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Preface 

This report on a project carried out at the Building Research Association of New 
Ztaland describes the computer modelling of heat flow near metal pipe penetrations 
as they pass through concrete walls. Experimental measurements to nrify predictions 
are presented. The purpose of the project was to reduce the need for full-scale testing 
and to enable gnats extrapolation of test results. 
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ABSTRACT 

The objective of this project was to model the bchaviow of pipe penetrations as they 
pass through fire-rated concrete walls so that the amount of full-scale testing required 
can be duced, greater extrapolation of results can be made, and non-standerd fire 
scenarios can be considered. 

The development of a (NISA) computer model to simulate heat flow in a pipe- 
penetrated concrctc wall during a fire is described, and compnrisons are made between 
predictions and experimental results. 

The results of two full-scale fire tests using a total of 14 pipes and over 200 
thermocouples are presented. These tests were pcrformcd to provide a database to 
assist the modelling. Variables were pip diamcta and thickness, pipe material and 
seal type. 
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INTRODUCTION 

Fire comparhncnts are used to l i t  the risk of fire spread in buildings. Compartments are 
formed by floors and walls that mist the spread of fire. The most likely points for spread of 
fire baween compartments arc the openings created for people and services. 

The objective of this project is to model the behaviout of pipe penetrations as they pass 
through firerated concrete walls so that the amount of full-scale testing required can be 
reduced, greater extrapolation of results can be made, and non-standard fire scenarios can be 
considered 

Ova the past few years considerable effort by various manufachum has been invested in 
developing proprietary firesding systems designed to ensun that the perfomauce of fire 
separations is not prejudiced due to inadequate detailing of services which pass through 
flwrlceiling systems or walls. This concern is also reflected in the New Zealand Building 
Code Approved Documents (BIA, 1992), wbm tested fire-stopping systems arc required. 
Thcn is a need for guidelines or metbods of extending test results to cover situations othm 
thaa those tested since it is vcry dificult to test all the combinations of wall thickness, pipe 
diameter, gap size etc. These g u i d e l i  may enable manufacturers testing new systems to 
economise on the range of combinations they need to test, and will also provide a sound basis 
for the test laboratory in providing assessmmts of variations to tested systems. 

Study Outline 

The research reported hae considers pipe pemtrations passing through cast concrcte walls 
and masom block walls. Liahtweiaht construction has not been considend. Results from an 
experimental program were & m a  with results obtained from a computer model. It was 
intended that the model would be used to develop guidelines for varying pipe mated, pipe 
wall thickness, pipe diameter, and concretc wall thickness. Howtva, inadequacies in the 
model became apparent as the study progr*lsed and it was considend unsuitable for this 
function in its cumnt fonn. Experimental measunmcnts collected with the purpose of 
verifying the model are of use in themselvcs and can be used for verification purpo9~8 in any 
future model developments. 

Coda and Standards 

13.1 N m  Zccll.nd Building Code requirement8 

The relevant put of the New Zcaland Building Code (Building Regulations 1992) with regard 
to pipe penetrations of fire walls is C3.3.3 which states: 

"Fire separations shall: 

(a) Where openings occur, be provided with fire resisting closuns to maintain the integrity of 
the fire separations for an adequate time, and 

(b) When pcnctrations occur, they shall maintain the fire rrsistancc rating of the fire 
separation." 



The acceptable solution C31AS 1, Section 6, outlines a solution to meet these requirements. 

Section 6.0, C3lAS1, states that fin stops shall be used around pmetratiom to maintain the 
continuity and effectivcllcss of fin separations, and that fin stops an nquind to have a Fire 
R e s ' i  Rating (FRR) of no less than that of the fire Separation within which they an 
installed, and they shall be tested in ~ccotdance with pmgraph E7.0 of Appendix E of the 
Anna to the Fire Safety Documents (BIA, 1992). 

Appendix E7.1 (Fire Resistance) of the AMCX to Fire Safety Documents C2,3,4IASl states 
that 

"Primery and secondary elements, closures and fire stops shall be assigned a fin msistaw 
rating (FRR) when tested to: 
0 AS 1530: Mahods for Fire Tests on Building Materials and Structures- Part 4: Fire 

Resistance Tests of Elements of Building Constnrction; or 
NZSIBS 476: Fire Tests on Building Materials and Structms- Part 20 to 22. Test Methods 
and Criteria for the Fire Wice of Elements of Building Construction." 

Note: BS 476 Part 20 to 22 (BSI, 1987) does not have a spccitic standard for fin resistance 
testing of p e n d o n  seals and fin stops. The Sesndard used in New Zealand is AS 1530.4 
@A, 19901. 

Requirements of Appendix E7.2 (Fii Resistance) further state that: 

"Fi stom shall be tested: 
(a) In c- representative of their use in service, paying due regard to the sizt of 

expectedgapstobcstopptd,mdtbcnatureofthefin~onwithinwhichtheyareto 
beused,and 

(b) In ~ccordance with AS 4072 Part 1 Service Penetrations md Control Joints." 



133 Relevant Standards (called up by NZBC Approved Document C3IAS1) 

1. Australian Standard AS 4072 Part 1 (SA, 1992). This Standard sets out requirements for 
sealing systems (testing, interpntation of test results, installation and certification) at the 
following locations: 
(a) around p e n d o n s  through separating building elements which arc required to have a 

fire resistance level or, if applicable, a resistaace to the incipient spread of fire, and 
(b) at control joints bawrm building elements which arc quired to have a bnsistaucc 

level. 
2. Australian Standard AS 1530 Part 4 (SA, 1990). This details testing requirements for 

daermination of the fire mistance of c o d o n  joints and penetration seals under om or 
more of the following criteria: 

Integrity 
Failure shall be deemed to occur when cracks, fissures or other opmings develop through 
which flames or hot firmace gases csn pass to the unexposed side of the pmtrated 
element 
Insahtion 
Failure shall be deemed to occur when the temperature of any of the relevant 
thermocouples attached to the unexposed face of the test specimen rises by more than 
1 80°C above the initial tcmpcrature. AS 4072.1 (SA, 1992) specifies the location of these 
thermocouples to be 25 mm h m  the edge of the hole in the wall (set Figure 7 for 
location of these thermocouples labelled as P9A and P9D) and 25 mm along the pipe 
h m  the unexposed face (also on Figure 7, as F9E and P9F). It is interesting to note that 
the Australii Building Code (BCA, 1990) (clause C3.15) waives the insulation 
q u h n c n t s  for pipes. 

1.4 The 'Red* Book 

The ''Red" Book (ASFPCM, 1993) provides a summary of the generic types of seal systems 
which arc available. It also gives i n f d o n  about the suitability of the various seals for 
di f fmt  applications. 

15 Type8 of Pipe System 

1.5.1 Plastic p i p  

From the experience of testing pipe penetrations at BRANZ, the limitation on fire resistance 
of plastic pipes is usually the result of destruction of the pipe in the fire compartment This 
provides a path for hot gases to flow along the pipe causing the pipe to collapse on the 
unexposed side, thcreby allowing the fire to enter the adjacent compartment. 



1.53 Mehl pipes 

In BRANZ experience, fire resistance of metal pipes is usually limited by tempaatun rises at 
the unexposed wall facc as a result of conduction of heat along the pipe. If all gaps around 
pipes are adequately sealed then, unlcss they melt or fracturr, metal pipes do not allow escape 
of flames and combustion products from a compartment containing a fire. 

It has been shown (Keough ct al. 1976) that maal pipes (cast iron and copper) which have 
their ends o m  in the test furnace show tempcraturc rim at the unexposed fixx which exceed 
AS 1530 P& 4 (SA, 1990) criteria in about kvo or three minutes. This is due to hot gases 
flowing along the pipe. This is unlikely to occw in most installations, but can result whue the 
intensity of the fire is d c i e n t  to melt the pipe walls or where the pipe is damaged by either 
physical means or as a result of thermal expansion loading of pipe joints during the fire. 

Tests carried out in France and reported by Martin (1983) found that maal pipes with 
diameters less than 60 mm satisfied the heat insulation requirements for two-hour fire tests. 
In contrast, pipes with diameters of 110 mm and larger -had excessive temperatures at 
times significantly lcss than two hours. 

1.6 Fire Stopping of Services 

1.6.1 Function required 

The primary purpose of any fire-stopping method is to seal gaps around a service penetrating 
a fire-resistant element of construction, to awn that the passage of flames and hot gases is 
prevented. Thcrc are several desiible attributes, outlined in ASFPCM (1 993), that fire- 
stopping methods and matcrials should have: 
a) the scals must maintain their integrity in a fire. Loss of integrity could be caused by 

buming. melting, warping, or cracking due to thcrmal expansion; 
b) materials should have a simple composition and be easy to install. The installation 

procedure should be easily reprod&ble so that the &ity of fire-stop is uniform; 
C) cavities should not occur in the sealant or mund the service: 
d) scalaats should have a degree of flexibility, combincd with load~bearingbearingab'ility, so that 

the service can vibrate or undergo small lateral displacements without the scals losing 
their integrity; 

e) seals should permit casy removal of the service from the p e n d o n .  

1.63 Materiab commonly uned for waling rrvice penetrations 
@om Martin (1983) 

a) silicone foam fire stop 
b) cement mortar 

ej  ~leeving O ~ P V C  pipe 



f )  vermiculite containing cement or vermiculite containing gypsum plaster 
g) ceramic fibre 

Otha methods (ASFPCM, 1993) include: 

a) room-tempaatun vulcanising silicone mastics and gels 
b) board materials such as high density mineral wool, calcium silicate, and compre-ssed 

vermiculite 
c) bags containing an inert or reactive (intumescent) filling mataial 

1.63 Commercially available finatop ayatema 

A number of patented designs which effectively stop the passage of flames and smoke 
through bresistant barriers are available. Those marketed in N m  Zealand must comply 
with the N m  Zealand Building Code (BIA, 1992) and thus should have been tested by the 
various manufachum under similar conditions. 

Martin (1983) provides an mcellmt litaablln overview on the subject and mmmends that 
all penetrations of bresistant walls, floors and ceilings must be fire stopped with a material 
or materials that will have the same fire resistance as the structure in which they are installed. 
It is most important that thcsc seals are maintained in good condition at all times. 

