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INTERNATIONAL

Standard Practice for

Determination of Heat Gain or Loss and the Surface
Temperatures of Insulated Pipe and Equipment Systems by
the Use of a Computer Program

This standard is issued under the fixed designation C 680; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope X3.5 Flow Chart Symbols and Their Usage in Information

1.1 The computer programs included in this practice pro- Processin _
vide a calculational procedure for predicting the heat loss or X3.9 Standard for Fortran Programming Language
gain and surface temperatures of insulated pipe or equipmegt
systems. This procedure is based upon an assumption of a o o ) )
uniform insulation system structure, that is, a straight run of 3-1 Definitions—For definitions of terms used in this prac-
pipe or flat wall section insulated with a uniform density fic€; refer to Terminology C 168. _
insulation. Questions of applicability to real systems should be 3-2 Symbols:SymboisThe following symbols are used in
resolved by qualified personnel familiar with insulation sys-the development of the equations for this practice. Other
tems design and analysis. In addition to applicability, Ca|Cu|a_s_ymbols will be introduced and defined in the detailed descrip-
tional accuracy is also limited by the range and quality of thefion of the development.
physical property data for the insulation materials and systems, hare-

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is they
responsibility of the user of this standard to establish appro-

Terminology

surface coefficient, Btu/(h#°F) (W/(m?-K))
thermal conductivity, Btu-in./(h4t°F)(W/(m-K))
constant equivalent thermal conductivity introduced

p'ri.ate safety and hea!th _practic_es and determine the applica- by the Kirchhoff transformation, Btu-in./(h-fF)
bility of regulatory limitations prior to use. (W/(m-K))
5 Ref 4D Q. = total time rate of heat flow, Btu/h (W)

- Referenced Documents Q= time rate of heat flow per unit length, Btu/h-ft (W/m)

2.1 ASTM Standards: o} time rate of heat flow per unit area, Btu/(h3x
C 168 Terminology Relating to Thermal Insulatfon (W/m?)
C 177 Test Method for Steady-State Heat Flux Measure-R thermal resistance, (°F-MBtu (K-mf/W)

ments and Thermal Transmission Properties by Means of radius, in. (m)

the Guarded Hot Plate Apparatus t local temperature, °F (K) . o
C 335 Test Method for Steady-State Heat Transfer Properdi temperature of inner surface of the insulation, °F (K)
ties of Horizontal Pipe Insulatién ty temperature of ambient fluid and surroundings, °F
C 518 Test Method for Steady-State Heat Flux Measure- (K)

ments and Thermal Transmission Properties by Means of = distance in direction of heat flow (thickness), in. (m)

the Heat Flow Meter Apparattis
C 585 Practice for Inner and Outer Diameters of Rigid, Summary of Practice

Thermal Insulation for Nominal Sizes of Pipe and Tubing . . .
4.1 The procedures used in this practice are based upon

(NPS Systen?) , _
E 691 Practice for Conducting an Interlaboratory Study tostandard steady-state heat transfer theory as outlined in text-

Determine the Precision of a Test MetRod ?OOk_S and Pa(ljndbopks. The (lzomputerdp:jogram combines the
22 ANSI Standards: unctions of data input, analysis, and data output into an
easy-to-use, interactive computer program. By making the
EE—— program interactive, little operator training is needed to per-
* This practice is under the jurisdiction of ASTM Committee C16 on Thermal form fast, accurate calculations.

Insulation and is the direct responsibility of Subcommittee C16.30 on Thermal .

Measurement. 4.2 The operation of the computer program follows the
Current edition approved Jan. 27, 1989. Published May 1989. Originally
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procedure listed below: this change is generally continuous and can be mathematically
4.2.1 Data Input—The computer requests and the operatorapproximated. In the cryogenic region where one or more
inserts information that describes the system and operatingpmponents of the air condense, a more detailed mathematical

environment. The data include: treatment may be required. For those insulations that depend
4.2.1.1 Analysis Identification. on high molecular weight, that is, fluorinated hydrocarbons, for
4.2.1.2 Date. their insulating effectiveness, gas condensation will occur at
4.2.1.3 Ambient Temperature. higher temperatures and produce sharp changes of conductivity
4.2.1.4 Surface coefficient or ambient wind speed, insulain the moderate temperature range. For this reason, it is

tion system surface emittance, and orientation. necessary to consider the temperature conductivity dependence
4.2.1.5 System Descriptien-Layer number, material, and of an insulation system when calculating thermal performance.

thicknesses. The use of a single value thermal conductivity at the mean

4.2.2 Analysis—Once input data is entered, the programtemperature will provide less accurate predictions, especially

calculates the surface coefficients (if not entered directly) an@vhen bridging regions where strong temperature dependence
the layer resistances, then uses that data to calculate the heaturs.

losses and surface temperatures. The program continues 105 g The use of this practice by both manufacturers and users
repeat the analysis using the previous temperature data {9 thermal insulations will provide standardized engineering

update the estimates of layer resistance until the temperaturgga of sufficient accuracy for predicting thermal insulation
at each surface repeat with a specified tolerance. erformance.

4.2.:3 Once convergence of the temperatures is reached, t 5.7 Computers are now readily available to most producers

program prints a table giving the input data, the resulting heat : . . :
flows, and the inner surface and external surface temperaturegspscgggsumers of thermal insulation to permit the use of this

5. Significance and Use 5.8 Two separate computer programs are described in this
5.1 Manufacturers of thermal insulations express the perforPractice as a guide for calculation of the heat loss or gain, and
mance of their products in charts and tables showing heat ga#tirface temperatures, of insulated pipe and equipment systems.

or loss per lineal foot of pipe or square foot of equipmentThe range of application of these programs and the reliability
surface. These data are presented for typical operating teref the output is a primary function of the range and quality of
peratures, pipe sizes, and surface orientations (facing up, dowifie input data. Both programs are intended for use with an
or horizontal) for several insulation thicknesses. The insulatioriinteractive” terminal. With this system, intermediate output
surface temperature is often shown for each condition, t@uides the user to make programming adjustments to the input
provide the user with information on personnel protection orparameters as necessary. The computer controls the terminal
surface condensation. Additional information on effects ofinteractively with program-generated instructions and ques-
wind velocity, jacket emittance, and ambient conditions maytions, prompting user response. This facilitates problem solu-
also be required to properly select an insulation system. Due tiion and increases the probability of successful computer runs.

the infinite combinations of size, temperature, humidity, thick- 5.8.1 Program C 608E is designed for an interactive solu-
ness, jacket properties, surface emittance, orientation, ambiefion of equipment heat transfer problems.

conditions, etc., it is not practical to publish data for each 5 g5 program C 608P is designed for interactive solution of
possible case. piping-system problems. The subroutine SELECT has been

5.2 Users of thermal insulation, faced with the problem of,itten to provide input for the nominal iron pipe sizes as

designing large systems of insulated piping and equipmengpayn in Practice C 585, Tables 1 and 3. The use of this
-systems problems is possible by rewritin
thermal information. This cost can be substantially reduced by, outine SELECTysuch trF])at the tabuFI)ar data cyontain thge

both th_e use of accurate eng!neering data tables, or by the uﬁ']‘?)propriate data for tubing rather than piping systems (Practice
of available computer analysis tools, or both. 585, Tables 2 and 4).

