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INTERNATIONAL
Standard Practice for
Estimate of the Heat Gain or Loss and the Surface
Temperatures of Insulated Flat, Cylindrical, and Spherical
Systems by Use of Computer Programs
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 C 168 Terminology Relating to Thermal Insulating Materi-

1.1 This practice provides the algorithms and calculation als
methodologies for predicting the heat loss or gain and surface € 177 Test Method for Steady-State Heat Flux Measure-
temperatures of certain thermal insulation systems that can Ments and Thermal Transmission Properties by Means of
attain one dimensional, steady- or quasi-steady-state heat the Guarded Hot Plate Apparafus
transfer conditions in field operations. C _335 Test Method for Steady—.State Heat Transfer Proper-
1.2 This practice is based on the assumption that the thermal _ties of Horizontal Pipe Insulaticn
insulation systems can be well defined in rectangular, cylindri- C 518 Test Method for Steady-State Heat Flux Measure-
cal or spherical coordinate systems and that the insulation Ments and Thermal Transmission Properties by Means of
systems are composed of homogeneous, uniformly dimen- the Heat Flow Meter Apparatéis _ o
sioned materials that reduce heat flow between two different C 585 Practice for Inner and Outer Diameters of Rigid
temperature conditions. Thermal Insulation for Nominal Sizes of Pipe and Tubing

1.3 Qualified personnel familiar with insulation-systems (NPS Systerd) N
design and analysis should resolve the applicability of the C 1055 Guide for Heated System Surface Conditions That
methodologies to real systems. The range and quality of the Produce Contact Burn Injur_|és_ _
physical and thermal property data of the materials comprising C 1057 Practice for Determination of Skin Contact Tem-
the thermal insulation system limit the calculation accuracy. ~ Perature from Heated Surfaces Using a Mathematical
1.4 The computer program that can be generated from the Model and Thermesthesiometer
algorithms and computational methodologies defined in thi%
practice is described in Section 7 of this practice. The computer’ o o ) )
program is intended for flat slab, pipe and hollow sphere 3.1 Definitions—For definitions of terms used in this prac-

insulation systems. An executable version of a program basdife: refer to Terminology C 168. _ ,
on this standard may be obtained from ASTM. 3.1.1 thermal insulation systemfor this practice, a thermal

1.5 The values stated in inch-pound units are to be regarddgsulation system is a system comprised of a single layer or
as the standard. The values given in parentheses are fYers of homogeneous, uniformly dimensioned material(s)
information only. intended for reduction of heat transfer between two different

1.6 This standard does not purport to address all of thet€mperature conditions. Heat transfer in the system is steady-
safety concerns, if any, associated with its use. It is thestate. Heat flow for a flat system is normal to the flat surface,
responsibility of the user of this standard to establish appro—a”d heat flow for cylindrical and spherical systems is radial.

priate safety and health practices and determine the applica- 3-2 Symbols—Fhe following symbols are used in the devel-
bility of regulatory limitations prior to use. opment of the equations for this practice. Other symbols will

be introduced and defined in the detailed description of the
2. Referenced Documents development.

2.1 ASTM Standards:

Terminology

where:
h = surface conductance, Btu/(K-fiF) (W/(nf-K)) h, at

1 This practice is under the jurisdiction of ASTM Committee C16 on Thermal inside Surfaceho at outside surface

Insulation and is the direct responsibility of Subcommittee C16.30 on Thermal
Measurements.
Current edition approved May 10, 2003. Published July 2003. Originally
approved in 1971. Last previous edition approved in 1995 as C 680 - 89 (1995) 2 Annual Book of ASTM Standardgol 04.06.
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k = apparent thermal conductivity, Btu-in./(3-#€) (w/ 5. Significance and Use
(m-K)) o . 5.1 Manufacturers of thermal insulation express the perfor-
ke = effective thermal conductivity over a prescribed tem- mance of their products in charts and tables showing heat gain
perature range, Btu-ln./(I"ZF-ﬂF) (WI(m-K)) or loss per unit surface area or unit length of pipe. This data is
q = heat flux, Btu/(h-fi) (W/m?) . presented for typical insulation thicknesses, operating tempera-
4 = E'Vr\?fmr)""te of heat flow per unit length of pipe, Bw/(h-ft) {re5 surface orientations (facing up, down, horizontal, verti-
. o cal), and in the case of pipes, different pipe sizes. The exterior
R - thermal reS|stz.ince, F'ﬁ_/ﬁtq (K-nP/w) sur)face temperature of '512 insulation is%?ten shown to provide
r = radius, in. (M), — 'y = thickness : . . :
t = local temperature, °F (K) information on .perso_nnel protection or surface pondensemon.
t = inner surface temperature of the insulation, °F (K) However, gddmonal mf_ormatlon on effects of wind yelocny,
t, = inner surface temperature of the system jacket emittance, ambient conditions and other influential
t, = temperature of ambient fluid and surroundings, °F (K) Parameters may also be required to properly select an insula-
x = distance, in. (M)X,., — X, = thickness tion system. Due to the infinite combinations of size, tempera-
ture, humidity, thickness, jacket properties, surface emittance,
4. Summary of Practice orientation, and ambient conditions, it is not practical to