As noted above, to avoid spread of fire, AS 1530 Part 4 (SA, 1990) limits tempaatun rise on 
the uncxwsed side of the wall to 180 OC. Parka a al. (1975) eied to ascertain the danger of - 
fire o u t b d  caused by hot pipes by placing cotton pa& aod crumpled newspapas in contact 
with metal o i w  that had reached 500 OC and found no examolts of ipnition of these 
CombustibL He concluded that the 180 OC insuletion cri&on sho<d not apply to services 
unless it could be demonstrated that a significant fire hazard misted. 

Parka et al. (1975) carried out a comprchcnsivc study of the fire resistance of plasterboard 
walls and ducts containing plastic and metallic plumbing. Nine metallic plumbing 
installations wae tested, consisting of stacks of cast iron, galvaniscd iron and coppa pipes of 
50 to 100 mm diameter with 12 mm diameter metal branch pipes. All of thcsc insEallations 
successfully withstood more than 60 minutes of firc testing exposure without reding any of 
the failure criteria of flame-through, cxccss surface temperature rise (of wall or duct) or smoke 
penetration. The authors mmmmdcd that the maximum temperature rise criterion should 
not include branch pipe tempaatuns, unless it can be demonstrated that they significautly 
increase fire hazard. h e y  (1977) provides discussion to the papa and suggests that adequate 
fircstopping is of greater importance in pnwmting passage of smoke and flame. 



Keough ct al. (1976) investigated the firt mistance of uPVC, cast iron and copper pipes 
penetrating a fin-resistiag concrete floor. Pipes of nominal diameters 80 to 100 mm wm 
tested with pipe ends within the fumace either opm (thereby venting fumace gases along the 
bore of the pipe) or sealed (simulating continuous pipework passiag through the fire 
compartment). In the formcr case, uPVC pipes burnt through the slab within 30 minutes 
while metal pipes exhibited p r o n o d  heat transfer, causing them to fail the AS 1530 Part 4 
thcnnal insulation criteria in 2 minutes, compared to 16 minutes for uPVC pipes. With the 
sealed pipes, heat eansfer was markedly iws and failure of metal pipes by tanpaaturr rise 
was cxtended to approximately 30 minutes. 

Brown and Bum (1980) investigated 50 and 100 mm diamctcr copper and cast iron pipes 
umcmhg a 100 mm thick concrete slab. They concluded that levels of heat tmnsk along 
i00 mm &st iron, coppcr and brass plumbing pipes penetrating a concrete slab into a model 
finnace were similar. Thw considered that the radiation levels emitted from these d m  in UD 
to 2 hours of testing wm k c i e n t  to ignite typical combustible building makri& held at 
distances greater than 225 mm from the pipes. However, at 15 mm separation distance, 
ignition could occur in less than 1 hour. The authon also studied a number of flexible 
stoppings which demonstrated the ability of horizontal building elements to maintain the fin- 
nsistingpaformsllcc. 

1.7 Computer Modela 

Hunter and Farin (1981) attempted to provide a model to enable test rcsults to be htcpekd 
and exeapolated. From thin study Hunter and Farin proposed a model for electric cable 
penetrations based purely on heat transfer by conductio~~ Since the response of the 
penetration is insensitive to cable spacing, wall conductivity and the convective heat transfer 
wcflicient into the unexposed room, Hunta and Farin concluded that the common factor was 
simple heat conduction alone. 



2. EXPERIMENTAL PROGRAMME 

Fire exposures were canied out on two concrete walls to AS 1530.4 (SA 1990) with furnace 
temperatures conforming to IS0 834 (ISO, 1975). Each wall had seven oioe oenetrations and . -  - 
used steel or copper pipe types and various fire protection sealing systems. Temperatures were 
monitored with approximately 100 thermocouples in each wall. 

Each wall incorporated a steel reinforcing grid made from 12 mm diameter deformed steel. 
High tensile wires (1.4 mm diameter) were strung across the moulds to support 
thermocouples, at predetermined depths. 

The walls were cast horizontally on a plywood sheet supported on a concrete floor within an 
edge steel m e .  The steel frame was used to lift the wall and attach it to the furnace. In 
some instances collapsible steel sheet, and in others removable plastic cylinders were located 
in the moulds to form circular holes in the concrete at planned pipe penetration locations (see 
Figure 1). 

Figure 1. Wall Casting Bed 

After casting and floating, the concrete was left in the mould and covered with plastic 
sheeting for 6 days to facilitate concrete curing. Concrete cylinders were cast in plastic pipes, 
of the same thickness as the wall, and were stored under the same conditions as the wall, to 
measure concrete density and moisture content representative of the wall. 



The walls were stored vertically, spaced from each other (see Figure 2), until installed in the 
fumace for testing. 

Figure 2. Wall Storage During Concrete Aging 

2.2 Pipe and Seal Details 

The general layout of the pipes in the walls is shown in Figure 3 and Figure 4. The pipes and 
penetrations were at least 300 mm from the wall edges, as required by AS 1530.4 (SA 1990). 
The separation distance between pipes is given in ~Tgure 5. The pipes extended 10.0 mm inti 
the fumace and were sealed at the exposed end. They protruded 2 metres through the wall and 
were structurally supported on a steel b e .  The relationship between pipe number, pipe 
material (steel or copper), pipe size, pipe wall thickness, concrete hole diameter and concrete 
wall thickness is given in Table 1. Table 1 also gives a key to the seal type used on each pipe. 
Generic details of the seal corresponding to the key are given in Table 2. Names of seal 
manufacturers and seal brand names are given in Appendii B. Where backer rods (see Figure 
6) were used to form the seals, the details are given in Table 3. 



100 mm Thick W a l l  175 mm Thick W a l l  

Rodation Guard 
m m d i m t c )  1 

Note 
Thermocouples shown above were used in both walls 
Those with prefix F were on the hot face 
Those with prefix C were on the cold foce 
and those with prefix M were embedded at mid concrete depth. 

Legend 

Pipe location and identifying number 

F5 / Thermocouple location and identifying symbol 

Figure 3. Pipe and Thermocouple Locations 





100 mm Thick Wall 175 mm Thick Wall 

Note: 

Distances shown are from edge to edge of holes formea 
in the concrete. 

Figure 5. Separation Distance Between P i p  



Table 1. Details of P i p  and Seals 

Pipe 
No. 

pipe 
Material 

- 
Steel 

Steel 

Steel 

c o w  

Stccl 

Stccl 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Stccl 

copper 

Wall 
Thickness 

(-1 

Pipe 
Outside 
Dim& 
(-1 - 
101.7 

101.7 

101.5 

104.8 

101.7 

101.8 

101.5 

101.5 

101.6 

101.6 

101.6 

101.6 

25.3 

34.4 

D i e t a  
of Hole in 
Concrete 

(-1 

200 

200 

200 

200 

140 

160 

120 

140 

160 

121 

148 

140 

126 

126 

Steel 
Mcsh 

Radiation 
Guard 

Yes 

Yes 

Yes 

Yes 

Face 

- 
E 

E 

E 

E 

- 
- 

C 

D 

- 

B 

F 

D 

E 

E - 



Backer Rod Types 

@ Type 1 - 30 mm PEF Rod 

@ Type 2 - 12 rnrn PEF Rod 

Type 3 - Foam backing strip 

Type 4 - Double foam backing strip 

Figure 6. Detaila of Seal Construction 



Table 2. Description of Seala Used 

Sml Type Description 
I 

A I Intumesc~~t seal used on one firce only 
B I Two pack formulation - polyrrretham-besed seal, not inhmKscent, used 

I Iatoniconcrctefaceonly - 

C I Amlic intumcsccnt seal used on both concrete faces 

F I Intumescmt seal, used at both concrete faces 

Table 3. Seal Backing Rods and Seal Age at Testing 

Legend 

4 1 30 mm diameter PEF rod 
2 12 mm diameter PEF rod 
3 Polymer foam backing strip, size 27 mm high x 36 mm wide. Turns to charcoal and 

crumbles on burning. 
4 As 3 but bent double. Size before bending 27 mm high x 55 mm long. 

+* = D i c e  between pipe and concrete wall. 

For some pipes (as dew in Table I), a radiation guard was used around the pipe on the 
unacposcd side of the wall. This was a 450 mm long semi-circlular cylindcr of steel mesh as shown 
in Figure 3 and Figure 8. 



2.3 Concrete Used for Testing 

The concrete was mixed on site using a concrete mixcr. The aggregate was supplied by Firth 
Concrete Products and was originally obtained from the Winstone Belmont Quarry. The mix 
was made using the volume ratio 1 cement: 6 aggregate. Concrcte moisture contents and 
density measurements are given in Table 4. 

Table 4. Measured Concrete Properties 

2.4 Fire Exposure Method 

The concrete walls werc tested ia the 1.0 m by 2.2 m diesel-fired pilot furnace at BRANZ 
laboratories, Judgeford (Figure 6). Fire exposum werc carried out in July 1994. 

Concrete Age 
at Testing 
(Weeks) 

13 
14 

2.5 Temperature Measurement 

Wall 
Thickness 
(mm) 
100 
175 

A description of the thennocouple labelling system used is given in Table 5 and a listing of all 
thermocouples used is given in Table A.l and A2 of Appcndix A. Thc location and 
referencing symbols of thermocouples either embedded in the concrete, or placed on the 
concrete surface, are shown in Figurc 3. Thermocouples associated with particular pipes (e.g. 

Final Wet 

D""it~ kdm 
23 74 
2379 

Moisture Lost 
During Curing 

% 
1.64 
1.22 

Pipe 9) are shown in Figure 7. The symbols for thamocouples at pipe l&tions othcr than 
Pipe 9 are the same as given in Figure 7, except replace the '9" in the pipe label with the 

M o h  Content 
by Weight at Test 

Yo 
5.04 
6.35 

relevant pipe numba. 



ELEVATION 

SECTION A-A 

Note: A shorthand notation of "A" and "E" is used 
f o r  thermocouples P9A and P9E respectively. 

Figwe 7. Tbennocmpltr Associated With Pipe No. 9 



Particular attention is given to thermocouples P9A and P9E in this report. When referring to 
these particular thermocouples for any general pipe, a shorthand notation of "A" and "E" 
respectively is used. 

