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The amount of oil consumption has been rapidly increasing around the world; consequently, industries have
expanded offshore exploration into deep-sea waters. At sea-floor depths, pipe insulation is essential to prevent
blockage within the pipe due to paraffin buildup within the crude oil. To maintain a proper inner crude oil
temperature, above the paraffin formation point, insulation had been used to reduce heat loss. In this study, the
objective was to develop an analytical model for a newly developed wire screen insulation that contains both
nonconforming and conforming interfaces within the wire screen joints and then to compare the predicted results
with experimentally measured data for validation. The experimental study for this novel insulation technology
consisted of a coaxial pipe fabricated from P110-4140 steel with a low-conductivity wire screen (stainless steel) as the

interstitial insulation material inserted at the annulus.

Nomenclature

area, m?

geometric parameter related to radius of curvature,
1/m

= semimajor diameter of ellipse, m

B microcontact radius, m

semiminor diameter of ellipse, m

length between nodes, m

correlation coefficient, dimensionless

correlation coefficient, GPa

diameter, m

modulus of elasticity, N/m?

effective modulus of elasticity, N/m?

applied load, N

combination of terms, dimensionless

hardness, MPa

thermal conductance, W/m? - K

gap conductance integral, dimensionless

complete elliptic integral of first kind, dimensionless

thermal conductivity, W/m - K

length, m

gas parameter, m

= absolute asperity slope, dimensionless semimajor axis

parameter

number of microcontacts, dimensionless

= number density of contact spot 1/m? semiminor axis
parameter

= pressure, N/m?, Pa

thermal resistance, K/W

temperature, K

mean plane separation, m

= ratio of semimajor axes, dimensionless
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A = physical parameter, m/N

8 = normal deformation of surface, m

& = relative contact spot size, dimensionless
K = parameter, dimensionless

A = relative mean plane separation, dimensionless
v = Poisson’s ratio, dimensionless

0 = minimum radius of curvature, m

el = maximum radius of curvature, m

o = effective surface roughness, m

v = constriction parameter, dimensionless
Subscripts

a = apparent

c = constriction, contact

e = elliptic, elastic

8 = gas

iw = inner wall

mc = microcontact

ow = outer wall

p = plastic

r = real

tmc = total microcontact

tot = total

w = wire of screen mesh

12 = surfaces 1 and 2

I. Introduction

HE high demand for oil has come from an exponential increase

in transportation’s use of the internal combustion engine within
developed and developing countries. To meet this high demand, oil
industries have explored offshore locations for more oil products.
But within the deep-sea environment, temperatures can range from 0
to 2°C (32 to 35°F); thus, pipe insulation is obligatory to prevent
blockage in the pipe due paraffin and hydrate buildup. Usually, crude
oil contains a type of wax that begins to form solid paraffin deposits
on the inner surface of the pipe when the oil temperature reaches the
paraffin cloud point (68°C or 155°F); therefore, blockage can and
does occur. When paraffin waxes block the inside of the pipe, an
additional process is needed to remove it, which translates to reduced
production efficiency. Crude oil production temperatures are
typically above 70°C (159°F) and, to maintain the inner temperature
above the paraffin formation point, minimization of heat loss from
the pipe wall must be realized. Several insulation techniques have
been developed to overcome the thermal issue by the addition of low-
conductivity materials and coatings on the external pipe surface.
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However, these techniques have had severe limitations, such as
damage due to large hydrostatic pressure differentials and
installation concerns [1-3]. With insertion of a wire screen as an
interstitial material within the annulus of a coaxial pipe, a reduction
in the heat transfer rate (and, thus, retardation in paraffin buildup) can
be achieved without the limitations previously stated. Moreover, the
manufacture and installation process for subsea piping will be greatly
simplified [4]. Within the interstitially insulated coaxial pipe, the
interstitial fluid is air that remains stagnant with conduction heat
transfer dominating. This is due to the fact that the air space between
the coaxial pipes is small enough to prevent natural convection from
occurring within the space. The dominating heat transfer mechanism
of this system is conduction through nonconforming contacts
between the wall and wire screen. In addition, conforming
microcontacts within the screen wire and pipe wall itself provide an
additional resistance heat flow path between contacting interfaces.
Both macrocontact and microcontact models were reviewed and
employed to develop a proper joint resistance model. To aid in the
model development, a thermal network circuit was drawn to help
visualize the heat path and aid in the joint model development.

