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Foreword

This Final Report 1is prepared for Union Carbide Corporation, Nuclear
Division, on a program for Development of a Braun Engine-Driven, Heat Pump
(Contract No. 86X-61619C). It includes a summary of component analyses,

design and tests, and a description of breadboard design, fabrication, test

and results.

The report 1is organized in ''reverse chrounological"” order, directing the
reader through progressively more detailed background and analysis supporting

the program results and conclusions:

e Section 1, Summary and Conclusions, highlights the program

findings.

e Section 2, Test Results, 1is a summary of the key final test

results.

e Section 3, Breadboard System Description, is a functional and
physical description of the heat pump system that

generated the data for this report.

e Section 4, Data Analysis, 1s an interpretation and rationale for

data analysis and summaries of program data output.

o Section 5, Component Development, is a summary of the design,
analysis and testing tasks from the component level

through breadboard system debugging.
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PROGRAM OVERVIEW SUMMARY

PROGRAM BACKGROUND

The present program was initially contracted as a Phase I component develop-
ment program, including evaluation of two alternate basic Braun engine/
compressor concepts, to be followed by a Phase II program, for the full
development of the selected concept and to include a market analysis and
testing and demonstration of the prototype engine/refrigerant compressor
unit. Shortly after 1its inception 1in February 198l, the program was
redirected to include the prototype development and breadboard demonstration
from Phase II and to retain only those Phase I component development efforts

deemed critical to proof-of-concept of the engine/refrigerant compressor

package. The major program changes made to accommodate the breadboard
prototype development and testing were the elimination of the evaluation of
the alternative engine/compressor concept, the reduction of controls
development work, operating the engine in the carbureted mode only and the
development and inclusion of the refrigerant test rig and its controls,
instrumentation and data acquisition system. The program was extended from
May 1982 through March 1983 to accommodate the breadboard engine/refrigerant

compressor development and debugging.

The present program was preceded by a Linear Hermetic Seal Development
2rogram (Contract No. 86X-61613C). The final report of that program has been

issued [1], and the seal concept developed therein was extended and

incorporated into the present program.
PROGRAM PHILOSOPHY
The program plan was to evolve from a proven Braun Model BR-105 engine/air

compressor to an operational BR-105R engine/refrigerant compressor ia a

treadboard configuration. The program embodied the elements of analysis,




design, fabrication, assembly and test at component, subsystem and system
levels. Within the philosophy of '"proof-of-concept,” a number of design
guidelines were laid down early in the program that governed all subsequent

system development:

e In-house parts fabrication,

e Carbureted engine on breadboard system,
e Propane fuel on breadboard system,

e Manual (and semiautomated) controls,

e Off-the-shelf basic seal components.

It should be recognized that each of these criteria may impose "limits" on
the configuration, operation and/or performance of the system as described in
this report. These criteria were, however, compatible with the program Scope
of Work and were dictated by considerations of program schedule and available

funding.

PROGRAM OBJECTIVES

Program objectives are to:

e Develop and test basic components of a gas (Propane (LPG)]
engine-driven heat pump system sized for application in the light

commercial building sector, and implement a breadboard.

e Measure steady-state performance of the breadboard system over a range
of simulated outdoor and indoor temperatures and demonstrate operation

in both heating and cooling modes.

e By simulation, based on test data, develop estimates of annual

performance to goals of COP=1.2 in heating and 0.6 in cooling.
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Attainment of Objectives

The following objectives were attained:

e The compoments of a propane-fueled, carbureted engine-driven light

commercial-sized heat pump system were developed and tested.

o Demonstrations were given of the compressor, seals, engine, sound

suppression and breadboard heat pump system in the heating mode.

e Performance data were obtained and reported on by an independent
testing laboratory on a high efficiency, fuel 1injected BR-105

engine/air compressor.

e Steady-state running of the BR-105R engine/refrigerant compressor unit
in the breadboard heat pump system over almost the full heating and

cooling range was carried out.

e Steady-state performance data was taken and analyzed over a range of
simulated indoor and outdoor temperatures for the breadboard heat pump

system in the heating mode.
e Some steady-state points were run in the cooling mode range to
indicate the unit's capability in that mode, although no steady-state

performance data in the cooling was analyzed.

e Estimates of annual performance by simulation were not carried out

within the given funding and time constraints.

PROGRAM TEAM MEMBERS

The participants in this program and their general areas of responsibilities

are as follows:
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e TECTONICS RESEARCH INCORPORATED (TECTONICS),

Mr. A. (Tom) Braun, Technical Director

- BR1O5R technology development, analysis, design, fabrication,

testing.
- Engine/Compressor data acquisition and analysis.

e HONEYWELL TECHNOLOGY STRATEGY CENTER (TSC),

Mr. Donald N. Carlson, P.E., Program Manager

- Program management.
- Test rig design, fabrication and operation.

- Data acquisition and analysis.

o HONEYWELL CORPORATE TECHNOLOGY CENTER (CTC),

Dr. Ulrich Bonne, Consultant
- Simulation and data analysis.
This program was supported by the U.S. Department of Energy as part of the

Heat Actuated Heat Pump Technology Program, and directed by George Privon of

Oak Ridge National Laboratory, Energy Division.
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SECTION 1.0
SUMMARY AND CONCLUSIONS

This program began with a technology represented by a Braun Model BR-105
free-piston engine extensively tested and proven in an air compression
application. An alternate version of the engine, the BR-300, was previously
tested as a refrigerant compressor. Air compressor models of the BR-105 had
sucessfully accumulated a total of over 45,000 hours of operation. A single
unit had been operated under full load comnditioms for 15,000 hours (two years
of continuous running) with negligible wear and wide margins for additiomal
sustained running. Engine performance, in the spark ignition mode, had
demonstrated a brake efficiency in the order of 34 percent. The balancer for
vibration-free operation had beem and is being used extensively by Braun

licensees in the U.S.A. and Europe in their commercial compressor lines with

sales worldwide.

Starting with this proven engine technology, and continuiﬁg through design,
fabrication and testing of a breadboard heat pump system, this program has
served to demonstrate the goal of proof-of-concept for the Braun engine
technology application to heat pumps. In the course of this heat pump appli-
cation program, several major advances, both in demonstrated accomplishment
and knowledge, have been made. In the following paragraphs, the present

state of development 1is defined and recommendations offered for future

continuation of this program.

1.1 SEALS

The requirement for a viable, linear hermetic seal was recognized early as
the single most critical element in this development. Under a separate
contract [l], preceding the present one, and based on an independently

demonstrated Braun linear hermetic seal concept, a hermetic seal for the



BR-105R breadboard compressor was designed to "infinite life" criteria. In
this program, the design was further developed, tested and demonstrated 1in
the refrigerant environment. The seal was proven, although extended life

(life cycle) tests have not yet been conducted.

To maximize the probability of success in the BR-105 seal development, a
philosophy of utilizing proven and commercially available seal components was
employed. This made available to the program not only timely deliveries of
seals, but also a wealth of manufacturer's experience and data for inclusion
in in-house developed analytical programs. As a consequence of this
philosophy, however, the engine/compressor unit, to a certain exteant, had to

be adapted to the resulting seal counfiguration.

A logical and realizable extension to this seal work 1s a similar effort
peginning with heat pump performance specifications and then designing and
developing the seal specifically for the application. Knowledge gained on
this program clearly indicates that a high probability of success of such an
effort, not only for the Braun engine application, but others, such as the

Stirling engine, as well. Such a program would also involve suitable seal

manufacturers.,

1.2 BREADBOARD HEAT PUMP (BR-105R)

A breadboard heat pump system consisting of the BR~105R engine/refrigerant
compressor unit and a refrigerant/hydronic test rig, capable of simulating a
full range of outdoor conditions, has been designed, fabricated, assembled,
tested and demonstrated. A wide operational range of measured data have been
collected and analyzed, meeting a primary objective of the program. In

operation, this system has demonstrated the capability of:
e Reliable, and safe starting, running and stopplng;

e Operating at, and adjusting to, variable load conditions;
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e Stable, steady-state operation and data collection over heat pump

. A . 0 .
heating conditions ranging from -6 to 60 F evaporating temperature,

with quantitative data obtained from 6 to 28°F ;

e Providing test data exhibiting stability and repeatibility with good

heat balance within *10 percent;

e Meeting anticipated performance projections with additional

development effort.

These demonstrated capabilities support the program goal and attainment of

proof-of-concept.

Additionally, the following high-probability capabilities have been identi~

fied in these tests:

e Consistent with expectations, the performance numbers of the car-
bureted unit were low, but substantial improvements will be gained by
utilizing the high efficiency, fuel-injected standard Braun engine.
Minimum expected performance with this and other related changes is a
cooling COP of not less thanm 0.7 at 95°F ambient and a heating COP

of not less than 1.4 at 17°F ambient.

e Demonstrated operation was limited to 6 to 60°F due to constraints
put on the breadboard engine/compressor unit (time and funding).
Optimization of the corresponding design parameters for the high
efficiency version of the BR-105R engine/compressor is expected to
result in its automatic operation throughout the entire heating and

cooling range of -20 to 115°F.




1.3 ENGINE PERFORMANCE

Aside from the heat pump system test results, the major claim and expectation
of high efficiency of the standard fuel-inj2cted Braun engine was demon-
strated by means of tests conducted by a prominent, independent testing lab.
These tests supported and corroborated earlier 1n-house and outside tests of
the standard BR-105 engine. The engine in these tests used the fuel injec-
tion system (LPG) originally planned for breadboard use. The measured data
of these engine tests have been combined with the measured data of the
carbureted engine/ compressor of the breadboard to develop predicted system

performances of the Braun heat pump system.

A natural gas 1injection system has also been developed and concept-tested,
wherein low gas line pressures are boosted tc rthe desired engine injection

pressure.

1.4 CONCLUSIONS

The program met the main objective of demonstratiang operation of the Braun
engine/compressor 1in a heat pump mode. It also demonstrated high efficiency
of the standard fuel~injected Braun engilne. Performance factors with the
carbureted breadboard engine version were, as expected, on the low side and
the range of operation below maximum. However, 1in addition to the
demonstration of the engine/ compressor in the heat pump mode the program
produced data and developed knowledge and understanding necessary to identify
the next set of tasks for this development. With further development these
results can readily lead to the verification and integrated demonstration of
the high efficiency capabilities of the Braun linear engine heat pump over

the full range of heating and cooling conditions.
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1.5 RECOMMENDATIONS

The knowledge, experience and data derived from the breadboard and associated
tests and work clearly indicate the necessary steps for further study and
demonstration of reproducible automatic and highly efficient operation of the
Braun engine/refrigerant compressor over the full range of heating and
cooling conditions. Implementation of these steps are recommended and should

include:

e Adaptation of fuel injection,

e Compressor resizing,

e Compressor clearance resizing,

e Compressor valve resizing and tuning,

e Full adaptation of BR-105 controls concepts to BR-105R.

These recommendations for continued development work, supported by the test
data and demonstrations described in this report, have been presented to an
expert consultant team provided by, and working with, ORNL. The technical
discussions and demonstrations conducted at Tectonics Research, Inc.,
included such proprietary data as necessary and beyond the scope of the data

presented herein.
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SECTION 2.0
TEST RESULT SUMMARY

In addition to qualitative proof-of-concept accomplishments, quantitative
measurements and data were obtained, both with respect to the BR-105R engine/
refrigerant compressor and the gas-injected standard BR-105 engine/air
compressor. While the breadboard system with the carbureted engine produced
low performance factors, the measurements and data obtained are shown to
demonstrate the strong potential for substantial improvement by adaptation of
the gas-injected standard BR-105 engine. Test data and analyses from which

this summary is drawn are detailed in Section 4.0.

2.1 BR-105 ENGINE PERFORMANCE

The fuel-injected standard BR-105 engine, driving an air compressor for load,
was tested for performance and emissions by an independent testing laboratory

(Colt Industries). Their results (Appendix A) can be summarized as follows:

o The best engine settings gave an engine-indicated power and cycle
efficiency of 20.1 ihp and 38.5 percent, respectively. The resulting
overall engine/air compressor unit efficiency is 30.8 percent based on

a2 measured compressor-indicated horsepower of 16.1.

e The engine brake horsepower is less than the engine-indicated power
but greater than the compressor-indicated power due to the compressor
piston ring friction. Each horsepower attributable to compressor ring
friction results in an engine brake efficiency of approximately two
percentage points greater than the overall unit efficiency. In this
case the 16.1 compressor-indicated horsepower would become 17.1
engine-brake horsepower and result in a brake efficiency of 32.7

percent.



Exhaust emissions were at expected levels and responded to ignition
timing as a typical spark-ignited engine. The lowest NOx emissiouns
were obtained at best engine settings as typical for the particular
scavenging air flow at the given engine speed and load. Lower NOx
emission could be obtained by reducing the engine fuel flow per cycle
or increasing the amount of air trapped per cycle and by a similar

means .

An interesting test was the variable gas injection timing. The data
shows the marked effect gas injection timing has on exhaust gas
hydrocarbons and the engine indicated specific fuel consumption. The
result clearly shows .that much improvement in reduced hydrocarbons and
engine fuel consumption can be realized by the proposed redesign of
the gas injection system. The presentz injection system has a gas
injection port that traps a small volume of gas during each cycle. A
portion of this gas volume passes through the engine with the
scavenging air on the subsequent cycle without going through the
combustion cycle, and accounts for the high level of hydrocarbons in

the exhaust system.

The actual gas trapped in the 1injection port is a function of its
volume and the cylinder pressure at the time the gas valve closes.
Typical hydrocarbon levels were 550 grams per hour or 1 1/4 pounds per
hour. It 1is estimated that as much as 1 pound per hour could be
propane, depending on other engine sources for hydrocarbons. If
two-thirds of this propane loss could be eliminated the engine fuel
consumption would be reduced by 10 percent. With such fuel savings

the efficiency from Run No. 2 would result 1in the following

outstanding efficiencies:
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Measured Possible
Engine-indicated efficiency 38.5 42.8
Overall unit (engine and '
compressor) efficiency 30.8 34.2
Estimated brake efficiency 32.7 36.3

Conclusions

e Engine emissions of NOx are typical of a spark-ignited natural gas
engine while the CO emissions are higher than need be for a

well-developed engine.

e Measured hydrocarbons are very high due to the present gas injection
system design employed (and can be substantially reduced by redesign

of the injection system).

e Engine performance is good for an engine with a 4 1/2-inch bore. The
engine mechanical efficiency was 85 percent based on estimated

compressor ring friction of one horsepower.

Note: Present engine brake efficiency of 32.7 percent compares with
27 to 28 percent of those reported in the A.D. Little, Inc. report [2].

Possible engine brake efficiency of 36.3 percent is substantially

higher than reported anywhere else for engines of this size.

2.2 HEAT PUMP PERFORMANCE

The breadboard heat pump system, which included a fully-instrumented
refrigerant (R22)/hydromic test rig, provided data from which fuel utiliza-
tion efficiency or thermal COP can be estimated. Figure 2-1 is a summary of

the results obtained from breadboard tests alone, those combined with the
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gas-injected standard BR-105 engine test results and a projection based on
fuel injection system improvement. The assumption made in developing this
thermal COP is a 75 percent utilization of all heat of fuel into the engine,
which is not converted into work acting on the compressor piston.* Because
this COP is related to point-of-use fossil fuel utilization gross or HHV
efficiency, it does not include the cost of operating electric auxiliaries,
which is consistent with standard U.S. practice in rating gas- or oil-fueled
appliances for central space conditioning (example: AGA/ANSI bench test of

minimum of 75 percent efficiency).

A cross-plot of the heat pump COP's, shown in Figure 2-1 for an outdoor
temperature of 40°F (at which steady-state COP approximates seasonal COP
for an average U.S. climate), is shown in Figure 2-2 as a function of engine
brake efficiency. Supporting data points (averaged) from two sets of
experiments are also shown, together with an estimted limit derived from

projected fuel injection improvements.

*This is consistent with the assumptions made in the A.D. Little, Inc., report
for DOE [2].
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SECTION 3.0
BREADBOARD SYSTEM DESCRIPTION

Consistent with program objectives to test and demonstrate, a breadboard heat

pump system was designed,

ment work supporting the breadboard system is detailed in Sectiom 5.0.

fabricated and assembled.

The component develop-

This

section details the description, operating procedures, functions and features

of the final breadboard system,

components (Figure 3-1):

which consists of

e Braun BR-105R engine/refrigerant compressor,

e Hydronic/Freon test rig,

e Instrumentation and data acquisition system.

LUBE

SPEIZD CONTROL
SEALS
CARBURETION

Figure 3-1.

the following major

CONTROLS

CONTROLS

BR105R
ENGINE/COMPRESSOR

—

REFRIGERANT]

REFRIGERANT/HYDRONIC
TEST RIG

INSTRUMENTATION

INTERFACE

INSTRUMENTATION

DATA ACQUISITION
AND
REDUCTION

Basic Elements of Breadboard Heat Pump System
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3.1 BRAUN BR-105R ENGINE/REFRIGERANT COMPRESSOR

A functional diagram of the breadboard unit is shown in Figure 3-2. The
BR-105R 1is a free-piston, spark-ignited, two-stroke machine. The engine and
compressor pistons are joined at opposite ends of a rod that also contains
the balancer wmechanism, bouncer piston, seal wmechanism and seal. This
experimental BR-105R is 72 inches long, 20.5 inches high, 14 inches wide and
weighs approximately 500 pounds. It 1is mounted horizontally on a

28-inch-high test stand.

3.1.1 Engine

The engine was adapted for this heat pump application from tHe 6-inch stroke
BR-105 engine/air compressor. Significant engine parameters in the initial

BR-105R version were:

Bore 4.5 inches
Stroke 4.254 inches
Fuel propane (LPG)
Cooling:

Head - water
Cylinder - air

Running speed - to 1500 cpm

Engine Performance--The BR-105 engine/air compressor has been tested twice by

independent laboratories in the past seven years. From these tests, a
correlation between BR-105 air compressor performancé and engine brake
thermal efficiency was established. The correlation that has been proven is
the ratio of compressor output to fuel input versus brake efficiency. It has
been determined from the independent tests that 525 CFM compressor output per
pound per minute of fuel input 1is equivalent to 34 percent engine brake
efficiency. The notation commonly used is 525 ft3/1b. The engine brake
thermal efficiency of the carbureted version of the BR-105 engine measured

. . . . 3
consistently as 18 percent efficiency which is equivalent to 280 ft /1b.
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The ‘''thermal efficiency' measurement on the BR-105R engine/refrigerant
compressor (Sectionm 4.0) was based on the A H of the Freon from the
compressor intake to compressor discharge. This A& H 1is assumed to be '"the
engine brake power'" in the breadboard measurements. This method was never
calibrated as the air compressor measurements had been. Therefore, there may
be a fair degree of uncertainity in the "thermal efficiency" measurements
taken during the breadboard tests. With this uncertainty, the BR-105R is

reported in Section 4.0 as having 13 percent efficiency.