C
5.3 The use of analysis procedures described in this practice o .
can also apply to existing systems. For example, C 680 is .5'8'3 C_o_m_b|nat|ons of the two programs are pOSS|bIe_by
referenced for use with Procedures C 1057 and C 1055 for buf®'"9 &N initial sel'ec'tor program that would select the option
hazard evaluation for heated surfaces. Infrared inspection or ilﬁe"}? _usetd atr)ld etlllmlna:'ﬂotn of qge c:f tklgzurve ﬁnd surface
situ heat flux measurements are often used in conjunction witHOS™c!€Nt subroutines that are identical in ach program.
C 680 to evaluate insulation system performance and durability 5-8-4 These programs are designed to obtain results identi-

on operating systems. This type analysis is often made prior t62l t0 the previous batch program of the 1971 edition of this
system upgrades or replacements. practice. The only major changes are the use of an interactive

5.4 The calculation of heat loss or gain and surface temterminal and the addition of a subroutine for calculating surface
perature of an insulated system is mathematically complex angPefficient.
because of the iterative nature of the method, is best handled by5.9 The user of this practice may wish to modify the data
computers. input and report sections of the computer program presented
5.5 The thermal conductivity of most insulating materialshere to fit individual needs. Also, additional calculations may
changes with mean temperature. Since most thermal insulatifge desired to include other data such as system costs or
materials rely on enclosed air spaces for their effectivenesgconomic thickness. No conflict with_this Bﬂwmeemis
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these modifications exists, provided that the user has demoreomposite (multiple-layer) cases and supplemented with pro-
strated compatibility. Compatibility is demonstrated using avision for heat flow from the outer surface by convection or
series of test cases covering the range for which the newadiation, or both.
method is to be used. For those cases, results for the heat flow6.3 Equations—Case 1, Slab Insulation:
and surface temperatures must be identical, within the resolu- 6.3.1 Case 1 is a slab of insulation shown in Fig. 1 having
tion of the method, to those obtained using the methodvidth W, heightH, and thicknes§. It is assumed that heat flow
described herein. occurs only in the thickness afdirection. It is also assumed
5.10 This practice has been prepared to provide input anthat the temperaturg of the surface ax; is the same as the
output data that conforms to the system of units commonhequipment surface temperature and the time rate of heat flow
used by United States industry. Although modification of theper unit area entering the surfacexatis designatedy,. The
input/output routines would provide an Sl equivalent of thetime rate of heat flow per unit area leaving the surfaces &t
heat-flow results, no such “metric” equivalent is available forgs.
the other portions of the program. To date, there is no accepted6.3.1.1 For the assumption of steady-state (time-
metric dimensions system for pipe and insulation systems foindependent) condition, the law of conservation of energy
cyclindrical shapes. The dimensions in use in Europe are the Slictates that for any layer the time rate of heat flow in must
dimension equivalents of the American sizes, and in additiorequal the time rate of heat flow out, i.e., there is no net storage
have different designations in each country. Therefore, due tof energy inside the layer.
the complexity of providing a standardized equivalent of this 6.3.1.2 Taking thin sections of thickneax, energy bal-
procedure, no Sl version of this practice has been prepared. Ainces may be written for these sections as follows:
the time in which an international standardization of piping andCase 1:
insulation sizing occurs, this practice can be rewritten to meet (WHG) |, — (WHO) [, ; 5= O N
those needs. This system has also been demonstrated to o o . .
calculate the heat loss for bare systems by the inclusion of th%NOTE }—The vertical I|_ne with a subscript indicates the point at_whlch
pipe/equipment wall thermal resistance into the equation sy§-e previous parameter is evaluated. For examgis; ., reads the time

- . - . rate of heat flow per unit area, evaluatedkat Ax.
tem. This modification, although possible, is beyond the scope P

of this practice. 6.3.1.3 After dividing Eq 1 by —WHAx {ind taking the limit
_ as Ax approaches zero, the differential equation for heat
6. Method of Calculation transfer is obtained for the one-dimensional case:
6.1 Approach (did)g =0 2

o, oo s e e oo o .14 Inegrating Eq 2 imposing thecondiion ofrea
P . .~ flow stability on the result yields the following:

geneous as outlined by the definition of thermal conductivity in

Terminology C 168; ?) that the pipe size and equipment 4=% =0 @)

operating temperature be know) that the insulation thick- 6.3.1.5 When the thermal conductivitl, is a function of

ness be known#j that the surface coefficient of the system belocal temperature, the Fourier law must be substituted in Eq

known, or sufficient information be available to estimate it as2. Fourier’s Law for one-dimensional heat transfer can be

described in 7.4; and5] that the relation between thermal stated mathematically as follows:

conductivity and mean temperature for the insulation be known

in detail as described in 7.3.

6.1.2 The solution is a computer procedure calling fr (
estimation of the system temperature distributid@),oalcula- -
tion of the thermal resistances throughout the system based on < - P
that distribution, and3) then reestimation of the temperature
distribution from the calculated resistances. The iteration
continues until the calculated distribution is in agreement with
the estimated distribution. The layer thermal resistance is
calculated each time with the equivalent thermal conductivity
being obtained by integration of the conductivity curve for the q
layer being considered. By this technique, the thermal conduc-
tivity variation of any insulation or multiple-layer combination
of insulations can be taken into consideration when calculating
the heat flow.

6.2 Development of EquatiorsThe development of the
mathematical equations centers on heat flow through a homo-
geneous solid insulation exhibiting a thermal conductivity that
is dependent on temperature. Existing methods of thermal

Case 1

glx+Ax q,

o
x

—— g

L

!
e

. . X, X,
conductivity measurement account for the thermal conduction, ‘

convection, and radiation occurring within the insulation. After "—— T —'l
the basic equations are developed, they are extended to FIG. 1 Single Layer Slab ssselDOCUMents
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q = —k(dt/dx) 4 Case 1

therefore,
(didk)g = (d/dx)(—k(dt/dx)) = 0 (5)
6.3.1.6 To retain generality, the functionality lofwith t is

. . . . AN Ty
not defined at this point, therefore, Eq 5 cannot be integrated Z
directly. The Kirchhoff transformatiofil)® allows integration %§
by introducing an auxiliary variable and a constari, defined %§
by the differential equation as follows: %§/ H
k(du/dx) = k(dt/cx) (6) q Z%%
This equation must be satisfied by the following boundary %§/
conditions: ZQ/
u=t atx =x /\
A
u=t,atx =x %\ N |
6.3.1.7 Rederiving Eq 4 in terms of Eq 6, integrating, and %\§
imposing Fhe boundary conditions for the transformation yields é&/
the following: X X, X, X, X,
-t I ¢ 1
== < 7 T
* [u} @ FIG. 2 Composite System Slab
6.3.1.8 Eq 7 is in a familiar form of the conductive heat Oy = (t — tis)/Rija (10)
transfer equation used when thermal conductivity is assumed where:
constant with local temperatures. To evaluate the equivalent Rt = On — X K1 (11)

thermal conductivity, Eq 6 is solved f&y, Separating variables o
in either equation and integrating through the boundary con- 6.3.3 Characterization of the heat flow from the systems can

ditions, the following general relation is obtained: be completed by developing an expression for the rate of heat
flow per unit area at the outer solid surfaces. For this purpose,
k, = %f‘z K dt 8)  the following definition of the surface coefficient is employed:
2 ady
h= qn/(tn - ta) (12)

Evaluation of the integral in Eq 8 can be handled analytically
wherek is a simple function, or by numerical methods where Of
k cannot be integrated. Particular solutions of Eq 8 are (t, — t)
discussed in 6.5. % = —Tm)

6.3.2 The equations for heat flow through a single-layer pgeacause of the similarity between Eq 10 and Eq 13, Eq 13
insulation can now be extended to the multiple layer or.gn pe rewritten as follows:
composite insulation case. Consider Fig. 2 as a multiple-layer

(13)

extension of the simple case. The figure shows the composite Oh = (t, — LIRS (14)
system with insulations having different thermal conductivi- where:
fes. R.= (Lh) (15)

6.3.2.1 Equations can be written for each additional layer
analogous to Eq 7. With the entire system at stability and
assuming no temperature drop across layer interfaces, t
equation is written as follows:

6.3.4 The surface coefficiertt, is a complex function of the
e(operties of the ambient fluid, surface geometry, the tempera-
ures of the system, the surface finish, and motion of the
ambient fluid. Equations used by this practice for estimating

Q1= G - i 99 the surface coefficient are discussed in 7.4. _
(m) 6.3.4.1 Summing the series of equations from 6.3.2 includ-
Kaji+1 ing equations from 6.3.3 yields the following expression for the
Note 2—The generalized index, denotes any interface within the heat flow through the entire composite system:
system. o= (t — t/R (16)
6.3.2.2 It is useful at this point to introduce the concept of
thermal resistance, that is, the heat flow per unit area given
simply by a temperature difference divided by the correspond- R=Rip+ RoRgst ..+ Rygp + Rs
ing thermal resistance. The heat flow per unit area at the outer 6.3.4.2 Setting the heat flow per unit area through each
surfacex,, is calculated as follows: elementg;, equal to the heat flow through the entire systgm,
shows that the ratio of the temperature across the element to the
temperature difference across the entire system is proportional
® The boldface numbers in parentheses refer to the list of references at the end tp the ratio of the thermal resistance of the element to the total
this practice. thermal resistance of the system or in ge@@@uments
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G an Case 2
1 &

Eq 17 provides the means of solving for the temperature
distribution. Since the resistance of each element depends on
the temperature of the element, the solution can be found only
by iteration methods.

