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The heat transfer analysis of variable conductance heat pipe air preheater was carried out. The temperature trans-

fer matrix was obtained for the air preheater that comprises several discrete heat transfer units with same or dif-

ferent heat transfer surface area in a parallel or counter flow mode. By using the temperature transfer matrix, the 

outlet fluid temperatures could be easily calculated for a given air preheater and inlet fluid temperatures. The ac-

tive length of condenser in a variable conductance heat pipe is determined according to the flat interface model. 

With the same initial conditions, the comparisons between variable conductance heat-pipe air preheater and regu-

lar heat pipe air preheater has been analyzed and tested in terms of heat pipe wall temperature, heat transfer sur-

face area and outlet fluid temperatures. Based on the real industrial applications, it has been confirmed that the 

variable conductance heat pipe air preheater has excellent performance of anti-corrosion and anti-ash-deposition 

especially at the variable working condition and the sulfur coal (5%-6% mass fraction of sulfur) condition. 
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Introduction 

In the past several decades, most kinds of heat ex-
changers were theoretically or experimentally studied 
[1-3]. Since the heat transfer performance of all these 
heat exchangers is different, the expressions of heat 
transfer coefficient are different for the specific heat ex-
changers as well. Mostafa A et al[4] did research on heat 
transfer coefficient of heat pipe exchanger for heat re-
covery in an air conditioning. Due to the high heat trans-
fer performance and adjustable wall temperature, the heat 
pipe exchangers were widely used as air preheater for a 
boiler, and a lot of researches[5-8] has been carried out in 
the past decades. Because of the special structure of heat 
pipe exchanger, the working fluids could exchange heat 
on the outer surface of heat pipe and the heat transfer 
surface of evaporation or condensation section could be 
absolutely separated. Since the wall temperature of heat 
pipe could be easily adjusted through the heat transfer 

surfaces of evaporation and condensation sections by 
choosing different fin coefficients, the acid corrosion of 
heat exchanger could be prevented or relatively reduced 
by adjusting the wall temperature of heat pipe above the 
dew point of flue gas. Therefore, the amount of ash 
deposition on the heat transfer surfaces could be reduced 
due to the higher wall temperature and the drier heat 
transfer surfaces. Moreover, since the fluids exchange the 
heat on the outer surface through heat pipe, the heat pipe 
exchanger is capable to prevent the leakage or mixing 
between fluids. Although the regular heat pipe exchanger 
could be excellently working at the design condition in 
which the wall temperature of heat pipe could be con-
trolled by the ratio of heat transfer surface area between 
the evaporation and condensation sections of heat pipe 
and the acid corrosion or ash deposition on the surface of 
exchanger could be effectively prevented or relatively 
reduced, it can not satisfy the requirements of anti-  
corrosion and anti-ash-deposition when this regular heat 
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pipe exchanger is working far from the design conditions, 
i.e., at the starting or shutting down process of a indus-
trial boiler, at a  variable working condition and with 
much higher mass fraction of sulfur coal than the de-
signed coal. However, in a variable conductance heat 
pipe, not only the working fluid but also the inert gas was 
put into the inside volume of heat pipe. When a variable 
conductance heat pipe is working, the non-condensable 
inert gas was pushed at the end of condensation section 
by the working fluid steam. Since the volume of inert gas 
could be varied by the working pressure of heat pipe, a 
drop of evaporation temperature could result in a lower 
working pressure of heat pipe and it will lead the inert 
gas to expand; therefore, the effective condensation sec-
tion of variable conductance heat pipe will be reduced 
and the wall temperature of heat pipe will be increased as 
compared to the regular heat pipe. Consequently, the low 
temperature corrosion of regular heat pipe could be pre-
vented or relatively reduced[9]. Due to the self-adjusting 
wall temperature of variable conductance heat pipe upon 
the working conditions, the authors would like to take the 
advantage of regular heat pipe exchanger (such as excel-
lent leak proof characteristics) and combine this unique 
characteristic of variable conductance heat pipe to im-
prove the overall performance of exchanger in terms of 
anti-corrosion and anti-ash-deposition under low working 
temperature conditions.  

