NOTICE: This standard has either been superseded and replaced by a new version or discontinued.
Contact ASTM International (www.astm.org) for the latest information.

QHny) Designation: C 680 — 89 (Reapproved 1995) <!

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 epsilonejf indicates an editorial change since the last revision or reapproval.

€' Note—Safety Caveat and Keywords were added editorially in April 1995.

1. Scope Determine the Precision of a Test Metfod

1.1 The computer programs included in this practice pro- 2-2 ANSI Standards: . . .
vide a calculational procedure for predicting the heat loss or X3.5 Flow Chart Symbols and Their Usage in Information
gain and surface temperatures of insulated pipe or equipment Processing _
systems. This procedure is based upon an assumption of aX3.9 Standard for Fortran Programming Language
uniform insulation system structure, that is, a straight run o
pipe or flat wall section insulated with a uniform density . . . .
insulation. Questions of applicability to real systems should be, 3-1 Definitions—For definitions of terms used in this prac-
resolved by qualified personnel familiar with insulation sys-fice, refer to Terminology C 168. _
tems design and analysis. In addition to applicability, calcula- 3-2 Symbols:SymbeisThe following symbols are used in
tional accuracy is also limited by the range and quality of thehe development of the equations for this practice. Other
physical property data for the insulation materials and systemé,ymbO'S will be introduced and defined in the detailed descrip-

1.2 This standard does not purport to address all of thetion of the development.
safety concerns, if any, associated with its use. It is thewhere'
re_sponS|b|I|ty of the user of th|s standard to e_stabllsh appro- - = surface coefficient, Btu/(h#°F) (W/(m2-K))
priate safety and health practices and determine the applica-i thermal conductivity, Btu-in./(h#°F)(W/(m-K))
bility of regulatory limitations prior to use. Ky constant equivalent thermal conductivity introduced
by the Kirchhoff transformation, Btu-in./(h-ft-F)
(W/(m-K))
total time rate of heat flow, Btu/h (W)
time rate of heat flow per unit length, Btu/h-ft (W/m)

f3. Terminology

2. Referenced Documents

2.1 ASTM Standards: Q,
C 168 Terminology Relating to Thermal Insulating Materi- Q,

als? q time rate of heat flow per unit area, Btu/(hd}
C 177 Test Method for Steady-State Heat Flux Measure- (W/m?)
ments and Thermal Transmission Properties by Means oR = thermal resistance, (°F-mfBtu (K-n?/W)
the Guarded Hot Plate Apparatus r = radius, in. (m)
C 335 Test Method for Steady-State Heat Transfer Propert = local temperature, °F (K)
ties of Horizontal Pipe Insulatién ti = temperature of inner surface of the insulation, °F (K)
C 518 Test Method for Steady-State Heat Flux Measure-ta = temperature of ambient fluid and surroundings, °F
ments and Thermal Transmission Properties by Means of (K)

X distance in direction of heat flow (thickness), in. (m)

the Heat Flow Meter Apparattis

C 585 Practice for Inner and Outer Diameters of Rigid
Thermal Insulation for Nominal Sizes of Pipe and Tubing 4 Summary of Practice
(NPS Systen?)

E 691 Practice for Conducting an Interlaboratory Study to 4-1 The procedures used in this practice are based upon
standard steady-state heat transfer theory as outlined in text-

1 This practice is under the jurisdiction of ASTM Committee C-16 on Thermal bOOk.S and handbo.OkS' The CompUter program Comb.mes the
Insulation and is the direct responsibility of Subcommittee C16.30 on Thermafunctions of data input, analysis, and data output into an
Measurements.
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easy-to-use, interactive computer program. By making thdecause of the iterative nature of the method, is best handled by
program interactive, little operator training is needed to percomputers.

form fast, accurate calculations. 5.5 The thermal conductivity of most insulating materials
4.2 The operation of the computer program follows thechanges with mean temperature. Since most thermal insulating
procedure listed below: materials rely on enclosed air spaces for their effectiveness,

4.2.1 Data Input—The computer requests and the operatorthis change is generally continuous and can be mathematically
inserts information that describes the system and operatingpproximated. In the cryogenic region where one or more

environment. The data include: components of the air condense, a more detailed mathematical
4.2.1.1 Analysis Identification. treatment may be required. For those insulations that depend
4.2.1.2 Date. on high molecular weight, that is, fluorinated hydrocarbons, for
4.2.1.3 Ambient Temperature. their insulating effectiveness, gas condensation will occur at
4.2.1.4 Surface coefficient or ambient wind speed, insulahigher temperatures and produce sharp changes of conductivity

tion system surface emittance, and orientation. in the moderate temperature range. For this reason, it is
4.2.1.5 System Descriptiea-Layer number, material, and Necessary to consider the temperature conductivity dependence

thicknesses. of an insulation system when calculating thermal performance.