Thermocouples were also put on radiation guards (where used) and these are identified by the 
letter "G" in the thermocouple label. For instance, a label P3-G25S refers to a thermocouple 
on the radiation guard around Pipe 3,25 mm fiom the unexposed concrete face, and on the 
side (i.e. "S") rather than the top (i.e. "T") of the guard (See Figure 8). 

Figure 8. Typical Instrumentation Near Pipe Junction With Wall "Cold" Face 

Thermocouple types were all Type K chromeValurnel thermocouples. Disk type 
thermocouples with pads were used on the pipes and unexposed wall face. "Quick tips" were 
used on the exposed face and embedded in the concrete. 

Time history plots of all thermocouple readings are presented in Appendix A, each plot being 
identified by the labels as described above. 

The thermocouples were connected to a Hewlett-Packard HP 3497 data acquisition unit 
(DAU) capable of monitoring the 100 thennocouple channels used every 60 seconds. The 
DAU was controlled by a Hewlett-Packard series 9000 computer. 



Table 5. Thermocouple Labelling System 

Label * Figure 
Number 

General Thermocouples 
F1-F5 3 Thermocouples on concrete exposed face 

MI-M3 3 Thermocouples embedded in the concrete at wall mid-depth 
C 1 -C3 3 Thermocouples on concrete unexposed face 

FA1 -FA4 - Within the furnace distributed in a vertical plane 100 mm from 
the exposed concrete face 

AAIR Ambient air temperature 

Thermocouples Associated with Particular Pipes 
HF9 7 Located at junction of pipe and exposed wall surface 
A9 7 In the air in the middle of the pipe at wall mid-depth 
E9 
-- 7 On the pipe surface at wall mid-depth 

- 

I FY 7 I On the concrete hole surface at wall mid-depth 
P9A 7 I On the concrete surface on the unexmsed side of the wall 25 

mm above the edge of the concrete hole 
P9B 7 At mid-thickness of the seal above the pipe on the unexposed 

side of the wall 
P9C 7 At mid-thickness of the seal to the side of the pipe on the - - 

unexposed side of the wall 
P9D 7 On the concrete surface on the unexposed side of the wall 25 

mm to the side of the edge of the concrete hole 
P9E 7 On the top of the pipe, 25 mm from the unexposed concrete 

I ( face 
P9F 7 1 On the side of the pipe, 25 mm from the unexposed concrete 

I I face 
P9-200T 7 I On the top of the pipe, 200 mm from the unexposed concrete 

I I face 
P9400T I 7 ( On the top of the pipe, 400 mm from the unexposed concrete 

I 1 face 
P9400S 7 I On the side of the pipe, 400 mm from the unexposed concrete 

I I face 
P9-600T 7 I On the top of the pipe, 600 mm from the unexposed concrete 

face 
P9-G25T - Top of the fire guard, 25 mm from the unexposed concrete face 
P9-G25S - Side of the fire guard, 25 mm from the unexposed concrete face 

P9-G400T - Top of the fire guard, 400 mm from the unexwsed concrete - 

face 
P9-G4OOS - Side of the fire guard, 400 mm from the unexposed concrete 

face 
Legend . The symbols above arc for thermocouples at Pipe 9. For other pipe locations use the m e  label as given 
above, except replace the "9" in the pipe label with the relevant pipe number. 



3. OBSERVATIONS AND RESULTS 

3.1 Observations 

O b d o n s  noted during testing of the 100 and 175 mm thick walls are given in Table 6 and 
Table 7 respectively. The obsmations refer to what was visible on the unexposed face except 
for comments on concrete spalling on the exposed face (which could be seen through furnace 
observation windows). No damage was detected other than that noted in these tables. 

Figure 9 shows the crack patterns that developed in the two test walls. More water was 
observed coming through the unexposed (i.e. cold) face of the 175 mm thick wall than the 
100 mm thick wall. Concrete spalling on the exposed (i.e. hot) face of the 175 mm thick wall 
was far more extensive than on the 100 mm thick wall (see Figures 9 -1 1). At the end of the 
test it was noted that many (dull red) globules of a light, aerated substance had formed on the 
exposed surface, presumably h m  melting of some component of the concrete aggregate 
which had bubbled and mipsated to the surface. 

Concrete S~olling 20-30 rnm deep 

\ 

100 mm Thick Wall 175 mrn Thick Wall 

Figure 9. Crack Patterns Which Developed in Wall Dlving Fin Tating 



Thick Wall 
Figme 10. Deptbr of Concrete SpaKing M e u n d  on Exposed Face of 175 mm Thick Wall 

After T a t  (mm) 



Figure 11. Photograph of Concrete Spalling on Exposed Face of 175 mm Thick Wall 



T i e  
plhutes) 

14 

16 

Table 6. Observations During Test on 100 rnrn Thick Wall 

Observations 

Steamlsmoke emitted through top of seal on Pipe 7 and through the ends of most 
pipes. 

Development of crack in concrete passing t b u g h  Pipe 6 (see Figure 9). 
Concrete spalling on exposed face 20 - 30 mm deep x 200 mm wide linking top 
of Pipe 4 with bottom of Pipe 1. 

Full development of cracks as shown in Figure 9. Water seeping through cracks 
and running down unexposed wall face. 

Resin in seal at Pipe 6 (at unexposed face) became fluid and left granular filler. 
Slight swelling of seal at Pipe 5. 

Resin in seal at Pipe 6 pouring out of hole. Water stopped seeping out of 
concrete cracks, but steam beiig emitted. 

Seal at Pipe 5 protruding 20 mm and ctacking up. 

Steam coming out of seal on Pipe 6 through 8 mm radial gap. 

Ignition at seal at Pipe 6. Gap between concrete and pipe stopped with ceramic 
fibre to allow test to continue. 

Concrete now dry on unexposed face. 

Seal at Pipe 5 stopped intumescing. It had become a dry brittle texture that fell 
off on touching. 

Fine cracks developed in seal on Pipe 8. 

Copper Pipe No. 4 burnt through on hot face and smoke poured through. 



Time 
Minutes) 

Table 7. Observations During Test on 175 mm Thick Wall 

A loud noise of concrete spalling occumd. Spalling on exposed facc detected 
directly above Pipe 2. 

Smoke/steam being emitted from end of pipes. 

Fire breaking out of seal at Pipe No. 10. Seal was covered with ceramic fibre 
insulation to allow test to continue. 

Spalling, about 15 mrn deep, near Pipe 10. 

F i  concrete cracks (two) appeared. 

Water seeping from cracks. 

Spalling continuing, but intermittent. Water flowing through concrete cracks. 

Less water being emitted from cracks, but continuous stcam. Dry patches 
~ppearing on unexposed face. 

Seal at Pipe No. 9 going liquid. Seal pulling back from pipe and twning brown at 
edge. 

Seal at Pipe 1 1 protruding out of pipe by about 5 mm. 

Water stopped beiig emitted from cracks. Pipe 11 seal pulled back from pipe 
and swollen. 

Tiny gap at seal of Pipe 9 through which fUmace glow was visible. 

Flames burst through Pipe 9. Stopped with ceramic fibre. 

Unexposed concrete face dry, except cracks showing moisnue at edge. 

The measured fumacc tempemtures closely followed the IS0 834 Curve (ISO, 1975), as 
shown in Figure 12 on the next page. 



100 

Time (Minutes) 

(a) 100 mm Thick Wall 

I Thi i  Wall j 

100 150 

Time (Minutes) 

(b) 175 mm Thick Wall 

Figure 12. Cornpariton of Meuurcd Furnace Ternperaturea and IS0 834 Curve 
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Figwe 13. Comparison of Thermoeoupk and Probe Temperatures on Pipe 
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3 3  Verification of Pipe Surface Tempemtnrw 

An X-80 Themo Tester roving probe was used to measure "spot" pipe surface temperatures. 
Figure 13(a) compares the temperature profiles along the pipes as recorded with the probe to 
those recorded with thermocouples for three pipes in the 100 mm thick wall. Figure 13(b) 
compares temperature profiles along Pipe 3 at thne selected times in the 175 & thick wall. 
Agreement in all instances is within 7% which in the author's opinion, indicates that the 
thermocouple pad has relatively small effect on local t e m b .  

3.4 Experimental Ruulta 

3.4.1 AU thermocouple results 

Temperature time history plots for all thermocouples are given in Appendix A. Many of these 
plots exhibit "flat portions" (i.e. plateaus) at about 100 T temperatwe. Water chaages state 
from liquid to gas (is. steam) at this temperature, absorbing a large amount of energy (latent 
heat) in the process. A summary of the tempemme rises for all thermocouples is also given 
in Table A. 1 and A.2 of Appendix A. 

3.4.2 Limit of  180 'C temperatun rise 

As discussed in Section 1.3.2 the insulation requirements stipulated in AS 1530.4 (SA 1990) 
limit tempuaturc rise to 180°C at thamocouple locations P9A, P9B and P9E of Figure 7. When 
referring to these particular thermcouples for any general pipe, a shorthand notation of "An and 
"E" rrspcctively is used in this report. A time history plot for all gauges at location "A" on the 
concrete is given in Figures 14-17, and for gauges at location "E" on the steel in Figures 18-21. 
Table 8 lists the time to reach 180°C temperature rise for all these thermocouples. Note that the 
ternpcraturrs (within the first hour) at these locations would have been significantly influenced 
by water running down the unexposed face. 
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Figure 18. Temperature Development at "EU on Pipes 1 f J & 4 
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Figure 19. Temperature Development at "Em on Pipea 1 f ,8 & 12 
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Table 8. T i e  to Reach 180° Temperature Rise 

(The in Minutes) 
Pipe I On Piw. 25 mm from unextosed face 

Locc 
Top 
115 

Slab 
m i  

(mm) 
100 
175 
175 
100 
100 
100 
100 
100 
175 
175 
1 75 
175 
1 75 
100 

Lwmnd 
Atemprsture of 180 'C was not reached at this location during the 4 hour test 

" Failure of seal occurred at thib location at 14 minutes. 

Figm 14 plots tempmtuc time histories at thermocouples where the seal is of lightweight 
cement composition (i.e. type E). Tempmmes at A rise significantly fastcr in the 100 mm 
thick wall than the 175 mm thick wall. These temperature rises werr largely independent of 
pipe type. 