Speed--The speed of the BR-105R engine has been controlled through the
range of 1000 to 1500 cpm. Typically, during the tests for data, the
operating speed of the engine varied from approximately 1100 to 1500 cpm.
Very little effort was made to alter the speed under load with the speed

control.

Carburetion—-The breadboard engine 1is c#rbureted using an IMPCO Model
110-8, vacuum-operated, LP gas carburetor that has not been changed or
modified in the program. The two basic adjustments on the carburetor are the
fuel mixture and throttle position. The fuel mixture is set at a point for
consistent engine operation. No detailed tests have been performed to locate
the best power and efficiency settings. The throttle position is normally in
the full open position, except during extremely low load conditions that may
be experienced during certain phases of the startup procedure. During the
program, carburetion was selected to facilitate breadboard development. The
initial program goal for the fuel metering system was for a natural gas
injection system; however, from schedule and cost consideration, it first was
decided to operate with an existing propane injection system. Later, when
the BR-105R was converted to a 4-inch machine because of the use of off-the-
shelf seal components, carburetion was selected for the final breadboard
tests, within given time constraints it being more readily adaptable to the
4-inch stroke operation. A fuel injection development was also carried out,

in parallel, and was subjected to detailed tests (Sectionm 5.1.1).
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Stroke--The stroke limit of 4.0 inches was dictated from consideration of
seal procurement early in the component development portion of the program
(Section 5.1). Stroke modulation capability has been demonstrated. The
actual stroke is determined by the compressor load in conjunction with

control adjustments to the bounce control function (see Subsection 3.1.3).

Lubrication~-The BR-105R utilizes a cam—actuated, positive displacement
oil pump, which circulates the primary oil supply directly to the balance
mechanism (Figure 3-3). The oil pump is located in a gravity—-fed oil sump
below the balance mechanism. The cam~actuated oil regulator delivers oil to

the engine and speed control cylinders.

Ignition-—-A microprocessor ignition system controls the operation of the
engine. This prototype ignition controller contains an EPROM single-chip
microcomputer that offers great flexibility and simplicity in varying engine

control parameters.
During the starting phase, the microprocessor ignition system controls the
positioning of the piston, fuel flow and ignition. During the running phase,

1t controls the capacitive discharge ignitionm.

Engine Intake--The engine is a two-stroke cycle type with a scavenging

process similar to a crankcase scavenged engine. Being a free piston engine,

there is no crankcase, but the back side of the engine piston serves as the

scavenge pump as in a crankcase-scavenged engine. The effective pumping
volume of the engine is increased by the addition of a small booster pump
which is driven by the balancer mechanism. The quantity of scavenged air is

controlled by a throttle plate in the carburetor.

Exhaust--The exhaust system is a fixed pipe length at 42 inches. Ounly a

limited amount of exhaust tuning was performed.
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Figure 3-3. BR-105R Lubrication System

3.1.2 Balance Mechanism

The standard, proven Braun balance mechanism of the BR-105 was used in the
BR-105R. Its function is to balance inertial forces of the moving piston
assembly. It consists of two pinions driven by the center shaft that drives
the floating '"matchbox' counterweight assembly in the opposite sense of the
moving piston assembly, providing completely balanced operation. The mass of
the balance system was modified to account for the mass of the additional

moving components of the BR-105R system.

3.1.3 Speed Control

The function of the speed control device is to modulate the capacity of the

machine. This device utilizes two gas chambers which act as variable
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"stiffness" springs. The speed of the machine can be raised and lowered by
changing the stiffness of these springs. The net result for the heat pump is

a corresponding direct increase or reductiom in capacity.

Startup--During the experimental phase the refrigerant system was equlized

for startup.

After the 1initial adjustments are made to stabilize the stroke, the
refrigerant load on the compressor increases, accomplishing, in effect, a
gradual absorption of the refrigerant load in proper balance with the

engine's energy.

Running--When equilibrium is established following startup, changing intake/

discharge conditions at the compressor requires change in the output of the

BR~105R. This is accomplished by corresponding modulation of the bounce

pressures.

3.1.4 Compressor/Valve

The single acting compressor piston is 7.0 inches in diameter and operates in
an '"oil-free" mode with teflon piston rings. The compressor stroke 1is
identical to that of the engine. In this machine, the compressor can operate
with a varying clearance volume (see Figure 3-4). This feature, along with

the capability of variable speed, will play a role in modulating capacity to
meet varying system loads. On the breadboard wunit the full extent of

capacity modulation was not exercised because of time and funding restraints.
The combined suction and discharge valve used during tests of the compressor
alone and during BR-105R tests was a commercially available, concentric type

for use in refrigerant compressors.

No "tuning" of valve springs was done during final testing.
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Figure 3-4. Compressor Operation, Varying Clearance Volume

3.1.5 Hermetic Seal

Figure 3-5 summarizes the analytical results, supported by extensive seal
tests, which illustrates the potential infinite life (safety factor of 1.0
corresponding to the manufacturer's ''safe'" criteria) characteristic of the
Braun hermetic seal. Complete seal design analysis results are given 1in

Reference [1].



MAXIMUM DEFLECTION (INCHES)

3-9

!
Jo— 1SEAL, 3006 m
0.4 /
/
/7
0.5
0.3 -
0.6
3SEALS, 3006 0.7
N . L
0.8
0-2 - \ - ~
™~ - -— - -
3SEALS, 1906 -0.3
(BREADBOARD) o
1.1
1.2
DESIGN
POINT
o1 2.75-x 1.254NCH SEAL,
: 0.005-INCH PLATE
VALID FOR AP ACROSS LINEAR DEFLECTION
SEALS LESS THAN 20 psi 5-INCH STROKE
(NO DYNAMICS)
0 ™ T T T 13 v
0 10 20 30 40 50 60

CONVOLUTIONS

Figure 3-5. Braun Hermetic Seal Dynamic Performance

SAFETY FACTOR (SF) (MANUFACTURER'S BASIS)



The final performance data runs of the BR-105R were conducted with a commer-
cially available sliding rod seal in place of the Braun hermetic seal. This
decision was made to avoid any potential damage to the one available set of
hermetic seals on hand. Damage could have occurred from inadvertent oil
contamination or from the piston reaching its mechanical 1limit (which
occasionally happened during the tuning and development work). The small
amount of refrigerant leakage past the sliding rod seal was felt to have no

significant effect on the quality of data thus obtained.

3.1.6 Controls

The various control elements of the BR-105R have been previously disgcussed

and are summarized:

° Carburetor - fuel/air mixture to engine,
. Variable Ignition Timing - best burning in engine,
. Bounce Chamber - speed/stroke control,

. Engine Intake - throttle control.

The net result of these controls, the concepts of which had been developed
for the standard BR-105 engine/air compressor and BR-300, is to provide
control of the engine/compressor in response to changing load (compressor

suction and discharge pressure and flow) and environmental conditions.

3.2 TEST RIG

The system selected to provide a refrigerant compressor test bed and Braun
engine heat pump demonstration system is a liquid-to-liquid system. Figure

3~6 is a simplified system schematic and Figures 3-7 and 3-8 are as-built

pictures of the system.



3-11

~ RECORDED INSTRUMENTATION

— VISUAL INSTRUMENTATION

O

— CONTROL SENSORS

o 1o

T ‘ l Py
HEAT TRANSFER
TANK =
(- V3
P2
T U [Va T
AT T [

pm—— T Y
! TXV
poo—- SHELL AND TUBE
| EVAPORATOR ‘

T

P T !

ACCUMULATOR
SHELL AND TUBE / -
: CONDENSER _ y
$ 1
] T T T
| OEEKD
' —-= FREON LIQUID
- —— FREON VAPOR
e HEAT TRANSFER FLUID

Figure 3-6. Test/Demonstration System - Simplified Schematic




3-12

Figure 3-8. View from Compressor End
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The liquid-to-liquid system is basically a quasi-adiabatic system utilizing a
standard shell and tube condenser and evaporator and heat tramsfer tank. The
heat source and heat sink are provided by the condenser and evaporator
respectively. The thermal energy transfer is provided by the heat transfer

fluid and occurs in the mixing header and heat transfer tank. The excess

heat (compressor work) is purged to the atmosphere.

The temperatures of the condenser and evaporator is controlled and driven
individually by the amount of heat transfer fluid that is recirculated
through the condenser and evaporator. The heat transfer rate in the
condenser and evaporator is independently controlled by the flow rate of the
heat transfer fluid through each circuit. The heat transfer tank temperature
is controlled by purging the excess heat (compressor work) to the atmosphere

by circulating the heat transfer fluid through a fan-cooled radiator.

Table 3-1 is a list of the major components and technical specifications of

the system.

3.2.1 Controls

The controls on the demonstration/test rig system provide interactive coatrol
of the refrigerant circuit and hydronic circuit; there is currently no inter-

active control system between the refrigerant load and the engine/compressor.

The -demonstration/test rig control system contains both an automatic and
manual mode for temperature control. For the test/demonstration the test

systems were operated in the manual mode.

3.3 INSTRUMENTATION AND DATA ACQUISITION

Table 3-2 is a list of data points and types of sensors used to measure data

employed in performance measurements and calculations.
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Table 3-1. Test Rig Design Specifications

CONDENSER, LIQUID~COOLED SHELL AND TUBE, 30 TON NOMINAL

CONDENSING TEMPERATURE
LIQUID LINLET TEMPERATURE
LIQUID OUTLET TEMPERATURE
HEAT REJECTION

LIQUID FLOW RATE

95° 10 125°F
75° To 105°F
85° T0 115°F
10 TO 30 TONS
0 TO 130 GPM

EVAPORATOR, SHELL AND TUBE LIQUID

CHILLER, 47 TON NOMINAL

SUCTION TEMPERATURE
LIQUID INLET TEMPERATURE
LIQUID OUTLET TEMPERATURE

CAPACITY
LIQUID FLOW RATE

-30° 10 55°F
-20° TO 75°F
VARIABLE RANGE
5 TO 25 TONS
0 TO 130 GPM

REFRIGERANT

R-22

REFRIGERANT CONTROL

THERMOSTATIC EIGHT HAND EXPANSION
VALVE

HEAT TRANSFER TANK

36 INCHES IN DIAMETER BY 8 FEET 6
INCHES IN LENGTH, 400-GALLON CAPACITY

HEAT TRANSFER FLUID

330 GALLONS DOWTHERM 'J"

PUMP (Pl AND P2)

130 GPM, 110-¥.cT HD., 7-1/2 HP

PUMP (P3)

30 GPM, 45-FOOT HD., 1 HP

WEIGHT (FULL)

6550 POUNDS

WEIGHT (EMPTY)

4150 POUNDS

DIMENSIONS OF "PACKAGE"

4 FEET WIDE BY 7 FEET 6 INCHES HIGH
BY 16 FEET LONG




Table 3-2. Data Points and Sensors
DATA POINT SENSOR UNITS
ENGINE
FUEL CONSUMPTION DIGITAL SCALE LBS
COOLANT
WATER INLET TEMPERATURE THERMOCOUPLE, TYPE T °F
WATER OUTLET TEMPERATURE THERMOCOUPLE, TYPE T °F
WATER FLOW RATE BUCKET AND STOP WATCH GPM
AIR INLET TEMPERATURE THERMOCOUPLE, TYPE T °F
AIR OUTLET TEMPERATURE THERMOCOUPLE, TYPE T °F
AIR FLOW RATE MANOMETER INCHES H20
EXHAUST GAS ANALYSIS
EXHAUST TEMPERATURE
co2 HARIBA CO2 GAS ANALYZER PERCENT
co HARIBA CO GAS ANALYZER PERCENT
CHb ANARAD GAS ANALYZER PPM
STROKE MANUAL - STROKE DIAGRAM INCH
SPEED MANUAL - OSCILLOSCOPE ceM
TIME DATA LOGGER CLOCK HOUR-MINUTE=-
SECOND
STOP WATCH
0SCILLOSCOPE
COMPRESSOR
DISCHARGE PRESSURE PRESSURE TRANSDUCER psia
DISCHARGE TEMPERATURE THERMOCOUPLE, TYPE T °F
SUCTION PRESSURE PRESSURE TRANSDUCER psia
SUCTION TEMPERATURE THERMOCOUPLE, TYPE T oF
CONDENSER
REFRIGERANT INLET TEMPERATURE THERMOCOUPLE, TYPE T °
REFRIGERANT QUTLET TEMPERATURE THERMOCOUPLE, TYPE T °
REFRIGERANT TEMPERATURE AT BACK-TO-BACK THERMOCOUPLE | OF
FLOWMETER
REFRIGERANT FLOW RATE TURBINE FLOWMETER GPM
DOWTHERM "J" INLET TEMPERATURE THERMOCOUPLE, TYPE T °F
DOWTHERM “J* OUTLET TEMPERATURE | THERMOCOUPLE, TYPE T °F
DOWTHERM “J* AT BACK-TO-BACK THERMOCOUPLE | °F
DOWTHERM "J" FLOW RATE TURBINE FLOW METER oM
EVAPORATOR
REFRIGERANT INLET TEMPERATURE THERMOCOUPLE, TYPE T °F
REFRIGERANT OUTLET TEMPERATURE THERMOCOUPLE, TYPE T °r
DOWTHERM "J" INLET TEMPERATURE THERMOCOUPLE, TYPE T °F
DOWTHERM "J" OUTLET TEMPERATURE | THERMOCOUPLE, TYPE T °F
DOWTHERM "J" AT BACK-TO-BACK THERMOCOUPLE | °F
DOWTHERM "J" FLOW RATE TURBINE FLOW METER GPM
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The data from the sensors is sampled and processed by a data logger and is in
turn printed out and recorded at the rate of 45 channels of data every 30
seconds. The data is further processed by computer into engineering units

and calculated data (Figure 3-9).

SENSED
THERMOCOUPLES
PRESSURE TRANSDUCERS
FLOWMETERS
SCALE - FUEL RATE *
WATT TRANSDUCER
DATA
LOGGER
DATA TERMINAL
RECORDED:
e TAPE
MANUAL L ] PR‘NTOUT
ENGINE COOLANT 1
e AIRm
o WATER m COMPUTER
SPEED TERMINAL
STROKE
EXHAUST GAS ANALYSIS 1
COMPUTER
ENGINEERING
UNITS
COMPUTED
DATA
DATA
PLOTS

Figure 3-9. Automatic and Manual Data Acquisition Flow

Table 3-3 shows the theoretical worst case accuracy of the data based on
sensor and data logger specifications and sensor calibration. Sensor error
or offset is continually accounted for in the computer software, resulting in
good correlation in the heat balances between the refrigerant and heat
transfer fluid in the condenser and evaporator circuits. Test rig checkout
with a 10 ton electric compressor indicated a variation of 2 to 5 perceant

heat balance in the condeuser and evaporator circuits.
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Table 3-3. Worst Case Data Accuracy Analysis

TEMPERATURE
CONDENSER +0.5°F (5.0 PERCENT)
EVAPORATOR +0.5°F (5.0 PERCENT)

PRESSURES
Ps (COMPRESSOR SUCTION) +1.0 PERCENT
PCD (COMPRESSOR DISCHARGE) +0.8 PERCENT

FLOW RATE
FR (R-22) +1.0 PERCENT
FE (DOWTHERM "J") 0.5 PERCENT
FC (DOWTHERM "J") +0.5 PERCENT

Q DOW EVAPORATOR 6.0 PERCENT

Q R-22 EVAPORATOR +6.0 PERCENT

HEAT BALANCE EVAPORATOR +7.0 PERCENT

Q DOW CONDENSER +6.0 PERCENT

Q R-22 CONDENSER 6.0 PERCENT

HEAT BALANCE CONDENSER +7.0 PERCENT

3.4- TYPICAL TEST OPERATING PROCEDURES

When operating the breadboard system for performance data, the primary objec-
tive is to stablize all parameters of the system at a point representing a
heat pump operating condition [i.e., simulated indoor and outdoor environment
(see Appendix B)]. When stabilized, the data are accumulated over a typical

5-minute period and averaged. Such data are given and analyzed in Section 4.
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To establish the desirable steady-state operating point the breadboard system

is typically run as described below.

The engine starting procedure has been described in Subsection 3.1.3 and
generally involves transferring the engine output to the load imposed by the

refrigerant system (test rig).

At this point, the compressor discharge pressure is fairly close to what the
system pressure was before startup, typically between 100 and 150 psig. The
compressor suction pressure is held at an intermediate level to control the
compressor load during the startup phase. The next step is to proceed to the
test conditiomns. First, the condensing temperature is raised (and therefore
the discharge pressure) to the desired level. Second, the compressor suction
pressure 1s raised or lowered until the desired evaporating temperature is
achieved. Once these two conditions are fairly stable, the compression ratio
of the engine is set. At this point, the engine controls can be pretty much

left alone.

*The natural behavior of the free-piston compensates any small fluctuations in
the suction or discharge conditions. Manual intervention is typically not
required unless a runaway condition occurs in the Hydronic/Freon (i.e.,
compressor suction pressure or digcharge pressure continually and rapidly
rises or falls). After conditions in the test rig have stabilized and, by
observation, it appears the data are steady, a manual stroke recording is
taken along with an oscilloscope photograph of the pressures 1in the
compressor. These two recordings supply the necessary stroke and speed data

for the analysis. When sufficient data are recorded, the process is repeated

for the next test condition.
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SECTION 4.0
TEST DATA ANALYSIS

Throughout the program, analyses and tests were conducted by Tectonics to
support design and concept development. A significant part of this analysis
relates to seal development, which has been reported in Reference [1]. The
major tests of the program were performed on the seals, engine, compressor,
engine/compressor unit and breadboard heat pump system. The output of these
tests are, in effect, the culmination of all program efforts, and as such are
presented and discussed below. Further, as a part of the program objectives,
demonstrations were given to ORNL, DOE and others, of the operation of the
various components, subsystems and systems. The tests from which data are

presented, and the supporting demonstrations, are summarized.

Tests:

e BR-105R refrigerant compressor with hermetic seals (driven by a fixed

stroke test rig);
e BR-105R engine/refrigerant compressor with hermetic seals;

e BR-105 high-efficiency, fuel-injected engine/air compressor (test

performed by independent test lab).

Demonstrations to ORNL, DOE, DOE/ORNL Expert Consultants aand Others:

e Above tests,
e BR-105 engine/air compressor with sound suppression,

e Seal dynamics.
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The following data are presented and should be interpreted as development
program results. They thus represent the breadboard system at a 'slice-in
time" in its development. The data, in general, are felt to be reasonable
and representative of the Braun engine-driven heat pump as it is currently
configured, acknowledging the constraints built into the program by necessary

early design guidelines and subsequent program developments, viz:

e Short stroke engine,
e Manual controls,

e Proof-of-concept philosophy.

