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FOREWORD

Performance tests of industrial heat exchangers are often conducted to compare test
results with manufacturer’s rating data, to evaluate the cause(s) of degradation, to verify
regulatory compliance, or to assess process improvements. All tests have associated costs.

T:lU)C COSL Cdnl :JU slUdl Ii’ l:lC [{SA)8 lC)U:lb dlic illLUllLl’U)iVﬁ. HiblUliLd”y, ltblills :lCdl
exchanger performance in operating processes was not conducted according to standard,
acceptable methods; therefore, the results were inconsistent. Many of the unacceptable
results have been attributed to small deviations in test conditions and measurement prac-
tices. In other cases, analysis of the data did not consider all factors which affect
performance.

As industry implements improvements to reduce costs and increase output, performarice
margins of process streams tend to be reduced. The need for accurate performance test
methods is increasing to meet the commercial demand. A single consistent testphilosophy
and methodology including measurement and analysis techniques for delivery of accurate
and repeatable heat exchanger test data would provide a foundation to assess performance.
Such a test standard has wide applicability in the power, food-processing, chemical and
petroleum industries, among others. It was with the intent of satisfying these industry needs
that the Board on Performance Test Codes (BPTC) authorized-the formation of the PTC
12.5 Committee to explore the development of the present Code.

The PTC 12.5 Committee began its deliberations late in1994. An early version of the
draft code was subjected to a thorough review by industry, including members of the
BPTC. Comments were incorporated in the version which was approved by the Committee
on 11 August 1999. PTC 12.5-2000 on Single Phase-Heat Exchangers was then approved
as a Standard practice of the Society by action-of the Board on Performance Test Codes
on 8 May 2000. It was approved as an Ametican National Standard by the ANSI Board
of Standards Review on September 26, 2000.

(Revised 26 September 2000)
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NOTICE

All Performance Test Codes MUST adhere to the requirements of PTC 1, GENERAL INSTRUCTIONS. The

following information is based on that document and is included here for emphasis and for the converfience of

the user of this Code. It is expected that the Code user is fully cognizant of Parts | and Ill of PTC J.and
them prior to applying this Code.

has read

ASME Performance Test Codes provide test procedures which yield results of the highestfevel of dccuracy

consistent with the best engineering knowledge and practice currently available. They were devel

bped by

balanced committees representing all concerned interests. They specify procedures, instrumentation, equipment

operating requirements, calculation methods, and uncertainty analysis.

When tests are run in accordance with this Code, the test results themselves, without adjustment for undertainty,
yield the best available indication of the actual performance of the tested equipment. ASME Performance Test
Codes do not specify means to compare those results to contractual guarantees. Therefore, it is reconmimended

that the parties to a commercial test agree before starting the test and preferably before signing the
on the method to be used for comparing the test results to the contractual guarantees. It is beyond the
any Code to determine or interpret how such comparisons shall be made.

Approved by Letter Ballot #95-1 and BPTC Administrative Meeting of March 13-14, 1995.

contract
scope of
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SINGLE PHASE HEAT EXCHANGERS ASME PTC 12.5-2000

SECTION 0 — INTRODUCTION

Performance testing of industrial heat exchangers Guidance is sufficiently detailed for a test engineer

is condugted to compare installed capability with
design spgcifications, assess degradation, and evalu-

ate the benefit of performance improvements such for §hell—and-tube, plate-frame, a”fj room air COC_’I 4
as cleanings, heat transfer surface enhancements de5|.gr'\s-. Even thoggh the gurda-nce 1$ gomprehensnv?,
and unit|replacement. Industrial and experimental flexibility is provided to permit a variety of analysis

experiende indicates that results can vary signifi-

cantly w

methods.|Application of detailed and consistent test . .
N . During the development<ef. this Code, data from
practices|is needed for reliable and accurate results. . .
. . the open literature has been ‘compiled and evaluatgd
A commercial standard for heat exchanger testing . ; >
. , _ in order to establish a-basis for the accuracy of tgst
provides |a basis for comparison of results from

th small changes in the test and analysis

to estimate the cost and benefit of periorming 4n
accurate test. Step-by-step examples are praovidgd

methods. The user may perform Code calculatiops
using the data provided, proprietary computer soft-
ware, or other analytic tools.

results. The appendices provide a description of thege

different fest organizations and desngns'. _ evaluations for techriical topics including steady state
This Test Code provides comprehensive guidance criteria, uncerfainty analysis, shell-side performang
to plan, conduct, and analyze results for accurate methods, Mmean temperature difference, tube-si
performapce tests of single phase heat exchangers. performarice methods, fouling resistance, pIate-frarI
The key |test requirements are applicable to most performance methods, room cooler analysis, and

heat exclanger designs with two single phase fluid

streams i

h a wide variety of industrial applications.

thermal physical properties. These appendices prp-
vidé valuable background material for the user.
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 1 — OBJECT AND SCOPE

1.1 OBJECT

Single-phase fluid streams, including liquid-to-lig

This Cqde provides methods and procedures for
testing sipgle phase heat exchangers. The Code
presents and describes the methods for determining
heat exchanger performance, for measuring fluid
conditiony and related phenomena, and for proj-
ecting pefformance parameters to reference condi-
tions. Performance parameters included are overall
heat transfer coefficient, heat transfer rate, and pres-
sure drop] Guidelines are provided for recommended
instrumentation and accuracy.

1.2 SCQPE

The scgpe of this Code includes instruments, cal-
culation techniques, and methods to determine the
steady state performance of single phase heat ex-
changers pt both test conditions and reference condi-
tions. This Code applies to, but is not limited to,
the following types of heat exchangers:

(a) Shell-and-tube;
(b) Plate-frame;

(c) Plate-fin;

(d) Tube-in-plate fin.

uid, gas-to-liquid, and gas-to-gas are included. -EX
cluded from this Code are heat exchangers used-ip
condensation, vaporization, fired, direct (¢ontact,
non-newtonian fluid, and more than two-fluid appl
cations.

t

1.3 EXPECTED UNCERTAINTY

The values of the overall’ uncertainty of perforn
ance parameters determined in accordance with th
Code are expected(to lie within the band describe]
by the overall_dncertainty interval stated below.

[o 37

Performance Parameter Expected Uncertainty

[Note (1)] [Note (2)]
Overall Heat Transfer
Coefficient, U* +3-10%
Heat Transfer Rate, Q* +3-10%
Nozzle-to-Nozzle Pressure
Loss, 4P, ,* +3-12%
NOTES:

(1) At reference conditions.
(2) Based on 95% confidence.
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 2 — DEFINITIONS AND DESCRIPTION
OF TERMS

2.1 TERMS

In this Section, only those terms are defined which
are charadteristic of single-phase heat exchangers and
the requir¢ments for testing them. For the definition of
all other ghysical terms, or the description of instru-
ments usedl in this Code, reference is made to the litera-
ture and pprticularly to PTC 2, Definitions and Values,
andtothe PTC 19 Series on Instruments and Apparatus.

calibratiofy uncertainty: the uncertainty attributed to
instrument} calibration practices including the instru-
ment lindarity, hysteresis, and repeatability along
with the accuracy of the calibration equipment.

cold stredm: flow stream with the lower heat ex-
changer iplet temperature.

cold stredm temperature change: the difference be-
tween theg outlet and inlet temperatures of the cold
stream (tJ - ).

design conditions: performance conditions upon
which thg design of the heat exchanger was based.

effective fnean temperature difference: the Jog'mean
temperatyre difference corrected for deyiations from
true counttercurrent flow conditions.

fouling: agcumulated foreign material such as corro-
sion products or any other deposits on the heat
transfer sgirface.

heat trandfer area: the drea of the wall surface over
which hept is transfetred from the hot fluid to the
cold fluid (see para. 3.2.3).

heat transfer rate:;'the amount of heat transferred from
the hot stream:to the cold stream per unit of time.

log mean temperature difference: the logarithmi
average temperature difference defined by Egs.(D.1
and (D.2). Except where otherwise noted) the lo
mean temperature difference for countercurrent flov
is used in this Code.

< Ou—="r

overall heat transfer coefficieqt: the heat transfe
rate per unit of heat transfer drea per unit of effectiv
mean temperature difference.

=

A4

overlap of error bar; that portion of the uncertaint
interval in which the" true value must lie and sti
fall within the dncertainty interval of two or mor
measurements ‘of the same value.

W — <

pressure loss: loss of total pressure across the hedt
exchanger due to hydraulic resistance.

process variables: hot and cold stream inlet and
outlet temperatures and flow rates.

reference conditions: process operating condition
defined by fixing four of the six variables (se
para. 3.2.2).

g

(]

D

sensitivity coefficient: the change in the calculate
result due to an incremental change in a contributin
factor. For an arbitrary result Y and contributin
factor x, the sensitivity coefficient is @y, = 9Y/x.

0q 0q

temperature difference: the difference between
hot stream temperature and the corresponding col
stream temperature.

1Y

[N

test run: a complete set of performance data thz
will allow analysis of heat exchanger capability pq
this Code.

total measurement uncertainty: the uncertainty in

- o~

hot stream: flow stream with the higher heat ex-
changer inlet temperature.

hot stream temperature change: the difference be-
tween the inlet and outlet temperatures of the hot
stream (T; - T,).

hydraulic resistance: resistance to flow due to form
losses and friction in the heat exchanger.

measurement due to the combined eifects of all
systematic error (or bias) and random error associated
with instrument calibration, spatial variation, installa-
tion practices, data acquisition, and process varia-
tions (see para. 5.2.3).

uncertainty: the uncertainty is the interval about the
measurement or result that contains the true value
for a given confidence level (see ASME PTC 19.1).
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2.2 LETTER SYMBOLS

Symbols used in multiple sections of this Code
are described here. Symbols which are not in this
list are defined in the text immediately following

SINGLE PHASE HEAT EXCHANGERS

their usage. The equations in this Code are based
on any consistent set of units. The units in the
following list are one example of consistent units
both for U.S. Customary and Sl/metric systems.

Units
Symbol Definition U.S. Customary Sl

A Reference heat transfer area (see para. ft2 [m?]
3.2.3)

Ac Cold side heat transfer area 2 Im?]

A Hot side heat transfer area ft? fm?)

A, pipe Flow area of inlet pipe ft? (m?]

Ao, pipe Flow area of outlet pipe ft? {m?)

A, Heat transfer area of wall ft? (m?]

bear Systematic uncertainty attributed to Units*of measurement parameter
calibration

bpatascq Systematic uncertainty attributed to Units of measurement parameter
data acquisition

bemrp, mixing Systematic uncertainty attributed.to a °F [°Q)
non-uniform temperature distribution
over a flow cross section

bemro, U Systematic uncertainty attributed to a °F °C]
variable heat tradsfer coefficient along
the flow length

Binstall Systematic uncertainty attributed to Units of measurement parameter
instrument installation practices

bsp,,,Va, Systematic uncertainty attributed to Units of measurement parameter
spatial variation

S Constant pressure specific heat Btu/(Ibm-°F) UAkg-1C)

S, ¢ Constant pressure specific heat of the Btu/(Ibm-°F) /tkg-1C)
cold stream

S5 h Constant pressure specific heat of the Btu/(lbm-°F) U/kg-1CN
hot stream

d; Inside tube diameter ft [m]

d, Qutside tube diameter ft [m}
Outside diameter of unfinned portion ft [m]
of tube

EMTD Effective mean temperature difference °F °Cl

F Configuration correction factor for Dimensionless

deviation from true countercurrent
flow (see Appendix D)
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

Symbol Definition U.S. Customary SI
g Gravitational acceleration ft/hr? {m/s?)
& Units conversion constant, 4.17(10%) Ibm-ft/Ibf-hr? [kg-m/N-s?]
in U.S. Customary units, [1 in metric
units]
Hg Calculated hydraulic resistance = (Ibt)(hr/Ibm)” [Pa(s/kg)"]
AP/m" (see para. 5.4.7)
h Individual heat transfer coefficient Btu/(hr-ft>-°F) W/(m2->Q)}
h. Cold side heat transfer coefficient Btu/(hr-ft?-°F) [W/m?2£C)]
h, Hot side heat transfer coefficient Btu/(hr-ft>-°F) IW/(m?2-°C)]
k Thermal conductivity Btu/(hr-ft-°F) [W/(m-°C)]
ky Thermal conductivity of wall Btu/(hr-ft-°F) [W/(m-°C)]
K;, pipe Loss coefficient of inlet pipe and Dimensionless
fittings
Ko, pipe Loss coefficient of outlet pipe and Dimensionless
fittings
4 Effective length of tubes between ft [m]
tubesheets
L Length of tubes ft {m]
LMTD Log mean temperature differénce °F (°q]
m Mass flow rate lbrm/hr tkg/s)
me Cold stream njass flow rate Ibrmvhr lkg/s]
m, Hot stream mass flow rate Ibrmvhr [kg/s)
N, Number of tubes Dimensionless
Nu Nusselt number = hd/k Dimensionless
P, Measured upstream pressure Ibf/ft? absolute [Pa) absolute
Pr Prandtl Number = wcy/k Dimensionless
Q Heat transfer rate for the heat Btu/hr W]
exchanger
Qave Average heat transfer rate for a test Btu/hr (W]
run based on the hot and cold stream
heat transfer rates
Qae* Average heat transfer rate at reference Btu/hr W]
conditions based on multiple test runs
Q. Cold stream heat transfer rate Btu/hr wi]
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Units
Symbol Definition U.S. Customary Sl
Qs Hot stream heat transfer rate Btu/hr W]
R. Thermal resistance of the cold stream (hr-°F)/Btu [°C/W]
film based on the heat transfer rate Q,
Re = 1/(mchcAd
Re Reynolds number = pVd/u Dimensionless
Ry Thermal resistance of the hot stream (hr-°F)/Btu [CCW|
film based on the heat transfer rate Q,
Ry = ]/(T]hhhAh)
R¢ Thermal resistance of fouling on both (hr-°F)/Btu [*CW
the hot and cold stream sides based
on the heat transfer rate Q
Iy Average thermal resistance due to (hr-f3-5F)/Btu (m2-°CyW)
fouling on both the hot and cold
stream sides based on the heat
transfer rate per unit area, rr = Ry A
R, Thermal resistance of the wall (hr-°F)/Btu [°cCwW
separating the hot and cold stream
based on the heat transfer rate @
T Hot stream inlet temperature °F G
T, Hot stream outlet témperature °F Q)
t; Cold stream-inlet temperature °F (]
to Cold stream outlet temperature °F [°C
tw Wall temperature °F °q
t Student ¢ Dimensionless
U Overall heat transfer coefficient Btu/(hr-ft>-°F) W/(m?-°C)]
ué Uncertainty of specific heat (see para. Btu/(lbm-°F) U/tkgC)
5.3.1.1)
Uik Uncertainty of average thermal (hr-ft3-°F)/Btu [(m*-4CyW]
resistance of film based on heat
transfer rate per unit area
Ui o3 Uncertainty of the difference in (hr-ft2-°F)/Btu [(m2-°CYW]

average thermal resistance of film
between reference and test conditions
based on heat transfer rate per unit
area

UHRHR+ Uncertainty interval of hydraulic Dimensionless
resistance ratio greater than the best
estimate [see Eq. (5.19)]
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Units
Symbol Definition U.S. Customary SI
UHRYHR™ Uncertainty interval of hydraulic Dimensionless
resistance ratio less than the best
estimate [see Eq. (5.19)]
Upy Uncertainty attributed to process Units of measurement parameter
variations
Uoe Uncertainty of cold side heat transfer Btu/hr (W]
rate at test conditions
Uoh Uncertainty of hot side heat transfer Btu/hr W]
rate at test conditions
uo Uncertainty of heat transfer rate at Btu/hr W]
reference conditions for test run 1
ug Uncertainty of heat transfer rate at Btu/hr (W]
reference conditions for test run 2
uy Uncertainty of overall heat transfer Btu/(hr-ft*-%F) [W/(m?-°C)]
coefficient
v Fluid velocity ft/hr {rmvs}
v; Fluid velocity in inlet piping fthr {m/s]
Vo Fluid velocity in outlet piping ft/hr [mys)
Ve Fluid velocity in heat exchangettubes ft/hr [mvs]
z; Elevation of inlet wall pressdre tap ft [m]
Z Elevation of outlet wallpressure tap ft [m]
z, Elevation of upstréam pressure ft [m]
instrument
AP Measured differential pressure Ibf/ft? [Pa]
AapP,_, Total nozzle-to-nozzle pressure loss Ibf/ft? [Pa]
4T, Hot stream inlet temperature minus °F [°C]
cold stream outlet temperature
a7, Hot stream outlet temperature minus °F [°C]
cold stream inlet temperature
axy, Wall thickness (plate or tube) ft [m]
7 Surface effectiveness or measure of Dimensionless
the Teductiom i temperature potentiat
between the extended surface and the
fluid. The surface effectiveness is
related to the fin efficiency as
described in Appendix E.
u Dynamic (or absolute) viscosity Ibm/(ft-hr) [kg/(m-s)]
b Dynamic (or absolute) viscosity at the Ibrmv(ft-hr) [kg/(m-s)]

average bulk temperature

9
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SINGLE PHASE HEAT EXCHANGERS

Units
Symbol Definition U.S. Customary St
Mo Dynamic (or absolute) viscosity at the Ibm/(ft-hr) tkg/(m-s)]
wall surface temperature
) Heat transfer rate correction factor to Dimensionless
account for reference flow and
temperature conditions different from
test conditions
T Overatt-heattramsfercoefficrent Brurthr=it=>Fy H=q)/W)
correction factor to account for
reference flow and temperature
conditions different from test
conditions
dap Pressure loss correction factor to Dimensionless
account for reference flow and
temperature conditions different from
test conditions
p Fluid density. lbm/ft? (kg/m’
Pave Average fluid density in heat lborm/ft® {kg/m’
exchanger
Pgage Fluid density in pressure gage or Ibrvit® lkg/m®
impulse tubing
P, pipe Fluid density in inlet pipe lbrvft® [kg/m®
Po, pipe Fluid density in outlet pipe Ibryft® (kg/m®

10
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2.3 SUBSCRIPTS

ASME PTC 12.5-2000

Abbreviation Term
b Bulk fluid
c Cold stream
h Hot stream
i Inlet end of heat exchanger
o Outlet end of heat exchanger
s Shell-side
t Tube-side
w Wall

2.4 SURERSCRIPT
Abbreviation Term

*

Reference conditions (see para. 3.2.2)

11
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SECTION 3 — GUIDING PRINCIPLES

3.1 GENERAL TEST REQUIREMENTS

rate, or pressure loss) shall be calculated based on

The key procedural steps are:

(a) megdsure temperatures, flow rates and pressures
accurately;

(b) obtain a heat balance between hot and cold
fluids strepms and confirm steady state conditions;

(c) perform calculations to predict performance at
reference [conditions;

(d) analyze uncertainty of test measurements and
performarjce calculations.

3.1.1 Adcurate Measurements. The measurement
uncertainfy of the hot and cold stream flow rates,
inlet temgeratures, outlet temperatures, and pressures
shall be dppropriate to ensure that the uncertainties
of U* Q% and 4P,,* are within the range specified
in para. 1{3. Consideration for instrument calibration,
iation, installation practices, data acquisi-
ods, process variations and random instru-
ment errof is needed to ensure that the measurements
conform {o this requirement (see para. 5.2.3). As a
benchmatk, the calibration uncertainty for tempera+
ture measprements shall be less than +0.2°F (+0.12C),
the total flow measurement uncertainty shall be-fess
than +5% of measured flow, and the tota] pressure
measurenient uncertainty shall be less\\than +1%
of reading (see paras. 4.4, 4.5, and)4.7). Lower
uncertainfies may be needed to meetithe uncertainty
range forl U* Q* and 4P, X specified in para.
1.3. Meapurement of outlet-temperatures with the
appropriate uncertainty requires careful examination
of spatial |variation sincé€’outlet temperatures are not
uniform fpr most hedt exchangers (see para. 4.2.4).

3.1.2 Heat Balance. Steady state conditions shall
be maintgined during a test. The cold stream heat
transfer rate shall be calculated based on the cold
stream mea
fer rate shall be calculated based on the hot stream
measurements. The differences in the cold stream
heat transfer rate and hot stream heat transfer rate
shall be assessed to confirm a heat balance is
maintained as specified in para. 5.3.1.4.

3.1.3 Performance Calculation. A performance pa-
rameter (overall heat transfer coefficient, heat transfer

average test measurements and adjusted to referen
conditions. Reference conditions represent desigh qr
baseline conditions and are typically diffefent’ tha
test conditions. The adjustments of overallMeat trang
fer coefficient, heat transfer rate and, pressure log
are expressed as follows:

wv

1 1
U; = l._/ + d)u (31)
Q bQQ (3.3)
AP, ¥ = ¢4pAP, ., (3.9

=

where U, Q, and AP,., are the overall heat transfe
coefficient, heat transfer rate, and pressure loss base
on average measurements at test conditions. U

* and 4P,..* are the overall heat transfer coeff
cient, heat transfer rate, and pressure loss at referenge
conditions. @y, ¢q and ¢sp are the associated
correction factors that adjust test conditions to refef
ence conditions.

These correction factors are derived in Append
E or alternatively may be calculated using computer
programs. (See para. 3.2.6).

T~ QL

~

3.1.4 Uncertainty Analysis. Calculation of uncef
tainty shall be performed before the test (pre-tes

accuracy of the performance calculation. As a mini-
mum, the following elemental sources of error shall
be considered:

(a) inlet and outlet temperature measurements of
the hot and cold streams;
(b) flow measurements of the hot and cold streams;
(c) pressure measurements;
(d) specific heats of the hot and cold streams;
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(e) heat transfer coefficients of the hot and cold
streams;

(f) idealizations used in the calculation of mean
temperature difference (such as variable heat transfer
coefficient along flow length and nonuniform temper-
ature distribution); and

(g) adjustment of pressure loss from test to refer-
ence conditions including contributions attributed to
flow measurements, roughness (i.e., friction factor),

SINGLE PHASE HEAT EXCHANGERS

(b) Organization and responsibilities including test
director responsible for overall test quality;

(c) Heat exchanger operating conditions including
constraints on test conditions;

(d) Definition of reference conditions (four of the
six process variables);

(e) System alignment and steady state criteria;

(f) Cleanliness condition of heat exchanger;

(g) Scope and criteria for equipment inspections

and pressure loss correlations.

The uncertainty of the temperature, flow and pres-
syire measurements shall be propagated through all
chlculations for overall heat transfer coefficient, heat
transfer rate, and pressure loss including any interme-
dfate calculations of mean temperature difference.
The test uncertainty varies for different heat ex-
changer designs and operating conditions. The ex-
pected uncertainties in para. 1.3 are for a range of
typical single phase heat exchanger applications
bpsed on 95% confidence. For overall heat transfer
cpefficient and heat transfer rate, an uncertainty of
% is considered to be the best attainable based
idealized conditions where the temperature mea-
rement uncertainty is +0.2°F, flow measurement
certainty is within +2%, mean temperature differ-
ce is greater than 10°F, fluid stream temperature
anges are greater than 10°F, and the properties
the fluids are well known. These idealized condi-
ns can be attained in full scale test beds where
ermal mixers and flow straighteners can (be used
reduce spatial variation, where steady process
nditions can be established near referénce condi-
tions, and where environmental effects are stable.
nce it is often not practical to meet these ideal
nditions for many process applications, a range
f uncertainties is provided for overall heat transfer
efficient and heat transfer rate. For pressure loss,
the £3% uncertainty.is-based on flow measurement
ncertainty withifn\about +1%, pressure measure-
ent uncertaigty-within £1%, and test conditions
ear reference conditions. Since it is often not practi-
al to meet.these conditions, a range of uncertainties
provided for pressure loss.

prior to test;
(h) Identification of known damage or deficiency
(e.g., plugged tubes);
(i) Schedule for performing prestest inspections,
calibrations, preliminary testing, and performance
testing;
() Number, use, instatfation, and locatiop of tem-
perature, pressure, andflow sensors;
(k) Instrument acctracy, calibration methpds, stor-
age and handling-practices;
(I) Configuration of data acquisition system includ-
ing type of equipment used and frequency of measure-
ments, riumber of test runs, and duration of ftest runs;
(my),"Acceptance of test results including ag¢ceptable
deviations;
(n) Heat exchanger mechanical data (spe Table
3.1);!
(0) Methods of calculation and associatgd uncer-
tainty for heat exchanger thermal model p3rameters
including all thermal physical properties (dee Table
3.2).

3.2.2 Definition of Reference Conditions. [Test con-
ditions cannot be controlled to the extept that a
specified set of conditions can be dupliqated. To
allow comparison of measured performange to the
desired performance, the results must be|adjusted
to specified reference conditions. Adjustmgnt of the
results to a set of reference conditions is alpo neces-
sary if it is intended to trend the results of a series
of tests.

