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Abstract--The paper provides details of a numerical study of the bayonet tube under steady, laminar 
conditions when the fluid is air. Attention is focused on the heat transfer characteristics of the tube. The 
data constit~Lte a systematic investigation of the effect of the principal parameters on the overall heat 
transfer rate, represented by a Nusselt number. Specifically discussed are the effects of Reynolds number, 
length-diameter ratio, the ratio of annular to inner tube area, the ratio of the end clearance to the tube 

diameter, and the Rayleigh number. Comparisons with experimental data are also made. 

1. INTRODUCTION 

The bayonet tube is a simple, refluent heat exchanger. 
As shown in Fig. 1, it is constructed from two con- 
centric tubes, one end of  the inner tube reaching close 
to the sealed end ofLhe outer one. Fluid flowing within 
and towards the open end of  the inner tube is thus 
constrained to return along the annular gap formed 
between the two tubes. The system has found extensive 

use in situations where the medium to be heated or 
cooled is either too large to be treated in its entirety or 
is readily accessible from one side only. The medium 
is then penetrated by insertion of  bayonet tubes, in 
contrast to the more common arrangement of  tubes 
crossing back and forth. The device is discussed more 
extensively by Lock [1]. 

In a geophysical context, the bayonet tube may be 
used to penetrate the earth's surface. In regions 
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Fig. 1. Dimensions of the bayonet tube. 
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The effect of the principal bayonet tube parameters 

on the overall heat transfer rate was examined sys- 
tematically. Each parameter was considered separ- 
ately, the other parameters being held constant at 
the reference values. Results are plotted using these 
parameters. Curves fitted through discrete numerical 
points employ a cubic spline. 

Fig. 2. Mixed convection in a vertical isothermal pipe. 4.1. Effect of Reynolds number 

24 x 24 grid. The heat transfer data are believed to be 
comparable in accuracy. 

For the bayonet tube, the same convergence cri- 
terion was used. However, a 41 x 41 x 20 grid was 
adopted because two pipes are being considered. It 
was anticipated that a finer grid was needed to accom- 
modate a more complex flow field. An optimum relax- 
ation factor of 0.72 was again used. The program was 
first run at the “standard”, or reference, parametric 
values used by Lock and Wu [lo] : Re’ = 900, 
L/D = 20, F,/F, = 0.474 and H/D = 1 represent prac- 
tical operational parameters for a bayonet tube. Test 
runs with a grid of 61 x 61 x 40 indicated a Nusselt 
number change of less than 2%, while the time taken 
to run the program was increased by more than 10%. 
The percentage mass error between the inlet and the 
outlet was still less than 0.6%. The results were spot 
checked for uniqueness by using different initial fields. 
The solutions remained unchanged. 

4. DISCUSSION OF RESULTS 

In Fig. 3, the heat flux is plotted as a function of 
distance X’ = (L-X)/D, where Xis the axial distance 
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Fig. 3. Heat flux distribution on outer tube. 

and L the outer tube length. A transition from clear- 
ance to annular flow occurs between x’ = 0.6 and 1. 
In transitional region a local minimum exists cor- 
responding to stagnation point at the wall [ 11, 151. 
Slightly further downstream of the stagnation region 
gradual reacceleration of the flow creates a local 
maximum at H/D z 1. After this the flow becomes 
fully developed again. 

As expected, the Nusselt number was found to 
increase monotonically with Reynolds number, Re’, 

as shown in Fig. 4. Numerical prediction lies within 
the experimental error range of _+ 10%. In view of the 
abrupt change in direction it is unlikely the flow would 
remain laminar up to a Reynolds number of 2500 ; the 
results were arbitrarily truncated at Re’ = 1200. 

The temperature field for the widely separated 
values of Re’ = 100 and 1000 is represented in Fig. 5 ; 
only the five lowest radii of the tube are shown. It is 
interesting to note the thickness of the thermal boun- 
dary layer in the annulus as the Reynolds number 
decreases. With the inner tube being taken as a perfect 
conductor, heat may penetrate into the incoming fluid 
thereby increasing it’s temperature. This evidently 
occurs at Re’ = 100 but is almost absent at 
Re’ = 1000. The effect of the flow details in the clear- 
ance zone [ 11, 151 appears to be very small under these 
conditions. 

