflow ..covvviiiiiininnnnnss e ettty 20.7 (70623

Three-fourths flow ........ et e e et eaee e eaea e mmem ey 11.8 (40.356).

One-half flow ......... N S S e " 8.3 (28 250y -
Charge rate, kW (Btu/hr), an - ' o '

Ul BOW . i it it et et e ettt a et e et ea el 41.4 {14) 248}

e OUEES LW . ittt ittt ittt ettt et im et e e e aaaans ) 20.7 (70 624)

One-half flow ......... T S e e e 16.5 (56 499)
Ideal capacity, M) (Biw) ...... O R 297.8 (282 495)
Heat-gain factor. W/K (Btu/thr « “F)) ..ot et e e 29.89 (56.7)
Effective capacity, M (BIU) ..o i i e e e e - 1916 (181 749)
Performance coefficient ................ ettt T

(b} Hot thermatl srorage

Discharge rate, kW (Biu/hr), a1 -

0388

Fullflow ... caeedaias e e ia e, el e e 218.7 (746 872)

“Three-fourths flow ..........coo i e e et e i Not applicable

© Onechalf flow .................. I e e e et Not applicable
‘Charge rate, kW (Btuhr). at - o

O Fllflow L. e s e ey 153.1 (522 810y

Thiree-fourths flow .. ....... e [ e e .. Not applicable

One-half flow .......... Not applicable

- Ideal capacity. MJ (BIW) .......ooooiiliii il e e e 1378.1 (1 307027)

Heat-loss fuctor; W/K (Btu/(hs + °F)) = f 1761 (33.4)

_ Effective capacity, M2 (Btuy ..o...0...illL e 1398.8 (1 326 699)

‘Performance coefficient .. ........ S e e i L. 0.92
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TaBLE [X.—Exchanger Thermal Effectiveness, Series V Test—Heat-Rejection/Heat- Transfer Network

, fa) Oll_ aftercooler interchanger (b) Jackei-water interchanger
Engine load, Total heat rejection, Thermal ' Engine foad, Total heat rejection, Thernial
kW MJk (Bluh) effectiveness kW Mh (Biuh) effectiveness
i € ’ ’ ' €,
a - s
ty _____tgg. : : !_f, Zlel
_ ThlkF] ity
2 100.585 (0954 x 10°) 01056 2. 240,392 (2280 x 10 002
. 50 140.756 (1.335) I6 50 271811 (2.578) 031
.15 152.881 (1.450) 85 75 284.675 (2.700) 034
100 . 163424 (1.550) 096 125 480.784 (4.560) 053
125 154.462 (1.465) 090 175 448.099 (4.250) 053
i50 187.885° (1.782) 116 225 595.708 (5.650) 069
175 207.707 (1.970) 120 Spec. 591.490 (5.610) 014
200 219.305 (2.080) 130 S o
225 10027 (1.992) 130
Spec, 229.005 (2.172) 120
) Excess-stedm condenser
En;qfne !oad. - Toral heﬁ! réie&ion. TFre-rnﬁal Engine load, To}&.' frear rejection, Thé;mal 7
kW . Mih(Bruh} effectiveness kW Mih(Bruh) effectiveness
Ay - tohy 2y~ tels
7 ity Ty~ 1
% 112815 (1070 X 10% 099 200 '540.882 (5.130 x 109 | . 097
50 114924 (1.000) 99 ‘225 548.262 (5.200) 97
75 216.142 (2:050) 98 150; P105.5 (20) 0 (0) )
100 288,892 (2.740) 98 175: 21055 (30) 0 (0) (4
125 I2N.577 (3.050) 97 200, bl40.7 {40) 343.718 (3.260) 97
150 375.349 (3.560) 97 225, by7s.8 (50) 134.746 (1.278) 97
i 525.383 (4.983) w7 1 225 bi158 (50);
(e} 495.545 (4.700) 97

- Ttie numerstor. contains the difference b

inilet and exit

beiween the (0 inlet tepératiifes. In‘addition, € is siways tsken as positive.
biAir-conditioner foad, kilowatts (tons), :

“Measurement in.doubl:

dNnuupemiom_!.

o Ctrclnerator.

: fir the one of the twa fluids for which this differenice is larger. The denominator contuiss the.diflerence




TaBLE X.~~Exchanger Thermal Effectiveness, Series VI Test—Ancillary Exchangers

(@) Regenerative sewage heater

{b) Sterilizarion regenerative heat exchanger

Steam Total heat Thermal Steam’ Total heat }heﬁnal.
pressure, transfer, effectiveness €, presstre, fransfer, effectiveness €,
kPa (psig) Mk (Bruh) ag, -t kPa (psig) MIh{Bnih) 8 -y

i~ taly 1~ ledy

_ B ey o T~ iy
110.3 (16) 95.208 (0.93 x 10°) 0960 1103¢16) | 155200 (1472 x 10% 0.590
896 (13) 103.959 (986) 970 CB6{(1Y) 169.645 (1.609) 630
75.8 (11) 109.125 (1.035) 980 758 (1) 170.172 (1.614) 620
62.1 (9) 107.544 (_].020_) 990 621 (N 169.750 (1.610) £30
483 () 108.282 (1.027) 970 483 (M 16_4.268 {1.558) 630
Spec. 101.850 (.966) 850 Spec. 307.027 (2912) 85

(c) Facility heat exchanger (d) Auxiliary facility heat exchanger
© Heating Toral heat Thermal ] Engine Total heat Thermal
load, transfer, effectiveness€. ‘| load, transfer, effectiveness €,

Mih (Buuh) Mt (Btuh) Bt~ te ly  &W MJh (Biuk) Bt - 1)y

. iy TR
11054 {100 0O0) 178,708 (1.676 % 105) 098 25 210870 (2.000 x 105) 0720
210.9 (200 000) 265.274 (2.516) 98 50 284.675 (2.700) 180
316.3 (300 000) 340028 (3.225) 98 75 298908 (2.835) 770
4218 (400:000) 433970 (4.116) 98 125 38B.739 (3687 810
527.2 (500 000) 519,795 (4.930) 97 175 492442 (4.718) 850
Spec. §32.447 (5.050) 98 225 629.342 (5.969) 870
Spec. 515999 (4.899) 900

Tha numerator contains the difference between infet and exit temperature for the one of the two fluids for which this differcnce is larger. The denominator contains

the diffsrence between the two inlet tempamtures, By addition, € s always taken as positive,

VAT AR e 2 SR




TaBLE X—Concluded
{e) WMS heater (1) Freshwater heater
Engine Total heat Thermal . Heating Total heat Thermual .
foad, transfer, effectiveness €, foad, transfer, effectiveness €,
kW MJih (Buh) Bt - 1, Mih (Buh) MJh (Btuh) U
_ T _ _ TR

50 40.803 (0.387 x10°) 0.900 " 105.4 (100 000) 53877 (6.51 x10°) 0.480
15 40,803 (.387) 10 210.9 (200 000) §2.507 (.498) 590
100 371851 (.359) 950 316.3 (300 000) 51663 (490) 640
150 37.535 (.356) 920 421.8 {400 0DO} 48.280 (.458) 680
200 36.586 (.34 930 §27.2 (500 000) 35742 (339 700
225 42.596 (.404). 950 Spec. 163.108 (1.547) 64

Spec. 74648 (.708) A5
(g) Freshwater preheater () Weter sterifization heat exchanger
Engine Total heat Theknal Steam Total heat Thermal
load, transfer, effectiveness €, pressure, transfer, effectiveness €,
kW MJh (Buubi) A1, = 1,); kPa (psig) Mih (Bruh) B iy
_ T 5 _ _ TS

50 67.689 (0,642 xlO“) 0.740 1103 (16) 146.660 (1.391 % 10% (b)

75 70958 (67D 190 89.6 (13) 127682 (1.211) (b)
100 69.060 {.655) 730 758Q11) 108914 (1.033) (b)
150 69.587 (.660) J20 621 (9 100.585 (954) {h
200 10536 (.669) 170 483 7 92.256 (.875) (b}
225 72.223 (.685) 100 Spec. 54.299 (.515) (b)

Spec. 118.087 (1.120) 940

#rhe numerator contains the difference between wilet and exit temperature for the ane of the two Muids for which this difference is larger. The denominator contains

the differcnce beiween the two inlet temperatures. In -addition, € is always taken as positive.
bDam naot recorded.