4.2.2 Analysis—Once input data is entered, the programThe use of a _single yalue thermal conduct?vity at the mean
calculates the surface coefficients (if not entered directly) andemperature will provide less accurate predictions, especially
the layer resistances, then uses that data to calculate the h¥4ien bridging regions where strong temperature dependence
losses and surface temperatures. The program continues 2§CUrs-
repeat the analysis using the previous temperature data to5-6 The use of this practice by both manufacturers and users
update the estimates of layer resistance until the temperatur€6 thermal insulations will provide standardized engineering
at each surface repeat with a specified tolerance. data of sufficient accuracy for predicting thermal insulation

4.2.3 Once convergence of the temperatures is reached, tRgrformance.
program prints a table giving the input data, the resulting heat 5.7 Computers are now readily available to most producers
flows, and the inner surface and external surface temperaturedd consumers of thermal insulation to permit the use of this

practice.
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 gafif'rface temperatures, of insulated pipe and equipment systems.
or loss per lineal foot of pipe or square foot of equipmentThe range of_appllc_atlon of the_se programs and the rellgbmty
surface. These data are presented for typical operating terff the output is a primary function of the range and quality of
peratures, pipe sizes, and surface orientations (facing up, dow{{le input data. Both programs are intended for use with an

or horizontal) for several insulation thicknesses. The insulationintéractive” 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 oPrameters 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 maylions, Prompting user response. This facilitates problem solu-
also be required to properly select an insulation system. Due t°n @nd 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, ambie#@n of equipment heat transfer problems.

conditions, etc., it is not practical to publish data for each 5.8.2 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 ofwritten to provide input for the nominal iron pipe sizes as
designing large systems of insulated piping and equipmenghown in Practice C 585, Tables 1 and 3. The use of this
encounter substantial engineering costs to obtain the requirdfogram for tubing-systems problems is possible by rewriting
thermal information. This cost can be substantially reduced bgubroutine SELECT such that the tabular data contain the
both the use of accurate engineering data tables, or by the ud@propriate data for tubing rather than piping systems (Practice
of available computer analysis tools, or both. C 585, Tables 2 and 4).

5.3 The use of analysis procedures described in this practice 5.8.3 Combinations of the two programs are possible by
can also apply to existing systems. For example, C 680 igising an initial selector program that would select the option
referenced for use with Procedures C 1057 and C 1055 for bureing used and elimination of one of thkecurve and surface
hazard evaluation for heated surfaces. Infrared inspection or igoefficient subroutines that are identical in each program.
situ heat flux measurements are often used in conjunction with 5.8.4 These programs are designed to obtain results identi-
C 680 to evaluate insulation system performance and durabilitgal to the previous batch program of the 1971 edition of this
on operating systems. This type analysis is often made prior tpractice. The only major changes are the use of an interactive
system upgrades or replacements. terminal and the addition of a subroutine for calculating surface

5.4 The calculation of heat loss or gain and surface temeoefficient.
perature of an insulated system is mathematically complex and 5.9 The user of this practice may wish to modify the data
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input and report sections of the computer program presented dependent on temperature. Existing methods of thermal
here to fit individual needs. Also, additional calculations mayconductivity measurement account for the thermal conduction,
be desired to include other data such as system costs opnvection, and radiation occurring within the insulation. After
economic thickness. No conflict with this method in makingthe basic equations are developed, they are extended to
these modifications exists, provided that the user has demogemposite (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 thicknes3. It is assumed that heat flow
described herein. occurs only in the thickness aof direction. It is also assumed
5.10 This practice has been prepared to provide input anthat the temperaturg of the surface ak, 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 designated,. 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 accepted 6.3.1.1 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 thicknedx, energy bal-
procedure, no Sl version of this practice has been prepared. A&nces 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 (WHO) [, — (WHQ) | 1+ 5 = O )
those needs. This system has also been demonstrated to S o _ _
calculate the heat loss for bare systems by the inclusion of th Note 1—The vertical I!ne with a subscript indicates the point at_whlch
pipe/equipment wall thermal resistance into the equation sy<i'e Previous parameter is evaluated. For exanlie; ., reads the time

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

of this practice. 6.3.1.3 After dividing Eq 1 by WHAXx and 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

6.1.1 This calcglatlon of heat gain or Ios;, and surface 6.3.1.4 Integrating Eq 2 and imposing the condition of heat
temperature, required)(that the thermal insulation be homo- flow stability on the result yields the following:
geneous as outlined by the definition of thermal conductivity in '
Terminology C 168; 2) that the pipe size and equipment A= % =9 ®)
operating temperature be know) that the insulation thick-
ness be known# that the surface coefficient of the system be
known, or sufficient information be available to estimate it as
described in 7.4; and5) that the relation between thermal -
conductivity and mean temperature for the insulation be known 7, P
in detail as described in 7.3.

