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Abstract: This paper simulates the combustion system of a
regular tankless gas water heater under different static pressure
conditions. The simulation results are in accordance with the test
results. It proves that the used physical and mathematical models
are reasonable. The results show that the flame height and the
excess air ratios depend on the system pressure drop but not on
the absolute pressure at the combustion chamber. The pressure
drop and the amount of combustion air have an inverse
relationship with CO generation, and they also impact on the
temperature and velocity fields. To reduce CO emission, a
stronger fan is needed to provide extra pressure head to ensure
that enough combustion air is introduced into the system. This
study provides a useful research tool to develop products through
computational fluid dynamic analysis and laboratory testing.
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he tankless gas water heater, an instantaneous hot water
T supply system, has a wide application in China and Ja-
pan. It also has been gaining in popularity compared with the
conventional gas storage water heater in the USA'!. A most
common version of such a system today is working with a
sealed combustion chamber and a burner group. The burners
are set side by side and form spaces between each of the two
burners. It is a typical partially-premix combustion system
since air flows through the burner and the space between
burners. This burner unit is a harmonica-like burner which
consists of gas injection, throat tube, venturi and fire
ports™™!

Traditionally, most of the research work on this type of
combustion system has focused on laboratory work and engi-
neering experience. A lot of uncertainty remains and little
documentation of research has been found in this particular
application field. Lack of computer modeling makes product
improvement difficult, since components of a new combus-
tion system are complex and it takes a long time and high
expense to obtain a prototype for testing. CFD advances re-
search tools for this system by shortening research time, re-
ducing costs, simulating real or ideal conditions and offering
integrated messages'*’. Some CFD and laboratory research
have been done recently to present a pollutant emission prin-
ciple?™.

This paper uses CFD to research the combustion system of
a tankless gas water heater. A lot of fundamental modeling
has been achieved to make this simulation close to a real sit-
uation, and some testing has been done for comparison with
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simulation data.

A typical tankless gas water heater, as shown in Fig. 1, is
modelled in 3D. The main air stream is separated into prima-
ry air and secondary air since it is fanned into the system
from an air inlet. Primary air flows into the combustion
chamber through the burner and secondary air flows into the
combustion chamber through gaps between the burners. The
fuel, which is methane from a nozzle in this case, jets into
the inlet of the burner and mixes with the primary air. Most
of the fuel-air mixture jets into the combustion chamber
through the burner outlet and combusts, forming a short inner
flame. This flame, known as premix flame, is a fuel-rich
flame. A small portion of the fuel-air mixture passes the
flame stabilization holes and combusts between the flame sta-
bilization plates to stabilize a premix flame. The excess fuel,
or rather the fuel-related intermediate species, passes through
the premix flame and reacts with the secondary air to form a

. 8
non-premixed flame. These flames form a Bunsen flame'™'.
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Fig.1 Principle of a typical tankless gas water heater com-
bustion system and its burner

1 Methodologies
1.1 Physical models

A 3D model of parts of a tankless gas water heater is estab-
lished to avoid huge computational time and maintain accurate
results. The unstructured mesh is created based on this physical
model.

This paper researches the velocity, the temperature and the
CO emission of this system at different outlet static pres-
sures, 0,50, 100, and 150 Pa, in order to simulate different
lengths of flue pipes. The high static pressure may also come
from an instant strong wind from the outside or the down-
stream secondary heat exchanger. So, in this case, an ex-
treme condition at 1 kPa is also studied.

The finite-rate/eddy-dissipation species transport and re-
action model, which computes both the Arrhenius rate and
the mixing rate and uses the smaller of the two, is chosen to
simulate reaction.

In order to predict CO emission, a three-step chemical re-
action model is adopted as follows:
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CH, +1.50,—CO +2H,0
CO +0.50,—CO,
C0,—CO +0. 50,

(1)

The turbulence model is the standard k- model, which is
the simplest “complete model” of turbulence models. It is an
economical and reasonablely accurate turbulence model for
this case. The standard wall function, which has been most
widely used for industrial flows, is used for this case. And
the discrete ordinates( DO) model is chosen as the radiation
model.

