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Abstract

Acoustic waves are generated when a compressible-fluid is exposed to a rapidly varying heat flux along a confining wall. For an enclo-
sure, these waves reverberate and eventually decay. Buoyancy-induced flows generated within an enclosure can be affected by the acoustic
waves generated. The interactions of the acoustic waves produced by rapid heating of a wall with the buoyancy-induced flow in air filled
rectangular enclosures are investigated numerically. For the present simulations, the bottom wall of the enclosure is heated rapidly with
varying heating rates, while the top wall is held at the initial temperature of the air. The vertical walls of the enclosure are considered
insulated. The compressible unsteady Navier–Stokes equations are solved by an explicit flux-corrected transport algorithm for the con-
vection terms and by a central-differencing scheme for the viscous and conduction terms.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

When a compressible-fluid within an enclosure is sub-
jected to a rapid temperature increase along a bounding
wall, the part of the fluid in the immediate vicinity of the
wall expands. This results in a fast increase in the local
pressure, and leads to the generation of pressure (acoustic)
waves. The pressure waves propagate at nearly the sound
speed of the fluid, and are repeatedly reflected from the
opposing walls of the enclosure. A flow field may develop
within the enclosure due to the oscillating pressure waves,
and an ‘acoustic wave induced’ convective heat transfer
mode can be introduced to the system. For fluids with
low heat diffusivity values (e.g. near-critical fluids) such a
convective mode of heat transport can be significant [1].

There has been a considerable amount of analytic and
some related numerical and experimental work to study
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thermally induced pressure waves [2–10]. The problem of
thermally induced waves in a quiescent semi-infinite body
of a perfect gas, subjected to a step change in temperature
at the solid wall has been studied analytically [11] to deter-
mine how the sound intensity depends on the history of the
wall temperature. The one-dimensional compressible flow
equations were linearized and a closed-form asymptotic
solution was obtained using a Laplace transform tech-
nique. Solutions from a simplified model (the hyperbolic
equation of conduction) for thermally induced motion
was compared with one-dimensional Navier–Stokes equa-
tions model of the phenomena and limitations of the sim-
plified approach was discussed [4]. Later a more general
class of solutions for the thermally induced waves was
obtained for step and gradual changes in the boundary
temperature by using the Laplace transform method with
a linear wave model [5]. The equations of the nonlinear
wave model were numerically solved using finite-differences
scheme modified with a Galerkin finite element interpola-
tion in space. The analysis was, however. limited to a gas
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Nomenclature

a acoustic speed
e internal energy
E total energy
g gravitational acceleration
GrH Grashof number, gbðT b�T tÞH3

m
�h mean heat transfer coefficient
H height of the enclosure
k thermal conductivity
L width of the enclosure
NuH mean Nusselt number,

�hH
k

p pressure
q heat flux
R specific gas constant
t time
T temperature
u velocity component in the horizontal direction
v velocity component in the vertical direction

x the horizontal direction
y the vertical direction

Greek Symbols

l dynamic viscosity
q density
/ viscous dissipation
s time constant for rapid heating

Subscripts
0 initial
b bottom wall
n normal to the wall
t top wall
w wall position
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medium with a Prandtl number of 0.75. Thermally induced
convection phenomena were experimentally investigated in
a cylinder containing air with temperature measurements in
normal and reduced gravity environment by Parang and
Salah-Eddine [8]. Only temperature measurements were
reported. Experimental measurements of the pressure
waves generated by rapidly heating a surface were reported
for the first time by Brown and Churchill [9].

On the other hand, buoyancy-induced convective flows
inside a rectangular enclosed enclosure has been widely
investigated. Buoyancy induced flows can be generated by
differentially heating either the vertical walls or the horizon-
tal walls. For differential heating of the horizontal walls, two
distinct situations may arise [12]. If the upper wall is main-
tained at a higher temperature than the lower wall, the
lower-density fluid is above the higher-density fluid and no
convection currents will be experienced. The second, and
more interesting case is experienced when the lower wall
has higher temperature than the upper wall. The previous
studies [13–15] on buoyancy-induced flows in enclosures
did not consider the effect of heating rate of the wall on
the development of convection and its interaction with the
acoustic waves generated due to rapid heating.