A review of the literature on thermal contact resistance shows
extensive publications for both experimental and analytical studies.
There exist numerous papers that detail correlations and analytical
models for contact resistance for rough, conforming surfaces and
nonconforming contacting surfaces. These studies take various
approaches; however, little work has been performed for a joint that
contains both contacts simultaneously, such as a wire screen [5].

An initial analytical study by Cividino et al. [6] analyzed joint
conductances for a woven wire screen using only Hertzian theory [7]
to predict the macrocontact area when the wire screen contacts a solid
surface. The contacting surfaces follow Hertzian theory for
deformation. The authors neglected bulk resistance of wire-to-wire
contacts and microresistances. However, to obtain more accurate
predictions, microcontact analysis under the formed macrocontact
area is required as well. This investigation develops an analytical
model that combines both macro- and microcontact theory to predict
the overall joint resistance for contacting surfaces containing a wire

screen.

Fig. 1 Top view of a unit cell of the screen wire and a schematic of the
heat flow in a unit cell.
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Lambert and Fletcher [8] reviewed contact resistance models for
various cases under vacuum condition and Sridhar and Yovanovich
[9] reviewed elastic and plastic models that showed that smooth,
contacting surfaces deform elastically and rough surfaces deform
plastically. Also, Savija et al. [10] contained an excellent review for
thermal conductance models with interstitial substances inserted at
the joint.

In this study, an analytical model is developed for an interstitially
insulated coaxial pipe that includes both macro- and microcontact
resistances and fluid gap resistances. Predictions from the model are
compared with experimental data from a previous experimental
study [4] (see Appendix A). The interstitial material is a low-
conductivity wire screen inserted in the annulus of the coaxial pipe.

II. Thermal Circuit Modeling

Cividino et al. [6] developed an analytical model for a woven wire
screen contacting a solid wall, but in this study, the bulk resistance
through the screen wire and the microcontact resistances within the
wires were neglected. Moreover, to have a more accurate model, the
contact points among wire screen materials must also be accounted
for. In the present experimental study, the actual specimen diameter
was 1 in. (2.54 cm).

To properly build the thermal circuit, the nominal area must be
specified and then divided into a unit cell area. Each unit cell area has
four nodes. Figures la and 1b are the top view of the actual wire
screen and a schematic, respectively. The heat flow path from the
inner pipe wall to the outer pipe wall can be simplified, as shown in
Figs. 2a and 2b.

For a given unit cell, four nodes are placed in parallel connection,
and each node has both serial and parallel paths (resistances) [11].
The overall thermal resistance for the unit cell be written as a parallel
circuit of the thermal resistances of each node, as shown in Fig. 3.

III. Contact Resistance Model
The joint analytical model was based on a combination of
macrocontact resistance, microcontact resistance, microgap

resistance, bulk resistance, and air resistance of a node in a unit
cell and then programmed with the use of MATLAB software.

A. Macrocontact Model

Nonconforming contact modeling was the first step toward
developing the model and was based on expressions in macrocontact
resistance developed by Yovanovich [12]. To obtain the contact area
formed by the applied load on each nodal contact, geometrical
parameters for screen wire and walls [13], as shown in Fig. 2b, were
calculated with the following expressions:

a=c/D, 1

p=D,/2 ()

a)

b)
Fig. 2 Side view of a unit cell of the screen wire and a schematic of the heat flow path.
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Rc,iw~w

Rc,w—w“

i

b)

Fig. 3 Thermal circuit in a unit cell and thermal circuit in a unit cell in a closed form.

Re,ww
Rc,w-w"
Roulkwire
Rew-ow
a)
P =(D,/H(1 + ) 3)

where p'and p are the maximum and minimum of the radius of
curvature (for flat surfaces, p’ = p = o0) and D,, is the wire screen
diameter.