6.1.2 The solution is a computer procedure calling fbr (
estimation of the system temperature distributi@),qalcula-
tion of the thermal resistances throughout the system based on
that distribution, and3) then reestimation of the temperature
distribution from the calculated resistances. The iteration q glx
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
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. . c

6.2 Development of EquationsThe development of the ‘ ’
mathematical equations centers on heat flow through a homo- "—T —'l
geneous solid insulation exhibiting a thermal conductivity that FIG. 1 Single Layer Slab System

Case 1

glx+Ax q,

e

L

!
N —
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6.3.1.5 When the thermal conductivity, is a function of Case 1
local temperaturet, the Fourier law must be substituted in Eq
2. Fourier's Law for one-dimensional heat transfer can be
stated mathematically as follows:

q = —k(dvdx) ()

therefore,
(didk)g = (d/dx)(—k(dt/dx)) = 0 (5)

6.3.1.6 To retain generality, the functionality lofwith t is
not defined at this point, therefore, Eq 5 cannot be integrated q,
directly. The Kirchhoff transformatioiil)® allows integration
by introducing an auxiliary variable and a constark, defined
by the differential equation as follows:

Kk (du/dx) = k(dt/dx) (6)

This equation must be satisfied by the following boundary
conditions:

////////////////////////////////////\ \\

I

u=t atx =x

XY XZ XZ X4 XV\
u=t,atx =x H—T@—H
6.3.1.7 Rederiving Eq 4 in terms of Eq 6, integrating, and FIG. 2 Composite System Slab

imposing the boundary conditions for the transformation yields

the following: simply by a temperature difference divided by the correspond-

ing thermal resistance. The heat flow per unit area at the outer
surfacex,, is calculated as follows:

Oy = (t =t )/Rj1 (10)

t, — t
0= m )
ks

6.3.1.8 Eq 7 is in a familiar form of the conductive heat
transfer equation used when thermal conductivity is assumed Where:
constant with local temperatures. To evaluate the equivalent Roiv: = (Keg — X Kaii 41 (12)
thermal conductivity, Eq 6 is solved fé. Separating variables g 3 3 characterization of the heat flow from the systems can
in either equation and integrating through the boundary conpe completed by developing an expression for the rate of heat
ditions, the following general relation is obtained: flow per unit area at the outer solid surfaces. For this purpose,

k= ﬁf: Kt ®) the following definition of the surface coefficient is employed:

_ _ . ) h=q,/(t, — t) (12)
Evaluation of the integral in Eq 8 can be handled analytically
wherek is a simple function, or by numerical methods where
k cannot be integrated. Particular solutions of Eq 8 are _G—t) 13
: . % = T (13
discussed in 6.5.

6.3.2 The equations for heat flow through a single-layer Because of the similarity between Eq 10 and Eq 13, Eq 13
insulation can now be extended to the multiple layer orcan be rewritten as follows:
composite insulation case. Consider Fig. 2 as a multiple-layer G = (t, — LR, (14)
extension of the simple case. The figure shows the composite )
system with insulations having different thermal conductivi- where:
ties. R = (1/h) (15)
6.3.2.1 Equations can be written for each additional layer 6.3.4 The surface coefficiertt, is a complex function of the
analogous to Eq 7. With the entire system at stability anchroperties of the ambient fluid, surface geometry, the tempera-
assuming no temperature drop across layer interfaces, th@res of the system, the surface finish, and motion of the

equation is written as follows: ambient fluid. Equations used by this practice for estimating
t—ti, the surface coefficient are discussed in 7.4.

G~ 7% =%, \ ©) 6.3.4.1 Summing the series of equations from 6.3.2 includ-

(T ) 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. 0, =t~ /R (16)
6.3.2.2 It is useful at this point to introduce the concept of \yhere:

thermal resistance, that is, the heat flow per unit area given
P 9 R = R1,2+ R2,3R3,4 +..t Rn—1,n + Rs

S The boldface numbers in parentheses refer to the list of references at the end of 6-3.4.2 Setting the heat flow per unit area_through each
this practice. elementg;, equal to the heat flow through the entire systgm,
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shows that the ratio of the temperature across the element to the Case 2
temperature difference across the entire system is proportional
to the ratio of the thermal resistance of the element to the total
thermal resistance of the system or in general terms.

6=ty
D Ry an

Eq 17 provides the means of solving for the temperature

L

distribution. Since the resistance of each element depends on 4.
the temperature of the element, the solution can be found only
by iteration methods. S

6.4 Equations—Cas_e 2, Cylindrical Section_s o ¢%§

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

_ t—t.q O = (tl_ta)/Ri
G+ = <ri+1 In(ri.a/ri) (18) @)
Kajji+1 where:

Note the similarity of Eq 9 and Eq 18 and that the solution R=Ry;+Ryg+Ryy+ ..+ Ry 1+ R
.Of th(:." transformation equation for the radical heat flow case is Note 3—In some situations where comparisons of the insulation
identical to that of the slab case (see Eq 8). system performance is to be made, basing the areal heat loss on the inside

6.4.2 As in Case 1, calculations for slabs, simplification ofsurface area, which is fixed by the pipe dimensions, or on the heat loss per
the equations for the heat loss may be accomplished bynit length, is beneficial. The heat loss per unit area of the inside surface
defining the thermal resistance. For pipe insulations, the hedg calculated from the heat loss per unit area of the outside surface by
flow per unit area is a function of radius, so thermal resistanc@wltiplying by the ratio of the outside radius to the inside radius. For
must be defined in terms of the heat flow at a particular radiué:_alcula_tlon of the‘ heat loss per I_mear foot from the heat loss per outside
The outer radius;,,, of the insulation system is chosen for this QBN Myipl & IE owsilleparea per foot ar For Case 2, the

n . . annulus, results are normally expressed as the time rate of heat flow per
purpose. The heat flow per unit area for cylinders, calculated gjyt length,Q ,, which is obtained as follows:

the outer surface,,, is:

