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FOREWORD

oy s . Py
{FhisForeword-isnot-part-of ASMEPTC-30-1991:}

'

In May 1960 the Board on Performance Test Codes organized PTC 30 on Atmospheric
Cooling Equipment to provide uniform methods and procedures for testing air cooled
neat exchangers, and the means for interpreting the test results to enable reliable
evaluation of the performance capability of the equipment. This Committee was chaired
by Mr. R. T. Mathews, and under his guidance a preliminary Draft of PTC 30 for Air
Cooled Heat Exchangers was developed. Following the death of Chairman Mathews the
Board on Performance Test Codes directed the reorganization of this Commiittee in 1977
inder the leadership of interim Chairman Mr. ). C. Westcott. The newly reorganized
rommittee was entitled PTC 30 on Air Cooled Heat Exchangers. On April 20, 1977 Mr.
. C. Westcott relinquished the Chair and Mr. J. C. Campbell was elected Chairman.

This Code was approved by the PTC 30 Committee on May 22, 1990. It was approved
by the ASME Board on Performance Test Codes and adopted-as a standard practice of
the Society on October 5, 1990. It was approved as an American National Standard on
February 15, 1991, by the Board of Standards Review of the American National Standards
nstitute.
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All ASME codes are copyrighted, with all rights reserved to the Society. Reproduction -of
this or any other ASME code is a violation of Federal Law. Legalities aside, the user should
appreciate that the publishing of the high quality codes that have typified ASME documents
requires a substantial commitment by the Society. Thousands of volunteers work diligently
to develop these codes. They participate on their own or with a sponsor’s-assistance and
produce documents that meet the requirements of an ASME consensus standard. The codes
are very valuable pieces of literature to industry and commerce, and\thé effort to improve
these “living documents”” and develop additional needed codes(must be continued. The
monies spent for research and further code development, admigistrative staff support and
publication are essential and constitute a substantial drain on"ASME. The purchase price of
these documents helps offset these costs. User reproduction undermines this system and
represents an added financial drain on ASME. When'extra copies are needed, you are
requested to call or write the ASME Order Department, 22 Law Drive, Box 2300, Fairfield,
New Jersey 07007-2300, and ASME will expedite.delivery of such copies to you by return
mail. Please instruct your people to buy required test codes rather than copy them. Your
cooperation in this matter is greatly appreciated.
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ASME PTC 30-1991

ASME PERFORMANCE TEST CODES

WU URR

AIR COOLED HEAT EXCHANGERS

SECTION 0 — INTRODUCTION

This Code provides instructions for the testing of
air cooled heat exchangers. The equipment, as herein
defined, refers to apparatus for the transfer.of heat
from process fluids to atmospheric air.

The testing methods described in-this Code will
yield results of accuracy consistent with current en-
gineering knowledge and practice.

The purpose of this Code-is to provide standard -
directions and rules for the conduct and report of
performance tests on air.cooled heat exchangers and
the measurement and-evaluation of relevant data.

This Code is a voluntary standard; adherence to it
depends on prior mutual agreement of all parties in-
volved in the" performance testing of specific air
cooled héat exchangers. ,

Unless otherwise specified, all references herein to
other codes refer to ASME Performance Test Codes.
Terms used but not defined herein are defined in the
Code on Definitions and Values (PTC 2). Descriptions
of instruments and apparatus, beyond those specified
and described in this Code, but necessary to conduct
the tests, may be found in the Supplements on In-
struments and Apparatus (PTC 19 Series).

When using this Code, a careful study should first

be made of the most recent issues of Codes on Gen-
eral Instructions (PTC 1), and Definitions and Values
(PTC 2), together with all other codes referred to
herein. In the event of any discrepancies between
specific directions contained herein, and those in
codes incorporated by reference, this Code shall
govern,



https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

INTENTIONALLY;-EEFT BLANK



https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

AIR COOLED HEAT EXCHANGERS

1.1 OBJEQT

The obje¢t of this Code is to provide uniform meth-
ods and priocedures for testing the thermodynamic
and fluid mechanical performance of air cooled heat
exchangers| and for calculating adjustments to the
test results|to design conditions for comparison with
the guarantee as defined in para. 5.9.4.

Excluded from the scope of this Code are evapo-
rative type| coolers (wet cooling towers), and any
cooling equipment which combines evaporative and
convective ir cooling (wet/dry type).

This Codp does apply to wet/dry type heat exchan-
gers when, by mutual agreement, the heat exchanger
can be operated and tested as a dry type unit.

draft heat gxchangers
From a heat transfer surface standpoint, this Code
covers all tube bundle orientations, including: verti-

cal, horizontal, and slanted-tonduit heat exchangers.

Both bare surfaces and-finned surfaces are included
as conduit [type heat.exchanger components. While
conventionpl roundubes with circular fins are as-
sumed in this Code, the procedures can be modified
by mutual agreement to apply to other surface con-

ASME PTC 30-1991

—SECTION T = OBJECT AND SCOPE

presented. Such modifications shall be agreed by the
parties to the test.

The scope of this Code also includes, directly or
by reference, recommended methods for obtaining
data, measurements, observations, and samples to
determine the following:

(a) Physical Dimensions

(b) Air Flow Rate

(¢) Air-Side Pressure Differential

(d) Fan Driver/,Power

(e) Sound Level

() Atmospheric Pressure

(® Environmental Effects

(h), Wind Velocity

(i)*Air Temperatures

() Entering Air Temperature

(k) Exit Air Temperature

(1) Process Fluid Temperatures

(m) Process Fluid Pressures

(n) Process Fluid Flow Rate

(o) Composition of Process Fluid

(p) Percent Capability

(@) Process Fluid Pressure Drop

1.3 UNCERTAINTY

In keeping with the philosophy of the Code, the
best available technical information has been used in
developing the recommended instrumentation and
procedures to provide the highest level of testing ac-

curacy. Every measurement has some uncertainty;
th

figurations.

While the cooling fluid is restricted to atmospheric
air, the tube-side fluid can be any chemical element,
compound or mixture, in single-phase flow, liquid or
gas, or in two-phase flow.

This Code is written under the assumption that the
Air Cooled Heat Exchanger (ACHE) may be tested as
having a discrete process stream or that only one
process fluid stream is being investigated. In other
cases, modifications must be made to the procedures

Code recommendations could introduce additional
uncertainty in the measurements beyond that consid-
ered acceptable to meet the objectives of a Code test.
The expected uncertainty level(s) of tests run in ac-
cordance with this Code, based on estimates of pre-
cision and bias errors of the specified instrumentation
and procedures, is = two to five percent.

Users of the Code shall determine the quality of a
Code test for the specified equipment being tested
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by performing pre-test.and post-test uncertainty anal-
yses. If either of these indicates uncertainty exceeding
= five percent, the test shall not be deemed a Code
test. -

An example of the magnitude of the uncertainty in
individual measurements and the manner in which
individual uncertainties are combined to obtain over-
alttestuncertainty of fimat esuitsisinctoded imAp-
pendix C for a typical jacket-water cooler.

Test results shall be reported as calculated from
test observations, with only such corrections as are
provided in this Code. Uncertainties .are not to be
used to alter test results.

The Supplement on Measurement Uncertainty.
(PTC 19.1) provides additional information on com-
bining types of errors into an overall test uncertainty.
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AIR COOLED HEAT EXCHANGERS

ASME PTC 30-1991

2.1 TERM
In this Se

S

ction only those terms are defined which

SECTION 2 — DEFINITIONS AND

DESCRIPTION OF TERMS

are charactpristic of air cooled heat exchangers and

the require
of all othen
struments

literature a
Apparatus.

ments for testing them. For the definition

physical terms, or the description of in-

sed in this Code, reference is made to the

d to PTC 19 Series on Instruments and

Term

Description

Adjusted Value

Air

Air Cooled Heat
Exchanger
(ACHE)

Air, Dry

Air Flow Rate
Air, Standard

Altérnate Process
Flaid

A value adjusted from test conditions to design conditions.

Mixture of gases and associated water vapor around the earth; dry air plus its
associated water vapor:This term is used synonymously with atmosphere or
moist air.

A heat exchariger utilizing air as the heat sink to absorb heat from a closed circuit

process fluid. This term is used synonymously with dry cooling tower in the
power industry.

Reference to the dry gas portion of air.
The mass per unit time of air flowing through the ACHE.

Dry air at standard temperature (70° F) and pressure (14.696 psia) which has a
density of approximately 0.075 lbm/ft?,

A fluid selected for use in performance testing when use of the actual design fluid
is impractical for testing purposes due to proprietary or other reasons.

Ambient Air The temperature of the air measured upwind of the ACHE within its air supply
Temperature stream.

Ambient Wind The speed and direction of the wind measured upwind of the ACHE within its air
Velocity supply stream.

Approach The minimum temperature difference between the process stream and air stream
Temperature at an exiting condition:

Difference (@) T,—t, (counterflow)

or, (b) T,—t, (counterflow)
or, (c) 7,—t, (cocurrent flow or cross flow)

5
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ASME PTC 30-1991 AIR COOLED HEAT EXCHANGERS

Term Description
Aspect Ratio The ratio of certain key dimensions that establishes similarity of shape or
proportionality
Atmospheric The pressure of the atmosphere at the location of the ACHE.
Pressure

used synonymously with prime surface.

Bay One or more tube bundles served by one or more fans complete with structure,
plenum, and other attendant equipment. This term is used synonymously With
cell. :

Bundle Assembly of headers, tubes (conduits), tube supports and side frames.

Calibration Establishment of a correction basis for an instrument by comparison to an

acceptable reference standard. (See PTC 19 Series).

Capability Thermal performance capability expressed in terms ofitest capacity, that is, the
actual quantity of process fluid the ACHE will hardle at design conditions of fluid
inlet and outlet temperatures, fluid inlet pressure, fluid composition, air inlet
temperature and fan power.

Design Values Performance conditions upon which the design of the ACHE was guaranteed.
Drive Train The fraction of the driver output;power which is transmitted to the fan.
Mechanical

Efficiency

Entering Air The temperature of the'air entering the ACHE.

Temperature

Exit Air The temperature of the air leaving the ACHE.

Temperature

Extended Surface  Surface areé added to the bare surface.

Face Area The gross air flow area through the ACHE heat transfer surface in a plane normal
to the air flow.

.

Fan Assisted A type of ACHE utilizing a combination of chimney effect and fan(s) to provide
Natural\Draft the required air flow.

Fan'input Power  The power which is actually transmitted to the fan.

Fan Pitch The angle from the fan plane at the designated pitch measurement location to
which the blades of a fan are set.

Fan Speed The number of fan revolutions per unit time.

Fin Efficiency The ratio of the total heat dissipated by the fin to that which would be dissipated
if the entire fin surface were at the temperature of the fin root.

Finned Surface, The contact surface exposed to the process fluid. This term is used synonymously

Inside with inside extended surface.

Finned Surface, The contact surface exposed to the air flow. This term is used synonymously with

Outside outside extended surface.

Flow Regime A fluid mechanics definition of flow characteristics, e.g., laminar or turbulent flow.
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ASME PTC 30~1991

Term Description
Forced Draft A type of mechanical draft ACHE in which the fan is located in the air current
upstream from the heat exchanger surface.
Fouling Accumulated foreign material such as corrosion products or any other deposits on

Induced Draft

Initial
Temperature
Difference

Interference

Mechanical Draft

Motor Output
Power

Natural Draft

Prime Surface

Process Fluid

Process Fluid
Temperature

Process Fluid
Temperature
Range

Process Fluid
Pressure Drop

Process Fluid
Flow Rate

Recirculation

Fest-Run

the heat transfer surface.

normal to the air flow.

A type of mechanical draft ACHE in which the fan is located in the air current
downstream from the heat exchanger surface.

Temperature difference between entering process temperature and entering air
temperature, T, —t,.
Disturbance of the performance of an ACHE caused by an external heat:source or

obstruction.

A type of ACHE in which the air flow is maintained by mechanicahair moving
devices such as fans or blowers.

The net power delivered by the motor output shaft.
A type of ACHE in which the air flow is maintained by the difference in the
densities of the ambient air and the exiting airstreams.

The surface area of the bare conduit excluding extended surface. This term is
used synonymously with bare surface:

The fluid circulated within the closed conduit of an ACHE.

Generally, an average bulk temperature of the process fluid defined at some
location entering, leaving, or within the ACHE.

The difference-between inlet and outlet temperatures of the process fluid.

Thé total hydraulic loss, including dynamic and static (if applicable) losses,
between defined locations as the process fluid enters and leaves the ACHE.

The mass per unit time of process fluid flowing through the ACHE.

The flow of exit air into the ACHE air inlet.

A complete set of data that will allow analysis of capability per this Code. In some

Test Uncertainty

Test Value

Tube Row

Unit

cases multiple test runs are taken and averaged to yield the capability

The overall uncertainty in results due to the combined effects of instrument
inaccurcy, unsteady state conditions, and reading and methodological error.

A value measured during a test with its calibration correction applied.

Al of the tubes or conduits within an ACHE which have axial centerlines falling
within a plane normal to the air flow. This term is synonymous to tube layer.

" One or more tube bundles in one or more bays for an individual service.
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2.2 LETTER SYMBOLS

Symbols that do not conform with this list will be
defined in the text immediately following their
usage. Numerical constants used in the equations
and examples in the Code, unless otherwise spec-
ified, are based on U.S. Customary Units.

Dimensions .
Symbol  Definition U.S. Customary Units St Units
A Heat transfer surface area ft2 m?
ACFM A&ual cubic feet per minute ft*/min
B Barometric pressure in. Hg Abs. Pa
BWG Birmingham wire gage, a unit for Dimensionless Dimensionless
measurement of thickness
C Specific heat at constant pressure Btu/lbm-°F Vkg°C
<, Specific heat at constant volume Btu/lbm-°F Vkg°C
d Wall thickness . ft m -
D Diameter ft m
D, Equivalent diameter, 4S, /Z, and-4S, /Z, ft m
DBT Dry-bulb temperature °F : °C
E Elevation above meari'sea level ft m
EMTD Effective mean temperature difference °F °C
F Temperature’ correction factor equal to Dimensionless Dimensionless
EMTDAMTD
f Friction factor Dimensionless Dimensionless
f, Fin thickness ft . m
8 Acceleration due-to gravity ft/sec? m/s?
& Proportionality factor in 32.18 lbmft : Tkgm
Newton’s 2nd Law Ibf-sec N-s?
G Mass velocity, w/S, and W/S, * Ibm/hrft2 kg/s'm?
h Coefficient of heat transfer Btu/hr-ft>-°F W/m2°C -
hp Fan driver output power . hp w
H Enthalpy Btu/lbm Jkg
H, Latent .heat of vaporization of process fluid Btu/lbm Jkg
ITD Initial temperature difference, (T, ~t,) °F °C
k Thermal conductivity Btu/hrft-°F W/m<C
1 Fin height ft m
L Length ft m
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Dimensions
Symbol  Definition U.S. Customary Units St Units
LMTD Log mean temperature difference °F °C
N Number of tubes * Dimensionless Dimensionless
N Number of measurements Dimensionless Dimensionless
N Number of fins per unit length ft-? m-’
N, Fan speed RPM rps
NTU Number of transfer units Dimensionless Dimensionless
Nu Nusselt number, hD/k . Dimensionless Dimensionless
p Air pressure Ibf/ft? Pa
P Thermal effectiveness, (t, —tJ/(T, —t,) Dimensionless Dimensionless
P Process stream pressure Ibf/ft2 Pa
Pr Prandt] number, ¢, wk Dimensionless Dimensionless
Q Heat transfer rate Btu/hr w
r Radius ft m
R Temperature difference ratio equal to Dimensionless Dimensionless
(T, =T/, ~t,) . .
R Thermal resistance hr-ft*°F/Btu m2°C/W
R, Hydraulic radius ft m
R, Gas constant of air 53.32 ftlbf/lbm<R 286.9 J/kgK
Re Reynolds number, GD/i Dimensionless Dimensionless
RPM Rotational speed Revolutions per
minute
s Net clear distance between fins ft m
S Cross'sectional flow area ft2 m?
SCFM Standard cubic feet per minute measured at  ft*/min
70°F and 14.696 psia, dry air
L st Stanton-number h/c,C = % Dimensionless Dimensionless
t Air temperature °F °C
T Process fluid temperature °F °C
T, Torque Ibfft N‘m
v Overall heat transfer coefficient Btu/hrft=°F W/m2°C
v Speed ft/min nvs
w Air flow rate lbm/hr kg/s
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Dimensions
Symbol  Definition U.S. Customary Units S! Units
w Process fluid flow rate lbm/hr kg/s
WBT Wet-bulb temperature °F °C
Z Flow area wetted perimeter ft m
> Summation Dimensionless Dimensionless
p Density lbm/ft? kg/m?
n Efficiency Dimensionless Dimensionless
€ Thermal effectiveness Dimensionless Dimensionless
') Fin efficiency Dimensionless Dimensionless
[ Two phase flow multiplier Dimensionless Dimensionless
A Differential Dimensionless Dimensionless
T Viscosity Ibm/hrt kg/s'm
Subscript Description

a Air

af Air film

b Bond

d Dirt

d Dry

e Electrical

f Fouling

fn Fin '

H Hydraulic . N

i Inside

! Liquid

m Mechanical

m Moist

o Outside

P Prime tube

P Process

R Absolute

temperature

R Fin root wall

r Reference surface

s Static

T Total

v Vapor

14 Velocity

w wall

zZ Zone

1 Inlet

2 Qutlet

Superscript Description
* Design value
Test value
+ Adjusted value

10
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3.1 GENER

The perfa
ment is infl
phere in W

HEAT EXCHANGERS

AL

rmance of atmospheric cooling equip-
Lenced by the conditions of the atmos-
hich it operates. This Code requires

recognition
and other o
ment perfo

of the fact that changes in the ambient
erating conditions will affect the equip-
ance. Extraneous sources of heat and

those variabjles which affect the air flow must be re-
corded and [evaluated. It is extremely important that
performance tests be conducted under stable oper-
ating conditjons.

