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ABSTRACT

Composite piping systems are becoming the “System of Choice” in many 

applications previously the domain of metallic piping systems. For full 

acceptability and usage of these composite piping systems, new innovative 

approaches m ust be developed. Three areas of development are addressed; (i) 

therm al efficiency, (ii) fire endurance, and (iii) joining techniques.

La the development of the energy conserving composite pipe, the therm al 

contact resistance acts as an additional insulating layer. A model and device 

to predict and measure the contact resistance for a  pipe system has been 

developed. A corrugated layer, which acts as an enhanced contact resistance 

layer, forms a  "dead air" space between composite layers, improving the 

insulating capability of the system.

With the increased usage of composite pipe in nonessential services, the 

question of performance in essential services, e.g. fire protection systems, m ust 

be addressed. The performance of composite pipe in a  deluge w ater delivery 

system is specifically addressed, where the system  is initially dry until a  fire 

is detected. It is in these critical minutes when the system is most vulnerable. 

Different configurations, which incorporate the usage of a  thicker wall and/or 

an internal fire shield show th a t specially designed composite pipe is capable 

of w ithstanding exposure to a  hydrocarbon fire in the dry condition for a 

predetermined amount of time.

v
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In any piping system, joints are a potential source of weakness. A 

joining method which connects composite to composite and alloy and using 

glass fabric pre-impregnated w ith resin has been developed and tested. 

Results reveal that this approach offers a  stronger weld in comparison to the 

present state-of-the-art joining approach used to connect composite to 

composite pipe. This same approach has proven to very effective when joining 

composite to alloy pipe.

By developing the aforementioned approaches, the technical barriers 

which exist may be addressed. Therefore, the performance of composite piping 

system s m ay be greatly improved, extending the service of such systems to 

essential applications.

vi
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CHAPTER 1. INTRODUCTION

1.1 In tro d u c tio n

Composite piping systems are becoming the “System of Choice” in  many 

applications previously the domain of metallic piping systems. For universal 

acceptance of these composite piping systems, i t  m ust be proven th a t their 

performance is equivalent to, if  not better, than  those of their m etallic 

counterparts. A composite piping system could be installed for approximately 

the same cost as carbon steel pipe, but with an  improved life cycle cost and 1/5 

the weight of carbon steel pipe. Three areas of development are addressed; (i) 

therm al efficiency, (ii) fire endurance, and (iii) joining techniques. Three 

approaches are presented th a t examine these concerns.

The development of advanced composite piping systems possessing (1) 

superior therm al characteristics, (2) enhanced fire resistance, and (3) 

innovative joining technology have been identified as the primary technical 

barriers preventing greater acceptance of these lightweight, corrosion resistan t 

m aterials in industry. Considerable efforts are underway to develop new 

products and technologies to assist designers in  their efforts to m eet the 

objectives of safety engineers and certifying authorities, while establishing 

realistic guidelines for the performance of all m aterials, not merely composite 

pipe.

1
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2
1.2 Objective and Scope

Energy-Conserving Composite Pipe: It is common to transport hot or 

cold tem perature liquids through piping systems, e.g., the steam  condensate 

lines for heating buildings, high tem perature chemicals in  a  petrochemical 

plant, and  chilled water for cooling systems. While m etallic pipe with 

insulating foams is currently used for th is purpose, insulating costs are high. 

Also the m etallic pipe may corrode resulting in  increased maintenance costs. 

The addition of an insulating layer will increase the overall diam eter and may 

present a  problem for space-saving applications.

Since composite materials have a  lower therm al conductivity compared 

to m etallic m aterials, generally one-percent tha t of steel, composite pipe will 

have a  lower energy dissipation. To take advantage of th is property, the 

influence of contact resistance on the therm al efficiency of a  composite piping 

system is studied. Analytical modeling, along with experimentation, present 

the concept of the energy conserving composite pipe. The overall goal is to 

develop a  therm al conductivity m easurem ent device. This device is also used 

to evaluate the effect of therm al contact resistance on the therm al efficiency 

of a  piping system. The concept of the corrugated layer configuration to 

minimize heat loss is also presented.

Fire Resistant Composite Pipe: Interest in  the use of composite

m aterials has grown in recent years in  such industries as the marine and 

petrochemical industries. Their service applications, however, have been
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3
limited to non-essential services such as process water, cooling water, potable 

water, nonhazardous wastewater drains, and vent transport systems. To open 

new markets in essential services, e.g. on-board ship and offshore oil platform 

use, the fire resistance capability of composite pipe m ust be addressed. Some 

applications where this would be important are in  chemical lines, firewater 

ringmain, and firew ater wet/dry deluge delivery systems. This portion of the 

study involves the design of test methods to evaluate the performance of 

different composite pipe configurations. This will assist in  the final 

development of a  composite pipe configuration capable of w ithstanding 

exposure to a  hydrocarbon fire in  either the dry or wet condition for a  pre

determined am ount of time.

Heat-Activated C oupling  Jo in in g  M eth o d : The original idea for the 

heat-activated joining method comes from a  current joining method for 

composite pipe -  butt-weld joining method. The standard procedure in m aking 

a butt-weld joint is to place two sections of pipe end-to-end and wrap pre-cut 

fiber fabric about the two pipe sections while pouring resin with catalyst and 

promoter to wet the fiber. Frequent application of the roller on the wrapped 

preforms is needed to release the air bubbles trapped in  the joint. Studies 

indicate th a t butt-weld joints offer a  much higher strength than adhesive- 

bonded joints, and even greater than the pipe itself. While butt-weld joints do 

provide excellent strength, the process itself is very labor intensive and 

difficult to perform on-site. The strengths under tension and three-point
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4
bending for the butt-weld for a  10.16 cm nominal I.D. system are greater than 

215 kN and 10,300 N-m, respectively. Using an adhesive bonding system, the 

tension and three-point bending strengths for the same system decrease 

dramatically to 53.4 kN  and 2500 N-m, respectively.

The development of a  joining technique capable of joining composite to 

composite or alloy pipe is investigated. This joining method uses prepregs, 

glass fibers pre-impregnated w ith resin, which possess a  similar matrix 

m aterial and fiber reinforcement as the composite components being joined. 

The cured prepregs, presently used for repair in  aerospace structures, provide 

both continuity of m aterial properties between joined components and 

increased joint strength. To offer an effective alternative to the butt-weld 

jo in t, the curing process of the prepreg is also evaluated. This new joining 

technique m ust have comparable strength, if  not better than  the butt-weld 

joint. Again, this method m ust also be capable of joining composite to alloy, 

something the butt-weld jo int does not do.

1.3 Literature Review

Energy Conserving Composite Pipe: When nominally flat surfaces are 

held in  contact under loading, the heat transfer between them  is impeded by 

a  surface contact resistance a t the interface causing a  tem perature drop across 

the contacting surfaces.

In general, the therm al contact resistance model is a  combination of 

three models: thermal model, surface geometry model, and deformation model.
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5
The therm al model, which predicts the therm al contact resistance, requires 

input from the surface geometry and deformation models. This information is 

used to estim ate the contact spot density and the size of each contact. Many 

of the previous studies of contact resistance were concerned w ith relatively 

small contacting surfaces. Those surfaces are often characterized as a  u n iform  

distribution of micro contacts. Later studies understood th a t this approach 

was only appropriate if  the macroscopic nonuniformity of the contacting 

surfaces was negligible. These macroscopic contacts may be identified as a 

direct effect of the surface waviness and/or deformation of the surface due to 

applied loadings.

The m ajority of contact resistance studies reported on the contact of 

dissim ilar m etals. The directional effect, associated w ith th is dissimilar 

metallic contact, is a  tra it of therm al contacts to present a  greater therm al 

resistance in  one direction as compared to the reversed direction. This 

directional effect arises prim arily from the interaction of four mechanisms. 

Two mechanisms of this directional effect are the electronic hypothesis and the 

surface oxide phenomena. Moon and Keeler [1] described both as a  product of 

the potential barrier produced by the interfacial oxide layers of the two 

dissim ilar m etals, along with the development of surface films, which is 

related to the thickening rate of the oxide film. Another mechanism described 

the changes due to the differing bulk properties of the contacting m aterials. 

Clausing and Chau [2] suggested th a t the contact resistance a t the interface
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6
of dissim ilar m etals consisted of a  macroscopic resistance, microscopic 

resistance, and  in  some instances, a  film  resistance. Clausing [3] later 

considered the effects of thermal strain  as a  source of an enhanced directional 

effect From experimentation, it  was noticed th a t the contact resistance a t the 

interface of dissim ilar metals was strongly dependent upon the heat flux. 

Changes due to differing properties of contacting surfaces may also affect 

directional effects. Lewis and Perkins [4] related these results w ith surface 

interface conditions such as the flatness and roughness of the contacting 

surfaces.

Experimental studies undertaken by Thomas and Probert [5] suggested 

that the therm al contact resistance between dissimilar metals was lesser when 

the heat flow was from the higher therm al conductivity metal. This was in 

contrast w ith Clausing [3], who believed th a t for same m aterial pairs, the 

therm al stra in  should not cause directional effects to manifest.

Heat can be transferred across the contacting interface via the following 

means: (a) solid-to-solid conduction a t contact points, (b) conduction through 

the fluid in the gaps around the contacts, (c) free convection w ithin the gap, (d) 

radiation across the gap, or (e) any combination of these, h i actual application, 

these modes are interdependent and difficult to predict. Past experimental 

investigations, such as those performed by Yovanovich [6], dem onstrated th a t 

for relatively smooth, nominally flat surfaces, the actual contact area is 

between 2 and 5 percent of the apparent contact area. In the study of the
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7
actual contact, the associated asperities may be modeled as conical in shape. 

M adhusudana [7] studied the heat flow through these conical constrictions. 

Analytical results showed th a t the contact or constriction resistance is reduced 

significantly in  the presence of a  conducting fluid.

The contribution of solid-to-solid conduction is strongly dependent on 

the number and size of asperities in actual contact region. Several correlations 

between solid-to-solid conduction and the param eters affecting it have been 

developed over the past thirty  years. Later developments by Fried [8] have led 

to a  correlation relating solid-to-solid conduction to the ultimate strength of the 

softer contacting m aterial and a  constant dependent upon the average surface 

roughness heights and the radius of the contact spot. O ther factors considered 

by Madhusudana and Fletcher [9] were the mean junction temperature, a  gap 

dimension param eter accounting for the roughness as well as the flatness 

deviation, and the variation of the above param eters w ith contact pressure.

Song, et al. [10] studied the effects of surface roughness as it related to 

the thermal gap conductance. They defined the gap conductance as inversely 

proportional to the effective gap thickness, which typically lied in  the range of 

0.1 to 100 pm. Since the thickness of die in terstitial gap is usually much 

smaller than the other contact dimensions, only fluid conduction normal to the 

contact plane is usually considered. For normal engineering applications, it 

is noted that the effective gap thickness is of the sam e order of magnitude as 

the mean free path of the gas molecules in  contact Free convection and radial
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8
conduction factors are usually considered negligible within the fluid. Several 

approaches have been developed, however, to determine free convective 

coefficients utilizing the interstitial gap distance. This gap param eter 

presented by Fried [8] uses the ratio of the volume of the interface fluid to the 

contact area. M adhusudana and Fletcher [9] associated the free convective 

effects with the maximum heights of roughness of the contacting surfaces, the 

approach of surfaces under loading, the maximum thickness of the in terstitial 

fluid layer, and the tem perature jump distance.

Loading plays an  important part in the magnitude of contact resistance. 

McWaid and M arschall [11] obtained contact resistance data a t various 

pressures. They showed th a t the contact resistance is inversely proportional 

to the pressure. The mode of heat transfer a t high loadings is m ainly solid-to- 

solid conduction. However, a t low loadings, Jeevanashankara, et al. [12] 

stated th a t the to tal conductance across the gap was a  strong function of the 

conductivity of the in terstitial fluid, whose value was essentially constant.

Nishino, et al. [13] also studied the effects of low applied loading in  a 

vacuum as a  function of pressure. They developed a  new approach which used 

a pressure-measuring film capable of visualizing contact pressure 

distributions. Their total macroscopic resistance, in axi-symmetric 

coordinates, considered such variables as the contact pressure, the radius of 

heat flow channel, therm al conductivity, and Poisson's ratio.
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Through theoretical analysis and experimentation, they showed that a t low 

applied loadings, the macroscopic contact resistance was predominant.

A review of contact resistance studies was published by Fletcher [14]. 

He suggested that surface param eters were a  d e te rm in in g  factor in  therm al 

contact resistance. Also, recent studies evaluating conforming surfaces, along 

w ith developed models, predicted the real contact area. Recent studies also 

considered the geometrical aspects of the contacting m aterials as well as the 

surface preparation.

