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Summary 
 
A research of heat transfer in fire-tube boilers was conducted, a mathematical 
model for the heat transfer in the fire-tube boilers was developed, and a 
corresponding computer software model was written. The model enables a more 
accurate analytical assessment of the impact of coiled-wire turbulence promoters 
on the heat transfer and pressure drop in boiler tubes, it allows for a more 
accurate determination of the mean radiant temperature in boiler segments and 
takes in account the heat transfer from impinging jet since the latter was found to 
have a significant impact on heat transfer in fire-tube boilers. The model was 
verified on several test boilers of sizes ranging from smaller residential hot water 
units to a larger industrial steam unit boiler. The comparison between the 
modeled values with those measured was very good. 
 

1. Foreword 
 
A general mathematical model for heat transfer calculations in boilers shall 
enable the following: 
·  Lessen the errors associated with determining the amount of heat transfer in 

boilers descending from the use of actual mean flame temperatures; 
·  Simplify the heat exchanger factor in cases of convection and simplification of 

the view factor determination in case of radiation; 
·  Determine an analytical method for the assessment of the impact of 

turbulators on the heat transfer and pressure drop; 
·  Assess portions of the heat exchanged by convection and radiation in each 

boiler section; 
·  Determine an accurate wall temperature. 
 
Simplifications are allowed for the following cases: 
·  Heat exchanger factor for convection; 
·  View factor for radiation; 
·  Wall temperature for convection on the water side. 
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2. Definition of the problems 
 

2.1 Heat transfer by thermal radiation in boilers 
 
To determine the radiant and convective part of heat transfer in the fire-tube 
boilers the effective temperatures in each boiler section must be known. In case 
of convection that temperature is transferred to mean logarithmic temperature 
difference. For the radiation from the hot flame and flue-gases to a cooled 
enclosure of simple geometry, which is the case with cylindrical shape of the 
furnace in fire-tube boilers, the literature quotes an approximate approach to 
calculate the total radiant heat flow from hot flame and gas to the boiler walls by 
defining an effective flame temperature. That approach is not based on the laws 
of physics, it was introduced solely due to its simplicity compared to other 
methods for large water-cooled furnaces. However, it tends to be less accurate 
since it cannot accurately asses a combination of flame and gas radiation. A 
more accurate yet simple equation for mean radiant temperature (MRT) has not 
yet been published. 
 

2.2 Turbulators in boiler tubes 
 
Turbulence promoters (hereafter refereed to as turbulators) are inserts which 
increase the rate of convection in the tubes compared to those which are empty. 
As their name implies, their function is to increase the turbulence of the hot gases 
flow by breaking up the laminar boundary layer and thereby increasing 
convection. These devices appear in different shapes. Meanwhile, a more 
accurate heat transfer calculation in boilers calls for a more accurate analytical 
assessment of turbulators’ effect on the total heat transfer. This is of particular 
importance in order to appropriately operate the boiler system, including the 
burner. An inappropriate assessment of turbulators’ impact on pressure drop can 
cause the choking of the burner because its fan would be unable to overcome the 
increased pressure drop in the boiler due to an inaccurate assessment of the 
turbulators’ combined effect on heat exchange and pressure drop.  
Coiled-wire turbulators are, today, the most widely used but this area has not yet 
been researched enough, and the available theory needs to be extended. The 
latest published results of experiments and theory is limited to coiled-wire 
turbulators with smaller diameters which is not applicable to boilers where the 
tubes are of larger diameter. 
 

2.3 Heat transfer by convection in boilers 
 
Convection in boilers takes place simultaneously with radiation. In tubes of fire-
tube boilers more than 90% of heat exchange takes place by the convection. In 
the furnaces the radiant part is greater than in tubes. Calculation of convection is 
conducted by standard equations for flows in straight tubes and channels. This is 
also true for the boiler furnaces, whether they are circular or rectangular in cross-
section. This picture totally changes when gas flow directly hits the surface 
involved in convection, such as in the case of the rear of the furnace (Figure 1). 
The rate of convection is much higher in these cases and cannot be assessed by 
classical equations for straight flow in tubes and channels. Tests showed much 
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lower gas exit temperatures from the furnace than had been calculated which 
was found to be attributable to lacking of taking into account the heat transfer 
from impinging jet of the flue-gases. This type of the heat transfer (Figure 2) had 
been investigated, but its role in boilers has not yet been investigated enough. 
Another special case of heat transfer in boilers is the use of a cylinder of high 
temperature and corrosion resistant material in reversing type furnaces. This 
cylinder improves the long-term boiler performances (less scaling of surfaces by 
unburned fuel sulfur, less soot), while also affecting the radiation and convection 
(Figure 3). Further, tests show an overall improvement in heat transfer in boiler 
with such a cylinder. However, the theoretical background of cylinder’s impact on 
local heat exchange has not yet been researched enough. 
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Figure 1: Areas of heat transfer from impinging jet in fire-tube boilers 

 



 4 

�

�

�

�
��

�
���
�����	���


��

��
	�
�������
�����	��������	���

��
	�
����������

��	�����������������������
�������

��
����������	���

������

 
Figure 2: Impinging round jet to flat plate 
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Figure 3: Heat exchange in furnace of boiler with cylinder of high temperature resistant material 
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3. The experiments 
 
The tests were performed on actual residential-sized hot water boilers of 450 kW 
and steam boiler 4MW 10 bar by the direct method. These boilers were built in a 
two-pass with reversing furnace design (Figure 1, Figure 5).  
 