Numerical studies of one- and two-dimensional ther-
mally induced waves in a confined region were carried
out by Ozoe and Churchill [16,17], Farouk et al. [3], Brown
and Churchill [10] and Aktas and Farouk [18]. These com-
putational studies described finite-difference solutions of
the compressible Navier–Stokes equations for a gas with
temperature-independent thermophysical properties. Ozoe
and Churchill [16,17] obtained their solutions by employ-
ing the upwind scheme to solve the governing equations,
and as a consequence, the results showed effects of substan-
tial numerical diffusion. Brown and Churchill [10] had
shown that rapid heating of a solid surface bounding a
region of gas generates a slightly supersonic wave with
positive amplitude in pressure, temperature, density and
mass velocity. Using a high-order numerical scheme, Far-
ouk et al. [3] predicted the early time behavior of thermally
induced waves in a compressible-fluid filled cavity where
temperature dependent fluid properties were used. The
computational results agreed well with available experi-
mental data in the literature. More recently Aktas and Far-
ouk [18] concluded that for acoustic waves generated by a
suddenly heated sidewall in a rectangular enclosure, the
effect of gravitational acceleration was negligible at the
early times. Lin and co-workers [19] investigated the effect
of gravity on the development of flow field generated by
thermally induced acoustic waves in a square enclosure.
The left (side) wall of a closed enclosure was heated both
impulsively and gradually such that acoustic waves of vary-
ing strengths were generated. The effect of gravity was
found to have little effect on the pressure field during the
early times.

In the present paper, the interactions of thermally
induced acoustic waves with the buoyancy-induced flow
are reported for bottom heated rectangular enclosures.
We consider enclosures with varying aspect ratios with bot-
tom heating for the present study. Enclosures with three
different aspect ratios (H/L = 0.5, 1.0 and 5.0) were consid-
ered. The effect of the thermally induced pressure waves are
expected to be stronger for enclosures with smaller values
of the aspect ratio. Both bottom and top heating condi-
tions were examined. The vertical side walls of the rectan-
gular enclosure are considered to be insulated. Initially the
gas and all walls are in thermal equilibrium (T ¼ T 0 every-
where). At t > 0, the bottom wall temperature is increased
rapidly to a value T bðT b > T 0Þ



Table 1
List of computational cases

L (m) H/L Heating rate s (s) GrH Gravity f

1 0.02 1.0 5.76�10�5 5.27�104 +1.0g

2 0.02 1.0 5.76�10�5 – 0g

3 0.02 1.0 5.76�10�5 �5:27� 104 �1.0g

4 0.02 1.0 2.88�10�4 5.27�104 +1.0g

5 0.02 1.0 1.15�10�2 5.27�104 +1.0g

6 0.02 0.5 5.76�10�5 6586 +1.0g

7 0.02 5.0 5.76�10�5 6.59�106 +1.0g

Y. Lin et al. / International Journal of Heat and Mass Transfer 51 (2008) 1665–1674 1667
T bðtÞ ¼ T 0½1þ
T max � T 0

T 0

� �
ð1� e�

t
sÞ� ð1Þ

while the top wall is kept at the initial temperature
ðT t ¼ T 0Þ, In Eq. (1) T max is the maximum temperature that
the heated bottom wall can attain. The rate of increases of
the bottom wall temperature can be controlled by varying
the time constant s value in Eq. (1). This is important be-
cause the temperature increase rate has significant effect
on the strength of thermally induced acoustic wave,
according to the pervious studies [3]. For all calculations
reported in this paper, the value of T max�T 0

T 0
is set to 0.333.

To study the effect of gravity on the flow field generated
by thermally induced acoustic wave, the computations
were carried out for different gravity conditions, viz.,
+1.0g, 0g and �1:0g.
Fig. 1. Geometry and boundary conditions of the problem.
2. Mathematical model

The development of the thermally induced wave and
buoyancy-induced flow is governed by the Navier–Stokes
equations for a compressible-fluid. In the two-dimension
Cartesian coordinates, these equations can be expressed
in the conservative form as
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where q is the density, u and v are the velocity components,
E is the total energy, and p is the pressure. For normal, re-
versed and zero-gravity conditions, f ¼1.0g, �1.0g or 0,
respectively.