3.2 AGREEMENTS PRIOR TO TEST

The partigs to any test under this Code shall reach
definite agreement on the specific objective of the
test and thg method of operation. This shall reflect
the intent of any applicable contract or specification.
Contractual| terms shall be agreed to concerning
treatment of uncertainty relative to acceptance of
equipment based on reported capability,-Any speci-
fied or contract operating conditions; and/or any
specified pdrformance conditions that are pertinent
to the objectives of the test, shall be ascertained. Any

omissions
are to be el
upon before

The partig
to the start

(@) the sp
prior to and

ambiguities as toany of the conditions
minated or theirvalues or intent agreed
the test is started.

s to the test.shall reach agreement, prior
bf test, regarding the following items:
ecificimethods and scope of inspection
during the test;

(b) the nu

alse

—SECHON 3 — GUIDING- PRINCIPLES
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(h) the procedures and frequency for cleaning the
air- and/or tube-side surfaces; ' '

(i) the scope of the test beyond. this Code, includ-
ing partial testing or any other departures from this
Code; :

() the fouling factors to bé.assumed for analysis of
results (see Appendix E).

3.3 SELECTION OF PERSONNEL

The test,shall be conducted by, or under the su-
pervision of, personnel fully experienced in plant and
equipment operating procedures. The test procedure
shall conform to the latest requirements of all appli-
cable industry, local, state, and Federal regulations.
Testing an air cooled heat exchanger presents poten-
tially hazardous conditions which may include rotat-
ing equipment, high temperatures, hazardous fluids,
noise, and danger of falling.

3.4 PRE-TEST UNCERTAINTY ANALYSIS

Prior to the test an uncertainty analysis shall be
performed. An example of uncertainty analysis is in-
cluded in Appendix C. The analysis is beneficial in
that it will highlight those parameters that are major
contributors to test uncertainty. '

Parties to the test shall add or improve instrumen-
tation or increase the frequency of readings if such

T

(c) the method for starting the test;

(d) the method of operation of the equipment;

(e) the fan blade settings;

( the type, quantity, calibration, and location of
all instruments; _ '

@® the allowable bias in instrumentation and mea-
surements, and the maximum permissible overall un-

certainty in
discussion);

the test results (see Appendix C for

11

actions will materially improve test accuracy.

3.5 ARRANGEMENT OF TEST APPARATUS

The performance test shall be conducted with all
components of the ACHE oriented as specified for
normal operation. Any changes from normal opera-
tion or orientation shall be agreed prior to the test.
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3.6 METHODS OF OPERATION DURING
TESTING

Although it is preferable to evaluate the perform-
ance of air cooled heat exchangers under complete
design and steady-state conditions, this is normally
not practlcable for an on-site evaluatlon of th|s equrp-

for procedures to adjust the test results to the design
conditions as in para. 5.9.

3.7 PROVISIONS FOR EQUIPMENT INSPECTION

The information in para. 1.2 should be used as a
guide in examination of the equipment prior to and
during the test, with special attention to the follow-
ing.

(@ Examine the general condition, as it affects the
thermal performance and air flow.

tially free of scale, dirt, oil, and other foreign debris
that would affect the heat transfer and obstruct the
air flow. If the need. is established, the unit shall be
cleaned by commercially acceptable methods.

(0 Internal heat transfer surfaces and headers shall
be essentially clean and free of scale, rust, dirt;'and
other foreign matter. If the need is established, these
surfaces shall be cleaned by commercially acceptable
methods.

(d) Mechanical equipment shall be;in good work-
ing order, and checked for freedom of movement.
Fans shall be checked for proper rotation, blade
pitch, speed, and tip clearance.

Provision shall be made to ascertain that all equip-
ment and instruments are in good working order, free
from defects and obstructions, and accessible, as re-
quired for repair;-replacement, and observation. In
the event the-€quipment is not in satisfactory oper-
ating condition, such adjustments or changes as may
be required to place it in proper operating condition
shall-‘be made. However, no adjustments shall be
made’ which are not practical in continuous com-

(b) External heat transfer surfaces shall be essen-.

AIR COOLED HEAT EXCHANGERS

Prior to the test, the parties to the test shall reach
agreement on the calibration procedures to be fol-
lowed. Supplements on Instruments and Apparatus
(PTC 19 Series) may be used as a guide for the se-
lection, use, and calibration of instruments. Instru-
ment calibrations and correction curves should be
prepared in advance

ent during
instrument

the test may require callbratlon of thenew
prior to continuing the test. All éalibration curves
shall be retained as part of the permanent|test record.

3.9 PRELIMINARY TESTING

Preliminary or partial testing to evaluat¢ certain as-
pects of the heat exchanger performance ay be con-

“sidered whenta.complete set of data is rot required

or is not applicable. This may include th¢ following.

3.9.1\ Testing at Factory for Air [Flow, Fan
Performance, Sound Level, or Vibration.[ Complete
air flow and fan performance tests can be conducted
at the factory and results adjusted to design condi-
tions. Vibration and sound level measurgments can
be obtained to ensure mechanical performance
within specification requirement.

Drop. Design fluids can be circulated through the
heat exchanger and pressure drop measured and re-
sults adjusted to design conditions.

3.9.2 Testing at Factory for Process-Si}e Pressure

3.9.3 Substitute Fluid Testing. Substitute fluid test-
ing may be done for many reasons such as when the
description of the process fluid is considered confi-
dential or proprietary, when the process fluid is haz-
ardous, or when economically justified| Substitute
fluid testing is characterized by the use of fluids read-

.'nercml-operauuu

3.8 CALIBRATION OF INSTRUMENTS

All instruments to be used in the test shall be cal-
ibrated prior to the test. If the accuracy of any instru-
ment is questionable during the test it shall also be
calibrated after the test.

12

substltute flund by the use of this Code The adjust-
ment of the test results, using the substitute fluid, to
design conditions with the design process fluid is be-
yond the scope of this Code. When a substitute fluid
is to be used for this purpose, it is suggested that a
qualified consultant be retained to advise the parties
to the contract, prior to purchase of the equipment,
on the proper method of testing and interpretation
of results.
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3.10 CONDUCT OF TEST

~ Prior to the test, the equipment shall be operated
long enough to establish steady-state conditions
which are within permissible limits. No adjustments
should be made to the equipment, or test proce-
dures, which are not consistent WIth normal opera-
tion. The t
severe wind conditions are present.

3.11 PERM|SSIBLE AND NONPERMISSIBLE
ADJUSTMENTS TO TEST PROCEDURES

No changes or adjustments to the test procedures
shall be mdde unless all parties to the test agree.
These adjustments might include a change in test
conditions, g change in the arrangement of compo-
nents of tes}, a change in instrumentation, a change
in fan bladg settings, a change in test schedule or
number of readings required.

Once the|test has started no manual changes or
adjustments]in the process fluid flow rate or air mov-
ing equipment shall be made. If permissible limits of
test parameters have been exceeded, adjustments
and changes may be made by mutual agreement of
the parties {o the test, and the test restarted when
equilibrium fhas been reestablished.

Each test|run shall be conducted in accordance
with the predetermined schedule which fixes its du-
ration, taking into account the instrumentation and
number of gbservers available and the 'number of si-
multaneous |readings that can be-assigned without
affecting thg accuracy of the test;-Inspection of the
data from each test run should\be made before ter-
minating the run, so that any inconsistencies in the
observed data may be detected and corrected. If valid
corrections’ cannot be made, the test run shall be
repeated.

Data shall|be récorded for suﬂ” cient tlme to ensure
a select peribdof at le
provisions of paras 3. 13 through 3.16 are satisfi ed

3.13 NUMBER OF TEST READINGS

All instrument readings required by this Code shall
be taken after reaching steady-state process condi-
tions. The number of readings per run will depend
on the method of data aquisition, expected test un-
certainty, and the size of the equipment. The number

ASME PTC 30-1991

of runs and the frequency of readings shall be deter-
mined by mutual agreement prior to the test.

3.14 PERMISSIBLE LIMITS OF TEST PARAMETERS |

Performance tests shall be conducted within the
o limitations!

(a) Tests shall be made during periods of stable
weather, not subject to rapid changes in air temper-
ature, rain, snow, or high wind conditions.

(b) Average wind speed shall not exceed.10 mph
with one minute averages not to exceed-15 mph.
Wind direction and shift shall be within-contractual
agreement unless otherwise agreedupon by the par-
ties to the test.

(¢) Entering dry-bulb temperature shall be not
more than 10°F above or 40°Fbelow design dry-bulb
temperature. The average change shall not exceed
5°F per hour.

NOTE: It must be récognized that the pour point or viscosity of
the process fluid can govern the lower limit. Unless auxiliary equip-
ment is provided'to modify inlet air temperature, the lower enter-
ing air temperature limit shall not be less than 10°F above the
process fluid pour point.

(d).The air flow shall be within +10 percent of the |
design value.

(e) Process fluid flow rate shall be within +15 per-
cent of the design value, and shall not vary by more
than 5 percent during the test.

(f) Process fluid inlet and outlet temperatures shall
be within +10°F of the design values, and shall not
vary by more than 4°F during the test.

® The process fluid temperature range shall be:
within 10 percent of the design value, and shall not
vary by more than 5 percent during the test.

(h) For cooling gases or condensing vapors at pres-
sures above atmospheric pressure, the process fluid
inlet pressure shall be within =10 percent of the
design value. For cooling gases or condensing vapors
below atmospheric pressure, the parties to the test
should agree to an acceptable pressure prior to con-
ducting the test. For cooling Ilqu1ds, any pressure up

: e ACHE i able;

however, the pressure should not be so low that there
is possibility of vaporization or degassing. The proc-
ess fluid inlet pressure shall not vary by more than
10 percent during the test.

() Heat duty shall be within £20 percent of the
design value.

'If any one of these limitations conflict with the basis of guarantee,
these do not apply.
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3.15 DEGREE OF CONSTANCY OF TEST
CONDITIONS

Since the test of an ACHE may occur over an ex-
tended period, each test run shall be separately con-
trolled to achieve steady-state conditions using fixed
fan pitch, fan speed, and air flow control settings.
Thus, each test run may be made at different steady-

AR COOLED HEAT EXCHANGERS

(d) equipment or instrumentation failures, im-
proper operation, wrong adjustments, or poor cali-
brations;

(e) poor test operating conditions resulting in ex-
cessive sound or vibration, low temperature differ-
entials, condensate flooding, poor flow distribution,
or air leakage;

state operating conditions during the period of a
complete performance test. Variations of operating
parameters throughout the entire performance test
shall be maintained as low as practicable, but must
be maintained within the limits delineated in para.
3.14. Since the actual operating conditions will vary
somewhat from the specific design conditions for the
equipment, the test results must be adjusted to equiv-
alent design conditions by the method shown in para.
5.9.

3.16 CAUSES FOR REJECTION OF TEST
READINGS OR RESULTS

There are many conditions that affect the perform-
ance of an ACHE. Some adverse conditions could be
a cause for rejection of test readings or results. These
may include:

(a) weather conditions of high wind, rain, snow, or
extreme temperatures;

(b) atmospheric conditions of dust,-organics, or

chemicals;
(¢ site interference from unspecified terrain,
buildings, or other equipment;

(i post=
tainty of test results exceeding five percent;

® heat balance discrepancy ,calculated by Eq.
(5.8) greater than 15 percent.If this occurs, an in-
vestigation of the equipmentyand instfumentation
should be made to determine the cause [for this dis-
crepancy, and the testrepeated.

All of the above factors shall be evalugted prior to
and/or during the.test to ascertain their effects on the
system performance. The test should be deferred un-
til satisfactory‘conditions exist which wil| enable ac-
curate data’to be obtained, or if the test cannot be
performed within these limitations it may be neces-
sary td”establish revised limits for testing.

The performance test results shall be arefully re-
viewed within the context of the test agreement per
para. 3.2 and the procedures and limjtations de-
scribed herein. If the test did not meet these criteria,
it shall be voided unless otherwise mutuEliy agreed.

3.17 POST-TEST UNCERTAINTY ANALYBIS

After the test, the uncertainty analysis [shall be re-
peated based on actual variations of tet data and
degrees of freedom of the individual paragmeters.

14
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This Section describes choice of instruments, re-
quired sensitivity or precision of instruments, and cal-
ibration corfections to readings and measurements.
Included are instructions as to methods of measure-
ment, locatjon of measuring systems, and precau-
tions to taken including critical timing of
measurements to minimize error due to changing
conditions. The Supplements on Instruments and Ap-
paratus (PTC 19 Series) describe methods of mea-
surement, instrument types, limits, sources of error,
corrections,|and calibrations. When appropriate, and

to avoid repetition, this Code refers to and makes
~ mandatory the application of the Supplements on In-
struments gnd Apparatus (PTC 19 Series). All res
quired insfruments that are not covered( by
Supplements on Instruments and Apparatus have the
rules and pyecautions described completely.in this

the measurements necessary under this
Code, instrmentation systems ,or-methods other
than those Irescnbed herein may-be used provided
they are at lgast as accurate as those specified herein.
Other methpds may be employed if mutually agreed.
Any departyre from prescribed methods shall be de-
scribed in the test report.

SECTION 4 — INSTRUMENTS AND METHODS‘ OF
.MEASUREMENT

4.3 FAN MEASUREMENTS

The fan speed shall be measured in accordance
with the provisions of PTC'19.13, ‘“Measurement of
Rotary Speed.” The fan ring diameter shall be mea-
sured along two petpendicular diameters a-c and
b-d (see Fig. 4.1).

The following measurements may be taken for di-
agnostic purposes.
® Fan blade minimum tip clearance should be deter-
mined by rotating the fan 360 deg. and locating the
minimum clearance of the longest blade.

@ Fan blade maximum tip clearance should be deter-
mined by rotating the fan 360 deg. and locating the
maximum clearance of the shortest blade.

e Blade track should be determined by moving each
blade past a common vertical line on the fan ring
inner wall. Results should be shown as vertical de-
viation from a selected horizontal datum plane.

® Fan blade angle should be measured (e.g., by
means of a protractor equipped with a scale and
level). The measurement should be made at the po-
sition on the blade specified by the fan manufacturer.
@ Clearances and tracking of the blade tips should be
measured at the equivalent dynamic position.

4.4 MEASUREMENT OF AIR FLOW

4.2 MEASUREMENT OF PHYSICAL DIMENSIONS

The physical data shall be obtained for use in per-
formance testing and evaluation. Most details for the
tube bundle process side are defined in the ACHE
data sheet. Other data may include:

(@) face area;

(b) ratio of free flow area to face area;

(¢ the total cross-sectional area for fluid flow in
each pass.

15

locities over a selected area. Suitable instruments for
the traverse include the propeller anemometer or a
rotating vane anemometer. Pitot tubes may also be
used for fan ring traverses, as described in PTC 11-
1984, Instructions provided with the instrument must
be followed so as to limit the overall test uncertainty
to =5 percent. A minimum timed interval of 30 sec
for individual readings is recommended. Since the
direction of the air flow is not necessarily normal to
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FIG. 4.1 LOCATION OF AIR VELOCITY AND TEMPERATURE MEASUREMENT POINTS$
ACROSS FAN RING .

the plane of the area surveyed; it may be necessary 4.4.3 For induced draft units, air flow should be de-
to correct the readings for yaw. The anemometer shall termined by traversing the streams emitting from the
be held parallel to the traverse plane, and the actual fans. The recommended minimum number of mea-
direction of air flow(during the timed interval esti- surement points and the locations of thes¢ points are
mated. If the angle between the observed direction given in Table 4.1. Measurements along additional
of air flow and the.anhemometer axis is 5 deg. or more, diameters may be necessary to avoid errof due to the
the reading shall be corrected. Specific corrections effects of structural members. For addit{onal infor-
for yaw shall-be determined by calibration prior to mation on traversing methods, instrumentation, and
the test. evaluation of data, refer to PTC 18 and PJC 19.5.