Qi =27, q, = 27 (4, — L)/R (22)
G =t~ tia)/Ri (19) 6.5 Calculation of Effective Conductivity
where: 6.5.1 In Eq 11-22 it is necessary to evalulgi@s a function
Iy N (Fiqlr) of temperature for each of the conductive elements. The
Rin="%n (20)  generalized solution in Eq 8 is as follows:
6.4.3 The concept of surface resistance used in an analysis Ko 1 J‘m Kt
similar to 6.3.3 and 6.3.4 permits introduction of the definition (G, — ) Jy
of the heat transfer as a function of the overall thermal 652 wWhenk may be described in terms of a simple
resistance for the cylindrical case as follows: function of t, an analytically exact solution fok, can be

obtained. The following functional types will be considered in
the examples (see 9.1-9.4).
Case 2 6.5.2.1 Ifkis linear witht, k = a + bt and

1 ty tq + t
ka:—(tmfti)ﬂ (a + bidt =a+ b(—z ) 23)

wherea andb are constants.
6.5.2.2 If
k = ea+bt

then:

1 G aibt
= e dt
ka (G — ) fti

and evaluating the integral yields:

1 ea+b1,+1 _ ea+b1,
] ] @9

wherea andb are constants, arglis the base of the natural
FIG. 3 Single Layer Annulus System logarithm.
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6.5.2.3 If includes the combined effects of radiation, conduction, and
convection.

7.4.2 In many situations surface coefficients may be esti-

k=a-+ bt+ ct?

then: mated from published valug®g).
:F{t-)ﬁlﬂ (a+ bt + cBdt 7.4.3 Procedures for Calculgting Surface Coe-fﬂcieHIs .
i Ve Where known surface coefficients are not available, this
and evaluating the integral yields: practice provides a calculational procedure to estimate the
b (- td surface coefficient. This calculation is based on the assumption
ka=a + 5t +1)+ 3., 1) (25)  of heat flow from a uniformly heated surface. This assumption

is consistent with those used in developing the remainder of
this practice. In simple terms, the surface coefficient equations
are based on those commonly used in heat transfer analysis. A

numerical method may be used. It is in these cases that ﬂ%etailed_discussion of the many h_eat flow mechanisms is
power of the computer is particularly useful. There are a widd r€Sent in several tex(8, 4, 5)or similar texts. _
variety of numerical techniques available. The most suitable 7-4.4 Analysis Configurations-Several convective condi-
will depend on the particular situation, and the details of thefions have been identified as requiring separate treatment when
factors affecting the choice are beyond the scope of thi§alculating the surface coefficient. The first is the two geom-

wherea, b, andc are constants.
6.5.3 When the relationship &fwith t is more complex and
does not lend itself to simple mathematical treatment,

practice. etries treated in this method, that is, flat (equipment) and
circular cylinder (pipe). Another case identifies the two air flow
7. Input Data systems common to most applications. Free convection is

7.1 In general, data input is in accordance with ASTM defined as air motion caused by the bouyancy effects induced
Standards or American National Standards. The source of oth@y the surface-to-air temperature difference. This case is
required data is noted. characterized by low velocity and, for most cases, includes any

7.2 Dimensions of Pipe and Pipe Insulation situation where the local air velocity is less than 1 mph (0.5

7.2.1 Only nominal pipe sizes and insulation thicknesses arB/S). Forced convection is where some outside agent causes
required as input data. The actual dimensions of both pipe anifpe air movement. For high air velocities, convection is the

pipe insulation are obtained by the computer from a softwar&ominant mechanism of heat flow from the surface. The
file based on Practice C 585 during the calculation. radiative heat flow surface coefficient is calculated separately

7.3 Thermal Conductivity Versus Mean Temperature and addeq to the co'nvection Iossgs since for a vast majority of
7.3.1 The data describing the relationship of thermal con¢@ses, this mechanism operates independently of the convec-
ductivity to mean temperature are obtained in accordance witive transfer.
Test Methods C 177, C 335, or C 518, as appropriate for the 7.4.5 Surface Coefficient Calculation—Summary of
product. Method—The convection coefficient calculation subroutine,
7.3.2 To describe accurately the relationship of thermaBURCOF, developed for this practice, estimates the magnitude
conductivity to mean temperature for thermal insulationsof the convection coefficient based upon the equations for the
especially those exhibiting inflection points due to condensagiven set of geometric conditions and temperature-dependent
tions of the insulating gases, thermal conductivity tests at smadir properties. The radiative component is also determined and
temperature differences are required. The minimum temperadded to yield the net surface coefficient. All equations used in
ture differences used will depend on the vapor pressure tthe analysig3) were experimentally developed. The equations
temperature of the gases involved, and the accuracy of the tessed are briefly described in 7.4.7-7.4.9.
apparatus at small temperature differences. Sufficient tests must7 4.6 Alternative equation sets have been developed to
be made to characterize the conductivity versus mean tempergalculate the surface heat transfer coefficients. These equation
ture relationship over the desired temperature range. sets often include parameters in addition to those used in the
Note 4—ASTM Committee C-16 is currently developing recommen- development of the SURCOF subroutine described in this
dations for preparing thermal conductivity curves for use in systemgractice. These additional parameters are used to extend the
analysis. Although the exact procedures are beyond the scope of thiata set to a wider range of conditions or better fit the data
practice, caution should be exercised. The use of experimental data yvailable. Use of these alternate equation sets instead of the
generate curves must include consideration of test sample geomet yRCOE subroutine equation set is permitted, providing