The inner and outer walls were assumed to be flat surfaces and so
their curvatures were considered to be infinite. Each contact point
forms an elliptical contact area with semimajor and semiminor axes a
and b computed as follows:

1 1
a=ml3FAl,  b=niFa] @)
where m and n are obtained from the following expressions [13] for
the range of values 2 < o < 8, and F and A are shown next.

m = 0.830a%7%, m/n = 0.7905¢!'8 ®)

F= PAappa.rem = PCZ (6)

oAy« [0yl

A+B @

Imfr 11 1
A+B=—[—+—,+—+—,] (8)
2lpr A P2 P

Because the formed elliptical contact area is very small when
compared with the nodal area, the thermal resistance in the contact
area can be modeled as a thermal constriction-spreading resistance
within half-space (Yovanovich [12]). With calculated semimajor and
semiminor axes, the thermal constriction resistance for the contact
area of each node can be determined as

Reonstriction = Ve /4ka ®
where Y7 is the spreading/constriction parameter defined as [13]
YT = 2K (k) (10)
with « defined as
k=[1—(b/a)’]"? (11)

The constriction-spreading resistance between the two different
materials is the summation of each constriction resistance:

Rconslriclionlz = Rzrl + RcZ (12)

A total of three constriction-spreading resistances exist for each
nodal contact (e.g., Riy_y» Ry_y», and Ry,_g,)-

B. Bulk Resistance (Wire)

In the thermal circuit, some portion of the heat flow within the wire
between each node must be taken into account, as shown in Fig. 3.
Analyzing the circuit network via Kirchhoff’s current law [14], the
amount of heat outflow and inflow must be constant and can be
modeled as a parallel resistance with the wire-to-wire constriction
resistance and bulk resistance. The bulk resistance through the wire
was defined as

Rbulkwire = 2L/kwAw (13)

where A,, (defined next) is the wire cross-sectional area

A, = nD2 /4, L=+/c*+ D} (14)

C. Microcontact Resistance

Within the elliptical contact area formed by the applied load, a
number of conforming microcontacts are also formed; therefore,
microconstriction/spreading and gap resistances coexist in parallel.
Generally, each surface has roughness for which all contacting
asperity was assumed to be isotropic and randomly distributed over
the contacting surfaces (i.e., Gaussian surface [15]).

Between two Gaussian surfaces, the contact can be simplified as a
flat/rough surface with an effective roughness and slope. The
effective rms surface roughness and effective absolute mean asperity

slope were computed as
o =,/0} + 03, m=/m}+ m3 (15)

Depending on the deformation mode of the contacting asperities,
two model types are available: plastic or elastic. With geometric
parameters obtained from each model, the contact resistances can be
obtained with the use of the following relationships [16]. Details of
these models are further explained in the following sections.

he = 2nak, /¥ (e) (16)
2k
s (17
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w(s) = (1 - 8)1.5’ &= Ar/Aa (18)

D. Plastic Model

If contacting asperities are deformed plastically, then the
following relationships via Cooper et al. [16] and Yovanovich [17]
are applicable with appropriate geometric parameters:

A= (Y/0), = v 2erfc'(2P/H,) (19)
B \/§ o (W A -
o= o (s)erre() >
_ 1 (m\? exp(=2?)
"‘16(0) erfc(:/V2) @b
A1 A
A—a = Eerfc (ﬁ) 22)

where A, /A, is the ratio of actual contact area to nominal area. In

Eq. (19), H,, is the microhardness of the softer contacting asperities.
An appropriate microhardness can be obtained from the relative

contact pressure P/Hp relationship developed by Song et al. [18]:

1/(140.071c,)
] (23)

P P
H, | c/(1.620/m)>
where ¢, and ¢, are obtained from Vickers microhardness
measurements. Equivalent Vickers microhardness can be computed
from Brinell hardness values Hy:
/3178 = 4.0 — 5.77H}; + 4.0(H})? — 0.61(H})?

(24)
Hi=Hy/3178 ¢, =—0.370 + 0.442(Hy/c))

E. Elastic Model

The elastic deformation model for contacting asperities was
initially proposed by Mikic [19] as follows:

A= (Y/0), = V2erfc (4P/H,) (25)

20 A2 A 26

ac——ﬂaexp(?)erfc(\/—i) (26)

_ 1 (m\? exp(=A?)

"6 (0) erfe(A/V2) @D
A1 A

A_a —Zerfc(ﬁ) (28)

H,=CmE, C=0.7071 (29)

I 1—vi 1-v]
E  E E,

(30)

where H, and 1/E’ are the equivalent elastic hardness and the
effective Young’s modulus, respectively.

