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Abstract--In this paper, the feasibility of using radial baffles to improve the effectiveness of pipe insulation 
is investigated numerically. Three baffle designs have been considered, i.e. full baffles, partial inner baffles 
and partial outer baffles. These designs have been applied to the case of horizontal pipe insulation. 
Calculations have covered a range of Rayleigh numbers of practical interest (i.e. 50 ~< Ra <~ 500). In 
addition, the relations between the heat loss and the baffle orientation angle is carefully examined for each 
pipe baffle configuration. The results show that radial baffles are effective to suppress the natural convection 
that arises in a pipe insulation. The effectiveness increases with the baffle number. It has also shown that 
partial baffles work better than full baffles. At a high Rayleigh number (Ra = 500), the flow and temperature 
fields at some orientation angles become unstable. The averaged heat transfer, however, is still less when 

using baffles. 

I N T R O D U C T I O N  

IT Is WELL known that natural convection within insu- 
lation accounts for the major loss of  useful energy. It 
has become one of  the important  considerations in 
process design to suppress this non-beneficial con- 
vective transport. For  pipes, this can be achieved by 
several methods. For  example, using eccentric insu- 
lation is one [1] and applying layers of  insulation is 
another  [2]. In this study, we numerically investigated 
the feasibility of  using radial baffles to improve pipe 
insulation. The same technique has been used by 
others to suppress natural convection in air-filled 
annuli and proved to be very successful [3-6]. 
However,  the previous studies [3-6] were limited to 
either a specific baffle geometry or a fixed baffle orien- 
tation. 

In this study, three baffle designs have been con- 
sidered, i.e. full baffles, partial inner baffles and partial 
outer baffles (Fig. 1). For  each design, the orientation 
of  the baffles was varied parametrically to reveal the 
complexity in flow patterns, temperature distribution 
and heat transfer. Results which include the Nusselt 
versus Rayleigh number relation in terms of  the baffle 
size and location will be presented. 

ANALYSIS 

Most  pipe insulation available today can be 
adequately modeled as a porous annulus (Fig. 1). For  
most applications, the inner cylinder is heated at a 
constant temperature T~ while the outer cylinder is 
maintained at the ambient temperature To (T~ > To). 

1Presently at: School of Aerospace and Mechanical 
Engineering, University of Oklahoma, Norman, OK 73019, 
U.S.A. 

The governing equations based on Darcy's  law are 
given by 

~vr ['r I OVo 
Or + - r  + r ~ - = 0  (I) 

V r = - -  p Or +pgsin 0 (2) 

v0 = - - ~  r ~ + p ' q c ° s 0  (3) 

~T 0T vo 0T 

~,~I +V" Or + r ,~0 
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The transient form of the energy equation is stated 
here for completeness. For  the steady-state analysis, 
the time derivative term is set to zero. Having invoked 
the Boussinesq approximation,  the governing equa- 
tions can be non-dimensionalized to give 

OVo Vo 10Vr ( 0 0  s i n 0 0 0 )  
OR + R R O0 Ra c o s 0 0 R  R O0 

(5) 

dO 0 0  V,,O0 1 O (OO)  1 020 
o W + V r ~ + - R  a O - R a R  R ~  + R" 002 

(6) 

with the boundary conditions given by 

O = 1/2, V, = 0, on the inner wall (7a) 

® = - 1 / 2 ,  11",=0, on the outer wall. (7b) 

As for the baffles, they are assumed to be very 
thin such that the angular temperature gradient is 
negligible. Thus, the appropriate boundary conditions 
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N O M E N C L A T U R E  

D gap width, r®-  ri fl 
g acceleration due to gravity 
H length of  baffle 3' 
h average heat transfer coefficient 
K permeability 
k effective thermal conductivity ® 
N number of  baffles 
Nu average Nusselt number, hD/k 0 
p pressure # 
R dimensionless radial distance, r/D v 
r radial distance p 
Ra Rayleigh number,  Kgfl(Ti-- To)D/~v cr 
T temperature 
t time 
Tm mean temperature,  (Ti + To)/2 
Vr dimensionless velocity in the r-direction, qJ 

1/R(OO/O0) 
V® dimensionless velocity in the 0-direction, 

-00/oR 
vr Darcy velocity in the r-direction, e Vr/D 
v® Darcy velocity in the 0-direction, ~Vo/D 
W dimensionless thickness of  baffle, w/D 
w thickness of  baffle. 

