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Foreword (This foreword is included for information only and is not part of ANSI/CAGI/BL 300
- Performance Test Code for Electric Driven Low Pressure Air Compressor Packages).

This document was developed by the Compressed Air & Gas Institute Blower Section. It allows
for the comparability for all kinds of low-pressure compressors (blowers) as defined by existing
ISO 1217 and ISO 5389 standards.

The standard provides a uniform method of testing all types of low-pressure compressor
packages. It also allows for side-by-side in-field performance comparisons. Readers are
encouraged to review Appendix E which provides examples of standardized performance data
sheets to help facilitate comparison of different type of low-pressure compressor packages and
performance guarantee tolerances.

The Compressed Air & Gas Institute recognizes the need to periodically review and update this

standard. Suggestions for improvement should be forwarded to the Compressed Air & Gas
Institute, 1300 Sumner Ave., Cleveland, OH 44115; E-mail address: cagi@cagi.org.
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ANSI/CAGI BL 300

Performance Test Code for Electric Driven Low Pressure Air Compressor Packages

1 Introduction

This document was developed in response to a recognized need to provide a simplified, wire to
air performance test methodology to:

a) Measure true package performance of low pressure air compressors (blowers)
b) Correct as tested performance to reference or contract specified conditions.

This document addresses the need for both positive displacement and dynamic compression types
and can be used for verification of serial products performance data sheets or customer specified
operating conditions.

Dynamic compression involves gas drawn between the blades of a rapidly rotating impeller and
accelerates to a high velocity. The velocity energy is converted to pressure energy via a diffuser
and into a volute or collector. Dynamic compressors (blowers) are of a radial flow design, with
the following typical examples: single-stage centrifugal compressors, multi-stage centrifugal
compressors without intercooling, and high speed "turbo" compressors.

Positive displacement low pressure compressors (blowers) work on the principle of trapping a
volume of air and reducing its volume, internally or externally. Two basic types are typical, as
follows:

e Rotary Screw Positive Displacement Compressor (Blower): Air is drawn into a
compression chamber formed by intermeshing rotors. As the rotors turn, the cavity
between the rotors becomes smaller, reducing the volume of the trapped air. When the
pressure has reached the designed built in pressure ratio, the rotors uncover the outlet port
and the air is discharged into the customer’s piping.

e Rotary Lobe Positive Displacement Compressor (Blower): Air is drawn into the case and
is trapped between the rotor and the case wall. These pockets are progressively moved to
the outlet port. At the outlet, some air from the piping comes back into the compressor,
compressing the air.

For positive displacement compressors (blowers) without internal compression (isochoric system
such as the Rotary Lobe Roots- type), it is possible to describe their behavior with the necessary
accuracy; however, for positive displacement compressors with internal compression (e.g. screw
type compressors/ blowers), the situation is more complex. For these types of machines, part of
the compression will be internal (comparable with isentropic processes) and part will be external
(isochoric process). These processes must be addressed, under both test and guarantee
conditions. This document includes the method that takes both kinds of processes under
consideration and weights them according to the given conditions. This method is valid for single
stage positive displacement compressors (blowers) with a known value of the volume ratio



(defining the degree of internal compression) and without any liquid injection into the process air
stream.

2 Scope

This document specifies the performance test method of electrically driven low-pressure
compressor packages, where the compression is performed by positive displacement or dynamic
compression. Low-pressure air compressor packages are often referred to as “blowers”.

“Low Pressure” is defined in section 4.2 further in the text.

Low-pressure compressors with and without means of controlling flow are covered. The means
of controlling flow may be electrical (e.g. with a variable frequency drive) or mechanical or both.

This document is not applicable to:

e Low-pressure positive displacement compressors with a liquid in the compression
element (such as liquid ring pumps and liquid injected low-pressure compressor of screw
type).

e Multi-stage low-pressure compressors with intercooling between stages of compression

This document applies to low-pressure compressors meeting all the limits defined in section 4.2.
3 References

The following referenced documents are relevant for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments) applies.

* ASME PTC 10-1997, Performance Test Code on Compressors and Exhausters
o Equivalent ISO 5389:2005, Turbo compressors — Performance test code
* ASME PTC 9-1970, Displacement Compressors, Vacuum Pumps and Blowers
« ISO 1217:2009, Displacement compressors — Acceptance tests
« EN60051:1999, Accuracy classes for measuring instruments
* EN 60688:2002, Technical basics for measurements
* ASME MFC-3M-2004, Measurement of Fluid Flow in Pipes Using Orifice, Nozzle, and
Venturi
o Equivalent ISO 5167-1:2003, Measurement of fluid flow by means of pressure
differential devices inserted in circular cross-section conduits running full — Part 1:
General principles and requirements
« ISO 80000:2009 Quantities and units — Part 1: General
* ASME MFC-7M:2006, Measurement of Gas Flow by Means of Critical Flow Venturi
Nozzles
o Equivalent ISO 9300:2005, Measurement of gas flow by means of critical flow
Venturi nozzles

In addition, all ISO norms feasible for this work can be used.



4 Definitions

4.1 Symbols and units

The following symbols are to be used unless otherwise defined in the text. These might slightly
differ from existing standards like ISO 5389, ISO 1217 or ISO 80000.

Units
La;n;rizt(:f rs Meaning US Customary SI
c sonic velocity ft/sec m/s
cp, cv specific heat capacity Btu/lb-°R J/(kg-°K)
Outer impeller diameter of the
D . ft m
first impeller
e specific energy kW/(ft*/min) kW/(m?/sec)
h specific enthalpy Btu/lb Jkg
Ma Mach number — —
M molar mass Ibm/Ibmole kg/kgmole
m Mass 1b kg
qm mass flow 1b/s kg/s
n speed of rotation 1/s 1/s
P power kW kW
p pressure Ibf/in? bar
R specific gas constant ft-1bf/Ibmole-°R J/(kg-°K)
Rmol molar gas constant ft-1bf/(mol-°R) J/(mol-°K)
Re Reynolds number — —
s specific entropy Btu/(1b-°R) J/(kg-°K)
T thermodynamic temperature °R °K
¢ temperature °F °C
u tip speed ft/s m/s
v specific volume ft*/1b m’/kg
Vi Internal volume ratio
v Volume ft’ m’
Qv Volume flow ft*/min m’/min
ratio of reduced speeds of — —
X )
rotation
. mass ratio of water vapour to Ib/lb ke/kg
dry gas
y specific compression work ft-1bf/lbm Jkg
A difference — —
n efficiency — —
9 ratio of (RZ1 T1) values — —
K ratio of specific heat capacities — —
T pressure ratio — —




D density Ib/ft° kg/m’
o ratio of volume flow ratios — —
[0) flow coefficient — —
Orel relative humidity
Vi reference process work
o standard deviation
Subscripts
Index Meaning
1 inlet (suction side)
2 outlet (discharge side)
air dry air
amb ambient (air, temperature)
co converted to guarantee conditions
comb combined
cool coolant
d dynamic
driver compressor driver
dry dry
g guarantee or reference conditions
i Internal or intermediate
isoc isochoric
ideal according to an ideal thermodynamic process
out output
pack compressor package
Pr reference or standard process
red reduced speed
ref reference value
rel relative
s isentropic
sat saturated
st static
te test result
test 1 first test in 2-speed testing
test 2 second test in 2-speed testing
tol permissible deviation
tot total
u tip or peripheral
vap vapour, steam
wet moist

4.2 Low pressure

The test code applies to compressors by the following limits:




7 psia < p; < 16 psia
0.483 bar < p; < 1.103 bar

and
1.5 psi < (p; — p1) < 30 psi
.103 bar < (pz - pl) < 2.068 bar
and
11< P2y ) <35
4.3 Package

The package shall comprise all components that are necessary for the long-term functioning of
the compressor under guarantee conditions and are needed to fulfil the object of the guarantee
and the preconditions of the guarantee:

Low-pressure compressor with drive system,

variable frequency drive (as applicable),

cooling / lubrication system,

inlet filter,

inlet valve / guide vanes (as applicable),

bearing power supply (as applicable),

fully piped and wired internally,

ancillary and auxiliary items of equipment and all power devices that affect power
consumption (as applicable).

Figure 1: Components and Ancillaries



4.4 Definitions regarding performance

4.4.1 Relative humidity

The relative humidity can be expressed as follows:

_ pvap
Prer =
pvap,sat

4.4.2 Water vapor content

The water vapour content related to a dry mass of air is:

X =0622- Prel " Pvap,sat

P — Pret " Pvap,sat

4.4.3 Isentropic efficiency

Isentropic efficiency is a ratio that indicates how the real energy consumption of an air
compressor compares to that for an idealized compression process. The value is expressed as a
percentage, the higher the number indicates that the machine is more efficient at converting
electrical energy into compressed air potential energy. Isentropic compression is considered
where the system is frictionless, and there is no transfer of heat. Such idealized processes are
useful as a model and basis for real compression processes. Isentropic efficiency can be
calculated and measured independently of compression technology. Efficiency is not measured
directly but is derived from power consumption, pressure ratio and delivered capacity.

4.4.4 Isentropic exponent

For dry air close to 14.7 psia pressure, the approximation for the isentropic exponent is:

Kiry = 1.4

The isentropic exponent k for humid air is then determined as follows:

K 1-0.11-x)

wet = Kdry ' (
4.4.5 Gas constant

Determining the gas constant R of humid air can be done as follows:

1
1 _ Prel’Pvapsat | 0.378

Ryet = Rgir



or
x
Ruet = Razr - (1 + — 0.608)
4.4.6 Reference process compression work
4.4.6.1 Specific isentropic compression work for dynamic machine

Within limits (table E1, ISO5389) the specific isentropic compression work is defined as:

Vs = %'Rl Ty I(%)CC;KI) - 1]

4.4.6.2 Specific isochoric compression work

The specific isochoric compression work is defined as

1
Yisoc = E ) [pz - pl]

4.4.6.3 Specific combined isentropic and isochoric compression work for positive
displacement machine

The specific combined isentropic and isochoric compression work is defined as

Yeomb = Ry - Ty -

(%)
1
/pl + L ( et — 1)]

v; K—1\k

If the internal volume ratio v; is equal to 1 then the specific combined isentropic and isochoric
compression work is equal to the specific isochoric compression work.

Y
If the internal volume ratio v; is equal to (Pz/pl) “ then the specific combined isentropic and
isochoric compression work is equal to the specific isentropic compression work.

4.4.7 Internal volume ratio

The internal volume ratio v; of a volumetric compressor is defined as the ratio of the enclosed
volume at moment of closure of the inlet port to the enclosed volume at the moment of opening
of the outlet port.

4.4.8 Inlet volume flow rate

The inlet volume flow rate considers the gas condition at the process air inlet as defined in Figure
1.



The inlet volume flow rate is defined as the delivered mass flow rate q,,,, divided by the total
density at the compressor package inlet. The delivered mass flow rate shall be measured
downstream of the process air discharge in order to exclude all leakage losses.

dm2
qvi = ——

P1

4.4.9 Specific energy

The specific energy is the absolute work required to compress a volume of gas from the pressure
(and temperature) at package inlet, to the package discharge pressure, while accounting for
changes in the enthalpy and kinetic energy of the gas during the compression process, including
all possible mechanical and electrical losses.

P
e=—
v1
4.4.10 Rotor tip speed

The tip speed results from the rotor outer diameter and speed of rotation.
u=mn-D-'n
4.4.11 Flow coefficient

The flow coefficient is a flow velocity formed from the inlet volume flow and an impeller cross-
section area, rendered dimensionless by the tip speed of the rotor.

_ qv1/60
I.p2.y
4

4.4.12 Work coefficient

The work coefficient of the reference process specific work (for the entire package) is rendered
dimensionless by the kinetic energy of tip speed u.

Ys -9

Y= 2

Where G is gravitational constant of 32.17 ft/s*

4.4.13 Machine Mach number

Calculation of the machine Mach number can be done as follows:



u u
Ma =—=

C1 ‘\/g'KllR.Tl

Where g is the gravitational constant of 32.17 ft/sec?

