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[1] A dimensionless vent number is derived that characterizes the axial temperature
changes caused by vertical heat advection in vent zones of planar or cylindrical shape
and horizontal dimensions of meters to hundreds of meters or more. The vent number,
Nv, depends on the depth extent and width of the vent zone and the rate and duration of
venting and is applicable to many common geologic situations such as mud and salt
diapirism and gas venting. It provides an easy way to estimate the thermal consequences
of venting in cases where the geometry of the vent and its rate and duration of discharge
can be estimated. Temperature perturbations are minimal for Nv < 0.1. For Nv > 2 the
temperature profile along the vent zone axis follows the one-dimensional steady state
advection profile and horizontal heat losses are negligible. Use of vent numbers is
illustrated by assessing the thermal impact of gas venting at the Bush Hill hydrate mound
offshore Louisiana. The analysis shows that the temperature perturbations expected from
the gas venting there are very small and that any subsurface temperature increase in
the area was likely caused by the mud diapirism that preceded the gas venting. The
subsurface should be cooling and hydrate crystallizing to progressively greater depths
during the ensuing period of gas venting. These conclusions are not obvious but are easily
reached using vent numbers.
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1. Introduction

[2] The venting of fluids through approximately cylindri-
cal vent zones is a common geological phenomenon. Mud
and salt diapirs, and gas vents are cylindrical or tabular in
horizontal section. The vertical movement of fluids through
these vent zones can perturb subsurface temperatures and
produce high surface heat flows. However, the thermal
perturbation caused by venting depends on the duration of
venting as well as the rate of heat advection in the vent zone
and the width and depth extent of the vent zone. There is, at
present, no simple way to estimate the conditions under
which venting will significantly perturb subsurface temper-
atures. The purpose of this paper is to present such a

method. We define a vent number analogous to the Peclet
number that is used to assess the thermal impact of steady
state one-dimensional vertical fluid flow. This vent number
combines the duration of venting with the other parameters
mentioned above. If the vent number is <0.1 venting
perturbs subsurface temperatures very little. If the vent
number is >2, subsurface temperatures approach those in
one-dimensional (1-D) steady state venting where horizon-
tal heat loss from the vent zone is negligible. We illustrate
the use of vent numbers by employing them in an analysis
of the temperature impact of seafloor gas vents.
[3] Gas vents are common on the seafloor. In the Gulf of

Mexico, most are associated with the faulted margins of salt
diapirs [Milkov and Sassen, 2003]. If water depth is greater
than �440 m, methane hydrate, an ice-like crystalline
mineral in which hydrocarbon and nonhydrocarbon gases
are enclosed in a rigid cage of water molecules [Sloan, 1998]
may accumulate in the vents [Milkov and Sassen, 2003].
Hydrate accumulations are of current interest because
they contain a large volume of natural gas (170 m3 gas
per m3 hydrate) that might be exploited [Kvenvolden and
Lorenson, 2001], because gas rupturing through a hydrate
cap or the rapid decomposition of hydrate can deform the
seafloor and trigger mudslides that can impact seafloor
infrastructures [Mienert et al., 2005; Maslin et al., 1998],
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because hydrate decomposition associated with changes
in sea level or ocean temperature could add large volumes
of methane (a greenhouse gas) to the atmosphere [Bratton,
1999; Katz et al., 1999; Kennet et al., 2003; Maslin and
Thomas, 2003; Kvenvolden and Rogers, 2005], and because
hydrate crystallization is an exothermic process that can raise
subsurface temperatures. Changes in subseafloor tempera-
ture affect hydrate stability.
[4] In a previous paper, Chen and Cathles [2005]

addressed the thermal impact of broadly distributed gas
venting using one-dimensional simulations of venting from
1 km depth that included the latent heat of hydrate crystal-
lization and dissolution above 600 m depth. The 1-D
analysis showed that even though the vents may quickly
plug with hydrate and be turned off, heat advected by gas

venting and the heat released by hydrate crystallization
could cause substantial subsurface warming. The thickness
of the hydrate stability zone could be reduced from nearly
600 m to <200 m, and surface temperature gradients
increased from 20�C km�1 to >200�C km�1, for example.
Potentially supporting this analysis, temperature gradients
>400�C km�1 have been measured at mud diapers, some of
which are venting gas [Ruppel et al., 2005], and erupted
mud is often warm [Henry et al., 1996; Eldholm et al.,
1999; Wiedicke et al., 2002; Bohrmann et al., 2003;
Vanneste et al., 2003; Schmidt et al., 2005]. Here we
address whether venting-related temperature perturbations
could be produced when the venting is localized. By
localized venting we mean that the diameter of upwelling
is similar to or smaller than the interval of vertical gas
migration.
[5] The issues we address are framed in Figure 1, which

depicts gas venting on the 500 m diameter Bush Hill
hydrate mound in Green Canyon Block 185, offshore
Louisiana, Gulf of Mexico. As evidenced by outcrops of
hydrate, mussels, tube worms, and exposed carbonate crust,
recent venting appears to have been concentrated where a
100 m wide antithetic fault zone cuts across the �500 m
diameter hydrate mound [MacDonald et al., 2003; De
Beukelaer et al., 2003]. About half of the fault trace across
the mound has been surveyed by contiguous laser scans
[MacDonald et al., 2003]. The flow indicators mentioned
above occupy �3.7% of the 27,650 m2 area that was laser
scanned, suggesting venting may be localized even within
the surveyed area. In 2001, a bubble stream on a �4 m
diameter hydrate outcrop near the center of the mound was
venting methane at the rate of a liter per second or 21 t yr�1

[Sassen et al., 2001]. Leifer and MacDonald [2003] mea-
sured venting rates of a pulsing bubble stream at a hydrate
outcrop near the center of the mound in the laser-scanned
area (probably the same gas stream measured by Sassen) at
26 t yr�1. A steady bubble stream a few meters away was
venting at 3.8 t yr�1. The combined venting rate of 30 t yr�1

is probably the maximum local venting rate on the Bush
Hill mound. De Beukelaer et al. [2003] suggest that at most
10 other bubble stream vents of similar magnitude might
exist in the laser-surveyed area. If most of the current
venting is from the laser-surveyed area and the equivalent
of ten �30 t yr�1 vents, the total gas venting from the Bush
Hill mound would be �300 t yr�1. This is similar to the
800 t yr�1 estimated by Chen and Cathles [2003] and Chen
et al. [2004] from vent chemistry and hydrate crystallization
kinetics. A sonar image of the Bush Hill mound shows gas
emanating from the full 500 m diameter of the mound
[Sassen et al., 2001], not just the surveyed area. This
broader distribution of the venting could indicate slow
venting across the entire mound, or could be an artifact of
the sonar imaging [De Beukelaer et al., 2003].
[6] Figure 1 thus suggests that gas venting could be from

a relatively restricted area of the Bush Hill mound. For
example, it could be from just a 100 � 200 m area of the
antithetic fault zone that cuts across the mound, or even
from a small number of vents a few meters in diameter
within this area. The dimensions of these vent areas are
much smaller than the gas source depth (which is at least
1 km) and thus restricted in the sense defined above. How