TaBLE XI.—Water Management Subsystem Tests

Test program

Completion status

-Remarks

Independent physical-chemicat

Iron salt coagulant
Lime

Reverse osmosis

Biological-tertiary
30259 K (85 F
I3 K (100" F)

Hydraulic overload

1 Biological-system poisoning
- Sludge.train .-

- Comipleted

Completed

Completed

Partially completed |
Completed

Not completed

‘Compléted

‘Not c'omple;gd

Alum replaced iron because of
unavailability of ferric chloride

Lack of liming equipment and
recarbonatjon

Biological overload substituted;
hydrauilic overload could not be
achieved because of pump
flow limitations

Excess alum added

Inadequate sludge conditioning

" equipment - - )




TaBLE X1.—~Physical-Chemical Test Results®
[Coagulant dose: average alum, 195 mglliter]
Test Influent, pfm, at temperattire - Effluens, pim, at temperature - | Reduction, percent, at wemperainive -
parameter | o : P 4 b. T i o | T
BOD 135 206 6.5 119 95.2 94.2
Ammonia 18.5 26.7 150 14.7 189 44.9
Suspended solids 255 223 6.0 54 97.6 Y7.6
Turbidity — 159 —_ 15 -_ 9.6
" Phosphorus ©.5 44 14 2 9718 95.5
‘pu_, unchanged, futal disselved sobils, unchanged: sludge sulids voacentrate. 824 percent
. Bremperature A * M2 50 K 850 1) :
“Temperature B = 309} K (100° i)
5
§
1
3
3
:% ‘ >
TaBLE XI1I.—Reverse-Osmosis Test Results
Test Paramater Influent Effluemt ;
Chloride®p/m ........cvvieinns e N 137 13
PH oo e e teeeaeenabar s 7.2 6.0
Suspended solids, p/m ........ 00 el veeiens : 11 <1 :
Turbidity, p/m ...........0oovinen. e ra e 10 <5 ;
Sodium P pira ....... 154 14.6 t
Toal dissotved solidsSp/m ....... . e 655 46 1
. 'BODSp/t ......... T P _ 35 09
Conductance S Mo/ ... .vovvriiniirneciinaearcnraes ' 920 101
«  "Reduction, 90.5 percent. ‘
- bRedaction, 90.5 percent.
“Reduction, 930 perceni. ¥
d.Reductiou. 74.3 petcent. Lé
‘®Reduction, 9.0 percent. ]
g
i
41 s’,fi




T4BLE X1V —Biological-Physical-Chemical Test Results (Temperature Effects)

Test parameter | Rawor | Bio-Surf Denirifier Physical-chemical
primary | dn | i | 24} 3d | 4k | Ow | Ise } 24| M| #h In [ Clarifer| Carbon | Chlorinc} OQut
Controlled temperaturc (302.59 and 310.93 K (85° and N)0° F)}
BOD.p/m ...... 94 el Bl B B B»l—-—1-] -1 - 29 —_ — - 5
Ammonia, p/m .. 155 1251 70| 441 23 1.8 14] — | =~ | -~ -— 1.2 0.8 _— —_ 09
. Nitrate, p/m 0.5 05) 53| 1104 120{ 130 | 59| — — —_ — —_—1 - —_ —_ 8.5
Suspended solids, '

P L, 80 Bt -] —{ =] =1 21| =}~ | — 9| — - - 26
Turbidity, p/m ... 80 Sl -] ~ | —| — P} — | — ] — | — —_ — — _ 20
Phosphorus,

pim ... 35 | 29{31) 26| 28] 29 28— -1 -1 - 28 |<0.1 — - 1<tl

Random temperature =294 K {=10° 7))

BOD,p/m ...... - Bl -] -] —f - D)~ —| —| - —_ b1 37 4.1 15
cop,pim ......| — 15%| —| — | —} — ] —]—-1]1-1— — 15 20 —_ -
Ammonia,p/m .. [ — 1661106} 53| 32| 33 w]l -1 =1-=-1- -— — —_ —_ b
Suspended solids, |

Copmo Wl =] — | = | = 27l —-1—=-1-1 - — 40 6.0 6.0 48
Turbidity, p/m ... | — 90| - — — _— 27 — —_ —_ —_ — — -— — 9.0
Phosphorus,

pim ... — 39| — | e~} —§ = W =] -~ =~ | -~ — — — - =0
Dissolved oxygen, . : _

pim oL —_— 13|16 25 45 61 57134 ]124]120) 19 — i9 72 _ 86
Sludge solids,

percent ........ — —_—t | =} =} = |03 =] =] =1 = — -— -— _ _




T,

T4BLE XV —Biological-Physical-Chemical-Overload Test Resulls
[Values in parts per million]
BN Test parameter ‘ Raw or Bio-Sutf Denitrifier Physical-chiemical
o ‘ I primary 1 i |1st| 24 3d qth| Owl 1t { 24| 3| am ]| N C‘Iariﬁer‘ Carbon | Chlorine| Owur
Overloud ]

BOD 40 a |=| = =] =l | =|=1 — =1 - - — {12

coD 146 W |-l =]~ —-l®? | == =1 =1~ 28 — - I3
-} Ammonia 90 ¢ 82| 33| 11| 05 04 Sp—=| - -} ~]~- — - - 4
.} Nitrate ’ 5 191 60| 55] 61| 56f 60 23] 08 03] 02| — 4.2 —_ —_— 43

Suspended solids 80 27 = | — | —1 -1 30 —_] - —_f - — - - 78

Tarbidity 80 M | -] =1 -] 32 — |} = =] - — - — 9
. | ‘Phosphorus 6.5 67| — | —} —-F =] V6| -] —|] = — | — —_ —_— - 05

BOD

€Ob

Ammenia
Nitrate
Suspended solids
Turbidity
hosphorus

.. I

RN
EERESIR

32
70

I 4> I
_
o]
o

05] 02

St

(U O I O

N IO B I

76
12.5

53

.05

R




TaBLE XVI.—Engineering-Unit Conversion Table Based on Thermoelectric Curve

[Constantan thermocouple}

(ui Hot water (355.37 K (180° F}y tsensors T-45 and T-49)

Electromotive, : Ditterential temperatiire, K (°F), corresponding ta porential difference of -
force, - ‘ - - -
mv oo my | 00t my 002 mV 03 my 0i04 mel’ 05 m¥ o.06 mb’ 067 mé | (.08 ntb 0.9 mi
060 0 { 022 (04)1 044 (08) ] 067 (1.22] 094 (LD ] 117 QU L3 25 161 29| 1.8 33| 206 3N
d © 233 (4] 256 46) | 278 0] 30 GHE 322 38 | 344 6. ] 36l (6.5 383 (6.»]| 406 (TN | 428 (I
2 45 (8.1 472 (85 489 (B8] SAt (9.2)] 533 (9.6) | 5.56 (10,0} | 578 (10| 60 (108) | 622(11.2) | 65 (I11.7)
3 672 (2.1 699125 § 747 (129 7.39.(13.3) | 7.61 (13.7) | 7.89 (14.2) | 811 {1461 B.33 (1500 | B56(154) § 878 (158
4 ] 90 (162} 917 (16.5) ] 9.39(169) | 9.61 (17301 933 {17.7) 110:06 (18.1) |10.28 (18.5} | 10.44 (18:8} 11067 (19.2} }10:8% 119:0)
5 | 1101 (20.0) J11.33 (20.4) §11.56 (20.8) {11.78 (21.2)-| 12,06 (21.7) [12.28 {22.1) {125 (22.5) [12.72(22.9) {12.94 (23.3) [13.17 1230y
6 | 1344 (24.2) 113.67 (24.6) [13.89 (250) [14.11 {254} | 14.33 (25.8) ]14.56 (26.2) {14.83 (26.7) |15.06 {27.1) |15.28 (27 5 |I15.5 (27.9)
7 | 15.72 (28.3) |15.94 (28.7) 116.22 (29.2) 16.44 (29.6) | 16,67 (30:0) |16.89 (30.4) |17.11 (30:8) }17.33 (31.2) | 17.56 (31,6} {17.83 {32.1)
8 11806 (32.5) }18.28 (32.9) 18.5 (33.3) {18.72 (33.7) | 19.0 (34.2) {19.22 (34.6) |19.44 (35.:0) 1 19:67 (35.4) |19.89 (35.8) [20.11 (36.2)
9 1°20.28 (36.5) |20.5 (36.9) [20.72 (37.3} [20.94 (37.7) }21.17 (38.1) {21.39 (38.5) |21.56 (38.8) [21.78 (39.2) 1220 {39.6) [22.22 (400 |.
(b Cold water (280.37 K (45° F}) (sensors T-48 and T-30)
Electromotivel| Differential temperature, K (°F), correspending to potential difference of -
~ Joree, , : : ; ; .
my | Geom¥ § 00l mV }  0.02m¥ 0.03 mi’ 804 mb’ Q03 mb | 0.06 mb 0:07 nrh 08 ml 69 a1 l
00 .0 (0} 628 (0.5) ] 0.56 (1.0r] 083 (1.5) 1A QO 1139 (2.5 ) 167 (30 194 (35 ] 222 40y | 25 (4.5 i
A 278 (50)| 30 (54) ) 328 (59 | 356 (64)] 378 (68) [ 406 (7.3) ] 428 (7 { 4.56 (B2 | 478 (8.6) | 5:06 (9 ! :
2 528 (9.5) 556 (100} | 5.78 ¢10.4) | 6.06 (109)y] 633 (11.4) | 6.56 {(11.8) | 6.83 (12.3)| 7.06 (1273 § 7.33 (13.2) | 7.56 (13:6) ¢
3 7.83 (14.1) | 8.06 (14.5) | 833 (15.0) | 8.56 (15.4) ] 8383 (159 | 9.11 (164) | 9.33 (16.8)]] 9:61 (17.3) 9:83 ¢17.7 [1G.H (8.2
4 10.33 (18.6) 110.61 (19.1) [16:83 (19.5) [11.1¥ (20.0) | 11.33 (20.4) [11.61 (20.9) [11.89 (21.4) {12.11 (21.8} }12.39 (22,3} [12:61 (22.7)
3 11289232} [13.13 (23:6) [13.39 (24.1) J13:61 (24.5)713.8% (25.00 [14.11 (25.4) |14.39 (25.9) | 14.67 (26.4) | 14.B9 (26.8) 15,17 (27.3)
0 15.39 (27.7) 115:67 (28.2) |15.89 (28.6) [16.17(29.1) [16.39 (29.5) |16:67 (3010} |16.8% (30.4) [17.17 (30:9) | 1744 {31.4) |17.67 (31.8)
q 17.94 (32.3) H18.17 (32.7) |18.44 (33.2) [18.67 (33.6) | 18.9¢ (34.1) [19.17 (34.5) |19.44 (35.00 | 19.67 (35.4) | 19.89 (15.8) J20.11 (362}
3 20.28 (36.5) [20.5 (36.9) [20.72 (37.3):| 2094 (37.9) | 21.17 (3B.1) {21.39'(38.5) {21.56 (38.8) §21.78 (39.2) |22.0 (39.6) [22.22 (40)