The reference conditions shall be deflned and
agreed by all parties to the test in accordgnce with
para. 3.2.1. The definition of the reference donditions
shall include four of the six basic thermal| perform-
ance parameters, i.e., hot and cold side mass flow

3.2 PREPARATION FOR THE TEST

3.2.1 Test Plan. A test plan shall be prepared to
document the pre-test agreements. The parties to
the test shall agree upon the following prior to
the test:

(a) Test objectives, methods, and performance pa-
rameters,

14

Tates, My —and % —and hot—and—cotd—side inlet
and outlet temperatures, T;* T,* t* and t,* The
remaining two parameters will be calculated based
on measured heat exchanger performance. In many

! Table 3.1 contains typical data and is not intended to be a
complete list of data needed. The complete set of mechanical
data depends upon the method of calculating the individual heat
transfer coefficients.


https://asmenormdoc.com/api2/?name=ASME PTC 12.5 2000.pdf

SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

TABLE 3.1
TYPICAL HEAT EXCHANGER MECHANICAL DATA NEEDED FOR
PERFORMANCE ANALYSIS

Shell and Tube Heat Exchangers

Shell inside diameter

Diameter of the outer tube limit

Baffle spacing, cut and thickness
(inlet and outlet spacing also)

Pass partition clearances, number and

Tube diameter, layout, material and thickness
Number of tubes, number of tubes plugged
Tube length

Finned tube geometry

Tube sheet thickness

orientation
Tube-to-baffle clearance
Shell-to-baffle clearance

Number of plates

Effective area per plate
Chevron angle and pattern
Plate material and thickness

Coil geometry (length and width of coil and
frame, depth in number of tube rows,
number of tube circuits)

Tube layout and geometry (transverse and
longitudinal tube spacing, tube diameter
and thickness, number of tubes in a coil,
length of tubes)

Plate-Frame Heat Exchangers

Room Air Coolers

Effective plate length
Plate width

Channel spacing
Number of passes

Fin geometry (fin spacing) thickness, height,
width and root diaméter)

TABLE 3.2
TYPICAL HEAT EXCHANGER THERMAL MODEL PARAMETERS NEEDED FOR
PERFORMANCE ANALYSIS

Convective heat transfer coefficients for
hot and cold streams

Mean temperature difference

Specific heats of the hot and‘cold
streams

Cold side, hot side, and_reference heat
transfer areas

Thermal conductivity of the wall (tube or
plate)

Fouling resistance

Thermal conductivity of fin and contact
resistance between fin and tube

Surface effectiveness of enhancements such
as fins

cases, the heat exchanger design conditions will
provide the basis-for the selected reference condi-
tions. Hgwever, the two sets of parameters will differ
because the actual fouling resistance at the time of

These four values are selected as reference conditions
for the evaluation of the test results. The two outlet
temperatures (T,* and t,*) will be calculated duri

the evaluation based on the measured test perforl—

the test probably will not equal the fouling resistance
assumed in the design.

The following are two examples of reference con-
ditions:

(a) The maximum heat exchanger inlet tempera-
tures (T, * t*) are defined by plant operating con-
straints. The mass flow rates (my* and m_* are estab-
lished by the pump and system operating conditions.

15

ance and fouling resistance.

(b) The hot side of a heat exchanger is designed
with a temperature controller in the outlet piping.
Therefore, hot side flow will vary depending on the
inlet temperature and the heat transfer capacity of
the exchanger. The maximum heat exchanger inlet
temperatures (T, * t*) are defined by plant operating
constraints. In this case, the defined reference condi-
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tions would be the hot side temperatures (T, * T*)
and cold side inlet temperature (t*) and the cold side
mass flow rate (m.*. The resulting hot side mass flow
rate and cold side outlet temperatures at reference
conditions will be calculated using the four defined
conditions and the measured heat exchanger perform-
ance characteristics.

3.2.3 Heat Transfer Area. The heat transfer area

SINGLE PHASE HEAT EXCHANGERS

rial condition of the heat exchanger, and status of
installed instrumentation ports. The following actions
are recommended, as appropriate:

(a) Determine if the equipment conforms with the
as-built drawings (including thermal insulation) to the
extent practical.

(b) Determine the number of plugged tubes or
blocked flow passages.

(c) Verify the adequacy of the tube-to-tubesheet

ispthe-wattsurfaceareaoverwhich-heat s trarsferred
from the hot fluid to the cold fluid. The heat transfer
afteas on the hot and cold sides of the heat exchanger
a:le calculated based on the mechanical data. The
heat transfer area on the hot side is often different
tHan the heat transfer area on the cold side such
ag with shell-and-tube heat exchangers and with
finned surfaces. A reference heat transfer area is
agsigned to correspond with the overall heat transfer
pefficient. The reference heat transfer area usually
prresponds to either the hot or cold side area. For
Rell-and-tube heat exchangers, the shell side heat
ansfer area is typically selected as the reference
area.

The hot side and cold side heat transfer areas
all be the best estimate of the surface area available
r heat transfer (based on the mechanical data
nd results of equipment inspections). The area of
plugged tubes and blocked flow shall not be included
1l the heat transfer area. The hot side, cold:side
anhd reference heat transfer areas shall be agreed to
by the parties to the test.

= N e)

By

3{2.4 Pre-Test Uncertainty Analysis; Prior to the
tgst, an uncertainty analysis shallbe performed based
op the requirements in Section.5*and the guidelines
in Reference 1. The purpose-of the pre-test uncer-
tginty analysis is to verify- that the test objectives
can be met with thé prescribed testing methods.
The results of the pre-test uncertainty analysis should
be used to confirm:

(a) Permissible test limits and steady state criteria;
(b) Number, location and accuracy of instrumenta-
tipn; and

(c)_Frequency of measurements, number of test
rging;-and duration of test runs.

seats, if practicat:

(d) Assess the cleanliness of the heat-exichanger.
Heat exchanger surfaces should be cleaned {o condi-
tions agreed to prior to the test.

(e) Check if the test ports (e.g), temperatdre, pres-
sure, flow) or sample taps are present and 3dequate
for the required test instrumentation.

(f) Check the condition of the baffle pla
pass divider plates,‘ongitudinal sealing st
gaskets, if practigal;

es, shell
ips, and

3.2.6 Use of Computer Programs for Perfprmance
Calculations. The use of computer programs fis appro-
priate fof. calculation of the correction fagtors ¢,
¢o <@nd ¢,p, individual heat transfer copfficients
and-mean temperature difference. If used, the basis
for the calculation methods used by the qomputer
program shall be agreed upon by the parties to the
test. In particular, the following criteria should be
agreed to:

(a) the definition and method of input for feference
conditions;

(b) the basis for the correlations of convedtive heat
transfer coefficients (see para. 5.3.4);

(c) the method of determining mean temperature
difference;

(d) the basis for determining fluid physical proper-
ties; and

(e) the method for determining pressure| loss; in-
cluding correlations for friction factor and Igss coeffi-
cients.

The uncertainty of the results of the ¢omputer
program shall be estimated. This may bg accom-
plished by performing a sensitivity analys|s of key
assumptions and correlations.

As necessary, the test plan should be modified
based on results of the uncertainty analysis.

3.2.,5 Provisions for Equipment Inspection. The
parties to the test shall agree to the scope and
criteria of equipment inspection performed before
the test. The scope of the inspection should include
confirmation of heat exchanger geometry data, mate-

16

3.3 TEST METHODS

3.3.1 Test Procedures. Testing shall be performed
in accordance with written test procedures consistent
with the conditions agreed upon prior to the test.

3.3.2 Preliminary Testing. Preliminary test runs
should be performed to:
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(a) Check the operation of the instrumentation and
data acquisition system;

(b) Validate the test procedure, including verifying
system operating alignment, ensuring operating con-
ditions can be met, and orienting test personnel; and

(c) Verify pre-test uncertainties, including effects
attributed to instrument installation methods and spa-
tial variation.

3.3.3 C(dlibration of Instruments. Tnstruments used
to measure the parameters in para. 3.3.4 shall be
calibrated before the test to ensure that the measure-
ments arg accurate. After initial calibration, con-
trolled practices shall be used to handle the instru-
ments so| that calibration is not adversely affected.
The stordge practices of the instruments should be
agreed to|prior to the test based on the characteristics
of the inftrument.

3.3.4 Test Parameters. Test parameters shall in-
clude, asl a minimum, the following:

(a) Cold stream inlet temperature;

(b) Cold stream outlet temperature;

(c) Cold stream flow rate;

(d) Cold stream differential pressure;

(e) Cold stream inlet pressure;

() Hot stream inlet temperature;

(g) Ho} stream outlet temperature;

(h) Hot stream flow rate;

(i) Hot stream differential pressure;

(j) Hot stream inlet pressure.

Additignal parameters may be measured, .as de-
sired, to|use as additional validity checks( Special
considergtions required in the selection, calibration,
and placement of test instrumentatiop-are described
in Sectiop 4.

3.3.5 Cpnstraints on Test Conditions. The parties
to the tgst shall agree to<the constraints and test
limits prjor to the testi The test limits shall be
consistenft with the system operating conditions so
that the joverall testutuncertainty is acceptable. The
following conditions should be met:

(a) The flowiregime at test conditions should be
the same| ds-at reference conditions so that testing is
not performed in the faminar regime when reference
conditions are in the turbulent regime or vice versa.’

(b) The cold stream temperature change, hot
stream temperature change, and mean temperature

2 The flow regime should be checked at the inlet and outlet
temperatures for fluids where large variations in properties are
expected (such as lube oil).
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difference should be more than 5 times the uncertain-
ties in their measured values.

Other constraints should be established as appro-
priate.

3.3.6 System Operating Alignment. The system
operating alignment shall be established to ensure
that hot stream and cold stream measurement loca-
tions do not include fluid which has not passed
ArodUg—me—etat——~€ AR Eet heparte o—the—test
shall agree upon the system operating alignment
prior to the test. When establishing the alignment
requirements, consideration should be given'to the
operation of automatic control valvesflow in heat
exchanger bypass lines, excessive throttling of flow
control valves and the changes.in_operating align-
ment of other equipment in the hot and cold fluid
systems. These factors may Prevent steady state heht
exchanger test conditiops-from being established

3.3.7 Constancy of Test Conditions. The test sh3ll
be performed with)the heat exchanger at steady
state. The parties to the test shall agree to speci:[c
steady state/griteria prior to the test. Following the
test, the test data shall be evaluated to confirm thpt
the steady state criteria have been met. Steady state
criteri@ are described in Appendix A.

3.3.8 Number and Frequency of Test Readings.
The parties to the test shall agree upon the numbgr
and frequency of test readings prior to the tgst
consistent with the pre-test uncertainty analysis. Ih-
strument readings shall be recorded for all test poir|ts
during conditions, which meet steady state criteria.
For example, 30 sets of readings should be recorded
at a fixed frequency for each test run.

3.3.9 Number and Duration of Test Runs. Each
test shall be conducted in accordance with the
predetermined schedule. The parties to the test shall
agree upon the number and duration of test runs.
The duration of each test run shall be sufficient o
ensure steady state conditions are established. The
minimum duration of each steady state test run [is
15 min, except for gas-gas heat exchangers, which
require a minimum 30 min. test run. A minimum
O WO » are

repeatability of results.

3.3.10 Acceptability of Test Runs. Test data from
each run shall be evaluated to ensure acceptability.
The parties to the test shall agree upon criteria for
acceptance of test data. As a minimum, the following
conditions should be checked for acceptability:
(a) Qualifications of test personnel are acceptable.
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(b) Constraints on operating conditions are met,
including environmental and atmospheric tempera-
ture and humidity conditions.

(c) System operating alignment is correct, includ-
ing assumptions regarding the leak tightness of valves.

(d) Steady state criteria are met.

(e) Cleanliness and material condition of heat ex-
changer is acceptable, including condition of insu-
lation.

agreed to.

(g) Calibration, location, and installation of instru-
mlents is consistent with the assumptions in the pre-
tgst uncertainty analysis or the differences can be ex-
plained.

(h) Composition and properties of fluids are con-
istent with pre-test assumptions or the differences can
e agreed to.

oW
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(i) Duration of the test run is adequate and varia-
tions in test data are within pre-test uncertainty limits
or the differences can be explained.

(j) The heat balance can be verified based on the
criteria in para. 5.3.1.4.

(k) The results of the calculations are consistent
with assumptions as discussed in para. 5.5.1.

Test data, which do not meet the acceptance
criteria, shall not be used to evaluate performance
under the requirements of this Code.

3.4 ANALYSIS METHODS

The parties to the test shall agree upon the analysis
methods prior to the test. Requirements for perform-
ance calculations are included in Section |5.

18
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SECTION 4 — INSTRUMENTS AND METHODS
OF MEASUREMENT

4.1 GEI\JERAL

This Seftion describes the choice of instruments,
their required sensitivity or precision, and calibration
correctionjs to readings and measurements. Included
are requirements on methods of measurements, loca-
tion of mleasuring systems, and precautions to be
taken, indluding critical timing of measurements to
minimize| error attributed to changing conditions.
The Supplements on Instruments and Apparatus (PTC
19 series) describe details of methods of measure-
ment, insfrument types, limits, sources of error, cor-
rections, pnd calibrations. Where appropriate, this
Code refefs to, and makes mandatory, the application

ay be employed if agreed by the partiés
. Any departure from prescribed methods
and its agsociated uncertainty shall be described in
the test report.

The measurement uncertainty shalls.consider all
aspects of the methods of measurement, including
calibratiop, installation practices, spatial variation,
and data|acquisition. References’2 to 9 provide a
discussion of sources of errar for typical temperature,
flow, and|pressure instruments and industrial installa-
tion practices.

4.2 GENERALE-MEASUREMENTS
4.2.1 Measurement of Physical Dimensions. Physi-

of results. These include data of the design geomet
of the heat exchanger as described in Table 3.
and data of the instrument installation, which affec
the accuracy of the measurements.

In general, the uncertainty of the measuremerjt
of physical dimensions need not‘be’considered ex-
plicitly in the calculation of testaincertainty. Instea
discrepancies between measured heat exchanger gg-
ometry and design data_should be included in th
uncertainty of individual heat transfer coefficient.

4.2.2 Calibration of Instruments. Instruments use
to measure ¢he’parameters in para. 3.3.4 shall
calibrated before the test. The specific calibratio
data, daration and procedure for each instrume
shallxbé provided to the parties to the test. Instry-
ments used for flow, temperature, pressure and dafa
acquisition shall be calibrated to physical standards
or to standards traceable to those maintained hy
the National Institute of Standards and Technology.
The calibration method shall be appropriate to the
range of parameter values during the test, to the
conditions to which the instrument will be exposed
and to the configuration of the instrument, wiring
and data acquisition system. An appropriate meg-
surement uncertainty shall be included for all factofs
not included in the calibration.

4.2.3 Data Acquisition Systems. Automated da
acquisition systems should have the capability
record data accurately at a high sampling rate wi

To follow these guidelines, the data acquisitig
system must minimize noise that may distort tH

cal data shall be obtained for use in performance
testing and evaluation. Specific physical data should
be measured to minimize overall test uncertainty.
Drawing or design information can be used to verify
measurements. Data that should be measured are
the dimensions of the heat exchanger and associated
piping (or flow conduits) and information that affects
the measurement of properties and the calculation

19

a

(o

h

minimal increase of total measurement uncertainty.
n

e

d

signals or recorded values. The sampling rate shou
be chosen to record information throughout the
entire cycle of process variations. An overall system
calibration is preferred over a calibration of the
individual components comprising a data acquisition
system. For a system calibration, the uncertainty
attributed to the data acquisition system is included
with the calibration uncertainty of the instruments.
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4.2.4 Spatial Variations. The effect of spatial varia-
tions should be evaluated for every measurement.
The effect of spacing of duplicate instrumentation
should be determined to ensure that arithmetic aver-
aging of their output results in acceptable uncer-
tainty. Otherwise, it is possible to account for spatial
variations by applying weighting factors to data prior
to determining an average. As an example, the effect
of temperature stratification can be compensated by

SINGLE PHASE HEAT EXCHANGERS

Measurement locations shall be chosen to mini-
mize the effect of thermal stratification in the outlet
temperature. Measurement locations shall be close
enough to the heat exchanger to prevent appreciable
error attributed to temperature change associated
with heat transfer to the surroundings. Where strati-
fication is a possibility, preliminary tests shall be
conducted to determine the magnitude of the possi-
ble resultant error. These preliminary tests shall be

utftizing ftow areas, eactrepresented by temperature made part of the 1est report.
masurements. If the effect of temperature stratificatior’|on total

43 MEASUREMENT OF ENVIRONMENTAL
EFFECTS

Prior to the test, a survey of the area surrounding
the unit shall be conducted jointly by the parties
td the test. Environmental conditions that may con-
trjbute to variations in performance shall be investi-
gdted. Potential environmental effects include:

(a) Nonuniform ambient heat input, e.g., solar heat
nput, seasonal variation;

(b) Vibration;

(c) Electrical noise;

(d) Thermal radiation;

(e) Nonuniform ambient air flow, e.g., area ventila-
tipn fan exhausts near heat exchanger.
Measurements necessary to record these effécts
iring the test shall be determined by agreement,
amd test data shall be obtained as necessary. If
such measurements are not feasible.or the area
syrrounding the heat exchanger contains elements
which can significantly affect those measurements,
effort should be made to remove or reduce the
environmental effect, or a(Suitable estimation of its
effect should be made.

Q.

4/4 MEASUREMENT OF TEMPERATURE

The calibration uncertainty for measurement de-
ces shall’be less than +0.2°F (£0.1°C). The total
hcettainty should be less than +0.6°F (+0.3°C). For
tests”with small changes in the cold or hot fluid

c <

uncertainty is unacceptable, measurement tech-
niques should be modified. A properly placed static
mixer can reduce the stratification and the agsociated
uncertainty in spatial variation, but can also affect
differential pressure and flow-measurements.|Travers-
ing the flow area, multiple depth thermowells, and
increased number of<nstruments are recommended
options to minimize the consequences of stratifi-
cation.

Instrument$. may be installed in a thermowell,
directly itnmersed, or surface mounted. Thgrmowell
instrurhents are preferred since they are less|likely to
havethermal gradients attributed to ambient surface
contact resistance. The tip of the temperature|element
should be in contact with the bottom of the ther-
mowell. Thermal grease or paste may be usdd during
testing to facilitate heat transfer and impfove the
temperature measurement. It should be femoved
after testing is complete since thermal grease can
harden in time, causing interference or irlcreasing
thermal resistance to the tips of the thermowell.

Surface mounted instruments shall be |covered
with insulation to minimize the thermal |gradient
between the bulk fluid temperature and the sensing
element. The temperature bias caused by|the use
of surface-mounted instruments should be deter-
mined by analysis as discussed in References 8 and
9. The installation bias should be determined and
included in the measurement uncertainty. o avoid
thermal “wicking” (caused by heat conductipn along
the thermocouple wire) place insulation pver the
surface-mounted thermocouples and over 3t least 6
in., of sensor lead wire.

Instrument selection and details of meafurement

stream temperatures, and for tests with a small mean
temperature difference, lower uncertainty of the tem-
perature measurements may be needed to obtain
acceptable total uncertainty of heat exchanger per-
formance. Uncertainties greater than +0.6°F (x0.3°C)
can be acceptable provided that the total uncertainty
limits for heat exchanger performance in Section 1
are met.
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techniques should be in accordance with PTC 19.3.
Satisfactory instruments include thermocouples, plat-
inum resistance temperature devices, and thermis-
tors. For large measurement areas, instruments may
be traversed or ganged together. In cases where
stratification of inlet and outlet fluid is small in
comparison to the total uncertainty, temperature
differences may be accurately measured directly.
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Thermocouples, joined together in a series to form

a thermopile, may be used to measure the difference
of multiple inlet and outlet locations.

4.5 MEASUREMENT OF FLOW
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profile, are candidates for a complete traverse. Suit-
able instruments for the traverse include the propeller
anemometer, rotating vane anemometer, and pitot
tube. Instruments may also be “ganged together.”
The selection of the most suitable area for ane-
mometer traverses shall be determined by the general
physical arrangement, accessibility, obstruction,
wind conditions (if applicable), and gas temperature
rise. Pitot tubes may be used for fan ring traverses,

The totdl uncertainty shall be Tess than +5% of
measured |flow. If it is necessary to minimize this
contributipn to the total uncertainty of heat ex-
changer performance, the total uncertainty of the
flow meagurement should be less than +2-3%. It
is considefed possible to meet this lower uncertainty
with a varjety of flowmeters in most industrial appli-
cations. With differential pressure instruments such
as orifice| meters, this lower uncertainty can be
obtained py applying standard industry guidance.
With ultrdsonic flowmeters, a calibration in a flow
loop may|be needed to meet this lower uncertainty.

4.5.1 Flgw Instrument Selection and Installation.
Instrument selection and details of measurement
techniquep shall be in accordance with PTC 19.5.
Satisfactofly instruments include venturi meters, ori-
fice meter, flow nozzles, pitot tubes, turbine meters,
annubars,| ultrasonic flowmeters, mass flow meters,
and othef equivalent devices. Additional recom-
mended ipstallation practices and instrument appli-
cations fof specific instrument types are outlined.(in
the following paragraphs.

Measurements shall be made in the piping'leading
to, and ag close as possible to, the test wnit. If this
is not pradtical, an alternate location shiallbe selected
by agreement, and corrections mdde as necessary
to determine the actual flow into(the'unit. References
2 to 5 prgvide installation guidance for various flow
instruments. Measurements'must account for leaking
valve sedls, bypass lidgs, and non-uniform flow
profiles.

Temperature measurement errors and fluid prop-
erty meaqurement-errors can increase the error in
fluid densjty, which directly affects the mass flow rate
error (for instruments which measure flow velocity or
volumetric flow rate). The temperature measured
closest in proximity to the flow element should be
used (not the average bulk fluid temperature) when
calculating density for mass flow determination.

4.5.2 Gas Flow. Flow areas that are not symmetri-
cal, or of a size to produce a wide variation in gas
velocities, or characterized by a non-developed flow
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as described in PTC 11. Instructions provided with
the instruments should be followed to keep. the
overall test uncertainty within the prescribed limity.
A minimum period of observation of 30 sec fo
individual readings is recommended for-hand-held
measurements.

A velocity traverse may be réguired at the ex
plane in order to account for<spatial variation o
the outlet temperatures. Physictal constraints migh
also require a velocityCtraverse at the inlet. Fo
additional information on traversing methods, instru
mentation, and evatuation of data, refer to PTC 1§,
PTC 19.5, and-PTC 30.

=%

=+ —h

4.6 _MEASUREMENT OF LIQUID AND GAS
PROPERTIES

Gas and fluid composition is needed to determing
thermodynamic and transport properties of materials
passing through the heat exchanger. Methods angl
accuracy of analysis shall be agreed upon by the
parties to the test. Sufficient samples of fluid should
be obtained to enable determination of the compos
tion of inlet and outlet streams, as discussed i
Appendix 1. Appendix | contains a list of the physic3
properties required.

-

4.7 MEASUREMENT OF PRESSURE

The calibration uncertainty of pressure measurg
ment devices shall be less than +0.3% of reading.
The total uncertainty shall be less than +1.0% qf

ment techniques shall be made in accordance with
PTC 19.2. Satisfactory instruments for ambient and
differential pressures include manometers, gages, and
pressure transducers.

Pressure taps shall be located as close to the heat
exchanger as possible. The pressure loss between
the taps and the heat exchanger nozzle should be
determined and appropriately applied to the pressure
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measurement (see para. 5.3.6). This includes losses
associated with the inlet and outlet piping. The
pressure tap should be located in a straight run of
pipe or a wall of a component with near constant
hydraulic diameter. Placement of a tap in an acceler-
ating flow field, e.g., a reducer, will create a bias
to the expected static pressure measurement.

To minimize the errors contributed by sensor
tubing (which connects the process tap to the in-

SINGLE PHASE HEAT EXCHANGERS

removed for liquid measurements and condensibles
(or contaminating liquids) are removed for gas mea-
surements.

(c) Measure the elevations of the process taps and
pressure instrument.

(d) Consistently and correctly apply the fluid eleva-
tion correction to all pressure measurements based
on the measured elevation differences, temperature
of fluid in the sensor tubing, and temperature of the

stfument):

(a) Minimize the length of sensor tubing between
the process tap and the instrument.

(b) Ensure the sensor tubing is blown down in ad-
vance of the test to ensure that non-condensibles are

tluid in the piping.

Differential pressure measurements“shpuld be
made with one instrument. Utilizing\two [separate
pressure gages substantially incfeases the uncer-
tainty.

22
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SECTION 5 — COMPUTATION OF RESULTS

5.1 GENERAL

(d) Evaluation of calculated results:

This Sgction describes the procedure to reduce
the test dpta, calculate the performance parameters,
adjust the results to reference conditions, and calcu-
late the upcertainty of the test results. The procedure
and equations are based on a F-LMTD heat transfer
model as|developed in Appendix E. The basic proce-
dure for [computation of performance capability is
outlined elow. Each step is described in more detail
in paras. (5.2 through 5.5.