The stress tensor sij can be written as
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where l is the dynamic viscosity.
The components of the heat flux are written as

qx ¼ k
oT
ox

ð9aÞ

qy ¼ k
oT
oy

ð9bÞ

where k is the thermal conductivity and T is the
temperature.
The viscous dissipation in Eq. (5) is written as

/ ¼ oðsxxuþ sxyvÞ
ox

þ oðsyxuþ syyvÞ
oy

ð10Þ

In addition, an equation of state for perfect gas is used to
relate the air temperature to the other thermodynamic
properties

p ¼ qPT ð11Þ
3. Numerical scheme

The governing equations (except for the diffusion terms)
are discretized using a control-volume-based finite-volume
method based on the flux-corrected transport (FCT) algo-
rithm. FCT is a high-order, nonlinear, monotone, conser-
vative and positivity-preserving scheme designed to solve
a general one-dimensional continuity equation with appro-
priate source terms. This scheme has fourth-order phase
accuracy and is able to resolve steep gradients with mini-
mum numerical diffusion. In this algorithm, when a flow
variable such as a density is initially positive, it remains
positive during the computations and no new minimum
or maximum values are introduced due to numerical errors
in the calculation process. To ensure positivity and stabil-
ity, a minimum amount of numerical diffusion over the sta-
bility limit is added at each time-step. Time-step splitting
technique is used to solve the two-dimensional problem



Fig. 2. Variation of temperature with y along the horizontal mid-plane of
the enclosure at t ¼ 1:27 s ðH=L ¼ 1; s ¼ 5:76� 10�5 s;þ 1:0gÞ, for differ-
ent grid sizes.

Fig. 4. Velocity vectors at t ¼ 0:058 s (H=L ¼ 1; s ¼ 5:76� 1�5 sÞ, 1.0g,
case 1 (no significant variations for 0g and �1:0g conditions, cases 2 and
3).
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addressed here. Further details of the FCT algorithm used
here are documented in [20]. The diffusion terms (the vis-
cous term in the momentum equations and the conduction
terms in the energy equation) were discretized using the
central-difference approach and the time-step splitting tech-
nique was used to include the terms in the numerical
scheme. Time-step splitting technique was also used to
include the gravity term in the y-momentum equation
and the viscous dissipation terms in the energy equation.

The time-steps for explicit methods are restricted due to
the stability requirements. It is calculated by [20],

Dt ¼ ðCFLÞ �min
minðDxi; j;Dyi; SjÞ

ai; j

� �
ð12Þ

where CFL represents the Courant–Friedrichs and Lewy
number. For each new time-step, the above equation is
Fig. 3. Variation of pressure ðp � piÞ with time at the midpoint of the enclosu
and �1:0g), cases 1–3 (a) early time and (b) long time.
evaluated over the entire grid. For the present calculations,
the CFL number is limited to be less than one-half. A value
of 0.4 is used for all calculations.

No slip boundary conditions were used for all the solid
walls. A high-order non-dissipative algorithm such as FCT
requires rigorous formulation of the density boundary con-
ditions. Otherwise, numerical solutions may show spurious
wave reflections at the regions close to boundaries and non-
physical oscillations arising from instabilities. In the pres-
ent computational method, the treatment proposed by
Poinsot and Lele [21] was followed for implementing the
boundary conditions for the density. Along any solid wall,
the density is calculated from
re (H=L ¼ 1; s ¼ 5:76� 10�5 sÞ, for different gravity conditions (+1.0g, 0g



Fig. 5. Velocity vectors at t ¼ 0:58 s (H=L ¼ 1; s ¼ 5:76 � 10�5 sÞ, (a) +1.0g, case 1 (b) 0g, case 2 (c) �1:0g, case 3.
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where the subscript w signifies the location of the wall, and
n is the direction normal to the wall.
4. Results and discussion

Numerical simulations of thermally induced wave and
buoyancy-induced flow were performed in a rectangular
enclosure filled with air. The initial pressure of air is
1 atm, and the initial temperature ðT 0Þ is 300 K. The bot-
tom wall is heated to 400 K ðT maxÞ at different heating rates
(Eq. (1), varying s), while the top wall is kept at the initial
temperature. Results were obtained for seven cases (Table
1) to study the effects of gravity, heating rate, and aspect
ratio (H/L) on the flow field and the heat transfer charac-
teristics. For all cases studied, the width of the enclosure
was considered to be L = 0.02 m.