4.4.14 Process air inlet point definition (subscript 1)

(1313

The process air inlet point (index “1) is defined as being upstream of any technically required
component.

In the case in which a technically required component is not physically present during the test the
impact of the component on performance shall be accounted for.

4.4.15 Process air outlet point definition (subscript 2)

66 9

The process air discharge point (index “2”) is defined as being downstream of any technically
required component.

In the case in which a technically required component is not physically present during the test the
impact of the component on performance shall be accounted for.

Figure 2: Process Air Inlet & Outlet

4.4.16 Inlet conditions

Inlet conditions for the guarantee are:

Table 1: Inlet Conditions

. ops Value Value
Default inlet condition (Option 1) (Option 2)
Inlet air pressure 14.7 psia 1 bar




Inlet air temperature 68°F 20°C

Inlet relative humidity 36% 0%

Temperature of the coolants at

package inlet 68°F 20°C

4.4.17 Client specified inlet conditions

The client may specify the site conditions (other than the default inlet conditions) to which the
performance test data is to be corrected to.

4.4.18 Definition: Steady state

Steady state is achieved when the difference between inlet and outlet temperature is within 2°F
(1.11°C) and the speed variation is held to within 0.5% for at least three minutes.

4.4.19 Free air delivery (FAD)

Actual volume flow rate of air, compressed and delivered at the package discharge point, referred
to conditions of total temperature, total pressure, and composition (e.g., humidity) prevailing at
the ambient inlet of the compressor.

5 Guarantee and Measurement

5.1 Preconditions of the guarantee

Preconditions are the conditions the compressor (blower) will be externally exposed to in use and
which shall be specified in the contract of supply (meaning “contract”, “data sheet”, “agreement”
or similar) or default preconditions shall be applied according to this guideline (or some other
applicable instruction).

For testing to be possible at least the following shall be specified:

Table 2: Preconditions of the Guarantee
Preconditions of the guarantee
Air inlet pressure*
Air inlet temperature*
Air inlet humidity*
Coolant inlet temperature*
Coolant flow
Supply voltage
Supply frequency
*These can be taken from the default conditions defined in Table 1 above.

10



5.2 Object of the guarantee

The object of guarantee is the set of values to be guaranteed within the defined preconditions:

1. Inlet volume flow rate

2. The discharge pressure at the outlet of the package.

3. The total Specific Energy of the package for the delivered flow at the guaranteed
discharge pressure.

5.3 Low Pressure Compressor (Blower) to be tested

The compressor (blower) configuration to be tested shall include all components required to
fulfill all the preconditions.

As a general rule, the configuration of the unit under test shall be identical to the configuration of
the unit to be delivered.

A package checklist, such as given in Appendix A, shall be completed by the manufacturer and
shall be part of each compressor test report. The checklist shall be used to ensure that the tested
package matches the specified one.

The checklist shall indicate which components are included, excluded, or not applicable for
normal functioning at guarantee conditions or accounted for. If any required components are not
installed in the test configuration, the correction calculations for these components shall be
shown in conjunction with the checklist.

Ancillaries required for the sustainable operation of the low-pressure compressor package,
excluding stand-by ancillaries, are to be in operation.

5.4 Compressor (blower) specifications to be provided prior to testing

The compressor (blower) is tested against a specified outlet pressure (at the outlet of the
package).

In addition to the preconditions (section 5.1) and the package check-list (Appendix A), the
description of the compressor (blower) to be tested shall contain specific data for the performance
calculation. This includes:

e The compressor (blower) rotational speed.

e The internal volume ratio for positive displacement compressors (blower).
e The variable geometry settings if applicable for the compressor (blower).

11



6 Measuring equipment, methods and accuracy
6.1 General

The equipment and methods given in this document are not intended to restrict the use of other
equipment and methods with the same or better accuracy. Where an International Standard
relating to a particular measurement or type of instrument exists, any measurements carried out or
instruments used shall be in accordance with such an International Standard.

All inspection, measuring, test equipment and devices that can affect the test shall be calibrated
and adjusted at prescribed intervals, or prior to use, against certified equipment having a known
valid relationship to nationally recognized standards. The use of data acquisition systems shall be
allowed, and test logs may be print outs resulting from the system.

No measurement uncertainty tolerances are to be taken into account in corrections or
comparisons or acceptance. For guarantee acceptance, as tested results are treated as measured to

comparison to Table 4 without additional uncertainty tolerances applied.

Figure 3 below is inserted on a typical measurement installation.

Figure 3: Overview of Typical Measurement Installation

12



6.2 Measurement of pressure

6.2.1 General

Pressure taps in the pipe or receiver shall be normal to, and flush with, the inside wall. A
minimum of two static or total pressure-measuring instruments shall be utilized for each
measurement location spaced at 180° intervals around the pipe circumference, and 90° to

temperature instrumentation.

NOTE For low pressures or high flow velocities, minor irregularities such as burrs can lead to
serious error.

Connecting piping shall be leak-free, as short as possible, of sufficient diameter and arranged to
avoid blockage by dirt or condensed liquid. For measurement of liquid pressure or pressure of
liquid-gas mixtures, the instrument shall be mounted at the same height as the measuring point
and the connecting piping shall be arranged so that the height of liquid columns in the piping
exerts no influence. Otherwise, account shall be taken of the difference in height.

Instruments shall be mounted so that they are not susceptible to disturbing vibrations.

The measuring instrument (analogue or digital) shall have an accuracy of £1 % at the measure
value.

The pressure measurement shall be a total measurement, or static measurement corrected to total
conditions.

For definitions of static, dynamic and total measurements refer to ISO 5389:2005 Section 5.2.
and 5.3.

6.2.2 Atmospheric pressure

The absolute atmospheric pressure shall be measured with a barometer having an accuracy better
than + 0.15%.

6.2.3 Pressure measurement for ambient inlet

The compressor package inlet pressure (p1) is the atmospheric pressure measured by a barometer
near the compressor package where the velocity is zero.

6.2.4 Pressure measurement for piped inlet

The pressure is the total pressure (p1) measured at the process air inlet point. The pressure shall
be measured at a location at least one pipe diameter upstream of the inlet.
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6.2.5 Pressure measurement for piped outlet.

The pressure is the total pressure (p2) measured at the process air outlet point. The pressure shall
be measured at a location at least two pipe diameters downstream of the outlet.

6.3 Measurement of temperature

6.3.1 General

Temperature shall be measured by certified or calibrated instruments such as thermometers,
thermos-electrical instruments, resistance thermometers or thermistors having an accuracy of +
1°F inserted into the pipe or into thermowells.

A minimum of two temperature measuring instruments shall be used for each measurement
location. For measurements made on piping these shall be spaced at 180° intervals around the
pipe circumference.

Thermometer wells shall be as thin, and their diameters as small, as is practical, with their outside
surface substantially free from corrosion or oxide. The well shall be partially filled with a
suitable liquid.

The thermometers or the wells shall extend into the pipe to a distance of 4 inches or one third the
diameter of the pipe, whichever is less.

When taking readings, the thermometer shall not be lifted out of the medium measured nor out of
the thermowell when one is used.

Precautions shall be taken to ensure that the:

e Immediate vicinity of the insertion point and the projecting parts of the connection are
well insulated so that the thermowell is virtually at the same temperature as the medium
being observed;

e Sensor of any temperature measuring device or thermowell is well swept by the medium
(the sensor or thermowell shall point against the gas stream; in extreme cases a position
perpendicular to the gas stream may be used);

e Thermowell does not disturb the normal flow.

6.3.2 Temperature measurement — Ambient

The package ambient temperature is the atmospheric temperature measured at the package in the
plane of the intake system.

6.3.3 Temperature measurement for piped inlet

The inlet temperature is the total temperature (T1) measured at the process air inlet point. The
temperature instrumentation shall be located at half of one pipe diameter upstream of the inlet.
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6.3.4 Temperature measurement for piped outlet

The outlet temperature is the total temperature (T2) measured at the process air outlet point. The
temperature instrumentation shall be located one pipe diameter downstream of the outlet and 90°
relatively rotated to the pressure measurement.

6.4 Measurement of humidity

If the gas contains moisture, the humidity shall be checked during the test. The humidity shall be
measured at the standard inlet point with an instrument have an accuracy of +2.5% or better.

6.5 Measurement of rotational frequency

Shaft speed shall be determined by using methods that have an accuracy of + 0.2% or better.
6.6 Measurement of flow rate

The delivered flow rate is the net mass flow rate through the process connection at the package
outlet. All seal losses and side streams not delivered to the process piping connection of the
package shall be excluded from the delivered mass flow rate evaluation.

Measuring devices mentioned in ISO 5167 shall be deemed acceptable.

Overall uncertainty of measured value shall be + 1.5% or better.

6.7 Measurement of power and energy

6.7.1 General

Electric power of the machine shall be referred to the electrical input terminals. Factors
influencing the measurement, such as voltage drop in supply cables or measurement systems,
shall be taken into account.

The two-wattmeter method or some other method with similar accuracy shall be used.

Current and voltage transformers shall be chosen to operate as near to their rated load as possible
so that their ratio error will be minimized.

Electrical measurement equipment must be capable of measuring true root mean square (RMS)
current, true RMS voltage, and real power up to the 40™ harmonic of fundamental supply source
frequency.

Overall uncertainty of the measured value shall be + 0.75% or better.

The power supply must:
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e Maintain the voltage greater than or equal to 95% and less than or equal to 110% of the
rated value of the motor,

e Maintain the voltage unbalance of the power supply within +3% of rated values of the
motor.

For inverter applications, the wire power-measuring instrument shall be capable of handling the
distorted voltage and current waveforms and phase relationship of the power factor caused by the
harmonics and EMI as a result of inverters high-speed switching mode. Wire power shall be
measured by a precision power analyzer with high accuracy, broad bandwidth, fast sampling rate
and high-speed data update.

6.8 Calibration of instruments
Calibration records of the instruments shall be available prior to the test.

Recalibration after the test shall be carried out for those instruments of primary importance that
are liable to variation in their calibration because of use during the test.

Any change in the instrument calibrations, which will create a variation exceeding the class of
accuracy of the instruments, may be cause for rejecting the test.

7 Test
7.1 General test process

In order to compare the performance data of low-pressure compressors (blowers) with different
technologies, it is necessary to test these compressors (blowers) under the same similarity
conditions and with the same methods by applying the same principles and process steps. The
ideal reference process in this methodology is different for different types of compressors.
Positive displacement compressors (blowers) with or without internal compression use the
combined isentropic and isochoric process. Dynamic compressors (blowers) of any kind use the
isentropic process.

The test shall be carried out at an appropriate test field under prevailing conditions. No changes
to geometry are allowed between test and specified conditions. For the set-up, the compressor is
connected to the test loop. Correct cooling conditions have to be assured. The compressor shall
run for warm-up against rated outlet pressure until steady state conditions are reached and the
temperature remains constant at the inlet and outlet of the flow measuring device. The
compressor (blower) package shall operate at the steady state condition for the duration of data
collection for each test point.

In Figure 4, the general process of testing is shown in a schematic.
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Figure 4: Overview of Test Process

This document describes a method to test the performance of a single operating point. For
variable flow compressors (blowers) this method can be repeated at several flow rates to establish
the performance over the operating range of the compressor at the specified outlet pressure /
speed / mechanical vane setting. For the purpose of general data sheets, or in case there is no
specific agreement with the client on how to test variable flow compressors, 5 flow rates shall be
tested. The minimum and maximum flow rates that can be achieved continuously under
guarantee conditions shall be specified and tested by the manufacturer. Furthermore, three
additional flow rates evenly spread within the total flow rate range of the compressor (blowers)
shall be specified and tested. For each test point, the adequate test loads shall be determined in
the same way as for a single working point.

7.2 Allowed deviation of rotational speed between test and guarantee

The supplier shall inform about the expected rotational speed for the specified point while
operating at guarantee conditions prior to conducting the test.

The allowed deviation for rotational speed is +3%.