(a) Dafa reduction:

(1) Review the raw test data (see para. 5.2.1);
(2) Average the selected data (see para. 5.2.2);
(3) Bvaluate the uncertainty of the temperature,

flow and |pressure measurements (see para. 5.2.3).
(b) Hegt exchanger performance at test conditions:

(1) Gompute the heat transfer rate at test condi-
tions (see|para. 5.3.1);

(2) Gompute the effective mean temperature dif-
ference af test conditions (see para. 5.3.2);

(3) Qompute the overall heat transfer coefficient
at test copditions (see para. 5.3.3);

(4) Determine individual heat transfer coeffi-
cients at fest conditions (see para. 5.3.4);

(5) Determine the wall resistance at test condi-
tions (see| para. 5.3.5);

(6) Determine the nozzle-to-ngzzle pressure loss
(see paral 5.3.6).

(c) Heat exchanger perforniance at reference con-

ditions:

(1) Jolve the heat transfer equations at reference
conditions (see para.(5:4.1);

(2) Determinesthe individual heat transfer coef-
ficients af reference conditions (see para. 5.4.2);

(3) DDetermine the wall resistance at reference
conditionfs (see para. 5.4.3);

(1) Verify that all analytical assumptions hay
been satisfied (see para. 5.5.1);
(2) Compare multiple test runs (see para} 5.5.2);
(3) Compare performance at referemce cond
tions to independent criteria (see para, 55.3).

1]

5.2 DATA REDUCTION

5.2.1 Review the Raw Test Data. The raw tept
data shall be carefullyreviewed to ensure acceptabil
ity based on the agreement of the parties to the
test. This review_should be started at the beginnirlg
of the test, pfoviding an opportunity for immediate
discovery..of-possible errors in instruments, proc¢-
dures, and"methods of measurement. Guidance for
the review of data and test conditions is given {n
para. 3.3.10.

5.2.2 Average the Selected Data. The purpose of
averaging the raw test data is to give a single sgt
of numbers, which is representative of the collectgd
data to be used in calculations to determine perform-
ance. In general, multiple readings taken over time
should be arithmetically averaged. A weighted avef-
age of measurements of the same parameter Ry
multiple instruments at a given location should Re
used to establish a representative value to be usdd
in the evaluation. Typically, the weighting factofs
would be equal; however, asymmetric weightirjg
factors can be used if the specific test configuratign
warrants. In all cases, the parties to the test shall
agree, in advance, to the averaging methods to he
used for each parameter.

5.2.3 Evaluate the Uncertainty of Temperaturg,
Flow and Pressure Measurements. The uncertainty

(4) Compute the overall heat transfer coefficient
at reference conditions (see para. 5.4.4);

(5) Compute the heat transfer rate at reference
conditions (see para. 5.4.5);

(6) Calculate the uncertainty of thermal perform-
ance results (see para. 5.4.6);

(7) Calculate the pressure loss at reference con-
ditions (see para. 5.4.7).
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of the temperature, flow and pressure measurements
contributes to the uncertainty of heat transfer rate
at test conditions Q, the mean temperature difference
EMTD, and overall heat transfer coefficient at test
conditions U. Assessment of measurement uncer-
tainty shall include the following factors.

(a) Instrument Calibration. The uncertainty attrib-
uted to instrument calibration is based on the instru-
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ment linearity, hysteresis, and repeatability, calibra-
tion methods and tolerances and accuracy of
calibration instruments.

(b) Spatial Variation. The uncertainty attributed to
spatial variation is based on the measured or estimated
nonuniform distribution of the parameter in the flow
cross section.,

(c) Installation. The uncertainty attributed to instal-
lation is based on nonideal installation practices (such
as[withtermpera S
fage of the pipe).

(d) Data Acquisition. The uncertainty attributed to
ddta acquisition is based on signal conditioning, gain

test period.
() Random Error. The uncertainty attributed to ran-

lation, data acquisition, and drift in process-~condi-
tipns. However, correcting data does not eliminate
the uncertainty, it only reduces the bias.

5i3 HEAT EXCHANGER PERFORMANCE AT
TEST CONDITIONS

5{3.1 Compute the Heat Transfer Rate at Test
Cpnditions. Heat transfer rates shall be calculated
fgr both the hot.and” cold streams. The objectives
of these calculations are two-fold; (1) to determine
a| representative average heat transfer rate of the
heat exchanger under the test conditions, and (2)
tq confirm the heat balance.

53:1.1 Specific Heat. The specific heat of the hot

SINGLE PHASE HEAT EXCHANGERS

based on a representative temperature. For many
fluids, it is acceptable to evaluate the specific heat
based on the average of the inlet and outlet tempera-
tures. If the variation in specific heat is large, the
specific heat at the inlet and outlet temperatures
should be evaluated so that the change in enthalpy
is calculated.

The uncertainty in average specific heat (u.,) for
the hot and cold streams shall be included. The

ments, which are the basis of the‘valugs used.
Based on the discussion and references identified

in Appendix |, the following uncertainties |may be
considered bounding for many*applications:
(a) ugp/cy is equal to £0.0V for water;
(b) ugp/cy is equal to’#0.05 for other liquids;
(€) ucp/cp is equalte,£0.01 for steam and| dry air;
(d) ucp/c, is eglalbto £0.02 for other gases.

5.3.1.2 HotStream Heat Transfer Rate. The heat
transfer rate(for the hot stream at test condjtions is:
Qn = mpCon(Ti = Ty) (5.1)
where
my,= mass flow rate of the hot stream
Cph= average (or representative) specifiq heat of
the hot stream
T;= hot stream inlet temperature
To= hot stream outlet temperature
The uncertainty of the hot stream heat| transfer

rate shall be determined based on the ungertainty
of the inlet and outlet temperature measufements,
mass flow rate and specific heat. (See Eq. (B.6) for
an acceptable method.)

5.3.1.3 Cold Stream Heat Transfer Rate. The

heat transfer rate for the cold stream at test condi-
tions is:

Qc = MCplto = t) (5.2)

where

m.= mass flow rate of the cold stream

C,,c= average (or representative) specifi¢ heat of

and cold fluid streams is needed for the calculation of
heat transfer rate." Since specific heat is a function
of temperature, the specific heat selected should be

! For some fluids such as moist air, the change in enthaipy is
used to determine heat transfer rate. For these instances, a value
for specific heat is not used explicitly; however, the use of
tabulated enthalpy as a function of temperature is considered to
be equivalent to the methods in this Code.
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the cold stream
t;= cold stream inlet temperature
t,= cold stream outlet temperature
The uncertainty of the cold stream heat transfer
rate shall be determined based on the uncertainty
of the inlet and outlet temperature measurements,
mass flow rate and specific heat. (See Eq. (B.5) for
an acceptable method.)
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FIG. 5.1

5.3.1.4] Evaluation of Heat Balance. The differ-
ences befween the cold stream heat transfer rate
and the hpt stream heat transfer rate shall be assessed
to confirm a heat balance. The parties to the test
shall agrpe upon criteria to confirm that a heat
balance |s maintained between the hot and sold
streams. Two methods to evaluate heat balance“are
described below. Other methods are acceptable as

rlap of Uncertainty Bars. (Comparing the
heat loadp and their uncertainties caniresult in one of
three cases as shown in Fig. 5.1.(n ¢case a, the uncer-
tainty int¢rvals completely overlap. In this case, a heat
balance has been achieved within the limitations of
the test and installed instrumentation. In case c, there
is no ovgrlap between) uncertainty intervals. In this
case, a pgroblem with the data or test configuration
clearly exists or.the'uncertainties have been underesti-
mated. The problem must be resolved and, if neces-
sary, the inui i -
tion. Case b is the most difficult to evaluate. A partial
overlap of the uncertainty intervals exists. Judgment
is needed to determine the acceptability of partial
overlap, and the parties to the test should agree to
criteria of acceptability for partial overlap. (See Refer-
ence 1.)

(b) Hypothesis Testing. The evaluation of the sig-
nificance of the difference between the two heat loads

COMPARISON OF MEASURED HOT<AND COLD
STREAM HEAT LOADS

may bé performed using hypothesis testing methodd|!-
ogy-(Reference 10 provides a description of standard
methods to compare the averages of two processeg.)
With hypothesis testing, the engineer, knowing the
statistical character of the two observed heat loads
from their respective standard deviations, investigates
the likelihood that the difference between the megn
values of the heat loads is due to chance or is dye
to a non-random effect. In the first case, there is fo
significant difference between the heat loads, and they
can be considered equal within the measurement up-
certainty. In the second case, a significant differenge
is considered to exist between the heat loads, so that
the two values differ because of some non-random
cause, such as instrument malfunction, lack of stea
state, or operator error. Hypothesis testing requires
for its application a judgment on the part of the tegst
engineer as to the level of statistical probability that
will be acceptable if the difference between the tWo
€at foad values i5 1o be due to a non- random cause.
An example of hypothesis testing is provided in
Appendix K.

5.3.1.5 Weighted Average Heat Transfer Rate.
To minimize the impact of any difference in mea-
sured heat loads, a weighted average shall be used
in the projection of results to reference conditions:
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Ug 2 UQ 2
Qave = ( 3 u 2) Q.+ ( 3 < ) Qn (5.3)
Uge + Ugh Uqe + Uon

where
ugc= uncertainty of cold side heat transfer rate
at test conditions [Eq. (B.5)]
Ugn= uncertainty of hot side heat transfer rate at
test conditions [Eq. (B.6)]

SINGLE PHASE HEAT EXCHANGERS

_ Qave
Y = XEMTD) (5-3)
where
A= reference heat transfer area (see para. 3.2.3)

5.3.4 Determine Individual Heat Transfer Coeffi-
cients at Test Conditions. The individual heat transfer
coefficients at test conditions shall be calculated for

5/3.2 Compute Effective Mean Temperature Dif-
ference at Test Conditions. The effective mean tem-
perature difference, EMTD, shall be calculated. The
ean temperature difference is needed to calculate
the overall heat transfer coefficient from the weighted
average heat transfer rate. This Code is based on
the F-LMTD method where the log mean temperature

ifference, LMTD, is calculated using the terminal
temperatures measured during the test and F is the
cpnfiguration correction factor for deviation from
tiue countercurrent flow:

EMTD = (F)(LMTD) _(5.4)

Appendix D provides guidance on the evaluation
df EMTD. Methods and idealizations used in\the
tfaditional development of LMTD and F are described
along with alternative methods. Alternatiye methods
may be used if traditional methods.fesult in the
yncertainties of Q* and U* which exceed the values
specified in para. 1.3.

The uncertainty analysis shall-consider sources of
rror attributed to the determination of EMTD. The
purces of error which shall be considered include
ne uncertainty of the measurements used and the
ncertainty of thetidealizations used in the calcula-
on of EMTD. Forthe traditional method of determin-
ng EMTD, the“uncertainty analysis shall consider
he uncertainty in temperature measurements and
nalytic.tincertainties due to the variable heat transfer
oefficient along the flow length (beyrp, ) and non-
niform temperature distribution over a flow cross

Cc O Q) — o+ — ot W (M

both the hot and cold stream ftuids. Appepdices C
and F provide common methods for evaluating shell
and tube side heat transfer coefficients,.and Appendix
H provides a method for evaluatirig, plate-frame heat
exchanger coefficients. Other ‘methods arg accept-
able for use in the evaluation provided the following
conditions are satisfied:
(a) Both parties shall‘agree to the use of thq
correlation or computer code.
(b) The accuracy of the correlation shall he agreed
upon.
(¢) Assumptions critical to the validity of the corre-
lation shall be valid at test conditions.
(d)"Assumptions critical to the validity of
lation shall be valid at reference conditions
(e) The same correlation or computer cpde shall
be used for evaluation at both test and refergnce con-
ditions. The evaluation shall not use different correla-
tions for determining a heat transfer coefficient at the
two conditions. Care should be taken when using
computer codes to verify that this requirement is satis-
fied since the program may contain criteria|to select
an appropriate correlation for each given set/of condi-
tions.
To meet these conditions when using omputer
codes, it may be necessary to obtain prior agreements
with the software vendor since the data ang correla-
tions used are often proprietary.
The uncertainty of the heat transfer cgefficients
shall be evaluated. The uncertainty is attrfjbuted to
variations in flow distributions, variationg in flow
geometry, variations in fluid properties, and uncer-
tainty in experimental measurements, whigh are the
basis of the heat transfer correlation. Wse of a
computer program, which models the heat exchanger
with multiple heat transfer elements does not elimi-

selected

he corre-

section (Dgayp,mixing)- Appendix D provides a discus-
sion of these two uncertainties.

5.3.3 Compute the Overall Heat Transfer Coeffi-
cient at Test Conditions. The overall heat transfer
coefficient at test conditions, U, can be determined
from the test parameters and the values calculated
above.
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nate this uncertainty but may reduce the uncertainty
depending on the data used to validate the model.
Estimating the uncertainty of individual heat transfer
coefficients is difficult. This difficulty is primarily
attributed the possibility that the correlations are
used for tests outside the limits of the original
experimental data and the methods used to reduce
the experimental data. A review of open literature
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and industrial experience has identified the following
uncertainties for typical heat exchanger flow geome-
tries:

uyp_ +0.10 for tube-side of shell and tube, Ap-
1/h~ pendix F and References 11, 12

Yuh_ 4020 -

Th= 0.50 for shell-side of shell and

tube, Reference 13

ASME PTC 12.5-2000

For plates:

where
AX= plate thickness
A, = total heat transfer area of all plates

5.3.6 Determine the Nozzle-to-Nozzle Pressure
Loss. Evaluation of differential pressure data shall

‘11_1/_/;”1___ #0.10 - 0.30 for plate-frame, Appendix H

——= #0.20 for plate-fin, References 14 and 15

1/h= ifiverse of the individual heat transfer coef-

flcient = average thermal resistance of the

fjim based on the heat transfer per unit area

uyn= Yncertainty of average thermal resistance of
the film

Use of these uncertainties is considered reasonable

for an initial assumption in the pre-test uncertainty

analysis. |f the overall uncertainty is dominated by

factors other than the heat transfer coefficient, use
of these |uncertainties is acceptable in the final
analysis. If the overall uncertainty is dominated by
these coefficient uncertainties, additional data should
be obtained (such as test data at various operating
points) to| verify their acceptability or to reduce their
contribution to the uncertainty of U* and Q% as
necessa

5.3.5 Dgtermine the Wall Resistance at Test Con-
ditions. The resistance of the wall which separates
the hot and cold fluids shall be(calculated for a
representptive temperature durifig;the test. The wall
temperatdire is between the Hot'and cold fluid tem-
perature and may be estimated using the ratio of
the individual hot and)ycold stream heat transfer
coefficierjts. For circular tubes:

In(do /d,)

Ry = 27k IN,

(5.6)

bC bavcd Ut IIULLIC tU lIULL}C lubat;un:. ThC ‘JICDJU!
measurements shall be corrected to account\fgr
losses in piping and fittings, which are between
the pressure tap and the nozzle, elevation differences
between the pressure tap and the nozzlevelocity head
differences, and fluid density differences. For differer]
tial pressure measurements using walltaps, the nozzl
to-nozzle pressure loss is derived in Appendix E:

~ AP S S ) 7
Po, pipe>="\Pi, pipe  Po, pipe
g
Pa pgage = (2, ~ Z)
APy = Pave ’ sree 8c ¢ (5.8)
Po, pipe] 8¢
+ (1 - Ki, pipe — 1+ Ko, pipe)
Pi, pipe Aj, pipe_ /
L. \Po, pipe Ao, pipe 2g -
where

AP, ,= nozzle-to-nozzle pressure loss
AP= measured differential pressure
P,= measured upstream pressure
Pave= average fluid density in the heat e
changer?
Pgage= fluid densnty in the gage or impulse
tubing®
Pipipe= fluid density in inlet piping
Po, pipe= fluid density in outlet piping
g= gravitational acceleration
&= units conversion constant
z;= elevation of the inlet pressure tap
z,= elevation of the outlet pressure tap|
z,= elevation of the inlet pressure in-

~
1

where
k,,= thermal conductivity of the wall
€ = effective length of tube
N,;= number of tubes
d,= outside diameter of tubes
d;= inside diameter of tubes
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strument

2 When the change in fluid density is small, the average fluid
density is given by (p; pppe + o, pipe)/2. The change in fluid
density is small if the second term in Eq. (5.8) is less than the
uncertainty in 4P,.,. If the change in fluid density is significant,
a pre-test agreement for the method of determining average fluid
density should be attained.

3 For small diameter uninsulated gage tubing, the fluid density
is typically at ambient temperature.
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Ki, pipe= loss coefficient for the fittings and pipe
between the inlet pressure instrument
and nozzle

v;= inlet pipe flow velocity

Ko, pipe= loss coefficient for the fittings and pipe
between the outlet pressure instrument
and nozzle

A, pipe= flow area of the inlet piping

Ao, pipe= flow area of the outlet piping

SINGLE PHASE HEAT EXCHANGERS

Cp,n* = average (or representative) specific heat of
the hot stream at reference conditions
T*= hot stream inlet temperature at reference

conditions

To*= hot stream outlet temperature at reference
conditions

U*= overall heat transfer coefficient at reference
conditions

A= reference heat transfer area (see para. 3.2.3)

Use of pressure taps in the tapered section of the
ozzle results in erroneous measurements and is
ot acceptable.

o e ]

5.4 HEAT EXCHANGER PERFORMANCE AT
REFERENCE CONDITIONS

The calculated performance parameters at test
onditions, the defined reference conditions and the
eat exchanger geometry and characteristics shall
e used to adjust the heat exchanger thermal per-
prmance to the pre-selected reference conditions.

4.1 Solve the Heat Transfer Equations at Refer-
nce Conditions. The thermal performance charac-
ristics of the heat exchanger are calculated by
plving the following equations simultaneously:

w =~ M N =SSO TJ0

Q* = mc*cy c* (H* = %) (5:9)

Q* = mp*cpp* (Ti* = TN (5.10)

Q* = U*A(EMTD¥) (5.11)
T 1 .
U*A_Umchc*Ac
1
b
Mhhn*An

R¢* (5.12)

R.*

vhere
*= héat transfer rate at reference conditions
m*= mass flow rate of the cold stream at refer-
ence conditions

hor= average mdividual heat transier_cpefficient
for the cold side at reference cofditions
n.= surface temperature effectivenesy of the
cold side
A.= cold side heat transfer)area
hp*= average individual-heat transfer cpefficient
for the hot side<at-reference condlitions
np= surface temperature effectivenesy of the
hot side
Ap= hot side heat transfer area
R¢*= fouling-resistance at reference copditions
R, *= wall\ resistance at reference cond|tions

Four-of the six process variables are defined by
the ¢eference conditions (para. 3.2.2), the ipdividual
heat transfer coefficients are functions of|the flow
geometry, fluid properties and process [variables
(para. 5.4.2), the effective mean temperatyre differ-
ence is a function of the flow geometry anfl process
variables (Appendix D) and the wall resistance is a
function of the wall geometry, material properties,
and wall temperatures (para. 5.4.3). It is|assumed
that fouling resistance at reference conglitions is
equal to the fouling resistance at test corditions:

Rf* = Ry (5.13)

5.4.2 Determine the Individual Heat Transfer Co-
efficients at Reference Conditions. The heat transfer
coefficients at reference conditions shall pe calcu-
lated for both the hot and cold side of|the heat
exchanger using the same correlations or computer
codes selected in para. 5.3.4.

The uncertainty of the individual he%: transfer

coefficients at reference conditions shall He consid-
ered. It should be noted that the overall upcertainty

Cp,c* = average (or representative) specific heat of
the cold stream at reference conditions
ti*= cold stream inlet temperature at reference

conditions
t,*= cold stream outlet temperature at reference
conditions
my*= mass flow rate of the hot stream at reference
conditions
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attributed to the individual heat transfer coefficients
is negligible for tests where the coefficient at test
conditions is approximately equal to the coefficient
at reference conditions. To estimate the effect of
the uncertainty in heat transfer coefficients without
“double-counting,” the following method should be
used to estimate the uncertainty of 1/h*-1/h, Refer-
ence 17:
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Uyspeash = Uyp(l = X) (5.14)

where
X= h*h for h*<h
X= h/h* for h<h*

5.4.3 Determine the Wall Resistance at Reference
Conditions. The resistance of the wall, which sepa-
rates the hot and cold fluids, shall be calculated for

ASME PTC 12.5-2000

(b) Wall Resistance. For instances where the
change in wall resistance is significant, an uncertainty
due to thermal conductivity and approximation of
wall temperatures should be considered.

(c) Longitudinal Conduction. For high effectiveness
and high temperature gradient applications such as
recuperators, bias due to longitudinal conduction
along the flow length should be considered. The effect
of longitudinal conduction can be calculated based

a representative temperature at reference conditions.
[See Egs.|(5.6) and (5.7)].

5.4.4 Oyerall Heat Transfer Coefficient at Refer-
ence Conditions. The overall heat transfer coefficient
at referenice conditions is calculated by solving Egs.
(5.8) through (5.11) simultaneously as discussed in
para. 5.4
reference
function

conditions is represented by the following
pf test parameters:

1

U* =
A 11 1] A1 1 .
A VY [hh'_h—] ¥ chlhc’_ h—C] R R (5:15)

cl=
31

This expression is derived in Appendix E and is
the basis [for uncertainty calculations in Appendix B.

5.4.5 Compute the Heat Transfer Rate at Refer-
ence Conditions. The heat transfer rate at reference
conditions is calculated by solving Egs. (5.8) through
(5.11) simultaneously as discussed in para. 5.4.1,
The hea{ transfer rate at reference conditions, is
represented by the following function of test param-
eters:

Qave(EMTD*/EMTD)

A 1 1 A (1 1 . (5.16)

[

1+

Q= [

This expression is derived\in Appendix E and is
the basis[for uncertainty calctlations in Appendix B.

5.4.6 Chlculate thé Uncertainty of Thermal Per-
formance Results.“The uncertainty of the heat ex-
changer performarice at reference conditions shall
be calculated-before the test (pre-test) and after the
test (posj-test) based on the sources of error in

1. The overall heat transfer coefficient at

on the approach discussed in Reference 19.

(d) Change in Average Fouling ResistanceF
analysis method used in this Code assumes-that th
average fouling resistance at test conditions is the
same as at reference conditions. As discussed in Af
pendix G, the difference in averagefouling resistande
at test conditions and at refererice“conditions may
be significant for instances where both the fouling
resistance is high and the test/conditions are substan-
tially different than the reference conditions. For thege
conditions, a bounding-¢alculation which integratgs
the heat transfer across the heat exchanger area (based
on fouling conditions which vary spatially) can Qe
used to estimate the uncertainty.

(e) Heat Loss to Ambient. For applications whefe
the calculated heat loss to the surroundings is a sig
nificant fraction of uncertainty in heat transfer rat
thébias due to this heat loss should be considered

The recommended approach to calculate the up-
certainty of U* Q* and A4P*,, consists of the
following:

(a) establishing an equation (or other suitable cql-
culation method) which describes U* Q* ard
AP, * based on test measurements;

(b) estimating the magnitude of the uncertainty for
each elemental source of error, and;

(c) propagating the elemental uncertainties to 3n
overall result.

Using this recommended approach, the uncer-
tainty of U* Q* and 4P,.* is dominated by the
contributions of only a few elemental uncertainties.
In general, the uncertainty is dominated by the
contributions of temperature measurements (and pdr-
ticularly outlet temperatures) and flow measurg-
ments. As a result, most of the elemental uncertainties
can be approximated with upper bound limits with-

4
~

para. 3.1.4 and the guidelines in ASME PTC 19.1,
Reference 1. As agreed by the parties to the test,
evaluation of other sources of error may be needed
to ensure that the assessment is adequate. Other
sources of error include:

(a) Heat Transfer Area. For instances where flow
blockage or tube plugging are not known, uncertainty
in heat transfer area should be considered.
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out increasing the uncertainty of U* Q* and
4P, * significantly.

Appendix B contains a procedure to propagate
the uncertainty of measurements into an uncertainty
of performance results. Other methods to propagate
uncertainty are acceptable. For example, use of a
computer program to identify the sensitivity coeffi-
cients for each of the measurements and parameters
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used (by incrementing each parameter individually)
is an acceptable approach as long as all sources of
error listed in para. 3.1.4 are considered.

5.4.7 Calculate the Pressure Loss at Reference
Conditions. The nozzle-to-nozzle pressure loss shall
be adjusted to reference conditions based on the

SINGLE PHASE HEAT EXCHANGERS

tions has not been developed since it is not consid-
ered practical to bound these effects in a generalized
manner for all test applications. Instead, the uncer-
tainty may be based on an upper and lower limit
for the calculated pressure loss adjustment:

following: UpgesHr + = (HR*HR)max — Hg*/Hg  (5.20)
UpgemHr — = Hr*/Hg = (HR*/HR)min
AP, ¥ = b nAP, (5.127)
where
where &4p is the correction factor to account for Hg*/Hg= best estimate of the hydraullc resist-
rgference flow and temperature conditions different ance ratio
tHan test conditions. This correction factor is calcu- (Hg*HR)max= upper estimate ©f “hydraulif resist-
Igted based on a model of the pressure loss through ance ratio
the unit: (Hr*/HR)min= lower estimaté of hydraulif resist-
ance ratio

¢AP (APn-n)caIculated at reference conditions

(5.18)

(AP, -n)calculated at test conditions

The method to calculate the correction factor shall
e agreed by the parties to the test. Guidance for
ell side pressure loss calculations is provided in

ppendix C. Guidance for calculating tube side
pressure loss is provided in Appendix F.