4.1 TEST PLAN AND ATTAINED CONDITIONS

The test plan for the BR-105R is given in Table B-1, Appendix B. It embodies
specific test points to cover the anticipated heat pump operational envelope
defined in Figure 4-1, which includes both heating and cooling modes. The
figure also includes the standard rating test points for heating and cooling

as defined by ARI 240-77 and NBSIR 79-1911.

A total of 12 steady-state runs were attained over a range of heating
conditions up to about 39°F ambient equivalent. These data runs are
identified on Figure 4-1 and form the basis for the evaluations to follow.
Although the data analysis is limited to the test points shown, it is noted
that the BR-105R, through its final trimming and tuning process, has operated
successfully over a much broader range of conditions, also indicated on the
figure and measured but not fully analyzed because of lack of time and
funding. One of these conditions significantly extended the range of the
BR-105R '"upward.'" 1In general, the capacity of the BR~105R in its present
configuration (small valve, carbureted, untuned controls), source of the 12
data points, limits attainment of the higher suction pressure conditions. At

the lower suction pressure conditions, the test rig, due to low refrigerant
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mass flows, 1s operating below its limit of temperature control cabability at
the evaporator. Again, the BR-105R has no problem operating at these latter

conditiouns.

Clearly, the BR-105R has demonstrated its capability to operate over a range

of conditions in the heat pump application.

This capability has been accomplished during a relatively short period of
trimming and tuning, with some minor system modifications. The accomplish-
ments to date strongly support further operational range improvement with a

continuation of this process.

4.2 DATA RESULTS--BR-105R TESTS

The data obtained during the final test periods are presented in Tables 4-1
through 4-12. During data acquisition runs, the system was brought to the
desired steady-state coundition and allowed to stabilize. Test data, analog
and printouts, were observed over a period of 30 to 40 minutes to assure that
a stable condition was attained. Data were acquired continuously from
startup through the steady-state period. For data reduction purposes, at
least 5 minutes of data (9 to 22 scans) were selected from the 30 to 40
minutes of stable, steady-state operation. These were averaged and then
processed to produce the data shown in the tables. The nomenclature and

equations are given in Appendix B.

It is emphasized that the BR-L05R was operated at other conditions (Figure
4-1), but since steady-state data were not taken in the above-described

fashion, they are not reported herein.

4.2.1 Repeatability

The data of Table 4-13 show good repeatability at similar conditions (e.g.,

conditions I and J).
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Table 4-1. Data Run A

BAYsHR:MIN; DAY :HR:NIN  USING 3 DIGIT JULIAN DATES
=014:15:46:014215:49
ENTER ENGINE SPEED & STROKE, CPi,INCHES
=1413,,3.3

ENTER FAN STATIC PRESSURE (INCHES H2D), & WATER FLOUW RATE (LB/NIN)
=3.42,2.2

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER CONPRESSOR
TElJ = 50.8 F TCI1d = 80.9 F P§ = 350.0 PSIA
TEQJ = 4.9 F 1Ca = 914 F PCD= 212.4 PSIA
TEJ = - B.9F TCJ = 10.6 F T8 = S50.8F
TEIR = 17.3F TCIR = 213.9 F TCh= 218.9 F
TEOR = 51.0F TCOR = 95.9 F TBCD= 217.9 F
FEJ =  48.2 GPM FCJ = 49.9 GPM 1852  S2.2 F

ENGINE COOLING EXPANSION VALVE ANBIENT
TUIN = 54.1 F FRR = 1,69 GPM TDBT = 51.5F
TUOUT= 44,7 F TRF = 94,4 F TUBT = 45.5 F
TAIRI=  68.3 F TRL = 95.4 F
TAIROs 13,2 F

VAL VES SPARES

TANK Vi = 41,4 2 FUEL = 0.4830 LB
TT1 = 49.8 F V3 = 75.3 1 TEXH = 7143 F
172 = 89.9F Vi = 0. 2

TEST RUN A

STEADY STATE ANALYSIS:

w28 INPUT DATA AVERAGED FROM 14:15:46: 8 TD 14:15:49:48 s#s ( 9 SCANS)

QDOUEVAP(1) =  71134.7 BTU/HR QDOUCOND(1) = 100177,5 BTU/HR
GDOVEVAP(2) = 80008.6 BTU/HR GDOWCOND(2) = 101242.8 BTU/KR
(GDOUEVAP(T) =  800352.3 BTU/HR GDOUCOND(I) = 101157.2 BTU/HR

QR22 AT EVAP = 71568.4 BTU/HR GR22 AT COND =  93097.6 BTU/HR

QEVAPBAL = 5504.2 BTU/HR

QCONDBAL = 3761.6 BTU/HR

EVAPORATOR HEAT TRANSFER COEFFICIENT =  2621.1 BTU/HReF
CONDENSER WEAT TRANSFER COEFFICIENT = -~6929.4 BTU/HR=F

WORK DONE ON REFRIGERANT =  23329.3 BTU/HR
ISENTROPIC EFFICIENCY = 68.3%

POLYTROPIC EXPONENT = 1,20

ENGINE FUEL INPUT RATE = 211346. BTU/HR, OR 83.04 WP
"OVEKRALL MECH. EFFICIENCY = 11.1 2

PERFORMANCE FACTOR = 13.92 HP/TON

VAPOR COMPRESSION CYCLE COP, HEATING = 4.04

VAPOR COMPRESSION CYCLE COP, COOLING = 3.04

HEAT REJECTED T0 AJR (CYLINDER) =  41029. BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = -984, BTU/HR
EVAPORATOR INLET QUALITY = 0.27

NEASURED REFRIGERANT MASS FLOV RATE = 978,87 LBS/HR
CALCULATED REFRIG. FLOV AT CONDENSER = 1038.18 LBS/HR
CALCULATED REFRIG. FLOW AT EVAPORATOR = 1054.13 LBS/HR
VOLUAETRIC FLOU RATE AT COMF INLET = 19,429 CFM
VOLUNETRIC FLOW RATE AT COMP DISCHARGE = 5.809 CFM
VOLUHETRIC EFFICIENCY = 17.41

EVAPORATING TEMPERATURE = 17.5 F

CALCULATED EVAPORATING PRESSURE = 53.0 PSIA

MEASURED SUCTION PRESSURE = 350.0 PSIA

CONDENSING TENP USED IN ANALYSIS = 100.7 F

CONDENSING TENP GIVER A 2.0 PS51A DROP FROM COWPRESS. = 100.0 F
SUPERHEAT AT EVAFORATOR = 33.4 F
SUPERHEAT AT COMPRESSOR INLET = J?.4 F
SUPERHEAT AT COMPRESSOR DISCHARGE = 117.2 F
SUBCOOLING AT CONDENSER OQUTLET = 4.7 F



Table 4-2. Data Run B

DAY:HR:AINZDAY:HR:NIN  USING 3 DIGIT JULIAH DATES
=014:1506:04;0t4:15: 19
ENTER ENGINE SPEED 2 STKOKE, CPM,INCHES
=141%5.,3.3

ENTER FAN STATIL PRESSURE (INCHES H20), & UATZIK FLOW RATE (LB/NIN)
23.42,2.2

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER CONPRESSOK
TElJ = 39.0 F ICly = 830 F FS = 50.4 PSIA
TEQJ = 32.0 F TC04 = 93.5F PCD=  218.5 PSIA
TEJ = 7.6 F ¢ = 10.6 F 15 = 38.0F
TEIRK = 18.0 F TCIR = 210.0 F TCh= 212.7 F
TEOR = .3 F TCOR = 98.3 F TBCD= 211.4 F
FEJ = 4.6 GPM FCJ = 350.2 GPH TBS= 40.2 F

ENGINE COOLING EXPANSIDN VALVE AHBIENT
TUIN = 54,7 F FRR = 1.72 GPN TOBY = 1.4 F
TUOUT=  93.4 F TRF = 96.8 F TUBT = 43,5 F
TAIRI=  48.6 F TRL = 97,9 F
TAIRO= 138.6 F

VALVES SPARES

TANK Vi = 81,4 2 FUEL = 1.270 L}
Ty = 33.0 F V3 = 75.7 1 TEXH = 48B.0 F
TT2 = 2.4 F v = 0. X

TEST RUN B

STEADY STATE ANALYSIS:

wes [NPUT DATA AVERAGED FRON 143143 42 1 TD 14:(6:10:51 sas (14 SCANS)

GOOVEVAP (1) = 71268.8 BTU/HR GDOUCONDC(1 s = 100921.4 BTU/HR
ODOVEVAP(2) =  76661.2 BTU/HR ODOUCOND(2) = 101645.4 BTU/HR
ODOWEVAP(]) = 748739.0 BTU/HR ODOUCOND(3) = 101357.0 BTU/HR

GR22 AT EVAP = 49860.7 BTU/HR QR22 AT COHD = 94243.1 BTU/NR

QEVAPBAL = 5035.7 BTU/HR
QCONDERAL = 7129.4 BIU/HR
EVAPORATOR HEAT TRANSFER COEFFICIENT = 4279.2 BTU/HR»F
CONDENSER HEAT TRANSFER COEFFICIENT = -7031.4 BTU/HRsF

WORK DONE ON REFRIGERANT = 24384.5 BTU/HR
ISENTROPIC EFFICIENCY = 435.4%

POLYTROPIC EXPONENT = 1,21

ENGINE FUEL INPUT RATE = 2209%8. BTU/HR, OR 86.82 WP
OVERALL MECH. EFFICIENCY = 11.0 X

PERFORMANCE FACTOR = 14,93 HP/TON

VAPOR COMPRESSION CYCLE COP, HEATING = 3.86

UVAPOK COMPRESSION CYCLE COP, COOLING = 2.86

HEAT REJECTED TO AIR (CYLIMDER) =  422482. BTU/HR
HEAT REJECTED T0 WATER (CYL. HEAD) = 5097, BTU/HR

EVAPORATOR INLET QUALITY s 9.2

"HEASURED REFRIGERANT HASS FLOV KATE = 991.96 LBS/HR
CALCULATED REFRIG., FLOU AT CONDENSER = 1067.00 LIS/KR
CALCULATED REFRIG, FLOV AT EVAPORATOR = 1043.46 LBS/HR
VOLUMETRIC FLOW RATE AT CONP IANLET = 18.884 CFN
VOLUMETRIC FLOW RATE AT COHP DISCHARGE = 5.631 CFN
VOLUNETRIC EFFICIENCY = 17.12

EVAPORATING TEMPERATURE = 18.0 F

CALCULATED EVAPORATING PRESSURE = 33,7 PSIA

MEASUREL SULTION PRESSURE = 50.4 PSlA

CONDENSING TENP USED In ANALYSIS = 102.7 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FRON COMPRESS. = 102.0 F
SUPERMEAT AT EVAFORATOR = 19.3 F

SUPERHEAT 47 COMPRESSOK INLET = 27.0 F

SUPERHEAT AT CUAPRESSOR DISCHARGE = 108.7 F

SUBCOOLING AT COWDENSER QUTLET = 4.4 ¢
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Table 4-3, Data Run C

DAY sHR:NIN; DAY sHR:MIN USIKG 3 DIGIT JULIAN DATES
=0143:16:37;014:16:40
ENTER ENGINE SPEED & STROKE, CPM,(NCRES
=1379.,3.58

ENTER FAN STATIC PRESSURE C(INCHES H20), & WATER FLOU RATE <LB/NIN)
=3.42,2.2

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPGRATOR CONDENSER COMPRESSOR
TEXJ = 45.0 F €1y = 83.7F FS = 45.4 PSIA
TEOJ = 39.2°F TCOJ = 93.B F PCD= 218.8.P§1A
Ted = 7.0 F s = .t f 1§= JGF
TEIR = 3.0 F “ICIR = 2123 F TCh= 220.0 F
TEOR = 45.5 F TCOR = 98.5 F TBCD= 218.8 F
FEJ =  36.2 GPM FCJ = 50.2 GPM 185= 33.9 F

ENGINE COOLING EXPANSION VALVE ANBIENT
TUIN = 2.7 F FRR = 1,41 GPH TOBT = St.2 F
TUOUT=  91.t F TRF = 7.0 F TUBT = 45.4 F
TAIRI=  66.6 F TRL = 98.2F
TalR0= 114.8 F

VALVES SPARES

TANK Vi 41,4 % FUEL = 0.650 LB
Tt = 36,8 F V3 =748 1 TEXH = 456.1 F
Y2 = 73.5F Vs = 0. 2

TEST RUN £

STEABY STATE ANALYSIS:

wsx INPUT DATA AVERAGED FROM 14216:37:15 TO 14:15:40:58 s»s ( 9 SCANS)

QDOWEVAP(1) = $1775.7 BTU/HR QDOUCOND(t) =  97343.7 BTU/HR
QDOVEVAP(2) = 73066.2 BTU/HR QDOVCONB(2) =  97022.0 BTU/HR
QDOVEVAP(3) =  73127.3 BTU/HR GOOUCOND(T) =  94937.2 BTU/HR

OQR22 AT EVAP = 44476.3 BTU/HR QR22 AT COND =  B9241.0 BTU/HR

QEVAPBAL = 4846.3 BTU/HR
QCONDBAL = 7839.9 BTU/HR
EVAPORATOR REAT TRANSFER COEFFICIENT =  2372.1 BTU/HR»F
CONDENSER HEAT TRANSFER COEFFICIENT = -4915.9 BTU/HRsF

UORK DOWE OM REFRIGERANT s 24754.7 BTU/HR
ISENTROPIC EFFICIENCY = 43.3%

FOLYTROPIC EXPONENT = 1.2t

ENGINE FUEL INPUT RATE = 207937. BTU/HR, OK 81.70 WP
OVERALL HECH. EFFICIENCY = 11.9 %

PERFORAANCE FACTOR = 15.21 HP/TON

VAPOR COWPRESSION CYCLE COP, HEATING = 3.40

VAPDR COMPRESSION CYCLE COP, COOLING = 2.40

HEAT REJECTED TO AIR (CYLINDER) = 41174, BTU/HR
HEAT REJECTED TO UWATER (CYL. HEAD) = 5039. BTU/HR

EVAPORATOR INLET QUALITY = 6.29 . N
NEASURED REFRIGEKANT HASS FLOV RATE = ° 923.43 LBS/KR
CALCULATED REFRIG. FLOW AT CONDEMSER = 100714  LBS/HR -
CALCULATED REFRIG. FLOW AT EVAPORATOR = @ 995:22 LBS/HR

- VOLUNETRIC FLOV RATE AT COMP INLET = 19,483 CFM
VOLUNETRIC FLOW RATE AT COMP DISCHARGE = 5.330 CFM
VOLUNETRIC EFFICIENCY = 17,71

EVAPORATING TEMPERATURE = 13,0 F

GALCULATED EVAPORATING PRESSURE = 50.3 PSIA

MEASURED SUCTION PRESSURE = 43.4 PSIA

CONDENSING TENP USED Ii ANALTYSIS = 102.8 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FROM COMPRESS. = 102.1 F
SUPERHERT AT EVAPORATOR = 32.5 F

SUPERHEAT AT COMPRESSOR INLET = 248.1 F

SUPERHEAT AT COMPRESSOR DISCHARGE = 115.0 F

SUBCOOLING AT COHDENSER OUTLET = 4.2 F
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Table 4-4. Data Run D

DAY :HRGWINIDAY:HR:AIN  USING 3 01617 JULI&n DATES
2017:46:35:1P017:18:37
CHTER ENGINE SPEED & STRDKE, CPH,INCHES
il h..3.42

ENTER FAN 3TATIC PRESSURE (INCHES H2D), & UATER FLOW RATE (LE/MIN:
=3.43,2.07

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR COMDENSER COMPRESSOR
TEIJ = S1.2°F Cld = 817 F F§ = 49.9 PSIA
TEOS = 42.9 F TCOJ = 89.7 F PCD=  205.2 PSI1A
TEJ = 9.0 F ) = 3.4 F 13 = S1.3F
TEIR »  1B.6 F TCIR = 206.4 F 1Ch=  208.7 F
TEOR = 51,4 F TCOR = 94.5 F TICD=  206.2 F
FEJ x  354.3 GPH FCJ4 = 70.7 GPN T3S« $3.1 F

ENGINE CODLING EXPANSION VALVE ANDIENT
TUIN = 59,3 F FRR =  1.94 GPN TDBT = 41,9 F
TUOUT=  96.9 F TRF ¢+ 92.8F TUBT = $9.0 F
TAIRIs 58,2 F. TRL = 93,4 F
TAIROx 128.4 F

VALVES SPARES

TANK Vi s 41,4 2 FUEL = 0.790 L3
TTH = 51,9 F V3= 20,7 1 TEXH = 390.5 F
TT2 = 48,1 F Vs = 0. 1

TEST RUN D

STEADY STATE ANALYSIS:

w38 INPUT DATA AVERAGED FRON 17:16:35: 9 TO 17:156:39:456 s#s (1) SCANS)

Q)OMEVAP(1) = 84339.8 BTU/HR ODOVCONDC1Y = 111791,0 BTU/HR
QDOWEVAP(2) =  91436.4 BTU/HR ODOVCOND(2) = 113517,4 DTU/HR
DBONEVAP(3) = 91484.7 BTU/HR QDOMCOND(I} = 113422,0 BTU/HR

QR22 AT EVAP = 83303.2 DTU/HR OR22 AT COND = 107834.0 BTU/HR

QEVAPBAL = 5921.8 BTU/HR
QCONDBAL = 5054.2 BTU/HR
EVAPORATOR MEAT TRANSFER COEFFICIENT = 3133.1 BTU/HRsF
CONDENSER HEAT TRANSFER COEFFICIENT = -9143.5 BTU/HR#F

WORK DONE ON REFRIGERANT = 24548.8 BTU/KR
ISEMTROPIC EFFICIENCY = 74,21

POLYTROPIC EXPONENT = 1.18

ENGINE FUEL INPUT RATE = 203491. BTU/HR, OR 79.95 HP
OVERALL WECK. EFFICIENCY = 12,1 X

PERFORMANCE FACTOR = 11,92 HP/TON

YAPOR COMPRESSION CYCLE COP, HEATING 3 4.39

VAFOR COMPRESSTON CYCLE COP, COQLING = 3.39

HEAT REJECTED TO0 AIR (CYLINDER) = 42286, BTU/HR
HEAT REJECTEL TO UATER (CYL. HEAD) = 4642, BTU/HR

EVAPORATOR INLET QUALITY = 0.27

MEASURED REFRIGERANT WASS FLOU RATE = (124.17 LBS/HR
CALCULATED REFRIG. FLOW AT CONDENSER = 1173,94 LBS/HR
CALCULATED REFRIG. FLOVU AT EVAPORATOR = 1204.22 LBS/HR
VOLUMETRIC FLOW RATE AT CONP INLET = 22,492 CFM
VOLUMETRIC FLOU RATE AT COMP BISCHARGE = 6,801 CFN
YOLUKETRIC EFFICIENCY = 20.9X