4.2. Effect of 1ength:diameter ratio 

The 1ength:diameter ratio, L/D, also exerts a strong 
influence on the heat transfer rate. As shown in Fig. 6, 
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Fig. 4. Effect of Reynolds number on Nusselt number 
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where, since U c = 4Kv/D 

R e  = - 4 K  and R a =  flg D 3 ( T w -  T°).  

The tube diameter ratio Did does not appear explicitly 
above ; it is incorporated implicitly through the equa- 
tions given in Section 2.2. 

A parabolic velocity profile was assumed at the 
entrance to the inner tube. The velocity at all walls 
was taken to be zero. Fluid inlet and outer tube wall 
temperatures were set as isothermals, but the bottom 
of the outer tube was taken to be insulated. Tem- 
perature conditions were therefore the same as the 
experiments of Lock and Wu [10]. The inner tube was 
taken to be a perfect conductor of zero thickness. 
Symmetry and periodicity were assumed at the tube 
centre and periodicity plane (O = 0, 2n), respectively. 
At the tube exit, a Neumann boundary condition (zero 
axial gradient) was set for both temperature and 
velocity. 

2.2. Definitions 
The results given below are expressed in terms of the 

following parameters, divided into three categories. 
2.2.1. Geometry. 
(1) Length:diameter ratio : L/D, where L and D are 

the length and diameter, respectively, of the outer 
tube. 

(2) Area ratio : ~/F~, where Fi and Fa are the inner 
tube and annulus areas, respectively. 

(3) Clearance ratio : H/D, where H is the end clear- 
ance of the inner tube. 

2.2.2. Flow rate. Reynolds number : following Lock 
and Wu [11], the Reynolds number is defined by 

4mD 
Re' p~v(D + d)d" (6) 

This was chosen to accommodate the limiting cases 
of d << D and D ~ d, given that (do - di) << D. 

(3) 2.2.3. Buoyancy. Rayleigh number : 

( D - d ) 3 ( T w -  To) 
Ra' = fig (7) 

V ~  

This emphasizes the gap (D-d) where most of the 
heat transfer is expected to occur. The parameter 
R a ' ( D - d ) / L  which varies between 0.21 and 216.46 
indicates the natural convection regime [1]. 

The above parameters may be expected to influence 
(4) the overall system performance, as measured by the 

Nusselt number, Nu, defined in terms of the mean 
fluid temperature difference between the inlet to the 
inner tube and outlet from the annulus. The Nusselt 
number is thus given by • 

O ( D - d )  
(5) Nu - 7zkDL(Tw - TO (8) 

where 

To+Tb 
T f -  2 ' 

To and Tb being the fluid bulk temperatures at the 
inlet and outlet, respectively. 

3. NUMERICAL FORMULATION AND 
VALIDATION 

The numerical simulation was done using the algo- 
rithm of Patankar [12] in the SIMPLE-C version [13]. 
The program was validated for steady, laminar, con- 
stant property, axisymmetric upward air flow in a 
straight, vertical, isothermal pipe with no inner tube. 
A representative length:diameter ratio of 16 was used. 
Using a relaxation factor of 0.72, the convergence was 
defined by successive agreement of averaged values of 
the dependent variables to within 1% : agreement was 
usually better than this. As expected, the percentage 
mass error between the inlet and outlet decreased with 
grid size. Based on a comparative study of different 
grid sizes, a 24 × 24 grid was chosen. The percentage 
mass error between the inlet and outlet for this grid 
was then less than 0.6%. 

Heat transfer accuracy was checked by obtaining 
Nusselt number (Nu = h~md/k) data at different Graetz 
numbers (Gz = rh%/kL) in the empty pipe. The results 
are compared with the experimental data [14] and an 
empirical correlation [14] in Fig. 2. The numerical 
results are within + 5% of the experimental data and 
the empirical correlation. Unfortunately, no error 
range was specified in the above-mentioned exper- 
iments. Solutions of a hydraulic study [15] indicate 
frictional data to be accurate to within 1% for the 
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Fig. 2. Mixed convection in a vertical isothermal pipe. 

24 x 24 grid. The heat transfer data are believed to be 
comparable in accuracy. 