TIME
- DAY HR HIW
203 7 10
283 7
23y 7 13
283 7 Ve
- 283 7 16
283 7 a7
20 7 1o
288 7 1
23 ? 22
233 P 2
23y 7 28
28y 7 22
243 7 28
23 7 2
213 7 n
243 1 %3
F15 B S 1Y
283 7 39
283 7 4
203 7 &2
283 7 &
23 7 4y
2 7 &7
203 7 4
283 7 S0
3 7 %2
P A ¢
3 1 8s.
T M3 7 %8
I3
23 2
3 3
K11 3N
2y ¢
218 2
23 3
3 3
r]% I
28y 3
233 8
w3 8
21y 8 23
N 15
Y 2
283 8 30
1}

jt5a cROuP NO. -

SECS
.000
L000
.000
.000
000
000
000
L000
L000
000
000
.000
L6000
L000
L000
L000
000
.000
L0800
.000
.000
000
.000
000
000

.000
. «000

<000
«000
<000
000
Cs000
000
000
~000
<000
.000

o000

000
.000
000
000
000
000

<000

» 000

TABLE XVII.—~Processed Data (Exampie)

RIST BANDPASS TABS HACSIDY, 4.%,.9,4,5TEP4-4b, MEED

JACKEY WATER EXHRYST AUXTLIARY M2 ®HES HX HRS HX 1114
INTERCHANGER  SILELLLR HEATING SENAGE 1M SERAGE OUT o
out HX FEED WATER 1IN
WATER .
106 To7 Y09 10 T4
DEG F bEG F DES F 0EG ¢ 0fG ¥
02% CNY BND 023 CHY BND 02% CHT BHD 023 LHT BHD 025 CNY BAD 02§
OATA DATA DATA DATA DATA
. 1294 142.8 3.7 7,7
150.8
134, % 157.9
130.9 re.2
152.% 155.9% 75.0 ‘
134.9 137.¢
13,0 158.4 7.4
159.9
181.5%
76.%
' .7
137.1 t63.1t
1%.,7 Th.b 76.%
1631
%0.3 183.5%
185.4
5.7 7.9
166.4
133.9% 187,06
vI2.2 Cre
130.¢6 77.9 :
129.3 64,1
128.1
24,2 3.0 7.4
1024
21,2
e, 2
- ) 157.% 76.3 7.8
9.1
118,83
. 170.4
113.% 79.9
7.6
12.4
108.% 5.6 n.2
107.4 :
106.2
79.3
104,9 76. %
t103.7 : N TN ]
: 781 :

102.%

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

ISERATOR
K FEED
HATER
™
DEG F
CHT BKD
DATA
13¢.%

138.0
136,28
13%.4
132,83

131.3

129.4%

nr.3

125.1
1240

122.¢

A\IARS

45




TABLE XVIII.—Specific Engine-Heat-Recovery Rates, Ebullient-Cooling Mode®

: f ‘»,Er_igl_'r:e' load, ‘ : - Heat-recovery rate -Test time, - ‘ Specific hea:-recbmry ra!eb. » Specific heat-rejection raret,
o RW L kW (Bhr) C b Ji (BlutkWh) S JH (Brutk Wh)
4 - | aaraessy | e | 1042 %1073 (3558) : 598 x 1073 (2042)
57 b 52:6(179462) b 2638 - 922 " (3148) 554 (1893}
95 1.7 8310(283 355) - 22467 - 873 {2983) : 429 {1466)
- 07 - 100,1(341 91T) | 2170 - 936 (3196) : : 394 (1345)
122 132.:4(452 023) ] _ 143 o | 1085 (3705} _ 326 (1112)
L 'Summury diita-from-engine-only tests (lnci not op
* PHighgrade heat,

- “Low.grade hieat,




- TABLE XIX —Space-Heating Test Results

| Engine toad,

. Incinerator

. Test

Actuat

Specific oil

NS

. Thermal storage : it qﬁermoler : High-grade-heat Specific
kW . | siatusand | status and value, | .. setting, hearload, | hear refection; -heat-rejection fieat recovery high-grade-heat
< AT cvalie, onfoff, | chiargeldischarge, Ml (Biuh) Mih (Bruh) | M (Bufy rate, _ raie, recavery rale,
o MKBw): - MJ (Buu) . JiT (BuufkWhy | Mk (Buh) 31 (Brutk Wh)
Test series 14-1, ebullient mode
oA Gﬂ' : Charge ' . »
: 188 (17792)- 1 527 (50000). '} 1156 (109680)| B6.I (81640} |583 X 107 (1991)}152.3 (144 450) [1032 x 10~ (3523)
off Discharge | . - S _
o 167:1 (158 517) 12636 (250000) | 296:5 (281220)| 86.8'(82320) |588 {(2008) | 147.2 (139 580y | 997 (3404)-
off - ‘Charge | B , o 1. |
R 263 (24952) | 1054 (160:000y | 1123 (106 500y | 78.6 (74 575) | 533 (1819} { 158.5 (150-307) }1073 (3666) |
off - Dischatge | - . . . : :
' 122.5 (116 162) |210.9 (200000) - | 241.3 (228900) | 87.9 (B3 370) | 595 (2033) | 162.0 (153 665) 1097 (3748)
off off . 52.7 1 (50.000): 55.4 (52550) | 102.0 (96 720) | 691 (2359) | 149.0 (141 365) {1010 (3448)
: 380 (36029) 126 (11947 ‘
T_t’;sr series 14-2, ebullient mode
o L Charge o . | _ o . | . |
2009 (199:090) | 2663 (252561) | 52.7 (50000) 60:5 (574200 1119.2 (113 100) | BOB x W07 (2759)[ 356.5 (338 117) [2415 X 10 (8248)
I On Discharge | S _
2254 (213822) | 1416 (134259) [ 421.7.(400000) | 471.4 (447 120} | 1206 (114.405) | 817 {2790)4 375.5 (356 178) |2544 (8687),
g On Chiarge - ‘
193.2 (183 196) | 229.7 (2]? 893) | 105.4 (100000) 1121 (106 340) | 124.3 (117 900} | 842 {2876) ] 372.9 (353 666) 12526 (8626) 1.
: On . | Discharge [ - - ¥ ' '
1 2378225584 | 80:0- (75859) | 369:0 (350:000) 405.7 (384 800} | 102:0 (96 738) | 691 (2359) [ 370.4 (351 265) |2508 (8567).|
On. Charge ‘ i
| 2343 (222247) | 1379 (130812) 12109 (2000007 | 213.2 (202208) | 123.2 (116:870) | 834 (2850) | 366.8 (347 930) |2485 {8486)
Test series 1B-1, ebullient mode '
s T o Charge : _ _3' - :
: . : 1088 (103199} | 527 (50:000) 574 (54470)] 10%.1 (103487 } 532 x-10 (1816) ['190.7 (180 883} 1929 x 10 G11h,
Off Discharge - : . ‘ _
: 206.5-(195812) | 316.3 (300000) 357.7 (339 300) | 107.5 (101 978} | 524 {1789) |-190.5 (180 695) {928 {3170)
- Off . Charge ] | : 1
0 11582 (150:000) 166.0 (157 425) | 112.4 (106 564) | 548 {1870)| 188.7 (178 936) |919 3119
off Discharge :
167.5 (158 889) 306.7 (290925) { 1261 (119 580) | 614 (2097} ] 187.0.¢177 333) {911 (1B 1A