Greek letters 
c~ thermal diffusivity of  porous medium 

coefficient of  thermal expansion, 
(-- 1/p)(Op/OT)p 
orientation of  the referenced baffle with 
respect to the vertical diameter 
porosity 
dimensionless temperature, 
(T-  Tm)/(T,-- To) 
angular coordinate 
dynamic viscosity 
kinematic viscosity 
density of  convective fluid 
heat capacity ratio of  the saturated 
porous medium to that of  the fluid, 
[~(pc)r+ (1 -~)(pc)d/(pc)r 
dimensionless time, t/(aD 2/~) 
stream function. 

Subscripts 
b baffle 
cond conduction mode 
f fluid phase 
i inner cylinder 
m mean value 
o outer cylinder 
s solid phase. 

on the baffles are given by 

V® = 0 (7c) 

020 k(O~O ,--0® ) (76) 

where subscripts 1 and 2 refer to the two sides ot" the 
baffle. Equat ion (7d) has been derived by performing 
an energy balance for the baffle. This boundary con- 
dition has also been employed by Kwon et al. [4] in 
a similar study. 

To solve the simultaneous equations defined above, 
a numerical model that was used to simulate the natu- 
ral convection in a truncated circular sector of  porous 
medium has been utilized [7]. The model  uses the 
following coordinate t ransformauon to map the com- 
puta t iona l .domain  onto a rectangular geometry to 
facilitate calculations. 

In R - -  In R i 1 0 -- 0 i 
(8) 

x -- In Ro- - ln  R i 2 '  Y = 0 o - 0  i " 

Thus, the governing equatxons are transformed to 

a. b_ c. 

FIG. 1. A horizontal porous annulus with radial baffles, (a) full baffles, (b) inner baffles, (c) outer baffles. 
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.vi; +'.v-" "+_t'i] c t'- ~ • = -Rt,(R,R,,) '  2 R, 

[+ (:,,) +(;+ )] 
(9) 

i'O (R,/R,,) 2'F , ? : ( 9  , ? 2 ®  

?r = R,&, Lv'  + '"  

( +)] 70 0 o  ,~q, 
-x . . v .  ~it' ?x ~v ?_t (101 

where.% = l/In (Ro/R+), t'. = I / (2uL 0,, = n, 0+ = - n  

and 0., = (0o+0i) /2 .  
The t ransformed governing equat ions  and bound-  

ary condi t ions  are solved numerically by employing a 
linite difference method which has been successfully 
used by the author .  The details of  the numerical  
scheme are omit ted here for brevity and may be found 
in refs. [2, 7, 8]. Uni form grids, 51 x81 ,  in the trans- 
formed dolnain,  are used for the present study. It 
should be noted that  fur ther  grid ref inement  did not  
produce any significant improvement  in the calculated 
Nusseh numbers .  As an addi t ional  check on the accu- 
racy of  the computa t iona l  results, an overall energy 
balance has been performed after each calculation.  
For  the present study, the energy balance is satisfied 
within 3%. To validate the numerical  code, the solu- 
tions thus obta ined have been compared  with those 
reported in the l i terature for the case of  a simple 
annulus.  The agreement  is very good as indicated in 

Fig. 2. 
In view of  the parameters  and the complexity 

involved in this problem, we have restricted the 
geometry to the case of  r, = I and  D = 2. For  part ial  
baffles, we have limited their length to H = D/2. To 
simplify the problem,  we have fur ther  assumed that  
the thermal  conduct ivi ty  of  baffles is the same as that  
of  the porous  medium. Since the purpose of  using 
radial baffles is to reduce heat loss, it is not likely to 

select a baffle which has a thermal  conductivi ty greater 
than that  of  the porous  medium. Otherwise, the con- 
duct ion heat loss along the baffles may outweigh the 
convect ion loss. Therefore,  under  this assumption,  the 
results thus obta ined  can be treated as an upper bound 
for the problem.  