1.2 Boundary condition

The gas inlet pressure is the one after the gas valve and at
the gas tube near the nozzle, and is set at a fixed value. The
air inlet pressure is mainly related to the characteristics of
the system and the fan, here set as an input data for CFD
calculation. The air inlet pressure indicates the pressure start-
ing point of the primary air. The pressure head of the total
air system depends on the fan’ s output power.

The outlet flue gas pressure is defined as the pressure at
the flue outlet to obtain a better rate of convergence.

In order to research how the pressure at the flue outlet in-
fluences the system performance, boundary conditions are set
as shown in Tab. 1.

2 Results and Discussion

We choose the burner central plane XY along its length di-
rection as the research plane for easy analysis.

2.1 Velocity magnitude at XY section at different flue

outlet static pressures

Fig. 2 shows the details of the velocity distributions at the

Tab.1 Boundary conditions in different cases Pa
Case Flue outlet Air inlet Gas inlet
pressure pressure pressure
CFD-1 0 200 1 000
CFD-2 50 200 1 000
CFD-3 100 200 1 000
CFD4 150 200 1 000
CFD-5 150 350 1 000
CFD-6 1 000 1 200 2 000

XY section in cases CFD-1 to CFD-6. It is clearly a pressure-
dependent velocity distribution. The maximum velocity mag-
nitudes of these six cases are all at burner outlet ports. There
is a greater velocity gradient at the interface of two burners
than at any other points of the section, and this velocity gra-
dient results in some long and strait isolines especially when
the flue outlet static pressure is O Pa. This results in different
flame structures for cases CFD-1 to CFD-5. And it is found
that the velocity gradient influences air communication be-
tween premix flame and non-premix flame. Control of these
velocity isolines is important for flame stabilization. Exorbi-
tant velocity will bring on the flame lifting and too low ve-
locity will make the flame flash back.

The velocity fields of cases CFD-1 and CFD-6 are almost
the same. There is a conclusion that the pressure drop in-
stead of the absolute pressure value dominates the velocity
fields. And we will obtain similar results in the following
temperature and CO concentration fields.

The curves at the top of Figs.2 (a) to (f) show the tem-
perature distributions at the top of the combustion chamber
or at the bottom of the heat exchanger. The notable velocity
gradient is presented, because the air and gas mixture releases
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Fig.2 Velocity magnitude at XY section at different outlet static pressures. (a)Case CFD-1; (b) Case CFD-2; (c) Case CFD-3; (d) Case

CFD+4; (e) Case CFD-5; (f) Case CFD-6
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the energy and the temperature decreases dramatically. And,
hence, the mixture velocity decreases since the mass is con-
stant and the section area does not change.

2.2 Temperature distributions at XY section at different
flue outlet static pressures

Fig. 3 shows the details of the temperature distributions at
the XY section. The isolines of the temperature distributions
are similar to those of the velocity distributions because the
balance of the mixture velocity and the reaction velocity de-
termines the structure of the flame. Researching the velocity
field without combustion is important since it is easy and ap-

proximately accurate. However, the temperature field re-
search is still meaningful. The highest temperature isoline
14, which represents the reaction centres, is almost at the
same height except in Figs.3(c)and (d).

Figs.3(c) and (d), in which the high temperature isolines
cover most parts of the figures, indicate some poor combus-
tion situations. The air excess ratio of these two cases is too
low to provide enough air to combust all the fuel and oxi-
dize CO to CO,. The temperature isolines of cases CFD-1
and CFD-6 are the same as the velocity isolines because of
the same pressure drop.

0.241

0.22
0.20F
0.18

~0.16
0.14 -
0.12 +

0.10 -
0.08

T Y

-0.01

-0.03

0.20F
0.18}
B 0.16[
0.14+
0.12}

0.10-
0.08

0.24
0.2}
0.20}
0.18

~0.16
0.14
0.12}

0.10 |
og L1

-0.03

X
(d)

-0.01

0.
-0.03

(e) €]

1
0.01 0.03 -0.01 0.01

1—300 K;2—436 K; 3—571 K;4—707 K; 5—843 K;6—979 K; 7—1 114 K;8—1 250 K; 9—1 386 K;10—1 521 K;
11—1 657 K;12—1 793 K; 13—1 929 K;14—2 064 K; 15—2 200 K