For  the bayonet tube, the same convergence cri- 
terion was used. However,  a 41 x41 x20  grid was 
adopted because two pipes are being considered. It 
was anticipated that a finer grid was needed to accom- 
modate a more complex flow field. An opt imum relax- 
ation factor of  0.72 was again used. The program was 
first run at the "s tandard",  or reference, parametric 
values used by Lock and Wu [10]: Re'= 900, 
LID = 20, Fi/Fa = 0.474 and HID = 1 represent prac- 
tical operational parameters for a bayonet tube. Test 
runs with a grid of  61 x 61 × 40 indicated a Nusselt 
number change of  less than 2%, while the time taken 
to run the program was increased by more than 10%. 
The percentage mass error between the inlet and the 
outlet was still less than 0.6%. The results were spot 
checked for uniqueness by using different initial fields. 
The solutions remained unchanged. 

4. DISCUSSION OF RESULTS 

In Fig. 3, the heat flux is plotted as a function of  
distance X' = ( L -  X)/D, where Xis  the axial distance 
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Fig. 3. Heat flux distribution on outer tube. 

and L the outer tube length. A transition from clear- 
ance to annular flow occurs between X '  = 0.6 and 1. 
In transitional region a local minimum exists cor- 
responding to stagnation point at the wall [11, 15]. 
Slightly further downstream of the stagnation region 
gradual reacceleration of the flow creates a local 
maximum at HID ~ 1. After this the flow becomes 
fully developed again. 

The effect of  the principal bayonet tube parameters 
on the overall heat transfer rate was examined sys- 
tematically. Each parameter was considered separ- 
ately, the other parameters being held constant at 
the reference values. Results are plotted using these 
parameters. Curves fitted through discrete numerical 
points employ a cubic spline. 

4.1. Effect of Reynolds number 
As expected, the Nusselt number was found to 

increase monotonically with Reynolds number,  Re', 
as shown in Fig. 4. Numerical  prediction lies within 
the experimental error range of  + 10%. In view of the 
abrupt change in direction it is unlikely the flow would 
remain laminar up to a Reynolds number of  2500 ; the 
results were arbitrarily truncated at Re' = 1200. 

The temperature field for the widely separated 
values of Re" = 100 and 1000 is represented in Fig. 5 ; 
only the five lowest radii of  the tube are shown. It is 
interesting to note the thickness of  the thermal boun- 
dary layer in the annulus as the Reynolds number 
decreases. With the inner tube being taken as a perfect 
conductor,  heat may penetrate into the incoming fluid 
thereby increasing it's temperature. This evidently 
occurs at Re'= 100 but is almost absent at 
Re' = 1000. The effect of  the flow details in the clear- 
ance zone [11, 15] appears to be very small under these 
conditions. 

4.2. Effect of length:diameter ratio 
The length:diameter ratio, L/D, also exerts a strong 

influence on the heat transfer rate. As shown in Fig. 6, 
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Fig. 4. Effect of Reynolds number on Nusselt number. 
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Fig. 6. Effect of length:diameter ratio on Nusselt number. 

the Nusselt number decreases with increasing length: 
diameter ratio, consistent with the definition given 
earlier. 

The numerical results lie within _ 10% of the exper- 
imental data except at higher L/D values, where again 
the deviations are not very large. 

4.3. Effect of area ratio 
As evident from Fig. 7, the area ratio, Fi/Fa, does 

not affect the heat transfer rate significantly. The 
entire family of curves represent data in the range 
2.85 < Nu < 4.25, and the range is much smaller for 
a given value of HID. The numerical and experimental 
data (H/D = 1.0) are again seen to agree within exper- 
imental error. 

Considering the numerical curve for the "standard" 
clearance ratio (H/D = 1.0), a maximum is observed 
near F~/Fa ,~ 0.47. Since this area ratio corresponds 
to a stable axisymmetric vortex formed at minimum 
pressure drop in the hydraulic study [15], it represents 
a favourable design value. A decrease in heat transfer 
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Fig. 7. Effect of area ratio on Nusselt number. 

rate for area ratios below 0.47 may be attributed to 
reduced forced convection in the annulus. Because of a 
very high frictional loss, this range is of little practical 
importance [11, 15]. At much higher area ratios, lower 
heat transfer rates may again be expected; thermal 
penetration through the annulus into the incoming 
fluid then occurs, thus raising its temperature. The 
effect of three-dimensional (3D) flow [15] is evidently 
weak. 

4.4. Effect of clearance ratio 
The Nusselt number data for different clearance 

ratios are plotted in Fig. 8. The numerical and exper- 
imental data (FdF ~ = 0.474) again agree within exper- 
imental error. Behaviour may be explained using the 
temperature profiles in Fig. 8. 