For  the present  study, computa t ions  always start 
from a static condi t ion,  assuming the fluid is at rest 
in the beginning o[" s imulat ion.  Previous solutions 
were not  used as the start ing condi t ion for the sub- 
sequent  calculations.  The computa t iona l  results have 
covered a range of  Rayleigh numbers  of  practical 
interest (i.e. 50 ~< Ra <~ 500). For  a given Rayleigh 
number ,  calculat ions have been performed to obtain 
results for a complete  set of baffle orientat ions.  

N U M E R I C A L  R E S U L T S  A N D  D I S C U S S I O N  

The flow and temperature  fields for an annulus  with 
3 full baffles are first shown in Figs. 3(a) and (b), 
rcspectively. The cor responding  fields for an annulus  
with no b a n e  are also included for compar ison.  To 
reveal the changes of flow and isotherm pat terns  with 
the or ienta t ion  of  baffles, the referenced baffle has 
been specially marked.  Also, for the convenience of  
discussion that follows, the sectors have been numbered 
as indicated in Fig. 3(a). Since the geometry repeats 

a. Streamlines 

N u  

Nu=o~ 

, , , , ,  , , , , , , , , ,  , , 

• C=ltaglrone (9[ / 

D Bums and Tlen [10] / 
V Hlmll l (gkhor ann¢l Beu [11] / 
• Mur l l l dh l l r  l ind I ( l l l l ck l  [12] / /e J 
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FIG. 2. A comparison of the results obtained l'rom the present 
study and those reported in the literature for a simple 

annulus. 

b. Isotherms 

@@@@ 

Fro. 3. Flow and temperature fields for an annulus with 3 
full baffles IRa = 100. A 0 = I and AO = 0.1). 
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itself for every 120 of  rotat ion,  the var ia t ion of  flow 
and isotherm pat terns  will also have a periodicity of  
120.  

For  a simple annulus,  natural  convect ion is estab- 
lished in the form of  two pr imary  cells. However,  
when radial baffles are inserted to the annulus ,  these 
two pr imary  cells are confined to a smaller region. In 
addi t ion,  a second pair of  recirculating cells is formed 
in the lower region of  the annulus_ When  the annulus  
is rotated 10' from its initial position, the s t rength of  
the two pr imary  cells is slightly decreased But, more 
obvious  is the change in the s t rength of  secondary 
cells. At  7 =  20' ,  the s t rength of  the pr imary  cells 
cont inues  to decrease. On the other  hand,  the flow 
structure in sector 3 has changed from a bicellular 
flow to a unicellular flow. At  7 = 3 0 ,  a secondary 
flow is formed in sector 1. As the or ien ta t ion  angle 
increases, the secondary flow cont inues  to grow while 
the pr imary  cells are weakening. Due to the symmetry  
at 7 = 60-, not  only do the two cells in sector l have 
equal s trength,  but also the cell in sectors 2 and  3 has 
the same strength.  If  the annulus  is rotated further,  it 
is found that  the flow pat tern  at 7 = 70 'J is a mir ror  
reflection of  that  at  50 U. Similarly, the flow pa t te rn  at 
80- is a reflection of  that  at 40". For  brevity, only the 
flow and  tempera ture  fields for y ~< 60" are displayed 
here. 