'263:6 (250:000)




S TaBLE XIX —Continued _

- Engine:foad,

Intineratar

| Thermal storoge

© fest

Actual -

OMl aftercooler

: High-gradeheat

i
N
it

3

369.0 (350:000)

131.9 (125 120)

i ‘ Specific oil © Spevific
R EENR < Srgtus dnd” ) seatus-and value, | - - satring, heat logd,- heat rejfection, -heat-rejection heai recovery high-grade-heal .
S EY value, onfoffy -y chargeldischarge, | . MW (Buih) | Mah-(Btuh) Mk (Bruh) U rate, D rate. recovery rate,
‘ - I (Btu) MI(Bng . % . . - JU (BukWh} Mih rB_mk} Ji (Bml!cW_h)-
Test series IC-I , ebullienmt mode
95 1 o © . Charge . ‘ I . o :; ' =
- 1803 (171 045) } 52.7 {50000 630 (5976001 1459 (138 4209427 x 10 £14573) 308.3 (292 365) ]90% % 10 (3077}
- Off Discharge . o} ) :
BRI 2356 (223.474) | 421.7 (400000} 460.5 (436 720) [ 145.9 (138 348) | 426 (1456) | 2B5.9 (271 :160) {836 (2854):
off Charge - o _
. © 62,0 (58:853) [158.2 (150 000) | 186.8 (177 205) [ 141.2 (1339591 413 (1410)-) 288.1 (273 288} |B42 (2871
C O Discharge | - _ _ 1 :
Do 1 613 (58:158) {316.3 (300000) { 292.2 (277 120) { [54.2 (146'231) | 451 {'1539)._ 3127 (296 607 |914 (3122)_:
Test serles ID-1, ebullient mode
Il}'? 7 N ‘Off . Charge ) T o o
e - 198.G (187 809) | 105.4 (100000) - 105.3 (99 840) | 164.3 (155 805) [ 426 x 10 (1456) | 347.8 (329 836} |903 x 10~ (3083)-
- on Chargé ‘ _ : S
o 615 (58301). {2109 (200000) | 238.1 (225 780):] 1603 (152057 | 416 - {1421} | 362.1 (343 463) 940 (3210)
Off Charge ' 1 o . : '-
250 (23683) | 2636 (250000 268.6 (254 760} j 136.1 (1290 114) | 353 (1207} [350.8 (332 754) J911 3110
- Off Discharge ' 1 i )
: 1993 (189‘005) 1421.8. (400 000) 479.7 (454920 | 146.3 (1:38 783) | 380 {1297) ;:381.3 (361 614) 1990 (3380)
Test series 1D-2, ebullient mode
107 it .~ On Charge _ . o _
S | 1559 (147907) | 385.7 (365 789) I 105.4 (100 000) 127.7 (121 125) | 152.2 (i44'328) [ 395 ~ D (1348} | 565.7 (536 551) 11468 x 10 (5014)
: .. On Charge - 1 :
1446 (137 167) { 1794 (170 132) | 263.6 (250:000) 343.2 (32551811363 (129297 {346 ~  (1180).|'5B7.8 (557 468) |1525 (5210)
On : Charge ' ' ' ' :
]'80.‘1_ 170785 | 1200 ('l-l-3--816) - 419.1 (397 440) k7 (E169) [607:0 (575 694) {1575 (53800

e T R T B R R RS




TABLE XIX.~Concluded

Oil aftercooler :

Specific oil

| 1467 @39 1sny-

184.7 (175 218)

1 420.5 (398 860)

-_'-:Qifizgir;é'}bad;.: 1 Incinerator  Thermat storage o Test Actual , Hi,éﬁ;grade-hea: Specific
kW | seatus.and | statys and valie, | serting;. hea load, heat rejection, | hear-rejection | -heat recovery |  high-grade-heat
- vafue, onfaf, -chargé{discharge, MJh. (Bruh) MJh. (Bruh) M (Buh) | rate, . “rate. . recovery rate,
MJBr) M (Bu) Ji - (BrulkWh}) Mk (Brh) © I (BrulkcWh)
: ' o V Test §err‘es 1E-1. ebuflient mode V
122 off- . ."C;hargg- > : _ . ' : .
a . . 26,6 (25247) | 316.3 (300000) 3558 (377472) | 148.7 (140 996) § 338 x 10 (1156) 1476:0 (451 418) {1083 x 10 ~ ~ (3700)
Off.. Charge : - . :
14304135 606) | 1582 (150000} 176.7 (167 638) { 137.2 (130 139) | 312 (1067) |477.2 (452 627) |1086 (37110)
" Test series 1E-2, ebullient mode
1 ‘On Cherge | . : . _ : .
S ) 1841 (174:600) | 39619 (376.439) | 158.2(150000) | 18027170 910) | 124.4 (118.000) {2832 x 10 (9673){670.1 (635 528) |1525 x 10 (5209)
s On . © Chage |- o ' | . v
17000-(i61 221 | - 3471 (329174) | 210.9 (200 000) 233.7 (221 676) | 131,2 (124 400) | 299  (1020) {626.9 (595601) [1427 (4874}
on Charge : C A , L 5
-369.0 (-‘35000_0) 139.5 (132321) 318 (1085) 69‘7.":' (661 699) [1588 (5424




TABLE XX —Space-Cooling Test Results

© 50

Engine | Incinerator Test Actual cooling Absomption Compression Floating-split
load, status setting, load, chifler load, chiller load, ratio,
kW kW (tons) kW (tons) kW (tons) kW (tons) absomption/
compression
percentages
‘ N Test series IA-1, ebumém mode '

al off 1055 (30) 64 (985) | 1614 (459) 1850 (5.26) 46.6/53.4
off 35.2 (10) 4741 (13.48) 1572 (447 3169 (901) 33.0/67.0
O!‘f 70.3 (20) 71.04 _(20.20) 2778 (790) 43.26 (12.30) _‘39.1/60.9

. Test series IA-2, -ebu!lie.n.:. mode _

41 On 105.5 (30) 13104 (3726) 85.07 (24.19) 4596 (13.07) 65.0/35.0

On _ 879 (25) 110.71 (31.48) 95.16 (27.06) 1554 (4.42) 86.0114.0
_ o . Test serie.§ 111, ebultient moc_l-e_._

57 | off 352 (10) 5247 (149%) | 2209 6.31) 3028 (8.61) 42.3/517
off 879 29 101.46 (28.85) 3397 (966) | 6749 (19.19) 33.5/66.5
off 528 (185) 4751 (13.51) 2905 (8.26}_ _ 1846 (5.25) 61.1/38.9

Test series IC-1, ebullient mode o

95. Off - 763 (20) 7037 (2001) 3577 (1017) 3461 (984 50.8/49.2
off 105.5 (30) 13286 (37.78) 5500 (15.64) 77.86 (22.14) 41.4/58.6
Off 528 @5) | - 5324 (A534) | 4473 127D 851 (242) 84.0/160

_ Test Series ID-2, gbummr mode
107 on 1407 (40) 16719 (@754 | 8507 @419) | 8212 (2335 509/49.1
On -12.3.1: (35) - 129.42 (36.80) -7_0.41 (20.02) 59.01 _(16.78) 54.4/45.6
, Test .'serr'e.';' IE-2, ebullient mode . .
122 On 140.7 (40) 13642 (38.7%) 72.13 {20.68) 6369 (18.11) 53.3/36.7
On 1055 (30) 13723 (39.02) 69.21 (19.68) 68.01 (19.34) 50.4/49.6
On 105.5 (30) 11848 (33.69) 51.03 (14.51) 67.45 (19.18) 43.1/56.9
On 70.3. (20) . 7273 (2068) 72.73 (2068) 0 {0) 100.0/0

R e W




TasLE XXI~Integrated Test Matrix

Testno. Seasonftest condition MIST mnﬁgymrlpq ‘
HA-1 Désigh summer day Thermal storage
HA-2 Design summer day No thermal stotage
IB:1 Design winter day Thermal storage
IIIB-Z Design winter day No thermal storage
uc-1 Average spring/fall day/ Thermal storage
domestic-hot-water heating