The uncertainty in pressure loss adjustment shall
be evaluated. This uncertainty is attributed to the
uncertainty in flow measurements, uncertainty-in

o

w

pressure loss correlations and uncertainty~ in

roughness and internal condition of flow surface. To

cplculate the contribution due to flow measurement

separate from the pressure loss gcotrelation and

rpughness contributions, the following equation can
be used:

Hg?* m*"
= 5.19
Pap He (5.19)

Where

Hg*= calctlated hydraulic resistance at reference
conditions = A4P,..* /(mH"

Hg=\Calculated hydraulic resistance at test condi-
tions = AP,, /m"

m*= mass flow rate at reference conditions

5.5 EVALUATION OF CALCULATED RE§JULTS

5.5.1 Verify All Analytical Assumptions Have Been
Satisfied. To ensure the validity of the corfelations,
methodologies, or computer codes selected {or deter-
mination of individual heat transfer coefficients dur-
ing the evaluation, it should be verified that each
flow stream was in the required flow regime and
that the same flow regime exists at both |test and
reference conditions. It should be verified|that the
test and reference flow rates satisfy the appropriate
assumptions or limitations of the selected he¢at trans-
fer correlations or codes. In addition, any|assump-
tions implicit in the computer code, if agplicable,
should be validated for the test and referenge condi-
tions.

5.5.2 Compare Muitiple Test Runs. If mu
runs were conducted, the results for each
be evaluated as described in paras. 5.3 fand 5.4.
The projected results calculated for all test quns shall
agree within the uncertainty of the results, or the
differences shall be explained. If the diffgrence in
results exceeds the uncertainty of the fests and
cannot be explained, the results shall be cgnsidered
inconclusive.

tiple test
test shall

m= mass flow rate at test conditions
n= flow rate exponent depending on flow re-
gime and assumptions regarding roughness
n=2 in fully roughened turbulent regime
n= 1.6 -1.8 for turbulent flow in smooth regime
n=1 for laminar flow
A generalized expression for the uncertainty in
pressure loss correlations and roughness contribu-
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The average of more than one test run should be
calculated as described in Reference 1, para. 7.3.2.
The uncertainty of the average test result is less than
that for one test run because of the reduction in
random uncertainty of the average. Systematic uncer-
tainty will remain the same as for a single test run.
For heat exchanger performance testing, most of the
uncertainty is typically systematic (such as instrument
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calibration and spatial variation) and therefore the
overall uncertainty for multiple test runs is not sub-
stantially less than the uncertainty for one test run.

5.5.3 Compare Performance at Reference Condi-
tions to Independent Criteria. After the performance

ASME PTC 12.5-2000

of the heat exchanger and its associated uncertainty
is calculated for reference conditions, comparison
with independent criteria can be performed. Inde-
pendent criteria include design specifications and
minimum process requirements. Methods for com-
parison with independent criteria are outside the
scope of this Code.

31
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SECTION 6 — REPORT OF RESULTS

6.1 COMPOSITION OF REPORT

lations used for data reduction. The test report shall

The re;|)ort for the performance test shall include
the following:

6.1.1 General Information

(a) ldentification of the heat exchanger to be tested.

(b) Ideptification of the plant where the heat ex-
changer i$ located, and general information regarding
the facility and the particular heat exchanger under
test.

(c) The

(d) The
changer.

(e) A slatement of who conducted the test and who
observed |the test.

() Datges(s) and time(s) of the test.

(g) Dafe of first commercial operation of the heat
exchanger.

(h) The design conditions and reference conditions
required pf the heat exchanger.

(i) A statement of the heat exchanger performance
criteria.

(j) Runj numbers included in the test report.

name of the owner of the heat exchanger.
name of the manufacturer of the heat ex-

6.1.2
purpose

ject of the Test. This shall describe the
bf the test.

6.1.3 Background. This shall include.a brief history
of the operation of the heat exchanger and any
pertinent| background information. It shall list all
prior agrgements with regard 10 the test. It shall also
discuss apy inspection prior to or following the test
and state| what was inspected and what was found.
It shall describe whenand how the heat exchanger
was last cleanedand its condition during the test.
This shall include a description of any degraded
conditions sincluding fouling discovered during the

6.1.4 Test Methods and Procedures. This shall
describe how the test was actually conducted includ-
ing system alignments and data acquisition methods
including the location of each measurement instru-
ment and any unusual occurrences during the test.
It shall include a summary of the types of instruments
used during the test. It shall identify analytical corre-

33

include a description of preliminary and special testf.

6.1.5 Test Data and Results at Actual Test \Conda-
tions. This shall include a listing of the(test resul

for each test run at actual test conditions after dll
corrections are applied.

6.1.6 Test Result Adjusted to) Design Conditionk.
This shall include a listing of the test results for
each run projected to refererice conditions after gl
corrections are applied:

6.1.7 Multiple Test Run Comparisons. Multiple tefst
runs shall be €ompared and shown to meet the
requirements,of para. 5.5.2.

6.1.8 Conclusions. The report shall state the pef-
formance parameters at reference conditions (overdll
heat transfer coefficient, heat transfer rate, and/pr
pressure losses) and the total uncertainty of each.
There shall be a statement of the conclusions derivgd
from the test, including whether or not the hept
exchanger met its performance criteria or fell shqrt
of that performance.

6.1.9 Appendices. As a minimum, the followirlg
appendices shall be included.

(a) Sample Calculation. This shall be included ug-
ing the data from one run. The sample calculatign
shall illustrate all the calculations and adjustmenis
that are made to that run so that the parties to the test
could start with the data from any run and make {ll
necessary calculations to verify the results of any pf
the other runs. Software input and output should Be
included.

(b) List of Instrumentation. This shall list all the
instrumentation used on the test, including manufag-

tion record.

(c) List of all Participating Personnel. This shall list
the participating personnel, their function, and the
parties to the test that they represent.

(d) 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
sample calculation, per (a) above.
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(e) Mechanical Data and Specification Sheets and
Drawings. (See Table 3.1).
(f) Raw Test Data.

6.2 REPORT DATA

A list of typical data to be included in the report

SINGLE PHASE HEAT EXCHANGERS

(i) Hot stream inlet pressure, Py;.

(j) Hot stream outlet pressure, Pho.

(k) Cold stream differential pressure if measured
directly, AP..

() Cold stream inlet pressure, P;.

(m) Cold stream outlet pressure, P,.

(n) Hot stream physical properties used in the eval-
uation, either tabulated or graphed over the tempera-
ture range encountered in the test.

fottows

(a) Heat transfer areas, A, A, Ap.

(b) Cold stream mass flow rate, m,.

(¢) Hot stream mass flow rate, m,.

(d) Hot stream inlet temperature, T;.

(e) Hot stream outlet temperature, T,,.

(f) Cold stream inlet temperature, t;.

(g) Cold stream outlet temperature, &,

(h) Hot stream differential pressure if measured di-
rectly, 4Pp.

(o) Cold stream physical properties usedLin the
evaluation, either tabulated or graphed over-the tem-
perature range encountered in the test:
(p) Effective mean temperature difference, |EMTD.
(q) Hot side and cold side heat transfer rdtes, Q.
and Q.
() Hot side and cold side_c¢onvection film
cients, h. and hy,.
(s) Overall heat transfer coefficient, U.
(t) Average heattransfer rate, Qaye.

coeffi-
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NONMANDATORY APPENDIX A — STEADY
STATE CRITERIA

Testing |shall be performed at steady state condi-
tions. Tes{ing under transient conditions can be used
to perform an accurate assessment of performance
but the methods used to analyze the results are not
included |in this Code. If tests performed under
transient qonditions are analyzed in accordance with
the methdds of this Code, the results may be different
and the gverall uncertainty will be greater than if
transient pnalysis methods are used.

Industripl process streams typically do not operate
under completely steady conditions. Instead, interac-
tions betyeen the pumps, valves, heat exchangers
and tankq result in process variations described as
“almost dqteady.” To ensure conditions adequately
approximpte steady state, limits of variation for the
measurenents are often specified in the test proce-
dures. Limiting variations during a test is often not
practical |and is not necessary for high accuracy
testing. Imstead, an assessment of the significance
and uncgrtainty due to these process variations is

evaluatiop ‘of transient conditions prior to the test,

upon particular conditions of the industrial facilit
and are not discussed in this appendix. Foran idea
test, data during the test period should mot Contai
a drift or other non-random component; and randor]
process variations during the test period should b
kept to a minimum. Data with seme’drift and large
process variations are acceptable provided that th
uncertainty attributed to thiese non-ideal effects
adequately bounded. Steady state criteria consist
qualitative and/or quantitative measures of accep
able random and nen-random variations along wit
methods to estimaté their uncertainty.

. n b = 0 2D 2 —"X

-

A.1 NON-STEADY CONDITIONS PRIOR TO
FHE TEST PERIOD

Prior to the test, non-steady conditions are ex
pected due to startup of pumps, positioning of valves,
and heat-up of the heat exchanger. The transient,
non-random behavior of the data should be co
pletely dampened at the beginning of the test period.
The impact of most pre-test events such as pump
starts and valve operation can be confirmed hy
reviewing the data traces for temperatures and flowg,
and performing a qualitative visual evaluation ¢f
the data traces to confirm that pretest transien
have dampened. Quantitative evaluation of pre-test
conditions can be performed by comparing the avey-
age and variance of data in sample windows prigr
to the test as discussed in para. A.2 below.

A.2 RANDOM PROCESS VARIATIONS

Random variation of process measurements is ek-

evaluation of the random process variations during

the test, and non-random drift over the test period.
As discussed in Section 3, parties to the test shall

agree to steady state criteria. Specific criteria depend

! The guidelines included in the Code are general for application
to heat exchanger testing; references to more complete discussion
are included.
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pected during the test period due to variations in
temperature, pressure and flow conditions, and ran-
dom instrument effects which cannot be controlled
or eliminated. A heat exchanger test at steady state
conditions is comprised primarily of random process
variations (random variations are substantially greater
than non-random variations). There are a number
of methods to test the conditions for steady state,
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and two methods are introduced here. The first
method is based on the test for stationarity from
Reference 19.

(a) Divide the data measured over the test period
into M equal time intervals with N data measurements
in each time interval. Time intervals of 1 to 3 minutes
are considered acceptable for most industrial tests.

(b) Calculate the average value, x, and variance,
s, for each interval in accordance with Eqgs. (A.1)

SINGLE PHASE HEAT EXCHANGERS

dependent upon the filtering constants, and a critical
threshold should be established based on preliminary
test runs as agreed by the parties to the test.

If randomness of the observed variations can be
established, the standard deviation of M sample time
intervals due to these random process variations can
be estimated:

amd—tA2):

- 1 ¥
X = F/EI X; (A1)
1T & —
S= T Zﬁ (x; = X) (A.2)

(c) Evaluate the calculated sample average and
vriance for trends or variations other than those ex-
pected. This evaluation can be performed with a statis-
tical test, but qualitative inspection of the interval data
if often sufficient to identify trends.
Several statistical tests discussed in Reference 19
chn be considered. For example, evaluation to estab-
lish the randomness of observed variations in the
ta can be performed with a run test or reverse
afrangements test. A t-statistic test can detetmine
if the average changes significantly for successive
intervals. An F-statistic test evaluates the ratio of the
riances, where the numerator is the(mean of the
sfuared differences of the measuréd)'data and the
average over the time window and.the denominator
i3 the mean of the squared. differences between
sficcessive data. If the time series is stationary, the
r
t
t

htio will be near unity: For non-steady processes,
he value of the ratio will be substantially greater
han unity. .

The second method introduced in this Section is
g variation of the F-statistic test suited for implemen-
tation withrah automated data acquisition and control
1stem, Réference 20. The ratio of variances is
I

etefmined with the variance in the numerator calcu-
ted based on the mean of the squared differences

(A.3)

This value can be used to estimate the uncertainty
based on Eq. (A.4).

A.3 NON-RANDOM PROCESS VARIATIONS

Non-random.yvariations consist of periodi¢ or tran-
sient non-périodic changes in measurement condi-
tions. For, heat exchanger testing, non-randgm varia-
tions €ypically consist of drift in the measpirements
attribuited to conditions, which cannot be gtabilized
during the test period (such as cooldown| or heat
up of a tank, or slow changes in envirpnmental
conditions). Unlike random variations, the [bias due
to drift may not be reduced by extending the test
period. Data sampling rate and instrument agcuracies
should be sufficient to measure drift in test cpnditions
such that the calculated average does noj contain
a bias, which is greater than the calibration bias of
the associated instrument. The bias in the measure-
ments is attributed to the thermal lag in the[response
of the instrument and heat exchanger to the changing
inlet conditions. A model of the thermal |response
of the instrument and heat exchanger can| be used
to calculate the thermal lag. The bias is represented
by the difference between the calculated |response
and the ideal response without thermal Iag.

Development of methods to calculate the thermal
lag in measurements due to the instrument|and heat
exchanger is beyond the scope of this Code. Models
to calculate the thermal response of instruments and
heat exchangers are available in the open literature.

between the measured data and the filtered value,
and the variance in the denominator calculated
based on the mean of the squared differences be-
tween successive measured data. As with the F-
statistic test, the ratio will be near unity for a
stationary process, and the ratio will be substantially
greater than unity for non-steady processes. As dis-
cussed in Reference 20, the value of the ratio is
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The references in_Section / contain_methods to
estimate the thermal lag of instrumentation. In addi-
tion, References 24 and 25 provide a model for the
response of a temperature element. A model of a
counterflow heat exchanger element is developed
in References 21, 22 and 23. References 22 and
23 provide solutions for response to step changes
in inlet temperature and flow conditions.
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Once a calculation of the thermal lag of the
instruments and heat exchanger has been performed,
data can be corrected to reduce the bias. However,
some bias contribution to the total measurement
uncertainty should be retained for tests with drift in
measurements.

ASME PTC 12.5-2000

consists of a bias component due to drift, by gt
and a random component sz, which are combined
based on the guidelines provided in ASME PTC
19.1, Reference 1:

A4 UNfERIA.I.NlY_A]II?.I.BLIIED_‘LD_ERD!'F“
VARIATIONS

An estimate of the uncertainty of process variations
is requirgd. The uncertainty due to almost steady
conditions of an averaged measurement X, Uy,

Ugpv = 2|(by aif2)? + (szF  (A4)
where
M= number of sample time intervals over the
test period
sx= standard deviation of the mean of M time
intervals

b, 4nit= bias component due to drift ofthe dafa
over the interval

41
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NONMANDATORY APPENDIX B — EQUATIONS AND
COEFFICIENTS FOR UNCERTAINTY ANALYSIS

This Appendix describes a procedure to propagate
elementall uncertainties and calculate the uncertainty
of performance parameters at reference conditions
consisten{ with the requirements of this Code and
methods {n ASME PTC 19.1. The method described
in this agpendix is suitable for spreadsheet imple-
mentatior]. Alternate approaches consistent with the
requireménts of this Code are acceptable.

The equations for propagating elemental sources
of uncertginty used in this appendix are as follows:

U = !
LIS AN B S At 0 . (B.1)
u*(m)c[hc* hJ *(nmh[hh* B } * (R = Rl

Q* = Qjve EMTD*/EMTD

A n, A (L1 . (B.2)
1+U[(7)A)c(hc' hc)+(7)A)h(hh" hh)+Rw Rw]

APL* = dupdPrn = HE ™" 4p
h-n AP n-n HR m n-n, (83)
Equatigns (B.1), (B.2), and (B.3) areithe same as
Egs. (5.1%), (5.16), and (5.17) respectively. Refer to
Section § and Section 2 for a-description of the
nomenclature.

Step 1. Calculate the Uncertainty of Temperature,
Flow, anf Pressure Measurements

The o%rall uncertainty for 95% confidence of an
individud| température, pressure or flow measure-
ment, u,| with"31 or more measurement samples is
given by| Eg.-(B.4):

TABLE B.1

SENSITIVITY COEFFICIENTS FOR UNCERTAINTY

OF TEMPERATURE, FLOW, AND PRESSURE
MEASUREMENTS [Note (1)]

Contributing Factor Sensitivity Coefficient

Uncertainty attributed to calibration, b, 1

Uncertainty attributed to spatial variation, 1
bSpatVar

Uncertainty attributed to instatlation, 1
binsrall

Uncertainty attributed t¢ data acquisition, 1
bDalaAcq

Uncertainty attributed to almost steady 1
conditions, ug,

Uncertainty-attributed to random error N/A

(standard deviation of the mean, based
on,méasurement variations while
system conditions remain constant), sz

NOTE:
(1) The sensitivity coefficient is the change in the calculated
result due to an incremental change in a contributing factgr.
For an arbitrary result Y and contributing factor x, the sensitiy
ity coefficient is @y, = @Y/x.

Step 2. Calculate the Uncertainty of Heat Transfer
Rate at Test Conditions

The uncertainties of the cold stream heat transfer
rate, ug, hot stream heat transfer rate, ugp, ard
weighted average heat rate, ugave are given by Egs.
(B.5), {(B.6), and (B.7) where the terms are defingd
in Table B.2:

uge = [(Bgu? + (8q,0Uw) (B.p)

2 2,2
+ (eQ,mcUmc) + (OQ,cchcpc) ]

Uy = 2|:(binstall2 + bcal2 + bSpal‘Var2 (B.4)

1,
2 2 2
+ bDataAcq + Upy )4 + 5:7]

where the terms are defined in Table B.1.

uon = [(6g riur)*
+ (00,10UT0)* + (80, mhlUmp)’ (B.6)

+ (HQ,cphUcph)Z] 2

i
UQave = [UbcUn + Ubh U~ /ufe + ugn)  (B.7)
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TABLE B.2
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF HEAT TRANSFER RATE
AT TEST CONDITIONS

Contributing Factor

Sensitivity Coefficient

Uncertainty attributed to cold stream inlet
temperature, uy;

Uncertainty attributed to cold stream
outlet temperature, uy,

Uncertainty attributed to cold stream flow

bq = -McCp,c
0000 = McCpe

bome = Cp,c,(to - &)

Tate, Unc

Uncertainty attributed to cold stream
specific heat, g

Uncertainty attributed to hot stream inlet
temperature, ur;

Uncertainty attributed to hot stream outlet
temperature, ur,

Uncertainty attributed to hot stream flow
rate, Ump

Uncertainty attributed to hot stream
specific heat, ug

8g,cpc = Mt — &)
6o r1i = MpCpp
0Q10 = ~Mplph

8.mh =<CpilTi — To)

eQ,cph = my(T; - To)

TABLE B.3
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF OVERALL HEAT
TRANSFER COEFFICIENT-AT TEST CONDITIONS

UemrD
Uncertainty attributed to averagé heat
transfer rate at test conditions, Ugave

Contributing Factor Sensitivity Coefficient
Uncertainty attributed to mean 0 _ Qae
temperature difference at test condiions, UMD = EMTD?

B =
UQ = AEMTD

tep 3. Calculate the) Uncertainty of the Mean
emperature Difference at Test Conditions

The uncertaintyin mean temperature difference at
test conditions,) Ugmrp, can be calculated by analytic
ethods or. graphical methods as discussed in Ap-
endix_D:

-

ep 4. Calculate the Uncertainty of the Overall

Step 5. Calculate the Uncertainty of the Overall
Heat Transfer Coefficient at Reference Conditions

The uncertainty in overall heat transfer cpefficient
at reference conditions, uy. is given by [Eq. (B.9)
where the terms are defined in Table B.4

U = [(Bre s )?
1=4 v |~ arsvans vl

Heat Transfer Coefficient at Test Conditions

The uncertainty in overall heat transfer coefficient
at test conditions, uy, is given by Eq. (B.8) where
the terms are defined in Table B.3:

uy = [(6U,QUQave)2 (B.S)

1
2 2
+ (Bu,emTDUEMTD) ]

2
+ (Bu~ (/% = 1BU B> - 17RO (B.9)

7
2 2
+ (Bu1/h* - ympUQR* - 1WA ]

Step 6. Calculate the Uncertainty of the Heat Trans-
fer Rate at Reference Conditions
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TABLE B.4
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
OVERALL HEAT TRANSFER COEFFICIENT AT REFERENCE CONDITIONS

ASME PTC 12.5-2000

Contributing Factor

Sensitivity Coefficient

Uncertainty attributed to overall heat transfer

coefficient at test conditions, uy

Uncertainty attributed to adjustment in cold
stream convective thermal resistance,
Ua/h* - 1/h)e

bumy = (UYUR

A

Ou=aihe - 1y = A, (U»?

The uncertainty in heat transfer rate-at reference
conditiofs, ug- is given by Eq. (B,10)and the terms
ed in Table B.5:

are defir

UQ*‘_"[

Uncertainty attributed to adjustment in hot
stream heat transfer coefficient, ug/p - 1/mn

Oun /b - bh = ™A (U%?

SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF HEAT TRANSFER;RATE

TABLE B.5

AT REFERENCE CONDITIONS

Contributing Factor

Sensitivity Coefficient

Uncertainty attributed to the mean
temperature difference at test conditions,
UemTD

Uncertainty attributed to heat transfer rate
at test conditions, Ugave

Uncertainty attributed to overall heat
transfer coefficient at test conditions, uy,

Uncertainty attributed to change in cold
stream convective thermal resistance,
Uashe - /e

Uncertainty attributed to change in hot
stream convective thermal resistance,
Uash® - 1/hh

e 12 . _ = *U*
o he - e = Q A

0wiine - 1mp = Q*U*

*

*

Qa ve

* U*
8o-u = %(1 'U)

600 =

A
MA),

80+,QUQave) + (84~ EMTDUEMTD)

2 2
+ (@« uuu)® + (69%¢1/h* — 1/mcla/h* - 17h)0)

2
+ (6« (1/h* ~A/mAYA /A - 1RR) ]

Step 7.
to-Nozz

1/2

(B.

Caleulate the Uncertainty of the Nozzle-
e Pressure T iti
Assuming that the uncertainty of the fluid density

2 2
(64Pn-n,apUapy” + (84pn.n,pulipy)

Uapn-n =

10)

is small because the change in fluid density is small,

the uncertainty of the nozzle-to-nozzle pressure loss
is calculated based on contributions due to the

pressure measurement, the loss coefficients of the
pipe and fittings between the inlet and outlet nozzles
and associated pressure taps, and the pipe fluid
velocity. The uncertainty in nozzle-to-nozzle pres-

45

sure loss at test conditions is given by Eq. (B.1[1)
and the terms are defined in Table B.6:

2
+ (B4pn-n,i, kpipeUi Kpipe)
2
+ eAPn-n, o, Kpipeu o, Kpipe)
2
+ (6apn-n,vitlvi)

14
terms are defi

‘l/2

(B.11)

Step 8. Calculate the Uncertainty of Nozzle-fo-
Nozzle Pressure Loss at Reference Conditions
The uncertainty in the pressure loss at referen

n-n s . . ne
ned in Table B.7:

— 2
Uapn.n* = [(0apn-n*, HR*HRUHR*/HR)

+ (B4pp-n*, mUm)? (B.12)

1,
2,
+ (0APn-n‘,APn-nUAPn-n) ]


https://asmenormdoc.com/api2/?name=ASME PTC 12.5 2000.pdf

ASME PTC 12.5-2000 SINGLE PHASE HEAT EXCHANGERS
TABLE B.6
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
NOZZLE-TO-NOZZLE PRESSURE LOSS AT TEST CONDITIONS

Contributing Factor Sensitivity Coefficient
Uncertainty attributed to the Pave
differential pressure measurement, 84pnnap = Poo
o,pipe
Uap
Uncertainty attributed to the o _ 1
upstream pressure measurement, aPn-nPu = Pave Pipive  Popipe

tro

Uncertainty attributed to the loss
coefficient for the pipe and fittings
between the inlet nozzle and
pressure tap, Uapn-n,i Kpipe

Uncertainty attributed to the loss
coefficient for the pipe and fittings
between the outlet nozzle and
pressure tap, Uapn-n,o,kpipe

Uncertainty attributed to inlet pipe
velocity, u,;

B4Pn-nikpipe = —Pave VI/28,

2
o PipipeAipive | . 2
8.4pn-n,0,kpipe = —Pave ( Dopi per,pipe) V$/2g ).

1 = Kpipe,i

Vi
84pn.nvi = Pave 2 ,/g
-1+ Ko,p iPe)(Pr:glg Egleen) c

Pn,pipeApipe, o,

TABLE B.7

SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
NOZZLE-TO-NOZZLE.PRESSURE LOSS AT REFERENCE CONDITIONS

Contributing Factor, Sensitivity Coefficient
Uncertainty attributed to the hydraulic m*\"
resistance ratio, UpRR B4pnnerRomR = APpn | —=
Uncertainty attributed to flow rate naP, -

measurement, .U, Oapnnom = — -

Uncertainty attributed to nozzle-to-nozzle
pressure loss test conditions, uapn.n

O 4pa-napnn = Pap

46
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NONMANDATORY APPENDIX C — THE DELAWARE
METHOD FOR SHELL-SIDE PERFORMANCE

C.1 INTRODUCTION

The Dglaware Method for calculating shell-side
heat trangfer and pressure loss for shell and tube
heat exchangers was first developed from the results
of the University of Delaware research program on
shell and tube heat exchangers carried out under
ASME sgonsorship from 1947 to 1963. The first
publicatipn of the rating method was in 1961 and
there have been a number of subsequent publications
(with slight variations and extensions) in the years
since. The Delaware Method is generally regarded
as the mpst accurate and comprehensive shell and
tube desfgn method in the open literature and has
been selgcted for inclusion in this document because
it is avaflable to all users without restriction. The
version gdiven here is consistent with the version in
Reference 26. The present form is quite feasible for
hand calgulations, but can be readily converted to
a computer-based procedure if frequency warrants.