) ) ] publish data for each possible case.

4.1 The procedures used in this practice are based Ong 5 \ygers of thermal insulation faced with the problem of
standard, steady-state, one dimensional, conduction heat trangsqjgning large thermal insulation systems encounter substan-
fer theory as outlined in textbooks and handbooks. Heat fluig| engineering cost to obtain the required information. This
solutions are derived for temperature dependent thermal coRyst can be substantially reduced by the use of accurate
ductivity in a material. Algorithms and computational method-gngineering data tables, or available computer analysis tools, or
ologies for predicting heat loss or gain of single or multi-layerpoth, The use of this practice by both manufacturers and users
thermal insulation systems are provided by this practice fopf thermal insulation will provide standardized engineering
implementation in a computer program. In addition, interestegjata of sufficient accuracy for predicting thermal insulation
parties can develop computer programs from the computationalstem performance. However, it is important to note that the
procedures for specific applications and for one or more of theccuracy of results is extremely dependent on the accuracy of
three coordinate systems considered in Section 6. the input data. Certain applications may need specific data to

4.1.1 The computer program combines functions of dat@roduce meaningful results.
input, analysis and data output into an easy to use, interactive 5.3 The use of analysis procedures described in this practice
computer program. By making the program interactive, littlecan also apply to designed or existing systems. In the rectan-
operator training is needed to perform accurate calculations.gular coordinate system, Practice C 680 can be applied to heat

4.2 The operation of the computer program follows theflows normal to flat, horizontal or vertical surfaces for all types
procedure listed below: of enclosures, such as boilers, furnaces, refrigerated chambers

4.2.1 Data Input—The computer requests and the operatorand building envelopes. In the cylindrical coordinate system,

inouts information that describes the svstem and o eratinPractice C 680 can be applied to radial heat flows for all types
pu . ) y P of piping circuits. In the spherical coordinate system, Practice
environment. The data includes:

o o C 680 can be applied to radial heat flows to or from stored
4.2.1.1 Analysis identification. fluids such as liquefied natural gas (LNG).

4.2.1.2 Date. 5.4 Practice C 680 is referenced for use with Guide C 1055

4.2.1.3 Ambient temperature. and Practice C 1057 for burn hazard evaluation for heated

4.2.1.4 Surface conductance or ambient wind Speed, Systewrfaces. Infrared inSpection, in-situ heat flux measurements,
surface emittance and system orientation. or both are often used in conjunction with Practice C 680 to

evaluate insulation system performance and durability of
operating systems. This type of analysis is often made prior to
system upgrades or replacements.

4.2.1.5 System Descriptier-Material and thickness for
each layer (define sequence from inside out).

4.2.2 Analysis—Once input data is entered, the program

YWinall temperature difference, an average thermal conductivity

temperature data to update the estimates of layer thermﬁllay suffice. Thermal insulating materials € 0.85 {Btu-in}/
resistance until the temperatures at each surface repeat wit 'H-ftz-"F}) are porous solids where the heat transfer modes

specified tolerances between the previous and present ttmpefgejude conduction in series and parallel flow through the
tures at the various surface locations in the system. matrix of solid and gaseous portions, radiant heat exchange
4.2.3 Once convergence of the temperatures is reached, thetween the surfaces of the pores or interstices, as well as
program prints a table that presents the input data, calculateeansmission through non-opaque surfaces, and to a lesser
thermal resistance of the system, heat flux and the inner surfa@gxtent, convection within and between the gaseous portions.
and external surface temperatures. With the existence of radiation and convedi0 @U@ NES
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transfer, the measured value should be called apparent thernsddition, it has been demonstrated that this practice can be used
conductivity as described in Terminology C 168. The mainto calculate heat transfer for circumstances other than insulated
reason for this is that the premise for pure heat conduction is nsystems; however, these calculations are beyond the scope of
longer valid, because the other modes of heat transfer obdhis practice.