For Fi/Fa = 0.474, at H/D= 0.1, a ring of sep- 
aration on the outer surface of the inner tube is formed 
along with a secondary vortex in the tube corner [15]. 
As seen in Fig. 9, the secondary vortex creates a small 
high temperature zone at the outer tube bottom. 
Beyond HID = 0.5, the ring of separation develops 
into a torodial vortex in the clearance zone ; the secon- 
dary vortex subsides. The heat transfer rate is cor- 
respondingly decreased. At HID = 1.0, the ring of 
separation has become a full detached ring vortex 
extending between the outer tube sealed end and the 
inner tube bottom [15]. The Nu vs HID curve in Fig. 
8 tends to flatten out. For H/D values greater than 
1.0, a reduced circulation within this vortex, which no 
longer extends over the clearance zone, further 
reduces the heat transfer rate. Evidently, a lower value 
of HID is favourable for thermal design ; however, it 
may or may not produce a lower pressure loss [15]. 

4.5. Effect of buoyancy 
Nusselt number data for different Rayleigh num- 

bers is plotted in Fig. 10. As shown, the effect of 
Rayleigh number is small. This clearly indicates that 
the order of magnitude of the buoyancy term in the 
equation of motion is much smaller than the forced 
convection term for the range of Ra' considered, i.e. 
10 -5 < Ra'/(Re') 2 < 10 -1. If the annular Rayleigh 
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number, Ra,, obtained by replacing To by Tb in equa- 
tion (7), and the annular Reynolds number, Rea, from 
ref. [11] are considered, then Raa/(Rea) 2 < 0.025 for 
the range of Ra" plotted in Fig. 10. 

4.6. Correlation 
To construct a suitable correlation form it was 

decided at the outset that the effects of Reynolds num- 
ber and length-diameter ratio could be represented by 
a power law, as suggested by Figs. 4 and 6. Higher heat 
transfer rate operation dictates the choice of function 
describing the effect of area ratio. An attempt was 
made to approximate the maximum seen in Fig. 7 by 
taking a simple parabolic form. An exponential fit was 
used for the effect of clearance ratio, but Fig. 8 reveals 
this to be only a rough approximation. However, for 
design purposes a more accurate curve fit may not be 
warranted. A general relationship was then con- 
structed in the product form 

Nu = 0.645Z (9) 

where Z was empirically determined as 

/ v98r +(07_ -°.°7 
tz) L °° '  

X e x p  -O073(HiD) R e  °61 Ra °-°5. 

Figure 11 shows numerical data from this study 
superimposed on the above correlation. The data 
almost all fall within a band of + 8%, which is con- 
sistent with the overall uncertainty. This accuracy is 
acceptable for most applications of the bayonet tube. 
The correlation should thus be useful for a wide range 
of industrial and geotechnical problems. 

5 .  C O N C L U S I O N S  

The paper presents numerical data for heat transfer 
in a bayonet tube with laminar air flow. The results 
have been obtained for a constant property, steady 
flow in a cylindrical end bayonet tube. The results 
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Fig. 11. Comparison with empirical heat transfer correlation. 

were plotted with Reynolds number, length:diameter 
ratio, area ratio, clearance ratio, and Rayleigh number 
as the independent variables and Nusselt number as 
the dependent variable. Parametric effects were exam- 
ined in relation to velocity and temperature profiles. In 
general, good agreement with previous experimental 
data was demonstrated. 

The Nusselt number was found to increase mono- 
tonically with Reynolds number, while the opposite 
was true for length:diameter ratio. 

With respect to the effect of the area ratio, the 
maximum Nusselt number corresponded to the mini- 
mum pressure drop. For area ratios below the 
maximum, a reduced forced convection decreased 
heat transfer. For area ratios above the maximum, 
thermal penetration into the incoming fluid lowered 
Nu. With respect to the effect of the clearance ratio, 
examination of velocity and temperature profiles 
revealed a ring of separation along with a secondary 
vortex accounting for higher heat transfer at lower 
HID values. A lower value of Nu for HID values 
greater than 1.0 was attributed to the reduced effect 
of the stable end clearance vortex. 

The negligible effect of Rayleigh number on Nusselt 
number was attributed to the relatively small mag- 
nitude of the buoyancy term in the axial momentum 
equation. 
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