3.1 The experimental program 
 
The research program consisted of the following: 
 
1. Research of the heat transfer on conventional residential-sized hot water 

boilers with these configurations: 
·  empty furnace and empty tubes; 
·  cylinder of high temperature resistant material in the furnace; 
·  coiled-wire turbulators of varying geometry in tubes of varying diameters. 

 
2. Research of the pressure drop on conventional residential-sized hot water 

boilers with these configurations: 
·  empty furnace and empty tubes; 
·  cylinder of high temperature resistant material in the furnace; 
·  coiled-wire turbulators of varying geometry in tubes of varying diameters. 

 
3. Research of the heat transfer and pressure drop on conventional residential-

sized hot water boilers of varying internal geometry with these configurations: 
·  hot water boiler in conventional design; 
·  above boiler with added cylinder of high temperature resistant material in 

the furnace in conventional boiler design; 
·  above boiler with added cooled door; 
·  above boiler with added short cooled-cylinder on inside side of cooled 

door. 
 
4. Research of heat transfer on industrial size steam boiler with cylinder of high 

temperature resistant material in the furnace and cooled door. 
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4. Summary of test results 
 
Mean radiant temperature 
 
The introduced approximation for MRT delivers an improved accuracy in heat 
transfer calculations in fire-tube boilers. As is evident from the table below, while 
holding all other parameters constant, the introduced equation for MRT delivers a 
higher radiation which results in a better agreement between the predicted and 
measured values of heat transfer in test fire-tube boilers.  
 

MRT by 
existent 
equation 

°C/K 

MRT by 
introduced 
equation 

°C/K 

difference in 
MRT 

% 

difference 
in calculated 

radiation 
% 

calculated/ 
measured 

furnace exit 
temp. with 
MRT by  
existent 
equation 

°C 

calculated/ 
measured 

furnace exit 
temp. with MRT 
by introduced 

equation 
°C 

1251/1524 1477/1750 +18/+14.8 +43.7 727/609 630/609 

 
 
Coiled-wire turbulators in boiler tubes 
 
The analytical assessment of the impact of the coiled-wire turbulators on heat 
transfer and pressure drop in straight tubes, enables a higher degree of accuracy 
as is evident from tables below.  
 

measured boiler heat 
output 

kW 

calculated boiler heat 
output 

kW 

absolute difference between 
measured and calculated heat 

transfer in boiler 
% 

446.7 442.2 -1 

 
measured gas side 

pressure drop in boiler 
Pa 

calculated gas side 
pressure drop in 

boiler 
Pa 

absolute difference between 
measured and calculated 

pressure drop 
% 

97 88 -9.2 

 
The optimum dimensions of the coiled-wire turbulators to assure the maximum 
accuracy in calculations was found as shown in Figure 4. Additionally it was 
found that pitch, wire, and turbulator diameter do not significantly affect the 
accuracy of heat transfer calculations with the exception of an extremely low 
pitch. The turbulator length was found to be of importance and corresponding 
coefficients taking the length of turbulator into account were found.  
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min. 1/3 L

L

min. 0.8 D

D

max. 0.5 mm

 
Figure 4: Optimum dimensions of coiled-wire turbulator to assure +10-15% accuracy in pressure 

drop estimation 

 
 
Role of heat transfer from impinging jet in boilers 
 
Research on test boilers showed the role of heat transfer from impinging jet is 
highly significant in the analytical assessment of heat exchange in the furnace. 
As is evident from the table below, the heat transfer from impinging jet can 
contribute to more than 80% of all convection in the furnace. Temperatures of 
surfaces exposed to heat transfer from impinging jet are more than 100% higher 
than those of surfaces not involved in heat transfer from impinging jet..  
 

convective 
heat transfer 

coefficient 
W/m2K 

convective heat 
transfer 

coefficient 
from jet 

impingement 
W/m2K 

convection 
from jet 

impingement 
kW 

total 
convection 

kW 

convection 
from jet 

impingement vs. 
total convection 

% 

11.7 165.2 150.4 183 82.1 
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5. Conclusion 
 
In conventional 3- and 4-pass fire-tube boilers, only a smaller portion of total heat 
is transferred in the furnace as it has as much as 90% and more heat transfer 
surfaces in the tubes. The radiation in the tubes is almost nonexistent compared 
to convection, while in the furnace, the radiation can be even smaller than 
convection, as the test boilers demonstrated. This is in total contradiction to 
water-tube boilers where convection represents less than 20% of total amount of 
heat exchange in furnace. As the test boilers demonstrated, the total heat 
exchange in the furnace can be as high as 80%. Hot water test boilers showed 
additionally that the percentage of surfaces in tubes could be close to that found 
in the furnace. The industrial-sized steam test boiler has as low as 2.3 times 
more area in the tubes then in the rest of the boiler. Furthermore it was proved 
that the convection in the furnace of fire-tube boilers can be made even higher 
than the radiation.  
 
The number of boiler tubes is limited by burner fan capability to overcome 
internal pressure loss. By that fact, the general direction in designing fire-tube 
boilers is given; namely to install only as many tubes as are necessary. This 
requires the exact analytical assessment of heat transfer in particular boiler 
sections to which this dissertation was devoted. Thus, by proper design of the 
boiler (for which the in-deep knowledge of heat transfer is of primary importance), 
as demonstrated in this dissertation, a sizable intensification of heat transfer and 
noticeable savings in boiler manufacturing cost can be achieved.  
 
Three units of the test boilers, designed under the consideration of the new 
findings described in this dissertation (steam boiler of 4MW 10bar) were built and 
delivered to actual customer in USA in 2001 (www.wargaboiler.com). Compared 
with conventional design the noticeable improvements are evident as f.i. the 
number of boiler tubes which is reduced for more than 70%.  
 

 
Figure 5: Steam test boilers in actual operation 

 