To illustrate, a 20-point traverse (five m¢asurement
points per quadrant) is made as follows

i 2 g Sere < e-ares s Oid hournded by BT ETID eryatthe
anemometer traverse shall be guided by the genera top of the fan ring is divided into ten equal concentric
physical arrangement, accessibility, obstructions, areas numbered consecutively from 1 to 10 as shown
wind conditions, and air temperature rise. Because in Fig. 4.1.

of the decreased effect of ambient wind, accuracy is The ring is also divided into four quadrants as
usually better when the traverse is made in a high shown. The air velocity is then measured at each
velocity stream. In the case where these constraints point of intersection of the radii a, b, ¢, and d with
require that a velocity traverse be done at the inlet, the inner peripheries of areas, 1, 3, 5, 7, and 9, at
a velocity traverse is also required at the exit in order the center. The average velocities in combined areas
to allow weighting the exit temperatures. ,1+2,3+4,5+6, 7+8, and 9+ 10 are then obtained

16


https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

AIR COOLED HEAT EXCHANGERS

ASME PTC 30-1991

{ TABLE 4.1
RECOMMENDED MINIMUM NUMBER OF AIR VELOCITY MEASUREMENT POINTS
FOR FAN RING TRAVERSE

Recommended Number Corresponding Corresponding
Fan Ring of Concentric Areas Measurements Total Number
Diameter, ft for Traverse Per Quadrant of Measurements
4 6 3 12
6 8 r 16
8 10 5 20
12 10 5 * 20
16 10 5 20
20 12 6 24
24 14 7 28
Measurement Location of Measurement Points, Distance From Inner Wall of Fan Ring,
Points Per
Quadrant Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7
3 0.0436D - 0.1465D 0.2959D -
4 0.0323D 0.1047D 0.1938D 0.3232D .o
5 0.0257D 0.0817D 0.1465D 0.2261D 0.3419D: .
6 0.0213D 0.0670D 0.1181D 0.1773D 0.2500D 0.3557D e
7 0.0182D 0.0568D 0.0991D 0.1464D 0.2012D 0.2685D 0.3664D
GENERAL NO:Ee D is 1.D. of fan ring at plane of traverse. Figure 4.1 illustrates the locations for the case in which five measurement points
per quadrant afe used.
For forced draft units an exit traverse is normally

by averaging the five measurements taken along the
inner peripheries of areas 1, 3, 5, 7, and 9, respec-
tively. These velocities are plotted against the total
areas boundged by the corresponding circles as shown
in Fig. 4.2.

The net afea below the resulting curve, between
the limits S,|and S,, represents the actual volume of
air delivered by the fan per unit of time.
agreed upon by the parties to the test,
the foregoing procedure for determining the air flow
rate may be| simplified by averaging directly the 20
air velocitieg (the reading at the center of the fan is
not used in this method) and multiplying the resulting
number by-the total fan ring area S,.

required, in conjunction with temperature measure-
ments, so that the weighted exit temperature can be
determined (see para. 4.13).

If the traverse measurements are made in a plane
upstream from the tube bundle face (typical for in-
duced draft units), the plane shall be located at least
five prime tube diameters from the extremities of the
fins to prevent error due to the restriction effect of
the tubes; for downstream traverses (typical for
forced draft units) the required minimum distance is
15 prime tube diameters. To minimize error due to
wind effect a suitable shield is necessary in most in-
stances (Ref. [1]).

-4.4.4 In so
or inaccessibility, prevent the use of the fan ring trav-
erse method, and a traverse of the tube bundle is
indicated. The measurement plane chosen shall be
divided into imaginary rectangular areas (at least 20
or one per 12 sq ft, whichever is greater) with the
same aspect ratio as the plane being measured, if
practical. The summation of the products of the small
areas and the corresponding velocities at their cen-
ters will approximate the total volumetric flow of air.

17

4.5 MEASUREMENT OF AIR-SIDE PRESSURE
DIFFERENTIAL

Normally a Code test will not require the deter-
mination of air-side pressure drop. This measurement
is usually taken to diagnose a performance problem,
or in the event that the parties to the test have agreed
to guarantee the total or static differential pressure
losses.
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the readings and of such size that they may be read
to 5 percent of the anticipated value.

4.5.4 For the readings a probe shall be connected to
each leg of the manometer. The instrument shall first
be checked for zero deflection, with the probes lo-
cated at approximately the same vertical distance

Arga-=iAdS.
h—

Velo

> VaST

fore e —— —— e — —— e —

Total Cross-Sectional Area

where V3 is the average velocity.

FIG. 4.2 TYPICAL VELOCITY DISTRIBUTION
ACROSS FAN STACK

4.5.1 The static pressure drop resulting from the pas-
sage of air through the unit-Shall be measured by
means of probes designed-te/minimize velocity ef-
fect, and a suitable readeut device such as an inclined
tube manometer, sufficiently accurate to yield read-
ings within =5 percent of the true values.

4.5.2 A wall tap, comprised of a smooth 1/8 in. di-
ameter driffed hole without burrs or obtrusions is
suitable.in’ uniform low velocity flows; however, the
use’of-a cylindrical Fechheimer probe or a two- or
hree-d:mensnonal wedge probe is recommended

probe shall be callbrated before each use.

If an accurate static pressure measurement is nec-
essary, a traverse using the procedures described in
para. 4.4 is required.

4.5.3 The manometer shall be an inclined tube gage
calibrated for direct readings in inches of water. The
scale range shall be selected to suit the magnitude of

18

apart as will exist during the readings.

4.5.5 For induced draft ACHE's, the hig
side will be sensed by the probe’located

h pressure
at the inlet

side of the tube bundle. This pressure shoyld be fairly

constant and, after proving consistency
the low pressure probe.is positioned an
pressure differential.recorded.

4.5.6 For forced draft ACHE’s the low pr
will be sensed by the probe located at t|
changer outlet. The low pressure area shq
fairly constant pressure; once constancy
the.probe should be left in position for
differential pressure measurements. The
sure side to be probed will be at the fan

of reading,
] the static

essure side
e heat ex-
uld exhibit
is verified,
duration of
high pres-
discharge,

and the probe should be positioned at the fan dis-

charge area at a location sufficiently dow
fan to minimize severe turbulence.

nstream of

4.6 MEASUREMENT OF FAN DRIVER P

WER

Test power is the shaft output of the prime mover.

For electric motors, test measurements
the input, and the output power is compu
tiplying input power by motor efficiency.

e made at
ed by mul-
Acceptable

instruments for determining power, in pifeferred or-

der, are:
(a) wattmeter
(b) voltage, current, power factor mete

r's

When readings are taken at a load center located

a substantial distance from the motors,
should be made by dlrect measurement

rorrections
of voltage

nload center

and motor To enable th|s correctlon to be made, the
length and gage of cable involved should be mea-
sured. A measured or computed voltage drop be-
tween the load center and one motor may be applied
to the other motors by ratioing their distances from
the load center.

For prime movers other than electric motors, the
method for determining power shall be mutually
agreed upon prior to the test.
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4.7 MEASUREMENT OF SOUND LEVEL
This subject is treated in PTC 36-1985.

4.8 MEASUREMENT OF ATMOSPHERIC PRESSURE

ASME PTC 301991

tion should be chosen for the measurement that is
unobstructed upwind and at an elevation approxi-
mately midway between the average air inlet plane
elevation and the average air exit plane elevation. If
such a location is impracticable, an alternate location

'may be agreed upon by the parties to the test.

of a mercury barometer.

If mutually| agreed by the parties to the test, the
barometric priessure may be obtained from a nearby
weather burefu station. If this method is used, it is
necessary to ¢stablish whether the readings given are
for station on sea level pressure. The readings ob-
tained shall be corrected for the difference in eleva-
tion of the lparometer and the unit being tested.
Results shall [be based on atmospheric pressure at
station level. Readings may be corrected to sea level
if desired. Details of the procedure for correction are
given in PTC[19.2.

4.9 MEASUREMENT OF ENVIRONMENTAL

. Prior to the test, a survey of the area surrounding
the unit shall|be conducted jointly by the parties to
the test. All donditions that may contribute to varia-
tions in performance, such as heat sources affecting
inlet air temperature, and nearby buildings or struc-
tures which may cause air currents that result in
warm air recjrculation, or in reduced fan perform-
ance, shall bd investigated. Measurements(necessary
to map these effects during the test shall be deter-
mined by mutual agreement, and substantiating test
data shall be| obtained as necessary. Ambient tem-
perature measurements shall betaken in accordance
with paras. 4.11 and 4.12{of this Code. Measure-
ments should be made.jn_all locations, simultane-
ously if posgible, or/in rapid succession. If such
locations are [not accessible or the area surrounding
the ACHE contains)elements (see above) which can

affect the ambient temperature, a suitable location

4.11 MEASUREMENT OF AIR TEMPERATURES

4.11.1 PTC 19.3 shall be used to stipulate satisfac-
tory instrumentation and details of construction of
sensor wells, the reading of the instruments/and their
calibration and corrections.

The uncertainty of temperature, measurements
shall not exceed the larger of the following values:

(@ 0.2°F, or

(b) two percent of the‘smallest of the following
three key temperature- differences:

(1) the temperature range of the process fluid
(unless isothermal)

(2) the temperature range of the air

(3) the minimum approach temperature differ-
ence. ‘

Satisfactory instruments include suitable ASTM
mercury-in-glass thermometers, thermocouples, cal-
ibrated sensors with signal conditioner such as re-
sistance temperature devices or thermistors, or
equivalent.

The sensing elements shall be exposed to the at-
mosphere, but shielded from direct sunlight or other
radiation source by means of an opaque shield.

4.11.2 The wet-bulb temperature measuring instru-
ments should be mechanically aspirated and incor-
porate the following features:

(@) A calibrated temperature sensor whose uncer-
tainty is less than +0.1°F in the range of the expected
test temperatures.

(b) Sensing elements shielded from direct sunlight
or other radiation source. The inner side of the shield
shall be essentially at the dry-bulb temperature.

for these measurements shall be mutually agreed
upon.

4,10 MEASUREMENT OF WIND VELOCITY

The instrument recommended is either the rotating
cup or rotating vane anemometer with preferably a
continuous readout or recording capability. A loca-
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(c)Wicki
continuously supplied from a reservoir of distilled or-
demineralized water. The wick shall be a snug fit and
extend at least 1 in. over the active portion of the
sensor.

(d) The temperature of the water used to wet the
wick shall be at approximately the wet-bulb temper-
ature.

(e) The air velocity over the wick shall be contin-
uous at approximately 1000 ft/min.



https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

ASME PTC 30-1991

4,12 MEASUREMENT OF AMBIENT AND
ENTERING AIR TEMPERATURES

This survey shall consist of two ambient wet- and
dry-bulb temperature measurements and a suitable
number of entering dry-bulb temperature measure-
ments.

surements shall be taken at approximately 5 ft above
the ground elevation not less than 50 or more than
100 ft upwind of the equipment. These shall be
spread along a line which brackets that flow. If these
locations are inaccessible or contain elements which
can affect the reading of wet-bulb temperature, al-
ternate locations shall be mutually agreed upon.

Entering dry-bulb temperature measuring stations
shall be selected on an equal-area basis, and shall be
located in a plane 6 in. below the fan ring for forced
draft, and 12 in. below the finned tubes for induced
draft units. The sensing elements of the thermome-
ters, or thermocouples, shall be properly located and
shielded to prevent appreciable error due to radia-
tion. The recommended number of stations is given
in para. 4.4. If the maximum and minimum temper-
atures differ by 5°F or more due to warm air recir-
culation, or environmental effects, additional stations
shall be selected, the number and location of these
stations shall be determined by mutual agreement of
the parties to the test.

4.13 MEASUREMENT OF EXITAIR TEMPERATURE

Unless otherwise agreéd by the parties to the test,
coincident temperatures,and velocities shall be mea-
sured at all selected stations so that the weighted exit
air temperature <an be calculated. The instruments
to be used shall.be as specified in para. 4.11.

4.13.1(Induced Draft Units. Measurement stations
shall.be located prior to the test period in accordance
with para. 4.4.3 so that the measurements will best
units, fewer stations may be used if agreed upon by
the parties to the test. The temperature profile of one
fan shall be investigated thoroughly prior to the test
period to ensure sufficient accuracy; the data shall
be made a part of the test report.

4.13.2 Forced Draft Units. Measuring stations shall
be located downstream of the tube bundles. The
measurement plane shall be divided into imaginary

\
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rectangular areas (at least 20 or one per 12 square
feet, whichever is greater) with the same aspect ratio
as the plane being measured, if practical. Shields shall
be provided for the temperature sensing elements to
prevent error due to dilution by outside air, or due
to radiation from the sun or other sources. The tem-
perature measurement devices shall be located a suf-

i i inimize the effect
of the tube wakes (usually 15 prime, tube diameters
is sufficient).

4.14 MEASUREMENT/OF PROCESS FLUID
TEMPERATURES

4.14.1 The uncertainty of temperature measure-
ments shall not exceed the larger of the two following
values:
(@-0:2°F, or
(b)two percent of the smallest of three key tem-
perature differences;
(1) the temperature range of the process fluid
(unless isothermal)
(2) the temperature range of the aif, or
(3) the minimum approach temperature differ-
ence. See para. 4.11 for satisfactory insfruments.

4.14.2 The measuring stations shall be |ocated close
enough to the unit to prevent appreciable error due
to temperature change occurring between the sta-
tions and the unit. Where stratification is|a possibility,
preliminary tests shall be conducted to determine the
magnitude of possible resultant error. These shall be
made a part of the test report.

4.15 MEASUREMENT OF PROCESS FLUID
PRESSURES

The required uncertainty limit of fluid pressure
i nt of the ab-
solute fluid pressure. Instrument selection and details
of measurement techniques shall be made in accord-
ance with PTC 19.2. Satisfactory instruments include
pressure gages, manometers, pressure transducers,
or other equivalent devices.

Measuring stations shall be located as close to the
unit as practicable. Corrections shall be made for line
losses, fitting losses, etc., that result in pressure dif-
ference between the measuring stations and the unit.
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4.16 MEASUREMENT OF PROCESS FLUID FLOW
RATE

4.16.1 The recommended uncertainty limit of fluid
flow measurement devices shall be two percent of
the total process flow through the test unit. Instru-
ment selection and details of measurement tech-
niques shall be in accordance with PTC 19.5.

Satisfactory instruments include venturi meters, ori-
fice meters, flow nozzles, pitot tubes, turbine meters,
or other equivalent devices.

Alternatively, flow rates may be determined by
plant heat balance method, provided the uncertainty
does not exceed two percent.

4.16.2 Measurements shall be made in the piping
leading to and as close as possible to the unit. If this
is not practicable, an alternate location shall be se-
lected by mutual agreement, and corrections made
as necessary to determine the actual flow into _the
unit.

4.17 MEASUREMENT OF COMPOSITION OF
PROCESS FLUID

Sufficient samples of the process fluid shall be ob-
tained to enable determination-of the composition of
inlet and outlet streams. The methods of analyses
shall be mutually agreed upon by the parties to the
test.

21
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5.1 GENERAL

This Section covers the reduction of the test data,

computation of test results, adjustment of results to
design conditions, and interpretation of adjusted re-
sults by comparing them to design. This Section as-
sumes that the ACHE surface is of a typical circular
geometry. If not, the parties to the test must adjust
the computations as appropriate. The basic proce-
dure for computation of performance capability is:
(a) review the raw test data and select the readings
to be used gn the basis of the requirements of paras.

(d) comppte test value of effective mean temper-
ature differgnce;

(e) compute overall heat transfer coefficient at test
conditions;

(" establi
tions;

® adjusy air flow rate and air film-resistance to
design fan gower and design air density;

(h) adjusqtest process-side pressure drop to design
conditions, pnd compare to specification value;

(i) compyte the capability-of the unit at design
process tenpperatures, design inlet air temperature,
and design [fan power.-The method presented is an
iterative ong, since €orresponding heat load, process
flow rate, inside film resistance, and effective mean
temperaturg difference are all unknown.

h individual resistances at test condi-

ASME PTC 30-1991

5 — COMPUTATION OF RESULTS

portunity for immediate discovery of possible errors
in instruments, procedures, and methods of mea-
surement. Guidance for the review of data and test
conditions is given in paras. 3.12 through 3.16; sig-
nificant deviations shall be corrected prior to the of-
ficial data collection if practicable. Any uncorrected
or uncontrollable conditions-that violate the provi-
sions of paras. 3.12 through 3.16 shall be described
in the test report. At the end of the test period, but
prior to removal ©f test instrumentation, a final re-
view of the data'shall be made to determine whether
or not an jmmediate repeat test is necessary. This
review will also assist in the establishment of the re-
liability©f the test; it shall include a post-test uncer-
tainty,analysis for evaluation of deviations from ideal
of(the following, and the effects of these deviations
on the test results:

(@) comparison of test and design conditions;

(b) test site environment, including atmospheric
conditions;

(©) fouling;

(d) leakage, process-side and air-side;

(e) process fluid distribution;

) air distribution;

(® steady-state conditions;

(h) measurement uncertainty;

(i) location of measurement stations;

() qualifications of test personnel, and validity of
test data;

(k) process fluid composition.

5.2 REVIEW OF TEST DATA AND TEST
CONDITIONS

The raw test data shall be carefully reviewed to
ensure selection of entries that will accurately rep-
resent true performance. This review should be
started at the beginning of the test, providing an op-
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5.3 REDUCTION OF TEST DATA

The purpose of averaging the raw test data is to
give a single set of numbers which is representative
of the collected data to be used in calculations to
determine performance. Multiple readings taken over
time and/or readings of the same parameter by mul-
tiple instruments at a given station shall be arithmet-
ically averaged.
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5.3.1 Air-Side Data Reduction

(@) Air Velocity. Individual air velocity measure-
ments shall be corrected for instrument calibration
and then averaged as discussed in para. 4.4

(b) Air Temperature. Air temperature data readings
shall be averaged for each set of test data. Exit air
temperatures shall be averaged by the mass flow

AIR COOLED HEAT EXCHANGERS

The density of dry air can be calculated from

Pa = 1.325 B/tR (Note 2) (53)
(b) Computation of Heat Load:
Q, = W H;, — H,) N> (5.4)

weighted average method shown in Eq. (5.1); how-
ever, variations in inlet air temperature are normally
small enough to allow arithmetical averaging of the
temperatures alone.