The authors designed and applied this kind of variable 
conductance heat pipe exchanger with relatively small 
amount of inert gas for a 35t/h boiler of power plant in 
Chongqing, China. After 20 months’ running, this vari-
able conductance heat pipe exchanger obtained an excel-
lent performance to prevent the ash deposition resulted 
from water condensation on the surface area; however, 
the surface area of last several rows of heat exchanger 
deposited a layer of rigid ash due to the acid corrosion, 
and the PH value of solution of ash and water with pro-
portion of 1:6 is up to 1.0. Therefore, it could be con-
cluded that the wall temperature of heat pipe must be 
higher than the flue gas acid dew point under all the 
working conditions in order to prevent acid corrosion and 
the condensation of water on the surface area of air pre-
heater. Unfortunately, it is impossible for regular heat 
pipe exchanger to automatically adjust the wall tempera-
ture upon the  variable working conditions to prevent 
the acid corrosion with the high sulfur coal, i.e., the mass 
fraction of sulfur is up to 5%~7%. However, it is be-
lieved that the variable conductance heat pipe exchanger 
with enough amount of inert gas will be an effective way 
to solve the problems such as acid corrosion and ash 
deposition on the rear rows of heat pipe. When a variable 
conductance heat pipe exchanger is working, the effec-
tive heat transfer surface areas of each heat pipe row are 
different due to the different operating temperature or 

pressure of each heat pipe row. Li et al[10] carried out 
the heat transfer calculation for a regular heat pipe ex-
changer at variable operating conditions with the same 
heat transfer surface area for each heat pipe rows. Up to 
now, there are rare reports about the heat transfer per-
formance analysis of variable conductance heat pipe ex-
changer.  

Therefore, the main task of this paper is to analyze the 
heat transfer performance of variable conductance heat 
pipe exchanger and find out whether the variable con-
ductance heat pipe can effectively solve the anti-corro-   
sion and anti-ash-deposition problems in the real indus-
trial applications.  

The active condensation length of variable con-
ductance heat pipe  

The active length of condensation 

In literature [11], the heat transfer performance of 
variable conductance heat pipe i.e., VCHP (or called 
gas-filled heat pipe) was reported under an equilibrium 
condition, as shown in figure 1. The following assump-
tions are made for this variable conductance heat pipe: 1. 
The non-condensable inert gas complies the ideal gas law; 
2. The heat pipe is operated under steady state conditions; 
3. There exists a sharp interface between the non-con-   
densable gas and working fluid. According to the ideal 
gas law, the filled inert gas submits to, 

1 1 2 2

1 2

 
PV PV

T T
                (1) 

Where, P1 is the pressure of filled gas at initial state, P2 is 
working pressure of heat pipe, V1 is the volume of inert 
gas at pressure P1, V2 is the volume of inert gas under 
pressure P2, T1 is the temperature of inert gas at P1 and V1, 
T2 is the temperature of inert gas at P2 and V2.  

 

 
 

Fig.1  The schematic structure of variable conductance heat 
pipe at equilibrium condition 

 
Since the inner diameter of heat pipe is usually a con-

stant, under the working conditions, the length of heat 
pipe, i.e., Lq, occupied by inert gas could be evaluated as 
follows: 

1 2
q

2 1

PT
L L

P T
                (2) 

Where, L is the length of heat pipe occupied by inert gas 
at the initial state. The value of L, T1 and P1 in the above 
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equation could be considered as known parameters, and 
P2 can be determined by iterative method when the active 
length of condensation is given. Therefore, Lq could be 
calculated from Eq. (2) when T2 is known, and the active 
length of condensation of variable conductance heat pipe, 
Lcy could be expressed as, 

cy c qL L L                 (3) 

Where, Lcy is the active length of condensation for a 
variable conductance heat pipe; Lc is the total length of 
condensation section for a variable conductance heat pipe. 
Since the working pressure P2, working temperature T2 
and active length of condensation for a variable conduc-
tance heat pipe are different for each of heat pipe rows, 
the values of P2, T2 and Lcy must be determined itera-
tively for each heat pipe row, respectively. Once the ac-
tive length of condensation for a variable conductance 
heat pipe is known, the design calculation of a variable 
conductance heat pipe could be carried out by following 
the similar procedure for a regular heat pipe except by 
replacing Lc with Lcy. 