TaBLE XXII —Series I Test Conditions

Test no, Engine load, kW Incinerator status
1A-1 41 - Off

1A-2 a S On
IB-1 57 Off .

ic-1 95 off-
D 107 off
D-2 107 On
1E-1 122 off




TABLE XX1II.—Test I1A-1 Performance Summary

[Summer design day with thermal storage]

Electricity generated, MJ (KWh) .......onoiiitiiiiinirreretnseiatoasosaiannisieisssosoesas 10962.0 (3045)
Air-conditioning, MJ (100-RT) . .. ..ottt 210470.2 (827) !
Absorption, MY (OMEREY. s smaisios ss 5,93 & sampmn i o v b S lbpmieespmedliocd o5 v aay by wiasamnsa 53554 (423)
Compression; MJ (ON-RE). e amams o7 ¢ 55,55 susniawiosisqis 1 5.5 »snbatebbielsloderidio & £y o wupiswaii 5114.8 (404)
- SpaceTRRRting, MY (BUY: ..o asecntormait iah 14 5 sl msemi s s ' 3 i i esneelbvis o s G B Rune 0 (0)
Trash incinerated (equivalent), KB () ... cvivemnrcrcssssisoransmponsssmsissesssapaaremns 1905 (420)
POABIE WHISTINERUEA, T CRBLY 1ot -vn e ose 1 o RIS e S § S84 3 0 SIS0 B et % STl 12.1 (3184)
Wastewater treated, m’ (1.1} J T AR v S U M P S S s it e e 32.7 (8640)
Fuel consumed, m’ (BB St ot e = e vatupmnariotatson ol it o5 alo = o o (epsmisemaarosaishringn shein o nk bk omninedbr A 1.0 (261)
i Peak electrical dEMARA, KW «oiuuionisuinny o s culommammmafiatendis o s o & ressisae steesvinm me o o 1 sivmiogoecmm s 178
Equivalent energy service (electricity and heat used), MJ (Btu) ............... ... ..ol 24 2512 (23 %10")
Plant eHTICIONCY, PEICBIT o immvinsiss v €5 55 Eammimsealss: § o § § ShgFusmsmmaEeumsts s § 1 ey s 65

"E xcess cooling of 88.6 megajoules (7 ton-hours) was produced and remained in the storage tank at the end of the test.

TABLE XXIV.—Test IIA-2 Performance Summary

[Summer design day without thermal storage]

Electricity generated, MJ (KWHh) ... .vcninniaseinsnnsssnonmmenteisssssasssessimeonmessitiss 11008.8 (3058)
Alrconditloning: MI-(OnBE) . ;. ov ey v vs mmunmiug 5 g g s o annn oo o asas_e 48 2R Tl byt = 10457.6 (826)

Aborption; M (BON-IEY iz voes s omimomimmms o vay & 508 st o gibsre sisis e s & ¥ 4 o oo paisinsseis sceiema + o ¢ = 5545.3 (438)

Compression,; MIIOMERT): - - s2s i ox i stmemaurinmsn £ 5 « 9,0+ 4 8 waiesps WEmS x = & 3 80w e s o - 4912.3 (388)
Space hieating; MY (BUU): <. . = svori st s 57 &0 § § 525 5 SHFNERNG 5% 59 35 8 % siseiaeraiis $ 54 8 8 v e 0 (0)
Trash incinerated (EQUIVAIBHLY ..o, ... .o iomsmite §05 & 5% & 55 Sl ARETROEE.E & €6 § 0 & Wlsloiviolo 5 5 8 St ¥ & Not applicable
Potable water heated, M’ (A1) .. ........oo ettt e 120 (3182)
Wastewater treated, m’ (1 1) RO R R Y. T T S SRR RCLI SRR e . ~P PRy g 320 (8460)
Fuel consumed, m’ BRY): < & s <oy srieemrasE v b Ve sgins g B & S I TR e P e s 1.0 (264)
Peak alectricalidemantilW' ¢« o i« i s shoessioresns b 6osses ¥ awshosmsezsmisou s o P it ity 80 ondons 177
Equivalent energy service (electricity and heat used), MJ (Btu) ................ ... ...t 242512 (23X 10°)
LAY EITICIEIIOY, DBICENE ... o ooc v« ox o o oie o imcons RS € 8 5 32310 5 5 5 6 0k it @OHROSHNE B & 8 5 B 543 & FIMBAEION & Byt o 65

52




TABLE XXV.—Test IIB-1 Performance Summary

[Winter design day with thermal storage]

. Electricity generated, MJ (KWh) ... ... . e 78372 (2177)
Ajr-conditioning, MJ {IOBRE) «.vcivisvvorismmmaminscsssasssmsams LSS 55 % 5 SO S B T F € 0 (0)
ADSOrption, MT (ION-NEY . oo ocsso v v smmamnne o055 5 5 Boressmmabsiie s e g5 5 5255 <0 S8T4 S s 5ossfas 0 (0)
Compression, MJ (OM-RrY oo v siaissammmssssrsssiessinsias iisemaedssss SRR B R E R 0 (0)
Sones; eHg, TN TBRAT v s 5355 55 5 0 5 Woniinssoin o 3 55 6% 353 0500 00 ATV 70 § 33 bR 6 B o v 0 W 871989 (8.27 x 10°
. . Trash incinerated (equivalent), Kg (Ib) ... ...ttt e e 190.5 (420)
Potable water heated, m’ (gal) ................. o161 e e bt e e it s B 1 N 12.0 (3182)
Wastewater treated, m’ o I Y i e T 0 e T e e e B e e St 32.7 (8640)
Fuel consumed, m’ CEBY scvmvem oo v ev s s m s Smmmmus s & £ 5 5 5 d%a SUAGHEEEIERASEET & § 3 S0 EE E B F LR EE TS 0.8 (220)
) Peak electrical demand, KW .. .. ... . cesds 136
i | Equivalent energy service (electricity and heat used), MJ (Btu) ........... ... irirriiiiiinns 2048699 (19.43 x 10%)
Plant efficiency, PErCeNL .. .. ... .. s 65.4
TABLE XXVI.—Test IIB-2 Performance Summary
[Winter design day without thermal storage]
Electricity generated, MJ (KWhY . v sr v sass smossies on i T T e 74736 (2076)
Air-conditioning, MJ (10N-Rr) ... . o e 0 (0)
Absorption, MJ (10N-Rr) ... e 0 (0)
Compression, MJ (0n-Rr) ... .o 0 (0)
Space heating, MJ (BLU) . ... ... i 8519.55 (8.08 X 10")
Trash incinerated (equivalent), kg (ID) .. ...ttt e 381.0 (840)
- Potable water heated, m’ (EBIY ;5 oo s shpsmiernns 4 % 5 3 5 ol e E B8 £ 5050008 LR § 5% BES 144 s 20 120 (3182)
Wastewater treated, m’ CBAL) & 55 55 5 5 GUT T £ 5 0 5 5 bbb il SAesos i m o 5 5 8 mAsE & 5 e 58 5 8 8 8 8 8 imss 32.7 (8640)
Fuel consumed, m’ UBBIN 106 56554 5 b ormoummmm = m =120s & imimiis oo S SRR o1 1. & o 8 TR S 8 6 8 % 5 0 4 09 (240.1)
R Peak electrical load, KW ... 140
Equivalent energy service (electricity and heat used), MJ (Btu) ................ovirriirennninn. 19601.30 (18.59 X 10°)
Plant efficiency, PEFCENL . .. ...\ oottt e e e 57.4
i
2 ! 53
3 i




TABLE XXVIl.—Test IIC-]1 Performance Summary

[Springifall average day with thenmal storage]

Bl D i ot et bl

. f Electricity generated, MJ GkWH) .......utinuneiinnerrieeneeninssianterteersteanteeeinains 79848 (2218)
T Ait-conditioning, MI (000-HE) .. ....vvinnit ittt ettt iertaeee it etrtrareeette et 1228.1 97)
kB AbSOTPHON, MJ (10MHF) .o vvitiretirt it ittt ettt e e e aeaaas e 12281 (97)

Compression, MI (ton-hr) . ...ttt Cerairiseeiieas P, 00
Space heating, MJ (Btu) . ................. e e e, 369.04 (0.35 X 10"
Trash incinerated EQUIVAIN, KB (0) .. ... \voenteenns et ieneetirnrreneereneranrrerieesn 0 (0)
Potable water heated, m’ (gal) .......... VU e e s 120 (3182)
Wastewater treated, m’ @1 .........vivereeriinrrinnninin. 327 (8640)
Fitel consumed; M’ BA1) -« ..vovvneenrserernereneenenernsnnennn e e 07 (192)
Peak eloctrical demand, kW ........ouiiiiiiiiiiiiiiii s e e eas 150
Equivalent energy service (electricity and heat used), MI(BIU} . .......ooviieriiiieeiaeeaannnnn. 172922 (164 X 10°)

PIant effiCiency, POFCBNE . ... ...\ttt ieeeiaeit et eeeianeann s 63
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Figure 1.—-The MIST power generation subsystem.
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Fuel consumption rate, m3/h_r (gai /hn)

O 355.37-K (180° F) inlet jacket water
0 377.59-K (220° F) inlet jacket water
— o _ A Manufacturer's data, 355,37 K (180° F)

N I SR PR WUNTE R S R
0 20 40 60 80 100 120 140 160 180 200 220 240
o - . Electrical load, kW ' :

Figure 3.—Fuel consﬁmption rate as.a !‘ﬁnc;iu_u of electrical load--forced-circulation-cooling mode (0.6 m’l_min (160 gal/min)).