With appropriate geometrical parameters and either the plastic or
elastic model, the microcontact thermal resistance can be computed
as

Rye = 1/h,ma 31)

For a given nodal area, the total microcontact resistance was
calculated with the following expression:

Rine = Rinc/Nine (32)

where N, =n xA,, A, = wab, and N, is within the nodal area
Annde'

F. Microgap Resistance

In the present investigation, the space within the wall and wire
screen and the microgap between the contacting interfaces was filled
with air, which is the media of conduction across the gap. The gap
conductance model was first developed by Yovanovich [17] as

h, = (ko/0)], 33)

A correlation equation for the gap integral I, was developed by
Negus and Yovanovich [20], which depends on two dimensionless
parameters: the relative mean planes separation Y /o and the relative
gas rarefaction parameter M /o.

e

"= /o) + (o) 9

where
fe=1.063 +0.0471(4 — g)l'ﬁg(&,%)°'84

The gas’s dependence on pressure and temperature for the gas
parameter M was presented by Yovanovich et al. [21] as

P

- Ty ,latm
M =0373 x 1070 x 2L 5 &0 (35)
3237 P,

With these parameters, the microgap resistance for a node was
obtained as

R, = 1/h,mab (36)

G. Air Resistance in the Space Within Wall and Wire Screen

The interstitial area between the inner and outer wall was occupied
with air and wire screen, and the area not occupied by the wire screen
is the cross-sectional area occupied by trapped air. The area of the
unitcellis A,,q. = ¢?. Thus, the occupied air cross-sectional area was
computed as

Aair = Anode - (2 X ¢ X Dw - D%v) (37)

When the load was applied to the node, each contact point was
deformed in the same direction as the applied load for which
deformation can be obtained from the expression developed by
Johnson [7]:

_ 3F
" 27abE

-bK (k) (38)

Therefore, the thermal resistance through the air in the space for
each deformed node and air space can be expressed as (this
expression takes into account the wire deformation and its influence
on the distance of the air space)

2Dy — 81 — S —
Rair — w 81w—w 8")—") Sw—ow (39)

k airA air
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Fig. 4 Total thermal circuit for a node.

H. Total Resistance

The total contact resistance for each node from the inner wall to the
wire mesh and then to the outer wall is a summation of all the
resistances that are in serial and parallel, as shown in Fig. 4.

The following expressions detail the equations used to calculate
each component. For the inner or outer wall and wire screen, the
following expressions were used:

1 1 -1
Raiw—w = Rc,iw + (Ri + ) + Rc,w (40)

tme,iw—w Rg,iw—w

1 1
Rc,wfow = Rc,w + ( + R

leC.W*OW

-1
) +Reow (4D

g.W—OwW

For the resistance of the wire screen, the following expression was
employed:

1
RC‘“‘iw - ((RC,W + {[1/(RImC,IU—UJ)] + [1/(Rg,w—w)]}7l + R(‘JL')

—1
P ) “2)

Rbu]kwirc

The total contact resistance of each node was calculated from the
summation of the contact points, as follows:

Rtot,c = Rc,iw—w + Rc,w—w + Rz?,w—ow (43)

The total contact resistance was in parallel with the air space
resistance shown in Fig. 4 and computed as

1 1\!
R =—+—— 44
totnode (le.(' * Rair) ( )

One unit cell has four nodes that exist as parallel resistances;
therefore, the total resistance for the unit cell becomes

4 -1
RtoLcell = ( ) 45)

Rt()Lmyde

The number of unit cells in an actual area can obtained from the
following expression:

A
Nce — actual ( 4 6)
! Acell

In a similar manner, actual joint thermal resistance and
conductance can be expressed as

Net \™!
Ractual = (Riell) (47)
tot,cell
1
haclual =5 a1 (48)
RaclualAaclual

IV. Result and Discussion

In the present study, both macro- and microplastic and elastic
models were employed. The developed model includes constriction/
spreading resistances for an elliptical contact area, the bulk resistance
for the wire screen, and an air space resistance for a contacting node.
Plastic and elastic models for microcontacts and gap-resistance
models were employed.

To investigate the contribution of each resistance to the overall
resistance in a node, total contact resistance and air resistance and the
total resistance for a node are plotted as a function of applied
pressure, as shown in Fig. 5. This figure indicates that the contact
resistance decreases as applied pressure increases, but the air
resistance decreases only slightly. The contact resistance was sharply
deceased due to increasing contact area. When the applied pressure
reached roughly 283 kPa, the contact resistance crosses the air
resistance and, thereafter, the air resistance dominates the total
resistance.