Heat transfer analysis 

In order to analyze the heat transfer performance of 
variable conductance heat pipe exchanger that comprises 
several independent variable conductance heat pipe rows, 
some simplifications and assumptions[12] about ex-
changer have to be made as follows, 

1. the heat loss of heat pipe row is negligible; 
2. the fins on the heat pipe continually across all the 

heat pipe rows; 
3. the change of temperature is continuous along the 

flow direction; 
4. all the individual heat pipe rows are assumed as an 

integrate heat transfer component which is same as a wall 
type heat exchanger.  

 

 
 

Fig.2  Heat transfer analysis under parallel flow arrangement 
 
As shown in Fig.2, if the fluid flow along x direction, 

the quantity is positive value; otherwise, the quantity is 
minus. 

1
1 1 2

 d
( - ) 0

 d

T
K T T

x
               (4a) 

2
2 2 1

 d
( - ) 0

 d

T
K T T

x
              (4b) 

Where:  

K1=1/[（Re+Rc）m1c1];        K2=1/[（Re+Rc）m2c2]; 
Re is the thermal resistance between hot fluid and 

working fluid in evaporation section, and Rc is thermal 
resistance between cold fluid and working fluid in con-
densation section. 

Boundary conditions: x=0, T1=T1i, T2=T2i , 
                  x=1, T1=T1e, T2=T2e, 
If the heat loss between exchanger and ambient is neg-

ligible, the following equation could be obtained from 
the energy balance. 

1 1 1 2 2 2d d 0m c T m c T             (5) 

Assume M1, M2 are constant and integrate equation (5) 
in terms of x from 0 to 1.0, one obtains, 

1 1i 1 2 2i 2( - ) ( - ) 0M T T M T T          (6) 

Where T1i、T2i are inlet temperatures of fluid 1 and 2, 
m1c1=M1, m2c2=M2, 

Differentiate equation (4) and using equation (6), the 
second order linear, non-homogeneous differential equa-
tions with constant coefficients could be obtained as fol-
lows, 

2
1 1

1 1 1 12

d d
0

dd

T T
K Y T Z

xx
            (7a) 

2
2 2

2 2 2 22

d d
0

dd

T T
K Y T Z

xx
          (7b) 

Where, 
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Solve differential equations (7), it yields, 

1 11 1 12 2 01exp( ) exp( )T C a x C a x T        (8a) 

2 21 3 22 4 02exp( ) exp( )T C a x C a x T       (8b) 
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Apply the boundary conditions; the coefficients of 
equation (8) could be determined as follows, 

1i 2 1e 01 2 01
11

2 1

exp( ) exp( )

exp( ) exp( )

T a T T a T
C

a a

  



    (9a) 

1i 1 1e 01 1 01
12

1 2

exp( ) exp( )

exp( ) exp( )

T a T T a T
C

a a

  



    (9b) 

2i 4 2e 02 4 02
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T a T T a T
C

a a

  



   (9c) 
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exp( ) exp( )
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C
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  



,   (9d) 

T1e、T2e are outlet temperatures of fluid 1 and 2.  
Since there is no special assumption for the exchanger, 

Equations (8) and (9) are the general analytical solution 
for the temperature distribution in a heat pipe exchanger. 

Differentiate equation (8) and apply equation (4) and 
boundary conditions, one obtains, 
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Using equations (9) and (10), the temperature transfer 
matrix of heat exchanger could be obtained, 

Te=ATi                   (11) 
Where, Te= [T1e, T2e]

’, Ti= [T1i, T2i]
’ 

The elements of matrix A are, 

11 1 1 2 2 1 1 2 2{ [(exp( ) exp( )] exp( ) exp( ) [a K a a a a a a a     
 

2 1 1 2 1 1 1 2 2 1exp( ) exp( ) ] / ( )} / ( )a a a a a M M M a a     

12 1 1 2 2 2 1{ [(exp( ) exp( )] [ exp( )a K a a a a a      

1 2exp( )a a 1 2 1 2 2 1] / ( )} / ( )a M M M a a   , 

21 2 4 3 4 4 3{ [(exp( ) exp( )] [ exp( )a K a a a a a     

3 4exp( )a a 3 1 1 2 4 3] / ( )} / ( )a M M M a a   ,  

22 2 3 4 4 3{ [(exp( ) exp( )] exp( )a K a a a a    

3 4 4exp( ) [a a a  4 3 3 4exp( ) exp( )a a a a   

3 2 1 2 4 3] / ( )} / ( )a M M M a a    

Where, the corresponding heat transfer surface area of 
elements in coefficient matrix is the whole surface area 
of exchanger.  