EVAPORATING TEMPERATURE = 18.6 F

CALCULATED EVAPORATING PRESSURE = 36.2 FSIA

HEASURED SUCTION PRESSURE » 49,9 PSIA

CONDENSING TERP USED IN ANALYSIS = #8.1 F

CONDENSING TEMP GIVEN 4 2.0 PSIA DROP FROn CONPRESS. = 7.4 F
SUPERHEAY AT EVAPORATOR = 32.9 F

SUPERHEAT AT COMPRESSOR INLET = 40.4 F

SUPERHEAT AT (ONPRESSOR DISCHARGE = 108.1 F

GUBCOOLING AT CONDENSER QUTLET = 3.7 F
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Table 4-5. Data Run E

DAY:HR:NIN;DAY:HR:MIN  USING 3 DIGIT JULIAN DATES
=017:17301:017:17:05
ENTER ENGINE SPEED 3 STROKE, CPN,INCHES
=1411.,3.42

ENTER FAN STATIC PRESSURE (INCHES H20). & WATER FLOW RATE (LB/NIN)
=3.43,2.07

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER COMPRESSOR
TEIJ = S1.7F 1CiJ = 87.9F P§ = S4.9 PSIA
TEOJ = 436 F TCOJ = 96.4F PCD=  223.0 PSIA
TEJ = 8.8 F TCJ = 8.5 F 7§ = 529 F
TEIk = 230 F ICIR = 206.1 F 1C0=  208.3 F
TEOR =  S1.9 F TLOR = 101.0 F TBCD= 206.2 F
FEJ = $55.3 GPM FCJ = 70.9 GPM T88=  33.9F

ENGINE CDOLING EXPANSION VALVE ANBIENT
TUIN = 81,7 7 FRR = 2.01 6PH TDBY = 62.2 F
TUOUT= 102.5 F TRF = 99.4 F TUBT = S59.2°F
TAIRI= 58.9 F TRL = 100.4 F
TAIRD= 132.0 F

VALVES SPARES

TANK Vi3 §1.4 0 FUEL = 0.830 LB
Tt = 352.3F V3 =785 1 TEXH = 441.3F
TI2 = 744 F Vs = 0. 2

TEST RUN E

STEADY STATE ANALYSIS:

w2 INPUT DATA AVERAGED FRON 17:17: 1313 TO 17:17: 5352 s»s (11 SCANS)

114787.8 BTU/HR
115780.2 BTU/MHR
115676.0 BTU/HR

ADOWEVAP(1) =  83839.3 BTU/HR GDOWCOND(1)
ODOMEVAP{(2) =  90835.1 BTU/HR QDOUCOND(2)
QDOVEVAP(3) = . 90899.6 BTU/HR GDOUCOND(D)

OR22 AT EVAP = 82749.0 BTU/HR GR22 AT COND = 107406.3 BTU/HR

DEVAPRAL = $782.4 BTU/HR

QCONDBAL = 8008.2 BTU/HR

EVAPORATOR HEAT TRANSFER COEFFICIENT = 3398.7 BTU/HRsF
CONDENSER HEAT TRANSFER COEFFICIENT = -9602.7 BTU/HR=sF

WORK DONE ON REFRIGERANT =  24457.5 BTU/HR
ISENTROPIC EFFICIENCY =  73.0%

POLYTROPIC EXPONENT = 1.18

ENGINE FUEL INPUT RATE = 2137935. BTU/HR, OR 84.00 HP
OVERALL MECH. EFFICIENCY = 11.3 X

PERFORMANCE FACTOR = 12.18 HP/TON

VAPOR COMNPRESSION CYCLE UOP, HEATING = 4.36

VAPOR COWPRESSION CYCLE COP, COOLING = 3.34

HEAT REJECTED T0 AIR (CYLINDER) =  44139. BTU/KR
HEAT REJECTED TO WATER (CTL. HEAD) = 5047, BTU/HR

EVAPORATOR INLET QUALITY = 0.28

HEASURED REFRIGERANT MASS FLOV RATE = 1131.98 LBS/HR
CALCULATED REFRIG. FLOW AT CONDEWSER = 1237.87 LBS/HR
CALCULATED REFRIG. FLOW AT EVAPORATOR = 1232,48 LBS/HR
VOLUNETRIC FLOW KATE AT CONFP INLET = 20.794 CFM
VOLUKETRIC FLOW RATE AT COMP DISCHARGE = 6.330 CFN
VOLUNETRIC EFFICIENCY = 19,3

EVAPORATING TEMPERATURE = 23.1 F

CALCULATED EVAPORATING PRESSURE = 61.2 PSIA

NEASURED SUCTION PRESSURE = 354.9 PSIA

CONDENSING TENP USED I ANALYSIS = 104,2 F

CONDENSING TEMP GIVEW A 2.0 PSIA DROP FROM COWPRESS. = 403.5 F
SUPERHEAT AT EVAPORATOR = 28.8 F

SUPERHEAT AT COMPRESSOR IMLET = 36.9 F

SUPERHEAT AT CONPRESSOR DISCHARGE = 102.0 F
SUBCOOLING AT CONDENSER OUTLET = 3.2 F
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Table 4-6. Data Run F

DAY :HR:AIN; DAY tHR:AIN  USING I DIGIT JUL1AN DATES
=018:12:08;018:12:12
ENTER ENGINE SPEED 3 STROKE, CPMN,INCHES
=1463..3.48

ENTER FAN STATIC PRESSURE (INCHES H20), & WATER FLOU RATE (LEB/KIN)

=3.46,3.57

AVERAGED INPUT DBATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER CONPRESSOR
TEI) = 45.6 F LIy = 727 ¢ PS = 54.9 PSlA
TEQJ = 38.1 F TC0J = 102.0 F PCD= 242.1 PSIA
TEJ = B.O0F Ty = 93¢ TS = 45,4 F
TEIR = 22.2°F 1k s 209.5 F Cd= 2121 F
TEOR = 44.8 F TCOR = 104.5 F 18Ch= 209.7 F
FEJ = 53.1 GPA FCI = $9.4 GPN TISs  46.4 F

ENGINE COOLINS EXPANSTON VALVE AMBIENT
TUIN = 331 F FRR =  1.88 SPA T+ SN0 F
TUOUTs 745 F TRE = 104.9 F BT = S35 F
TAIRIs  35.1 F L = 106.0 F
TAlROs 127.2 F

UALVES SPARES

TANK Ul 2.3 1 FUEL * 0.830 L}
T a2 F ] TEXK = 389.0 F
M2 = s F vS s 0. 2

TEST RUN F

STEADY STATE ANALYSIS:

##s INPUT DATA AVERAGED FROM 18212: 8: 2 TO 18112:12:37 wae (11 SCANS)

QDOVEVAP(1) = 73992.2 BTU/HR ODOYCOND(1) = 106235.4 BTU/HK
QDOUEVAP(2) = 79639.8 BTU/HR QDOUCOND(2) = 105714.5% BTU/HR
QBOUEVAP(]) = 79706.8 BTU/HR QDOUCOND(3) = 103617.7 BTU/HR

QR22 AT EVAP = 72972.9 BTU/HR GR22 AT COND = 97137.3 BTU/HR

GEVAPRAL = 4806.7 BTU/HR

QCONDBAL = 8498.3 BTY/HR

EVAPORATOR HEAT TRANSFER COEFFICIENT = 3954,2 DTU/MRsF
CONDENSER HEAT TRANSFER COEFFICIENT s ~8135.9 BTU/HRSF

WUORE DONE ON REFRIGERANT = 24184.4 BTU/HR
ISENTROPIC EFFICIENCY = 70.9%

POLYTROPIC EXPONENT = 1,18

ENGINE FUEL INPUT RATE = 2137935, BTU/HR, OR 84,00 WP
OVERALL MECH. EFFICIENCY = 11.3 X

PERFORHANCE FACTOR » 13.81 HP/TON

VAPOR COMPRESSION CYCLE COP, HEATING = 4.02

VAPOK COMPRESSION CYCLE COP, COOLING = 3,02

HEAT REJECTED TO AIR (CYLINDER) =  43289. BTU/HR
HEAT REJECTED TO VATER (CYL. HEAD) = 4373, BTU/NR

EVAPORATOR INLET QUALITY = 0.30

MEASURED REFRIGERANT WASS FLOV RATE = 1062.91 LBS/HR
CALCULATED REFRIG. FLOW AT CONDENSER = 113B.07 LBS/HR
CALCULATED REFRIG. FLOW AT EVAPORATOR = 1132.92 LBS/HR
VOLUNETRIC FLOU RATE AT COMP INLET = 18.821 CFH
VOLUNETRIC FLOU RATE AT COMP DISCHARGE = 3.381 CFN
VOLUNETRIC EFFICIENCY = 16.62

EVAPORATING TEMPERATURE = 22,2 F

CALCULATED EVAPORATING PRESSURE = 40.2 PSIA

MEASURED SUCTION PRESSURE = 354.9 PSiA

CONDENSING TENP USED IN ANALYSIS = 110.3 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FROM COMPRESS. = 109.7 F
SUPERKEAT AT EVAPORATOR = 22.6 F

SUPERHEAT AT COMPRESSOR INLET = 29.1 F

GUPERNEART AT CONPRES30R DISCHARGE = 99.4 F

3UBCOOLING AT CONDENSER OUTLEY = 3.8 F
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Table 4-7. Data Run G

DAY:HR:MINZDAY:HR:MIN  USIAG I DIGIT JULIAN DATES
=Q18:12:22:018:212:29
EHTER ENGINE SPEED 3 STROKE, CPN,INCHES
=1443.,3.48

ENTER FAN STATIC PRESSURE (INCHES H20:, 1 WATER FLOW RATE (LB/NIN)
=3.46,3.37

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONBENSER CORPRESSOR
TEIJ = 48.0 F ICly = 91t F PS = 35.2 PSIA
TEQS = 40,4 F TC0J = 100.3 F PCh=  234.4 PSIA
TEJ = 8.3 F €y = 9.2 F TS = 48.5 F
TEIR = 22.6 F TCIR = 210.6 F TCB= 213.2 F
TEOR = 47.9 F TCOR = 1085.1 F TBCD= 210.3 F
FEJ = 535.5 GPM FCJ = 462.9 GPM TBe=  47.7 F

ENGINE COOLING EXPANSION VALVE AMBIENT
Tein = 533 F FRR = 1.93 GPH TOBY = 57.8°F
TWOUT= 74,1 F TRF = 103.8 F JUBY = 35.4 F
TAIRI=  33.2 F TRL = 1048 F
TAIRO= 129.1 F

VALVES SPARES

TANK Vi = 73.8 % FUEL = 1.300 L}
TTT = 42.5F V3l =747 2 TEXH = 383.1F
TT12 = b6t F VW= 0. X

TEST RUN &

STEADY STATE ANALYSIS:

#s% INPUT DATA AVERAGED FROM 18:12:22:15 TO 18:12:29:34 =4s (17 SCANS)

QDOVEVAP(1) =  75998.5 BTU/HR GDOUCOND (1) = 111044.6 BTU/HR
QDOUEVAP(2) =  82829.0 BTU/HR QDOUCOND(2) = 110616.8 BTU/HR
(QDOVEVAP(3) =  828B4.4 BTU/HR QDORCOND(J) = 110515.7 BTU/HR

OR22 AT EVAP = 74083.2 BTU/HR QR22 AT COND = 100636.6 BTU/HR

QEVAPBAL = 4498.2 BTU/HR
QCONDBAL =  1006%.1 BTU/HR
EVAPORATOR HEAT TRANSFER COEFFICIENT =  3719.4 BTU/HRsF
CONDENSER HEAT TRANSFER COEFFICIENT = -8379.1 BTU/HR=f

WORK DONE ON REFRIGERANT = 24373.3 BTU/HR
ISENTROPIC EFFICIENCY = 70.9%

POLTTROPIC EXPOHENT = 1.18

ENGINE FUEL INPUT RATE = 211344. BTU/HR, OR 83.04 HP
OVERALL HECH. EFFICIENCY = 11.56 2

PERFORMANCE FACTOR = 13.10 HP/TON

'JAPOR COMPRESSION CYCLE COP, HEATING = 4.10

VAPOR COMPRESSION CYCLE COP, COOLING = 3.10

HEAT REJECTED TO AIR (CYLINDER) = 44382, BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = 4875%. BTU/HR

EVAPORATOR INLET QUALITY = 0,29

MEASURED REFRIGERANT MASS FLOU RATE = 1091.52 LBS/HR
CALCULATED REFRIG. FLOW AT CONDENSER = 12G0.71 LBS/HR
CALCULATED REFKIG. FLOU AT EVAPORATOR = 1155.%1 LBS/HR
VOLUNETRIC FLOW RATE AT CONP INLET = 19,368 CF#
VOLUMETRIC FLOV RATE AT COMP DISCHARGE = 5.685 CFA
VOLUMETRIC EFFICIENCY = 17,12

EVAPORATING TEMPERATURE = 22.4 F

CALCULATED EVAPORATING PRESSURE = 40.6 PSIA

MEASURED SUCTION PRESSURE = 55.2 PSIA

CONDENSING TENP USED IN ANALYSIS = 108.6 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FROW COMPRESS. = 108.0 F
SUPERHEAT AT EVAPORATOR = 285.3 F

SUPERHEAT AT COMPRESSOR INLET = 32,0 F

SUPERHEAT AT COMPRESSOR DISCHARGE = 101.6 F

SUBCOOLING AT CONDENSER OUTLET = 3.5 F
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Table 4-8. Data Run H

DAY :HR:AIN;DAY sHR:MIN  USING 3 DIGIT JULIAW DATES
2018312:40:018:12:40
ENTER ENGINE SPEED & STROKE, CPM,INCHES
=1443.,3.48

ENTER FAN STATIC PRESSURE (INCHES H20), 3 WATER FLOW RATE (LB/NIN)
=3.46,3.57

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONBENSER CONPRESSOR
TEIJ = 4B8.9 F Wl = 87,7+ PS = 54.5 FSIA
TEOU = 41,0 F TC00 s 97.0F PCh=  224.8 PSIA
TEJ = 8.5 F 1C) = 8.2°F TS = 493 F
TEIR = 22.3F TCIR = 208.9 F TCh= 211.4°F
TEOR = 48.7 F TCOR = 101.8 F TICd= 208.5 F
FEJ = 51,9 GPM FCI = 44,3 GMM TBS= 30,7

ENGINE COOLING EXPANSION VALVE ANBIERT
TUIN = 33.9 F FRR = 1.97 GPM TDBT = 38,2 F
TVoutTa 27,2 7 TRF = 100.6 F TUBT = 36.0 F
TAIRI= 33.8 F TRL = 101.46 F
TaIRO= 130.6 F°

VALVES SPARES

TANK Ut s 140 FUEL = 1,520 L)
TTH s 48,9 F V3 = 24,812 TEXH = 287,00 F
T12 = 87,6 F Vs s 0. X

TEST RUN W

STEADY STATE ANALYSIS:

a%s INPUT DATA AVERAGED FROM 18:12:40: 8 TO 18312:48:50 sus (18 SCANS)

ADOVEVAP(1) =  78878.2 BTU/NR ODOUCOND (1) = 114439.1 BTU/HR
NDQUEVAP(2) =  83818.8 BTU/HR QDOUCOND(2) = 113470.46 BTU/HR
ODOVEVAP(3) s 83874.5 BTU/HR QDOUCOND(3) = 113348.3 BTU/HR

QR22 AT EVAP = 79896.46 BIU/HR OR22 AT COND = 104934.8 BTU/HR

QEVAPRAL = 3427.3 BTU/HR
QCONDBAL = 8869.3 BTU/WR
EVAPORATOR MEAT TRANSFER COEFFICIENT =  3483.7 BTU/MRsF
COMDENSER HEAT TRANSFER COEFFICIENT =  -8733.5 BTU/HReF

WORK DONE ON REFRIGERANT =  23040.2 BTU/HR
ISENTROPIC EFFICIENCY = 20.7%

POLYTROPIC EXPONENT = 1,19

ENGINE FUEL INPUT RATE s 20791S. BTU/HR, OR 81.49 HP
OVERALL MECH. EFFICIENCY = 12,1 2

PERFORMANCE FACTOR = 12,27 HP/TON

VAPOR COMPRESSION CYCLE COP, HEATING = 4.19

VAPOR COMPRESSION CYCLE COP, COOLING = 13.19

HEAT REJECTED YO AIR (CYLINDER) =  44937. BTU/HR
HEAT REJECTED TO VATER (CYL. HEAD) s 4948, BTU/HR

EVAPORATOR INLET QUALITY = 0.2

MEASURED REFRIGERANT AASS FLOW RATE = 1125.73 LBS/HR
CALCULATER REFRIG. FLOW AT CONDENSER = 1220.86 LBS/MR
CALCULATED REFRIG. FLOW AT EVAPORATOR = 1175.84 LBS/HR
VOLUMETRIC FLOU RATE AT COMP INLET =  20.271 CFN
VOLUNETRIC FLOU RATE AT COMP DISCHARGE = 6.114 CFN
VOLUMETRIC EFFICIENCY = 17,93

EVAPORATING TEMPERATURE = 22,3 F

CALCULATED EVAPORATING PRESSURE = 40.3 PSIA

MEASURED SUCTION PRESSURE = 34.6 PSIA

CONDENSING TENP USED IN ANALYSIS = 105.4 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FRON COMPRESS. = 104.7 F
SUPERHEAT AT EVAPOKATOR = 24,4 F

SUPERHERT AT COMPRESSOR INLET = 336 F

SUPERHEAT AT COMPRESSOR DISCHARGE = 103.1 F

SUBCOOLING AT COWDENSER OUTLEY = 3.4 F
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Table 4-9. Data Run' I

DAY tHRININIDAYSHR:ININ  USIAG 3 DIGIT JULIAW DRTES
=012:14:11:019:14:21

ENTEK ENGINE SPEED & STROKE, CPN,INCHES
+1463.,3.38

ENTER FAN STATIC PRESSURE (INCHES H20), § WATER FLOW RATE (LB/XIM)

=3.25,4.72
REDUEST DENIED-CAT/FILE “PLTI" ALREADY EXISTS

FUNCTION?

