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1. Introduction 

Among the energy components, heating systems 

that use mainly fossil fuels are particularly 

important. Rising demands for gas on one hand, 

and limited gas reserves on the other hand, are 

sensible more than before. Consequently, the 

efficiency of gas consumption in all consumers is a 

crucial factor [1]. One of these systems is the gas-

fired tank water heater that produces domestic hot 

water at home. Storage water heaters are by far the 

most common type used in many countries. These 

systems heat and store water in a tank so that hot 

water is available at any time. As hot water is 

drawn from the top of the tank, cold water enters 

from the bottom of the tank and then is heated [2]. 

The heating source can be electricity, gas or oil. As 

Figure 1 shows, a gas tank water heater consists of 

different parts. These parts include a burner at the 

bottom of the tank,which heats the water, an inner 

steel tank that holds the water being heated, fire 

tube (or chimney) thatis in the middle of system, 

baffle plates usually made of metal and inside the 

fire tube, thermal insulation that surrounds the tank 

to decrease the amount of heat lost to the 

surrounding, dip tube to allow cold water to enter 

the tank, pipe to allow hot water to leave the tank, 

thermostat that reads and controls the temperature 

of the water inside the tank, and a vent hood that 

lies at the exit of the combustion products. Air 

enters the combustion chamber, combines with the 

gas fuel, the mixture is ignited, and then the 

resulting combustion heat is transferred to the 

water through metal surfaces of the storage tank. 

The vent pipe is an exhaust pipe that carries the by-

products of combustion to the outside and serves as 

a heat exchanger. This pipe is typically surrounded 

by the water tank and often contains baffles to slow 

the escape of these gases through the vent, thus 
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allowing more time for heat to be transferred to the 

water around the pipe. Thermostatic controls 

regulating the temperature of the water areusually 

located near the mid-section of heaters. 

The proper mixture of additional air with 

combustion or exhaust gasses is important in fuel-

fired water heaters to assist the combustion 

products moving upwardwithin the vent pipe to the 

outdoors [3-5]. If their escape is  

impeded or blocked, serious problems can develop. 

To assure this proper mixture, gas-fired water 

heaters are equipped with a 'cone-shaped' draft 

hood on the vent pipe, as it emerges from the tank. 

Some gasor oil-fired water heaters may also be 

equipped with vent dampers on the vent pipe. This 

energy-saving device automatically 'closes' the vent 

pipe to prevent the escape of heat to the flue when 

the main burner is not being fired. This, in turn, 

slows down the rate at which the water in the tank 

cools down. 

The tank water heaters have been a research 

topic for many years, and so many mathematical  

 

Fig. 1. A schematic view of the gas water-

storage heater and its components [16]. 

models, experiments and simulation programs have 

been reported for these systems [6-15]. 

In this paper, influence of the flue baffles placed 

in the fire tube and a vent hood at the exit of the 

combustion products on the temperature field, fluid 

flow and heat transfer structure of a gas tank water 

heater is studied numerically using two-

dimensional steady state finite element method. To 

do so, first a mathematical model containing 

assumptions, governing equations and boundary 

conditions is described, and then the obtained 

numerical results are presented and explained 

comprehensively. 

2. CFD analysis of the tank water heater 

2.1 Assumptions and governing equations 

The computational model of the considered gas 

tank water heating system is a three-phase (water, 

gas and solid) model. The simplifications and 

assumptions for the model are: (1) The system runs 

at a steady state and is axially symmetric. 

Therefore, all temperature and flow fields 

discussed in this article are limited to two 

dimensions. (2) Both water and gas flows are 

incompressible and Newtonian. (3) Specific heat of 

water and gas is constant. (4) Flows are layered, 

smooth and stable. (5) The mass flow rate at the 

inlet and outlet is zero. Due to a density change for 

heating process, the Boussinesq approximation is 

used in the equations of momentum conservation. 