For  a simple annulus,  the tempera ture  gradient  at 
the lower half  of  the inner  cylinder is very large due 
to convect ion (Fig. 3(b)).  However,  for a par t i t ioned 
annulus,  the convective flow is blocked by the radial 
baffles. The heat t ransfer  in the lower sector is mainly 
by conduct ion.  In compar i son  to that  for a simple 
annulus,  the tempera ture  gradient  is relatively small. 
As the annulus  is rotated through 30 ~, a reversed 
thermal  plume is found in sector 1. This reversed 
plume is the cause for the secondary flow that  was 
observed in the flow pat tern.  As a result, the tem- 
perature gradient  at  the upper  hal f  of  the inner  cyl- 
inder is increased_ It is also interest ing to note that  the 
heat  t ransfer  mode  in sector 3 has changed gradually 
from conduc t ion  to convect ion  as the or ien ta t ion  
angle increases. 

For  an annulus  with 3 outer  baffles, the flow and 
tempera ture  fields are shown in Figs. 4(a) and (b), 
respectively. The flow field of  this case looks very 
similar to tha t  of  the previous case. The  similarity is 
that,  for bo th  cases, a secondary  flow is formed in 
sector 1 when the or ien ta t ion  angle increases. In fact, 
for outer  baffles, the secondary flow appears  earlier at  
y = 20 ° instead of  30 ° for the full baffles. However,  
there also exists a major  difference between these two 
cases. The  difference is due to the blockage of  con- 
vective flow. For  outer  baffles, the convect ive flow is 
only partially blocked such that  the heat t ransfer  in 
sector 3 is pr imari ly by convect ion.  Since the sec- 
ondary  flow in this case never  separates f rom the 
pr imary  cell, the tempera ture  gradient  on the upper  
inner  cylinder is small in compar i son  to that  for the 
case of  full baffles_ 

a. Streamlines 

b. Isotherms 

FiG. 4. Flow and temperature fields for an annulus with 3 
outer balttes (Ra = 100, A0 = 1 and A® = 0.1). 

The flow and tempera ture  fields for an annulus  
with 3 inner  baffles are shown in Figs. 5(a) and (b), 
respectively. Since there is no fo rmat ion  of  a sec- 
ondary  flow, the flow pat terns  of  this case are very 

a Streamlines 

b_ Isotherms 

FIG. 5. Flow and temperature fields for an annulus with 3 
inner baffles (Ra = 100, A0 = 1 and A® = 0.1). 
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a. Streamlines 

b. Isotherms 

FIG. 6. Flow and temperature fields for an annulus with 4 
baffles (Ra = 100, 7 = 0 , At, O = I and AO = 0.1). 

different from the previous two cases. Basically, the 
convective flow in this case has the same form as that  
for a simple annulus,  i.e. two pr imary  cells. However,  
the s t rength of  the recireulating cells is weaker for the 
present case. Since there is no secondary flow, the 
tempera ture  gradient  at the upper  hal f  of  inner  cyl- 
inder has a smallest value a m o n g  the three cases exam- 
ined in this study. It is impor t an t  to recognize the 
difference in basic funct ions between the inner  and 
outer  baffles. While the inner  baffles are used to block 
the heated fluid which rises to the top, the outer  baffles 
are used to barr icade the cooled fluid which returns 
to the bo t tom.  Because of  this fundamenta l  difference, 
the heat  t ransfer  results also vary as will be discussed 
later. 