The agplication of the Delaware Method for the
purposes| of this Code is to “rate” the performance
of a (nominally) completely specified shell and'\tube
heat exchianger under specified operating conditions,
i.e., to cdlculate the heat transfer characteristics (film
and overall heat transfer coefficients;\stream outlet
temperatpres and heat duty) and shiell=Side and tube-
side predsure losses.

There |are more accurate (proprietary computer-
based mpthods available.xMost of these are based
on Tinkgr's Stream Analysis Method (see para. C.2)
and requjre the use of a computer and some expertise
in running and jrterpreting the program.

shell-side are identified. Stream B is the main crosp
flow stream flowing through one windowacross
the crossflow section and out through the'opposi
window. This is the stream that is desifed on the
shell-side of the exchanger.

However, because of the mechanical clearance
required in a shell and tube_exchanger, there a
four other streams which compete with the B strean
First, there is the A stream leaking through the
clearances between thé-tubes and the baffle, from
one baffle compartment to the next. Then there |is
the C stream, the_bundle bypass stream, flowing
around the tube bundle between the outermost tubges
in the bundlevand the inside of the shell. The|E
stream isithe shell-to-baffle leakage stream flowing
throughtthe clearance between the baffles and tl"te
inside“diameter of the shell. The last of the identifigd
major streams is the F stream, which flows through
any channels within the tube bundle caused by the
provision of pass dividers in the exchanger headgr
(i.e., only in multiple tubepass configurations). [lt
should be noted that, for a two tubepass configurp-
tion as shown here, the pass divider ordinarily would
be oriented perpendicular to the direction of the
main crossflow stream and would not provide @n
internal bypass stream; however, it is shown here
because it can have a very serious effect in multiple
tubepass configurations, where at least some of the
pass lanes may be parallel to the direction of flow.)

These streams do not, of course, exist as precisgly
defined streams as shown in Fig. C-2.1. They form
and mix and interact with one another, and a more
complete mathematical analysis of the shell-sige
flow would take this into account. However, these
analyses are also quite complicated (see Referente

[¢)

IR

In Fig. C-2.1, a diagram of the shell-side flow
mechanisms in a highly idealized form is shown.
This diagram has been modified from Palen and
Taborek, Reference 13, who in turn borrowed it
and modified it from the original version shown by
Tinker, Reference 27. Five different streams on the
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13) alld bdllllut bc \.all;cd uut C}\Cl\_t:y ;II a.lly \_Cl.'e,
simply because of a lack of knowledge of the turbu-
lent flow structures on the shell-side. Therefore, Fig.
C-2.1 is an idealized representation but does allow
us to talk in terms of the major effects modifying
the idealized flow pattern.

In the Delaware Method, the B stream is regarded
as the essential stream in the exchanger with the
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FIG. C.2-1
(Adapted from Palen and Taborek (13) and Tinker (27)
(Courtesy of Kenneth ). Bell))

her streams exerting various modifying effects upon
e performance as predicted for the B stream alone.
ne various leakage and bypass streams affect the
pat transfer rate in two separate ways:

(a) They reduce the B stream and therefore the local
pat transfer coefficient;

(b) They alter the shell-side temperature profile,
The Delaware Method in effect lumps these twoéf-
gcts together into a single correction.

Not all of the leakage and bypass streams have
the same relative magnitude of effect and;-of course,
they respond differently to various geometrical pa-
ragmeters of the shell-side. For example, the A stream
thibe-to-baffle leakage) has only.a relatively small
fect upon the heat transfer) coefficient and the
pressure loss. The C stream has a relatively large
effect, but there are mechanical ways of partially
bJocking this flow to-minimize that effect. The E
stream (shell-to-baffle’leakage) has an extremely seri-
ops effect and unfortunately there is relatively little
ope can do-to_help. Finally, the pass divider bypass
sfream (F/stream) has a moderate effect and responds
t¢ some of the same treatments that the bundle
pass) stream does.

- > T A0

o =

IDEALIZED DIAGRAM OF SHELL-SIDE FLOW STREAMS

for a gas or(vapor) of the shell-side fluid are $pecified
and that the density, viscosity, thermal conductivity,
and<specific heat of the shell-side fluid ar¢ known
or~can be reasonably estimated as a furjction of
temperature. The method also assumes that the fol-
lowing minimum set of shell-side geometry data is
known or specified:

(a) Tube outside diameter, d,;

(b) Tube geometrical arrangement (unit c¢ll geom-
etry and tube pitch);

(c) Shell inside diameter, D

(d) Diameter of the outer tube limit, D,y;

(e) Effective tube length (between tube sheets), ¢;

() Baffle cut, £

(g) Baffle spacing £ (also the inlet and ou
spacings, €;;and €;,, if different from €J);

(h) Number of sealing strips/side, N

(i) Number of pass partition lanes parallel to the

let baffle

direction of flow, Ny, and the width of these I3nes, W,;
() Number of fins per unit length, N, the ffin thick-

ness, y;, and fin height, hy

From this geometrical information, all remaining
geometrical parameters needed in the shelltside cal-
culations can be calculated or estimated by|methods

C.3 DETERMINATION OF SHELL-SIDE
GEOMETRICAL PARAMETERS'

The Delaware Method assumes that the flow rate
and the inlet and outlet temperatures (also pressures

' The nomenclature for this appendix is in para. C.6.
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given here, assuming that Standards of the Tubular
Exchanger Manufacturers Association, Reference 28,
are met with respect to tube-to-baffle and shell-to-
baffle clearances. However, if additional specific
information is available (e.g., tube-to-baffle clear-
ance), the exact values of certain parameters may
be used in the calculation with some improvement
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in accuracy. The Delaware Method can be applied
to a variety of shell-side geometries. Some modifica-
tion to the equations presented in this section may
be needed to apply the Delaware method to all shell
geometries. Fig. C.3-1 shows shell-side geometry
characteristics of a fully tubed E-shell to assist in
application of equations provided in this section.
(a) Total Number of Tubes in the Exchanger, N,. If
not known by dlrect count, find in Table C3-1,asa
function

ASME PTC 12.5-2000

(d) Fraction of Total Tubes in Crossflow, F..

_ 1 D; - 2¢. [ D; - 24,
F. = = {w +2 (—__—Dor{ ) snn[cos (——_—Doze )] (C.3-2)
D; - 2¢

1o (252

ott

the tube pitch, p, and the layout. The shell diameter
D;, and guter tube limit Dy, given in the Table are
those for|a conventional fully tubed split-ring floating
head desjgn. For a given shell diameter, the value of
Dy will |be greater than that shown for a fixed tube
sheet degign and smaller for a pull-through floating
head. In pny case, the tube count can be reasonably
interpolated from Table C.3-1 using the known or
specified| Dy, assummg that the tube count is propor-
tional to (D). All tube count tables are only approxi-
mate sinfe the actual number of tubes that can be
fitted intg a given tubesheet depends upon the pass
partition |pattern, the thickness of the pass dividers
and exacfly where the drilling pattern is started relative
to the dividers and the outer tube limit. Additional
tubes wilrbe lost from the bundle for a U-tube design
because the minimum bending radius prevents tubes
from beipg inserted in some or all of the possible
drilling gositions near the centerline of the U-tube
pattern. JTubes will also be lost if an impingement
plate is inserted underneath the nozzle; analysis of
this case|requires special care. For a no-tubes-in-the-
window |design, the actual number of tubgs;in the
bundle cpn be estimated as F N, (see para..C.3-4 for
the definftion of F,).

(b) Tupe Pitch Parallel to Flow, p,~-and Normal to
Flow, p,} These quantities are needed only for the
purpose pf estimating other parameters. If a detailed
drawing lof the exchangers Javailable, or if the ex-
changer [itself can be conveniently examined, it is
better to pbtain theseother parameters by direct count
or calculption. These.quantities are described by Fig.
C.3-2 angl read from Table C.3-2 for the most common
tube layquts;

(c) Number of Tube Rows Crossed in One Cross-

where all the angles are read in radians. For(conve-
nience, F. has been plotted to an acceptable‘degree
of precision in Fig. C.3-3 as a function .of percent
baffle cut, (£/D)(100%), and shell diameter D;. THis
figure is strictly applicable only to/the (D; = D)
combinations shown in Table® C.3-1 but may be
used for other situations with minor error. For fixed
tube sheet construction, F.is a little lower than that
shown, especially for_the smaller shell diameters;
for pull-through floating head construction, F is|a
little higher.

For no-tubes-in-the- wmdow design, the actupl
number of ‘tubes in the exchanger is F.N, whefe
Fc is givenrby Eq. (C.3-2), for all subsequent calculp-
tions for this design, F. is then taken as 1.00.

(€)> Number of Effective Crossflow Rows in Ea¢h
Window, N,,. If shop drawings are available, N ,lis
the number of rows of tubes from the baffle cut to the
shell that have at least half of the number of tubgs
in a row located at the centerline of the exchangg
Alternatively, estimate from Eq. (C.3-3).

~

This equation assumes that the shell-side fluid ¢n
the average crosses about half of the tube rows n
the window (but crosses each such row twice) and
the tube rows extend about 0.8 of the distance fro

flow Section (Between Baffle Tips), N.. Count from
exchanger drawing or estimate from Eq. (C.3-1).

o)

N. =
c Po

(C.3-1)
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lUUES e [ne-WanOW
() Number of Baffles, N. Count from the drawing,
or calculate from Eq. (C.3-4).
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A

Baffle cut, £¢

D;[1 - 2(¢,/Dp)

Section A-A

FIG. C.3-1 SHELL-SIDE GEOMETRY CHARACTERISTICS FOR A FULLY-TUBED E-SHELL
(Courtesy of Kenneth ). Bell)
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TABLE C.3-1 TUBE COUNTS
(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)
(Courtesy of Kenneth J. Bell)

ASME PTC 12.5-2000

Dia. of Number of Tube Passes

Shell Outer Tube Tube

1D Tube oD, Pitch, in. 1 2 4 6 8

in. Limit, in. in. Layout

8.07 6.82 % Bhe A 38 32 26 24 18
A 100 32 26 20 20
A T A 37 30 24 24
1 1, 00 21 16 16 14
] 1 A 22 18 16 14

10.02 8.77 A e A 62 56 47 42 36
¥ 100 52 52 40 36
3, 1A 61 52 48 48
1 1, OO 32 32 26 24
1 1, A 37 32 28 28

12 10%, 3, Bhe A 109 98 86 82
A 100 80 72 68 68 6p
A 14 90 84 72 70 68
1 1Y, 00 48 44 40 38 k1)
1 1% A 57 52 44 42 4p

13", 12 A e A 127 114 96 90 8p
A 100 95 90 81 77 7D
A 1A 110 101 90 88 78
1 1, 00 60 56 51 46 44
1 1 A 67 63 56 54 5p

157, 14 A he O 170 160 140 136 12B
A 100 138 132 116 112 108
A 1A 163 152 136 133 11D
1 1, 0¢ 88 82 75 70 6p
1 1" A 96 92 86 84 7P

17, 16 A 156, LX 239 224 194 188 178
A T 188 178 168 164 14p
A A 211 201 181 176 16p
1 1, 00 112 110 102 98 8p
1 1 A 130 124 116 110 94

19Y, 18 3, Yhe O 301 282 252 244 23p
34 1 00 236 224 216 208 18B
) 1A 273 256 242 236 21p
1 1, OO 148 142 136 129 11p
1 AN 172 162 152 148 12B
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TABLE C.3-1 TUBE COUNTS (CONT'D)

(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)

{(Courtesy of Kenneth J. Bell)

Dia. of Number of Tube Passes

Sheli Outer Tube Tube

1D, Tube oD, Pitch, in. 1 2 4 6 8

in. Limit, in. in. Layout

21 19Y, A Yhe O 361 342 314 306 290
A 100 276 264 246 240 234
2 s 318 366 259 269 260
1 1, 00 170 168 157 150 148
1 1 A 199 188 170 164 160

23V, 21, A Yhe A 442 420 386 378 364
A 100 341 321 308 296 292
A 1A 381 369 349 326 328
1 1'%, OO 210 199 197 186 184
1 1 A 247 230 216 208 202

2 23", *a Phe A 531 506 468 446 434
Y 100 397 391 370 360 343
A 1A 470 452 422 394 382
1 1, 0 250 248 224 216 210
1 s & 294 282 256 252 242

27 25Y, A Bhe A 637 602 550 536 524
3, 100 465 452 427 418 408
3 1A 559 534 488 474 464
1 1, 00 286 275 267 257 250
1 s & 349 334 302 296 286

29 27V, A Bhe A 721 692 640 620 594
A 100 554 542 525 509 500
A 1A 630 604 556 538 508
1 1Y, O 348 340 322 314 313
1 1ua 397 376 354 334 316

3 29Y, A 46 A 847 822 766 722 720
A 100 633 616 590 586 570
A 1A 745 728 678 666 640
1 1, 00 402 390 366 360 348
1 1 A 472 454 430 420 400

3B 31Y, a e A 974 938 872 852 826
A 1 00 742 713 687 683 672
A 1A 856 830 774 760 732
1 1, OO 460 453 430 420 414
1 1 A 538 522 486 470 454

3p 33, A Bhe A 1102 1068 1004 988 958
3, 100 827 811 773 762 756
3s 1A 970 938 882 864 848
1 1, 00 517 513 487 486 480
1 1" A 608 592 566 546 532
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TABLE C.3-1 TUBE COUNTS (CONT’D)
(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)
(Courtesy of Kenneth J. Bell)

Dia. of Number of Tube Passes
Shell Outer Tube Tube
iD, Tube oD, Pitch, in. 1 2 4 6 8
in. Limit, in. in. Layout
37 35Y, 3, e A 1242 1200 1144 1104 1078
3, 100 929 902 880 870 852
A T A 1090 1042 982 966 938
1 1, 00 588 580 555 544 538
1 1 A 678 664 632 614 598
39 37V, A he A 1377 1330 1258 1248 1212
3, 100 1025 1012 984 964 942
3, 1A 1206 1176 1128 1100 1078
1 1, 00 645 637 619 610 605
i 1", A 766 736 700 688 6712
42 40, A Bhe A 1611 1580 1498 1464 1436
: 3, 100 1201 1171 1144 1109 1087
A 1A 1409 1378 1314 1296 1280
1 1, 00 745 728 708 686 630
1 AN 890 878 834 * 808 800
44 42V, A Bhe A 1782 1738 1650 1624 1592
3, 100 1349 1327 1286 1270 1252
A 1A 1562 1535 1464 1422 1394
1 1Y, 00 856 837 809 778 763
1 1" A 990 966 921 888 811
48 46 3, Yhe A 1965 1908 1834 1801 1766
A 100 1620 1598 1553 1535 1505
%, 1A 1872 1845 1766 1724 1690
1 1, OO 1029 1010 975 959 940
1 1, A 1188 1163 1098 1076 1055
52 50 A e O 2347 2273 2178 2152 2110
A oo 1918 1890 1848 1826 1790
34 ™A 2212 2183 2092 2050 2010
1 17, 0% 1216 1196 1167 1132 1110
1 1 A 1405 1375 1323 1287 1262
56 54 A Bhe A 2704 2660 2556 2526 2489
3 100 2241 2214 2167 2142 2110
3 1A 2588 2545 2446 2409 2373
1 1, 00 1420 1400 1371 1333 1307
1 1, & 1638 1605 1549 1501 14¥2
60 58 A Yhe A 3399 3343 3232 3195 3162
34 100 2587 2556 2510 2485 2460
A 1A 2987 2945 2827 2798 2770
1 1, 00 1639 1615 1587 1553 1522
1 1 A 1889 1851 1797 1761 1726
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SINGLE PHASE HEAT EXCHANGERS

0n
¥

~—

D
3

Flow l

(

Q

This equation considers that the. entrance and/or
exit baffle spacings may be different than the central
paffle spacing.

(g) Crossflow Area at-or Near Centerline for One
Crossflow Section, S For plain tubes, estimate from
Fg. (C.3-5a) and Eq. (C.3-5b):

Sm = €S[Df = Doy (C.3-5a)

Do - do
[P o]

\
e

|
|

FIG. C.3-2 TUBE PITCHES PARALLEL AND NORMAL TO FLOW (TYPICAL
TRIANGULAR-ARRANGEMENT SHOWN)
(Courtesy of Kenneth ]. Bell)

an
NI

for triangular layouts use Eq. (C.3-5b).

These equations assume a nearly uniform tube
field, except as required for tube pass partitiop lanes,
and the difference between the shell inside diameter
and the outer tube limit. (Those clearanges are
corrected for separately.) There is also no groblem
if the center line of the bundle normal|to the
crossflow is devoid of tubes, as required for| U-tube
or multiple tube pass construction; that is @ minor
disturbance of the uniformity of the tube field.

If low-finned tubes are used, the correct equations
are Eq. (C.3-5¢) and Eq. (C.3-5d).

for rotated and inline square layouts use Eq. (C.3-5a)

Sm = fs[D; = Do (C.3-5b)

Dow - do) :l
Zott _ “olp — d)
+ ( P (p

Sm = es[Di = Do

+ (DOM’ - Uy
P

d)[(p -d) (C.3-5¢)

n

- ZN,' hf Yf]]
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TABLE C.3-2
TUBE PITCHES PARALLEL AND NORMAL TO FLOW
(Courtesy of Kenneth |. Bell)

Tube, O.D Tube Pitch Pp Pr
d, in p, in. Layout in. in.
Y, = 0.500 S = 0.625 - 0.625 0.625
Y, = 0.500 % = 0.625 -0 0.442 0.442
Y, = 0.500 5 = 0.625 - 0.541 0.3125
5 = 0635 =081 - 0-812 0-842
% = 0.625 36 = 0.812 -0 0.574 0.574
% = 0.625 36 = 0.812 ->d 0.704 0.406
3, = P.750 e = 0.938 -0 0.938 0.938
¥ = 0.750 She = 0.938 -0 0.663 0.663
3 = 0.750 516 = 0.938 > 0.814 0.469
% = 0.750 ] -0 1.000 1.000
3, = P.750 1 -0 0.707 0.707]
3%, = p.750 ] ->d 0.866 0.500]
Iy = P.875 1.094 -0 1.094 1.094
7y = P.875 1.094 - O 0.773 0.773
s = D.875 1.094 ->d 0.947 0.505
1 1", = 1.250 -0 1.250 1.250
1 1Y% = 1.250 5 9¢ 0.884 0.884
1 1", = 1.250 - d 1.082 0.625

for rotated and inline square layouts, use Eq. (C.3-5c).
Sm = es[Di ~ Dot

¥ (’-DL"plﬁ (p-d)  (C3-58)
- 2Nt heyd

for triapgular layouts use Eq. (C.345d):

In tfle above equations, d, is'the root diameter
of the finned tube, Ny is the number of fins per unit
length pf tube, hy is the height of the fin, and y; is
the fin|thickness.

(h) HAraction of Crosstlow Area Available for Bypass
Flow, Hgp. Estimatelfrom Eq. (C.3-6).

1
[D,- ~ Do+ 3 (N,,w,,)]fs
Fsbp = <

(C.3-6)

and-distortion of the temperature profile. W, Ca'l;
be ‘measured if the tubesheet can be examined, or i
a good layout drawing of the tube sheet is availablel
Otherwise, W, can be estimated to be the TEMA
minimum thickness of pass partition plates (see Tabl¢
C.3-3) + 'y in.

(i) Tube-to-Baffle Leakage Area for One Baffle, Sgi.
Estimate from Eq. (C.3-7).

14

Slb = 7Td061b (%)(1 + FC)Nt (C.3'7

where 8, is the diametral clearance between the
tube and the baffle. TEMA Class R construction
specifies a 8 of /33 in. where maximum unsupported
tube length (normally 2¢,) does not exceed 36 in],
and a 3 of g4 in., otherwise. If there is any fouling

these clearances may be partially or completely
. . )

T

where N, is the number of pass partition lanes
through the tube field parallel to the direction of
the crossflow stream and W, is the width of these
lanes. This term accounts for the effect of flow that
can bypass the tube field wholly or partially, with
a great reduction of contact with heat transfer surface

55

blael -
tion may have caused substantial enlargement. How-
ever, neither of these conditions can be confirmed
without detailed inspection of the tube bundle and
even then only superficially and qualitatively.

(j) Baffle Cut Angle, 6 is the angle subtended from
the center of the shell cross-section by the intersection
of the cut edge of the baffle with the inside surface
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1.0 T Ll T T
D,'=
i 8.071in.=0.205 m i}
13.25in.=0.337 m
0.8 42in.=1.067 m :
60in.=1.524m
06 N
F, -
04r .
0.2 4
0 1 1
0 20 40 60
£} (100%)
1 D;- 2¢ D~ 2¢ D;-2¢
Fo=—={m+2{= < sin[cos'1 —_— ] -2 cos™ —L———C}
com { ( Dot Dot Do

FIG. C.3-3 ESTIMATION OF FRACTION OF TUBES IN CROSSFLOW
(Courtesy of Kenneth J. Bell)
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TABLE C.3-3
NOMINAL PASS PARTITION PLATE THICKNESS
(TEMA TABLE RCB-9.131)
Reprinted by permission of (Tubular Exchanger
Manufacturers Association)

Shell Inside
Diameter,
in.

Carbon Steel Alloy Material

Less than 24 3 in. ', in.

ASME PTC 12.5-2000

of the shell. In terms of previously-defined quantities
see Eq. (C.3-8).

(C.3-8)

=2 cos"(l - &)

D;

where @ is in radians. This equation is shown graphi-
cally in Fig. C.3-4.

24-60) ' in. 3 in.

TABLE C.3-4a

MAXIMUM BAFFLE AND SUPPORT PLATE
CLEARANCES

(Taken frbom TEMA Tables RCB-4.3 and RGP-RCB-4.3,
Seventh Edition (1988))

Repripted by permission of (Tubular Exchanger
Manufacturers Association)

Nominal [Shell Inside 3, in.
Diameter, in.

4-17 s These values may be
1B-39 3he doubled in applications
4p-54 A where this would have
56-60 he no effect on shellside
heat transfer or mean
temperature difference.
6/1-69 he  Recommended good
70-84 % practice
83-100 "he
TABLE C.3-4b
MAXIMUM BAFFLE AND_SUPPORT PLATE
CLEARANCES
(Taken |from TEMA Tables\R44.3, C-4.3, B-4.3, and

RGP-RCB-4.3¢Sixth Edition (1978))
Reprinted by perrission of (Tubular Exchanger
Manufacturers Association)

Nominal| Sheildnside 8, in.
Diametefr, in.

(k) Shell-to-baffle Leakage Area for one baiile, Ss.
If diametral shell-baffle clearance, 8, is known;,~Sly,
can be calculated from Eq. (C.3-9).

Sp = (C.3-9)

7TD,'55b 1 - i
2 27

where the value of 8 is in\radians and is betwegn
0 and m. This area has‘been calculated and plottgd
in Fig. C.3-5 as acfunction of percent baffle cdt,
(€./D;) (100%), and inside shell diameter, D;. The
standard diametfal clearance between shell inside
diameter and baffle outside diameter specified By
TEMA Standards Seventh Edition (1988) is shown
in TableC.3-4a. However, earlier editions of the
TEMA“Standards gave somewhat different values.
These values are given in Table C.3-4b. For shells
rolled from plate (which is the usual case for shells
greater than 24 in., outside diameter), TEMA Stap-
dards allow an extra /g in., inside diameter. Agaip,
for heat exchangers that have been in service, thefe
clearances may have become partially or totally
blocked by even small amounts of fouling.

(I) Area for Flow Through Window, S,,. This arealis
obtained as the difference between the gross window
area, Syg and the window area occupied by tubss,
Swi, see Eq. (C.3-10a).

Sw = Swg = Swt (C.3-10p)

The value of S, can be calculated from Eq. (C.B-
10b).