temperature range of data, test temperature differentials, thickness effec Lo . S :
test boundary conditions, and test equipment accuracy. Especially impot‘;fdequate documentation is provided and similarity of results is

tant is that the test data should cover a temperature range of conditiofi€monstrated under the exposure conditions covered by the
wider than those of the analysis, so that the data is interpolated for th® URCOF documentation (See Appendix X3B).
analysis rather than extrapolated. 7.4.7 Convection

7.4 Surface Coefficients 7.4.7.1 Forced Convectior-One of the major contributors

7.4.1 The surface coefficienh, as defined in Definitions to surface heat transfer is the convection of air across a surface
C 168, assumes that the surroundings (fluid and visible suwhere some difference exists between their temperatures. Not
faces) are at uniform temperature and that other visibl®nly is the rate of heat flow controlled by the magnitude of the
surfaces are substantially perfect absorbers of radiant energy.témperature difference but also by the speed of the air flow as


https://standards.iteh.ai/catalog/standards/sist/3384effb-25da-4d3d-bdb5-26517650da30/astm-c680-891995e1

iy c 680

it passes the surface. Since convection is a complex phenomit = surface-to-air  temperature  difference, °F
ena and has been studied by many researchers, many empiri- (°C), = (ts— tp).

cally developed equations exist for estimating the surface 7.4.7.4 The values of consta@tare shown in Table 1 as a
coefficients. One of the simpler to apply and more commonlyfunction of shape and heat flow condition.

used system of equations is that developed by Lang@ir 7.4.8 Radiative Componestin each previous case, the
His equations were developed for conditions of moderateadiative exchanges are for the most part independent of the
temperatures which are most commonly seen in cases @bnvection exchange. The exception is that both help to
insulated piping or equipment systems. For the condition of theletermine the average surface temperature. The radiation
natural convection of air at moderate temperature Langmuicoefficient is simply the radiative heat transfer rate, based upon
proposed the following equation: the Stefan-Boltzman Law, divided by the average surface-to-
air temperature difference. Thus the relationship can be ex-

_ _ 4125
Q= 0.296t, ~ 1) (26) pressed as the following:
where: -8 4 4
. Emiss X 0.1713X 108 ((t, + 459.6" — (t4 + 459.
Q. = heattransferred by natural convections, Bﬁ.(ﬂlmz), Neag = ((t( = 9 —( 9)
ty = temperature of surface, °F (°C), and @ (30)

t, temperature of ambient, °F (°C).

7.4.7.2 Modifications for Forced ConvectierRWhen the
movement of the air is caused by some outside force such ag miss ambient emittance) and
the wind, forced ventilation systems, etc. Langm{j pre- 1514, 1-8 Stefan-Boltzman Constant (Btu/(h4t
sented a modifier of Eq 26 to correct it for the forced R%)
convection. This multiplier was stated as follows: 7.4.9 Overall Coefficient-Once the radiation and convec-

N +689 tion coefficients are determined for the specific case under
68.9 investigation, the overall coefficient is determined by adding

where V is the bulk air velocity (ft/min). In a more the two coefiicients together.
commonly presented form where the velocity is miles per hour, h=he + hag (31)
this correction term reduces to

where:

effective surface emittance (includes

8. Computer Programs

\/1.00+ 1.277X Wind (27) 8.1 General
where Wind= air movement speed (mph). 8.1.1 The computer programs are written in Basic Fortran in
Combining Eq 26 and Eq 27, we have Langmui®)  @&ccordance with ANSI X3.9.
equation for the convection heat transfer from a surface: Note 5—Identical versions of these computer programs have been
Q, = 0.296t, — ta)l,zs\/m 28) successfully compiled and run on two processors. Only minor modifica-

tions necessary for conformance to the resident operating system were
This equation will work for both forced and free convection required for operation.
because when Wind equals zero, the equation returns to its 8.1.2 Each program consists of a main program and several
original form. subroutines. Other subroutines may be added to make the
7.4.7.3 Convection for Geometric VariatiorsFurther re- program more applicable to the specific problems of individual
search by Rice and Heilma(Y) refined the technology of users.
Langmuir to account for changes in air film properties (density, 8.1.3 The programs as presented call for the use of an
thickness, viscosity) with the air film mean temperature. Alsointeractive terminal connected in real-time to a computer. The
their refinements provided corrections to the equation form foEomputer controls the terminal interactively with program-
geometric size, shape, and heat flow directions that permit uggenerated instructions and questions transmitted to the termi-
of the basic form of Langmuir'{6) equation for a host of hal. Alternatively a second device could be used for display or
conditions. The result of their research yields the followingPrinting of computer messages. The final report can be dis-
equation set which forms the basis for the surface coefficienplayed or printed on the message destination device or may be