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER COMPRESSOR
TEIJ = 492 F T1€I1J = 98.5 F PS = 60.3 PS1A
TEOJ = 438 F TC0J = 103.9 F PCD= 251.4 PSIA
TE = 6.5 F 1Cy = 7.9 F 16 = S1.AF
TEIR = 26.5 F TCIR = 214.7 F TCh= 2173 F
TEOR = 350.0 F TCOR = 109.9 F TBCD= 214.0 F
FEJ =  63.3 GPH FC) = 47.5 GPM TBS= 52.7 F

ENGINE COOLING EXPANSION VALVE ANBIENT
TUIN = 56.1 F FRR = 1.81 GPM TDBT = 42.8 F
THOUTs 771 F TRF = 108.4 F TUBT = (0.4 F
TAIRI=  40.4 F TRL = 109.4 F
TAIRD= 136.3 F

VALVES SPARES

TANK vVt = 77.8 2 FUEL = 1.830 LB
Tt = §0.2 F U3 = 74.4 % TEXH = 474.8 F
TT2 = 46.3 F V3= 0. 2

TEST RUN 1

STEADY STATE ANALYSIS:

#xs INPUT DATA AVERAGED FROM 19:14s511: 2 TO 19314221332 #3% (22 SCANS)

QDOUEVAP(1) =  70150.7 BTU/HR QDOUCOND(1) = 94867.3 BTU/HR
QBOVEVAP(2) = 74890.4 BTU/HR QDOUCOND(2) = 102736.2 BTU/HR
QDOUEVAP(3) = 746931.9 BTU/HR QDOUCOND(3) = 102443.4 BTU/HR

(BR22 AT EVAP s 59383.1 BTU/HR OR22 AT COND = 92998.7 BTU/MR

QEVAPBAL = 5074.6 BTU/HR

QCONDDAL = 77%0.3 BTU/HR

EVAPORATOR HEAT TRANSFER COEFFICIENT =  3680.0 BTU/HRsF
CONBENSER HEAT TRANSFER COEFFICIENT = -9143.7 BIU/HRaF

WORK DORE ON REFRIGERANT =  234135.5 BTU/HR
ISENTROPIC EFFICIENCY = 66.46%

POLYTROPIC EXPONENT = 1.19

ENGINE FUEL INPUT RATE = 207407, BTU/HR, OR 81.4% HP
OVERALL MECH. EFFICIENCY = 11.3 X

PERFORNANCE FACTOR = 14,33 HP/TOX

VAPOR CONPRESSION CYCLE COP, HEATING = 1.97

VAPOR CONPRESSION CYCLE COP, COOLING = 2.97

HEAT REJECTED TO AIR (CYLINDER) = 47202, BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = $938. KTU/HR

EVAPORATOR INLET QUALITY = 0.30

MEASURED REFRIGERANT MASS FLOV RATE = 1017.50 LBS/HR
CALCULATED REFRIG. FLOU AT COMDENSER = 1102.30 LIS/HR
CALCULATED REFRIG. FLOW AT EVAPORATOR = 1091.71 LBS/HR
VOLUMETRIC FLOW RATE AT COMP INLET =  16.34) CFM
VOLUMETRIC FLOW RATE AT COMP DISCHARGE = 4.971 (FN
VOLUMETRIC EFFICIENCY = 15.0%

EVAPORATING TEMPERATURE = 25.3 F

CALCULATED EVAPORATING PRESSURE = 43.2 PSIA

NEASURED SUCTION PRESSURE s 60.3 PSIA

CONDENSING TEWF USED IN ANALYSIS = 113.2 F

CONDENSING TEMP GIVEN A 2.0 PS5I4 DROP FROM COMPRESS. = t12.4 F
SUPERHEAT AT EVAPORATOR = 23.7 F

SUPERHEAT AT COMPRESSOR INLEY = 30.4 F

SUPERHEAT AT COMPRESSOR DISCHARGE = 102.8 F

SUBCOOLING AT CONDENSER QUTLET = 3.3 F
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Table 4-10. Data Run J

DAY:HR:AIN;BRTIHR I USING 3 DIGIT JULIAW (ATES
x019:14:32;019:1434¢
ENTER ENGINE SPEED & STROKE, CFN,INCHES
21430.,3.4

ENTER FAN STATIC PRESSURKE CINCHES H20). 3 VWATER FLOW RATE (LI/NIN)

=1.25,4,729

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR CONDENSER COHPRESSOR
TEIJ = 49.3F Wiy = 98.8 F FS =+ 0.6 PSIA
TEDJ = 43.3F TC0J = 106.4 F PCD=  253.0 PSIA
TEJ = 6.5 F Ty = 8.0 F TS = S1.0F
TEIR = 24.8 F TCIR = 215.6 F TCh= 218,01 F
TEOR = 49.S5 F TCOR = 150.4 F TBCh= 210.4 F
FEJ = &3.4 6PA FC) = 472.5 GPM TBSs  32.9 F

ENGINE CDOLING EXPANSION VALVE ANBIENT
TUIN = 57,0 F FRR = 1,34 GPH TDBT = 2.8 F
TeUTs  78.2 F TRF = 109.0 F TUBT = 60.3 F
TAIRIs  61.0 F TIRL 3 119,10 F
TAIRO= 136.8 F

VALVES SPARES

TANK Ut s 77,5 2 FUEL = 1.510 LD
TT = 499 F vl o= 745 1 TEXH = 494.3 F
T12 = 442 °F vs s 0. X

TEST RUN J

STEADY STATE ANALYSIS:

#as INPUT DATA AVERAGED FRON 19:14332: 5 TO 19:14340147 sue (20 SCaNS)

QWOUEVAP(1) =  71518.4 PTU/HR QDOUCOND(1) =  98350.1 DTU/HR
QDOUEVAP(2) = 772046.5 BTU/KR QGDOUCOND(2) = 104295.7 BTU/HR
QIOVEVAP(]) =  77249.9 BTU/¥R GDOWCOND() = 104201.7 BTU/MNR

Q22 AT EVAP = 70443.5 BTU/HR OR22 AT COND = 94227.1 BTU/MR

QEVAPBAL = 4881 .4 BTU/HR

QcoNDIAL = 8122.1 BTU/NR

EVAPORATOR MEAT TRANSFER COEFFICIENY n  3B44.8 BTU/HRSF
CONDENSER HEAT TRANSFER COEFFICIENT = -9237.3 BTU/HRsF

WORK DONE ON REFRIGERANT =  23783.4 BTU/HR
ISENTROPIC EFFICIENCY = 44,42

POLYTROPIC EXPONENT = .19

EHGINE FUEL INPUT RATE = 206347, BTU/HK, OR 31.14 WP
OVERALL MECH, EFFICIENCY = 11,3 2

PERFORMANCE FACTOR = 13,82 HP/TON

YAPOK COMPRESSION CYCLE COP, HEATING = 3.96

JAPOR CONPRESSION CYCLE COP. CDOLING = 2.96

HEAT REJECTED TO AIR (CYLINBER) = 47030. BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = 3978. RTL/HR

EVAPORATOR INLET QUALITY = 0.30
MEASURED REFRIGERANT WASS FLOU RATE = 1032.42 LBS/HR
CALCULATED REFRIG. FLOU AT COMDENSER = 1121.41 LIS/HR
CALCULATED REFRIG. FLOW AT EVAFORATOR = 1103,96 LBS/HR
UOLUHETRIC FLOV RATE AT COMF INLET = 14.497 CFM
VOLUMETRIC FLOW RATE AT COMP DISCHARGE =  5.018 CFM
UOLUSETRIC EFFICIENCY = 15.22

FYAPORATING TEMPERATURE = 26.8 F

CALCULATED EVAPORATING FRESSURE = 45.7 PSIA

MEASURED SUCTION PRESSURE = 0.6 PSIA

CONDENSING TENP USED IN ANALYSIS = 113.7 F

CONDENSING TEWP GIVEWN A 2.0 PSI1A DROP FRON COMPRESS. = 113.% F
SUPERHEAT AT EVAPOKATOR = 22,7 F

SUPERHEAT AT COMPRESSOR INLET = 30,3 F

SUPERMEAT A1 COMPRESSOR DISCHARGE = 102.7 F

SUBCOOLING AT CONDENSER DUTLET = 3.2 F



4-15

Table 4-11. Data Run K

DAYIHR:MINIDAY<HR:MIN  USIVG 3 DIGIT JULIAN DATES
=019:15:33;019:15:43
EHTER ENGINE SPEED 8 STROKE, CPM,INCHES
=1395.,3.7

ENTER FAN STATIC PRESSURE (INCHES H20), & WATER FLOW RATE (LB/NIN)

=3.25,4.72

AVERAGED INPUT DATA USED FOR ANALYSIS:

EVAPORATOR COMDENSER CONPRESSOR
TEly = 30.9 F 1C1J = 102.3 F PS = 42.4 PSIA
TEDJ = 30.7 F TC0J = 108.8 F PCD= 259.1 PSIA
TEJ = 5.2 F 7€) = 6.9 F 15 = 37.2°F
TEIR = 9.9 F TCIR s 243.8 F TCh= 246.8 F
TEOR = 33.9 F TCOR = 112.0F TBCD= 246.5 F
FEJ = 32.3 GPM FC) = 48,0 GPR TBS=  40.3 F

ENGINE COOLING EXPANSION VALVE ANBIENT
TUIN = 35.6 F FRR = 1.50 GPH TDBT = 42.2°F
THOUT= 745 F TRE = 110.4 F TUBT = 59.7 °F
TAIRI= 0.6 F TRL = 111,5F
TaIR0= 126.5 F

VALVES SPARES

TANK Ut = 77.7 % FUEL = 1,980 LB
Tt = 387 F V3 =795 2 TEXH = 611.3 F
T12 = 704 F - vi=s 0. X

TEST RUN K

STEADY STATE ANALYSIS:

#%s INPUT DATA AVERAGED FROM 19:15:33: 7 TO 19215:43:40 #=s (24 SCANS)

QDOWEVAP(1) =  39495.9 BTU/HR QDOUCOND(1) =  83703.2 BTU/HR
QDOWEVAP(2) =  460079.1 BTU/KR QDOUCOND(2) =  90031.3 BTU/HR
QDOVEVAP(3) =  40164.3 BTU/HR QDOUCOND(3) =  89952.0 BTU/HR

QR22 AT EVAP =  33636.8 BTU/HR QR22 AT COHD =  80732.1 BTU/HR

OEVAPBAL = 4274.3 BTU/HR
QCONDBAL = 7836.8 BTU/HR
EVAPORATOR HEAT TRANSFER COEFFICIENT =  2343,4 BTU/HR=F
CONDENSER HEAT TRANSFER COEFFICIENT = -8873.0 BTU/HRsF

WORK NOWE ON REFRIGERANT =  23093.3 BTU/HR
ISENTROPIC EFFICIENCY = 68.31

FOLYTROPIC EXPONENT = 1,19

ENGINE FUEL INPUT RATE = 223132, BTU/HR, OR 87.67 WP
OVERALL WNECH. EFFICIENCY = 11,2 2

PERFORMANCE FACTOR = 18.91 KF/TON

VAPOR CONPRESSION CYCLE COP, HEATING = 3.22

VAPOR COMPRESSION CYCLE COP, COOLING = 2.22

HEAT REJECTED TO AIR (CYLINDER) = 40875, BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = 3383, BTU/RR

EVAPORATOR INLET QUALITY = 0.39

MEASURED REFRIGERANT HASS FLOV RATE =  035.38 LBS/HR
CALCULATED REFRIG. FLOW AT CONDENSER =  916.43 LBS/HR
CALCULATED REFRIG. FLOW AT EVAPORATOR =  899.80 LBS/HR
VOLUNETRIC FLOV RATE AT CONP INLEY = 19,230 CFM
VOLUKETRIC FLOW RATE AT COMP DISCHARGE = 4.205 CFH
VOLURETRIC EFFICIENCY = 14.7

EVAPORATING TEMPERATURE = 9.9 F

CALCULATED EVAPORATING PRESSURE = 47.4 PSIA

MEASURED SUCTION PRESSURE = 42.4 PSIA

CONDENSING TEMP USED IN ANALYSIS = 115.5 F

CONDENSING TEMP GIVEN A 2.0 PSIA DROP FROM COMPRESS. = 114.9 F
SUPERHEAT AT EVAPORATOR = 28.0 F

SUPERKEAT AT COMPRESSOR INLET = 33.8 F

SUPERHEAT AT COMPRESSOR DISCHARGE = 131.0 F

SUBCOOLING AT CONDENSER OUTLET = 3.5 F
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Table 4-12. Data Run L

DAY BRI DAY EHR I 3 DIGIT JULIAR DATES
2019:163581019:17:04

ENTER ENGINE SPEED 1 STROKE,
21318.,3.62

UsInG

CPn, INCHES

ENTER FAN STATIC PRESSURE (INCHES Hz0), 3 WATER FLOU RAT
=3.28,4.489

AVEKAGED INPUT BATA USED FOR ANALYS]S:

EVAPDRATOR CONDENSER COMPRESSOR
TELJ = 13.7 F TCly = 99.4 F PS = 2
TE0d = 7.0F TCOJ = 106.1 F PCh= 24
TEJ = 3.0 F TCJ ¢ 4.8 F 15 =
TEIR = -39 F TCIR = 259.8 F Chs 24
TEOR = J.0F TCOR = 109.1 F T8Ch= 2
FEJ = 48.4 GPN FCt = 32.0 GPM 18S= !

ENGINE COOLING EXPANSION VALVE AMBIENT
THIN = S54.3 F FRR = 1.26 GPM D =
TYoUT= 72,0 F TRF = 107.8 F TUBY =
TAIRI=  &1.1 F TRL = 108.9 F

“TAIRO= 123.8 F
VALVES SPARES

TANK vi s 777 FUEL =
TTi = 9.2 F U3 280,012 TEXK
T2 = 7200 F vi = 0. 2

TEST RUN L

STEADY STATE ANALYSIS:

#se [NPUT DATA AVERAGED FROM 19:14:58: | 70 19:17: 434

GDOVEVAP(1) =  58740.3 BTU/KR ODOUCOND(1) = 70493

GDOVEVAP(2) =  44701.4 BTU/HR QDONCOND(2) = 74401

GDOUEVAP(3) »  44853.1 BTY/HR GDOUCOND(3) = 74534

QRI2 AT EVAF =  43778.8 BTU/NR GR22 AT COXD = 7199

OEVAPBAL = 3652.9 BIU/MR
QCONDIAL = 1284.5 BTU/HR
EVAPORATOR HEAT TRANSFER CNEFFICIENT =
CONDENSER HEAT TRANSFER COEFFICIENT 2

3043.3 BTU/HReF
-7676.2 BTU/HRsF
UORX DONE ON REFRIGERANT s 26213.6 BTU/HR
ISENTROPIC EFFICIENCY = é6.72
POLYTROPIC EXPONENT = 1,21
ENGINE FUEL INPUT RATE = 217490. BTU/HR, OR B8Y.46 WP
OVERALL NECH. EFFICIENCY = 2.1 T
PERFORMANCE FACTOR = 22.40 KP/TON
VAPOR COHPRESSION CYCLE COP, HEATING =
UAPOR CONPRESSION CYCLE COP, COOLING =

2.7%
1,75
38691,

5113,

BTU/HR
8TU/KR

HEAT REJECTED T0 AIk (CYLINDER) =
HERT REJECTED TO UATER (CYL. HEAD) =

EVAPORATOR INLET QUALITY 0.37
AEASURED REFRIGERANT MASS FLOK RATE =
CALCULATED REFRIG. FLOU AT CONDENSER =
C4LCULATED REFRIG. FLOW AT EVAPORATOR =
VOLUAETRIC FLOU RATE AT COMP INLET =
VOLUMETRILC FLOU RATE AT COMP DISCHARGE =
YOLUNETRIC EFFICIENCY = 20,02

710,34 LBS/HR
723,02 LES/KR
767.02 LBS/HK
22,426 CFN
3.863 LFN

EVAPORATING TEMPERATURE = -3.9 F

CALCULATED EVAPORATING PRESSURE = 34.1 PSla

MEASURED SUCTION PRESSURE = 29.7 PSIn

CONDENSING TEKP USED IN ARALYSIS = t12.¢4 F

CONDENSING TEMF GIVEN # 2.0 PSIA DROP FROM COMPRESS. =
SUPERHEAT AT EVAPORATOR = (.8 F

SUPERHEAT AT COMPRESSOR INLET = 27.7 F

SUPERHEAT AT COMPRESSOR DISCNARGE = 15).2 F

SUBCOOLING AT CONDEMSER OUTLEY = 3.4 F

E (LE/KIN)

5.5 F

1.5%0 L9
979 F

3 sus (20 SCANS)
.2 BTU/HK
.3 BTU/HR
.2 BTU/HR

2.4 BTU/HR

1.8 F
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Table 4-13. Summary of Steady-State Conditions--BR-105R Engine/Compressor Tests
COMPRESSOR CONDENSER EVAPORATOR STEADY STATE ENG. /COMPR.
TEST SUCTION DISCHARGE WORK DONE| ISENTROPIC] VOLUMETRIC REFRIGERATION CYCLE | OVERALL SYSTEM HEATING COP
DATA | SAT TEMP | PRESS | SAT TEMP [ PRESS | ON R-22 | EFFICIENCY { EFFICIENCY { CONDENSING| Q R-22 | EVAPORATING| @ R-22 cop THERMAL
POINT Fo (PSIA) Fo (PSIA)| Btuh n;t Nut TEMP F© Btuh TEMP FO Btuh HEATING | COOLING | EFFICIENCY CoP’ cop
A 12.5 50.0 101 212.6 | 23529.3 68.5 17.6* 101 95097.6 17.5 71568.4 4.04 3.04 11.1 1.116 1.172
B 13.0 50.6 103 218.5 | 24384.5 65.6 17.1 102 94245.1 18.0 69860.7 3.86 2.86 11.0 1.094 1.149
c 8.0 45.4 103 218.8 | 24764.7 65.5 17.7 102 89241.0 13.0 64476.3 3.60 2,60 11.5 1.090 1.145
D 12.5 49.9 98 205.2 | 24548.8 74.2 20.9* 97 107854.0 18.6 83305.2 4.39 3.39 12.1 1.190 1.250
E 17.5 54.9 104 223.0 | 24657.5 73.0 19.3 103 107406.5 23.1 82749.0 4.36 3.36 11.5 1.164 1.222
F 17.5 54.9 110 242.1 24184.4 70.9 16.6% 116 97157.3 22.2 72972.9 4.02 3.02 11.3 1.139 1.196
G 18.0 55.2 109 236.6 | 24573.3 70.9 17.1 108 100656. 6 22.6 76083.2 4.10 3.10 11.6 1.166 1.224
H 17.0 54.6 105.5 226.6 | 25060.2 70.7 17.9 105 104956.8 22.3 79896.6 4.19 3.19 12.1 1.120 1.176
1 22.0 60.3 113.0 251.4 | 23415.6 66.6 15.0 113 92998.7 26.5 69583.1 3.97 2.97 11.3 1.114 1.170
J 22.5 60.6 114.0 253.0 | 23783.6 66.4 15.2* 113 94227.1 | 26.8 70443.6 3.96 2.96 11.5 1.120 1.176
K 4.5 42.4 116.0 259.1 | 25095.3 68.3 16.7 115 80732.1 9.9 55636.8 3.22 2.22 11.2 1.027 1.078
L -12.0 29.7 113.0 248.9 | 26213.6 66.7 20.0 112 71992.4 -5.9 45778.8 2.75 1.75 12.1 .991 1.041
3021

THEORETICAL WORK OF COMPRESSION ALONG ISENTROPIC PATH
ACTUAL WORK OF COMPRESSION

ISENTROPIC EFFICIENCY h; =

ACTUAL VOLUME OF REFRIGERANT PUMPED, CFM
PISTON DISPLACEMENT CFM

VOLUMETRIC EFFICIENCY h. = *BASED ON ESTIMATED SPEED AND STROKE
v

CONDENSER HEAT REJECTED, Btu/HR
COMPRESSOR WORK OUTPUT, Btu/HR

EVAPORATOR HEAT ABSORBED, Btu/HR

COPgg (HEATING) = COMPRESSOR WORK OUTPUT, Btu/HR

COPgg (COOLING) =

WORK DONE ON REFRIGERANT, Btu/HR

COMBINED ENG =
MB ENGINE AND COMPRESSOR OVERALL THERMAL EFFI1CIENCY ENGINE FUEL INPUT, Btu/HR

DELIVERED OUTPUT
FUEL INPUT

SYSTEM HEATING COP =

COP' = AS RECORDED
COP = COP' X 1.05 AS CORRECTED FOR ESTIMATED ERROR IN FLOW MEASUREMENT

WHERE DELIVERED OUTPUT IS CONDENSER OUTPUT AND RECOVERED HEAT, AND FUEL INPUT IS MEASURED HEAT INTO ENGINE



4,2.2 Ene:&xﬁBalance

Table 4-14 is a summary of calculations made to determine the energy balance

between the refrigerant and Dowtherm "J" sides of the evaporator and

condenser. The energy balance is consistently high on the Dowtherm "J" side

and the offset is relatively equal at both the evaporator and condenser.
This would indicate a low refrigerant flow measurement of 5 and 10 percent
Although the energy
of

evaluations, it is expected that improvement will be shown as the capacity of

caused by operation at the low end of the sensor range.

balances shown are felt to be adequate for the purposes these data

the BR-105R is increased with further work. This is supported by the 2 to 5

percent energy balances obtained when calibrating the test rig with the

10-ton electric General Electric compressor.