Results of a prior investigation by Farouk et al. [3] con-
sidered the short-time behavior of the thermoacoustic
waves generated by impulsive and gradual heating of a
wall. The results were in very good qualitative and quanti-
tative agreement with those given in the literature. In the
present study, longer-time behavior of the temperature
and velocity fields produced by rapid heating of the bottom
wall, was investigated under zero and normal gravity con-
ditions (Fig. 1).

For a mesh-resolution study, the computational results
for the variation of temperature with y at the vertical
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midplane using three different mesh sizes, 80�80, 100�100
and 120�120, are shown in Fig. 2 for case 1 (see Table 1) at
t ¼1.27 s. The time step ð2:81� 10�8 sÞ was, however, the
same for all three mesh sizes. From this figure, a mesh size
of 100� 100 was found to be adequate for the present com-
putations for cases with H/L = 1.0. For cases with non-
unity aspect ratios (Table 1) the mesh sizes were adjusted
such that grid density is approximately the same as found
in case 1.

In the following sections, we discuss the effects of grav-
ity, effects of the heating rate and the effects of the aspect
ratio of the enclosure on the flow and temperature fields
generated by sudden heating of the bottom wall of the
enclosure.
Fig. 7. Variation of pressure with time at the midpoint of the enclosure
(H=L ¼ 1:0, +1.0g), under different heating rates, cases 1, 4 and 5.
4.1. Effect of gravity

Simulations were carried out for identical conditions
with three different values of the parameter f, (Eq. (4))
viz., +1.0g, 0g, and �1.0g (cases 1, 2 and 3, respectively).
The aspect ratio of the enclosure is fixed at 1.0 for all of
the above three cases, and the time constant of the heating
process s is also kept at 5:76� 10�5 s. This value is repre-
sents the time for an acoustic wave to travel from the bot-
tom of the enclosure (H ¼ 0:02 m) to the top under normal
atmospheric conditions.

The predicted variations of pressure at the midpoint of
the enclosure for all three cases are shown in Figs. 3a
and b. A distinctive peak is observed whenever the thermal
induced pressure wave crosses the midpoint. This wave
traveling at slightly supersonic speed, periodically reflects
from both side walls as seen by the multiple peaks. The
shapes of the pressure wave are also found to be nearly
same for the different gravity conditions at early time
(Fig. 3a). The pressure variations are plotted over a larger
Fig. 6. Variation of temperature with y at the midpoint of the enclosure at
t ¼ 1:27 s (H=L ¼ 1; s ¼ 5:76� 10�5 sÞ, under different gravity conditions,
cases 1–3.
time-scale in Fig. 3b and the oscillations shown in Fig. 3a
are not noticeable in the figure anymore due to the change
of scale in the pressure axis. For all three cases, the pressure
rise behavior is identical. Minor differences only show up
when the slower response buoyancy-induced flow starts
developing at larger times for case 1 (Fig. 3b). For case
1, the center point is at the middle of a developing vortical
flow, thus causing the incipient pressure rise.

The velocity vectors in Fig. 4 show the flow field devel-
oped from the wave motion created by the rapid heating of
the bottom wall at an early time (t ¼ 0:058 s) for case 1.
Due to spatially uniform heating, the flow field is essen-
tially symmetric along the vertical middle-plane. Flow
structures develop along the top and bottom corners due
Fig. 8. Velocity vectors at t ¼ 0:058 s (H/L = 1, +1g), under heating rate
s ¼ 1:15� 10�2 s, case 5.



Fig. 9. Velocity vectors at t ¼ 0:58 s (H/L = 1.0, +1g), under heating rate
s ¼ 1:15� 10�2 s, case 5.
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to viscous interactions between the solid surfaces and bulk
fluid. Similar results for cases 2 and 3 (at t ¼ 0:058 s) show
essentially no difference with those shown in Fig. 4. The
flow fields at a larger time (t ¼ 0:58 s), however, start show-
ing the distinct effects of gravity on the acoustic wave
induced flow field, as shown in Figs. 5a, b and c for cases
1, 2 and 3, respectively. For the case of +1.0g two charac-
teristic eddies are formed due to the buoyancy-induced
flow. For the cases of 0g, Fig. 5b and �1.0g, Fig. 5c, the
flow fields generated by the acoustic waves are considerably
damped, due to viscous dissipation. The dampening is fur-
Fig. 10. Velocity vectors at t ¼ 1:27 s (H/L = 1.0, +1g), under varying he
ther enhanced by the stratified density field that is created
in the opposed gravity (�1.0g) case.