6.4 Equations—Case 2, Cylindrical Sections

6.4.1 For Case 2, Figs. 3 and 4, the analysis used is similar
to that described in 6.3, but with the replacement of the
variable x by the cyclindrical coordinate;. The following
generalized equation is used to calculate the conductive heat
flow through a layer of a cylinder wall.

N\
_ G~ tiyg 24
ko\,i,i +1
Note the similarity of Eq 9 and Eq 18 and that the solution
of the transformation equation for the radical heat flow case is
identical to that of the slab case (see Eq 8). Note 3—In some situations where comparisons of the insulation
6.4.2 As in Case 1, calculations for slabs, simplification ofsystem performance is to be made, basing the areal heat loss on the inside
the equatlons for the heat |OSS may be accomp“shed b?.lrface area., WthhlelXed by the plpe dimenslions, oron the heat loss per
defining the thermal resistance. For pipe insulations. the heéff"t length, is beneficial. The heat loss per unit area of the inside surface
- . . . T Is calculated from the heat loss per unit area of the outside surface by
flow per un't areg is a function of radius, so therm,al reS'Sta_nCﬁwultiplying by the ratio of the outside radius to the inside radius. For
must be defined in terms of the heat flow at a particular radius.a|culation of the heat loss per linear foot from the heat loss per outside
The outer radiusy,,, of the insulation system is chosen for this area, simply multiply by the outside area per foot ar2 For Case 2, the
purpose. The heat flow per unit area for cylinders, calculated annulus, results are normally expressed as the time rate of heat flow per

(18)

FIG. 4 Composite System Annulus

the outer surface,,, is: unit length,Q ,, which is obtained as follows:
O =t — ti, /R 1 (19) Q= 2mr, o, = 2mr ,(t, — LR (22)
where: 6.5 Calculation of Effective Conductivity
6.5.1 In Eq 11-22 it is necessary to evalulat@s a function
o In (ripa/ry) .
Riy1= Kon (20)  of temperature for each of the conductive elements. The
e generalized solution in Eq 8 is as follows:

6.4.3 The concept of surface resistance used in an analysis
similar to 6.3.3 and 6.3.4 permits introduction of the definition Kaii1 = T =1 kdlt
of the heat transfer as a function of the overall thermal A

resistance for the cylindrical case as follows: 6.5.2 Whenk may be described in terms of a simple
4= (t — LR function of t, an analytically exact solution fok, can be
h— (17 ta

@1) obtained. The following functional types will be considered in
the examples (see 9.1-9.4).
where: 6.5.2.1 Ifk is linear witht, k = a + bt and
R=Ry,+Rys+Rys+ ...+ Ry 1n+ R

1 tia

1 fog
ka=mf: (a+bt)dt=a+b<lT> (23)

Case 2 wherea andb are constants.
6.5.2.2 If

k = ea+bl

then:

1 i
k = —f' a+bt dt
@ (G — ) Jdy €

and evaluating the integral yields:

1 ea+bt;+1 _ ea+bt;
o] e
wherea andb are constants, arglis the base of the natural
logarithm.
6.5.2.3 If

k=a-+ bt+ct?
FIG. 3 Single Layer Annulus System then: Documents
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7.4.3 Procedures for Calculating Surface Coefficients

1 tig
K‘*z(tm—ti)fn (a+ bt+ ctyt Where known surface coefficients are not available, this

and evaluating the integral yields: practice provides a calculational procedure to estimate the
b 843 surface coefficient. Th!s calculation is based on t_he assump_tion
ka=a + (g +t) + %H 25)  of heat flow from a uniformly heated surface. This assumption
A is consistent with those used in developing the remainder of
wherea, b, andc are constants. this practice. In simple terms, the surface coefficient equations

6.5.3 When the relationship &fwith tis more complex and  are based on those commonly used in heat transfer analysis. A
does not lend itself to simple mathematical treatment, aletailed discussion of the many heat flow mechanisms is
numerical method may be used. It is in these cases that thsresent in several tex{8, 4, 5)or similar texts.
power of the computer is particularly useful. There are a wide 7 4 4 Analysis Configurations-Several convective condi-
variety of numerical techniques available. The most suitablgjons have been identified as requiring separate treatment when
will depend on the particu_lar situation, and the details of th_ecalculating the surface coefficient. The first is the two geom-
factors affecting the choice are beyond the scope of thigries treated in this method, that is, flat (equipment) and

practice. circular cylinder (pipe). Another case identifies the two air flow
systems common to most applications. Free convection is
7. Input Data defined as air motion caused by the bouyancy effects induced

7.1 In general, data input is in accordance with ASTMby the surface-to-air temperature difference. This case is
Standards or American National Standards. The source of otheharacterized by low velocity and, for most cases, includes any
required data is noted. situation where the local air velocity is less than 1 mph (0.5

7.2 Dimensions of Pipe and Pipe Insulation m/s). Forced convection is where some outside agent causes

7.2.1 Only nominal pipe sizes and insulation thicknesses arthe air movement. For high air velocities, convection is the
required as input data. The actual dimensions of both pipe andominant mechanism of heat flow from the surface. The
pipe insulation are obtained by the computer from a softwareadiative heat flow surface coefficient is calculated separately
file based on Practice C 585 during the calculation. and added to the convection losses since for a vast majority of

7.3 Thermal Conductivity Versus Mean Temperature cases, this mechanism operates independently of the convec-

7.3.1 The data describing the relationship of thermal contive transfer.
ductivity to mean temperature are obtained in accordance with 7 4.5 Surface Coefficient Calculation—Summary of

Test Methods C 177, C 335, or C 518, as appropriate for th§1ethod—The convection coefficient calculation subroutine,
product. SURCOF, developed for this practice, estimates the magnitude
7.3.2 To describe accurately the relationship of thermabf the convection coefficient based upon the equations for the
conductivity to mean temperature for thermal insulationsgiven set of geometric conditions and temperature-dependent
especially those exhibiting inflection points due to condensagjr properties. The radiative component is also determined and
tions of the insulating gases, thermal conductivity tests at smaidded to yield the net surface coefficient. All equations used in
temperature differences are required. The minimum temperahe analysi¢3) were experimentally developed. The equations
ture differences used will depend on the vapor pressure tQsed are briefly described in 7.4.7-7.4.9.
temperature of the gases involved, and the accuracy of the test; 4 5 Ajternative equation sets have been developed to

apparatus at small temperature differences. Sufficient tests My, jate the surface heat transfer coefficients. These equation
be made to characterize the conductivity versus mean tempergsq sften include parameters in addition to those used in the
ture relationship over the desired temperature range. development of the SURCOF subroutine described in this
Note 4—ASTM Committee C-16 is currently developing recommen- practice. These additional parameters are used to extend the
dations for preparing thermal conductivity curves for use in systemslata set to a wider range of conditions or better fit the data
analysis. Although the exact procedures are beyond the scope of thigvailable. Use of these alternate equation sets instead of the