Several studies have been done to enhance the therm al contact 

conductance, the inverse of the contact resistance, across an  interface. One 

method commonly used included the use of a  therm al grease between the 

contacting surfaces. A ntonetti and Yovanovich [15] presented a  

thermomechanical model for nominally flat rough contacting surfaces coated 

with a  m etallic layer. Their developed model allowed for a  coated joint to be 

reduced to an  equivalent bare jo in t using an effective microhardness and an 

effective therm al conductivity. Kang, et al. [16] conducted an  experimental 

investigation to study the effect metallic coatings have on therm al contact 

conductance. The hardness of the coating m aterials seemed to be the 

prominent parameter in the magnitude of this effect This contact conductance 

was also noticed to be greatest a t low contact pressures. Ochterbeck, et al. [17] 

studied the effects of metallic coatings on contacting surfaces a t cryogenic 

temperatures. The developed model requires only a knowledge of the surface
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roughness, therm al conductivities, and microhardness values. As the 

tem perature increased, the microhardness increased by 35 percent for the 

copper in  the experimental study, which validates the incorporation of 

microhardness param eter when discussing cryogenic tem peratures. One 

characteristic of therm al contact resistance a t cryogenic tem peratures is th a t 

it is nearly inversely proportional to the  bulk therm al conductivity of the 

contacting m aterial. However, M addren and Marschall [18] showed th a t 

beryllium reacted inversely to this postulation. They concluded th a t a  possible 

reason may be because a t the interface more static imperfections become 

evident as compared to those in  the bulk m aterial, therefore causing the 

difference between the bulk and interfacial therm al conductivity 

measurements.

Of particular interest is a  paper authored by Dundurs and Panek [19] 

in which a  theoretical treatment of heat conduction between bodies w ith wavy 

surfaces was studied. The problem was se t in  two dimensions and surfaces 

were profiled as purely sinusoidal. D irectional effects existed for the derived 

expression of the constriction resistance. O f note also, is th a t perfectly flat 

surfaces may become wavy as heat is transm itted. From the aforementioned 

discussion about the relationship between directional effects and contact 

resistance, it is noticed th a t no general consensus is reached among the 

various authors, w hether directional effects should be considered in  the 

discussion of contact resistance, or w hether directional effects exist a t all.
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Sridhar and Yovanovich [20] presented a  review of elastic and plastic 

contact conductance models and compared with experimental data. More than 

400 data  points (conforming rough surfaces) were obtained for five different 

materials. For each case, the type of deformation was determ ined beforehand. 

Comparison of models and experimental data suggested th a t generally 

smoother surfaces undergo elastic deformation, and rougher contacting 

surfaces experience plastic deformation.

Thermal radiation involves energy emission from m atter occurring at a 

given temperature. Unlike the transfer of energy by conduction or convection, 

radiation does not require the presence of a m aterial medium. The radiative 

resistance is a complex param eter depending upon the geometry of the gap, the 

emissivities of the contacting solids, and the side walls forming the enclosure, 

as well as the tem perature distribution of the bounding surfaces, h i general, 

for low temperature applications, neglecting radiation does not introduce 

significant error into the problem.

There are a  number of techniques available for the prediction of contact 

resistance. However, each approach is appropriate for only selected 

applications. Very few, in  general, appear to be successful, even in 

consideration of the application for which the models were developed. Present 

research studies suggest th a t it is not possible to develop a  generalized 

prediction technique for all te st environments and conditions.
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Present studies indicate th a t contact resistance, in some cases, 

constitutes more than forty percent of the overall therm al resistance of a  

system. If a  system can be purposely designed to take advantage of this fact, 

an improved insulating system may developed. A pseudo contact resistance 

layer would take advantage of a  fluid layer, such as air which has a  low 

therm al conductivity. To fully utilized th is system, however, would require 

that the fluid layer experience little, if  any, convective motion. The following 

background discusses convection, specifically in  enclosures.

N atural convection in enclosures, such as cavities and cells, enhance 

heat transfer in  a  system, effectively lim iting the insulating effect. In some 

instances, it may desirable to design a cavity or cell structure to suppress 

convection currents and restrict the heat transfer. This section discusses the 

effects of natural convection in enclosures to determine the most effective 

approach in  reducing the heat transfer in  a  system which incorporates a  

pseudo contact resistance layer.

A literature review of natural convection heat transfer in cavities and 

cells was performed by Ostrach [21]. He discussed natural convection in  low 

aspect ratio enclosures that are heated from the side. The overall them e of th is  

report suggests th a t natural convection in  cavities and cells is very problem 

specific, meaning th a t no general way of predicting beforehand the extent of 

this effect exists. Therefore, one approach may not be appropriate for sim ilar 

cases. Hoogendom [22] also discussed this concern for rectangular enclosures,
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placing an emphasis on experiments and practical applications. He extended 

his review by including numerical modeling techniques of convection and 

radiation interactions. A comparative review was done by Yang [23]. This 

commentary involves a  more extensive review of numerical modeling 

approaches for natural convection and radiation interactions.

Cation [24] reviewed the effects of natural convection induced by density 

gradients. The review considers vertical, horizontal, and tilted geometries for 

rectangular shapes, along w ith honeycomb geometries. Various authors, do 

agree, that a t small Rayleigh numbers, there would be little increase in  the 

heat transfer over conduction. Of particular in terest to this study is the 

discussion of honeycomb structures. Complex geometries, such as sinusoidal 

honeycomb structures, are ju st receiving an appropriate amount of review. 

The effect present in  the solar collector construction is sim ilar to that to be 

developed in  the construction of the corrugated sublayer for composite pipe. 

Initial studies show th a t wall conductance does not play a  strong role when a  

cell-to-cell gap exists.

Eckert and Carlson [25] studied the effect of natural convection in an  air 

layer enclosed between two isothermal vertical plates. Experimental data 

suggested that a t a  certain Grashof number and above a  certain aspect ratio, 

the primary mode of heat transfer was conduction. Convection only 

contributed in  the com er regions. In the conduction regime of the air layer, 

three regions were observed. They were (1) the starting corner: heat transfer
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coefficients larger than in central core, (2) the central core: mode of heat 

transfer is conduction, and (3) th e  departure corner: heat transfer coefficients 

sm aller than  th a t in the central core. The overall heat transfer was a  

combination of these three effects. Later, Wirtz, et al. [26] studied the effect 

of angle inclination on the natu ral convection in rectangular enclosures for 

small aspect ratios. The region of study was in  the central core, using water 

as the enclosed medium. I t was found th a t the variation of the Nusselt 

number was small with the change of angle inclination.

Numerous correlations have been proposed for overall heat transfer by 

natural convection between horizontal concentric cylinders. In consideration 

of concentric annuli, three distinct regions of heat transfer are assumed. A 

region of conduction is assumed to exist near the surface of each cylinder, 

constituting the thermal resistance. Thermal energy is then transported from 

the inner film to the outer film by convection with no energy losses.

Kwon, et al. [27] discussed natural convection in  an annulus between 

horizontal circular cylinders with three axial spacers. Their studies suggested 

that natural convection in a horizontal annulus with three equally space axial 

spacers w as 3-20 percent less than  th a t for a  simple unobstructed annulus. 

Also, up to thirteen percent of the heat convected to the outer cylinder entered 

the fluid a t the spacers, while the rem ainder entered the inner cylinder 

surface. The amount increased as the therm al conductivity of the spacers 

increased.
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Tsui and Tremblay [28] presented a  numerical study using the vorticity- 

stream function approach of the  transient natural convection effects. Air was 

the fluid medium in  a  concentric horizontal annulus w ith isotherm al surfaces. 

This paper covered a  range of Grashof numbers from 1 x  103 to 9 x 104 and 

diameter ratios from 1.2 to 2.0. Even a t Grashof = 1.5 x 104 and the diam eter 

ratio  is 1.2, the effect of natural convection was negligible. Kuehn and 

Goldstein [29] obtained correlating equations using a  conduction boundary- 

layer model which confirmed th is result.

N atural convection in  the space between two vertical cylinders of 

different height was investigated by Sparrow and Charmchi [30]. The fluid 

medium in  this study was air. Because of the different heights, flow regions 

above and below the inner cylinder existed, as well as in  the region between 

the cylinder walls. From their experimental and numerical results, it  was 

determ ined th a t the average Nusselt number was almost independent of 

elevation w ithin the enclosure and eccentricity of the inner cylinder. As a 

resu lt, they were able to correlate the Nusselt number as a  function of the 

Rayleigh number and the cylinder-to-cylinder diameter ratio while neglecting 

the effect of elevation and eccentricity. An experimental study on the effect of 

concentric and eccentric cylinder placement was also undertaken by Sun and 

Zhang [31]. For the positive eccentric case a t a  given Grashof number, the 

mean thermal conductivity present on the inner cylinder was a  m inim um  when

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16
the azimuthal angle was zero. It increased with the azimuth until a  certain 

azimuth was reached and then the curve became flat.

The placement of spacers also has an  de te rm in in g  effect on natural 

convection suppression. Shilston and Probert [32] reported on the heat 

transfer across a  horizontal air-filled annulus with horizontal and vertical 

spacer placement. The insertion of two vertical spacers along the longitudinal 

length of the pipe actually increased the rate of heat transfer from the inner 

cylinder to the outer cylinder. However, the opposite was true for horizontal 

planar placement of the spacers. Flow instabilities, evident in  the plain cavity, 

were also elim inated by inserting the horizontal spacers. Chu, et al. [33] 

validated experimental results using numerical methods of an unsteady state 

formulation to evaluate the effect of localized heating in a  rectangular channel.

Sun and Edwards [34] performed experimental measurements of 

Nusselt number versus Rayleigh number for fluids in cells heated from below 

using the power integral method. The specific method is called the Stuart- 

Malkus-Veronis power integral relation, which applied the critical Rayleigh 

Number. Their analytical results agreed w ith experimental data w ithin ten 

percent Their theoretical basis, however, was considered questionable. The 

technique predicted no dependence on the Prandtl number, and consequently 

became ineffective a t high Rayleigh numbers.

If a honeycomb structure is introduced into a  fluid layer, such as air, the 

first convective layer occurring in the unconstrained layer will have a  scale
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larger than the honeycomb cell size. Consequently, the first convective motion 

will require a  higher Rayleigh number in  order to cause convective motion in 

the honeycomb structure, effectively reducing, and in  some cases, negating 

heat transfer due to convection.

Hollands [35] examined the effects of natural convection in horizontal 

thin-walled honeycomb panels. For a  thin-wall approximation, the walls of the 

honeycomb structure were treated as fins w ith no tem perature gradient. The 

set of conditions established correspond to those th a t describe solar collectors 

used for convection suppression.

Both Cane, et al. [36] and Arnold, et al. [37] discussed the effect of tilt 

on natural convection in a  honeycomb structure. A correlation equation, along 

with experimental data, was presented by Cane, et al. [36] in  the design of 

honeycomb structures. Established primarily for solar collector construction, 

this information m ay be used for other structures th a t require suppression of 

natural convection effects. Arnold, et al. [37] reported on the effects of three 

different horizontal aspect ratios. Experimental results noted tha t for 

horizontal aspect ratios greater than  unity, little effect of natural convection 

was noticed.

These studies, although problem specific, suggest th a t w ith an 

appropriate construction, a  pseudo contact resistance layer may be developed. 

Such a  system could suppress convection currents and restrict heat transfer.
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Fire Resistant Composite Pipe: On average, fiberglass-resin systems 

have a  therm al conductivity one-percent th a t of steel. Upon exposure to a 

flame environment, heat transfer through the m aterial is conduction prior to 

m aterial decomposition. Up to this response level of the system, the 

performance is acceptable. It is a t the point of decomposition, which occurs a t 

the resin distortion temperature, tha t system integrity is most im portant. An 

analytical model would be helpful in  developing a  viable composite system 

capable of withstanding exposure to fire. Models developed have been simple, 

in  some cases not considering the decomposing nature of the m aterials. Others 

began to include term s which included decomposition reactions, tem perature 

dependent properties of the materials, and the storage of gases which where 

produced by the m aterials upon decomposition.

Over tim e, models have become more sophisticated. In fact, a  model 

developed by Henderson and Wiecek [38] considered decomposition and 

thermochemical expansion concurrently in  u n d e rs ta n d in g  the therm al 

response of a  composite material. McManus and Springer [39] developed a 

model which described the thermal responses of carbon-phenolic composites 

when heated to high tem peratures a t a  rapid rate. Tem perature, the am ount 

of char formed, am ount of gas released, and gas flow were predicted as 

functions of tim e and position inside the composite. Their results were 

presented in  a  companion paper [40] and compared well w ith experimental 

data.
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A few studies have been initiated which present comparative bench* 

scale analysis of different fire preventive coatings and insulations (e.g. 

intumescent, ablatives). Pande, et al. [41] studied the performance of several 

fire preventive coatings, specifically in  the protection of polyvinyl chloride 

nitrile rubber. W hen using thermogravimetric analysis, they found out that 

both the temperature a t which a  coating begins to lose weight and the percent 

weight loss a t a  specific temperature where good indicators of the performance 

of th a t coating, when studied in  conjunction w ith one another.