Fig. 6 shows the instantaneous temperature profiles
along the vertical mid-plane for cases 1, 2 and 3 at
t ¼ 1:27 s. In the cases of 0g (case 2) and �1:0g (case 3),
the temperature profiles tend to be nearly linear, because
heat conduction and acoustic compression and rarefaction
influence the temperature distribution (no recirculating
flow development). However, for the case of +1.0g (case
1), sharp temperature gradients are observed near the
two horizontal walls and an inversion to the temperature
profile is obtained near the middle of the enclosure due
to a developing vortical flow.
4.2. Effect of heating rate

Next we studied the effect of heating rate (as character-
ized by the value of s in Eq. (1)). Simulations were carried
out for varying values of s: 5:76� 10�5, 2:88� 10�4, and
1:15� 10�2 as shown in Table 1 (cases 1, 4 and 5, respec-
tively). The aspect ratio of the enclosure is fixed at 1.0
and the value of f ¼+1.0g for all three cases.

The variation of pressure at the midpoint of the enclo-
sure is shown in Fig. 7 for cases 1, 4 and 5. The strength
of the pressure wave and the overall rate of pressure
increase are found to be strongly related to the heating
rate. The acoustic waves produced are rather weak when
the heating rate is slower as in case 5 ðs ¼ 1:15� 10�2 sÞ,
compared to case 1 ðs ¼ 5:7� 10�5 sÞ and case 4
ðs ¼ 2:88� 10�4 sÞ.

For s ¼ 1:15� 10�2 s, the development of flow fields at
t ¼ 0:058 s is shown in Fig. 8. At this early time, the fluid
motion is limited to the vertical direction as dictated by
the acoustic waves. Comparing the results shown in
ating rates (a) s ¼ 5:76� 10�5 s, case 1 (b) s ¼ 1:15� 10�2 s, case 5.



Fig. 11. Variation of NuH with time at the top wall (H/L = 1.0, +1.0g), under different heating rates, cases 1, 4 and 5. (a) early time and (b) long time.

Fig. 12. Variation of NuH with time (H/L = 1.0, +1.0g, and
s ¼ 5:76� 10�5 s).
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Fig. 8 to those shown in Fig. 4 ðs ¼ 5:76� 10�5; case 1Þ,
the strength of the flow field is found to be considerably
weaker when the time constant of the heating rate is
increased from 5:76� 10�5 s (case 1) to 1:15� 10�2 s (case
5). At early times for both values of s, the flow field is dom-
inated by the thermally induced pressure field and no buoy-
ancy effects are evident.

Fig. 9 shows the development of velocity vectors at
t ¼ 0:5 s for case 5. The flow field begins to show the signs
of a developing buoyancy-induced flow. Two eddies are
found to form near the bottom wall. Compared to similar
results (Fig. 5a), for case 1, the velocity values are some-
what lower in case 5 (Fig. 9). The strong acoustically
induced flowfield in case 1 inhibits the initial development
of the buoyancy-induced flowfield in case 1. The flow fields
for case 1 and case 5 will eventually be identical, as the
acoustic waves damp out as shown in Figs. 10a and b, at
t ¼ 1:27 s.

The effect of the heating rate on the variation of heat
transfer along the top wall is shown in Figs. 11a and b
for cases 1, 4 and 5. At the early time, Fig. 11a, the spatially
averaged NuH along the top wall fluctuates with time due to
the thermally induced pressure waves, which is stronger for
faster heating rate (lower time constant s). At larger time,
Fig. 11b, the fluctuations damp out, but NuH is still highest
for the fastest heating rate, case 1. The NuH for all three
heating rates will become identical when the acoustic waves
completely damp out.

Time variation of the spatially averaged NuH (t) along
the top and bottom walls are given in Fig. 12 for case 1
for a period of 3 s. Initially heat transfer rate is very high
along the bottom wall (heated) due to the large tempera-
ture difference between the wall and the gas. Although fully
developed conditions are not established by t ¼ 3 s, the
results indicate that a steady state value of NuH will be close
to 3.0. As a validation for the numerical model, one of the
popular heat transfer correlations for a bottom heated
closed enclosure is used to calculate the heat transfer coef-
ficient [12],

NuH ¼ 0:212ðGrH � PrÞ1=4 ð14Þ

for 7000 < ðGrH � PrÞ1=4
< 3:2� 105.