Because the heat exchanger usually comprises multi-
ple heat pipe rows and the fluid flow out from one heat 
pipe row and then enters into the near next heat pipe row, 
the outlet temperature of one heat pipe row is the inlet 
temperature of the next pipe row, the similar analysis 

method could be adopted for consecutive heat pipe rows 
with different surface area. Therefore, the temperature 
transfer matrix for each heat pipe rows could be obtained, 

T1,e=A1Ti, T2,e=A2T1,e, …, Te=AnTn-1,e 
Based on the general analytical model for heat pipe 

exchanger, it is easy to get the temperature transfer ma-
trix for the heat pipe exchanger with the same geometry 
of heat pipe rows: 

Te=Arow
nTi                (12) 

Where, Arow= A1=A2=…=An 
Where, the matrix An is the temperature transfer matrix 

for nth heat pipe row, and the corresponding heat transfer 
area of elements in above coefficient matrix is the area of 
each heat pipe row. Thus, if heat transfer area of each 
heat pipe row is different, the temperature transfer matrix 
is as follows, 

Te=AexTi                    (13) 
Where, Aex= An ... A3 A2 A1  

 

 
 

Fig.3  Heat transfer analysis under counter flow arrangement 
 
As far as the heat pipe exchanger working in counter 

flow mode is concerned, the analytical model could be 
obtained by following the similar approach of parallel 
flow mode. As shown in Fig.3, the boundary conditions 
for counter flow arrangement are as follows,  

x=0, T1=T1i, T2=T2e; 

x=1, T1=T1e, T2=T2i.  
In order to obtain the temperature transfer matrix for 

counter flow arrangement, one should carefully change 
the inlet temperatures in equation (11) and determine the 
value of fluid heat capacity according to the flow direc-
tion of this fluid as compared to the positive x direction, 
and then the temperature transfer matrix of counter flow 
arrangement could be written as follows, 

Te=BTi                            (14) 
Where, Te= [T1e, T2i]

’, Ti= [T1i, T2e]
’ 

Elements of the matrix B are as follows, 
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Where, the corresponding heat transfer surface area of 
element in above coefficient matrix is the surface area of 
each heat pipe row. If the individual heat pipe row of 
exchanger has the same heat transfer surface area, the 
temperature transfer matrix could be simplified as,  

Te=BnTi                        (15) 
When the heat transfer surface area of each heat pipe 
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row in an exchanger is different, the temperature transfer 
matrix can be written as, 

Te= BexTi              (16) 
Where, Bex=Bn…B2B1Ti                           
Equation (16) provides basis for designing calculation 

of variable conductance heat pipe exchanger working 
under counter flow condition. For a given exchanger, 
based on the inlet temperature of counter flow heat ex-
changer which is composed of several heat pipe rows 
with different heat transfer area, the outlet temperature 
can be easily calculated by equation (16). 
 

 
 