Table 4-14. Condenser and Evaporator Energy Balance
ENERGY BALANCE
Qqow ~ Q

TEST e — PERCENT

DATA Qr
RUN CONDENSER EVAPORATOR
A 6.1 7.7
B 7.6 7.2
C 8.8 7.5
D 4.7 7.1
E 7.5 7.0
F 9.0 6.6
G 10.0 5.9
H 8.5 4,5
I 8.0 7.0
J 9.0 7.0
K 10.0 8.0
L 2.0 8.0

QDOW = is an average of the three methods
of calculating QDOWEVAP and QDOWCOND (see

Appendix B).

N
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4.2.3 Compressor Maps

Figures 4-2 and 4-3 are plots of the steady-state data on industry-standard
compressor performance charts. Figure 4-2 1illustrates the refrigerating
capacity over the range of evaporating and condensing temperatures tested.
Similarly, Figure 4-3 shows refrigerant mass flow over the sgsame range of

conditions.

4.3 BR-105 HIGH-EFFICIENCY, FUEL-INJECTED ENGINE TESTS

As discussed in Subsection 5.1.1 (due to time and funding consideratioms), it
was found necessary to wutilize the carbureted engine rather than the
fuel~injected engine for the breadboard BR-105R configuration. Realizing
that the carbureted engine efficiencies do not truly represent the capability
of the Braun engine, a separate test was made of the BR-105 engine with the
standard BR-105 gaseous fuel injection system. This testing, which included
both efficiency and emission evaluations, was performed by an independent
testing laboratory at Tectonics' facilities in Bloomington, Minnesota. The
full report 1is included in Appendix A. Significantly, those test results
correlate closely with earlier in-house and independent tests of similar

Braun engine configurations and substantiate expected performance.

Of particular importance in the data analysis presented later is the engine
brake efficiency of 32.7 percent. The report also indicates an improvement
to 36.3 percent is possible, if the injection system improvements proposed by
Tectonics which eliminates the greater portion of the wunburned fuel now

passing through the scavenging system.
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4.4 DATA EVALUATION AND ANALYSIS

An energy balance analysis was performed to develop the overall fuel

utilization efficiency of the carbureted BR-105R as then configured.

4.4.1 Energy Input/Output Accountability

Figure 4-4 is a graphic representation of the energy flows as obtained from
the carbureted breadboard BR-105R engine/refrigerant compressor test data
recorded in Table 4-4, the delivered output consists of two components. The
first is the condenser output, which is a direct measurements based on mass
flow and temperatures. The second is a percentage of the useful heat in the
cooling water, the exhaust gases and the unburned fuel In the exhaust gases.
The percentage of this useful heat has been assumed to be 75 percent, which
represents the same 75 percent heat recovery efficiency used by others ([2]
A.D. Little, Burke et al. paper) and, therefore, results in valid comparative

COP values.

The data from Figure 4-4 are obtained from data run D. All performance
values are expressed in Btu per hour (Btuh) and as a percentage of the fuel
input. The condenser output of 5.3 percent and the recovered heat of 66
percent yield a thermal heating COP of 1.19. The thermal cooling COP at this
18.6 degree Fahrenheit evaporator temperature is 0.41. As stated elsewhere

in this report, the measured R-22 flow rates are a minimum of 5 percent low.

Taking this into consideration the output of the condenser and evaporator

would be proportionately higher. This results in thermal heating and cooling

COPs of 1.25 and 0.43, respectively.

4.,4.2 Energy Accountability--High Efficiency Engine Potential

The data of Figure 4-4 was taken from the carbureted, short stroke breadboard
BR-105R engine/freon compressor. This short stroke engine required carbure-

tion because the fuel injection system for the standard stroke engine will




not function properly on the short stroke engine. The short stroke was
chosen earlier in the program because of constraints in available seal

components.

To present a realistic estimate of the performance of the high efficiency
fuel injected BR-105R engine/refrigerant compressor, test results from the
independent test of the fuel injected standard BR-105 engine have been
combined with the other test results of Run D (Table 4-4). The net outcome
1s presented in -Figure 4~5. This figure is based on an engine-efficiency
equal to the value measured on the standard fuel injected Braun engine by the
independent testing laboratory (Appendix A) and assumes the same steady state
refrigeration cycle COP measured in Run D. With this engine efficiency of 32
percent, the thermal heating COP is 1.84 and the thermal cooling COP 1.02.
Work 1s being continued for preparation of the fuel-injected standard BR-105
engine for operating a standard stroke freon compressor. Future test results

are expected to correspond to those of Figure 4-5.

4,4,3 Further Improvements

Departing from actual test data it is possible to estimate further potential
improvement. The independent test results of the BR-105 (Appendix A) refer
to engine brake efficiency improvement to 36.3 percent by modifying the fuel
injection systems to reduce the amount of unburned fuel short circuited to
the exhaust. With this improvement the majority of the exhaust hydrocarbons
would be from unburned fuel in the products of combustion rather than from
short-circuited fuel. Furthermore, 1t has been shown, when utilzing an
exhaust thermal reactor, that the hydrocarbon emission can be reduced to
nearly zero [3]. This type of reactor also provides a substantial reduction
on CO emissions. Assuming a 75 percent recovery of exhaust heat, cooling
heat and unburned fuel energy, as assumed in the breadboard test analysis, it
is quite likely to expect a fuel utilization heating COP of at least 1.75 on
a steady-state basis at 17.5°F  of evaporation temperature or a U.S.
seasonal average heating COP of close to 2.0 and a corresponding cooling COP

equal to or better thamn 1.0.
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In summary, it is seen that the demonstrated performance of the BR-105R and
supporting tests of the BR-105 engine substantiate the anticipated excep-

tionally high level of performance of the Braun engine technology in the heat

pump application.

4.5 STEADY-STATE PERFORMANCE

PreQiously, the energy balance was calculated from one of the test conditions
and the results shown. This has been repeated for all test conditions and
the results plotted on Figure 4-6. The data cover the range of about -6 to
28°F, evaporator temperatures. The 1lower curve represeants the data
obtained from the breadboard tests, fit with a least squares linear
representation. Seventy-five percent heat recovery of exhaust heat, cooling

heat and unburned fuel energy 1s assumed.

Also shown on the figure are calculated points wherein the engine efficiency
and "unburned fuel' values from the Colt tests are combined with the bread-
board results. Finally, as noted in the Colt report, it is quite feasible to
reduce the quantity of unburned fuel by about two-thirds by modification of
the fuel injection system. With this change, the efficiency of the engine
will be improved, with a realizable potential of COP's represented by the

upper line of Figure 4-6.

Figure 4-7 shows the effect of engine brake efficiency and compressor
mechanical COP on thermal COP for engine driven heat pumps assuming 75
percent recovery of the waste heat. This figure is from Reference [3],
wherein the reference values for the graph are calculated. From Figure 4-6,
thermal COP values are read for an evaporating temperature of 35°F (about
45°F ambient outdoor) to approximate a typical heat pump 'design point."
The three values are shown on Figure &4-7 where Point 1 represents the BR-~105
in the carbureted version; Point 2, with an existing fuel injection system;

and Point 3, with projected performance with improvement in the injectiom

system only.
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Figure 4-8 represents the work done on the refrigerant by the heat pump
versus evaporating temperature. Over the range covered for data acquisition
the work done on the refrigerant is fairly constant. This is quite different
from the behavior of a standard heat pump where the work tends to increase
rather rapidly with increasing evaporating temperature. With BR-105R, the
primary factor in determining the heating capacity with increasing evaporator
temperature 1s the heat pump mechanical COP. This does tend to rise with
evaporating temperature but the effect on heating capacity will be much less
because of the flat compressor work characteristic. In. addition to this
behavior, the BR105R heat pump has the capability of increasing speed at the
lower evaporating temperatures, although the opposite was noted in test
because the gas spring chaﬁber stiffness increased. The effect of this 1is
not shown in Figure 4-7 and has not been demonstrated over its full range in
the breadboard testing to date. This data was taken with the BR-105R
operating at a suitable frequency, which 1s determined by corresponding

bounce pressures. Finally, what can be concluded from this is that excellent

low temperature performance can be realized without excessive or unneces-

sarily high capacity at higher ambient temperatures.
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SECTION 5.0
COMPONENT DEVELOPMENT

The work leading up to the tests and demonstrations of the final breadboard
heat pump configuration encompassed a span of 22 months. During the first 12
months of the program, the effort focused on analysis, design and tests to

configure the various components or subsystems of the breadboard, viz:

Engine/Compressor Technology (Tectonics)

Engine

Fuel injection
Compressor/Valve
Speed control
Seals

Engine controls

Misc. (sound suppression, lubricatiom)

Test Rig/Instrumentation (Tectonics/Honeywell)

At the end of the first year, the design was '"frozen" and the effort focused
on integration of components into the breadboard system, further subsystem
tests, and debug and expansion of final system capabilities. An overview of
the program, from the component viewpoint, is shown in Figure 5-1 along with

the major program milestones.

In the following discussions, the history of the development work will be
traced at the various component levels, recognizing the strong
interdependence and interrelationship of the effort required to develop each

component.

In general, the starting point and basis for heatApump component development

was the standard Braun BR-105 engine/air compressor.
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The key features of this engine/air compressor which make it attractive in

the heat pump market are:
e Efficiency - measured brake thermal efficiency of 34.1 percent;

e Durability and Loung Life - few number of moving parts and very low

wear;

e Completely Vibration Free - 100 percent vibration free;

e Lightweight and Compact - very compact engine/compressor package.

Other model numbers referenced in the following discussion are defined:

The BR-105R is the heat pump version of the BR-105 engine/air compressor that
was developed into an engine/refrigerant compressor in this program. This is

the unit that was tested as a breadboard unit under the program.

The BR-300 1s an alternate design of the Braun BR-105 that was previously
designed and tested as a 20-ton heat pump in both heating and cooling modes.
This machine is a lever design as opposed to the linear design of the BR-105

and BR-105R. No further development of this model was done in this program.

The BR-420 is a fixed stroke, electric motor-driven reciprocating compressor
that incorporates the Braun balancer. This compressor was used extensively
for testing of various components to be used later in the BR-105R. (i.e.,

valve, seals, etc.)

5.1 ENGINE

Accommodation of a viable hermetic seal proved to be the driving factor in
engine development. To avoid excessive program costs and development time,

the philosophy of the hermetic seal design was to utilize the seal
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manufacturer's off-the-shelf seal components. This approach not only assured
early deliveries, but made available a significant amount of manufacturer's
design data and experience upon which to build the in-house seal analysis

efforts.

To support the seal design analysis, the BR-105 engine was evaluated for
performance and operating characteristics at various strokes and speeds. A
seal configuration was developed, with the aid of the manufacturer's specifi-
cations, that was compatible with the operating environment of the 6-inch
stroke BR~105 engine and that would exhibit stresses well within acceptable

safety limits (infinite life).

However, upon inspection when the seals were delivered, it was found that
their spring rate was about one-half of the specified design value. Since
this reduction led to unacceptably high stresses in the seal, the engine
characteristics were modified to allow utilization of the delivered seals.
From the seal analysis and engine and seal tests, the stroke of the machine
was finally fixed at &4 inches and the speed reduced by approximately one-
half. The resultant short stroke, low-g environment proved to be compatible
with the infinite life requirements for the available seal components. This

engine and seal configuration was carried into breadboard testing.

These engine modifications also indicated a strong desirability to upgrade

the BR-105 discrete device control with a microprocessor, thereby affording

greater flexibility and adaptability in starting and running the BR-105R.
This updated BR-105 controller has performed well and has provided good
adaptability for the more demanding operating and test conditions of the

BR-105R.

When the short stroke BR-105R was assembled for heat pump testing, further
engine modifications were made and evaluated in an attempt to increase the

capacity of the system and extend the range of heat pump operating conditions.
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Other modifications were made on the BR~105R during the data acquisition

period. Early test data indicated an output and efficiency of nearly half of
what was expected and which had been confirmed with air compressor tests.
The cause of the power loss was finally attributed to two factors. One was
an insufficient seal around the booster cylinder which was caused by a slowly
developing crack in the synchronizer housing. This resulted in a direct loss
of mixture from the scavenge chamber and was the major cause of low power and
efficiency. The second factor was the spark being too far advanced for
stable high compression running, forcing operation at a lower compression
ratio and, consequently, a lower power and efficiency. Correcting these two
problems, the compressor output and efficiency were increased by nearly a
factor of two, although the overall efficieancy attained was lower than

expected.

All of the data reported and presented herein (Tables 4-1 through 4-12) were

taken after the above power losses were corrected.

5.1.1 Fuel Injection

The 6-inch stroke BR-105 operates with both carburetion and fuel injection
with LPG. However, when the change to a 4-inch stroke machine was made, it
was found that the valving mechanism for timing the injection of the fuel
into the cylinder was not readily adaptable to the 4-inch stroke. The
adaption would require redesign, remanufacture and testing of the mechanism
and engine. The carbureted system was therefore selected for the breadboard
design. This selection, while less desirable, was consistent with proof-
of -concept "and program schedule and funding counstraints, Engine brake
efficiencies of about 18 percent have previously been measured with the

carbureted BR-105 engine as an alr COmpressor.

High-Efficiency Engine Tests--The 6-inch stroke BR-105 with LPG fuel injec-

tion was utilized in an independent test of performance and emissions. The

report of these tests is presented in Appendix A and the results summarized

in Section 4. Engine brake efficiencies of 32.7 percent were realized.
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Natural Gas Injection--As a parallel effort, an integral fuel pump/fuel

injection system was developed to run on atmospheric (or even a vacuum)
natural gas line pressure, pressurizing the gas to its desired injectiom.
The characteristic goal of this injection system is to deliver the gas at the
lowest possible pressure to minimize the parasitic energy and to eliminate
the loss of fuel in the injection lines. This will improve the brake
efficiency of the engine as well as eliminate a high percentage of the total
hydrocarbon emissions. Furthermore, the higher octanme rating of natural gas
will allow running at a higher compression ratio in the engine cylinder,
which should result in even higher brake efficiencies. The first preliminary
attempt at such a fuel injection system has been concept-tested on the same
BR-105 engine as above. Further development work with respect to timing and
fuel/air ratio is planned to realize its efficiency potential. As shown in
independent tests in Appendix A, engine brake efficiencies of 36.3 percent

are to be expected from this work.

5.2 COMPRESSOR

The background technology applied to the BR-105R compressor was developed
from previous work with a Braun model BR-300 engine/refrigerant compressor,

operated with a 20-ton commercial heat pump system.

Initial analyses were performed to examine the anticipated seasonal loads on

the heating and cooling performance of the heat pump to estimate proper
sizing of the engine/compressor. Design variables such as the refrigerant

compressor valve design and piston diameter/stroke ratios were established.

5.2.1 Compressor Valves

Selection of the compressor/valve was based on consideration of large valve

areas with favorable dynamics of the low lift (long life), low masses and

good speed, pressure and flow ranges. No suitable commercially available
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valve satisfying these requirements could be obtained and, due to constraints
of time and funds, a concentric valve of limited valve areas and smaller than

optimum diameter was procured.

Testing of the compressor and valve began with a series of data acquisitiom
runs driving the compressor with the electric motor-driven fixed stroke (85
mm) fully balanced BR-420 compressor-drive unit. This was an excellent
method for testing the hermetic seal and the seal pressure balancing system
(see Subsection 5.4) for the first time. Also, some compressor performance
data was recorded for isentropic and mechanical efficiency comparisomns to the
General Electric (G.E.) compressors at speeds of the BR-420 compressor drive

adjusted to the design values of the selected valve.

5.2.2 Miscellaneous

During test of the General Electric compressors, oil was pumped into the
refrigeration test loop. This additional o0il collected in the compressor and
seal chamber and eventually caused a failure of the hermetic seal. Since
both the BR-420 fixed-stroke machine and the BR~105R heat pump supply their
own crankcase or synchronizer housing oil, oil-free operation could be and
was achieved by simply installing nonlube Teflon compression piston rings and
gland seals. The oil was filtered out of the Freon/hydronic system and all
subsequent runs have been run oil free. The compressor has shown no adverse

effects as a result of these changes.