For variable speed dynamic compressors (blowers), it is possible that the proper setup of the
compressor in order to keep the deviation of the dimensionless numbers within the stated limits,
results in a rotational speed that deviates more than £3% from the expected rotational speed. In
cases in which the rotational speed deviates more than +£3% such cases a second test is to be
conducted to verify the efficiency at the guarantee speed (see definition of two speeds testing in
section 7.10.
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7.3 Allowed deviation of ambient conditions
7.3.1 Requirements on test facility

The ambient air density shall not deviate by more than +/- 10% compared to the density at
guarantee conditions.

7.3.2 Requirements for data to be published

The ambient conditions shall not deviate compared to the indicated and/or guarantee conditions
by more than:

Inlet temperature: £ 27°F
Inlet pressure: £10%

7.3.3 Customer specified site conditions

There is no limit of the deviations between the test conditions and the site specified conditions.
7.4 Allowed deviation of preconditions

Below are the allowed deviations of the precondition data, if applicable:

- liquid coolant temperature: + 18°F
- mass flow of liquid coolant: +10%

7.5 Allowed deviation of compressor Mach number

It is essential to keep the dimensionless numbers as similar as possible between the guarantee
conditions and the test conditions.

For dynamic compressors the deviation of compressor Mach number shall be between -5% and +5%.

For positive displacement compressors there is no restriction on the deviation of compressor
Mach number.

7.6  Selection of test flow

7.6.1 Selection of flow setting

7.6.1.1 Fixed flow, positive displacement and dynamic compressors

For compressors with no possibility to adjust the flow, the flow will result from the actual speed

at which the compressor is running (e.g. constant speed compressors with no flow-adjusting
device).
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7.6.1.2 Variable flow, positive displacement compressors

The specified volume flow shall be matched within the given tolerance by adjusting the
compressor (by speed or by positive displacement per revolution, if adjustable).

7.6.1.3 Variable speed, dynamic compressors

The supplier shall inform about the reference rotational speed and settings of variable geometry
for the specified operating point at the guarantee conditions in advance of test.

The speed setting for the test will result from keeping the dimensionless numbers constant as
follows:

Rotational speed is determined from the Mach numbers at specified and test conditions keeping
Mach number constant.

The flow will result from the rotational speed and the outlet pressure setting as explained below.
7.6.1.4 Fixed speed, variable flow, dynamic compressors

The supplier shall inform about the reference rotational speed and settings of variable geometry
for the specified operating point at the guarantee conditions in advance of the test. Rotational
speed is determined by the speed of the drive. Test setting for flow will result from the outlet
pressure setting as explained below.

7.7 Allowed deviation of flow and work coefficient

7.7.1 Allowed deviations to be checked for test validity (ensuring similarity)

7.7.1.1 For dynamic compressors (blowers)

It is essential to keep the dimensionless numbers as close as possible between the guarantee
conditions and the test conditions.

Deviation of work coefficient: - 2%, +2%
Deviation of flow coefficient: -2%, +2%
Deviation of Mach number: -5%, +5%

7.7.1.2 For positive displacement compressors (blowers)

For the compressor (blower) under test it is essential to keep the following numbers as close as
possible between the guarantee conditions and the test conditions.

Deviation of work ycomv: - 2%, +2%
Deviation of flow coefficient: -2%, +2%

19



Remark: For typical positive displacement compressors (blowers) with fixed geometry, where the
flow is linear to speed, this latter condition will be fulfilled.

7.8 Selection of test pressure

7.8.1 For positive displacement compressors (blowers) with or without internal
compression

The outlet pressure for positive displacement compressors (blowers) with internal compression
(internal volume ratio v; > 1) or without internal compression (internal volume ratio v; = 1)
shall be set such that the specific combined compression work in the prevailing test conditions
matches the one in the guarantee conditions.

Ycomb,te = Ycomb,g
The required outlet pressure can then be calculated as follows:

1

Ycomb,g Kte K—1
Pate = - =V -1 v~ Pite
Rie - Tite Kie —1\k

7.8.2 For dynamic compressors (blowers)
The outlet pressure for dynamic compressors shall be set in a way such that the specific

isentropic compression work in the prevailing test conditions matches the one in the guarantee
conditions multiplied with the square of the speed ratio, in order to achieve similarity.

2
Vere = Voo - Ute
s,te s,.g Ug

The required outlet pressure can then be calculated as follows:

e
)

(e
Kte - 1) ys’g Ug

Pate = D1, -1+<
2,te 1,te Kee (Rte . T1,te)

7.9 Fluctuations on the specific test readings during test at steady state

Readings are to be taken at steady state which is defined as the state in which the difference
between inlet and outlet temperatures is within 2°F for a period of three minutes or more.

Before readings are taken, the compressor shall be run long enough to ensure that steady-state

conditions are reached so that no systematic changes occur in the instrument readings during the
test.
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For each flow point, enough readings shall be taken to indicate that steady-state conditions have
been reached. The number of readings and the intervals shall be chosen to demonstrate
repeatability.

For individual readings, the limits on fluctuations in table 3 below apply:

Table 3: Permissible Fluctuations of Test Readings

Measurement (symbol) Fluctuation
Inlet pressure (pi.te) 1%
Inlet temperature (T ) 2°F
Outlet temperature (T2,) 2°F

Temperature difference between outlet

and inlet (T2,te — T te) 2°F
Outlet pressure absolute (p2,t) 0.5%
Flow (qte) 1%
Speed (rotational speed) (nee) 0.5%
Electrical power (Pie) 1 %
Supply voltage 2%

GENERAL NOTES:

A fluctuation is the percentage of difference or the difference between the minimum and
maximum test reading divided by the average of all sets of readings for one test point.

7.10 Two-speed test
For dynamic low-pressure compressors, the limits imposed on rotational speed (as defined in 7.2)
may lead to a situation in which the Work coefficient, Flow coefficient, and Mach number cannot

be maintained with the limits defined in 7.7.1.1.

This can happen if the conditions at test differ significantly from the preconditions of the guarantee.
In this case a two-speed test can be applied.

The first test shall be conducted at the specified rotational speed, with the outlet pressure set to
load the compressor at the corrected package power as calculated for test1Pcog test.

The limits regarding flow, pressure, and Mach number do not apply.
The tolerance for Pcogtest1 18 £2%.

The efficiency of the driver shall be calculated as follows:

y i,te,x

ni,driver,te,x =
Y pack,x
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« signifies testl or test2 as applicable)

Vitestx refers to the measured work, which is equal to the change in enthalpy AZ measured by the
temperature rise.

Ypackx refers to the measured work, at the packaged boundary, which is equal to the packaged power
divided by the mass flow:

pack,x = —PpaCk'x
’ dm,x

Additionally, the internal work is calculated as follows:

y

Ystex k

itex= =[5 R1.(To— T1) ]

Ns,Prtex tex

The second test is set up and executed according to the limits of test setup deviation (e.g. Mach
number), except for the absolute value of the rotational speed (n).

The second test is conducted at reduced / increased speed:

nred,te _ Mau.te

X, =
nred.g Mau.g

Note: E.g. the needed rotational speed may be in excess of compressor capability in which case the
test cannot be executed.

The performance is measured, calculated and evaluated (as 7.1) as any other test point.
Additionally, the internal work and driver efficiency are calculated again, as above.
The results of testl and test2 are combined to calculate the corrected package power.

The corrected value to use for input power as tested is then calculated as follows:

M driver.te2
Peog0,1 = Peog1 * ———
Midriver te1

i driver,testx refers to the ratio of real work: (internal work / package work)

8 Correction of Test Results

8.1 General

The test results, measured at the test bench (subscript ze) shall be recalculated to the corrected

values (subscript co) with the formulas in the sections that follow. The equations take into
account the guarantee conditions (subscript g) to calculate these corrected values.
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Note: In this calculation scheme, there is no correction for the difference in Reynolds number.
8.2 Correction of measured flow

Calculate the corrected volume flow as:
Uu
g
Qvico = Qvite "
te
Note: Tip speed ratio (u—g) is equal to the shaft speed ratio. Scaled test are not allowed.

Ute

8.3 Correction of measured pressure

As the outlet pressure during testing differs from the target test outlet pressure, this pressure with
its deviations shall be corrected to the guaranteed conditions. This allows the influences these
deviations have on the guaranteed performance data to be recognized.

8.3.1 For dynamic compressors (blowers)
First, calculation of the corrected compression work shall be made with:

Ug

2
Ys,co = Vste * ( )
Ute

Note: Tip speed ratio (3—9) is equal to the shaft speed ratio
te

Then, the corrected pressure ratio is calculated:

1 Kg — 1 Ys,co (%)
Teo = |1 T Kg RigTig

8.3.2 For positive displacement compressors (blowers):

For positive displacement compressors (blowers), the corrected pressure ratio shall be
calculated as follows:

|

Rl " T1 Kg
8.3.3 For positive displacement and dynamic compressors (blowers):

To calculate corrected outlet pressure, the follow equation shall be used using the
appropriate corrected pressure ratio from above:

P2,co = Tco "P1yg
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8.4 Correction of specific energy demand

The tested specific energy demand e;, is the ratio of the measured power during test P;, and the

measured flow qyq ¢e.
Pee

Qvite

€te

The specific energy demand is then corrected for the differences in density p and work y between
test and guarantee conditions. Although the work is set in test according to the work in guarantee
conditions, any difference between actual test conditions and the set point is considered in the
correction formula.

Depending on the type of compressor, a different reference process for the specific compression
work shall be used.

For positive displacement compressors (blowers) with internal compression (internal volume
ratio v; > 1) or without internal compression (internal volume ration v; = 1) the specific energy
demand shall be corrected as follows:

pl,g ycomb,g
€co = T " Cte
pl,te ycomb,te

For dynamic compressors (blowers), the correction is as follows:

€co = te

Pite Yste

For the guaranteed specific compression work (Ycomp,g OF ¥s g), the stated guarantee values of
pressure and inlet temperature are to be used. For the tested specific compression work (Ycomp,te
Or Y5 re), the measured test values of pressure and inlet temperature are to be used.

8.5 Calculated package power
The power consumption of the package in the guarantee conditions can be expressed in two

different ways. The power consumption of the tested package at guarantee conditions (effectively
delivering the corrected flow g, (o) Will be:

Poo = €0 qvi,co

The power consumption of the package at guarantee conditions and at the guarantee flow (thus
this is the case in which the package matches the guarantee flow gy 4):

Pco,g = €co " quvig
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8.6 Comparison of corrected values with guaranteed values

The test results are corrected to the specified operating conditions with the purpose of
comparability with the guaranteed or specified performance.

The comparison shall include:

«  Comparison of the corrected specific energy e, with the guaranteed specific energy e,
«  Comparison of the corrected volume flow rate g, ¢, With the guaranteed volume flow rate q,1,4
«  Comparison of the corrected absolute outlet pressure p; ,with the guaranteed p, 4

Acceptance tolerances for values, corrected over guarantee, are specified in the table below.

Table 4: Acceptance Tolerances

Volume flow rate at| Volume Specific Outlet
specified conditions |flow rate|energy demand| Pressure
v1,g

CIvl,g e %)

(ft3/min) % % %
0<qy1q=177 +7 +8 0++1%
17.7<qy1,4 <52.9 +6 +7 0++1%
52.9<qy14<529.7 £5 +6 0++1%
529.7<qy1 4 +4 +5 0++1%

The corrected values are to be compared to the guaranteed values. If the values are within the
limits as defined in this standard, then the compressor passes the test and is accepted. If the
values are not within the limits as defined in this standard, then the compressor (blower) fails the
test.

9 Test report
9.1 Test report content
At a minimum, the test report shall include the following:

e Test piping arrangement indicating pipe sizes and lengths, pressure and temperature
measurement locations, flow measurement arrangement, valve location(s), and verification
of compliance with ISO measurement standards.

e Original test logs including all recorded data required for calculations.

e Detailed sample calculation for one test point (Appendix B).
e Instrument calibration certificates.
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Date of test.

Test report number.

Compressor (blower) type, manufacturer, model, serial number, date of manufacture.
Manufacturer’s package checklist per Appendix A.