As the n u m b e r  of  baffles increases, the flow and 
tempera ture  fields become more complicated as 
shown in Figs. 6 and 7. Due to the increased resistance, 
the s t rength  of  convect ive flow has been considerably 
weakened.  As a result, the tempera ture  gradient  on 
the inner  cylinder is also reduced_ Al though  not  shown 
explicitly, it is clear that,  for an annulus  with 4 baffles, 

a. Streamlines 

b Isotherms 

FIG. 7. Flow and temperature fields for an annulus with 6 
banes (Ra = 100, 7 = 0L, A~b = I and A® = 0.1). 

the var ia t ion of the flow and isotherm pat terns  will 
repeat itself for every 90 of  rotat ion.  Similarly, it is 
60 for an annulus  with 6 baffles_ 

At a high Rayleigh number  (Ra = 500), the flow 
and temperature  fields at some or ienta t ion  angles did 
not  converge_ For  these cases, a t ransient  analysis was 
performed to investigate the origin of  instability. The 
transient  analysis employed here is essentially the 
same as that  reported in ref. [13]. Therefore,  the details 
of the analysis are omit ted here for brevity. However,  
it should be ment ioned  that  the flow and temperature  
fields for the present  case are inherently more unstable 
such that  a smaller  time step is required (AT = 10 
is used for the present study). 

The var ia t ion of  flow field with time is shown in 
Fig. 8 for an annulus  with 3 full baffles. It should be 
ment ioned,  however,  that the var ia t ion of  flow field 
for o ther  cases, a l though not shown here, is quali- 
tatively the same. It is interesting to observe that  the 
flow instabili ty is primarily localized on sector 1. 
The flow in the o ther  two sectors is basically inde- 
pendent  of  time. The oscillatory flow observed here is 
very similar to that  in a rectangular  enclosure [14]. 
For  the latter, Horne  and O'Sul l ivan [14] have con- 
cluded that  the flow oscillation is a result of  combined 
influence of cyclic triggering by predecessor dis- 
turbance which circulate a round  the region and insta- 
bility in the thermal  boundary  layer on the heated 
surface More  recently, Kimura  et al. [15] have 
reported that t h e r m a l  convect ion at high Rayleigh 
numbers  may either lead to a steady multicellular flow 
or undergo a t ransi t ion from steady state to time- 
dependent  flow. Similar conclusions have also been 
reported for a hor izonta l  porous annulus  [16]_ Quali- 
tatively, these conclusions can also apply to the 
present  case. 

The result of pr imary  interest in this study is the 
heat  t ransfer  coefficient_ The heat t ransfer  coefficient 
in terms of  the Nussul t  number  is given by 

hD I ~ f1,,2 O® 
Nu - k - Ri In (Ro/Ri) ~-~ ,= - ,2 dy. 

(11) o 

Fro. 8. Osci l latory f low fields for an annulus with 3 ful l  
b a f f l e s  a t  ~, = 30' ( A ¢  = 2 ) .  
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However, heat transfer results for the problem 
under consideration are most  informative if the Nus- 
sell number  thus obtained is normalized by the con- 
duction value. In this case, the normalized Nusselt 
number also shows the relative importance of  con- 
vection to conduction.  It is easy to show that the 
conduction Nusselt number  can be evaluated as, 

1 

Nu'""d = R, In {RSRi-) " (12) 

The normalized Nusselt numbers  for N = 3 are 
plotted in Fig. 9 as a function of  the Rayleigh number  
and baffle orientation angle. First, it is clearly 

observed that radial baffles are very effective in reduc- 
ing heat losses from pipe insulation. In addition, par- 
tial baffles are generally more effective than full baffles. 
For  example, at Ra = 100, the maximum reduction of  
heat loss is 8% for full baffles and is 10% for inner 
baffles. Secondly, for Ra >1 100, the variation of  nor- 
malized Nusselt numbers seems to have two distinct 
characteristics for the cases of  full and outer baffles. 
As observed earlier, a secondary flow is formed in the 
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FIG. 9. Normalized Nusselt numbers for an annulus with 3 
baffles at various orientation angles. 
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FJc;. 10. Variations of normalized Nusselt numbers with Lime 
for an annulus with 3 full ballles, (a) S' = 20 , (b) 7 = 30 

and (c) 7 = 40. 