different laws. Also, phase change of a gas, liquid, or solid .
within a solid matrix or phase change by other mechanismg' Method of Calculation

will provide abrupt changes in the temperature dependence of 6-1 Approach _ _

thermal conductivity. For example, the condensation of the 6.1.1 The calculation of heat gain or loss and surface
gaseous portions of thermal insulation in extremely coldtemperature requiresi) The thermal insulation be homoge-
Conditions W|" have an extreme'y inﬂuentia' effect on the nEOU§ as Out“ned by the def|n|t|0n Of thermal COhdUCtIVIty N
apparent thermal conductivity of the insulation. With all of this Terminology C 168; 2) the system operating temperature be
considered, the use of a single value of thermal conductivity a¢Nown; @) the insulation thickness be knowr)(the surface

an arithmetic mean temperature will provide less accuratéonductances of the system be known, reasonably estimated or
predictions, especially when bridging temperature regiongstlmated from algorithms defined in this practice based on

where strong temperature dependence occurs. sufficient information; and,5) the thermal conductivity as a

5.6 The calculation of surface temperature and heat loss ((grent;ﬂon of temperature for each system layer be known in

gain of an insulated system is mathematically complex, an
because of the iterative nature of the method, computers bes%
handle the calculation. Computers are readily available to mo?1

producers and consumers of thermal insulation to permit th istribution; @) calculation of heat flux; andlj reestimation of

use of this practice. the system temperature distribution. The iterative process

5.7 Computer programs are described in this practice as @ntinues until a calculated distribution is in reasonable agree-
guide for calculation of the heat loss or gain and surfac&nent with the previous distribution. The layer thermal resis-
temperatures of insulation systems. The range of application Qfce is calculated each time with the effective thermal
these programs and the reliability of the output is a primary.qnqyctivity being obtained by integration of the thermal
function of the range and quality of the input data. Thecqnqyctivity curve for the layer being considered. This practice

programs are intended for use with an “interactive” terminal. ses the temperature dependence of the thermal conductivity of
Under this system, intermediate output guides the user to makg,, jnsylation or multiple layer combination of insulations to
programming adjustments to the input parameters as necessatijcylate heat flow.

The computer controls the terminal interactively with program- ¢ 5 Development of EquatiorsThe development of the

generated instructions and questions, which prompts usgfathematical equations is for conduction heat transfer through

response. This facilitates problem solution and increases t'Womogeneous solids having temperature dependent thermal

probability of successful computer runs. . conductivities. To proceed with the development, several
5.8 The user of this practice may wish to modify the dataprecepts or guidelines must be cited:

input and report sections of the computer programs presented.2.1 Steady-state Heat TransfeiFor all the equations it is

in this practice to fit individual needs. Also, additional calcu- gssumed that the temperature at any point or position in the

lations may be desired to include other data such as systesplid is invariant with time. Thus, heat is transferred solely by

costs or economic thickness. No conflict exists with SUCh:emperature difference from point to point in the solid.

modifications as long as the user verifies the modifications 6.2.2 One-dimensional Heat TransfefFor all equations it

using a series of test cases that cover the range for which the assumed there is heat flow in only one dimension of the

new method is to be used. For each test case, the results fgarticular coordinate system being considered. Heat transfer in

heat flow and surface temperature must be identical (withirhe other dimensions of the particular coordinate system is

resolution of the method) to those obtained using the practicegnsidered to be zero.

described herein. 6.2.3 Conduction Heat TransferThe premise here is that
5.9 This practice has been prepared to provide input anthe heat flux normal to any surface is directly proportional to

output data that conforms to the system of units commonlythe temperature gradient in the direction of heat flow, or

used by United States industry. Although modification of the dt

input/output routines could provide an Sl equivalent of the heat q= —kd—p (1)

flow results, no such “metric” equivalent is available for some

: . . . where the thermal conductivityk, is the proportionality
portions of this practice. To date, there is no accepted system qf . . . .

o : : . i . constant, andg is the space variable through which heat is
metric dimensions for pipe and insulation systems for cylin-

drical shapes. The dimensions used in Europe are the %Pwmg. For steady-state conditions, one-dimensional heat

equivalents of American sizes (based on Practice C 585), ang"": gnd temperature dependent thermal conductivity, the
. ) D\ equation becomes

each has a different designation in each country. Therefore, no

S| version of the practice has been prepared, because a q= _k(t)ﬁ @)

standard S| equivalent of this practice would be complex. dp

When an international standard for piping and insulation sizing where at all surfaces normal to the heat flux, the total heat

occurs, this practice can be rewritten to meet those needs. ftow through these surfaces is the. same) @G LRIt $he