routines used in this practice. directed to a line printer or other hard copy unit. This is the
1102 1 \oist usual device used for the final report when a cathode ray tube
he, = C X (a) X (t_> is used as the input terminal.
avg
02665 \ /T + 1.277X Wind
X At X /1 +1.277X Wind (29) TABLE 1 Shape Factors—Convection Equations
where: Shape and Condition Value of C
h, = convective surface coefficient, Btu/l-RF (W/ Horizontal cylinders 1.016
(mz. K)’ Longer vertical cylinders 1.235
d = diameter for cylinder, in. (m). For flat surfaces and yertica! Plates o 1.394
. orizontal plates, warmer than air, facing upward 1.79
large cylindes d > 24, use d: 24, Horizontal plates, warmer than air, facing downward 0.89
tavg = average temperature of air film, °F (°€)(ts +t.)/ Horizontal plates, cooler than air, facing upward 0.89
2 and Horizontal plates, cooler than air, facing downward 1.79
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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+cl 0.400 0.105 x 1073 0.286 x 10°© 0.999 550 0.0049

Type 2 (Fig. 10) Ink = a + bt -162 0213 x 1072 0.999 2130 0.0145

Type 3 (Fig. 12) k=a, +btt=TL 0.201 0.39 x 1073 -25 0.997 148 0.00165
k=a,+byt; 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

8.2 Functional Description of Program The flow charts, that logic paths for reading data, obtaining actual system
shown in Figs. 5 and 6 are a schematic representation of ttdimensions, calculating and recalculating system thermal re-
operational procedures of the respective programs. They shosistances and temperatures, relaxing the successive errors in

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.

+

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 %
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
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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 Fipe 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 caiculated
from Wind Speed and
Emittance.

‘

I Calfl SURCOF to caiculate the Surface Coefficient. I

)

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 ces, Total istance, and
Temperature Distribution.
)}

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 all Input Data and all Thermal
Performance Calculations.

¥

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

the temperature to within 0.1° of the temperature, calculating 8.4.1 Logon procedures and any executive program for
heat loss or gain for the system, and printing the parametersxecution of this program must be followed as needed.

and solution in tabular form. The flow chart symbols are in g 4.2 The input for the thermal conductivity versus mean

accordance with ANSI X3.5. . , temperature parameters is obtained as described in 7.3. (See the
8.3 Computer Program Variable DescriptieAThe descrip-  hermal curves depicted in Figs. 10-12.) The type code deter-

tion of all variables used in the programs are given in the listing;n e the thermal conductivity versus temperature relationship

of each program as comments. The listings of the mainlin, i, 15 the insulation. The same type code may be used for
programs and the applicable subroutines are shown in F'%ore than one insulation. As presented, the program will
7Fig. 8Fig. 9.

8.4 Program Operation operate on the three functional relationships:
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C LAST REVIGION MADE 8/30/83 Ce80
C CeB0E 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 TG 7 LAYERS OF INSULATION MAY BE CPECIFIED FOR THE C680 8
C INSULATION SYSTEM BEING ANALYZED. C680 ¢
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 (480 12
C PROGRAM  GROSS CHECKS ARE MADE OF THE REASONABLENESS OF THESE Ce80 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 Ceee 16
C EMITTANCE AND WIND SPEED MAY BE GIVEN, WHICH WILL CAUSE THE Cog0 17
C SURFACE COEFFICIENT TC BE CALCULATED. C680 18
C Ce80 19
C VARTABLES LSED IN THE MAINLINE PART OF THIS PROGRAM- Cs80 20
i Cs8d 21
L DATE = DATE fes0 22
C EMISS = SURFACE EMITTANCE OF THE INSUILATION GYSTEM, £680 23
C ERR = ERROR SIGNAL RETURNED TO THE MAINLINE PROGRAM FORC80 24
C AN TLLEGAL ENTRY IN THE THICKNESS SCHEDALE. Ce80 25
C I = INDEX VARIABLE. 0680 26
[ INSIZ{I) = NOMINAL INSULATION SIZE OF LAYER I cse0 27
C INSK.(L, ) = INSULATION K-CURVE PARAMETER ARRAY. Cé80 28
C Ip = SELECT CODE FOR PRINTER USED FOR REPORT QUTPUT. C680 29
C IR = SELECT CODE FOR TERMINAL USED FOR DATA INPUT. C480 30
C W = SELECT CODE FOR TERMINAL DISPLAYING INPUT ChE0 31
C DIRECTIONS. Ceg0 32
C KD} = THERMAL CONDUCTIVITY OF LAVER I, BTU. IN /HR. SF.F.C680 33
C M = TEMPORARY INPUT VARIABLE USED FOR MATERIAL CODE. C680 34
C MAT{I) = MATERIAL CODE OF LAVER L £680 35
€ NFORM = INDEX DEFINING SHAPE: £680 36
C 1 = CYLINDRICAL cen0 37
¢ 2 = FLAT. Ceg0 3%
C NLAYER = NUMBER OF INSULATION LAYERS. G680 39
C NCR = ORIENTATION PARAMETER OF HEAT FLOW DIRECTION AT 480 40
C SURFACE: (480 41
N 1 = HORIZONTAL HEAT FLOW (VERTICAL SURFACE}CABO 42
L 2 = HEAT FLOW DOWN Co80 43
C 3 = HEAT FLOW UF. Lo80 44
C g = 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 Cheo 47
C RS = THERMAL RESISTANCE OF SURFACE. HR SF F/ETU C480 48
L RELM = THERMAL RESTSTANCE OF TOTAL SYSTEM, HR SFF/BTU. CAR0 49
C SURF = THERMAL SURFACE COEFFICIENT. BTU /HR SF.F. (s 50
C SURFC = COMPUTED SIRFACE COEFFICIENT. BTU /MR 5F.F. Ceg0 St
£ T(I) = INNER TEMPERATURE OF LAYER I. F. THE OUTER Ceg0 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