annulus for these two cases as the orientat ion angle 

increases. For  example, when Ra = 100, the sec- 
ondary flow is formed at 7 = 30 for the case of  full 
baffles and at ~, = 20' for outer baffles. Therefore,  one 
can conclude that the first characteristic is associated 
with the processes before the secondary flow is gen- 
erated and the second characteristic is related to the 

processes afterwards. 
As observed earlier, when Ra = 500, the flow and 

temperature fields for baffles at certain orientation 
angles become oscillating. For  these cases, the aver- 
aged Nusselt numbers  and their extreme values are 
also plotted in the figure. The variation of  Nusselt 

numbers  with time is shown in Fig. 10 for an annulus 
with 3 full baffles. The line segment shown in the figure 

represents a period of  oscillation. It is clear that the 
period of  oscillation increases with the orientation 
angle. In addition, it is observed that the periodic 
pattern becomes more complicated as the orientation 
angle increases. 

For  completeness,  the normalized Nusselt numbers  
for N = 4 and 6 are shown in Figs. 11 and 12, respec- 
tively. Clearly, the effectiveness of  pipe insulation has 
greatly improved as more baffles are utilized. For  
N =  4, the maximum reduction in heat loss at 
Ra = 100 is 12% for the full baffles and it is increased 
to 18% when N = 6. Similarly, for partial baffles, 
it has increased from 12% for N = 4 to 19% when 
N = 6 _  
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FIG. 11. Normalized Nusselt numbers lor an annulus with 4 
baffles at various orientation angles. 

For  practical  applicat ions,  it is impor t an t  to adjust  
the baffle or ienta t ion  in order  to maximize the effec- 
tiveness. Table  l is provided as a summary  of  the 
opt imal  baffle conf igurat ions  de termined  by this 
study. 
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T 
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0 1 0 2 0 3 0 4 0 , 5 0 6 0  
T 

0 IO 20 30 ,,~,O 50 E~ 
7" 

5.51 .................... ~ " "  

7 

FIG. 12. Normalized Nusselt numbers for an annulus with 6 
balIles at various orientation angles. 

CONCLUSION 

Numerical  results have been presentcd for natural  
convect ion in a hor izontal  porous  annulus  with radial 
baffles. The  results thus obta ined have some inter- 
esting implicat ions for the design of  pipe insulat ion : 

(1) Radial  baffles prove to be effective in reducing 
heat losses from a pipe insulation. The effectiveness 
increases with the baffle number .  

(2) In general, partial  baffles are more effective 
than full baffles. Between two partial  baffles, inner 
baffles work bet ter  than outer  baffles. 

(3) For  a given set o fp ipe  insulat ion,  it is impor tan t  
to adjust  the baffle or ienta t ion  so as to maximize the 
effectiveness. 

(4) At  high Rayleigh numbers ,  the flow and tem- 
perature  fields become unstable.  The averaged heal 
transfer, however,  is still less when using baffles. 

Table I. Optimum orientation angle for a maximum reduction in heat 
loss from a horizontal pipe insulation 

Ra 

Baffle geometry 50 100 200 500 

N = 3  
Full baffles 40 (6%)t  30 (8%) 20 (7%) 0 (7%) 
Outer baffles 60 (7%) 60 (9%) 60 (9%) 40 (7%) 
Inner baffles 60 (9%) 60 (10%) 60 (9%) 0 (7%) 

N = 4  
Full baffles 45 (11%) 45 (12%) 30 (9%) 10 (7%) 
Outer baffles 45 (10%) 30 (12%) 45(12%j 40 (9%) 
Inner baffles 45(11%) 45(13%) 45 (12%) 45(10%) 

N = 6  
Full baffles 30 (16%) 30 (18%) 30 (19%) 0 (10%) 
Outer baffles 30 (15%) 30 (18%) 30 (18%) 10(10%) 
Inner baffles 30 (15%) 30 (19%) 30 (18%) 10 (10%) 

tNumbers in parentheses designate the maximum reduction in heat 
loss. 
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