8-13 0.700 These values may be D2 (6
14-17 0.125 doubled in applications S ==i)Z C.3-10b
18-23 0.150 where this would have "E 4 |2 (. )
24-39 0.175 no effect on shellside ¢ 0
40-54 0.225 heat transfer or mean - [1 2= ] sin{ — ]
55-60 0.300 temperature difference. D; 2
61-69 0.300 Recommended good
70-84 0.375 practice ; ;
85100 0438 The window area occupied by the tubes, S, can

57

be calculated from Eq. (C.3-10c).
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3.6 T T T T 1 T T T
3.2r 4
281 -
wn Z.9 -1
S
he)
<
@ 20 1
161 .
1.2} i
0'8 1 . L 1 i) 1 L 1
0 10 20 30 40 50
(&) (100%)
2¢
— -4 _ 2t
0 =2 cos (1 Di)
FIG. C.3-4 BAFFLE CUT ANGLE
(Courtesy of Kenneth }. Bell)
S = N (S Famd (C3-100) Re, = Joms (C.4-1a)
wt 8 crro ) * T UsSm .
(m) _Equ:vqlent D:a:_'neter. of Wmdow,’ D,. This For finned tubes, the shell-side Reynolds number is
vplue is required only if laminar flow, defined as Re, defined as Eq. (C.4-1b)
100, exists€alculate from Eq. (C.3-11). q- & )
Dw = = 3w (C.3-11) Res = d’?’ (C.4-1b)
5 Ne(1 = Fod, + D;6 Hsom

C.4 CALCULATION OF SHELL-SIDE HEAT
TRANSFER PERFORMANCE

(a) Calculate Shell-Side Reynolds Number, Re.
The shell-side Reynolds number is defined as Eq.
(C4-1a).

58

where d, is the root diameter of the tube.

it is usually adequate to use the arithmetic mean
bulk shell-side fluid temperature (i.e., halfway be-
tween the inlet and exit temperatures) to evaluate
all bulk properties of the shell-side fluid. In the case
of long temperature ranges or for a fluid whose
viscosity is very sensitive to temperature change,
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100 100
90
2 8
70 70
60 60
50 50
30 —— 30
%‘\%\ D,', in ~
20 —r——— — e 20
\\ 56
» \‘\\,Q\ 52
Ssb: n §%\§ 428 g Rolled
10 —_——— | 42 shells __ < 19
8 —— 0 S
\-\} 27 29
6 25 6 . 2
/ Ssp in
5 5
\
4 4
. \\\%\ = 3
— 31
———_ \% 200
, '\}\\\ 19, )
\ \-\\\ 17,
| w |
1.0 e — 1.0
0.9 0.9
0.8 49 0.8
——
0.7 —— 0.7
0.6 87 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0 10 20 30 40 50 60
Percent Baffle Cut{£/D}(100%)
_ 7Didg 0
S = 7 [1 N 27]
FIG. C.3-5 ESTIMATION OF SHELL-TO-BAFFLE LEAKAGE AREA

(Based on TEMA Class R standards)
(Courtesy of Kenneth J. Bell)
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special care must be taken (such as breaking the
calculation into segments, each covering a more
limited temperature range). Even then, the accuracy
of the procedure is less than for more conventional
cases.

(b) Find j;. For plain tubes, use the ideal tube bank
curve for a given tube layout at the calculated value
of Re, using Fig. C.4-1a.

For finned tubes, limited data suggest that the j;
curves are somewhat lower for finned tubes than

SINGLE PHASE HEAT EXCHANGERS

(b) If Re;< 20, J, = J,*
(c) If 20 < Re; < 100, find J, from Fig. C.4-6,
knowing J,* and Re;
(h) Find the Correction Factor for Unequal Baffle
Spacing at Inlet and/or Outlet, J;. See Eq. (C.4-3).

CNp= 1)+ (€)' + (85,8

for plain ones at Re; < 1000, as shown in Fig. C.4-
1p. While the comparison given in Fig. C.4-1b is
for curve 1 (equilateral triangular layouts), it seems
rg¢asonable to apply the same relative correction to
cprves 2 and 3 (rotated and inline square layouts).
(c) Calculate the Shell-Side Heat Transfer Coeffi-
cfent for an Ideal Tube Bank, hjse,. See Eq. (C.4-2).

2/ 0.14
e [ms\ ks VP s
deal Jicps Sm Cp,sks Ms,w

(d) Find the Correction Factor for Baffle Configura-
tion Effects, J.. J. is read from Fig. C.4-2 as a function
of F.. For no-tubes-in-the-window designs, J. = 1.
(e) Find the Correction Factor for Baffle Leakage
Effects, Jg. Jg is found from Fig. C.4-3 as a function of
e ratio of the total baffle leakage area, (Ss + Sw), t0
the crossflow area, S, and of the ratio of the shefl-
-baffle leakage area, Sy, to the total baffle leakage
area, (S¢p + Sip).
() Find the Correction Factor for Bundlé-Bypassing
ects, Jp. Jp is found from Fig. C.4-4-as:a function of
bp and of N /N, (the ratio of the number of sealing
strips per side to the number of rews crossed in one
affle crossflow section). The solid lines on Fig. C.4-
are for Re; > 100; the dashed lines for Re; < 100.
If there are pass divider.lanes through the tube field
arallel to the crossflow stream, it is assumed that
uivalent steps will’be taken to block that flow (F
stream) as for the-bundle-shell bypass flow (C stream).
his can be.done by tie rods and spacers as well as
y sealing strips.

(g).Find the Correction Factor for Adverse Temper-
ture_Gradient Build-up at Low Reynolds Numbers,

aual to or

>

(C.4-2)

Js (C.4-3)
(Np = 1) + €5 % + £50*
where
Np= number of baffles
es,i* = es,i/ s

€50F= es,o/es
¢;= internal (central) baffle spacing
{,,i= entrance bafflesspacing
{5 0= exit baffle spacing
n= 0.6 for turbulent flow (Re; > 100
n= "/ for laminar flow (Re, < 100)
Equation (C.4-3) is plotted in Fig. C.4-7a for turbu-
lent flow and in Fig. C.4-7b for laminar flow, for
the particular (but common) case that €;;|= £;,.
(i) Calculate the Shell-Side Heat Transfgr Coeffi-
cient for the Exchanger, h,. See Eq. (C.4-4).

hs = hideal]c JeJvJrJs {C.4-4)

C.5 CALCULATION OF EXPECTED SHELL-SIDE
PRESSURE LOSS

(a) Find f: From the Ideal Tube Bank Friction Curve
for the Given Tube Layout. At the calculateq value of
Re,, use Fig. C.5-1a for triangular and rotated square
arrays of plain tubes and Fig. C.5-1b for inlipe square
arrays.

(b) Calculate the Pressure Loss for an Idgal Cross-
flow Section, 4Py ;. See Eq. (C.5-1).

4Py,

2 0.14
— 4flmS NC (ﬂs,w) (C5'1)

- 2 Psgcsm2 Bs

greater than 100. For Re; equal to or less than 20, the
correction factor is fully effective and a function only
of the total number of tube rows crossed. From Re
between 20 and 100, a linear proportion rule is used.
(1) Therefore:
(a) If Res< 100, find J* from Fig. C.4-5, know-
ing Np and (N. + N¢)

60

(c) Calculate the Pressure Loss for an Ideal Window
Section, 4P,,;. See Egs. (C.5-2a) and (C.5-2b).
(1) If Re, 2 100:

mZ(2 + 0.6N_,)
2gc5mswps

AP, = (C.5-2a)
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10

Curve 1:
ji = 1.73 Re, 0%
ji = 0.717 Re, %%
ji = 0.236 Rey03%

Curve 2:
Ji =-1.39 Re, 0%
jr=-0.414 Re 045
Ji-= 0.257 Re;,03%7

Curve 3:
ji = 0.817 Re, 0632
ji = 0.290 Re 0418
ji = 0.059 Re, 018
ji = 0.185 Rej03%

A=

: T Ll rlrl‘lll T T L Illll T T T IWTT"I T T T 7T Illl! L} T T 1T 1117
- dﬂ.’f dg,m. p.in. p,m  Layout Curve q
- 55 00159 13, 00206 < 1 8
- 3, 00191 ', 00238 < 1—— -
3, 0.0191 1 0.0254 O 3===-
NG 3, 00191 1 00254 & 2—-—
0 \ ~ia [SACA - N 1 V.UZLo04 £y 1
100 1 00254 1Y, 00318 0O 3---- 3
Sl N 100254 1, 00318 O 2—-— 3
L 1 00254 1Y, 0.0318 g 1= ]
o 4
it 3
i ]
102k =
o 3
o N
r R
10—3 L ottt ety gl Lty gl L Lol AR E R
10° 101 102 108 10° 10°

1.0 < Re, € 100
100 < Re, < 1000
1000 < Re;

1.0 < Re, < 100
100 € Re; < 1000
1000 < Re

1.0 < Re, < 100
100 < Re; < 700
700 < Re, € 4000
4000 < Re,

FIG. C.4-1Ta CORRELATION OF j; FOR IDEAL TUBE BANKS WITH PLAIN TUBES
(Courtesy of Kenneth }. Bell)
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107"

Ji \
an=2
1

103
10" 102 108 104 10°

Reg

FIG. C.4-1b CORRELATION OF j; VS. Re; FOR TWO SIMILAR SHELL AND TUBE
HEAT EXCHANGERS, ONE WITH FINNED TUBES-AND ONE WITH PLAIN TUBES
(Courtesy of Kenneth].”Bell)

(2) If Re; < 100: €,0* = £ ok,
n’= 1.6 for turbulent flow (Re; > 10(

~—

sy New £ n’=1 for laminar flow (Re; < 100)
fAPw,i = 26 \/S—E— p-d, + D.2 | (C.5-2b) (g) Calculate the Pressure Loss Across the Shell-
BePsy 2mow " Side (Excluding Nozzles), 4P, from Eq. (CJ5-4).
b mse
gcsmswps 4P, = [(Np - 1)(APb,i)Rb + NbAPw,i] Re (C.5-4)
(d) Find the Correction\Factor for Effect of Baffle +2 APb,in(1 + NCW) R,
L eakage on Pressure LOss, Rg. Read from Fig. C.5-2 Ne

s a function of (Sg* Sp)/Sn with parameter of
bob/(Ssp + Sip). Curves'shown are not to be extrapolated
beyond the points shown.

(e) Find the Correction Factor for Bundle Bypass, C.6  NOMENCLATURE

Rp- Read from Fig. C.5-3 as a function of Fsop and N/ Cps= specific heat of shell-side fluid

N.. The'solid lines are for Re; > 100; the dashed lines D;= shell inside diameter

hre for Re; < 100. D= diameter of the outer tube [limit
|_{&) Find the Carrection Factor for Unequal Baffle D = equivalent diameter of the window
Spacing, R;. See Eq. (C.5-3). d,= tube outside diameter :

d,= root diameter of low-finned tube
F.= fraction of the total tubes that are in
cross flow
Fspp= fraction of total crossflow area that is
where available for bypass flow around tube
€ i*=£,/€s bundle and through pass partition
lanes

1

Ry = (.5 + €,0n™"]  (C.5-3)
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1.1 L
1.0 b
..‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
FC

f;= friction factor for flow across™an ideal
tube bank

g-= gravitational conversiénconstant, 4.17
x 10% Ibm-ft/Ib-hr?

h¢= height of fin of-Jow-finned tube

eas= shell-side heat transfer coefficient for
ideal tube.bank

hs;= shell-side heat transfer coefficient for
exchanger

Jp= correction factor on the shell-side heat
transfer coefficient for bundle bypass

effects

Y .
transfer coefficient to account for baf-
fle configuration effects

Je= correction factor on the shell-side heat
transfer coefficient to account for baf-
fle leakage

J-= correction factor on the shell-side heat
transfer coefficient to account for build-
up of adverse temperature gradient

63

FIG. C.4-2 CORRECTION FACTOR FORIBAFFLE CONFIGURATION EFFECTS
(Courtesy of Kenneth J. Bell)

J.*= base correction factor on the shell-sifle
heat transfer coefficient to account for
build-up of adverse temperature gfa-
dient

Js= correction factor on the shell-side heat
transfer coefficient to account for yn-
equal baffle spacing

ji= colburn j-factor for an ideal tube bapk
ks;= thermal conductivity of shell-side fldid
k,= thermal conductivity of tube wall

{ = effective tube length (between tupe
sheets)

= baffle cut distance trom bartle tip to
shell inside diameter

£,= baffle spacing, center-to-center of con-
secutive baffles

€5 €50= baffle spacing at inlet and exit of the
exchanger, respectively. €, ;* and €, *
are the corresponding dimensionless
values
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FIG. C.4-3 CORRECTION FACTOR FOR BAFFLE LEAKAGE EFFECTS
(Courtesy of Kenneth ). Bell)
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T

0.9

0.8

0.7

- -
- o

m,= mass flow rate of shell’side fluid

Np= number of baffles. in“exchanger

Nc= number of tube\rows crossed during
flow through one crossflow section

New = effective_number of crossflow rows in

each window section

Nss= number’of sealing strips or equivalent

ebstructions to bypass flow encoun-

tered by the stream in one crossflow

section

F, sbp

0.6
05
04
Reg2 100
----- Res< 100
0-3 1 1 — 1 1 ol
0 0.1 0.2 0.3 0.4 0.5 0.6

FIG. C.4-4 CORRECTION FACTOR FOR BYPASS FLOW
(Courtesy “of Kenneth ]. Bell)

0.7

p= tube pitch: distance between centgrs
of nearest tubes in tube layout
pn= tube pitch normal to flow: distanfe
between centers of adjacent tubes ngr-
mal to the flow
pp= tube pitch parallel to flow: distance
between centers of adjacent tube royws
in the direction of the flow
Ry, = correction factor for effect of bundle
bypass on pressure loss

N, = total number of tubes in the exchanger

n’= exponents for the relationship between
ji and Re; and f; and Re,, respectively

APy, ;= pressure loss during flow across one

ideal crossflow section

AP, ;= pressure loss through one ideal win-

dow section
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Re=—correctionr—factor—for—effectof baffle
leakage

Rs= correction factor for unequal baffle
spacing for the inlet and exit section
pressure loss

Res= Reynolds number for shell-side

Sn= crossflow area at or near centerline
for one crossflow section
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Ssp= shell-to-baffle_leakage area for single
baffle

Siw= tube-to-paffle leakage area for one
baffle

Sw= area for flow through window

Swg=-Window gross cross-sectional area

Swe=-window area occupied by tubes

W,= width of pass partition clearance in
tube field

yr= thickness of fin on low-finned tube

FIG. C.4-5 CORRECTION FACTOR FOR ADVERSE TEMPERATURE GRADIENT
AT LOW REYNOLDS NUMBERS
(Courtesy of Kenneth ). Bell)

8= diametral clearance betwe
and baffle

dp= diametral clearance betwe
and baffle

us= viscosity of shell-side fluid
stream temperature

50

en  shell
en  tube

at bulk

Ms,w= Viscosity of shell-side fluid gvaluated

at surface temperature
ps= density of shell-side fluid
0= baffle cut angle, radians
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FIG. C.4-6 CORRECTION FACTORS FOR ADVERSE TEMPERATURE GRADIENT
AT INTERMEDIATE REYNOLDS NUMBER
(Courtesy ot Kenneth J. Bell)
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Js

FIG. C.4-7a J; AS A FUNCTION OF N, FOR TURBULENT FLOW AND
VARIOUS VALUES OF £* = £, * = £ *

(Courtesy of Kenneth J. Bell)
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0.6

04

2 6 10 14 18 22
Ng, Number of Baffles
fo= WNe=T)+ €% + (€, .5
=
(Np— 1)+ € F + €, F
FIG. C.4-7b J; AS A FUNCTION OF N, FOR LAMINAR FLOW AND

VARIOUS VALUES OF {* = {,* = {,,*

(Courtesy of Kenneth ]. Bell)
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Curve 1:
f, =68 Re,'® +0.16 1 £ Re, £ 500
f, = 0.97 Re, %" 500 < Re,
Curve 2:
fi = 56 Re; i + 0.13 1 < Re, < 600
f = 0.64-Re, 0" 600 < Re;
Curve 3:
f/= 52 Re, 0 4+ 0.17 1 < Re, £ 500
f, = 0.56 Re, 0% 500 < Re;
Curve 4:
fi = 42 Re, 0 + 0.1 1 £ Re, < 600
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FIG. C.5-1a CORRELATION OF FRICTION FACTORS FOR IDEAL TUBE BANKS,
TRIANGULAR AND ROTATED SQUARE LAYOUTS OF PLAIN TUBES
(Courtesy of Kenneth ). Bell)
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f, = 56 Re, "% + 0.09 1 £ Re; < 1000
f, = 0.65 Re; 014 4000 < Re,
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Curve 2:
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FIG. C.5:1b CORRELATION OF FRICTION FACTORS FOR IDEAL TUBE BANKS,
INLINE SQUARE LAYOUTS
(Courtesy of Kenneth J. Bell)
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FIG. C.5-2 CORRECTION FACTOR FOR BAFFLE LEAKAGE
EFFECT ON PRESSURE DROP
(Courtesy of Kenneth J. Bell)
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FIG. C.5-3 CORRECTION FACTOR ON PRESSURE DROP
FOR BYPASS FLOW
(Courtesy of Kenneth J. Bell)
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NONMANDATORY APPENDIX D — MEAN
TEMPERATURE DIFFERENCE

This Appendix describes acceptable methods to
calculate[the effective mean temperature difference
and its associated uncertainty. Since various calcula-
tion methods are acceptable, the parties to the test
shall agree upon the methods of calculating the mean
temperat{re difference and its associated uncertainty.

D.1 DETERMINING THE MEAN TEMPERATURE
DIFFERENCE USING THE F-LMTD

METHOD

The F-IMTD method of determining mean temper-
ature difference described in this Appendix is based
on the |development summarized by Bowman,
Mueller, [and Nagle, Reference 29, and is suitable
for evaljiating performance test data. Alternative
methods fof determining mean temperature difference
are acceptable as discussed in para. D.2. Using.the
F-LMTD |method, the mean temperature difference
is calculpted using the terminal temperatures and
integratinng over the heat transfer area. using the
following assumptions:
~ (a) U |s constant throughout the heat exchanger.

(b) ThE rate of flow of each fluid is constant.

(c) The specific heat of each/fluid is constant.
(d) There is no condensation of vapor or boiling of
liquid. _

(e) Heatexchanges with the ambient are negligible.

(f) Forlmultipass heat exchangers, the temperature
of the shell-side'fldid in any pass is uniform over any
cross seqtion;_and the number of tubes in each pass
is equal.

(Ti - to) - (To

/n_TL.'_tO
To_ ti

LMTD,, = — )

Similarly for true co-current/flow, the following
log mean temperature diffefence is derived from Efj.
(D.2).

LMTDCO — (Ti_ ti) - (To - to)
In Lzt

To_ to

(D.R)

For most heat exchangers in industrial applica-
tions, the flow arrangement is not true countercurrent
or co-current flow; instead, a combination of coup-
tercurrent, crossflow and/or co-current flow arrange-
ments is more typical. To account for these differgnt
flow arrangements, a correction factor, F, is applied
to the countercurrent log mean temperature diffe
ence, see Eq. (D.3).

pa4

EMTD = F IMTD, (D.

From here on and in other parts of this Code,
the term LMTD, without subscript, refers to the
countercurrent log mean temperature difference. /}n-

alytic expressions for the mean temperature differ-
ence are available in the open literature for nnll a

(g) For cross flow heat exchangers, the fluid is
either unmixed (non-uniform temperature cross-sec-
tion) or completely mixed (uniform temperature cross-
section) normal to the flow.

For true countercurrent flow arrangement, the
well-known log mean temperature difference is
derived based on the above assumptions, see Eq.
(D.1).
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few flow arrangements. For one-shell-pass/one-tube-
pass counterflow arrangements and for most count-
erflow plate frame arrangements, F = 1 and the
mean temperature difference is represented by Eq.
(D.1). For one-shell-pass/two-tube-pass arrangements
as shown in Fig. D.1, the mean temperature differ-
ence is represented by the following from Refer-
ence 29,
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JTi = T2 + (8 = 1)°
T+ Tomti=tot J(Ti- T + (= 6
n 2 2
Ti+ Tomti=to= J(Ti= To? + (to = )

EMTD =

Analytic expressions for other arrangements are
provided in Reference 29.
Typically, the F correction factor is shown graphi-

ASME PTC 12.5-2000

and U varies significantly, the bias in the F-LMTD
method is significant. In particular, for fluid streams
in the laminar and transition flow regimes, the bias
in mean temperature difference using the F-LMTD
method can be substantial and the results can be un-
reasonable.

(c) Large Measurement Error in Outlet Tempera-
ture. The effective mean temperature difference calcu-
lated using the F-LMTD method is more sensitive to

. LD D L | | e I
cally as fonctiomof R—and—+F which—are—defimed—m

Egs. (D.5) and (D.6).
R=TizTo (D.5)
ty - t;
P = -t (D.6)

The cqrrection factors for typical shell-and-tube
configurdtions are shown in Figs. D.1 to D.14.
Industry pxperience indicates that the F correction
factors dgrived based on the method in Reference 29
provide gn adequate estimate of mean temperature
differenc¢ if the heat exchanger is well designed
with minjimal bypass flow and sufficient number of
baffle plates (for shell and tube designs) and the F
correctiop factor is greater than 0.75. For many
industrial applications, the uncertainty of the effec-
tive meap temperature difference is excessive using
the termipal temperature measurements and F-LMTD
approacH|. In particular, logarithms of negative values
(or othef unreasonable results) and uncertainties
greater than 25% have occurred forthe following
circumstances:

(a) F Qorrection Factor Less Than0.75. For config-
urations guch as such as one-shell-pass/two-tube-pass
design, the F correction factop is often less than 0.75
under cle¢an conditions..Under such conditions, the
F correct{on factor is sefisitive to variations in terminal
temperatpires and<to. variations in the assumptions
used to derive the F correction factor. This sensitivity
results ir] largesuncertainties (greater than 10%) for
tests whereé F-<'0.75 even with high accuracy tempera-

variations in outlet temperature than inlet temperg-
ture. In general, the error in the outlet tempefatufie
measurement is greater than the inlet error)due
spatial variation. An excessive error (or un€ertainty) in
outlet temperatures can produce unreasonable results
using the F-LMTD method.
Due to these observations andJimitations, alternate
methods may be needed to determine mean tempera-
ture difference for high-accuracy test analysis for
these cases and others where the uncertainty of F-
LMTD method is excessive.

D.2 ALTERNATE METHODS OF DETERMININ(
THE.MEAN TEMPERATURE DIFFERENCE

D.2.1_ General Requirements

Afternate methods of determining mean tempera-
ture” difference are acceptable as agreed by the
parties to the test based on the following guidelines.

(a) Alternative methods should not be used if the
total uncertainty of the result increases above accept-
able fimits.

(b) Assumptions used in the step-wise calculatiops
or derivation should use a heat transfer model consigt-
ent with this Code. For example, a heat balance shall
be maintained and the individual heat transfer coeffi-
cients should be based on the same correlations use¢d
to adjust the test conditions to reference conditiops
(para. 5.3.4).

(c) The uncertainty of all assumptions or idealizp-
tions used in the calculation shall be considered fn
addition to propagating the uncertainties of individual
measurements.

D.2.2 Numerical Methods
Numerical methods typically use commercial and

ture measurements.
(b) Large Variations in U. For applications where
the change in temperature of a fluid stream is large

! Correction factors other than shown in Figs. D.1 to D.14 may
need to be applied to some geometries. For example, a correction
for conduction and leakage through a longitudinal baffle of a two
pass shell (TEMA F-type) is not included in Fig. D.2. References 40
and 41 develop a correction factor to account for this effect.

77

proprietary computer software to calculate the mean
temperature difference and its associated uncertainty.
In general, numerical methods consist of stepwise
calculation of heat transfer rate for thermal elements
within the heat exchanger. Variations in overall heat
transfer coefficient and mean temperature difference
are estimated based on the flow distribution and
changes in fluid properties. Due to the interactive
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effect of overall heat transfer coefficient and mean
temperature difference, numerical methods are well
suited to determine the mean temperature difference
for cases where the mean temperature difference or
overall heat transfer coefficient vary substantially
throughout the heat exchanger. Examples include
flow streams with substantial changes in physical prop-
erties (such as specific heat or viscosity), flow arrange-
ments other than counterflow where the outlet temper-

and the propagation of errors with the stepwise calcu-
lation.

D.2.3 Alternate Analytic Development

The traditional F-LMTD method derives the mean
temperature difference based on the four terminal
temperatures and the assumptions discussed in para.
p.1. Alternate derivations may be considered where
the uncertainties of Q* and U* exceed the values
specified in para. 1.3. The following are two exam-
gles of alternate approaches to consider:

(a) For tests where the uncertainty of T, is very
large, an expression for EMTD as a function of Rand
I can be used where R = myc, i/mcCpy . This method
ip equivalent to the F-LMTD method described in
para. D.1.

(b) For tests where the uncertaintiesof T, and ft,

re large, an expression for EMTD ‘may be derived
ased on the weighted averageheat transfer rate, Q,ye,
nd the inlet temperatures arid flow rates of both fluid
treams.
The use of alternate-derivations requires careful
¢onsideration of assumptions and idealizations since
additional uncertainty may be introduced with these
methods.

n_ 0 = o

D.3 _“METHODS OF ASSESSING THE
UNCERTAINTY OF MEAN TEMPERATURE
—DHFFERENCE

SINGLE PHASE HEAT EXCHANGERS

upon the method used to calculate the mean temper-
ature difference.

D.3.1 Uncertainty of the F-LMTD Method

This paragraph describes the methods to determine
the uncertainty of the mean temperature difference
using the F-LMTD method. The general approach
may be used for alternate methods of determining
the mean temperature difference but sensitivity coef-

d—pias—determinatio b omewhat
different.