The momentum and energy equations are linked 

and must be solved simultaneously [17,18]. For a 

complete solution of the equations, the continuity 

equation should be considered. Thus, the basic 

equations in direction of r and z are: 
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where ( , )r zV v v  is the fluid velocity vector, Tis 

the temperature,ρis the density,βis the thermal 

expansion coefficient,  is viscosity coefficient of 

fluid and  is called the diffusivity coefficient. In 

order to convert two Navier-Stocks and continuity 

equations to one equation, we need the stream 

function:  
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where ψ is the stream function. In parts that 

circulating flow is considered, the following 

equation of vorticity (ω) is applied [19]: 
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2.2 Boundary conditions 

At the rigid surfaces, no-slip condition is used. 

In addition, the inlet air temperature in the 

combustion chamber is assumed 27oC. At the outer 

surfaces of water heater, heat dissipation via 

radiation and convection are considered:  
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where k is the thermal conductivity, his the 

convection (Newtonian) heat transfer coefficient, 

n̂ is the unit normal vector, σ is the Stefan-

Boltzmann constant, εis the emissivity and Tais the 

ambient temperature of the system. 

2.3 Computational domain 

We consider three cases of a gas tank water 

heating system for our computation, shown in 

Figure 2. They are:  

case a - without vent hood and flue baffles,  

case b - with vent hood and without flue baffles, 

and  

case c – with vent hood, flue baffles and 

damper. 

In case c, in order to enhance the heat exchange 

between the exhaust flue gas and the water within 

the tank, baffles are secured in the exhaust flue. A  

 

Fig. 2. Sketch of three gas tank water heating 

systems considered in our computations, (a) 

without vent hood and flue baffles, (b) with vent 

hood and without flue baffles, and (c) with both 

vent hood and flue baffles. 

chain of discs is suspended within the flue to retard 

the rising gases, so that the sidewall of the flue 

absorbs heat and exchanges it with the liquid 

disposed thereabout. 

2.4 Grid generation and numerical solution 

Calculation of the governing equations with 

boundary conditions has been made by a 2D steady 

state finite element method (FlexPDE package 

[20]). In order to select a suitable computational 

grid, which can lead to numerical error minimized, 

different grids have been studied with different 

structures and node numbers for this problem. Due 

to complexities in the geometry, the computational 

domain was meshed with unstructured triangle 

grids. Grid generation was initially performed for 

all subsections (e.g. gas side, water tank and solid 

walls) with different grid resolutions. To achieve 

the desired level of accuracy on simulation results, 

mesh independency needs to be obtained. 

Therefore, a series of grid independency tests have 

been conducted to ensure that optimized 

computational mesh was obtained. Grid 

independency tests have been carried out for each 

mesh model, considering both convergence time 

and solution precision, shown in Figure 

3.Accordingly, the grid generated for CFD analysis 
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of water heater has different resolutions at different 

locations.Therefore, for a better performance of the 

software, an optimal mesh structure with a fine grid 

in regions with high field gradients such as flue 

baffles, vent hood, walls and burner has been 

selected, which could optimize the required 

memory and computation time with sufficient 

accuracy.  It is also suggested that prior to using an 

analysis technique on a new configuration, the 

technique should be validated. The validation 

process has been done in two ways, (a) Using some 

known (respected) test cases [FlexPDE-Help], and 

(b) Influence of changes in boundary conditions on 

the obtained solutions. 

3. Results and Discussion 

In Figure 4, the temperature distribution of 

system is shown for three considered cases. Heat 

transfer takes place through the system via three 

mechanisms of conduction, convection and 

radiation. A part of the energy of 

combustionproducts raises the temperature of the 

fire tube and tank walls, and thus the energy is 

transferred to the water within the tank via 

conduction. In all cases, cold air inserts into the 

combustion chamber via intake window (open hole 

to the atmosphere) positioned at the lowest 

chamber, and makes this area to be the coldest part 

of the system. Whenthere is a vent hood (case b), 

release of the combustion products to the outside of 

the system is increasing, so less heat is transferred 

to the tank wall compared to case a. This causes 

increasing temperature difference between the fire 

tube and the tank water, which is shown by 

decreasing the temperature of  the water tank in  

 

Fig. 3. Grid independency study for the average 

temperature at outlet. 