practice, caution should be exercised. The use of experimental data § yRCOFE subroutine equation set is permitted, providing
generate curves must include consideration of test sample geometr%{, Lo . S -
temperature range of data, test temperature differentials, thickness effec dequate documentation is provided and similarity of results is

test boundary conditions, and test equipment accuracy. Especially impopi'emonstrated under the exposure conditions covered by the
tant is that the test data should cover a temperature range of condition@RCOF documentation (See Appendix X3).
wider than those of the analysis, so that the data is interpolated for the 7.4.7 Convection

analysis rather than extrapolated. 7.4.7.1 Forced Convection-One of the major contributors
7.4 Surface Coefficients to surface heat transfer is the convection of air across a surface
7.4.1 The surface coefficienh, as defined in Definitions where some difference exists between their temperatures. Not
C 168, assumes that the surroundings (fluid and visible sulenly is the rate of heat flow controlled by the magnitude of the
faces) are at uniform temperature and that other visibleemperature difference but also by the speed of the air flow as
surfaces are substantially perfect absorbers of radiant energy.iftpasses the surface. Since convection is a complex phenom-
includes the combined effects of radiation, conduction, anegna and has been studied by many researchers, many empiri-

convection. cally developed equations exist for estimating the surface
7.4.2 In many situations surface coefficients may be esticoefficients. One of the simpler to apply and more commonl
mated from published valug®). used system of equations is that developﬂmmn S
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His equations were developed for conditions of moderate TABLE 1 Shape Factors—Convection Equations
temperatures which are most commonly seen in cases of Shape and Condition Value of C
insulated piping or equipment systems. For the condition of thegrizontal cylinders 1.016
natural convection of air at moderate temperature Langmuikonger vertical cylinders 1.235

; FR, Vertical Plates 1.394
proposed the foIIowmg equatlon' Horizontal plates, warmer than air, facing upward 1.79

_ 1125 Horizontal plates, warmer than air, facing downward 0.89

Q= 0.296t, — ;) (26) Horizontal plates, cooler than air, facing upward 0.89
where: Horizontal plates, cooler than air, facing downward 1.79
Q. = heattransferred by natural convections, BRdtn?),
ty = temperature of surface, °F (°C), and : -
t. = temperature of ambient, °F (°C). determine the average surface temperature. The radiation

coefficient is simply the radiative heat transfer rate, based upon
&he Stefan-Boltzman Law, divided by the average surface-to-
air temperature difference. Thus the relationship can be ex-
pressed as the following:

7.4.7.2 Modifications for Forced ConvectierRWhen the
movement of the air is caused by some outside force such
the wind, forced ventilation systems, etc. Langm{@}j pre-
sented a modifier of Eq 26 to correct it for the forced
convection. This multiplier was stated as follows: W Episs X 0.1713X 108 ((t, + 459.6% — (t4 + 459.6%
rad (ta — ts)

V +68.9
68.9 (30)

where V is the bulk air velocity (ft/min). In a more Where:
commonly presented form where the velocity is miles per hour,E miss
this correction term reduces to

effective surface emittance (includes
ambient emittance) and
0.1713x 107® = Stefan-Boltzman Constant (Btu/(h#t

\/ T.00+ 1.277X Wind (27) RY).
where Wind = air movement speed (mph). 7.4.9 Overall Coefficient=Once the radiation and convec-
Combining Eq 26 and Eq 27, we have Langmui(®  tion coefficients are determined for the specific case under
equation for the convection heat transfer from a surface:  investigation, the overall coefficient is determined by adding

the two coefficients together.
h= hcv + hrad (31)

Q. = 0.296t, — t,)**°\/ 1 + 1.277X Wind (28)

This equation will work for both forced and free convection
because when Wind equals zero, the equation returns to i& Computer Programs

original form. 8.1 General

7'4'g'ﬁ Coqvectlog for_lGeometnfg Vgrlz?]tlonsFrl:rthler re—f 8.1.1 The computer programs are written in Basic Fortran in

search by Rice and Hei ma(v) refined the technology of 5ccordance with ANSI X3.9.

Langmuir to account for changes in air film properties (density, _ _

thickness, viscosity) with the air film mean temperature. Also Note 5—Identical versions of these computer programs have been

their refinements provided corrections to the equation form fopuccessfully compiled and run on two processors. Only minor modifica-

geometric size, shape, and heat flow directions that permit uggns necessary for conformance to the resident operating system were
. ’ ’ ., . réquired for operation.

of the basic form of Langmuir'§6) equation for a host of ) )

conditions. The result of their research yields the following 8:1.2 Each program consists of a main program and several

equation set which forms the basis for the surface coefficiengubroutines. Other subroutines may be added to make the
routines used in this practice. program more applicable to the specific problems of individual

users.
he, = C X <é >0'2>< <§1Vg, >O'181 . 8.1.3.The programs as pre_sented _caII for the use of an
X A2« /TT 1277 Wind (29) interactive terminal connecte_d in _real-tlm_e to a computer. The
computer controls the terminal interactively with program-
where: generated instructions and questions transmitted to the termi-
h.,, = convective surface coefficient, Btu/l-fRF (W/ nal. Alternatively a second device could be used for display or
(m?-K), printing of computer messages. The final report can be dis-
d = diameter for cylinder, in. (m). For flat surfaces and played or printed on the message destination device or may be
large cylindes d > 24, use d = 24, directed to a line printer or other hard copy unit. This is the
tag = average temperature of air film, °F (°C) %+ t,)/ usual device used for the final report when a cathode ray tube
2, and is used as the input terminal.
At = surface-to-air temperature difference, °F 8.2 Functional Description of Prograr- The flow charts,
(°C), = ts— t). shown in Figs. 5 and 6 are a schematic representation of the
7.4.7.4 The values of consta@tare shown in Table 1 as a operational procedures of the respective programs. They show
function of shape and heat flow condition. that logic paths for reading data, obtaining actual system

7.4.8 Radiative Componentin each previous case, the dimensions, calculating and recalculating system thermal re-
radiative exchanges are for the most part independent of theistances and temperatures, relaxing the successive errors in
convection exchange. The exception is that both help tdhe temperature to within 0.1° of the te uments
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TABLE 2 Regression Analysis of Sample Data for Examples 1 to 4

' Functional Relationship Coefficients and Constants Correlation Standard Error
Insulation Type - F value )
Employed a b c TL TU Coefficient of Estimates

Type 1 (Fig. 11) k=a+bt+cP 0.400 0.105 x 1073 0.286 X 10°® 0.999 550 0.0049

Type 2 (Fig. 10) Ink=a + bt -1.62 0213 X 1072 0.999 2130 0.0145

Type 3 (Fig. 12) k=a, + bt t=TL 0.201 0.39 x 1073 -25 0.997 148 0.00165
k=a,+ bt; TL<t< TU 0.182 -0.39 x 1072 -25 50 0.997 187 0.00094
k=az+bst;t=TU 0.141 0.37 x 1073 50 0.993 69.3 0.00320

Print Instructions and Questions for input on:
Title
Date
Ambient Temperature
Surface Coefficient [or emittance and wind speed)
Conductivity v.s. Mean Temperature
Equation Coefficients

'

Print Instructions and Questions for input on:
Number of insulation Layers
Material Codes and Thicknesses for each layer.
Equipment Service Temperature

+

Make First Estimates of Interface Temperatures by proportioning total
Temperature Difference Linearly by thickness.

)

Determine if Surface
Coefficient must be calculated
from Wind Speed and
Emittance.

1
Cali SURCOF 1o calculate the Surface Coefficient.

'

Call KCURVE to calculate the Equivalent Thermai Conductivity across the total
thickness of each Insulation Layer by integration of the appropriate form of the H#
Thermal Conductivity v.s. Temperature Relationship.

'

Compute Improved Values for Layer Resistances, Total Resistance, and
Temperature Distribution.

]

Compare the
Improved Temperature
Distribution with
the previously caiculated distribution
to see if the absolute
deviations total less
than 0.1F.