Intum escent coatings are considered in  m any applications where fire 

protection is a  mqjor consideration. However, m any address the performance 

of m etallic systems, such as steel. Dowling [42] specifically looked a t the 

requirem ents of fire protection for steel m anufacturers. He considers such 

parameters as appearance, mechanical durability, compatibility w ith corrosion 

systems, etc. Such considerations must be addressed when evaluating the fire 

survivability and performance of composite systems.

Another approach in  the fire protection of composite m aterials is the use 

of fiber reinforced phenolic resins. They have excellent therm al resistance and 

ablation properties. Phenolic resins, a t high tem peratures, produce a  char 

layer th a t shields sublayers from a  fire environment. At these elevated 

tem peratures, the mechanical properties of phenolic resins are better than 

epoxy resins. Different types of reinforcing m aterials, such as carbon and 

asbestos, can be added to further improve the performance of the phenolic
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based system. Properties considered are the heat stability, heat capacity, and 

ability to form char. Uyarel and Pektas [43] studied the performance of 

phenolic based resin  systems composed of different types of fillers. The 

degradation of the system was investigated to a  tem perature of900°C using 

thermogravimetry. Wang [44] discussed the structural response of a  phenolic 

composite subjected to a  heated environment. He studied how the therm al 

degradation, therm al expansion or contraction, and gas perm eability of 

phenolic resins interacted.

Reshetnikov, et al. [45] studied the performance of phosphoric adds as 

fire retardants for thermoplastics. They developed a  method which evaluated 

the heating effect of the chemical interactions which occur in  fire retardants. 

Their studies indicated th a t the effectiveness of intumescents depend on the 

thermal protection properties of the char th a t form during fire exposure. An 

earlier study of Markovic and Marinkovic [46] reported on phenolic resin 

reinforced w ith carbon fibers undergoing pyrolysis. The behavior of the system 

as it underwent pyrolysis depended on the fiber-resin adhesion which 

weakened a t a  certain tem perature.

Considerable efforts are underway to develop fire standards and/or 

codes to assist designers in  their efforts to meet the objectives of safely 

engineers and certifying authorities, while establishing realistic guidelines for 

the performance of all materials in  essential fire prevention and exposed 

systems. Of prim ary concern regarding the use of composite pipe in  these
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systems is the ability of the pipe to w ithstand a sustained fire in  the case of a 

hydrocarbon fire and/or an explosion in  the case of a  “Je t Fire.” Test 

procedures for composite pipe have recently been established. However, the 

consideration of composite piping system s in  fire exposure applications is ju st 

recently being addressed.

h i the past, there have been some efforts in this area; focusing more so 

on overall system failure modes [47,48]. Guidelines which address such 

concerns are the United Kingdom Offshore Operators Association CUKOOA) 

[49], the International Maritime Organization (IMO) [50], and the American 

Society of Mechanical Engineers (ASTM) F-1173 guidelines [51]. Using the 

UKOOA Guidelines as a  basis, testing procedures were developed by the IMO 

and  ASTM. The ASTM F-1173-95 guidelines and the IMO guidelines are 

equivalent in  requirements. All three documents adopt the hydrocarbon fire 

curve accepted by the Health and  Safety Executive (HSE). Typically, 

composite pipe lengths are exposed to a  flame environment and the time-to- 

failure (leakage) has been m easured [52,53]. Testing has begun using these 

guidelines as a  reference.

UKOOA has designated a  fire classification code for a  typical fire w ater 

deluge system as 3.2.2/120^4.9). This classification addresses the performance 

of th is system in an open ventilated area which may be exposed to a 

hydrocarbon fire. The piping system m ust also be able to m ain ta in  a m in im u m  

of fluid loss and endure exposure to fire for two hours. The system tested
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should be in  direct contact to the flames. The a ir temperatures are to be 

measured directly adjacent to the te st specimen. Tests may be performed 

using either an open, e.g. hydrocarbon pool fires, or a  closed, e.g. furnace, 

testing facility. The UKOOA document also suggests that the tem perature 

may be reduced after a  justifiable in itial period to sim ulate the cooling effect 

of water. This adjustment, for example, m ay sim ulate a  deluge piping system 

on an offshore oil platform which is empty for approximately one minute after 

a  fire is detected.

ASTM F-1173-95 entitled "Standard Specification for Thermosetting 

Resin Fiberglass Pipe and Fittings to be used for M arine Applications” was 

adopted from the recommendations of the International Maritime Organization 

(IMO) Resolution, A.753C18) dated 4 November, 1993 for shipboard 

applications. The furnace dry test for Level One composite pipe used in named 

essential services in  the engine room and in  some other areas of a  ship dictates 

that a  pipe w ithstand, for 60 minutes, a  tem perature of 1100°C.

In general, these tests do not follow a  rigorous scientific methodology 

and provide no detail of the tem perature distribution within the system. 

Generalization of results is, therefore, not easily accomplished, h i the current 

testing methods, a  composite pipe section is placed in  a  flame. The inside of 

the pipe may be dry or it  may be filled w ith water. Failure is determined by 

monitoring the internal pressure for a  given period of time. The test rigs used
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in this method are not laboratory scale; rather, they are more pilot scale w ith 

pipe lengths varying up to several feet in  length.

J o in in g  Methods: Many piping systems are considered “busy piping 

systems” due to the number of tu rns and bends in  the piping arrangem ent. A 

major performance barrier of all composite piping systems is bonding or joining 

characteristics. Silverman and Griese [54] evaluated different joining methods 

for therm oplastic composites. They considered adhesive bonding, fasteners 

plus adhesive bonding, resistance heating, ultrasonic welding, focused infrared 

heating, and thermoplastic amorphous bonding. From their study, because 

therm oset can be melted, it was concluded th a t the most effective joining 

technique involved the use of heat, which offered the most rapid joining tim e.

The traditional methods used for joining in  composite piping systems are 

the adhesive bonded joint and the butt-weld joint. The mechanical 

performance of these joining methods have been evaluated by Griffin, et al. 

[55], Yang and Pang [56], Helms, etaL [57], and Yang and Pang [58]. Studies 

performed by Griffin, et al. [59], in  general, revealed th a t adhesive bonded 

joints offered weak bonds in comparison to other joining methods, such as the 

butt-w eld joining method. The alternative joining method, the butt-weld, 

although offering sufficient strength is labor intensive and is not performed by 

on-site workers, other than  the m anufacturer.

In  the development of the heat coupling technology, of consideration is 

the uneven cure that may develop during the curing process. First, if  i t  is
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assumed th a t the pressure exerted on the prepreg fabric during the curing 

process is not uniform, the more cured resin tends to flow into the less cured 

portion of the prepreg joint. From experimental testing and observation, it is 

noticed th a t this resin  rich region, is located prim arily a t the edge of the 

prepreg joint. The mechanical properties of glass fiber reinforced epoxy resin 

are affected by the curing conditions used in  the manufacturing process. 

During the curing of therm osetting prepreg m aterials, heat and pressure are 

applied. By applying heat, the resin polymerization and cross-lin k in g  reaction 

is activated and controlled. Pressure is applied to (1) reduce the effect of 

contact resistance (2) squeeze out excess resin, (3) consolidate the individual 

plies, and (4) minimize void content.

The goal of the study performed by Andersen and Colton [60] was to 

determine the optimum speed, pressure and tem perature values required for 

the consolidation of prepreg laminates. Ultrasonic testing dem onstrated th a t 

the degree of consolidation depended greatly on the applied pressure. A paper 

which addresses the curing of a  prepreg material was w ritten by H arper, et al. 

[61]. They studied the influence of tem perature and pressure in  the curing of 

a  unidirectional prepreg material. It was observed th a t as the curing pressure 

was increased, the density and fiber volume fraction increased. It w as also 

observed th a t a t a  low curing temperature, the viscosity of the resin was high. 

This resulted in  undercured resin rich areas due to the inability to obtain 

optimum molecule crosslinking. Problems were also encountered when a  high
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curing temperature was achieved. In  th is case, less resin  was removed before 

gelation, or hardening, of the resin occurred. They suggested th a t although 

the m anufacturer’s suggested curing param eters are given, personal trials 

m ust be done to determine optimum conditions required for a particular 

application.

As die prepreg fabric is wrapped about the pipe sections being joined, 

contact resistance becomes a  factor. As the layers are not consolidated in  the 

uncured state, air is trapped between the layers, actually impeding a  complete 

cure of the prepreg fabric wrap. Cassidy and Monaghan [62] discussed this 

effect. Through experimentation, it was determined th a t by applying pressure 

during the curing process, the effects of the contact resistance could be 

reduced. Their results also revealed th a t the contact resistance between 

individual plies of an unconsolidated stack in  comparison to a  consolidated 

stack decreased the effective therm al conductivity by a  factor of three.

In  using prepreg materials, approaches must be developed that allow for 

the removal of excess resin, as well as the consolidation of prepreg layers. Two 

approaches currently used are vacuum forming and autoclave curing. Fukada, 

et al. [63], used vacuum forming to improve the uneven thickness of a  molding 

due to resin gelation during the curing process. This process focused mainly 

on the use of a  preliminary gel coat layer and development of sheet 

construction, m aterial properties, and processing conditions. Dickson, et al. 

[64] evaluated the performance of four vacuum bagging techniques used in
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conjunction with autoclave curing. They were (1) conventional vacuum 

bagging, (2) shrink tape bagging, (3) aluminum sleeve bagging, and (4) steel 

sleeve bagging techniques. Both the aluminum and steel sleeves were placed 

beneath the shrink tape to improve on the smoothness of the composite 

surface. The surface finish and uniform thickness of the steel sleeve , due to 

the th in  axial seam from the over wrap of the sleeve, reduced the possibility 

of prem ature shear failure due to a  shear stress concentration.

The autoclave method is a  high pressure curing approach th a t is very 

effective in consolidating prepreg layers. Young [651 used a  viscoelastic solid 

model to characterize the consolidation of a  pregreg lam inate cured using the 

autoclave method. Changes in  permeability and therm al properties due to the 

change in  fiber content during the curing process were taken into 

consideration. His model predicted the pressure, velocity, and laminate 

thickness during the consolidation to aid in optimization of the curing process. 

Chang, et al. [66] used a  genetic algorithm to optimize the curing cycle of thick 

prepreg laminates. A genetic algorithm uses random choice as a  search 

algorithm in determining the optimum cure cycle in  the consolidation of thick 

lam inates.

A new area of development is the joining of composite to alloy. In 

joining two dissimilar m aterials, consideration of the vastly different therm al 

conductivities and the different thermal expansivity values m ust be taken into 

account. Different surface preparations for the alloy and composite are also
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important. Reedy and Guess [67] studied the strength and fatigue resistance 

of composite-to-metal tubular lap joints. They modeled the adhesive as an 

uncracked, elastic-perfectly plastic m aterial and evaluated the effect of 

adherend material and thickness on the fracture mechanic param eters. Bond 

failure was introduced a t the inner bond end where the adherend ceases. 

Marcolefas, et al. [68] performed a  non-linear analysis of an  adhesively bonded 

metal-to-composite scarf joint. Their numerical procedure evaluated stresses 

which developed from shear failure. They were able to determine th a t for 

short and long overlaps, joint weakness due to the th e rm a l mismatch 

experienced by the adherend can be neglected.

An innovative heat coupling joining method is under development th a t 

will offer sufficient strength and reduce the am ount of hum an labor currently 

needed for the butt-weld joining method. This heat-activated coupling 

technique will allow also for the joining of composite to alloy. The next 

chapters discuss approaches and results in  the development of the three areas 

under consideration. These approaches will extend the usage of composite pipe 

into new areas of essential services.
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CHAPTER 2. ENERGY CONSERVING COMPOSITE PIPE

2.1 Thermal Contact Resistance

Thermal Contact Resistance Model: Composite pipe, composed of resin 

and fiberglass, has a  lower therm al conductivity than m etals, generally one- 

percent th a t of steel. Another benefit of composite pipe is its ability to be 

layered during manufacturing. Augmenting the effect of contact resistance 

between such layers may increase the insulating capability of the system. The 

development of the energy conserving composite pipe takes into account the 

natural insulating effect associated w ith contact resistance.

H eat transfer between a  pumped fluid and the environm ent, in  general, 

occurs by convection and conduction. Consider the insulated pipe system 

shown in  Figure 2 .1. Energy transfer in  this system occurs via:

(1) Convection from the pumped fluid to the inner wall of the pipe,

(2) Conduction from the inner to the outer wall of the pipe,

(3) Conduction from the outer wall of the pipe to the insulating 

medium (involving contact resistance),

(4) Conduction through the insulating medium, and

(5) Convection to the environment.