Figm 15 plots tcmperaturcs at thermocouples whm the seal is a gypsum based filler (Type 
D). For comparison, plots for Pipe 1 and 2 have also been included. Higher temperaturrs 
were obtained with the Type D seal than the Type E for the 100 mm thick concrete between 
30-90 minutes, but this was not so for the 175 mm thick concrete. A comparison is difficult 
because the seal was less than half the thichress with the Type D product and thus its 
insulating effect for conduction from the pipe to the thermocouple at "A" will be less. 

Tempmtuc rises at A for the remaining pipes are plotted in Figure 16 for the 100 mm thick 
wall and Figure 17 for the 175 mm thick wall. These pipes all had plug-type seals except for 
Pipes 13 and 14(asshomin~sketchesincludedwiththeplots).Whaethesealhesnot 
failed. tem~crature rises at location "A" art similar to those ulotted in Fimues 14-1 5 for T m  
D and E s& respectively (gap between pipe and concrete &mplctcly filled). This indi&s 
that the air gaps for Type A, B and C seals rae equally as effective as Type D and E seals in 
protecting concrete tempmtuc at location "A". 



Slightly lower temperatllns wen rccordcd at "An with the smaller diameter pipes (Pipes 13 
and 14). 

3.4.4 Thermocouples at 

From Table 8, tempcratwa recorded by thennocouples at "I?' wen always significantly 
higher than thennocouple tempaahnes at location "A", showing that this is the critical 
location with regard to satisfying the Standard (AS 1530.4 [SA 19901). 

The temperatllns at location "En for the 100 mm thick wall m n  signiscantly higher than for 
the 175 mm thick wall (Figurel8). Average times to reach 180 OC tempcrahne rise was 16 
minutes for the 100 mm thick wall and 68 minutes for the 175 mm thick wall. A comparison 
of the plots for Pipcs 1 and 4 shows that the temperature rises wen largely independent of 
pipe material (i.e. copper or steel). Note that the temperatures at the concrete exposed (hot) . . 
face wen atso similar for the two pipes (see Figure 12). Thus, as copper has ap~ximately 8 
times the thcnnal conductivity of stecl, the result suggests that a large propoItion of the heat - -  - 
transfer took place within t h ~ ~ ~ i p e  (e.g. by convection and radiion). However, temperaaue 
rises at "En wen lower with the thicker Pipe 3 than with the otherwise identical Pipe 2. 

Tcmpcratures at location "En wen similar for seal types D and E (Figurel9). The pipe 
temperatures for the 175 mm thick wall show a cooling between 20-60 minutes in both Figure 
18 and 19, probably due to water running down the unexposed face of the wall cooling the 
pipes. 

Where Type A, B or C seals did not fail, measured temperature rises at location "En are 
similar to those where Type D and E seals, (ix. complete fill seals) were used This may be 
because heat conduction/convection within the pipe was the most dominant heat transfer 
mechanism. The exception is for Pipe 13, which stayed far cooler at location "En. This steel 
pipe was only 25 mm diameter, and heat movement within it may have been fer less than for 
the larger diameter pipes. However, the 34 mm diameter copper pipe (Pipe 14) had similar 
results to the 105 mm diameter copper pipe (Pipe 3). Thus the influcncc of pipe diameter on 
rate of temperaaue rise at "En may not be a simple relationship. 

Measured tempuature profiles along the p i p  (starting from mid-wall thicknws) arc 
presented in Appendix D for times 30.90 and 210 minutes. The temperaturea at 30 minutes 
near the unexposed face have been influenced by water flowing down the wall as observed at 
this time. 

Generally, the temperatuns for the 100 mm diameter pipes for corresponding wall 
thicknesses, locations and times wac similar for all pipe types (including the copper pipe) 
except that the temperatures for the thicker steel pipe (8 mm thick P i p  3) wen considerably 
lower. 



The temperatures on the 34 mm diameter copper pipe (Pipe 14) were close to those of the 
100 mm diameter pipes near the unexposed face but cooled far more rapidly. The small 
diameter steel pipe tempera- (Pipe 13, diameter 25 mm) wcre significantly lower than for 
the 100 mm diameter pipes over the full pipe length. 

3.4.6 Radiation guard temperaturea 

A radiation guard is sometimes used around pipes penetrating fire walls to protect against 
excessive pipe temperature rises. To check that the guards themselves do not become 
excessive& hot !hk pipe radiation, guards (with thth~ocouples) wcre used in some tests. The 
temperature rises recorded on these guards (see Table A. 1) were low, indicating that there was 
no problem in this regard. The length of guard must be selected to cover the length of pipe 
w k c  the temperatun rise on thc pipe surface is likely to be excessive. The tcmpcrature 
profiles along the pipes given in this report give some guidance in this regard. More 
discussion on radiation guards (including effect of separation distance) is provided by Brown 
and Bum (1980). Pipe lagging is also commonly used to protect against excessive pipe 
temperaturc rises but has not been considered within the scope of this project. 

4. FINITE ELEMENT (NISA) ANALYSIS 

This report makes use of a finite element program called NISA III (EMRC, 1993) for 
modelling the temperatures within concrcte walls penetrated by metal pipes exposed to fire. 
The computer program used is a commercial general-pupose finite element package capable 
of handling non-linearity and tempcreturr-depadent matmid properties for problems of 
transient heat trmskr. The program is called NISA II and is supplied and supported by the 
Engineering Mechanics Research Corporation. In addition to the main module for heat 
transfer analysis (HEAT) there are pre- and post- processing modules for ease of model 
construction, finite element meshing end analysis of d t s .  

Details of the NISA computer model, including finite element mesh, processing procedure 
and sample listings are provided in Appendix C. 

With respect to problems concerning heat trader at fire temperatum, NISA 11 is capable of 
taking the following factors into account 

timedependent fire/fumace gas temperatuns 
material properties which are time and/or temperaturr-depcndent 
2 or 3 dimensional analysis 
emissivity and convective heat transfer coefficients which may vary with temperatun 

8 phase changes (e.g. evaporation of moisture) 
automatic finite element meshing routines 

Wade (1993) found a good agreement between tempaatures measured in full-scale tests and 
those predicted from NISA modelling of comsp~nding tests. Many of the assumptions 



uscd by Wade, such as the concrete t h d  propedes, wen adopted for this study. Wade 
presented the basic equations which govern heat flow in a fin wall. 

The assumed material propertics used in the NISA analysis an discussed for each material in 
tum below. Where properties in the analysis varied from this, the actual values used an noted. 

4.2 humed Concretc Properties 

The thermal properties of dry concrete uscd in the NISA analysis are given in Table 9 and 
were taken from Wade (1993). 

The efFd of moisture in the concrete can be significant because the energy rcquind to 
evaporate the water is not available to increase the temperature of the concrete. Typically, 
therefore, a plateau will be apparent in the thee-temperature curve at about 100 OC. 

The effect of moisture is taken into account by specifying the volumetric enthalpy m u s  
temperatun curve for moist concrete as explained in detail by Wade (1993). This assumes 
that the moisture evaporates between the tempcrstuns of 100 "C and 1 15 OC. The heat of 
vaporisation of water was taken as 2257 Wkg. The enthalpy of concrete wss added 
scpmkly. Wade presented equations for calculating the enthalpy of moist concrete which 
can be readily solved by sp- analysis. An example of this (for the 100 mm thick slab) 
is given in Table 9. 

Enthalpy is defined as the summation of the product of specific hcat and tempemure stating 
from room temperatun. It is uscd to avoid the sharp peaks that occur in the specific heat of 
some materials at near 100 OC, due to the evaporation of moisture. Using an input witb large 
discontinuities in the slope can lead to numerical instabiitics in a finite element model. 

The finite element model assumes that once the moisture has been evaporated it is removed 
from the system. In reality it is not so straightfOTWBTd, bccausc of mass transport of moisture 
which can be driven through a slab, evaporating and condensing at various depths. Imagine a 
single point within the thickness of a concrete slab. Not only is energy required to drive off 
moisture associated with that element volume, but moisture associated with other elements 
closcrtothefirmrposcdfacemay havebamdriventhroughtheslabtocondcnscatthe 
element in question. So, to that element, in tarns of the cnergy re&rcment to m o v e  -- - 
moisture, it may appear to have a higher "effective" moisture content than its original 
measured moisture content. For the same reason the “effective" t h d  conductivity may 
also appear to be higher. This effect is likely to become more dominant the ihe - 
distance from the f i s e d  facc. 

The m e a d  concrete moisture content as given in Table 4 was used to calculate enthalpy 
for verification of the computer model developed as part of this study. However, for 
predictions of real wall perfonnance, the cxpcctd equilibrium moisture content of the 
concretc should be used. 



Table 9. Volumetric Enthalpy aa a Function of Temperature 

Latent Heal of evaporation = 2257 Ulkg 
Concrete moisture content = 5.04% 



4 3  Aaaumed Steel Properties 

The thermal conductivity of steel as a function of temperatun is given in Table1 0 h m  
Wainman a al. (1990). 

The specific heat of steel as a function of tempatwe is also given in Table 10 h m  Wainmao 
a al. (1990). At around 730 OC, steel uuderg& a phase ch&e to adopt a denser internal 
structure. This is charactcrised by an increment in the specific heat at that tem~eratun as 
shown in Tablelo. 

The density of steel is approximately 7850 kg/m3. Table 10 also tabulates mass density as a 
function of temperatwe, again h m  Wainman a al. (1990). 

Table 10. Aaaumed Steel and Copper Tbernul Properties 



4.4 Assumed Copper Properties 

The thermal properties of copper were obtained from Kaye and Laby (1985) and arc given in 
Table 10. The density was taken as 8933 kg/m3 and the melting point as 1356OC. 

4s Assumed Lightweight Concrete Properties 

Trethowen (1994) estimated the following properties for lightweight concrete: 

'RIC measured density of this lightweight concrete product E (see Table 2) was 764 kg/m3. 
After drying in the oven the density reduced to 426 kg/m3. Based on thcsc densities, the 
conductivity of the product was tstimated to be: K = 0.1 W/m.OK 

Densiq 
W m  

The specific heat of the lightweight concrete was taken to be the same as for concrete. The 
energy required to drive water from the lightweight conmte was ignored. 

Thermal Conductivity 
W/m."K 

4.6 Assumed Gypsum Filler Fire-Stop Properties 

The thermal properties of this product D (see Table 2) were estimated to be the same as for 
gypsum plasterboard. Gypsum (CaSO4.2H2O) will lose two water molecules at temperatures 
between 100 and 160 OC, depending on the rate of heating (Hamathy, 1988). 