6.1.2 The solution is a procedure calling fd) estimation
the system temperature distributior?) alculation of the
ermal resistances throughout the system based on that
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thermal conductivity must dictate changes in the temperatu
gradient. This will ensure that the total heat passing through

re 6.3.2 Heat is transferred between the inside and outside
aurfaces of the system and ambient fluids and surrounding

given surface does not change from that surface to the nextsurfaces by the relationships:

6.2.4 Solutions from Temperature Boundary Conditiens

The temperature boundary conditions on a uniformly thick,

homogeneous mth layer material are:
t=t at x=x, (r=ry;
t= at X=Xpq (r=ry
For heat flow in the flat slab, lgt = x and integrate Eq 2:

®3)

m

tm+ 1

Xm+1 tm+1
[ ax=— [ wtat
Xm
q= ke,mxnm—,xm
For heat flow in the hollow cylinder, lgi =r, q = Q/(2wrl)
and integrate Eq 2:

q (4)

tm

tm tm+ 1

rm-*—l tm-*—l

Q dr

o | 7= [ xod ®)
rI'T'I tm

_ tn — tnea

Q= kemin(r ;) 2™

Divide both sides by 2rl
_ tn — s

q=kemp IN(req /Ty

For radial heat flow in the hollow sphere, Ipt=r, q =
Q/(4wr?) and integrate Eq 2:

Q rm-*—l dr tm-*—l
| == f k)t ®)
rm tm
t t
Q= ke,m :[n mIl 4
m - rm-*—l

Divide both sides by #r? and multiply both sides b§f .1/l i1

Mmlme1 tn — tnra
r.2

q:ke,m

Fmt1 = Im

Note that the effective thermal conductivity over the tem-
perature range is:

tm-*-l
[ o
_ tm
ke,m ot — by )

6.3 Case 1, Flat Slab Systems

6.3.1 From Eq 4, the temperature difference acrossrthe
layer material is:

tn =t = ARy ®)
where R, = —(X'“*ée_ X

Note thatR, is defined as the thermal resistance of tita
layer of material. Also, for a thermal insulation systemnof
layers,m = 1,2..n, it is assumed that perfect contact exists

q=ht —t)
q= ho(tn+1 - to)
whereh; andh, are the inside and outside surface conduc-
tances. Methods for estimating these conductances are found in
6.7. Eq 9 can be rewritten as:
-t =0R
tn+1 - to = qR)

1 1
where Ri:ﬁi’ RDZh—0

©)

(10)

For the computer programs, the inside surface conductance,
h;, can be assumed to be very large such Bat 0, andt; =
t; is the given surface temperature.

6.3.3 Adding Eq 8 and Eq 10 yields the following equation:

t—%=0qR + R +.+R, + R + R) 11
From the previous equation a value fpcan be calculated

from estimated values of the resistand@sThen, by rewriting
Eq 8 to the following:

toer =t — qR‘n
tt=t—-9gR, forR >0
The temperature at the interface(s) and the outside surface
can be calculated starting with= 1. Next, from the calculated
temperatures, values d&f, ,, (Eq 7) andR,, (Eq 8) can be
calculated as well a®, and R. Then, by substituting the
calculatedR-values back into Eq 11, a new value fpcan be
calculated. Finally, desired (correct) values can be obtained by
repeating this calculation methodology until all values agree
with previous values.
6.4 Case 2, Cylindrical (Pipe) Systems
6.4.1 From Eq 5, the heat flux through any layer of material
is referenced to the outer radius by the relationship:

G = ke
™M1 M e Ny /1)

and, the temperature difference can be defined by Eq 8,
where:

(12)

Oy = (13)

Mo In(r i /1)
B Kem
Utilizing the methodology presented in case 1 (6.3), the heat
flux, g, and the surface temperatute,,, can be found by
successive iterations. However, one should note that the
definition of R,, found in Eq 14 must be substituted for the one
presented in Eq 8.
6.4.2 For radial heat transfer in pipes, it is customary to
define the heat flux in terms of the pipe length:

qp = 2F‘Trn+1Qn (15)
whereq, is the time rate of heat flow per unit length of pipe.
If one chooses not to do this, then heat flux based on the
interior radius must be reported to avoid the influence of
outer-diameter differences.
6.5 Case 3, Spherical Systems