The contact resistances within a node can be classified into either
contact resistance by the inner-wall-to-wire, wire-to-wire, or wire-to-
outer-wall resistance. In the model, the inner-wall-to-wire and wire-
to-outer-wall resistances have similar properties; therefore, they are
similar resistance components. Figure 6 shows a plot of the total
contact resistance and contact resistances for the inner-wall-to-wire
and wire-to-wire resistances. As shown in the figure, the inner-wall-
to-wire or wire-to-outer-wall contact creates higher resistance than
the wire-to-wire contact resistance (thus, controlling the overall
resistance for the range of applied pressures investigated). The
resistance in the wire-to-wire contact has a relatively large decrease
as 200 kPa is approached, as indicated by the changing slope of the
curve.

To obtain a better understanding of the contact resistance caused
by the wall-to-wire interface, which seems to dominate the overall
resistance in the node, a plot of multiple interface resistances is
shown in Fig. 7. From Fig. 7, the dominant resistance component at
the inner-wall-to-wire interface is clearly the microcontact resistance
(R indicates total microcontact) that is highly dependent on the
applied interface pressure. The analysis also indicates that the
macroconstriction (R.;,) and spreading (R.,) resistances at the
inner wall and wire are the least dominant resistances, and then this is
followed by the microgap resistance (R, ;,_,). All of these
resistances are located at the inner-wall-to-wire interface.

10
—Rtot,c
————— R Air
---- R tot,node
10"

Resistance, K/IW

w

_
o

Pressure, kPa
Fig. 5 Thermal resistance as a function of applied pressure in a node.
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Fig. 6 Contact thermal resistance as a function of applied pressure in a
node.
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Pressure, kPa
Fig. 7 Each thermal resistance as a function of applied pressure within
the inner wall and wire of a node.

To highlight the same behavior within the wire-to-wire interface,
Fig. 8 shows the same individual contact and gap resistances at this
interface. Even in wire-to-wire contact, the total microcontact
resistance (R ,—,) seems to be the dominant resistance parameter,
similar to the inner-wall-to-wire interface shown in Fig. 7. Again, the
least influence at this interface comes from the macroconstriction and
spreading resistances.

However, the addition of the bulk wire resistance does cause a
lower overall total contact resistance when compared with the inner-
wall-to-wire interface, which is indicated by the solid lines (R, ;y_,
and R, ,_,) in both Figs. 7 and 8. This lower resistance is more
prevalent between 230 and 600 kPa of applied pressure. The overall
total contact resistance includes all of the resistances that comprise
the thermal circuit network (see Fig. 4 for a single node).

V. Comparison Between Model and Experiment Data

To investigate the effects of contact resistance as a function of
applied pressure at a node, a nondimensionalized expression was
developed that includes macrocontact, microcontact, microgap, bulk
wire, and the air resistance in the space between the inner and outer
wall and within the screen mesh, R ./ Riotnode:

Rt()t,c

_ Rlol.c
m =142

tot,node air

(49)

Equation (49) is plotted in Fig. 9 as a function of applied nominal
pressure over the range 1 kPa < P < 3500 kPa. It seems, from this
analysis, that the interface contact resistances have a greater
influence on the overall resistance over all pressure regions. Further,
contact resistances are sharply decreased as the applied pressure
approaches 283 kPa, which is mainly caused by the reduction in
microcontact resistance.

)

10 -
——Rc,w-w
s[ e ----Rcw+Rcw
10 B R R tme,w-w
R R g,w-w
10* S + R bulkwire

Resistance, K/W

10' 10° 10°
Pressure, kPa

Fig. 8 Each thermal resistance as a function of applied pressure within

the wire and wire of a node.
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—— Plastic micromodel
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Q * SS5@135F
5 3 “ o SS5@200°F
o Y
3 25
8
r 2
1.5
1

0 500 1000 1500 2000 2500 3000 3500
Pressure, kPa

Fig. 9 Dimensionless thermal resistance as a function of applied

pressure.