N
>t pV.S,
nm=1

t= (5.1

N
> PaVaSs
n=1
where n is an individual measurement
(c) Static Pressure or Differential Pressure. The read-
ngs shall be arithmetically averaged.

5.3.2 Process Fluid Data Reduction

(a) Process Temperatures. Readings of process fluid
femperatures at a given station shall be arithmetically
pveraged.

(b) Process Flow. Process flow measurementsshall
be calculated in accordance with ASME PTE 19.5,
Fluid Flow Measurement Procedures, or(its” interim
supplement, ASME Fluid Meters, Partdl:

(c) Process Pressure. Process pressure measure-
ments shall be calculated in accordance with ASME
PTC 19.2. :

5.4 DETERMINATION \OF MATERIAL AND HEAT
BALANCES

Both the air<side and process-side heat loads are
o be calculdted. The objectives of these calculations
are two-fold: (1) to determine the heat load of the
neat exchanger under the test condition, and (2) to
checkthe validity of the set of test data obtained. To
ralculate the heat loads for both the air and process

5.4.2 Computation of Process-Side Masq Flow Rate
and Heat Load

(a) Computation of Mass Flow Rate

W = (g (V,) (S5,)(60) (5.5)
(b) Computation of Heat Load
Q = W) H, - H,) (5.6)

The enthalpy of the process fluid at the entrance
and at the exit shall be determined by means, and
from data sources, mutually agreed upon py the par-
ties concerned prior to the test. For pracess fluids.
with no phase change, the above heat load equation
can be written '

Q=W (c,,P) T, -T) (5.7)
5.4.3 Computation of Heat Balance Errof. The per-
cent error in heat balance is calculated by
Q, - Q,, .
Pe t E = ~——— X 200 5.8
rcent Error o ra ( ( )

Q-Q

If the percent error is within the acceftable limit

, is the absolute value

sides, the air and process fluid mass flow rates are
first calculated. These flow rates are then used to
calculate the heat loads.

5.4.1 Air-Side Mass Flow Rate and Heat Load

(a) Computation of Mass Flow Rate of Dry Air. For

computation of air mass flow rate,

w = {p)(V)(S)(60) Mo ™ {5.2)

‘The factor 60 applies to U.S. Customary units of p, , V, , S
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of 15 percent as stated in para. 3.16, the heat load
Q-tobe i i be one of
the following:

(@) the air side heat load Q,
(b) the process side heat load Q,
() the average heat load (Q, + Q,)/2.

The constant 1.325 applies for U.S. Customary Units of B and t,,
i.e., in. Hg and R.

3values of H,, and H,, are determined from enthalpy data, using

the corresponding test values of ¢, and t,.
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The selection of Q shall be based upon the value
that provides the lowest estimated overall uncer-
tainty.

If the percent error is not within acceptable limits,
no further calculations are advisable and the test shall
be repeated, unless otherwise agreed.

5.5 COMPUTATION OF EFFECTIVE MEAN
TEMPERATURE DIFFERENCE

EMTD is the effective mean temperature difference
between th¢ hot stream and the air stream.

EMTD = F x LMTD

ASME PTC 30-1991

Q
N
Qn
5_31 EMTD,

EMTD = (5.13)ote

where n denotes the individual zone

For cases where the overall heat transfer rate varies
through the unit, such as changes from turbulent to

ing, then it is necessary to divide the unit into zones
and treat each zone as a separate case. This inyélves
obtaining a separate heat load, EMTD and U.for each
zone. This type of operation may require special tem-
perature measurements within each zore rather than
only recording the inlet and outlet terminal temper-
atures of each stream. These intermediate tempera-

(5.9) tures may be impractical to obtain. In such cases
prior agreement should be réached between the par-
where ties involved concerning the actual data reduction
F = gorrection factor for deviation from true procedures.. . .
untercurrent or cocurrent flow In the typical air cooled heat exchanger design, the
LMTD = logarithmic Mean Temperature Differ- flow arrangement'is not normally pure countercur-
nce rent or cocurrent. Most designs are fabricated for air
For strictly countercurrent flow or cocurrent flow flow at right angles to _the tl.jbes and crossing e
and for cas¢s where the temperature of the process one or Qe tube rows In serles. The process fluid in
. . the tubes, at any one point, travels at right angles to
stream is cqnstant, the LMTD is calculated from the air flow, and the correction factor F is usually less
Countercurrent Flow: than one.
The correction factor F for the most common ar-
mip = =t = (T = t) (5,101 rangements may be obtained from Figf;. 5.1 through
(T _ e ) : 5.8. Correction factors are only applicable for the
In|2+—2 flow arrangements shown in the figures. All of these
-t figures are predicated on using the countercurrent
flow formula for calculating the LMTD.
For other types of flow, not covered by these fig-
Cocurrent Flaw: ures, the calculation of F shall be a matter of agree-
ment of the parties involved in the test. If the process
t, — t) (T, — t,) fluid temperature is constant, the EMTD is calculated
LMTD = {5.11) by Eq. (5.12).
I (T1 — t‘l)
T, -t
5.6 COMPUTATION OF OVERALL HEAT
TRANSFER COEFFICIENT
Constant Progess’Fluid Temperature: T, = T, = T Uis calculated from
Q°
IMTD = = t) (5.12) U= &) EMTD?) (5.14)

in (T - t,)
T-1t
Where U is essentially constant over a temperature
range, but release of heat versus temperature is a
curved line, the heat release curve may be divided
"into zones using a straight line release in each zone.

With this situation, the EMTD for the whole unit is
calculated from the following equation:

25

where Q° is the test heat load, expressed in Btu/hr,
selected as best representing the thermal duty of the
heat exchanger. The value used must always be

“This procedure is fundamentally correct only for pure counter-
current or cocurrent flow, but yields an approximate answer with-
out requiring detailed stepwise calculations. It may be used with
mutual agreement of the parties to the test; otherwise, another
agreed procedure may be used. -
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clearly identified, e.g., air-side, process-side, arith-
metic average, etc.

The reference area may be any convenient mu-
tually agreed upon heat transfer surface. There are
four commonly used reference areas.

5.6.1 Total Outside Heat Transfer Area Including

AIR COOLED HEAT EXCHANGERS

is equal to the air pressure rise provided by the fan.
Therefore, to measure the cooling system air pressure
loss, one can either measure these component losses
separately or in combination, or one can deduce the
total losses from the fan drive system power con-
sumption and the measured airflow. The fan drive
system power consumptlon is comprised of the air
energy anical and

1
TO5SCS

Fins (A,)

A, = I(N) (N,) m(}) (D, — D)1
+ IN) (L) (m) (D) (1 = Ny £)]
+ N () (O,) (L = L)}

(5.15)

where
L;, = the length of finned portion of tube
D, = the outside diameter of fin
Dy, = the outside diameter of root
D, = the outside diameter of prime tube
L = the total length of tube

. (Note: Other symbols as defined in para. 2.2)

5.6.2 Outside Surface Based on Fin Root Outside
Diameter (A, )

(This is a fictitious area)

ARO =T ND L, (5.16)

5.6.3 Prime Surface Based on'Inside Tube Diameter
Ap)

A,,l = wND,L (5.17)

5.6.4 PrimeSurface Based on Outside Tube
Diameter ()

As, = ND, L (5.18)

electrical energy losses. Generally, in a"pg¢rformance
test, it may not be necessary or desirable {o measure
each of these air pressure losses separately, and usu-
ally it is preferable and easierte’ measure only the
cooling system power consumption for domparison
with design specifications and/or performjance char-
acteristic data provided by the system supplier.

5.8 DETERMINATION OF PROCESS FLUID
PRESSURE LOSSES

The pressure loss between measuring |stations is
simply the difference between the megsurements
taken at these locations. The test measuripg stations
should be located in such a way that they will provide
a pressure measurement at the required flesign sta-
tions. If not, consideration must be giver] to the ef-
fects of the following factors:

(@) gravity

(b) fluid velocity

(¢) flow obstructions

(d) fluid properties and flow rates

Figure 5.9 is a schematic representatjon of the
process fluid piping for an ACHE. The megsuring sta-
tions (MS) and design stations (DS) have%‘een delib-

erately depicted in different vertical locations in order
that the following discussion and calculatjon proce-
dures can encompass this possibility.

Equation (5.19) shall be used to adjupt the test
value of pressure loss across the measurir|g stations,
to a deduced value of total pressure loss [across the
design stations at the test conditions.

—The reference area upon which the overall heat
transfer coefficient is based must be clearly identified
in connection with any statement of that coefficient.
The overall heat transfer coefficient is meaningful
only if all of the assumptions required for the mean
temperature difference formulation are satisfied.

5.7 DETERMINATION OF AIR-SIDE PRESSURE
LOSSES

The summation of the air pressure losses of the
tube bundle, flow obstructions, and air turning losses

26

APO,,DS

BPos,,, = [APr = (BPyy_p + APy pvAP, I X o=

OBMS
(5.19)
where:

AP,... is the process fluid pressure differential as mea-
sured by experimental data at the selected mea-
suring stations.

AP,,_p is the change in the measured process fluid pres-

sure differential caused by differences in eleva-
tions between the measuring stations and design
stations and/or differences in process fluid dens-
ities in the inlet piping and the outlet piping.
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AP, 5 is the change in the measured process fluid pres-
sure differential between design stations caused
by differences in elevation of the design stations
and/or differences in processing fluid densities in
the inlet piping, the outlet piping, and in the bun-
dles. It may not be necessary to include this term

ASME PTC 30-1991

These losses can be evaluated at the test conditions
using the following equations and recommendations:

5.8.3.1 Pipe and Bundle Tube Friction (AP;.,).
These losses can be calculated using Eq. (5.23).

. . __fulpV?
depending on how the pressure drop is quoted. APgs, = 2D.2. (3600) (5.23)
AP, is the change in the measured process fluid pres- )
sure|differential if static pressures are measured. Properties should be evaluated at the mean tem-
perature. For evaluation of friction factor, f,,, réfer to
APy, is the deduced process fluid total pressure loss at Fig. D.1, Appendix D. '
the fest conditions. . .
5.8.3.2 Obstruction Losses Due to Contractions,
APy, is the sum of all the flow resistances due to ob- Expansions, Bends, and Fittings/(AP,,,). These
strugtions between design stations. losses can be calculated using Eq.. (5.24).
APo,,s is the sum of all the flow resistances due to ob- KoV '

strugtions between measuring stations.

Detailed procedures for solving the elements of Eq.
5.19 are prgsented in the following paragraphs.

5.8.1 Gravity (AP,). Differences in elevations and/or
densities wi|l have an effect on process fluid pressure
measuremefts. These effects can be evaluated by
means of Egs. (5.20) and (5.21) with reference to Fig.
5.9.

APgM—D = AE,pup:s — AEy P2 (5.20)

APsl:'—D = AEpr1 _AEB(‘)‘—;—&) - AEzBDpz (5:21)

5.8.2 Fluid Velocity (AP,). If total pressures are mea-
sured, AP, is included in the total pressure. If static
pressures ate measured, AP, canybe evaluated using
Eq. (5.22).

2

2
u AN AR
aby 2 g.(3600)

- (5.22)

5.8.3 Flow Obstruction (ZAP,;). Obstruction losses
between measuring stations may include effects due
to:

(a) pipe and bundle tube friction

(b) contractions and/or expansions in the pipes
and bundle tubes

(¢ pipe and bundle tube bends

(d) the presence of fittings such as bends, valves,
flow meters, tees, couplings, etc.

27

002~ 57 13630) (5.24)
The evaluation ofK will depend on the type of
obstruction as described below.
Abrupt contraction and expansion losses yield a
value of K as follows:

K=0.5%(1-p?) in contraction (5.25)

K=(1—p?)? in expansion (5.26)
where B is the ratio of the smaller to the larger inside
pipe diameter.

5.8.3.3 Pipe and Cooler Tube Bend Losses
(APgs.3). These losses yield a K coefficient which is
not explicitly defined by any correlation. Reference
[2], however, presents some data for 90 deg. bends
along with a correlation for more than one bend in
series which is not simply the sum of the number of
90 deg. bends.

5.8.3.4 Losses Caused by Various Fittings
(AP,g.4). The values of the loss coefficient, K, for pipe
fittings, valves, etc., are dependent on the specific
geometry involved and cannot be generalized. For

that there are as few such losses as possible between
measuring stations. For those components which
must be evaluated, there are data available from man-
ufacturers, such as Ref. [3], and reference will have
to be made to these for the particular type of fitting

of interest.

_Summarizing,

SAP,, = APogy+APog,+ APosst APog,

»
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5.9 ADJUSTMENTS OF TEST DATA TO DESIGN
CONDITIONS

Since tests are rarely run at design conditions, the
recommended procedure is to adjust the ACHE per-
formance results determined under test conditions to
design conditions and compare these adjusted values

S
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Fan Horsepower* = Fan Horsepower®

(o, + p)* _ (RPM*)"’
X o1 F pa° X (RPM° (5.30)

NOTE: The cautions presented above applicable to the pressure
drop evaluation are also applicable to the power adjustments.

Adjusted driver input horsepower may be obtained

When a procedure for acceptance testing is to be
adopted, a discussion between the interested parties
is essential to establish agreement as to the method
by which data will be adjusted from test to design
conditions. Presented below are methods which may
be used to make adjustments required in some of the
more commonly encountered situations. Before us-
ing these methods, the parties involved in the testing
should assuré their applicability to the test under con-.
sideration. Adjustments for some of the more com-
plex cases can be made using the relationships in
Appendix D.

5.9.1 Adjustment of Air-Side Bundle Pressure Drop
and Fan Performance. When the test is run at con-
ditions other than design air densities, velocities, or
fan speed, test measurements may be adjusted to
their equivalent values at design conditions by use of
the following equations. The user should recognize
that accuracy may suffer if adjustments .aré made
from conditions which vary significantly-from design
conditions (see limitations in paras..3.14 and 3.15).

(@) Air-Side Bundle Pressure Drop

vi\'D . (o, + po)*
+ == % x [ —& —_— 27
o = (V") “oorer O
or
SO (ReM*Y | (p, + p)*
Api= fp X (RPW) x (P + p)° (5.28)

Because of the simplifying assumptions made in
h rivation, significant changes in the Reynolds
number, V, or RPM, between design and test condi-
tions will adversely affect accuracy. The 1.7 power
has been established as reasonable approximation
empirically, but may vary given different system con-
figurations.

(b) Fan Power Adjustments

Fan Horsepower* = Fan Horsepower® .
(o, + p)* (VY
X o T o x |75 (5.29)
28

J
by introducing the driver and drive train.gfficiencies.

Fan-Horsepower (5.31)

Driver Input Horsepower* =
MNariver Ndrive trajn

(c) Air Density Determinations
For determining the‘densities required {n the pres-
sure drop and hérsepower adjustments, Eq. (5.3) may
be used.

NOTE: This equation is used for the more typical applications and
neglects-htumidity effects. if widely variant humidfty conditions
exist-with/respect to design, a more precise evaluatjon using psy-
chrometric data may be appropriate.

(d) Air Flow Determination
To adjust the test air flow to the conditions of de-
sign fan horsepower and design air density, use

HP* 1/2.7(p°)2/3
wt = W —— = (5.32)
(HP) [

5.9.2 Adjustments of Single Phase Process-Side
Fluid Pressure Drops

NOTE: For multi-phase cases, the user should refer to
Appendix D

To compare the measured process-side pressure
drop to the design value, adjustments mpy be nec-
essary to compensate for the following:

®Process fluids with properties or conditions other
than design

®Process flow rates other than design

ju € using

APy = AP;(—VE)(%)<E§), for laminar flow (5.33)
IACYANN

187 . 2\ 02 )
) (Ef) (Eﬁ) , for turbulent flow
YAV

(5.34)
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Densities and viscosities should be evaluated at the
mean temperature.

NOTES:

(1) This adjustment presumes that inlet and outlet pressures were
measured at their design locations within the system. If this is
not the case, adjustments must be made in accordance with
para. 5.8.

(2) Throughout Section 5, Re, of 2,300 is taken as a distinct sep-

ASME PTC 30-1991

from test conditions to design conditions, and finally
recombine the component coefficients to calculate
an adjusted overall heat transfer coefficient.

Agreement must be reached prior to testing re-
garding use of the adjustment procedure presented
below or an alternate.

aration bety aminar-and-turbu ow—Of-coursea-dis
tinct separdtion does not exist. If Re, is found to be in the range
of 2,000 td 10,000, the user may refer to Appendix D for a
more rigorus treatment.

(3) If the Reynalds numbers for both the design and test conditions
do not fall in the same regime, the simple ratios above do not
apply; in tht situation, the user must refer to Appendix D.

(4) For those c3ses in which the fluid in the test is in a single phase
throughout the system, temperature and velocity variations be-
tween design and test conditions will be the only parameters
affecting the pressure drop measurements. If the fluid is a lig-

. uid, the varfations in temperature will usually cause only slight
variations in density and, in general, density may be neglected

i e equations. The viscosity may or may not change

significantly, depending on the fluid and temperature ranges

involved. If|the viscosity or friction factor varies by a factor of
two or mor from inlet to outlet, pressure drop must be eval-
uated on af incremental basis. The formulas presented above
presume pressure drop variations through the tubes are rep-
resentative pf pressure drop variations through all components
between pressure measuring stations. If this is not believed to
be the case a more detailed evaluation of variations in pressure
drop through individual components of the heat exchanger may
be desirable.