Fig.3 Temperature distributions at XY section at different flue outlet static pressures. (a)Case CFD-1; (b) Case CFD-2; (c) Case CFD-

3; (d) Case CFD+4; (e) Case CFD-5; (f) Case CFD-6

2.3 CO concentration at XY section at different flue
outlet static pressures

Fig. 4 shows the CO concentration field. In Fig. 4(a),
isoline 2, which represents the lowest CO concentration less
than 36 x 10 °, indicates that the reaction is quicker than
that of any other cases. Case CFD-2 in Fig. 4(b)is also a
good case, although it has a CO concentration higher than
that of Fig. 4(a). Case CFD-4 in Fig. 4(d)is an extreme
one, in which the CO level is very high, meaning most parts
of the chamber are in lack of air.

However, because inlet air pressure increases when the
outlet flue gas pressure increases, cases CFD-5 and CFD-6
still perform well at CO emission. The case CFD-5 is the
best one since its gas input is less than that of the others.
The pressure difference between the primary air and the gas

inlet is smaller, so this means that less gas is introduced
from the gas nozzle into the burner.

The air excess ratio is an important design factor in a non-
premix combustion system. In some given systems with dif-
ferent gas flue pipes, they are mainly influenced by intro-
duced air volume. In this case, it keeps dropping when flue
outlet static pressure increases. Fig. 5 shows this tendency and
the tendency of the CO emission in cases CFD-1 to CFD4.
To avoid high CO emission in these poor cases, we need to
provide a higher output fan to supply more air and to increase
air excess ratios. This conclusion is proved to be right by la-
boratory testing as shown in Tab. 2. We test a system as
shown in Fig. 1 at different fan speeds. The results show that
CO emission linearly decreases with the increase in fan
speed.
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Tab.2 Testing data of CO emission and air excess ratios at different pressure drops

Cas DC fan speed/ Outlet flue gas Inlet air Gas CO emission/ Air excess
ase (r-min~") pressure/Pa pressure/Pa pressure/Pa 10-¢ ratio
Lab-1 5 400 0 174 1000 86 2.55
Lab-2 5 200 26 190 1000 202 2.32
Lab-3 5 000 69 202 1000 535 1.53
3. cases CFD-1 to CFD-5, indicating that CFD predicts a good
§ 2.58. 48 50 tendency of CO emission and air excess ratios changing at
5? e 1.2 g g different inlet air pressures as laboratory testing does.
Q . =
g 0.8 8 = --e-- CFD-5
?1. X 0.4 % 2 400 --m-- CFD4
Z0. o 4o 8 ) ot CFD3
= 0o ©F . -x- CFD-2
s 300 i
20 40 60 80 100 120 140 160 &
Flue outlet static pressure/Pa g
—e— Air excess ratio (CFD); --n-- Air excess ratio (Lab) %
——CO emission at flue outlet(CFD);--x-- CO emission at flue outlet (Lab) =
=]
=}
Fig.5 CO concentration at flue gas outlet and air excess ra- 2
tio at different flue outlet static pressures

We test three cases of a tankless water heater system,
without flue, with a standard flue and with a 5 m length flue
and three elbows. Fig. 5 shows that the CFD analysis pre-
dicts the same tendency as the test results.

2.4 Static pressure at different height sections of water
heater at different outlet static pressures

Fig. 6 shows the static pressure at different height sections
in the testing of cases Lab-1 to Lab-3. Fig. 6 also presents
the static pressure at the same height section by the CFD of

0 100

Fig.6 Static pressure at different height sections of water
heater at different outlet static pressures

3 Conclusions

1) Simulation provides engineers and researchers abundant
useful information such as velocity, temperature and carbon
monoxide.

2) The physical and mathematical models presented in this
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paper are capable of simulating combustion phenomena and
the CO emission of a tankless gas water heater, and they
give directions for improvement.

3) A typical Bunsen flame is simulated in this paper. The
flame height and air excess ratios depend on the flue outlet
static pressure under a given air inlet condition.

4) The CO emission also depends on the flue outlet static
pressure in a given system. To reduce CO emission, a stron-
ger fan is needed to provide an extra pressure head to ensure
that enough combustion air is introduced into the system.
There is a chance of optimization by adjusting the ratio of
primary air to secondary air as well as gas inlet pressure.
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