The problem may be modeled more detailed by considering the unsteady 

case where the solution to the unsteady conduction equation gives, by closed 

form or numerical method, the tem perature history of the system.

28
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F ig u re  2 .1  Insulated Pipe System

The problem may be addressed in  a  simpler m anner as in  the case of 

steady heat transfer using the electrical resistance analog. Contact resistance 

can be modeled using the electrical-analog approach with an apparent 

convective heat transfer coefficient, defined as:

R. 1
con

h ~ r „., A_con a
2.1

where:

Ran’, the therm al contact resistance,

•can* the “effective” convective coefficient for contact resistance, and

A,: the area based on the radius of the pipe/insulation interface

In the following discussion, the assumptions listed below have been

made:

(1) the therm al conductivity and other physical properties are constant,
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(2 ) the contact is static,

(3) the contribution from radiation in  the contact resistance term  is small 

and neglected, and

(4) the heat flux is steady.

Given these assumptions, the  rate  of heat transfer, Q, under steady 

conditions, is:

Q = UAAT 2.2

where U is an  overall conductance based on the area A and AT is the 

tem perature difference between the pumped-fluid and the ambient.

The overall conductance, U, is obtained by determ ining the individual 

resistances associated with the chosen pipe/insulation configuration shown in 

Figure 2.2. For the insulated pipe arrangem ent shown, these resistances are: 

Rt : the convective resistance between the pumped-fluid and the inner-most 

pipe wall, R2: the conductive resistance through the pipe, Ra: the contact 

resistance between the steel and the insulating medium, R4: the conductive 

resistance through the insulating medium, and Rs: the convective resistance 

between the insulation and the ambient.

This resistive network, shown in  Figure 2 .2 , is valid a t any axial 

location along the pipe where:

InH In—
D _ 1 D _ ^I D _ 1 n  _ r2 2.3

W 2 " 3 ~ K o J ^ )  4 '  2vkj.
and he. inner convective coefficient, I: length of pipe under consideration, k,:
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therm al conductivity of containm ent pipe, the “effective” convective 

coefficient for contact resistance, k2: therm al conductivity of insulation, and 

ha: outer convective coefficient. While this thermodynamic analysis appears 

to provide the energy loss from the pumped-fluid in  a  straight forward manner, 

the complexity of the contact resistance makes application of the analysis 

challenging. The challenge lies in  determ ining the “effective” contact 

convective coefficient,

TtmUmH

Tt

Th—4 - Pumped Containment 
Fluid Pipe

Ri Rt Rs R« Rt

Tt Fmhmi

F ig u re  2 .2  Electrical Analog Network 

A specially designed test apparatus has been built to determine h ^ .  An 

illustration of the test apparatus is shown in Figure 2.3. In  this work, only the 

steady-state values of contact resistance (non-time or tem perature varying) are 

considered. The test rig is designed so th a t the tem perature of the inner 

surface of the containment pipe is known very accurately. O ther tem peratures 

are also measured w ithin the insulating m aterial using conventional 

thermocouples. Heat loss through the pipe/insulation is also measured.
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Knowing the energy loss through the pipe and the tem perature difference, the 

term h ^ ,  is readily determined by considering the therm al network from the 

surface of the inner pipe to alocation in  the insulation where the tem perature 

is measured (not necessarily the outer insulation temperature). The electrical 

analog for th is network is

A r
Rt +R,+Rt  2 4

where A T  is the tem perature difference between resistances R2 and R4.

The conductive resistances, R2 and R4l are  determined by knowledge of 

the geometry of the pipe/insulation configuration, and the therm al 

conductivities of the pipe and the insulation. Only the contact resistance term  

remains unknown and in  this term, h ^ ,  is readily solved for.

Experim ental Apparatus: The te st apparatus developed for th is work 

is shown in  Figure 2.3 and Figure 2.4. It is used not only to m easure the 

contact resistance, but also to measure the therm al conductivity of the pipe 

and insulating m aterials. M aterials from the field are used since the 

pipe/insulation pair determines the contact resistance. Installation m ethods 

are also the same as those used in the field since contact resistance is sensitive 

to surface contact pressures.

In th is experiment, saturated steam  condenses on the inner surface of 

the containment pipe. The heat transfer ra te  is constant and it is determ ined 

by m easuring steam  condensate as energy is transferred from the steam
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F ig u re  2.3 Thermal Conductivity/Contact Resistance 
Test Apparatus

through the pipe/insulation configuration. A calibrated sight glass is used to 

m easure the condensate level. Temperatures are obtained using 

thermocouples. Since saturated steam is condensing a t die inner surface of the 

containm ent pipe, the convective coefficient between the steam  and the pipe 

is assum ed large and the inner pipe tem perature is taken  as the saturation 

tem perature of the steam, h i consideration of the thin w all approximation for 

pipes w ith high therm al conductivity, this tem perature can also be 

approxim ated as the outer wall tem perature of the containm ent pipe.

Since the rig makes use of saturated steam  and the energy 

m easurem ent is based on condensed steam, it  is necessary to determine the 

w ater content of the steam for each experiment (the steam  quality). This is 

accomplished using standard separating/thro tiling calorim etry techniques.
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Experimental Procedure: The experimental procedure consists of the 

following steps:

(1) obtain steam  quality,

(2) measure the therm al conductivity of the pipe and the insulation, and

(3) measure the  heat transfer rate and determ ine the contact resistance

between the pipe and the insulating m aterial, and consequently, the

'effective'' convective coefficient for the contact resistance, h ^ .

Both a  separating and throttling calorim eter are used in  series to 

determine the steam  quality. Typical steam qualities for the data shown range 

from 79 to 90%. The therm al conductivity of the containment pipe and the 

insulating m aterial m ust be determined before the contact resistance can be 

obtained. Experim ental and manufacturer published values were compared.

F igu re 2.4 Experimental Setup for Contact Resistance
Measurements
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Results: The development of the model and experimental techniques are 

based on the fact th a t the total energy dissipated can be determ ined through 

the measurement of condensation of w ater. If the energy dissipation through 

the pipe section can be determined, the contact resistance can be calculated. 

The total energy dissipated consisted of th a t through the test pipe section and 

the steam  feedline to the pipe. The loss associated with the feedline must 

either be minimized or accounted for. The la tte r approach was chosen.

In order to calibrate the energy loss through the feedline, an  in s u la t ing  

material, caldum-silicate, with a  given manufacture thermal conductivity was 

used. It has a  known thermal conductivity of 0.07 W/m-K. The data obtained 

was for a  piping system consisting of a  containment pipe w ith 50.8 mm 

nominal inside diameter, covered w ith 25.4 mm thick caldum-silicate 

insulation. The pipe is 304 stainless steel schedule 40 with a  wall thickness 

of 4 mm and a  length of 0.914 meters. The therm al conductivity of the steel 

pipe is reported as 16.9 W/m-K.

A fter ten experimental trials, the total energy loss (induding that 

through the test pipe and the steam  feedline), using the caldum -silicate 

insulation as a  basis, was 115.0 ± 16.0 W atts. Using the therm al conductivity 

provided by the manufacturer, the heat loss through the pipe was determined 

to be 45.1 W atts.

After the calibration procedure, the energy lost through the pipe system 

was obtained by subtracting the energy loss through the feedline fro m  the total
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energy loss. In order to verify the model and experiments, another insulating 

foam, fiberglass, with a  known thermal conductivity of 0.05 to 0.06 W/m-K was 

used.

Two verifications were obtained. The first one was an insulated pipe 

system without an a ir gap, while the second case consisted of a  small a ir gap 

between the containment pipe and the insulation. This was done because in 

la te r experiments, an  a ir  gap was used to sim ulate an  enhanced therm al 

contact resistance layer. The assumption was th a t the existence of an air gap 

would result in  no change to the therm al conductivity of the insulation.

Table 2.1 shows the results of the experim ental tests for a steel pipe 

with fiberglass insulation, both w ith and without an  a ir gap. Consider Table

2 .1  w ith insulation only (no a ir gap). The therm al conductivity of the 

fiberglass insulation was calculated to be 0.052 ± 0.006 W/m-K. When the air 

gap was introduced between the insulation and the containment pipe, the 

therm al conductivity of the insulation was 0.052 ± 0.001 W/m-K (refer to Table 

2 .1). The percent difference between the m easured value and the 

manufacturer reported value of the no-air gap and a ir gap configurations were

7.9 and 8.1 percent, respectively.

The results showed th a t the average difference, w ith a  magnitude of 

0.057 W/m-K, based on two different situations, was about 8.7%. As the 

m anufacturer published values may also have some level of uncertainty and
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the exact value can also be considered tem perature dependent, the current 

model proposed, along with experimental setup, was deemed satisfactory.

Based on the experimental data, the value of the quality, x, the 

calculated value of h ^ ,  and the therm al contact resistance, R ^ ,  for each 

experiment performed are shown in  Tables 2.2 and 2.3.

T able 2 .1  Experimental Data for Steel Pipe w ith Fiberglass Insulation

Run#
W/m-K 

(No Air Gap)

% Error 
(No Air Gap)

k
W/m-K 

(Air Gap)

% Error 
(Air Gap)

1 .057 0.0 .051 10.5
2 .042 26.3 .053 7.0
3 .057 0.0 .053 7.0
4 .057 0.0 .053 7.0
5 .043 24.6 .053 7.0
6 .053 7.0 .051 10.5
7 .055 3.5 .054 5.3
8 .056 1.8 .051 10.5

Mean ± 
Standard 

Dev.

.052 ± .006 "7 .052 x .001
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T able 2.2 Experimental D ata for Steel Pipe with Fiberglass Insulation

Run# X

Quality
êon

W/m2-K
Rcan
K/W

1 0.81 2.9 2.00

2 0.80 2.1 2.57
3 0.81 2.9 1.98
4 0.81 2.9 1.98
5 0.81 2.2 2.42
6 0.80 2.7 2.12

7 0.80 2.8 2.05
8 0.81 2.8 2.03

Mean ± Standard Dev. 0.81 ± 0.01 2.7 ± 0.3 2.14 ± 0.21
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T able 2.3 Experimental Data for Steel Pipe w ith Caldnm-Silicate
Insulation

Run# X
Quality

hcon
W/m2-K

Ron
K/W

1 0.86 3.0 1.94
2 0.86 9.2 0.63
3 0.87 6.6 0.88

4 0.85 4.4 1.32
5 0.89 7.0 0.82
6 0.86 2.9 1.97

7 0.86 6.4 0.90

8 0.87 6.6 0.87

9 0.86 4.4 1.31

10 0.86 4.4 1.31

Mean ± Standard Dev. 0.86 ± 0.01 5.5 ± 1.9 1.20 x 0.44
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In  the fiberglass configuration, the therm al contact resistance was 2.14 

K/W. The pipe and the fiberglass insulation resistances were 0.0007 K/W and 

1.85 K/W, respectively. Therefore, the therm al contact resistance was 54% of 

the to ta l resistance. For the caldum -silicate configuration, the contact 

resistance was 47 percent of the to tal resistance.

Experiments showed that the test apparatus provides reproducible data 

over a range of steam qualities. For example, by varying the steam  quality of 

a specific case and keeping all other factors constant, it  is noticed th a t across 

a quality range from 0.5 to 1.0, the heat dissipation only changes by 35.0 W atts 

and the corresponding therm al 

conductivity changes by 0.05 

W/m-K as seen in  Figure 2.5.

The operating range of the 

quality during the experimental 

trials ranged from 0.8 to 0.9.

Therefore, the overall difference 

was only 7.0 W atts and 0.01 

W/m-K for the heat loss and the 

t h e r m a l  co n d u c t iv i ty ,  

respectively. This shows th a t 

the data is only slightly affected 

by changes in steam  quality.