5.3 SPEED CONTROL

A speed control device had already been developed earlier in the BR-300R
engine/compressor referred to above. This same countrol concept was applied
to the BR-105R to obtain a higher refrigerant flow rate at low ambient
temperatures than attainable with a conventional compressor running at fixed

stroke or at the typical natural frequency of the BR-105 without the speed

control.
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5.4 SEALS

The hermetic seal is recognized as the most critical element in the heat pump
system. As such, the analysis, design and test of the optimum seal solution
has dominated much of the BR-105R work on the program. The seal work on this
program was preceded by a separate seal program, wherein a previously bench
tested Braun Linear hermetic seal solution concept was advanced and tested
and design analysis techniques were developed. The major design goal was to
develop a seal with '"infinite life'" based on the characteristics of the
AM-350 stainless steel material used for seal construction. Working with the
seal supplier and utilizing analysis procedures developed at Tectonics, the
seal solution has been shown to exhibit the desired infinite 1life

characteristics (see Figure 3-5).

Initial tests of the breadboard seal system were performed on a BR-420
fixed-stroke drive compressor. Four runs were made totalling 1 hour, 15
minutes of operation. In three of the four runs, the compressor was started
against the full refrigerant system discharge pressure and low suction
pressure. This was successfully accomplished without any adverse effect on

either the compressor or seal.

In all four rums, the oil concentration situation was closely observed and it
was noted that excessive oil could pose a problem in the future. However,

during the four runs the seal stress levels were below critical levels.

A fifth run was made and an anomaly was noted in that the pressure in the

seal chamber dropped to near atmospheric. The BR=-420 driven compressor was

torn down and the following observations were noted:

e Excessive 0il in the Freon had accumulated in the compressor cylinder
and entered the seal chamber causing the lower seal convolutions to be
completely immersed in oil. This in turn resulted in a drastically

increased damping effect on the four lower seal convolutions.
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e One of the seal convolutions had developed a minute leak. It was
determined that the excegssive damping of the o0il around the lower
convolution had the effect of changing the seal dynamics sufficiently

so that this was seen as the only plausible cause of the seal failure.

In an attempt to alleviate the excess oil problem a filter loop was
installed. This method of filtering was to scrape the oil off the seal
chamber walls and pump it through the filter elements, thus removing the oil
from the seal chamber. Upon testing, however, it was found to yield
unsatisfactory results and therefore was removed from the system. As an
alternative approach, the oil was totally filtered out of the entire heat
pump system. The system was then run in the "o0il free'" mode and the problem

of the seals being soaked in oil was resolved.

At this point the compressor was deemed ready to run with the BR~105R and all

necessary hookup work was performed.

On September 23, 1982 the BR-105R was successfully demonstrated for the first
time with the hermetic seal in place. During the demonstration the machine
was subjected to approximately 30,000 cycles at peak accelerations, After
the demonstration, the seal was carefully pressure tested and no leakage was
evident. After the intial run, a number of starts and stops were demon-
strated, as well as a number of short runs, during which the speed and stroke
were varied including stroke excursions to within very close proximity of
compressor top-dead-center. It was decided to disassemble the machine and
once again check the state of the hermetic seals. After approximately 60,000
cycles the hermetic seal components were found to be in perfect condition.
This series of runs was felt to adequately demonstrate the hermetic seal
proof-of-concept. The seal assembly was removed from the system during
subsequent heat pump performance testing, since this was the only seal

package on hand.
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5.5 CONTROLS

No full controls development, per se, was pursued in this program. By
directive, the controls provided were at a level to safely start, run and
operate the necessary systems. In general, the countrols are manual and/or
semiautomatic, and implemented by function similar to the fully automatic
controls of the basic BR-105. The primary control functions and implementa-

tions are described throughout Section 3.0.

While the need for additional automation and controls development is
recognized as an essential element of future work, the needs of the present
program were adequately met with the manual and semiautomatic approach.
Although the controls concepts are identical to those of the fully automatic
BR-105, the manual/semiautomatic approach employed at this stage was most
appropriate to developing the feel and understanding of the particular needs

of the BR-105R.

5.6 TEST RIG

To satisfy the objective of providing a proof-of-concept demounstration, it
was necessary to select a method of demonstrating and testing the Braun
engine/compressor in a heat pump enviromment. Several different methods were

reviewed in relation to the following design criteria. The demonstration

system was designed to:

e Provide capability of independently controlling and simulating heat

pump indoor and outdoor coil temperatures.

e Provide capability of meeting ASHRAE, ANSI and other guidelines for

measuring refrigerant compressor performance.

® Provide accurate and reliable data.
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e Be economical to build and operate.

e Be amenable to installation at Tectonics' facility and provide

developmental testing capabilities.

e Provide the following operating conditions:

- Condenser temperature: 75 to 1150F (Equivalent air ambient);
- Condensing temperature: 95 to 125°F;

- Evaporator temperature: -20 to 75°F (Equivalent air ambient) ;
- Evaporating temperature: -30 to 55°F;

- Condenser capacity: 10 to 30 tons;

-~ Evaporator capacity: 5 to 25 tonms.

Three different systems were investigated in relation to the criteria:

air-to-air, Freon-to-Freon and liquid-to-liquid.

An air-to-air system is designed primarily for testing an air coil heat
pump. This system was found to be the most costly from the standpoint of
assembly and operation because it requires an environmentally controlled
(humidity and temperature) heat source and heat sink. It is very difficult

and costly to control the quality and measure the quantity of the heat

transfer media air, Also, many problems were anticipated with the
instrumentation and controls due to condensation and frosting at the low
temperatures. This system also would be very cumbersome to use for in-house
development and performance testing of the refrigerant compressor. It met
the least number of criteria established for the demonstration system. Use
of off-site testing laboratories (although appropriate for prototype systems)
was not considered compatible with the need for continuing in-house

development and/or modification of components.

A Freon-to-Freon system represents a simple and low-cost method of testing
limited capacity refrigerent compressors. Although Freon-to-Freon evapor-

ators are used in cascade refrigeration systems, the variable temperature and
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capacity requirements of the Braun engine heat pump demonstration and test
system presented a unique application of a shell and tube evaporator, and
manufacturers had no immediate means to analyze and recommend a product
selection. Further investigations disclosed the uncertain capability of
independently controlling and driving the condenser and evaporator

temperatures.

The liquid-to-liquid system was consequently selected to provide a compressor
development test bed and engine heat pump demonstration system and is shown
schematically in Figure 3-5; along with a brief description of operation in

Subsection 3.2.

The test rig is basically a highly instrumented, self-contained chiller-
hydronic system designed to operate with R-22 refrigerant and Dowtherm '"J"

heat transfer fluid over a broad range of capacities and temperatures.

The most unique feature of the test rig is the heat transfer media, Dowtherm
"J", selected on the basis of the operational temperature range of the
evaporator. Figures 5-2 through 5-5 are comparative illustrations of the
properties of various heat transfer fluids and serve to illustrate why

Dowtherm "J" was chosen.

Dowtherm "J" heat transfer fluid is a mixture of isomers of an alkylated

aromatic (96 percent diethylbenzene); it is colorless and designed to operate
in the 1liquid phase from =-100°F to 575°F. Dowtherm "J" is designed to

resist both thermal degradation and oxidation. Table 5-1 is a comparative
illustration of the safety and health hazards of Dowtherm "J" heat transfer

fluid and more familiar fluids.

In general it was learned that although Dowtherm "J" heat transfer fluid is
recognized by name, there is little detailed knowledge about its application

and compatibility with components and materials.
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Table 5-1.

Dowtherm "J" Heat Transfer Fluid Health and Hazard Comparison

FLASH IGNITION FLAMMABLE LIMITS, SUGGESTED HAZARD IDENTIFICATION"
POINT | TEMPERATURE PERCENT BY VOLUME VAPOR
(°F) (°F) LOWER HIGHER DENSITY HEALTH | FLAMMABILITY | REACTIVITY
DOWTHERM “J" 145 - 08 5 48 (0 (2 0
(1359F) (1859F)
DIETHYLBENZENE 133 842 - - 46 2 2 0
PROPANE - 842 2.1 95 16 1 4 0
NATURAL GAS - 900 38 13 1 4 0
170 65 1
GASOLINE I3 536 14 16 3 1 3 0
853 4
FUEL OIL NO. 1 110 410 07 5 - 0 2 0
162
ETHYL ALCOHOL 68 685 33 19 ‘186 0 3 0
' ?

* SCALEO(NO HAZARD) TO 4 (HIGH HAZARD)-INDICATES THE RELATIVE DEGREE OF HEALTH HAZARD ASSOCIATED WITH FIGHTING A

FIRE OR ATTENDING TO OTHER EMERGENCIES INVOLVING THESE MATERIALS; DOES NOT INCLUDE HAZARDS DUE TO HEAT OR

EXPLOSION.

- ESTIMATED; SIMILAR TO DIETHYLBENZENE,

SOURCES: DOWCHEMICAL CO.

1980 NFPA-325M—-PROPERTIES OF FLAMMABLE LIQUIDS, GASES AND SOLIDS.

0Z-¢
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Five vendors of shell and tube condensers and evaporators were approached for
selection recommendations and prices. Dunham-Bush responded with a
cooperative technical response and was prepared to recommend a selection

using Dowtherm "J" heat transfer fluid.

Diethyl benzene is a very good solvent and is very difficult to seal. Based
on these two characteristics much effort went into a search for materials and
components that are compatible with Dowtherm "J". Table 5-2 lists materials

found to be reliably compatible with Dowtherm "J".

Test Rig Checkout - Hermetic Compressor--The test and demonstration system

was initially checked out by driving the system with a 10 horsepower G.E.
Weathertron hermetic compressor. This provided a means of checking out the
demonstration system and provided baseline reference data for other

compressor testing.

The complete temperature range of the demonstration system was not checked
out due to oil migration problems and the low temperature operating limit of

the G.E. compressor.

TABLE 5-2. Dowtherm '"J" Material Compatibility

COMPONENT MATERIAL/MANUFACTURER
GASKET MATERIAL O-RINGS VITON® DUPONT FLUOROELOSTOMER
FLANGE GASKET GRAFOIL® UNION CARBIDE
THREAD SEALANT LEAK LOCK® HIGHSIDE CHEMICALS INC.
VALVE SEATS AND STEM SEALS GLASS FILLED TEFLON
METALS STEEL, COPPER, BRASS, BRONZE, ALUMINUM,
STAINLESS STEEL
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TEST RESULTS, EXHAUST EMISSIONS
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COLT INDUSTRIES
FAIRBANKS MORSE
ENGINE DIVISION

TEST PERFORMED--DECEMBER 14, 15, 1982
REPORT DATE--FEBRUARY 9, 1983
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Colt Industries
PAGE .
@ ENGINEERING REPORT sz o | mo.
Fairbanks Morse FILE
E::_;inenoivis?on NUMBER R5,01-000
SUBIECT TECTONICS RESEARCH INC. 95-077760 DATE  rap, 9, 1983
PREPARED <= . K zadlld
TEST RES BY E. A. Kasel
REPORT EST RESULTS =
TLE EXHAUST EMISSIONS & BHP DATA ON MODEL BR-105 ’3?"23’ Y J 83

DESCRIPTION TEST ENGINE

The BR-105 is a free piston spark ignited propane fueled 2-cycle
engine-compressor unit. The engine piston and compressor piston are tied
together on opposite ends of a rod which contains a balancer mechanism. The
engine power assembly bounces from engine piston compression and firing to
minimum compressor piston volume against a controlled discharge pressure.

The engine/air compressor normally rests horizontally on a 28" high stand and
is approximately 38" x 15" x 12" and weighs about 400 pounds. It consists of
a reciprocator with a “power generator" on one end (two-stroke cycle engine)
and a work machine on the other {(air compressor). The propane-injected engine
has an output of approximately 20 hp. The stroke and speed are both variable
but nominally are five inches and 1000 cycles per minute. The brake power of
the engine is defined as the power supplied to the compressor piston by the
engine.

FOR SPECIFIC DETAILS CONTACT
A. T. BRAUN,
TECTONICS RESEARCH INC.
9556 W. Bloomington Freeway
Minneapolis, Minnesota 55431

DESCRIPTION TEST PROCEDURE

The engine was instrumented to measure exhaust emissions and indicated power
of the combustion cylinder and the compressor cylinder.. An LVDT was used to
measure the position of the pistons.

Qutput data for the engine cylinder and compressor cylinder were recorded on
tape and displayed on the oscilloscope screen as pressure-volume diagrams.
Photograph records were made of the oscillograph display, copies are enclosed.
P-V cycle diagrams were made from the taped records with a plotter. These
were used to determine indicated mean effective pressure (imep) and indicated
horsepower (ihp), representative copies are enclosed.

Exhaust emissions were measured and logged on the engine emissions test log,
while engine data was collected on a daily Tog. Copies attached.
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Fairbanks Morss uvmER RS, 01-000
SUBTECT TECTONICS RESEARCH INC. 95-077760 DATE  Feb. 9, 1983
Y CE. AL Kasel
. EXHAUST EMISSIONS & BKP DATA ON MODEL 8R-105 s A
The following test runs were made:
Run_Nos. Test
1 Preliminary instrumentation and engine check out.
2 Best engine settings/efficiency measurements.
3-11 Exhaust emissions runs.
3-6 Variable jgnition timing, constant fuel pressure.
7-10 Variable fuel pressure, constant ignition timing.
11 Reduced fuel flow.
13 Reduced fuel flow/no emissions data.

TEST RESULTS

The engine performance, exhaust emissions and calculated data are tabulated on
Figure 1. A computer print-out of the exhaust emissions is shown on Figure 2
in grams/hour and on Figure 3 in grams/ihp-hr. Fiqure 3 is based on engine
cylinder indicated horsepower measurements. The best engine settings, run 2,
gave an engine indicated power and cycle efficiency of 20.1 ihp and 38.5%
respectively. The resulting overall unit efficiency is 30.8% based on a
measured compressor indicated horsepower of 16.1

The engine brake horsepower is less than the engine indicated power but
greater than the compressor indicated power due to the compressor piston ring
friction. Each horsepower attributable to compressor ring friction results in
an engine brake efficiency of approximately 2 percentage points greater than
the overall unit efficiency. In this case the 16.1 compressor indicated
horsepower would become 17.1 ehgine brake horsepower and result in a brake

efficiency of 32.7%.

Exhaust emissions were at expected levels and responded to ignition timing as
a typical spark ignited engine, Figure 4. The lowest NOx emissions were
obtained at best engine settings as typical due to the fixed scavenging ajr
flow at the same engine speed and load. Lower NOx emission could be obtained
by reducing the engine fuel flow per cycle or increasing the amount of air
trapped per cycle.
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DATE
SUBIECT TECTONICS RESEARCH INC. 95-077760 __Feh_ Q1083
PREPARED
BY E_A_ Kasel
REPORT TEST RESULTS APPROVED
TmE EXHAUST EMISSIONS & BHP DATA ON MODEL BR-105 Y

An interesting test was the variable gas injection timing, the results are
shown on Figure 5. The plotted data shows the dramatic effect gas injection
timing has on exhaust gas hydrocarbons and the engine indicated specific fuel
consumption. The result clearly shows that much improvement in reduced
hydrocarbons and engine fuel consumption can be realized by a redesign of the
gas injection system. The engine has a gas injection port which traps a small
volume of gas during each cycle. A portion of this gas volume passes thru the
engine with the scavenging air on the subsequent cycle without going thru the
combustion cycle and accounts for the high level of hydrocarbons in the
exhaust stream.

Figure © shows exhaust gas hydrocarbons in grams per hour as a function of gas
injection pressure. While the actual gas trapped in the injection port is a
function of its volume and the cylinder pressure at the time the gas valve
closes, Figure 6 indicates the maximum loss of gas per hour. Typical
hydrocarbon levels were 550 gm/hr, or 1-1/4 lbs/hr. It seems that as much as
1 1b/hr. could be propane, depending on other engine sources for hydrocarbons.
If 2/3 of the propane loss could be eliminated the engine fuel consumption
would be reduced by 10%. With such fuel savings the efficiency from run
number 2 becomes:

Measured Possible
Engine indicated efficiency 38.5 42.8
Overall unit efficiency 30.8 34.2
Estimated brake efficiency 32.7 36.3

CONCLUSIONS

1. Engine emissions of NOx are typical of a spark ignited natural gas engine
while the CO emissions are higher than need be for a well developed
engine.

2.  Measured hydrocarbons are very high due to the gas injection system
design employed.

3. Engine performance is good for an engine with a 4-1/2 inch bore. The
engine mechanical efficiency was 85% based on estimated compressor ring
friction of one horsepower.

EAK/ms

cc: C. Ankrum
J. Balderston
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B-1
Appendix B

TEST PLAN AND DATA ACQUISITION AND REDUCTION
FOR
BR-105R LINEAR ENGINE/COMPRESSOR

B-1 PURPOSE

The purpose of this document is to present the plan for testing the BR-105R
engine/compressor heat pump system, accompanying data acquisition test

parameters and data reduction equations.

B-2 TEST OBJECTIVES
The test objectives are two—fold:

e The BR-105R breadboard heat pump system shall be tested so as to allow
measurement of system steady-state performance over a range of

simulated outdoor and indoor temperatures.

¢ The system shall be  demonstrated operating at conditions

representative of both the heating and cooling modes.

B-3  SCOPE OF TESTING

The testing of the BR-105R engine compressor shall be done in conjunction
with the refrigerant/hydronic heat exchanger load circuit and will include
conditions equivalent to outdoor ambient temperatures of 17 degrees, 47

degrees, 80 degrees and 95 degrees Fahrenheit.



Instrumentation and data acquisition equipment shall be provided to allow
measurement of sufficient parameters so as to determine steady-state

performance.

B-4 APPLICABLE DOCUMENTS

The following codes and standards will be used as a reference and guide to
the testing of the BR-105R as far as they are applicable to the Linear,

free-piston system:

e ANSI PTC 17-1974 (ASME 17-1973)
Performance Test Code
Reciprocating Internal-Combustion Engines

e ANSI PTC9-1974

Performance Test Code
Displacement Compressors, Vacuum Pumps and Blowers

e ASHRAE STANDARD 26-67
Methods of Testing for Positive Displacement
Refrigerant Compressors

1975

e NBSIR 79-1911
Procedures for Testing, Rating and Estimating the Seasonal Performance

of Engine-Driven Heat Pump Systems
September, 1979

e ASHRAE STANDARD 103.1 (ROUGH DRAFT)
Procedures an Methods of Testing for the determination of Cooling

Seasonal Efficiency for Unitory Air Conditioning and Heat Pump
Equipment and Heating Efficiency for Heat Pump Equipment
REV. 2-14-80

B-5 TEST SETUP

The BR-105R test setup is 1illustrated in Figure B-1, showing the major

instrumentation points for data acquisition, and BR-105R/Test Rig interface.
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Figure B-1. BR105R Test Setup
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B-6 TEST EQUIPMENT

Project-owned

The BEHP Hydronic/Refreigerant Test Rig and its associated sensors is

only project-owned test equipment used on this program.