The following thermal properties for the gypsum filler were taken from Thomas d al., 1994. 
The conductivity was taken as 0.2 Wlm. OK between 0-8oO0C, and then increasing linearly to 
0.75 WIm.OK at 1500OC. The enthalpy was assumed to increase at 0.95 kJ/kg.OK except for 
an additional increase of 500 kJ/kg which occlas linearly between 100 - 150 OC and is the 
energy required to evaporate water fiom the gypsum. The specific heat was assumed to be 
independent of temperature, with a value of 1000 Jkg. OK. 

4.7 Assumed Air Propertier 

For some analyses an attempt was made to model the convection and radiation heat flow 
within the pipe by providing an artificially high value of air conductivity. Air thamal 
properties assumed were based on data fiom West (1987). The specific heat was assumed to 
be independent of temperature, with a value of 1010 Jkg.K, while the air density was taken 
as: 

273 kg where T = air temperature in OK Density = 1.29~- - 
T m3 



4.8 Assumed Boundary Conditionr 

48.1 Standard fire rrrist.nec teat 

This study is concemcd with comparing the m d  tempcrahuts fhm standard fire 
mistance tests, on and within building components, with the results of analytical studies 
b a d  on finite element modelling techniques. It is necessary to establish con6dcnce in the 
model's prediction of standard fire test results before modelling alternative design fires. In 
~~f t~ i s tan~~tes t ing , the furaece tem~isdr ivento fo l lowaprescr ibodt ime-  
temperatwe cum. For example, IS0 834 (ISO, 1975) and BS 476 Part 8 (BSI, 1972) specify 
the following: 

Tpn = 34510glo (8t + 1) + To 
where: Tp, =furnacegastemperature(OC) 

TO = initial tempcrature (OC) 
t = time interval (min) 

The time-temperatwe curve specified in BS 476 Part 20 (BSI. 1987) is identical except that To 
= 20°C. The fire tempaatures used for the testing described in this rcport followed the IS0 
834 curve. In maldng practical use of the finite element model, the prescribed sEaadard time- 
temperatwe curve or any time-temperatwe curve which is appropriate to the fire, and which 
may depend on ventilation, fin load, rate of burning. ctc. would be specified. Predictions of 
wall performance made in this report use the IS0 834 fire curve. 

4.83 Radiation 

The boundary conditions to be specified for radiation are the cmissivity at the concrete surface 
and the ambient temperature. For fireexposed surfaces, the ambient tempaature is time- 
dependent and was specified as the IS0 834 standard time-tcmperature c u m  given above. 
For nonexposed surfaces, e.g. on the unexposed side of a wall or floor slab, the ambient 
temperatwe was assumed to be constant. 

The tam resultant cmissivity is commonly used to represent cmissivity modified by surface 
propexties and geometric configuration. although this approach has bem disputed by Mooncy 
(1992). The resultant cmissivity of building materials exposed to fire is typically in the range 
0.6 to 1.0 (Sterner and WicksMIm, 1990) and will vary with temperature and the 
characteristics of the test furnace. 

A concrete cmissivity of 0.9 was used in all modelling described in this report. 

In this study radiation exchange between the Wcrcnt mhces (e.g. bmveen pipe and wall) 
has not been taken into account. This effect is assumed to be insignificant. 



4.83 Convection 

Convection is generally not as important as radiation on the. firecxposed surfaces, but can be 
significant on the sed surfaces. Sterner and Wickstr(lm (1990) state that a value of UILCXPOo approximately 25 Wlm . K for the radiant heat transfer coefficient is commonly found in fire 
literatwe. CEB (1987) propose a value of 25 wI~' .oK for hmxposed concnte surfaces and 
15 w/D?.~K for unexposed surfaces. Values of 5 W / ~ ~ . ~ K  and 10 w / ~ . ~ K  have been used 
in this study for the unexposed and exposed surfaces rrspcctively, bascd on work by Wade 
(1993). Convection and radiation heat flow within the pipes was assumed to be zero in most 
analyses performed for this report because initially it was thought to be insignificant and 
bccausc it could not be modelled by NISA. This assumption turned out to be wrong, and 
critical, and several trial nms were made using a variation of the computer model which 
allowed heat flow within the pipe. Details art provided in the next section. Convection and 
radiation heat flow within the void betwan pipe and concrete where the seal does not 
effectively fill this cavity was also assumed to be nm for the same r#~sons that it was ignored 
within the pipes. 

5. COMPARISON OF EXPERIMENTAL RESULTS WITH NISA 
P R E D I r n N S  

5.1 Ignoring Heat Flow Within the Piper 

These analyses assumed zero convective and radiative heat flows within the pipes. 

Thc first NISA runs were performed using a heat transfer coefficient of 7 w / ~ ' . ~ K  (rather 
than 5 w/m2."K noted in Section 4.8.3) for the unexposed surfaces, and using the following 
properties for the lightmight concrete (see Appendix B): 

Density - 1860 kg/m3 
Conductivity = 0.72 WIm.OK 
Specific Heat a 780 Jkg.OK 

A comparison of the temperaturrs predicted by NISA using these assumptions and those 
measured for Pipe 1 is given in Figure 22 for points PI A and PIE (see Figure 7) and for 
temperature profiles along the pipe in Figure 23. The NISA model predicted lower 
temperatures on the pipe at the unexposed concrete wall face than measured, and the predicted 
tcm&ratum cooled more rapidly along the pipe than m d  In an attempt to simulate 
these experimental data the heat transfer coefficient was changed h m  7 to 5 W / ~ ' . ~ K  and 
the lightkight concrete assumed to have more iasulating charactaistics (as pa details in 
Section 4.5). The re-run produced the graphs in Figures 24 and 25. Agreement with 
experimental results was again poor. The Iowa heat transfer coefficient had little effect on 
the cooling rate along the pipe, and the grrata insulation of the lightweight concrete only had 
significantiduenceontheprcdicted~sttheumxposedWfaceduringthetirst 
25 minutes of the fire loading. 
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Figure 22. Comparison of Predicted and Measured Temperatures at P1A and PIE ( F h t  
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Figure 24. Comparison of Predicted and Measured Temperrtun at P1A and PIE (Second 
Material Aaaumptions) 



Figure 25. Comparison of Predicted and Measured Temperature Profila Along Pipe 1 
(Second Materid Aaramptionr) 



Figure 26 compares the predicted and meesund tcmperaturc time history for concrete midway 
between pipes (the radiant heat transfer coefficient was again assumed to be 7 W / ~ ' . ~ K  on the 
unexposed surfaces). Agreement is excellent on the exposed face but gets progressively worse with 
distance towards the unexposed concrete face, with the NISA predictions indicating higher 
tcmpcratures than measured. This may have been due to the concrete moisturc being driven from 
the hot (exposed) side of the wall to the colder unexposed side. Note that the experimental data 
exhibits a plateau at about 100 OC, consistent with energy being required to drive off water at this 
tcmprraturr. This plateau only occurred in the NISA predictions on the cold (unexposed) face. 

100 150 

Time (Minutes) 

Figure 26. Comparison of Predicted and Mmaurd Concrete Tempemturer 

One reason for the pipe temperatures being higher in the test than in the NISA model is that heat 
was baing transferred inside the pipe by convection and radiation. This heat transfer mechanism has 
been modelled in Section 5.2. 

A comparison of temperatrnes from test and NISA prediction is also provided for Pipe 4 (a copper 
pipe) in Figures 27 and 28. (All properties were as noted in Section 4.) Agreement for tempcratllns 
alonn the aim arc still wor. although somewhat bctter than for the steel Pipe 1. The bettcr 
- - . <  . . 
agreement may be because the conductivity of the copper pipe is greater thaa for the steel pipe, and 
thus heat transfer along the pipe is less dominated by radiation and convection within the pipe. 
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Figure 27. Comparison of Predicted and Measured Temperaturea at P4A and P4E 





F i p  29 compares temperatures on the pipe and concrctc surface at mid-wall depth. Apart h m  
the plateau on the cxpuirnental curve for concrete t e m w  (see discussion above) agreement is 
reasonable. 

Time (Minutes) 

Figure 29. Comparison of Predicted and M e a s d  Temperature at Pipe 4 at Mid Wall 
Thiclmesr 

5 3  Modelling Heat Flow Within the Pipes 

An attempt was made to model convection and radiation heat flow within the pipes by using 
the thermal properties of air given in Section 4.7 with the artificially high values of air 
thcRael conductivity given below. These valucs wcrc choscn punly in an cmpcrical attempt 
to get agreement with cxpcrimental data and have no comsp~ndence with actual air tbamal 
conductivity properties. 

a) K = 40 W/m.OK (independmt of tcm~~zl tun)  
b) K = 4 W/m.OK (independmt of tcmperanrn) 

The equation shown for assumption (c) provides an extreme reduction of air conductivity with 
temperature in an attempt to reduce the prcdictcd pipe temperature at the untxposed face 
while still providing high temperatures further along the pipe. 



A comparison of measured and predicted temperatuns along Pipe 4 is given in Figure 30 for 
the thm assumptions described above. At time 30 minutes the NISA predictions using 
assumptions (ajand (b) are too high at the "cold" (i.e. unexposed) fa& and predicted cooling 
along the pipe is too rapid (although better than predicted in Figure28). Assumption (c) gives 
better agrtcment except at the unexposed face. On the other hand assumption (a) gives 
excellent agreement with experimental results at 180 minutes. Note that pipe tempuatum at 
the unexposed face were significantly cooled h m  wata nmuing down this face during the 
first hour of the test (water thermally driven h m  the concrete [see Table 61). It is concluded 
that (for Pipe 4) assumption (a) gives best w e n t  for initially dry concrete. 
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F i r e  30. Comparison of Measured and Predicted Temperatures Along Pipe 4 



6. CONCLUSIONS 

The conclusions given below assume the pipes contain still air. Dierent conclusions may 
apply to pipes fdled with a liquid. 