'

Print the Finai Report including all Input Data and all Thermal
Performance Calculations.

|

Determine
if the user wants
to Terminate the Program or
restart with different
Layer Data.

FIG. 5 Flow Diagram of the Computer Program C 680E for Insulated Equipment Systems

heat loss or gain for the system, and printing the parameters 8.3 Computer Program Variable DescriptieaThe descrip-
and solution in tabular form. The flow chart symbols are intion of all variables used in the programs are given in the listin
accordance with ANSI X3.5. of each program as comments. The Iistirdocun’.m%
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)

Print Instructions and Questions for input on:
Title
Date
Ambient Temperature

Surface Coefficient (or emittance and wind speed)

Conductivity v.s. Mean Temperature
Equation Coefficients

'

Print Instructions and Questlons for input on:
Number of Insulation Layers

Material Codes and Thicknesses for each layer.

Nominal Pipe Size
Pipe Service Temperature

'

Call SELECT to determine the actual inside and outside Diameters of each
Insulation Layer from the Input Pipe size and thicknesses per ASTM C 585-77.

¥

Make First Estimates of Interface Temperatures by proportioning total

Temperature Difference Linearly by thickness.

]

Determine if Surface
Coefficient must be calculated

from Wind Speed and
Emittance.

t

Calfl SURCOF to caiculate the Surface Coefficient.

)

Call KCURVE to calculate the Equivalent Thermal Conductivity across the total
thickness of each Insulation Layer by integration of the appropriate form of the |«

Thermal Conductivity v.s. Temperature Relationship.

'

Compute Improved Values for Layer 1ces, Total
Temperature Distribution.

e, and

]

Compare the
Improved Temperature
Distribution with
the previously calculated distribution
to see if the absolute
deviations total less
than 0.1F.

t

Print the Final Report including ail Input Data and ail Th
Performance Calculations.

ermal

¥

Determine
if the user wants

to Terminate the Program or
restart with different
Layer Data.

FIG. 6 Flow Diagram of Computer Program C 680P for Insulated Piping Systems

programs and the applicable subroutines are shown in Fig. Type code

7Fig. 8Fig. 9. 1
8.4 Program Operation 2
8.4.1 Logon procedures and any executive program for 3
execution of this program must be followed as needed.
8.4.2 The input for the thermal conductivity versus mean
temperature parameters is obtained as described in 7.3. (See the
thermal curves depicted in Figs. 10-12.) The type code deter-
mines the thermal conductivity versus temperature relationship yqitional or

applying to the insulation. The same type code may be used f
more than one insulation. As presented, the program wil
operate on the three functional relationships:

Full document details: ASTM C680-89(2002)

Functional Relationship
k =a + bt + c? where a, b, and c are constants.
k = 2Pt where a and b are constants and e is the base
of the natural logarithm
k=a, +b t;t<TL
k=a,+b, t; TL<t<TU
k=az+ byt t>TU
ai, a,, as, by, b,, b; are constants. TL and TU are, re-
spectively, the lower and upper inflection points of an
S-shaped curve.

different relationships may be programmed but

Equire modifications to the program.
8.4.3 For multiple number entry in a free field format, all

Documents
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C LAST REVIGION MADE 8/30/83 Ce80
C CoB0E  COMPUTER PROGRAM Cs80 2
C THIS PROGRAM COMPUTES THE THERMAL PERFORMANCE OF A MILTI-  C680 3
C LAYERED EQUIPMENT INSULATION SYSTEM HEAT TRANSFER EGUATIONS ARE €680 4
¢ TAKEN FROM MACADAMS: HEAT TRANSFER THE PROGRAM IS INTENDED FOR C680 5
C USE ON AN INTERACTIVE TERMINAL CONTROLLED BY A TIME-SHARE Ce80 6
C COMPUTER FOR INFORMATION INPUT. £680 7
C UP 70 7 LAYERS OF INSULATION MAY BE CPECIFIED FOR THE C680 8
C INSULATION SYSTEM BEING ANALYZED. Ce80 ¢
C TEN DIFFERENT INSULATION MATERIALS MAY BE SPECIFIED WITH Cs80 10
C DIFFERENT K-MEAN TEMPERATURE RELATIONSHIPS. PARAMETERS FOR THESE C480 11
C CURVES ARE USER-SUPPLIED WITH NO DEFAULT NUMBERS SUPPLIED BY THE (680 12
C PROGRAM  GROSS CHECKS ARE MADE OF THE REASONABLENESS OF THESE Ces0 13
C CURVES COMPARED TO TYPICAL INSULATION MATERIALS. CORRECTED VALUES CAB0 14
C MAY BE ENTERED FOLLOWING AN ERROR MESSAGE. Co80 15
C THE SURFACE COEFFICIENT MAY BE INPUT OR THE SURFACE Ce8e 16
C EMITTANCE AND WIND SPEED MAY BE GIVEN, WHICH WILL CAUSE THE cos0 17
C SURFACE COEFFICIENT TC BE CALCULATED. C680 18
C Ce80 19
C VARTABLES USED IN THE MAINLINE PART OF THIS PROGRAM- C680 20
i Cesd 21
L DATE = DATE fes0 22
C EMISS = SURFACE EMITTANCE OF THE INSULATION SYSTEM, £680 23
C ERR = ERROR SIGNAL RETURNED TD THE MAINLINE PROGRAM FORCA80 24
C AN TLLEGAL ENTRY IN THE THICKNESS SCHELALE. Ce80 25
C I = INDEX VARIABLE. 0680 26
[ INSIZ{I) = NOMINAL INSULATION SIZE OF LAYER I cee0 27
C INGK.(L, ) = INSULATION K-CURVE PARAMETER ARRAY. C480 28
L Ip = SELECT CODE FOR PRINTER USED FOR REPORT OQUTPUT. €680 29
C IR = SELECT CODE FOR TERMINAL USED FOR DATA INPUT. C480 20
C W = SELECT CODE FOR TERMINAL DISPLAYING INPUT ChE0 3t
C DIRECTIONS. Ceg0 32
C KT} = THERMAL CONDUCTIVITY OF LAVER I, BTU.IN /HR. SF.F.C680 33
C M = TEMPORARY INPUT VARIABLE USED FOR MATERIAL CODE. C480 34
C MAT{I) = MATERIAL CODE OF LAVER L £680 35
C NFORM = INDEX DEFINING SHAPE: £680 36
C 1 = CYLINDRICAL CoB0 37
¢ 2 = FLAT. Ceg0 3%
C NLAYER = NUMBER OF INSULATION LAYERS. Ces0 39
C NCR = ORIENTATION PARAMETER OF HEAT FLOW DIRECTION AT 480 40
C SURFACE: (480 41
C 1 = HORIZONTAL HEAT FLOW (VERTICAL SURFACE)CABO 42
L 2 = HEAT FLOW DOWN C680 43
C 3 = HEAT FLOMW UF. [o80 44
C i = RATE OF HEAT FLOW THROUGH THE INSULATION SYSTEM, C480 45
C BTLL /HR. SF. Cea0 46
C R(I) = THERMAL RESISTANCE OF LAYER I, HR SF F/ETUL Chad 47
C RS = THERMAL RESISTANCE OF SURFACE. HR SF F/ETU C480 48
L RELM = THERMAL RESTSTANCE OF TOTAL SYSTEM, HR SF.F/BTU. CAR0 49
C SURF = THERMAL SURFACE COEFFICIENT. BTU /HR SF.F. Cend 50
C SURFC = COMPUTED SURFACE COEFFICIENT. BTU /MR 5F.F. Ceg0 St
£ T(I) = INNER TEMPERATURE OF LAYER I. F. THE OUTER Ce80 52
C TEMPERATURE OF LAYER 1 IS THE INNER TEMPERATURE (620 53
C OF THE NEXT LAYER. CeR0 34

FIG. 7 Computer Listing—Program C 680E—Thermal Performance of Multilayered Flat Insulation Systems

numbers must be separated by commas. and not intended to reflect any actual product currently being produced.