9.2 Test results summary

Test results shall be summarized, an example of the format is given in mandatory Appendix B.
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Appendix A — Equipment Checklist (Mandatory)

A package equipment checklist shall be provided which defines clearly the scope of testing.
Where items are not included or not necessary, the column “Not Applicable” shall be marked.
Where an item is not included but accounted for, the column “Accounted for value” shall be
filled in.

Note: For different compressor types different components may be required.

Table 5: Manufacturer's Checklist (example, to be filled in by "X"")

Accounted Not
Section Item Included for value applicable
(units) pplic
Process air filter Ap (psi)
Inlet silencer Ap (psi)
Inlet guidevanes | | emmememeee-
Inlet unload valve or A .
throttled valve P (psi)
Process air Outlet guidevanes | | mmememmeeee-
in/out Blow off valve* Ap (psi)
Check valve Ap (psi)
Outlet silencer Ap (psi)
Additional inlet A
losses™* P (psi)
Additional outlet A
losses** p (psi)
Main drive motor
efficiency i
Frequency inverter ul
EMC filter n
Drive train Choke n
Starter n
Sinus filter n
Power Transmission
(gear box, belts) N
Local control system P (kW)
(le)q(ﬁ:g;g circulation P (kW)
Alnc11!arlles, Lubrication system P (kW)
© ectrlga Main drive cooling fan P (kW)
power input Cooling air fans P (kW)
Heat exchanger fans P (kW)
Additional components P (kW)

*pressure loss when closed

** manufacturers should detail the cause of the additional losses

The complete package needs to be tested. In case some required component is not included in the test, it
shall be indicated how the component has been accounted for in the testing; indicated pressure drop
should be accounted for either adapted test point or adapted test structure.
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Appendix B — Calculation Examples (Mandatory)

B.1 General

The following examples illustrate the calculation methods in which the variables measured data
during the factory test are to be corrected to the specified conditions and comparison against
performance guarantees.

B.2 Test Examples

;fls;lf;:fmple Compressor Type Is Flow and Pressure Adjustable?
. The example is valid for fixed and variable
1 Dynamic Compressor .
flow machines
) Positive Displacement The example is valid for fixed and variable
Compressor flow machines
Two speed test:
3 Dynamic Compressor The example is valid for fixed and variable
flow machines with variable speed

B.2.1 The guaranteed performance point

The performance is defined at the package level. The air inlet condition is the same for all
examples and the guarantee is the same for examples 1 & 2.

B.3 Test calculation example 1 (Dynamic Compressor)

B.3.1 Guarantee conditions

Symbol Numerical Value Units
Inlet pressure Pig 14.5 psia
Inlet temperature T4 527.7 °R
Inlet relative 0
humidity Prelg >0 &
B.3.2 Object of Guarantee
Symbol Numerical Value Units
Inlet volume flow Tv1,g 3000 ft3/min
Outlet pressure P2,9 22.5 psia
Electric power @ the
electric input E 101.8 kW
terminals
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Table 3: Acceptance tolerances

Volume flow rate at Volume flow rate Specific Energy Outlet Pressure
specified conditions
Qvl,g Jvl,g C P2
ft*/min % % %
0<queg<17.7 +7 +8
17.7 <qv1,g<52.9 +6 +7 0/+1
52.9 <qu1<529.7 +5 +6
529.7 < Jvlg +4 +5
The tolerance band on package power is defined by the tolerance on specific energy
consumption

Acceptance tolerances for this specific test point: qvi=t4%; e=+5%: p>=+1%

B.3.3 General Calculation on Guarantee Data

General calculation made on the guaranteed performance data used for verification of similarity
and acceptance comparison:

Step 1: Preconditions of the guarantee

e Ambient pressure P19 = 14.5 psia
e Ambient temperature Ty4 =527.7°R
e Ambient humidity Pret,g =50%

Step 2: Mixture of air and water vapor (humid air) on guarantee data
e Ambient temperate t = (Ty,g — 459.7) = 68°F
e Calculate the vapor pressure

e The partial pressure of water vapor is found using the steam tables: Vapor pressure
Pvap.sat,g = 0.339 psi

e Relative humidity ( 4.4.1) Preg = p”& =50 - Dyapg = 0.1695 psi
vap,sat,g
e Vapor content ( 4.4.2) Xper,g = 0.622 - —rbdPrabsits  — 00736 Lb/lb

P1,9g~Prel,g'Pvap,sat,g

e I[sentropic exponent dry ( 4.4.4) Kiry ~ 1.4
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e Isentropic exponent ( 4.4.4) Kwet,g = Kgpy * (1 —-0.11- xwet'g) = 1.399

e (Gas constant R, = 53.336 ft-1b/lbmole °R
e Gas constant (4.4.5) Ruwetg = Rair - (1 + 2 -0.608) = 53.573 L—2L
e Ambient air densit = (pl—'g) = 0.07386 —
Y Prg = Rwet,g'T1,g I ft3
. 1 ft3
e Inlet specific volume Vig = (—) = 13.5396 —
’ P1,g lb
e Inlet volume flow rate (4.4.8) q,; , = 4™28 = 30002
“4.0) Qyi,g Py in
e Mass flow rate “ Qma,g = Qg "~ P1,9/60= 3.693 %
e Outlet pressure P2 = 22.5 psia
e Package input power P, = 101.8 kW
e Driver speed ng = 20500 rpm
e Impeller Diameter D=0.8333 ft
Step 3: Calculate Key Performance Indicators for Guarantee Data
e Specific isentropic work (4.4.6.1)
()
— Fkwet, D2, wet,g _ ft=Ilbf
Vs.g = kwet,;l ‘Ryetg " Trg - (ﬁ) — 1] = 13233 —
e Specific energy (4.4.9) eg = q,,lsimo =3, 10’2—‘1;3
. ft=ibf
e Specific Package Work Ve = Pg / Qum2,e * 737.56 = 20329 e
e Package isentropic efficiency Ng = Ysg/ Ye * 100 =65.1%
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e Rotor tip speed (4.4.10) uy=m-D-(22) = 894 L

e Mach number (4.4.13) Ma, = Cllz Jg.kwet:gwetg_ng = 0.793

B.3.4 General Calculations on Inlet Test Data

General calculation made on the tested performance data used for verification of similarity and
acceptance comparisons.

Test Inlet Conditions
e Ambient pressure Pite = 14.2 psia
e Ambient temperature Ty te = 539.7 °R
e Ambient humidity Preite = 40%

Step 4: Mixture of air and water vapor (humid air) on test data
e Ambient temperate tie = (Tr,g — 459.7) =80°F
e (alculate the vapor pressure

e The partial pressure of water vapor is found using the steam tables: Vapor pressure
Pvap.sat,te = 0.5069 psi

e Relative humidity (4.4.1) Drelpe = 2B = 40%

Pvap,sat,te

Pvap,te = 0.2028 psi

e Vapor content (4.4.2) Xaiyre = 0.622 - —LrebaPravsatte  _ g 09901 2

P1,9~Prel,g'Pvap,sat,te b

e Isentropic exponent dry (4.4.4) kK, =14

dary
e Isentropic exponent (4.4.4) Kwette = Ky, * (1 —-0.11- xair,te) =1.399
e Gas constant (4.4.5) Ryetg = Rair * (1 T -0.608) =53.626 L
. . . _ Pite _ L
e Ambient air density Pite = (—Rwet,te'Tl,te> = 0.07065 s

1

3
e Inlet specific volume Vite = (p ) = 14.1539 %

1,te
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Step 5: Calculate outlet pressure of the test setup
(dynamic compressors only)

e Required outlet pressure (7.8.2):

2
o _(ute)
) g ug

(Rte'Tl,te)

kte
Kte—1

Kee—1 .
P2 tereq = Pite 1+ ( ;{te ) = 21.65 psia

B.3.5 Test example 1 Dynamic Compressor
Volume flow and speed is adjustable

Recorded Performance Data from the Test (te)

e Mass flow Qmte = = 3.56 %
_ Amte _ ft3
e Inlet volume flow rate (4.4.8) Quite = = 3023 —
' Pite min

e Measured Outlet pressure P2te = 21.7 psia

e Measured package input power Ppackte =97.7kW

e Driver speed Nge = 20300 rpm
e Impeller Diameter D= 0.8333 ft

Step 6: Calculate and confirm limit indicators on the test conditions
e Limits on test speed (7.2):

—3% < Limpge <3%  Limy = (:—9— )-100 = 0.99%
te

ply
Plte

e Limits on test density (7.3.1) : —=10% < Lim,;, <10% Lim,;. = (
4.54%

Step 7: Calculate test Mach number

e Rotor tip speed (4.4.10) Upo =7T-D-(%) = 8857 L

Ute

Ma,, = — = 0.776

G \/g ' kwet,te ’ Rwet,te ’ Tl,te
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Step 8: Calculate key performance indicator for test
(dynamic compressors only)

e Specific isentropic work:

Kwet, te—1

Vote = —HeLle . R vio - Tire- \(pz,te Kwette ) 1] _ 1304 [t

Kwet,te—1 DP1,te lb

e Set test within similarity limits to qualify the test point (7.7.1.1)
- Work coefficient: -2%, +2%
- Flow coefficient: -2%, +2%
- Mach number: -5%, +5%

e  Work Coefficient

[y_t (“_9)2 _ 1] 100 = 0.054%

Ys,g Ute
e Flow Coefficient
[—""1'“’ (22) - 1] £100 = 1.77%

dvi,g Ute

e Mach Number

[(Mi) _ 1] 100 = —2.12%

Mag

Step 9: Calculate Package Isentropic efficiency

e Specific package work Ypackte = Ppack,te / qma,te * 737.56 = 20239
e Package isentropic efficiency Die = yys—“’ 100 = 64.5%
pack,te

Step 10: Correction of test results to precondition and object of the guarantee

3
e Correction of volume flow (8.2) Qvico = Quite -5—9 = 3053 %
te

e Correction of reference work, dynamic low pressure (8.3.1)
ug\2 ft—1b
YVs,co = Vsite” (u_i) = 13304 T
e Corrected Pressure Ratio (8.3.1)

33



o = [ (52) (2) [ < 1555

kg RigTig

e Correction for outlet pressure (8.3.3)
P2,co = Mo "P1,g = 22.55 psia

e Correction of specific energy (8.4)

P KW
_ Upackte __

€te = ——= 3.23 —F

Avite 100-—

min

(dynamic machine)
__Prg JVsg _ KwW

€co = —= “ 8 = 3.437
Pite DYste 100—
min

e Correction for package power consumption (8.5)
Peo = €co " Quico = 104.6 kW
PCO,g =€co" qvl,g =102.8 kW

Step 11: Compared deviations of guarantee to corrected test value

e Package specific energy (8.6) (eeﬂ - 1) -100 = 0.98%
g

e Volume flow rate (8.6) (% - 1) +100 = 1.769%
v1,9

e Absolute outlet pressure (8.6) (% — 1) =100 = 0.022%
29
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Test results summary

Turbo Compressor Symbol Unit Ref Section Numerical Values
TEST DATA
Test Number # number g Ite
Test Period start/end time Min. - 10
Barometric Pressure D.amb. psia 14.5 14.2
Inlet Pressure p1 psia 4.4.14 14.5 14.2
Inlet Temperature T: °R 4.4.14 527.7 539.7
Relative Humidity Prel.1 % 4.4.1 50 40
Isentropic exponent Kivet ratio 4.4.4 1.399 1.399
Gas Constant Ruer ft-1b/Ib 4.4.4 53.573 53.626
Inlet density p1 Ib/ft? 0.07386 0.07065
Outlet Pressure P2 psia 22.5 21.7
Discharge Temperature T, °R - -
Compressor Speed [rpm] n rev/min 20500 20300
Supply voltage \% 460 460
Supply frequency f Hz 60 60
Package Input Power Prac kW 101.8 97.7
External Coolant Inlet Ticou oR ) B
Temperature
External Coolant Flow Jm,cool Ib/s - -
Inlet Volume Flow Rate Qui ft3/min 4.4.7 3000 3023
compression work Y, ft-1b/I1b 4.4.5 13233 13046
Package isentropic efficiency n % 4.4.3 65.1% 64.5%