At the inception of this project it was assumed that heat flow within pipes was not important. 
The results within this report show that the convase is true. As NISA was uoable to model 
this heat transfer from &i&s of radiation and convection, the major objective of this 
project of using NISA b e&late test results was unable be a&mplished. However, the 
exucrimental results have been rnd in detail. which ivill enable mdictions from a more 

There is considerable doubt as to whether the 180 O C  insulation tempaeture rise r c q h e n t  
of AS 1530.4 (SA, 1990) is applicable to pipe penetrations of walls. It is lmlilrely that ignition 
of nearby combustibles will occur at this temperature, and a somewhat higher tempaeture 
may be applicable. 

6 3  From Experimental Comparisons 

8 Temperature rises were largely independent of the pipe material (i.e. copper or steel). As 
copper has approximately 8 times the conductivity of steel this result suggests that a large 
pmportion of the heat transfer took place within the air in the pipe. 

8 Pipe temperature rises were largely independent of the type of seal used (where this seal 
did not fail). 

8 The Standard (AS 1530.4 [SA, 19901) provides two potentially critical tempcrahrre 
locations (one on the pipe and om on the concrete). As expected the pipe temperatwe was 
always the more critical of the two in the tests performed. 

The tcmperaturts at the critical pipe location (location "E", see Figure 7) wue significantly 
higher for the 100 mm thick wall than for the 175 mm thick wall. Average time to reach 
180 O C  temperature rise was 16 minutes for the 100 mm thick wall and 68 minutes for the 
175 mm thick wall. 

In otherwise identical pipes, pipe temperaturr rises were Iowa with p i p  of greats wall 
thickness. Generally, pipe temperaam rises were lower with d e r  d i m  pipes, except 
that one small diameter copper pipe had similar temperaturr rises to a larger diamaer 
copper pipe near the 1~uexposcd face, although it cooled down faster than the larger 
diameter pipe with distance &om this face. 

0 The pipe tempaahrns for the 175 mm thick wall show a cooling betwen 20-60 minutes, 
caused by water nmning down the m q o d  face of the wall cooling the pipes. 



A steel mesh radiation guard is sometimes used around pipes penetrating firc walls to keep 
combustible mataial away from hot pipes. The temperature rises recorded on the guards 
used in the tests wen low, indicating that thae was no problem of the guards themselves 
(on the unexposed side of the wall) becoming excessively hot during a fire. The length of 
guard must be selccted to cover the length of pipe where the tempaature rise on the pipe 
surface is excessive.lbe temperature proflei along the pipes given in this report give some 
guidance in this rcgerd. 

6.3 From Cornparisom of Predicted and Measured Ternperaturea 

The heat flow within pipes is important and ignoring this flow leads to grossly now 
conservative results. This heat flow can be modelled by using an artificially high conductivity 
for the air in the pipes, to simulate the conduction and radiation heat that is actually 
transmitted within the pipe. Good agreement bmveen experimental and predicted results was 
obtained using a conductivity, K (independent of tempcratlnc) = 40 Wlm.OK for air when 
modelling a 100 mm diameter copper pipe. In practice, cooling of the pipe may occur within 
the first hour of the firc due to water ruuning down the unexposed face (from water thermally 
driven out of the concrete) and this will not bc pndicted by the model. 

7. RECOMMENDATIONS 

Morc investigation is necded into suitable values for the artificially high conductivity required 
for the air in the pipes to simulate thc wnduction and radiation heat that is actually 
transmitted along thc pipe. This is l i l y  to be a function of pipe diameter. 
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Appendix A Time History Temperature Plots 

A .  Introdnetion 

This appendix contains plots of the measured tempemme time histories of dl themro~uples used in 
the two fm tests. Tbe labelling system used is described in Section 2.5. 



Table A.l Recorded Tempmturw on Thennocouples 
J(A.rociatd With ParUcubr P i p )  
1 I I I I I 





I I I I I I 
Note Pipe 10 had ignition at 14 minutas - thus no data provided hem) 

I I I I I 







Pipe P I  & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Time (Minutes) 

Figure A.1 Thermocouples PlA, PIB, PIC, PlD, PIE, PlF, 100 mrn Thick Wall 

Pipe P1 (8 Guard) Temperatures 
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Figure A 3  Thermocouples P1400T, P1400S, PI-CZST, PI-G25S, Pl-C400T, 
Pl-C400S, 100 mm Thick WaU 



Pipe P2 8 Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A.3 Thermocouples P2A, P2B, P2C, P2D. P2E. PZF, 175 cam Thick Wall 

Pipe P2 (8 Guard) Temperatures 
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Figure A 4  Thermocouples P2-400T, P2-400S, P2-G25T, PZ-GZSS, P2-G400T, 
PZ-G400S. 175 mm Thick Wall 
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Pipe P3 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A5 Thermocouples P3A, P3B, P3C, P3D, P3E. P3F, 175 mm Thick Wall 

Pipe P3 (& Guard) Temperatures 
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Figure A.6 Thermocouples P3-200T,P3-400T, P3-400s. P3-600T, P3-C25T, P3-CZSS, 
P3G400T, P3-G400S, 175 mm Thick Wall 



Pipe P3 Temperatures Mid Pipe Length 8 Hot Face 
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F i r e  A.7 Thermocouples at Mid WaU Thickness and Hot Face, A3, E3, F3, HF3, 
175 mm Thick Wall 

Pipe P4 & Concrete Temperatures @ 25 mm From 
the Cold Face 

Time (Minutes) 

Figure A8 Thermocouples P4A, P4B, P4C, P4D. P4E, P4F, 100 mm Thick Wall 
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Pipe P4 (8 Guard) Temperatures 
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Time (Minutes) 

F i  A.9 Thermocouples P4-200T,P4400T, P4-400s. P a T ,  P4-GZST, P4-6255, 
P4-C400T. P4-G400S. 100 mm Thick Wall 

Pipe P4 Temperatures Mid Pipe Length 
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Figure A10 Thermocouples at Mid Wall Thickness, A4, E4, F4,100 mm Thick Wall 
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Pipe P5 & Concrete Temperatures 
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Figure A 1  1 Thermocouples PSA, PSB, PSC, PSD, PSE, PSOF, PUOOT, PUOOS, 
100 mm Thick Wall 

Pipe P5 
Temperatures Mid Pipe Length 
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Figure A12 Thermocouples at Mid Wall Thickness, AS, ES, FS 100 mm Thick Wall 



Pipe P6 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A.13 Thermocouples P6A, P6B, P6C, P6D, P6E, P6F, 100 mm Thick Wall 

Pipe P6 Temperatures 
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Figure A14 Thermocouples PCZOOT,P6-400T, P6-400S, P6-600T, 100 mm Thick Wall 



Pipe P6 Temperatures Mid Pipe Length 
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Figure A.15 Thermocouples at Mid Wall Thickness, A6, E6, F6 100 mm Thick Wall 

Pipe P7 8 Concrete Temperatures 
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Time (Minutes) 

Fire A16 Thermocouples P7A, P7B, P7C, P7D, P7E, P7F, P7-400T. P7400S 
100 mm Thick Wall 
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Pipe P8 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A.17 Thermocouples P8A, P8B, PSC, P8D, P8E, PSF, 100 mm Thick Wall 

Pipe P8 Temperatures 
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Fin A.18 Thermocoupla P8-200T,P&400T, P8-400% P8-6OOT, 100 mm Thick Wall 



Pipe P9 & Concrete Temperatures 

Time (Minutes) 

Figure A.19 Thermocouples P9A, P9B, P9C, P9D, BE, P9F, P9-400T, P9-400S 175 mm 
Thick WaU I 

Pipe P9 Temperatures Mid Pipe Length 
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Fire A20 Thermoeoupla at Mid Wall Thicknes~, A9, E9, F9 175 rum Thick Wall 



Pipe PI0  & Concrete Temperatures 
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Figure A.21 Thermocouples PlOA, PlOB, PIOC, PlOD, PlOE. PlOF, 175 a m  Thick Wall 

Pipe PI1 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A 2 2  Thermocouples PllA, PllB, PllC, PllD, PllE, P11F. 175 mm Thick WaU 



Pipe P I  1 Temperatures Mid Pipe Length & Hot Face 
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Figure A.24 Thermocouples at Mid Wall Thickness and Hot Face, All ,  El l ,  F11, HFl1, 
HF13 175 mm Thick Wall 

Pipe P11 Temperatures 
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Figure A.23 Thermocouples P11-200T,F'11400T, Pll-400s. P11400T, 
175 mm Thick Wall 



P i p  PI2 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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F i v n  A.25 Tbenocouples PllA, P12B, P12C. P12D, Pl2E. Pl2F. 175 mm Thick Wall 

Pipe PI2 Temperatures 

Time (Minutes) 

Figure A26 Thermocouple8 P12-2OOT,Pl2-4OOT, P12400S. P12OOTT, 175 mm Thick 
Wall 



Pipe P13 & Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A.27 Thermocouples P13A. P13B. P13C, P13D, P13E, Pl3F. 175 mm Thick Wall 
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Figure A28 Thermocouples P13-200T. Pl3-400S, P13400T, 175 mm Thick Wall 



Pipe PI4 8 Concrete Temperatures @ 25 mm From 
the Cold Face 
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Figure A.29 Thermocouples P14A, P14B, P14C. P14D. P14E. P14F. 100 mm Thick Wall 

Pipe PI4 Temperatures 
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Figure A30 Thermocouples Pl4-2OOT,P14.400T, P14400S, P14-600T, 
100 mm Thick Wall 



Concrete Temperatures on Hot Face 
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Figure A.31 Concrete Temperatures on the Exposed Face (Thermocouples F1, F2, F3, 
F4, FS), 100 mm Thick Wall 

Concrete Temperatures 
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Figure A32 Concrete Temperatnres at Middepth and on the Unexposed Face 
(Thermocouples MI, M2, M3, C1, C2, C3), 100 mm Thick WaU 



Concrete Temperatures on Hot Face 
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Figure A33 Concrete Temperatures on the Exposed Face (Thermocouples FI, F2, F3, 
F4, FS), 175 mm Thick Wall 

Concrete Temperatures 
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F i r e  A34 Concrete Temperatures at Mid-depth and on the Unexposed Face 
(Thermocouples MI, M2, M3, C1, C2, C3), 175 mm Thick Wall 



Appendix B Proprietary Products Used 

Six proprietary products were used in the experimental pmgram described in this repMt and are 
referred to as Type A, B, C, D, E or F. These products ire described in generic tams m Table 2 and 
arc f i e r  identified below: 

I I I 
A Pyropaael Technologies lntumex MW Intumescsnt seaknt 

B* 

C 

I I I 
F I Fosroc Expandite Ltd I Flamex M S  ( Intumescent sealant 

Pyropanel Technologies 

Fosroc Ltd 

D 

I I 

Note: Ihc manufacturer of seal Type B advised BRANZ that the seal used in this test m e  from 
old stock that had gone well past the expiry date, and therefore that good performance could not be 
expemd. 