From the above correlation NuH ¼ 2:94 for case 1,
which is close to the computed numerical results (for the
top and the bottom walls) as shown in Fig. 12.
4.3. Effect of aspect ratio

Simulations were carried out for varying values of the
aspect ratio H/L = 1.0, 0.5 and 5.0 as shown in Table 1
(cases 1, 6 and 7, respectively). The time constant of the



Fig. 13. Variation of pressure with time at the midpoint of the enclosure
(s ¼ 5:76� 10�5 s, +1g), under different aspect ratios, cases 1, 6 and 7.

Fig. 15. Velocity vectors for H/L = 5, case 7, s ¼ 5:76� 10�5 s, +1.0g, (a)
t ¼ 3:8 s (b) t ¼ 7:02 s.
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heating rate s ¼ :76� 10�5 s and the value of f ¼ þ1:0 g
for all three cases.

The early time variation of pressure at the midpoint of
the enclosures is shown in Fig. 13 for cases 1, 6 and 7.
For an enclosure with the smallest aspect ratio (H/
L = 0.5) case 6, the acoustic waves reverberate in the enclo-
sure with a higher frequency and the pressure increase at
the midpoint is rapid. For larger aspect ratios, the above
frequency decreases with the rate of increase of pressure
at the midpoint of the enclosure.

The flow fields at t ¼ 1:27 s for cases 6 and 7 (having
non-unity aspect ratio) are shown in Figs. 14a and b. The
corresponding plot for case 1 was shown earlier in
Fig. 10a. In all cases, two eddies created by the buoy-
ancy-induced flow form near the bottom wall. In the case
of H/L = 5 (case 7) the eddies affect only the lower part
of the computational domain. For the tall enclosure, the
Fig. 14. Velocity vectors at t ¼ 1:27 s (s ¼ 5:76� 10�5 s, +1g), under
flowfield was computed for an extended time. The velocity
fields at t ¼ 3:8 s and 7.02 s are shown in Fig. 15 for case
7. A multicellular flow field develops for this case. The mul-
ticellular structure also how periodicity along the vertical
direction.

Finally, the effect of enclosure aspect ratio on the spa-
tially averaged heat transfer coefficient �h along the top wall
is shown in Fig. 16. The heat transfer coefficient �h along the
top wall is highest for H/L = 0.5 and lowest for case of H/
L = 5, where the buoyancy-induced flow field is yet to
affect the top wall. The temporal variation of �h for the cases
6 and 1 show interesting maxima values. For case 1, the �h
value increases sharply near t ¼ 1:0 s which is characterized
by the development of the two eddies that bring warm fluid
to the cold upper wall. For case 6, H/L = 0.5, the increase
different aspect ratios (a) H/L = 0.5, case 6 (b) H/L = 5.0, case 7.



Fig. 16. Variation of �h with time at the top wall (s ¼ 5:76� 10�5 s, +1g),
under different aspect ratios, cases 1, 6 and 7.
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of the �h value is rapid as the strength of the eddies contin-
uously bring warm fluid to the cold top wall.

5. Conclusions

Interaction of the flow fields in an enclosure generated
by the acoustic waves (created by rapid heating of the bot-
tom wall) and the buoyancy effects were studied by solving
the unsteady compressible Navier–Stokes equations. The
complex flow fields were simulated by using a highly accu-
rate flux-corrected transport (FCT) algorithm. The rapidity
of the wall heating process is directly proportional to the
strength of the pressure waves induced. The thermally
induced waves create an essentially one-dimensional oscil-
latory flow in the enclosure flow field. The thermally
induced pressure waves eventually damp out with time.
The buoyancy-induced flow is developed slowly (compared
to the acoustic wave induced flows). In addition, for enclo-
sures with low aspect ratios (H/L), the strength of the ther-
mally induced waves has significant effects on the temporal
development of the buoyancy-induced flow. It is observed
that the thermally generated flow field and the buoyancy-
induced flow field are both affected by the aspect ratio of
the enclosure.
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