Figure 1. Sketch of gas venting, as it is currently
understood, at the �500 m diameter Bush Hill hydrate
mound in Green Canyon Block 185, offshore Louisiana,
Gulf of Mexico. The hydrate accumulated over the last
�10,000 years above an antithetic fault spur of the fault
system which contains Connoco’s Jolliet reservoirs at
�1.2–2.4 km depth [Cook and D’Onfro, 1991; Roberts
and Carney, 1997]. Gas is venting from Bush Hill and Bush
Hill Lite where seismic wipe-out zones (shading on top sur-
face of the insert) suggest gas is present near the fault. The
most recent venting appears to be localized in a �200 m
long interval of a 100 m wide N-S band where the antithetic
fault currently cuts across the mound. Two bubble streams
a few meters apart near the hydrate outcrop (at plus)
on the mound are venting methane at a combined rate of
�30 t yr�1 [Leifer and MacDonald, 2003]. Mussels, tube
worms, and outcrops of hydrate and carbonate mapped by
contiguous laser scans [MacDonald et al., 2003] occupy
�3.7% of the 27,650 m2 area surveyed, as illustrated. These
features suggest where gas may have vented in the recent
past. De Beukelaer et al. [2003] estimate that up to
10 bubble streams could exist in the laser scanned area.
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much can vertical flow through restricted areas of this
nature warm the subsurface?
[7] We address this question semianalytically, following

methods derived by Deloule and Turcotte [1989] for thin
(millimeter wide) cracks. We extend their analysis to
include cylindrical as well as planar (fracture) vent zones
of meter to hundreds of meter dimensions and show, by
comparison to finite element simulations, that their semi-
analytical equation of the axial temperature profile in the
vent remains a useful measure of subsurface temperature
change. We define a new dimensionless ‘‘vent’’ number that
in the absence of vertical heat conduction, completely
characterizes the axial profile, and we show how this vent
number can be used to determine how venting will perturb
subsurface temperatures. Applying it to the Bush Hill gas
vent site in the Gulf of Mexico, we find that very little
subsurface temperature perturbation can be expected from
either the very localized gas venting that seems to be
occurring at Bush Hill or from venting at plausible rates if
the discharge is distributed across the active portion of the
mound. On the other hand, significant thermal perturbation
should, according to our vent number analysis, commonly
be produced by mud diapirism. Increases in subsurface
temperatures have been observed near mud diapirs, some
of which are venting gas. This suggests that any increase in
subsurface temperature or surface heat flow at Bush Hill
was caused by mud diapirism, and that the subsurface has

probably been cooling during the period of gas venting that
followed mud intrusion.

2. Theory

2.1. An Approximate Solution Assuming
No Vertical Conduction

[8] Deloule and Turcotte [1989] approximate the temper-
ature perturbations caused by fluid discharge through a
narrow vertical fracture assuming vertical heat conduction
is negligible. They determine the rate of venting by balanc-
ing a lithostatic pressure gradient against turbulent resis-
tance to flow in the narrow planar fracture of width W. They
assume turbulent mixing makes the vent isothermal in the
horizontal plane. As shown in Figure 2, fluid enters the
fracture (which we show as a vent zone of much greater
width) at a depth z = �d at the normal temperature for that
depth, Td. For a geothermal gradient GT, Td = Ts + GT d.
Deloule and Turcotte determine the conductive heat losses
at the sides of the fracture using the solution for the 1-D
transient conduction of heat into a half-space that is initially
at the ambient temperature, Tamb = Ts � GTz. This is a
common assumption [e.g., see Lowell and Rona, 2002;
Germanovich et al., 2000; Sleep and Wolery, 1978]. The
conductive heat loss from the walls of the fracture vent is

jh ¼
Kffiffiffiffiffiffiffi
pkt

p Tv � Tambð Þ: ð1Þ

Figure 2. Schematic diagram illustrating aspects of our calculation of the temperature changes caused
by gas venting from depth d through a planar or cylindrical vent. The calculation domain is divided
into horizontal layers of equal thickness, as indicated by the nodes (dots). At each time step the
temperatures at the vent (but not the halo) nodes are moved upward one layer. After each such
advection step, the latent heat of hydrate crystallization may be added at the nodes where hydrate is
crystallizing, and heat is diffused laterally and vertically by solving the transient 1-D heat flow
equation first at each horizontal and then at each vertical line of nodes. The initial temperature at any
depth is the normal ambient temperature there. The first node in the sediment adjacent to the vent lies
10 cm from the closest vent node in all cases. The left side of the diagram shows temperature contours
away from a typical vent.
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Ignoring changes in heat storage in the fracture, Deloule and
Turcotte impose heat balance by setting the heat losses out
the fracture sides equal to the gradient in vertical heat
advection in the fracture. In this way they find the time-
dependent temperature in the vent, Tv, depends only on a
dimensionless group of parameters that we collect and
define here as the vent number, Nv:

Tv z; tð Þ � Ts

Td � Ts
¼ � z

d
þ Nv 1� e

�1
Nv

z=dþ1ð Þ
� �

; ð2Þ

where

Nv ¼
WNPe

2d2

ffiffiffiffiffiffiffi
pkt

p
: ð3Þ

NPe is the Peclet number. The Peclet number is the ratio of
the advection of heat in the vent zone to the conductive heat
flux in the absence of advection. It is defined in Table 1, as
are all other symbols used in this paper. Here the Peclet
number provides a measure of the rate of heat advection by
vertical flow in the fracture or vent zone.
[9] Deloule and Turcotte’s [1989] method can be extend-

ed to encompass vertical flow in a cylindrical vent. The
Bessel functions expressing radial heat conduction have

been numerically evaluated by Jacob and Lohman [1952].
An expression equivalent to (1) can be written

jh ¼
CKffiffiffiffiffiffiffi
pkt

p Tv � Tambð Þ; ð4Þ

log10 C ¼ 0:2734þ 0:2068aþ 0:0316a2 � 0:0013a3;

where the power series expression for C is the result of a
least squares fit we made to Jacob and Lohman’s solutions,
and a = log10 tk/rv

2. For the cylindrical vent solution,
equation (3) becomes

Nv ¼
rvNPe

2d2C

ffiffiffiffiffiffiffi
pkt

p
; ð5Þ

where rv is the radius of the cylindrical vent. Additional
discussion of this and related problems is given by Horner
[1951], Bullard [1954], Lee et al. [2003], Chaudhry [2004],
Sleep and Wolery [1978], and Carslaw and Jaeger [1959].
[10] Temperature in a horizontally isothermal planar

(fracture) vent zone of width W is given by (2) using
expression (3) for Nv. Temperature in a horizontally isother-
mal cylindrical vent zone of radius rv is given by (2) using
expression (5) for Nv.