D.3.1.1 Analytical and Numerical Expressions.
For arrangements where analytic expressions for the
mean temperature difference 'are“available jor where
commercial and proprietafy computer programs are
available to determine/the mean temperatyre differ-

ence, the uncertainty, in° mean temperature|is calcu-
lated in accordance ‘with Eq. (D.7).
ugmtp = [Bkmrp,iun)® + (BemTD,10l10)’
+ (8 psrp, 11U + (OemrD, TolT0) (D.7)
+ bimro,u + bEMTD,mixing)
When computer programs are used, the $ensitivity
coefficients are calculated using numerical |perturba-
tion methods as discussed in ASME PTC [19.1. For

the arrangements where analytical expregsions are
available, the sensitivity coefficients are prpvided in
Tables D.1 and D.2.

D.3.1.2 Graphical Methods. For tests where ana-
fytical expressions are not available and where com-
puter programs are not used, the unceftainty in
mean temperature difference can be estimated using
the F correction factor figures as shown in Figs. D.1 to
D.14. The procedure consists of the following steps:

(a) Calculate the uncertainty of R and P,

(b) Determine the sensitivity coefficienty of F due
to a unit variations in R and P by graphical| methods.

(c) Calculate the uncertainty of F based ¢n the un-
certainties of R and P.

(d) Calculate the uncertainty of LMTD based on the

As discussed in Section 5, the uncertainty in mean
temperature difference shall include contributions
due to the measurements of the terminal tempera-
tures (and possibly flowrates) and uncertainty in
the analytical model used to calculate the mean
temperature difference. The method to determine the
uncertainty in mean temperature difference depends

78

uncertainties in terminal temperature measurements.

(e) Calculate the uncertainty of EMTD based on the
uncertainties of F and LMTD.

It should be observed that the following procedure
which combines the separate effects of uncertainties
of temperature measurements on LMTD and F over-
estimates the uncertainty of mean temperature differ-
ence since the effects are “double-counted.”
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TABLE D.1
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY FOR
MEAN TEMPERATURE DIFFERENCE AT TEST CONDITIONS FOR
COUNTERFLOW ARRANGEMENTS

Contributing Factor

Sensitivity Coefficient

Uncertainty due to cold stream inlet

EMTD [EMTD/AT, - 1]

temperature, uy Bemro = -~ AT, - AT,
Uncertainty due to cold stream outlet EMTD [1 — EMTD/AT]
temperature, Uy, Semror = — AT, — 4T,
Uncertainty due to hot stream inlet EMTD (1 - EMTD/AT,]
temperature, ur; Oemrp, i = AT, - 4T,
Uncertainty due to hot stream outlet EMTD [EMTD/AT, - 1]
temperature, ur, Bemro 0 = AT, - 4T,
where
ATy =Ti-t,
ATZ = TO - t,

TABLE D.2
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY FOR
MEAN TEMPERATURE DIFFERENCE AT TEST CONDITIONS FOR
ONE-SHELL-PASS/TWO-TUBE-PASS ARRANGEMENTS

Contributing Factor

Sensitivity Coefficient

Uncertainty due to cold stream inlet EMTD to —t EMIDI-1 - (t, - ¢, )/C1] EMTD[-1 + (t, — t)/C]
temperathre, Uy Bemro,i = G G+ G G-G
Uncertainty due to cold stream EMTD to =bC EMTD[-1 + (t, - t/C;] EMTDI-1 - (¢, - t/G]
outlet temperature, ug, Bemrp 0 = G G+G * Q-G
Uncertainty due to hot stream inlet EMTD7, - T, EMTD[ + (T, - T/G] _ EMTDI1 — (T; = To/Ci]
temperature, uy; Bemro,Ti = G G G+G + G-G
Uncertainty due to hot stream outlet EMTD 'r, T, EMTDI1 - (T, - TO)/C,] EMTD[1 + (T; - T)/G]
temperature, ur, Bemrn 70 % G G +G G-G
where —
G = JIi- 707+ G- 0
C2 = Ti+ To-ti—ta
The upcertainty of the temperature change ratio, up = [(8£RUR)? + (B pup)® (D.10)

R, is given by Eq. (D.8) and Table D.3:

Uugp = [(OR,inri)z + (GR,toUto)z (D.8)

2 2,172
+\0% riuT)” + (B ToUTH)"]

The upcertainty of the temperature effectiveness,

+ ‘-’%-',graph]”2
where
8er and Ogp are determined by estimating t
change in Ffor a unitchange in Rand Pon the plots
by using analytical approximations to the graphs
Urgraph is the uncertainty attributed to determina-

P, is given by Eq. (D.9) and Table D.4:

up = [(Bpur)® + (8p,10Ur0)? (D.9)

21/
+ (0p riur)?] 2

The uncertainty in F correction factor at test condi-
tions, ug, is given in Eq. (D.10).
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Tion of sensitivity coefficients Brg and Ygp USING
graphical methods?

The uncertainty in log mean temperature differ-
ence at test conditions, upyrp is given by Eq. (D.11)
and Table D.5:

2 With F < 0.75, the uncertainty attributed the graphical methods
is significant since the changes in F are large for small changes
in R and P.
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TABLE D.3
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SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF R

Contributing Factor

Sensitivity Coefficient

Uncertainty due to cold stream inlet tempera-

Bey = ——
ture, Uy R =t
Uncertainty due to cold stream outlet tempera- R
ture, U, Brro = = bt
Uncertainty due to hot stream inlet tempera- 0or = 1
ture, ur; R = -t
Ullbcm;llty duc tU :‘IU: Dtlcalll Uut:ct tclupcla 6 — ‘l
ture, U, Rlo = "t t;

TABLE D.4
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF P

Contributing Factor

Sensitivity Coefficient

Uncertainty due to cold stream inlet

0, = P10 -P

tem i Pti = " ¢,

perature, uy; Ti-t

Uncertainty due to cold stream outlet 0. = 1

temperature, uy, Ro = T4,
Uncertainty due to hot stream inlet P

tem i Oeri = -7

perature, ur; Ti-t

TABLE D.5
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF LOG MEAN
TEMPERATURE DIFFERENCE

AContributing Factor

Sensitivity Coefficient

Uncertainty due to cold stream inlet
temperature, uy;

Uncertainty due to cold stream outlet
temperature, Uy,

LMTD [LMTD/AT; - 1]
eLMTD,ri = - 4T, — 4%,

LMTD [1 - LMTD/4T;]
BmTD, 00 = — AT, = 4T,

I

Uncertainty due to hot stream inlet

LMTD [1 - LMTD/AT;)

temperature, uy; OumrD, T = AT 4%,
Uncertainty due to hot stream outlet LMTD [LMTD/AT, - 1]
temperature, ur, O mTD,T0 = AT, — 4T,

where
AT, = Ti- ¢,
AT2 = TO - t,

80



https://asmenormdoc.com/api2/?name=ASME PTC 12.5 2000.pdf

SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

TABLE D.6
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF MEAN TEMPERATURE
DIFFERENCE BASED ON F-LMTD METHOD

Contributing Factor

Sensitivity Coefficient

Uncertainty due to F correction factor, ur

Uncertainty due to log mean temperature
difference, uimrp

Uncertainty due to variable heat transfer
coefficient, bemrp.u

Oemto,F = LMTD
femtpmrp = F

1

Uncertainty due to non-uniform temperature
distribution over flow cross section,
bEMTD,mixing

1

_ 2
uimtp =| [(BLMTD, 1+

+ [8MTD, tol0)” + (BumTp, TitiT) (D.11)

21172
+ [8LmTD, ToUTO) ]

The upcertainty in mean temperature difference
at test cgnditions, ugmp, is given by Eq. (D.12) and
Table DJ6:

— 2
Uemrp =| [(@emrp, rUp)

2, 2
+ 0 emrD,LMTDULMTD) + bEMTD,U (Dv12)

2 12
+ [DEMTD, mixing]

D.3.1.3 | Uncertainties in the Analytical Model. The
idealizatjons and assumptions used in the derivation
of mean| temperature differenée) contribute to the
uncertaipty in mean temperature difference. Some
of these gffects have been investigated and the results
are summarized here.

(a) Vdriable Overall)Heat Transfer Coefficient. The
variation| in U aleng the flow length (due to variation
in convective heat transfer coefficient and fouling re-
sistance)| results in a bias in the mean temperature
differende.The magnitude of the bias can be calcu-

UATy = U AT,

/A = (D.1B)
Q U,4T,
In——=
U,AT,
where
AT] = T,‘ v to
ATz-—— TO - t[

U, =Y at hot stream inlet
blf= U at hot stream outlet
(1) For flow arrangements other than count-
erflow, a simple approach uses the traditional F cqr-
rection factor combined with the above equation fas
originally suggested by Sieder and Tate, Reference 31,
and reiterated by Gardner and Taborek, Reference 32.
The error in this approach was estimated to be abqut
10% by Gardner, Reference 33, for the case of a orfe-
shell-pass/two-tube-pass configuration.
(2) The bias in the mean temperature differenfce
is calculated by comparing the result from the Colbyrn
equation (and the Sieder-Tate modification) with the
results using the traditional approach based on pn
average U, Uaerage = (Ur + Up)/2. This method| is
similar to the one used by Gardner and Taborek, Refer-
ence 32, to determine temperature correction:

Q/A Uvariable

bEMTD,U -
'- Q/AUaverage

EMTD — (D.14)

lated by integrating the differential rate and energy
equations along the flow length. Alternatively, the fol-
lowing method may be used for instances where the
variation in U is monotonic. This alternate approach is
based on an analytic solution developed by Colburn,
Reference 30, for the counterflow heat exchangers
where U is a linear function of temperature of either
the hot or cold streams:

bemto,u _ 1

EMTD — (D.15)

2(U1/U2 - AT1/AT2) In(AT1/AT2)
U/U, )

(1 + U]/Uz) (AT]/ATZ -1) In(m
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where (2) A small number of baffles may result in a
AT, =T - ¢, bias in mean temperature difference as investigated
ATL,=T, - ¢ by Gardner and Taborek, Reference 32, and Shah and

= U at hot stream inlet (except for multipass Pignotti, Reference 37. The results of Gardner and
hot stream and single pass cold stream Taborek indicate that more than 11 baffle crossings
arrangement where U; = U at cold stream are needed to ensure that this effect is negligible for
outlet) one-shell-pass/one-tube-pass counterflow arrange-
U, = U at hot stream outlet (except for multipass ment and that more than 5 baffle crossings are needed
hot stream and smgle pass cold stream for one-shell- pass/two tube pass arrangement The re-

p than 10
stream inlet) baffles are needed to ensure that the effect isnegligible
(b) Incomplete Thermal Mixing. Incomplete ther- for 1-1 TEMA E counterflow heat exchanger #nd more
al mixing over a flow cross section may result in a than 6 baffles are needed for 1-2 TEMA E ejchanger.
non-uniform temperature distribution and bias in (3) In summary, for shellyand tube |heat ex-
ean temperature difference. Flow maldistribution, changers, the bias due to incomplete thermal mixing
biypass flow, and non-uniform distribution of fouling is small and is bounded by 2% uncertainty. However,
résistance can contribute to the bias. If mixing is ade- for tests performed at off/design conditions, where the
quate along the length of the heat exchanger, the non- number of baffles is mall, where the ratio of the fluid
niform distribution of temperatures over the flow stream temperatufe change to mean temperpture dif-
cfoss section is small. As a result, this bias is small ference is large (such as for F < 0.75 when outlet
'or a well designed heat exchanger, without excessive temperatures. cross-over), or when bypass leakage is
fouling, operating near its design point. However, for large, the bias due to this effect may be sigpificant.
ermal performance tests performed at off-design (4))For compact designs such as plate-fin and

conditions, the bias of this effect may be significant. platelframe, flow maldistribution may resultfin a non-
' (1) For shell and tube heat exchangers, the effect uriform temperature distribution. Analyses ¢f maldis-
df bypass flow on temperature profile has been investi- tribution for compact designs reviewed by Mueller
gated previously by Whistler, Reference 34, for one- and Chiou, Reference 38, typically combine the ef-
shell-pass/one-tube-pass counter-flow configuration fects of non-uniform temperatures with the effect of
and by Fisher and Parker, Reference 35, for one-$hell non-uniform heat transfer coefficient. Nevertheless,
gass/two-tube-pass configuration based on-the as- assuming a 2% bias due to incomplete thermal mixing
spmption that the main flow stream mixes thoroughly is reasonable for many configurations. Howgver, con-
With the bypass stream after each baffle pass. Some ditions where mixing is poor or when the rdtio of the
ipvestigation of the effect of bypass flowfor conditions fluid stream temperature change to mean terhperature
gf partial mixing have been investigated, such as by difference is large (such as for conditions with a close
Bell and Kegler, Reference 36; however, a generalized approach) may result in a significant bias.

method to estimate the effect of bypass flow on mean

temperature difference hasnot been developed. To D.3.2 Uncertainty of Alternate Method
determine the bias dueto‘incomplete thermal mixing The uncertainty of mean temperature difference
for counterflow arrangements in shell-and-tube heat calculated by methods different than the| F-LMTD
dxchangers, the method used by Whistler is consid- methods shall include the effects of uncertainty of
dred appropriate if mixing between baffle sections is the test measurements and the uncertainty of the
donsidered-to-be good. Assuming a leakage factor of assumptions and idealizations used in the cglculation
0.1, a 2% bias bounds most practical applications. of mean temperature difference. To meet [these re-
This 2% bias is considered to be bounding for other quirements, understanding the methods |used by
shell-and-tube flow arrangements where F > 0.75 (lit- computer programs is needed to adequatgly assess
t : : stepwise
0.75, the bias due to thermal mixing may be greater, calculation methods does not necessarily eliminate
but the overall uncertainty in mean temperature may uncertainty due to idealizations in the calculational
be bounded by using bounding estimates for the outlet method.

temperature measurements.
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NONMANDATORY APPPENDIX E — DERIVATION OF
PERFORMANCE EQUATIONS

E.1 THlERMAI. PERFORMANCE
E.1.1 (eneral

six para
the two

eters: the inlet and outlet temperatures and
ow rates. With the six measured parameters,

A theFal performance test consists of measuring
l

the heaf transfer rate, Q, and overall heat transfer
coefficient, U, can be calculated by solving the

energy

Eqg. (E.3)

With
dant da
redunda

balance Egs. (E.1) and (E.2) and the rate

Q= mcCp,c(‘to - t) (E.1)
Q= thp,h(Ti - Ty (E.2)
Q = UA(EMTD) (E.3)

three equations and two unknowns, redun-
a is available to solve for Q and U. The
nt data is used to confirm a heat balance

and calqulate a weighted average heat transfer.rate.

The the
to refer
other te

The ¢
of the h

tions used:>This Appendix derives the equations and To allow reasonable and valid comparison of heat
correctimmmmmmm_rF

rmal performance parameters are\ adjusted
ence conditions for easier comparison to

bts and/or to the system designt basis:
1 1
F = U + by (E.4)
Q% = ¢oQ (E.5)

prrectign_ factors ¢y and ¢g are a function
eattransfer model and associated assump-

model used is based on the description in Reference

42. The

nomenclature is described in Section 2 and

is consistent with the nomenclature used in Sections
3 and 5.

E.1.2 Thermal Performance at Test Conditions
Measurement of six terminal parameters and calcu-
lation of a weighted mean measured heat duty is

required. The weighted mean measured heat di’:y

is more representative of the actual heat load’at

e

time of the test than either the cold Gtream heat
transfer rate or hot stream heat transfer rate. The
cold stream and hot stream heat-transfer rates are
calculated based on the average ‘(or representatiye)
measurements and specific héat of the fluid strears:

QC = mccp,c(to - ti) (E

6)

Qn = mucpn(Ti = To) (E}7)

Typically, Q. and Qj are not the same; however,
the difference must be attributed to the uncertainties
toxmaintain a heat balance. The weighted mean

heat load can be calculated from the hot and ¢

side heat loads and their associated uncertaintigs:

2 2
Qave=( — 2) Q. +( uge 2) Q» (H8)
h

UQC2 + UQ ugc + Uon

The effective mean temperature difference is cal

bld

fu-

lated as discussed in Appendix D. Using the weighted

mean heat load, the overall heat transfer coeffici
at test conditions is calculated as:

U= —Save o)

~ A(EMTD)

E.1.3 Adjustment to Reference Conditions

eNt

must be
adjusted to a set of reference operating conditions.’

Adjustment to reference conditions is based on a h

eat

! Throughout the remainder of this Appendix, variables reflecting

the reference condition will be indicated with an asterisk

*)

while variables without an asterisk will represent the test condition
or quantities that are unaffected by the projection to the reference

condition.
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transfer model consisting of summation of individual R = 1 R* = 1
thermal resistances. At the test conditions, 7 mchAc € 7 pch*A. (E.14)
1 —
D?‘R‘” R+ R. + Ry (E.10) o 1 . ]
" nhwAy P nha*A. (E15)
L » where
and similarly, at the reference conditions: B Ne= surface temperature effectlveness of
2l o
IIIID Ul UUITT Clllldllbclllclllb
1 hn, hp*= hot side film coefficientat lest and
U = R.* + Ri* + R.* + Rp* (E.11) reference conditions
he, h*= cold side film coefficient at test and
reference conditions
where Ap, Ac= hot side and_cold” side heat|transfer
U= overall heat transfer coefficient at test area
conditions
U*= overall heat transfer coefficient at ref- Us = 1 (E.16)
erence conditions 1—,,_/‘_[_‘_‘_.‘_},, A [1———1-}+(Rw'-kw) ‘
R.. R,*= thermal resistance of the wall at test U mwAn Lol BAJ - meAc Lhe® e
and reference conditions
Rf, R#*= thermal resistance of fouling at test
and reference conditions The cerrection factor, @y, is
R., R.*= thermal resistance of the cold side film
at test and reference conditions A 1 1
Ry, Rp*= thermal resistance of the hot side film by = [—_* - _] (E17)
L nhAR [ hr* by
at test and reference conditions
| LA 1], ke k)
Sybtracting Eq. (E.10) from Eq. (E.11) yields: nAc | bt he w w
1 1 A similar relationship can be developed for the
A = Ta T (R = Rd + (Ry* = Ry (£.12) heat duty at reference conditions (Q*:
* * _
+ (Rf* = R) + (RWw* - Ry) O* = U*A(EMTD)* (E.18)
However, the heat exchanger test described in Substituting Egs. (E.18) into (E.17) yields:
this Code assumes that the fouling resistance is
independent of conditions selected for evaluation AEMTD)*
(even though it.may be a function of time). In other =TT T A (E.19)
words, it is assumed that the fouling resistance will T A [H‘F;] *m[‘;ﬁ‘;‘;} *+ (Rw” =Ry
rgmain constant if operating conditions are rapidly
changed.from test to reference conditions. This as- )
symption reduces Eq. (E.12) to: Finally, multiplying by U/U and combining|with Eq.
(E3) gives:

1 1
A= TUA + (R.* = RJ) + (Ry* = Rp) (E.13)
+ (Rw* - Rw)

Substituting for the thermal resistance of the corre-
sponding film layer:
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2 The surface temperature effectiveness, 7, is a measure of reduc-
tion in temperature potential between the extended surface and
the fluid. The expression is general and accounts for plain
surfaces where = 1, finned surfaces where n < 1, and other
enhancements. The term is related to the fin efficiency, 7, with
the expression n = 1 — A /A (1 — np where A; = fin surface
area. The surface temperature effectiveness and fin efficiency are
related to the fin resistance as discussed in Reference 43.
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|

@‘ P,', 2z, Vi
V4
e u Pij, pipe- Ki,pipe
T— Pn,i' Znir Vn,i T N
e ———
- = Pn,or Zn,0r Vo -
Po, pipe- ko, pipe
Po: 25, Vo
y
FIG. E.1 TYPICAL CONFIGURATION OF HEAT EXCHANGER
DIFFERENTIAL PRESSURE MEASUREMENT
. Qave (EMTD)*/(EMTD) P . |
Q= A T 1 A [1 ] (E.20) 4P, = Pave[ n + 4 Zp i+ V%,],'/ch (E.42)
T+ y (m [77?‘ h_h] + oA [h_E"- h—c] + (Ry* - Rw)) pl,plpe gc
Po . & ]
= v 27+ VB2
(po,pipe g " " gc)
The corfection factor, bq is
*/(EMT
bo = A1 (E1MTD)//: T 1D) ; (E.21) where 3
1+ J(m ['IT’h_h] *m[h—c*_ﬁl] +(Ry* - RW)) Pave= average density '
P, ;= static pressure at the inlet nozzle
P o= static pressure at the outlet nozzle
z, ;= elevation at the inlet nozzle
Z,,= elevation at the outlet nozzle
v,,i= velocity at the inlet nozzle
E.2 TQTAL NOZZLE-TO-NOZZLE PRESSURE vao= velocity at the outlet nozzle
LasS ’
E.2.1 WNozzle-to-Nozzle Pressure Loss at Test Con- The Bernoulli equation,Reference 16, for the idlet

ditions

The pressure loss measured using a differential
pressure instrument and static wall pressure taps in
the upstream and downstream piping must be ad-
justed to nozzle-to-nozzle conditions. A typical con-
figuration is shown in Fig. E.1.

The total nozzle-to-nozzle pressure loss is defined
as follows:

99

piping, outlet piping, and gage tubing is used to
introduce measured data.

3 For small density variations, pave = (Pjpipe + Popipel/2. For farger
variations where nonlinear variations in density could cause
appreciable error, the average density should be determined
based on pre-test agreement.
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Substituting into Eq. (E.27)

- -
f - + £ (z;— zp) +
pP +§a+%mg—p%’ (E23) 4P, = py. P ponre " 8, 17
i,pipe c i,pipe (E.28)
+ gﬁ Zp,i + Vz /ch Kipipe V%/ch (1 -k pre = (1 + Ko, pipe
c
/pi oioeh_ig%%_ﬁ_g_
1
L \Po, pipefo, pipe < i
Qutlet Piping
Rearranging Eq. (E.25) to solve for, P,:
P
n,‘o + 8 Zno + ngo,zgc = __PO_ (E.24)
Po,pipe c Po,pipe
= Pi- AP% p (z - Z,)
+ -8{5 Zo+ V28, + Kopipe V328, see g,
c
Diifferential Pressure Gage Piping Substitutinglinto Eq. (E.28):
, B M_%1 _ 1)#
— 4 ﬁ zi = o+ s Z, + (E.25) Po, pipe Pi, pipe  Po, pipe
Pgage 8. Pgage 8. Pgage

Upstream Pressure Gage Piping

P, P
Ly 8, =Lu (8,07 (E26)
Pgage 8. Pgage &

Uping Egs. (E.23) and (E.24) to eliminate nozzle
pressures, elevations and. velocities in Eq. (E.22):

Lo P B, L €27
Pipipe  Po,pipe 8,

4P, ., = Pave[

+ (1~ Ki,pipe)V:z/ng - (1 + Ko,pipe)\%/zgc]

4P, , = Pave
+

) £ (zj - z,) (E.29)

po ,pipe,

+ (1 K, pipe = (1 + Ky, pipe

2
(Pi, pipeA; Ei@> ) V22 g.

Po, piper, pipe

Substituting for P; using Eq. (E.26):

- 4P ( 1 1 ) 7
+ -—
Po, pipe  \Pi, pipe  Po, pipe

4P, = Pave

(4

(Pu + l-"gage‘gg (zy - Zi))

The inlet and outlet pipe velocities are related
using conservation of mass:

pi,pipeAi,pipe Vi = Po,piper,pipeVo

Vo= PipipeAipipe v

Po,piper,pipe '

100

(E.30)
+(1 —E@E)gﬁ(z,-—zo)

Po / &¢
+ (1 - K, pipe — (1 + Ko, pipe)

2
( Pi, Eiﬁc Qige) ) V,Z/ch

Po, pipefo, pipe



https://asmenormdoc.com/api2/?name=ASME PTC 12.5 2000.pdf

SINGLE PHASE HEAT EXCHANGERS

E.2.2 Pressure Loss at Reference Conditions

The pressure loss at reference conditions is calcu-
lated based on a hydraulic model of the heat ex-
changer and the ratio of calculated pressure losses:

APn-n* = (APmn)calculated at reference conditions APn-n* (E.31)

(4 Pn-n)calculated at test conditions

¢APA Pn-n

ASME PTC 12.5-2000

the hydraulic model (including surface roughness
and loss coefficients). Introducing the hydraulic re-
sistance:

- (APn-n)calculated
n

m

Hp (E.32)

The correction factor for pressure loss becomes:

The urlcertainty analysis is facilitated if the flow
measurerpent is separated from the terms related to

Hg*m™
bpp = ——— (E.3B)

HRm"

101
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NONMANDATORY APPENDIX F — TUBE-SIDE
PERFORMANCE METHODS

This Appendix provides guidance to determine
the tube-side heat transfer coefficient and pressure
loss. Altgrnate methods to estimate heat transfer
coefficient and pressure loss are acceptable as agreed
by the parties to the test.