Figure 4(b). In case c, placing the flue baffles in the 

fire tube delays heat transferring to the outlet. 

Therefore, the heat is diverted to the water tank 

more effectively than other two cases, which is 

displaced clearly by increasing the temperature of 

the water tank in Figure 4(c). It can be seenthat the 

minimum temperature of water is located at the 

lower left corner of the tank and the maximum at 

the upper corner of fire tube, which is about the 

boiling point of water. 

Figures 5-7 show the velocity vectors of gas and 

water for three cases studied here. Gas particles 

have an upward high speed near centerline in the 

fire tube. The hot gases from the burner chamber 

are cooled as they rise up the flue or chimney, 

which is in contact with the water being heated, 

i.e., the gas velocity as well as its temperature 

decreasesdue to heat transport to the water tank. 

Thus, their energy reduces during their upward 

motion. Since the left wall of the water tank close 

to the flame has a higher temperature, density of 

the water particles decreases and so moves upward. 

The momentum exchange between particles will 

replace cold-water particles with higher density. 

For this reason, an eddy flow is formed within the 

water domain, which occupies its volume 

completely. This vortex transfers the heat from the 

chimney’s wall to the upper and outer surface of 

the water tank, which is displayed by deflection of 

the temperature field in that area In case a, the 

reduction of gas particles' energy is high in the 

middle of tube and in the radial direction from 

center line to the sidewall, and the outlet pressure is 

not so high. Therefore, for particles close to the 

water tank wall, gravity overcomes buoyancy force 

and makes them to return downward (called a back 

draft), Figure 5(b). A back draft can interfere with 

proper venting of harmful gasses, and could blow 

out the pilot light or burner. For this reason, a large 

and strong gas vortex is formed in the lower burner 

chamber which prevents the incoming air, and thus 

the inlet cold air is quite weak, Figure 5(c). This 

vortex also prevents entering and reaching air 

needed for combustion to the burner. It has been 

observed when the outlet pressure becomes lower 

or more negative, the inlet airflow becomes 

negative, and the combustion products enter the 

room space from the air’s lower space [21]. It is 

important to note that the combustion process 

creates by-product gasses such as carbon dioxide, 

carbon monoxide, and nitrogen oxide. 
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Fig.4. Temperature distribution of the system in three considered cases (a) without vent hood and flue 

baffles, (b) with vent hood and without flue baffles, and (c) with both vent hood and flue baffles. 
 

 

 

Fig.5. Distribution of velocity vectors of water and gas in case a - without vent hood and flue baffles (a) water tank (b) 

fired tube, and (c) lower space with intake window. The return flow of cold air with high density is clearer in Figure (5-b). 
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These gasses are harmful to breathe and need to  be 

vented outside of the house. So, case a is not a 

safety configuration and is not recommended 

[3,4,21].In case b, placing a vent hood at the 

exhaust flue causes an increase in releasing the 

combustion products from the fire tube, and 

prevents the downward flow of these products into 

the flue too, Figure 6(b). In other words, it  

completely transfers all products of combustion 

and vents gasses to the outside without considering 

the vent or spillage at the draft hood. In addition, 

the related problem of air needed for combustion is 

solved. For this reason, the formed gas vortex in 

the lowest chamber is quite small and weak, so the 

inlet air from the intake window is markedly strong 

which improves the combustion efficiencies of the 

tank water heater, Figure 6(c). Because of high 

outlet flow via the vent hood in this case, the 

transferred heat to the water is reduced to 540 W  

 

Fig.6. Distribution of velocity vectors of water and gas in case b- with vent hood and without flue baffles (a) water 

tank (b) fired tube, and (c) lower space with intake window. 
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(Nusselt Number 8.9case bNu   ) from 910 W in 

case a ( 12.6case aNu  ). For this reason, the 

required time to reach the final water temperature is 

increased compared to case a [21], which 

illuminatesthe low efficiency of this system. It is 

important to note thatbecause of the zigzag flow 

pattern caused by the vent hood, there is a dead 

space just above it and close to the centerline, 

where gas recirculates with low velocity resulting 

 

Fig.7. Distribution of velocity vectors for water and gas in case c- with vent hood and flue baffles (a) water 

tank (b) fired tube, and (c) lower space with intake window.  
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in a reduction in the amount of combustion 

products exiting. 