Table 1. Glossary of Parameters With Values Used in Modeling

Symbol Definition

a = log10 tk/rv2
ad coefficient of longitudinal dispersion, equal to 30 m
b distance to lateral boundary [m] (Figure 2)
C parameter that converts planar vent to cylindrical vent number (see equation (4))
cf heat capacity of vent fluid, equal to 4186 J kg�1 �C�1 (water), 3000 J kg�1 �C�1 (methane gas)
d depth of vent source below seafloor [m]
d thermal conductive skin depth [m], equal to 2

ffiffiffiffi
kt

p
dadv advection skin depth [m], equal to d/NPe

fHyd fraction of the gas stream that crystallized as hydrate
f porosity of sediment, equal to 0.43
GT geothermal gradient [�C m�1]
jh horizontal conductive heat loss from side of fracture or cylindrical vent [W m�2]
Q total mass discharge rate
qf vertical mass flux of vent fluid [kg m�2 s�1], equal to rfV
K thermal conductivity of sediment, equal to �1 W m�1 �C�1 [Revil and Cathles, 2002]
k thermal diffusivity of sediment [m2 s�1], equal to K/rmcm
L latent heat of hydrate crystallization, equal to 416,000 J kg�1 [Rueff et al., 1988]
Nv dimensionless vent number, (WNPe/2d

2)
ffiffiffiffiffiffiffi
pkt

p
in a planar (fracture) vent, and (rwNPe/2d

2C)
ffiffiffiffiffiffiffi
pkt

p
in a cylindrical vent

NPe Peclet number, equal to rf cf Vd/K
RTtr ratio of vent duration, t, to transit time of thermal front across vent, equal to t/[d/(cf qf /rmcm)]
rv radius of vent in horizontal plane [m]
rf density of vent fluid [kg m�3], equal to 1000 kg m�2 (water), 38 kg m�3 (methane gas at 54 bars)
rGcG heat capacity of sediment grains [J m�3 �C�1], equal to 2.26 � 106

rmcm heat capacity of sediment [J m�3 �C�1], equal to rGcG (1 � f) + rf cf (f)
S heat generation by hydrate crystallization or dissolution [J m�3 s�1], equal to fHydqf L/Dz
Td normal (ambient) temperature at a depth d [�C], equal to Ts + GTd
Ts average seafloor temperature [�C]
Tamb ambient temperature [�C], equal to Ts � GTz
Tv time-dependent temperature in the vent [�C]
Dt time required to advect temperature one finite element layer upward, Dz/[(rc/rTcT)V]
V vertical volume flux of vent fluid [m s�1]
W width of fracture [m]
x horizontal distance [m]
z depth below seafloor [m], negative down from seafloor
DzH depth to the base of the hydrate stability zone under ambient temperatures [m below seafloor]
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[11] The remarkable and very useful aspect of equation
(2) is that the temperature profile it defines along the axis of
a planar or cylindrical vent zone depends on a single
parameter, Nv. This parameter combines the depth extent
of the vent zone (d), vent zone width (rv or W), the rate of
vertical heat advection in the vent as measured by NPe, and
the time the vent has operated (t). Generally, geological
observations allow estimation of the geometry of the vent,
the venting rate, and the time the vent has operated. Thus Nv

can commonly be estimated, and the axial temperature
profile predicted from (2). The critical question is whether
equation (2) remains valid for the wide vent zones of
common geological interest. We show below that it does
and that the thermal impact of venting can be inferred from
Nv. Subsurface temperatures are not perturbed significantly
if Nv < 0.1. The temperature profile approaches the maxi-
mum possible perturbation (the 1-D steady state vertical
advection curve that applies when horizontal heat losses are
negligible) when Nv � 2.
[12] The vent number, Nv, has a simple physical inter-

pretation, which is apparent if the parameters that make
up the Peclet Number (see Table 1) are substituted into
(5):

Nv ¼
cf Q

2pdrvKC

ffiffiffiffiffiffiffi
pkt

p
¼

rvrf cf V

2dKC

ffiffiffiffiffiffiffi
pkt

p
: ð6Þ

The vent number is the ratio of the net rate at which heat is
advected into the base of the vent at time t, cf Q(Td � Ts), to
twice the maximum rate at which heat can be conducted
from the vent at time t, 2prvd (CK/

ffiffiffiffiffiffiffi
pkt

p
)[(Td � Ts)/2]. Here

Td is the temperature at depth d, and Ts is the temperature
at the surface. The maximum rate of heat loss is that
from a vent that has temperature Td everywhere. Its
average temperature contrast with ambient is (Td � Ts)/2.
The vent will tend toward the 1-D steady state vertical
heat advection solution if the advection of heat is greater
than the rate at which it can be conducted from the vent,
e.g., if Nv approaches or exceeds unity. If the advection
of heat into the vent is small compared to the rate at
which it can be conducted out the side of the vent, e.g.,
Nv 	 1, the venting should not perturb subsurface
temperatures.
[13] In this paper we use the vent number primarily to

assess whether heat advected by the flow of gas through the
pores of sediments in a vent zone can produce changes in
subsurface temperature. The basic physics is not changed if
the heat advection is caused by the penetrative flow of mud
or salt though sediments surrounding a diapir. The vent
number analysis can thus be used to evaluate thermal
perturbations caused by mud or salt diapers, as we illustrate
below.
[14] The vent number is analogous to the Peclet number

that characterizes the steady state thermal consequences of
the ubiquitous vertical flow of pore fluid from a depth d. It
differs from the Peclet Number in that it considers the
transient evolution of vent temperature and characterizes
the transient thermal effects of vertical flow of fluid in a
vent from a depth d. As a time-dependent parameter it is
unlike traditional dimensionless numbers in fluid mechanics
such as the Peclet or Raleigh numbers that are independent

of space and time, and it is unlikely to play as fundamental a
role in fluid mechanics as these numbers. The vent number
should be considered a practical number that is useful in
assessing the thermal impact of venting.