9. lllustration of Examples 9.1.2 Sample data relating_therm.al conduptivity to mean
91G | temperature data for the three insulating materials are shown in
9'1 1 anera | ted to illustrate the utilit Eigs. 10-12. Least-square estimates of the regression curve for
-1 rourexampies are presented 1o iiustrate the utility o4, .1y sample data set produced a satisfactory fit to one of the

the program in calculating heat loss or gain and SurfaC‘f)rogram’s functional types. The information in Table 2 was

temperature. Most practical insulation _deS|gn problgms 'm.pl'c'obtained from the regression analysis (least-squares fit) on each
itly or explicitly call for such calculations. Three insulating

: ) . material.
materials, having equations forms for Types 1, 2, and 3, are 9.2 Example 1

cr?n5|dehred. The f_OLIthh example illustrates a combination of 9.2.1 Consider application of a Type 2 insulation to the flat
these three materials. vertical surfaces of a piece of hot equipment. The operating
Note 6—The curves contained herein are for illustration purposes onytemperatures is 450°F (232°C)..The eq aumenis
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¢ TAME = AMBIENT AIR TEMPERATURE, F. Ce80 55

C TOELY = TEMPERATURE DIFFERENCE BETWEEN SURFACE AND C680 56

X AMBIENT TEMPERATURES, F. Ces0 57

C THKOI) = NOMINAL THICKNESS OF INSULATION LAYER I, INCHES. 480 58

C THKTOT = TOTAL THICKNESS OF INSULATION SYSTEM. INCHES £osp 59

C TINT = INTERMEDIATE LAYER TEMPERATURE ChED 60

¢ TITLE = TITLE OF THE ANALYSIS. (680 &l

C L = LOWER TEMPERATURE BOUMDARY FOR MATERIAL COLE 3 C6R0 62

C TS = SURFACE TEMPERATURE OF THE INSULATION SYSTEM, F. Ca80 63

C TSUM = TEST CRITERION FOR THERMAL STARILITY. CaB0 o4

C T = UPPER TEMPERATURE BOUNDARY FOR MATERIAL CODE 3. Ch80 65

C WIND = WIND VELOCITY, MILES PER HOUR. Ceg0 b6

C iK1l = CALCIRATED THERMAL CONDUCTIVITY AT 100F. Ceso &7

C XK3 = CALCULATED THERMAL CONDUCTIVITY AT 300F. (680 4R

C Kb = CALCILATED THERMAL CONDUCTIVITY AT 400F, Cag0 &9

C Ce80 70

0001 DIMENSION TITLE(1S), DATE{1S) CeB0 T
0007 DIMENSION THK{7) Ce80 72
0003 DIMENSION T(8),Ri7), MAT(7) Ces0 73
0004 REAL K{7), INSK{10,9) Ce80 74
C CeB0d 75

€ THE FOLLOWING 3 COMMANDS TEFINE THE SELECT CDDES FOR Ched 76

C THE TERMINALS USED FOR INPUT AND INSTRUCTION DISPLAY, ceso 77

C AND THE PRINTER USED FIIR SUMMARY REPORT GUTPUT. CONTACT Ceso 78

C YOUR COMPUTER CENTER FOR EXACT FORMAT. cegn 79

C Chg0 80

0005 IR=7 C£80 8t
0006 W=7 (680 82
0007 IP=A [eg0 &3
. C Ce80 84
0008 bo 11 I=1,10 C6R0 83
0009 0t 10 &=1,9 CE80 B
0010 INSKLT, =0 £o80 87
0011 10 CONTINUE (e80 88
0012 11 CONTINUE Ceg0 39
C Cemo 90

0013 WRITE!IW, 20) Ceae 9t

0014 20 FORMAT( ASTM (-4B30 RECOMMENDED PRACTICE FOR THE DETERMINATION OF C420 92
*HEAT FLOW AND SURFACE"/‘ TEMPERATURES OF MULTIPLE-LAYERED EGAIIPMENCESD 93
*T INSULATION SYSTEM FOR AN INTERACTIVE’/” INPUT/OUTPUT COMPUTER TECAS0 94

*RMINAL. 7 /) (L8099

C £h80 9t

1S WRITE!IW, 30) Ce0 97
0016 20 FORMAT(” ENTER TITLE - A0 CHARACTER LIMIT /) Ceg0 92
0017 READ{IR, 31 TITLE Cean 99
0018 31 FORMAT(15A4) CAZO 100
C C&80 101

0019 WRITE(IW, 40) CL80 102
G020 40 FURMAT(” ENTER DATE - ANY FORMAT'/) C480 102
0021 READ(IR, A1)DATE C430 104
0022 41 FORMAT(15A4) Ca80 105
C CASD 104

0073 WRITE(TW, 50) CA30 107
0024 S0 FORMAT( ENTER AMBIENT TEMPERATURE, F) Ce20 108

FIG. 7 (continued)

out-doors in an area where the winter design ambient temper&; the two coefficients required for the equation are -1.62
ture is 10°F (-12°C). Determine the insulation thicknessandb =0.00213.
required to maintain the heat losses below 35 Btu/h(ft10 9.2.4 From past experience, it is estimated that the required
W/m?). thicknesses will fall in the range from 4.0 to 5.0 in. (101 to 127
9.2.2 Assuming the system faces virtually blackbody surmm). This range will be covered in increments %f in. (3
roundings at the design ambient temperature, the surfagam).
coefficient may be obtained from th®SHRAE Handbook of ~ 9.2.5 The resulting programing and analysis is given in Fig.
Fundamentalg2). The value given for a nonreflective surface 13 where 4.5 in. (114 mm) is the least thickness to maintain
in a 15-mph (6.7-m/s) wind (winter) is 6.00 Btu/R-fiF (34  heat loss below 35 Btu/h?(110 W/nT).
W/m?-K). 9.3 Example 2
9.2.3 From Table 2 for the material designated as Type Code 9.3.1 Determine the minimum nominaB@lDu;mBntS
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0023

0026
0027
0028 &0

0029

0032
0033 &t

L
0035 70
0036 71

0037
0038 72

0039
0040 73

0041
004z 74

0043 75
0044
0045

0046 80
0047
0042 81
0049
0050
0051
0057
0054
0056 82
0057 82

0058
0059

L)
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READ IR, *) TAME 680 109

Ceso 110
EMISS=-1.0 C480 1114
WRITE{IW, 60) cean 112

FORMAT( TYPICAL SURFACE COEFFICIENT I8 145 ‘/7 IF COEFFICIENT ISC480 113
# TO BE CALCULATED FROM EMITTANCE AND WIND SPEED ENTER 0/° GTHERWIC&80 114

¥SE ENTER SURFACE COEFFICIENT TO BE USED. /) C680 115
READ(IR, #) SURF C6B0 116
IF(SURF. GT.0.0) GO TO 70 Cé80 117

£ee0 118

WRITE(IW, 61) £680 119

FORMAT(’ TYPICAL EMITTANCE 1S 0.9 7// TYPICAL WIND SPEED IS O MPH. C680 120
#°// ENTER EMITTANCE, WIND SPEED, AND HEAT FLOW DIRECTION PARAMETERCEO 121

0/ 1 FOR HORIZONTAL HEAT FLOW (VERTICAL SURFACE)’/” 2 FOCLB0 122
*R HEAT FLOW DOWN’/” 3 FOR HEAT FLOW UP. /) C680 123
READ{ IR, #)EMISS, WIND; NOR C680 124

C680 125
WRITE(IW, 71) (680 126

FORMAT(” UP TO 10 THERMAL CONDUCTIVITY VS. MEAN TEMPERATURE EQUATICAB0 127

#0NS MAY BE USED. “/ THEY ARE OF 3 TYPES. THE TYPES ARE: */ CA80 128
* MATERIAL CODE 1 - K =A+B # T +C % Txx2’/ (680 129
* MATERIAL CODE 2 - K =EXP{ A+ B*T)') £480 120
WRITE(IW, 72) cas0 121
FORMAT (SX, ‘MATERIAL CODE 3 - K = Al + B1 # T, FOR TCTL/ [680 122
* K=RfZ+B2+%T, FORTL CT CTUW/ 680 133
* K=A3+B3#T, FORTULT'/’ WHERE A, BC&BO 134