For comparison, experimental data are shown along with the
model predictions. The trend indicates a large reduction in contact
resistance influence as the pressure is increased up to 690 kPa, then
the air resistance begins to dominate for pressures greater than
1015 kPa. The comparison indicates that the inclusion of a plastic
model for microcontacts was better at predicting the experimental
data than the assumption of elastic microcontacts at these higher
pressures (rms errors have been computed). As shown by Figs. 7 and
8, the resistance due to microcontacts and microgaps is much larger
than other resistances and thus becomes the controlling factor for this
system. This means that a wire screen can be a proper insulating
medium for an interstitially insulated system if the applied pressure is
controlled properly.

The total thermal resistance for three different deformation models
is compared against experimental data, as shown in Fig. 10. The
comparison indicates that the trends for the total thermal resistance
variation (which include the effects for plastic and elastic
deformation) are similar, but that the elastic model shows a higher
resistance. The difference between the two contact models is mainly
caused by the deformation mode of the contacting asperities in
microcontact, and generally rough surfaces tend to follow the plastic
model rather than the elastic deformation model. However, the
elastic macromodel by itself has lower resistance and tends to
underpredict the experimental thermal resistance results.

Figure 11 plots the thermal conductance for the various models
employed in this study against the experimental data. In this plot, a
significant underprediction at light pressure range is observed (for
micromodels, especially) for applied pressures under 1500 kPa. This
is a similar trend to that shown in Fig. 10 for light applied pressures.

As a quantitative comparison between model predictions and
experimental data, Table 1 shows the rms error between these results.
For the plastic contact model, the error ranged from 10 to 19%, which
happens to be the lowest values. With the assumption of elastic
microcontact deformation, the rms error ranged from 19 to 29%.
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Fig. 10 Thermal resistance of each model and experimental data as a
function of applied pressure.
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Fig. 11 Thermal conductance of each model and experimental data as
a function of applied pressure.

Although these values are higher than for the plastic deformation
assumption, they are still lower than for the assumption of just
macrocontact without inclusion of microcontact effects. In the
macromodel (does not include microcontact effects), the error ranged
from 68 to 78%, which is due to the assumption of perfect contact in
the deformed area.

Table 2 shows the geometrical and thermophysical properties of
the metallic materials that were used for this analytical and
experimental study.

In summary, the reason for higher conductance/lower resistance at
lighter pressures (light applied load) compared with the model
predictions can be accounted for from visual inspection of the wire
screen before any testing. In the untested state, predeformation was
observable at each wire-to-wire interface for each node caused by the
stresses of the fabrication process. The applied load due to
fabrication formed an initial contact area that results in lower
resistance and higher conductance when compared with the model
predictions. The model predictions do not take into account
predeformation of any contacting surfaces.

VI. Conclusions

Macro- and microcontact resistance models were used to predict
the performance of an interstitially insulated coaxial pipe system that

Table 1 RMS error between the experimental data and models

Model 53°F 135°F 200°F Average
Elastic Micro 29 29 19 26
Plastic Micro 19 19 10 16
Macro 68 69 78 72

contained a wire screen. The model developed shows good
agreement with experimentally measured conductance values over
an applicable pressure range. The intended interface pressure on the
wire screen mesh will be approximately 14.7 psia (101.3 kPa) for this
technology. At this interface pressure, the model underpredicts the
experimentally measured conductance; however, this may be due to
predeformation of the contacting wires. This leads to the discrepancy
between the model and the experimental data at light interface
pressures. This can be avoided if the manufacturing process is well
controlled.

The wire screen acted as the interstitial insulation, which
dramatically increased the thermal resistance when compared with a
bare pipe. Therefore, the rate of heat loss from the inner hot wall to
the outer cold wall was dramatically decreased by two orders of
magnitude, as indicated by the drop in thermal conductance from
roughly 2500 to 50 W/m?K. In addition, this study modeled the
influences of several contact models that included macrocontacts and
microcontacts at the interfaces of contacting surfaces.

For modeling purposes, the properties of P110-4140 pipe were
used for the inner and outer wall material, and stainless steel 316 for
the screen wire properties was employed for the interstitial insulation
material. From modeling results, the predicted thermal conductance
ranged from 44.7 to 207 W/m?K for just the macrocontact model,
from 17 to 118 W/m?K with inclusion of the plastic model, and from
17 t093 W/m?K for the elastic model. The experimentally measured
thermal conductance values ranged from 52 to 108 W/m?K at an
interstitial mean temperature of 53°F case, from 49 to 119 W/m?K
for the 135°F case, and from 44 to 129 W/m?K for the 200°F case.