2.2. Finite Element Solutions

[15] Deloule and Turcotte’s [1989] solution (equation (2))
provides a potentially valuable framework for understand-
ing the thermal effects of venting, but makes a number of
assumptions that need to be evaluated, especially when the
vent width or diameter becomes appreciable compared to
the source depth, d. For example, their method assumes that
the horizontal heat conduction was constant over the history
of venting to time t (equation (1)), that vertical conductive
heat loss is negligible, that the fracture is thin compared to
its vertical extent, that the fracture is isothermal in all
horizontal planes, and that changes in heat storage in the
fracture are not significant. We use standard [Baker and
Pepper, 1991] finite element methods in Cartesian and
radial coordinates to evaluate whether these assumptions
remain valid in much wider vent zones, and to verify our
extension of their method to cylindrical vents. We show that
changes in heat storage in the vent during the initial stages
of venting are not significant, and that the vent number
remains a useful characterization of subsurface temperature
change even when the vents are neither thin nor isothermal
in the horizontal plane, and when vertical heat conduction is
important.
[16] Our approach is illustrated in Figure 2. Appealing to

symmetry, we model half the system: the midplane of the
fracture zone (or the axis of the cylindrical vent zone) is
taken to be an insulating plane (or line) across which there is
no heat flow. The vent zone sits at the left side of a
computation domain whose right boundary may be insulat-
ing or fixed at the temperature of the unperturbed geother-
mal gradient. The fracture (or cylindrical vent zone) and its
surroundings are divided into a number (usually 20) of
horizontal layers of equal thickness. The nodes are equally
spaced vertically, but horizontally their spacing is strongly
decreased toward the vent zone margin both in the vent
zone itself and in the rock or sediment adjacent to the vent
zone which we refer to as the vent halo in Figure 2. Node
spacing is defined in Table 2.
[17] We solve the vertical and horizontal heat conduc-

tion equations separately and introduce advection at each
time step advance of the solution by moving the temper-
ature at each node in the vent up one node (layer). The
nodes at the base of the vent at z = �d always have
temperature Td. The time step required for a fluid flux, V,
to advect temperature up one layer (assuming no conduc-
tion or dispersion of heat) is determined from heat
conservation. This time step is Dt = Dz/[(rf cf /rmcm)V],
where Dz is the layer thickness. Since the temperatures at
each node of the vent are advanced upward exactly to the
next node at each time step, there is no numerical
dispersion. The first node in the sediment outside the
vent lies 10 cm from the closest vent node. This assures
accurate definition of the vent width.
[18] After each temperature advection step, heat is dif-

fused for the same interval of time by first solving the
transient 1-D lateral heat flow equation at each horizontal
line of nodes, and then solving the vertical diffusive heat
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flow equation at each vertical line of nodes (see Figure 2).
The equations governing the horizontal diffusion of heat are

rmcm
@T

@t
¼ @

@x
K
@T

@x
ð7aÞ

rmcm
@T

@t
¼ 1

r

@

@r
rK

@T

@r
: ð7bÞ

Equation (7a) applies for lateral conduction from a planar
vertical fracture, and equation (7b) applies to radial

conduction from a cylindrical vertical vent. The equation
governing the vertical diffusion of heat is

rmcm
@T

@t
¼ @

@z
K þ adrf cf V

� � @T

@z
: ð8Þ

Vertical heat dispersion in the vent is accommodated by
including the product of the coefficient of longitudinal
dispersion, ad, and the advective heat flux rf cfV.

Table 2. Parameters Used in Modelsa

Nv W, m d, m Dt, years Q, t yr�1 m�1 Npe qf, kg m�2 yr d, m b, m RTtr

Fracture of Width W: Comparison to Deloule and Turcotte [1989]: Figure 3a
0.1 3 (1c, 10h) 1000 2380 5 158 1,670 473 800 8.9
0.1b 3 (1c, 10h) 1000 263 15 476 5,000 315 700 3.0
0.5 3 (1c, 10h) 1000 1653 30 952 10,000 395 500 37
0.5b 3 (4c, 10h) 1000 1653 30 952 10,000 395 500 37
0.5b 3 (1c�, 10h) 1000 1653 30 952 10,000 395 500 37
0.5b 3 (1c, 10h) 1000 410 60 1904 20,000 196 400 18
0.5b 3 (1c, 10h) 1000 6610 15 476 5,000 790 1500 74
0.5c 3 (1c, 10h) 1000 1613 30 952 10,000 389 800 37
1 3 (1c, 10h) 1000 2380 50 1587 16,667 476 600 89
2.5 3 (1c, 10h) 1000 932 200 1905 66,667 297 600 140
2.5b 10 (1c, 10h) 1000 148 500 4762 50,000 118 300 17

Cylinder of Diameter W: Extension of Deloule and Turcotte [1989] to Cylindrical Vent: Figure 3b
0.1 3 (1c, 10h) 1000 182 1500 20,210 212,000 131 300 86
0.5 3 (1c, 10h) 500 25 5,000 33,684 707,000 49 150 79
0.5b,c 3 (1c, 10h) 500 25 5,000 33,684 707,000 49 150 79
0.5c (a) 200 (40v, 4c�, 10h) 1000 20,027 13,600 41.2 433 1373 2000 20
0.5b,c 200 (20v, 4c�, 10h) 1000 20,027 13,600 41.2 433 1373 2000 20
0.5b,c 200 (20v, 9c�, 10h) 1000 20,027 13,600 41.2 433 1373 2000 20
0.5c(b) 200 (4c, 10h) 1000 20,027 13,600 41.2 433 1373 2000 20
0.5c,d(c) 200 (4c, 10h) 1000 20,027 13,600 41.2 433 1373 2000 20
1 3 (1c, 10h) 400 7 10,000 53,893 1,410,000 26 100 55
2 3 (1c, 10h) 200 7 10,000 26,947 1,410,000 26 100 110