5.9.3 Adjustment of Overall Heat Transfer Coeffi-
cient. To adjust measured overall heat transfer coef-
ficients to tHe design conditions, adjustments may be
necessary t¢ compensate for the following:

(a) process fluids with properties or conditions

flov rates other than design
(d) air at ponditions other than design

Adjustments

pendix D. Partictlar care should be taken to assure
results obt i i and test under

NE0 W 1 e _CC)

STEP 1

Determine the overall reference surface heatitrans-
fer coefficient as indicated by the test result.
U’ = QA x EMTD) (5.14)

See para. 5.4 for development'of Q° and para. 5.5
for development of EMTD".

STEP 2

The test overall.reference surface heat transfer
coefficient must be broken down into its component
parts. The following equation represents the normal
heat transfer resistances which may be encountered.

1 _(1)fA + Rl +
w m J\ A, I\ A,
Inside (process Inside Fouling
fluid) Film
A lntr, Ir,) 1\[ A
—2 4+ |~ +
2mLNk,,  \hJ\A,
Prime Wall Bond

Inre, /re,) A, 1
A’(z« Nk T A . +

consideration are appropriate for analysis by the
equations proposed. The user must recognize that
accuracy will suffer if adjustments are made from
conditions which vary significantly from design. See
paras. 3.14 and 3.15 for limitations.

In general, the approach presented is to calculate
the overall heat transfer coefficient from the test re-
sults, break this coefficient into its component parts,
adjust those component coefficients which change

29

hz[,—‘“ (¢g‘.,—1)+1]
L™ ]

Fin and Air Film

A

Qutside Fouling

Fin Root Wall

(5.35)
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The values of all the individual components which
comprise the right side of this equation must be de-
termined. Some may be calculated directly by avail-
able correlations, some must be assumed and agreed
upon by the. parties to the test as discussed below,
and the final factor (either the air-side or process-side
film coefﬂcuent) will be determined in Step 3 by solv-

AIR COOLED HEAT EXCHANGERS

determine fouling resistance during equipment test-
ing. Fouling resistances shall be agreed on as stated
in para. 3.2.

Refer to Appendix E for additional discussion of
fouling. :

Prime Wall:

ing the-aboveequatior.

The decision as to whether the air- or process-side
film coefficient is calculated directly should be made
on the basis of which can be determined more ac-
curately. In cases where it is uncertain which coeffi-

may be agreed to calculate both and use the coeffi-
cient showing the lower thermal resistance to solve
for the other in Step 3.

A discussion of how each component may be de-
termined follows.

Inside (Process Fluid) Film:

If the process fluid is a liquid in turbulent flow in
a plain tube (no internal enhancement), the value of
h? may be evaluated using the Sieder-Tate equation
(Ref. [4]):

i w o ° 0.8
hy=0.023 (KYD;, )(—"%’o&) x
‘D

o0 \ 033 0.14
p'PCPE I-LOE
. o
ke e

In cases of gaseous process fluids:

(5.36)

0.8 03
v° ° 0 . DCD
h? 00235"% (—"L‘—’f) x (5’;(7”2) (5.37)
Pep P

The physical properties in the above equations are
pvaluated /at the average fluid temperature except
ju, ~which is evaluated at the surface temperature. If
the-process fluid is water, Figs. D.2a and D.2b of

cient may be determined with greater confidence, it

“test.

This resistance is calculated directly;uging the ap-
plicable part of Eq. (5.35).

Bond:

‘The value of the bond resistance, //h,, will depend
upon the type of extended surface being used, the
tube and fin materials, the temperature |evel of ap-
plication, and the manufacturing practice. In many
cases, the value~of this component will be low in
comparisonwith other terms, making it insignificant.
If this is, thought not to be the case, it i suggested
that the manufacturer’s design value for this term be
used ifvthe calculation. However, mutual| agreement
on this matter must be reached by the pdrties to the

Fin Root Wall:

The value of this component will be snjall in com-
parison with other terms, making it insignificant in
most cases. This resistance is calculated By the basic
relationship shown in Eq. (5.35). Depen}ing on the
details of fin construction, assessment of the outside
radius of the.fin root wall (r, ) may require consid-
erable judgment.

Fin and Air Film:
This term must be evaluated by first

etermining

the air-side film coefficient. An exact evaluation of
this coefficient is difficult to develop due to the com-
plex shape of the heat transfer surface jnvolved. It

may be agreed by the parties to use the manufactur-
er’s proprietary data to develop this coeffigient. If not,
it is suggested that the following equatiop (Ref. [5])
for finned banks of tubes be used as a feasonable

apnrnyimnﬁnn-
Ll -

Appendix D may be used 1o evaluate ;.

NOTE: The above formulas are applicable for non-condensing sit-
uations with the process fluid in turbulent flow (Re, > 10,000).
For cases in which Re, is below 10,000, refer to Appendix D.

Inside Fouling:
Of the component resistances, fouling is the most
difficult to determine. There is no practical way to

30

K °G&.,.) ( uf)“’
he = 0.134[ == J{ ==
F)E) (%
(;) (:—) (F,) (5.38)
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NOTES:
(1) G pnex _ is the mass flow rate evaluated with respect to the free
flow area.

ASME PTC 30-1991

TABLE 5.1
VALUES OF F, FOR EQ. (5.38)

(2) Equation (5.38) is applicable for Re from 1000 to 20,000, where No. of Tube ~ Tube Row
. Row Deep Arrangement Factor, F,
D; G Dj, p3 Ve 1 " 0.78
Re, = ST e 2 0.88
a N 3 0.93
4 .97
(3) F, is tubd row arrangement factor; values are given in 5 0.98
Table 5.1 6 1.00
8 1.02
10 1.025
Once thelfilm coefficient is evaluated, it may then GENERAL NOTES:

be used in the determination of the fin efficiency $°,.
Figures 5.1Q through 5.13 may be used in this eval-

uation. Sympbols in these figures are defined below:
h = heat transfer coefficient
! = modified Bessel function of the first kind
K = modified Bessel function of the second
ind
k = thermal conductivity of fin material
n = 3 constant, order of Bessel function
u = function of x defined by
u= —icxP = x h dA
k dx
where i = V{—1; ¢ = a constant; p = a constant; a =
cross-$ectiongl area of fin normal to x axis, and A = fin
surface betwgen origin and point x.
w = fin height
x = distance along axis normal to basic sur-
ce
y = half thickness of fin at point x
a, B = donstants )
b, e = ¢onditions at base and edge, respectively

For additional discussion of-fin efficiencies and nu-
merical reldtionships for calculation of the efficien-
cies, the pafties may refer to Ref. [7].

With the| values 6f ¢°, and he established, the
equivalent ¢onvective and conductive resistance of
the fin may pé calculated using the relationship given

(a) These factors are applicable for the normal staggered tube
arrangement.

(b) Values in this table are calculated from{Fig. 11 of Ref. [6],
using V,., = 1000 feet per minute and using the value for 6
rows as a base, since Eq. (5.38) is-based on 6 rows.

STEP 3

Solve for the component resistance not determined
by the'correlations by subtracting the sum of the eval-
uated" compornient resistances from the overall heat
transfer resistance.

STEP 4

The components on the right-hand side of Eq.
(5.35) must be adjusted to design conditions. The
only components which will be affected by these ad-
justments are the inside film resistance and equiva-
lent convection and conduction resistance of the fins.
The adjustments may be made as follows:

Inside (Process Fluid) Film:
The Sieder-Tate relationship may be used to ratio
turbulent test and adjusted design coefficients

k V*p 0.8
ht = hp{ -2 X

in Eq. (5.35)
method presented above is approximate and does not
address all types of fin configurations and tube ar-
rangements.

Outside Fouling:

This resistance, like Inside Fouling, is difficult to

determine. The provisions of para. 3.7(b) shall be fol-
lowed, and a value agreed on prior to the test, as
stated in para. 3.2.

31

u’*c* k° 0.33 p': uo 0.14.
P,

—s—sﬂEs — 5.39)

p‘P Pp P N':l"“;"‘w (

The physical properties in the above equation are:

evaluated at the average fluid temperature except
Hp,, Which is evaluated at the surface temperature.

NOTE: The above equation is applicable for non-condensing sit-
uations with the process fluid in turbulent flow (Re >"10,000).
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Fin and Air Film:
Equation (5.40) may be used to yield an approxi-
mate ratio of test and adjusted design film coeffi-

cients
s k* W*I.L: 0.681
—h (ko) (MT:) (5.40)

AIR COOLED HEAT EXCHANGERS

heat load, process flow rate, inside film resistance,
and EMTD are all unknown.

The recommended procedure for determination of
capability is:

(1) Assume a value of process fluid flow rate, W+.

(2) Compute corresponding heat load from Eq.
(5.6) or (5.7), as appropriate.

INOTE: The above equation is applicable for Re from 1000 to
20,000, where

Re, = DG _ DipVon
e ra

If the film coefficient is not greatly changed in the
above adjustment, accuracy will not be substantially
reduced if it is assumed that the entire equivalent
convection and conduction resistance of the fin varies
as the film coefficient. If greater accuracy is desired,
the fin efficiency may be determined for both test
and design conditions using Figs. 5.10 through 5.13
as applicable.

STEP 5

The adjusted inside film resistance and equivalent
ronvection and conduction resistance of the fin.must
pe substituted into Eq. (5.35) to determine the ad-
usted overall heat transfer coefficient U for the
bquipment.

5.9.4 Computation of Capability. Thermal perform-
ance capability, as defined in-this' Code, is the ratio
f test capacity to design capacity, where test capacity
s the actual flow rate of-process fluid the ACHE will
handle at design conditions of the following:

(a) process fluid«composition

(b) process fluid.inlet and outlet temperatures

(¢) process-fltid inlet pressure

(d) air inlet-temperature and density

(e) fanpower

The:determination of this flow rate, as stated in
hard.-5.1, is an iterative one, since the corresponding

3 /\GJUSI the test air flow rate 1o OESlg
and air density:

HP° pa

(4) Compute t% at design fan power frgm

fan power

Q+

1= t*
(c, w+)

(5) Cempute corresponding value of EMTD* (see
para..5.5).

(6). Adjust all test resistances, as necessary, to cor-
respond to the assumed W+, and compute U*:

TOTAL RESISTANCE R}, = R} + Rf + Ry ..

(7) Compute corresponding heat load ffom

Q* = (U) (A) (EMTD*)

from steps (2) and (7) are equal. Graphidal or com-
puter assistance may be helpful in this iterative so-
lution of W+.

(9) Compute thermal performance capability:

(8) Repeat steps (1) through (7) until v?{:ues of Q*

w+

W*) X 100

PERCENT CAPABILITY = (

32
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T and t are not interchangeable
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FIG. 5.1 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow Unit — 1 Tube Row, Unmixed
(Reproduced by permission of Heat Transfer Research, Inc.)
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FIG. 5.2 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow Unit — 2 Tube Rows, 1 Pass, Unmixed
(Reproduced by permission of Heat Transfer Research, Inc.)
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FIG. 5.3 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow Unit — 3 Tube Rows, 1 Pass, Unmixed
(Reproduced by permission of Heat Transfer Research, Inc.)
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FIG. 5.4 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow Unit — 4 Tube Rows, 1 Pass, Unmixed
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FIG. 5.5 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow Unit — 2 Tube Rows, 2 Passes, Unmixed Between Passes
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FIG. 5.6 MEAN TEMPERATURE DIFFERENCE RELATIONSHIPS
Crossflow. Unit — 3 Tube Rows, 3 Passes, Unmixed Between Passes
(Reproduced by permission of Heat Transfer Research, Inc.)
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(Reproduced by permission of Heat Transfer Research, Inc.)
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FIG.59 SCHEMATIC OF PROCESS FLUID PIPING
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6.1 COMPQOSITION OF REPORT

The test report for a performance test shall include

the following.

6.1.1 Gene:-l:l Information

(a) Identification of the equipment to be tested

(b) Identifcation of the plant where the equipment
is located

(c) The name of the owner of the equipment and
his representative at the test

(d) The ngme of the manufacturer and his repre-
sentative at the test

(e) A statément of who conducted the test

(® Date 01 the test

® Date of first commercial operation of the equip-
ment

(h) The désign rating and specified operating con-
ditions for the equipment

() A statement of the guarantee

6.1.2 Object of the Test. This shall'tell why the test
is being run and what the parties.to the test are trying

ion. This shall include a brief history of
of the equipment and any pertinent
background finformation. It shall list all prior agree-
ments made|with regard to the test.

SECTION 6 — REPORT OF RESULTS

It shall include a statement that the‘test was con-
ducted in accordance with ASME,PTC 30, including
a list of exceptions, if any.

6.1.5 Test Data and Results at Operating Condi-
tions. This shall include(a listing of the reduced data
for each run after all Corrections are applied. It shall
also list a summary-of the results at operating con-
ditions.

6.1.6 Test Result Adjusted to Design Condi-

tions: \This shall list the adjusted test results (adjusted

to.design conditions) and compare those results to
the specified performance at design conditions.

6.1.7 Conclusions. This shall be a statement of the
conclusions derived from the test, including whether
or not the equipment met its design performance and
the extent to which it exceeded it or fell short.

6.1.8 Uncertainty Analysis. The report shall include
the uncertainty analyses (in accordance with paras.
3.4 and 3.17) for each run.

6.1.9 Appendices. As a minimum the following Ap-
pendices shall be included.

(a) Sample Calculation — This shall be included
using the data from one run. It shall illustrate all the

It shall also discuss any inspection prior to or fol-
lowing the test and state what was inspected and
what was found. It shall describe when and how the
unit'was last cleaned and its condition during the test.
This shall include a description of any fouling.

6.1.4 Test Methods and Procedures. This shall de-
scribe how the test was actually conducted including
any unusual occurrences during the test.
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run so that a reader could start with the data from
any run and make all necessary calculations to verify
the results of any of the other runs.

(b) Layout Sketches — This shall include ade-
quately dimensioned sketches, both plan and eleva-
tion views, showing the location of the equipment
and its relationship to any other equipment or build-
ings in the vicinity that would affect air flow. It should
also show wind speed and direction for each run.
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(0 List of Instrumentation — This shall list all the
instrumentation used on the test, including manufac-
turer and model number.

(d) List of all participating personnel.

(e) Uncertainty Analysis Sample Calculation — A
sample calculation for one run should be included. It
should use the same run that was used for the results

AIR COOLED HEAT EXCHANGERS

6.2.3 Air Densities

(@) Ambient air density — Ibm/ft?
(b) Inlet air density — lbm/ft?
(c) Outlet air density — lbm/ft3

6:2:4-Air-Fow

ion, Ve,

6.1.10 Raw Data Distribution. At least one complete
set of .copies of the signed original log sheets shall
be distributed to each party in the test.

6.2 REPORT DATA

As stated in para. 6.1.5 the reduced test data for
each run with all corrections applied should be listed
in the report. A list of typical data follows. Since there
are many types of air cooled heat exchangers, this
list is not necessarily comprehensive but can be used
as a guide. Any other data that is pertinent to the test
should also be included.

6.2.1 General Information

(@ Run number

(b) Date

(c) Barometric pressure — in. Hg

(d) Ambient dry-bulb temperature = °F
(e) Ambient wet-bulb temperature’— °F
() Wind speed — mph

® Wind direction

6.2.2 Air-Side Temperatures

(@ Inlet dry-bulb-temperature — °F
(b) Inlet wet-bulb temperature — °F
(c) Outlet dry-bulb temperature — °F

(@) Total inlet air flow — ACFM L) ft3fmin
(b) Total outlet air flow — ACFM’— fi3/min
(¢) Total air flow — SCFM_S\ft3/min
(d) Total air flow — lbm/hr

6.2.5 Process-Side Conditions

(@ Inlet process temperature — °F
(b) Outlet process temperature — °F
(©) Inletprocess pressure — Ibf/ft?
(d) Process pressure drop across ACHE — Ibf/ft2
(e) Process flow — lbm/hr

6.2.6 Miscellaneous

(@) Heat load — air-side — Btu/hr
(b) Heat load — process-side — Btu/Hr
() Fan driver power input per fan — hp
(d) Total fan driver power input — hp _
(e) Uncorrected mean temperature difference — °F
() Mean temperature difference corregtion factor
- °F
@® Effective mean temperature differe
(h) Adjusted overall heat transfer co
* Btu/hr-ft°F

() Adjusted process fluid flow rate —
() Adjusted heat load — Btu/hr

(k) Capability — %

ce — °F
fficient —

bm/hr

48
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APPENDIX A — TESTING GUIDELINES

A.1 The actyal testing environmental conditions, the
physical condition of the air cooled heat exchanger,
and the process fluid operating conditions will decide
whether or not a test will be considered valid. In
-order to enhance the probability of a successful test,
a careful revjew and inspection should be conducted
before startipg a full-fledged test.

A.2 All partfes to the test must have a clear under-
standing and agreement of the proposed procedure,
instrumentation, and meaningful results to be ob-
tained. By pfior agreement or through discussion at
the site, one|person, or a team consisting of one per-
son from earh of the various interests, must be put
in responsibje charge of the test and subsequent cal-
culations and results. As a first action, it is suggested
that Section| 3, Guiding Principles, be reviewed 50
that disagreements, if any, can be resolved before
testing.

A.3 Plant operating personnel involved-with the air
cooled heat pxchanger should be requested to report
on performgnce daily. Ask abetit maintenance pro-
cedures, op-stream performance characteristics,
process upsets, mechanicdlproblems, and any clues
concerning heat transfer performance.