HMt Lou, Qi63 (Walk)
Thormil CududMty, kx0.10,(W/mK)

1

Strain QuaRty, X

F ig u re  2.5 Thermal Conductivity/Heat 
Loss vs. Steam Quality
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In any pipe/insulation configuration, contact resistance plays a  role in 

the insulating effect. Obviously, the contact resistance is an im portant factor 

and therefore, it  is reasonable to investigate methods to alter the contact 

resistance. Suppose i t  is desired to decrease energy transfer between a  hot 

fluid and the environment, h i this case, the  contact resistance should be 

increased. This approach was studied by separating the insulation from the 

containment pipe. A small a ir gap, 8 mm thick, was introduced to the system  

by placing a  spacer between the pipe and th e  fiberglass insulation. The air 

gap effect was lumped into the contact resistance term . The experimental 

results are shown in Table 2.4. For this case, the  contact resistance decreased 

from 2.14 to 1.80 K/W. The resistance resulting from this modified contact 

decreased by sixteen percent. For in su la tin g  purposes, the desired result is an 

increase in the contact resistance. However, i t  is noticed that the inclusion of 

an  a ir gap in  the pipe system  dropped the overall therm al resistance and 

increased the heat loss. This was not totally unexpected because the a ir gap 

was quite large and the developed convective motion actually enhanced the 

overall heat transfer. By modifying the conditions present a t the 

pipe/insulation contact, the am ount of heat dissipated can be affected.
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T able 2.4 Experimental Data for Steel Pipe/Air Gap/Fiberglass Insulation

Run# X

Quality
keen

W/m*-K
Rcan
K/W

1 0.83 3.1 1.88
2 0.84 3.2 1.80
3 0.84 3.2 1.80
4 0.85 3.8 1.50
5 0.84 3.2 1.80
6 0.84 3.1 1.89
7 0.83 3.2 1.80
8 0.83 3.1 1.89

Mean ± Standard Dev. 0.83 ± 0.02 3.2 ± 0.2 1.80 ± 0.12

Optimization/Economic Analysis: A more efficient design of a  required 

piping system  can be obtained through a  param eter study involving 

optimization theory. The use of optimization theory in  the form of a 

cost/design function, which could be the cost of the piping system, or a 

combination of the material cost and the operating cost (fuel), can be 

minimized w ithin certain constraints. These constraints could be Hie pipe 

diameter, in itial input fluid tem perature, foam thickness, etc.

An example of the optimization process is described here. The general 

mathematical approach is to minimize the cost function, fa. This function can 

be

fo = WlCl+ W2C2 2.6

where wl and w2 are weighting functions, C, and Q represent the m aterial and
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energy costs, respectively. With an appropriate selection of the weighting 

functions, wt and w2, the cost function can be minimized.

An optimization approach to determine die optimal insulation thickness 

based on an  economic analysis of the system is presented. This approach 

considers the developed experimental setup of an  insulated steel pipe, whose 

inner wall of the steel pipe is maintained a t the tem perature of the saturated 

steam.

The following information is considered to be given:

-  Total tem perature difference across the system  is 125 K.

-  “Effective” convective coefficient for the contact resistance between the 

steel pipe and the insulation, h ^ ,  is 2.67 W/m2-K.

-  Thermal conductivity of the fiberglass insulation, k ^ ,  is 0.052 W/m-K.

-  Cost/volume of the fiberglass insulation is governed by the function:

Cost/Volume = 0.19/Volume + 1064.53 

where the cost is in  dollars and the volume of the insulation is in m3.

-  The energy cost of the system per kilowatt-Hour is $0.10. This value is 

obtained from the charged cost of an electric utility.

It is noted that and are derived from the experim ental procedures, and

also the function relating the cost/volume of the fiberglass insulation is 

obtained from the m anufacturer’s cost.
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The objective function takes the final form:

Cost = [ .2^1+1064.53) V A  —$01£ - ) ( 0 001AT ) Rr
[ V  } (K W h-hrs){R tt+Rcon+Rina}

where V  is the volume of insulation, m3, AT is the tem perature difference 

across the pipe and the insulation thickness in  Kelvin, Hr is the continuous 

number of hours in  operation, Ru, R ^ ,  R ^  are the therm al resistances of the 

steel pipe, a t the contact of the insulation and the steel pipe, and of the 

insulation, respectively, K/W, and

n  0 19 1 ncAKo n  $0.10 T,  (0.001AD uC .=------+1064.53 C„=   w,= V w0= — -----------—Hr 9 q
V  2 KW-hrs 1 2 R + R + R :__at eon ins

It can be seen th a t wl and w2 are functions of the V, AT, R*, R ^ ,  and 

Rina, which are geometry dependent. The given example is essentially 

unconstrained when considering the lim itations from hardw are facilities and 

available space. These constraints can be factored in  by using a  constrained 

optimization approach, such as Lagrangian multipliers, to determine an 

optimum configuration.

2.2 Corrugated Layer

The introduction of a  corrugated structure in  an a ir layer, whether 

honeycomb, square, hexagonal, etc., in  shape, reduces the formation of 

convective motion in  that layer. This model development investigates a 

sinusoidal shaped corrugated layer structure. Other shapes may be ju st as
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effective. Since th is shape is readily identifiable in  structures, such as 

packaging, it was chosen.

A simple model considering the corrugated layer only would involve heat 

transfer by conduction and convection modes. H eat transfer by conduction is 

purely radial, all material properties are isotropic, and the system  is a t steady 

state. N atural convection flows are driven by density differences. These 

differences can resu lt from tem perature differences, differences in 

concentration of chemical species in  the fluid, or from the presence of multiple 

phases of a  fluid. Only natu ral convection due to tem perature differences are 

considered here. Since the corrugated layer, as shown in  Figure 2.7, is the 

only section being modeled, contact resistance is neglected. Finally, the heat 

equation takes the following form:

where Qt represents the axisymmetrical coordinate of the pipe and 0 

corresponds to the sinusoidal property of the corrugated layer.

The first and second term s represent the conduction and convective 

modes of heat transfer, respectfully. Figure 2.6 shows the corrugated layer 

being modeled and the associated dimensions. The r2 term  varies according to 

the sine function and is defined as follows, where t is the cell height:

2.9

r2(0 ) = rx +1 * sin(0) 2.10
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The convective effect is 

modeled as convection inside an 

enclosure. The reference 

tem peratures, Tt and are 

sim ply th e  boundary 

tem peratures of the enclosure.

Previous studies indicate th a t

the curve T2J conforms to a  linear relationship when t/frjdj) «  1, and 

therefore takes the form:

F ig u re  2.6 Corrugated Layer Model

T -T
r ^ e )  = i

ft/2 t
(6) * T, 0 s 0 £ it/2 2.11

Applying the appropriate boundary conditions, the tem perature 

distribution is as follows:

(T - T  >
T(r,0)= Tn  * ■ ■ *■ J 1 In irhrj

Nu, r *> -
(rt -  r s) ln (r/r8) 2.12

where NuL is the Nusselt Number and is equal to hL/k. The development of 

Eq. 2.12 considers that the aspect ratio of the corrugated sublayer, defined as 

tU, is closed to or less than unity and I = rI01 is defined as the m ax im u m  

radial length of the corrugated cell. Therefore, to reduce the am ount of energy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47
loss from a system, it would be most desirable to design a  corrugated layer 

w ith the above characteristic.

Figure 2.7 shows a  plot of Eq. 2.12 a t various Nusselt numbers. For this 

example, 0, L, r7, r2, Tlt and T2 are equal to x /2 ,0.5 m, 1 mm, 2 mm, 1000°C, 

and 200°C, respectively. At the Nusselt number equal to zero, the 

tem perature distribution through the corrugated layer is linear. This is 

expected since the primary mode of heat transfer is conduction. This situation 

offers the most resistance to heat loss in a system.

1000
NllL * 0.0 

NuL s  0.5 

NuL* 1.0 

NuL > 2.0 

NuL 3  3.0

800

O
600i

B
fi
a
£
I-

400
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1.2 1.4 1.81.6 2

Radial Position, r (mm)

F igure 2.7 Effect of Nusselt Number on Temperature 
Difference Inside Corrugated Layer
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At a  rad ial distance of 1.5, the tem perature differences inside the 

corrugated cell increases by forty-three percent as the Nusselt num ber goes 

from zero to three. This shows the importance of having an appropriately 

designed structure th a t will suppress convective heat transfer.

Results: The following is recognized (a) when Nut «  1 — conduction 

primary mode of heat transfer and (b) when Nut »  1 — convection effects are 

significant. The corrugated system is most effective when the convective effect 

is negligible. This may be accomplished when the aspect ratio, t i l  is near 

unity or t / l  -  0. Therefore, the ability for the air inside the cells to form 

convective currents is greatly diminished and the heat transfer is prim arily 

conductive. The use of dead air spaces in  the form of a corrugated sublayer 

w ithin the wall of the composite pipe was proposed. It is this a ir which 

provides the upper lim it of performance the insulating system can achieve. In 

fact, consider the following example. Table 2.5 shows a comparison of the 

overall heat transfer coefficient, U, of comparable pipe systems.

T ab le  2.5 Comparison of Different Pipe Systems

Piping
System

Noil-insulated 
Steel Pipe

Non-insulated 
Fiberglass 

Composite Pipe

Insulated
Steel
Pipe

Fiberglass 
Composite Pipe 

w/Corrugated Layer

U-Value
(W/m2®

1900.0 30.4 4.8 4.0

This shows th a t a  7.6 mm thick corrugated layer offers a  15% increase 

in insulating capacity compared to a 2.54 cm fiberglass insulated steel pipe.
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Along with the optimization of energy loss, the performance of composite pipe 

in fire situations m ust be addressed. This next portion addresses this 

particular concern.
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CHAPTER 3. FIRE RESISTANT COMPOSITE P IPE  

In the race to develop a  better composite pipe, detailed tem perature 

profiles m ust be obtained. Such research affords a  more rigorous and 

systematic methodology in characterizing fire resistance. Recent studies, such 

as that conducted by Montestruc, et al. [69], address such concerns by offering 

benchscale analysis some composite pipe samples. They examined the 

performance of insulation thickness and intum escent coatings for fire 

protection purposes. Still of comparable concern regarding the fire 

performance of composite pipe is the characterization of the smoke density as 

well em ission of toxic products due to fire exposure. Montestruc et al. [70] 

addressed these combustion characteristics of composite pipe. The 

experim ents provided a  database of the relative smoke density and toxic 

products of combustion for various composite pipe resins.

These studies offered a  starting  point needed to develop fire resistant 

composite pipe specifically designed for firew ater delivery systems on offshore 

oil platforms. A fire water system on an  offshore oil production platform 

usually consists of a  column pipe designed w ith a  fire water pump, which 

brings the sea w ater up to the ringm ain pipe located on the deck of the 

platform. The U.S. Coast Guard has approved the fire water column pipe 

because it is located within a carbon steel caisson, is not subjected to direct fire 

contact, and is filled w ith sea w ater a t all tim es.

50
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For the fire w ater deluge system, however, the pipe will be in  the dry 

condition approximately one to three minutes during an actual hydrocarbon 

fire, in  which time the pipe is filled w ith seawater. Therefore, the pipe m ust 

be able to withstand fire exposure during th is time. The development of an 

enhanced fire resistant composite pipe has been initiated to address this 

concern. Using developed guidelines established by international and national 

agencies for fire testing, different configurations of composite pipe are tested. 

A steady progression of experiments has led to the development of th ree main 

composite piping configurations developed to w ithstand exposure to a 

developing hydrocarbon fire for a  predetermined amount of time. The three 

test methods discussed are (1) five minute dry fire test, (2) ninety m inute dry- 

wet fire test, and (3) fifteen m inute dry fire test. The above tests, in  general, 

conform to the following testing methodology.

3.1 Testing Methodology

ASTM F-1173-95 was designed to characterize the performance of 

plastic (fiberglass) pipe in  the dry condition for one hour. The acceptance 

criteria dictates that no nitrogen leakage from the sample should occur during 

the te s t After the furnace testing is completed, the specimen is allowed to cool 

and then  tested to the rated  pressure of the pipe. The time and mean 

tem perature ramp of the furnace is shown in  Figure 3.1.

Since deluge piping on an  offshore rig will be in the dry condition for 

approximately one to three m inutes, this study addresses the performance of
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piping and joints for a  ramp 

performance tem perature from

exposure tim e of five minutes, 

allowing an  additional two to 

four m inutes of safety.

The test furnace was 

designed and built to evaluate 

composite and metallic pipe for 

a sim ulated one hour

1200
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F ig u re  3.1 Hydrocarbon Temperature Curve

hydrocarbon fire. The furnace consists of three main sub-systems: (1) propane 

piping subsystem, (2) ignition subsystem, and (3) the tem perature control 

subsystem.

The propane piping subsystem is simply the propane delivery system 

and consists of die necessary hoses, fittings, etc., to perform th is task. The 

ignition system  consists of fifteen separate on/off switches which control the 

individual solenoid valves. The solenoid valves, shown in  Figure 3.2, open up 

the propane flow needed for the appropriate tem perature profile. The 

temperature control subsystem is a  critical component of the propane system. 

This sub-system is responsible for the control of the furnace’s tem perature 

ramp. Two thermocouples are inserted into the furnace w ith their tips located
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on either sides of the pipe’s 

centerline. The tem perature 

re a d in g s  from  th e  

thermocouples are averaged 

and then transm itted to the 

controller (shown in Figure 

3.3, which controls the 

propane flowrate. By 

programming a  desired

tem perature ramp into the

. ., ,, . „  ... F ig u re  3.2 Solenoid Valves for Propanecontroller, the controller will m ~ . .Flow Control

autom atically regulate the propane flow to obtain the desired tem perature 

profile.