Cylinder of Diameter W: Addition of Vertical Conduction and Dispersion for Nv = 0.5: Figure 3c
0.1c 3 (20v, 1c�,10h) 1000 163 1,500 20,210 200,000 124 300 73
0.1c 300 (40v,4c�,10h) 1000 20,095 3,371 4.5 48 1376 2000 2.1
0.5c 3 (20v, 4c�, 10h) 1000 20 10,309 138,907 1,500,000 43 100 67
0.5c 300 (40v, 4c�,10h) 1000 20,010 16,060 21.6 227 1373 2000 10
2c 3 (20v, 4c�, 10h) 1000 20 56,924 766,968 8,000,000 19 100 358
2c 300 (40v, 4c�, 10h) 1000 20,007 64,687 87.2 915 1373 2000 41

Cylinder of Diameter W: Steady State 1-D Venting Solution: Figure 4
0.04 300 (60v, 9c�, 20h) 1000 >7,785 1,484 2 21 860 3000 0.37
0.24 1000 (60v, 9c�, 20h) 1000 >11,647 16,493 2 21 1049 3000 0.55
0.63 2000 (60v, 9c�, 20h) 1000 >11,674 65,973 2 21 1049 3000 0.55
0.63b 2000 (60v, 19c�, 20h) 1000 >11,674 65,973 2 21 1049 3000 0.55
0.22 300 (40v, 9c�, 20h) 1000 >15,923 7,420 10 105 1211 3000 3.6
1.08 1000 (40v, 9c�, 20h) 1000 >7,747 82,470 10 105 860 3000 1.8
2.8 2000 (40v, 9c�, 20h) 1000 >7,959 329,900 10 105 860 3000 1.8

Cylinder of Diameter W: Thermal Interaction of Adjacent Vents: Figure 5
0.003 3 (2c, 10h) 1000 20,028 30 404 4,240 1374 30 i 190
0.003 3 (2c, 10h, with

hydrate crystallization)
1000 20,028 30 404 4,240 1374 30 i 190

Cylinder of Diameter W: Calculations Specific to Bush Hill: Figure 6
0.014 100 (4c,10h) 1000 20,000 300 3.6 38 1372 2,000 1.7

aSymbols defined in Table 1; (nv, nc, nh) is number of vertical, channel, and halo elements; c� indicates that T in channel nodes not averaged; if number
of vertical elements is not given, it is 20; halo nodes spaced progressively 1.5 times farther apart away from vent margin (see Figure 2); channel nodes
spaced 0.7 times progressively closer together as vent margin is approached; the first node in the sediment adjacent to the vent lies 10 cm from the closest
vent node; i indicates insulating boundary condition.

bComparison case identical to case plotted.
cVertical as well as horizontal conduction.
dDispersion of heat included.
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[19] The initial temperature at any depth is the normal
ambient temperature there. The temperature at the base is
set at Td, and the surface temperature is set to Ts. The right
side may be set to this temperature, or taken as an insulating
boundary across which the horizontal temperature gradient
is zero. The latter, by symmetry, simulates the thermal
impact of adjacent vents.
[20] The temperature of the vent nodes may be averaged

laterally after the conduction calculations to simulate, for
the purposes of comparison to their model, the turbulent
mixing assumed by Deloule and Turcotte [1989]. Also the
latent heat of hydrate crystallization can be introduced after
temperature is advected by raising the temperature at each
node where hydrate is crystallizing by DT = SDt, where
S = fHydqf L/DzH. Here L is the latent heat of hydrate
crystallization, and DzH is the depth interval over which
hydrate is crystallizing (e.g., the thickness of the hydrate
stability zone), and fHyd is the fraction of the gas stream that
crystallizes as hydrate between the base of the hydrate
stability zone and the seafloor. We assume that the crystal-

lization occurs uniformly from the base to top of this crys-
tallization interval. Chen and Cathles [2003] and Cathles
and Chen [2004] have argued that this could be the case at
Bush Hill.
[21] We verified numerical conversion by increasing the

number of finite element nodes and time steps, and by
carrying out selected finite element simulations where
thermal conduction was solved simultaneously in both
spatial directions and pore fluid mass flux was specified
in the vent zone. For narrow vents it makes little difference
if the vent is turbulently mixed (isothermal in the horizontal
plane) or not, and 1 vent element is sufficient. For wider
vents, with the variable node spacing we use, �4 vent
elements are adequate to obtain a converged solution.
Convergence results are shown in Table 2 through the
comparison of entries with and without an asterisk (*).

2.3. Results

[22] Figure 3 compares the vent axis semianalytic tem-
perature profiles (solid lines) predicted by equation (2) to
the profiles computed by finite element methods for the

Figure 3. Semianalytic temperature-depth profiles (solid line) calculated using equation (2) compared
to finite element simulations (dashed lines) of temperature as a function of depth along the axes of
(a) planar (fracture) or (b and c) cylindrical vent zones for a range of Nv values. Vertical heat conduction
is calculated for a 3 m wide fracture in the Nv = 0.5 cluster of curves in Figure 3a (dot-dashed profile), for
three 200 m diameter vents (a, b, c) in the Nv = 0.5 cluster in Figure 3b, and for all the finite element
curves shown in Figure 3c. Unlike the other profiles where only lateral heat conduction is calculated, the
curves where vertical heat conduction is included depend on the dimensions of the vent (not just on Nv).
Parameters characterizing each profile are given in Table 2. Together with Table 2, the figure shows that
the semianalytic model that depends only on Nv provides a very useful estimate of subsurface temperature
change for wide range of vent durations, for wide as well as narrow vents, and for cylindrical as well
as fracture vents. Normalized temperature equals (Tv � Ts)/(Td � Ts), normalized depth equals z/d.
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same Nv values (dashed and dotted lines). Vertical heat
conduction is included in the dashed or dotted profiles that
reach the surface. These include the dot-dashed line in the
Nv = 0.5 cluster in Figure 3a, the three dotted curves in
Figure 3b that are labeled a, b, c, and all the curves in
Figure 3c. The other (dashed) curves do not include vertical
heat conduction and are terminated at the first node below
the surface. Table 2 gives the parameter values used in the
finite calculations shown in this and later figures.
[23] The most important aspect of Figure 3 is its demon-

stration of how well the semianalytic vent number profiles
of equation (2) characterizes the axial finite element tem-
perature-depth profiles in vents zones meters to hundreds of
meters in lateral dimension. The semianalytic (solid line)
profiles track the finite element profiles (dashed and dotted
lines) over the range of Nv values from unperturbed to
maximally perturbed subsurface temperatures. The match
between the sets of curves for the same Nv is not perfect, but
the semianalytic curves are clearly useful as a general guide
to the degree of subsurface temperature change.
[24] A perhaps more remarkable aspect of Figure 3 is that