Type Code Functional Relationship 9. lllustration of Examples

1 k= a+ bt + cf? where a, b, and ¢ are constants.

2 k = e where a and b are constants and e is the 9.1 General

. base of the natural logarithm 9.1.1 Four examples are presented to illustrate the utility of

=a " . . .

K=+ byt TL<t<TU the program in calculgtlng_ heat _Ioss or gain and s_urfa_ce
k=as+bst t>TU temperature. Most practical insulation design problems implic-
a1, 8, 8, by, by, b are constants. TL and TU are, re- ity or explicitly call for such calculations. Three insulating
spectively, the lower and upper inflection points of an . . . f f 2 d3
S-shaped curve. materials, having equations forms for Types 1, 2, and 3, are

Additional or different relationships may be programmed butconS|dered. The fourth example illustrates a combination of

. . these three materials.
require modifications to the program.
8.4.3 For multiple number entry in a free field format, all Nore 6—The curves contained herein are for illustration purposes only
numbers must be separated by commas. and not intended to reflect any actual product currently being produced.

10
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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. £880 58

C THKTOT = TOTAL THICKNESS OF INSULATION SYSTEM, INCHES. £os0 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. CaB0 63

C TSUM = TEST CRITERION FOR THERMAL STARILITY. CaB0 o4

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

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

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

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

C Kb = CALCILATED THERMAL CONDUCTIVITY AT 400F, Ceg0 &9

C C680 70

0001 DIMENSION TITLE(1S), DATE{1S) CAB0 T
0007 DIMENSION THK{7) Ce80 72
0003 DIMENSION T(8),Ri7), MAT(7) Ces0 73
0604 REAL K{7), INSK{10,9) Ce80 74
C Cea0d 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 FIOR SUMMARY REFORT GUTPUT. CONTACT Cego 78

C YOUR COMPUTER CENTER FOR EXACT FORMAT. Cego 79

c Chg0 80

0005 IR=7 (&80 8t
0006 W=7 (680 82
0007 IP=A [e80 &3
. C Ce80 84
4008 bo 11 I=1,10 C6R0 835
0009 0t 10 &=1,9 CE80 B
0010 INSKLT, =0 £o80 87
0011 10 CONTINUE (e80 84
0012 11 CONTINUE Ce80 39
C Cemo 90

0013 WRITE!IW, 20) Ceae 9t

0014 20 FORMAT( ASTM (-4B0 RECOMMENDED PRACTICE FOR THE DETERMINATION OF C480 9‘2
#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 Ch80 9t

1S WRITE!IW, 30) Lo 97
0016 20 FORMAT(” ENTER TITLE - A0 CHARACTER LIMIT /) Ceg0 92
0017 READ{IR, 31 TITLE Cean 99
0018 31 FORMAT(15A4) CAZ0 100
C Ces0 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 CAB0 104

0073 WRITE(IW, 50) CAB0 107
0024 S0 FORMAT(- ENTER AMBIENT TEMPERATURE, F) Ce20 108

FIG. 7 (continued)

9.1.2 Sample data relating thermal conductivity to mearture is 10°F (-12°C). Determine the insulation thickness
temperature data for the three insulating materials are shown iequired to maintain the heat losses below 35 Btu/h¢ft10
Figs. 10-12. Least-square estimates of the regression curve fa¥/m?).
each sample data set produced a satisfactory fit to one of the9.2.2 Assuming the system faces virtually blackbody sur-
program’s functional types. The information in Table 2 wasroundings at the design ambient temperature, the surface
obtained from the regression analysis (least-squares fit) on eacbefficient may be obtained from th®SHRAE Handbook of
material. Fundamentalg?). The value given for a nonreflective surface

9.2 Example 1 in a 15-mph (6.7-m/s) wind (winter) is 6.00 Btu/K-fiF (34

9.2.1 Consider application of a Type 2 insulation to the flatw/m?-K).
vertical surfaces of a piece of hot equipment. The operating 9.2.3 From Table 2 for the material designated as Type Code
temperatures is 450°F (232°C). The equipment is locate@, the two coefficients required for the equation are= —1.62
out-doors in an area where the winter design ambient temperandb = 0.00213.