Steady-state steam rate', ka/hr (Ib/hr)

(40) O 355.37=K (180° F) inlet jacket water
9.1 | 0 377.59=K (220° F) inlet jacket water
(20) 4
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0 — - _
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| _Electrical load, kW

-Figure 4.—Steady-§mte' steam rate (103 A 10’ pascals (15 psig)) as a function of electrical load—forced-circulation-
cooling mode (0.6 m’/min (160 gal/min)). .
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Exaust-gas heat rate, W (Btu/he) -

70.3 3
(240x107)

Vendor data corrected for
: measured exit temperature -
58.6 |
200
46.9 |
(160) _
Heat recovery
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exhaust-gas
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120y
| Heat recovery
‘ based on measured
23.4 ) steam generation
e I
11.7 L O 355.37- K (180" F) jacket water
40 01 377.59- K (220° F) jacket water
D Exhaust-gaé sensible heat
@9 - 40 80 120 160 200 240

Electrical load, kW

Figure 5.—Engine-exhaust hest recovery as & function of electrical load—forced-circulation-cooling mode.
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Fuel consumption, m_3/hr (gal/hr)

O Measured vaites

(] Manufacturer's data

] 1 L K R A | R IR | .4

20 40 60 80 100 120 140 160 180 200 220
~ Electrical load, kW. |

- Figure -6—Fuiel consumption raté a3 8 funiction of electrical load=—ebullient-coofing mode.
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" Figure 7.Stéady-siate steam rate a3 2 function of electrical load—ebullient-cooling made.
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'Heat-fecoirery rate, kW {Btu/hr)

Figure BtI—Cbtt'Ib‘in;e_d engine-exhaust and jack’et-wéter heat recovery as a funéﬁon of électrical load—ebullient-cooling mode.
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- Figure 10.—Engine heat rais a5 a function of clectrical load.
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Steam rate, kg/hr {Ib/hr)

453.6 - O——0 299.82-K (80°F) condenser water

Load, kW (tons)
(a) Steam rate as a function of unit capacity.

Figure 21.~MIST series 1 test—absorption chiller.
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Figure 21.—Continued.




- Average subsystem COP =0.55

Total power
T consumption -
for system

. Cooling-water
pump power

4
=
0
S
(=
E
=3
0
gv
Q
S
QL
=
o .
s

—Chilled-water
pump power

ST Cooling-tower
fan power
(HACS only)
—d

141 28.1 42.2 56.3 70.3 84.4 98.5
@ @® a2 (16 20 @24 @8

Load , kW (tons)
(c) Subsystem power consumption as a function of Ioad._

Figure 21.—Cortinued.




Coefficient of performance

1.0 - O——0 299.82-K (80°F) condenser water
Do\ 302.59-K (85°F) condenser water
- O—{3 305.37-K (90°F) condenser water
9t o '
o
b
Tk .
..6 - i
sl -
4 ]
5
: %
I‘: E
2 .
l'! J
Ak |
0 el 1 . (] : | L ] ]
0 141 28.1  42.2 . 56.3 70.3 84 .4 98.5
(0) (4) (8) 12) (16} (20) (24) (28)
Load, kW (ton) '

~ (d) Coefiicient of performance as a function of load.

Figure 21.—Concluded,




337.4
(3.2x109)

295.2
2.8)

253.0
(2.4)

210.9-
2.0 |

_ O—0 299.82-K (80° F) condenser water
1(1:86;7 a : 302.59-K (85° F) condenser water
1.6y | | -
- O——0 305.37-K (90° F) condenser water

Unit capacity , MdJ (Btu)

126.5]
(1.2)

84.3
(.8)

(0} I 1 b 1 ‘L 1 |
277 .59 279.82 282.04 284.26 286.48 288.71 290.93 293.15
40)  (449) (48) (52) (56} (60) (64) (68)
Outiet ghi-‘lfed-water temperature, K ( °F)

(2) Unit capacity as a function of chilled-water temperature, 28426-K (52° F) sensor set point.

Figure 22.-MIST series Il test—compression chillet.
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42.2
.4

0 .

O 299.82-K (80°F) condenser water
N——————/\ 302.59-K (85°F) condenser water
D———{] 305.37-K (90°F) condenser water

R R L I | i

277.5
40

(b) Unit capacity as a function of chilled-water temperature, 285.93-K (55° F) sensor set point.

(0)

9 279.82 282.04 284.26 286.43 288.71 290.93 293.15
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Figure 22 —Continued.
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Power consumption , kW

25

50

25

¢

O—0O 299.82-K(80°F) condenser water
Or={\ 302.59-K(85° F) condenser water
O==0 305.37-K (90" F) condenser water

285.93-K(55° F) sensor set point

- 284.26~K (52° F) sensor set point

1 . 1 | 1 | I 1 H

0 14.1 28.1 42.2 56.3 70.3 B84.4 98.5
) @) (@ (16) (20) - (24) (28

12)
Load, kW {tons}

~ (c) Subsystem power consumption as a function of load.

Figure 22.—Continued,
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Coefficient of performance

5.0

4.0 F

3.0

2.0

1.0

5.0

4.0

3.0

2.0 |-

1.0 |

(0

285.93-K (55° F) sensor set point

O—0 299,82-K (80° F) condenser water
O\ 302 .59-K (85° F) condenser water
O=—{1 305.37-K (90° F) condenser water

284 .26-K (52° F) sensor set point

l ] ] | I | |

14.1 28.1 42 .2 56.3 70.3 84.4 98.5
4) 8) (12) (16) 20) 24 (28)

Load, kW (tons)

(d) Coefficient of performance as a function of load.

Figure 22, —Concluded.
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DO——{] 305.37-K (90° F) condenser water
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70

60 |-
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40
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- — — —— &
-~ L5~
HN——\ 302.59-K (85° F) condenser water
(sense return chilled water)

O — 4 302.59-K (85° F) condenser water
(sense combined supply water)

i i ! | i | 1 J

70r

60

30

Ve letuil

299 .82«K (80° F) condenser water
(sense return chilled water}

O---0 299.82-K (80° F) condenser water
{sense combined supply water)
1 t i I A PO | 1 I

52.8

(15)

70.3 87.9 105.5 123.1 140.7 158.3 175.8 193.4
(20) (25) 30 (35 (am {45) (50 {55}

Load, kW (tons)

(a) Subsystem power consumption as a function of load.

Figure 24.—MIST series [ test—combined chillers.




Coefficient of performance

1.0

1.2

1.0

O—0 299.82-K(80°F) cendenser water
DN 302 .59-K(85° F) condenser water

O 305.37-K (90° F) condenser water

Compression chiller sensing combined
chilled-water supply
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(b) Coefficient of performance as a function of load.

Figure 24.—~Concluded.
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SV-804 full open (discharge/charge) =+ == TP-33, chilled-water storage tank
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. Thermal
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(&) Cold thermal storage discharge/charge profiles.
Figure 25.—MIST series IV test—thermal storage tanks.
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Heat rejection, MJ (Btw)

2108.7
(2 .ouoi)

Engine, air-conditioning
chillers, and incinerator \Q

1897.8
{1.8)

1687.0 |
(1.6}

147%1 L Engine and air-conditioning chillers
(1.

1265.2
1.2)

1054.4
1.0y I

843.5
(.8

632.6

(.6) Engine only

421.7
(.4

210.9
.2)

(0 — - L L 1 )
0 40 80 120 160 200 240

Power output, kW
. —_ [ i
70.3 140.7
20 40)
105.5 175.8
(30 (50)

Chiller foad, kW (tons)

{a) Cooling-tower heat-rejection curve.

Figure 26.—MIST series V test~heat-rejection/heat-transfer network.
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(b) Engine available recoverable heat as a function of output power (manufacturer’s catalog data, ebullient-cooling mode).

Figure 26.—Continued.
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interchanger
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Power output, kW

(c) Engine heat rejected to cooling foop (engine only; results based on exchanger performance).

Figure 26.—Continued.