Test results

corrected to Pass/Fail

pre-conditions

il(l)l;\t] e\Ii[oel(lllrne Flow Rate @ 6/min 8.2 3053 Pass
Outlet Pressure p2 psia 8.3.3 22.55 Pass
Package Specific Energy €co kwg?l?fﬁ/ 8.4 3.43 Pass
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B.4 Test calculation example 2 (Positive Displacement Compressor)

B.4.1 Guarantee Conditions

Symbol Numerical Value Units
Inlet pressure P1g 14.5 psia
Inlet temperature Ti4 527.7 °R
Inlet relative humidity Prelg 50 %
B.4.2 Object of Guarantee
Symbol Numerical Value Units
Inlet volume flow Tv1,g 3000 ft}/min
Outlet pressure P2,9 22.5 psia
Elect'rlc. power @. the P, 101.8 W
electric input terminals
Driver speed ng 5000 rpm

Table 3: Accep

tance tolerances

Volume flow rate at Volume flow rate Specific Energy Outlet Pressure
specified conditions
Jvl,g Qvl,g S P2
ft*/min % % %
0<quieg<17.7 +7 +8
17.7 <qv1,g<52.9 +6 +7 0/+1
52.9 <qv1,<529.7 +5 +6
529.7 <quig +4 +5

consumption

The tolerance band on package power is defined by the tolerance on specific energy

Acceptance tolerances for this specific test point: qvi=+4%; e=+5%: p2=+1%

B.4.3 General Calculation on Guarantee Data

General calculation made on the guaranteed performance data used for verification of similarity

and acceptance comparison:

Step 1: Preconditions of the guarantee

e Ambient pressure

e Ambient temperature

e Ambient humidity

p1g = 14.5 psia
Tyg = 527.7°R
Prel,g = 50%

3

6




Step 2:

Step 3:

Mixture of air and water vapor (humid air) on guarantee data

Ambient temperature t = (Tyg — 459.7) =68°F
Calculate the vapor pressure

The partial pressure of water vapor is found using the steam tables: Vapor pressure
Pvap.sat,g = 0.339 psi

Relative humidity (4.4.1) Prerg = —229_ = 509,

Pvap,sat,g

Pvap,g = 0.1695 psi

Vapor content (4.4.2) Xpetr,g = 0.622 - —rbaPrabsits  — 000736 Lb/lb

P1,9g~Prel,g'Pvap,sat,g

Isentropic exponent dry (4.4.4) kK, =14

dary
Isentropic exponent (4.4.4) Kwet,g = Kgpy (1 —-0.11- xwet'g) = 1.399
Gas constant (4.4.5) Ruwetg = Rair - (1 + 2 0.608) = 53.573 T—L
. . . Pig Ib
Ambient air density Prg =\ 7)) = 0.07386 7e
wet,g 1,9
. 1 ft3
Inlet specific volume Vig = (p—) = 13.5396 -
19
__ 9m2,g _ ft3
Inlet volume flow rate (4.4.8) Qvig = o 3000 —
19
Mass flow rate dm2,g = Qvi,g " P19 /60= 3.693 %
Outlet pressure P2,g = 22.5psia

Measured package input power P, =101.8 kW

Driver speed ng = 5000 rpm
Calculate Key Performance Indicators for Guarantee Data
Specific isentropic work (4.4.6.1)
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kwet,g—1

(”2—9)< foets ) _ 1] = 13233 [

P1g lbm

kwet,g

Vs,g =

- kwet,g—1 . Rwet,g . Tl,g '

e Reference process work for screw type. The specific value of v; shall be calculated for
the specific machine (4.4.5.3)

Vg = 1.36

P29

Pl_,g+ kwet.g (%'vi,gk_l — 1)]: 13234 ft;lbf

Vig kwet,g—1 lbm

Ycomb,g = Rwet,g ) Tl,g ’

e Specific energy (4.4.9) eg = ng = 3.39 I;TM;
vig —_
. ft=ibf
e Specific Package Work Vg = Pg/ Qumag * 737.56 = 20329 T
e Package isentropic efficiency Ng = Ysg/ Y * 100 =65.1%

B.4.4 General Calculations on Inlet Test Data

General calculation made on the tested performance data used for verification of similarity and
acceptance comparisons.

Test Inlet Conditions
e Ambient pressure Pite = 142 psia
e Ambient temperature Tyt = 539.7°R
e Ambient humidity Preite = 40%

Step 4: Mixture of air and water vapor (humid air) on test data

e Ambient temperate tie = (Tl,g - 459.7) = 80°F
Calculate the vapor pressure

The partial pressure of water vapor is found using the steam tables: Vapor pressure
Pyap sat,te = 0.5069 psi

Relative humidity (4.4.1) Drere = 2L = 40%

Pvap,sat,te

Pvap,te = 0.2028 psia

e Vapor content (4.4.2) Xairpe = 0.622 - —2rekgPransatie  _ (00901 %

P1,9~Prel,g'Pvap,sat,te
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e Isentropic exponent dry (4.4.4) Kiry ~ 1.4

e Isentropic exponent (4.4.4) Kwet,te = Kgpy, (1 —-0.11- xair,te) =1.399
_ . -~ — ft—Ibf
e Gas constant ( 4.4.5) Ruete = Rair (1 + 0.608) =53.626 L
e Gas constant (4.454) R = Rair (1= 0.11 - xgyp. e ) = 53.626 L—2L
. wet,te — alr " air,te . lbmole°R
. . . _ Pite _ ﬂ
e Ambient air density Pite = (—Rwet,te'Tl,te> = 0.07065 I

3
e Inlet specific volume Vite = <p1 ) = 14.1539 %

1,te

Step 5: Calculate outlet pressure of the test setup
(positive displacement compressors only)

e Required outlet pressure (7.8.1):

Vi te = 1.36 (given for specific internal compression unit)

_ Ycomb,g kwet te 1 k -1 = 1
P2tereq = Pite " Vite [R T % — (k Ve wette™ — 1) = 21.825 psia
wette l1,te wet,te wet,te

B.4.5 Test example 2 Positive Displacement Compressor Volume flow and speed is
adjustable

Recorded Performance Data from the Test (te)

e Mass flow Amte = = 3.56 ksﬂ

e Inlet volume flow rate (4.4.8) = dmte _ 3053 S
<. qvl,te Pite min

e Measured Outlet pressure P2te = 21.85 psia

e Measured package input power Ppackte =97.7kW

e Driver speed N¢ge = 5010 rpm
Step 6: Calculate and confirm limit indicators on the test conditions

e Limits on test speed (7.2):
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—3% < Limye <3%  Limy,, = (:—9 - 1) -100 = —0.20%
te

e Limits on test density (7.3.1):
—10% < Limpge <10% Limy = (52 -1) 100 = 4.54%

te

Step 7: Calculate test Mach number

e Not utilized for positive displacement machines

Step 8: Calculate key performance indicator for test
(positive displacement compressors only)

e Specific isentropic work (4.4.6.1)

Kwet, te—1

ys,te = “wette . Rwet,te : Tl,te ) l(PZ,te) fwette - 1] = 13271 ft;lb

Kwet,te—1 P1te l

e Specific isentropic work for screw type. The specific value of v; shall be calculated for
the specific machine (4.4.5.3)

D2,te
— P1ite Kwet te 1 K -1 _ ft—lb
=R . T . + fwet, v Kwette™l — 1) = 13271
Ycomb,te wet,te 1,te Vite Kwet,te=1 \Kwet te ite b

e Set test within similarity limits to qualify the test point (7.7.1.1)
- Work coefficient: -2%, +2%
- Flow coefficient: -2%, +2%

o Work Coefficient
Ycombite _ 1] 100 = 0.12 %

| Ycomb,g

e Flow Coefficient

[avace . (32) - 1] .100 = 0.57%

| dvi,g Nte
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Step 9: Calculate Package Isentropic efficiency

e Specific package work Ypack,te = Ppack,te / Qma,te ¥ 737.56 =20239
e Package isentropic efficiency Die = yys—te 100 = 65.6%
pack,te

Step 10: Correction of test results to precondition and object of the guarantee

3
e Correction of volume flow (8.2) Qvico = Quite -:—g = 3017 %

te

e Correction of reference work, positive displacement low pressure

ft—ib
Ycomb,co = Ycomb,te™ 13271 T
e Corrected Pressure Ratio (8.3.2)

Ycomb kwet, 1 _
Tpo = vig . combte wet,g ( . vigkwet'g 1 _ 1)] = 1.5535
g Rwet,g'T1,g kwet,g—1 \Kwet,g !

e Correction for outlet pressure (8.3.3)
P2,co = Mo " P19 = 22.526 psia

e Correction of specific energy (8.4)

P KW
_ Ppackte __
e =——=3.23 3
Quvite 100—
min
(positive displacement machine)
P1, Ycomb, KwW
€co =19, M.ete = 3.368 —
Pite Ycomb,te 100f—.
min

e Correction for package power consumption (8.5)
P.o = eco " Quico = 101.6 kW

Prog = €co " Gu1,g = 101.0 kW

Step 11: Compared deviations of guarantee to corrected test value

e Package specific energy (8.6) Cﬂ — 1) 100 = -0.73 %
9

e Volume flow rate (8.6) (‘;; — 1) 100 = 0.57 %
vi,g

e Absolute outlet pressure (8.6) <% — 1) -100 = 0.12 %
29
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Test results summary

Unit Ref .
Screw Compressor Symbol (Metric) Section Numerical Values
TEST DATA
Test Number # number lg Ite
Test Period start/end time Min. - 10
Barometric Pressure P.amb psia 14.5 14.2
Inlet Pressure p1. psia 4.4.14 14.5 14.2
Inlet Temperature T °R 4.4.14 527.7 539.7
Relative Humidity Qrel,1 ratio 4.4.1 50 40
Isentropic exponent Kwet ratio 4.4.4 1.399 1.399
Gas Constant Ruet filb/Ib 4.4.4 53.573 53.626
. 3

Inlet density p1 b/t 0.07386 0.07065
Outlet Pressure P2.abs psia 25 21.85
Discharge Temperature T> °R - -
Compressor Speed [rpm] n rev/min 5000 5010
Supply voltage U \Y 460 460
Supply frequency f Hz 60 60
Package Input Power Prac kW 101.8 97.7
External Coolant Inlet o

Tl,cool R - -
Temperature
External Coolant Flow Qm,cool 1b/s - -
Inlet Volume Flow Rate qvi ft*/min 4.4.7 3000 3023
Compression work Y.comb ft-1b/Ib 4.4.5 13234 13271
Package isentropic n % 443 65.1% 65.6%
efficiency

test results
corrected to Pass/Fail
preconditions
Inlet Volume Flow Rate Qi 6 /min 39 3017 Pass
converted
Outlet Pressure p2 psia 8.3.3 22.526 Pass
3

Package Specific Energy €co kWilll?Ii)ft / 8.4 3.37 Pass
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B.5 Test calculation example 3 (dynamic, 2-speed test)
The 2-speed test consists of 3 parts.
1. Testl running at specified rotational speed n;, = ng

2. Test2 running at a calculated rotational speed based on the ratio of Mach numbers for
guarantee and test 1.
3. Test 1 and test2 are combined to evaluate the corrected package power.