Firepro GPC Fin Stop 
W i g  Compound 

Firepm Safety Ltd 

E 

** See Table 2 in the main text. 

Pyropanel201 SFR 

Flamex One 

Gypsum fills 

Note: Results obtained in this study relate only to the samples tested, and not to my 0th- item of the 
same or similar description. BRANZ does not necessarily test all brands or types available within the 
class of items tested and exclusion of any brand or type is not to be taken as any d d o n  on it. 

Non-intumescent 
polyurerhMe wrlmt 
Acryiic seah 

F i p m  Safety Ltd 

This work was carried out for specific research purposes, and BRANZ may not have d all 
aspects of the products named which would be relevant in any specific use. For thii reason. BRANZ 
disclaims all liability for any loss or other Mcit, following use of the named products, which is 
claimed to be reliance on the results published here. 

F i m  Fys-Mom Lightweight umcmte 

Further, the listing of my trade or brand names above does not represent endolsanont of my named 
product nor imply that it is better or worse than any other available product of its type. A kborcltory 
test may not be exactly representative of the perfo<ance of the item g e n d  use. 



Appendix C Methodology for Performing Nisa Analysis 

C.1 NISA Soflware Package 

NISA consists of several modules. Only two, DISPLAY III and HEAT ANALYSIS, w m  used in 
this project. 

DISPLAY 111 can be used used interactively to generate the geometry, fmite element mesh and 
convective and radiation boundary properties. As the interactive menu-driven commands srr mtmd 
into the program. NISA gencrntcs several files. One is a Session file which is effectively a list of 
input commands. This file may be used to to a NISA job rather than manually raentering the 
NISA intaactive commands. Another file created is a NISA input file which may also be used to 
recreate a NISA job. Both an in ASCII format. The NISA input file must be used to run the HEAT 
module, but is difficult to alter if the finite element geometry is changed. 

C.2 Proccarlng Procedure 

The procedure used in this study was to genetate the first session file interactively, to defme the basic 
finite elanent mesh. The pipe size, thickness or wall thickmss defmition cuds within the session file 
were then altered using a text processor for each diffmnt geometry problem to be analysed. A 
separate session file was thus developed for each gwmetry to be analysed. Each session file was then 
used to generate a separate NISA input file for each geometry. 

Member properties for the first problem w m  defmed interactively on NISA. These were cut from 
the resulting NISA file and merged onto the other NISA file generated using the various session files. 
These amalgamated NISA files w m  used for the HEAT analysis module of NISA. 

The output from the heat analysis is read back into DISPLAY 111 which will plot or print out 
temperature profiles or node time histories. 

C 3  Inpat Data 

A typical session file and NISA input file is provided at the back of this appendix. Within the session 
file the geometry of the problem can simply be altmd by changing the coordinates of the beginning 
and end points defined in the "LIN" command. To kilitate alteration of the geometry, Figure C.l 
shows the lioe and patch numbers used to generate the mesh in the session file. 

The material properties can be altered in the NISA file. In particular, the enthalpy needs altering for 
the particular concrete moisture content. The calculation for enthalpy is achieved by the EXCEL 
spreadsheet shown in Table 8. This EXCEL data was pasted into WORD 6.0, put in the c m t  
format by using the table facilities withim this prognm, and then cut and pnstcd into the NISA file. 



Nodss for which tempentun time histories cue required am selected in the NISA file. The post 
processor frcilities of DISPLAY III of NISA allow an ASCII file of node t e m p a a a v e ~ - K i m  to k 
g e n d .  These can simply be plotted in a spmdshect progm. 

The .OUTNISA file can k used to plot tempenturr profiles at a selected instant in time. The output 
time increment must be set in NISA to ensure the selected time coincides with the .OUT printout 
times. The dab (tempcntures at all nodes) at the selected time is cut from the .OUT file and pLIted 
into a speadshea programme. Node co-ordiinates arc cut from the NISA file and pastsd into the same 
speadsheet. After matchup of nodes is achieved the profiles can be plotted. 

A typical fmite element mesh is shown in Figure C.2. The elements an axi-symmetric aad the axis of 
rotation is shown in Figure C.1. In the model the pipe extends 150 mm into the fiunrrce and 700 mm 
from the unexposed (cold face). The mesh is fma  in zones of high temperature gradiit and coaner 
in less critical areas. 

In the example shown the seal is 24 mm thick. Nonnally this seal would k t h k  and thus the me& 
finer. The origin and mesh have bsm camfully selected to e m  two nodes (nodss 68 and 167) 
exactly coincide with the codaspecified 25 mm critical points (see Seaion 1.3.2), imspective of pipe 
or seal thickness. 
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Figure C.1 Line and Pat& Numben Used in Mesh Generation 



Session File For Pipe 4 

SET,ANAL,,THEAT 
** 200 DIAMETER HOLE IN THE CONCRETE 
** CONCRETE 100 MM THICK 
** mortar SEAL 47.6 mm THICK 
** PIPE 1.6 MM THICK copper pipe 
** outside diameter 104.8 mm 
** Defioe Patch 1 ( L i i  1 and 2). Material 1 (Concrete) 
WPLSLo, 1, 
** line 1 
LINfWP JI,,O. 1/0///0. 1/0.085/// 
** line 2 
LINfWP J1,,0.25/0///0.25/0.085/// 
PATfLNJ ,2, 
F~QU&1,,,6/7/6/7/,103/11111,03/3.0/02/3.0 
** Define Patch 2 (Lines 3 and 4) Material 1 (Concrete) 
**line 3 
LINfWPJI,,O.l/-0.015///0.1/0.00/// 
** l i e  4 
LlN,2WP JI ,,0.25/-0.015///025/0.00/// 
PAT,2LN,3,4, 
FAM,QUA,2.,,l/lll/ll.l03/1/1/1,1.0/3.0/1.0/3.0 
** Define Patch 3 & 4 (lines 5 & 1 and 6 and 5 respectively). 
** Patch 3 is seal (material 2) while patch 4 is pipe (material 3) 
** line 5 
LIN,2WPJ1,,0.0524/0///0.0524/0.085/// 
** line 6 
LlNf WPJI ,,0.0508/0///0.0508/0.085/// 
PAT,2LN,5,1, 
FAM,QUAJ,,,6/3/6/3/,103/1~,0.Y1.0/0.2/1.0 
PAT.2LN.6.5, 
FAM,QU&4,,,6/1/6/1/,103/1/3/3,0.2/1 .OIO.Y1.0 
** Define Patch 5 & 6 (Lines 7 & 3 and 8 & 7 nspectively). 
" Patch 5 is seal (material 2) while patch 6 is pipe (material 3) 
** line 7 
LINJWP,Il,,O.O524/-0.015///0.0524/0.00/// 
** line 8 
LINf WPJI ,,0.0508/-0.015///0.0508/0.00/// 
PATfLN.7.3, 
FAM,QU&5,,,1/3/lB/,103/1N2,1.0/1.0/1.0/1.0 
PAT,2LN,8,7, 
F~QU&6,.,1/11111/,103/1/3/3,1.0/1.0/1.0/1.0 
** Define Patch 7 (Bottom pipe) Lmes 9 & 10 material 3 
** line 9 
LlNfWPJl,,O.0524/4.7///0.0524/-0.015/// 
** line 10 
LINfWJl,,O.O508/-0.7///0.0508/-0.015/// 
PATfLN, 10.9, 
FAM,QU&7, f 0/l/20/1/,103/1/3/3,0.2/1.0/0.2/1.0 
** Define Patch 8 (Top pipe) L i  11 & 12 material 3 



** line 1 1  
LINJWP JI ,,O.0524/O.O85//lO.O524lO.25//l 
** line 12 
LIN,2WP JI ,,0.0508/0.085///0.0508/0.25111 
PAT,2LN, 12,11, 
F~QUA,8,,,511/511/,103/1/3/3J.0/1.0/2.0/1.0 
~ ~ ~ , ~ x ~ , , - o . o ~ ~ o . 3 / - o . 2 o 1 o . 3 , o  
VEW,TOP 
NOD,MER,ALL,0.001 
Y 
CNV,ADD,6,1,3/10.0/1426.0,1/l 
CNV,ADD,12,1,311 O.Oll426.0, 1 I1 
CNV,ADD,18,l,3110.011426.0,lII 
CNV,ADD,24,1$110.011426.0,/11 
CNV,ADD,30,1 ,3110.0/1426.0, 111 
CNV,ADD,36,l,3/lO.O/1426.0, 1 11 
CNV.ADD,42,1,3/10.011426.0, 1 I1 
CNV,ADD,55,1,3/10.011426.0, 111 
CNV.ADD,6l.l~lO.Oll426.0, Ill 
CNV,ADD,67,1,3/10.0/1426.O,III 
CNV,ADD,98,1,UIO.OI1426.0, Ill 
CNV,ADD,99,l,2/10.0/1426.0,1 I1 
CNV,ADD,100,1~110.0/1426.0,1/1 
CNV,ADD.101,1,2/l0.011426.0,1/1 
CNV,ADD,102,1,2110.0/1426.0,1 11 
CNV,ADD,43,1,117.0/293.0,1/0 
CNV,ADD,44,l ,ln.O/293.0,1/0 
CNV,ADD,45,1,ln.0/293.0, I10 
CNV,ADD,46,l ,V7.0/293.0, I10 
CNV,ADD,47,1,1/7.0/293.0, I 10 
CNV,ADD,48,1,1/7.0/293.0, I10 
CNV,ADD,49,1 ,lll.O/293.O, I 10 
CNV,ADD,74,1,117.0/293.0,110 
CNV,ADD,75.1,V7.0/293.0, I10 
CNV,ADD,76.1,117.OR93.O.IIO 
CNV,ADD,78,1,2/7.0R93.0,110 
CNV,ADD,79,1,217.0/293.0,1 10 
CNV,ADD,~O,I,~~.O~~~.O, I IO 
CNV,ADD,81 ,l,Vl.OR93.O, I 10 
CNV,ADD,82,l,Vl.0/293.0, I10 
CNV,ADD,83,l,Vl.OR93.0, I 10 
CNV,ADD,84,1,2/7.0/293.0, I I0 
CNV,ADD,85,1,2/7.0/293.0,1/0 
CNV,ADD,~~,I,~.O~~~.O. I 10 
CNV,ADD,87,l,ul.0/293.0, I 10 
CNV,ADD,88,1,Vl.OR93.0, I 10 
CNV,ADD,89,1,2/7.0/293.0,1 10 
CNV,ADD,90,1,2/7.0/293.0,/ 10 
CNV,ADD,~I , I ~ . o R ~ ~ . o ,  I 10 
CNV,ADD,92,1,2f7.0/293.0, I 10 
CNV,ADD,93,1,2/7.0/293.0,1 10 
CNV,ADD,94,l,ul.OR93.0,1 10 
CNV,ADD,95,1,2/7.0/293.0, I 10 