T AR e

s

g L

FRBIEL 1 1 D

e B Lt e




1 o b e e 7 T T R

1o P S vt AN T 4

Ambient temperature, K © F)
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azo I air-conditioners,
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266.48|_
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25(%.)37 . | : . \
40 80 120 160 200 240

Power output , kW

L 1 1 )
70.3 140.7
(20) (40)

105.5
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Chiller load, kW (tons)

(d) MIST ambient conditions as & function of load.

Figure 26.—Continued.
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Cooling-tower evaporation and drift, m3/min (gal/min)
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(e) Cooling-tower makeup as a function of load.

Figure 26.—Continued.
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| : 1476 .1 N / cooling-tower Flow ;
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Figure 26.—Continusd.




et Cor AL I S ot SNSRI Jho ST TR

388.71 Saturation temperature i
(240) [ (= 110 x 10°-Pa (16 psig) steam) —

366.48
(200)

e e b e 8 T e e s
B T v F s Tt B PL o L e WP S

344 .26
(160)

322.04
(120)

Excess-steam-condenser .
condensate temperature
299.82

(80) [

277.59
40 1

Excess~steam-condenser condensate temperature, i (°F)

25(‘50.)37 I B L o E— -'
40 80 120 160 200 240

Power output , kW
() Condensate temperature as a function of engine load.

Figure 26.—Concluded.
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Figure 27.—Physical-chemical WMS.
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Figure 29.—Blological-tertiary WMS.
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Figure 30 ~—Biological-oxygen-demand reduction.
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Figure 32.—Solid-waste-management schematic. | :
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Figure 33.—<Hee-recovery unit.
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SN




T INE T

S

2

UE
e

]

Total heat rejection/recovery, kW (Btu/hr)
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(1000x10

264
(900)

234
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205
(700)
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(600) |

146
(500}

117
(400)

88

(300) |

59
(200)

29
(100)

0
(0)

3

QO Total heat available for rejection/recovery -
manufacturer's data

Engine total heat rejection/recovery test results
(ebullient cooling)

-y Total heat rejection/recovery = jacket heat plus
e exhaust heat and oil coeler/aftercooler heat

AN TN SN S U W NN U DA O I o1
40 50 60 70 80 90 100110120130140150160170 180

" Engine load, kW
(a) Engine heat rejection/recovery as a function of engine load {time averaged),

Figure 35.—MIST series I integrated tests,
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Heat-rejection rate, kW (Btu/hr)
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oil cooler/aftercooler heat
{engine only)

1+ 1 1 1 |

(0)
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| Engine load , kW

(b} Engine-oil-rejected heat as a function of engine load (time averaged).

Figure 35.~Continued.
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manufacturer's data
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234 (ebulient cooling)

) (800) [~

- 205
(700)

176
(600)

146
(500)

117
(400)

R YRR R

Heat-recovery rate, kW (Btu/hr)

AR il i 2 T M s 3 o e D e i A S R e T M S L g L e T T

6
88
(300)

2

59
(200

- 29 ﬁ___
(100 ‘ 3

SRR,

: -
R e ey

8) S T A N NN N AN N N N N N
©20 50 60 70 80 90 100110120 130140150 160170

Engine load, kW

(c) Engine/incinerator-recovered high-grade heat as a function of engine load (lime averaged; steam heat recovery at 103 kitopas-
cals (15 psia)).

Figure 35.—Continued.
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Temperature, K (°F)
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Thermal storage discharge

Heating load = 421 .8 MJh (400 000 Btuh)
Engine load = 41 kW
Incinerator = On

Thermal storage charge

']
Heating load = 52.7 MJh (50 000 Btuh
Engine load = 41 kW
Incinerator = Qn

388.71 _
(240)

385.93
{235)

383.15
(230)

380.37
(225)
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(220)

374 .82
(215)
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369.26
{209)

366.48
(200)

363.71
(195)

360.93 |
(190)

358,15 | L L | r [ { ¥
(185) ' -

Elapsed time, hr
{d) Hot thermal storage charge/discharge temperature profile.

Figure 35.—Cantinued.
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{e) Hot thermal storage charge/discharge rate as a function of steam-heat availability.

Figure 35.—Conltinued.
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{(f) Floating-split ratio as a function of steam-heat consumption,

Figure 35 -—Continued.
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{g) Domestic-hot-water preheating as a function of engine load.
] Figure 35 —Continued.
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Figure 35.—Concluded.
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Figure 36.—MIUS power  file—less space cooling.
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APPENDIX

MIST FACILITY DESCRIPTION

GENERAL SYSTEM

The MIST facility combines all normal utility
functions into a single, integrated plant. The objec-
tive of the MIST design was to maximize the use of
waste produets of one functional subsystem to
enhance the performance of another subsystem
function, This approach tends to minimize both the
totdl input energy requirements and the polluting
effluents.

The basic system is composed of four major
funictional elements: (1) power generation, (2)
heating and air-conditioning, (3) wastewater treat-
ment, and (4) sotid-waste treatment. These major
functional elements are represented in figure A-1,
which is a block diagram of the basic relationships
involved. Figure A-2 is a simplified schematic of
the system. Table A-l contains maximum perfor-
mance parameters of the system.

LOAD SIMULATORS

The MIST load simulators enable the imposition
on the system of any desired -utility timefload
profile. Climatic conditions independent of the ac-
tual existing conditions or seasons can be simulated
and compressed test schedules, as well as the in-
vestigation of worst-case conditions, are possible at
any time. Loads for the wastewater and solid waste
managment subsystems are actual waste streams
and refuse delivered to these subsubsystems for
processing. o '

'POWER LOAD SIMULATOR

The electrical lcad simuiator is an immersion
probe device wherein a pair of metal probes is posi-
tioned in a tank of water; the load imposed is a
direct function of the depth of immersion. The
probes are winch driven and are manually posi-

tioned. Response time of the drive system is such
that, for all practical purposes, an instantaneous
load/time profile ean be imposed.

COOLING-LOAD SIMULATOR

The cooling-load simulator is an air-to-water
heat exchanger with a staged bypass. The MIST
provides environmental cooling in the form of
chilled water delivered at a temperature of 278.71 to
28093 K (42° to 46° F). The load imposed on the
MIST equipment is the temperature increment A T
created between the 278.71- to 280.93-K (42° 10 46°
F) cooling water and the warmer water returning
from the load. This A T load can be controlled for
any desired condition by diverting a portion of the
flow around the heat exchanger through the bypass.
The bypass vaives are pneumatically controlled for
rapid, accurate load imposition. The unit can im-
pose loads ranging to-a maximum of 175.7 kilowatts
(600 000 Btu/hr).

HEATING-LOAD SIMULATOR

The heating-load simulator is a 146.4-kilowatt
{500 000 Btu/hr) air-to-water heat exchanger con-
nected and controlied in the same fashion as the
cooling-load simulator described in the previous
paragraph. The load is measured as a A T between
the 355.37-K (180° F) supply water and the return
from the simulator.

SUBSYSTEMS DESCRIPTION

The major subsystems of the MIST facility are
described in the following subsecticns.
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MIST Data Subsystem

The MIST data subsystem provided engineering
evaluation data for the integrated test efforts and
performed the following functions,

1. Recording of all operational and engineering
instrumentation signals on magnetic tape (Each
parameter was acquired and recorded in a digital
representation of the measured analog value once
every 90 seconds (data cycie).)

2. Readout of a single parameter at each data
cycle

3. Printout of the digiial value of all parameters
(The data subsystem selected parameters as they
were being acquired and recorded.)

Complete analysis of the data required process-
ing of the computer-compatibie-magnetic-tape data.
These data were converted to engineering units
(temperature in degrees Fahrenheit, pressure in
pounds per square inch, etc.) by the standard pro-
grams used for NASA Apollo spacecraft data pro-
cessing. Tabulations, plots, and microfilms of the
processed data were provided as outputs.

Power Generation Subsystem

The power generation subsystem (PGS) gener-
ates, regulates, and controls electrical power for the
simulated and internal loads of the MIST. The PGS
consists of a diesel engine.generator set with waste-

heat-recovery units on the engine exhaust stack, the

engine lubrication oil cooling circuit, and the engine
water-jacket cooling circuit. Figure A-3 is a
simplified schematic of the PGS showing interfaces
to other subsystems. Figure A-4 depicts the power
distribution network. _ : :

To enable the evaluation of alternate operating
modes, the PGS is configured such that it can be
cooled in a forced-water-circulation mode or in an
ebullient mode. Appropriate heat-recovery units
are installed in each of the cooling loops to enable
reciamation and use of the thermal energy.

Tables A-II, A-IH], and A-IV contain the PGS
thermal, mechanical, and electrical parameters,
respectively. '

Heating, Ventllation, and Air-Conditioning
Subsystem

The heating, ventilation, and air-conditioning
(HVACQC) subsystem provides heating and coobng
to the using facility. It has the capability 10 store
and use thermal energy recovered from the power
peneration subsystem and the incineraor. |igurc
A-5 is a simplified schematic of the subsystem and
its interfaces.