B.5.1 Guarantee Conditions

Symbol Numerical Value Units
Inlet pressure P1,g 14.7 psia
Inlet temperature Tig4 563.7 °R
Inlet relative 0
humidity Preig 0 e

B.5.2 Object of Guarantee

Symbol Numerical Value Units
Inlet volume flow Qvig 875 ft*/min
Outlet pressure D2,g 20.3 psia
Electric power @ the
electric input E, 19.76 kW
terminals
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Table 3: Acceptance tolerances

Volume flow rate at Volume flow rate Specific Energy Outlet Pressure
specified conditions
Qvl,g Jvl,g S P2
ft*/min % % %
0<qvig<17.7 +7 +8
17.7 <qv1,<52.9 +6 +7 0/+1
529 <qvig<529.7 +5 +6
529.7 < qvig +4 +5
The tolerance band on package power is defined by the tolerance on specific energy
consumption

Acceptance tolerances for this specific test point: qvi=+4%; e=+5%: p2=+1%
B.5.3 General Calculation on Guarantee Data

General calculation made on the guaranteed performance data used for verification of similarity
and acceptance comparison:

Step 1: Preconditions of the guarantee

e Ambient pressure P19 = 14.7 psia
e Ambient temperature Ty = 563.7 °R
e Ambient humidity Prerg = 60%

Step 2: Mixture of air and water vapor (humid air) on guarantee data

e Ambient temperate t = (Tyg — 459.7) =104°F

e (alculate the vapor pressure

e Vapor pressure Pyap.sat,g = 1.0697 psi
o Relative humidity (4.4.1) Preg = —22 = 60%
vap,sat,g

Pvap,g = 0.6418 psi

Prel,g Pvapsat, lb
e Vapor content (4.4.2) Xyerg = 0.622 - —L48 vapsatg _ _ (49284 2
’ P1,g—PrelgPvapsatg Ib

e Isentropic exponent dry (4.4.4) Kiry ~ 1.4

e Isentropic exponent (4.4.4) Kwet,g = Kgpy * (1 —-0.11- xwet'g) =1.396
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Step 3:

Gas constant Ry = 53.336 il

lbmole°R
— ) X ft—Ibf
Gas constant ( 4.4.5) Ryetg = Rair (1 +-= .0, 608) = 54232 T L
Ambient air densit —(”1—'9)—0069243
mbient air density P1,g = Roeoia) = O I
. 1 ft3
Inlet specific volume Vig = (—) = 14.442 —
’ P1,g b
Inlet volume flow rate (4.4.8) _ fmzg _ g75 S
U Av1g min
Ib
Mass flow rate  Qm2,g = Qvig " P19 = 1.0098 "
Outlet pressure p2,g = 20.3 psia
Package input power B, =19.76 kW
Driver speed ng = 29750 rpm
Impeller Diameter D=0.524 ft

Calculate Key Performance Indicators for Guarantee Data

Specific isentropic work (4.4.6.1)

(o)
_ kwet, D2, wet,g _ ft=Ib
Vs.g = kwet,;l ‘Ryet,g *T1,g (ﬁ) — 1] = 10333 -
Specific energy (4.4.9) eg = qu = 2.258 100ﬂ3
vig —J
Specific Package Work Ve =Pq/ Quag * 737.56 = 14434 L=
Package isentropic efficiency Ng = Ysg/ ye * 100 =71.6%
Rotor tip speed (4.4.10) ug=m-D-2=8162L1
Mach number(4.4.13) Ma, = = = ] = 0.696

C1 \/kwetg 9*Rwet,g'T1,g
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B.5.4 General Calculations on Inlet Test Data

General calculation made on the tested performance data used for verification of similarity and
acceptance comparisons.

Test Inlet Conditions
e Ambient pressure P te = 14.47 psia
e Ambient temperature Tyt = 482.7 °R
e Ambient humidity Preite = 60%

Step 4: Mixture of air and water vapor (humid air) on test data

e Ambient temperate tie = (Tr,g — 459.7) = 23°F

e Calculate the vapor pressure

e Vapor pressure Pyap sate = 0.0641 psi
e Relative humidity (4.4.1)  Qrerce = p”—’” =60% - Pyapre = 0.03846 psi
vap,sat,te
_ Prel,g'Pvap,sat,te _ lb
e Vapor content (4.4.2) Xgirte = 0.622 - = 0.00166 —
’ P1,g~Prel,g'Pvap,sat.te b
e Isentropic exponent dry ( 4.4.4) Kiry ~ 1.4
e Isentropic exponent (4.4.4) Kwette = Ky, * (1 —-0.11- xair,te) =14
e Gas constant Ry, = 53.336 L2
lbmole °R
p (14 E. _ fe-ibf
e Gas constant (4.4.5) Ruette = Ruir (1 + 0.608) = 53390 L
e Ambient air densit = (L> = 0.08085 -2
y pl'te h Rwette'T1te o ft3
. 1 ft3
e Inlet specific volume Vite = ( ) = 12.368 —
’ Pite b
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Step 5: Calculate outlet pressure of the test setup
(dynamic compressors only)

e Required outlet pressure (7.8.2):

kte
Kte—1

(Ve
kte_l) ys'g(“g) = 21.151 psia

=pree [1+(
Datereq = Pite Keo (ReeT1c0)

B.5.5 Test example 1 Dynamic Compressor —test1
Volume flow and speed is adjustable

Recorded Performance Data from the Test (te)

e Mass flow Amte = = 0.882 %
_ A9mte __ ft3
e Inlet volume flow rate (4.4.8) Quite = = 654.5 —
’ Pite min
e Measured Outlet pressure P2te = 21.15psia

e Measured package input power Ppaci,te = 20.0 kW

e Driver speed Nege = 29750 rpm
e Impellor Diameter D =00.524 ft

Step 6: Calculate and confirm limit indicators on the test conditions
e Limits on test speed (7.2):

—3% < Limpyee <3%  Limyee = (=2 —1)-100 = 0%
te

e Limits on test density (7.3.1):
~10% < Lim,e <10% Lim,,, = (f)’i— 1)-100 = —14.36%

1te

Step 7: Calculate test Mach number

e Rotor tip speed Ute =T D -% = 816.2 %
u Ute
Ma;, = — = 0.7577

G \/kwet,te 3217 Rwet,te ’ Tl,te
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Step 8: Calculate key performance indicator for test
(dynamic compressors only)

e Specific isentropic work (7.8.2):

2
u ft—=lb
Vste = Vs,g (Tj) =10359 e
OR
(Kwet,te_l)
D2, Kwet,te _ ft—lb
Vste = % “Ryette - Thte - ’(éi: - 1] = 10359 b

e Set test within similarity limits to qualify the test point (7.7.1.1)
- Work coefficient: -2%, +2%
- Flow coefficient: -2%, +2%
- Mach number: -5%, +5%
e  Work Coefficient
[y“e : (“—9)2 - 1] -100 = 0.25%

Vs.g Ute

e Flow Coefficient
["A (“—g) — 1] 100 = —25.2%

dvi,g Ute

e Mach Number

[(Mi) _ 1] 100 = 8.75%

Mag

Step 9: Calculate Package work / efficiency

e Specific package work Vpackte = Ppack,te / qm2,te * 737.56 = 16724
e Package isentropic efficiency n_te = yys—te 100 = 61.9%
pack,te

Step 10: Correction of test results to precondition and object of the guarantee

3
e Correction of volume flow (8.2) Quico = Quite -Z—g = 654.5 %
te

e Correction of reference work, dynamic low pressure (8.3.1)

2
ft—Ib
Ys,co = Vsite * (Z_;ge) = 10359 b
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e Corrected Pressure Ratio (8.3.1)

oo = [1 + ("g’l) ( Ysco )](F> =138

kg RigTig

e Correction for outlet pressure (8.3.3)
D2,co = Teo " P1,g = 20.316 psia
e Correction of specific energy (8.4)

(dynamic machine)
Kw

— Pug | Ysg —
€ro = —=+ ‘e = 2.61

- Tooft3
Pite DYste 1o0ft>

e Correction for package power consumption (8.5)
FPeo = €co - Qvi,co = 17.0 kW

Step 11: Compared deviations of guarantee to corrected test value

e Package specific energy (8.6) (eeﬂ - 1) -100 = 15.58%
g

e Volume flow rate (8.6) (% - 1) +100 = —25.2%
v1,9

e Absolute outlet pressure (8.6) (% — 1) -100 = 0.1%
29

Step 12: Calculate additional parameters for two speed test
e Measured Outlet temperature from test 1 (needed for two speed test)
Tyte = 563.43°R

e Isentropic Temperature Rise (100% efficiency)  (T2-T1)isen = ((P2,te/P1.te)” (Kwet,te-
1)/kwet,te_ 1) * Tl,te = 55.41 OR

e Actual Temperature Rise = Tz — T1e = 80.73 °R

e (Qas efficiency internal compression work related to isentropic process

(T, —T1)isen

Dste = T2,te —T1,te = 0.686
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e Driver efficiency package work related to specific internal compression work

_ npack,te
D driver =

= 0.902

s,te

B.5.6 Two speed test, Test 2

Now that it has been determined that the test cannot be run without reducing the speed
Precondition of the guarantee

The data must fulfill the ideal gas las

The gas treated in the codes is ambient air

Step 1: Preconditions of the guarantee

e Ambient pressure P1g = 14.7psia
e Ambient temperature T,y = 563.7°R
e Ambient humidity Prerg = 60%

Step 2: Mixture of air and water vapor (humid air) on guarantee data
e Ambient temperate t = (Tyg — 459.7) =104 °F

e (alculate the vapor pressure

e Vapor pressure Pyap.sat,g = 1.0697 psi
e Relative humidity (4.4.1) Prevg = 2B = 60%
vap,sat,g

Pvap,g = 0.6418 psi

Prel,g'Pvap,sat, lb
e Vapor content (4.4.2) x = 0.622 - —=4 PIBI  — (),0284 —
wet,g P1,9—Prelg'Pvap,sat,g b

e I[sentropic exponent dry (4.4.4) Kk, =~14

ary
e Isentropic exponent (4.4.4) Kwet,g = Kgpy ° (1 —0.11- xwet,g) =1.396
e (Gas constant R, = 53.336 li:;?:;
e Gas constant ( 4.4.5) Ryet,g = Rair - (1 + ﬁ '0-608) = 54.232 %
e Ambient air density P1g = (Rp%) = 0.06924 1%
wet,g 1,9
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Step 3:

Step 4:

3
Inlet specific volume Vig = (%) = 14.442 %
19

Inlet volume flow rate (4.4.8) Qvi,g = q:i:g = 875 %

Mass flow rate S Qmzg = Quig *P1g = 1.0098 %
Outlet pressure P2 = 20.3 psia

Package input power P, =19.76 kW

Driver speed ng = 29750 rpm

Impeller Diameter D =10.524 ft

Calculate Key Performance Indicators for Guarantee Data

Specific isentropic work (4.4.6.1)

()
_ kwet, D2, wet,g _ ft=1b
Vs.g = kwet,ggl ‘Ryet,g " T1,g (ﬁ) — 1] = 10333 -
Specific energy (4.4.9) eg = ng = 2.258 %
vig _—
Specific Package Work Ve =Pg/ qmag * 737.56 = 14434 %
Package isentropic efficiency Ng = Ysg/ ye * 100 ="71.6%
. ng ft
Rotor tip speed (4.4.10) ug=m-D- pri 816.2 .
Mach number(4.4.13) May = == 7 g”i — = 0.696
1 wet,g'9*hwet,g' 11,9

Mixture of air and water vapor (humid air) on test data

Ambient temperate tie = (Ty,g —459.7) = 23°F
Calculate the vapor pressure

Vapor pressure Pyap sat,te = 0.0641psi
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e Relative humidity (4.4.1) Qoo = —22“ = 60% - Ppapre = 0.03846 psi

Pvap,sat,te
_ Prel,g'Pvap,sat,te _ lb
e Vapor content (4.4.2) Xgirte = 0.622 - = 0.00166 —
’ P1,g~Prel,g'Pvap,sat.te b
e Isentropic exponent dry (4.4.4) Kiry ~ 1.4
e Isentropic exponent (4.4.4) Kwette = Ky, * (1 —-0.11- xair,te) =14
e Gas constant Ry, = 53.336 L2
lbmole °R
¢« G tant (4.4.5 Ryette = Rair + —— -0.608 = 53.390 L2
as constant (4.4.5) wette = Rair + — -0. =53. pT———
e Ambient air densit —(L>—008085 2
mbient air density Pite = FoeeTone) = O s
. 1 ft3
e Inlet specific volume Vite = ( ) = 12.368 —
' pite kib

Step 5: Calculate outlet pressure of the test setup
(dynamic compressors only)

e Required outlet pressure (7.8.2):