The following procedure, or a  variation thereof, was instituted for the 

tests. Specific modifications are discussed appropriately.

A. Specimen placed inside furnace according to ASTM 1173 guidelines.

B. Specimen pressurized a t 0.7 bar with nitrogen.

C. Ramp furnace tem perature as follows: At beginning of test, furnace a t 

ambient temperature, approximately 21°C. Temperature ramp follows 

tem perature curve shown in  Figure 3.1.

D. Record data every ten  (10) seconds.
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The test is considered a  success if the sample does not leak any nitrogen 

during the duration of the dry test. Next, the sample is allowed to cool for 

thirty minutes and then hydro tested to ten  bars.

3.2 Five Minute Dry Fire Test

The five m inute dry fire test was developed to test the performance of 

fiberglass composite pipe containing no flowing water, effectively sim ulating 

a deluge piping system  in  the dry condition.

Different types of fiberglass composite pipe in the dry condition w ith a 

butt-weld joint in  the middle were subjected to a  control fire for fire endurance 

evaluation. Testing adheres to a  modification of the ASTM1173-95 guidelines, 

which sim ulates the  development of an actual hydrocarbon fire.

Test Specimens: Pipe specimens had a  10.2 cm nominal inside diameter. 

Pipe samples varied according to chemical composition, coatings, coverings,

F ig u re  3.3 Temperature Control System and 
Related Components
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and thickness. All pipe samples were sectioned in the middle and joined using 

the butt-weld method w ith flanged end connections. The pipe samples tested 

are listed as follows:

1. Sample FW 2. Sample FW—FRE

3. Sample FW-FB 4. Sample FW-FB-FRE

5. Sample FW-NT 6 . Sample FW-NT-FRE

7. Sample MS 8 . Sample MS-FRE

9. Sample MS-FB-FRE

The designations are defined as follows: FW - filam ent wound with 

standard thickness, FRE - fire retardant added to resin, m ixture, FB - fire 

barrier (experimental/proprietary wall structure), NT - intum escent coating 

applied to exterior surface, and MS - filament wound w ith thicker wall. As 

this research was sponsored, in  part, by a  composite piping m anufacturer, 

specifics about what type of resins, the construction of the sam ple, etc., are not 

allowed.

An analytical approach was considered in the development of the MS- 

Series pipe. The therm al properties of the pipe and the tem peratures 

associated with a  developing hydrocarbon fire as sim ulated in  the ASTM 

testing guidelines were the m ain variables. The wall thickness formulation 

was based on the furnace operating a t 1100°C for the duration of the test, 

while theoretically keeping the inner wall below the specific resin distortion 

temperature. The only modification of the F-1173-95 test guidelines was that
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the test was term inated a t five m inutes. Therefore, the maximum 

tem perature reached during the test was approximately 945°C.

Results: The acceptance criteria dictates tha t no nitrogen leakage from 

the sample should occur during the test. After the furnace testing was 

completed, the specimen was allowed to cool and then hydro tested. The actual 

temperature ramp of the furnace was w ithin 2.7% of the required tem perature 

history, well w ithin the acceptable range.

The butt-weld, located a t the center of the pipe, was placed directly over 

the flame for each sample. Table 3.1 lists the performance of the individual 

test samples. The heading “Fire Test” refers to whether the pipe leaked any 

nitrogen during the actual five minute test and ‘Leakage” refers to whether 

the pipe leaked any nitrogen after the five-minute test, but before the pipe 

sample self-extinguished. In some samples, the pipe continued to bum  after 

the test was completed. The heading *FET” refers to the length of time needed 

after the fire test for the pipe to self extinguish and “H T-10 Bars” refers to the 

hydro testing of the pipe a t 10 bars for a  duration of ten minutes.

Samples 1,5, and 7 failed during the five minute dry portion of the test. 

This was due mainly to its chemical construction. None of the samples had the 

chemical agent added to the resin which enhances fire exposure capabilities. 

Of particular note are Samples 8  and 9. During the hydro test, neither pipe 

experienced any leakage of water. Sample 2 was also a success. This sample 

did, however, experience weeping. This, in  itself, may prove im portant in an
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actual fire, to help cool the pipe and to help prevent the fire from spreading. 

In an actual fire, the w ater released on the outer surface of the pipe actually 

performs as an  additional extinguishing agent. From this initial study, it  is 

shown that composite pipe can endure exposure to fire in  the dry condition for 

a  specific am ount of time is such variables as thickness and chemical 

composition are considered.

TABLE 3.1 Test Results for Five M inute Dry Test

Sample Fire Test Leakage FET HT -10 Bars

1 Failed N/A 20 min N/A

2 Passed Yes 5 min N/A

3 Passed Yes 3.4 min Failed
4 Passed Yes 4.25 min Failed
5 Failed Yes 10 min N/A
6 Passed None 0.3 min Passed

7 Failed N/A 29 min N/A

8 Passed None 1 min Passed
9 Passed None 0.6 min Passed

3.3 Ninety Minute Dry-Wet Fire Test

A logical continuance of this study would be to determine the w ater 

carrying capability of a  piping system immediately after it is exposed to a  fire 

in its dry condition. For this dry-wet test, the maximum tem perature of945°C 

is met within five minutes. During these five minutes (the dry portion of the 

test), the sample is pressurized w ith nitrogen and m aintained a t 0.7 bar. No

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

nitrogen leakage should occur. During the wet portion of the test, the pipe is 

filled with flowing water a t a  maximum rate of 75 liters per minute a t ten  bars 

of pressure. The test specimen m ust m aintain this loading condition for 

eighty-five m inutes while still exposed to the fire a t a  tem perature of650°C, 

approximately. Slight water weepage through the sample is permissible. The 

tem perature of the entering w ater should not be less than 15°C.

T e s t  S am p le r The sample tested was a  fiberglass composite pipe with 

a 10.2 cm nominal inside . The configuration tested was Sample 9 shown in 

Table 3.1. The sample was 2.75 m eters in  length with flange to flange end- 

connections. The sample was sectioned in  the middle and then  connected 

using a  butt-weld. It was the butt-weld section th a t was directly exposed to 

the fire.

Results: Table 3.2 relays visual and recorded information of the dry/wet 

test. The “Smoke from Sample” category refers to the smoke observed from the 

pipe due to flame exposure. The "Nitrogen Leakage" category is pertinent to 

the five m inute dry portion of the test when the pipe sample is pressurized 

with nitrogen. The "Weepage” category refers to the wet portion of the test 

when the pipe sample is filled with flowing water. The sample begins to weep 

water fifteen minutes into the test. Note th a t a t eighty minutes into the test 

the sample stops weeping. It is believed th a t the water which weeps through 

the thickness of the pipe wall, cools the pipe wall causing it to contract,
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effectively resealing the pipe wall. The flame tem perature history and water 

property history of a  representative test are shown in Figures 3.4 and 3.5, 

respectively.

T able 3.2 Performance of Test Sample During Dry/Wet Test

Time into Test 
(minutes)

Smoke 
from Sample

Nitrogen
Leakage

Weepage

5 Yes No None
10 No N/A None

15 No N/A Slight

30 No N/A Slight

45 No N/A Slight

60 No N/A Slight

80 No N/A None
90 No N/A None

Immediately after the test, it could be seen th a t the flame spread was 

limited to fire exposure area. Also, the specimen did not continue to bum  after 

the te st was concluded. Further inspection revealed th a t the resin exposed 

directly to the flame had decomposed from the surface of the pipe. The glass 

fiber reinforcement of the fire barrier was exposed. Some char r e m a in ed on 

the surface directly in  contact w ith flame. More char and intact resin were 

present on the opposite side of the pipe specimen, meaning very little, if any, 

glass reinforcements were exposed.
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F igu re  3.4 Flame Tem perature Profile

3.4 F ifteen  M inute D ry F ire  T est

The configuration which showed the most promise was Sample 9 of the 

Five M inute Dry Test. Primarily, Sample 9 was a  heavier wall w ith an 

external fire barrier. The next step in  the design process was to develop a  

composite pipe system which could w ithstand exposure to fire in the dry 

condition longer than the previous five m inutes. At the same time, it was 

desired th a t the overall weight of the system be reduced. This led to the 

development of the composite pipe with the internal fire shield.

Description of S am n le : The samples tested had a  ten centimeter 

nominal inside diameter pipe and were 2.5 meters in length. The internal fire
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shield was placed on the outside of the wetted structural cage. The internal

field shield is prim arily a  radiant reflective barrier.

The overall construction is

proprietary and a  more definitive ^ j j

description is not allowed. A final

cover was placed on the surface of |

the fire shield, followed by a  fire

retardant gel coat. A butt-weld was

placed in the middle of sample. The

butt-weld also contained one layer of F ig u re  3.6 Internal Fire Shield
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the internal fire shield in its construction. The thickness of the fire-shield was 

approximately 0.25 mm thick. Figure 3.6 shows a  picture of the fire shield 

used in  the study.

Test Procedure: The flanged pipe sample was initially pressurized with 

nitrogen a t 10 psi. The entire fifteen minute te st is a  dry test. The 

temperature history is as follows: (1) a t the end of five m inutes, tem peratures 

955 °C, and a t the beginning of five minutes, tem perature is held for an 

additional ten  minutes a t 675°C.

Results: During the entire fifteen minutes of the dry test, no nitrogen 

leakage was recorded from the pipe sample. During the test, smoke occurred 

because of the resin th a t was being burned on the surface of the pipe. This 

began approximately 2 m inutes into the test and continued for two and one- 

half minutes. Figure 3.7 shows a  sample after a  completion of the test. At the

F igu re 3.7 Sample After 15 Minute Dry Test
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areas of direct flame contact, the fire

shield has been exposed. After the

sample was hydro tested, the sample

was cut and sectioned. See Figures 3.8

and 3.9. The hydro te st results are

discussed below. The sample was tested

a t the following pressures with the

associated results. The flame spread

also was localized to the areas of direct

contact shown in  Figure 3.9. The

internal fire shield rem ained intact
Figure 3.8 Flam e Spread of

during the entire te st period there Composite Pipe

was very little damage to the pipe wall beneath the fire shield and the pipe 

interior wall as seen in  Figure 3.9 showed little  evidence of being exposed to 

a severe hydrocarbon fire up to 955°C.

The normal operating pressure for composite pipe systems are 10.4 bars. 

A factor of safety of four times this operating pressure is usually employed for 

a 10.4 bar system. A representative sample was tested a t the following 

pressures w ith the associated results. As can be seen in Table 3.2, the 

composite pipe was able to hold the minimum 10.4 bars of pressure. Leakage 

a t the butt-weld was not recorded until a  pressure of 33.1 bars had been 

reached. Due to the fire damage the composite pipe had undergone, the slight

4
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weepage was acceptable. Once leakage was recorded, the sample was taken 

to destruction. At 41.4 bars, the  sample had reached the non-catastrophic 

failure criteria. This means th a t the  amount of leakage from the sam ple was 

very large. It is classified as non-catastrophic because no explosion due to 

pressure build up was experienced. The sample reached a  final pressure of 

approximately 3.9 times its minimum operating pressure. Therefore, the 

performance of the internal fire shield was considered exceptional for fire 

prevention purposes. The three different types of composite pipe 

configurations have been developed and offer good results. A la ter extension 

of this topic may include how the strength, rigidity, and impact resistance is 

affected due to fire exposure. Finally, im portant in  the full acceptance of 

composite piping systems is the development of a reliable joining method. An 

approach discussed is the heat-activated joining method.

T able 3.2 Hydro Test Observations of Composite Pipe with Fire Shield

PRESSURE
(bars)

TIME HELD OBSERVATIONS

10.4 10 min No leakage

20.8 5 min No leakage

33.1 — Began to Weep at Butt-Weld
41.4 — Non-Catastrophic Failure; Excessive Weepage
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F ig u re  3.9 Interior of Composite 
Pipe Exposed to D irect Flame
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CHAPTER 4. HEAT-ACTIVATED COUPLING JO ININ G  METHOD

The joining method evaluated in this study uses prepregs, which possess 

a  similar matrix material and fiber reinforcement as the composite components 

being joined. The prepreg fabric provides ease of handling and also precise 

fiber-resin ratios. The curing process is activated by a  heating device instead 

of adding a  catalyst and promoter. As shown in  Figure 4.1, the new joining 

method also uses thermocouples embedded in  the prepregs to monitor the 

temperature and separate thermocouples to control the heating device during 

the curing process. In the 

development of the heat-
■ Hooting Dovfco

activated joining technology, /  r ~ Shrink Tnpo
■Pimpmgo

of consideration is the uneven 

cure that may develop during 

the curing process, as the 

mechanical properties of the

Embnridnri Thnmocovptma 
Componontn to ho Jolnod

prepreg are by the F ig u re  4*1 Heat-Activated Coupling
Design

curing conditions used in  the 

manufacturing process.