each of the dashed or dotted curves actually represents
many superimposed curves that are different combinations
of vent width, vertical extent, rate of venting, and duration
of venting which combine to give the same Nv value. These
combinations are given in Table 2 where the cases with
overlying curves are indicated by a superscript b. For
example the Nv = 0.5 dashed curve in Figure 3a depicts
venting at Q = 15 t yr�1 for 6610 years and venting at Q =
60 t yr�1 for 410 years. In both cases the venting is through
a planar fracture zone 1 km in vertical extent and 3 m wide.
The two cases have the same Nv value and the curves for the
two cases lie on top on one another along the dashed line
shown in Figure 3. Similarly, the Nv = 0.5 cluster of curves
in Figures 3b and 3c show that the semianalytic profile
provides a useful measure of subsurface temperature change
for cylindrical vents with the same Nv value whether the
vents are 3m or hundreds of meters in diameter. The con-
trasts in the vent characteristics can be stark. In Figure 3c,
for example, the 3 m vents have been venting for 20 years,
while the 300 m vents have vented for 20,095 years.
[25] A good deal of information is conveyed by Table 2

and Figure 3, and we mention only some highlights. The
semianalytic equation (2) profiles match the finite element
profiles better, especially for wider vents, if the temperature
in the vent is not averaged in the horizontal plane (curve a in
Figure 3b), but the agreement is still adequate if the temper-
atures are horizontally averaged (curve b). Adding a rea-
sonable amount of thermal dispersion (ad = 30 m) makes
only a small additional change in the finite element profile
(curve c). In all but a few cases the amount of heat
introduced to the vent zone is large compared to the amount
of heat required to warm it, so it is not surprising the initial
heating of the vent zone is not a significant omission from
equation (2) (see RTtr in Table 2). Table 2 demonstrates
convergence. Discussion of some interesting differences
between the semianalytic theory and the planar and
cylindrical finite element simulations is provided in the
appendix.
[26] What is clear from Figure 3 is that the semianalytic

profiles of the vent number estimate quite well the changes
in subsurface temperature that are caused by venting over a

wide range of venting rates and durations, vent widths and
source depths. This indicates that none of the approxima-
tions of the semianalytic theory vitiate its usefulness sub-
stantially. Figure 3 shows that the transition from
virtually no subsurface temperature change to nearly the
maximum change possible (ubiquitous steady state 1-D
vertical flow in which there is no horizontal heat loss)
occurs for 0.1 < Nv < 2.
[27] Equation (2) is not valid when vertical heat conduc-

tion becomes dominant, as will occur when the horizontal
dimensions of the vent zone become large compared to the
vertical extent of venting. When horizontal conductive heat
transport is negligible, the steady state subsurface temper-
ature profile is given [Bredehoeft and Papadopulos, 1965]
by

T zð Þ � Ts

Td � Ts
¼ eNPez=d � 1

eNPe � 1
: ð9Þ

For large d, the depth below the seafloor at which
temperature reaches 60% of Tb is the advection skin depth,
dadv = d/NPe. Figure 4 shows how temperature changes as a
function of vent zone width for a fixed venting rate, qf, and
fixed vertical extent of venting (constant NPe). The finite
element profiles in Figure 4 were computed for source depth
of 1 km, a gas flux of 21 or 105 kg m�2 yr�1, and vent
diameters of 300, 1000, and 2000 m. Figure 4 shows that for
a vent to approach the 1-D steady state profile of equation
(9) the vent diameter must be twice the vertical extent of the
vent, and Nv must be �2.

2.4. Application to Cases of Geologic Venting

[28] Table 3 summarizes the characteristics of several
kinds of natural vents of cylindrical geometry. Flow mod-
eling [Murton and Biggs, 2003] suggests mud volcanoes
vent through cylindrical channels �9 m in diameter at
remarkably high rates (�0.8 m s�1). The individual mud-
flows produced by pulses of mud expulsion cover an area
�1000 m in diameter and are initially �3.6 m thick and
�0.5 m thick toward the end of mud diapirism. The mud
contained at any one instant of time in the diapir vent zone
itself could produce a flow with an average thickness of
�0.4 m. Mud volcanoes are known to erupt warm mud, and
adjacent heat flow is often high [Henry et al., 1996;
Eldholm et al., 1999; Wiedicke et al., 2002; Bohrmann et
al., 2003; Vanneste et al., 2003; Ruppel et al., 2005;
Schmidt et al., 2005]. The diameter of salt diapirs is often
�10 km and their rise rate can be as large as 10 mm yr�1

[Koyi, 1998; Al-Zoubi and ten Brink, 2001; Ismail-Zadeh et
al., 2004]. Table 3 shows that the vent number for mud
volcanoes is very high, the vent number for salt diapirs is
substantial (Nv = 0.8), and the vent number for Bush Hill,
discussed earlier, is very low. Both mud and salt diapirs are
thus expected to expel hot to warm fluids, and they do. The
vent number for the strongest local vent so far observed at
Bush Hill (30 t yr�1) is very small (Nv = 0.003). Isolated
gas venting at Bush Hill should not perturb subsurface
temperature.
[29] It can be seen from equation (6) that Nv decreases as

the source depth, d, increases. Increasing the radius, rv, of
the vent zone decreases Nv if the total discharge, Q, is kept
constant (so a wider zone of local gas venting will diminish
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subsurface warming). For a constant diapir rise rate, V, the
vent number increases with the radius of the diapir, so wider
salt or mud diapirs rising at the same rate will perturb
subsurface temperatures more. From (6), and the parameters
listed in Table 3, it can be seen that the low mass venting
rate, Q, is the main reason that local gas venting at Bush
Hill has such a small Nv.