2
Vs, _(_ute)
9'\uy

(Rte'Tl,te)

kte
Kte—1

Kee—1 .
P2 tereq = Pite 1+ ( ;{te ) = 19.98 psia

Step 6: Calculate operating speed for Test 2

Nee = Ny X ——9— = 27315 rpm

Mate test 1

B.5.7 Test example 3 Dynamic Compressor —test2
Volume flow and speed is adjustable

Recorded Performance Data from the Test (te)

e Mass flow Amte = 1.0826 %
_ Amte _ ft3
e Inlet volume flow rate (4.4.8) Quite = —— =804.25 —
' Pite min
e Measured Outlet pressure P2,te = 20.0 psia
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e Measured package input power Ppaci,te = 18.03 kW
e Driver speed Nge = 27315 pm
e Impeller Diameter D=0.524 ft
Step 7: Calculate and confirm limit indicators on the test conditions

e Limits on test speed (7.2):
—3% < LiMyee <3%  Limye = (2L—1)-100 = 8.91%
te
e Limits on test density (7.3.1):
—10% < Limyge <10% Limy,, = (;’119 - 1) -100 = —14.36%

te

Step 8: Calculate test Mach number

e Rotor tip speed (7.5) Uge =T D 1y, /60 = 7494 %

u u
Ma,, = — e = 0.695

1 \/kwet,te ' Rwet,te ' Tl,te

Step 9: Calculate key performance indicator for test
(dynamic compressors only)

e Specific isentropic work (7.7.2):

Kwet, te—1

Kwet,te Date ( Kwet,te ) ft—1b
Vste = et Ryere " Tate - \(i - 1] = 8739 -

Kwet,te—1 P1te

e Set test within similarity limits to qualify the test point (7.7.1.1)
- Work coefficient: -2%, +2%
- Flow coefficient: -2%, +2%
- Mach number: -5%, +5%

e Work Coefficient

[Y_f (“—9)2 — 1] -100 = 0.32 %

Vs.g Ute
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e Flow Coefficient

[u (32) - 1] -100 = 0.11 %

dvi,g Ute

e Mach Number

[(M“g) - 1] 100 = —0.15 %

Mate

Step 10: Calculate Package work / efficiency

e Specific package work Ypackte = Ppack,te / qm2.te * 737.56 = 12284
e Package isentropic efficiency Die = yys—“’ 100 = 71.1%
pack,te

Step 11: Correction of test results to precondition and object of the guarantee
. Ug ft3
e Correction of volume flow (8.2) Tvico = Quite "3 = 875.9 p—
te

e Correction of reference work, dynamic low pressure (8.3.1)

2

ft—1b

Vsco = Vsite " (Z_;ge) = 10366 b
e Corrected Pressure Ratio (8.3.1)

o = 14 (522) (22 - 1300

kg Rl.g'Tl,g
e Correction for outlet pressure (8.3.3)
D2,co = Teo " P1,g = 20.32 psia

e Correction of specific energy (8.4)
(dynamic machine)

_ Pig  Ysg _ KW
Cco = — " Cre — 2.27 Toore3
Pite DYste 1007¢%

min

e Correction for package power consumption (8.5)

Poo = eco " Quico = 19.87 kW
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Step 12: Compared deviations of guarantee to corrected test value

e Package specific energy (8.6) Cﬂ — 1) -100 = 0.52%
9

e Volume flow rate (8.6) (‘Z; — 1) 100 = 0.11%
vi,g

e Absolute outlet pressure (8.6) (% — 1) -100 = 0.1%
29

Step 13: Calculate additional parameters for two speed test

e Outlet temperature (needed for two speed test) Tyte = 541.29°R

e QGas efficiency internal compression work related to isentropic process

_ (I, —Tl)isen
Dste =T te —T1,te
e Driver efficiency package work related to specific internal compression work

0.798

_ 77pack,te
n idriver —

= 0.893

s,te
B.5.8 Two speed test part 3

Object of the guarantee

e Inlet volume flow Quig= 875 ft}/min
e Specific Isentropic compression “work”  ysg= 10333 ft-1b/Ib
e Input wire power to the package Ppackg = 19.76 kW

Measured performance of test 1 and 2

e Measured driver efficiency test2 Ni,driver,tes2 = 0.893
e Measure Package power test2 Peogtes = 19.87 kW
e Measure drive efficiency testl Ni,driver.test = 0.903

Step 14: Calculate result of the two speed result (1 & 2)
Final result of the two speed test

e Corrected package power test 1.2

_ ni,driver.testz _
° Pco,g,testl.z = Pco,g,testz ) = 19.65 kW
M driver.test1
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e Corrected energy density test 1.2

Pco.g.testl.z kW
. o = Ceogtestiz _ 9 g
co.g.test1.2 avig 100ft3/min

e Corrected package power efficiency test 1.2 M2 = Neo - —Ldrivertes2 _ 71 goy

”i,driver.testl

Acceptance tolerances for actual tested values of the two speed test

e Energy density

. (M_l).100:—0.56%

€pac.g
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Test results summary

Unit Ref .
Turbo Compressor Symbol (Metric) Section Numerical Values
TEST DATA
Test Number # number lg Ite 2te
Test Period start/end time Min. - 10
Barometric Pressure P.amb. psia 14.7 14.47 14.47
Inlet Pressure Pl.abs psia 4.4.14 14.7 14.47 14.47
Inlet Temperature Ti °R 4.4.14 563.7 482.7 482.7
Relative Humidity Prel,1 % 4.4.1 60.0 60 60
Isentropic exponent Kuwet ratio 4.4.4 1.396 14 1.4
Gas Constant Ryet | ft-Ib/Ib°R) 4.4.4 54.232 53.390 53.390
Inlet density p1 1b/ft3 0.0692 0.08085 0.08085
Outlet Pressure D2.abs psia 20.3 21.17 20.0
Discharge Temperature T, °R - 563.43- 541.29
Compressor Speed [rpm] n rev/min 29750 29750 27315
Supply voltage U \Y 460 460 460
Supply frequency f Hz 60 60 60
Package Input Power Prac kW 19.76 20.0 18.03
External Coolant Inlet o
Tl,cool R - -

Temperature
External Coolant Flow Qm,cool 1b/s - -
Inlet Volume Flow Rate Q@ 6 /min 4.4.7 875 654.5 804.25
tested
Isentropic yo | felbap | 10333 | 10359 8739
compression work
Package isentropic n % 4438 71.6% 61.9% 71.1%
efficiency

Test 1,2 results

conrrected to Pass/Fail

pre-conditions
Inlet Volume Flow Rate Qu #6/min 32 8759 Pass
converted
Packgge 1sentropic . o 71.9%
efficiency
Outlet Pressure p2 psia 8.3.3 20.32 Pass

3

Package Specific Energy €co kWirlli)r?ft / 8.4 2.246 Pass
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Appendix C — Informative

Specific Test Point Data Collection

The compressor package shall operate at the steady state condition for the duration of data
collection for each test point. The compressor (blower) shall be operated at the required
conditions for a sufficient period of time to reach steady state each test point.

Steady-state is defined as demonstrating the difference between inlet and outlet temperatures
AT = (T 5= T1) is within the limit Section 7.9, Table 3 for a period of three minutes interval or
more.

A minimum of three sets of data shall be collected. The minimum duration of a test point, after
steady state has been reached, shall be 10 minutes from the start of the first set of readings to the
end of the third set of readings.

A test point considers one complete set of instrument readings obtained in a one-minute period.
The individual readings are summed and divided by the total number of readings to establish an
average, and used for the test point.

Recorded data of the test point shall be included in the test report to demonstrate the thermal and
fluid stability at time of measurement.

Date and time of data collection shall be reported for each set of data.

The use of data acquisition systems shall be allowed and the test logs may be print outs resulting
from the system.

Flow measurement

The delivered flow rate is the net mass flow rate through the process connection of the
compressor package outlet. All seal losses and side streams not delivered to the process piping
connection of the compressor package shall be excluded from the delivered mass flow rate
evaluation.

Flow shall be measured on the process side of the compressor package outlet. It can be measured
according to the principle and requirements of ISO 5167.

The mass flow rate is determined from the gas condition of the fluid at a flow meter measurement
station. The general equation for mass flow is found in ISO 5167-1.

In cases of high temperature or dissimilar materials, the thermal effects of diametrical changes of
the fluid meter and pipe may not be negligible in the determination of the ratio of diameters.

Measuring lines installed between the sampling point and the display instrument shall be installed

with great care. Any leaks shall be eliminated. Provisions shall be made to prevent blockage by
foreign bodies. Where condensate occurs in the measuring lines, such lines shall be completely
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filled with condensate or shall be reliably kept free of condensate (e.g. by arranging the
measuring instrument at a geodetic higher level than the measuring point).

Electrical power measurement
Measurement of the total wire power supplied to the compressor package shall be recorded at test
conditions with the compressor operating at the specified operating point.

Power measurement for non-inverter applications
For non-inverter applications, a standard power analyser based on 50/60Hz RMS sine wave is
acceptable.

Power measurement for inverter applications

For inverter applications, the wire power measuring instrument shall be capable of handling the
distorted voltage and current waveforms and phase relationship of the power factor caused by the
harmonics and EMI as a result an inverters high-speed switching mode. Wire power shall be
measured by a precision power analyzer with high accuracy, broad bandwidth, fast sampling rate
and high-speed data update.

The frequency bandwidth shall cover 0,1 Hz to 1 MHz. The sampling rate shall be approximately
200 kS/s or greater. The maximum data updating period shall be 50 ms.

The precision power analyzer shall be capable of simultaneous measurement of normal and
harmonic waves. It shall provide a variety of display formats for viewing waveforms as well as
numerical values. It shall also combine the use of digital filtering and total-average methods for
sampling instantaneous values.

The precision power analyzer shall have compensation functions for instrument-related losses. It
shall also have a variety of integration functions for active power, current, apparent power and
reactive power.

The current transducer shall be capable of measuring a dynamic range and peak greater than the
maximum current consumption of the package. The measurement frequency range shall be from
DC to 100 kHz or a minimum of eight times greater than the switching mode of the inverter
driving the package.

Temperature measurement

A minimum of two temperature measuring instruments shall be utilized for each measurement
location spaced at 180° intervals around the pipe circumference. The temperature measuring
devices shall have the required resolution for accuracy.

The thermometers or the pockets shall extend into the pipe to a distance of 100 mm, or one third
the diameter of the pipe, whichever is less.

Temperature measurement ambient

The compressor package ambient temperature is the atmospheric temperature measured at the
compressor package in the plane of the intake system.
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Temperature measurement inlet

The compressor inlet temperature is the total temperature (7) measured at the compressor inlet
[1]. The temperature instrumentation shall be located 'z pipe diameter upstream of the
compressor inlet. The location shall include all heating or cooling affecting the process fluid prior
to the compressor inlet. If inadequate space is available within the package, the measurement
location shall be as agreed to in advance of test by all parties including equipment owner, owner's
engineer, and supplier.

Temperature measurement outlet

The compressor outlet temperature is the total temperature (72) measured at the compressor outlet
[2]. The temperature instrumentation shall be located 1 pipe diameter downstream of the
compressor outlet and 90° relatively rotated to the pressure measurement.

Pressure measurement

A minimum of two static or total pressure measuring instruments shall be utilized for each
measurement location spaced at 180° intervals around the pipe circumference, and 90° to
temperature instrumentation. The pressure measuring devices shall have the required resolution
for accuracy.

Pressure measurement for ambient inlet
The compressor package inlet pressure p; is the atmospheric pressure measured by a barometer in
the vicinity of the compressor package where the velocity is zero.

Pressure measurement for pipe inlet
The compressor inlet pressure is the total pressure ( p, ) measured at the compressor inlet.

The compressor inlet pressure shall be measured at a location at least 1pipe diameter upstream of
the compressor inlet or at a location to include all intake pressure losses impacting the process
fluid prior to the compressor inlet. If inadequate space is available within the package, the
measurement location shall be as agreed to in advance of test by all parties including equipment
owner, owner's engineer, and supplier. The pressure measurement shall be a total measurement,
or static measurement corrected to total conditions.