4.1 Description of Heat-Activated Coupling Materials and Equipment

Prepreg Fabric: Two prepreg candidates were evaluated. The screening 

criteria accepted included the: (i) thickness of prepreg fabric - to facilitate the 

joint-making hand layup process, (ii) mechanical properties - comparable with

66
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the m aterials of pipe and fittings, (iii) competitive pricing, and (iv) long shelf 

life. The two prepreg candidates were (1) Candidate 1, which consisted of

0.814 g/m2 continuous roving and 0.475 g/m2 chopped strand  m at w ith an 

average resin content of 35.1% by weight, and (2) Candidate 2 which consisted 

of 1.899 g/m2 continuous roving and  0.229 g/m2 chopped strand  m at w ith an 

average resin content 29.5% by weight. Candidates 1 and 2 have a  precure 

thickness of 0.88 mm and 1.27 mm, respectively. The resin can be cured w ith 

a 0.6°C -  2.8°C per minute ramp rate  to 132°C and held for four hours. It can 

also be fully cured by being held a t 143°C for two hours or 154°C for one hour. 

An extended cure time will not cause any damage to the prepreg nor jeopardize 

the prepreg performance. However, overheating (tem peratures higher than  

163°C) will damage the prepregs.

T able 4.1 Thermal Conductivity of Prepreg Fabric

Tem perature Therm al Thermal
°C Conductivity Conductivity

W/mK (uncured) W/mK (cured)

20 0.1350 0.1731

100 0.1869 0.2077

200 0.2440 0.2492

C andidate 2 was chosen for additional evaluation m ainly due to its 

unique fiber construction and its larger thickness in comparison to Candidate

1. Both characteristics of Candidate 2 enhance the overall strength of the joint 

in tension and bending and also reduce the number of wraps required to
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m anufacture the coupling. The following properties were obtained through 

separate laboratory tests. The heat released by the sample due to exothermic 

reaction was slight, having a  maximum value of approximately 175.2 mW/m3. 

The density and specific heat of the prepreg were m easured a t 1460 kg/m3 and 

1760 J/kgK, respectively. The specific heat increased between 10-20% for each 

100 °C. The thermal conductivity of the prepreg was measured in an uncured 

and cured state. The values a t various tem peratures are listed in Table 4.1.

Shrink Tane; The shrink tape, constructed of an oriented polyester film, 

possesses a  20% shrinkage and has an allowable operating tem perature of 

205°C which is higher than  the prepreg curing tem perature (155°C). 

Shrinkage initiates a t 79°C. The shrink tape is used to reduce the effect of the 

thermal contact resistance. I t is also used to squeeze out excess resin and to 

reduce the void content in  the prepreg wrap.

Heat-Drive System:

The complete system  

includes the heat drive 

unit, heat blanket 

assembly, power cable 

connections, vacuum  

assembly, and type J  

thermocouples as shown in
F igure 4.2 H eat Drive Assembly

Figure 4.2. The heat drive

1
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unit is a portable, self-contained system designed to monitor and control 

composite cure tem peratures and if  required, monitor vacuum pressure. The 

system can operate from either 110 volts AC, 60 Hertz or 220 volts AC 50/60 

Hertz. The heat blanket is used to provide the heat required for proper curing 

of the prepreg heat couple. The heat is monitored by the thermocouples.

4.2 Composite to Composite Joint

Experimental Setup: The specimen preparation procedure for the heat- 

activated joining method is as follows: (i) attach thermocouples on the surface 

of the two end-sections of pipe being joined, (ii) "hand layup” the prepreg 

material around the two end-sections of pipe being joined while attaching the 

thermocouples within the layers as shown in  Figure 4.3, (iii) wrap shrink tape 

over the prepreg, (iv) wrap parting film over the shrink tape to protect heating 

blanket (v) attach control thermocouple of heat drive unit to the parting film, 

(vi) wrap heat blanket over the parting film, and (vii) spirally wrap insulating 

cloth outside the heat blanket. The heat blanket (10.2 cmx 106.7 cm) is 

constructed to conform to the contour of the pipe.

Figure 4.3 shows the schematic of the heat coupling te st specimen. 

Thermocouple (TC) #8 , located ju st beneath the heat blanket and next to the 

#1 heat drive control thermocouple, represent the programmed tem perature 

ramp, along w ith the soak time and cool down time. Once the desired cure 

tem perature has been obtained a t the end of the ramp, the heat will remain 

the same for a  period of time. This is called the soak time of the curing cycle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

TC#'
TC#<
tc#:
TC#-

TC#
tc#:
TC#

Control TCs
TC#8

Pipe Wall

Heat Blanket 
Parting Film 
Shrink Tape 
Prepreg
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F ig u re  4.3 Schematic of Experimental Setup

After the soak time has elapsed, the heat for the blanket is decreased for the 

cool down portion of the curing cycle. Thermocouples #1, #2, and #3 were 

located on the surface of the pipe sample. TC #3 was closest to the joint of the 

two connecting pipe spools, TC #2 in  the middle, and TC #1 the farthest. 

Thermocouples #2, #4, #5, and #7, were imbedded in  and on the prepreg and 

represent the radial tem perature history of the prepreg fabric wrap.

Results: Shown in  Figure 4.4 is a  representative tem perature history 

of the  eight thermocouple readings during the cure of Candidate 2 for the 

joined composite pipe. Three regions are identified. The initial stage is 

identified as the ramp region, which corresponds to approximately forty-eight 

minutes. The next stage is the soak region, where the tem perature is held a t 

a steady-state value of 155 °C for one hour. Finally, the temperature is 

reduced a t a  maximum rate of 8°C per minute. During the initial temperature 

ram p, the average tem perature difference throughout the overall
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prepreg thickness is approximately 28°C. Even during the steady-state 

condition (soak time), the tem perature difference between TC#2 and TC#7 

becomes as large as 11°C. Since the control thermocouple of the heat drive is 

located outside of the prepreg and the parting film, this large tem perature 

difference through the prepreg thickness can be addressed in  two ways; 

pursuing a  short soak time for either the (1) the inner prepreg wrap or (2) the 

outer prepreg wrap. However, both approaches will result in  either 

overheating the outer prepreg when a  high cure tem perature and a  short soak 

time are pursued for the inner prepreg, or insufficient soak tim e for the inner 

prepreg when high cure tem perature and short soak time are pursued for the

140
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F ig u re  4.4 Temperature History of Prepreg Curing Process
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outer prepreg. This suggests th a t care must be taken when adjusting the 

curing time and tem perature.

For the joints made w ith Candidate 2, where the jo int consists of a  total 

of four prepreg wraps, w ith a  pre-cure thickness of 5.08 mm: AT24, A T ^ AT56> 

and ATgj represent the tem perature difference between each prepreg layer (see 

Figure 4.5 where A ~ DEL). The subscripts identify the layers referenced (See 

Fig. 4.3). ATn represents the tem perature difference between the top prepreg 

surface and the shrink tape/parting film. In the initial tem perature ram p, 

AT78 became as large as 22.2°C. This suggests th a t the tem perature outside
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F ig u re  4.5 Tem perature Difference Between Prepreg Layers 
During Curing Process
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the parting film and shrink tape (or ju st underneath the heat blanket) does not 

effectively reflect the outer prepreg temperature. Furtherm ore, th is large 

tem perature difference needs to be taken into consideration when 

programming the prepreg curing cycle. As expected, the largest tem perature 

difference occurs in  the initial tem perature ramp. However, the tem perature 

difference in the prepreg layers does not approach a  satisfactory stage until 

one hour into the curing process. This means that twelve m inutes into the 

soak time, the temperature difference is too large to insure a  proper cure at the 

end of the suggested soak tim e of one hour.

Another im portant aspect of this study was the performance of the 

shrink tape. Results show th a t due to the shrink tape pressure, a  reduction 

in  resin  and void content was achieved. An after-cure m easurem ent of the 

prepreg obtained by sectioning th e  joint, reveals an average 10% reduction in 

thickness. Additional testing, including hydro testing and three-point bending 

testing, was performed.

Hydro Test (Part A): The piping spools were hydro tested a t 15.2 bars. 

In one sample, in which a  thermocouple was placed right a t the junction of the 

two pipe sections, a  small am ount of leakage developed. This suggests that 

due to the large therm al conductivity of the thermocouple lead wires used to 

record the temperature history of the  curing process, the prepreg surrounding 

the lead wires was either incompletely cured or did not bond well to the lead 

wires. Pressurized water may have created micro channels along the lead
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wires, resulting in leakage (the im pregnated lead wires have a  diam eter of

0.127 mm). This unevenly cured joint m ay have also introduced an  inherent 

weakness a t the  joint. After removing the thermocouple which was placed 

directly over the junction of the two pipe sections, other samples tested  did not 

have any leakage present.

Mpffhanir-fll Tests (Part A): Joint samples were tested under three-point 

bending. Special wooden cradles were constructed and used during the tests 

in order to avoid the stress concentration a t the contact between the fixture 

and the sample. The average maximum bending moment was found to be 

6,500 N-m, 37 % less than  that achieved using the current butt-weld method. 

All of the joint samples failed at the pipe and the prepreg interface, due to peel 

stress, dose to the edge of the joint. This resulted in  a  lower bending strength 

for the joints of p art A in  comparison to the butt-weld joining method. The 

results suggest th a t ( l ) a  proper surface treatm ent needs to be applied prior 

to the application of the prepreg, or (2) an incomplete cure of the inner prepreg 

layer may have occurred. Since no failure on the prepreg wrap was observed, 

it is very promising th a t the strength of the jo int may be much higher if  an 

appropriate surface treatm ent is applied and the complete cure of prepreg is 

ensured. For the tension tests, the failure was not due to the heat activated 

coupling, but due to the failure of the composite flanges. The average value of 

34.5 kN, therefore, was the strength of the composite flanges.
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Adjustment to Test (Part B): From previous investigation, it was noticed 

th a t all of the joint samples failed a t the pipe and prepreg interface, due to 

peel stress, dose to the edge of the joint as shown in  Figure 4.6. To address the 

prepreg failure a t the coupling interface, a  different prepreg formulation was 

developed. The revised prepreg formulation consisted of a  higher resin content 

incorporated on the prepreg surface located a t the prepreg-pipe interface. This 

allows for better surface adhesion between the in terfadal surfaces. The 

increased strength over the butt-weld method is due primarily to both the resin 

and multi-directional glass fiber fabric. Continued mechanical and hydro tests 

of the heat coupling jo in t using the improved prepreg formulation were 

performed.

. . - ,'- .3 5

F igu re  4.6 H eat Coupling Failure Due to Peel Stress

Hydro Test (Part B) — Using the prepreg formulation of Part B, ten cm 

nominal diameter joined composite pipes were hydro tested to 13.8 bars for
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tw enty minutes with no leakage occurring. An attem pt was also made to 

determ ine the ultim ate pressure to destruct the pipe spools w ith the heat 

coupling joint. The hydro test reached 93.1 bars. The testing was discontinued 

a t th is point due to a  phenomenon known as gasket w alking in  which the 

gasket between the pipe and the flanged end connection becomes unseated due 

to the exerted pressure. Even a t th is pressure, no leakage occurred a t the 

joint.

Mechanical Tests (Part B) — Joined composite pipe were tested under 

three-point bending. The samples had a  nominal diam eter of ten  centimeters. 

To offer a  smooth transition of the bending rigidity, the prepreg was tapered 

a t the edges to lower stress concentration. Tapered and non-tapered joints 

using three and four prepreg wraps were tested for comparison. A five degree 

taper angle was used. Figure 4.7 shows a comparison of the different 

configurations under three-point bending.

The best performing configurations were the three and four layered 

prepreg wraps with non-tapered ends. An overall increase of 32% and 28%, 

respectively, over the currently used butt-weld joining method was achieved. 

Inconsistencies occurred w ith the tapered end configurations. Both the three 

and four wrapped tapered configurations decreased in strength relative to 

their layered numbered counterparts. When comparing three and four 

wrapped tapered ends (3-T and 4-T, respectively), it would be expected that 4- 

T would be stronger than 3-T. However, the experimental results show
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otherwise. This might be due to the larger discontinuity of the bending rigidity 

of the 4-T joint. The tapered configurations were constructed manually. This 

increased the measure of hum an labor and could in  fact have caused the poor 

performance of the tapered configurations. The purpose of the heat-activated

14000-r̂

| ■  Bending Strength]

* i

F igure 4.7 Different Configurations U nder Three-Point Bending

coupling is to reduce this human factor elem ent in  the manufacturing process. 

Therefore, the tapering of the heat-activated couplings is removed from further 

consideration. For the tension tests, three wraps were used. Also, a  5.1 cm 

thick composite flange, 2.5 cm thicker than  the ones used in P art A was used. 