A.4 A brief preliminary check of the operating proc-
ess flow arjd'temperature conditions and air-side
temperatures wi
and pressure drop are reasonably close to expecta-
tions. Also, this may point to areas requiring special
attention during the equipment inspection before for-
mal testing.

A.5 The process fluid should be sampled and tested
to ensure that all of its physical and transport prop-
erties are within acceptable limits.

A.6 The physical inspection of the( tube bundle
should include checking for loose fins, intermeshed
tubes, bowed tubes, and fouled or dirty air-side sur-
face. Some of these may have resulted from cyclic
operation, process overheating, rainstorm thermal
shock, water spray cooling; or improper design for
thermal growth or internal steamout. Defects such as
these will affect performance and should be noted in
the test report.

A.7 Checksall fan assemblies for uniform blade pitch,
blade leading edge forward, and clean and uncor-
rodedairfoil surfaces. A change in air foil shape will
likély decrease fan efficiency. Prevent automatically
variable pitch blades from modulating during the test:

A.8 Insure that air seals, baffles, tip seals, etc., as
originally designed are in place to avoid unexpected
air leakage.

A.9 Observe the exchanger in operation, keeping
alert to hot air currents from outside sources or dis-
charge air recirculation. By agreement, eliminate
these to the maximum extent possible.

A.10 All test personnel should observe the maximum
safety precautions while taking data. Each person
must stay within his assigned station to avoid inter-
ference or possibly dangerous disruption to other test

. ’
escape routes, and alarm systems before undertaking
the test. Be alert to possible physical harm from hot
process streams and discharge air. Insure that all re-
quired safety and protective devices, such as fan and
belt guards, are properly installed.

A.11 Steady-state conditions are desirable for the
most meaningful test results. If test personnel ob-
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serve transient test data, they should alert the test
leader who should decide if testing should continue,
be stopped, or extended past the agreed-upon time.

A.12 Interchange of agreed-upon instrumentation
durmg the test is a good techmque to account for

rors. This is partlcularly apphcable to the measure-
ment of process fluid temperature and pressure at
the exchanger inlet and outlet.

A.13 If process flow and heat load are inadequate to
properly load all of the exchanger bays, it may be
possible to divert the flow by valves to a fewer num-
ber of bays so that the flow rate and the heat load
per bay are closer to the design point. If this tech-
nique is agreed upon, the fans on inactive bays

AIR COOLED HEAT EXCHANGERS

should be kept running in order to maintain the full
unit air flow patterns. Potential uneven distribution
of flow of the process fluids must be considered, par-
ticularly if the process is a two-phase system. This
technique must also result in the inside-tube flow
regime being similar to the original design, i.e., lam-
inar or turbulent the same predlcted mechamsm of

: pn zone be-

about the internal fouling resistance, it may be pos-
sible to “’shock” clean/certain processes, while on
stream, using water,team, or solvent injection. This
should be arranged'in advance of the test so that the
proper operations personnel are availablelif it appears
necessary to.investigate the effect of such cleaning.
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This example is presented to illustrate a thermal
performance| test of an Air-Cooled Heat Exchanger
(ACHE). Dud to the large variety of designs and ap-
plications coyered by the Code, this example is by no
means comprehensive. The sample specifications,
contract proyisions, data sheets, data, and calcula-
tions are not for general application, but may be help-
ful in formulfating similar test procedures for other
ACHE designs and applications.

was issued to manufacturers to quote
an ACHE for|engine jacket-water cooling:

» Fluid to be cooled — clean water

« Circulation rate, lbm/hr — 285,000

« Inlet temperature, °F — 168.0

* Outlet temperature, °F — 149.0

* Heat load, Btu/hr — 5,415,000

* Inlet pregsure, psig — 60 -

» Maximum allowable pressure drop,\psi — 8.0

* Ambient jair temperature, °F —_94.0

* Fouling resistance, hr-ft*°F/Btu:
* Interndl (based on primevinside surface) —

0.001

* Externgl (based on (prime outside surface) — 0

« Site elevation — séalevel

« Barometilic pressure, in. Hg — 29.92

APPENDIX B — EXAMPLE

B.2.2 Tube Bundle

(@) Number per unit — 1
(b) Nominal dimensions, width”x tube length,
ft — 10 x 24
(c) Design pressure, psig\= 100
(d) Number of tube rows — 4
(e) Total number of/tubes — 192
() Number of tubge passes — 4
® Number of tubes per pass — 48
‘(h) Tube pitch, inches — 2.50 A
() Totalceffective heat exchange surface, ft*:
(1)<External surface of prime tubes — 1,206
(2) External surface of fins — 23,500
¢)Tube description:
(1) Prime tube
(a) Material — Admiralty
(b) Shape — cylindrical
(¢ OD, in. — 1.000
@ ID, in. — 0.902
(e) BWG wall thickness — 18 AW
(2) Fins
(a) Material — Aluminum
(b) Type — Spiral, extruded
" (©) Number per in. — 9
(d) Dimension — 2.40 in. OD
(e) Root wall ID, in. — 1.000
® Root wall OD, in. — 1.160

B.2.3 Mechanical Equipment

(a) Fans

B.2 SPECIFICATIONS

The following specifications submitted by the suc-
cessful vendor were accepted and made part of the
contract:

B.2.1 General

@ Type of unit — ACHE
(b) Service — water cooling
(c) Air flow mode — induced draft

(1) Number per unit — 2

(2) Diameter, ft — 8
(b) Gears

(1) Number per unit — 2

(2) Type — right angle spiral bevel
(¢) Drivers

(1) Number per unit — 2

(2) Type — electric motor

(3) Nominal size, HP — 15
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8.3 CONTRACT

Pertinent provisions of the contract concerning
thermal testing were:
(@) The test shall be conducted within six months
after the unit is first placed in service.
(b) Internal and external heat transfer surfaces shall
i test

AIR COOLED HEAT EXCHANGERS

B.4 DATA
Pertinent design and test data are:

(©) A tube-side fouling resistance of 0.001 hr-t>°F/
Btu (based on external surface of prime tubes) shall
be used. Fouling on the external surface of the fins
shall be considered zero.

(d) Heat load from measured process-side data
(Q) shall be used for the test heat load. Heat load
from measured air-side data (Q?) shall be compared
to Q. If the difference between Q; and Q is less
than 10% of Q;, the test shall be considered valid.
For determination of EMTD, the process-side data
and the measured inlet air temperature shall be used.
The test values of air flow rate and/or exit air tem-
perature shall be adjusted so that Q% = Q,; this ad-
justment shall be based on the expected accuracies
of these two measurements.

(e) Testing and evaluation procedures shall be in
accordance with the provisions of this Code.

() The test overall heat transfer rate shall be com-
puted from the test data, using Eq. (5.14).

® For adjustment of the test data to design con-
ditions, Eq. (5.35) shall be used.

(h) For this example the air film is.expected to be
the major resistance; therefore, thetest value of I/h,
shall be established by deducting the summation of
the remaining resistances from-the overall resistance.

() The process-side pressure drop predicted at de-
sign water circulation rate’AP* shall be computed
from

W* 1.80
AP = (AP°) (_VF) B.1)

Thermal performance capability will be expressed
in terms of test capacity; that is, the actual quantity
of-process fluid the ACHE will handle at design con-
inlet pressure, fluid composition, air inlet tempera-
ture, and fan power.

This will require an iterative or graphical solution,
since test capacity, inside film resistance, and effec-
tive mean temperature difference are all unknown.
The test capacity flow rate, W*, will be assumed, and
the heat load calculated independently from Egs.
(5.7) and (5.14). Values of W* will be re-assumed
and the computations repeated until the two heat

52

Design Test
Water circulation rate, lbm/hr 285,000 277,000
Inlet water temperature, °F 168.0 160.0
Qutlet water temperature, °F 149.0 141.2
Heat load, Btu/hr 5,415,000 5,207,600
Inlet water pressure, psig 60 57.2
Water pressure drop, psi 8.0 6.8
Air flow: total lbm/hr 578,526  [540,692 Mot
total SCFM 128,561 120,154 Note1
total inlet ACFM 135,957 127,390 Nete?
exit ACFM per fan 72,755 68,459
Barometric pressure, in. Hg 29.92 29.73
Air temp., °F: Ambient,DBT 94.0 91.2
Ambient WBT 75.0 76.7
Inlet'BBT 95.0 92.2
Inlet WBT 76.0 77.3 Note 1
Exit DBT 134.0 133.5
Air density, Ibm/ft>; Ambient - 0.07105 0.07087
Inlet 0.07092 0.07074
Exit 0.06622 0.06578
Uncorrected MTD, °F 43.23 36.60
- MTD correction factor °F 0.99 P.99
Corrected (effective) MTD, °F 42.80 B6.24
Overall heat transfer coefficient:
Btu/(hr-ft2-°F) Nee2; Service 104.91 119,150t
Drive-output power per fan, HP 10.20 11.40

NOTES:
(1) calculated
(2) based on external surface of prime tubes

loads are equal. The capability will then be computed
from

Test Capacity

Design Capacity x 100

Percent Capability =

B.5 PROCEDURE FOR CALCULATIONS

The following stepwise procedure is presented to
clarify the order of the performance calcplations:

(@) From the test data calculate heat(loads from

- - ents. Com-

pare the two values to determine whether or not the
test is valid [See para. B.3(d) of this Example]. Adjust
w® to w* so that Q% = Q,.

(b) Compute test value of EMTD.

(c) Calculate test value of U?.

(d) Calculate test values of all resistances, deter-
mining air film resistance by difference.

(e) Adjust test air flow rate and test air film resist-
ance to design fan power and design air density.
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(f) Assume a value of W+, and compute Q from

Eq. (5.7).

ASME PTC 30-1991

Heat balance check:

Q- Q, _ 5,406,456 — 5,207,600
Q=W () (T ~ Ty (B.2) @, 10" 5,207,600 x 100

® Compute trial value of EMTD, based on as- = 3.82%
sumed value of W*, (process side) adjusted w* (air
side), and ¢ t Th

(h) Calculate adjusted value of inside film resist- limits. At this point responsible parties to the test
ance. Unless| test data differs markedly from design, agreed that exit air temperature measurement was
Eq. (5.39) m more accurate than air flow rate measurement; there-

0.8
RE (¥
(1)

() Compute trial value of U? from Eq. (5.35).

() Calcula
(EMTD).

(k) Repeat
Q* from ste
terpolation p
trial-and-errg

() Calcula

le Q* from Eq. (5.14): Qt = U*A,

steps (f) through (j) until the values of
s (f) and (j) are equal. Graphical or in-
rocedure may be used to expedite this
r solution of W+, )

te the capability of the ACHE, using the

equation
- w+ :
percent capability = we X 100 (B.4)

(m) Calculpte the predicted process-side pressure
drop from the equation

W* .80
AP} = AP,‘;(—W:) (B.5)
B.6 PERFORMANCE CALCULATIONS
Test heat Ipad:
Q =WMH, - H) (B.6)

fore, air temperatures for EMTD® calculation-were not
adjusted. Process-side heat load Q; wasused for the
analysis, and measured air flow rate adjusted for heat
balance:

adjusted WP = 540,692 X :—ig%%’% - 520,805 lo
Test EMTD:
T; = 160.0°F
T = 141.2°F
£= 92.2°F
£ = 133.5%F

(141.2 — 92.2) — (160.0 — 133.5)

In 49.0
26.5

LMTD® =

= 36.605°F
Correction factor:

t, —t, _ 133.5 — 92.2

= (277,000) (127.89 — 109.09) = 5,207,600 Btu/hr

Q = wc, A (B.7)

=(540,692) (0.2421) (133.5—-92.2) = 5,406,456 Btu/hr

P = = = (.6091
T, =, 1600 = 92.2
T,—-T7, 160.0 - 141.2
= = = .4 2
R=4 "t = 1335 —922 _ 04
F =099

EMTD® = 36.605 X 0.99 = 36.24°F
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Unadjusted test U:

QO

_ 5,207,600
~ (A)EMTD?)

(1206)(36.24)

= 119.15 Btu/hr-ft2°F

r

Test process fluid film resistance:

AIR COOLED HEAT EXCHANGERS
1

1.00
1506.2 /10.902

= 0.0007361 hr{t>°F/Btu

Inside film resistance = E;(A) = (

Inside fouling resistance = (R,) (;ﬁ)

e = [ OO TVE o ' .
I > N __-p‘o = 0.0010640 hrft>°F/Btu
( 4 [se¢ para. B.3(c)]
0.33 0.14
i How Outside fouling résistance = (R, )(A’) =0
“\Ad
Btu [seg para. B.3(c)]
k5 = 0.386 hefe-CE/)
De, = 0.902/12 = 0.07517 ft Prime wall conduction resistance = A X
24 LNK,
o 277,000 B
Ve = (48)(w/4)(0.902/12)2(61.18) 21,256 ft/hr For the configuration used in this Example the pre-
ceding equation reduces to:
= 61.18 lbm/ft Prime wall conduction resistance = Tog {1 Ve Te) (1o 1)
. »
o — - Ibm
u,,—0455><242 11011hft 050’ 0.50
= 12 5 40 451 = 0.0000672 hrft3°F/Btu
¢p, =100 Btu/lbm °F
Bond conduction resistance
b = Q. 2,0, ’
ué_= 0.480 x 2.42 = 1.1616 ﬁ 0.0000100 hrft>°F/Btu (from manufafturers’ data)
(
' . . . _ Alin (re Ire)
i (0023 x 0.386) (21,256 x 0.07517 x 61.18)" Fin root wall conduction resistance =
T 007stT— X —ttott 7

1.1011 x 1.00
0.386

1.1011
1.1616

()

= (0.11811) (9091.7) (1.4133) (0.9925)
= 1506.2 Btu/hr-ft°F

)0.14

re, In (rRo/rR,)

Simplifying, =
ke
0.50 , 0.58
-2 - 170 20 _ 0.0000529 hrfeF/Btu
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Trial-and-error solution for W+:

of the fin =
Trial No. 1: assume W* = 288,000 lbm/hr
1
———-119.15 - 0.0007361 — 0.0010000 — 0.0000000 Q* = (288,000) (1.00) (168.0 — 149.0)
— 0.0000672 — 0.0000100 — 0.0000529
= 5,472,000 Btu/hr
= 0.0065266 hr{t"°F/Btu At, = 5,472,000/(502,012 X 0.240) = 45.02°F
t, =t + At, = 95.0 + 45.02 = 140.02%F
Summary |of unadjusted test resistances:
inside film Jo.oeoeiiririiieieiiiiee 0.0007361  Trial eMTD = | 1420 = 95.0) = (1680 — 140.02)
inside fouling .. ..cvvuneereeeerunennennnn. 0.0010000 Y
outside fouling...........oooeviiiiiiiiiin, 0.0000000 XpI8
prime wall f.......ooooiiiiiiiii, 0.0000672
bond ...l 0.0000100 .
fin root wall......covvveneiinniiieiinnen, 0.0000529 X Q.99 = 39.18%F
air film ..o oo 0.0065266
3R = 0.0083928 ,
Adjusted inside-film resistance:
Ue= 1/SR = 1/0.0083928 = 119.15 Btu/hr-f2°F - 277,000

Adjusted ftest air flow rate:

—

=520,805

HP* 1/2.7 p* 2/3
we = =
HP° Pa

1/2.7 ' 2/3
10.2 0.06622 A
11.4) (0.06578) 502,012 lom/hr

0.8
R*= 0.0007361 ( ) = 0.0007135

288,000

Summary of adjusted test resistances:

inside film ......cooiiiiiiiiiiniiinininnen 0.0007135
inside fouling.........coociiiiiiiiiiin, 0.0010000
outside fouling.........ccoevvinviininn... 0.0000000
prime wall .....oooviiiiiiiiiiiiiii 0.0000672
bond . e 0.0000100
finrootwall.......oovvvvviniiniininnnn, 0.0000529
air film .o, +...0.0066917

3R = 0.0085353

Uy = 1R = 117.16

then, Q* = U° + A, (EMTD)

NOTE: The value of w” in this calculation is the test air 1jow rate
adjusted for heat balance.