Pressure measurement outlet
The compressor package outlet pressure is the pressure ( p,) measured in the outlet piping at a

prescribed location following the compressor package design consideration and code
requirements to ensure a stable and accurate reading.

The pressure instrumentation shall be located 2 pipe diameters downstream of the compressor
outlet.

Speed measurement

Where measurement of the speed of rotation is necessary for the performance test, it shall be
determined with the accuracy necessary for this purpose using a cyclometer, tachometer,
frequency meter; etc.

60



Appendix D — Thermodynamic Background (Informative)

D.1.1 Characteristic curves of dynamic compressors and positive displacement compressors

From observations it is known that at a constant speed, the fundamental "curves" (head or work
or pressure rise versus volume flow or capacity) of the two technologies are different.

The positive displacement compressor (blower) will deliver nearly the same capacity regardless
of pressure change. The small volume flow changes are capacity losses from internal leakages.
Compressor rotational speed also has an influence on the flow delivered and power needed.

A dynamic compressor (blower) capacity changes more as the pressure changes. On rising
pressure, the capacity reduces appreciably. The speed of the impeller in a dynamic compressor
(blower) has a marked effect on the flow and head performance of the compressor. It is for this
reason that data sheet provides the defined speed of the impeller.

Packages may be of a gear, belt, or direct drive design. To ensure all losses of the drive system
are incorporated, speed of the main driver is reported, rather than the compression or compressor
element.

D.1.2 Performance test through representative efficiency measurement

The intention of the performance test of a low-pressure compressor is to verify the delivered
compressed air flow and the power or energy consumption at a required outlet pressure. With
this test the manufacturer guarantees the performance. This performance is to be verified at a
particular ambient condition, which is the guarantee or specified condition. In principle the test
should be at this guarantee condition. However, in practice this cannot be achieved. The actual
ambient test condition defined by the ambient pressure, temperature and humidity, will deviate
from the guarantee condition due to the weather.

To convert the performance from the actual test condition to the guarantee or reference condition
the test uses the efficiency of the compressor. The efficiency of the compressor (blower) is the
ratio of the ideal power consumption to the real power consumption of the compressor (blower).
The ideal power consumption of the compressor (blower) is the power consumption following a
known thermodynamic reference process appropriate for the type of compressor (blower). The
compressor (blower) in test is operated at a similarity point such that the measurement of the
efficiency during this test is representative for the efficiency at the guarantee condition.
Subsequently with the known thermodynamic reference process and thus the ideal power
consumption, the real performance at the guarantee or reference condition can be calculated
easily.
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D.1.3 Low-pressure compressor (blower) in a similarity point

From the non-dimensional analysis of a compressor (blower) we know that the compressor
(blower) can be set during test in a similar operating point as in the guarantee or specified
condition. In this similarity point all the non-dimensional groups or numbers are identical. With
the Buckingham theorem it is possible to identify 5 independent non-dimensional groups for
compression of a dry, ideal gas:

The heat capacity ratio k = cp/cv (gas property),

The Reynolds number,

The machine work coefficient,

The machine Mach number.

e The machine geometry (for variable geometry compressors)

If these 5 non-dimensional groups are identical for the test condition and the guarantee condition,
then all other non-dimensional groups are identical as well: Efficiency, flow coefficient, etc. ...
With the known measured efficiency during the test the performance at the similar operating
point, the guarantee condition can be calculated.

In practice it is not possible to have a perfect match of the 5 independent non-dimensional
groups. The test is to be performed in such a way to keep the non-dimensional groups in an
acceptable range of values to ensure the efficiency derived from the test measurements is a
representative value.

To achieve close similarity, the initial provisions for the test are:

e The test is done with ambient air. Thus we consider the deviation of the k value to be
small (influenced by humidity) between test condition and guarantee condition.

The ambient temperature is within a limited range.

Tests are done on the actual compressor, not a scaled version.

The mechanical speed during test is set within a limited range of the guarantee condition.
For variable geometry compressors, the geometry is set so as to match the intended flow
coefficient.

These initial provisions limit changes in the Reynolds number and Mach number. In essence with
these provisions we limit the changes of the compressor efficiency due to the compressibility of
the gas (Mach number) and the viscosity losses (Reynolds number).

The major, final provision is the setting of the machine work coefficient. The work coefficient is
controlled by imposing the outlet pressure to the compressor.

D.1.4 Reference process for low pressure compressors
The work coefficient is the non-dimensional ratio of the work of the gas to the mechanical,

kinetic energy of the compressor (blower). There are however different definitions of the work
that can be used. Usually an ideal work value according to a representative, ideal reference
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process is chosen for the definition of the work coefficient. For instance, the isentropic or
isochoric work. For low pressure dynamic compressors (blower) the work coefficient defined by
the isentropic reference process is most appropriate. This is already well known and common
practice for dynamic compressors [ref. ISO 5389].

For the positive displacement compressor (blower) with or without internal compression it is
known that in first order the rotational speed of the compressor (blower) does not influence the
work added to the gas. Also the speed difference between test and guarantee is already limited.
Therefore, the matching of an ideal work value is sufficient (rather than matching a work
coefficient).

For the positive displacement compressor (blower) with or without internal compression a proper
combination of isentropic and isochoric work can be defined. For the positive displacement

compressor (blower) with internal compression the work (/) on the input volume at closure of
the inlet port (V;) is isentropic up to an intermediate pressure p;.

K—1
k [(pi\x
W, = p1V1K_1<(p—‘) —1>
1

For isentropic compression of an ideal gas there is a relation between the intermediate pressure p;

and the internal volume ratio v; = £ / V.
l
-k

bi _ (E) _ .k
P1 Vi '

For the positive displacement compressor (blower) without internal compression the internal
volume ratio and pressure ration is 1 and thus the isentropic compression work is zero.

In a second phase the compression continues isochoric (W;,.) on the reduced volume as defined
by the internal volume ratio.

Wisoc = (Pz - pl)Vi

The sum of the work is (W, ,mp):

K—1
Weomp = |P1Va - (&>T — 1|+ [(p2 — pDVi]
com K — 1 pl l
ko [\ P2 — i\ Vi
Weomp = P1V. —i> “ -1 ( 2 i)—"
comb P1V1 K —1 <<P1 ) + D1 Vl
K1 P2
K pl) K /pl p; 1
w = p,V. — -1 —_—
comb P1V1 K —1 <<P1 ) + v; P1 V;
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Pz/ k=1
p1 K <pi> P k—1p; 1
W = V. — | = —-1- —_
comb P1V1 v +K—1< D1 K DLy

P2
K k—1
/pl + <viK—1 —-1- UiK_1>]
v; Kk—1 K

Weomp = P1V1

Weomp = 01V1

b2
k (1
/b1, (ot - 1)]

v; K—1

The corresponding specific work (work per unit mass) is:

P2
k /1
LI 1)]
v; Kk—1\k

Yeomp = RTy

Initial, rough analysis of the predicted performance changes of positive displacement
compressors (blowers) due to changes of inlet temperature, pressure etc. reveal the combined
isentropic and isochoric work is a good representation of the ideal process. More detailed
experimental analysis and comparison to other work definitions or work coefficient definitions
may be valuable.
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D.1.5 Isentropic or combined work for the defined low-pressure compressor (blower)
package

Note that the isentropic or combined isentropic and isochoric work is based on the pressures at
package inlet and outlet. The package includes losses of inlet filter, check valve and other
components if they are part of the package. The pressure and temperature variation through the
package can be illustrated as in the figure below.

o e e e —

) e N

inlet package
inlet compressor - {----
outlet compressor-f---------
outlet package

Figure 5: combined work for defined package

The pressure losses result in lowered isentropic or combined isentropic and isochoric work values
based on the inlet and outlet pressures. The isentropic or combined isentropic and isochoric work
is lower than the real work transferred to the gas. The real work can be determined with the
temperatures of the gas, but is not used in this methodology. The package power is derived from
the measured electric input power and corrected for ratios between guarantee and test conditions.

D.1.6 Correction formulas

The flow correction is based on the flow coefficient that is indifferent between test and guarantee
conditions. From this equation the tested flow is corrected to the guarantee condition. This is the

flow that this specific compressor will deliver under the guarantee condition (this is with another
rotor tip speed).
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Pte = Pg
Qvite _ Qvico
Ute Ug

Ug
Qvi,co = Quite
te

The efficiency 7 is the ratio of the ideal power P;4,,; to the real power consumption P. The ideal
power is according to the appropriate thermodynamic reference process. This is the isentropic
process for dynamic compressors and the combined isentropic and isochoric process for the
positive displacement compressors.

— Pideal
P

The correction for power and specific power is based on this efficiency that is identical between
test and guarantee conditions as the test is in a similarity point of the guarantee condition.

Nte = Mg

Two cases are distinguished under guarantee conditions. In a general case, under guarantee
conditions the package delivers the corrected flow q,, ., (as derived from the flow correction
based on the flow coefficient) and will consume the corrected power P,,. In the specific case that
the package matches the guarantee flow exactly (e.g. with a variable flow compressor), then the
package delivers the guarantee flow g, 4 and will consume the corrected power at guarantee

flow P, 4. In both cases the efficiency matches the tested efficiency:

Pideal,te _ Pideal,co _ Pideal,g
Pte Pco Pco,g

From this the formulas for the power corrections are:

P = Pideal,co P
co — P te
ideal,te
p _ Pideal,g P
co,g — P, te
ideal,te

The specific energy is the ratio of the power to the flow

o — Pe
te —
qvl,te
e P, co
co —
Qvl,co



Feog

€cog =
' Qv1,g

The specific energy can be written as a function of the tested power and flows:

_ Pco _ Pideal,co 1
€co = - p *Pre -
QUl,co ideal,te qvl,co
_ Pco,g _ Pideal,g 1
€cog = - p P -
QUl,g ideal,te qvl,g

Also the ideal powers can be written as the factor of mass flow and work. The mass flow in turn
is the factor of density and volume flow. These terms are known and are used to make the
correction of the specific energy from test to guarantee condition.

P1g YGvico Yidealg 1
€co = ) : P -
Pite YQuite Yidealte Qvi,co
pl,g qvl,g yideal,g 1
€cog = : : P -
Pite Quite Yidealte qvl,g

_ pl,g yideal,g

€co,g = €co te

pl,te yideal,te

Using the specific energy, the power consumption can be calculated as follows:
Peo = €co " Qui,co

Pco,g = €co " quvig

D.1.7 Isentropic efficiency of a compressor package

The isentropic efficiency of a compressor (blower) package can be used to characterize its energy
efficiency. This is an alternative to the use of the specific energy requirement e which is an
indicator for energy requirement for a given inlet and outlet pressure. Typically, the isentropic

efficiency will change less to changes in inlet and outlet pressure compared to the specific energy
requirement.

The isentropic efficiency of a package is defined as the inverse ratio of the corrected input power
requirement of the compressor (blower) package versus the isentropic power needed to compress

the same volume flow at same inlet and outlet conditions of the compressor package.
Ps
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The isentropic power is defined as:

K—1
K P2 K
Py = quico” P1m' [<E> - 1]

With the definition of the specific energy requirement

PCO

€co =
vi,co

we have a direct relationship between specific energy requirement and isentropic efficiency of a
compressor package:

K.';l
Plﬁ'l(z—i) § —1]

Ns = e
o1
P1 (x:) ' l(z_j) " - 1]
eCO = T’S
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Appendix E — Data Sheets

This section offers the reader examples of standardized data sheets that allow the customer to
compare performance of same or different compressor types.

The key takeaway on the data sheet is "Specific Energy”. This value (expressed in (kW/m?/min_
or kW/(100cfm) is the measure of compressor (blower) package efficiency. The lower the value,
the more efficient the package is. This is a quick and easy way to see which blower uses less
power at the stated conditions.

69



For example only. Double click in Word Document for Clearer PDF.
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For example only. Double click in Word Document for Clearer PDF.
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For example only. Double click in Word Document for Clearer PDF.
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For example only. Double click in Word Document for Clearer PDF.
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For example only. Double click in Word Document for Clearer PDF.
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For example only. Double click in Word Document for Clearer PDF.
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