The average maximum value obtained was greater than 50 kN, the capacity 

of the test equipment. This was approximately equal to the butt-weld in 

tension and was considered acceptable. The studies were next extended to the 

performance of composite to alloy joints.
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4.3 C om posite to  Alloy J o in t

In joining composite to alloy pipe, two problems needed to be addressed. 

One was the uneven cure th a t could result because of the vastly different 

therm al conductivities of the composite and alloy m aterials. The second 

concern was the adhesion of the prepreg to the alloy surface.

Experimental Setup: The experimental setup to obtain the tem perature 

history of the curing process was sim ilar to th a t shown in  Figure 4.3. Ten cm 

pipe samples were used. However, an additional set of eight thermocouples 

were symmetrically placed on the other side of the joint (these thermocouples 

are not shown in the figure). To reduce the heat loss through the alloy portion 

of the piping assembly, a  heat source was introduced to the alloy pipe using a 

second heat drive u n it This was done in order to address the uneven cure that 

may have resulted due to the different therm al conductivities of the composite 

and alloy. The manufacturing steps may be referenced in  the Figures 4.8 and 

4.9.

Before the sample is 

wrapped w ith the prepreg 

fabric, the surface of the 

composite and alloy are 

prepared using a  grinder. The 

prepreg is then wrapped about

the jo in t in staggered wraps, F ig u re  4 8  *’reIlre* Wrapped About
Composite/Alloy Joint
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meaning each layer is not a  

continuous wrap. Next, the 

shrink tape is wrapped about 

the prepreg fabric wrap.

Finally, one heat blanket is 

wrapped about the completed

joint and a  second heat blanket F i*u re  4 S  H eat BlanketPUced Over
Completed Prepreg Wrap

is wrapped about the alloy

portion of the joint as seen in  Figure 4.9. h i addition to obtaining the 

tem perature history of the curing process, the composite and alloy samples 

were also hydro tested and mechanically tested (three-point bending and 

tension).

Results: Temperature distribution was experimentally recorded for 

composite-to-alloy joints. The alloy used was 90/10 copper-nickel. During the 

curing of the composite-alloy joint, i t  can be seen in Figure 4.10 th a t the 

tem perature required to cure the prepreg through its entire thickness in  one 

hour on the composite side is achieved. However, this is not the case for the 

alloy side of the test sample, shown in Figure 4.11. The temperature difference 

a t symmetrical locations of the prepreg fabric, shown in Figure 4.12 is quite 

large. In some cases, it may become as large as 40°C. This suggests th a t a 

substantial am ount of heat is still lost through the metal side of the joint
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configuration. In Figure 4.13, C#-M# relates the temperature difference 

between composite and metal a t symmetrical location # as it relates to Figure 

4.3.

To compensate for this tem perature difference, the maximum 

temperature used to heat the alloy pipe was increased from 163°C to 177°C a t 

approximately 40 minutes into the test, effectively transforming the alloy pipe 

from a  heat sink to a  heat source. The tem perature difference between the 

symmetrical positions of the composite and alloy sides of the heat-activated 

coupling was reduced to 8.3~11.1°C as shown in  Figure 4.12. Therefore, in  

subsequent tests, the heat drive unit used to heat the alloy portion of the pipe 

assemble followed a  faster heating ramp and higher soak tem perature than  

th a t of the prepreg. The ramp and soak for the prepreg and alloy pipe m aybe
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F ig u re  4.10 Tem perature Distribution on Composite Side of Joint
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referenced in Table 4.2. A second heat drive was used to raise the tem perature 

of the alloy higher than  th a t of the prepreg ramp rate and soak tem perature 

following the programmed tem perature history in  the following table.

Table 4.2 Ramp Rate and Soak Temperature for Composite/Alloy Jo in t

PREPREG ALLOY

RAMP 5.6°C/min 8.3°C/min

SOAK 155 °C 163°C

TVfprhaniflfll Tests (Part A): Three-point bending and tension tests were 

performed on 10.2 cm pipe. Two sets of mechanical tests have been performed. 

The two parts differ only on the type of surface preparation th a t was used for 

the alloy portion of the pipe assembly. For Part A, a  regular grinder th a t is 

used to prepare the surface of composite pipes was used for the alloy pipe as
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F ig u re  4.11 Tem perature Distribution on Alloy Side of Joint
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well. This approach, however, was not acceptable.

Samples undergoing three-point bending tests achieved an  average 

value of8,200 N-m. As in the composite to composite pipe samples, the failure 

was the result of peel stress. This is 20.4% and 38.3% less than the butt-weld 

and the heat-activated coupling for the composite-to-composite joining 

methods, respectively. For the tension tests, the failure was not due to the 

heat-activated coupling, but due to the failure of the composite flanges. 

Therefore, the result of 35.2 kN was actually the strength for the composite 

flange in  tension.

Hydro Tests (Part A): For the hydro tests, the composite-to-alloy 

samples started leaking a t 5.2 bars. This is deemed a  failure since the piping 

system, in  general is rated for 10.4 bars. All of the samples leaked on the alloy

0:00  0:06 0:13 0 :2 0  0 :27  0:34 0:41 0 :4 8  0 :55

Tim* (hrmin)

F ig u re  4.12 Temperature Difference Between Symmetrical 
Composite-Alloy Locations
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portion of the pipe. This suggested th a t the problem may be due to surface 

adhesion.

Adjustm ent to Test (Part B): To address the suggested adhesion 

problem, a  more pronounced anchor pattern was implemented to improve the 

mechanical bonding. To obtain this new pattern, the samples were 

sandblasted.

Mechanical Tests (Part B): For the tension tests, composite flanges with 

a  5.1 cm thickness were used. The tests results were excellent. The 

composite/alloy assembly attained a  value greater than  50 kN, the rated 

capacity of the test equipment.

Hydro Test (Part B): Using the new surface preparation, the test 

samples were tested to an average maximum pressure of 82.7 bars. A 10.3 bar 

system is tested to 41.4 bars. This new joint offers a  factor of safety of eight. 

Therefore, this new approach in  joining composite to alloy is deemed 

acceptable. To maximize the curing process, a  finite element model was 

developed.

4.4 FEA and Numerical Modeling of Curing Process

Finite element analysis (FEA) was performed using COSMOS/M® 

software. The purpose of the FEA model is to assist in determ ining the most 

appropriate cure cycle required for different joint configurations. This reduces 

the need for experimentation when one or more variables are changed. Due 

to the symmetry of the pipe-coupling structure, an axisymmetrical model was
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developed using two-dimensional 4-node elements w ith a body of revolution. 

Finer meshes were used in  designing the prepreg portion of the model to 

achieve a  greater degree of accuracy of the tem perature distribution through 

the thickness of the prepreg wrap. The initial and boundary conditions for the 

finite element model are (a) The entire heat-activated coupling joint is initially 

a t room tem perature, approximately 2 1 °C, (b) During the ramp stage of the 

model, the outer surface of the prepreg follows the suggested ramp of the 

manufacturer of 2.8°C/minute, (c) During the soak stage of the cure, the outer 

surface is maintained a t 155°C for one hour, and (d) A convective heat transfer 

boundary condition of 5 W/n^K is placed on the inner surface of the pipe.

A comparison of the finite elem ent analysis (FEA) model and the 

experimental results for composite to composite joints are shown in Table 4.3. 

It is seen th a t the major deviation of the model occurs during the ram p stage 

where transient conditions are dominant. However, as the curing process 

approaches the soak time, or steady-state region, the percent deviation is 

minimal, offering an  acceptable range of compatibility. The developed finite 

element model has an average percent deviation of 3.0% from the experimental 

data in joining composite pipe. After the confirmation of the FEA modeling, the 

control tem perature history can be determ ined using FEA for joints with 

different coupling geometries. Also, th is model will be most useful when the 

study is extended to include composite-to-alloy jo in t systems.
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T ab le  4.3 Percent Deviation Between FEA Model and Experimental 
Results for Composite to Composite Joints

STAGE TIME
(Min)

DEVIATION
(%)

STAGE TIME
(Min)

DEVIATION
(%)

RAMP

20 3.1
SOAK

15 2.7

40 4.3 40 0.4

48 6.5 60 0.6

Table 4.4 shows the performance of the FEA model to the experimental 

results for composite-to-alloy joining a t various points in  the curing of the 

prepreg. Percent deviation is a  comparison of the FEA and experimental 

results in  °C. The category TIME represents the am ount of tim e a  particular 

stage has been initiated, h i Table 4.4, the column categories C, M, and O refer 

to the percent deviation of the composite side of the joint, the m etal side of the 

jo in t, the overall percent deviation of the entire heat activated coupling, 

respectfully. Overall, the FEA modeling of the prepreg curing process is w ithin 

6% of experimental results.

T ab le  4.4 Percent Deviation Between FEA Model and Experimental 
Results for Composite-to-Alloy Joints

STAGE TIME
(Min)

DEVIATION
(%)

STAGE TIME
(Min)

DEVIATION
(%)

C M O C M O

RAMP
20 1.4 7.9 3.3

SOAK
15 4.7 10.8 5.2

40 8 .8 12.9 10.7 55 3.9 5.4 4.6

57 2.9 14.5 6.5 100 2.5 12.2 7.1
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A one-dimensional transient heat transfer model of the curing process 

has been completed using finite difference approximation. The boundary 

conditions established for the FEA model were used here, except that the 

endothermic reaction was neglected. The Crank-Nicholson approach was used. 

The results corresponded well w ith the experimental results for composite to 

composite joining. The tem perature difference between each prepreg layer is 

shown in  Figure 4.13. The notations in  figure correspond to those of the 

experimental test data  shown in  Figure 4.5. The average percent difference 

between the experimental and numerical results were 8.5% , in  comparison to 

the FEA model which was 3.0% overall.

When comparing the numerical results for the composite to alloy system, 

the overall percent difference between experimental and numerical results 

was very large, approximately 27.5%, in  relation to the FEA model which had 

a percent difference of 6 .8%. The drastic difference between the numerical and 

experimental results for the composite and alloy configurations may be to the 

vastly different therm al conductivities, thus requiring a t the minimum two- 

dimensional analysis.
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CHAPTER 5. FURTHER STUDY

The knowledge base concerning energy, fire endurance, and joining of 

composite pipe has been increased. Several approaches may be added to 

increase and enhance this data  base, experimentally and analytical. 

Concerning the energy conserving composite pipe, a  prototype may be 

constructed to validate the given corrugated layer model. Also, the use of these 

corrugated substructures may be studied as it relates to rigidity and impact 

resistance. As for the fire endurance study, analytical models may be 

developed which would include the endothermic decomposition of the system 

due to fire exposure. Also, structural integrity analysis of a system  th a t has 

been exposed to fire should be undertaken. For the heat-activated joining 

technology, opportunities due exist which would enhance the overall 

performance of this new approach.

In the joining of composite pipe to composite or alloy pipe, analytical 

models of the curing process may be developed which would include the 

changing thickness of the prepreg wrap due to compression exerted by shrink 

tape, the moving boundary of the wrap occurring because of the resin flow 

which occurs before gelation. As for all aspects of this study, comprehensive 

knowledge may be increased if  th is study is extended to other structures 

besides composite pipe.

88
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CHAPTER & CONCLUSION

Mathematical models were developed to evaluate the energy conserving 

natu re of composite m aterials. These models took into account the therm al 

contact resistance, as well as the usage of air in  corrugated structures for 

insu lating  purposes. A corresponding test apparatus was designed and 

constructed to aid validation of the contact resistance model. The model 

corresponded well w ith the experim ental results. Experimentation was also 

undertaken to determine alternative composite configurations which could 

better w ithstand prolong exposure to fire. By varying the chemical 

composition of the resin, altering w all thickness, and offering different outer 

coverings, improved fire performance was recorded for composite pipe exposed 

to fire in  both the dry and wet conditions. Finally, anew  approach for joining 

composite pipe to composite or alloy pipe was developed.

This new heat-activated joining technique involve the usage of pre

impregnated fibers with resin (prepreg). A finite element and numerical model 

of the  curing process of the prepreg was also developed. The finite element 

model corresponded very well w ith the experimental results. However, the 

one-dimensional numerical model varied to greater extent from the 

experimental results, for the composite to composite case, but especially for the 

composite to alloy curing case. This may be due to the one-dimensional nature 

of the  model. Mechanical testing of the heat coupling jo in t was also 

undertaken. The strength of the new joining technique was better or

89
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comparable to the present state-of-the-art in  every category. Also, the time to 

construct new jo in t is much less than the current approach.

Three concerns prevalent to composite piping systems (energy, fire 

endurance, joining) have been addressed. By building upon the presented 

topics, offering advanced analytical models and other experim ental 

approaches, die use of composite pipe in  otherwise unapproachable usages 

may be addressed.
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