Honeywell-owned

The following Honeywell-owned test equipment 1s usSed on this test program:

e 38100-3302-001

e 813-0185-002

e 812~-0115-009

e 862-4906-001

e 110-1538-003

e 200-2602-001

Leased

2240B Fluke Data Logger

Honeywell Electronik 195
2 channel strip recorder

Sanborn 150 Series,
8 channel strip recorder

Texas Instrument, Silent 700 ASR
Electronic Data Terminal

Fluke 8050A Digital Multimeter

Philips PM 3263 Oscilloscope
Dwyer inclined Manometer
Hariba Co Gas Analyzer
Hariba CO, Gas Analyzer
Anarad NHA Gas Analyzer

e Model LC1818 Digital Scale Base

e Model DR525-A01 Digital Weight Meter

On Loan

e Westinghouse

Model KR-11 Current Transformer

the



e Exceltronic

Model XLWV3-1K544 Watt-Var Transducer

e General Electric

Model 9T51Y2168 Voltage Transformer

B-7 TEST SEQUENCE

The BR-105R will be tested to the conditions outlined in Table B-1l. The
desired test condition envoelope, including the range of conditions under
which a heat pump may operate, is shown in Figure B-2. Standard Conditiouns

from the references are indicated.

Test conditions at which the BR-105R is to be demonstrated are shown in Table

B-2.

B-8 DATA REQUIREMENTS

Both automatic and manual data acquisition methods are employed to record
system data at steady-state and transient conditions. The recorded data are
shown on the sample computer printout, Figure B-3. Nomenclature is defined

in Table B-3 and test point location in Figure B-4. The data for Figure B-3

are selected from any given run over a period of time in which all test
parameters are stabilized. The tabulated data are then averaged over a
typical time period of 5 minutes during this steady-state operation. Manual

data are recorded during the tests as indicated by Figures B-5 though B-8.

B-9 DATA REDUCTION

Performance data are calculated for the various input data according to the
parameters listed in Figure B-9. The equations involved in these

calculations are defined in Table B-4.




B-6

Table B-1. BR1O5SR Compressor Data Log

PATA SCAN CONDENS NG EVAPORATING DATA SCAN ESTIMATED
START TEMPERATURE PRESSURE TEMPERATURE PRESSURE STOP RUN TIME

Day  lour Minute Second °r) (PSIA) °r) (PSIA) Day Hour Minute Second (Hour)
0] 158.3 -20 24.8
-10 .2
0 8.7
10 1.5
20 57.7
J0 59.6
40 33.2

50 98.3 4.5
an 183.1 -20 2.8
-10 n.z2
o 18.7
10 67.5
20 57.7
10 69.6
40 83,2

50 98.3 4,5
100 210.6 =20 26.8
-10 n.2
0 38.7
10 47.5
20 57.7
3o 69.6
40 83.2

50 98.3 4.5
110 261.0 =20 26.8
=10 n.2
[o] 38.7
10 41.5
20 57.7
30 69.6
40 83.2

30 8.3 4.3
120 274.6 ~20 2.8
~-10 3.2
0 38.7
to &7.5
20 57.7
30 69.6
40 83.2

50 9R. 3 4.5
130 I s =20 26.8
-0 3.2
a 38.7
10 47,5
20 57.7
30 69.6

40 83.2 L
50 98.3 4.5

. Saturated Pressures for R-22

. Estimated ran time hased on:

- ANST PTG 9=1976, Paragraph 3.14 Duration of Test
A0 miantes ateady-state, eight consecutive readings.

- NBSIR 79-19

- ASHRAE Standard 23-67,

11, Paragraph 3.2.1
3 minute steady-state plus four data scans at 10 minute intervals.

Paragraph 7,2

No time requirement for steady-atate.

= tomhiaation of above

15 minate steady=state, M) second daca scan {(auto)
T data scans maneal «data.
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BR105R OPERATIONAL RANGE GOAL
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Figure B-2. Test Envelope Heat Pump Conditions
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Table B-2. Evaporating and Condensing Conditions for Rating
Engine Driven Heat Pumps

EVAPORATING CONDENSING
MODE TEMPERATURE TEMPERATURE NOTES
27°F (47°F) 100°F (70°F) 1
HEATING 12°F (32°F) 100°F (70°F) 1
-30F (17°F) 100°F (70°F) 1
-339F (-13°F) 100°F (70°F) 2
COOLING 500F (80°F)  120°F (95°F)
50°F (80°F) 105°F (80°F) 2
( ) - Represent air temperature surrounding air coils.
2 - NBSIR 79-1911 addition test points for engine-driven heat pump systems.
1 — ARI 240-77 Standard test points.

DAT:HR:NIN;DAY:HR:NIN  USING 3 DIGIT JULIAN DATES
=014:1%:44;014:15:49
ENTER ENGINE SPEED & STROKE, CPH,INCHES
=1415.,3.5

EHTER FAN STATIC PRESSURE (INCHES H20), 3 WATER FLOU RATE (LB/NIN)

=3.42,2.2

RVERAGED INPUT DATA USED FOR AMALYSIS:

FVAPORATOR CONDENSER COMPRESSOR
TElJ = 30.8 F IC1d = 80.9 F FS = 50.0 PSIA
TEQ) = 2.9 F €0y = 9t.4F PCD= 212,46 FSIA
Te) = 8.9 f Ty = 10.6 F T$ = 0.0 F
TEIR = 17.5 F i = 215.9 7 TCB= 218.9 F
TEQR = 31.0F TCUk = 9%.9 F TBCD= 217.9 F
FEJ = 48,2 OGP FCJ = 49.9 GPA T85=  32.21 F

UNGLHE CQOL ING EXPANSION YALVE ANDIENT
TUIN = 54,1 F fRR = 1.49 GPR 08T = S1.S5F
TUOUT= 48,7 F IRF = 94,4 F TUBT = 45.5 F
TAlkl=  468.3 F TkL = 5.6 F
TAIRD=x 134.2 F

VALVES SPARES

TANY Ut = 1.4 3% FUEL = 0,850 LB
T = 49,8 F V3 = 2355 1 TEXH = 7143 F
172 = 49.9 F V5 = 0. 2

Figure B-3. Input Data from Tests (Manual and Automatic)




Abbreviation

TEIJ
TEOJ
TEJ
TEIR
TEOR
FEJ
TCI1J
TCOJ
TCJ
TCIR
TCOR
FCJ
PS
PCD
TS
TCD
TBCD
TBS
TWIN
TWOUT
TAIRI
TAIRO
FRR
TRF
TRL
TDBT
TWBT
TT1
TT2
vl
V3
V5
FUEL
TEXH

B-9

Table B-3. Nomenclature
List of Input Data

Description

Evaporator inlet temperature, Dowtherm J

Evaporator outlet temperature, Dowtherm J
Temperature difference across evaporator, Dowtherm J
Evaporator inlet temperature, refrigerant
Evaporator outlet temperature, refrigerant
Evaporator flow rate, Dowtherm J

Condenser inlet temperature, Dowtherm J

Condenser outlet temperature, Dowtherm J
Temperature difference across condenser, Dowtherm J
Condenser inlet temperature, refrigerant

Condenser outlet temperature, refrigerant

Condenser flow rate, Dowtherm J

Suction line pressure

Discharge line pressure

Suction line temperature at test rig

Discharge line temperature at test rig

Discharge line temperature at compressor

Suction line temperature at compressor

Cooling water inlet temperature

Cooling water outlet temperature

Cooling air inlet temperature

Cooling air outlet temperature

Liquid refrigerant flow rate

Refrigerant liquid temperature at flow meter

Liquid refrigerant temperature before expansion valve
Ambiant dry bulb temperature

Ambiant wet bulb temperature

Accumulator shell temperature

Dowtherm tank temperature

Dowtherm mixing valve 1l position (percent open)
Dowtherm mixing valve 3 position (percent open)
Dowtherm mixing valve 5 position (percent open)
Pounds of fuel consumed for steady-state period chosen
Temperature of exhaust in exhaust pipe
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BR105R ENGINE/COMPRESSOR MANUAL TEST DATA

DATE: __ _-_ _ - _
DATA SCAN START:
DAY HR MiIN SEC
COMPRESSOR
SUCTION PRESSURE — psig
SUCTION TEMPERATURE —_ °F
DISCHARGE PRESSURE —_ psig
OISCHARGE TEMPERATURE — °F
CONDENSER
INLET PRESSURE —_ psig
INLET TEMPERATURE —_ °F
OQUTLET PRESSURE — psig
OUTLET TEMPERATURE ___°¢
EXPANSION VALVE
INLET PRESSURE —— psig
INLET TEMPERATURE _ %F
LIQUID SIGHT GLASS
LIQuUID BUBBLES VAPOR
EVAPORATOR
INLET PRESSURE psig
INLET TEMPERATURE I
OUTLET PRESSURE —_ psig
QUTLET TEMPERATURE %¢
LIQUID SIGHT GLASS
LiQuiDp VAPOR 2-PHASE
ACCUMULATOR
OUTLET PRESSURE psig
OUTLET TEMPERATURE OS¢
LIQUID SIGHT GLASS
Liquio VAPOR
DATA SCAN STOP:
DAY HR MIN SEC

Figure B~5. Refrigerant Circuit Manual Data Format
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BR105R MANUAL ENGINE DATA

DATA SCAN START:

STOP:
DAY HR MIN SEC
SPEED: CPM
STROKE: INCHES

EXHAUST GAS ANALYSIS:

(010) %
C02 %
CH, PPM

COOLING AIR VOLUME

MANOMETER READING:

COOLING WATER VOLUME

TIME: MIN. SEC.

VOLUME: LBS.

REMARKS:

INCHES OF H,0

Figure B-6. Engine Data Format
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BR-106R ENGINE/COMPRESSOR SPEED MEASUREMENT

DATE:
DATA SCAN START:
DAY HR MIN SEC
STOP:
DAY HR MIN SEC
OSCILLOSCOPE:
TIME BASE: SEC/CM
AMPLITUDE: VOLTS/CM

CHARGE AMPLIFIER:
INPUT!

OQUTPUT: psi/VOLT
SECONDS PER CYCLE
i &

SEC/cm

Figure B-7. Engine/Compressor Speed Measurement Data Form
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m— e —

MIN SEC

ENGINE MECHANICAL LIMIT

HR
INCHES

BR-105R ENGINE/COMPRESSOR STROKE DIAGRAM

DAY

STOP:

DATA SCAN START:
MAX.STROKE:

DATE:

!
i
|

v P

!
t
{

|

INTAKE PORT
P
SENTH

Engine/Compressor Stroke Data Format

b

ittt it

LEXHAUST PORT '} | |

por. Lo

A T vy e -t 3= —
o ﬂaﬂ;..?lﬁﬁriiv.i -t
e A e e ]
T e .
or ot T W e o Sl
—~ ~ Ol e el D 0 ML dd \phetogn = ~ @ .. —
. e I e anee P
ll'l.l‘igll.ii
. e ACEN
o g P 0 v . - .. ~
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COMPRESSOR MECHANICAL LIMIT

Figure B-8.




TEST RUN A

STEADT STATE ANALYSIS:

453 IHFUT DATA AVERAGED FROM 14:15:442 B TO 14:15:49:48 323 (9 SCANS)

IDOUEVAP(Y)
QUOUEVAF(2)

71156.7 BTU/HR QDOVCOND (1)
80008.4 BTU/HR (QDOMCOND ()

100177.5 BTU/HR
101242.8 BTU/HR

w ou i
[T T

RDOVEVAP(3J) 80032.3 BTU/HR GUDOUCOND(3) 101157.2 BTU/HR
QR22 AT EVAP = 715468.4 BTU/HR QR22 AT COND =  95097,6 BTU/HR
QEVAFBAL = §504.2 BTU/HR
RCONDRAL = 5761.6 BTU/HR

EVAPORATOR HEAT TRANSFER COEFFICIENT =  2821.1 BTU/HRsF
CONDENSER HEAT TRANSFER COEFFICIENT = -4929.4 BTU/HR=F

WORK DONE ON REFRIGERANT =  23329.3 BTU/HR
ISENTROPIC EFFICIENCY =  48.5%

FOLTTROFIC EXPONENT = 1.20

ENGINE FUEL INPUT RATE = 211346. BTU/HR, OR B3.04 HP
OVERALL MECH. EFFICIENCY = 11.} ¥

PERFORNANCE FACTOR = 13.92 HP/TON

YAPOR COMPRESSION CYCLE COP, HEATING = 4.04

VAFOR COMPRESSION CYCLE COP, COOLING = 3.04

HEAT REJECTED T0 AIR (CYLINDER) =  41029. BTU/HR
HEAT REJECTED TO WATER (CYL. HEAD) = -984. BTU/HR

EVAPORATOR INLET QUALITY = 0.27

HEASURED REFRIGERANT MASS FLOU RATE =  978.87 LBS/HR
CALCULATEDTREFRIG. FLOW AT CONDENSER = 1038.18 LBS/HR
CALCULATED REFRIG. FLOUW AT EVAPORATGR = 1054.135 LBS/HR

VCLUMETRIC FLOW RATE AT COMP INLET = 19.429 CFH
VOLUMETRIC FLOW RATE AT COMF DISCHARGE = 5.809 CFM
UBLUHETRIC EFFICIENCY = 17.62

IAFORATING TEMPERATURE = 17,0 F
CALCULATED EVAFURATING PRESLURE = 33.0 PSIA

HMEASURED SUCTION PRESSURE = 50.0 FSIA

CONLENSING TENP USED IN ANALYSIS = 100.7 F

CONDENSING TEMP GIVEN A 2.0 PSHIA DROP FROM CONFRESSH. = 100.0 F
SUFERHEAT AT EVAFORATOR = J1.4 F

SUPERHEAT AT COMPRESSOUR INLET = 39.46 F
SUFERHEAT AT COMPRESSOR DISCHARGE = 117.2 F
SUBCOGLING AT CONDENSER OUTLET = 4.7 F

Figure B-9. Calculated Performance Parameters
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Table B-4. Nomenclature

* = . -
(1] QDOWEVAP(1) Fey * Orerg (Ppia = Droue) Btu/hr

QDOWEVAP (2)* = F_ * ppoor (hpo = by an0 ), Btu/hr

where ATEJ = TEIJ - TEOJ

QDOWEVAP(3) = Fgy * Prgry " Cp (TELJ - ATgJ * AT, Btu/hr
AR '3 = * . -
{2] QDOWCOND (1) FCJ Prers (hTout hTin) , Btu/hr
* =3 . . -
QDOWCOND (2) Foj Prers (hTin + ATCI hTin), Btu/hr
where ATCJ = TCOJ - TCIJ
QDOWCOND (3) = Foy* Prcry ” Cp (TCLy + ATgJ) * AT, Btu/hr
(3] Heat Transfer Coefficients
U - QDOWEVAP (2)
AEVAP (TEIJ = TCOJ)/2. - TEIR
QDOWCOND (1)
UAconp = TTCLJ = TCOJ) /2. - T
SAT. @ PCD

[4] Heat Added to Refrigerant (QR22 at Evap.)

= P . - ( h - h 60 min/hr, Btu/h
QR RR Prer " O M(es, ps) T M(Tcor, pep) °0 min/hr. Btu/hr

where Fpp = measured flow rate in liquid receiver

PIRF = density at the temperature at flow meter
h = enthalpy from tables at suction temperature
(TS, PS)
and pressure

= 1
h(TCOR, PCD) enthalpy at the condenser outlet

*Calculations 1 and 2 are averaged for use in calculating overall heat
balances.




B-17

[S] Heat Removed from Refrigerant (QR22 at Cond.)

=z F h )) x 60 min/hr, Btu/hr

Qcr e © Prr T ((1c, pep) T BT PCD

COR’

where F same as [4] above

RR* PTRF’* " (TCOR, PCD)

= enthalpy at compuner discharge temperature

h
(TC, PCD) and pressure

[6] Work Donme on Refrigerant, W,

We = Fpp " Prpe” (h(rcn, pcp) T MTs, Ps)>

{7] Isentropic Efficiency, ng

W. Ah . .
ideal _ 1sentropilc
T T W T T
actual (or WC) measured
where W;4ea1 = Frr © Prrr " (h(PCD, T @ constant S) _ D(Ts, ps))

(8] Polytropic Exponent, n, dimensionless

1n (PCD/PS)

v
in Giszggl where U = gpecific volume of refrigerant
(TCD, PCD) at specified conditions.

[9] Engine Fuel Input Rate, Fuel in Btu/hr

(Fuel weight at start - Fuel weight at end)*(19834 Btu/lb.)
Time of Sample

Fuel =
where 19834 = lower heating value (LHV) of propane.

[10] Overall Mechanical Efficiency

L]
- Ah measured x m

Mom Engine Fuel Input rate

[11] Heat Rejected to Air (Cylinder), QAIR;

_ 60 min Btu .
QAIR = CPM x — = x 0.018 I (TAir out = Tair In)

where CFM is calculated with an expression of flow as a function of
static pressure for the calibrated fan

CFM = (-89.41)(HV) + 865
HV is measured fan static pressure



(12]

(13]

(14]

[15]

(16]

(17]

(18]

{19]

B-18
Heat Rejected to Water (Cyl. Head), 2H20;

QH.0 = H.O Flo x 20.min ., oB8tu /¢ -T.
2 2 hr o wout win
lb. F
where HZO Flo is measured water flow in lb/min.

Calculated Refrigerated Flow at Condenser and Evaporator, R22FLO

is calculated based on heat tranferred to Dowtherm J loop.

A) Cond.: R22FLO = <QDowcherm side ) / ( PR22-in = P R22-out>

B) Evap.: R22FLO = <QDowtherm side > / (hRZZ-out - hR22-in

Performance Factor

Input Power, HP
Refrigerating Effect, Tons

PF =

Vapor Compression COP, Heating and Cooling

Heat Rejected at Condenser

COPH ¥ Work Output of Compressor
cop_ = Heat Absorbed at Evaporator
C Work Output of Compressor

Evaporator Inlet Quality, XE

"(TRL, SAT. LIQ.) ~ "(TEIR, SAT. LIQ.)
h(TEIR, SAT. VAP.) -~ h(TEIR, SAT. LIQ.)

%

Volumetric Flow, Compressor Inlet

F F CFM

ct “PtrF * Frr * VY(1s,ps) ?

Volumetric Flow, Compressor Discharge

Fop * Prrr * Frr * Y(rcp,pcp)’ ©FM
Volumetric Efficiency, ﬂv (Pseudo, since inlet conditions are in
suction line, not at intake valve as
they should be).
h - volumetric flow rate @ suction _ FCI
v piston displacement rate PD

where PD = RPM x (displacement volume)
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