F.1 DETERMINING GEOMETRICAL
PARAMETERS

(a) Tube Inside Diameter. For circular plain tubes,
the insideldiameter, d, is calculated using the nominal
outside diameter, d,, and nominal tube wall thick-
ness, AX}:

d; = d, - 24X, (F.1)

Differepces between the average inside diameter
and the |nominal inside diameter (as calculated
above) afe small, and the resulting bias is included
in the urfcertainties for the heat transfer coefficient
and pressure loss. The calculation of inside diameter
may be different from Eq. (F.1) for some enhance-
ments or| the inside surface (see para. F.1(d):

(b) Number of Tubes. The number is couhted or
estimated as discussed in Appendix C.

(c) Length of Tubes. The total length of the tubes, L,
is needed for pressure loss calculations. The effective
length of the tubes between-the tubesheets, ¢, is
needed for calculation of heat transfer area.

(d) Gepmetry of Enhancenients. A discussion of ge-

ments indide tubes are used, specific information re-
garding the determination of tube-side Reynolds num-
bers and icient i

‘describes a method and appropriate correlations

resistance from reference conditions to test condj-
tions (1/h* — 1/hy) is calculated. This paragra

calculate the heat transfer coefficient~for’ test and
reference conditions.

(a) Flow Regime. The tube-side(Reynolds numbg¢
is calculated based on the bulk“average tube-sid
properties:

D =

4m,

& TN

where
m,=tube-side mass flow rate
(4= dynamic viscosity based on the bulk average
conditions of the tube-side fluid

N,= number of tubes in one pass

(b) Turbulent Flow Heat Transfer. For Reynolds
numbers in the transition and turbulent regime, forcgd
turbulent convection correlations are used. The thrge
following correlations are based on extensive experi-
mental data and are considered acceptable for usg.
An overall uncertainty of +10% in average tube-side
heat transfer coefficient is considered reasonable
based on uncertainty of the experimental data ar{d
distribution of flow in the tube bundle. For tests whete
the Reynolds number at test or reference conditiofs
is less than 10,000, the effects of mixed convectign
should be checked and additional uncertainty mgy

be needed.
(1) From Petukhov, Reference 12,

manufacturer. A general discussion of tube-side en-
hancements is provided in References 44—46.

F.2 DETERMINING HEAT TRANSFER
COEFFICIENT

To calculate the heat transfer performance at refer-
ence conditions, the difference in convective thermal

ded from-the NT= (fR2) RePr, 3 )
CT1.07 + 12.7(02) V2 (PrF3 — 1) T PP '
where
Nu;= tube-side Nusselt number = (hd; /),
Pry= tube-side Prandtl number = (uc/k),

1
7:){= 1.58 In Re; - 3.28, see note below


https://asmenormdoc.com/api2/?name=ASME PTC 12.5 2000.pdf

ASME PTC 12.5-2000

dorop= 1 for constant properties

= (up/uy)" for liquids with n = 0.11 when
heating the liquid and n = 0.25 when
cooling the liquid

= (T, /Tp)" for gases with n = - [a log (T, /
Tp) + 0.36) and a = 0.0 for cooling

= (t, Mp)" for gases with n = - [a log
(tw /) + 0.36) and a = 0.3 for heating

(a) 10,000 < Re; < 5,000,000 with Re; evalu-

SINGLE PHASE HEAT EXCHANGERS

using the film properties (average of wall and bulk
conditions). Sieder and Tate, Reference 31, modified
the Colburn correlation to make it easier to use by
using bulk fluid conditions and the viscosity correc-
tion (uy/uw)*'* to account for variable properties. The
correlation is still in wide use.

Nu, = 0.023 Re, %8Pr (uy/u,)°*  (F.5)

where

Jted at average bulk conditions

(b) 0.5 < Pr; <2000 with Pr,evaluated at aver-
3ge bulk conditions

(c) tubes are long and entry effects can be ne-
glected, L/d; > 50

INOTE: The term f is the Fanning friction factor defined by Eq.
F.8). The friction factor used by Petukhov is £ = 4f. To calculate
§, Petukhov uses an expression developed by Filonenko, Reference

47, for isothermal flow in smooth tubes and the equivalent
gxpression using f is shown here.

Petukhov’s evaluation with experimental data indi-
cates that this correlation is within 5-6% of the
most accurate experimental data over a range of
0,000 to 5,000,000 for Re; and 0.5-200 for Pr,
aind a 10% accuracy for 0.5 < Pr; < 2000 and the
ame range of Re,.

(2) Gnielinski, Reference 48, modified Petu-
khov's correlation to represent experimental values at
ower Reynolds numbers and added a correction to
hccount for short tube lengths:

4 = __2) (R~ 1000)Pr;
T 127002 (P - 1)

(1 + (di/L*R)dprop (F.4)

Wwhere

1
--f= 1.58 In Re; — 3.28, seenote below

| @prop=1 for constant properties o

= (Pry, /Pr,)°V (for’liquids with 0.05 < Pr,/
Pr, < 20

= (Tp /T%8 or gases with 0.5 < T,/T,, < 1.5

(a) 2300.< Re, < 5,000,000 with Re,evaluated

at average butk conditions

(b) 0.5 < Pr; <2000 with Pr,evaluated at aver-

age bulk conditions

NOTE: The term f is the Fanning friction factor defined by Eq.

(2) 10,000 < Re; < 100,000 using average bulk
conditions
(b) 0.5 < Pr, < 250 using average bulk{ condi-
tions
(c) L/d,' > 60
(d) 0.01 < up/p,, <10
(c) Mixed Convection-Heat Transfer. At R¢ynolds
numbers less than 10,0005 effects of gravitationgl body
forces may be significant and mixed convectipn heat
transfer may dorbinate. The flow regime for| mixed
convection is. determined by comparing the R¢ynolds
number with'the parameter GrPr(dy/L). Metais and Eck-
ert, Refefence 50, developed figures of flow |regime
limits~for horizontal and vertical tubes. The|figures
were originally provided for preliminary infofmation
but are used extensively today. Some modifications
in the these flow regime figures have been proposed
based on more recent data, Reference 51. General
correlations based on a wide body of experfmental
data are not available for all flow regimes. Qver se-
lected flow regimes, the following correlatipns are
widely used and are based on substantial amjount of
experimental data.
(1) Horizontal Tubes. For liquid flow {n hori-
zontal tubes with high Prandtl number, Palen and
Taborek, Reference 52, developed the following:

Nu, = 2.5+ 4.55(Re**>37(d/0)%37 Pr® " (uy/ puw)®'f  (F.6)

where
Re**= Re, + 0.8 GI*® exp[-42/Gr]

_ 3 2
Gr = Bltw th/d, P& — Grashof number
Mt
B=the volumetric coefficient of
expansion
(a) 0.1 < Re; <2000 using bulk average prop-

thermal

ki) kiov

correlation.

Gnielinski’s evaluation indicates that 90% of the

experimental data differ by less than +20% from
the calculated values using this correlation.

(3) The following classical correlation is based

on a method developed by Colburn, Reference 49,

erties
_ (b) 20 < Pr;< 10,000 using bulk average prop-
erties
(c) 0 < Gr < 30,000,000 using bulk average
properties
(d) 0 < py/pw < 55
(e) L/d; > 40
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For liquids with lower Prandtl numbers, a correla-
tion by Depew and August, Reference 53, based
on experimental data using water, ethyl alcohol,
glycerol/water mixture, and oil can be used:

Nu, = 1.75[{Gz + 0.12

ASME PTC 12.5-2000

where
AP= pressure loss along tube length L
p= fluid density

8c= units conversion constant
v,= bulk fluid velocity in tube
d;= inside tube diameter
L= tube length
The Fanning friction factor is commonly used for
heat exchanger performance and is different than

(GzGrBPrO38)088)13 /4y, 1014 (F.7)
where
Gz= ﬂk‘?—’ = Graetz Number

(B) 10 < Gz < 440
(b) 2700 < Gr < 4,900,000
) 5 < Pry< 1900
j) L/d, > 28

In general, the uncertainty in the average heat
transfer [coefficient in the mixed convection regime
is greatgr than in the turbulent and transition regimes
depending on the validity of the experimental data
(i.e., similarity of the Reynolds number, Prandtl
number} and Grashof number with conditions inside
the heaf exchanger). Within the range of applicablity
of the qorrelations, an uncertainty of 10 to 40% is
reasonaple.

(2)| Vertical Tubes. For vertical tubes the heat
transfer| coefficient is a function of the direction of
fluid flow. A general discussion of mixed convection
heat transfer is beyond the scope of this Appendix:
Discussfons, some correlations and comparisons with
experimental data for a few instances are provided in
Referenges 54-57.

F.3 DETERMINING PRESSURE LOSS

To cilculate the nozzle:to-nozzle pressure loss at
referenge conditions, the pressure loss at test condi-
tions is| multiplied. by the correction factor, ¢,, =
4P, ,*/4P, .. This-paragraph describes a method to
calculate the.préssure loss correction.

(a) Flow-Regime. The flow regime is based on the
tube-side prn0|d§ number as calculated in Eq (F2)

the Darcy friction factor which is commonly used
for pipe flow, Reference 16. The Darcy friction
factor is 4 times the Fanning friction factor,”i.e.
4f‘F:-mning = fDarcy.

(1) Friction Factor for Laminar | Flow. Fo
Reynolds numbers less than 2000, the flow is consid
ered laminar and the friction factor is'independent o
pipe roughness:

P= — (F.9

where Re;<"2000.
(2)<Friction Factor for Turbulent Flow. For Reynt
olds.-nmbers greater than 4000, the friction factor i
a function of the Reynolds number and the roughness .
The correlation of friction factor with roughness and
Reynolds number is attributed to work performed by
Colebrook and White, Reference 58, using commert
cial pipe. Based on this work, turbulent flow in roug:l:
pipe is divided into smooth, fully rough and transitio
roughness regimes. The roughness regime is deter
mined by the roughness Reynolds number, Re,.

_pve_ [fe
Ree = o = \/; d,‘ Ret (F10

where

v,= |7 .
T \/5 = shear force velocity

(b) Friction Factor and Roughness Regime. For this
Appendix, the Fanning friction factor, £, is used as
defined in accordance with the following formula:

_ APgC d,'
=T (F.8)

RN

7= the shear stress at the wall
e/d;= the relative roughness of the inside
surface of the tube
(a) Re< 0.5 for flow in smooth pipe;
(b) Re> 60 for flow in fully rough pipe;
(c) 0.5<Re.<60 for flow in transition region
between smooth and full rough pipe.
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For smooth pipe (Ree <0.5),

Re,\/;'

SINGLE PHASE HEAT EXCHANGERS
(¢c) Tube-Side Pressure Loss and Correction Factor.

The total nozzle-to-nozzle pressure loss for the tube-
side of a heat exchanger is given by the following:

+ AP (F.14)

1
— =4 IOg-lo-— (F11) 2
; 1.255 _ Lve
\/— AP, APentry + 4fp d; zgc
For fully rough pipe (Re, > 60), where
AP,= tube-side pressure loss from inlet noz-
zle to outlet nozzle
d; APy = entrance pressure loss associdted with
— =41 3.7 F.12 entry P
‘/} 810 ( e) ( ) channel head and tube-entn

-

pr the transition region (0.5 < Re, < 60),

1 € 1.255
—_ =4 — 4 220 F.13
\/-f Og‘O (37d’ * Ret‘/_f) ( )

The Colebrook and White correlation, Eq. (F.13),
difficult to use since the friction factor is included
n both sides of the equation. As a result, friction
ctor data are traditionally plotted on a diagram
eveloped by Moody, Reference 59, which is in
ide use today.

The roughness of clean commercial tubing is
¢ported in the industry literature such as Reference
6; however, estimating the roughness of inservice
ybing results in some uncertainty. The bounds of
stimated  roughness should be considered” when
plculating the uncertainty of the adjustment in
ressure loss, dgp.

n

S 0O 3O

— 0

0 O o

AP = exit pressure loss associated with
channel head and ‘tube exit

(1) Methods to determine‘each of theterms in

Eg. (F.14) are provided in/Reference 60. For many
heat exchangers, the pressure loss is domipated by
the losses in the tubes and many of the other terms can

be neglected. The pressure loss correction is given by:
AP, %
Gap = ( A ) (F.15)
AP calculated
L v? *
[APentry + 4fp q —+ APexit]
i2g,
- L v
APy + 4fp — =— + APy
entry di zgc exit
(2) ¢, is a strong function of the assymptions

used for

Y in ¢API
be calcu-

used for friction factor and loss coefficients
APenyry and AP, To estimate the uncertain
upper and lower bound corrections should
lated.
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NONMANDATORY APPENDIX G — FOULING
RESISTANCE

The
performance is measured with new or clean condi-
tions. Under these conditions, the fouling resistance
is small and may be neglected. For industrial heat
excharjgers, it is difficult and often not practical to
verify the fouling condition on the hot and cold
stream|sides of the heat transfer surface. Furthermore,
testing| has shown that visual inspection of heat
exchar|ger surfaces does not always provide an accu-
rate agsessment of fouling resistance. As a result,
some fouling is expected for most heat exchanger
tests.

The [calculation of average fouling resistance as
the performance parameter is not recommended.
This cgnclusion is based on the assessment of uncer-
tainty pf fouling resistance using the following.

(a) measured temperatures and flow rates and;

(b) ¢stimated convective thermal resistances and
wall resistances.

Assumptions regarding the fouling resistance are
requirgd to calculate overall heat transfer coefficient
and heat transfer rate at reference conditions. This
Appenfix discusses the characteristics of fouling
resistace so that the test engineer may better assess
the ovprall uncertainty due to the assumptions re-
garding fouling resistance.

G.1 MEASUREMENT OFFOULING RESISTANCE

The total heat transfer resistance, oy, is given by
Eq. (G|1).

_ AEMTD

r.ulai

It = Ttotal — Tclean

Experience indicates that the uncertainty. of the
fouling resistance calculated in accordance with E.
(G.2) may be large relative to the uncertainty of other
performance parameters such as U and-Q. The unc
tainty of the fouling resistance can’ be assessed Ry
introducing the fouling Biot number, Bif = rilUciegh,
Reference 61. The fouling Biot number is a measufe
of the relative magnitude:of fouling on a heat transfer
surface. Fouling Biot numibers for typical gas-gas, li-
uid-gas, and water<water heat exchangers are shown
in Table G.1.

Investigations by Somerscales et al., Reference 62,
have showtythat the uncertainty of the fouling resigt-

to fouled conditions so that the convective heat tra
fer coefficients are the same for both conditions). Evgn
with measurements having uncertainties in the ranggs
specified in Section 4, the uncertainty in fouling resigt-
ance may be 20-50% or even larger for many ind
trial applications. For example, for test data whefe
lotal 15 almost equal to rgeay (i-€., almost clean condi-
tions), the uncertainty in the calculated fouling resigt-
ance is high because the fouling Biot number is vefy
low as shown in Fig. G.2. For instances where rgd,,
is not known, the uncertainty in fouling resistange
may be high since the uncertainty in the individugl
heat transfer coefficients is high.

Since the uncertainty in measured fouling resigt-
ance can be large relative to the uncertainty of othpr
observed performance parameters for many industripl
tests, measurement of fouling resistance is not reco

Q Ay 7

Q and EMTD are determined based on measured
temperatures and flow rates of the hot and cold fluid
streams. If it is possible to test the heat exchanger
under clean conditions, riow = raean = 1/Ucjean. The
fouling resistance, ry is determined by Eq. (G.2).

107

menaed.

G.2 FOULING RESISTANCE ASSUMPTIONS

G.2.1 Variation in Fouling Resistance Over Heat
Transfer Area

Non-uniform distribution of fouling is expected
for industrial heat exchangers since the flow is often
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TABLE G.1
TYPICAL VALUES OF THE FOULING BIOT NUMBER [Note (1)]
Uclean re
Heat Exchanger Type (Btu/hr-ft2-°F) (hr-ft2-°F/Btu) Bi/
Gas-gas 10 0.003 0.03
Liquid-gas 30 0.003 0.09
Water-water 450 0.003 1.35

NOTE:

(1) The fouling Biot numbers shown are typical for plain unfinned surfaces inside and outside of tubes.
For finned surfaces, these may represent low fouling conditions.

“ug/ rg _U_t/_AE
0.8r 0.001
0.005
| 0.01
0.6 H 0.02
0.1 uy/At
1 0.01

0.2: II
NS/

1 2

2

—
5

w
IS

Bif

LENERAL NOTE: The depéndence of the relative uncertainty (u,¢/r;) of the measured fouling thermal resistance
n the fouling Biot number (Bif) and the relative uncertainty (u/4t) of the temperature measurements. The
bllowing expressionsiare used in constructing this figure: u,¢/rs = (K/Bif)(ui/At) where K = 2 for Bis<1|(sensible
eat exchanger) and K = /2 for Bif21 (condenser).

T 0 M

= uncertainty in fouling resistance

re = unit fouling resistance

= uncertainty in temperature measurement
rise in cold stream temperature

Bir = fouling Biot number

bc
=
||

FIG. G.1. UNCERTAINTY IN FOULING RESISTANCE AS A FUNCTION OF
FOULING BIOT NUMBER (from reference 62)
(Reprinted with the permission of Euan F.C. Somerscales)
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heat exchhanger) and K = /2 for Bi;21 (condenser).

FIG. G.2

maldistributed and operating conditions over. the
fer surface vary. The effect of non-uniform

ildup is difficult to predict without detailed

(b) bujldup of feuling product in the low velocity
regions of the heatexchanger may have minimal effect
on U, and;

(c) pr ferent|a| buildup of fouling product in be-

u,/At

NOTE: The dependence of the relative uncertainty (u,/r;) of the measured fouling thermal resistange
uling Biot number (Bis) and the relative uncertainty (u,/4t) of the-temperature measurements. The
expressions are used in constructing this figure: u,¢/ry =

UNCERTAINTY IN FOULING RESISTANCE AS A FUNCTION OF
UNCERTAINTY IN TEMPERATURE MEASUREMENTS (from reference 62)
(Reprinted with the permission of<Euan F.C. Somerscales)

0.2

(K/Big)(ugldty where K = 2 for Bi¢<1 (sensible

resistance at reference conditions. If the fouling
resistance"is uniform over the heat transfer surfade,
this assumption is considered reasonable. However,
variations in the distribution of the fouling resistange
may change the heat transfer coefficient (by changing
the flow distribution), and the weighting of tme
variations in fouling resistance may change for diffgr-
ent operating conditions resulting in a change |in
fouling resistance.

Data available are insufficient to distinguish be-
tween effects of variable fouling resistance, measure-
ment uncertainties, and uncertainty of the heat trarjs-
fer model for the heat exchanger. This is primarfly
due to the difficulty in making accurate performante

tween fins may substantially reduce U.

These examples indicate that fouling buildup may
or may not provide a substantial change in the
average heat transfer coefficient over different op-
erating conditions.

It is assumed that the average fouling resistance
at test conditions is the same as the average fouling
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TIEaSUTEITENtS OVer a wide range of flow rates and

temperatures, and to the large uncertainty in the
application of heat transfer correlations based on
experimental data to inservice industrial heat ex-
changers. As a result, judgment is needed to estimate
the effect of variable fouling resistance as discussed
in para. G.3.
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G.2.2 Time Variation in Average Fouling Re- efficient may need to be increased if the fouling
sistance buildup affects flow distribution.

The thermal performance determined with a test- (b) High Fouling Resistance, Test Conditions Near
is applicable at the time the test is performed. Reference Conditions. The fouling resistance is con-
Trending fouling resistance with time is not within sidered high if the fouling Biot number is greater than
the scope of this Code. 1. Test conditions are near reference conditions if the

uncertainty of the results is dominated by measure-
ment uncertainty (such as temperature and flow rate
uncertainties which contribute to the uncertainty in
heat transfer rate). In this case, the uncertainty in the

G i e is the
ASSUMPTIONS same at test and reference conditions_€an be ne-
glected. However, the uncertainty in heat-transfer co-

Basgd on the available data,_ judgmept is need.ed efficient may need to be increased|if thg fouling
to estimate the effects of spatially variable fouling buildup affects flow distribution.

rgsistance on the results of the performance test. (c) High Fouling Resistance,. Test Conditipns Sub-
The following guidelines are intended to assist the stantially Different Than Reference Conditipns. The
tgst engineer in evaluation of uncertainty in the fouling resistance is considered high if the fouling
ssumption that the fouling resistance is the same Biot number is greater than 1. Test condifions are

Y

af test conditions as at reference conditions. substantially differebt'than reference conditipns if the

(a) Low Fouling Resistance. The fouling resistance uncertainty of the-yesults is dominated by tHe uncer-
iy considered low if the fouling Biot number is less tainty in heat \transfer coefficient. In this ¢ase, the
than 1. Under these conditions, uncertainty in the change in average fouling resistance may significantly
cplculation of heat transfer coefficient will probably affect the’ accuracy of the test. The test conditions

substantially greater than the change in average should\be changed to reduce the contribution of the
fouling resistance. In this case, the uncertainty in the unicertainty in heat transfer coefficient. Altefnatively,
assumption that the average fouling resistance is the calculations of a heat exchanger model can be used
same at test and reference conditions can be ne- to estimate the uncertainty attributed to the change
glected. However, the uncertainty in heat transfer co- in average fouling resistance.
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NONMANDATORY APPENDIX H — PLATE FRAME
PERFORMANCE METHODS

There [s no generalized open literature method
to calculdte the individual heat transfer coefficients
for plate frame surfaces. Without data for the particu-
lar plate [design, estimating the coefficients based
on open| literature is not recommended. Suitable
correlations may be developed using manufacturer
data or plant data. This Appendix describes a method
to deternine a suitable correlation for a plate frame
heat exclanger (PHE) based on plant test data.

An alggrithm to predict the performance of a PHE
may be developed by testing the PHE in the clean
condition, Starting with Eq. (H.1).

Q

U= AIMIDIF

(H.1)

in gen
PHE is cd

eral, flow through adjacent passages in a
untercurrent (without a cross flow compo-
nent as |with shell-and-tube arrangements). As ‘a
result, F = 1 for many PHE applications. However,
end effedts reduce the mean temperature difference
and F m3y be less than one for some arrangements,
Referencg 63. F may be less than one-for designs
where vety few plates and/or where ‘multiple passes
are provided. For the analysisinthis Code, it is
assumed |that F = 1. The value’ of Q and LMTD
may be galculated from test vesults as described in
Section J, and the value.of A may be determined
either from vendor data‘or by measuring the dimen-
sions of & plate. Therefore, the value of U may be
determined and sét equal to Eq. (H.2).

r)

r-= heat transfer resistance due to fouling 9
the cold side of the plate basedcon’ heat
transfer per unit area

For a given plate of known material and thicknesp,
the value for r, is known. if the PHE is clean whe
tested, rp and r, are both zéro: Therefore, the
problem is reduced to finding“an expression for A
and h. which is correlated to’ the Nusselt numbe
Nu, by the following expression:

3

]

-

K = Nu(k/D) (H.3)

where
D.="equivalent hydraulic diameter
The problem is thus reduced to finding a relatiop-
ship for Nu as a function of Re where:

Re = D.G/u (H.4)
where
G= mass velocity = pV
The Colburn Analogy,
Nu = CRe"Pr™ (up /pun)* " (H.5)

is applicable where C, n, and m are constants arjd
mp=bulk average dynamic viscosity
uw= dynamic viscosity at the plate wall
The last term can be neglected for applicatiops
where variation in fluid properties is small. Note

W=1/1h +1/h +r + r. (H-2)
A) T C w 17 A

c7

where
r,,= thermal resistance of wall based on heat
transfer per unit area = AX/k,,
rim= heat transfer resistance due to fouling on
the hot side of the plate based on heat
transfer per unit area
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that for PHEs the geometry of the plate is the same
on both sides of the plate, so the same equation
for Nu applies to both sides. For turbulent heat
transfer through a flat plate, the Nusselt number is
directly proportional to the Reynolds number to the
0.75 power, and to the Prandtl number to the 0.333
power for gases, liquids, and viscous oils where
Pr > 1 (Reference 64). Therefore:
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0.14
hy = CReh3/4Prh”3 (%)(ﬂ) (H.6) U= -A—(tf\TQ'Tﬁ)—IE = 1/(1/hy + 1/h. + r,) (H.9)
[ w
the value for C may be computed by substituting
for hy and h. and solving for C as indicated in Eq.
(H.10).
sap, 175 ke[ 26\
he = CRe>"Pr.'” [ =|{— H.7
’ : : (De)(ﬂw) ( ) De 0.14 + De 0.14
Ralip ‘/3//‘%/ \ y pallip. /3 (/“'b/ . k
. ] ' WCR— T 1h \ /#w} WE Ise¢c Ti¢ \ //‘w c
C may be determined by conducting a test with the C= ALMTD)
PHE clean so that —a "™ (H.10)
Alternately, C may be determined from manufac-
=re=0 H.8 Y: Y
h = The (H-8) turer’s data. By trial and epror, the value cr:I C may

by setting the Egs. (H.1) and (H.2) equal to each
other.

be found that provides<the’ best agreemgnt with
vendor predictions of &for an array of two jor more
Reynolds numbers (Reference 65).
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