2.5. Further Discussion of the Bush Hill Gas Vents

[30] The conclusion, from Table 3, that gas venting at the
highest local rates observed at Bush Hill will not perturb
subsurface temperature there is contrary to current percep-
tions. Are there any circumstances under which venting
could warm the subsurface more than indicated by the very
low Nv? Could adjacent vents collaborate to produce greater
warming, for example? This possibility is addressed in

Table 3. Vent parameters, Material Properties, and Dimensionless Numbers Characterizing Venting in Selected Geologic Settingsa

Parameter Bush Hill Mud Volcanoes Salt Diapirs

Venting rate Q[kg s�1] 9.5 � 10�4 = 30 t yr�1 (9.16 � 104) (56)
Fluid flux V[m s�1] (5 � 10�3) 0.8 3 � 10�7 = 10 mm yr�1

Vent diameter 2rv[m] 3 9 10,000
Fluid source depth d [m] 1000 4600 5000
Duration of venting [years] 2 � 104 8 � 10�4 = 7 hours >105

Vent fluid heat capacity [J kg�1 K�1] 3000 2578 1230
Vent fluid density [kg m�3] 38 1800 2240
Thermal conductivity [W m�1 K�1] 1 1 1
Peclet number Npe 404 1.7 � 1010 4.3
Vent number Nv 3 � 10�3 280 0.8
Conversion to cylindrical C 112 0.98 1.14ffiffiffiffiffiffiffi
pkt

p
1150 0.15 2090

References Sassen et al. [2001] and Leifer
and MacDonald [2003]

Murton and Biggs [2003] Al-Zoubi and ten Brink
[2001], Ismail-Zadeh et
al. [2004], and Koyi [1998]

aParentheses indicate whether V or Q is the specified parameter.

Figure 4. Axial temperature profiles in a cylindrical vent converge to the steady state 1-D vertical flow
solution (equation (9)) as the ratio of the vent width to source depth, 2rv/d, increases. Results for two
specified vertical flow rates in 3 m diameter vents extending to 1 km depth are shown. The duration of
venting is �10,000 years in all cases. The temperature-depth profile along the vent zone axis approaches
the steady state 1-D solution (equation (9) in text) when W/d > 2 provided Nv � 2.
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Figure 5. In all the previous finite element simulations the
temperature at the boundary away from the vent was set to
ambient, and the lateral width of the solution domain was
taken to be large enough that the heat flux out the boundary
distant from the vent was negligible at the end of the
simulation (b > 2d, see Table 2). In Figure 5 we consider
3 m diameter vents discharging 30 t of gas per year that are
separated from one another by 60 m by taking the distant
boundary condition to be insulating and the solution domain
width 30m. This simulates the heating that would be caused
by an infinite grid of 30 t yr�1 vents spaced 60 m apart [e.g.,
Gringarten et al., 1975]. Figure 5a shows how each vent in
the infinite matrix of vents will warm along its axis over
20,000 years of venting. Figure 5b shows the additional
warming that would be caused by crystallization of 10% of
the gas stream as hydrate between 500 m below seafloor
(mbsf) and the seafloor. This is the average rate of hydrate
crystallization at Bush Hill today [Chen and Cathles, 2003].
Figure 5 suggests gas vents could warm the subsurface at
Bush Hill significantly.
[31] The subsurface temperature changes at Bush Hill

will not be as large as suggested by Figure 5, however, for

two reasons: First the vents will plug with hydrate in
�40 years, and the shifting of the vent location will
diminish warming. Second, and more importantly, the
warming is limited by lateral heat losses from the restricted
(100 � 200 m) area where the vents occur (e.g., by the finite
size of the vent grid).
[32] First consider the plugging time. For a hydrate

density of 800 kg m�3, and sediment porosity of 30%, if
hydrate fills the pores to a depth of 500 m the vent will
contain 120 tons of hydrate in each square meter column
between the seafloor and 500 mbsf. A 30 t yr�1 gas vent
that is 3 m in diameter will crystallize 0.42 t m�2 yr�1 of
gas in hydrate if it looses 10% of its gas to hydrate [Chen
and Cathles, 2003]. Since hydrate is �13 wt % gas, the vent
will crystallize �3 t m�2 yr�1 and 120 t m�2 in 40 years.
Thus the vent will plug with hydrate in �40 years. When
the vent plugs it must shift position, and this could retard the
heating of the subsurface.
[33] Now consider the lateral heat losses from the entire

grid of vents. The actively venting portion of the Bush Hill
mound is only about 100 m in diameter (Figure 1)
[MacDonald et al., 2003; Tryon and Brown, 2004]. Lateral

Figure 5. Thermal interaction between an infinite grid of 3 m diameter vents separated by 60 m and
discharging gas at 30 t yr�1 under 5.4 MPa pressure allowing much greater warming along the axis of
each vent than would occur along the axis of a single isolated vent. No axial warming will occur for a
single isolated vent of 3 m diameter discharging at 30 t yr�1 for 20,000 years because Nv = 0.003 for
such a vent. An infinite matrix of such vents will warm the subsurface along their axes perceptibly in
20,000 years, however, as shown in Figure 5a. As shown in Figure 5b, the warming will be greater if
10% of the gas stream crystallizes as hydrate between 500 mbsf and the surface. The warming is
compared to the steady state warming that would be produced by 1-D vertical flow at the average
discharge rate across the vent zone (e.g., 300 t yr�1 over the 100 m diameter vent zone). In this case,
NPe = 3.4, and the dashed curve computed from equation (9) in the text is the predicted vertical
temperature profile. DT = T � Ts.
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heat losses from this area will be substantial. Table 2 shows
that a 100 m diameter vent discharging at 300 t yr�1

through ten 30 t yr�1 vents in the area will have a vent
number Nv = 0.014. Figure 6 shows that gas venting with
this vent number will not perturb the subsurface tempera-
ture significantly, even if hydrate crystallization contributes
heat. Ten vents separated by 60 m would fit in a 200 m
diameter area, but venting through a 200 m diameter area
would increase the subsurface temperature less than if the
same total venting occurred through a 100 m diameter
area (equation (6)).
[34] Recently, Tryon and Brown [2004] have measured

discrete events of seawater discharge and recharge in the
laser-surveyed area shown in Figure 1 that last from 3 to
60 days. They suggest that the water discharge occurs as
near-surface gas reservoirs inflate, and that water inflow
occurs as the reservoirs deflate. Their largest discharge fluxes
occur in areas covered by white bacterial mats. Assuming the
flux is the same over the 1500 m2 area of these mats in the
laser-surveyed area, their time series suggest seawater
discharges at �30 t yr�1 for up to �60 days. We are
clearly just learning about the complexities of water flow
at vent sites such as Bush Hill. From the presently
available data, however, the thermal impact of water flow
is probably less than that of gas flow and therefore

unimportant to subsurface temperature change. If water
vents at 30 t yr�1 over the �100 m diameter area surveyed
about half the time, the discharge rate would be 15 t yr�1,
which is much less than the 300 t yr�1 gas venting we
have considered in our thermal calculations for this same
area. The mass discharge rates are appropriate parameters
to compare because the heat capacities of the two fluids
are similar on a mass basis (3000 J kg�1 �C�1 for gas and
4186 J kg�1 �C�1 for water). The periodic inflow of water
would tend to cool the subsurface, offsetting the thermal
effects of vertical water venting to some degree. Disper-
sion is likely to cause greater cooling.
[35] It thus seems unlikely that water flow associated with