(14)

between layers. This is essential so that continuity of tempera- 6.5.1 From Eq 6, the flux through any layer of material is

ture between layers can be assumed.
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r Tl me1 (b = tmid) =ks(t) L=t=t,
T S () (16) where t,, and t,, are the experi
el ne1(Tme1 — Ty bl bu perimental lower and upper
; - oundaries for the function. Also, each function is integrable,
The temperature dlffereznce can be defined by Eq 8, Wherégnd K(t) = ko(t) andk(t,) = ky(t.). In terms of the effective
R = Mt (fmes = M) a7 thermal conductivity, some items must be considered before
Ko mlms 1 performing the integration in Eq 8. First, it is necessary to
Again, utilizing the methodology presented in case 1 (6.3)determine ift.., is greater than or equal tf, Next, it is
the heat fluxg,, and the surface temperatutg,;, can be found ~necessary to determine which temperature rapgedt,,, , fit
by successive iterations. However, one should note that thi@ito. Once these two parameters are decided, the effective
definition of R, found in Eq 17 must be substituted for the one thermal conductivity can be determined using simple calculus.

presented in Eq 8. For example, ift,, = t,, = t, andt, = t,., = t,, then the
6.6 Calculation of Effective Thermal Conductivity effective thermal conductivity would be:
6.6.1 In the calculational methodologies of 6.3, 6.4, and 6.5, T Ty tiia
it is necessary to evaluakg ,,as a function of the two surface f ky(t)dt + ‘[ k(1) + .[ ky(t)
temperatures of each layer comprising the thermal insulating K, — [ | u 21)
system. This is accomplished by use of Eq 7 whk® is o (tmea — tw)

defined as a polynomial function or a piecewise continuous |t should be noted that other piece-wise functions exist, but
function comprised of individual, integrable functions over fg, brevity, the previous is the only function presented.
specific temperature ranges. It is important to note that tem- 5 g 2 |t should also be noted that when the relationship of
perature can either be in °F (°C) or absolute temperaturgyiih t is more complex and does not lend itself to simple
because the thermal conductivity versus temperature relatiop; athematical treatment, a numerical method might be used. It

ship is regression dependent. Itis assumed for the programs {g i these cases that the power of the computer is particularly
this practice that the user regresses kheersust functions |\ seful. There are a wide variety of numerical techniques

using °F. available. The most suitable will depend of the particular

6.6.1.1 Wherk(t) is defined as a polynomial function, such sjtuation, and the details of the factors affecting the choice are
ask(t) = a + bt + ct?+ dt?, the expression for the effective beyond the scope of this practice.

thermal conductivity is: 6.7 Surface Conductances
tet 6.7.1 The surface conductanteas defined in Terminology

f (a+ bt + cf + df)dt C 168, assumes that the principal surface is at a uniform
i, temperature and that the ambient fluid and other visible
Kem = (i1 — ) (18)  surfaces are at a different uniform temperature. The conduc-
b c d tance includes the combined effects of radiant, convective, and

Altyes — tw) + 5 (e = ) + 5 (G — ) + 7 (e — th) conductive heat transfer. The conductance is defined by:

om = (e h=h, +h, (22)

whereh, is the component due to radiation ahdis the

b c d
=a+ 5yt tun) T 7 G+ tbnes + ) + 7+ ) ;
e 27m el g hm nmmeL T omrt 4T e component due to convection and conduction. In subsequent

+ s + ) sections, algorithms for these components will be presented.
It should be noted here that for the linear cased = 0, and 6.7.1.1 The algorithms presented in this practice for calcu-
for the quadratic casel = 0. lating surface conductances are used in the computer program;

6.6.1.2 Whenk(t) is defined as an exponential function, Nowever, surface conductances may be estimated from pub-
such ask(t) = €*?', the expression for the effective thermal lished values or separately calculated from algorithms other

conductivity is: than the ones_presented in tr_\is practice. One special note, care
. must be exercised at low or high surface temperatures to ensure
- reasonable values.
et 6.7.2 Radiant Heat Transfer Conductared he radiation
kem=t”“— (19)  conductance is simply based on radiant heat transfer and is
G calculated from the Stefan-Bolzmann Law divided by the
}(eamm _ bl average difference between the surface temperature and the air
K, = b temperature. In other words:
\m (t —t.)
. o€ (Te— T
3 (ea+ ni1 _ A1 tm) hr = ﬁ or (23)

Kem = Bty — )

h =0e (To+ T2T, + TT2+ T9)  or
6.6.1.3 The piece-wise continuous function may be defined T T2
. 3 S o]
oo (B
k(t) = k() ty=t=t (20)

=ky(t) t=t=t, ty = tpandt,,; =ty where: DOC um entS
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