The average rms errors were calculated for the various model
predictions and compared with the experimentally measured values.
Incorporating only the macrocontact model gave an upper value of
72%, whereas the inclusion of a plastic deformation model for
microcontacts gave an upper value of 16%. The assumption of elastic
microcontact deformation at the interfaces gave an upper value of
26%. Clearly, among the three deformation models, the inclusion of
plastic microcontacts with elastic macrocontact deformation shows
good results throughout the entire pressure range, with especially
excellent agreement at higher pressures.

However, at lighter pressures, further study is needed to account
for the overprediction, but one possible reason for this discrepancy
was observed. Predeformation of the contact area within the wire-to-
wire interface was clearly witnessed that can be attributed to wire
tension forces from the fabrication process.

Microcontact resistances by the wire screen were found to be the
dominant resistance parameter from modeling analysis results.
Therefore, by modifying the geometrical, mechanical and
thermophysical properties of the wire screen, one can control the
performance of the interstitially insulated coaxial pipe system. The
developed model will be used to optimize the design for the actual
product by varying the aforementioned parameter. The analytical
modeling for this interstitially insulated system was validated against
experimentally measured data with very good agreement at higher
pressure.

Table 2 Properties of materials

Material Poisson’s ratio Modulus, GPa Roughness, um Absolute asperity slope Thermal conductivity, W/mK
Steel 4140 P110 (inner or outer wall) 0.3 207 1.5 0.0938 42.7 ~46.7
Stainless steel 316 (mesh screen) 0.3 190 04 0.0471 16.3 ~ 16.5

C (length between nodes, mm) 254 D,, (wire diameter, mm) 0.925
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Appendix A: Experiment Apparatus Overview

The thermal contact conductance (TCC) system [4] consists of a
heat source, three specimens (flux meter, steel 4140 cylinder, and
wire mesh), a heat sink, a load cell, and bellows. The apparatus is
intended to handle specimens 1 in. in diameter. Steel 4140 bar stock
was machined into 1-in-diam cylinders. The purpose of the inserts
was to simulate the inner and outer piping of the interstitial insulating
coaxial pipe. One cylinder insert would be in contact with the heated
flux meter and the other would be in contact with the cooled flux
meter. The wire mesh was sandwiched between the two cylinder
inserts, thus mimicking the actual interstitially insulated coaxial pipe
technology under actual temperature and pressure conditions of a
subsea environment.

The bell jar’s contents can be entirely evacuated if needed, thus
minimizing convection heat transfer at the contact interface and all
other surfaces (thus minimizing convective losses); however, these
experiments were run with an ambient environment within the bell
jar and, therefore, air was present between the gap formed by the
contacting surface/wire screen joint.

The gap between the surfaces minimizes the convective heat
transfer, but allows for conductive heat transfer to occur; therefore,
the present assembly takes advantage of the low thermal conductivity
of air.

The heater was attached to the upper plate and affixed to the heat
source at the top of the column. The heat sink was fastened at the
bottom of the column and fed with coolant. The refrigerated bath,
with a temperature range of —20°C (—4°F) to 150°C (302°F), was
controlled by a thermoregulator. To optimize heat transfer, coolant
was used on all contacting surfaces that experienced heat flow.
Radiation shields were placed around the test column to minimize
radial heat loss. The shield was located approximately 2.54 cm (1 in.)
from the heat source surface and 1.27 cm (0.5 in.) from the specimen.

The test column was loaded by introducing pressure into the
stainless steel bellows, mounted at the bottom of the column, using a
pressure regulator. A 22,241 N (5000 1bf) load cell was used to
determine the pressure at the interface. Five T-type thermocouples
were affixed to the centerline of each flux meter by packing them
tightly into holes, using powdered metal. The test column may be
operated in a vacuum environment to eliminate the effects of
interstitial fluids on the heat transfer at the interface. The roughing
pump works in series with an oil diffusion pump to maintain the
vacuum at a low level. An uncertainty analysis was performed for
each applied pressure that indicated a percent uncertainty error that
ranged from 6.75 to 8.15%.
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