Adjusted test air film resistance:

Ry

0.681 0.681
R (%) = 0.0065266 (—-——520'805)

502,012
= 0.006691 hr-ft>°F/Btu

55

Q* = (117.16) (1206) (39.18) = 5,535,960 Btu/hr

Trial No. 2: assume W* = 290,000 lbm/hr

Q+

{290,000) (1.00) (168.0 — 149.0)

I

5,510,000 Btu/hr
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At, = 5,510,000/(502,012 x 0.2421) = 45.33°F EMTD = 38.98°F
L8
t, = 95.0 + 45.33 = 140.33°F , - (277,000\
Adjusted R = 0.0007361 [==2==] = 0.0007095
) justed R; 0.000736 290,022
Trial EMTD = [(149.0 ~ 95.0) — (168.0 — 140.33)-l |
1, 94.00 Adjusted SR = 0.0085313
= 27.67 =
X 0.99 = 38.98°F Adjusted U = 117.22
277,000

290,000

0.8
) = 0.0007056 Q* = (117.22) (1206) (38:98) = 5,510,4Pp8 Btu/hr

Adjusted R = 0.0007361 (

Adjusted 3R = 0.0085314 . By interpolation;W* = 290,022 Ibm/h

-

+

w
P e _WT
Adjusted Uy = 117.21 ercent Capability we X 100

_ 290,022
285,000

X 100 = 101.76 %
Q* = (117.21) (1206) (38.98) = 5,510,231 Btu/hr

Process-side pressure drop:
Trial No. 3: assume W* = 290,022 lbm/hr

C1e 1.8
| L (we\"" (285000} | .
Q* = (290,022) (1.00) (19.0) = 5,510,513 Btu/ht aFy = AP;(_) = 5-8( ) =| 716 psi

we 277,000

At, = 5,510,513/(502,012 x 0.24271).= 45.34°F
Since the allowable pressure drop (as stated in the
inquiry) is 8.0 psi, the unit passed the prgssure drop

t, = 95.0 + 45.33 =°140.34°F criterion.
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ARPENDIX C — EXAMPLE UNCERTAINTY ANALYSIS

This Appendix provides an example uncertainty
analysis for|an Air Cooled Heat Exchanger (ACHE),
using the methodology described in ASME PTC 19.1-
1985. The|example is for a post-test uncertainty
analysis, using the design and test values for the
engine jacket-water cooler example described in
Appendix

C.1 SUMMARY OF ANALYSIS APPROACH

The example uses the following step-wise ap-
proach, as prescribed in para. 4.2 of PTC 19.1:

(@) Defing Measurement Process. The eguations
used in computing the test results are listed. From
these equatjons, the independent medsurément pa-
rameters ar¢ identified. These equations also provide
the basis for developing the sensitivity factors for
each paramgter. The sensitivity.factors are the func-
tional relatipnships between‘each independent mea-
surement parameter andthe test result.

(b) Calculate Bias and"Precision Error Estimates. The
bias and precision €rfor estimates are determined for
each indepgndent parameter. Typical values for each
bias and prgcision error estimate are provided in this

C.2 DEFINITION OF LETTER SYMBOLS

Special letter<symbols are used in this Appendix
which do not appear elsewhere in the Code. The def-
initions for these symbols are:

Bi,-="the upper limit of the bias error for param-
eter j
Si; = the precision index for parameter j
t,ssx = the Student-t statistic, determined from
tabular data for a degrees of freedom, v,
and a 95 percent coverage
Un,gss = the overall uncertainty of result, r, for a 95
percent coverage
v, = the degree of freedom for parameter j,-
used in evaluating the precision error
8, = sensitivity factor which functionally re-

lates a change in an independent param-
eter j to the change in the result

C.3 DEFINE MEASUREMENT PROCESS

There are two results calculated for the test ex-
ample in Appendix B — Capability and Process-Side
Pressure Drop. The development of sensitivity factors

example. T
values is not demonstrated in this example, but is
addressed in great detail in PTC 19.1.

(c) Propagate the Bias and Precision Errors. Using
the sensitivity factors and the bias and precision val-
ues for each independent parameter, the bias and
precision errors are propagated separately.

(d) Calculate Uncertainty. The bias and precision
errors and combined into an overall uncertainty
value,

57

tor each of these resuits will be illustrated.

C.3.1 Capability. The equations used to compute
capability in Appendix B are repeated herein.

Recalling that the process-side heat load, Q; , was
used for the analysis, the following are the calcula-
tions for capability:

Q=Wxc(—-T) (cn
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-
l 2 1.
? (T‘: = t:)

NOTE: A constant value of 0.99 is used for the Temperature Cor-
rection Factor, F. Referring to Fig. 5.7 for the test conditions of the
Temperature Difference Ratio, R, and the Thermal Effectiveness, P,

EMTD® = 0.99 X (C.2)

AIR COOLED HEAT EXCHANGERS

" R, = Inside Film + Inside Fouling + Outside Fouling

+ Prime Wall + Bond + Fin Root Wall + Air Film
From Appendix B

R, = Ry + 0.0010 + 0.0000 + 0.0000672
+ 0.00001 + 0.0000529 + R}

Tie value of F Is nearly constant at U.99 over a wide range of P
nd R values.

Q;
o _Mp
U A, X EMTD? (€3

R, = LI 0.0007361 — 0.0010000 — O

2 0
-

- 0.0000672 — 0.0000100 — 0.0000529

) :
R, = — — 0.0018662 (C4

v

NOTE: The other calculated resistance values, (0.0018662 = the
sum of the resistances of the inside film, inside fouling, prime wall,
btc.) are taken as constants because of the negligible changes in
hese values for the expected magnitudes of the measure-
ment errors.

R, + R¥ + R} + 0.001301

1

Ur =gy R+ +0.0011301 (C12)
o= _ % (C.13)
(T =T
W+
CAPABILITY (%)= (W) X100 (C.14)

The next step is to identify the independpnt param-
eters which appear in the preceding equations, and
then to develop a set of equations which flinctionally
relate the independent parameters to the| Capability
(i.e., determine the sensitivity factors). The first part
of this task is accomplished by simply listing all the
parameters which appear in the equationd, and elim-
inating all constants and all calculated pargmeters. All
design values are considered constants for the pur-
pose of the uncertainty analysis.

In reviewing the remaining parameters} it is.nec-
essary to ascertain if all of these parameters are, in
fact, independent. To do this, it is necessary to review
the calculations and corrections, if any,|that were
used in determining these values. In this cpse, the air
flow rate, w®, is found not to be an indepgndent pa-
rameter. The air flow rate was determinegd by a ve-

* 1/2.7 * 2/3
wt = w‘”(%) (P:) (C.5)
p P
R = m(x—) (C.6)
Qi =W+ x c*, (TF~T¥) (C.7)
+
At, = W—Qlé; (C.8)
Pa
tr = tr + At (C.9)
* . ¥ —_ * +
EMTD* = 0.99 X (T ~ ) = (I = ) (C.10)
(=t
\m -
W° 0.8
R: = R,‘;(W+) (€11)
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locity traverse at the discharge of each of the fans;
however, by agreement, the mass flow rate of the air
was based on a heat balance calculation for use in
computing the test results. The equation for this com-
putation was

oG =T
c ot -1t

Pa

(C.15)
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The final list of independent variables then be-
comes: : :

T3 T5 W, WBT, &, t;, hp®, and B°.

As described in para. 2.7 of PTC 19.1, the sensitiv-
ity factor ca i

(a) When| there are known mathematical relation-
ships between the result and the independent param-
eter, the [sensitivity factors can be computed
analytically py partial differentiation of the equations.

(b) Wher| no mathematical relationship is available
or when differentiation is difficult, the sensitivity fac-
tors can be| determined numerically by taking finite
increments jof each of the parameters and determin-
ing the effeqt of the incremental change on the result
by using the data reduction calculation procedure.

For the (apability calculations, mathematical re-
lationships pre established, as demonstrated by the
listed equatfons; however, there is no closed solution
for these equations. The result must be determined
by an itergtion scheme between Egs. (C.7) and
(C.13). As aJresult, it is more practical and convenient
to use a ngimerical solution approach in this case
(assuming there is access to a computer).

The numerical development of the sensitivity fac-
tors for each of the independent parameters are pro-
vided in Tahles C.1a and C.1b. For each independent
parameter, [positive and negative increments_are
added to the test values, with the incremental values
being apprgximately equal to the expected precision
and bias error values. Capability is determined step-
wise for each incremental change. Thesensitivity fac-
tor for each|parameter is calculated as the change in
Capability divided by the positive or negative incre-
mental valup. Positive and negative incremental val-
ues are used to determine the.degree of non-linearity
in the sensitivity factor)around the test value.
The Table fesults show-the final solution for each
parameter.

DT UCEVETIODEU C cl O WO wWdys.,

C.3.2 Process-Side Pressure Drop. The equation for
the calculation of the process-side pressure drop is

W*

1.8
APy = AP;;(W,) (C.16)

In this case, there is a convenient mathematical
relationship between the result, AP, and the inde-
pendent parameters, AP, and W°. The absolute (di-
mensional) sensitivity factors, 6, , are determined by
partial differentiation of Eq. (C.16) by
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18
fo R (W) ap
“p 5APZ we APy
SAP AP +\ " +
B0 = L P m = —-1.8 ME_
awe we \wW° we
IKEWISE, e relatve (aimensionliess;) sensitvi y

factors, 8',,- and 8',,., are determined by
P

- SAPI/AP; _
P BAPY/AP;

0’

SAPI/AP;

2 =418

O = Swemr

C.4 DETERMINE THE BIAS AND PRECISION
ERRORS

Tables C.2 and C.3 provide listings of the bias er-
rors,. the précision error estimates, and the degrees
of freedom’associated with each independent param-
eter used in computing the capability and the proc-
ess-side pressure drop. As described previously, PTC
19:71 provides detailed instructions on the determi-
nation of the error terms. The values provided in Ta-
bles C.2 and C.3 are values which could typically be
achieved using the procedures and methods de-
scribed in this Code. The uncertainty values and the
degrees of freedom associated with the precision in-
dices are based on the assumption that a computer-
based data acquisition system, with system accura-
cies in accordance with Section 4, was used to ac-
quire the temperature data and the measurement of
process flow rate. The other data — air flow rate,
barometric pressure, fan horsepower, and process-
side pressure drop — were acquired manually using
instrumentation of the accuracies specified in Section
4. The degrees of freedom, which are determined
from the number of readings and the number of mea-
surement points, are based on a typical one-hour test.

OUG cl prect-
sion and bias error for each of the independent pa-
rameters listed in Tables C.2 and C.3 are the result
of propagating all the identifiable elemental error
sources. These values are provided for example pur-
poses only. The actual bias and precision error values
are dependent on the particular ACHE tested, the

be emphasized € Vvd

"number and type of instruments, the calibration pro-

cedures used, the length of the test, the constancy of
the test conditions, and the ambient conditions at the
time of the test.



https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

AIR COOLED HEAT EXCHANGERS

ASME PTC 30-1991

0002221000442 — -M)OOL = .MP

.ap/deop o MPIdEOP $ip/deop %1p/deDp

8829L°L 126220t riese9 - €LELL9Y Bae(xp/depp
108zZ4'L— | 946L°v— | 98220°t 9.6220°L €L28€'9~ | 9512¢9- | 668G29'F LVB96S ¥ xp/denp
1082410 716110 | 982201 - | 9Z6¢C0°T GOEI6r € 8I091 €~ | v6elEc— | tcveeee deogp
6v£6°101 £285°1L0L £6€2°001 168220} GEGE' V0L 8€109'86 L26VY'66 S090'¥0L 12927101 (¥1 b3} ‘ded o
9'¥15062 8'605682 0204282 9'/€626¢ S'LLL66C 6'€L0I8T Z0evese 9225962 1220062 (€L "b3) M
802€°L11 Z850°LLL 0SE0°9LL S00v'8LL Ly087 121 686L°CLL ¥a8g Ll €52G°641 9L1Z' L1 (r{ G F )] in
8020000 0120000 6020000. | 60,0000 2690000 1210000 22,0000 9690000 60£000:0 (11 'b3) iy
9v566'8€ vE996'8E 0.186'8¢ v18.6'8E 1818'8¢ ¥E0LL'6E £€2.98'8¢ ¥0160°6E 2z086'8¢ (01 "b3) +Q1N3
LELE oL 829¢ 0V 1 LGEEOVL 86€£€°0V1 6750 S62L 0Vl 815 0v1 ¥09L°0vL G1E8°0VL (6 b3) a
8LELEGY ¥829E'SY YLGEESY 186EE°SY S6.v5SY G5621°SY 09.15°Gy £Y094 Gy 05.8€8°SY (8 'b3) v
‘8146165 '989005S "£E0G5YS "G18G9GS "YE2ER9S "GOZ6EES "GLLGBES "088¥£99 “L2POLSS (£ b3) o
9'v15062 8'605682 0204282 G'2£6262 G211662 6'cLoLse zoevese 922696¢ 1'220062 (ssano) M

1899000 2049000 8219000 9099000 12¥900°0 9269000 1689000 6€5900°0 1699000 (9b3) - J
2'£60£05 2°998005 2266967 ¥'2€0205 L€9ESLS 6'09988Y 6°09988% L€9EGLS €210205 (s b3) M

925900°0 9259000 0199000 £¥¥900°0 2929000 €08900°0 | Z89900°0 12£900°0 9259000 (v b3) 3
1961611 1961611 1696°LL1 28ve ozt £gL0'cet ZOPESHE £286:911 rLog'LgL 19GL°6LL (€ b3) n
z98e2'9¢ 298€2°9¢ 298¢2'9¢ 298€2°9¢ 09¥€£0°'9€ €02y 9 8p0E6'SE YovySoe z98ET'9¢ ¢ b3) «QlN3
0092025 0092025 ¥25651G 9296525 0019¥€S 0016905 0016905 0019¥ES 0092025 (1 b3) o]
9'192026 1928025 G'96GGLG 9210925 8'GGOVES ¥°£56908 ¥'£56906 8'GGIVES 9'v0802S (Si "b3) oM
senjeA peejnojed
965900 109900 815900 815900 815900 816900 825900 82690°0 816900 229900 (Wia=o
KA A] 12¥2°0 L12¥2 0 LEZYeo (474 LiZr2 0 A7 AN A (W¥S7A4] *do
9€£000°0 9€.000°0 9€2000°0 9240000 920000 9£2000°0 9£2000'0 9€2000°0 9€20000 ,| V¥N H
€962 £8'62 €L'62 €L'62 €462 £L'62 €L'62 €L'6¢ €162 26'62 (BH ‘u).g
tLL i vt i viL ¥l vl vl il zol (dyq),dy
G'EEl g€t geet SEEl Geel G'Eel geeL g'eet G'EEL veL (ERA]
L eLL eLL €Ll €Ll L L €L €L 9L (do)s18Mm
zee 226 A (A zee A A< ) 226 S6 (do)5d
000LL2 000442 0szyLe 0L.612 00022 00022 000222 000222 000222 000682 (u/wan.m
AL TR vl FAL L0vL Livl vl AU rA 1 6vL (4.8t
ost 09t 09} 094 091 091 g'6sL G091 091 891 (ERY]
9021 MY
o8P — 08P+ ¢ oMP ~ oMP+ 3ip- P+ s1p- Lip+ i1seL uBjseq [sie18wWeIed juapuadepuy

SISKTVNY AINIVLIIONN JO4 SYOLDVH ALIAILISNIS
eLD J14vl

60


https://asmenormdoc.com/api2/?name=ASME PTC 30 1991.pdf

L9

TABLE C.1b
SENSITIVITY FACTORS FOR UNCERTAINTY ANALYSIS

Independent Parameters Design Test +dT? -dT$ +dWBT$ - dWBT¢ +dtg —dtg +dHp® —dHp®
A, ft? 1206

(°F) 168 160 160 160 160 160 160 160 1p0 160
T°F) 149 141.2 141.2 141.2 141.2 141.2 141.2 141.2 141.2 141.2
We(lbm/hr) 285000 277000 277000 277000 277000 277000 277000 277000 2770p0 277000
t5(°F) 95 92.2 92.7 91.7 92.2 92.2 92.2 92.2 93 92.2
WBTS(°F) 76 773 77.3 77.3 77.8 76.8 77.3 77.3 71.3 773
t3(°F) 134 133.5 133.5 133.5 1335 133.5 134 133 133.5 133.5
hp°(Bhp) 10.2 11.4 1.4 1.4 11.4 11.4 1.4 114 11.9 10.9
B°(in. Hg) 29.92 29.73 29.73 29.73 29.73 29.73 29.73 29.73 2973 29.73
Ry NA 0.000736 0.000736 0.000736 0.000736 0.000736 0.000736 0.000736 0.000736 0.000736
Cps 0.24211 0.24208 0.24215 0.2422 0.24202 0:24211 0.24211 0.24211 0.24211
pallbmIftd) 0.06622 0.06578 0.06579 0.06577 0.06576 0.06581 0.06573 0.06584 0.06578 0.06578
Calculated Values
w® (Eq. 15) 520804.6 527252.3 514489.9 520611.1 520998.3 514574.9 527187.0 520804.6 520804.6
Q (Eq. 1) 5207600 5207600 5207600 5207600 5207600 5207600 5207600 52076p0 5207600
EMTD® (Eq. 2) 36.23862 36.03460 36.44203 36.23862 36.23862 35.93048" 36.54464 36.23862 36.23862
[ (Eq. 3) 119.1567 119.8313 118.4916 119.1567 119.1567 120.1786 118.1589 119.1567 119.1567
R; ' (Eq. 4) 0.006526 0.006478 0.006573 0.006526 0.006526 0.006454 0.006596 0.006526 0.006526
w* (Eg. 5) 502012.3 508175.9 495975.7 501927.5 | 502046.4 496258.9 507855.7 494094 .4 510421.1
R; (Eq. 6) 0.006691 0.006643 0.006739 0.006690 0.006692 0.006616 0.006766 0.0067p4 0.006616
w GUESS 290022.1 292551.8 287538.6 290066.8 289955.2 290085.7 289936.5 28653¢.7 293702.0
Qr (Eq. 7) 5510421 5558484 5463233. 5511270 5509148. 5511628 5508794. 5444198. 5580338
Aty (Eq. 8) 45.33750 45.18386 45.48883 45.33530 45.34081 45.87318 44.80262 45.51046 45.15638
ty (Eq. 9) 140.3375 140.1838 140.4888 "140.3353 140.3408 140.8731 139.8026 140.5104 140.1563
EMTD"* (Eq. 10) 38.98022 39.07640 38.88530 38.98161 38.97815 38.64335 39.31418 38.87172 39.09358
R; (Eq. 11) 0.000709 0:000704 0.000714 0.000709 0.000709 0.000709 0.000709 0.000716 0.000702
T4 (Eq. 12) 117.2176 117.9490 116.4975 117.2315 117.1968 118.2654 116.1876 116.1322 118.3607
w (Eq. 13) 290022.1 292551.8 287538.6 290066.8 289955.2 290085.7 289936.5 286536.7 293702.0
%Cap. (Eq. 14) 101:7621 102.6497 100.8907 101.7778 101.7386 101.7844 101.7321 100.5392 103.0533
dCap [Note (1)) . 0.887597 —0.87142 0.015675 —0.02349 0.022291 —-0.03004 —1.22294 1.291174
dCap/dX 1.775195 1.742840 0.031350 0.046999 0.044582 0.060088 - 2.44589 —2.58234
dCapidx)avg 1.759017 0.039175 0.052335 -251412

dCap/dT} dCap/dWBT} dCap/dt3 dCap/dHp®

NOTE:
(1) dCap = (% Cap ~ %fCap at Test Measured Conditions)

SHIONVYHIX3 Lv3H 37000 "IV

1661-0€ OLd INSY
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TABLE C.2 A
ERROR ESTIMATE VALUES FOR CAPABILITY

AIR COOLED HEAT EXCHANGERS

Bias Limit Precision Index Degrees of Freedom Sensitivity Factors

Parameter (Bi') (Si) ) (6) [Note (1)]
it 0.05 0.006 59 4.6114
51 0.10 0.013 58 6.3521
we 2.5 0.25 59 1.0229
4 0.25 0.63 58 1.7590
W8T} 0.25 0.50 58 0.0392
4 0.3 0.47 56 0.0523
hp° 02" 0.08 7. 2.5141
8 0.01 0.012 -3 17629
NOTE: '

(1) Reported from Tables C.1a and C.1b.