11
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0023 READ IR, #) TAME 680 109

C Ceso 110
0026 EMISS=-1.0 £480 1114
0027 WRITE{IW, 60) cean 112

0026 &0  FORMAT(’ TYPICAL SURFACE COEFFICIENT IS 1.45. ‘// IF COEFFICIENT ISC&80 113
# TO BE CALCULATED FROM EMITTANCE AND WIND SPEED ENTER 0/° CTHERWIC&80 114

¥SE ENTER SURFACE COEFFICIENT TO BE USED. “) C680 115

0029 READ(IR, #) SURF C6B0 116
0030 IF(SURF. 6T.0.0) GO TO 70 Cé80 117
¢ £ee0 118

0032 WRITE(IW, 61) £680 119

0033 61 FORMAT(’ TYPICAL EMITTANCE IS 0.9.°// TYPICAL WIND SPEED IS O MPH C680 120
#°// ENTER EMITTANCE, WIND SPEED, AND HEAT FLOW DIRECTION PARAMETERCEO 121
L 1 FOR HORIZONTAL HEAT FLOW (VERTICAL SURFACE)’/” 2 FOCLB0 122

*R HEAT FLOW DOWN’/” 3 FOR HEAT FLOW YP. /) £680 123

0034 READ{ IR, #)EMISS, WIND; NOR 680 124
L C680 125

0035 70 WRITE(IW, 71) (680 126
0026 71 FORMAT(’ UP TO 10 THERMAL CONDUCTIVITY VS. MEAN TEMPERATURE EQUATICAS0 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

0037 WRITE(IW, 72) ca80 121
0038 72  FORMAT(SX. ‘MATERIAL CODE 3 - K =A1 + B1 # T, FOR TCTL7 [680 122
* K=RfZ+B2+T, FORTL CT {TUW/ (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&RD 135

#' TEMPERATURE. /) 0480 136

C Cee0 137

0039 I=0 C680 138
0040 73 I=I41 C680 139
C C680 140

0041 WRITE(IW, 74} 1 Co80 144
0042 74  FORMAT(’ ENTER MATERIAL TYPE CODE (OR O IF ALL ENTERED) FOR INSULACSEO 142
#TION NO. 7, I3) Ce00 143

0043 75 CONTINUE G680 144
0044 READCIR, %14 C480 145
0045 IF (M-1) 130,80, 90 Ce80 186
¢ C680 147

0046 80  WRITE(IW, 81) Ce80 148
0047 INSK(L, 1)=1.0 C480 149
0048 81  FORMAT(‘ ENTER A, B. C FOR MATERIAL TYPE 1.7) €680 150
0049 READ(IR, #) INSK(I, 2), INSK{1, 3), INSK(I, 4) G480 154
0050 XK3=INSKAT, 2)+INSK(T, 3)%300. +INSK{T, 4) %300, ##2 C680 152
0051 XKE=INSK(T, 2)+INSK(T, 3) #600. +INSK(1, 4) #600. %2 680 153
0052 IF{ABS({XK3-. 46)/. 46).6T. 0. 15) G0 TO 82 Ch80 154
0054 IF(ABSCIXKE~. 57)/.57).1LT. 0. 19} GO T 73 £680 135
0056 82 WRITE(IW, 82)XK2, XK& Ce80 156

0057 83  FORMAT(’ K-CURVE IS NOT IN NORMAL RANGE</” K AT 300F=",F¢. 3/, 'C6B0 157
% K AT GOOF =,F6. 3/, ENTER 1 TO RE-ENTER K DATA. OTHERWISE 0°C480 158

#) £680 159

0058 REALH IR #)NN £680 160
0059 IF(NN.EQ. 1) GO TO 80 CL80 161
C Ch80 162

FIG. 7 (continued)

9.2.4 From past experience, it is estimated that the required 9.3.2 Assuming the piping is located in a large room with
thicknesses will fall in the range from 4.0 to 5.0 in. (101 to 127surrounding surfaces at ambient temperature and that the
mm). This range will be covered in increments fin. (3~ emissivity of the system is not significantly different from that
mm). of bare steel pipe (0.9), the surface coefficient could be

9.2.5 The resulting programing and analysis is given in Figestimated from théASHRAE Handbook of Fundamentéh.

13 where 4.5 in. (114 mm) is the least thickness to maintairBecause the thicknesses to be chosen will provide a surface
heat loss below 35 Btu/h#{110 W/n?). temperature about 50°F (28°C) above the 80°F (26°C) ambi-

9.3 Example 2 ent, the 50° column is entered. The system diameter (insulation

9.3.1 Determine the minimum nominal thickness of Type 1size) is not known since it will depend on the insulation
pipe insulation required to maintain the surface temperature dhickness. For the first calculation, and the estimated insulation
a horizontal 3-in. (76-mm) iron pipe below 130°F (54°C). diameter, 9 in. (229 mm), 1.76 Btu/(I#-ftF) (10 W/nt-K), will
Consider a pipe temperature of 800°F (427°C). The ambiertbe used. The thicknesses chosen as a result of the first
temperature is 80°F (26°C). calculation will provide a basis for reestimating the surface

12
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