In case c, three flue baffles, and a damper are 

located in the fire tube in order to increase the 

delivered heat to the water tank. Baffles and 

damper help to direct flue gases in radial direction 

[7,15,22,23].Gas particles within the fire tube are 

diverted to the tank wall with collisions to the flue 

baffles, so their energy can be transferred to water 

simply and then move out with less energy in the 

fire tube, Figure 7(b). For this reason, these 

particles spend more time in the chimney,and also a 

low difference of particles’ velocity as well as a 

thin velocity boundary layer thickness is formed in 

that space. Therefore, energy is transferred rapidly 

to the adjacent layers. In this case, the maximum 

amount of heat can betransferredfrom the hot 

medium, i.e. flue gases into the water part, i.e. cold 

medium (1020wor 13.8case cNu  ), Table 1. This is 

visible in Figure 4(c), which represents the highest 

temperature of water tank compared to other cases. 

In addition, the rate of cold air intakein the 

combustion chamber is quite high and strong, 

Figure 7(c), which can provide enough air needed 

for a complete combustion. 

4. Conclusions 

In this paper, two-dimensional steady state 

numerical simulations for three cases of agas 

storage water heater are performed to reveal the 

effects of vent hood, damper and baffles on the 

flow filed and heat transfer. From the above 

calculations, we can conclude that: 

 In case a, there is a downward gas flow in 

the flue and a strong vortex in the lower  

Table 1. Detailed information about the total heat 

transferred to the water and outside for the three 

considered cases. 

Total heat 

transferred (units) 
Case a Case b Case c 

Output ( w ) 570 930 370 

Water ( w ) 910 540 1020 

 burner chamber. The formed gas eddy in the 

lower combustion chamber prevents arrival 

of the necessary air fora complete 

combustion. 

 A draft hood positioned at the top of the flue 

(case b) prevents the backflow of air into the 

flue,but the delivered heat to the water is not 

efficient. 

 The introduction of the flue baffles and 

damper (case c) results in an increase in the 

residence time of hot gases in the flow duct. 

Consequently, it reduces the temperature of 

flue gases, and leads to a higher heat transfer 

rate to the water and therefore makes the 

water heater more efficient.  

 It should be mentioned that a proper baffle 

design (location and inclination angle)would 

provide an optimal performance of water 

heater. The detailed knowledge of the heat 

transfer and flow distribution provided in 

this investigation may serve as a basis for 

further optimization of gas storage water 

heaters. 
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تاثیر یتک لاههتک تیتدیر در خروجتی لولته تنتوره و متنعات متانظ در معنقته احتترا  

و همچنتین ستاختار و مقتدار گرمتای منتقتر شتده  ،جریتان شتارهروی میدان های دمتا و 

بطتور عتددی بتا استتناده ا  شتایه ستا ی در یک آبگترمکن مخزنتدار گتا ی به مخزن آب 

دو بُیتتدی حالتتق پایتتا روش عنامتتر متنتتاهی بررستتی شتتده استتقه نتتتای  بدستتق آمتتده 

بته ستمق  یتک جریتان گتا  برگشتتیدر حالق بتدون لاههتک تیتدیر،  می دهد لاهنشان 

پتتایین در لولتته تنتتوره و یتتک  تترخش یتتوی در پتتایینی معنقتته احتتترا  وجتتود دارده 

و یتترار دادن  دیر متتانظ ا  برگشتتق بپتتوی پتتایین گتتا  احتتترا استتتناده ا  لاههتتک تیتت

 شده به مخزن آب می گردده ی منتقرفزایش گرما، موجب امنعات مانظ
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