Fig. 4  The variation of the real outlet gas temperature and the 

lowest working temperature with inlet temperature 
 
As shown in Fig. 4, it is presented that the compari- 

sons of the lowest working temperature, Tv, and inlet flue 
gas temperature, Tgi, between regular heat pipe exchanger 
and variable conductance heat pipe exchanger. For these 
two kinds of exchangers, the designed flue gas tempera-
ture at outlet is 160℃; the lowest working temperatures 
of variable conductance heat pipe and regular heat pipe 
are 130  and 100℃ ℃, respectively. From this figure, it 
can be seen that the slope of outlet flue gas temperature, 
Tgo, and the lowest working temperature of variable con-
ductance heat pipe are smaller than those of regular heat 
pipe. Especially, as the increase of inlet flue gas tem-
perature, the rate of change of working temperature for 
variable conductance heat pipe is much smaller than 
those of regular heat pipe, and this implies that the 
working temperature of variable conductance heat pipe 
will be in a relative small range under the relative wide 
range of working conditions for heat pipe exchanger. 
This unique characteristic of variable conductance heat 
pipe exchanger will be welcomed by the industrial boil-
ers which are frequently operated at wide variable work-
ing conditions. For example, when the inlet flue gas 
temperature is 200 , the working temperature of ℃ regular 
heat pipe is down to 82℃; however, the lowest working 
temperature of variable conductance heat pipe is still 
maintained above 122 . ℃ Therefore, the variable con-
ductance heat pipe has a unique self-adaptive capability 
at relatively low inlet flue gas temperature. 

 
 

Fig. 5  The picture of heat pipe air preheaters of the three 
20t/h boilers 

 
According to the above mentioned design and analysis 

method for a variable conductance heat pipe exchanger, 
several variable conductance heat pipe air preheaters 
were designed and applied in the industrial boilers. As 
shown in Fig. 5, it is presented that the photo of heat pipe 
air preheater of three 20t/h boilers which were put into 
operation in Nov., 1996. The mass fraction of sulfur was 
3% in the coal, and the designed outlet flue gas tempera-
ture was 160℃. In order to compare the performance of 
anti-corrosion and anti-ash-deposition between regular 
heat pipe and variable conductance heat pipe, one regular 
heat pipe was assembled with variable conductance heat 
pipe in this air preheater exchanger, as shown in Fig.5. At 
the first a couple of years operation, the load of boilers 
varied in a wide range (i.e., 4t/h~16t/h); therefore, the air 
preheater exchanger was working in a wide range of 
variable working conditions. After three years operation, 
the photo of outer surface of air preheater exchanger was 
taken in Nov. 1999, as shown in Fig.5, From this figure, 
it could be clearly seen that the regular heat pipe was 
fully deposited by the ash; however, the variable conduc-
tance heat pipes which are next close to the regular heat 
pipe were still relatively clean. Therefore, the advantages 
of variable conductance heat pipe about anti-corrosion 
and anti-ash-deposition are clearly confirmed as com-
pared to the regular heat pipe.  

Another example of comparisons about anti-corrosion 
and anti-ash-deposition between regular heat pipe and 
variable conductance heat pipe are shown in Fig.6. In this 
figure, it is presented the photo of heat pipe air preheat 
exchanger of two 35t/h boilers (BG-35/54-M3) after one 
year operation. In this heat pipe exchanger, one regular 
heat pipe was assembled with other variable conductance 
heat pipe as well, and the flue gas flows from bottom to 
top in the air preheater. The mass fraction of sulfur in the 
coal is 3.34%, and the designed outlet flue gas tempera-
ture of the air preheater is 155 . ℃ From the Fig.6, it could 
be clearly seen that the regular heat pipe which had the 
same geometry parameters with the variable conductance 
heat pipe almost became to a smooth pipe due to the acid 
corrosion ash deposition on the outer surface of heat pipe. 
Based on the above two industrial applications, the con-
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clusions could be made that the variable conductance 
heat pipe undoubtedly has excellent performance on cor-
rosion prevention and anti-ash deposition, especially in 
the case of cola which has high mass fraction of sulfur.  

 

 
 

Fig. 6  The picture of heat pipe air preheaters of the two 35t/h 
boilers 

Conclusions 

Based on the above analysis and industrial applica-
tions, some conclusions could be made as follows, 

1. The temperature transfer matrix of heat exchanger 
which is composed of several heat transfer units and 
working under parallel or counter flow mode is obtained. 
The relationship of inlet temperature and outlet tempera-
ture could be established through this temperature trans-
fer matrix.  

2. Since the variable conductance heat pipe exchanger 
has unique capability to self-adjust the working tempera-
ture, it is capable to be used as air preheater for industrial 
boilers with large variable operating conditions. 

3. Based on the real industrial applications of variable 
conductance heat pipe exchanger for the high sulfur coal, 
it has been confirmed that the variable conductance heat 
pipe has undoubtedly excellent performance on anti- 
corrosion and anti-ash-deposition and these results could 
be used for engineering reference. 
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