#, MND C ARE THE COEFFICIENTS OF THE EQUATIONS, AND T IS THE MEAN‘/C&R0 135

#’ TEMPERATURE. /) C480 136
Cee0 137
I=0 C680 138
I=1+1 C680 139
C680 140
WRITE(IW, 74} 1 Co80 144

FORMAT( ENTER MATERIAL TYPE CODE (OR O IF ALL ENTERED) FOR INSULACSEO 147

*#TION NO. 7, I3) Ce00 143
CONTINUE G680 144
READCIR, %14 CA80 145
IF (M-1) 130,80, 90 Ce80 146

C680 147
WRITE(IW, 81) (80 148
INSK(L, 1)=1.0 C480 149
FORMAT(‘ ENTER A, B, C FOR MATERIAL TYPE 1.7) €680 150
READ(IR, #) INSK(I, 2), INSK(1, 3), INSK(I, 4) Ceg0 154
XK3=INSKAT, 2)+INSK(T, 3)%300. +INSK{T, 4) %300, ##2 Cé80 152
XKE=INSK(T, 2)+INSK(T, 3)#600. +INSK(1, 4) #600. %7 £680 153
IF{ABS({XK3-. 46)/. 46).6T. 0. 15) G0 TO 82 CA80 154
IF(ABSCIXKE~. 57)/.57).LT. 0. 15} GO T 73 £680 135
WRITE(IW, 83) XK2, XKé Cea0 156

FORMAT(/ K-CURVE IS NOT IN NORMAL RANGE®/‘ K AT 300F=",F¢&. 3/, 'C6B0 157
% K AT G00F =,F6 3/, ENTER 1 TO RE-ENTER K DATA. OTHERWISE 0/C480 158
#) £480 159

REALH IR #)NN £680 160
IF(NN.EQ. 1) GO TO 80 CL80 161
(680 162

FIG. 7 (continued)

pipe insulation required to maintain the surface temperature dfize) is not known since it will depend on the insulation
a horizontal 3-in. (76-mm) iron pipe below 130°F (54°C). thickness. For the first calculation, and the estimated insulation
Consider a pipe temperature of 800°F (427°C). The ambierdiameter, 9 in. (229 mm), 1.76 Btu/(I-ftF) (10 W/nt-K), will
be used. The thicknesses chosen as a result of the first
9.3.2 Assuming the piping is located in a large room withcalculation will provide a basis for reestimating the surface
surrounding surfaces at ambient temperature and that thmoefficients. These can be refined if a more rigorous treatment
emissivity of the system is not significantly different from that of pipe temperature-thickness combinations that satisfy the
of bare steel pipe (0.9), the surface coefficient could besurface temperature criterion is required.

temperature is 80°F (26°C).

estimated from théASHRAE Handbook of Fundamentély.

9.3.3 Referring to Table 2, for the material designated as

Because the thicknesses to be chosen will provide a surfacg/pe 1, the required constants for the thermal conductivity

temperature about 50°F (28°C) above the 80°F (26°C) ambiequations are:a

=0.400, b

ent, the 50° column is entered. The system diameter (insulatior 0.286% 10",
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GG 10 73 C680 163
£680 164

IF (4-3) 100. 110,120 C680 165
C680 166

WRITE(IW, 101) 680 167
INSK(I, 1)=2.0 €680 168
FORMAT(” ENTER A, B FOR MATERIAL CODE 2 7} Ce80 169
READ( IR, #) INSK (1, 2), INSK(1, 3) C680 170
ARG1=INGK{ T, 2)+INSK(I, 3)#100. C680 171
ARGI=INSK(T, 2) +INSK(1, 3)#300. Ce80 172
IF(ARGL. GT. -200. 0. AND. ARG3. GT. -200. 0) GG TO 103 €480 173
WRITE( W, 102) Ce80 174
FORMAT(” INTERMEDIATE COMPUTATIONS EXCEED VALID NUMBER RANGE. '/ C480 175
%7 CHECK THE COEFFICIENTS FOR THIS MATERIAL AND RE-ENTER. ) C480 176
GO 7O 100 C680 177
C680 178

XKI=EXP{ARG1) Cs80 179
XK3I=EXP{ARGZ) Ch80 180
IF(ABS((XK1-. 245)/. 245). GT. 0. 15) GO TO 104 Co80 181
IF(ABSCIXKE= 375)/. 373).LT. 0. 15) 50 T0 73 C480 182
WRITE(IW, 109)XK1, XK3 C680 183

FORMAT(/ K-CURVE IS NOT IN NORMAL RANGE--// K AT 100F =7, 680 184
¥ F6 3/ K AT 200f =7.F6 3/, ENTER | TG RE-ENTER K DATA, OTHERC4R0 185

#ISE 07/} C680 186
READUIR, #)NN C480 187
IF(NN.ER. 1) GO TO 100 Ces0 188

£e80 189

GOTD 73 Ce80 190

C680 191
WRITE(IW: 111) C580 192
INSK(T, 1)=3.0 Ce80 193

FORMAT(’ FOR MATERIAL TYPE 3:°/° ENTER AL, BL, TL°) Ch80 194
READ(IR, #)INSK( I, 2), INSK(I, 3}, INSK(I, 4) C680 195
WRITE(IW. 112) Che0 196
FORMAT(‘ ENTER AZ, BZ, TU") C680 197
READCIR. #) INSK (T, 5), INSK(I, &), INSK(L, 7} 680 198
WRITECIW, 113) £680 199
FORMAT(” ENTER A3, B2") Ca80 200
REATH IR, #) INSK(I, 8), INSK(1. 9) C&30 201
TL={INGK (T, S)-INSKLT, 2)) 7CINSK LT, 2)-INSK AL, 60} 480 202
TU=CINSK (T, 8)~INSK(L: 500/ UINSK UL 8)-INSK( T, 9)) 480 203
IF(ABS(TL-INSK{I.4)).GT.5.) GO 70O 114 0480 204
IF(ABS(TU-INSK(I.7)).LT.5.) GO 7O 73 480 205
WRITECIW, 1193 7L, INSK(T, 4), TU, INSKET, 7) [480 204

FORMAT(” CALCULATED TEMPERATURE LIMITS DO NOT AGREE WITH THE VALUECAR0 207
*S ENTERED. /¢ TL CALCULATED IS/ F8.%, 7 V8 -,FB.2/7 TU CALCABD 208
¥CLLATED I167.FR. 2.7 V& 7, FR 277 TO IGNORE THIS AND CONTINUE PROGRACAR0 209
#{ EXECUTION ENTER /7 TO SUBSTITUTE THE CALCULATED LIMITS FOR THECEO 210
# INPUT VALUES ENTER 1. /" TO RE-ENTER ENTIRE [ATA SET FOR THIS MATCAR0 Zi1

*ERIAL ENTER 2°) Ce80 212
C600 213

READCIR, #)M £630 214

IF{M EQ 0) GO TO 73 Co80 219

IF(M EW 20 G0 TO 110 CH80 216

FIG. 7 (continued)

9.3.4 From experience, the nominal insulation thicknessesf 0 mph (0 m/s) and a surface emittance of 0.9 instead of
of 2, 2%2, and 3in. (51, 64, and 76 mm) are estimated to includechoosing from a handbook.
9.4.3 The results of this analysis (Fig. 15) yield approxi-

9.3.5 The solutions for this problem are given in Fig. 14mately the same answer as 9.3 and provide for more realistic
where 3.0 in. (76 mm) is shown to maintain a surfaceambientinput conditions and no time loss from interpolation of

the range of solutions.

temperature below 130°F (54°C).

9.4 Example 3

the reference tables.