NISA File For Pipe 4 

**EXECUTIVE 
ANALYSIS = THEAT 
FILE=ITEM4 
SAVE=26 
INIT=283 
*TITLE 
FIRE EXPOSURE OF Copper PIPE THROUGH 100 MM CONCRETE WALL 
(ITEM 4) 
*ELTYPE 

1, 103, 1 
*NODES 

1 ,,,, 1.00000E01,0.00000E+00,0.00000E+00, 0 
2 ,,,, 1.00000E01,8.50000M2,0.00000E+00, 0 
3 ,,,, 2.50000E01,8.50000E-O2,0.00000E+00, 0 

........ etc. for each node 
178 .,,, 5.24OOOE-02, 1.345OOE-01, O.O0000E+OO, 0 
179 ,,., 5.24OOOE-02, 1.67500~01,0.00000E+OO, 0 
180 ,,,, 5.24000E02,2.06000E-01,0.00000E+00, 0 

*ELEMENTS 
1, 1, 1. 1, 0 

26, 4, 16, 27, 
2, 1, 1, 1, 0 
27, 16, 17, 28, 

............... etc. for each element 
102, 3, 1, 3, 0 
176, 180, 171, 170, 

*MATHEAT 
** Concrete subject to phase change 
DENS, 1,0, 0,2300,0,0,0.0,1 
KXX, 1.0. 1,2.59,0.0,0.0,1 
KYY, 1.0, 1,2.59,0.0,0,0,1 
KZZ, 1,0, 1,2.59,0,0,0,0,1 
C , 1.0, 2,1796,0,0,0,0,1 
** Cement Mortar seal constant properties 
DENS, 2,0, 0,600,0,0,0,0,0 
KXX, 2.0, 0,0.2,0,0,0,0,0 
K W ,  2,0, 0,0.2,0,0,0,0,0 
KZZ, 2,0, 0,0.2,0,0,0,0,0 
C , 2,0, 0,1796,0,0,0,0,0 
** Copper Pipe temperature dependent props 
DENS, 3,0, 0,8933,0,0,0,0.0 
KXX, 3,0, 5,413,0,0,0,0,0 
KYY, 3,0, 5,413,0,0,0,0,0 
KZZ, 3,0, 5,413,0,0,0,0.0 
C , 3,0, 6,480,0,0,0,0,0 
*PCHANGEl 
** 5.04% moisture content by mass - alluvial quartz 
273,0.00E+00, 298,58E+06,323,117E+06,348,179E+06 



373,243E+06,388,545E+06,398,568E+06,423,629E+06 
448,693E+06,473,759E+06,498,825E+06,523,892E+06 
548,96OE+06,573,1028E+06,598,1097E+06,623,1167E+06 
648,1237E+06,673,1307E+06,698,1381E+06,723,1462E+06 
748,1556E+06,773,1659E+06,798,1763E+06,823, l857E+06 
848,1944E+06,873,2023E+06,898,2097E+06,923,2167E+06 
948,2237E+06,973,2307E+06,1023,2447E+06,1073,2583E+06 
1 123,2717E+06,1173,2850E+06,1273,3118E+06,1373,3390E+06 
1473,3664E+06,1548,3871E+06 
*TIMEAMP 
**IS0 834 FIRE 
**PEAK TEMP AT 14400 SEC = 1426 K 
1.52.0 
0,0.207,120,0.505 J4O,O.574$6O,O.6l4 
480,0.644,600,0.667,900,0.709,1200,0.739 
1500,0.763,1800,0.782,2100,0.798,2400,0.812 
2700,0.824,3000,0.835,3300,0.845,3600,0.854 
3900,0.863,4200,0.871,4500,0.878,4800,0.885 
5100,0.891.5400,0.897,5700,0.903,6000,0.908 
6300,0.913,6600,0.918,6900,0.923.7200.0.927 
7500,0.932,7800,0.936,8100,0.940,8400,0.943 
8700,0.947,9000,0.951,9300,0.954,9600,0.957 
9900,0.%1.10200,0.964,10500,0.%7,10800,0.970 
11100,0.973,11400,0.975,11700~0.978.12000.0.98I 
12300,0.983,126O0,0.986,12900,0.988,13200,0.991 
13500,0.993,13800,0.996,14100,0.998,14400,1.000 
'TEMPFN 
**concrete thermal conductivity 
1,37 

273,1.000~98,1.000323.0.%9~48,0.942 
373,0.918,398,0.899,423,0.875,448.0.852 
473,0.833,498,0.813,523,0.798,548,0.786 
573,0.774,598,0.763,623,0.751,648,0.739 
673.0.724,698,0.704,723,0.685.748.0.661 
773.0.638,798,0.611,823,0.591,848,0.580 
873,0.564,898,0.556,923,0.549,948,0.537 
973,0.529,1023,0.510,1073,0.498,1123,0.498 
1173,0.498,1273,0.498,1373,0.510,1473,0.521 
1548,0.529 
**concrete specific heat 
227 
273,0.426.298,0.426,323,0.450,348,0.475 
373,0.492,398,0.550,423,0.591,448,0.610 
473,0.620,498,0.627,523,0.634,548.0.639 
573,0.644,598,0.649,623,0.654,648,0.659 
673,0.666,698,0.709,723,0.823,748,0.937 
773,1.000,798.0.937,823,0.840,848.0.780 
873.0.71 7.898,0.663,923,0.656,948,0.654 
973,0.659,1023,0.651,1073,0.632,1123,0.622 
1173,0.625.1273,0.634,1373,0.639.1473.0.646 
1548.0.65 1 
**steel thcnnal conductivity 
3,14 



273,1,373,0.98,473.0.94,573,0.88 
673,0.82,773,0.75,873,0.68,973,0.62 
1073,0.50,1173,0.51,12763,0.53,1373,0.55 
1473,0.57,1573,0.57 
**steel specific heat 
4.17 
273,0.088,373,0.096,473,0.106,573,0.113 
673,0.122,773,0.135,873,0.152,973,0.202 
998,0.320,1008,1.000,1023,0.260,1048,0.202 
1073,0.162,1173,0.130,1273,0.130.1373,0.130 
1473,0.131 
**copper thermal conductivity 
5,8 

200,1,300,0.971,400,0.952,600,0.918 
800,0.886,1000,0.852,1200,0.821,1500,0.821 
**copper specific heat 
6.8 
200,0.742,300,0.802,400,0.827,600,0.869 
800,0.902,1000,0.940.1200,1.000,1500,1.000 
*HEATCNTL, ID= I 
15,15,5,0.001 
*TIMEMTEG 
0.5,60,14400, 
*STEPSIZE 
5,5,5.5,5,~,5,5, 

5,5,10,10,10,10,10,10, 
10,10,10,10,10,10,10,10, 
15,15,15.15,15,15.20,20, 
20,20,20,20.20,20.20.20, 
20,20,20,20,20,20,20,20, 
20,20,20,20,20,20,20,20, 
20,20,20,20,20,20,20,20, 
20,20,20,20,20,20,20,20, 
25,25,25,25,25J5,30,30, 
30,30,30,30,30,30,30,30, 
30.30,30,30,30,30,30,30, 
30,30,30,30,30,30,30,30, 
30,30,30,30,30,30,30,30, 
30,30,30,30,30,30,30,30, 
30,30,30,60,60,60,60,60, 
60,60,60,60,60,60,60,60, 
60,60,60,60,60,60,60,60, 
60.60,60,60,60,60,60,60, 
60,60,60,60,60,60,60,60, 
60,60,60,60,60,60,60,60, 
120 
*CONVBC 
** CONVBC SET = 1 

A -  , , 1 
0.100E+02,0.143E+04 
etc. for each element face for which convection is set. 



- 9  . 3 1 
O.lOOE+O2,0.143E+04 
*RADBC,SIGMA=5.667E-08 
**RADBC SET= 1 

3 -  , 1 
0.9OOE+OO,O. 143E+04 
etc. for each element face for which radiation is set 
- 9 3 1 

0.900E+OO,0.143E+04 
*TEMPHISTORY 
10,68,60,16,17,3,5,6,167,77,78 
*TEMPOUT 
0,14400,1800 
*PRMTcNTL. 
TEMP,o 
"ENDDATA 



Appendix D Measured Temperature Profdes Along Pipes 

Measured temperature profiles along the pipes are presented in this Appendix for times 30, 90 and 
210 minutes. Zero distance corresponds to a point in the unexposed face of the wall with positive 
values indicating grater distance from the furnace. Hence, where a thermocouple was used at mid- 
wall thickness, this is plotted as a negative distance. 

The tempemturcs at 30 minutes near the unexposed face have been influenced by water flowing down 
the wall, as observed at this time. 
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Temperature Profiles @ 30 mins, Pipes 5,6,7 & 14 
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Temperature Profiles @ 90 mins, Pipes 1,2,3 8 4 

-100 0 100 200 300 400 500 600 

Distance along pipe from unexposed face of Wall (mm 

Temperature Profiles @ 90 mins, Pipes 1,8 8 12 

0 100 200 300 400 500 

Distance along pip. from unexposed face of Wall (mm 



Temperature Profiles @ 90 mins, Pipes 5,6,7 & 14 
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Temperature Profiles @ 210 mins, Pipes 1,2,3 8 4 
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Temperature Profiles @ 210 mins, Pipes 9 , l l  8 13 
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