the gas discharge could change our conclusion that gas
venting and its associated water flow are not perturbing
subsurface temperatures at Bush Hill. We see no way, under
the geological constraints we believe pertain at Bush Hill,
that gas venting and pore water flow associated with it could
warm the subsurface significantly. Many gas vents start as
mud diapirs, however, and this is thought to have been the
case at Bush Hill. Where this is the case we would expect
the subsurface to be appreciably warmed by the mud
volcanism. If the venting at Bush Hill is typical, the ensuing
gas venting will not sustain the warming, and subsurface
temperatures should decrease as gas venting continues. The
hydrate stability zone should be deepening, and hydrates
should crystallize at progressively greater depths with time.
These predictions could provide a basis for testing our
analysis. If it is correct, heat flow profiles near hydrate
mounds such as Bush Hill may be useful mainly in assess-
ing the time since the last substantial episode of mud
diapirism.

3. General Summary

[36] Deloule and Turcotte [1989] developed a semiana-
lytic method for calculating the axial temperature profile in
a fracture in which the temperature profile at any time after
the initiation of venting is completely characterized by a
single parameter, which we call the vent number. This
parameter combines the fracture geometry and the duration
of venting. In this paper we extended the fracture model of
Deloule and Turcotte to include vent zones of cylindrical as
well as planar (fracture) geometry and show that their
semianalytic method remains useful for vents hundreds of
meters or more wide that are not isothermal in the horizontal
plane and are subject of vertical conductive heat loss.
Vertical heat flow and averaging temperature in the vent
impact the Deloule and Turcotte model the most, but even
with these additions the vent numbers still characterize the
subsurface temperature perturbations in an instructive way,
especially for cylindrical vents (Figure 3).
[37] A tremendously useful feature of the semianalytic

solution we adapt from Deloule and Turcotte [1989] is that
the impact of venting on subsurface temperature depend on
a single easily estimated parameter we call the vent number.
This single parameter determines whether a vent will
significantly modify subsurface temperature and near-sur-
face heat flow. Subsurface temperatures are not perturbed
significantly unless Nv > 0.1. Fluids will vent close to their
source temperatures or lie close to the steady state 1-D
Peclet number solution (equation (9)) when Nv �2.

Figure 6. Horizontal heat losses prevent subsurface
temperatures from increasing significantly in a 100 m
diameter vent discharging at 300 t yr�1 (Nv = 0.014), even if
the latent heat from hydrate crystallization is included. As
in Figure 5, the outermost curve is the steady state
temperature profile produced by a general gas flux equal
that of 300 t yr�1 spread over a 100 m diameter area,
which gives a Peclet number of 3.6. DT = T � Ts.
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[38] The vent number provides a way to estimate subsur-
face temperature change. The semianalytic equation (2)
does not account for a possible difference in thermal
conductivity between the vent and its surroundings. A vent
may be cylindrical near the surface, but planar at greater
depths. The manner in which fluids enter a vent can be
important. If one seeks an accurate estimate of advective
temperature change in and near a vent, finite element
simulations that account for the complexities of the local
geology should be constructed. As illustrated in this paper,
however, the ability to estimate subsurface temperature
using a single ‘‘vent’’ number (equations (3) and (5)) can
provide a straightforward method for analyzing quite com-
plex vent and diapir systems. Considering its great simplic-
ity, the vent number method of analysis should be of broad
utility.

Appendix A

[39] Figure 3a shows that the finite element (dashed line)
profiles along the axis of a planar (fracture) advection zone
with no vertical heat conduction are close to the Deloule
and Turcotte [1989] semianalytic profiles (solid lines) at
high and low Nv, but lie substantially on their lower
temperature side at intermediate values of Nv. The finite
element profiles (dashed lines) we calculate for a cylindrical
vent zone with no vertical heat conduction lie (Figure 3b), at
intermediate values of Nv, close the semianalytic profiles
(solid lines) but always on their high (rather than low)
temperature side. These offsets are not significant to the
conclusions we reach in the body of this paper, where our
interest is to establish that the semianalytical equations
provide a good estimate of the subsurface temperature
changes caused by venting. The offsets do provide interest-
ing insight to the consequences of approximations made in
the semianalytic theory, however, and we discuss this here.
[40] The reason for the different offset of the finite

element profiles in the planar advection zone compared to
the semianalytic theory of Deloule and Turcotte [1989] is
the assumption in the semianalytic theory that the heat flux
over the history of venting to time t equals the flux at time t
(equation (1)). In the 2-D planar (fracture) zone case, the
heat flow decreases as 1/

ffiffi
t

p
, so the semianalytic theory

underestimates the amount of heat lost from the fracture.
For this reason the finite element profiles fall to the left
(lower temperature) side of the semianalytic profiles at
intermediate values of Nv. At low values of Nv, both profiles
lie along the normal geothermal temperature profile and
thus coincide. At large Nv, the advection is so strong that the
underestimate of the heat flux in the transient period while
the vent is warming is unimportant, and again the profiles
coincide.
[41] The semianalytic theory does a better job in the case

of cylindrical venting because heat flux from the cylindrical
boundary decreases much more slowly. For example, in a
planar vent the lateral heat flux at 20,000 years will be one
tenth of the flux at 200 years, but for a cylindrical vent,
because C increases with the duration of venting, the flux at
20,000 years is more than one third of that at 200 years. The
semianalytic profiles should thus lie closer to the finite
element profiles, and they do. In fact much of the discrep-
ancy between the semianalytic and finite element profiles

now appears to be due to grid resolution in the vent channel.
A coarse grid in the finite element channel reduces the heat
flux from the thermally averaged channel, and causes finite
element profiles with coarse horizontal grid resolution in the
vent to underestimate the heat loss from the vent and lie on
the high-temperature side of the semianalytic profiles. The
finite element profiles move progressively closer to the
semianalytic profiles as the number of nodes in the channel
is increased. For example, placing 4 rather than 1 element in
the vent in the Nv = 0.5 finite element calculation shifts the
curve shown in Figure 3b 40% closer to the semianalytic
curve. Further refinement of either the horizontal or vertical
grid makes little difference, however, and we have no
explanation for the slight positive offset that remains.
Although it could be interesting to explore its cause further
for mathematical insights, it is not significant for our current
purposes, and we do not analyze it further.
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