9.5 Example 4—Multiple Layers

9.4.1 Example 3 is a repeat of Example 2 except that the 9.5.1 Determine the heat loss and surface and interface
internal surface coefficient routine in the program C 680P2 igemperatures of an insulated 4-in. (110-mm) pipe operating at
600°F (315°C), insulated with 3 in. (76 mm) of Type 1

9.4.2 Assume the same ambient and operating conditionspaterial, 2-in. (51-mm) thick layer of Type 2 material and
but the program calculates the surface coefficient from a flowd%z-in. (13-mm) thick layer of Tyne 3 madQCLHT@NLS

used.
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temperature of — 100°F (-=73°C). The wind speed is 5 mph (3.2 a;
m/s) and surface emittance is 0.9. a,

9.5.2 Referring to Figs. 10-12, to obtain the material prop- a
erties, the required constants are:

9.5.2.1 Type 1 Material
a = 040

b = 0.105x 1073

c = 0.286x10°°
9.5.2.2 Type 2 Material
a = -1.62

b = 0.213x 1072
9.5.2.3 Type 3 Material
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INSK(T, 4)=TL
INSK(L, 7)=TU
G0 7O 73

WRITECIW, 121)
FORMAT( ###% MATERIAL CODE OLT OF RANGE; RE-ENTER ##e%7/)
G070 75

M=I-1

WRITE(IW, 131)

FORMAT( ENTER NUMBER OF INSULATION LAYERS - MAXIMUM OF 77)
CONTINUE

READ( IR, #)NLAYER

IF{NLAYER LE 0} GO TO 132

IF(NLAYER LE. 7} 6O TO 140

WRITE(IW, 134)

FORMAT{ NUMBER OF LAYERS IS OUT OF RANGE: REENTER )

G0 T 132

WRITE{IW, 141)

Ceg0 217
C480 218
C480 219
(680 220
(&80 221
0480 222
(480 273
Ce20 224
Co80 225
C480 22

Cegd 227
CA30 228
cegn 229
£680 730
430 231
0600 232
0480 233
€680 224
C680 235
480 236
Cegd 237

FORMAT(” ENTER LAYER INFORMATION FROM THE EQUIFMENT SURFACE TO THECAR0 238

* AMBIENT SURFACE’/)
D0 151 I=1, NLAYER
WRITE(IW, 142)1

Cea0 239
C480 240
650 241

FORMAT{" ENTER INSULATION NO. AND INGULATION THICKNESS FOR LAYER NCABO 242

LURSSVE]

READCIR, #)MAT(I), THKLT)

IFITHCOTY. LE 0.0) 60 TG 144
IF{MAT(I). GT. 0. AND. MAT(I). LE IM) GO TO 151

WRITE(IW, 143)

FORMAT (- MATERIAL CODE OR THICKNESS IS (T OF RANGE °/)
G0 O 142

CONTINUE

WRITE(IW, 171)
FORMAT(” ENTER EQUIPMENT SERVICE TEMPERATURE. F°)
READ(IR. #}T(1)

MAINLINE CALCULATING ROUTINE
ESTABLISH INITIAL INTERLAYER TEMPERATURES

THETAT=0. O
[0 200 I=1,NLAYER
THETOT=THKTOT+THE(T)

TDELT=T(1)-TANE

0o 211 I=1, NLAYER
TUI+1)=TOD ~THECT) /THETGT#TOELT
CONTINUE

ITERATIVE ARITHMETIC ROUTINE
FIG. 7 (continued)

0.201 b,
0.182 b,

CE80 242
ChBO 244
CA20 2435
CAR0 284
480 247
Ce80 243
480 249
CL80 230
680 251
C&80 252
CoB0 753
CeR0 254
R8O 295
Cemd 254
Ca20 257
Ce80 258
Cea0 259
Ce80 260
C480 261
CEBO 262
Ce80 33
C680 264
C&80 265
CAE0 264
(480 267
Ch80 268
CeE0 269
680 270

0.39x 1073
-0.39%x 1073

0.141 by = 0.37x 1073

(a) (@) Transition Temperatures for Type 3:
TL = -25°F (-32°C)

TU = 50°F (10°C)

9.5.3 The interactive communication record and calculated
results are shown in Fig. 16.

10. Report

10.1 The results of calculations performed in accordance

with this practice may be used as.design
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L £480 271
0131 220 TS=T(NLAYER+!) C680 272
0192 IF (SURF.GT 0} GO TR 722 C680 272
0154 221  CALL SURCOF (4., TS, TAME, EMISS, WIND, NOR, RS, 2. 0) C680 274
0155 SURFC=1. /RS C&80 275
0156 GO TO 230 C680 276
0157 222 RS=1. /SURF Cag0 277
0158 SURFC=SLIRF C680 278
C C4B0 279
C C480 280
€ (680 281
0139 230 CALL KCURVE(NLAYER, MAT, INSK, T,K) £4680 282
0160 RSUM=RS 480 283
C (680 784
0161 DO 233 I=1, NLAYER (680 285
0162 IF(K(1). 6T. 0. 01) GO TO 232 (680 286
0164 WRITE(IW, 231)] (480 287
0163 231 FORMAT(Y RS3miiiim ittt a7, JCAR0 788
* CONDUCTIVITY OF LAYER”, 13,7 IS LESS THAN 0.017,/ C680 289
#15%, “CHECK YOUR INFUT VALUES?, /20X, “PROGRAM TERMINATED<, / £680 290
BB OO S O R R ) (A0 291
0166 G0 TO 299 Ce80 792
C (480 292
0167 232 RED=THK(D/K(D) C680 294
01468 RSUM=RSUM+R(T) £680 295
0169 232 CONTINUE (680 294
C £680 297
0170 Q=(T{1)-TAMB) /RSUM CAED 298
0171 TSUM=0 Ch80 299
0172 DO 234 1=1, NLAYER L4680 200
0173 TINT=T(1)-QsR(1) LAE0 301
0174 TSUM=TSUM+ARS(T(1+1)-TINT) C680 202
0175 T(I+1)=TINT (480 302
0176 234 CONTINUE £680 304
0177 IF (TSUM 6T 0. 1) GO TD 220 CAB0 205
C Co80 304
[ CA80 307
[ QUTPUT ROUTINE C480 308
[ C680 209
C CAS0 310
0179 WRITE(IP, 240} TITLE £420 311
0180 240 FORMAT(17. /7,7 7. 19A4) CAB0 212
N
01281 WRITE(IF, 281 )DATE
0182 241 FORMAT(/’ 7, 15A4)
C :
0183 WRITE(IP, 242) LAR0 317
0184 242  FORMAT(/ HEAT FLOW AND SURFACE TEMPERATURES (F INSULATED EQUIPMENCARO 318
#T PER ASTM C-4807/) Ca20 219
[ (20 320
0185 WRITE({IP. 243) ChE0 22
0186 243 FORMAT(’ THERMAL CONDUCTIVITY VS MEAN TEMPERATURE EQUATIONS LSED CéSD 322
*IN THIS ANALYSIS: /) £680 322
C (680 324

FIG. 7 (continued)

conditions, or may be used in general form to represent theonductivity versus mean temperature relationship,
performance of a particular product or system. When the 10.1.5 The ambient temperature and humidity, if applicable,
results will be used for comparison of performance of similar 10.1.6 The surface coefficient and condition of surface heat
products, it is recommended that reference be made to theansfer,

specific constants used in the calculations. These references10.1.6.1 If obtained from published information, the source

should include: and limitations,

10.1.1 Name and other identification of products or compo- 10.1.6.2 If calculated or measured, the method and signifi-
nents, cant parameters such as emittances, fluid velocity, etc.,

10.1.2 Identification of the nominal pipe size or surface 10.1.7 The resulting outer surface temperature, and
insulated, and its geometric orientation, 10.1.8 The resulting heat loss or gain.

10.1.3 The surface temperature of the pipe or surface, 10.2 Either tabular or graphical representation of the results

10.1.4 The equations and constants selected for the thermad the calculations may be used. No B@@lﬂ Medd s
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