Cooling is provided by means of chilled water
produced by an 87.9-kilowatt (25 ton} ubsorpuon
unit supplied with 103 X 10" pascals (15 psig) and
an B2.6-kilowatt (23.5 ton) electric compression
reciprocating unit. The baseload is satisfied by ihe
absorption machine; peak demands, by the com-
pression unit. The cooling loop is equipped witn «
9 8-cubic-meter (2600 gallon) cold-water siorage
tank capable of storing 303.7 megajoules (284 (00
British thermal units}. To evaluate muitiple modes
of operation, the storage tank output cun oe
switched to either the inlet or the outlet side of the
chillers. This capability enables the load vn the
chillers to be minimized under all eperating conai-
tions, and the recovery capacity of the storage tank
is expanded. Chilled-water delivery to the simu-
lated cooling load is controlled to 279.82
*1.1 (44° = 2° F). Total cooling capacity of the
system is dependent upon available waste energy
from the engine and the incinerator, but the simula-
tor is designed to impose loads as great as 175.7
kilowatts (600 000 Btu/hr) on the system.

Steam and/or hot water recovered through the
heat exchangers interfacing with the engine and the
incinerator is used to satisfy a 146.4-kilowan
(500 000 Bw/hr) space-heating requirement, plus
the simulated domestic-hot-water demands of the
using facility. In addition, thermal energy is used 1o
enhance the operation of the wastewater treatment
plant. The heating circuit contains a hoet thermal
storage tank of 2.8 cubic meters (2600 galions),
capable of storing 1370.7 megajoules
(1 300 000 British thermal units).

The inciusion of thermal storage tanks in the
system enables a closer matching of the load-
demand profiles imposed on the various sub-
systems by reducing the energy usage during peak
electrical loading for meeting space heating and
cooling and thereby reducing the size, the guantty,
and the cost of power generation equipment.




A 6}5-kilowatt (175 ton) capacity wet-cooling
tower is provided to meet equipment operating
limits and to enable portions of the MIST to be
operated independently for flexibility. The
blowdown water from the cooling tower is pro-
cessed in the wastewater management subsysiem
{WMS} and returned as makeup water.

The performance data for the HVAC subsystem
are shown in table A-V.

Wastewater Management Subaystem

The WMS can process as much as 26.5 mjlday
(7000 gal/day) of municipal sewage and subsystems
biowdown water. The effluents are purified water
and sludge. The sludge is burned with trash in the
incinerator. The effluent water is intended to have a
quality approaching that of potable water but is to
be used only as subsystem makeup water. Figure
A-6 is a simplified schematic of the WMS and its in-
terfaces.

Principal elements of the subsystem include a
physical=chemical treatment plant, a biological
treatment plant, and a reverse-osmosis unit. For
test purposes, the units are interconnected so that
the waste stream can be processed by an individual
unit or by any combination.

The subsystem has heat exchangers interfaced
with the thermal loops so that the effects of various
controilable temperature levels can be evaluated,
The output steam, of essentially potable quality,
can be sterilized by chemical and/or thermal
means,

Performance parameters for the subsystem are
as follows.

1. Potable water — Heat 001 m’/min (2.77
gal/min) to a temperature of 344.26 K (160° F).

2, Wastewater _

a. Treat 18.9 to 26.5 m’/day (5000 to 7000
gal/day) of sanitary sewage.
b. Process reclaimed water to potable quality
through the reverse-osmosis unit.
¢. Use reclaimed water for subsystems
makeup.

Solid Waste Management Subsystem

The solid waste management subsystem consists
of an incinerator with its loader eguipment, which

burns solid waste and sludge. The thermal energy
produced is exhausted out the stack through the
heat-recovery unit to produce steam. Figure A-7 is a
schematic representation of the subsystem and its
interfaces.

The loader is a hydraulic ram that injects a pre-
measured load into the incinerator on command.
At full load, 102.5 kilowatts (350 000 Bw/hr) of
thermal energy in the form of steam at a pressure of
103 % 10° pascals (15 psig) can be recovered for use
in the thermal loop.

The subsystem specification performance is
summarized as follows.

1. Solid waste
a. Refuse — 136.1 kg/day (300 Ib/day) of
type 2 trash
b. Studge — 56.7 kg/day (125 Ib/day) of 20-
percent solid sewerage sludge
2. Burn rate
a. Design point - 31.8 kg/hr (70 Ib/hr)
b. Maximum — 45.4 kg/hr (100 Ib/hr)
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T4BLE A-1—Maximum Performance Parameters

Power generation, kW .................. 230
Heating, kW (Btu/hr) ...........c0evvnnes 146.4 (500000)
Air-conditioning, kW (tong) ............. 175.8 (50)
Water processing, m’/day (zal/day) ....... 26.5 (7000)
Solid-waste disposal, kg/hr (b/hr) ........ 31.8 (70)

T4BLE A-Il.—Power Generation Subsystem Thermal Properties

Cireuit

Energy form Max. energy
recovery,
kW (Biufhr)

Max. temperature,
K (°F)

Forced-circulation cooling

Water 63.3 (216 000)

Oil aftercooler 327.59 (130)
Exhaust Steam (103 kPa 1350 (461 000) 394.26 (250)
(15 psig))
Jacket Water 163.4 (558 000) 8355.37 (180)
' 837759 (220)
Ebullient cooling
il aftercooler Water 63.3 (216 000) 327.59 (130)
Exhaust/jacket Steam (103 kPa 351.4 (1200000) 394.26 (250)

(15 psig)}

130

STwo st points are selectable for engine operaton.
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TABLE A-IH —Power Generation Subsystem Mechanical Properties

Engine stack exhaust
Flow, m’/min (fljlmin) .........................................................
Pressure, Pa (in. HO) ...
Temperature, K ("F) . ... i i i e e

Exhaust silencer
Flow kg/hr (Ibfhe) ..o e et
PressUre, KA (PO o vttt ittt e e e
Temperature, K (OF) ... . 0ot it i e e

Jacket water

Flow, m’/min L0774 1y V1) 2
Pressure, KPa (PSIB) . .....onitiiiit i e
Temperature, K (CF) ... i i it e i

@il interchanger
Flow, m’/min LT 0
Pressure, KPa (PsiE) ... ..ot e e e
Temperamire, K (FF) . .. ittt et ettt e s iiar i e

Fuel intake
Flow, m’/min (BALIINY) . i,
Pressure, KPa (POIB) .. it i i e e
Temperature

0 1o 67.4 (0 to 2380)
4976.8 (20)
505.37 10 713.71 (450 10 825)

86.2 10 294.8 (190 to 650)
103 10 124 (15 to 18)
394.26 (250)

06 (160)
138 (20}
355,37 10 388.71 (180 to 240)

0.3 (80)
276 (40)
330.37 (135)

0.015 to 0:068 (4 10 18)
6910138¢102)
Ambient




TABLE A-IV.~—Power Generation Subsystem Electri-
cal Parameters

Peak demand. kW ............ e 23
Vollage, V ac (threephase) .................... 480
Frequency, Hz ........oooiiiiiiiieniiin e 60
Power factor, min. ... .....vieeiiaiiiiia, 0.8
Voltage regulation. percent .................... *1
Frequency regulation, percent .................. +0.5

TABLE A-V.—Heating, Ventilation, and Air-Conditioning Subsystem Thermal Parameters

Cooling
Absorption (variable}, KW (lons) ... ... .. e, 35210879 (1010 25)
Compression (variable), kW (tons) ...............ccovun. s e rerraiaes e 17.6 to 82.6 (5 10 23.5)
Storage in 9.8-m’ (2600 gal) waier tank at
2982 K 4 F), MI (Btu) ... oottt iveae i J N 303.7 (288 000)
Heating
Space, KW (Blu/he) ..o i e e e e 0 to 146.4 (0 to 500 000)
Fréshwater from 283.15 to 34426 K
(50° 10 160° F), m’/min (gal/min) ..........cccoieeiniinnann. . 0010 (2.77)
Wastewater from 283.15 to 31093 K
(50° to 100° F), m’/min (gafmin) ..............c.oeeennn. TR 0.018 (4.86)
Sterilization, K (°F) . .cvuiniierrie i iiiiiaaenens eveein e =373.15 (=212)
Storage in 9.8.m’ (2600 gal) water tank at
38345 K (230° F) M (BIU) - eeineneeete e e e 13707 (1.3 X 10"
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Figure A-1.—Baseline MIST sysiem,
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Figure A-2.—MIST system schematic.
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Figure A-3.—Thermal interface.
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Figure A-4.—~Electrical block diagram.
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