'¢.5 PROPAGATE THE PRECISION AND BIAS

Evaluating Eq. (C.18) with the values in [Table C.2,
ERRORS | |
¢.5.1 Capability. The bias limit of the result, Bicsp S’_" F{4.6114 x 0'006)1 T 0:000766
it computed using the equation Sir; : (63521 x 0.013)* 3 0.006819
’ Siy~ : (1.0299 x 0.25)* 5 0.066293
~ 2 Siq : (1.7590 x 0.63)* § 1.228041
B, = [ S ©8, )z] (€.17) Siwer; : (0.0392 X 0.50)* < 0.000384
- Siy : (0.0523 X 0.47)*  0.000604
Sipg : (2.5141 X 0.08)* 3 0.040452
_ , _ Sip 1 (1.7629 X 0.012)? = 0.000448
Evaluating Eq. (C.17) with the values in Table C.2, * ‘ssi 4 1.343807
Bir, : (4.6174 x 0.05) = 0.053163 Sieop 11592
Bir, :(6:3521 X 0.10)* = 0.403492
Biys (1.0299 X 2.5 = 6.629338 Since not all the degrees of freedom given in Table
Bi; : (1.7590 x 0.25)* = 0.193380 C.2 are greater than 30, the degrees of fregedom for
Biwgr, : (0.0392 X 0.257 = 0.000096 the result, v.,,, are computed according to the Welch-
Bi’i : (0.0523 X 0.3)2 = 0.000246 Satterthwaite formulas, as
Bi,.. : (2.5141 x 0.2)* = 0.252828 2
Big. : (1.7629 X 0.01)* = 0.000311 >
)2
3Bi* = 7.532854 I-:;‘ ©5) -|
, C J
Bi,, = 2.745 Ve = (C.19)

The precision index of the result, Si.,, , is com-
puted using the equation

172
Sicep = [2 S, )2] (C.18)

i=

62

ap = T N hcve
(85)°
E Vv,

i=1 /

Applying the values of Table C.2 to Eq. (C.19)

|

5

J=1

(e,s,.)z(e,s,)z:l =1.8058
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TABLE C.3
ERROR ESTIMATE VALUES FOR CAPABILITY

Bias Limit Precision Index Degrees of Freedom Sensitivity Factors
Parameter (Bi) (5i) w) ()]
we 2.5 1.7 59 1
AP, 0.05 0.063 1 1.8
- (65)* "
¥ 227 = 0.02631 , Sigpt —
- Slpr = —2 =| > (6|} (C21)
» AP} =
1.8058
Voo™ 02631 ~ O

C.5.2 Process-Side Pressure Drop. The relative bias

limit of the result, Bi,,+ is computed using the equa-
tion,
172
, Bi e+ ad ,
B+ =~ =13 (6Bi) (C.20)
APy forl
where
Bi, = B
J

Evaluating Eq. (C.20) with the values in Table C.3,

,mi
Bius = [(1 x 0.025)2+(1.a>< Qﬁ) ] = 0.0283

Evaluating Eq. (C.21) with the values in Table C.3,

273172
0.063
B X
(1 8 6.8 ) :|

(s/A,,,;)

s/‘,,,; = [ (1.%0.017)? +
(S
S/A,,; = 0.0238

Si;\,,; = 7,16 X 0.0238 = 0.170 psi

The degrees of freedom of the result, v,,%, is de-
termined using Eq. (C.19) and the values in Table C.3

as,
0.063Y'T
6.8
Vapt = =38

P 0.063\"
1.8% —=
6.8 )

[(1 x 0.017)’+(1.8 X

(1%0017)¢ | (
59 11

C.6 OVERALL UNCERTAINTY VALUES

6.8
(Biw) By, )
From Appendix.B,
o |
AP, = 7.16 psi

de,.; = 0.0283.

or, Bigs = B:’A,,; X AP; = 0.0283 x 7.16 = 0.202 psi

The relative precision index of the result, Sisp} is
computed using

63

The overall uncertainty in the result for a 95 per-
cent coverage, Un, gss is defined by,

Un, g = [Bi2, + (tSi, 2]'? (C.22)

The overall uncertainties are evaluated accordingly,
[2.7452+ (2 x 1.1592)%]2=3.59 percent

Utap,RSS =

* Uspppss = [0.2022+(2 X 0170712 = 0.395 psi
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TABLE C4
TWO-TAILED STUDENT-{ TABLE FOR THE 95 PERCENT CONFIDENCE LEVEL
Degrees of Degrees of
Freedom t Freedom t
1 12.706 16 2.120
2 4,303 17 2.110
3 3.182 18 ‘ 2.101
4 2./770 19 2.093
5 2.571 20 2.086
6 2.447 21 2.080
7 2.365 22 2.074
8 2.306 23 2.069
9 2.262 24 2:064
10 2.228 25 2:060
11 2.201 26 2,056
12 2.179 27 2.052
13 2.160 28 2.048
14 2.145 29 2.045
15 2131 30 or more use 2,0

GENERAL NOTE: Table gives values of t such that from —t to +t the area included is 95%.

where the value of the Student-t statistic, ¢, is deter-
mined from tabular data for the degrees of freedom
(70 for capability and"38 for AP%), and for a coverage
of 95 percent (see Table C.4), t is equal to 2.

The results_of Appendix B example are stated as
follows:

TEST CAPABILITY = 101.8 percent +3.6 percent
and, S
AP} = 7.16 psi £0.41 psi

As discussed previously, the Appendix B example
indicates a contractual specification that the air flow
rate, used in the calculations of the test capability,
would be determined using a heat balance calculation
as defined in Eq. (C.15). Presumably, such an agree-
ment would be based on a preliminary uncertainty

. ’
analysis was also conducted based on using the mea-
sured air flow rate (i.e., the air flow rate calculated
from the exit air velocity traverses) in the calculation
of the test capability. The results of this analysis
yielded ‘

TEST CAPABILITY = 103.4 percent +4.0 percent

64
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APPENDIX D
SPECIAL CONSIDERATIONS FOR COMPUTATION AND

D.1 INTRODUCTORY COMMENT

The adjustment of tube-side heat transfer and pres-
sure drop @lata taken during a test compared to the
design congitions is complicated by the many differ-
ent combirfations of flow regime, heat transfer proc-
ess and strgam composition that can exist on the tube
side. The common case of single phase turbulent flow
is dealt with in paras. 5.9.2 and 5.9.3. But laminar
flows and pondensing applications require different
correlationf and particularly greater attention to the
details of the problem, and this Appendix offers some
guides for|analyzing these problems. For some of
cases encopintered, particularly in the process indus-
tries, morg complex, usually computer-based, pro-
cedures afe required. Some of these cases are
identified helow and references to the pertinent lit-
erature are|given.

D.2 FLUID WITH NO PHASE CHANGE

D.2.1 Prespure Drop. Pressure drop‘due to friction
for single ghase flow inside tubes.may be estimated
from the Moody-Darcy frictionfactor chart (Ref. [81]),
given here ps Fig. D.1. The pressure drop due to fric-
tion, AP, i$ related to thé friction factor, f, by

fMngEL ll- W "
P X s -4
A ! (ZD, gc)( lLP ) (D.‘])

ADJUSTMENT OF RESULTS

highly unpredictable and is very strongly influenced
by entrance disturbances and flow, maldistribution.

In turbulent flow, it is necessary te take wall rough-
ness into account. New tubes.‘may be considered
smooth, and a good representation of that curve over
the Reynolds number range-from 10,000 to 100,000
is credited to Blasius (Ref. [9]) and given here as Eq.
(D.3):

1/4
Dip.V,
Hp

Older tubes may be considerably roughened by
corrosion or deposits and relative roughness up
to ¢/D, = 0.003 may be encountered in practice. |

For flows that would normally be laminar, various
types of twisted tapes, springs and solid cores may
be inserted into the tube in order to disturb the flow
and increase the heat transfer rate. The devices are
variously termed turbulators, retarders, or accelera-
tors, and they inevitably increase the pressure drop
also. There are no general correlations applicable to
all geometries, and the manufacturer of a particular
device must usually be relied upon to supply the
pressure drop and heat transfer correlations.

An additional pressure drop is encountered at the
entrance to the tube due to the increase in kinetic
energy of the fluid and the frictional losses associated
with the expansion from the vena contracta and the
formation of the fully-developed velocity profile. A

The abscissa of Fig. D.1 is the Reynolds number of
the tube-side fluid:

F A%
Re, = DV, (D.2)
Mo .

The region of discontinuity (Re; from 2100 to about
7000) between the laminar and turbulent regimes is

feasonaple estmate of this 10ss 1S 1-1/2 to Z velocity
heads for each pass, based on the velocity in the
tubes:

APenl_ = n(%};) (D-4)

where n = 1.5 to 2 and AP, is entrance pressure drop.
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The total tube-side pressure drop is the sum of AP;
and AP,... Nozzle and header losses may need to be
separately considered.

The properties used in these equations and those
in the following paragraphs are usually evaluated at
the arithmetic mean bulk temperature on the tube

side, except for w,,,, which is evaluated at the inside
wall tempepature-at-the pointwhere the fluid reaches

ASME PTC 30-1991

For fully developed turbulent flow (Re; > approx-
imately 7,000), there are several good correlations
available. For general use, the Petukhov-Popov equa-
tion, Eq. (D.6), (Ref. [13]), is regarded as the most
accurate but it is not in convenient form for ratioing
changes in velocity, for example,

p
its arithmetic mean bulk temperature.

D.2.2 Hea{ Transfer. The appropriate heat transfer
correlation|to use depends upon whether the flow is
turbulent of laminar, For laminar flow (Re; < 2100),
many diffefent correlations and analytical treatments
have been [given in the literature. Reference [10] is
the most comprehensive and up-to-date source. The
Hausen eqpation (Ref. [11], [12]) is widely recom-
mended in| the literature to represent the major ef-
fects in laminar flow:

(D.5)

0.14
P B
u‘p,w

where h}}, is the mean dnside heat transfer coeffi-
cient for lafninar flow in a tube of length L.

Examinatjon of Eq."(D.5) reveals that for small
L, h; is progortional'to L=, where L is the length of
the tube. This.is’/due to the development of an ad-

fu V[ DoV Y Conte Y| Ho .
8 TR k, Hp
hi, t Di

kp = , 12 2/3
1.o7+12.7(ﬂ) [(91‘@) L1 ]
8 k,

where the subscript t indicates turbulent.

The viscosity ratio term has been added to the
above equation here, The Moody-Darcy friction fac-
tor, f,,, in Eq. (D.6) can be calculated from Eq. (D.3).

The Sieder-Tate equation, Eq. (D.7), Ref. [4], is
usually adéquate for air cooler applications and is
more convenient for adjustments of tube side con-
ditions:

0.8 1/3 .14
h,, D, )
it D’ = 0.023 ..D.£LVB SEAEE B (D.7)
k, Mo ks P

For water, Figs. D.2a and D.2b taken from Kern
(Ref. [14]), are very easy to use. Figures D.2a and
D.2b may be represented by the following dimen-
sional equation:

verse temp
tive heat transfer in the fluid. As mentioned above,
various devices may be inserted into the tube in order
to break up this gradient by disturbing the boundary
layer or by forcing the flow to become turbulent. No
general correlations are available for all such devices,
and specific correlations for each type should be ob-
tained from the vendor and their interpretation
agreed upon prior to the test.

67

h, = Ch)ee (D.8a)
where (h; Joe, = 1.70 (100 + T) V.2 (D.8b}

ult of the conduc ’
and C = 0.911 - 0.429 log,,l, (D.dc)

where T is the mean water temperature in °F, V, the
tube inside water velocity in feet per second, and
D/ the inside tube diameter in inches.

The dimensions of h; are then Btu/hr-ft2-°F, and h;,
is based upon the inside area of the tube.
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For transition flow (2100 < Re; < 7,000), no ac-
curate predictions are possible because of the slow-
ness with which fully-developed velocity and thermal
profiles are achieved and because of the strong effect
of the entrance flow geometry. An estimate can be
made by linearly interpolating between the laminar
flow heat transfer coefficient, h,, , obtained from Eq.

’ ntr

ro}n Eqg. (D.6) or (D.7), using the equation:

L )<Re, - 2100)

h, = hi.l. + (hi,t - 4900

for 2100 <Re,; < 7000 (D.9)

Any calculation in this range must be regarded as
Bighly uncertain,

.3 SINGLE COMPONENT CONDENSATION

D.3.1 General Comment. The condensation of a
ingle (pure) component can usually be considered
b be carried out at nearly constant pressure. and
herefore at nearly constant temperature. However,’
he details of the condensation process are.fiot fully
nderstood, and the correlations correspondingly are
ot very precise. Coefficients for condensing steam
r ammonia are so high (in the absence of non-con-
ensable gas) that this uncertainty” hardly matters.
owever, coefficients for other substances (such as
ropane or other light and_ medium hydrocarbons),
hile generally quite geod;, may be comparable to
e air side when the area ratio is taken into account.
he heat transfer correlations given below are accu-
te enough for,most purposes. Prediction of pres-
ure drop in two-phase flow is very uncertain; errors
p to a factor of five are possible.

OO = (o o~ gma

.3,.2 Pressure Drop. Pressure drop calculations in
i inci i h\,/ step.

/

AIR COOLED HEAT EXCHANGERS

vapor with no liquid present has a quality of 1.00,
and a totally condensed stream at its boiling point or
bubble point has a quality of zero.

Estimates can be made of the frictional loss using
the work of Martinelli and Nelson (Ref. [15]). The
frictional pressure drop through the tube for the con-
densing flow entering as a saturated vapor (x, = 1.0),

2

APy = ribP,, (D.10)
where TPF indicates two-phase'flow and AP, is the
pressure drop calculated from Eq. (D.1)| assuming
that the flow is all vapor-and no condensat{on occurs.

The mean two-phase multipying factor, 2, , is read

from Fig. D.3 as afunction of the exit qualjty and the
reduced pressure’of the vapor,

P = (DN

oo

where P is the absolute pressure of the dondensing
vapor and P,, is the absolute critical presdure of the
vapor being condensed. P and P_, must be in con-
sistent units, usually psia.

The other two pressure effects that need|to be con-
sidered in condensation are the momentum and hy-
drostatic contributions. Momentum effectgr:rise from
the deceleration of the vapor as it condensegs; in prin-
ciple, this results in a pressure recovery.| However,
this recovery is usually at least partially offset by in-

creased friction losses in the liquid film. In design, it
is usually conservative to neglect any presqure recov-
ery that may occur. However, in analyzing the per-

formance of a unit, this pressure recdvery may
explain, at least partly, why the pressure drop is less
than that expected. '
The hydrostatic pressure effect arises or)ly for ver-
tical or inclined tubes. The hydrostatic prespure effect
results in an increase in the pressure at the|lower end
of the tube compared to a similar horizdntal tube.
Accounting for this effect requires detailgd calcula-
tions of the local density of the two-phage mixture

integration of local conditions, coupled with the heat
transfer rate to estimate the rate at which the vapor
is being condensed. The total pressure effect is the
algebraic sum of the frictional, momentum, and hy-
drostatic effects, of which the first is usually of the
greatest concern. An important parameter is the qual-
ity of the flow, which is defined as the mass flow rate
of the vapor phase only, divided by the total mass
flow rate of both vapor and liquid phases. A saturated

and is often (conservatively) omitted in condenser
design.

D.3.3 Heat Transfer Coefficients

D.3.3.1 Horizontal Tubes. At low condensing rates
inside horizontal tubes, the condensate flows down
the walls of the tube into a pool at the bottom of the
tube, which then drains by gravity out of the end of
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